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ABSTRACT 

Seasonal evolution of physical processes and biological responses in the northern Red 

Sea  

A sequence of autonomous underwater glider deployments were used to 

characterize the spatial-temporal variability of the region over an eight month period 

from late September to May. Strongly stratified system was found in early fall with 

significant gradients in both temperature (T) and salinity (S), during winter T < 23˚C and 

minimum S of 40.3 psu was observed and resulting in weakened stratification that 

enables deep convective mixing and upwelling of deep water by cyclonic circulations in 

the region leading to significant biomass increase. Throughout the entire observational 

period the slope of the 28 and 28.5 kg/m3 isopycnals remained sloping downward from 

offshore toward the coast reflected a persistent northward geostrophic flow. The depth of 

the 180 µmol/kg isopleth of oxygen, indicative of the top of the nutricline, paralleled the 

depth of the 28 kg/m3, but remained slightly deeper than the isopycnal. The deep winter 

mixing did not penetrate the nutricline where the mixed layer was deeper near the coast. 

However, because of the cyclonic signature the 28 kg/m3 rose to the surface offshore, 

injecting nutrients into the surface layer and promoting increased biomass in the central 

Red Sea. With the presence of cyclonic eddies, there was evidence of subduction 

associated with the cross-eddy circulation. This subducted flow was toward the coast 

within the domain of the glider observations. During this period, increases in the 

particulate backscatter were associated with increased chlorophyll indicating that the 

suspended particles were primarily phytoplankton particles. Within the mean northward 

flow there is a cross-basin flow wherein water is upwelled near the center of the Red Sea, 
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there is a eastward component to the northward flow, and subsequent downwelling near 

the coasts. Within the surface flow subductive processes lead not only to a horizontal 

flow, but also a downward component toward the coast. Overall transport is very 3-

dimensional in the northern Red Sea, such that northward transport and its associated 

embedded circulations are northward, while southward transport occurs on the western 

side of the Red Sea, in contrast to some of the descriptions of flow provided in earlier 

papers.  
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

 

1.1 Introduction 

The northern Red Sea hosts the formation of the key water masses that are known 

to characterize the Red Sea (Wyrtki, 1974; Cember, 1988; Eshel & Naik, 1997; Sofianos & 

Johns, 2003; Yao et al., 2014b). Several studies have been carried out for the last few 

decades showed that Red Sea Deep Water (RSDW) and Red Sea Outflow Water (RSOW) 

are formed in this region during wintertime. There is controversy about whether RSDW 

forms in the Gulf of Suez and/or the Gulf of Aqaba. The most likely conclusion is that both 

gulfs contribute to its formation. Therefore, RSDW is formed with the contribution from 

both the Gulf of Suez and Gulf of Aqaba, while RSOW is formed when sea surface water 

becomes denser during wintertime and sinks to the intermediate depths at the northern end 

of the Red Sea  (Wyrtki, 1974; Cember, 1988; Sofianos & Johns, 2003; Yao 2014b). 

The main objectives of this dissertation are to 1. Describe the water mass 

characteristics in the northern Red Sea 2. Investigate the role of the open ocean convection 

processes in deep/intermediate-water formation during the year specifically during 

wintertime 3. Study eddy formation and its physical and biological characteristics and 4. 

Describe the primary production response to the physical forcing. 
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1.2 Red Sea Locations and Topography 

1.2.1 The Main Basin 

The Red Sea was created as a result of the spreading plate tectonics between the 

African plate and the Arabian plate and it is considered to be a semi-enclosed sea (Patzert, 

1974a). The orientation of its long axis is approximately NNW-SSE and extends 

latitudinally from 12.5˚N to 30˚N and longitudinally from 32˚E to 43.5˚E, spanning tropical 

to sub-tropical latitudes (Figure 1.1). The length of the Red Sea is about 2000 km, with a 

mean width of 220 km and a maximum depth of approximately 2800m; the average depth 

is about 560m 

 

1.2.2 The Strait of Bab Al-Mandab 

The Red Sea connects with the Indian Ocean via the narrow strait of Bab Al-

Mandab, with a sill depth of 163 m, and the Gulf of Aden (Quadfasel, 2001). The sill is 

located near the Hanish archipelago at about 13.5˚N (Patzert, 1974b) and stretches to the 

south for about 124 km to reach to the narrowest part of the southern Red Sea (about 26 km 

wide) where the strait of Bab Al-Mandab is located (Figure 1.2; Morcos, 1970). 

 

1.2.3 Aqaba and Suez Gulfs 

The Red Sea has two major branches in the north: the Gulf of Aqaba, and the Gulf of 

Suez. The Gulf of Aqaba is a smaller type of the Red Sea itself. It is about 180 km long and has a 

maximum width of 25 km. The maximum depth of the Gulf of Aqaba is about 1800 m with a mean 

depth of about 800m. It connects with the main body of the Red Sea via the strait of Tiran, which 

has a sill depth of 175 m (Neumann and McGill, 1962). 
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In contrast, the Gulf of Suez is a shallow basin characterized by high salinity due to 

strong evaporation and its shallow depth. Surface temperature increases dramatically from north to 

south in the Gulf of Suez, whereas in the Gulf of Aqaba the surface temperature increase is less 

(Mabahiss Expedition 1934/35). The Gulf of Suez is longer and wider than the Gulf of Aqaba 

about 250 km and 36 km, respectively, and it is much shallower than Gulf of Aqaba (about 70 m 

depth) (Morcos, 1970). 

 

1.3 Red Sea Climate 

The climate plays a significant role on driving the water circulation over the Red 

Sea and is driven by the exchange of heat, momentum and fresh water with the adjacent 

atmosphere (Bower and Farrar, 2015). Due to the nature of the Red Sea location, it is a 

subject of the dry air flowing from the surrounded arid landmasses, which makes it one of 

the most intense evaporation basin (Sofianos & Johns, 2002). The meteorological dynamics 

of the Red Sea is strongly influenced by two wind regimes; the first one takes place in the 

northern part and the second one is occurring in the southern part of the Red Sea. The 

northern region is influenced around the year by the northwesterly wind that is created by 

the eastern Mediterranean weather system (Pedgley, 1974); the central Mediterranean low 

sea level pressure produces the high wind compared to other regions and might play a role 

on the pressure gradient over the northern Red Sea (Papadopoulos, et al., 2013) while the 

southern region is strictly controlled by the Indian Monson system; during summer it blows 

to the southeast and it reverses to the northwest direction during winter (October to May) 

(Sofianos & Johns, 2002). Even though the wind general pattern is well known and 

documented by several known well trusted studies, but details of the wind field might not 
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agree based on the different data sets, particularly in the northern Red Sea. The climate of 

the Red Sea is highly affected by the net loss of freshwater through evaporation process, 

which cools the water and makes it saltier, especially in the northern part. The seasonal 

wind systems transfer the water and as a consequence, the heat and salt is redistributed in 

the basin that leads to affecting the Red Sea water circulation. In general, the strength of 

the wind field is higher in winter than summer according to (Sofianos & Johns, 2003). 

 

1.3.1 Wind Systems 

The Red Sea is surrounded by high mountains and plateaus (Figure 1.1) that force 

the winds to flow parallel with the Red Sea’s axis (Patzert, 1974). This along-basin wind 

pattern prevails most of the time, even away from the coastal zones (Eshel et al., 1994). 

From October to December, the wind in the northern Red Sea blows northwest and has 

speeds that range 2.4 to 4.4 m s-1. During this same period, the winds in the southern Red 

Sea are from the southeast and have speeds that range from 6.7 to 9.3 m s-1, more than 

twice the typical speeds in the northern Red Sea during this period. The convergence 

between the northwesterly and southwesterly winds typically occurs near the middle of the 

Red Sea at about 19˚N, creating an intermediate zone between the northern and the 

southern part. This intermediate zones shifts southward until June when the entire Red Sea 

is dominated by northwesterly winds (Patzert, 1974a). 

Based on these observations, the Red Sea can be divided into three meteorological 

regions as follows. Region 1 is north of 19 °N where north-westerly winds dominate the 

entire year (Edwards and Head, 1987). Region 2, South of 19 °N, is subject to monsoonal 

forcing. During summer, the Arabian Sea southwest monsoon winds are toward the 
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northeast offshore from the Gulf Aden, and contribute to southeastward (northewsterly) 

winds during summer (June – September). Following with a transition in winter, the wind  

the winds in the southern region become from the southeasterly forced by the Northeast 

Monsoon in the Arabian Sea during winter (October-May) (Quadfasel and Baudner, 1993). 

Region 3 is the convergent zone between two atmospheric regimes during the winter.  This 

zone exists only during wintertime and is centered near 19 °N where the winds converge 

(Figure 1.3). 

 

1.3.2 Air Temperature 

The landmasses that surround the Red Sea play an important role in heat transfer. 

The air temperature is high all year round. During the yearly cycle, air temperature in the 

northern area is lower than that in southern and the central regions (16 °N-20 °N). The 

southern region is the warmest region of the Red Sea where air temperature can exceed 42 

°C (Morcos, 1970). 

 

1.3.3 Evaporation 

Maximum evaporation over the Red Sea occurs in winter associated with the 

highest sea level (Yegorov, 1950; Privett, 1959, Patzert, 1974a). Evaporation is not the 

controlling factor of the variation of the mean sea level in the Red Sea. However, it is 

important in forming the RSOW and RSDW and as a component in the heat budget. The 

evaporation rate in the Red Sea is higher than most world oceans (Marcos, 1970; Patzert, 

1974b; Behairy et al., 1981; Ahmad and Sultan, 1987,1989; Sofianos et al. 2002, 

Albarakati, 2005 and Matdoukas et al., 2007).  The mean evaporation rate exceeds the 
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mean precipitation rate by more than 2 m/yr (Privett, 1959). The Red Sea is characterized 

by very low rainfall and extremely high evaporation rates compared to the world ocean.        

Minimal rainfall and high evaporation rate influences the Red Sea water’s properties and 

flow exchange with Gulf of Aden through Bab Al-Mandab strait (Thunell et al.,1988; 

Rohling et al.,1998; Siddall et al.,2004 and Arz et al.,2007) . However, the evaporation rate 

of Gulf of Aqaba was estimated in a range of   1.5 and 4 m/yr, which is higher than the Red 

Sea main basin rate (Biton & Gildor, 2011). 

Evaporation in the Red Sea varies both seasonally and latitudinal. Ahmed & 

Sultan (1989) divided the Red Sea into three regions in order to study the sensible heat, 

latent (evaporative) and net long-wave radiation fluxes (Fig. 1.31). Their results shows that 

the southern region evaporation is lower in winter and higher in summer, while in the 

northern region the evaporation is lower in summer and higher in winter. Regarding central 

region the evaporation in general has the same order in both summer and winter.  

Evaporation is higher in winter than summer in the northern region and it has been 

attributed to an increase in the sensible heat loss and negative latent heat flux. In contrast, 

evaporation in the southern is greater in summer than winter due to the increase of the 

latent heat. Figure 1.32 shows the computed monthly average evaporation flux (W m-2) in 

the northern, central and southern regions of the Red Sea. The annual average latent heat 

fluxes for the southern, central and northern regions are 152, 183, and 172 W m-2  

respectively, with an annual average of 169 W m-2  (2.1 meters) for the red Sea as whole 

while the net long wave radiation increase from south to north with an over all annual 

average of 66 W m-2 (Ahmad and Sultan, 1989).  Subhi (2012) has studied the region 

extended from Jeddah to Hodaidah and found out there is a strong correlation between the 



! 24!

humidity gradient (ew-ea) and evaporation and the correlation coefficient was in a range of 

0.8. Also he found there is a weak correlation between evaporation and wind speed and the 

correlation coefficient was in a range of 0.5. 

The evaporation in the northern Red Sea is relatively high because of the low 

relative humidity. The rate of evaporation decrease toward the southern Red Sea and it 

could be related to the relatively higher relative humidity and lower humidity gradient (ew-

ea), where ew is the saturated vapor pressure at water temperature and ea is water vapor 

pressure of air. The evaporation in the southern Red Sea mostly depends on the humidity 

gradient and the wind speed (Subhi, 2012). This latitudinal gradient is especially evident in 

winter when there is a significant increase in evaporation and buoyancy flux from the 

region south of 18˚N to the northern region (north of 24˚N)(Yao et al., 2014). 

Latent (evaporative) heat flux is influenced by two major terms, wind speed and 

relative humidity. Speaking of the northern Red Sea, the dry air is blowing from the 

surrounded arid area having the minimal concentration of humidity, which allows it to hold 

the maximum amount of water vapor from the sea surface. Wind speed is usually faster in 

the north than the rest of Red Sea regions. Both low humidity and fast wind would give the 

northern Red Sea the superiority in terms of latent heat flux. 

Since evaporation processes play a major role in forming intermediate/deep Red 

Sea water at the northern Red Sea, chapter four (4) will focus in the water formation 

process with regards to climate factors including the evaporation. 

1.3.4 Rainfall 

Due to the nature of the Red Sea location where there is no river outfalls or an 

amount of rainfall that can be compared with the evaporation rate, the freshwater input 
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through precipitation to the Red Sea can be ignored (Patzert, 1974a). However, Marcos 

(1970) showed that the annual average precipitation in the northern region of the Red Sea is 

higher than the southern region. Table 1.1 shows annual average rainfall for various 

locations surrounded the Red Sea. 

 

Location 

 

Average annual 

amount in mm 

 

Average number of rain 

days at least 1 mm 

 

Ismailia 

Suez 

Tor 

Aqaba 

Ghardaga 

Abu Al-Kizan 

Jeddah 

Port Sudan 

Massawa 

Kamaran Island 

Perim 

 

285 

21 

13 

23 

3 

11 

63 

109 

193 

76 

43 

 

8 

5 

2 

7 

1 

2 

5 

10 

21 

9 

7 

 

Table 1.1: Average annual rainfall over the Red Sea (Morcos, 1970). 
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1.4 Red Sea Water Characteristics 

1.4.1 Temperature Distribution 

The temperature in the Red Sea varies in both horizontally and vertically 

(Sofianos and Johns, 2003). The latitudinal differences in the surface waters temperature 

are linked with the seasonal cycle of the air temperature, while the vertical distribution 

reveals both the advection of heat by current and the vertical heat transfer causes by 

diffusion. 

1.4.1.1 Horizontal Temperature Distribution 

There is a linear relationship between the air temperature and the surface water 

temperature; therefore, the air temperature affects the surface water temperature (Morcos, 

1970).  The wind system over the Red Sea is an important factor of controlling the 

temperature distribution. Throughout summer the surface water temperature decreases 

toward the north with a maximum value of about 32C at about 14N near the strait of Bab 

Al-Mandab. In the early winter, the region of the relatively high surface water in the 

southern travels northward to reach at 19N (Patzert, 1974a; Quadfasel and Baudner, 1993; 

Eshel et al., 1994). 

Edward (1987) demonstrated that the Red Sea has its minimum sea surface 

temperature in February. While Acker et al (2008) by using MODIS-Aqua product stated 

that the coolest SST for the years 2003 and 2004 occurred in March and is associated with 

the highest chl a value in the northern Red Sea. Variability of SST changes from winter to 

summer. Winter variations are greater than the summer one. (Acker et al., 2008). 

The horizontal temperature pattern in the Red Sea is complicated; during winter, 
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it has it is maximum value at the middle of the Red Sea basin and decreases toward the 

northern end and the southern end of the Red Sea (Figure 1.4) (Sofianos and Johns, 2003).  

Morcos (1970) mentioned the study of Luksch (1901) suggesting the reason beyond having 

the highest value of surface water temperature in the center. In the summer the winds are 

northwesterly for the whole Red Sea. Consequently, the high water surface temperature 

region will moves southward since the piled up water against the northern boundary has to 

be conveyed to the south to fulfill the continuity constraints at the northern end boundary.  

Therefore, the slope of the water surface caused by northerly wind stress needs to be 

balanced by the necessity of the movement of the southerly water. The Red Sea winds 

systems during winter are northwesterly in the northern part of the Red Sea and 

southeasterly in the southern part of the Red Sea (Sofianos and Johns, 2003). Accordingly, 

the high surface water temperature region travels northward to the central convergence 

region between the two wind systems.  Whereas, Sofianos and Johns (2003) related the 

temperature pattern to the low wind speed that was observed in the central region of the 

Red Sea where the convergence of the wind field exists for most of the year. 

Based on the numerical simulation results of Sofianos and Johnas (2003), it has 

been found that the highest temperatures are located at the eastern boundary during winter, 

whereas in the summer the eastern boundary is characterized by lower temperatures. This 

variance is correlated with the prevailing winds, by inducing during summer coastal 

upwelling along the eastern boundary and downwelling in winter in the southern part. 

The highest temperatures are found at the eastern boundary during winter (mainly in the 

southern and central Red Sea), however the eastern boundary is illustrated by much lower 

temperatures during summer (mainly the northern and central Red Sea). This variance is 
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attributed to the prevailing winds, which create coastal upwelling and downwelling along 

the eastern boundary in summer and winter, respectively in the southern part of the Red 

Sea (Sofianos and Johns, 2003). This effect is also revealed in the seasonal salinity 

distribution, where less saline surface waters are detected along the eastern boundary in 

summer accompanying by upwelling of the cooler and fresher GAIW that is entered the 

basin during this time of the year (Sofianos and Johnas, 2003). Figure 1.4 shows a huge 

difference between the 9 year MICOM simulation and the 14-year SST average from 

MODIS particularly in the northern part (above 22O N). A warm water tongue extends up 

the eastern side associated with cool water on the western side and warmer water in the 

Gulf of Aden. 

1.4.1.2  Vertical Temperature Distribution 

Although the deep waters of the Red Sea are cooler than the surface waters 

(Edwards and Head, 1987)(Sofianos and Johns, 2007), deep water in the Red Sea (about 

21˚C at 1000 m) is the warmest deep water found within the global oceans at the same 

depth. Edwards and Head (1987) divided the Red Sea vertically into three distinct layers: 

the mixed layer, the thermocline, and the deep layer. 

1.4.1.2.1  The Mixed Layer 

It is characterized by it is constant temperature within it is thickness. The mixed 

layer has a greater thickness in winter than summer, particularly in the northern region of 

the Red Sea, where model results show that winter mixed layers can, on occasion, exceed 

200 meters while it shrinks to about 30 m in summer due to the surface warming (Sofianos 

& Johns, 2003 and Yao et al., 2014). The mixed layer almost has the maximum 

concentration value of the dissolved oxygen due to the fact that it interacts directly with the 
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atmosphere (Sofianos & Johns, 2007). 

 

1.4.1.2.2 The Thermocline Layer 

It is formed beneath the mixed layer. This layer is characterized by the rapid 

decrease of water temperature with depth. It deepens during winter due to the stretching of 

the mixed layer.  In general Red Sea water column tends to be highly stratified compared to 

other world oceans with a thermocline depth ranges from 50 m during summer and 250 – 

300 m during winter (Edwards, 1987). This layer plays an important role in controlling the 

exchange between deep water and surface water due to the fact that the homogeneity of 

RSDW forms a persistent thermocline along with a firm halocline, which would suppress 

nutrient renewal from deep waters especially in the northern Red Sea (Acker et al., 2008). 

1.4.1.2.3  The Deep Layer 

The water temperature and salinity in this layer is fairly constant in the basin 

throughout the year with a value of 21.5 C and 40.6 PSU respectively. This deep layer 

represents the Red Sea Deep Water (RSDW) and it extends from about 200 m until the 

bottom. This layer has a very weak circulation (Sofianos & Johns, 2003). The deep layer is 

characterized with a very low dissolved oxygen value and it is located about 450 m depth 

(Sofianos & Johns 2007). 

1.4.2 Salinity Distribution 

Excluding the hyper-salinity Dead Sea water that caused by distinctive conditions, 

the Red Sea Deep Water (RSDW) is considered to be the highest water salinity in all the 

major world oceans (Morcos, 1970). The observations demonstrated that the salinity has a 

trend to increase from south to north, with a tendency to increase also from east to west 
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mainly in the most northern part. The Gulf of Aqaba has lower salinity than the Gulf of 

Suez. The decrease of salinity from north to south is more noticeable in the Gulf of Suez 

than the Gulf of Aqaba (Morcos 1970). 

There is a gradual increase of sea surface salinity from south to north of the Red 

Sea (36.5 PSU from the Gulf of Aden Water and 40.5 in the north; respectively). In the 

northern part, the vertical salinity gradient above the 40.5 salniity isohaline decrease from 

south to north. The Gulf of Aqaba has shown the same trends. Regarding the Gulf of Suez, 

the salinity increases with depth and is very noticeable in the southern part of the Gulf and 

weaker in the northern part due to the better mixing in the water column. Surface waters 

and deep waters in the northern Red Sea have less salinity than Gulf of Aqaba. (Morcos 

1970, Murray et al 1984, Manasrah etal 2004). 

1.4.3 Tides 

The Red Sea has a semi-diurnal tide with an oscillation period of about 12.8 hours 

(Pugh, 1987). The tidal range is 0.5 m  and 1.0 m at both ends of the Red Sea and South of 

Bab Al-Mandab, respectively (Morcos, 1970). Tidal generated currents are an important 

factor of water that host the nutrients for coral reef’s growth and to maintain the reef 

ecosystem (Sheppard et al., 1992) 

1.5 Water Circulation in the Red Sea 

 The Red Sea faces robust atmospheric forcing due to wind stress and air-sea 

buoyancy fluxes  (thermohaline) with strong seasonal and inter-annual variability (Ahmad 

and Sultan, 1987).  The general circulation of the Red Sea is driven mainly by surface 

buoyancy fluxes differences caused by the loss of heat and freshwater to the atmosphere, 

which they makes the surface water denser (Sofianos & Johns 2003). The wind forces 
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influences on the water circulation is limited to the upper 300 m (Patzert, 1974a; Ahmad 

and Sultan, 1987), whereas the thermohaline affects the circulation in the deeper layers by 

density differences where the variations of hydrographic properties are minimum (Wyrtki, 

1974). 

1.5.1 Wind Driven Circulation 

The Red Sea is dominated by two different wind regimes during the year and it 

can be divided into winter period and summer period. During winter (October to May), the 

southeasterly intense wind dominates to about 18N (figure 1.2) and as a consequence, the 

surface waters flows northwesterly along with the incoming water from Bab Al-Mandab 

with a mean flows speed between 15 – 20 cm/s. The surface wind driven currents in the 

north (at about 26N) is carried by momentum toward the northeast against the weak 

opposing northwesterly wind that dominates the northern region of the Red Sea (Bethoux, 

1988; Shapiro and Meschanov, 1991) 

During summer (June to September), the northwesterly wind dominates over all 

the Red Sea and as a consequence, the mean sea surface flow in the southern Red Sea 

reverses toward Gulf of Aden (southeast direction) with a maximum velocities that exceeds 

20 cm/s during July (Sofianos and Johns, 2003). In general, water surface flow direction 

shifts accordingly with the dominant wind direction. However, during September, it has 

been noted that the change of the water flow direction response within one month to concur 

with the wind direction (Patzert, 1974a; Souvermezoglou, et al., 1989). 

1.5.2 Thermohaline Circulation 

The circulation of the upper layer of the Red Sea could be completely caused by the 

thermohaline forcing (Neumann and McGill, 1962; Philips, 1966). Due the high evaporation rate 
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in the northern Red Sea, the surface water inflow (GASW) through Gulf of Aden during winter 

gets cooled northward and more saline. Therefore, the surface sea water becomes denser and sinks 

to form RSOW (cool high salinity subsurface outflow). Based on Eshel et al. (1994) numerical 

model, the Red Sea circulation is primarily caused by the thermohaline forcing and his results goes 

along with Sofianos and Johns (2003); when they turned off the wind stress component they found 

out that the general circulation it was not affected by wind stress. They considered the wind 

forcing as a secondary force due to the fact that during winter the surface water flows against the 

synoptic wind direction over the whole Red Sea. However, Patzert (1974a) had a different opinion. 

He suggested that the origin of the surface water circulation should not be necessarily attributed to 

the thermohaline forcing, as he indicates that the pattern of the surface water circulation during 

winter with respect to the thermohaline forces must be affected by the dominated wind pattern over 

the Red Sea. Furthermore, the divergence zone that occurs over the northern Red Sea (about 26N) 

cannot be fully explained in terms of thermohaline forcing. Sofianos and Johns (2003) showed that 

the permanent cyclonic eddy is driven by thermohaline forcing all year long in the northern part of 

the Red Sea basin. 

1.5.3 Sea Level Change 

The mean sea level is higher in winter than in summer. The recorded sea level 

changes over Perim Island (At Bab Al-Mandab), Port Sudan , Jeddah and Port of Suez 

shows a well correlation between the seasonal variations and the wind driven circulation 

(Cormwell and Smeed, 1998). Whereas, the investigation of the parameters that control the 

seasonal differences of the mean sea level (precipitation, river discharge, atmospheric 

pressure, steric effects, evaporation and astronomical effects) shows no correlation with the 

sea level variations (Sultan et al., 1995).  Figure (1.5) shows a) the seasonal changes of 
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atmospheric pressure at Jeddah and Port Sudan; b) the seasonal changes of atmospheric 

pressure at Jeddah and Port Sudan; and c) the monthly mean of the evaporation rate over 

the central part of the Red Sea. 

1.6 Water Masses in the Red Sea 

The Red Sea consists of five (5) water masses; Red Sea Deep Water (RSDW), 

Red Sea Outflow Water (RSOW), Red Sea Surface Water (RSSW), Gulf of Aden 

Intermediate Water (GAIW) and Gulf of Aden Surface Water (GASW). There are two 

kinds of water masses develops over the northern Red Sea; Red Sea Deep Water (RSDW) 

and Red Sea Outflow Water (RSOW). RSDW which fills the deep part of the basin and is 

believed to be formed by the contribution of Gulf of Suez and Gulf of Aqaba (Wyrtki 1974 

;Cember 1988; Woelk & Quadfasel 1996; Clifford et al. 1997; Plahn 2002; Sofianos & 

Johns 2007; Biton & Gilder 2011) and RSOW which occupies the intermediate layers of 

the basin and it  forms in the northern end of the Red sea through open basin conviction 

processes (Eshel & Naik 1997; Sofianos & Johns 2007) then flows southward as a 

subsurface flow to the Indian Ocean through Bab Al-Mandab strait (Bower et al. 2000, 

2005; Aiki et al. 2006). GASW and GAIW enter the Red Sea basin through Bab Al-

Mandab strait during winter and summer period, respectively. GASW and GAIW are 

characterized by their low salinities compared to RSDW, RSOW and RSSW (Sofianos & 

Johns, The Red Sea Book). 

1.6.1 Red Sea Surface Water (RSSW) 

This water mass develops over the Red Sea at local regions. 

1.6.2 Red Sea Outflow Water (RSOW) 

It is believed to form in the northern end of the Red Sea during winter at the open basin 
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conviction process when sea surface water becomes denser – mostly during wintertime – 

the Red Sea Outflow Water (RSOW) starts forming at the northern end of the Red Sea 

basin to sink to an intermediate depth then flows southward as a subsurface layer to feed 

the Indian Ocean eventually (Cember, 1988;Eshel & Naik 1997; Bower et al. 2000, 2005; 

Sofianos & Johns 2003,2007; Aiki et al. 2006) and it is banked against the western cost and 

considered to be the most active subsurface layer in the Red Sea  with a maximum velocity 

near the strait of Bab Al-Mandab  with a value over of 0.5 m/s. (Sofianos and Johns, 2003). 

Once RSOW leaves the Red Sea, it reaches to the neutral buoyancy in a depth range of 

400-800 m in the Gulf of Aden (Bower et al., 2000, 2005). Despite of the relatively low 

annual transport of RSOW through the strait of Bab Al-Mandab (0.36 SV) (Murray and 

Johns, 1997), it has been observed to exist as far as 6000 km away from the source and it is 

characterized based on the salinity maximum at intermediate depth in the Indian Ocean and 

controls the Indian Ocean salt budget within the intermediate layer. (Beal et al., 2000). 

1.6.3 Red Sea Deep Water (RSDW) 

After the formation of RSDW, it travels southward and the dissolved oxygen is 

depleted due to the fact that it is getting away from the source (Sofianos and Johns, 2007). 

Based on direct observations and models, RSDW formation rate is estimated at the range of 

0.05 – 0.1 SV from both gulfs (Sofianos & Johns, The Red Sea Book). Red Sea Deep 

Water (RSDW) is formed during wintertime in the northern Red Sea. (Wyrtki 1947, 

Morcos 1970, Cember 1988, Woelk et al 1996, Eshel & Naik 1997, Yao 2014b) and it is 

distinguished mostly by its very low oxygen concentration (Woelk and Quadfasel, 1996). 

RSDW is mainly produced in the far northern Red Sea. Then where it sinks until it reaches 

the bottom and moves toward the south and might get upwelled gradually. The depth of the 
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oxygen minimum at the intermediate depth is caused by the balance between the upwelling 

of RSDW and the downward diffusion of the thermocline water mass (Wyrtki 1947). 

1.6.4 Gulf of Aden Intermediate Water (GAIW) 

It banks against the eastern coast, (Sofianos and Johns, 2003). The intrusion of GAIW lasts 

four months from June to September with an average of 0.22 SV (Sofianos & Johns, 2002). 

1.6.5 Red Sea water exchange at Bab Al-Mandab 

The exchange pattern between the Red Sea and Bab Al-Mandab has been studied 

to indicate a 2-layer and 3-layer exchange flow in winter and summer, respectively 

(Morcos, 1970; Patzert, 1974; Neuman and McGill, 1961; Murray and Johns, 1997) (Figure 

1.4). In winter there is a 2 layer exchange; GASW and RSOW. The RSOW flows 

southward toward the Indian Ocean through Bab Al-Mandab strait (Bower et al. 

2000,2005; Aiki et al. 2006) beneath the incoming GASW, which is driven by the winter 

northeast monsoon winds over the Arabian Sea. In summer there is a 3-layer exchange; the 

outgoing RSSW, the incoming GAIW and the outgoing RSOW (Marcos,1970; Patzert, 

1974; Murray and Johns, 1997;Sameed,2004), it worth mentioning that the outgoing 

RSOW term in the water exchange between the Red Sea and Gulf of Aden includes a 

RSDW contribution. In summer, the outgoing RSSW replaces the incoming GASW due to 

southward wind direction throughout the entire Red Sea forcing RSSW through the Strait 

of Bab al Mandab and into the Gulf of Aden. 

1.7 The Boundary Currents 

Eshel and Naik (1997) in their circulation model exhibits the existence of 

northward boundary currents at both eastern and western side of the Red Sea at about 18o N 
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for the western and 21o N for the eastern. Acker et al. (2008) confirmed the aspect of the 

boundary currents that was produced by Eshel and Naik. 

The westward boundary currents disappears during summertime due to the fact 

that the wind system in the southern part of the Red Sea reversed to blow toward the south 

and as a result, the GASW ceases and replaced with a strong GAIW inflow to the Red Sea. 

The intensity of surface water circulation in summer is relatively weaker and more irregular 

in winter due to the fact that the wind and thermohaline forcing are less intense in summer 

(Sofianos and Johns, 2003). 

A couple of numerical simulations exhibits that there is a northward boundary 

current created as soon as the incoming water from the strait of Bab Al-Mandab enters the 

Red Sea and the northward boundary current starts flows northward adjacent to the western 

coast of the Red Sea with a velocity greater than 20 cm/s throughout wintertime and after 

penetrating 400 km into the Red Sea (near 16 N) it crosses the basin toward the eastern 

coast to continue flowing as an eastern boundary current (Sofianos and Johns, 2003; Yao et 

al., 2014b). 

The results of the numerical simulations based on Yao et al. (2014b), shows that 

the western boundary current flows as far as 1400 km into the Red Sea and near 24 N 

ceases and cross the basin toward the east as an eastern boundary current. 

Gulf of Aden water banks against west side moving northward once it enters the 

Red Sea and shifts toward the east side adjacent to the east cost moving northward at about 

16 degress latitude. The east-sided boundary current is weaker than the west-sided 

boundary current and interacts with cyclonic and anticyclonic mesoscale eddies and 
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accounts for the majority of the surface northward flow in the Red Sea (Sofianos and 

Johns, 2003). 

The west-sided boundary currents disappears during summertime due to the fact 

that the wind system in the southern part of the Red Sea reversed to blow toward the south 

and as a result, the GASW ceases and replaced with a strong GAIW inflow to the Red Sea. 

The intensity of surface water circulation in summer is relatively weaker and more irregular 

in winter due to the fact that the wind and thermohaline forcing are less intense in summer 

(Sofianos and Johns, 2003). 
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Figure 1.1: Red Sea showing the basin and surrounding land. Source: The 

GEBCO_2014 Grid, version 20150318, www.gebco.net 

 

!
!
Figure 1.2: South part of the Red Sea showing Bab Al-Mandab region (Morcos, 1970)!
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Figure 1.3:  Climatological wind field for Winter (Left) and Summer (Right Source: 

(Sofianos & Johns, 2013) from CODAS climatology  
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Figure: 1.3.1: Shows the map of the Red Sea with three regions and the 

meteorological stations along the eastern coast. Source:  (Ahmed & Sultan, 1989) 
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Figure1.3.2: Computed values of the evaporative flux (W m-2), from 

Ahmad and Sultan (1989). 

!
Figure 1.4: Annual mean sea surface temperature averaged over 9 years of 

simulation from MICOM simulation (Sofianos and Johns, 2003) and the 14-year 
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nighttime SST average from MODIS (data acquired via 

https://giovanni.sci.gsfc.nasa.gov). 
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Figure (1.5): Shows seasonal sea-level changes at Jeddah (-•-) and Port Sudan (-ο-) 

(Upper panel), seasonal changes of atmospheric (Middle panel) and, the seasonal changes 

of the evaporation rate (Bottom panel). From (Sultan et al., 1995). 

 

 

Figure 1.6: Shows the two different exchanges pattern between winter and 

summer through the strait of Bab Al-Mandab. SW is the surface water, RSOW is 

the Red Sea Outflow Water, and GAIW is the Gulf of Aden Intermediate Water. 

(Source: Cromwell and Smeed (1998). 

!
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CHAPTER TWO 

RED SEA REMOTE SENSING 

 

2.1  Introduction 

In order to better understand Red the Sea processes, and their annual and 

interannual variability, remotely sensed parameters (i.e. sea surface temperature (SST), 

sea level height (SLH), chlorophyll a (CHL) provide a powerful way to perform an initial 

characterization, and then compare with in situ observations. We acquired climatological 

monthly averages and monthly averages for SST, SLH and CHL by using MODIS 

(Moderate Resolution Imaging Spectroradiometer) products for SST and Chlorophyll. 

SLH data was acquired from AVISO (https://www.aviso.altimetry.fr). MODIS,  as a 

heritage of its predecessor (AVHRR) has been verified and shown to be invaluable for 

evaluating long-term trends and assessment of anomalous patterns (Marullo et al.,2007; 

Nykjaer, 2009; https://visibleearth.nasa.gov/view.php?id=54075, 2017). The 

climatological monthly averages are computed from MODIS’s 2002-2016 observations. 

While the climatological monthly averages has been obtained from the period of 

September 2015 until June 2016. In chapter four and five, we will compare between 

remotely sensed data at selected events and several in-situ data that have been collected 

using SeaGlider   from the period of October 2015 until May 2016. The aim of this 

chapter is to provide a background of monthly averaged SST, CHL and SLA for the 

period of September 2015 through May 2016 and to demonstrate monthly climatological 
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trends for the period from2002 to 2016. It is important to note that the intent of this 

chapter is provide the context for the in situ observations obtained with glider obervations 

that will be discussed in chapters 4 and 5. 

 

2.2 Sea Surface Temperature (SST) 

Sea Surface Temperature (SST) is affected by a number of processes including 

atmospheric forcing that encompasses sea level pressure gradients, air-sea heat exchange, 

and surface wind stress. Morcos (1970) indicated that there is a linear relationship 

between the air temperature and the surface water temperature. SST is negatively 

correlated with sea level pressure, net heat flux loss from sea and total cloud cover, while 

there is a positive correlation exists between SST and atmospheric temperature. El-

Adawy et al. (2017) concluded that the influence of the Red Sea axial winds on SST is 

much greater than the effect of cross shore wind component (cross basin) and this could 

be attributed to the dominant and constant wind regime that blows from the north 

northwest throughout the year in the northern Red Sea (, 2017). Because the along-basin 

wind stress is about four (4) times greater than the cross-basin stress, it is assumed that 

the along-basin stress has a major role in seasonal sea level and temperature changes 

(Ahmad and Sultan, 1993).  

 El-Adawy et al., (2017) concluded that about 95 % of the SST variability in the 

NRS could be accounted for by sea level pressure, air temperature, and net heat loss with 

a 0.755 Co standard error; Therefore, an assessment of the areal impact of these variables 
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is provided by Table 2.1 which indicates the percentage of the area in the NRS over 

which these variables have a significant effect. 

As with many oceanic regions, surface winds have a significant effect on 

temperature variability. Throughout summer the surface water temperature (SST) 

decreases from south to north with a maximum SST of about 32 Co near 14 No just north 

of the strait of Bab Al-Mandab. In the early winter, the region of the relatively high 

surface water (Compared to the northern Red Sea) in the southern travels northward to 

reach at 19 No (Patzert, 1974a; Maillard and Soliman, 1986; Quadfasel and Baudner, 

1993; Eshel et al., 1994).  

Edward (1987) demonstrated that the Red Sea has its minimum sea surface 

temperature in February. While Acker et al (2008) by using MODIS-Aqua product stated 

that the coolest SST for the years 2003 and 2004 occurred in March and is associated 

with the highest CHL value in the northern Red Sea. Such a correlation suggest that 

either strong vertical mixing and/or upwelling is providing a supply of nutrients to the 

euphotic zone and surface layer such that the response is visible to the sensors on ocean 

color satellites.  

Variability of SST changes from winter to summer; Winter variations are greater 

than the summer one. (Acker et al., 2008). 
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Parameter “Percentage of the study area that 

was significantly correlated with 

the studied atmospheric 

components” 

Sea Level Pressure (SLP) 100 

Total Precipitation  (TC) 2 

Total Cloud Cover  (TCC) 75 

Cross Basin Wind  12 

Along Basin Wind  88 

Air Temperature (AT) 100 

Net Heat Loss from Sea (F) 95 

Table 2.1: The annual correlation between SST and atmospheric parameters. Source: El-

Adawy et al., (2017).  

 

2.2.1 Monthly Climatology for SST  

Fourteen years (2003-2016) of MODIS SST have been used to construct monthly 

SST climatologies for the Red Sea. There is typically a meridional gradient where 

temperature decreases from south to north (Figures 2.1 and 2.2) due the effects of the 

wind forcing and changes in the buoyancy flux (Sofianos and Johns, 2003) However, in 

the summer climatology (July and August) the north central Red Sea (20 N – 24N) 

becomes the warmest part of the Red Sea with temperatures in the range of 29.5 – 31 Co. 

These upper mid-basin maxima could result the inflow of cool water from the south via 
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the intrusion of Gulf of Aden Intermediate water (GAIW) and weak upwelling in the 

northern Red Sea. North of 24 No, a zonal west to east gradient exists where SST 

increases from west to east (Sofianos and Johns, 2003). Minimum SST in the Red Sea is 

found in the far north (above 24 N) throughout the year (Figure 2.1 & 2.2). Along with 

the latitudinal gradient, a longitudinal gradient exist in the NRS wehre the western side of 

the basin is routinely cooler than the eastern side. The prevalence of warmer water along 

the eastern boundary is consistent with a mean northward transport attributed to the 

eastern boundary current advecting warmer water from the south (Sofianos and Johns, 

2003; Yao et al., 2014b; Zarokanellos et al., 2017a, b). The colder water on the western 

northern Red Sea may result from strong along-basin winds that gives enhance vertical 

mixing and upwelling along the Egyptian coastline (Yao et al., 2014b). the vertical 

speeds for the upper 150 m.  

Evidence of the Eastern Boundary Current (EBC) in the SST climatology is in 

agreement with the several model studies (Eshel and Naik, 1997; Sofianos and Johns, 

2003; and Yao et al, 2014b). Recent observational evidence also indicates the 

significance of the EBC along the Saudi side of the sea (Zarokanellos et al, 2017,b). 

The coldest sea surface temperature over the northern Red Sea occurs at the 

western part during March with a minimum value of about 22 C and the warmest water 

appears to occur during August at the eastern side with a maximum value of about 29.5 C.  

The coldest climatology monthly average at the strati of Bab Al-Mandab occurs 

during February with temperature of about 25 C and since the exchange pattern between 
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Gulf of Aden and the Red Sea at Bab Al- Mandab exhibits an extremely weak interannual 

variability, one could take the climatology as a role model with very little difference from 

a year to another and as a sequence water mass formation processes in the northern Red 

Sea is almost regular. However, there is a strong variability of the circulation and 

thermohaline structure in formations regions (Sofianos et al. 2014).  

El Adawy et al., 2017 based on their SST analysis over 15 years of data  (2000 to 

2014) shows that during summer (the period from May to August) (figure 2.3); when air 

temperature exceeds SST by about 2 C, the monthly variation of sea surface temperature 

over the Red Sea was highly affected by air temperature annual cycle and the sensible 

heat would transfer from the atmosphere to the Sea. On the other hand, the periods from 

January to April and from September to December; when SST was warmer than air 

temperature and the difference reached its maximum during winter to about 5 C, the 

monthly variation of sea surface temperature was highly affected by SST and the sensible 

heat loss causes northern SST to reach its minimum temperature.  

 

2.2.2 Monthly Average SST for the Study Period (Oct 2015 – May 2016) 

The glider study described below began at the end of September 2015 and 

continued into May 2016. Thus it is important to examine the context of the study within 

the existing multi-year satellite data set. The US National Oceanic and Atmospheric 

Administration (NOAA) reported in their 2015 annual global climate report that the 

month of December 2015 broke the record to be the warmest month compared to all 
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months for the last 136 years with a monthly temperature anomaly exceeds 1 Co. A year 

later, they announced that 2016 was the warmest by all means and it broke the 2015 

record. We see that clearly in the monthly average and will discuss it later while we talk 

about the temperature anomalies for the period of 13 years. 

During September 2015, the integrated SST over the Red Sea was the greatest 

value among other months from the period from October 2015 until June 2016; it reached 

about 33 Co at the southern part and about 29 Co at the northern part. October 2015 

ranked second after September and followed by May 2016 (figure 2.4 & 2.5). By 

focusing on the strait of Bab Al-Mandab at the southern end of the Red Sea, figure (2.4) 

exhibits the starting of the intrusion of a relatively cold Gulf of Aden Surface Water 

(GASW) to the Red Sea during September 2015 and continue to move as a narrow 

northward tongue adjacent to the western coast of the southern Red Sea during October 

2015. On November 2015, it is clear that GASW engaged further into the Red Sea 

interior and by the end of February 2016 the southern half of the Red Sea shows almost a 

near-homogenous temperature with a difference of about 1 Co. Those results goes on 

agreement with (Sofianos and Johns, 2003) when they showed on their model results that 

GASW intruded to the Red Sea during winter mode months (September – May) and the 

surface intrusion vanishes during summer mode months (June – August). Based on 

monthly temperature averages, February SST has the minimum temperature at southern, 

central and northern regions; this could be attributed to the net heat loss to the 

atmosphere through evaporation processes since the greatest evaporation rate in the Red 
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Sea occurs in winter (Ahmad and Sultan, 1987; Sofianos and Johns, 2003; Yao et al., 

2014b) and might be associated with forming the Red Sea Outflow Water (RSOW) by the 

deep ocean convection theory that was provided by (Marshall and Schott, 1999) stating 

that prior any convection, preconditioning must takes place and that includes the 

intensive atmospheric forcing (evaporation), weakening the stratification (mixing) that 

associated with a cyclonic circulation. The core of the cyclonic circulation works as a 

pumping machine to bring up the cold water to the surface (at the middle basin) and at 

edges it pumps water downward; that is might explain the relatively warmer temperature 

at the eastern part of the northern Red Sea and the colder water at the mid of the basin; 

the cyclonic circulation can be seen clearly north of 24 N and at about 26 N where the 

warm tongue wraps the cold water at the center of the northern Red sea. Monthly SST 

averages also shows an evident of the EBC (the warm tongue of water moving 

northward) and can be clearly seen north of 24 N.  

The Eastern Boundary Current (EBC) follows the shape of the Red Sea’s 

morphology and turns southward to join the relatively weak Western Boundary Current 

(WBC) and this can be seen clearly during all months; the eastern and western boundary 

currents is believed    to play a role of forming and boosting the cyclonic circulation that 

is responsible of brining cold water to the surface (Sofianos and Johns, 2003; Yao et al., 

2014b).  
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2.2.3 Monthly SST Anomaly (Oct 2015 until June 2016) 

Figures 2.6 and 2.7 show the monthly SST anomalies for the Red Sea. The whole 

Red Sea experienced warmer than average SST during September and October 2015, 

consistent with the overall global high SST in the same period. .During September, the 

southern Red Sea SST anomalies were higher than the northern part and nearly 2 C above 

the climatological monthly average. In November 2015, Red Sea basin still has anomalies 

value above the average basin long; however, at about 24 N there is a blue circle, which 

indicates that the blue area is colder than climatological monthly average. From 

December 2015 to February 2016, the northern Red Sea starts cooling down blue colors 

claims the red. On the other hands, the southern part keeps the stunning strike of gaining 

heat (Figure 2.6 & 2.7).  Figure 2.8 shows these observations as a Hovmöller plot for the 

northern Red Sea for a longitudinal transect across the northern Red Sea centered on 

27˚N and 0.5˚ latitude wide. These plots confirm that the years of 2015 and 2016 were 

among the warmest for the seven years shown, and in fact, for the entire period of the 

MODIS deployment. However, in January and Febuary, it appears that the region was 

cooler than the MODIS climatology.  

In summary, Northern Red Sea from October 2015 to June 2016, experienced SST 

values above the climatological monthly average except during January and February 

2016 where intense evaporation takes place to cool down the water; in chapter four will 

focus on the processes. However, southern Red Sea, at the same periods, shows SST 

values above the climatological monthly average for the whole period with the maximum 
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intensity on May 2016; NOAA has announced that 2016 was the warmest year since the 

start of keeping record back on 1880. By looking at the anomalies values to compare 

between Winter 2015 and winter 2016 (January & February) (figure 2.6 & 2.7), with 

putting in mind that 2016 was the warmest year on the record for the last 136 years; it is 

clear that SST at the northern Red Sea during January and February 2016 was coldest 

than 2015 year at the same period by about 1 C. Which drives us to think about the 

intensity of ocean mixing processes and upwelling in the northern Red Sea what kept it 

colder than 2015 despite the fact that 2016 was warmer than 2015. Winter 2016 it might 

be the warmest atmospheric winter but it worth mentioning that and based on the results 

of the SST analysis for winter 2016 (January and February), SST during winter 2016 is 

the coldest northern Red Sea water compared to the last 13 years (See figure 2.6 & 2.7 & 

Table 2.2). We will take about associated mixing and upwelling processes in details in 

Chapter four.  

 

 Air Temperature (C) Relative Humidity (%) Wind Speed (m/s) 

Winter 2015 20.80 49.53 3.50 

Winter 2016 21.74 42.11 3.49 

Table 2.2: shows the average air temperature, relative humidity and wind speed over the 

month of February for 2015 and 2016. Source: Aramco. 
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2.3  Chlorophyll-a 

As Raitsos, et al. (2013) have demonstrated Red Sea exhibits significant annual 

variability in chl-a. Maximum concentrations occur in winter minimum concentrations 

occur summer, especially over the northern half of the basin , (Raitsos et al., 2013). 

During winter the maximum concentration at the north have been attributed to increased 

vertical mixing that is driven by both latent and sensible heat fluxes, while the southern 

region receives enriched inflow from Indian Ocean via the Gulf of Aden driven my the 

monsoonal winds. During summer strongly stratification limits the vertical exchange of 

nutrients into euphotic zone. When along-basin winds are southward along the entire 

extend of the Red Sea, preventing the inflow of Gulf of Aden Surface Water (GASW) 

and resulting in the inflow of nutrient rich Gulf of Aden Intermediate Water (GAIW). 

Highest concentrations of CHL in the northern Red Sea occur during the period of 

2015-2016 occurred during the period of January-March 2016. Despite the fact that the 

year overall was very warm there was a mild negative temperature anomaly in winter 

contributing to a positive anomaly (Figures 2.8 and 2.12 As will be shown in later 

chapters, during the glider deployment (from October 2015 to May 2016) maximum 

value monthly average of chl-a measured by MODIS was on February 2016 at the 

northern Red Sea with its center of about 27 N (figure 2.9 & 2.10). Acker et al. (2008) 

and Raitsos et al. (2013) have attributed elevated chlorophyll concentrations in the NRS 

to increased winter time vertical mixing. 
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The Red Sea’s surface layer is considered to be nutrient limited (Raitsos et al., 

2013). Thus, vertical exchange processes such as Ekman pumping, mesoscale eddies, and 

vertical convective mixing  are expected to contribute to primary productivity during 

winter.. Eddies might produce nutrient pumping (vertical through water column) and the 

horizontal transport of nutrient-rich waters originating near coastal zones (Aristegui et al., 

1997) 

 

2.4 Sea Surface Height (SSH) 

The mean Red Sea level is higher in winter than in summer. The recorded sea 

level changes over Perim Island (At Bab Al-Mandab), Port Sudan , Jeddah and Port of 

Suez shows a well correlation between the seasonal variations and the wind driven 

circulation (Cormwell and Smeed, 1998). Whereas, the investigation of the parameters 

that control the seasonal differences of the mean sea level (precipitation, river discharge, 

atmospheric pressure, steric effects, evaporation and astronomical effects) shows no 

correlation with the sea level variations (Sultan et al., 1995). Sea level might be 

controlled by along shore wind stress as the long-shore wind stress is about four (4) times 

greater than the cross-shore stress and it is assumed that the long-shore wind stress has a 

major role in seasonal sea level changes (Ahmad and Sultan, 1993).  

In this study, AVISO SSH from 2003 to 2015 has been used to compile monthly 

averages SSH, monthly climatology and anomalies. Based on the monthly climatology 

data, months from June to September have a lower value in the whole basin than the 20 
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year-mean sea level that has been defined by AVISO and the rest of the months have 

values higher than the mean sea level in the whole basin (figure 2.13 & 2.14). The 

months with higher mean sea level occurs in conjunction with the winter mode (October 

– May) water exchange between Red Sea and Arabian Gulf; while the months with lower 

sea level anomalies occur in the summer mode (June – September) as defined by 

Sofianos and Johns (2003). 

 

2.5 Conclusion 

A large fraction of the SST variability in the NRS can be explained fluctuations in 

sea level pressure, air temperature, and net heat loss (El-Adawy et al., 2017). Generally, 

there is a clear meridional gradient in SST that decrease from south to north (Sofianos 

and Johns, 2003). The SST pattern changes in summer (July and August) when the north 

central Red Sea demonstrate maximum SST with values ranges between 29.5 – 31 Co 

while the minimum temperature is found to be at the northern Red Sea.(Sofianos and 

Johns, 2003). North of 24 No, a zonal gradients of SST exist where there is a slope from 

west to east; where surface temperature increase from west to east. During summer (May 

– August), the sensible heat would transfer from the atmosphere to the Sea (El-Adawy et 

al., 2017). While the rest of the months, the sensible heat flux transfers heat from the sea 

to the atmosphere resulting in minimum seasonal SST. Climatological monthly means of 

SST suggest that both EBC and WBC may play a significant role in forming and feeding 

the cyclonic circulation in the NRS (Sofianos and Johns, 2003; Yao et al., 2014b). During 
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October 2015 to June 2016, northern Red Sea experiences SST values above the 

climatological monthly averages except during January and February 2016 where intense 

evaporation takes place to cool down the water. Simultaneously, Southern Red Sea shows 

SST values above the climatological monthly average with the maximum intensity on 

May 2016. Maximum CHL concentrations occur concentrations, especially in the 

northern half of the Red Sea reach the annual minima (Raitsos et al., 2013). (CHL) 

anomaly of February 2016 shows a peak value at the central of the northern Red Sea 

associated with a negative SST as well, indicating that despite the years of 2015 and 2016 

being among the warmest in recent history, the winter chlorophyll anomalies in the NRS 

were positive. 
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Figure	2.1:	SST	climatology	monthly	averages	from	January	to	June	from	2003	to	2016.	

	

Figure	2.2:	SST	climatology	monthly	averages	from	July	to	December	from	2002	to	2015.	
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Figure 2.3: Average monthly SST and air temperature in the NRS from 2000 to 2014. 

Source: El Adawy et al., 2017. 

	

	

	

	
Figure	2.4:	SST	monthly	average	from	July	2015	to	December	2015	
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Figure	2.5:	SST	monthly	average	from	Jan	2016	to	June	2016	

	
Figure	2.6:	SST	anomalies	from	July	2015	to	December	2015		
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Figure	2.7:	SST	anomalies	from	January	2016	to	June	2016	

	
Figure 2.8 Hovmöller plots of SST (top left), SST anomaly (bottom left), MODIS 

chlorophyll (upper right), and chlorophyll anomaly (bottom right) for the period from 
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January 2010 through December 2016. The area of the data spans across the northern Red 

Sea from 35˚E to 35.6˚E, and approximately from 26.75˚N to 27.25˚N inclusive of the 

area of the Duba glider transect. 

	

	
Figure	 2.9:	 Chlorophyll	 a	 monthly	 average	 concentration	 from	 July	 2015	 to	
December	2015.	
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Figure	 2.10:	 Chlorophyll	 a	monthly	 average	 concentration	 from	 January	 2016	 to	
June	2016.	
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Figure	 2.11:	 Chlorophyll	 a	 anomalies	 concentration	 from	 July	 2015	 to	 December	
2015.	
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Figure	 2.12:	 Chlorophyll	 a	 anomalies	 concentration	 from	 January	 2016	 to	 June	
2016.	
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Figure	2.13:	SSH	monthly	climatology	from	2003	to	2015	for	the	months	from	January	to	

June.	
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Figure	 2.14:	 SSH	monthly	 climatology	 from	2003	 to	2015	 for	 the	months	 from	 July	 to	

December.	

	



	 77	

CHAPTER THREE 

STUDY APPROACH 

This study aims to address several unanswered questions that have been apparent for the 

last few decades regarding the timing, location, and mechanisms for forming RSDW and RSOW. 

Lack of a sustained in situ observations have stimulated researchers to utilize remote sensing and 

modeling approaches to address these questions. Processes that include a mesoscale cyclonic 

eddy, deep-water convection, and outflows from the two northern Gulfs have been hypothesized 

as mechanisms contributing to the formation of RSOW and/or RSDW.  

The initiation and planning of this study included several hypotheses: 1. RSOW is formed 

along the narrow coastal band within a width of 20 km of the Saudi coast (Yao et al., 2014); 2. 

Downward transport occurs along the eastern side if the NRS (i.e. Downwelling) (Yao et al., 

2014b)l; 3. A permanent cyclonic eddy is centered in the NRS and characterizes the overall 

circulation of the region (Sofianos and Johns 2003, Raitsos et al., 2013; Yao et al. 2014b; and 

Papadopoulos et al. (2015).  

Since mechanisms regarding the formation of RSDW and RSOW have been ongoing 

questions, the oceanographic literature on the Red Sea has generally agreed that RSDW and 

RSOW have three main sources. 1. Deep convection and outflow from the Gulf of Aqaba. 2. 

Strong cooling and evaporation in the Gulf of Suez results in the outflow of dense water that 

rapidly sinks as it exits the Gulf during winter; and 3. Open sea convection in the northern NRS. 

This study specifically addresses the processes occurring in the open sea in the northern Red Sea. 

Theoretical and modeling efforts have focused winter overturning circulation in the NRS as 
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summer stratification inhibits significant vertical exchange. In order to fully understand the 

processes associated the winter, the study spanned the period from the late summer/early fall 

through the to the mid-spring period (May).By spanning this period, it was thought that the 

conditions processes initiate and set up the pre-conditions for the winter dynamics, and those that 

terminate the winter processes could be resolved.  

Although models and remote sensing observations provide some speculation regarding 

the dynamics of the overturning circulation and the location of sinking in wintertime, until 

defining in situ observations have not been available. Thus, a need of a sustained measurements 

resolving both temporal and spatial variability are required to better understand the dynamics of 

region. This study has been designed to evaluate some of the above hypothesis and to better 

understand the processes that occur in the NRS throughout the year. 

Lacking significant baseline observations for the NRS, a goal of this study was to 

sufficiently resolve these processes in both space and time. The NRS is also a region where there 

is a significant winter-time increase in the nearsurface chlorophyll that is resolved by remotely 

sensed ocean color.  We desired to better understand the linkage between physical processes in 

the NRS and the biological responses to these physical dynamics. Another question that emerges 

out much of what has been published is what is the relationship between observations obtained 

through remotely sensed variables and the underlying processes that are distributed vertically in 

the water column. Thus we deployed a Seaglider equipped with physical, bio-optical and 

chemical (oxygen) sensors to resolve the variability in the eastern region of the NRS. The length 

of the glider line (~70 km) allowed for the glider to complete an onshore-offshore transect 
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between the center of the basin and the coast approximately every 3-5 days. The glider typically 

profiled to depths between 500 and 1000 meters depending on the topography in order to resolve 

as much of the vertical structure as possible. 
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CHAPTER FOUR 

PHYSICAL RESPONSE TO SEASONAL FORCING IN THE NORTHERN RED 

SEA 

 

Abstract 

Based on an extended biophysical time-series unique so far in the northeastern Red Sea, 

we study 1- Seasonal transition of physical and biogeochemical characteristics in 

northern Red Sea and 2- the interactions between winter atmospheric forcing, eddy 

activity, lateral advection, and wintertime mixing. The analysis is based on measurements 

obtained by sequential deployments of Seaglider AUVs along a 70 km transect, which 

was run repeatedly from the coast to mid-basin during the period from October 2015 to 

May 2016.  Measured variables include temperature, salinity, pressure, dissolved oxygen, 

chlorophyll and CDOM fluorescence. The onset of winter, marked by surface cooling and 

enhanced evaporation, was observed during late October and lasted until late February. 

During this period, intense heat and freshwater fluxes lead to a gradual surface cooling 

and salinity increase and a respective weakening of the surface stratification. Surface 

mixed layers extended to more than 175 m by the end of January exhibiting a significant 

onshore-offshore gradient with the deepest layer occurring near the coast. We present 

evidence on the formation and progress of cyclonic features related to events of strong 

atmospheric forcing that lead to episodic convection and the formation of dense water 

masses with typical characteristics of Red Sea outflow waters. These newly formed cold 

waters are characterized by relatively high content of dissolved oxygen and salinity, 

while concentration of chlorophyll was increased significantly, following the deep 
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mixing events. Intrusions of lower salinity water, presumably from the south, were also 

observed following the events, marking the reestablishment of the general cyclonic 

circulation in the NRS. To our knowledge, these are the first observations of such 

convection events in the North Red Sea. 

 

4.1 Introduction 

The northern Red Sea is an area of great significance for the whole basin 

ventilation (Yao et al., 2014; Papadopoulos et al., 2015) where Red Sea deep and 

intermediate water are formed. As the elongated Red Sea spans almost 20 degrees of 

latitude, its northern part is dominated by a strong seasonal climatic cycle. During winter, 

high rate of evaporation and significant cooling of the surface water produce the bulk of 

basin’s intermediate water (Sofianos and Johns 2003, Yao et al. 2014, Papadopoulos et 

al. 2015, Zhai et al. 2015). This intermediate water becomes Red Sea Outflow Water 

(RSOW) as it flows southward and exits into the Gulf of Aden and the Arabian Sea. In 

addition to RSOW, Red Sea Deep Water (RSDW) is thought to be formed by strong 

cooling and evaporation in the gulfs of Suez and Aqaba and perhaps by occasional deep 

convection in the open sea (Cember, 1988; Sofianos & Johns, 2003;Yao et al., 2014; 

Papadopoulos et. al, 2015). The RSDW occupies the bottom layers while RSOW is 

confined to the upper 300m, and is distinguished from RSDW by higher concentrations 

of dissolved oxygen [Woelk and Quadfasel, 1996; Sofianos and Johns, 2007, Zhai et al., 

2015]. Figure 4.1 shows the location of the study. 

Water mass variability within Red Sea shows strong latitudinal gradients. Cool 

low salinity water enters the Red Sea through the strait of Bab Al-Mandab  (Figure. 4.2). 
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Figure 4.2 shows T-S properties from September – October 2011 where the colors 

indicate the latitude of observations. Observations extended from the southern end of 

Saudi Arabia’s territorial waters to the northern end of the Red Sea. Incoming GAIW is 

distinguished by lower temperature, less than 22˚ C, and lower salinity, less than 37.5 

PSU. This water enters as a subsurface bolus and the mixing line represents mixing with 

ambient water above and below the bolus (Churchill et al., 2014). As is evident in the 

figure 4.2 salinity increases with latitude reaching maximum surface values in the NRS. 

Warmest surface values are found in the southern Red Sea where surface salinities are the 

lowest.  Denser water above 28kg/m3 is relatively homogeneous along the full extent of 

the eastern part of the Red Sea.  

RSOW formation is considered to take place both near shore as shelf convection 

and as open ocean convection associated with the existence of semi-permanent cyclonic 

eddies that form in the area in response to winter atmospheric forcing (Papadopoulos et. 

al, 2015). RSOW is the dominant intermediate water mass in the basin. When formed in 

the NRS it is directly injected at intermediate depth below the pycnocline [Cember, 1988] 

and then spreads southward, ultimately exiting the basin at the strait of Bab-Al-Mandeb 

[Cember,1988; Sofianos and Johns, 2003, Yao et al. 2014a]. 

Sofianos & Johns [2003] suggested that a cyclonic gyre in the northern Red Sea 

contributed to the formation of RSOW, which was further supported by later studies 

based on model simulations (Yao et al. ,2014). Numerical simulations and limited in situ 

observations show that the general circulation in the northern Red Sea is influenced by 

both thermohaline and wind driven components and the mean pattern is generally 

considered to be cyclonic [Clifford et al., 1997; Sofianos and Johns, 2003, Yao et al., 
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2014]. Wind direction in north half of the basin (North of 19 N) is persistently dominated 

by north-northwesterly winds [Edwards and Head, 1987, Abualnaja et al. 2015], with the 

intensity of the winds reaching its maximum during winter [Murty & El-Sabh, 1984a; 

Sofianos & Johns, 2003]. Sofianos and Johns [2003], using available observational 

datasets, indicated that buoyancy forcing reaches its maximum during winter in the NRS 

and provides the potential for dense water formation. Previous studies support these 

findings [Maury, 1855; Luksch, 1901; Neumann and McGill, 1962; Phillips, 1966; 

Tragou and Garrett, 1997], while others concluded that wind driven currents dominate the 

general circulation pattern [Thompson, 1939a, 1939b; Siedler, 1969; Patzert, 1974a]. 

However, the influence of wind stress on the water circulation is limited to the surface 

layers (Patzert, 1974a; Ahmad and Sultan, 1987), whereas the thermohaline forcing 

drives deeper circulation through density differences where the physical gradients in 

temperature and salinity are weak. (Wyrtki, 1972). 

Despite the number of studies, the existing in situ observations are inadequate to 

confirm the physical and biogeochemical processes that have been described. This study 

aims to investigate the seasonal transition of physical and biogeochemical characteristics 

in northern Red Sea and the interactions between winter atmospheric forcing, eddy 

activity, lateral advection, and wintertime mixing. 

 

4.2 Study approach 

The study focuses on the seasonal characteristics of the northern Red sea (Figure 

4.1). The investigation of the regional physical and biological processes utilizes a 

combination of in-situ observation, remote sensing imagery, and modeled atmospheric 
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products. Reportedly, the NRS is characterized by intermediate and deep convection, and 

a permanent cyclonic eddy [Sofianos and Johns, 2003; Papadopoulos et al., 2015; Yao et 

al., 2014b]. Autonomous underwater gliders were deployed from late September, 2015 to 

early May 2016 with three sequential glider deployments (Figure 4.1, right panel). 

Satellite and modeled atmospheric products were also used to provide a broader spatial 

coverage of NRS and help identify and understand dynamical features of fall-spring 

period. 

 

4.3 Data sources and methodology 

4.3.1 Glider observations 

Because no sustained in situ observations have existed for the NRS, we carried 

out an extended set of Seaglider AUV deployments obtaining nearly 2000 profiles. 

Seaglider was deployed along a transect perpendicular to the coast taking measurements 

for a total of 221 days spanning the period from 28 September, 2014 to 18 May, 2015 

(Figure 4.1, right panel; Table 4.1). The transect start point is about 5 km offshore from 

Duba coastline. The transect extended to more than 70 km offshore ending near the Saudi 

EZZ boundary. The glider completed the round trip in about two weeks. Each Seaglider 

measures a suite of parameters that include temperature and salinity (Sea-Bird 

Electronics’ custom CT sensor with the unpumped conductivity cell), dissolved oxygen 

(oxygen optode 4831 sensor, Aanderaa), Chlorophyll (CHL), Colored Dissolved Organic 

Matter (CDOM) and phycocyanin fluorescence (FL3-IRB sensor, WETLAB) with the 

excitation emission paired wavelengths (ex/em) of 470/695, 370/460, and 630/680, 

respectively. The phycocynanin fluorescence channel proved to be insensitive to any 
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variability that might have been present. Optical backscatter at three wavelengths was 

also measured in the vehicle but is not used in the context of this chapter. During the 

three Seagliders deployments, the glider have been programmed to profile from the 

surface to 1000 m at the nominal vertical speed of 0.18±0.02 m/s and moved horizontally 

at approximately 20-24 km day-1. Each dive cycle took about 3-5 hours depending on the 

operation target depth, environmental conditions, and engineering control settings. For 

analysis, glider data were vertically averaged into 2 m bins and interpolated onto a grid 

with 2.5 km horizontal spacing, the nominal dive distance. For this study we only 

consider the upper 500 m layer of the water column. Spikes from the raw measurements 

have been removed from both hydrographical and biochemical parameters. In addition, 

CTD data has been examined for the thermal lag effect and no evidence has been 

observed. Some drift in the conductivity sensor was observed later in the winter and 

spring deployments. To correct for this drift we made the assumption that the temperature 

and salinity characteristics between 500 and 700 m were stable and used these deep 

values to compensate for drift in sensors [Zarokanellos et al., 2017]. The Aandera 

optodes routinely reported values that were below saturation in the surface layer since we 

did not have adjacent Winkler titration measurement of dissolved oxygen we corrected 

the data by assuming that the median measured oxygen in the surface layer is to match 

the median oxygen saturation as estimated from temperature and salinity. The data were 

corrected by multiplying by the ratio of the median estimated oxygen saturation 

concentration to the median of the measured oxygen concentration. Iridium satellite was 

used to transmit data from Seaglider to workstation on land at the end of each of dive 

cycle. Both data from downcast and upcast were used. The pre- and post-calibration 
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activities were carried out at the Coastal and Marine Resources Core Lab (CMOR) glider 

facility at King Abdullah University of Science and Technology (KAUST) and included 

all ballasting, adjustment operations, and dark counts of the optical sensors necessary 

before and after the glider deployment.  

To facilitate processing and analysis of the data, the data were projected onto a 

standard grid centered on the primary glider track. The grid was set up with 2.5 km 

horizontal spacing and 2 m depth intervals. The horizontal spacing was based on the 

nominal distance of glider dive during the glider deployments. To project the data onto 

the line, the data locations were converted to distance offshore using a location where the 

projected glider line would intercept the coast. Using the distance offshore the data then 

interpolated to the standardized line. The nearshore end of the standardized glider line 

was 5.2 km offshore from the coast. Standardized glider line was 67.5 km long so that the 

offshore end of the glider line was 72.7 km offshore. Distances on the glider sections are 

distances from offshore end of the transect. 

Mixed Layer Depth (MLD) is calculated for each of the glider sections. The MLD 

is calculated using the criteria of Levitus (1982). To estimate the MLD the 10 m values of 

density used as a referenced density and the mixed layer is considered to be that portion 

of the water column were the density were no more than 0.125 kg/m3 greater than 10 m 

density.  

Glider ID From To Days 

SG213 Sep 28,2015 Dec  1,2015   65 

SG214 Dec  2,2015 Mar 25,2016   115 

SG212 Apr   8,2016 May 18, 2016 41 
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Table.1: The duration of each glider mission with the dates 

 

Since the upper layer (0 -250 m) shows the most variances, the vertical sampling rate 

were designed as following: 

1) The Upper 100 m depth, the sampling rate is every 10 sec. 

2) From 250 m - 400m, the sampling rate is every 50 sec. 

3) From 400m – 1000m, the sampling rate is every 120sec. 

The purpose beyond that is to save power. Iridium satellite was used to transmit data 

from Seaglider to workstation on land at the end of each of dive cycle. Both data from 

downcast and upcast were used. That variable will be disregarded in the results and 

discussion that follow. While optical backscatter of particles (bbp) represents particle’s 

concentration, determined by subtracting total backscatter from the known contribution 

of water, was measured at three wavelengths (532), (650) and (880), respectively. During 

recovering the fluorescence and backscatter optical sensors they appeared clean and free 

fouling. 

 

4.3.2 Model data – Atmospheric forcing 

Atmospheric winds and fluxes (sensible, latent and moisture) from a downscaled, 

high-resolution product using the Advanced Research – Weather Research and 

Forecasting atmospheric model were used for this study. The data were generated for the 

period of 2000-2016. The model was designed with two-way interactive nested domains 

of 30 and 10 km horizontal resolutions and 35 vertical levels.   The inner domain (10 km) 

covers the Red Sea and adjacent regions.  The initial and boundary conditions were 
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obtained from the NCEP Final Analysis (FNL) product. Observations from the NCEP 

Atmospheric Data Project were also assimilated (every 6 hours) using a consecutive 

integration approach. Assimilated data include the conventional observations from 

surface (synoptic stations, Metar, ship and buoy), upper-air (Rawinsonde and pilot 

balloon), and satellite observations (wind and atmospheric motion vectors). The surface 

variables were extensively validated with all available observations at different time 

scales and also the model simulated regional climatic characteristics are discussed and 

validated with FNL and different satellite products. Of specific interest for this study was 

the significant improvement in the description of wind dynamics, especially in the NRS. 

Further details on the experimental design and methodology as well as comparative 

advantages of the analysis with other products in the region are provided in Yesubabu et 

al., (2016). Recently, several studies have also utilized this atmospheric analysis along 

with respective validations for various applications [Langodan et al. (2014, 2015, 2016a, 

2016b); Zhan et al. (2015)]. 

 

4.3.3 Remote Sensing – Sea Surface Temperature (SST) and Chlorophyll 

Concentration 

The MODIS-Aqua (Moderate Resolution Imaging Spectroradiometer) was used for both 

SST and CHL values. The MODIS-Aqua instrument is a satellite sensor designed to 

provide remote-sensing observations over the oceans and land in the lower atmosphere. It 

has a viewing swath width of 2,330 km and views entire surface of the Earth every one to 

two days. It measures radiances at 36 spectral bands between 0.405 and 14.385 µm, and it 

acquires data at three spatial resolutions for example 250m (bands 1-2), 500m (bands 3-7), 
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and 1,000m (bands 8-36) (http://modis.gsfc.nasa.gov/data/). According to the MODIS 

Ocean User’s Guide, the primary objective of MODIS is to provide satellite data that will 

be used to study the interactions between ocean, atmosphere, land, and biosphere and that 

will allow scientists to interrelate the processes driving global climate. (Source: 

http://nsidc.org/data/docs/daac/modis_v5/spectral_bands.html). 

MODIS-Aqua Level 3 monthly climatologies, binned data of the CHL and SST (11 

Microns) for the Red Sea were obtained from the NASA Goddard Space Flight Centre’s 

ocean color data archive system (http://oceancolor.gsfc.nasa.gov/cgi/l3). These products 

obtained at 4 km spatial resolution. The binned seasonal satellite data were processed to 

level 3 mapped products using the SeaDAS ocean color data processing software (version 

7.2.3). The standard NASA ocean color index (OCI) algorithm is selected to create 

monthly means and monthly climatologies for the Red Sea. OCI algorithm is considered 

as a most accurate approach to estimate the chlorophyll a in the oligotrophic waters (Hu 

et al., 2012).  We created the flags for the land mask, water, and coast. Finally, these 

mapped files used to create the anomalies for the selected months. 

 

4.4 Results  

4.4.1 Atmospheric forcing in the NRS during October 2015 to May 2016 

The climate plays a significant role on driving the water circulation over 

the Red Sea and is driven by the exchange of heat, momentum and fresh water 

with the adjacent atmosphere [Bower and Farrar, 2015]. The atmospheric forcing 

fluctuation over the NRS is significant in manipulating the water masses 

formation processes. The meteorological dynamics of the Red Sea is strongly 
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influenced by two wind regimes; the first one takes place in the northern part and 

the second one is occurring in the southern part of the Red Sea. The northern 

region is influenced around the year by the northwesterly wind that is created by 

the eastern Mediterranean weather system (Pedgley, 1974); the central 

Mediterranean low sea level pressure produces the high wind compared to other 

regions and might play a role on the pressure gradient over the northern Red Sea 

(Papadopoulos, et al., 2013) while the southern region is strictly controlled by the 

Indian Monson system; during summer it blows to the southeast and it reverses to 

the northwest direction during winter (October to May) [Sofianos & Johns, 2002]. 

Even though the wind general pattern is well known and documented by several 

known well trusted studies, but details of the wind field might not agree based on 

the different data sets, particularly in the northern Red Sea. The climate of the 

Red Sea is highly affected by the net loss of freshwater through evaporation 

process, which cools the water and makes it saltier, especially in the northern part. 

The seasonal wind systems transfer the water and as a consequence, the heat and 

salt is redistributed in the basin, which leads to affecting the Red Sea water 

circulation. In general, the strength of the wind field is higher in winter than 

summer (Sofianos & Johns, 2003). 

During the period of glider observation, strong seasonal transitions from 

late summer/early fall to mid winter and then into spring were observed. At the 

onset of the glider observation air temperature were warm, humidity was high and 

winds were predominately along basin toward the south (Figure 4.3). By late 

October air temperature and humidity were both beginning to decrease. By early 
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December air temperature has decreased to about 20 Co and specific humidity 

have decreased to about 8 g/kg. These cold dry atmospheric conditions set up the 

system for loss of heat and moisture from the sea surface to the atmosphere that 

will impact the temperature and salinity characteristics for the upper ocean. These 

conditions continued until later February when seasonal warming and increases in 

specific humidity began to occur. Wind patterns were fairly persistent through 

February when over all weakening began to occur (Fig 4.3). 

In addition to the mean patterns there were several significant atmospheric 

episodes when there was intensification of the latent and sensible heat flux (Fig 

4.3). These episodes were driven by drops in air temperature and humidity, as 

well as strengthening of the winds.  There were four primary events: one centered 

on December 28, the second centered January 21, the third centered on February 

10, and the last centered on February 23 (Fig. 4.3). Eshel and Naik (1997) 

concluded that the deep convection is associated with episodic atmospheric events 

and their findings goes on agreement with the observations from this data set 

when several significant atmospheric episodes were detected by the atmospheric 

model exhibiting the intensification of the latent and sensible heat flux (fig 4.3).  
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4.4.2 Hydrographic distributions along the Duba glider line 

In order to visualize the seasonal transformation that has occurred we created the 

monthly average hydrographic transects for the glider line spanning the 

observational period. The October observations come to the end of the summer 

warm and humid period. As shown in Figure 4.4 at October panel, the surface 

layer of the NRS was warm with average temperature above 29 C. The warm 

water was found within the upper 125 m of the water column. The layer was 

shallowest offshore were it was constrained to the upper 65 m and deepening to 

more than 100 m near the coast. This warm layer was also characterized by 

relatively low salinities with the minimum salinity being less than 40 PSU. 

However, the salinity distribution in this region was complex with interleaving 

layers of higher and lower salinity. The temperature and salinity structure resulted 

in a highly stratified density structure defining the lower boundary of the upper 

layer and with density sloping down toward the coast. This can be seen with the 

27.5 isopycnal which deepens from approximately 70 m offshore to about 110 m 

near coast (Fig 4.3, October panel). Strong stratification resulted in a relatively 

shallow mixed layer depth (MLD) that averaged about 24 m. With this strong 

stratification distinct deep chlorophyll maximum (DCM) is observed between 80 

and 95 m extending the entire length of the transect (Fig 4.3, October panel). 

CDOM distribution appears to reflect the density distribution with very low 

concentration in the surface layer were sunlight would result in bleaching of the 

CDOM to high levels in the deep water (Fig. 4.4, October panel).  



! 93!

The November observation began to show the effect of the seasonal 

transition with cooling the upper layer (Fig 4.4, November panel), the thickness of 

this warm surface layer is similar to the October observation. As an October the 

upper layer is characterized by lower salinity and in fact lower salinity is observed 

in November than in October (Figure 4.4, November panel). The density structure 

follows the temperature and salinity patterns. Despite the cooler temperature the 

low salinity water resulted in slightly lower mean densities in the surface layer 

than observed in October. However, the averaged MLD increased to 47 m, nearly 

twice the mean MLD observed in October. The DCM remains at about the same 

depth range as observed in October (Fig. 4.4, November panel). CDOM follows 

the same patterns as CDOM distribution in October (Fig. 4.4, November panel). 

As we progress into December we see dramatic changes in the 

hydrographic fields, while the over all patterns are similar, the maximum 

temperature has decreased to 25.3 C (Figure 4.5, December panel). Lower salinity 

water is no longer apparent in the region and the minimum mean salinity in 

surface layer is now 40.2 PSU (Figure 4.5, December panel). With this increase in 

the minimum salinity, surface density anomalies have increased to more than 27 

kg/m3. Although the water column remains stratified the density gradients are 

weaker and the maximum MLD has increased to 98 m near the coast. The 

deepening of mixed layer from offshore to near shore follows the isopycnal 

distributions reflective of the northward transport. The concentration in the DCM 

has decreased compared to those in October and November (Figure 4.5, 

December panel). Nearshore the MLD penetrates to 98 m, mixing CHL from the 
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DCM into the upper mixed layer. As in previous months, CDOM generally 

reflects the density distribution (Figure 4.5, December panel). 

January observations show the continued effects of wintertime 

atmospheric forcing in the upper layer of the NRS. The over all temperature of the 

upper layer has decreased and similarly the overall salinity of the upper layer has 

increased (Figure 4.5, January panel). The deepest MLD extends below 100 m 

near the coast and averages approximately 100 m along most of the transects. 

Minimum density anomalies are now above 27.5. While the vertical density 

gradient has weakened the downward offshore to onshore tilt of the isopycnals 

remains. Within the temperature, salinity and density structure there is a small 

elevation in each variable between 40 and 50 km along the transect. Within the 

center of this feature there is an outcropping of cooler water from about 50 m to 

the surface. The fact this appears in the monthly mean is suggestive of a sub 

meso-scale eddy in this location. A concentrated DCM is no longer apparent as 

CHL is more broadly distributed through mixed layer (Figure 4.5, January panel). 

The total CHL has increased relative to the December distributions perhaps due to 

enhanced mixing that brings nutrients into the upper layer. 

February observations show the most dramatic effects of the wintertime 

atmospheric forcing. The upper layer temperature has continued to cool declining 

to a temperature of 23.24 ˚C. Isotherms are particularly shallow at the offshore 

end of the transect where temperatures less than 22.7 ˚C penetrate to the surface 

(Figure 4.5, February panel). Similar to offshore shallowing of isotherms, the 

isohalines shallow similarly resulting in salinities above 40.3 PSU at the surface 
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in the offshore 20 km of the transect (Figure 4.5, February panel). The 28 and 

28.5 kg/m3 isopycnals have shallowed significantly with the 28 kg/m3 isopycnal 

breaking the surface approximately 20 km from the offshore end of the transect.  

The cross shelf isopycnal slopes have steepened compared to previous months. 

Similar to January observations, CHL has distributed through out the mixed layer 

and concentration has generally increased (Figure 4.5, February panel). Offshore 

where densities greater than 28 kg/m3 penetrate to the surface CHL concentrations 

are greatest, with surface concentration exceeding 0.5 mg/m3. A surprising 

observation during this period is the deep penetration of detectable CHL to nearly 

300 m near the coast. In previous months this level of CHL is generally found less 

than 200 m. 

Following a month’s hiatus in observations sampling presumed in April 

the upper layer has began to warm with near surface temperatures of more than 26 

Co (Figure 4.6, April panel). More significantly low salinity water (< 39.7) now 

occupies the upper layer. The fact that the lowest salinity in February was more 

than 40.2 PSU and there are no known sources of fresh water input in the region 

indicates that there is a lateral advection of low salinity water from the south. 

Surface densities have decreased to less than 27 kg/m3 resulting from the 

decreased salinity and increased temperature. The average MLD for April was 

about 17 m. As in previous months we continue to see a general downward slope 

in isopycnals from offshore to near coast. The CHL distribution is again defined 

by the DCM between about 75 and 100 m. This DCM in April is distinct from the 

DCM observed during the fall (October, November), as it appears to be about 
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50% greater than the DCM thickness during fall. CHL concentrations within the 

April DCM are higher than observed during the fall. The general pattern of 

CDOM distribution continues to generally mirror the vertical distribution of the 

density. A feature that was not previously observed in the CDOM is the decreased 

concentration below 400 m. At this point we are uncertain of the origin of this 

feature and it requires further investigation. 

The structure in May observations is similar to the April’s structure with a 

small increase in temperature and decrease in salinity in the upper layer (Figure 

4.6, May panel). 

 

 4.4.3 Water mass characteristics in the NRS  

Water masses characteristics underwent significant transition during the 

fall 2015 through spring 2016 period. The potential temperature-salinity (ϴ/S) 

diagrams from the three glider missions are shown in figure 4.7. Data for ϴ/S 

plots includes data from the month of March when the glider was in the Duba area 

but was not traversing the transect line because of its inability to maintain course 

caused by a shark bite to the tail section of the vehicle. 

The observations from October 2015 represent the end of the summer 

heating and stratification period (Figure 4.7, October panel) as previously shown 

in (fig 4.4, October panel) low salinity water is present both in the surface layer 

and near the coast subsurface between 40 and 100 m. The warm low salinity 

surface water is evident in the upper left portion in the October T-S figure. 

Presumably, this is GASW that has been modified (increased temperature and 
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salinity) as it has advected from the southern Red sea to the NRS. This water 

mixes with the highest salinity upper layer water evident in the upper right portion 

of October panel. From figure 4.4, October panel, we see the two warm end points 

can be seen overlay each other in the offshore end of the transect. The warm low 

salinity surface water overlays the very high salinity upper layer water then 

between 35 km from the offshore end of the transect. A second bolus of low 

salinity water is found between density surfaces of 26 and 27 kg/m3. This water 

can be seen to have higher CHL concentration in it and is consistent with the 

characteristics of GAIW as described by Sofianos and Johns (2007) and Churchill 

et al (2014). As described in previous papers of RSDW converges to a 

temperature of about 21.5 Co and a salinity of 40.6 PSU. Because this water 

contains higher CHL concentration it contributes to the phytoplankton community 

and productivity of the local region.  

In November GASW is still present but not to the extent observed in 

October (figure 4.7, November panel) In general temperature has decreased from 

more than 30 Co in October to a maximum of 29.5 Co in November. There is still 

high salinity (>40.4) in the upper layer but not to the extent to its present in 

October. GAIW is also still present in the region and high CHL concentration is 

associated with this water. The greatest influence of GAIW was in the central part 

of the section between 50 and 100 m depth. Overall, the defined end points that 

characterized the T-S distribution in October have become less distinct during 

November. 
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Atmospheric cooling, decreased humidity and increased wind speed lead 

to an increased latent heat flux in early December (figure 4.3). The effect of this 

on the water mass characteristics in the NRS was to decrease the overall 

variability in the region as upper layer salinity increased, temperature decreased 

and the vertical density gradients were reduced. The distinct signatures of GASW 

and GAIW were no longer apparent in the data set (Figure 4.7, December, 

January and February panels). As the seasonal cooling and evaporation progresses 

the T-S distribution continues to collapse such that by February, the minimum 

density anomaly was more than 27.5 kg/m3 and minimum salinity was greater 

than 40 PSU. The weakened stratification during January and February allows for 

deep mixing and uplifting of deeper isopycnals into the surface layer. Following 

the February minimum in temperature, temperature began to increase and lower 

salinity was observed in the region progression from March through May. This 

resulted in increased stratification hence impeding vertical mixing and other 

vertical exchange processes. The lower salinity water is attributed to northward 

flow GASW driven by the winter northeast monsoonal winds of the Arabian Sea 

(Sofianos & Johns, 2002). The change in T-S between February and April 

includes a 4 Co increase in the maximum temperature from 24 Co to 28 Co and 1 

PSU decrease in the minimum salinity from > 40 PSU to ~ 39 PSU. As already 

stated such a large decrease in salinity in a region where there are no fresh water 

inputs can only come from lateral advection. 
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4.5 Discussion 

The data presents here represent the first time that spatial-temporal survey 

has been obtained for the NRS. This region is critical because is understood to be 

the region were both RSDW and RSOW are formed (Wyrtki, 1974; Cember, 

1988; Sofianos and Johns, 2003; Yao et al., 2014b; Papadopoulos et al., 2015). It 

is also important during winter because the enhanced mixing and vertical 

transport contribute to increased phytoplankton biomass and productivity in this 

region (Acker et al, 2008; Raitsos et al., 2013).  

 

4.5.1 Lateral transport 

In the above presentation of the monthly mean data it was clear that the 

isopycnals in the upper 300 m were consistently sloping downward from offshore 

toward the coast. When these mean sections are used to compute geostrophic 

velocities resulting velocities sections consistently showed northward transport 

across the Duba glider line (Fig 4.8), this is in agreement with Sofianos and Johns 

(2003) and Yao et al. (2014b). During October and November observations 

intensification of the northward flow to velocities greater than 0.5 m/s was 

evident in the upper 50 m. While the overall transport is northward, southward 

transport was also evident in portions of the transects, usually at the eastern part 

of the transects. These velocity reversals were evident as small (order 10-20 km) 

fluctuations in the velocity field. Evidence of these features in the monthly mean 

was sometimes driven by a single event during the month. As an example, during 

January there was a flow that could be interpreted as cyclonic between 40 and 55 
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km on the transect axis. Examination of the individual transects data for January 

showed that a single transect between January 17 and 23 (Fig. 4.9) was sufficient 

to bias the monthly average.  The individual transect shows elevations of 

isopycnals from more than 150 m depth to the surface.  This particular cyclonic 

eddy resulted in increase of near surface CHL presumably due to the injection of 

nutrients into the euphotic zone. The eddy’s structure was apparent to below 350 

m. By the following transect along this line, no evidence of this eddy remained. 

So either the eddy was temporally transient or it was advected northward in the 

mean flow.  The mean northward advection in this region is consistent with the 

modeling of Sofianos and Johns (2003) and Yao et al. (2014b). 

By examination of the single snapshot of the transect rather than the mean 

patterns, another process that is active in the region becomes apparent. The cyclonic eddy 

discussed above is showing another factor that contributes to the modification of the 

vertical distribution of the water mass. In addition to the uplifting of isopycnals in the 

center of the eddy, the CHL distribution shows sinking on the eastern side of the eddy. 

CHL, which offshore is found at density less than 28 kg/m3 descends to the depth of 28 

kg/m3 and follows that isopycnal moving shoreward (Fig. 4.9 b). Thus CHL is acting as a 

tracer indicating overall flow patterns within the eddy structure. The downward transport 

of CHL from the surface layer to the depth corresponding to the 28 kg/m3 isopycnal and 

then following that isopycnal indicates that surface water is being subducted by the eddy 

to the intermediate layer and it a contributor of the formation of RSOW. Siedler et al. 

(2001) showed that the mesoscale features such as eddies and fronts are associated with 



! 101!

vertical movement and they are essential for the exchange of freshwater, heat and 

biogeochemical tracers between the surface and the deeper water column. 

 The process is asymmetric as it is only apparent on the eastern boundary 

of the eddy. This kind of asymmetry has been observed in other kind of divergent 

flow fields. Dewey et al. (1991) observed asymmetry of vertical motion across 

upwelling filaments off of northern California. He et al. (2016b) examining eddies 

in the southeastern pacific concluded that the interaction between Ekman 

pumping and eddy steering contributed to asymmetric CHL distribution on both 

cyclonic and anticyclonic eddies. From our observations small scale eddies in the 

northern Red Sea contribute to the upper layer productivity and to the downward 

transport of the surface water to depths as deep as 150 - 200 m. 

 

4.5.2 Water mass transformation 

The NRS experiences strong seasonal variability in the atmospheric 

forcing (Fig. 4.3). The data set presented here begins in October at the end of the 

summer heating and transport phase. As a result warm (T >29.5 Co), saline (S > 

39.6 PSU) water is found in the surface layer of the northern Red Sea (Fig. 4.4, 

October panel and fig. 4.7, October panel). The lower salinity water found in the 

upper layer indicates the transport of GAW from the south that has been modified 

by both heating and evaporation along its path. In addition to the presence of 

GAW at the surface, GAIW is present subsurface between 40 and 100m during 

October. GAIW is primarily found in the eastern half of the transect. The highest 

CHL concentrations are associated with the water identified as GAIW. The 
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association between higher CHL concentration and GAIW are consistent with 

observations to the south were similar relationship is observed (Zarokanellos et al, 

2017, Churchill et al., 2014).  

The T-S distribution changes dramatically from October 2015 through 

February 2016. Except for the last 10 days of October the average salinity in the 

upper 20 m was greater than 40 PSU and the average temperature between 29 – 

30 ˚C. By February the minimum average surface salinity has risen to 40.24 PSU 

and the maximum surface temperature is approximately 23 Co (Figure 4.10). 

During the months of November through January, the average latent heat flux was 

about 275 W/m2. The decreased temperature and increased salinity greatly 

weaken the vertical density gradient allowing for deeper penetration of vertical 

mixing and potentially greater elevation of isopycnals due to eddy processes.  

The observations from February, when stratification is weakest, provide 

the clearest example of these effects. The persistent northward flow on the eastern 

half of the basin and its associated downward tilt of the isopycnals toward the 

coast enable us to see the effects of both eddy circulation and enhanced 

wintertime mixing. In this case, 28 kg/m3 isopycnal outcropped at the surface on 

the outer third of the transect lifting deeper water to near the surface (Fig. 4.5, 

temperature on February panel). The deepest averaged mixed layer observed 

during the overall study occurred during February when MLD near the coast 

extended to over 150 m. While the structure depends on the overall northward 

flow it can be enhanced by the specific formation of small scale cyclonic eddies 

within the overall circulation. In mid February the cyclonic circulation intensified 
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into the formation of a cyclonic eddy in the center on the NRS. This eddy is 

evident as a cold center in SST and as a high CHL patch in the ocean color 

imagery (Fig. 4.11). The glider line is indicated on the images as a solid red line. 

Previous studies, based on ocean color remote sensing observations, stated that 

the CHL increase within the surface of the northern Red Sea in winter is a 

response to deep convection (Acker et la., 2008; Raitsos et al., 2013; Racault et 

al., 2015]. From the near surface glider data along this transect, the eddy feature is 

evident in the outer portion of the transect, near surface temperature is close to 22 

Co and salinity is more than 40.3 PSU. The dissolved oxygen in this portion of 

the transect drops to about 145 micromol/kg. Surface currents in offshore portion 

of the transect show rotational flow consistent with cyclonic feature (Fig. 4.12). 

The low oxygen concentration is indicative of the elevated nutrients that 

contribute to primary productivity. While the cyclonic eddy is clearly present in 

this particular snapshot, it is not clear from this data set that eddies are always 

present. The observed structure can be part of the cyclonic circulation where the 

currents are northward in the eastern side of the Red Sea and southward in the 

western side of the Red Sea without necessarily invoking the cyclonic eddy. 

Profiling Biogeochemical-Argo floats were deployed in the northeastern Red Sea 

(Fig. 4.13). Following deployment, the floats initially drifted westward and then 

drifted south-souhteastward parallel with the Egyptian coast for several months. 

Previous studies have attributed higher CHL in the NRS to deep 

convection (Raitsos et al., 2013; Racault et al., 2015; Triantafyllou et al, 2014), 

eddy circulation (Raitsos et al., 2013) and convergent processes (Acker et al., 
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2008). Results from the Duba glider studies indicate that the highest CHL 

concentrations result from shallowing of isopycnals due to the overall flow 

regime (northward flow along the eastern side of the basin, southward flow along 

the western side of the basin) and intensified by smaller scale cyclonic eddies. 

Deep wintertime mixing contributes to increased productivity, but because of the 

sloping of isopycnals related to the geostrophic flow, deep mixing by itself it is 

not sufficient to bring nutrients to the surface, unless the mixing penetrates the 

nutricline. 

From these observations, I conclude that there is a mean pattern of 

circulation that may differ from previous concepts of the overall circulation in the 

NRS. The northward flow on the eastern side of the Red Sea resolved by the 

glider observations and southward flow on the western side inferred from float 

trajectories and consistent with prior models (Sofianos and Johns, 2003; Yao et 

al., 2014) could result in divergence in the central part of the NRS leading to 

shallowing of isopycnals offshore and deepening of isopycnals near both coasts 

(Figure. 4.14). Although the mean flow is northward in the eastern half of the 

NRS, there is a Coriolis driven eastward components of the flow that contributes 

to convergence at the boundaries and downward motion. Although the drifter 

trajectories were southward along the western side of the NRS we cannot confirm 

there is a similar process along the western boundary. The convergent circulation 

combined with the weak stratification in the wintertime results in the deep mixed 

layers observed at the coast. As a result of the end of wintertime cooling and 

evaporation, the signature of GASW flowing into the NRS re-emerges as warmer 
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fresher surface water that caps the colder saltier dense water that was formed 

during winter. The recently formed, now subsurface water contributes to the 

formation of RSOW. This finding is consistent with Cember (1988), Sofianos and 

Johns (2003), Yao et al. (2014b) and Papadopoulos et al.(2015). As mentioned 

above subduction processes associated with cyclonic eddies also contribute to the 

formation of the RSOW.  
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Figure	 4.1:	 Shows	 the	 map	 of	 the	 Red	 Sea	 colored	 with	 topographic	 data	 is	

presented	on	the	left	panel.	The	right	panel	is	the	northern	Red	Sea.	The	solid	lines	

(blue,	red	and	black)	represent	the	glider	deployment	during	fall,	winter	and	spring,	

respectively.		
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Figure	4.2:	Temperature	and	salinity	properties	from	September	–	October	2011		based	

on	 the	 joint	 project	 between	 WHOI	 and	 KAUST.	 The	 colors	 indicate	 the	 latitude	 of	

observations	along	the	Red	Sea	axis.	
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Figure	4.3:	Modeled	Atmospheric	forcing	for	latent	heat,	heat	flux,	air	temperature,	

moisture	 flux,	 long	wave	 flux	and	wind	 speed.	Blue	 solid	 lines	 represent	 the	daily	

component	while	the	red	solid	line	represents	the	mean	for	30	days.		
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Figure	 4.4:	Monthly	mean	 hydrographic	 transects	 for	 the	 projected	 glider	 line	 for	

October	 and	November	 (fall	 period).	 The	 first	 row	 panel	 represents	 temperature,	

the	second	represents	the	salinity,	 the	third	represents	the	CHL	concentration	and	

the	 last	 one	 represents	 the	 CDOM.	 The	 black	 solid	 line	 represents	 MLD	 and	 the	

white	solid	line	represents	the	isopycnals.	
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Figure	4.5:	The	same	as	figure	4.4	but	for	the	months	of	December,	January	and	

February	(winter	period).	
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Figure	4.6:	The	same	as	figure	4.5	but	for	the	months	of	April	and	May	(Spring	

period).	
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Figure	 4.7:	 Monthly	 temperature	 and	 salinity	 properties	 for	 the	 glider	 deployment	

period.	 The	 colored	 (blue	 to	 green)	 dots	 represent	 the	 CHL	 concentration.	 The	 solid	

black	lines	represent	the	density	anomalies	value.	
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Figure	 4.8:	 Computed	 monthly	 mean	 geostrophic	 velocities	 (The	 no	 motion	 level	

was	set	to	be	at	500	m).	Positive	values	(Red	color)	represents	the	northward	flow	

while	negative	values	(blue	color)	represent	the	southward	flow.	

	



	
120	

	

Figure	4.9:	Offshore	–	nearshore	transects	for	glider	data	between	January	17	–	23,	

2016	 for	 temperature,	 salinity,	 CHL	 and	 density	 anomalies.	 The	 black	 solid	 line	

represents	MLD	while	the	white	solid	lines	represent	isopycnals.	
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Figure	 4.10:	 Comparison	 between	 T-S	 properties	 that	 have	 been	 measured	 by	

WHOI-KAUST	cruise	during	September	–	October	2011	along	the	eastern	part	of	the	

Red	Sea	axis	and	monthly	average	glider	measurements	for	the	months	of	October,	

November,	December,	 January,	February,	April	and	May.	 	The	gray	color	represent	

WHOI-KAUST	 measurements.	 Measurements	 from	 glider	 represented	 in	 rainbow	

colors.	The	dark	blue	color	represents	October,	the	light	blue	represents	November,	

the	 green	 represents	 December,	 the	 light	 green	 represents	 January,	 the	 orange	

represent	February,	the	red	represents	April	and	the	dark	red	represents	May.	
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Figure	 4.11:	 The	 cyclonic	 eddy	 is	 evident	 as	 a	 cold	 center	 in	 SST	 and	 a	 high	 CHL	

patch	from	the	ocean	color	imagery	dated	on	February	13,	2016.	The	Red	solid	line	

is	the	glider	path	during	the	period	between	12	–	15,	February.	
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Figure	4.12:	The	upper	panel	represents	 the	surface	current	velocity	measured	by	

the	 glider;	 the	 arrows	 size	 indicates	 of	 the	 amplitude	 of	 the	 current	 speed.	 The	

second	panel	represents	the	longitudinal	difference	in	temperature.	The	third	panel	

represents	the	longitudinal	difference	in	salinity	and	the	lower	panel	represents	the	

longitudinal	difference	in	dissolved	oxygen.	
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Figure	4.13:	Biogeochemical-Argo	 float	 trajectory	path	a)	Red	 trajectory	represent	

the	Navis	float	that	was	present	during	the	glider	deployment	260	b)	Blue	trajectory	

represent	 the	 path	 of	 the	 Provor	 float	 that	 has	 been	 deployed	 together	 with	 the	

Navis	float	c)	the	black	line	represent	the	glider	deployment	(sg260)	
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Figure	4.14:	Conceptual	diagram	of	the	circulation	in	the	NRS.	
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CHAPTER FIVE 

BIOLOGICAL RESPONSE TO PHYSICAL FORCING IN THE 

NORTHERN RED SEA 

 

Abstract 

Past remote sensing and modeling simulations have characterized the northern 

Red Sea as the region where deep and intermediate convective mixing occur contributing 

to both formation of Red Sea intermediate and deep water. This deep mixing entrains 

nutrients into the euphotic zone resulting in increased winter productivity. Modeling 

studies has also suggested that the circulation in this region is dominated by a cyclonic 

gyre. Until now, no substantive in situ studies of the processes in the NRS has been 

made. In this study, a glider equipped with bio-optical and a conductivity-temperature-

depth sensors was launched in the northern Red Sea along an onshore-offshore transect to 

provide a time-series of highly resolved water column profiles of hydrographic and 

biogeochemical properties from September 2015 to May 2016. Results shown that there 

is a similar seasonal pattern in phytoplankton biomass variability both onshore and 

offshore. However, the magnitude of increase offshore during winter is much greater than 

the increase nearshore. Variability in the seasonal displacement of the DCM appears to be 

both biologically and physically driven. During fall, higher biomass near the coast is 

associated with advective transport of GAIW from the south. Offshore during fall, and 

the along the transect during spring the depth of the DCM may be light driven. During 

winter, weakening of the stratification and enhancement of cyclonic circulation result in 

an increased vertical nutrient flux to the euphotic zone contributing to increase biomass 
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in the upper layer. The cyclonic circulation in the center of the NRS results in nutrient 

replete water reaching the surface contributing to maximal CHL concentrations. This 

cyclonic circulation result in a subductive flow toward the coast as evidenced by CHL 

distribution. The coastal increase in phytoplankton biomass is less pronounced despite the 

deeper mixed layer (~ 180 m). The geostrophic flow associated with the eastern boundary 

current result in a deep coastal pycnocline and nitracline to through which did not 

penetrate. The episodic enhance nutrient flux due to eddy activity can shift the ecosystem 

from oligotrophic to mesotrophic. These processes that contribute to enhanced 

productivity likely play an important role in carbon export from surface to the deep 

waters in this region. In addition to the overall cyclonic circulation and the deep vertical 

mixing, small scale eddies propagating through the region appeared to contribute 

additional productivity to the ecosystem. These results also demonstrate that much of the 

variability in phytoplankton biomass as indicated by CHL occurs below one optical depth 

such that it may escape the view of the remotely sensed ocean color. This study 

demonstrates that autonomous profiling platforms provide significant new insights into 

the processes affecting both the physical and biogeochemical dynamics of the northern 

Red Sea across a range of time and space scale. 

 

5.1 Introduction 

Oligotrophic regions, of the global ocean basins including the Atlantic, Pacific, 

and Indian oceans as well as certain marginal seas including the Mediterranean Sea and 

the Red Sea, represent the largest oceanic ecosystem and occupy 50% of the ocean 

surface (Mignot at al., 2014). The nutrient supply to the euphotic zone in these 



! 128!

oligotrophic regions is minimal most of the time, so phytoplankton biomass and primary 

production are low throughout the year. Nevertheless, the size of these regions makes 

their contribution to the global ocean primary production significant. Current patterns in 

climate change are expected to increase vertical stratification. As a result oligotrophic 

regions are expected to expand and intensify while their productivity, as well as their 

CHL content, are expected to decline (Sarmiento et al., 2004; Behrenfeld et al., 2006; 

Polovina et al., 2008). Typically, the vertical distribution of CHL homogeneous in 

oligotrophic areas displays a pronounced subsurface maximum close to the base of the 

euphotic zone, which is called the deep chlorophyll maximum (DCM) with depths that 

range between 50 and 200 m (Mignot et al., 2011).  

     The development of biogeochemical autonomous platforms (gliders, profiling floats, 

etc.), has made it possible to acquire high frequency physical (temperature, salinity) 

(Bosse et al., 2015; D’Ortenzio et al., 2014; Ruiz et al., 2012; Smith et al., 2008), 

biological (CHL, particulate backscattering coefficient (bbp)) (Boss et al., 2008; Johnson 

et al., 2007; Niewiadomska et al., 2008; Xing et al., 2011), and chemical (oxygen, nitrate) 

time series (Johnson et al., 2010) in diverse open ocean regions. Therefore, many recent 

studies have been dedicated to study the dynamics of phytoplankton biomass and 

associated carbon fluxes as well as the factors driving these dynamics in the Atlantic, 

Pacific, and Indian Basins as well as certain zones of the Mediterranean Sea (Mignot et 

al., 2014; Lavigne et al., 2013, 2015; Lacour et al., 2015; Omand et al., 2015; Pasqueron 

de Fommervault et al., 2015; Dall’Olmo et al., 2016; Mayot et al., 2017 a, b). Despite the 

potential influence of these regions on the global carbon cycle, large uncertainties 
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regarding the variability of phytoplankton and the forcing driving these dynamics in 

many oligotrophic regions including the Red Sea remain unknown.  

The Red Sea, one of the most saline and warmest deep seas on the planet (Belkin, 

2009; Longhurst, 2007; Raitsos et al., 2011, 2013), is identified as oligotrophic mainly 

due to the depletion of nutrients in the upper layer, particularly in the central and northern 

Red Sea. The Red Sea is a semi-enclosed basin of about 2000 km length, with an average 

width of about 300 km (Belkin, 2009; Longhurst, 2007; Raitsos et al., 2011, 2013) and is 

characterized by low precipitation, little riverine input (Patzert, 1974) and high 

evaporation rates (Ahmad and Sultan, 1987; Sofianos and Johns, 2003). The southern 

part of the Red Sea is connected to the Arabian Sea through the Gulf of Aden and the 

Indian Ocean via the strait of Bab-el-Mandeb. The north is connected to the 

Mediterranean Sea through the Suez Canal, although the exchange with the 

Mediterranean Sea is much less than with the Gulf of Aden.  

Recently, Raitsos et al. (2013) provided a bio-regionalization of the Red Sea into 

four distinct provinces: the Northern Red Sea (NRS), the North central Red Sea (NCRS), 

the South Central Red Sea (SCRS) and the Southern Red Sea (SRS); based on spatio-

temporal variation of remotely-sensed data of Chlorophyll a (CHL), Sea Surface 

Temperature (SST) and wind. They mentioned that the Southern Red Sea was the most 

productive region (1-3 mg m-3) compared to the Northern Red Sea (0.2-0.45 mg m-3), 

consistent with distribution of nutrients (Koblentz Mishke et al., 1970; Weikert, 1987) and 

also identified that the central part of the basin was the most oligotrophic region (0.15-

0.30 mg m-3) compared to the southern and northern regions. They clearly showed that 

the Red Sea phytoplankton biomass is marked by seasonality with a high biomass during 
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winter time and a low biomass during the summer. They suggested that the seasonal 

variability of phytoplankton biomass in the Red Sea may be controlled by physical 

processes, which transport nutrients into the euphotic layer. Until now, the cause of the 

winter increase has been unknown and matter of debate. The CHL increase might reflect 

a real increase in phytoplankton (carbon) biomass resulting from new nutrient availability 

that results from nitracline entrainment into the upper layer (Letelier et al., 1993; Morel 

et al., 2010)., The CHL increase could also result from phytoplankton photoacclimation 

processes in response to severe light limitation when phytoplankton are mixed from the 

surface to the base of the mixed layer (Letelier et al., 1993; Winn et al., 1995). A third 

possibility is that winter mixing simply mixes water from deep chlorophyll maximum 

(DCM) through the upper mixed layer such that the signal detected by satellite increases 

(Zarokanellos et al., submitted). These processes are not necessarily exclusive because 

they could simultaneously contribute to the increase in CHL observed in winter. The lack 

of consensus partly results from the lack of appropriate in situ measurements (other than 

CHL) of the phytoplankton biomass (Letelier et al., 1993; Morel et al., 2010). A primary 

objectives of this paper is to address and resolve this issue for the NRS.  

Like other oligotrophic oceans, the Red Sea stratified much of the year and the 

phytoplankton vertical distribution is characterized by a DCM. Far from the surface layer 

observed by ocean color remote sensing, the seasonal variability of phytoplankton in the 

lower part of the euphotic zone of the Red Sea has been less understood.  Numerical and 

remote sensing studies indicate that mesoscale eddies are an important part of the 

horizontal circulation of the Red Sea (Sofianos and Johns, 2003, Clifford et al., 1997; 

Raitsos et al., 2013; Yao et al., 2014; Zhan et al., 2014). Recent in situ studies have 
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confirmed the presence variability and importance mesoscale eddies in the NCRS 

(Zarokanellos et al., 2017a,b). These mesoscale features may affect the seasonal cycle of 

phytoplankton biomass throughout the basin. Therefore, a crucial need exists for 

repetitive and sustained in situ physical, biological and chemical measurements to 

determine the seasonal and longer variability in phytoplankton biomass within the 

euphotic layer. It is important to understand the mechanisms responsible for delivery and  

uptake of new nutrients within this under explored layer. Such an understanding is a 

prerequisite to addressing the possible influence of climate change in this region. While 

repetitive, sustained in situ measurements are costly and logistically demanding through 

classical sampling strategies, the development and implementation of modern 

autonomous vehicle based observations has made this kind of observing feasible and cost 

effective. 

Until now, our understanding of the spatial and temporal variability of 

phytoplankton biomass and the mechanisms responsible for this variability relied on (1) 

remote sensing observations that are restricted to the surface layer (Acker et al., 2008; 

Raitsos et al., 2013; Triantafyllou et al., 2014; Racault et al., 2015; Brewin et al.,2015; 

Dreano et al., 2016; Gittings et al., 2017), (2) oceanographic cruises (Raitsos et al., 2013; 

Kürten et al., 2014,2016; Wafar et al., 2016a, 2016b; Qurban et al.,2017; Kheireddine et 

al., 2017; Zarokanellos et al., 2017; Pearman et al., 2017) and (3) numerical modeling 

(Triantafyllou et al., 2014). Thus, additional investigations dedicated to the understanding 

of the variability in phytoplankton dynamics over seasonal, interannual, and even longer 

time scales are required as a preliminary step toward the future assessment of the possible 
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influences of changing environments on the productivity of this oligotrophic oceanic 

region.  

Until 2013, no biogeochemical autonomous platforms had been deployed in the 

Red Sea and until 2015 none in the northern Red Sea (NRS). Beginning in September 

2015, a Seaglider equipped with bio-optical sensors was deployed in the NRS. The 

general objective of the present study is to perform an investigation of the seasonal 

dynamics in the upper layer distribution of the phytoplankton biomass in these 

oligotrophic bioregion using long time series of physical and bio-optical parameters by 

(1) investigate what processes contribute to the wintertime increase of surface CHLs 

detected by satellite remote sensing, (2) evaluating the DCM seasonal dynamics (depth 

and magnitude) and (3) analyzing what type of functional links exists between the upper 

and lower layers of the euphotic zone of such systems and determine their evolution at 

the seasonal scale. 

 

5.2 Methods 

Glider---The Seaglider launched in the NRS was equipped with a Sea-Bird Electronics 

custom CT sensor with the unpumped conductivity cell and is capable of acquiring 

measurements along a vertically sawtooth pattern from the surface up to 1000m along an 

onshore -offshore transect in the NRS (Figure 5.1). Once the glider surfaced, data were 

transmitted  via Iridium satellite communication. As the glider was dedicated to bio-

optical and biogeochemical studies, a set of a WET Labs Environmental Characterization 

Optics triplet puck composed of a CHL fluorometer (excitation at 470; emission at 695 

nm), CDOM fluorometer (excitation at 370; emission at 460 nm) and phycocyanin 
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fluorometer (excitation at 630; emission at 680 nm) and a WET Labs Environmental 

Characterization Optics triplet puck composed of a backscattering r at 532nm, 650 nm 

and 700 nm as well as oxygen optode 4831 sensor (Aanderaa) 

Glider deployment---From September 2015 to May 2016, three (3) gliders  were 

deployed and collected data over a time period of approximately seven (7) months. The 

spatial interval for each dive was around 2.5 km. However, the spatial and temporal 

intervals depend on the maximum depth of each dive, the glider’s ballasting, and related 

engineering control settings. Glider data were vertically averaged into 2m bins and 

interpolated onto a grid with 2.5 km horizontal spacing. 

Processing Raw Data---Spikes from the raw measurements have been removed from 

both hydrographical and biochemical parameters. In addition, CTD data have been 

examined for the thermal lag effect and no evidence has been observed. Some drift in the 

conductivity sensor was observed later in the winter and spring deployments. To correct 

for this drift we made the assumption that the temperature and salinity characteristics 

between 500 and 700 m were stable and used these deep values to compensate for drift in 

sensors (Zarokanellos et al., 2017). The Aandera optodes routinely reported values that 

were below saturation in the surface layer since we did not have adjacent Winkler 

titration measurement of dissolved oxygen we corrected the data by assuming that the 

median measured oxygen in the surface layer is to match the median oxygen saturation as 

estimated from temperature and salinity. The data were corrected by multiplying by the 

ratio of the median estimated oxygen saturation concentration to the median of the 

measured oxygen concentration. The mixed layer depth was computed using a density 

criterion of 0.125 kg.m-3 according to Levitus, 1982 and Boyer and Levitus, 1994. 
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The pre- and post-calibration activities were carried out at the Coastal and Marine 

Resources Core Lab (CMOR) glider facility at King Abdullah University of Science and 

Technology (KAUST) and included all ballasting, adjustment operations, and dark counts 

of the optical sensors necessary before and after the glider deployment.  

After the dark counts were subtracted from the raw signal, the CHL fluorescence 

was first converted into CHL concentration through the scale factor provided by the 

manufacturer. This scale factor (in units of mg.m-3 counts-1) resulted from a calibration 

based on Thalassiosira weissflogii cultures. The resulting CHL profiles were 

subsequently cleaned of spikes and out of-range values through a dedicated quality 

control procedure. The data was examined for the influence of photo quenching for the 

near surface CHL fluorescence. Within this data set we did not detect significant photo 

quenching effects. Therefore, no quenching correction was applied to the data set.  

     After the dark counts were subtracted from the raw signal, a scale factor provided by 

the manufacturer was used to obtain the volume scattering function (β). The ECO triplet 

for backscattering sensor carried by the Seaglider used in this study provides the volume 

scattering function at an angle of 124° and wavelength of 532, 650 and 880 nm (β(124°, 

λ). The β(124°, λ) represents the sum of the particle scattering plus the water molecular 

scattering for each wavelength. To retrieve the volume scattering function of particles 

βp(124°, λ), the volume scattering function of water βw(124°, λ) (with βw(124°, λ) 

obtained according to the relationship in Zhang et al. (2009)) is subtracted from β(124°, 

λ). The particulate backscattering coefficient, bbp(λ) (m-1), is determined by estimating 

the sole measurement of βp(124°, λ) using an X factor: 

bbp(λ) = 2πX βp(124°, λ) 
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The X factor has been determined by Sullivan et al. (2013) to be ±1.076 at any 

wavelength. As for CHL measurements, the resulting bbp(λ) profiles were subsequently 

cleaned of spikes and out of-range values through a standard quality control procedure. 

The spectral dependency of bbp was computed and used as a proxy of the slope of 

the particle size distribution (PSD) (Kostadinov et al., 2009). However, the slope of bbp is 

sensitive to the wavelength range from which it is computed and is also sensitive to the 

measurement noise (McKee et al., 2009). Therefore, the use of the slope to investigate 

dynamics of the PSD is here only qualitative. A decrease of the slope values would 

indicate that larger particles dominate whereas an increase of the slope indicates that the 

community is dominated by smaller particles. 

The CHL-specific backscattering coefficient, bbp(λ)*, calculated as the ratio of 

bbp(λ) to CHL, was used as a proxy of the phytoplankton biomass to CHL ratio and may 

reveal changes in phytoplankton physiology, or in the particular composition in coastal 

environments. Depth-dependent changes in bbp(λ)* have indeed been shown to follow 

changes in intracellular pigment concentration resulting from photoacclimation 

(Behrenfeld et al., 2005; Mignot et al., 2014). 

     The first optical depth which corresponds to the near surface layer from which 

reflected light is detected by satellite ocean color instruments (Gordon and McCluney, 

1975), is calculated as the inverse of the attenuation coefficient for downwelling 

Photosynthetically Available Radiation (PAR) (i.e.,1/KPAR), obtained as Ze divided by 4.6 

(Morel, 1988). The euphotic layer depth, Ze, is the depth at which the ambient light is 1% 

of the incident surface PAR prevailed and was estimated from chlorophyll a 

concentration profiles (Morel and Maritorena, 2001). The values of CHL, bbp(λ), and 
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bbp(λ)*, reported as the surface concentration below (CHLsurf, bbp(λ)surf, and bbp(λ)*surf) 

are the median values within the first optical depth. 

 

5.3 Results and Discussion 

It is now well established that in oligotrophic environments, including the Red 

Sea, the euphotic zone can be roughly considered as a two-layer system: (1) an upper 

mixed layer where optical properties within the first optical depth typically characterized 

the properties of the mixed layer, which is a priori nutrient limited but not light limited, 

and (2) a deeper layer, which is a priori light limited, potentially less nutrient starved, and 

where the deep chlorophyll maximum (DCM) develops.  In this study, we will compare 

the observations from these two layers in this conceptual scheme to present and interpret 

the results. 

 

5.3.1 Variability of the properties in the first optical depth 

The time series of CHLsurf, bbp(532)surf, O2surf, bbp(532)surf* and MLD are shown 

for onshore and offshore (Figure 5.2) . The CHLsurf and bbp(532)surf depict a distinct 

seasonality with maximum concentrations observed during the winter time (Figure 5.2, 

the mid panel) whereas the bbp(532)surf* reach a minimum in winter both offshore and 

nearshore. The simultaneous high values in CHLsurf and bbp(532)surf coincide with the 

deepening of the MLD. As for the CHLsurf and bbp(532)surf, the MLD show a distinct 

seasonality with shallow MLD in early fall and spring. During wintertime, the MLD 

deepened up to 180 m onshore and 115 m offshore. 
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Based on these observations, the increase in CHL within the surface layer is 

associated with an increase in phytoplankton biomass as well as an increase in 

intracellular pigment content. Changes in intracellular pigment content could result from 

photoacclimatation processes (bbp(532)surf*) which is consistent with previous studies 

performed in others oligotrophic environment , or could result from changes in species 

composition in response to increase nutrient availability (Kheireddine et al., 2017). 

Different phytoplankton seasonal response can be observed over relatively short 

distances. Indeed, the CHLsurf reach a maximum of 0.2 mg.m-3 onshore and 0.9 mg.m-3 

offshore although the MLD was deeper onshore than offshore. As presented in previous 

chapter, the physical dynamics of the region create a distinct onshore – offshore density 

gradient. The northward geostrophic flow coupled with the weakening stratification 

results in deepening of the pycnocline onshore simultaneous with deepening of the mixed 

layer. Because of the deepening of the pycnocline the deep mixing does not necessarily 

bring new nutrient into the mixed layer. In contrast, offshore the cyclonic circulation 

results in an upwelling flux of nutrients in the central NRS that injects nutrient-containing 

water from below the pycnocline into the surface layer. Thus the difference between the 

offshore and the nearshore is driven by the wintertime physical dynamics for the region. 

While variations in MLD are important to understanding the biological variability within 

the region ( e.g., Lavigne et al., 2013; D’Ortenzio et al., 2014) the functioning of the NRS 

is a combination of eddy processes and mixed layer variations.  

An interesting observation was evident in the surface distribution of bbp(532) 

during the fall (Figure 5.2; middle panel). On October 26 – 27, 2015 elevated bbp(532) 

was observed along the glider transect without a corresponding increase in CHL. This 
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coincides with a dust event that was evident in MODIS imagery (Figure 5.3). Thus it 

appears that we indeed do observe an increase of near surface suspended particles 

resulting from dust deposition as indicated by bbp(532). However, there is no indication 

there is a response in the phytoplankton to the dust event.  

Based on the relationship between Apparent Oxygen Utilization (AOU) and 

nitrate concentrations (Naqvi et al., 1986), nitrate can be estimated for the NRS from the 

glider oxygen measurements (Figure 5.2 and 5.4). It is clear from the spatial temporal 

series of nitrate that the nutrient input is significantly higher offshore than nearshore. This 

further confirms that vertical mixing alone is insufficient to explain the nutrient flux into 

the surface layer. Consideration the influence of the cyclonic circulation is required to 

fully understand the fluxes of nutrients in the NRS. This flux of nutrients into the surface 

layer of the central NRS shift the ecosystem from an oligotrophic to mesotrophic. The 

frequency and duration of small and mesoscale eddies will have an important impact on 

the shifting of the ecosystem between oligotrophy to mesotrophy through the year. This 

requires further investigation and cannot be resolved completely by remote sensing 

imagery and require additional sustained in situ observations.  

In summary, in the northern Red Sea, the simultaneous increase in phytoplankton 

biomass CHLnd bbp(532) observed in winter correspond to a typical bloom condition in a 

nutrient-replete mixed layer. Photoacclimation and changes in species composition may 

also contribute to the variations in the observed CHL. (D’Ortenzio and d’ Alcala, 2009). 

Previous studies, based on ocean color remote sensing observations, have suggested that 

the CHL increase within the surface of the northern Red Sea in winter occurs in response 

to deep convection (Acker et la., 2008; Raitsos et al., 2013; Racault et al., 2015).This 
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study supports that there is deep mixing within winter period but eddy induced upwelling 

appears to have a larger role in the observed increases in CHL concentration.  

In the next section, we will discuss about the seasonal dynamics of phytoplankton in the 

lower euphotic layer. 

 

5.3.2 The lower euphotic layer 

The temporal vertical distribution of temperature, salinity, CHL, nitrate estimated 

from dissolved oxygen, bbp(532) and bbp(532)* are displayed in figures 5.8, and 5.9 for 

offshore and onshore, respectively.  

We observed that changes in MLD regimes (stratified or mixing events) 

demonstrate concomitant changes in the CHL water column distribution in the northern 

Red Sea. The vertical distribution of CHL is typically characterized by a deep chlorophyll 

maximum (DCM) that ranges between 70 m and 100 m according to the season. The 

deepest observed DCM (100 m) was observed onshore during the spring season (Figure 

5.9). During the winter season, the DCM is destroyed in response to the deepening of the 

MLD. Following winter mixing, restratification of the water column occurs as winter 

atmospheric forcing abates leading to the re-establishment of the DCM during the spring 

(Figure 5.5). 

Previous studies in oligotrophic regimes have shown that downward displacement 

of the DCM is light driven. These studies have shown that the DCM deepens during 

spring and summer as solar insolation increases and light  penetrates deeper in the water 

column (Claustre et al., 1999; Mignot et al, 2014; Mayot et al., 2017). Therefore, 
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seasonal variations in the DCM depth likely result from both increased stratification and 

changes in light penetration.  

As with the vertical distribution of CHL, the vertical distribution of bbp(532) is 

also affected by fluctuations in mixing and/or stratification. The bbp(532) values were 

minimal during the fall, and began to increase in the mixed layer and reached maximum 

values simultaneous with the maximum in CHL concentration during late winter. 

bbp(532) decreased following the winter peak as the water column re-stratified and 

became nutrient depleted. (Figure 5.6).  Following the seasonal phytoplankton bloom, 

bbp(532) increased in the mesopelagic layer (100-300 m) which may correspond to carbon 

export as bbp(532) is a proxy for the concentration of particulate organic carbon. These 

results are consistent with observation in other oceanic regions where  carbon export 

(bbp(532)) was systematically observed to increase in the mesopelagic layer following an 

increase of CHLsurf (Bishop and Wood, 2009; Briggs et al., 2011; Dall’ Olmo et al., 2014; 

Omand et al., 2015). 

Based on the vertical distribution of O2,  northern Red Sea surface waters were 

nitrate depleted to depths of 170-180 m onshore and 70-80 m offshore except in late 

winter (Figure 5.7). Using the 180 micromol/kg oxygen isoplath as an index of the 

nitracline depth it is apparent that the nitracline depth routinely deepens from offshore to 

onshore consistent with the slope of the isopycnals discussed in chapter 4.  During 

wintertime, nearshore MLD was close to the depth of the nitracline such that vertical 

mixing could entrain water from the nitracline into the upper mixed layer . Offshore, the 

cyclonic circulation coupled with the eddy intensification led to shallowing of the 
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nitracline to the surface contributing to a subsequent substantial phytoplankton response 

indicated by the increased CHL concentration (see Figure 4.12).  

Based on these observations, it seemed that the vertical distributions of  CHLnd 

bbp(532) are similar, indicating that they are similarly influenced by mixing and 

upwelling processes in the NRS. Because of the correspondence between CHLnd 

bbp(532)  changes we infer from this that the changes in bbp(532) are primarily changes 

from phytoplankton abundance. The increase in CHL in winter appeared to be mainly 

attributed to an increase in phytoplankton biomass in response to an increase in nutrients 

concentrations within the surface layer due to the injection of nutrients via vertical 

mixing and upwelling processes. Thus, the differences between offshore physical 

dynamics and nearshore processes may result in distinct phytoplankton phenology 

(duration and intensity) between these two areas. Indeed these differences in MLD and 

the presence of cyclonic features (i.e. upwelling events) could affect the nutrient 

stoichiometry and the biological interactions (i.e. grazing, selective feeding). Recently, 

Kheireddine et al. (2017) and Kürten et al. (2016) have shown, based on measurements of 

phytoplankton pigments, that mesoscale features (i.e. eddy-driven upwelling) may 

enhance new production and shift the phytoplankton community structure and size 

distribution by injecting nutrients into the euphotic zone. Kheireddine et al. (2017) 

suggested that this new production could in turn contribute to biological carbon export to 

the deep ocean as reported in this study. Carbon flux to the deeper layer can be comprised 

of aggregated small organisms and other detrital material, biomass of larger organisms, 

and fecal pellets (Michaels and Silver, 1988; McGillicuddy and Robinson, 1997; 
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Alldredge & Gotschalk, 1989; Boyd and Newton, 1999; Bibby et al., 2008; Brown et al., 

2008; Rii et al., 2008; Coria-Monter et al., 2014). 

Figures 5.8 and 5.9 show the seasonal average vertical distribution of temperature, 

salinity, CHL, nitrients, bbp(532) and bbp(532)*. These observations show that the depth 

of DCM varies seasonally. Onshore, the DCM is deeper during spring season (Figure 

5.9). Offshore, the CHL concentration in DCM was significantly higher in spring than 

fall. No significant difference of the concentration of DCM were observed nearshore 

between fall and spring. 

The vertical patterns of bbp(532)  distributions differ from those of CHL during 

fall and spring (Figures 5.8 and 5.9).  Both onshore and offshore, the winter bbp(532) 

profiles are similar to those of CHL confirming that bbp(532)   variability is driven by 

changes in phytoplankton biomass. Onshore, the bbp(532)   is similar to the CHL pattern 

during the fall. However, in spring bbp(532)  does not show a distinct peak but CHL does 

show a clear DCM suggesting that the increase in CHL in the DCM results from 

photoacclimation rather than an increase in phytoplankton biomass . Indeed, variations in 

light conditions at depth cause phytoplankton cells to increase their intracellular CHL 

content. Offshore, no peak in bbp(532) was observed in either fall or spring, which also 

suggests  that the offshore DCM in mainly results primarily from  photoacclimation. In 

both onshore and offshore, bbp(532)* always reaches a minimum at the depth of the DCM 

where CHL is high and is not significantly different over seasons.  

Briefly, we observed differences on the vertical distribution in CHLnd bbp(532) 

between both sites. Offshore, the CHLt the DCM was higher in spring than in fall 

whereas no differences were observed onshore. The distinct variations of CHLnd 
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bbp(532) during spring and fall seasons offshore and spring onshore indicate that CHL 

variations in the lower euphotic zone result mainly from photoacclimation. This result 

implies that the accumulation of phytoplankton biomass from fall to spring may result 

from a change in light intensity rather than an increased nutrient availability in the lower 

euphotic zone (Letelier et al., 2004). 

 

5.4 Conclusion 

Before the use of autonomous platforms such as seagliders, studies of the seasonal 

dynamics of phytoplankton biomass in the northern Red Sea were essentially based on 

ocean color remote sensing and ecosystem models. However, the ocean color remote 

sensing only sample within the first optical depth (surface layer). The results presented in 

this discussion show that significant variations in CHL occur below the layer of the first 

optical depth. These observations provide substantial understanding of the subsurface 

variability and the physical processes leading to that variability. Gliders offer the 

invaluable advantage of documenting the deep seasonal dynamics of biogeochemical 

properties with a high sampling frequency over extended periods of time. Our gliders 

deployed in the northern Red Sea have provided a unique set of physical and bio-optical 

data that allowed studying the seasonal dynamics of phytoplankton in details. Deep 

winter mixing, a larger cyclonic circulation, and small scale cyclonic eddies provide 

nutrient fluxes into the euphotic layer that result in winter bloom development which can 

vary in intensity and duration due to variations in nutrient stoichiometry and biological 

interactions (grazing, selective feeding). Figure 5.10 proposes a conceptual view of this 

mechanism. 
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Figure 5.1: The map of the Red Sea (left panel). The northern Red Sea region (right 

panel). The solid lines (blue, red and black) represent the glider deployment path during 

fall, winter, and spring, respectively.  
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Figure 5.2: The time series of CHL, backscattering and nutrients at surface. The first, 

second and third column represent fall, winter and spring, respectively.  
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Figure 5.3: MODIS satellite imagery shows a dust event for the period from 25-27 

October, 2015. 
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Figure 5.4: The time series of CHL, backscattering and nutrients for the integrated values 

for the upper 200 m. The first, second and third column represent fall, winter and spring, 

respectively. 
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Figure 5.5: Onshore – offshore time series transect for CHL. White solid lines represent 

the isopycnal values while the magenta solid line represent the MLD. 
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Figure 5.6 Onshore – offshore time series transect for backscattering at 532. White solid 

lines represent the isopycnal values while the magenta solid line represent the MLD. 
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Figure 5.7: Onshore – offshore time series transect for dissolved oxygen. White solid 

lines represent the isopycnal values while the magenta solid line represent the MLD. 
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Figure 5.8: Vertical offshore mean profiles for temperature, salinity , CHL, nutrients, 

back scattering and bbp532 *. 
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Figure 5.9: Vertical onshore mean profiles for temperature, salinity , CHL, nutrients, 

back scattering and bbp532 *. 

 

 
Figure 5.10: conceptual view of the phytoplankton response to the physical forcing  
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CHAPTER SIX 

Conclusion 

 

 Previous remote sensing and modeling studies have shown that a meridional 

gradient in SST generally extends from the south (warm) to the north (cool) (Clifford et 

al., 1997; Eshel and Naik, 1997; Sofianos and Johns, 2003; Raitsos et al., 2013; Yao et 

al., 2014b; El-Adawy et al., 2017). The SST pattern changes in summer (July and 

August) when warmest SST, between 29.5 – 31 Co, are found in the north central Red 

Sea, while the minimum temperatures are found during winter in the northern Red Sea 

(Sofianos and Johns, 2003; Yao et al., 2014b) when the minimum SST reaches about 22 

Co (Yao et al., 2014b) due to the strong evaporation and cooling caused by the winter-

time atmospheric (Sofianos et al. 2003; Yao et al, 2014b; El-Adawy et al., 2017). 

 Beginning in spring and extending into summer (May – August), the NRS 

experiences a positive net heat flux driven by both the short wave and sensible heat flux. 

For the fall through winter period, a negative heat flux dominates that includes a 

significant evaporative component causes NRS surface water to reach its minimum 

temperature (El-Adawy et al., 2017) and maximum salinity.  

Climatological monthly means of SST are consistent with a northward flowing 

Eastern Boundary Current (EBC) and a southward flowing Western Boundary Current 

(WBC) similar to the results from the numerical modeling (Sofianos and Johns, 2003; 
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Yao et al., 2014b). These flow patterns establish a cyclonic flow pattern in the NRS that 

at times may transition into a full cyclonic eddy.  

Based on MODIS color ocean data the study period from October 2015 to June 

2016, NRS SST was warmer than climatological monthly averages (warmer than 

average) except during January and February 2016 when intense evaporation and cooling 

resulted in SSTs that were slightly cooler than average. In response to the cooler winter 

temperatures, MODIS CHL concentrations during this period were above the 14-year 

average.  

Results from glider observations indicate that the average monthly geostrophic 

flow across the 70 km section offshore from Duba were persistently northward 

throughout the glider study (Figure 4.8). Small scale eddies appear within the flow field 

through the study (e.g. figure 4.12). Toward the end of the winter deployment, a cyclonic 

eddy in the center of the NRS results in the 28 kg/m3 isopycnal breaking the surface, 

upwelling nutrient enriched water into the surface layer. Previous studies have 

characterized the NRS as having a permanent or persistent cyclonic gyre (Sofianos and 

Johns, 2003; Raitsos et al., 2013; Yao et al., 2014b, Papadoboulos et al., 2015). The 

observations presented in this thesis demonstrate a persistent cyclonic nature to the flow 

in the NRS, but it is not clear that a closed cyclonic gyre (eddy) is a permanent feature of 

the region.   

 The offshore – onshore tilt of isopycnal (elevated offshore, depressed near the 

coast) was persistent throughout the study. It is these tilted isopycnals that provide the 
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evidence of the northward geostrophic flow. The winter atmospheric forcing results in 

significant cooling and evaporation in the upper layer resulting in a collapsed 

temperature-salinity distribution and weak overall stratification. As a result of this 

weakened stratification, less energy is required to lift the deeper water to the surface, 

whether this injection of deeper water is through vertical mixing or eddy-induced 

upwelling. In February, a cyclonic eddy formed and expanded resulting in upwelling of 

deeper water that is colder and nutrient- rich to the surface. This flux of nutrients into the 

surface layer contribute to biological productivity that resulted in increased chlorophyll in 

the central NRS. Because this process reached the sea surface, the elevated chlorophyll 

was clearly evident ocean color imagery form. However, remote sensing did resolve the 

entirety of processes that were occurring. A comparison of integrated CHL in the upper 

200 m with the surface (CHL) detected by remotely sensed ocean color reveals there is 

substantial subsurface CHL variability that is not apparent to the satellites.  

Until now, the mechanism of the formation of RSOW along with its location and 

dynamics of the sinking processes during winter in the NRS have not been fully resolved 

observationally. Cember (1988) suggested that the newly formed RSOW in the far 

northern Red Sea is to injected immediately under the pycnocline its formation site. 

Clifford et al., (1997) showed on their model that the Red Sea tends to be eddy-like when 

it is affected by cross-basin winds. Analysis of both the physical and bio-optical data 

indicates that two processes contribute to the formation of Red Sea Outflow Water. Deep 

winter mixing near the coast where mixed layers were in excess of 180 meters is one 
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contributing process. A second process that becomes evident in the eddy circulation is 

that subduction of the recently upwelled water in the center of the NRS subducts along 

isopycnals toward the coastal region resulting in a subpycnocline flux of water that has 

mixed with surface water. The bio-optical variables provide a clear tracer of this process. 

The process appears to be terminated in the spring when warmer, fresher Red Sea surface 

water flows into the region capping the wintertime water with a warmer, low salinity 

surface water layer. Modeling efforts have suggested a two-layer flow regime with 

surface flow of Red Sea inflow water to the north and subsurface flow of RSOW toward 

the south. The results presented here suggest that the flow is not a two-dimensional flow 

regime as suggested by earlier papers (e.g. Cember, 1998), but a three-dimensional 

circulation in the sense that the northward and southward flow are divided across the 

basin, as has been indicated more recently in modeling results (e.g. Yao, et al., 2014b).  

The results from this research have yielded new insights into the functioning of 

the northern Red Sea, particularly in response to winter atmospheric forcing. The results 

confirm some of the conclusions that have presented by others, but also provides new 

interpretations of the interaction of physical dynamics and biological responses in the 

northern Red Sea.  
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Future Work and study applications 

Due to the limitation of time and resources we are listing what has been missed in this 

study and some future work that would trigger other to conduct. 

! Extended cross-basin glider line to resolve processes on both sides of the northern 

Red Sea. 

! Sustained long-term observations to understand how climate variability and 

climate change are affecting the dynamics of the northern Red Sea. 

! More detailed sustained glider and float studies to fully understand the 

biogeochemical processes associated with the overturning cell within the northern 

Red Sea. 

! Detailed model/observations comparison to determine under what condition the 

models agree with and differ from in situ observation. 

! Performing a detailed quantitative analysis of data set. 

! The analysis of the response of the system is based on modeled atmospheric 

forcing variables. Direct in situ metrological stations are required to obtain 

metrological forcing to assist in validation models and assessing the 

characteristics of the metrological forcing.   

! Lacking of direct ADCP and surface current mapping (HF radar) measurements. 

So details of contributions from both geostrophic and ageostrophic components of 

the flows are missing. 
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The multiple uses of the Red Sea  – including industrial, municipal, shipping, 

military, fishing and aquaculture, recreational activities and tourism – require an ability to 

understand, forecast and evaluate trends that affect the coastal zone. Coastal 

observatories, therefore, have become an increasingly important resource at the national, 

regional and international levels to support decision-making through analytical and 

evidence-based information and reporting to decision support centers. This study 

provides a significant inputs along with the use of other tools to establish the above 

mentioned targets in the northern Red Sea. In addition, it will serve the scientific 

community to better understand the northern Red Sea region and have already been used 

as a trigger to other scientist to work on the region. 

 

 


