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Abstract The Red Sea exhibits complex hydrodynamic and biogeochemical dynamics, which vary both
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in time and space. These dynamics have been explored through the development and application of a 3-D
ecosystem model. The simulation system comprises two off-line coupled submodels: the MIT General Circulation Model (MITgcm) and the European Regional Seas Ecosystem Model (ERSEM), both adapted for the
Red Sea. The results from an annual simulation under climatological forcing are presented. Simulation
results are in good agreement with satellite and in situ data illustrating the role of the physical processes in
determining the evolution and variability of the Red Sea ecosystem. The model was able to reproduce the
main features of the Red Sea ecosystem functioning, including the exchange with the Gulf of Aden, which
is a major driving mechanism for the whole Red Sea ecosystem and the winter overturning taking place in
the north. Some model limitations, mainly related to the dynamics of the extended reef system located in
the southern part of the Red Sea, which is not currently represented in the model, still need to be
addressed.
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Despite its importance to the world community for a variety of socio-economical and political reasons, the
Red Sea is one of the most under-studied Large Marine Ecosystems (LMEs) [Sherman and Hempel, 2008]. It is
an elongated basin separating the African and Asian continents, extending from NNW to SSE between latitudes 30 N and 12 30’N (Figure 1). It has a total length of 1932 km and an average width of 280 km. The
Red Sea area is 4.6 3 105 km2 and has a mean depth of 524 m. Areas with bottom depths less than 100 m
occupy 41% of the total area of the basin. An extended shallow area is found south of circa 20 N, reaching
a width of 120 km at Massawa [Head, 1987]. In the south, the Red Sea is connected to the open ocean
through the strait of Bab el Mandeb, a very narrow and shallow channel with a sill depth of 160 m and a
minimum width of 25 km. At the northern end, the Red Sea forms two gulfs, the Gulf of Suez with an
average depth of 40 m and the Gulf of Aqaba with depths exceeding 1800 m and a sill of approximately
175 m.
The Red Sea experiences a strong seasonal atmospheric forcing through both wind stress and air-sea buoyancy ﬂuxes that drive both the horizontal and vertical circulation [Papadopoulos et al., 2013]. Over the northern part of the Red Sea, the prevailing winds are northwesterly throughout the year. In the southern part
(south of 19 N), winds are southeasterly during the winter monsoon, changing to northwesterly during the
summer. At about 19 N, there is a strong convergence zone that marks the boundary between the
monsoon-dominated atmosphere in the south and the continental atmosphere in the north. During the
summer, the convergent wind pattern is replaced by weaker northwesterly winds over the entire Red Sea.
During the winter, cold outbreaks can cause signiﬁcant evaporation and ocean heat loss along the northeastern coast that may trigger deep convection in that region [Jiang et al., 2009; Soﬁanos and Johns, 2003;
Yao et al., 2014a, 2014b]. Generally, deep water formation takes place in the northern part predominantly
during the winter, when surface high-salinity water is cooled to about 18 C [Dietrich et al., 1980]. This dense
water ﬁlls the deep basin below the Strait of Bab el Mandeb sill depth with a nearly homogeneous water
mass of 21.7 C temperature and 40.6 psu salinity. There are three sources for intermediate water formation:
one is related to the winter open sea convection in the northern Red Sea, the second is linked to the deep
outﬂows from the Gulf of Aqaba and the Gulf of Suez [Wyrtki, 1974], and the third is found along the eastern
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boundary. The rate of intermediate water formation appears to
be greater than the rate of deep
water formation and is thought
to supply the main contribution
to the lower layer outﬂow from
the Red Sea through Bab el Mandeb [Siddall et al., 2004; Soﬁanos
and Johns, 2003; Yao et al., 2014a,
2014b]. The fresh water deﬁcit of
the Red Sea is one of the largest
encountered in the world oceans,
due to strong evaporation, very
low precipitation, and negligible
river runoff. The actual E-P rate
has been highly debated and the
estimated values range from 1.5
to 2.3 m/yr [Soﬁanos and Johns,
2002].
The strong seasonality in the airsea ﬂuxes and surface wind forcFigure 1. Bathymetry of the Red Sea. Contour intervals are 500 m starting from 100 m.
The model domain is indicated by the black box. Boundary conditions are provided in
ing results in a distinctly different
the Gulf of Aden along the eastern side of the domain.
circulation pattern during the
winter and summer seasons
[Soﬁanos and Johns, 2002; Tragou and Garrett, 1997; Soﬁanos and Johns, 2007]. During the winter, a cyclonic
gyre drives the intermediate water formation process in the northern Red Sea. In the central Red Sea, anticyclones that occur most regularly near 23–24 N and 18–19 N dominate the circulation. These locations may
be tied to the coastline and topography variations. In the southern part, both cyclones and anticyclones are
found, often covering the whole width of the Red Sea with horizontal velocities of 0.5 m/s or more [Johns
et al., 1999; Tragou and Garrett, 1997]. The latest model simulations [Soﬁanos and Johns, 2003; Yao et al.,
2014a, 2014b] show an intensiﬁcation of the ﬂow toward the coasts, the presence of a permanent double
gyre system at the northern part of the basin, as well as a stronger seasonality of the ﬂow at the southern
part of the Red Sea.
The predominant water exchange with the Gulf of Aden is characterized by an annual mean inverse estuarine circulation through the Strait of Bab el Mandeb, with a relatively fresh water surface inﬂow on the top
of a deep saltier water outﬂow. This water exchange exhibits a strong seasonality, being at its maximum
during the winter. The two-layer water exchange that occurs from October to May is replaced between
June and September by a three-layer exchange, comprising of a shallow surface outﬂow, the intermediate
intrusion of the relatively fresh, and cold water mass from the Gulf of Aden and a deep hypersaline outﬂow
[Soﬁanos and Johns, 2002]. The seasonal cycle in the Red Sea water exchange regime through the straits is
primarily driven by the seasonal change in the wind pattern over the southern Red Sea and Gulf of Aden
areas. In the winter, the southeasterly winds act to reinforce the thermohaline circulation of the upper layer
inﬂow and the deep water outﬂow. Conversely, in the summer, the northwesterly winds over the southern
Red Sea act in opposition to the thermohaline forcing and cause the reversal of the outﬂow in the surface
layer of the strait during the summer [Yao et al., 2014a].
In terms of stratiﬁcation, the Red Sea exhibits a complex picture. It is permanently stratiﬁed below 250–300
m [Edwards, 1987; Stambler, 2005] and seasonally stratiﬁed at shallower depths, depending on the latitude
and the water column depth (coastal—offshore). In the spring, thermocline depths begin to decrease till
the summer period, when minimum depths may reach 30 m on the eastern side of the basin. In the southern Red Sea, the summer thermocline becomes shallower due to the uplift of the northward cool-water
mass that enters the Straits of Bab el Mandeb under the inﬂuence of the Southwest Monsoon. This shallow
permanent thermocline persists to about 22 N inside the Red Sea. Within the northern Red Sea, the
summer thermocline, at about 25 m, lies above the nearly isothermal deep water mass.
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Red Sea waters may be considered as poor in major nutrients, due to the strong pycnocline, which is a permanent barrier for the transfer of nutrients from the deeper layers. The lower nutrient concentrations are
found in the northern Red Sea [Weikert, 1987]. During the summer, the only substantial resource of new dissolved nutrients is the water mass ﬂowing in from the Gulf of Aden [Longhurst, 2007]. Another important
mechanism is tidal mixing through which regenerated nutrients are transported into the top layers.
Remotely sensed observations highlight that Chlorophyll-a (Chl-a) does not gradually increase from north
to south as previously thought [Raitsos et al., 2013]. The major patterns of surface phytoplankton production
have been recently divided into four distinct provinces. The north-central Red Sea province appears to be
the most oligotrophic area (opposed to southern and northern domains). This central region exhibits the
lowest Chl-a values and is less productive when compared with the northern Red Sea [Raitsos et al., 2013].
Although signiﬁcant blooms have been reported in the two northern gulfs (Suez and Aqaba), these are
associated mostly with inputs of industrial efﬂuents. Labiosa et al. [2003] described such a strong spring
bloom followed by a weaker autumn bloom in the Gulf of Aqaba using multiyear in situ (1988–2000) and
Sea viewing Wide Field of View Sensor (SeaWiFS) (1999–2001) Chl-a data.
Despite the importance of the Red Sea ecosystem, it is a highly understudied LME, with intense physical
oceanographic efforts having started only after the late 1990s. However, to date, the large-scale biological
processes of the Red Sea remain unknown [Acker et al., 2008; Raitsos et al., 2013]. Because of the paucity of
data, modeling the Red Sea circulation becomes an important alternative in order to study and understand
its variability. An ecological model would also complement the recent efforts of collecting in situ data sets
through repetitive hydrographic surveys, and could actually represent the ﬁrst systematic and more holistic
mapping of the main physical and biological processes of the Red Sea [Brewin et al., 2013]. Understanding
the functioning of this ecosystem is particularly important considering the unique and fragile nature of this
LME, since it is one of the warmest and most saline in the world [Sherman and Hempel, 2008]. In addition,
based on recent satellite-derived Sea Surface Temperature (SST) data, it was shown that the Red Sea is in a
stage of intense and abrupt warming exhibiting an increase of 0.7 C the last decade [Raitsos et al., 2011].
The complex physical features of the basin in conjunction with the wider geographical characteristics of the
area have created a unique environment that is extremely challenging.
The Red sea system is complex and cannot be understood only by studies of short duration. Since such systems involve relationships between several variables and parameters, a good way to gain knowledge of the
structure, organization, and functioning lies in the use of models. The numerical modeling systems supported by the increasing computing resources have become mature enough to address the ambitious task
of reproducing, explaining, and predicting the evolution of marine ecosystems and their response to the
variability of physical forcing. Furthermore, the modeling approach can aid in the design of monitoring
strategies identifying the key process for the understanding of a particular system.
Published modeling studies for the Red sea are mainly concentrated in the period 1997–2003 and were
focused on the simulation of the circulation patterns [Clifford et al., 1997; Eshel and Naik, 1997; Soﬁanos and
Johns, 2003]. Recently, a high-resolution, 50 year modeling study with realistic atmospheric forcing successfully simulated the observed seasonal exchange structure through the Strait of Bab el Mandeb and the subsurface summer intrusion structure in the southern part of the Red Sea [Yao et al., 2014a, 2014b]. It also
reveals that the overturning circulations during winter and summer are associated with distinctively different dynamical processes. As was clearly stated in the report of the workshop entitled ‘‘Arabian Marginal
Seas and Gulfs’’ [Johns et al., 1999], a hierarchy of model approaches is needed to advance basic understanding of the region. Useful approaches in numerical modeling should include closed model domains to
ascertain the importance of local versus remote forcing, and process studies to examine the contribution of
individual forcing mechanisms to the overall circulation within the basins. Following this and in order to
analyze and investigate the Red Sea ecosystem, a fully coupled 3-D physical—biogeochemical model was
developed, and applied. It is the ﬁrst time that two complex models fully describing both physical and biological domains of the oligotrophic Red Sea have been used. The comparison of model response with
satellite-derived and in situ observations provides a ﬁrst opportunity for assessment, validation, and further
model reﬁnement. The aim of this study is, ﬁrst, to present the 3-D biophysical model developed by the
coupling of advanced hydrodynamic and ecological models and, second, to investigate the interactions
between the physical and biogeochemical systems in the Red Sea. Since the main goal of this study is to
determine the representative seasonal cycle of the ecosystem and to provide insight about the major
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driving mechanisms, the model is forced with climatological data. This is a common approach, in the study
of a new ecosystem area, before an inter-annual simulation on speciﬁc years is performed. Given the limited
availability of observations that are sparse over different years, it was found more appropriate to compare
the climatological run against all available data. Emphasis is mainly given to the understanding of the relationship between physical forcing and the evolution of Chl-a and primary production.

2. Data and Methods
2.1. Satellite Data Set
To evaluate the model outputs with the satellite data sets of the near-surface Chl-a, we acquired highresolution (4 km) monthly Chl-a data from the Moderate-resolution Imaging Spectroradiometer (MODIS onboard the Aqua platform) during the period 2003–2011 [O’Reilly et al., 2000]. Standard NASA algorithms
were used for Chl-a (OC3) estimates, which are routinely processed by the Ocean Biology Processing Group
at the Goddard Space Flight Center, and are available from NASA’s Oceancolor website (http://oceancolor.
gsfc.nasa.gov). Using the monthly mean data sets, we constructed monthly and seasonal climatologies.
A large portion of the coastal Red Sea is relatively shallow (<50 m) compared to the open oceanic ones.
Remotely sensed Chl-a data have known limitations especially in shallow optically complex Case II waters,
where suspended sediments, particulate matter (POM), and/or dissolved organic matter (DOM) do not
covary in a predictable manner with Chl-a [IOCCG, 2000]. For example, scattering by sediments in turbid
waters and underwater reﬂectance from shallow reef areas may result in relatively high water-leaving radiance in the near-infrared (NIR) wavelengths, which could overestimate the correction term. Therefore, the
Chl-a data used in the analysis may be inﬂuenced (generally resulting in an overestimation) by the factors
mentioned above, especially in the coastal waters and/or very shallow waters of the Red Sea [Brewin et al.,
2013; Raitsos et al., 2013]. However, the scope of the current study is to compare the general variability of
modeled and satellite-derived Chl-a in the Red Sea, regardless of absolute concentrations. A recent comparison of different Chl-a algorithms in the Red Sea, (OC3 algorithm and the GSM semianalytical algorithm
[Maritorena et al., 2002]), indicated that the two algorithms yield similar temporal patterns, suggesting that
the model-satellite comparison is insensitive to the choice of the currently available MODIS-Aqua Chl-a
algorithm [Raitsos et al., 2013]. Acker et al. [2008] reported that the optical characteristics of the Red Sea
water column fall within satellite missions’ standards. Indeed, a recent study shows clearly that the performance (precision and accuracy) of the Standard NASA Chl-a algorithm in Red Sea waters was found to be
comparable with that of global oceans [Brewin et al., 2013].
2.2. Cruise Data
Oceanographic data were collected from the R/V ‘‘Oceanus’’ during October of 2008 from the west coast of
Saudi Arabia (near 21 N) as part of the King Abdullah University of Science and Technology (KAUST)—
Woods Hole Oceanographic Institute (WHOI) research cruises expedition program. Continuous ﬂuorescence
vertical proﬁles were collected down to 200 m depth at each of the 35 stations. The ﬂuorescence instrument attached to the CTDs was a WET Labs ECO-FLNTUs (FLNTURTD-964) ﬂuorometer and had been precruise and postcruise calibrated to assure high-quality Chl-a measurements.
2.3. The Red Sea Ecosystem Model
The coupled ecosystem model of the Red Sea consists of two, highly portable off-line coupled submodels:
the MITgcm [Marshall et al., 1997], which describes the hydrodynamics of the area and provides the background physical information to the second submodel; the biogeochemical model that is based on the European Regional Seas Ecosystem Model (ERSEM) [Baretta et al., 1995], which describes the biogeochemical
cycles in the area. The MITgcm is based on the primitive Navier-Stokes equations on a spherical coordinate
under the Boussinesq approximation. It is conﬁgured in hydrostatic mode with an implicit free surface. The
equations are written in the z-level vertical coordinate and horizontally discretized using the centered
second-order ﬁnite differences approximation in a staggered ‘‘Arakawa C-grid’’.
ERSEM is a complex generic model [Baretta et al., 1995], which has been successfully applied in a variety of
systems from lagoons [Petihakis et al., 2000], to coastal and enclosed areas [Petihakis et al., 2002; Triantafyllou et al., 2001], to offshore deep systems [Blackford and Burkill, 2002; Patsch and Radach, 1997; Petihakis
et al., 2009; Zavatarelli et al., 2000]. More details can be found in the special issue of the Netherlands Journal
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Figure 2. Simpliﬁed model process ﬂow diagram.

of Sea Research (1995) and thus only a brief description is provided here for those not already familiar with
it. ERSEM is based on a set of differential equations describing both the pelagic and benthic ecosystems,
and the coupling between them in terms of the signiﬁcant biogeochemical processes affecting the ﬂow of
carbon, nitrogen, phosphorus, and silicon. The dynamics of biological functional groups consists of population processes (growth and mortality) and physiological processes (ingestion, respiration, excretion, and
egestion). The biotic system is subdivided into three functional types, producers (phytoplankton), decomposers (pelagic and benthic bacteria), and consumers (zooplankton and zoobenthos). These broad functional classiﬁcations are subdivided, according to their trophic level (derived according to size classes or
feeding method) to create a food web. The phytoplankton pool has four functional groups based on size
and ecological properties. These are diatoms (silicate consumers, 20–200 l), nanophytoplankton (2–20 l),
picophytoplankton (<2 l), and dinoﬂagellates (>20 l). The nutrient uptake is controlled by the difference
between the organism’s internal nutrient pool and the external nutrient concentrations [Ebenhoh et al.,
1997]. Bacteria, heterotrophic nanoﬂagellates, and microzooplankton represent the microbial loop. All
groups in the phytoplankton and the microbial loop have dynamically varying C:N:P ratios. Two groups, the
micro and mesozooplankton represent zooplankton. Bacteria utilize DOM, are responsible for the degradation of POM to DOM, and can compete for nutrients with phytoplankton. Heterotrophic nanoﬂagellates
feed on bacteria and picophytoplankton, and are grazed by microzooplankton, which also consumes diatoms and nanophytoplankton, and is grazed by mesozooplankton. A schematic diagram of the food web is
given in Figure 2.
The chemical dynamics of nitrogen, phosphorus, silicate, and oxygen are coupled with the biologically
driven carbon dynamics. The use of a food web that carries both carbon and nutrient dynamics allows the
model to adjust to spatial and temporal variations in carbon and nutrient availability and reproduce the different types of ecosystem behavior. A simple benthic returns model was used instead of the standard
dynamical benthic model [Baretta-Bekker et al., 1997]. Thus, the benthic-pelagic coupling is described by a
simple ﬁrst-order benthic returns module, which includes the settling of organic detritus into the benthos
and diffusional inorganic nutrient (NH4, PO4) ﬂuxes from the sediment.
2.4. Hydrodynamic Model Set-Up
The MITgcm setup is essentially the same as the one used in the 50 year simulation in Yao et al. [2014a,
2014b], except that here the climatological atmospheric forcing and open boundary conditions are used in
order to obtain a stable seasonal circulation ﬁeld. The model domain is deﬁned on curvilinear coordinates
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Table 1. The Modiﬁed Parameter Set
Relative Preference on Different Preys

Bacteria
Diatoms
Nanophytoplankton
Picophytoplankton
Dinoﬂagellates
Heter. Nanoﬂagel.
Microzooplankton
Mesozooplankton

Heterotrophic Nanoflagellates

Microzooplankton

Mesozooplankton

Maximum Growth
at 10 C (day21)

1
0.3
0.8
0.2
-

0.3
1
0
0.3
1
1
-

1
1
0.2
0.5
0.5

5
2.5
2.7
3.5
2
4
1.2
0.6

and consists of the Red Sea, the Gulf of Aden, the Gulf of Suez, and the Gulf of Aqaba, with an eastern open
boundary located at the Gulf of Aden (Figure 1). The horizontal resolution is approximately 1.8 km, which is
ﬁne enough to resolve the narrow bathymetry in straits. The vertical grid is deﬁned on 25 levels with layer
depths increasing from 10 m at the surface to 442 m at the bottom, thus, keeping a higher resolution at the
surface layer, which is important in terms of the ecosystem functioning. The K-Proﬁle Parameterization
[Large et al., 1994] is used for the vertical mixing scheme. The model is initialized with climatological hydrographic data from the World Ocean Atlas 2001 [Boyer et al., 2002; Stephens et al., 2002]. The atmospheric
forcing including the momentum, heat, and fresh water ﬂuxes are calculated from the monthly climatological atmospheric surface ﬁelds from the NCEP reanalysis [Kalnay et al., 1996] data set. Horizontal velocity,
temperature, and salinity ﬁelds at the open boundary are speciﬁed through a 20 km buffer zone with climatologically averaged data from the ECCO project (Estimation of the Circulation and Climate of the Ocean
project) [Kohl and Stammer, 2008]. The residence time in the upper 300 m in the Red Sea, where the shallow
overturning circulation and the main biological process occur, is about 6 years driven by the active water
exchange process with the Gulf of Aden through the Strait of Bab el Mandeb. After 10 years of spin-up with
climatological forcing, the water exchange through the strait and the mean temperature and salinity for the
upper 300 m reach stable seasonal patterns, suggesting that the circulation has achieved an equilibrate
state with the climatological forcing. The results from the 10th year are used for the ecosystem simulation.
2.5. Biogeochemical Model Setup
The biogeochemical model conﬁguration has been adopted from Petihakis et al. [2002], to which the interested reader may refer for a more detailed description. The parameter set that was slightly modiﬁed is
shown in Table 1.
The biogeochemical variables are considered as passive tracers that are subjected to advection and diffusion. Therefore, the rate of change for the concentration (C) of a biogeochemical (pelagic) variable may be
written as:


#C
@C
@C
@C @
@C
52U
2V
2W
1
AH
#t
@x
@y
@z @x
@x




@
@C
@
@C
AH
1
KH
1RBF
1
@y
@y
@z
@z

(1)

where U, V, W represent the velocity ﬁeld, and AH, KH are the horizontal and vertical eddy diffusivity coefﬁP
cients respectively, while
BF represents the total biochemical ﬂux that is calculated by ERSEM.
A second-order conservative upstream advection scheme [Lin et al., 1996] is used to compute the advective
terms in equation (1), while for horizontal diffusion a constant diffusivity coefﬁcient (AH 5 200 m2/s) is
adopted. Equation (1) is computed (ofﬂine) using daily mean ﬁelds for the current velocity and the vertical
diffusivity coefﬁcient that are provided by the hydrodynamic model (MITgcm). A coarser grid, at half the
resolution (3.6 km) of the hydrodynamic model is adopted for the biogeochemistry in order to reduce the
computational cost.
The initial ﬁelds for dissolved inorganic nutrients (phosphates, nitrates, ammonia, and dissolved oxygen)
were obtained from the World Ocean Atlas 2005 climatology (1 3 1 resolution, (http://www.nodc.noaa.
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gov/OC5/WOA05/pr_woa05.
html), while all other biogeochemical variables were initialized to horizontally uniform
values, provided by a 1-D (water
column) model [Petihakis et al.,
2002; Triantafyllou et al., 2003] of
the Red Sea.
Along the model’s eastern open
boundary, the biogeochemical
variables are obtained by a 1-D
(water column) application of the
coupled model at each boundary
node, driven by the varying
hydrodynamic conditions (temperature and vertical mixing) as
in Tsiaras et al. [2012].

3. Results and Discussion
As discussed in the introduction,
the Red Sea is subject to strong
seasonal thermohaline and surface wind forcing, exhibiting two
distinct seasonal circulation patterns, the winter (January–March)
and the summer (July–October)
seasons [Soﬁanos and Johns,
2002; Yao et al., 2014a, 2014b].
Given the tight coupling
between the physics and the
Figure 3. Mean surface circulation and salinity from MITgcm for winter (January–March).
biology in such highly energetic
systems, model results are
focused on those two seasons. Furthermore, in terms of spatial characteristics, the Red Sea is divided and
discussed into three main areas: the Northern part, which is colder, exhibiting slightly higher Chl-a concentrations than the oligotrophic north-central [Raitsos et al., 2013] and is highly inﬂuenced by the cyclone
activity; the more productive Southern part governed by the exchange processes with the gulf of Aden;
and the middle part that is characterized by the inﬂuence of the anticyclonic gyres (see Figure 1 for the definition of the three areas).
3.1. Winter Variability
Figure 3 shows the model surface salinity and currents in the Red Sea during winter (January–March). The
circulation is characterized by energetic cyclonic and anticyclonic eddies that ﬁll the whole basin, which is
in agreement with the observations [Johns et al., 1999]. In the southern Red Sea, the low salinity inﬂow from
the Gulf of Aden is intensiﬁed along the western boundary due to the beta-effect. In the northern part, the
surface circulation is dominated by eddies. Two main gyres seem to be present throughout the year, but
their exact position, shape, and intensity exhibit some seasonal variability. In particular, the strong cyclonic
eddy in the northern end, centered on N: 26.7 N and E: 35.0 E is a signiﬁcant source of intermediate water.
Close to this cyclone, there is a small anticyclonic gyre located around 25.5 N and 35.5 E. These eddies are
in good agreement with available previous modeling studies, in situ observations [Clifford et al., 1997; Morcos, 1970, 1974; Soﬁanos and Johns, 2003], and remote sensing studies [Acker et al., 2008; Raitsos et al.,
2013]. Other observed features that are well reproduced by the model are the anticyclonic systems near
23–24 N and 18–19 N. Cyclonic eddies are very signiﬁcant in terms of ecosystem functioning, since their
centers are sites of increased phytoplankton productivity usually by diatoms and other large cells, while the
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Figure 4. Monthly mean overturning circulation in February from MITgcm. (top) integrated overturning functions (Sv), (middle) axial salinity (PSU) section, and (bottom) temperature ( C).

bacteria/phytoplankton ratio is signiﬁcantly lower compared to the rest of the basin. Some other characteristics are: deep mixing and the associated high nutrient concentrations during mixing. In contrast, anticyclones convey organic matter to the deeper layers impoverishing the euphotic zone.
It is interesting to note that model results show a signiﬁcant difference between the northern and the
southern part in terms of energetic ﬁelds. The southern part is characterized by a northward jet with relatively small velocities. This jet above 20 N is entangled in the strong gyre systems conveying waters all the
way to the north.
The vertical structure of the circulation in the Red Sea in winter (February) is shown in Figure 4. The stream
function is obtained by integrating the volume transport horizontally across the basin. In the upper 400 m,
the winter circulation in the Red Sea is composed of an overturning cell, which extends to the northern end
of the basin and deepens from 140 m near the strait to about 300 m in the north. A surface inﬂow of lowsalinity water from the Gulf of Aden is transformed into high-salinity waters of 40 psu on the way to the
northern Red Sea. Due to a large heat loss in the winter, deep convection associated with strong vertical
mixing takes place north of 26 N, producing vertically uniform waters with temperatures around 22 C and
salinities around 40 psu. This is also seen in satellite remote sensing data sets, where cold and productive
waters dominate the area during the winter season [Raitsos et al., 2013].
Since the water column of the Red Sea is permanently stratiﬁed below 250–300 m [Edwards, 1987; Stambler,
2005], and the phytoplankton community consumes nutrients in the euphotic zone, the nutrient concentrations are very low in surface waters down to a depth of 80–100 m [Stambler, 2005; Weikert, 1987]. As shown
in Figure 4, the cyclonic gyre in the north results in the weakening of the permanent stratiﬁcation with an
upward tilt of the isopycnals that facilitates the wintertime convection (overturning), triggered by the
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Figure 5. (left) Simulated near-surface (0–20 m) Chl-a and (right) MODIS Chl-a climatology, averaged for the winter-mixing period (January–March).

buoyancy loss (heat and evaporation) of the surface waters. This process transfers nutrient-rich deep waters
to the photic zone, supporting the biological production.
Figure 5 shows the distribution of simulated near-surface (0–20) Chl-a, in comparison with MODIS Chl-a climatology (MODIS Chl-a ﬁrst optical depth—an estimation of how representative the satellite signal is—was
calculated at 18.8 m [Raitsos et al., 2013]) averaged for the winter-mixing period (January–March).
Overall, Chl-a values are in the range of 0–1.0 mg m23 both for model and MODIS data. The model Chl-a follows the observed patterns, reproducing the elevated concentrations at the southern and northern parts
and the relatively lower levels in the central Red Sea. In the northern Red Sea, the model Chl-a is slightly
higher than MODIS, due to the dominant cyclonic eddy that fuels the euphotic zone with the necessary
nutrients from the deeper waters. This signal is also evident in the satellite images but is less pronounced
than in the model. The simulated circulation patterns are also responsible for the slight overestimation at
the central Red Sea with anticyclones transporting Chl-a from coastal to open sea areas, in agreement with
Acker et al. [2008], although in general, the model is very close to the satellite data. In the south, the situation is much more complex due to the exchange with the Gulf of Aden and the variable topography. The
shallow east and west shelves host extensive coral reefs, an ecosystem radically different from that of the
open ocean. The benthos is itself a primary producer not merely a consumer as in the ocean, and suspended phytoplankton plays only a secondary role in primary production. Unlike in the open sea, the direction of energy ﬂow is largely upward in the reef, from the producers of the benthos to the pelagic
community. Considering that the model dynamics does not explicitly include the coral reef system, the
simulated Chl-a is inevitably underestimated.
3.2. Summer Variability
The summer circulation patterns as simulated by the model (Figure 6) show a sequence of cyclonic and
anticyclonic gyres. At the northern part, two cyclones are dominant at 27 N and 25 N, extending across
almost the entire width of the Red Sea, providing nutrients at the surface waters from the deeper layers
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and supporting primary production as depicted in the increased
Chl-a values around their locations (Figure 8). There are also
two anticyclones located at 26 N
and 23 N as reﬂected by the
small values of Chl-a around their
perimeter.
During the summer monsoon
season from June to September,
the surface winds in the southern
Red Sea switch from southeasterly to northwesterly and in the
Gulf of Aden the upwelling
results in the shoaling of the
thermocline. A reversed overturning circulation is developed in
the southern part of the basin.
The summer (August) vertical
structure of the overturning circulation is presented in Figure 7.
Compared with the winter, the
summer overturning circulation
in the Red Sea is conﬁned to the
upper 120 m and is reversed to a
surface and a deeper outﬂow.
The deep outﬂow in the strait is
much weaker than that of winter.
The fresher and relative cold
water at depths 50–130 m is
associated with the intruding
Figure 6. Mean surface circulation and salinity from MITgcm for Summer (July–
Gulf of Aden intermediate water,
September).
which disappears north of 18 N.
The isotherms in the Gulf of Aden show marked upward displacement due to upwelling.
The very low nutrient concentrations found in the Red Sea, in conjunction with the prevailing hydrographic
circulation patterns, are the main factors responsible for maintaining low Chl-a concentrations observed in
both MODIS data and model results during the summer (Figure 8).
The low Chl-a concentrations in the north and the effect of the circulation features are nicely illustrated in
the model results. In the central part between 21 N and 22 N, increased Chl-a values around an anticyclone
are simulated and are attributed to the transferring and redistributing phytoplankton from the adjacent
coastal shallow areas around its periphery. Indeed, during this oligotrophic and stratiﬁed season, anticyclonic eddies (during June) transfer nutrients and/or Chl-a to the open waters of the central Red Sea [Raitsos
et al., 2013]. According to Longhurst [2007], in the summer a rather elevated Chl-a extends further north
and shows evidence of enhancement around major eddy features while the coastal regions always show
slightly higher Chl-a compared to the central regions of the Red Sea central axis. In the southern part of the
Red Sea, for reasons discussed above, the model fails to reproduce the elevated Chl-a levels at the reef systems as depicted in the satellite images. It is interesting to note that these extensive coastal coral reefs support major consumers of phytoplankton cells, the herbivorous soft corals. Thus, during the summer, as rich
in phytoplankton subsurface water masses (from the Gulf of Aden) pass over the reefs, they are ‘‘cleaned’’
by grazers and only dissolved organics are transported north [Longhurst, 2007].
From 21 to 28 October 2008, Chl-a and nutrient proﬁles from 35 stations were collected in the area between
21.14–21.26 N and 37.59–38.07 E (central Red Sea). As satellite data only provide information for the surface layer, these data were averaged and used for the qualitative validation of the model in the vertical.
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Figure 7. Monthly mean overturning circulation in August from MITgcm. (top) integrated overturning functions (Sv), (middle) axial salinity
(PSU) section, (bottom) temperature ( C). The upper overturning circulation is reversed, and the intrusion of fresher and cold GWIW is
clearly present at the depths 50–130 m in the southern Red Sea.

The vertical distribution of Chl-a concentration as produced by the model (Figure 9) follows the observed
trend, reproducing satisfactorily the characteristic deep Chl-a maximum (DCM) at 80 m [Weikert, 1987].
Thus, the subsurface maximum of photosynthetic pigments is close to or within the upper part of the discontinuity layer. Although the vertical proﬁles are in good agreement with the data, the modeled Chl-a concentrations are signiﬁcantly higher at the surface layers compared to the in situ measurements. Model
phosphate concentrations follow quite closely the in situ observations from the surface down to the 200 m
layer. Furthermore, the position of the nutricline coincides quite well with the ﬁeld measurements while surface phosphate concentrations are very low, similar to other oligotrophic open sea systems [Berland et al.,
1980]. The model simulated nitrate proﬁle exhibits a proﬁle similar to the phosphate following very well the
observations in the surface and subsurface layers to a depth of 50 m ranging from 0.28 to 0.55 mmol/m3.
However, at deeper layers the model fails to reproduce the high values observed (4.6–14.5 mmol/m3). Two
possible explanations are that the ﬁeld values include both nitrate and nitrite in contrast to the model,
which simulates nitrate only and that since below the euphotic zone the variability in nutrient concentrations is small, the model misﬁt produced in the deeper layers for nitrogen is probably due to the relatively
coarse world ocean atlas (WOA) initial ﬁeld.
3.3. Key Processes and System Functioning
To further explore the model behavior and to investigate the functioning of the Red Sea ecosystem, the
simulated annual cycle of Chl-a in the north, central, and south Red Sea areas is compared with MODIS data
(Figure 10). The model effectively reproduces the main characteristics of Chl-a evolution in all areas, showing a spring bloom during the period with increased vertical mixing and lower values during the summerstratiﬁed period. An interesting feature is the time lag of the bloom in the different parts of the Gulf with a
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Figure 8. (left) Simulated Chl-a, integrated over the ﬁrst 20 m and (right) MODIS Chl-a climatology, averaged for the summer-stratiﬁcation
period (July–September).

clear south to north gradient. In the southern Red Sea, the bloom appears quite early in January, followed
by the bloom in the central part 1 month later in February. The last bloom occurs in the northern Red Sea in
March. Furthermore, there is a time lag of 1 month between the model and the satellite Chl-a. This may be
partly related to the delayed response of primary production in the model, which is also evidenced by the
relatively low primary production rate. As shown in Raitsos et al. [2013], the Chl-a peak in the satellite data is
3
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Figure 10. Annual cycle of Chl-a concentrations in Northern, Middle, and Southern parts of the Red Sea. Model results (blue line) against
MODIS (red line).

characterized by a signiﬁcant interannual variability, particularly in the Northern section, where the peak
timing varies between January and March depending on the speciﬁc year. This increased variability is
related to the timing of convective mixing that occurs in the North. As shown in Figure 5, the bloom due to
convective overturning in the satellite data is more conﬁned to the North (Latitude > 26 N) than in the
model. Thus, the model-data time lag may also be attributed to the area over which the Chl-a is averaged.
Indeed, if the southern boundary of the north section is slightly shifted to the north, the satellite Chl-a peak
is moved toward March as in the model (not shown). According to Acker et al. [2008], the northern Red Sea
receives some nutrient input from the Gulf of Aqaba (driven by mixing at the Straits of Tiran sill [Biton and
Gildor, 2011]) and the Gulf of Suez, and in winter, north of 20 N, there can also be some riverine input providing a source of unutilized nutrients. However, the main mechanism that triggers increased productivity
with a steep gradient in the model simulations is the convective overturning during the winter-spring
period. Furthermore, low nutrient concentrations in the northern Red Sea, combined with the stratiﬁcation
of the water column and only a few days of mixing, means that any bloom will be relatively brief. As
reported by Acker et al. [2008], average monthly Chl-a during the short-duration bloom is 6 to 10 times
higher than the average monthly Chl-a during the oligotrophic conditions observed over the rest of the
year. Model results show only a fourfold increase, which is rather reasonable considering the climatological
forcing adopted in the current work.
The model correctly describes the Chl-a seasonal cycle, reproducing its signiﬁcant increase during the
bloom period. However, compared with the satellite data it signiﬁcantly overestimates concentrations in
the northern and central areas during the bloom period, while for the rest of the year model and MODIS
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Table 2. Annual Mean Model Results and Field Measurements (Italics) of Nitrate and Phosphate Concentrations (mmol/m3) for the Different Red Sea Regionsa
North
Depth (m)
PO4 (mmol/m3)
NO3 (mmol/m3)
a

<100
0.07
0.01–0.05
0.9
0.1–0.4

Middle
400–500
0.9
0.6–0.8
15
15–18

<100
0.12
0.05–0.1
1.5
0.03–0.02

South
350–450
1.1
0.8–1.1
17.8
18–20

<70
0.1
0.1–0.3
0.7
0.03–0.2

300–400
1.4
0.9–1.2
21
19–22

In situ values are from Weikert [1987].

data are very consistent. In the southern part, the model underestimates the MODIS Chl-a data throughout
the year, which can be attributed to the incomplete representation of the shallow coral reef areas in the
model, as well as the signiﬁcant uncertainties and potential overestimation of satellite data in these areas.
A comparison of model results for each of the three areas against ﬁeld data, as described in Weikert [1987],
is shown in Table 2. For phosphate, the annual mean values as estimated by the model are close to the
upper limit of the measured values in all areas and at all depths, with the exception of the upper layer in
the south where the model is at the lower measured value. In the case of nitrates, model results exhibit a
more variable behavior overestimating concentrations in the euphotic zone but being inside the measured
range at the deeper layers.
According to Weikert [1987], nutrient concentrations generally increase from north to south, although Red Sea
waters are in general considered to be highly deﬁcient in major nutrients (nitrate, ammonium, phosphate, and
silicate). The most nutrient-poor waters are in the northern Red Sea, as the southern Red Sea receives some
nutrients from intermediate water inﬂow through the Gulf of Aden in the summer. As Al-Qutob et al. [2002]
stated, nutrient concentrations increase steeply down to 500 m, until they peak between 550 and 650 m, at 14
lM nitrate, 0.9 lM phosphate, and 10 lM silicate. Looking at Table 2, there is a clear increase of nutrients with
increasing depth although the North to South trend is evident only at the deeper layers both for phosphate
and nitrate. The model satisfactorily reproduces both characteristics. Surface waters are deprived of nutrients
as the water column throughout the Red Sea is permanently stratiﬁed below 250–300 m. Although the stratiﬁcation is generally weaker in the winter than in the summer below 250–300 m, the entire Red Sea basin has
water with extremely uniform salinity of 40.6 psu [Edwards, 1987] forming a persistent thermocline and halocline, which is the primary reason that nutrient renewal from deeper waters is suppressed.
The mean N/P ratio simulated by the model is close to the Redﬁeld value (15.5) indicating a weak nitrogen
deﬁciency. This is in agreement with Stambler [2005] who found C:N:P ratios close to the Redﬁeld ratio of
106, 16, 1, suggesting that P and N are limiting factors of phytoplankton growth.
In terms of primary productivity, the existing literature provides little information regarding annual cycles
and seasonal variability in the Red Sea. Weikert [1987] and Shaikh et al. [1986] cite productivity in the central
Red Sea in the range of 170 mg C m22 d21, while Koblentz-Mishke et al. [1970] indicate that average productivity north of 17 N ranges between 250 and 500 mg C m22 d21. According to Longhurst [2007], offshore
Red Sea water has great clarity and primary production is generally extremely low (about 100 mg C m22
d21), though locally, in coastal situations, rates may be higher. The signiﬁcant differences in these estimations illustrate the large spatial and temporal variability of the Red Sea ecosystem. Mean model values for
the whole area are 346 mg C m22 d21 (126 g C m22 yr21), while north of 17 N the mean simulated primary
productivity is 258 mg C m22 d21 close to the lower end of the observed range.
According to Fahmy [2003], productivity of the Red Sea coastal waters is mostly controlled by phosphate concentrations, salinity, water temperature, and dissolved oxygen. Although he argues that it is reasonable to
conclude that the effect of human coastal zone utilization of different locations of the Red Sea coastal waters
is still limited and not detectable, the middle region, which is located between Safaga and Quseer is subjected
to the most intense shipping activity and industrial discharge of phosphate in Egypt. This coastal area has displayed relatively high phosphate concentrations compared with other coastal locations in the past. The
annual mean daily primary production simulated by the model (Figure 11) nicely demonstrates the signiﬁcant
spatial variability, an outcome of the strong coupling with the circulation patterns. Thus, the dominant cyclones at the North, together with the southern area, are the hotspots of primary production, while in the central
parts the anticyclonic activity creates oligotrophic conditions. Coastal areas are generally more productive

TRIANTAFYLLOU ET AL.

C 2014. American Geophysical Union. All Rights Reserved.
V

1804

Journal of Geophysical Research: Oceans

10.1002/2013JC009641

although the model fails to reproduce the highly productive reef
systems for the reasons already
explained. Interesting features are
the effect of transport indicated at
22 N where nutrients and phytoplankton are carried from the productive coastal areas to offshore
waters, and the input of productive waters from the Gulf of Aden.
Furthermore, it is worth noting
that the activities described by
Fahmy [2003] at the central part
of the Red Sea are expected to
affect the neighboring north and
south and even the offshore areas
judging by the signiﬁcant transport simulated by the model.

Figure 11. Simulated mean circulation and annual mean integrated (0–100 m) primary
production.

3.4. Driving Mechanisms of the
Red Sea Ecosystem
Two key processes identiﬁed
through previous studies are the
exchange of waters with the
Gulf of Aden through the Bab el
Mandeb strait and the winter
overturning at the northern part
of Red Sea [Acker et al., 2008;
Manasrah et al., 2004; Weikert,
1987]. As ﬁeld observations do
not offer much insight on how
these processes affect the ecosystem functioning, model
results are used.

Figure 12 shows the simulated transport ﬂuxes of Phosphate and Total Organic Carbon (TOC) at two cross
sections—12.5 N (Bab el Mandeb strait—connection with the Gulf of Aden) and 22 N (northern Red Sea—
point north of which the winter overturning is taking place)—for two distinctive periods, winter and
summer. The transport ﬂuxes across the cross sections are calculated as Flux(mmol/
s) 5 concentration(mmol/m3) 3 velocity(m/s) 3 area(m2). During the winter, when winds turn southeasterly, there is a relative small inﬂux of nutrients into the Red Sea from the Gulf of Aden at the surface layer
and a much stronger outﬂux below 100 m. However, the most important mechanism is the strong inﬂux of
TOC also at the surface (much higher than the outﬂux at deeper layers). Thus, the Gulf of Aden supplies valuable organic material that fuels the Red Sea ecosystem as it is transported to the north. It is interesting to
note that although weaker, this signal is also evident at the northern cross section, although the net effect
is a loss of phosphate and a gain of TOC.
During summer, with the prevailing north westerly winds, surface waters move out of the Red Sea carrying
nutrients and organic matter into the Gulf of Aden, while at the same time a signiﬁcant intrusion mainly of
nutrients (phosphate), and to a lesser extent of TOC, takes place at the subsurface layer. At the northern
cross section, the summer pattern is similar to the winter one with an inﬂux of phosphate at the surface, a
loss at 250 m, a gain at 450 m and a loss from 800 m to 1400 m. For the TOC, there is a loss at the top 50 m
and an inﬂux below this depth, down to 150.
Thus, a general picture for Red Sea ecosystem functioning is as follows. During the winter, the southern Red
Sea receives signiﬁcant quantities of surface TOC from the Gulf of Aden while in the summer there is a
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Figure 12. Simulated transport ﬂuxes of Phosphate and Total Organic Carbon (TOC) at 12.5 N (Bab el Mandeb) and 22 N for Winter (January–March) and Summer (July–September).

strong subsurface enrichment of nutrients. The northern part loses nutrients in winter while in summer the
situation is more or less balanced. In terms of TOC, there is an inﬂux during both seasons from the surface
layers. These patterns greatly affect the ecosystem functioning of the Red Sea and explain to a large extent
the observed variability.
As mentioned above, the concentrations of dissolved inorganic phosphate in the open surface water of the
Red Sea ranges between 0.1 and 0.4 mmol/m3, with lower values toward the north. Observed vertical proﬁles of phosphate show that concentrations of phosphate increase with depth and reach maximum concentrations of 1.1 mmol/m3. The isopleths of phosphate from Bab el Mandeb to Al Hudaydah are shallower and
broader during the summer, while north of Al Hudaydah they become deeper and more compact, which
could indicate that the physical processes in the northern parts are different [Edwards, 1987; Al-Shiwaﬁ et al.,
2005]. The maximum concentration of phosphate was found in the summer near the Straits of Bab el Mandeb, at depths ranging from 50–200 m, decreasing toward the Red Sea northern areas. Observations have
shown that the vertical distribution of nitrate follows the same pattern as phosphate; thus nitrate concentration increases with depth till it reaches the maximum concentration at a depth of 200–500 m, then varies
depending upon the physical and chemical processes in the region. However, maximum nitrate concentration is encountered in shallower water in the southern part, becoming deeper in the northern part of the
Red Sea [Edwards, 1987].
As shown in Figure 13, the above observations are nicely reproduced by the model with a subsurface intrusion of nutrients at Bab el Mandeb during the summer and a subsequent transport to the north through
intermediate depths. Thus, the mechanism behind the south to north observed pattern is basically the
water exchange with the Gulf of Aden.
The simulated pattern of Chl-a concentrations is very interesting as it shows two contrasting pictures
between winter and summer (Figure 13, left and right). During summer, Chl-a is low with a well-developed
DCM and a clear south to north gradient. It has been observed [Weisse, 1989] that during the summer-
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Figure 13. Simulated Chl-a, Phosphate, and Nitrate cross section along Red Sea for (left) winter and (right) summer.

autumn stratiﬁcation period, Red Sea exhibits an oligotrophism characterized by a food chain composed of
very small phytoplankton cells and a microbial loop, both of which have a negative effect on energy transfer (carbon and nutrients) to the deeper water layers and the benthos. Model results show that during this
stratiﬁcation period, small cells dominate the euphotic zone, as concentrations of nutrients must be
recycled at a high rate. Therefore, cells of small size are competitively superior relative to larger cells. Furthermore, the microbial loop dominates the pelagic food web (DOC—bacteria—protozoa), and unicellular
organisms are responsible for most of the energy ﬂow and mineralization processes in the water column
restricting energy transfer to deeper layers. Picoplankton (0.2–2.0 l) is the dominant size fraction of the
simulated phytoplankton in agreement with observations [Gradinger et al., 1992].
In contrast, the simulated winter period is signiﬁcantly more productive and variable with local highs and
lows (Figure 13). Thus, the strong anticyclones operating at the central part around 18 N create oligotrophic
conditions in contrast to the northern part where the strong cyclonic system produces the observed more
productive conditions with a classic type food chain. As noted by Niemann et al. [2004], the northern Red
Sea undergoes periods of increased nutrient availability due to overturning, which may cause dramatic
changes in the productivity of the area. When this occurs, the entire system responds by shifting its food
web structure from the microbial type to the classic type, which generates larger sedimenting particles and,
therefore, increases energy transfer to the deeper water layers and the benthos. According to Longhurst
[2007], in winter, productivity is higher in the upper layers of the southern Red Sea. During this monsoon
period, diatom blooms occur and mesozooplankton biomass increases, attributed to the entrainment of
nutrients from below the thermocline due to wind-induced mixing and winter cooling [Morcos, 1970].
Although this higher productivity as evidenced by the Chl-a concentration is depicted in the simulations,
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the exact mechanisms are a bit more complex than those described by the above authors. Model results in
Figure 12 show that when the prevailing winds turn from north to south, although there is a small surface
input of nutrients into the Red Sea, the governing feature is the strong input of TOC (also at the surface). As
mentioned above, much of the phytoplankton input is expected to be ﬁltered by the extensive reef systems
on either side of the sea. However, signiﬁcant quantities manage to pass though the central deeper axis
and are transported to the northern parts. Thus, the Red Sea is enriched with organic matter of which phytoplankton is only a part.
In terms of zooplankton, the Red Sea is a net importer by the density-driven inﬂux in the south, though
many species of expatriated Indian Ocean species do not long survive the extreme conditions. It has been
suggested by Longhurst [2007] that this nitrogen ﬂux may partly balance the negative nitrate balance associated with the two-layered pattern of exchange at the entrance to the Red Sea. Obviously, zooplankton
diversity is attenuated northward, and in the extreme northern Red Sea relatively few oceanic species survive [Longhurst, 2007]. The phytoplankton, zooplankton, and ﬁsh fauna bear more similarity to the Indian
Ocean biota than to the Mediterranean Sea [Morcos, 1970]. Model results (not shown) produce a subsurface
inﬂux of all zooplankton groups at the Bab el Mandeb during the summer, with the larger animals being
fewer close to the entrance. In winter, although there is a stronger zooplankton ﬂux from the surface down
to the sill depth, the signal is very localized and does not extend away from the entrance. It is interesting to
note that in the summer, together with zooplankton, there is a strong POC subsurface ﬂux (not shown).
Thus the subsurface TOC input from the Gulf of Aden shown in Figure 12 is composed mainly of POC and
zooplankton and, considering that the latter remains active in the entrance area, it is the dead organic matter that is transported northward. During this transport, it slowly sinks while bacteria supporting a recycled
productivity metabolize it. Finally, equally important are the signiﬁcant quantities of dissolved organic matter (not shown), which enter the Red Sea in the summer and are actively transported to the northern parts
of the basin. Being an ideal substrate, DOC sustains substantial bacterial stocks below 100 m fueling the
microbial food web.

4. Conclusions
The ﬁnal report of the Arabian Marginal Seas and Gulfs Workshop that was held at the Stennis Space Center,
Miss. 11–13 May 1999 [Johns et al., 1999], stressed the importance of developing advanced modeling
atmospheric and marine capabilities to overcome the important historical data shortage in the region. The
work presented here is a signiﬁcant step in this direction, in which a state-of-the-art 3-D coupled physicalbiological model was developed to simulate and study the ecosystem functioning of the Red Sea. The
model uses the MIT general circulation model (MITgcm) to provide physical forcing to the European
Regional Ecosystem (ERSEM) model. The model outputs were evaluated with remotely sensed Chl-a and
few available in situ biological data, showing good agreement with the data and reproducing reasonably
well the ecosystem functioning of the Red Sea. Our analysis of the model outputs suggests that the variation of the Red Sea ecosystem parameters is mainly a consequence of the circulation patterns of the region,
illustrating the necessity for using 3-D coupled models for an effective simulation of the ecosystem in this
region. Our simulations support the hypothesis that the ecosystem dynamics of Red Sea are primarily driven
by the hydrodynamics and in particular by (a) the water exchange with the Gulf of Aden and (b) the winter
overturning at the northern part.
It must be mentioned, however, that Red Sea is a particularly complex system and although the fully
coupled lower trophic model that we used in this study is capable of providing valuable insight into the
governing mechanisms of the ecosystem, there is still a number of issues that could be explored to enhance
the model behavior, toward which future modeling efforts should be directed:
1. The ﬁrst one is related to the extended reef system in the Southern Red Sea, which forms a unique habitat including signiﬁcantly different processes from those described and parameterized in the model. As
noted by Weikert [1987], the plankton of coral reefs interacts within an ecosystem radically different from
that of the open ocean. The reef environment is itself the product of growth of living photosynthetic organisms, principally the corals and their symbiotic zooxanthellae and various types of calcareous algae. Thus,
the benthos is itself a primary producer, not merely a consumer at second or third hand as in the ocean,
while phytoplankton plays only a secondary role in primary production. In shallow and well-lit waters,
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model phytoplankton, although it sinks to the bottom, continues to photosynthesize, reproducing in a way
the conditions of a shallow reef system. However, a signiﬁcant difference lies in the role of zooplankton
where, unlike the open ocean and the model, it holds a key position in the food chain, on the reef its role is
less signiﬁcant but more complex. It feeds on mucus rich in bacteria, dead organic matter released by the
corals, small phytoplankton and zooplankton and is heavily preyed on by planktivorous corals. The role of
reef systems as a mesh entrapping organic matter, creating living hot spots in conjunction with the transport from the Gulf of Aden explains their location in the Red Sea.
2. Second, atmospheric deposition is known to be an important source of nutrients for the marine environment and although the exact nutrient dynamics and the fate of atmospheric-deposited nutrients in the sea
are not sufﬁciently understood, modeling studies in the Eastern Mediterranean have shown that the atmospheric deposition of N and P can affect the DIN/DIP ratio in the upper seawater layer by 48–55% with maximum effect in September. Consequently, this leads to increases in the primary production from 1% to 35%
depending on the season [Christodoulaki et al., 2013]. Considering that the Red Sea is surrounded by easily
air-borne soils, one would expect particularly high atmospheric deposition ﬂuxes throughout the year. Incubation experiments in the northern part of the Red Sea have shown that although atmospheric aerosol deposition is an important source of nutrients and trace metals that can enhance ocean productivity and
carbon sequestration, the response of phytoplankton growth to aerosol additions depends on speciﬁc components in aerosols, and differs across phytoplankton species [Paytan et al., 2009]. Thus, not all aerosols
stimulate growth, and they can even have the opposite effects by reducing phytoplankton due to copper
toxicity. Although the ecosystem model applied in the Red Sea can incorporate the mechanism of atmospheric deposition, the absence of in situ measurements does not allow its use at this stage. Model runs
implementing various atmospheric deposition scenarios is one of our main research tasks in the future.
3. As has been stressed throughout this paper, the exchange processes with the Gulf of Aden are of paramount importance for the entire Red Sea ecosystem. Detailed in situ data from the southern boundary are
thus very important for obtaining a precise representation. Unfortunately, oceanographic studies in the Gulf
of Aden are very few. Scientiﬁc efforts must be directed toward this through the implementation of an
advanced monitoring system for the region.
This model provides the scientiﬁc and technological background toward the construction of an operational
forecast model for the marine ecosystem and an expert system, which can link the model with our knowledge and experience of the environment. It can therefore make a fundamental contribution to the strategic
management of coastal waters where decision support systems are urgently required. Furthermore, model
interannual hindcast simulations with the implementation of a data assimilation system for both the hydrodynamic and the biogeochemical model of the Red Sea will enable us to assess the potential of the modeling system to predict short-term and long-term changes in the marine ecosystem structure. To achieve
predictive capabilities, ecosystem models need to be updated with biophysical data at relevant space-time
scales. Ongoing and future research includes the application of advanced assimilation schemes for most
accurate interannual simulations of the Red Sea ecosystem. Every method of observation including in situ,
satellite, and models has acknowledged weaknesses as they might lack adequate information in space,
time, and/or depth. Only a combination of all of the above would allow for a better understanding of this
unique and fragile ecosystem.
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