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Abstract

The Gulf of Suez, Northern Islands protected area, and Hurghada zone are experiencing mega developments in all sectors
including tourism, industry, and logistics. The need for moderately accurate near-shore hydrodynamic models is increas-
ing to support the sustainable development of this oceanic area. This can be accomplished by following a nesting approach
including the downscaling of global atmospheric and oceanic models into local models using higher resolution datasets. This
work aims to present the development of a one-way coupling between atmospheric and hydrodynamic models for the Gulf of
Suez (GOS) to understand the local oceanic characteristics and processes. The Regional Climate Model system (RegCM4)
is used to simulate moderate resolution atmospheric features and its results are used to force a local dedicated application
of Delft3D model. The results indicate that the predicted water level, water temperature, and evaporation accurately follow
in situ measurements, remotely sensed data, and re-analysis data. The results suggest that the annual sea surface temperature
is averaged at 23 °C, while the annual average of evaporation rates equals 8.02 mm/day. The study suggests that the water
level displays a marked seasonal and spatial variation. Moreover, the water balance in the Gulf of Suez was controlled by
the difference between inflows and outflows through the Straits of Gubal and by the net precipitation. In addition, the water
balance indicated a net loss of approximately 3.9 x 10~ m of water during 2013. Moreover, the exchange through the Straits
of Gubal showed a two-way exchange with a net inflow of 0.0007 Sv, where the outflow dominated in the surface layer along
the western coast and the inflow dominated in the lower layers along the middle of the Straits. To conclude, the one-way
coupling modeling technique proved to be a reliable tool for studying local features of the GOS region.
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1 Introduction

The GOS, which extends about 300 km from Port Suez in
the north to Shadwan Island in the south, is connected to
B< Ahmed Eladawy the northwestern Red Sea through the Straits of Gubal and

ahmed.eladawy @ejust.edu.eg to the Mediterranean Sea through the artificial Suez Canal
(Fig. 1). The GOS is a semi-enclosed shallow basin with an
average depth of 40 m, bounded by the Sinai Peninsula on
the east and the eastern desert of Egypt on the west with a
total surface area of about 10,510 km2. The GOS, includ-
ing Northern Islands protected area and Hurghada zone, is
experiencing mega developments in all sectors, including
tourism, industry, ports, and logistics. Moreover, the GOS
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Fig. 1 Geographical location of the Gulf of Suez (left) together with the bathymetric map of the study area. Zoomed area is high resolution
(30 m) Landsat 8 imagery-based bathymetric GIS data package for the shallower areas through the Straits of Gubal

South Asia. In addition, the GOS has a wide diversity of
coral reefs and an excellent underwater aquatic life (Barakat
et al. 2002), increasing its economic importance.

High shipping traffic and pollution through oil refin-
eries, oil spill power stations, and domestic drainage
(Hamed and Emara 2006) in the study area together with
limited scientific literature and lack of ocean measure-
ments recently boost the interest of oceanographers to start
modeling the oceanic characteristics of the GOS. Some
earlier relevant studies focusing on the local oceanic fea-
tures are available, but are limited in the understanding
and characterization of this area. As a part of the Northern
Red Sea weather system, the sea level pressure patterns
over the NRS showed a smooth pattern which decreased
the wind speed (Eladawy et al. 2017). The sea level pres-
sure decreased from its higher values over the Levantine
Basin (southeastern basin of the Mediterranean Sea) to
its minimum values to the Gulf of Aden to the south.
The surface wind was roughly parallel to the isobars in a
clockwise direction around high pressure. This indicates
that the geostrophic wind direction over the NRS blew
towards the southeast and was parallel to the Red Sea’s
axis (Abualnaja et al. 2015; Papadopoulos et al. 2013).
The local tidal characteristics were considered by Rasul
and Stewart (2015) who found that the tide in GOS is
mainly diurnal, with a tidal range of 60 cm at the Straits
of Gubal. Morcos (1970) studied the local evaporation,
finding that the loss of water from the gulf system largely
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exceeds the combined gains from precipitation and runoff
(through flash floods). Based on a previous application of
Delft3D modeling system, Madah et al. (2015) stated that
the Red Sea, in general, is characterized by a weak tidal
current except at the Strait of Bab-el-Mandeb and Gulf of
Suez. According to Maillard (1974), Wyrtki (1974), Mail-
lard and Soliman (1986), Cember (1988), and Woelk and
Quadfasel (1996), the primary source of the Red Sea Deep
Water (RSDW) is the Suez Gulf with an annual formation
rate of about 0.04 Sv. The relatively low water tempera-
ture and continuous evaporation in the GOS lead to the
formation of dense water that turn under and is returned
southward initiating the RSDW. Generally, the prevail-
ing wind direction (NW) over the Gulf of Suez enhances
the surface outflow during winter (September—June) as
described by Al Gain et al. (1987). These findings run
counter Rady et al. (2000) results. These authors applied
a three-dimensional non-linear hydrodynamic numerical
model to show that the GOS is characterized by a typical
(quasi) baroclinic two-layered inverse-estuarine circula-
tion; the surface (lower) currents flow in the northwest
(southeast) direction. Moreover, they also stated that the
deep outflow from the GOS to the Red Sea is estimated
to be 0.058 Sv, most markedly during winter. Generally,
there is a lack of long-term observations at the GOS (Tow-
ers 2015), which results in uncertainties on the studies
performed until now about the GOS circulation. The one-
way coupling model technique’s application can contribute
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to overlap these limitations and help to understand the
exchange patterns through the Straits of Gubal, which is
the main aim of the present work.

Many oceanographers actually use the two-way coupling
between atmospheric and ocean models to simulate local
oceanic features (Bye 1996; Woolnough et al. 2007; Wat-
terson and Syktus 2006). However, the one-way coupled
ocean model (forced by the atmosphere model) also proved
to be a relevant tool to study ocean characteristics, and in
some cases, gives better results than the two-way coupling
technique (Licer et al. 2016). Many other oceanographic
modelers use 3D oceanic models as standalone models
forced by an atmospheric component to model local oce-
anic characteristics [e.g., MITgem (Adcroft et al. 2014; Yao
et al. 2014), HYCOM (Bower 2002; Chassignet et al. 2007),
ROMS (Shchepetkin and McWilliams 2005), and Delft3D
(Hydraulics 2011)]. Other oceanic modelers directly model
the oceanic characteristics forced by re-analyzed data as a
relevant way to shape the general features of the ocean (Cal-
manti et al. 2006; Shaltout and Omstedt 2015).

Considering the increasing need for a solid understanding
of the Gulf of Suez (GOS) circulation patterns, the develop-
ment of an accurate hydrodynamic model for this region is
of utmost relevance. Therefore, in this work, the first appli-
cation of an atmospheric-ocean regional climate model for
the Gulf of Suez is presented. This uses a one-way coupled
ocean model technique, where the Delft3D oceanic model is
forced by the RegCM4 atmospheric regional climate model
to understand the oceanic physical characteristics of the
GOS over the year 2013. The model simulations are vali-
dated and the main conclusions are drawn using independent
oceanographic databases.

In detail, this work aims to (1) examine the physical char-
acteristics of GOS including water levels, water temperature,
and evaporation, (2) explore the water balance of the GOS,
(3) study the exchange characteristics between the GOS
and Northern Red Sea through the Straits of Gubal, and (4)
describe the depth-averaged circulation of GOS.

2 Data and Methodology
2.1 Data Used

The data used here to assess the water and heat balances as
well as GOS general circulation include:
Data used for RegCM4

1. Data on air temperature (7), geopotential height (hgt),
relative humidity (RH), and two wind components (U
and V) at 27 different pressure levels were extracted
from the European Centre for Medium-Range Weather
Forecasts (ECMWF; http://data.ecmwf.int/data/) with

a 3-h temporal resolution and a spatial resolution of
0.75°%0.75° (ERA-Interim).

Surface topography data (GTOPO30) and surface land
use datasets of 12 km spatial distribution. These datasets
were obtained from the ICTP RegCM4 database (http://
users.ictp.it/~pubregcm/RegCM4/globedat.htm#part?).
Sea surface temperature (ERSST) with 0.75° % 0.75°
spatial resolution and 6-h temporal resolution were
extracted from ICTP RegCM4 database http://users.ictp.
it/~pubregcm/RegCM4/globedat.htm#part5

Data used for Delft3D-FLOW

Data on sky cloudiness, net downward shortwave, sur-
face air temperature, surface wind components, and
air pressure were obtained from the current result of
RegCM4 simulation.

Bathymetric map of the GOS extracted from the EMOD-
net digital terrain model (DTM) that was created with a
resolution of about 230 m (http://portal.emodnet-bathy
metry.eu/help/help.html).

High resolution (30 m) Landsat 8 imagery-based
bathymetric GIS data package for the shallower areas
of Northern Islands and Hurghada area was purchased
from TCarta Marine Bathymetry GIS. The data are com-
bined with nautical charts. In addition, a 1:20,000 scale
shoreline was provided (http://www.tcarta.com/home/
landsat-derived-bathymetry/).

Tidal conditions south to the open boundary were
obtained from TPXO 7.2 global inverse tide model via
Delft Dashboard GUI (http://volkov.oce.orst.edu/tides/
global.html)

Depth-time varying profiles for salinity and water tem-
perature south to the open boundary were obtained from
HYCOM model results (https://hycom.org/dataserver/).

Data used for validation

Hourly measured data of 2 m air temperature, air
pressure, cloud cover, and surface wind components
over Suez (29°58.040'N, 32°33.012'E), and Safaga
(26°46.523'N, 33°56.417'E) were used to verify the
RegCM4 simulations.

Remotely sensed daily ocean wind data were extracted
freely from the Advanced Scatterometer (ASCAT)’s
wind maps (Bentamy and Fillon 2012), (ftp://ftp.ifre-
mer.fr/ifremer/cersat/products/gridded/MWEF/L3/). The
ASCAT data were processed by the National Oceanic
and Atmospheric Administration (NOAA) which utilizes
measurements from ASCAT aboard the EUMETSAT
METOP satellite on the C-band (Chang et al. 2015).
These data have a spatial resolution of 0.25° in longitude
and latitude.
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3. Hourly water levels observed at two stations [Shadwan
Island (27.471°N, 34.012°E) and Zafarana locations
(29.036°N, 32.687°E)] are used to examine the repre-
sentative water levels in the coastal areas. These data are
available through Delft Dashboard (https://publicwiki
.deltares.nl/display/DDB).

4. Gridded daily AVHRR data (version 2) with a 0.25° spa-
tial resolution for 2013 (http://www.ncdc.noaa.gov/oa/
climate/research/sst/griddata.php) was used to examine
the predicted sea surface temperature accuracy.

5. A 3-D profile of water temperature was obtained from
the World Ocean Atlas 2013 version 2 (hereafter, WOA
2013) to verify the 3-D simulation of water temperature
(https://www.nodc.noaa.gov/OC5/woal3/).

2.2 One-Way Coupling System (Delft_Reg_G0S.0.1)
2.2.1 Atmospheric Modeling (RegCM4)

RegCM is a regional climate model developed for long-term
regional climate simulations (Giorgi et al. 2012). RegCM4
(the version which is used in the present study) gives better
flexibility, portability, and user-friendliness than the previ-
ous generation RegCM3. RegCM4 is an effective tool for
downscaling of atmospheric/climate characteristics over a
wide range of spatial area (Giorgi and Mearns 1999; Giorgi
2006; Qian 2008; Qian et al. 2010).

RegCM4 is a hydrostatic and compressible model that
uses sigma-P vertical coordinates together with the dynamic
core of MMS5 (Grell et al. 1994). The current version of
RegCM4 employs: (1) the radiative transfer scheme of the
global model CCM3 (Kiehl et al. 1996) for calculating
the radiative transfer, (2) Holtslag scheme (Holtslag et al.
1990) to describe the planetary boundary layer, (3) Grell
scheme (Grell 1993) for representing cumulus convection,
(4) SUBEX scheme (Pal et al. 2000) as a resolved scale pre-
cipitation, (5) the Biosphere—Atmosphere Transfer Scheme
(Dickinson et al. 1993) to describe land surface processes,
and (6) the Zeng scheme (Zeng et al. 1998) to describe ocean
fluxes (for more details see Giorgi and Anyah 2012).

The atmospheric simulations are conducted over a
domain (26°-31°N, 31°-35°E) encompassing the GOS, the
surrounding area, and the buffer zone. This simulation is
performed using a spatial resolution of 12 km and 18 sigma-
P vertical levels for 2 years (2012-2013). The results of the
first year (2012) are used as spin-up; the year 2013 is cou-
pled with Delft3D.

2.2.2 Hydrodynamic Ocean Modeling (Delft3D-FLOW)
The Delft3D-FLOW model is widely used as a hydro-envi-

ronmental tool to perform oceanic studies across the globe.
As an example, a three-dimensional hydro-environmental
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model of the Arabian Gulf (AG) was developed based on
the Delft3D-FLOW model and Delft3D-WAQ model (Poka-
vanich et al. 2014). This model was also applied by van den
Heuvel (2010) to study the impact of the diversion scenar-
ios on salinity (gradients) on Pontchartrain Basin. Another
application was developed to assess the large-scale water
temperature cycle of the South China Sea considering sig-
nificant spatial and temporal scales (Twigt 2006).

Delft3D is an open source model that is world-renowned,
which can be used in two- and three-dimensional modeling
modes to investigate hydrodynamics, sediment transport,
morphology, and water quality. Delft3D-FLOW is the
hydrodynamic module that solves the unsteady non-linear
shallow-water equations in three dimensions with a hydro-
static assumption resulting from tidal and meteorological
forcing on a curvilinear, boundary-fitted grid. The model
includes: tidal forcing, Coriolis forces, density-driven flow
(pressure gradient terms in the momentum equations), an
advection—diffusion solver to compute density gradients with
an optional facility to treat very sharp gradients in the verti-
cal space and time, varying wind and atmospheric pressure,
advanced turbulence models to account for the vertical tur-
bulent viscosity and diffusivity based on the eddy viscosity
concept (Roberts et al. 2015).

Delft3D-FLOW model equations are solved by applying
sigma layering vertically, and in this study, the model runs in
the 3D mode (Hydraulics 2006, 2011). The Delft3D-FLOW
hydrodynamic model was implemented to simulate the water
levels and current’s field in the GOS. The model domain has
a horizontal resolution of 1.1 km and 15 vertical sigma lay-
ers expanding from the surface to bottom. Delft3D-FLOW
model was forced at the open boundary (Fig. 2) using the
HYCOM results for daily profiles of water temperature and
salinity. Moreover, tidal conditions at the open boundaries
are extracted from the Topex dataset (TPXO 7.2) which
contains data on 13 tidal constituents on a global 0.25° grid
(Egbert and Erofeeva 2002; Egbert et al. 1994). In addition,
atmospheric forcing [such as wind at 10 m (U10 and V10),
air temperature at 2 m (72 m), relative humidity (rh), cloud
cover (tcc), total precipitation (Tp), and sea level pressure
(SLP)] are taken via the one-way coupling with the devel-
oped RegCM4 model outputs in hourly basis. The initial
conditions of GOS (initial profiles of water temperature and
salinity) are taken on January 1 2012 from HYCOM results.
Linear interpolation is used to coincide with the vertical
levels from HYCOM results and Delft3D-FLOW. Wind drag
coefficients are calculated linearly from 0.00063 to 0.0027
at wind speeds of 0 and 25 m/s, respectively. The turbulence
model chosen for the current study is the k—€ 3D-turbu-
lence closure (Hydraulics 2014). Manning coefficient was
set to 0.02 (s/m'”*) and was used for the calculations of the
constant bottom roughness friction coefficient. Two differ-
ent heat flux schemes are available within Delft3D-FLOW
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Fig.2 The grid of the RegCM4 simulation (left) together with Delft 3D grid including the location of the oceanic open boundary (right). The
bathymetry and digital elevation model (DEM) data are included in meters

model: Murakami scheme (Murakami et al. 1985) and the
ocean model scheme (Lane 1989). These two schemes were
tested, and the most efficient in describing the heat flux daily
cycle over GOS was found to be the ocean model which was
then used in the current study.

The present version of the one-way coupling between
RegCM4 and Delft3D-FLOW (hereafter, Delft_Reg_
GOS.0.1) runs to simulate heat and water balances
together with the current field of GOS over the years
2012-2013 (2012 is considered as the spin-up year).
The coupling frequency is 1 h, and the study area was

(a) Months of the year 2013
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 |

20

expanded south of the Straits of Gubal to provide a relaxa-
tion area between open boundary conditions and GOS.
The exchange through the Suez Canal is neglected as it is
considered much smaller than the exchange through the
Straits of Gubal. Thus, the only open boundary conditions
are at the south of the straights of Gubal (Fig. 2), where
3-h HYCOM vertical water temperature and salinity pro-
files along six segment sections well-distributed along the
open boundary were imposed (Fig. 3). Table 1 shows the
spatial average tidal constituents that were applied at the
open boundary segments. Finally, the Delft_Reg_GOS.0.1
model framework is illustrated in Fig. 4.
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Fig.3 Sample of the applied depth varying conditions for daily water temperature (a) and salinity (b) used at one point (27.419°N, 34.116°E) of
the open boundary segments of the model for the entire year 2013
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Table 1 Tidal constituents imposed at the open boundary segments

Constituents M2 S2 N2 K2 K1 (02} P1 Ql MF MM M4 MS4 MN4
Amplitude (1072 xm) 24.5 5.52 8.14 246 252 0.771 0.153 0.750  0.468 0.244 0317 0.099 0.033
Phase (°) 121 141 95.4 143 127 119 90.3 197 131 98.1 135 50.7 258
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3 Results and Discussion
3.1 RegCM4
3.1.1 RegCM4 Verification

RegCM4 results were compared with the available obser-
vations and remotely sensed data to check the accuracy of
its simulations over the years 2013-2014. The observed
atmospheric data are available for two cities: Suez and
Safaga (Fig. 1). RegCM4’s hourly predictions of 72 m
reproduce well the observed values over both stations and
demonstrate considerable skill in reproducing the drops in
T2 m values (e.g., during the middle of December 2013)
as seen in Fig. 5. RegCM4 underestimated hourly 72 m
by 0.13 °C over Suez (significant correlation coefficient,
R =0.89) while over Safaga an overestimation of 0.93 °C
was found (significant correlation coefficient, R=0.92).
The two points used for the model verification are close
to the seaside, where the SST's have more pronounced con-
trols on climate. In addition, the slight discrepancies found
may be due to the difference between the heights from the
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ground where the parameters are measured and the heights
where the model predictions were extracted.

Another test performed to assess the accuracy of RegCM4
model’s surface wind predictions of the over GOS consid-
ered the comparison between hourly model predictions and
measured surface wind over Suez and Safaga stations. There
is a reasonable agreement between the RegCM4 predictions
and observed surface wind (Fig. 6). Moreover, RegCM4’s
daily surface wind predictions show better accuracy than
the remotely sensed ASCAT for the surface wind over Suez
and Safaga stations. This indicates that the RegCM4 results
are the best alternative to be used in the one-way atmos-
pheric-hydrodynamic coupled model with Delft3D, given
the excellent spatial and temporal availability provided for
the study area.

3.1.2 RegCM4 Results

The results of RegCM4 output including 72 m, rh, SLP,
U10, V10, Tp, and TCC are shown in this section (Fig. 7).
The annual average 72 m over GOS ranged from 21 °C to
27 °C (Fig. 7a). T2 m increased southward, partly due to the
effect of surface wind regime, surface thermohaline cyclonic
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Fig. 5 Hourly measured and predicted surface air temperature (°C) at two stations (Suez (a) Safaga (b)) using RegCM4 model over 2013-2014

circulation, and the total heat loss from the atmosphere. The
annual average rh (Fig. 7b) ranged from 30 to 50%. The
maximum rh values occurred over the north GOS. However,
the minimum value occurred over the southwestern area of
the GOS. In addition, the annual average SLP ranged from
1013 mb (most markedly over the northwestern part of the
GOS) to 1010 mb (most markedly over the southeastern
part of the GOS); this partly indicates that the southwestern
winds are dominant over the GOS. The smooth distribution
of SLP indicates that the GOS is described with the weaker
wind. The annual prevailing wind direction over the GOS
(Fig. 7d) blows to a southeastern direction parallel to the
Red Sea axis, partly due to the effect of mountains along the
coastal areas. Moreover, the annual average wind speed over
GOS is described by weaker wind speed ranging from 3 to
7 m/s, partly due to the smooth sea level pressure over GOS
and the surrounding areas. Generally, the Tp range shows its
maximum values (0.14 mm/day) over the northeastern GOS
(Fig. 7e), indicating that the GOS is a dry region. The TCC
pattern follows the Tp pattern well (Fig. 7f). The annual
TCC ranges from 10 to 17%, corroborating the previous

results that show GOS is characterized by a warm and
drought atmosphere.

3.2 One-Way Coupling System (Delft_Reg_GO0S.0.1)
3.2.1 Delft_Reg_GO0S.0.1 Validation and Sensitivity

The Delft_Reg_GOS.0.1 model results were first examined
by comparing predicted and measured water levels at two
stations near Shadwan Island and Zafarana stations (Fig. 8).
The predicted hourly water level reproduces the observa-
tions in the case of the Shadwan station, but there is a slight
difference between water levels in the Ras Gharib station.
The normalized root-mean-square-error (NRMSE) between
predicted and observed water level was 7.53 and 12.81%
at Shadwan and Zafarana stations, respectively. The model
coarse resolution may introduce some local inaccuracies that
make the predictions differ from actual tidal amplitude.

In addition, Delft_Reg_GOS.0.1 shows lower SST esti-
mates of about 0.5 °C in comparison with Gridded daily
AVHRR SST, most (less) markedly along southern and
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Fig.6 Annual wind roses (wind speeds are in m/s) based on measured data (hourly), RegCM4 predictions (hourly), and ASCAT (daily) at Suez

(a), and Safaga (b), over 2013-2014

western (northern) coast of GOS as seen in Fig. 9. Gener-
ally, Delft_Reg_GOS.0.1 SST shows seasonally lower esti-
mate ranges from 0.1 °C during winter to 0.86 °C during
summer. Generally, Delft_Reg_GOS.0.1 and AVHRR SST
describe significant seasonal correlations ranging between
0.5 during winter and 0.94 during spring, with a signifi-
cant annual correlation of 0.93 (n=365; data not shown).
Figure 10 presents the time series of predicted and WOA
2013 water temperature profile data for a station located
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south of the Straits of Gubal (34.1°E, 27.6°N) which rep-
resents the buffer zone. It can be concluded that the water
temperature profile over the buffer zone is reasonably
simulated by Delft_Reg_GOS.0.1, partly confirming that
the k—€ 3D-turbulence and mixed scheme adopted in this
simulation works reasonably well in this model implemen-
tation. Due to the lack of information of WOA 2013 inside
the GOS, water temperature profile verification was done
only over the buffer zone.
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Fig.7 Averaged annual (2013-2014) air temperature (°C) (a), relative humidity (%) (b), ¢ wind streamlines, d sea level pressure (mbar) (e),
annual average precipitation (mm/day) (e), and average annual total coverage (f) based on the hourly predictions of the RegCM4 model

To evaluate the modeling approach, the evaporation
over GOS was simulated using the Delft_Reg_GOS.0.1,
and its predictions were compared with ERA-Interim
database. The comparison indicates a close annual cor-
relation (R=0.7, n=365) with the predicted evapora-
tion deviating approximately 25% from the ERA-Interim
database value (data not shown), partly due to the coarse
resolution of ERA-Interim (this database was calculated
with 0.75° % 0.75° resolution and then downscaled to
0.125°x0.125°° resolution using bilinear interpolation).
This indicates that Delft_Reg_GOS.0.1 constitutes a

reliable tool to study the evaporation within narrow ocean
domains (e.g., GOS).

To analyze the sensitivity of the Delft_Reg_GOS.0.1
model to changes in lateral boundary conditions and atmos-
pheric forcing, two sensitivity runs were performed by add-
ing + 1 °C to the vertical water temperature profiles at the
lateral boundaries. Two additional sensitivity runs were
carried out by adding+ 1 °C to the forcing 72 m (data not
shown). It can be concluded that changes in vertical tem-
perature profiles by 1(— 1) °C modified the bias in GOS
surface water temperature by 0.6(—1.1) °C especially near
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Fig.8 Observed and predicted water level at Shadwan and Ras Gharib stations

the Straits of Gubal. Moreover, changing the forcing 72 m
by 1(— 1) °C modified the bias in GOS surface water tem-
perature by 0.65(—1.12) °C similarly all over the study
area. These results indicate that the surface heating near
the Straits of Gubal is dominated by the exchange through
the Straits of Gubal rather than by the atmospheric forcing,
while over the central and northern GOS the atmospheric
forcing dominates the exchange process.

3.2.2 Spatial Distribution

Water level over the GOS shows average annual values of
— 1.4xx 10> +0.02 m over mean sea level with significant
seasonal variations ranging from — 6.7 x 10>+0.02 m during
winter to 4.3 x 10% +0.02 m during summer (Fig. 11), partly
due to the water balance of GOS. Water level increased from
south to north over GOS and exhibited significant annual
spatial ranges from —6x 107> t0 0.5x 107> m.

The spatial distribution of predicted SST and vertical
profiles of water temperature was also studied. GOS SST
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averaged annual values of 23 +0.86 °C were found, with
marked seasonal variations ranging from 25.78 +0.56 °C
for summer average to 20.37 + 1.85 °C for winter average
(Fig. 12). The SST distributions show a meridional pattern
increasing from north to south, partly due to total heat loss to
the atmosphere. The only exception is during summer when
SST over the central GOS is much warmer than at southern
and northern GOS, partly due to the effect of surface 72 m.
It is clear that the southern part of GOS is highly affected
by the water input from the Red Sea, while the northern and
central GOS are profoundly affected by the forcing process
(as mentioned before on the sensitivity runs).

To examine the GOS stratification conditions and 3-D
temperature structure, time series of average spatial water
temperature at different depths (0, 30, and 75 m) are shown
in Fig. 13. The surface layer is subjected to higher vari-
ance in values compared with other values, partly due to the
effect of atmospheric conditions. During winter and autumn,
the stratification is very low (the difference between the
upper and bottom layer is generally less than 0.5 °C) while
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Fig.9 Annual bias between Delft_Reg_GOS.0.1 and AVHRR SST
over the Gulf of Suez

it is significant during summer and spring (the difference

between the upper and bottom layer exceeds 1.5 °C).
Evaporation rate over GOS was also analyzed and

averaged annual values of —8.02 +0.97 mm/day were

Month LON, LAT (33.97, 27.64)

Jan Feb  Mar Apr  May Jun Jul Aug Sep Oct Nov  Dec
0 T

Depth [m]
E s =

~
S
I

26.27

2547
2467
2387
23.06
2206

found, with marked seasonal variations ranging from
—7.4+1.17 mm/day during winter to —8.56+1.11 mm/
day during summer (Fig. 14). The annual evaporation rate
of 8 mm/day induces 2.8 m water loss of GOS during 1 year.
This water loss must be balanced by the net water flowing to
GOS, precipitation rates, and water level changes as follow:

on
Sor
where A, is the GOS surface area (=7948.872x10° m?), g
is the change in sea level with time, Q;, (Q,,,) is the inflow
(outflow) water throw the Straits of Gubal, and Q; the river
discharge to the basin (=0 over GOS).

It is clear that the water balance in GOS is controlled by
the water exchange through the Straits of Gubal (Q;, and
0,0 and by net precipitation, i.e., the difference between
the precipitation and evaporation rates. The various water
balance components, except precipitation, are modeled using
the Delft_Reg_GOS.0.1. The described exchange through
the Straits of Gubal (data not shown) reveals an annual
average inflow of 0.1617 Sv and an annual average outflow
of 0.1610 Sv. Moreover, Table 2 shows the estimated sea-
sonal and annual mean of the difference between inflow and
outflow (hereafter Q,) and the net precipitation flow, i.e.,
A(P—-E).

A = Qi — Ouu +A,(Tp — Evaporation) + O,

3.2.3 Exchange Characteristics Through Straits of Gubal
and Depth-Averaged Circulation

3.2.3.1 Exchange Through the Straits of Gubal Figure 15
depicts the most important water route systems between the
Gulf of Suez and the Red Sea through the Straits of Gubal.
These routes show a significant change from layer to layer.
Over the upper four layers, the direction of the flow shows
a marked outflow to the Red Sea, in particular through the

Month
Jmo B Mar A May Jmo Wl A Sy Ot No D

e
=
L

Depth [M]
=

150

Fig. 10 Time series of modeled (left panel) and World Ocean Atlas 2013 (right panel) water temperature profiles at a model station (27.6°N,

34.1°E) south of the Straits of Gubal
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Fig. 11 Spatial distribution of
averaged seasonal water level
over 2013
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western side of the Straits of Gubal. From layer 5 to layer
10, the western outflow is still significant, but with lower
speeds compared to the upper four layers. Moreover, a
reversed inflow route started to develop along the middle
of the Straits of Gubal and associated with well-defined
cyclonic eddies over the southeastern side of the GOS. From
layer 10 to the bottom, the outflow system becomes domi-
nant over the inflow system.

@ Springer

N

Winter average water level (m)

34.0°E

34.0°E

-0.05 0 0.05
.

Spring average water level (m)

0.05

29.0°N

28.0°N

33.0°E 34.0°E

-0.05 0 0.05
.

Autumn average water level (m)

0.05

29.0°N

28.0°N

33.0°E

3.2.3.2 Depth-Averaged Circulation over the Gulf
of Suez The depth-averaged velocity shows significant sea-
sonal variations (Fig. 16) reaching maximum velocities dur-
ing the springtime along the western coast. Figure 16 con-
firms the dominant western current (always moving towards
south) through the shallower coastal parts, while there are
some well-formed eddies with northward net transport over
the middle of the Gulf through most of the year.
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Fig. 12 Spatial distribution of
averaged seasonal SST (°C)
over 2013

During winter, the depth-averaged current ranged from
calm to 0.2 m/s. The maximum winter depth-averaged
velocity occurred over the cyclonic gyre which is located
over the southeastern entrance of GOS (Fig. 16a). Dur-
ing spring, a dominant current (moving northward) starts
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to develop along the middle part of the GOS with the
enhanced western direction (moving southward). In addi-
tion, the cyclonic gyre at the southwestern entrance of
the GOS is migrating south simultaneously with the gen-
eration of a well-formed anti-cyclonic gyre to the north
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(Fig. 16b). During summer, the gyre system located south-
western to the entrance of the GOS has three gyres. In
addition, the western current (moves southward) becomes
less significant. During autumn, the gyre system located
southwestern to the entrance of the GOS integrates two
anti-cyclonic gyres associated with the cyclonic gyre.
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4 Summary and Conclusion

The modeling system presented here mainly depends
on the one-way coupling from the atmospheric model
(RegCM 4) to force the near-shore hydrodynamic models
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Table2 Modeled seasonal and annual mean water balance of the
Gulf of Suez over 2013

A, (Tp-evaporation) Qo(= Oy, — Qo) A%

S ot
[10°m? s
Winter —0.00066 0.00099 0.00034
Spring —0.00070 0.00027 —0.00043
Summer  —0.00075 0.00083 0.00008
Autumn  —0.00073 0.00069 —0.00004
Annual —0.00071 0.00070 —0.00001

(Delft3D) via the connection between atmospheric condi-
tions over the GOS Basin and its local oceanic features
during 2013.

The individual terms of the water level, water tempera-
ture, evaporation, and water balances were analyzed together
with the exchange through the Straits of Gubal and depth-
averaged circulation. Delft_Reg_GOS.0.1 predictions well-
follow the observations and the results showed strong sea-
sonal variations in all the studied components.

Using HYCOM modeling results across the open bound-
ary, together with the parametrization of the initial condition
and the buffer zone to the south of the GOS, the exchanges
through the Straits of Gubal were realistically predicted.
The calculated net water flow (0.00070 x 10° m? s™!) to the
GOS was in dynamical balance with the net precipitation
rates (—0.00071 x 106 m> s71), resulting in a total loss of
water level over the GOS of approximately 3.9 107> m.
Generally, the Delft_Reg_GOS.0.1 model calculations of the
outflow through the Strait of Gubal (0.1610 Sv) support the
previous finding by Rady et al. (2000) and Maillard (1972).

Water level annual spatial variations show a range of
6.5% 1072 m and gradually decrease from south to north
over the GOS, in counter to the dominant wind direction,
anticipating a complex water circulation over the GOS.

Surface water temperature decreases gradually from south
to north over the GOS, showing a spatial variation range of
5.2 °C. According to the four sensitivity runs performed,

the warming process near the Straits of Gubal depends on
warm-water advection from the Northern Red Sea, while the
mixing induced by atmospheric conditions is responsible for
the heating over the central and northern GOS. This runs in
counter to the adjacent basin, the Gulf of Aqaba (Biton and
Gildor 2011), where the input from the Red Sea induces
the heating overall in the Aqaba Gulf. This different behav-
ior between the two adjacent gulfs can be explained by the
deeper depth of Aqaba Gulf compared to GOS. Over the
GOS (shallow area), the combined effect of heat flux and
wind speed controls the process of stratification. The layers
are well-mixed during winter and spring seasons and strati-
fication is generated at low wind speeds and high surface
heat flux (summer time).

The GOS circulations are characterized by a complex
system integrating: (1) western current (moved to south),
(2) gyre system over the southeastern part of the study area
(including two gyres: one anti-cyclonic and other cyclonic),
and (3) some eddies along the middle GOS, with net north
water movements. This complex system with net surface
outflow confirms the previous findings of the surface heat-
ing effect over the central and northern GOS which signifi-
cantly depends on the mixing process with the atmosphere.
Due to the lack of observations and scientific literature, the
model predictions about the local circulations could not be
validated.

Finally, the Delft_Reg_GOS.0.1 model proved to be a
promising tool to predict and study the environmental issues
over the GOS (e.g., frequent oil spill events, biogeochemical
cycle, etc.). Long-term features of the GOS Basin merit our
consideration and will be discussed in the future. Moreover,
two-way coupling merits our interest and will be applied in
the upcoming modeling version.

Moreover, the current research highlighted the need for
more local field measurements, such as CTD measurements
in the Gulf of Suez to further validate the model. System-
atic monitoring of the Gulf of Suez mouth is essential to
understand its response to atmospheric forcing as well as to
quantify the exchange between the GOS and the Red Sea.
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