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Abstract

In this thesis, we consider an increase in wind speed over the wider region of Arabian seas, by
conducting an experiment using a numerical ocean model (NEMO). The average annual
response of the region was examined through the comparison between results of the
experiment and the reference, as to different thermohaline and dynamical features, namely
temperature, salinity and their surface values, sea surface height, latent heat flux and surface
squared velocity. The region was divided into separate domains, selected by morphological
and dynamical features. From basins of estuarine type (Red Sea, Arabian Gulf) and gulfs
connecting them to the open ocean (Gulf of Aden, Gulf of Oman), to the Arabian Sea, we
investigated the behavior of each basin of the Arabian seas, in order to conclude the possible
driving mechanism(s) that seems to regulate their circulation. As a result, buoyancy fluxes seem
to dominate in enclosed basins, while Ekman transport seems to be mainly responsible for the

rest of the basins.
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MepiAnyn

2T TTapouca dITTAWUATIKA €pyacia, BewpoUpe Pia auénon oTnv TaxuTnTa Tou avéuou, TTavw
ammdé TNV TIEPIoXn Twv ApaBikwyv Balacowyv, Pe xprion apiBuntikou povrédou (NEMO).
E€eTdoTnke N pé€on €TNOI0 ATTOKPION TNG TTEPIOXAG, MECW TNG CUYKPIONG TWV OTTOTEAECUATWY
TOU TTEIPAPATOG KAl TNG ava@opdg, wg TTPOG Ta dIAQOPETIKA BeppoaAaTikG Kal duvauiké
XOPAKTNPIOTIKA, OVOUOOTIKA BEpoKpaaia, ahaTdTNTA KAl O1 ETTIPAVEIOKES TOUG TIMEG, HECO UWOG
BdAacoag, Aavbavouoa pory BepUOTATAG KAl TETPAYWVO ETTIQPAVEIOKNG TaxutnTag. H trepioxn
dlaxwpioTNKe o€ DIPOPETIKEG UTTOAEKAVEG, O1 OTTOIEG ETTIAEXONKAV YE BAon Ta HOPPOAOYIKA Kal
OUVAMIKA XapaKTNEIOTIKA TOUG. ATTd nuikAeloTeg Aekdveg (EpuBpd Bahaooa, Apafikdg KOATTOG)
Kal KOATTOUG TTOU TIG GUVOEOUV HE TOV avVOoIXTO wKeavo (KOATTog Tou Avtev, KOATTOG Tou Ouav),
otnv Apafikf B6d&dAacoca, TTpooeyyicaue Tn OCUUTTEPIPOPA KABe AekdAvng Twv ApafIKwv
BaAacowy, YE OKOTTO va KaTaAngouue ato mOavo unxaviopo (A HNXaviopoug) TTou gaivovTal
va kaBopifouv TNV KukAo@opia Toug. Q¢ atmmoTéAeopa, @aiveTal OTI oI POEC TTAEUOTOTNTAG
KUPIOPYXOUV OTIC NUIKAEIOTEG AeKAVEG, evwd O PETAPOPEG KaTd Ekman @aivovralr va eivai

UTTEUBUVEC YIa TIG UTTOAOITTEG AEKAVEG.

NECeIC  KAeIDI&:  wkeavoypa@ikd  aplOunTIkG  poviého  NEMO, Apafikéc  BaAacoeg,

aAAnAeTTidpacn arpdo@aIpag-8aAacoag
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1. Introduction

1.1 Objectives

Wind stress on ocean surface is one of the most significant driving forces of its
circulation, via friction (Ekman transport) on the surface layer, the convergence/divergence of
which drive the interior ocean circulation. The other driving mechanism of circulation is
buoyancy forcing, which is the sum of heat and freshwater air-sea fluxes (Evaporation minus
Precipitation, E-P). The evaporation flux is directly related to latent heat flux, major terms of
which are wind speed over the ocean surface and relative humidity. Latent heat flux is related
to surface cooling and affects surface salinity, while it is responsible for regulating most of large-
scale atmospheric circulation (through heat release). Furthermore, an indirect correlation
between latent heat flux anomalies and wind speed strengthening have been found by Li et al.
(2011).

The purpose of this thesis is the investigation on the effect of the strengthening of wind
speed on the thermohaline and dynamical features of the Arabic seas. This region consists of
basins of different morphological features, namely the Red Sea and the Arabian Gulf that are
shallow semi enclosed seas connected with the Indian ocean through shallow straits, the Gulf
of Oman and the Gulf of Aden which are connected with the Indian Ocean through wider mouths
and the Arabian Sea the northwestern part of Indian Ocean.

A distinctive feature of this area is its relationship with the Indian monsoon system, as
the seasonality of the winds greatly affect the circulation of the region. Monsoon is a seasonal
phenomenon accompanied by wind reversal regimes, in which the temperature difference
between the air above the sea and the land caused by solar radiation, creates a pressure
gradient, as well as a shift of ITCZ. This pressure gradient draws moist air from above the

ocean, over the land where it rises and condenses, resulting in rainfall. Summer or southwest
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Monsoon (June-September), drives winds from the southwest toward the Indian landmass
collecting moisture over the Arabian sea, resulting in great precipitation when they arrive over
the land. Winter or northeast Monsoon (December-February), if less intense, with winds coming
from northeast, causing less precipitation. Moreover, evaporation rates over Arabian seas are
very high. So, due to this intense atmospheric forcing, through heat fluxes and wind stress,
Arabic seas compose an ideal test case for the investigation of the upper ocean dynamics

response. Here follows a brief description of the basin’s main features.
1.2 Red Sea

The Red sea is a semi enclosed elongated basin, located between Africa and Asia
continents, with a NW to SE orientation, starting at 12.5°N up until 30°N. It is connected on the
northern part, to the Mediterranean Sea through the Suez Canal, which leads to the Gulf of
Suez and the Gulf of Agaba. On the southern part, a very narrow and shallow channel (160m
depth, 25km wide narrowest point), the strait of Bab el Mandeb, connects the Red Sea with
Gulf of Aden, and consequently with the Indian Ocean (Sofianos and Johns, 2007). Red Sea’s
average width is 220km, max length is 2250km while its mean depth is at 524m, with maximum
values up to 3000m.

The Red Sea is enclosed by two desert areas, so the climate that prevails in the region
is arid with very low precipitation rates, while river runoff is limited (often neglected) and heat
loss has been estimated at 11£5Wm (Sofianos & Johns, 2002). Thus, all these factors in
addition to an extensive evaporation rate and a freshwater flux estimated at 2.06+0.22 m/y
(Sofianos, Johns, & Murray, 2002), result in high temperatures and the formation of one of the
world's highest salinity water mass, the Red Sea Outflow Water (RSOW).

For the maintenance of the salinity budget, an exchange with the adjacent basins is

taking place. The exchange through Suez Canal can be considered negligible (Sofianos and
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Johns, 2015), so the main exchange is through the strait of Bab el Mandeb. The exchange is
of inverse estuarine type, with a two-layer exchange during winter and a three-layer exchange
during summer. Thus, there is an intrusion in the basin of low-salinity water from Gulf of Aden,
while Red sea’s high salinity water (RSOW) is released to the Indian ocean through Gulf of
Aden as a deep outflow. The exchange is displaying strong seasonal variability, with maximum
outflow estimated to be 0.6 Sv during winter and minimum at 0.05 Sv during summer (Murray
and Johns, 1997; Bower, Hunt and Price, 2000). A characteristic of the exchange is that it flows
over a very shallow sill, into a more stratified ocean. Moreover, the advection of the outflow
water is been carried through narrow boundary currents in the Gulf of Aden and away from the
sill (Bower, Hunt and Price, 2000), while traces of Red Sea water has been found into the
equatorial and subtropical regions of the Indian Ocean (Beal, Ffield and Gordon, 2000).

The direction of the wind over the basin is influenced by two weather systems, and by
the orography of the region. The high mountains along both sides of the basin influence the
local dominant wind regimes, resulting in along-axis winds over Red Sea (Langodan et al.,
2016). North of 19° over basin, the winds are from north to northwest throughout the year,
affected by the eastern Mediterranean weather systems, while south of 19° they are influenced
by the Indian monsoon, so they reverse from south-southeast (during northeast monsoon) to
northwest (during southwest monsoon).

Both buoyancy loss (mostly due to evaporation) and wind forcing, seem to play an
important role in the circulation of the basin (Geyer and MacCready, 2014), but it is not certain
how much each one contributes to the general patterns. The examination is mostly based on
the exchange at the strait and its seasonality and while the most dominant theory is that
thermohaline forcing regulates the circulation, others believe the wind forcing that is associated
with the circulation's reversal, to be responsible instead (Patzert, 1974).

10



1.3 Gulf of Aden

Gulf of Aden is the receptor basin of RSOW, extending to eastward where it connects
with the Arabian sea through a wider and deeper mouth. The gulf is enclosed by Yemen to the
north and Somalia to the south.

Similar to Red Sea, the climate of the region is arid and the annual heat gain has been
estimated at 113Wm2, and considering the area of the gulf (220x10%km) the equivalent energy
amount is remarkably high (Sultan and Ahmad, 1997).

The wind field is controlled by the reversing Indian monsoon and the circulation is formed
of local cyclonic and anticyclonic eddies (Bower, Hunt and Price, 2000; Carton, L’hegaret and
Baraille, 2012). During northeast monsoon, the winds over the east part of the gulf are from
east turning to southeast closer to Bab el Mandeb, so that less saline water is penetrating into
the Red Sea and water from the Arabian sea enters the gulf.

Respectively, during southwest monsoon, the prevailing winds over the gulf are from
west-southwest over the western part and getting closer to Red Sea they become
northwesterly. These winds induce extensive upwelling, especially during summer monsoon,
where the winds are more intense, while another factor contributing to the upwelling in the
western part is the convergence of the flow due to the exchange with Red Sea’s water (Morcos
and AbdAllah, 2012). Carton et al. (2012), after analysing argo float data, found that RSOW
concentrates on the southwestern part of the gulf. Afterwards, mesoscale eddies develop in the
basin and aid in the mixing and advection of RSOW, alternating its characteristics before it
travels further into the Arabian sea as an intermediate water mass (Beal, Ffield and Gordon,
2000; Bower et al., 2002; Carton, L’hegaret and Baraille, 2012). Thus, the heat gain mentioned
above can be balanced through these mechanisms of upwelling and water exchange with the

adjacent basins (Sultan and Ahmad, 1997).
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1.4 Arabian Gulf

Arabian Gulf is a very shallow semi enclosed sea, surrounded by Iran and Iraqg, on the
northwest and northeast, and by Saudi Arabia on the southeast. It is elongated from northwest
to southeast between latitudes of 24°-30°, with a length of 1000km, width of 338km and an
average depth of 36m (Michael Reynolds, 1993). At the southern end the gulf gradually
deepens throughout the strait of Hormuz (~56km wide) and into the Gulf of Oman and the Indian
Ocean, so that there is no sill formation.

The winds over the gulf are dominantly northwesterlies (called Shamals) and they are
greatly influenced by orography. However, getting closer to the strait of Hormuz they are
influenced by the Indian monsoon r(Michael Reynolds, 1993; Pous, Carton and Lazure, 2013).

The gulf is exposed to arid, subtropical climate, as it is contiguous to the desert of Saudi
Arabia, and an excessive evaporation rate, which is driven by high wind speeds. Observations
derived by Johns et al. (2003) estimate the net evaporation over the basin to be at 1.68+0.39
m/y. The annual net surface heat loss over the gulf has been estimated at -6W/m?, with greatest
heat loss in southeastern and northwestern regions of the Gulf, while there is large spatial
variation in latent heat flux (Rezaei-Latifi and Hosseinibalam, 2015).

The circulation in the basin is of inverse estuary type, driven mainly by buoyancy losses
(due to evaporation). Indeed, in order to balance this loss, an exchange is taking place at the
strait of Hormuz, where a surface inflow of less saline water from the Indian Ocean enters the
gulf (Indian Ocean Surface Water, IOSW) and a dense, hypersaline water mass exits from
bellow, as there is no sill to constrain it (Johns et al., 2003).

According to model results by Yao and Johns, (2010), after the IOSW enters the gulf, it
separates into two branches. One branch is travelling to the north along the coast of Iran (with
the more intense intrusion during summer) and the other is spreading to the southern basin by
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Ekman drifting, due to winds- both forming cyclonic features on the corresponding parts of the
basin. The densest waters are forming on the northern part of the basin, and after losing
buoyancy they ultimately exit through the strait as a deep flow, comprising a hypersaline water
mass, one of the most saline water masses in the world ocean, the Persian Gulf Water (PGW)
with a temperature of 22°C and salinity at 40 at the strait (Michael Reynolds, 1993; Johns et
al., 2003; Swift and Bower, 2003; Carton, L’hegaret and Baraille, 2012). Eventually, cascading
down the continental slope, the outflow is forming a slope current near the Omani coast (Pous,
Carton and Lazure, 2004). Furthermore, upwelling features have been observed along the

Iranian coast (Pous, Carton and Lazure, 2004; Carton, L’hegaret and Baraille, 2012).
1.5 Gulf of Oman

The Gulf of Oman is located at 22°N-26° N, 56° E-60° E, surrounded by the Iranian and
Oman coasts, opening to the Arabian Sea on its southeastern part. The Gulf of Oman can be
characterized as a transition from the estuarine type circulation of the Arabian Gulf, to deep-
ocean circulation (Michael Reynolds, 1993).

The prevailing winds follow the Indian monsoons seasonality, along northeast and
southwest axis (from winter to summer monsoon) (Pous, Carton and Lazure, 2004). Close to
the strait, PGW is mixed with IOSW, reducing its salinity (Pous, Carton and Lazure, 2004).
During summer PGW has been found to escape the Gulf of Oman southeastward and into
Arabian Sea (Carton, L’hegaret and Baraille, 2012). Moreover, gyre formations have been
observed with anti-cyclonic encompassing cold water and induce upwelling features along the
Iranian coast (Michael Reynolds, 1993; Pous, Carton and Lazure, 2004; Carton, L’hegaret and
Baraille, 2012).

An annual mean heat loss at the sea surface has been documented, which is

counterbalanced by heat flow through the strait of Hormuz (Sultan and Ahmad, 1993). During
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winter the heat loss is compensated by heat advection from the Arabian Sea through currents,

while in summer the heat gain is balanced by upwelling off the coast of Arabia.
1.6 Arabian Sea

The Arabian Sea is located at the northwestern part of the Indian Ocean and plays a
critical role in the onset and evolution of the Indian monsoon, as well as in the associated
precipitation over the Indian subcontinent (Centurioni et al., 2017).

Arabian Sea is strongly depending on the Indian monsoon winds, as their seasonal
reversal yields large changes in the oceans near-surface currents, as well as in its thermohaline
features (Fischer et al., 2002; Vecchi et al., 2004). Another factor influencing the basin is air-
sea heat fluxes, as the evaporation is very high, and the E-P budget is estimated to be around
1.50m/y (Carton, L’hegaret and Baraille, 2012). The water masses found in the basin, besides
RSOW and PGW, are the Indian Central Water (ICW) with a vertical temperature range of 17°C
to 5°C and salinity range between 35.5 and 34.8, the Indian Deep Water (IDW) that lies below
ICW and has a potential temperature of 2.5°C and salinity at 34.8 and the Antarctic Bottom
Water below 3800m (0.3°C, 34.7).

The monsoon wind cycle results in the annual reversal of a large boundary current, the
Somali current, making it the only region in the world where that happens (Schott, 1983). The
Somali current is located along the northeastern part of Africa, that flows northward during
boreal summer, along the coast of Somalia, with surface currents exceeding 200cm/s, and
southward during winter (Vecchi et al., 2004; Schott, Xie and McCreary, 2009; Wang et al.,
2018). These currents form great eddy structures with the most notorious being the Great Whirl,
an anticyclonic eddy off the Horn of Africa ranging between latitudes of 5°N -9°N, generated by

baroclinic Rossby waves during southwest monsoon. Associated to these are distinguishing
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SST features, with cold upwelled waters surrounded by warmer water (Schott et al., 1982, 1997,
Vecchi et al., 2004).

During northeast monsoon, the wind forcing is mild to moderate and the heat budget is
negative, and surface cooling has been found to intensify with offshore distance (Lee et al.,
2000), yielding in destabilized surface buoyancy flux. Moreover, the circulation of the Arabian
sea is supplied by a westward propagation of the Northeast Monsoon Current (also known as
North Equatorial Current) with a northwest Ekman transport (Schott and Fischer, 2000). This
current carries water from the Bay of Bengal into the Arabian Sea, with part of it continuing into
Gulf of Aden and another fraction travelling northern.

During southwest monsoon, strong wind forcing results in southeastward Ekman
transpot and in neutral to strong stabilizing of surface and buoyancy fluxes (Fischer et al., 2002).
Along the southern coast of Oman, upwelled water is exported off the coast and into the Arabian
sea forming cold jets, especially on the surface, reaching hundreds of kilometers into the interior
(Lee et al., 2000; Fischer et al., 2002; Carton, L’hegaret and Baraille, 2012). Additionally, the
Great Whirl is often formed during that period and Somali current communicates with Gulf of
Aden mostly through the passages between Socotra and the African continent (Schott et al.,
1997). Furthermore, during southwest monsoon upper ocean heat loss has been observed
which is balanced by a positive heat flux from the atmosphere, a negative northward heat flux
and heat loss due to upwelling. Both seasons are accompanied by the cooling of the subsurface
mixed layer of the ocean (Schott and Fischer, 2000).

Overall, the upper ocean heat budget and consequently SST values have been found to
be influenced by solar heating, surface heat losses, turbulent & convective entrainment and

horizontal heat advection, as well as vertical advection due to Ekman pumping (or the
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associated mesoscale flows) (Duing et al., 1980; Lee et al., 2000; Fischer et al., 2002, Roberts

et al. 2017).
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2. Methodology

2.1 Model description

The model used for the implementation of this thesis, is a global configuration built from
the oceanic component of the Nucleus for European Modelling of the Ocean, NEMO. This
modelling framework consists of ocean related engines studying the ocean, as well as its
interaction with other components of earth’s climate system, such us atmosphere, sea-ice,
tracers etc, working over wide time and space scales. These engines are, namely, OPAL1 for
the ocean dynamics and thermodynamics, LIM2 for the sea-ice dynamics and thermodynamics,
TOPS3 for the biogeochemistry (both transport (TRP) and sources minus sinks (LOBSTER,
PISCES) (Madec et al., 1998; Madec, 2016). The model solves the 3-Dimentional primitive
equations along with a nonlinear equation of state which couples the two active tracers
(temperature and salinity) to the fluid velocity, in Arakawa C-grid. Furthermore, it considers the
fluid to be incompressible and hydrostatic, it assumes spherical earth and thin shell
approximation, as well as the Boussinesq and the turbulence closure hypothesis. Using an
orthogonal set of unit vector (i,},k) liked to the earth, we are working on the following equations:

Momentum Balance:

JdUy
ot

1 1
=[(V><U}><U}+;V(U2}ln—fk><Uh—p—VnPJrDUJrFU

Hydrostatic equilibrium:
dp
Dz P
Incompressibility equation:

7-U=0
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Heat conservation equation:
T
{?: — 7 (TU)+ DT + FT
Ly

Salt conservation equation:
S . .
{?: — 7 (SU) + D + F®
(I

Equation of state:

p=plT, S p)

Where U = U, + wk, is the vector velocity (h denotes the horizontal plane), T is the
potential temperature, S is the salinity, p the in-situ density, p, is a reference density, p the
pressure, f = 2Qk is the Coriolis acceleration (where Q is Earth’s angular velocity vector), and
g is the gravitational acceleration. DY, D' and DS are the parameterisations of small-scale
physics for momentum, temperature and salinity, and FY, FT and F° surface forcing terms.

The ocean mesh (i.e. the position of all the scalar and vector points) is defined by the
transformation that gives (A, ¢, z) geographical coordinate system as a function of orthogonal
curvilinear coordinates (i, j, k), where A(i,j) is the latitude coordinate and ¢(i,j) the longitude

coordinate.
2.2 Inputs

Below we mention the models inputs that were used for the conduction of the experiment. Tidal

forcing was not considered.
2.2.1 Open Boundary Inputs

The South and East open boundary data for meridional and zonal velocity, sea surface
height, salinity and temperature were created using ORCAs configurations data (Madec, 2016).
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2.2.2 Atmospheric Inputs

As forcing inputs, the model uses the DRAKKAR Forcing Sets (DFS) (Dussin Raphael,
Barnier Bernard, Brodeau Laurent, 2016), which have been developed using atmospheric
reanalysis carried out at the European Centre for Medium Range Weather Forecast (ECMWEF).
In particular, the dataset used is DFS5.2, includes ERA-interim (ERAI) reanalysis data for the
period 1979-2015. The variables of DFS5.2, required by NEMO bulk formula for calculations,
are the zonal and meridional components of the 10-m wind (u10, v10), 2-m air humidity (g2),
2-m air-temperature (t2), downward shortwave radiation at the sea surface (radsw), downward
longwave radiation at the sea surface (radlw) and precipitation. All fields are provided on a 0.7°

grid, every 3h for ul10, v10, g2, t2 and daily for radiation and precipitation.
2.2.3 Temperature/Salinity Inputs

The initialisation of ocean temperature and salinity was conducted using input data from
the World Ocean Atlas, WOA set of climatological mean gridded fields (or else Levitus

Climatology).
2.2.4 River runoff inputs

The river runoff is added to the surface box only and gives information about the salt

content of it.
2.3 The configuration

For this experiment, we focused on the domain that constrains the Arabian sea, the Red
Sea and the Arabian Gulf, for latitude values between 5.0-30.4 degrees and longitude between
32.2-70.9 degrees. The horizontal resolution of the configuration is 1/36° (approximately 3km)
using a mesh of 1396x988 grids, making use of the ORCA tripolar grid. Bathymetry was

provided by GEBCO data. The vertical grid consists of 50 levels of different size, while their
19
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Figure 2-1: Bathymetry of the AMSG36 configuration. Point A denotes the Strait of Bab el
Mandeb and point B the strait of Hormuz

size is increasing with depth from 1m to approximately 400m at the bottom. Additionally, there
was no use of tidal parameters. From now on, this configuration will be referred to as AMSG36
(Figure 2-1). The model gives monthly outputs for the thermohaline features, velocities and

downward heat fluxes.

2.3.1 Reference

The model had extracted outputs for 80 years during spin-up and hereinafter they will be
referred to as reference data. For the purposes of this experiment, the final ten years of

reference data were given.
2.3.2 Experiment

Objective of the experiment was to examine the general response of the AMSG36
domain’s thermohaline and dynamical features, to the change in wind speed (and consequently

wind stress, turbulent fluxes, evaporation etc.). To do so, we increased the wind speed variable,
20



ul0 (as wind stress is a function of the dimensionless drag coefficient C; and of the square of
wind speed 10m above sea surface, tau = p,;-C,U%,). To determine an optimum value that
would be multiplied to the existing wind speed field, the DFS5.2 zonal and meridional 10-m
wind components, corresponding to the Indian monsoon index U850 region (40E-80E,5N-15N)
(Wang et al. 1999), were processed. This area was selected due to the effect of the monsoonal
winds over our area of interest. We obtained the summer mean field value of velocity for each
year from the DFS5.2 extended dataset (years 1958-2015). The mean field value for U850
region for the years 1958-2015, was ~8.18m/s with a standard deviation of £0.25m/s. After
consideration we concluded that an increase by a factor of 1.05 was logical, as it is below the
maximum summer mean value obtained (8.74 m/s, year 2013).

On the next step, we ran the model using the output of the 70th year of the reference
run as a restarting file, and the multiplied by 1.05 u10, v10 DFS5.2 data as input. After obtaining
monthly outputs (experiment data) for the next 10 years, and mean surface kinetic energy was
stabilized, a comparison was held between the data of experiment and the reference, for the

final year (hereinafter year 10).

2.4 Post processing analysis methods and tools
The means used for the process of the model’s results where cdf tools, cdo tools, nco

tools and matlab. The models output data that were used for the experiment were temperature
and salinity and their surface values, sea surface height, latent heat flux, wind stress and the
surface squared velocity and surface vorticity that were calculated using the ocean surface
velocity components. Additionally, using surface velocities we estimated the water volume
exchange of the Red Sea and the Arabian Gulf with the Indian Ocean, at the strait of Bab el

Mandeb and at the strait of Hormuz respectively (Figure 2-1).
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Tables listed on section 3, demonstrate the differences between average annual values
the final year of the experiment and the reference. These values refer to temperature (T),
salinity (S) and their corresponding surface features (SST, SSS), sea surface height (SSH),
surface squared velocity (SU?), surface vorticity (S¢), latent heat flux (Qlat) and wind stress
(tau). The positive sign of Qlat on the map, indicates the upward flux (energy leaving the ocean).
Positive values of Qlat mean that the flux has been increased, hence if we consider that the
evaporation rate is depending on that flux, positive value of Qlat results in enhanced
evaporation rate. Hereinafter, all given values discussed in the text, correspond to the
difference between the experiment and the reference (experiment value-reference value),
unless it is stated otherwise. Along with the Tables, come maps of spatial variability of the
average annual values for the experiment, the reference and their difference.

Using these results, an explanation of the general response of the domain was
attempted. Afterwards, we separated the region into specified domains to get a closer look into
the spatial variability of their features and consequently, to examine their response to the

changes mentioned above.
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3. Results

3.1 General Response

As a general response of the AMSG36 region to the intensification of wind speed, wind
stress has increased. Additionally, both temperature and salinity, as well as their surface
features have decreased, with surface values showing greater variability and SST being O(10)
greater that T (Table 3-1,). Wind stress depends on wind speed and the drag coefficient (which
in turns depends on surface temperature) as mentioned in 2.3.2. So, the increase of wind
stress, even though SST value has decreased, denotes that wind speed is more important.

This results for temperature and salinity, could be due to excessive upwelling at the
region and advection induced by the increased wind speed, which could explain the further
decrease of surface values. Other factors contributing to the reduction of temperature are air-
sea heat fluxes, which are affected by the wind field, and heat fluxes with the adjacent ocean
induced by density driven currents related to evaporation. As Table 3-1 shows, latent heat flux
has increased meaning the ocean is releasing more heat through evaporation, which could lead
to buoyancy losses and cooling of the surface. Moreover, the surface kinetic energy of the
domain increased (considering the mean kinetic energy as a function of the squared surface
velocity) and the surface circulation seems to be more anticyclonic (negative surface vorticity
difference, Table 3-1). Spatial variation of Sea Surface Height (SSH) is less prominent in

Arabian Gulf, in relation to the other basins (Figure 3-1).
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Full Domain Experiment Reference Difference (Exp-Ref)
Tau(N/m”2) 0.077 0.069 0.008

Qlat(W/m"2) 134.8192 134.0985 0.721

SU?(m?s?) 0.100 0.090 0.010

T(°C) 10.8529 10.8675 -0.015

SST(°C) 27.3487 27.4572 -0.109

S 35.8189 35.8326 -0.014

SSS 36.5397 36.5748 -0.035

SSH 0.2663 0.2689 -0.0026

SC (s -3.75e-08 -8.40e-8 -3.560e-09

Table 3-1: Full Domain-Average annual values of the results of the experiment and the

reference, and their difference.

However, the response of individual regions within the domain varies. Below, we

demonstrate the main features of the experiments results, for different domains that where

selected according to their different geomorphological and dynamical attributes and the main

forces that seem to regulate their flow.
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3.2 Response per Domain

The region was separated into five domains, that developed different response to
atmospheric forcing by expressing different thermohaline and dynamical characteristics. These
are: The Red Sea (RS), the Arabian Gulf (AG), the Gulf of Aden (GoA), the Gulf of Oman (GOM)
and the Arabian Sea (AS). We examined the features that were listed above, as well as the
main exchange between the RS and the AG with the adjacent gulfs, at the strait of Bab el

Mandeb and the strait of Hormuz respectively.

3.2.1 Response of Red Sea

As mentioned in the Introduction, the exchange through Suez Canal is considered
negligible, so the volumetric exchange between the RS and the GoA, was examined at the
strait of Bab el Mandeb (BeM) (Figure 2-1). According to the results, the outflow exceeds the
inflow, which could be due to the fact that the averaging included monthly inflow sometimes
close to zero. In this case we are interested in the difference between the two experiments, so,
we demonstrate the strength of the exchange and not the inflow and outflow values. Results
show an increase in the strength of the exchange (Table 3-2). It is known that the dynamics of
an enclosed sea, like Red Sea, are demonstrated at the strait that connects them with the open
ocean (Cessi et al., 2014). So, the results at BeM, indicate an enhanced overturning circulation.

Furthermore, salinity and temperature are reduced, while surface values appear to be
more affected (Table 3-3). Latent heat flux has increased (Table 3-3,Figure 3-4) leading to
higher evaporation rates. This higher latent heat flux seems to increase SSS and reduce SST

on the northern part of the basin (Figure 3-2,Figure 3-3). As a result, it could be possible that
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this area demonstrates an increase in the buoyancy flux, enhancing the pressure gradient, and
correspondingly the exchange at the strait.

Additionally, the increased wind speed, resulting in increased wind stress, could induce
the flow from the Gulf of Aden further up into the Red Sea. So less saline water is spreading up
into the basin, lowering the surface salinity of that region, as well the total salinity of RS (Figure
3-2, Figure 3-3).

Moreover, as it was expected the wind stress increases, while the mean kinetic energy
of the surface decreases (Table 3-3), and concentrates northern up the basin as it is illustrated
in Figure 3-5 and Figure 3-6 of the sea surface height and surface squared velocity field.
Another factor under consideration is the surface vorticity, which seems to decrease, making
the circulation more anticyclonic.

Considering the results for surface mean kinetic energy and for the exchange at the
strait, it is possible that the circulation of RS is mainly density driven, through the buoyancy

losses caused by evaporation.

BeM Experiment (Sv) Reference (Sv) Difference (Exp-Ref)(Sv)
Strength of the 0.593 0.584 0.01
Exchange
Table 3-2: Average annual values of the strength of the volume exchange at the strait of Bab el
Mandeb.
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RS

Experiment Reference Difference (Exp-Ref)

Tau (N/m”2) 0.027 0.025 0.002
Qlat (W/m"2) 143.702 142.407 1.295
SU?(m?s?) 0.034 0.039 -0.005
T(°C) 24.802 24.882 -0.080
SST(°C) 28.684 28.790 -0.106
S 38.872 38.918 -0.046
SSS 38.025 38.142 -0.117
SSH (m) 0.138 0.145 -0.007

ST (sY) -1.170e-07 -1.090e-07 -7.290e-09

Table 3-3: Red Sea- Average annual values of the results of the experiment and the reference,

and their difference.

28




"9ouUdlayIp J1BY] pue
9dualaal ay) ‘uswiadxa ayl Jo QT Jeak loj sanjea [enuue abelane Alules adepns eas Jo Alljigelen [eneds-eas pay :z-€ ainbi4

{1583 ssaubag) apnybuo

o ¥ Ztr or ag 9E ¥E
o T T T T
41
£
1T
o
91 w
=
o a
o 812
=
0z
o £
Q
Hzz B
To v
vz §
E;
0 — oz =
-
-
€0 gz
- DE
0
Jas-dxa
(15e3 saaubaq) sprmbuo] (1583 seaubaq) apnibuo
a9t tr r 0% BE 9g ¥E oF Tt Fac ot g€ 9€ tE
9E : T : ! 9E " : ! :
59E qer 59F 1
5 Lt 5 e
ot b 9T &
TIE m TUE m
dgr e 4g1 2
8F 8L & aF 81 &
1oz @ 1p7 O
[2:14 oz x (313 ve 2
T o
&€ e 6t a §
= =
v o 4
5'6¢ ] 5'6¢ E
o2 9z =
of i
S0F - se Sf - 8e
4 0E - DE
o -
Jad4 dxa

0TA 'sSS s

29



"9oUdJBYIP J1BY] pue BdUBIBJBI By ‘luswladXd
ay1 Jo QT Jeak 10} sanjeA [enuue abelane ainjeiadwa] adelns eas Jo Aljigelten eneds -eas pay £-¢ ainbi4

(1583 saaufaq) apmibuo]
9 i 44 o BE 9 vE

o

L
~
o

£0

=+
=

o
=

o
=

=
~

~
~

0

=
~
(UpoN saaibaq) apnyen

0

o
~

€90

o
~

=
=

"o Jau-dxa

#
¥ Vi

(1583 saalbaq) apnubuo (1583 saaubaq) aprybuo
9t 144 Zr 0f BE 9¢ rE 9 ud fad f 8t 9t ¥E
[£4 : ! - \ : 44 : T .
€7 - 4
T 1
(T4 - [24 -
18] 9Ty
4 g oz g
qer g {arg
9z = az -
{0z § {0z §
< °
k4 Bk 24 ]
w n
8 0z 2 8z vz 8
a E
= =]
62 gz~ 74 9z ~
OE - B8z 0E az
il [il3
1€ TE——

0TA ‘(2,)'L55 sY

30



oualajal ay) ‘uswadxa ayl Jo QT Jeak o) sanjeA [enuue abelane xn|4 JeaH juale Jo AlljiqeueA [eneds-eas pay - ainbi4

08

06

00T ¢

0Tt &

0zt
OET
ort
0ST
09T
oLt
08T

06T

9t

144

[a4

(1583 saa1baq) apniubuo
o 8¢
1

T

9€ vE

"9oUBJBYIp JIdY) pue

@ w0 - o~
2 3 A
(Yuon seaubaqg) spmne]

o
~

12t

(15e3 saa1baq) apnybuo

o 44 a4 or 8¢ 9¢ 143
ST T T T :
ot >
3 e <
- -
R
> —
" -
vu‘ i
g S )
3 < o =
.
P »
ot ‘. A
st Jou-dxe
(15e3 saa1baq) apnubuo
o 2 44 ot 8¢ 9€ vE
08— ' h . - - -
06

o =< o~ o «© w -t o~
~ ~ ~ ~ — v — —
(ypoN s92152a) apnine]

©
~

00T ¢ .

[ag™

0zt 1
0£T 1
ort

0ST

091

oLt

08T

met dxa

OTA ‘(;w/M) ‘xnid Jeay Juaze] sy

o
M

«© o -+ o~ i=1 @ o
~ ~ ~ o~ o~ - —~
(YuoN s231690) apmnet

[=]
M

31



"9oUaJayIp JIdyY] pue adualaal
ay] uswuadxa ay) Jo Jeak 1se| ayl Jo} sanjea enuue abelane 1ybioH adelns ©as Jo Aljigelien eneds -eas pay :G-g ainbi4

(1se3 saaubaq) spnubuo]
14 144 44 or 8¢ 9€ 143
T T

14

'

T

|
~
—

<
b

©
—

c—4_
o0-

o-

©
—

o~
o~

S0
S

L
=
~

o
~N
(ypoN saaibaq) apniye

o
~N

[}
~N

[=}
m

Jou-dxe

(1se3 saa1baq) apnubuo

9t 124 4 or 8€ 9€ 143

d
0
1
(1se3 saa1baq) apnubuo
S0 i . B 2 & 2 &
z
r
T

124 44 or 8¢t 9€ 143

T T

~
b}

<+
=

0
0
ST°0-

S0°0-§

o
()
0
o

[t
—

L
@©
—

L
=)
N

0-

~
o~
(YuoN saa1B2a) apmne

S0°0 &

ro " v ro
sT0 I 10
z0 e z0
o o€ o 1
SZ0 sZ0

321 dxa
OTA ‘(w) ‘HSS SH

<+
~

(YuoN saaibaq) apmneq

e
~N

o
~N

[=}
M

32



"90UdJaYIp JIBY] pue BdUdIBaI By}
‘Juawiiadxa ay) Jo QT Jeak 1oj sanjeA [enuue abeiane AID0[BA pasenbs adelns eas Jo Aljigelien [eneds -eas pay :9-¢ ainbi4

(15E3 s32ubaq) apnubuoc]

aF tt fad ot 13 9€ FE
I T T
STO- Hz1
71
Tor
-
9Ty
2
S0°0-§
g
- =
o 0z _M
— A
S0°0 5 =
= — v a
== 3
- 9z =
10 —
az
ST
0f
jou-dxa
{1583 saaubaq) apnubuc] (1583 saaubaq) apnnbuo
9F ¥t it 0t BE 9 tE o tad fad ot 13 9 FE
] T T T T T Q T T T T T
fas 71
So0 500
L 71
- -
o oy 0 T
g g
BL W g1 W
ST0 _ &10 —
0z g 0z g
w w0
= =
70 zz % zo 2R
w w
vz ¥ g
Al E STOF E]
T 9z =
€0 BT £0 gz
- 0E - i}
SE'0 SED

dxa

OTA ‘(;s/,w) ‘,nS sy

33



3.2.2 Response of Arabian Gulf

Similarly to RS, AG demonstrates an increase in its water volume exchange with the
Indian Ocean, at the strait of Hormuz (Table 3-4). This transport demonstrates greater
variability, in comparison with RS (Table 3-2). This may be due to excessive evaporation (as
seen through latent heat flux, Table 3-5, Figure 3-9), leading to further buoyancy loss. The
enhanced evaporation is also coherent with surface temperature values (Figure 3-8), as well
as surface salinity values on the northern part of the gulf (Figure 3-7). However, surface salinity
and the salinity of the whole gulf are reduced, which may be due to the enhanced exchange at
the strait, as more fresh water from the Indian Ocean is entering the basin. Additionally, surface
salinity shows greater spatial variability but lower average SSS value with respect to the Red
Sea, probably due to enhanced local effects.

Furthermore, due to the positive vorticity difference (Table 3-5: Arabian Gulf-), it appears
that the circulation is more cyclonic, leading the intruding water further up in the gulf as it can
be seen in surface salinity and temperature maps (Figure 3-7, Figure 3-8). Additionally, looking
at the SST maps (Figure 3-3) it seems that the upwelling along the coast of Iran is also
enhanced, as the temperature has dropped. Moreover, the surface kinetic energy of the basin
has decreased (portrayed by the surface squared velocity, Table 3-5,Figure 3-11), which can
be compensated by the observed enhanced overturning circulation.

So, once again buoyancy loss seems to dominate over wind forcing, thus having the
leading role for the circulation in the gulf. This comes in agreement with observations and

studies conducted, as mention in Introduction.
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Hormuz Experiment (Sv) Reference (Sv) Difference (Exp-Ref)(Sv)
Strength of the 0.475 0.409 0.021
Exchange
Table 3-4: Average annual values of the strength of the volume exchange at the strait of
Hormuz.
AG Experiment Reference Difference (Exp-Ref)
Tau (N/m”2) 0.016 0.015 0.001
Qlat (W/m”2) 119.553 118.593 0.960
SU? (m?s?) 0.0064 0.0066 -0.0002
T (°C) 26.157 26.224 -0.067
SST (°C) 27.447 27.535 -0.088
S 36.604 36.652 -0.048
SSS 39.153 39.201 -0.048
SSH (m) 0.140 0.145 -0.005
ST (s?) 5.600e-08 3.730e-08 1.870e-08

Table 3-5: Arabian Gulf- Average annual values of the results of the experiment and the
reference, and their difference.
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3.2.3 Response of Gulf of Aden

The results for the GoA, denote a decrease in both temperature and salinity, but with
surface values manifesting greater variability (Table 3-6).

Additionally, a westward propagation of eddies is observed (Figure 3-15, Figure 3-16) to
which the reduced temperature and salinity values may correspond. Possibly, much cooler and
less saline water from the AS intrudes further into the gulf, as can be seen on the eastern part
of the basin in Figure 3-12 and Figure 3-13, which illustrate the spatial variability of SSS and
SST respectively. These eddy features may prevent the horizontal advection of the saline
RSOW, therefore the salinity of the gulf is reduced. Moreover, the map of SST (Figure 3-13)
indicates that warmer water is restrained closer to the strait, at the western part of the gulf,
which may be connected to the eddy features mentioned above.

Observing the maps of SSS and SST (Figure 3-12, Figure 3-13) and keeping in mind
that their values are an order of magnitude greater from the total basin values (Table 3-6), it
seems that the upwelling off the coasts is stronger and possibly seasonal- on the northern coast
during summer and on the southern during winter (Table 3-6, Figure 3-12, Figure 3-13). This
north-to-south displacement of the upwelling is due to the monsoon’s seasonality, with
southwestern winds during summertime and northeastern during winter, resulting in the

corresponding Ekman transport and related upwelling.
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GoA Experiment Reference Difference (Exp-Ref)
Tau (N/m”2) 0.057 0.052 0.005
Qlat (W/m”2) 115.100 117.565 -2.470
SU? (m?) 0.180 0.140 0.04
T (°C) 13.540 13.629 -0.089
SST (°C) 27.438 27.627 -0.189
S 35.674 35.718 -0.044
SSS 36.302 36.432 -0.130
SSH (m) 0.1883 0.1879 0.0004
SC (s) 3.090e-09 8.86e-08 -8.55e-08

Table 3-6: Gulf of Aden- Average annual values of the results of the experiment and the

reference, and their difference.

Furthermore, latent heat flux has decreased (Table 3-6, Figure 3-14) meaning lower

evaporation rate, while the kinetic energy has increased (Table 3-6, Figure 3-16) and surface

vorticity drops indicating weakened cyclonic circulation.

In conclusion, it seems that the gulf's circulation is dominated by wind forcing, rather

than density driven currents.
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3.2.4 Response of Gulf of Oman

Compared to GoA, GOM demonstrates similar variability behaviour, with temperature
and salinity values dropping.

It appears that the upwelling region off the coast that surrounds the gulf, is extended,
while the warmer water of AG does not propagate that far to the east (Figure 3-17, Figure 3-18).
The smaller SSS change (Table 3-6), with respect to GoA results, is probably due to weaker
upwelling response in this region. Once again, like GoA, surface kinetic energy has increased
and eddy features seem to propagate to the east (Figure 3-20, Figure 3-21) while latent heat
flux is reduced (Table 3-7, Figure 3-19), indicating wind forcing domination. Furthermore, it

appears that the circulation turns from anticyclonic to cyclonic (Table 3-7).

GOM Experiment Reference Difference (Exp-Ref)

Tau (N/m”2) 0.015 0.014 0.001

Qlat (W/m"2) 92.860 95.130 -2.270

SU? (m?s2) 0.040 0.300 0.010

T (°C) 15.490 15.560 -0.070

SST (°C) 28.060 28.240 -0.180

S 35.960 35.980 -0.020

SSS 37.010 37.040 -0.030

SSH (m) 0.172 0.192 -0.020

SC (s 2.85e-07 -2.85e-07 5.70e-07

Table 3-7: Gulf of Oman- Average annual values of the results of the experiment and the
reference, and their difference.
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3.2.5 Response of Arabian Sea

Contrary to the other basins, in AS, temperature has increased by a scale of O(103),
while salinity and surface values decrease (Table 3-8). Also, it appears that latent heat flux has
increased, so the evaporation rate is higher (Figure 3-24). The vorticity of the basin is more
negative, so surface circulation is more anticyclonic which could lead to enhanced convergence
and the corresponding downwelling.

Thus, the increased temperature may indicate that advection of heat by mean circulation,
dominates air-sea heat fluxes that are cooling the upper ocean. However, the values regarding
the surface of the ocean- especially SST (Table 3-8)- indicate that the enhanced upwelling and
the advection of this water even further into the centre of the basin, as seen in Figure 3-23,
dominate non-Ekman heat transport. Moreover, it appears that the western boundary current,
and hence the Great Whirl, is strengthened, as Figure 3-26 and Figure 3-25 demonstrate

through sea surface height and squared velocity fields.

AS Experiment Reference Difference (Exp-Ref)
Tau (N/m”2) 0.092 0.082 0.010
Qlat(W/m”2) 137.7795 136.8230 0.957
SU? (m?s?) 0.1156 0.1044 0.018
T(°C) 7.541 7.536 0.005
SST (°C) 27.140 27.240 -0.100
S 35.145 35.150 -0.005
SSS 36.150 36.168 -0.018
SSH (m) 0.3011 0.3026 -0.0015
SC (s -1.16e-07 -0.94e-07 -2.260e-08

Table 3-8: Arabian Sea- Average annual values of the results of the experiment and the
reference, and their difference.
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4. Conclusion

In this thesis, we examined the general response of the domain consisting of the Red Sea, the
Arabian Gulf, the Gulf of Aden, the Gulf of Oman and the Arabian Sea, at the change of wind
strength. This region constitutes a great study area for the assessment of its behavior due to
atmospheric forcing, as it includes semi enclosed basins (Red Sea, Arabian Gulf), gulfs that
are connected to the ocean directly (Gulf of Aden, Gulf of Oman) and open ocean (Arabian
Sea). An experiment was conducted, where the wind speed was increased by a factor of 1.05.
Therefore, a comparison was made between main features of the experiment and the
reference. We examined their differences, focusing on the annual average values of
temperature, salinity and their surface values, sea surface height, latent heat flux and surface
kinetic energy. Main objective was to take a closer look on the different response of each basin
to the change of wind speed, with respect to the driving forces that regulate their circulation. It
appears that the Arabian gulf and the Red Sea share the same mechanisms, that indicate that
buoyancy losses associated with the change of wind stress, play a more significant role in the
regulation of the flow in these basins and this can be seen in intensification of the volume
exchange at the strait. This comes in agreement with bibliography considering enclosed
evaporative basins (Geyer and MacCready, 2014; MacCready et al., 2018). On the other hand,
Ekman transport reflects the response of the other basins to wind forcing, as the upwelling is
enhanced, and their surface mean kinetic energy has increased. The only difference appears
on Arabian Sea, where the temperature of the total basin is increasing, probably meaning that
advection dominates air-sea fluxes.

Future work could focus on the seasonal variability of this response, as the monsoonal

system demonstrates great seasonality and its influence on the region throughout the year
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varies. Furthermore, an in-depth investigation of the mesoscale variability of the region could

be conducted, as mixing could play an important role in circulation and distribution of features.
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