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Abstract

The investigation of climate variability in different timescales such as daily, monthly,
seasonal and inter-annual has utmost importance for managing the socio-economic
processes on regional to global scale. Indeed, the variation in the climate has a
crucial impact on agriculture, water, health, tourism, economy and transportation.
Therefore the development of climate forecasting tools is necessary which helps to
manage these sectors more efficiently. However, there are limitations on producing
accurate climate forecast for more than two weeks in advance due to the chaotic
nature of the climate system, especially for the region like the Mediterranean,
which is characterized by high interannual variability. Due to its importance and
challenging nature, a collective effort is being done to improve the skill of models
and climate forecasting in the Mediterranean. The contribution of this thesis is a
overall effort, which consists of developing a high resolution model application in
the Mediterranean, which can provide reliable estimate of Sea Surface Tempera-
ture (SST) and Mixed Layer Depth (MLD). This approach is based on the fact
that the atmospheric predictability in seasonal to interannual time scale is signifi-
cantly dependent on slowly varying lower boundary conditions (e.g. Charney and
Shukla 1981) i.e. Mediterranean SSTs.

The spatial resolution of model is increased for taking into account the mesoscale
processes in the Mediterranean. Since the first internal Rossby radius of deforma-
tion in the Mediterranean sea is of the order of 10-15 kms, the spatial resolution
of an eddy resolving model should have at least a resolution one half of the Rossby
radius. Based on this assumption, the spatial resolution is explored to the order
of 5 km (1/16o). The regional ocean modeling system (ROMS) adopted from the
Rutgers University is used in the current study. The objective is to validate certain
fields (such as SST and MLD) obtained from model simulations and study air-sea
interactions. The validation is done by performing two experiments namely, clima-
tological and interannual simulations. The model simulated results are validated
with observations as well as intercompared to evaluate the skill of model. The
monthly mean SST climatology is obtained from ten years of model run forced
with climatological air-sea fluxes is well captured by the model configuration and
follows the annual cycle. Model simulated summer SST climatology shows biases
of the order of 0.8-1.0 oC with observation (MedAtlas) and 1.0-1.2 oC with other
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datasets (intercomparison). The vertical structure of temperature climatology is
found to be well simulated by model in which upper layer shows a difference of
1.0 oC and it further decreased at intermediate layers. The simulated sea sur-
face height and surface currents is validated with Aviso altimetry data. On the
large scales the surface currents generated by model captures general structures
of surface circulation. The monthly mean mixed layer depth (MLD) climatology
computed from model is validated with observed monthly MLD climatology and
found that the winter MLD is overestimated by model. In second experiment,
model is forced with six hourly air-sea interaction fluxes from ERA-Interim and
interannual simulations are obtained for the period 1998-2007. The monthly mean
SST climatology obtained from above interannual simulation follows climatolog-
ical annual cycle with cold biases in summer season. The weak SSTs (bias of
the order of 1.0 to 1.5 oC) are observed in the summer for the period 2002-2007
in the model simulations. The monthly mean SST anomalies are well simulated
by model except for the year 2006. The time evolution of monthly mean SST
anomalies area averaged over different sub-basins are exhibits interannual vari-
ability. The comparison with satellite derived SSTs reveals that our model is able
to capture both, the seasonal and inter-annual variability, although it still has a
bias of the order of 1 to 1.2 oC. The model is able to reproduce the temperature at
subsurface layer having the signatures of existence of intermediate water masses.
The monthly mean mixed layer climatology derived from interannual simulations
is quite well reproduced by model. In the Gulf of Lions, MLD values are reached
upto 1500 meter deep in winter whereas it shows 50 meter in summer season. The
time evolution of monthly mean mixed layer climatology derived from the model is
able to reproduce annual variability. The interannual variability of monthly mean
mixed layer depth is simulated quite well by model for the year 2004-2007. The
timeseries of climatological, monthly and daily mixed layer depth which is area
averaged over various sub-basins follows seasonal cycle. The high resolution re-
gional model application developed in the current study is thus able to reproduce
certain fields. The surface currents and eddy kinetic energy in the model shows
small scale structures and strong variability. The model is also capable to gener-
ate mesoscale eddies in the western Mediterranean although model overestimated
surface fields.
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Abstracto
(En Espaol)

La investigacin de la variabilidad climtica en diferentes escalas de tiempo, como
diario, mensual, estacional e interanual tiene suma importancia para la gestin de
los procesos socio-econmica en la regin a escala global. De hecho, la variacin en el
clima tiene un impacto crucial en la agricultura, el agua, la salud, el turismo, la
economa y el transporte. Por lo tanto el desarrollo de herramientas de prediccin
del clima es necesario que ayuda a gestionar estos sectores de manera ms eficiente.
Sin embargo, existen limitaciones en la produccin de pronstico climtico precisa
durante ms de dos semanas de antelacin debido a la naturaleza catica del sistema
climtico, especialmente para la regin como el Mediterrneo, que se caracteriza por
una alta variabilidad interanual. Debido a su importancia y naturaleza desafiante,
se est haciendo un esfuerzo colectivo para mejorar la habilidad de los modelos y la
prediccin del clima en el Mediterrneo. La contribucin de esta tesis es un esfuerzo
global, que consiste en el desarrollo de una aplicacin de modelo de alta resolucin
en el Mediterrneo, que puede proporcionar una estimacin fiable de la temperatura
superficial del mar (TSM) y la profundidad de la capa mixta (MLD). Este enfoque
se basa en el hecho de que la previsibilidad atmosfrica en estacional a interanual
escala de tiempo es significativamente dependiente de variacin lenta condiciones
lmite inferior (por ejemplo, Charney y Shukla 1.981), es decir TSM mediterrneos.

La resolucin espacial de modelo se incrementa por tomar en cuenta los procesos
de mesoescala en el Mediterrneo. Desde la primera radio interno de deformacin de
Rossby en el mar Mediterrneo es del orden de 10-15 kms, la resolucin espacial de
un remolino resolucin de modelo debe tener al menos una resolucin de la mitad del
radio de Rossby. Basndose en esta suposicin, la resolucin espacial se explora a la
orden de 5 km (1/16o). El sistema de modelado regional de los ocanos (ROMS),
aprobada por la Universidad de Rutgers se utiliza en el estudio actual. El objetivo
es validar ciertos campos (como SST y MLD) obtenidos a partir de simulaciones
de modelos y estudiar las interacciones aire-mar. La validacin se realiza mediante
la realizacin de simulaciones de dos experimentos saber, climatolgicos e interan-
uales. Los resultados del modelo simulado se validan con las observaciones, as
como intercomparados para evaluar la habilidad del modelo. La media mensual
climatologa SST se obtiene a partir de diez aos de ejecucin del modelo forzada con
climatolgicas flujos aire-mar es bien capturados por la configuracin del modelo y
sigue el ciclo anual. Simulado Modelo SST climatologa verano muestra sesgos del
orden de 0,8 a 1,0 oC con observacin (MEDATLAS) y 1,0-1,2 oC con otros con-
juntos de datos (de intercomparacin). La estructura vertical de la climatologa de
temperatura se encuentra para ser bien simulado por modelo en el que la capa su-
perior muestra una diferencia de 1,0 oC y disminuy an ms en las capas intermedias.
Las corrientes simulados altura y la superficie de la superficie del mar se valida con
los datos de altimetra aviso. En las grandes escalas de las corrientes superficiales
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generadas por el modelo capta las estructuras generales de la circulacin superficial.
La climatologa media mensual profundidad de la capa mixta (MLD) calculada a
partir del modelo se valida con la observada climatologa mensual MLD y encontr
que el invierno MLD se sobreestima el modelo. En segundo experimento, el modelo
se ve obligado a seis por hora aire-mar flujos de interaccin a partir de simulaciones
ERA-Interim e interanuales se obtienen para el perodo 1998-2007. La climatologa
TSM mensual media obtenida desde arriba simulacin interanual sigue el ciclo an-
ual climatolgica con sesgos fros en la temporada de verano. Los TSM dbiles (sesgo
del orden de 1,0 a 1,5 oC) se observan en el verano para el perodo 2002-2007 en
las simulaciones del modelo. Las anomalas medias mensuales de la TSM son bien
simuladas por el modelo, excepto para el ao 2006. La evolucin en el tiempo de
media rea de anomalas de TSM mensual promedio durante diferentes subcuencas
son exposiciones variabilidad interanual. La comparacin con TSM satlite derivada
revela que nuestro modelo es capaz de capturar tanto, la variabilidad estacional e
interanual, a pesar de que todava tiene un sesgo del orden de 1 a 1,2 oC. El modelo
es capaz de reproducir la temperatura a la capa subsuperficial tener las firmas de
la existencia de masas de agua intermedias. La media climatologa capa de mezcla
mensual derivado de simulaciones interanuales est bastante bien reproducido por
modelo. En el Golfo de Len, los valores de MLD se alcanzan hasta 1.500 metros
de profundidad en invierno mientras que muestra 50 metros en temporada de ve-
rano. La evolucin en el tiempo de la media climatologa capa de mezcla mensual
derivada del modelo es capaz de reproducir la variabilidad anual. La variabilidad
interanual de media profundidad de la capa mixta mensual se simula bastante
bien por el modelo para el ao 2004-2007. Las series de tiempo de profundidad
de la capa mixta climatolgica, mensual y diaria, que es el rea de media sobre
varias subcuencas siguiente ciclo estacional. La aplicacin modelo regional de alta
resolucin desarrollado en el presente estudio es, pues, capaz de reproducir ciertos
campos. Las corrientes superficiales y la energa cintica de Foucault en el modelo
muestra las estructuras de pequea escala y fuerte variabilidad. El modelo tambin
es capaz de generar remolinos de mesoescala en el Mediterrneo occidental, aunque
el modelo sobreestima campos superficiales.
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Chapter 1

Introduction

1.1 Geography and History

The Mediterranean Sea is a semienclosed sea connected to the Atlantic Ocean to
the west and surrounded by the European land mass at the north, North Africa
at the west and Asia at the east. The name of the Mediterranean sea is derived
from a Latin word “Mediterraneus” which means “inland” or in the middle of the
land” (medius=‘middle’ and terra=‘land’). The Mediterranean sea almost covers
the area about 2.5 million square km and has average depth of 1500 meter with
most deepest about 5267 meter in the Ionian sea (known as the Calypso Deep
point). It is connected to the Atlantic ocean by the strait of Gibraltar. From
ancient times still now, it is an important route for trade, mainly the path of ships
connecting the Europe and Asia. Historically, it is the region known for evolution
and development of modern societies.

The Mediterranean sea is mainly divided into two basins namely, the west-
ern and eastern Mediterranean having different topographic and oceanographic
characteristics which is connected by small passage of the Sicily strait. Each of
these basin divided into many sub-basins with different water properties. The
Mediterranean sea and sub-basins of the Mediterranean sea are illustrated in the
Figure 1.1a. The Mediterranean sea also composed of many channels and straits
as shown in the Figure 1.1b. The straits in the Mediterranean are very impor-
tant and acts as a “Hydraulic controls” in exchanging the water masses from one
basin to another. The small sea like Alboran, Algerian, Tyrrhenian, Ligurian and
Catalan are characteristics sub-basins of the western Mediterranean. The eastern
Mediterranean composed of sub-basins like Adriatic sea, Ionian basin, Levantine
basin and Aegean-Crete basins.
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(a) Mediterranean sea with sub basins.

(b) Mediterranean sea with straits.

(c) Mediterranean sea with straits and convection areas (Beranger
et. al.,2010).

Figure 1.1: The Mediterranean sea (a) with main basin and sub-basins (b) with straits
(c) with straits and convection areas. The black lines in the Figure 1.1c indicates the
strait of Gibraltar (GS), the strait of Corsica (SC), the Sicily channel (SC), the channel of
Otranto (CO), the western Strait of Cretan Arc (wCA) and the eastern Strait of Cretan
Arc (eCA). The winter convection sites are indicated by triangles in the Ligurian sea,
in the Tyrrhenian sea, in the Adriatic sea and in the north Aegean-Cretan sea.
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These small scale seas and basins have their own water mass variability and
exchange the water properties between the basins. Each of these of basin have
intermediate and deep water formation regions and convection areas. The various
straits, intermediate and deep water formation regions and convection areas are
illustrated in the Figure 1.1c. It shows the Mediterranean domain and bottom
including the straits and channels.

The role of channels and passages in the Mediterranean sea are very important
as they are act as main controlling gate for the water mass exchange among various
sub-basins and with the global ocean (here the Atlantic Ocean) (Lafuente, 2008;
Astraldi et al., 1999). The Mediterranean sea connects to the Atlantic Ocean
through the strait of Gibraltar, which is a narrow passage of 14 km wide and with
sill depth less than 300 km. Another important strait in the Mediterranean sea
is the strait of Sicily which splits basin into two sub-basin namely, the western
and eastern Mediterranean. The main topographic and oceanographic features of
the various straits and channels have been elucidated previously (Lafuente, 2008).
The other straits like the Messina and Bonafacio are less important dynamically
for the large scale circulation and plays negligible role in flux exchanges. The
investigation of role of different straits and channels based on observational data
to understand the Mediterranean circulation have been described earlier (Astraldi
et al., 1999). Mixing and general circulation of the Mediterranean sea is controlled
by these straits which are considered as the “hydraulic controls” (Bryden and
Kinder, 1991). The earlier modeling studies shows that seasonal variation in the
strait of Gibraltar is higher than other straits due to strong wind forcing and
cyclonic circulation in the Alboran sea.(Beranger et al., 2005).

1.2 General circulation in the Mediterranean sea

The geneal circulation in the Mediterranean sea is a complex physical process. It is
strongly influenced by air-sea interactions because of it’s geographical restrictions.
It is a region where major oceanic processes take place on smaller scale other than
those occurs in world ocean, such as formation of deep waters, contributing basin
wide small scale thermohaline circulation which is considered as reduced version
of large scale oceanic conveyor belt.

At the Gibraltar strait (GS), the Atlantic Water (AW) with typical values in
the range for Temperature ∼ 15-16◦C, Salinity ∼ 36-37 psu and densities of the
order of ∼ 1.026-1.027 enters as a inflow into the Mediterranean sea. This in-
coming AW modified continuously and becomes Modified Atlantic water (MAW)
while progressing in the basin due to interactions with the atmosphere, baroclinic
instability, mixing with old deep and intermediate water. The Mediterranean
thermohaline circulation starts at the strait of Gibraltar with an intrusion of the
Atlantic incoming water. The AW with the above tracer properties enters into the
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Alboran sea and generates clockwise gyres (two gyres) due to orientation of the
strait and intense mixing. Then it remodulates and propagate eastwards along
slope of the Algeria to form the Algerian current which is characterized by an-
ticyclonic eddies induced by baroclinic instability (Beranger et al., 2005; Millot,
1987a) and recirculate in the Algerian basin. Many times, it remains along the
slope and generates relatively small eddies on the shorter time scales. Further, it
flows and spreads towards the Balearic Islands (Millot, 1987b).

The mesoscale features induced by Algerian currents and formation of Algerian
eddies are seen from the Figure 1.2. The marked unstable characteristics of AW
along the southern coasts and trapping of mesoscale features by deep topography
is one of the characteristics of the Mediterranean. The AW flows along the western
coast of Corsica, forming the west Corsica vein of AW (Millot and Taupier, 2005).
One branch of the AW continues through the Channel of Sardinia in it’s southern
region along slope, enters into the Eastern Basin through the Channel of Sicily.
Another AW branch (known as the Tyrrhenian vein) progresses counterclockwise
around the Tyrrhenian along Sicily and the Italian peninsula before entering the
Channel of Corsica. Then AW reorganize itself by joining with the west Corsica
branch and become the western basin gyre and continues along the slope in the
Ligurian, the Provencal and the Catalan upto the Algerian and disappeared at
the entrance of the Alboran.

Figure 1.2: Circulation of incoming Atlantic Water (AW) at surface layer in the Mediter-
ranean (Millot and Taupier-Letage, 2005)
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Some of the earlier modeling studies reveals that the bifurcation of AW at the
strait of Sicily is driven by bottom topography of the channel (Millot and Taupier,
2005). The AW flows towards the north in the area of Ligurian, the Provencal
and the Catalan, where it mixed with Levantine Intermediate Water and sink to
form Western Mediterranean Deep Water (WMDW) and also known as Northern
currents. Interaction of AW with the northwesterly winds (such as Mistral and
Tramontane) occurs in the Gulf of Lions. Further, with intrusion of rivers there
(in the Gulf of Lions region), it mixes and flows seawards. Various islands present
in the Mediterranean also have significant effect on blocking the eddies. The west-
erly wind driven anticyclone observed in the western Tyrrhenian and east of the
strait of Bonifacio (Millot and Taupier, 2005).

According to Millot and Taupier (2005), the circulation of AW in the Sicily
strait and eastern Mediterranean is too complex due to numerous small islands
and complex topography. Due to strong mixing with the topography and the
northwesterlies, it then flows along the Libya coast to form Libyan current which
continues eastwards along the slope to generate small scale eddies. These eddies
moves to the central Ionian where most of them get trapped. The Libyan current
then continues eastward along the slope generates small scale and weak organized
eddies.The scale of these anticyclonic eddies are in the range of about 150-250 km
and propagate at the speed of 3 km/day. The LIW is the Modified Water (MW)
and easily tracked upto the strait of Gibraltar just beneath the AW due it’s saltier
and warm in nature. Apart from the LIW, other intermediate water such as Cre-
tan Intermediate Water formed in the Aegean or Winter Intermediate Water in
the Liguro-Provencal can not traced easily because of their small volume. So the
important intermediate and large water mass in the Mediterranean is Levantine
Intermediate Water that produced in North Levantine as seen from the Figure 1.3.

LIW mainly produced in the north Levantine and travel along the southern
slope of the Cretan Arc Island, the Rhodes and Crete and Peloponnese. Due
to topographic restrictions, some of the LIW enters into southern Aegean and
mixes there with AW in winter to form Aegean Deep Waters (AeDW). Partial
circulation of LIW along the northeastern Ionian slope enters into the Southern
Adriatic, mixes there with AW to form Adriatic Deep Water (AdDW) in winter
season. The remaining LIW then passes to the southern Adriatic and proceed
along slope through the Strait of Sicily. In the Strait of Sicily, most of the LIW
outflows into the Western Mediterranean basin (Figure 1.3). After moving along
the Sicilian slope, LIW leaves Sicily and then it circulates around the Tyrrhenian
(at about 200 to 600 m). Then it continues in the channel of Corsica and Sardinia
and outflows enters to the Algerian basin where it interacts with Algerian eddies
and then released in the center of the sub basin. Later it flows along the slope of
western Sardinia and Corsica, combine with branch that outflows from the channel
of Corsica and continues with the AW to develop wintertime formation of West
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Figure 1.3: Circulation of Levantine intermediate Water (LIW) in the Mediterranean
(Millot and Taupier-Letage, 2005)

Mediterranean Deep Waters (WMDW) in area of the Ligurian and Provencal.
Thereafter, LIW continues along the Spanish coastline and flows out at the Strait
of Gibraltar at sill depth of ∼ 300 meters. The formation and circulation LIW is
very important due it’s saltier and warm characteristics. It plays a vital role in
formation of other deep waters such as AeDW, AdDW, WMDW.

Due to complex topographical restrictions and strong air-sea interactions, deep
waters are mainly produced in the small seas, such as in the Adriatic sea, Aegean
sea and Tyrrhenian sea. The AW in the Aegean sea becomes less saltier due to
intrusion of incoming freshwater from Black sea and river runoff. Upto 1980s,
AdDW was denser than AeDW. Recently, during Transient it is reversed and
AeDW becomes denser than AdDW. These deep waters mixed together in their
formation zone, mainly in the southern Aegean and southern Adriatic. Later they
spreads out and flows northern part of Levantine,Cretan and Ionian, mixed there
and penetrate down the depths where they matches the densities with the old
resident waters. According to Millot C, 2005, cascading of these water masses
(AeDW and AdDW) take place at the sill depth about 1000 m, which is below
LIW. Thus these two deep water masses originated in shallow and enclosed sub
basin and tries to fill the deep part of the Eastern Mediterranean (deep about
4000 to 5000 m). Then the water outflows through the Sicily channel.

The upper layer circulations of AdDW and AeDW passing through the Sicily

6



Chapter 1. Introduction 1.2. General circulation in the Mediterranean sea

Figure 1.4: Circulation of Deep Waters (DW) in the Mediterranean (Millot and Taupier-
Letage, 2005)

strait can found in deeper regions along the Tunisian coasts. These water masses
are much denser than the water exists in the Tyrrhenian and reach down upto
1900-2000 meters. Tyrrhenian Dense Water (TDW) is mainly composed of waters
entered from the eastern basin. Production of WMDW is took place in the Lig-
urian and Provencal regions at depths about 2000-2500 meters, then mixes it with
TDW and continues as a gyre in the Algerian basin. The other features of WMDW
and it’s interactions with gyre and eddies in the Algerian basin has been described
(Millot and Taupier, 2005). The sucking of water at the strait of Gibraltar due
to Bernoulli effect1 (hypothesized by Kinder and Parrilla (1987)) and cascading
from Sicilian channel create a conveyor belt in the western Mediterranean basin
which is much shorter and more intense than the eastern Mediterranean basin.
The densest water can be found at deeper depths and at left hand side (Moroccan
side) of the strait of Gibraltar. The LIW is found on the right hand side (Spanish
side). The three dimensional schematics adopted from Beranger et al. (2010), is
shown in the Figure 1.5. It shows the surface circulation, the areas of deep water
formation and their pathways in the Mediterranean sea. Besides these important
intermediate and deep waters, there are also other currents exits in the Mediter-
ranean. Their description, basin wide similarities and dynamical characteristics
has been described in earlier studies (Millot and Taupier, 2005).

1For horizontal fluid flow, an increase in the velocity of flow will result in a decrease in the static pressure.
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Figure 1.5: Three dimensional illustration of the Mediterranean intermediate and deep
waters and their pathways (Beranger et al., 2010). Blue color shows the surface cir-
culation of AW, red indicates the intermediate water circulation (LIW) and Cretan
Intermediate water (CIW). The black lines shows the deep waters of the Mediterranean
sea. The dashed lines represents changes in the paths of LIW and CIW (Roether et al.,
1996).

A general picture of the Mediterranean mesoscale structure, including jets,
meanders, gyres and eddies is shown in the Figure 1.6. The horizontal scale of
mesoscale eddies in the Mediterranean is nearly four times smaller than global
ocean. The Rossby radius of deformation in the Mediterranean is of the order of
10-15 kms. Thus, to study these mesoscale features, a fine resolution sampling of
data is required (Robinson et al., 2001). The Rossby radius of deformation is the
length scale at which rotational effects becomes important as buoyancy or gravity
waves affect the evolution of flow about disturbances. A general formulation for
Rossby radius of deformation is given by,

R =
N ∗ H

fo
(1.1)

where, R = Rossby radius of deformation. N = Brunt Vaisala Frequency2 H =
Scale height. fo = Coriolis parameter. R is dimensionless quantity.

2The frequency at which a displaced water parcel will oscillate when displaced vertically within a statically
stable environment.
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Figure 1.6: Map of the Mediterranean Sea showing mesoscale structures (Artale et
al., 2002). Acronyms used are as follows: Western Alboran Gyre (WAG), Eastern
Alboran Gyre (EAG), Almeria Oran front (AO), Balearic front (BF), Ligurian Provencal
Catalan current (LPCC), northen Tyrrhenian eddy (NTE), southern Tyrrhenian eddy
(STE), Algerian eddy (ALE), Ionian Atlantic stream (IAS), Pelops eddy (PE), Cretan
gyre (CG), IeraPetra anticyclone (IPA), Rhodes gyre (RG), Asia Minor current (AMC),
Cilician current (CC), western Cyprus gyre (WCG), Mid-Mediterranean jet (MMJ),
Shikmona eddy (SE) and Mersa-Matruh gyre (MMG)

1.3 Modeling work in the Mediterranean

A number of modeling work has been done in the Mediterranean sea. Brossier
et al. (2011) investigate the response of high frequency atmospheric forcings for two
different spatial resolution. Increased spatial resolution of northwestern Mediter-
ranean has improved surface circulation in the simulation. Due to modification in
resolution and high frequency wind forcing, the convection process is found to be
enhanced as a result of increased wind speed. The improvement has been found in
salinity of MAW and sea level variability in the Mediterranean with development
of nested regional model (Oddo et al., 2009). In another modeling study, the role
of various straits and it’s seasonal variability has been conducted. It shows that
the strong variability in water mass transport occurred in the strati of Gibral-
tar due to wind forcing and cyclonic circulation in the Alboran sea (Beranger
et al., 2005). The grid refinement application using MIT ocean model has found
improvement in inflow and outflow in the basin (Sannino et al., 2009). The sen-
sitivity study with NEMO ocean model, in the northwest Mediterranean, where
high spatial and temporal resolution used. It shows that the improving resolution
leads to more accurate response of wind stress. This study also suggested that the
weak thermal response to high frequency atmospheric forcing take place due to
restrictions imposed by topography and vertical resolution than air-sea interaction
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forcings (Brossier et al., 2012). A numerical study using POM model shows that
the model is able to reproduce general circulation and formation of deep water in
the Mediterranean basin (Zavaterlli and Mellor, 1994). The spreading of Aw in
the Sicily strait and reproduction of new path of LIW has been explained with
modeling as well as observational studies (Beranger et al., 2010). The study using
MOM has shown that the ability of model to generate subsurface ocean features in
the Gulf of Lions and reduced the systematic errors in the model (Castellari et al.,
1998). The impact of spatial distribution of atmospheric forcing on formation of
deep water mass (winter convection area) using OPA regional modeling system has
been done in previous work (Beranger et al., 2010). The review study based on ob-
servations and modeling has found strong association of interannual variability of
the circulation and water mass formation to the atmospheric forcings. It also con-
cluded that the most of recent features in the basin are associated with changes in
atmospheric forcings and topography (Pinardi and Masetti, 2000). Few modeling
studies were also done to understand some specific events occurred in the Mediter-
ranean basin. An experiment has conducted to understand convection event in the
northwestern mediterranean basin during 2005. According to this study existence
of strong negative buoyancy during winter 2004-2005 was the main factor responsi-
ble for organizing deep convection in the northwestern Mediterranean (Herrmann
et al., 2010). The model intercomparison shows unrealistic drift in case of forcing
with monthly means. Modifications and variability in drifts occurred when models
forced with daily atmospheric data (Beckers et al., 2002). In recent years, many
modeling efforts were done in the Mediterranean by developing regionally coupled
models. Development of such modeling system is very important to study the in-
terplay between air and sea interactively and also to make reliable modeling tool
for better prediction on various time scales. The PROTHEUS group (Artale et al.,
2010) has developed high resolution ocean-atmosphere regional coupled model in
the Mediterranean using RegCM3 atmospheric regional model and MITgcm global
Ocean Model. Similar model development has been carried out by grid refinement
at the straits, deep water formation and strong convection regions to investigate
the role of high frequency forcings on the Mediterranean ocean dynamics. Some
of these models are now proposed to use for climate change studies and also for
climate prediction (Artale et al., 2002, 2010; Somot et al., 2008; Roussenov et al.,
1995).

The mixed layer depth is the layer between the ocean surface and a depth
generally ranging between 25 and 200 meter, where the density is uniform. The
existence of mixed layer is initiated by turbulence which is caused by the wind
stress. The penetration of mixing to a certain depth, that is, mixed layer depth
is mostly depends on the stability of the sea water and on the energy from the
wind. Sea water stability in the near surface is determined by the atmospheric
fluxes through the ocean surface. The mixed layer responds quickly and directly
to atmospheric fluxes. The mixed layer is the part of the ocean through which
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the ocean influences directly the atmosphere. Many important processes occur
within the mixed layer such as physical, chemical and biological. It is, in general,
quasi-homogeneous layer of the upper ocean with turbulent mixing. The turbulent
mixing existed due to energy gained by wind stress and heat fluxes at the ocean
surface (Pickard and W.J.Emery, 1990; Kara et al., 2000). It is defined as the
region of active turbulent mixing due to wind forcings and heat exchanges with
ocean-atmosphere interface. The turbulent mixing arises due to turbulent eddies.
The ocean mixed layer variability exhibits different behavior and seasonality of
the different oceans of the globe. The dynamics of MLD is not understand due to
many factors. The lack of temperature and salinity data with depths in different
global oceans is one of the main reason. There is also a discrepancy in spatial
and temporal variability of mixed layer depths due to various definitions (based
on density or temperature criterion (Isothermal layer depth(ILD)) used to define
mixed layer depth (Kara et al., 2003). The ILD based on temperature criteria and
MLD is based on density criteria. According to Kara et al. (2003), ILD coincides
generally with MLD in some of the ocean basin due to existence of strong ther-
mocline. Some regions such as the western equatorial pacific and the Southern
ocean exhibits large difference in ILD and MLD. Due to large discrepancy in the
ILD and MLD variability of some of the regions of the global ocean (for exam-
ple, the western equatorial pacific and southern ocean, where strong thermocline
exists.), it is difficult to implement ILD based mixed layered depth. The lack of
observations in the world’s ocean and various definition of mixed layer depth used
in the literature, it can’t be deliver proper information on spatial and temporal
scale. This kind of approach can affect ocean models to reproduce correct upper
ocean processes based on turbulence physics (Kara et al., 2003). A detailed study
of mixed layer depth variability based on temperature and density criterion is
well documented by Kara et al. (2003). This studies derived and analyzed mixed
layer depth based on temperature and density criteria for various large scale open
ocean of the world. The turbulence mixed layer processes is also explained in the
their studies. An optimum definition of mixed layer depth is described in detail
by (Kara et al., 2000). There they obtained optimal estimate of turbulent mixing
using a MLD definition of ∆T =0.8 oC and it’s seasonal variability in the global
ocean.

The detailed study of mixed layer depth variability based on profile data cli-
matology over the global ocean is done by (de Boyer Montegut et al., 2004). In
this paper, mixed layer definition based on temperature and density criteria and
their seasonal variability is discussed. In the Mediterranean sea, the variability
of mixed layer depth from observations as well as from modeling had been well
documented in the literature (de Boyer Montegut et al., 2004; Dortenzio et al.,
2005; Kara et al., 2010). The Mediterranean sea is large scale regional type of sea
with uneven bottom topography. The upper ocean dynamics of the Mediterranean
sea is strongly related with the mixed layer depth. The formation water masses in
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the Mediterranean sea is related to this processes (Kara et al., 2010). The mod-
ified Atlantic water and Levantine intermediate water, mainly contributes to the
surface layer processes (Mertens and Schott, 1998). The convective mixing in the
Gulf of Lions creates deep mixed layer depth (Marshall and Schott, 1999). Due
to absence of observed interannual subsurface temperature and salinity data at
high resolution limits the ability to determine mixed layer depth variability and
it’s seasonality. The eddy permitting model with five different turbulent mixing
model is applied to overcome the data on spatial and temporal scale. The mixed
layer depth variability is also examined at the high resolution (Kara et al., 2010).
The seasonal variability of mixed layer depth derived from in situ profiles in the
Mediterranean sea using 0.50 resolution Mediterranean climatology of mixed layer
depth is studied previously (Dortenzio et al., 2005). In the current study, a high
resolution regional ocean modeling system is applied in the Mediterranean sea
which is eddy permitting. Here the mixed layer depth is derived using tempera-
ture criterion (ILD), ∆T=0.2 oC. There are various criterion documented in the
literature to obtain optimal definitions based on temperature (de Boyer Montegut
et al., 2004; Dortenzio et al., 2005; Kara et al., 2010). Implementation of all cri-
terion is out of scope in the current study.

1.4 Air-sea interaction and climate variability

The wintertime dense water formation occurs in the Mediterranean sea by cool-
ing and evaporation imposed by strong convection as well as cold and dry winds.
Evolution and characteristics of water masses in the western and eastern Mediter-
ranean are strongly determined by air-sea interactions. Perturbations in the ocean-
atmosphere forcings can alters the ocean’s interior circulation and mixing, thus
leads to temperature, salinity and upper ocean variability. Interplay of air and
sea also contributes significantly in the development and propagation of mesoscale
structures like eddies, meanders and gyres in the Mediterranean. Many observa-
tional and modeling studies has been conducted to investigate the role of air-sea
forcings in the Mediterranean. The areas of deep water mass formation and strong
convection like Gulf of Lion and Adriatic sea, are mainly influenced by local as
well as remote air sea exchanges. The deep water mass formation variability on
interannual to decadal scale is also linked with atmospheric forcings (Sotillo et al.,
2005; Gasparini et al., 2005; Schroder et al., 2006). The Mediterranean sea is
forced by water mass exchanges at different straits, by buoyancy fluxes and wind
stress at the surface (Robinson et al., 2001).

Latitudinally, the Mediterranean sea is located in a transitional zone and ex-
changes interactions with mid latitude and tropical variability. The Mediterranean
climate is influenced by the South Asian monsoon in summer (the descending
branch of the Hadley cell) and the Siberian high pressure system (mainly linked
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to the mid latitude variability) in the winter. Due to under the impact of strong
air sea interactions, the Mediterranean sea is also considered as heat reservoir
and source of moisture for nearby land areas (Bergamasco et al., 1999). In re-
cent years, several studies have been carried out to assess the role of atmospheric
forcings on seasonal and interannual variability in the Mediterranean. An in-
tercomparison between operational datasets like ECMWF and NCEP have been
carried out to study air-sea fluxes and their role in the Mediterranean circulation
(Angelucci et al., 1998). Another comparison between reanalysis and in situ wind
speed data to study the role of winds on the Mediterranean circulations have
been done (Ruti et al., 2007). The analysis shows that the spatial resolutions
in the reanalysis products are the main relevant sources of error in wind fields.
A large number of studies have been executed in recent years using regional and
global state-of-the-art dynamical models to understand the physical processes and
’cause-effect’ relationship in the Mediterranean. Seasonal to interannual variabil-
ity in the Mediterranean using ocean modeling has been carried out in which they
studied the impact of air-sea fluxes on the evolution of mesoscale variability (Fer-
nandez et al., 2005). Temporal variability of the sea level in the Mediterranean sea
is also influenced by strong regional as well as global scale air-sea fluxes. In the
Mediterranean sea, wind and pressure changes plays vital role and dominates the
interannual variability (Gomis et al., 2006). Steric changes, variations in the wa-
ter budgets by freshwater perturbations by rivers, evaporation and precipitations
driven by local atmospheric forcings, all contributes to sea level changes (Tsim-
plis, 2001). The previous estimates of sea level trends in the Mediterranean was
unchanged in 1960s mainly because of the changes in the atmospheric pressure in
winter time (Tsimplis and Baker, 2000). Negative changes in the temperature and
salinity associated with NAO have been claimed as a contributing factors for sea
level change (Tsimplis and Rixen, 2002).

Further, the changes in temperature and salinity are limited to the northern
regions and inhibited to basin wide east-west pressure gradients and in freshwater
fluxes (Painter and Tsimplis, 2003; Tsimplis, 2001). Response from contribution of
changes in temperature and salinity under climate changes scenarios (A2 emission)
are investigated in the sub-basins of the Mediterranean and are used to compute
steric sea level changes in region. It concludes on the basis of based model studies
that there are no seasonal bias in the sea level rise indicating that the seasonal
cycle will remain unaffected (Tsimplis et al., 2008). The impact of large scale tele-
connection patterns on the Mediterraneans climate has been reported using high
resolution hindcasts simulations. Canellas et al. (2010), explored the influence of
North Atlantic Oscillations (NAO) on the northwestern Mediterranean. The large
scale anomalies generated due to teleconnection interactions may drive variabil-
ity of the Mediterranean climate (Kushir et al., 1997). Long term temperature
variability in the Mediterranean region and it’s connection to the large scale atmo-
spheric circulations has been carried out. A warming trend is found in the most of
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the regions in the Mediterranean, which is larger than global value. Their analysis
further implied that the heat waves leads the long term trend suggests that the
Mediterranean basin shows the increase in the greenhouse effect in summer season
(Ziv et al., 2005). The distribution of upward motion over the Asian monsoon and
subsidence over the Levantine suggested that the Asian monsoon plays important
role in controlling the interdiurnal variations over the eastern Mediterranean. A
detailed analysis of this study shows that an intensification of the Asian monsoon
enhances the subsidence over the Levant and eastern Mediterranean (Ziv et al.,
2004). The seasonal changes in summer months over the eastern Mediterranean
is only the local manifestation of large scale and long term modifications of the
tropical circulation (Reddaway and Bigg, 1996).

The Mediterranean is considered as a transitional zone, affected by westerly
during the whole year. Mediterranean climate is also sensitive to the South Asian
Monsoon in summer season, the Siberian high pressure system in winter, the EL
Nino Southern Oscillation and the North Atlantic Oscillations. The Mediterranean
climate is also susceptible to atmospheric circulation, latitudinal location and land
water interactions and mesoscale processes (Lolis et al., 1999; Xoplaki et al., 2000,
2002). The shape, location and configuration of the Mediterranean give rise to
wide range of local modification from arid to humid mountainous climate (Xoplaki
et al., 2003). It is the main source of energy and moisture for cyclogenesis and
it’s land topography plays an important role in steering air mass flow (Bartzokas
et al., 1994; Trigo et al., 1999; Maheras et al., 2001). The Mediterranean climate is
one of the regional scale ocean-atmosphere coupled system with a short response
time influenced by global climate. The freshwater fluxes i.e., balance between
evaporation and precipitation affects the Mediterranean water mass variability.
The Mediterranean wet season can be defined from the October to March with
high rainfall variability (Xoplaki et al., 2002; Mariotti et al., 2002). Xoplaki et al.
(2004), investigated the relation between the Mediterranean wet precipitation and
large scale atmospheric circulation. Their analysis shows increasing trend in the
rainfall activity, maximum in 1960s and then downward trend (Xoplaki et al.,
2004). In the 1990s, an interesting study was made using cruise observations to
investigate the warming trend of deep waters in the Mediterranean (Bethoux et al.,
1990).

North Atlantic Oscillation (NAO) is one the important and dominant large
scale atmospheric mode in the North Atlantic Ocean. The zonal (east-west) mo-
tion of NAO controls the strength and direction of westerly winds in the North
Atlantic. The variability in NAO is also considered as a indicator for the trans-
port and atmospheric moisture convergence and thus leads to changes in the tem-
perature and precipitation across the European region (Hurell, 1995). Negative
phase of NAO shows, suppressed westerly, cold winters, storm tracks towards the
Mediterranean sea and brings increased rainfall and storms in southern Europe
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and North African regimes. The effect of NAO pattern on river regimes in the
western Mediterranean shows the large interannual variability in the three large
Iberian rivers and also their flows modulated by NAO. The authors also explained
on the basis of interannual variability in precipitation and river flows linked with
NAO that in near future the entire Mediterranean basin found to become more
hotter or drier with increased positive NAO in winters (Trigo, 2011). The hy-
droclimatic conditions in the Mediterranean region, resulting from a downward
trend in winter precipitation are also influenced by the North Atlantic Oscillation.
The effect of NAO on temperature and precipitation winter modes in the Mediter-
ranean linked to the climate change projections has been previously communicated
(Moreno et al., 2011). A strong air-sea exchanges associated with aggregate ef-
fect of local as well as remote interplay, can responsible for generation of extreme
weather events, in temporary or persistence scale. Recently, one such extreme
events occurred, i.e. ”heat wave” in 2003 that affects the European continent.
Researchers tried to investigate the source and physical mechanism for such heat
wave. Atmospheric factors responsible for European heat wave in 2003 and con-
tribution of the Mediterranean sea has been indicated via observational as well as
modeling studies. Exceptionally high warming of the Mediterranean SST anomaly
has been observed during this event of the order of 2 to 4 0C.

The modeling study using COLA model suggests that the warm local SST and
dry local soil were important contributors to 2003 European heat wave (Fennessy
and Kinter, 2009). Their study concludes that increase in the SST is the enhancing
factor responsible for 2003 European heat wave (Feudale and Shukla, 2010a). In
another modeling experiments using COLA model, (Feudale and Shukla, 2010b),
investigates the role of boundary conditions in development and maintaining the
European heat wave in 2003. The model results shows that the Mediterranean
SSTs amplifies the European heat wave (Feudale and Shukla, 2007). An impact
of atmospheric modes on the Mediterranean sea surface heat exchange has been
reported (Josey et al., 2011). They considered four different atmospheric climatic
modes such as North Atlantic Oscillations, East Atlantic Pattern, Scandinavian
Pattern and East Atlantic or West Russian pattern. It is suggested that in each
mode winter anomalies dominates the mean annual heat budget observing small
impact by NAO mode. This study also concluded that East Atlantic or West
Russian mode plays an important role in the western and eastern Mediterranean
basin. The changes in the Mediterranean thermohaline circulation in recent pe-
riod has been studied extensively to understand the role of atmospheric fluxes
on changes in water mass characteristics. Recently happened phenomenon in the
Mediterranean is known as eastern Mediterranean transient (EMT), i.e. a shift
of formation site of deep waters from the Adriatic to Aegean. This shift of the
main deep water formation in the Mediterranean Sea from its usual location in
the Adriatic Sea to the Aegean Sea during the late 1980s and early 1990s, dur-
ing winters 1991/1992 and 1992/1993 has indicated by hydrographic observations
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(Romanski et al., 2012).

A list of events related to EMT evolution is documented in workshop series
No 10 (Briand, 2000). Anomalies in the net evaporation-precipitation and sev-
eral dry years appeared during 1988-1993 may contributes to the formation of
deep waters in the Aegean sea. Other possible causes occurs in connection with
long term trend in evaporation-precipitation and damming structures on the Nile
and Danube rivers. Teleconnection analysis between EMT and large scale at-
mospheric anomalies shows relations with Indian Monsoon in summer and north
Atlantic oscillations (NAO) in winter. To establish a relation with large scale
atmospheric anomalies, more meteorological analysis through special modeling
efforts are needed (Briand, 2000). The Mediterranean is became vulnerable to
atmospheric changes and also to the greenhouse emissions (Lionello and Oth-
ers, 2006). Based on the previous studies (Luterbacher and Others, 2006), the
Mediterranean is considered as the ”Hot Spots” in future climate change projec-
tions (Girogi, 2006). In general, winter climate of the Mediterranean sea is mild
and wet whereas in summer it is hot and dry. Winter climate of the Mediter-
ranean, mainly rainfall is influenced by NAO (Hurell, 1995). The ENSO also has
plausible effect on precipitation variability on the Eastern Mediterranean (Alpert
and Others, 2006). Previous studies suggests that the summer Mediterranean cli-
mate variability is linked with Asian and African Monsoons (Alpert and Others,
2006). The Mediterranean storms occurs in the cyclogensis areas such as Alps,
Gulf Of Lion and Gulf of Genoa (Lionello and Others, 2006).

The Mediterranean climate is also triggered by local atmospheric process in
addition to global interactions. The regional scale air-sea fluxes along with the
topography, coasts and vegetation cover are responsible for generating mesoscale
processes in the Mediterranean which makes it more complex climate system (Li-
onello and Others, 2006). There are also possible evidences that the Mediter-
ranean features may affected by greenhouse gases and aerosols coming from Asia,
Africa and European region (Alpert and Others, 2006). As the Mediterranean
is considered as “hot spots” for the climatic changes, an assessment of climate
change projections is necessary in the Mediterranean region. Many papers has
been documented on the regional climate change simulations over Europe includ-
ing Mediterranean (Giorgi et al., 1992; Deque et al., 2005; Alpert and Others,
2006; Raisansen et al., 2004; Jones et al., 1997; M., 2003; Giannakopoulos et al.,
2009; Giorgi and Lionello, 2008). On the basis of their thorough analysis, it is
observed that the Mediterranean region might be vulnerable to climate change.
The anthropogenic emission and aerosol forcings plays an important role in the
Mediterranean climate variability.
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1.5 Motivation of the work

The investigation of climate variability on different timescales such as daily, monthly,
seasonal and interannual is very important to manage the socioeconomic processes
from regional to global scale. Indeed, the variation in the climate has a crucial
impact on agriculture, water, health, economy and transportation. Therefore the
development of climate forecasting tools helps to manage these sectors more ef-
ficiently. However, there are limitations on producing accurate climate forecast
more than two weeks in advance due to the chaotic nature of the climate system,
particularly, in regions like the Mediterranean, which is characterized by high in-
terannual variability. The quality of seasonal to interannual climate prediction in
the tropical region are improved in a noticeable amount due to transient effect of El
Nino-Southern Oscillation (ENSO) on tropical dynamics. However, predictability
skill decreases significantly in mid-latitude as a result of large amount of local vari-
ability and influence of tropics extra-tropics interplay. The Mediterranean region
known as the region with low predictability with dynamical approach. In current
scenario, the Mediterranean region lacks in extensive evaluation of prediction skill
on different timescales. Due to its importance and challenging nature, the current
PhD work is motivated to develop basic modeling tools useful for improvement of
forecasting in the Mediterranean area. It consists on the development of a model
for the ocean circulation in the Mediterranean sea which is able to provide accu-
rate estimate of Sea Surface Temperature (SST) and Mixed Layer Depth (MLD).

The scientific basis of this approach is based on the fact that the atmospheric
predictability in seasonal to interannual timescale is significantly dependent on
slowly varying lower boundary conditions (Charney and Shukla, 1981), such as
Mediterranean SSTs. The first internal Rossby radius of deformation in the
Mediterranean sea is of the order of 10-15 km, therefore the model should have
high spatial resolution and eddy resolved. This objective is achieved by develop-
ment of high resolution grid in the basin. The simulated results then validated
and intercompared to assess the skill of model. Many current state-of-the-art dy-
namical models shows deficiency in simulating the mesoscale features in regional
as well as coastal areas. The mesoscale eddies are very important as they plays
role in transferring energy and influence upper ocean dynamics. The better rep-
resentation of mesoscale features are required to improve the prediction skill of
model. The basin scale region like the Mediterranean is sensitive to air-sea inter-
action and intense mixing. The earlier studies which reveals that the intense and
high frequency winds may have impact on sea surface and alters the sea surface
temperature in the basin (Beranger et al., 2010).

The main objectives of present work as follows.

(1) Install and test Regional Ocean Modeling System (ROMS) on High Perfor-
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mance Computing (HPC) cluster and to do assessment of ROMS benchmark on
HPC.
(2) Develop high resolution horizontal grid in the Mediterranean basin.
(3) Perform and validate climatological ROMS simulation experiment in the Mediter-
ranean with climatological forcing to obtain steady state conditions and to study
climatological features in the basin.
(4) Perform and validate ROMS interannual simulation experiment with ERA-
Interim six hourly air-sea interaction forcing to obtain better surface variables
and mixed layer depth.
(5) To study interannual variability and mesoscale features in the Mediterranean.
(6) Develop a high resolution ROMS tool in the Mediterranean for regional couple
model in the future.

· · · · ·
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Chapter 2

Ocean Model

2.1 Introduction of the Ocean Model

The ocean model implemented in this study is the Regional Ocean Modeling Sys-
tem (ROMS) developed by Rutgers University, USA. It is a free surface, primitive
equation model widely used in the applications ranging from coastal to regional
seas. ROMS includes efficient physical and numerical algorithms and several cou-
pled models for bio-geochemical, bio-optical, sediment and sea ice applications
(Haidvogel et al., 2008). The ROMS follows the Earth System Modeling Frame-
work (ESMF) conventions for model coupling that is initialize, run and finalize.
The dynamical core of ROMS is composed of four separate models including the
nonlinear (NLM), tangent linear (TLM), represented tangent linear (RPM) and
adjoint (ADM) as well as several drivers to run each of these model (NLM, TLM,
RPM, and ADM) separately and collectively. The ROMS core also includes drivers
for strong (S4DVAR, IS4DVAR) and weak (W4DVAR) constraint variational data
assimilation (Arango et al., 2006; Di Lorenzo et al., 2006). A driver for ensemble
prediction is available to perturb initial conditions using singular vector method.
ROMS comes with a very modern and modular code written in Fortran (F90/F95)
and uses C-preprocessing to enable the physical and numerical schemes. The
model code can be run on either serial or parallel with MPI version which is in-
corporated in the core.

ROMS code is based on the Boussinesq approximation1 and on the hydrostatic
balance2. It uses a split-explicit and stretched terrain-following sigma coordinates
in vertical and on horizontal Arakawa-C grid. Barotropic (Baroclinic) momentum
equations are solved by implying shorter (longer) time steps. A third order up-
stream biased advection scheme implemented in ROMS which allows to generate
a steep gradients which further enhances the effective solution for a given grid size

1Density are neglected in momentum term except their contribution to buoyancy force.
2It is assumed that the pressure gradient balances with buoyancy force.
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(Shchepetkin and McWilliams, 2005; Penven et al., 2008). The air-sea interaction
module of the ROMS is based on the Bulk formulation (Fairall et al., 1996) and
is adapted from COARE (Coupled Ocean-Atmosphere Response Experiment) al-
gorithm for air-sea computation. The Bulk formulation is used for standalone or
coupled mode with atmospheric models.

The ROMS sea-ice component is a three-fold combination of the elastic-viscous-
plastic (EVP) rheology3 and simple one layer ice and snow thermodynamics which
is coupled with ocean core on the same grid (Arakawa C grid) (Budgell, 2005;
Hunke and Dukowicz, 1997; Hunke, 2001; Mellor and Kantha, 1989; Hakkinen
and Mellor, 1992). Additionally, ROMS also embeded with different ecosystem
sub-models such as, a NPZD type model (Powell et al., 2006), a Fasham type
model (Fasham et al., 1990; Fennel et al., 2006), a two-phytoplankton class model
(Lima and Doney, 2004), and a multiple-phytoplankton ECOSIM class model (Bis-
sett et al., 1999). All of these models are restricted to the lower trophic levels4 of
the ecosystem and are described reasonably well by the Eulerian concentrations
(Batchelder et al., 2002).

At present there are three different versions of ROMS modeling system are
available. They are ROMS-Rutgers (from Rutgers University), ROMS-UCLA
(from UCLA University) and ROMS-Agrif (from IRD, France). ROMS-Rutgers
version is the originally developed by the Rutgers University and is freely avail-
able to the research community. It is also a open source code that means one
can add or modify the code as per user requirement. ROMS-UCLA is not freely
available. ROMS-Agrif which is developed at IRD is publicly available and is with
mesh refinement, pre and post processing tools with graphical user interface. In
the current study, we are using the originally developed ROMS code from Rut-
gers University. The reason to choose this version of ROMS code because it is
freely available with constant support and updation from the developers. It has
various options for selecting the numerical mixing and vertical schemes available
to user application. This version of ROMS code is easily executed on single as
well as parallel computing nodes. The input and output data structure of this
model version is via NetCDF which is easy to share and visualize. The coupling
with atmospheric model is also available in this version which can be applied to
coupled the ROMS to develop a regional coupled system to improve the regional
forecasting.

3Branch of Physics that studies the deformation and flow of matter.
4The trophic level is the position occupied by organism in a food chain of the ecosystem.
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2.2 Equations of Motion

Regional Ocean Modeling System (ROMS) is a three dimensional, free surface, ter-
rain following numerical models that solve the Reynolds averaged Navier Stokes
equations using the hydrostatic and Boussinesq approximations.

The ROMS governing equations in simple form in Cartesian coordinates are:
The momentum equations :

∂u

∂t
+ ~v.∇u− fv = −∂φ

∂x
− ∂

∂z

(
u′w′ − v∂u

∂z

)
+ Fu + Du (2.1)

∂v

∂t
+ ~v.∇v + fu = −∂φ

∂y
− ∂

∂z

(
v′w′ − v∂v

∂z

)
+ Fv + Dv (2.2)

hydrostatic equation :

∂φ

∂z
= −ρg

ρ0

(2.3)

continuity equation :

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (2.4)

scalar transport equation is given by :

∂C

∂t
+ ~v.∇C = − ∂

∂z

(
C ′w′ − vθ

∂C

∂z

)
+ FC + DC (2.5)

equation of state :

ρ = ρ(T, S, P ) (2.6)

In above set of equations, the overbar represents time averages and prime rep-
resents fluctuations about the mean. These equations are closed by parameterizing
the Reynolds stresses and turbulent tracer fluxes as:

u′w′ = −KM
∂u

∂z
; v′w′ = −KM

∂v

∂z
; C ′w′ = −KC

∂C

∂z
(2.7)

Equations (2.1) and (2.2) are the momentum balance equations in x and y
directions, respectively. In the Boussinesq approximation, density variations are
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neglected in the momentum equations except in their contribution to the buoyancy
force in the vertical momentum equation. Under the hydrostatic approximation, it
is further assumed that the vertical pressure gradient balances the buoyancy force.
Equation (2.4) represents the continuity equation for an incompressible fluid.

where,

Du,Dv,DC = Diffusive terms
Fu,Fv,FC = Forcing terms
f(x, y) = Coriolis force
h(x, y) = Bottom depth
T (x, y, z, t) = Temperature
S(x, y, z, t) = Salinity
φ(x, y, z, t) = Dynamic Pressure φ = (P/ρo)
v, vθ = Molecular Viscosity and Diffusivity
Km, KC = Vertical Eddy Viscosity and Diffusivity
P = Total Pressure, P ≈ −ρogz
ρ0 + ρ(x, y, z, t) = Total in situ Density
t = Time
u, v, w = the (x, y, z) components of vector Velocity ~v
x, y = Horizontal coordinates
z = Vertical coordinate
ζ(x, y, t) = the surface elevation

Equations for Vertical Boundary condition is given by :

at Top, z = ζ(x, y, t)

Km
∂u

∂z
= T xs (x, y, t) (2.8)

Km
∂v

∂z
= T ys (x, y, t) (2.9)

Kc
∂c

∂z
=

Qc

ρoCp
(2.10)

ω =
∂ρ

∂ζ
(2.11)

and

at Bottom, z = −h(x, y)

Km
∂u

∂z
= T xb (x, y, t) (2.12)

Km
∂v

∂z
= T yb (x, y, t) (2.13)
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Kc
∂c

∂z
= 0 (2.14)

ω + v.∇h = 0 (2.15)

where, Qc is surface concentration flux, T xs and T ys are surface zonal and meri-
donial wind stresses, respectively, T xb and T yb are bottom stresses in x and y di-
rection. The various forms of ROMS equations are explained in (Haidvogel et al.,
2008; Hedstrom, 2010; Shchepetkin and McWilliams, 2005).

2.2.1 Sigma Coordinates

Since ROMS is a free surface terrain following coordinate system model in the ver-
tical, the primitive equations are solved over variable topography using stretched
terrain following horizontal coordinates staggered on Arakawa-C grid. The ad-
vantage of stretched coordinate is that it allows increased resolution in the area
of interests, such as thermocline and bottom boundary layers. The sigma level
models are very sensitive to topography which results into pressure gradient er-
rors. Such errors arises due to splitting of the pressure gradient term into sigma
component and hydrostatic correction term (Haidvogel and Beckmann, 1999).

The numerical algorithmic in ROMS core is designed to minimize such errors
(Shchepetkin and McWilliams, 2003). In the present version of ROMS, there
are two vertical transformation available and is supported by various stretching
functions or their combination. The vertical coordinate transformation equations
can be written as,

for Vtransform=1,

z(x, y, σ, t) = S(x, y, σ) + ζ(x, y, t)

[
1 +

S(x, y, σ)

h(x, y)

]
(2.16)

where,

ζ(x, y, t) = hcρ+ [h(x, y)− hc]C(ρ)

for Vstretching=1,(Song and Haidvogel, 1994)

C(σ) = (1− θB)
sinh(θSσ)

sinh(θS)
+ θB

[tanh[θS(σ + 1
2
)]

2 tanh(1
2
θS)

]
(2.17)

Above vertical transformations can be activated by setting Vtransform = 1 OR
Vtransform = 2 in ocean.in file depending on user applications.

where,

S(x, y, σ) = non linear vertical transformation function.
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ζ(x, y, t) = time varying free surface.
h(x, y) = unperturbed water column thickness.
z = −h(x, y) is at ocean bottom.
σ = fractional vertical stretching coordinate, −1 ≤ σ ≤ 0
C(σ) = non-dimensional, monotonic vertical stretching function ranging from
−1 ≤ C(σ) ≤ 0
hc = positive thickness controlling the stretching.

2.3 Numerical Solution

In the horizontal, ROMS governing equations are evaluated over a boundary fit-
ted, orthogonal coordinates (ξ, η) on Arakawa-C grid. The general formulation
of curvilinear coordinates can be transformed into spherical, polar and cartesian
coordinates depending on user need and application. These transformation on
ROMS grid (ξ, η) is specified in terms of (pm, pn) metrics. The ROMS variables
staggered on Arakawa C-grid are shown in the Figure 2.1.

Figure 2.1: ROMS horizontal Arakawa-C grid.(source:www.myroms.com)

As illustrated in above figure, the free-surface (ζ), density (ρ), and active or
passive tracers (t) are located at the center of the cell. The horizontal velocity (u)
and (v) are located at the west-east and south-north edges of the cell, respectively.
The density (ρ) is computed between points where the computation of currents
takes place. All the state variables in the ROMS are dimensioned in the same size
for parallelization purpose. The placement of ROMS variable on a single horizon-
tal Arakawa-C grid is illustrated in the Figure 2.2.
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Figure 2.2: ROMS variables on horizontal Arakawa-C grid.(source:www.myroms.com)

In ROMS the governing equations are discritized over variable topography
stretched in vertical coordinate. A schematic of vertical discritization is illustrated
in the Figure 2.3. Due to application of vertical stretching coordinate, each grid
cell have different level thickness (Hz) and volume. The model state variables are
vertically staggered so that horizontal momentum (u, v), density (ρ) and tracers
(t) are located at the center of the each grid cell. The vertical velocity and vertical
mixing variables (Akt, Akv, etc) are located at the bottom and top faces of the
cell. The total thickness of the water column is ζ(i, j) + h(i, j). The bathymetry
(h) is time independent whereas the surface elevation (ζ) is time dependent.

Time stepping: For computational economy, the hydrostatic primitive equa-
tions for momentum are solved using a split-explicit time stepping scheme which
requires special treatment and coupling between barotropic (fast) and baroclinic
(slow) modes. A finite number of barotropic time steps, within each baroclinic
step, are carried out to evolve the free-surface and vertically integrated momentum
equations. In order to avoid the errors associated with the aliasing of frequen-
cies resolved by the barotropic steps but unresolved by the baroclinic step, the
barotropic fields are time averaged before they replace those values obtained with
a longer baroclinic step. A cosine shape time filter, centered at the new time level,
is used for the averaging of the barotropic fields (Shchepetkin and McWilliams,
2005). In addition, the separated time stepping is constrained to maintain ex-
actly both volume conservation and consistancy preservation properties which are
needed for the tracer equations (Shchepetkin and McWilliams, 2005). Currently,
all 2D and 3D equations are time discretized using a third order accurate predictor
(Leap-Frog) and corrector (Adams-Molton) time-stepping algorithm which is very
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Figure 2.3: ROMS vertical staggered grid structure. (source:www.myroms.com)

robust and stable.

2.4 Numerical Schemes

In numerical modeling applications, the grid spacing is too large to resolve the
small scale turbulent processes on terrain following sigma levels. Therefore the
subgrid scale processes for vertical mixing of momentum (eddy viscosity, KH) and
mass (eddy diffusivity, KM) needs to be parametrized with the turbulent closure
model. ROMS is build with five different turbulent closure methods, namely (i)
the K-profile parametrization (KPP) (ii) the Mellor-Yamada Level 2.5 (MY25)
(iii) the Generic Length Scale (GLS) scheme (iv) by user defined analytical ex-
pressions for KH and KM and (v) Brunt-Vaisala frequency mixing. The KPP is
widely used parametrization scheme in most of the ocean modeling system. It
is based on the Monin-Obukov similarity theory and provides an estimate of the
vertical mixing with both local and non local sources. The boundary layer for-
mulation used in KPP scheme is discussed in a review paper (Large et al., 1994).
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The MY25 mixing scheme is proposed (Mellor and Yamada, 1982) and has became
standard for coastal ocean applications. This method is a two equation model in
which the turbulent kinetic energy (k) and length scale (l) are used.

The Generic Length Scale (GLS) is a generalized two equation model (Umlauf
and Burchard, 2003). GLS approach takes advantage of the similarities among sev-
eral two equation turbulence closure models. These include the Mellor-Yamada
Level 2.5, the k-ε (where, ε is rate of dissipation) model (Rodi, 1984) and the
k-ω (where, ω is specific rate of dissipation, ω ∝ ε

k
). The GLS formulation im-

plemented in ROMS is described in detail (Warner et al., 2005; Haidvogel et al.,
2008). The treatment of Bottom Boundary Layer (BBL) is important in determin-
ing the transport of sediments in ROMS. The BBL dynamics is associated with
the stress produced by the bottom flow. There are two sub model implemented for
BBL processes, namely (i) simple drag coefficient with implementation of differ-
ent formulae for linear bottom friction, quadratic bottom friction and logarithmic
profile. (ii) more complex formulations that represents the interactions of wave
current over movable bed (Haidvogel et al., 2008; Styles and Glenn, 2000, 2002;
Soulsby, 1995; Grant and Madsen, 1982; Nielsen, 1986; Li and Amos, 2001; Wiberg
and Harris, 1994; Madsen, 1994).

2.5 Boundary Conditions

ROMS comes with several range of open boundary conditions (BCs) such as open,
periodic and closed BCs. Explanation of boundary conditions and it’s formula-
tions are described in the paper (Marchesiello et al., 2001). There are no specific
documentation related with BCs of ROMS. The user can choose any of them de-
pending on their domain configuration. They have choices for different BCs for
vertically integrated velocity, free surface and full three dimensional velocity fields.
The BCs incorporated in ROMS codes can be abbreviated as below. ROMS has
following type of different boundary conditions.

(a) Gradient boundary condition : This is the simple boundary condition. It
consists of setting up the gradient of a field equal to zero at the edges. In this
boundary condition the outer value is set equal to the closest interior value.

(b) Wall boundary condition : ROMS assumes wall condition if no boundary
condition is defined, consisting of zero gradient condition for tracers and surface
elevation. The normal velocities set to equal to zero in this boundary condition.
The wall boundary condition is considered as free-slip or no-slip for tangential
velocities setting up the gamma2 parameter in ocean.in file.

(c) Clamped boundary condition : In this boundary condition the values are set
to known external values. In other words, Clamped boundary conditions is just a
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rigid boundary conditions that matched to external condition.

(d) Flather boundary condition : The flather boundary condition is the combi-
nation of sommerfeld and continuity conditions. This type of boundary condi-
tion is useful for barotropic flows but becomes unstable when CFL criteria5 col-
lapsed.(Flather, 1976)

(e) Chapman boundary condition : The Chapman boundary condition considers
gravity wave propagation. This condition is corresponds to the surface elevation
which assumes that all outgoing signals leave at the shallow water wave speed of√
gD and can be useful when Flather condition on 2-D fields is applied as proposed

(Chapman, 1985).

(f) Radiation boundary condition : The radiation boundary conditions are based
on the transport equations at the boundary. In case of realistic applications, there
are situations in which incoming and outgoing flow encounters with each other
along the same boundary or at different depths at the same horizontal location.
In radiation boundary condition, a local normal phase velocity is computed and
used to radiate out (Orlanski, 1976). This condition works well for a wave prop-
agating normal to the boundary, but becomes problematic when waves approach
to the boundary by certain angle. Raymond and Kuo (1984) have proposed a
modified scheme to account for propagation in all three directions. The phase ve-
locities are limited so that the CFL condition is satisfied. The radiation approach
is suitable for waves leaving the domain.

(g) Mixed radiation-nudging boundary condition : ROMS also have provisions for
radiation conditions on outflow and nudging to a certain exterior value on inflow,
described (Marchesiello et al., 2001). This option is implemented through radi-
ation scheme which requires two timescale parameters, one for inflow and other
for outflow nudging time scales. This parameter for nudging is provided through
ocean input file (see APPENDIX). In addition to above options, ROMS also offers
different combination of boundary conditions for free surface with other 2D fields.
The Chapman and Clamped conditions are useful for tidal forcings. Radiation
and Gradient boundary condition are open boundary conditions without external
forcings. Above boundary conditions includes the nudging coefficient option. The
Chapman boundary condition is eliminated in 2D momentum boundary conditions
due to intrusion of gravity wave propagation to the velocity fields. The Flather
and Reduced physics boundary conditions now included for 2D momentum fields
in ROMS. And plus option for nudging coefficient. In present work, the choices
for ROMS boundary conditions are described in header file (see APPENDIX).

• Sponge layers : The Sponge layer is the region with increased horizontal viscos-
ity near the open boundaries. Inclusion of sponge layer have been shown that it
absorbs the disturbances and suppress the noise associated with radiation condi-

5Courant-Friedrichs-Lewy condition for computational stability.
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tion (Palma and Matano, 1998). The sponge layer methodology has been applied
in a wide range of numerical modeling due to it’s simple and efficient way of over
specification problems (Marchesiello et al., 2001). The sponge layers are good,
particularly for outgoing dispersive waves (Tang and Grimshaw, 1996).

• Nudging layers : The nudging layer is the region where model data is relaxed
towards the external data. In this case, a nudging term is included in the trac-
ers and surface elevation equations. The nudging time scale in the nudging layer
should always larger than the points available at boundary points. A moderate
nudging is useful to prevent substantial drift while strong nudging can leads to
over specifications (Marchesiello et al., 2001).

2.6 ROMS Benchmarks

For benchmark study, we used the standard configuration for the Southern ocean
that comes with ROMS model to test the performance of the High Performance
Computing (HPC) facilities at IC3. In context to study the cutting-edge research
issues in the climate sciences in various timescale using state-of-the-art modeling
tools and techniques motivates the need of a High Performance Computing (HPC)
cluster at IC3 (Catalan Institute of Climate Sciences, Barcelona) called ITHACA.
The IC3 cluster is made of 48 homogeneous server blades. Each server blade has
two quad-core processors, 48 GB of main memory, 146 GB of disk space and fast
network interconnect by InfiniBand. In order to share data (model code, input
data and output data) among computing nodes, there is an I/O (input/output)
node made up of 48 disks of 1 TB each. In short, the computing cluster has
384 cores with 8.81 TB virtual memory (RAM) and 55 TB of shared disk ca-
pacity. Moreover, the ITHACA cluster has 97.2 TB tape backup capacity. The
IC3 computing cluster is installed within a data center of 17 square meters, with
low ceilings to keep unused spaces cool. After this initial testing, model is then
ported on HPC cluster available in the Catalan Institute of Climate Sciences (IC3).
Previously, the performance of ROMS application has been studied by modifying
the MPI routine and also addition of new communication modules. The optimiz-
ing of the step2d function within ROMS enhanced the execution time and it has
been shown that the overall application performance improved by 35% (Zuo et al.,
2007). In another study (Wang et al., 2005), developed a parallel version of ROMS
and demonstrated a reduced speedup time for the pacific and coastal application.

ROMS benchmarks has been conducted using pre-compiled idealized Southern
Ocean case with three different configuration. The objective of such a benchmark
experiments is to study the response time of ROMS code on High Performance
Computing cluster. The above exercise is further extended to perform the scal-
ability study of ROMS benchmarks. The basic configuration of three different
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benchmark experiments are shown in the Table 2.1. All benchmarks are compiled
with Intel Optimization level-3 and using MPI routines.

ROMS Benchmarks Configuration

Idealized Southern Ocean Grid Lm Mm N Ntimes

Benchmark-1 Small 512 64 30 30000

Benchmark-2 Medium 1024 128 30 30000

Benchmark-3 Large 2048 256 30 30000

Table 2.1: ROMS Benchmarks Setup.

The first column of the Table 2.1, shows the three different Benchmark cases
for Idealized Southern Ocean having small, medium and large grid size. Lm and
Mm are the number of interior grid rho-points in the xi-direction and in the eta-
direction, respectively. Ntimes is the total number of time steps of model run.
These benchmarks are executed for short time period to see the performance of
ROMS. The above experiments are carried out with 4, 8, 16, 32, 64, 128, 256,
512 and 700 parallel cores available on IC3 cluster in association with the SUN
providers. The response time of three benchmarks verses number of cores is shown
in the Figure 2.4.

Figure 2.4: Elapsed time vs number of Processors for ROMS Benchmark.
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It shows that the more time is taken for less number of cores are used. A elapsed
time is reduced as the number of cores are increased gradually. Optimum time
is obtained at 128 cores as seen from the above figure. Above ROMS benchmark
exercise is further extended to study the scalability test on HPC cluster. For this
purpose, a relative speed-up is computed by following formulation,

Sp =
T1

Tp
(2.18)

where,

• p is the number of processors.

• T1 is the execution time of the sequential algorithm.

• Tp is the execution time of the parallel algorithm with p processors.

Figure 2.5: Relative speedup for ROMS Benchmark.

In parallel computing, relative speedup is defined as how much a parallel algo-
rithm is faster than a corresponding sequential algorithm. The Figure 2.5 shows
the relative speed up computed for ROMS benchmark 1,2 and 3, respectively. The
relative speed-up is high for low number of parallel cores are used as illustrated
from the Figure 2.5. The relative speed-up is decreased slowly when number of
parallel cores are increased. The optimum speed-up is obtained at or after 128
processors for all benchmarks. So it is observed from the above experiment that,
for large scale application, the optimum speed up is obtained at or after 100 cores,
(here 128 cores). But it depends on the specifications of HPC make and end user
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application. On the basis of above analysis, it is concluded that the use of 128
cores is good choice for the running the model.

· · · · ·
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Chapter 3

Model Implementation and
Validation

3.1 Grid

The first internal Rossby radius of deformation in the Mediterranean sea is of the
order of 10-15 km (Grilli and Pinardi, 1998). To resolve these scales, the model
grid should be of high resolution and model is considered to be eddy resolving.
The resolution has been chosen so that it is able to resolve the shortest mesoscale
wavelengths without taking into account the submesoscale processes. In the cur-
rent study, the regional ocean model is configured in the Mediterranean sea by
means of generating a high resolution grid with horizontal spatial resolution of
1/16o, extending the Atlantic ocean (hereafter Atlantic box) upto 20o West. The
Black sea is excluded in the current study due to it’s small volume of water masses
and negligible contribution as compared to the Mediterranean basin. The above
grid hereafter is known as RMED16. The Atlantic box plays major role in ex-
change of the water mass and air-sea interactions between the Atlantic ocean and
the Mediterranean. The extension of Atlantic box is elucidated in the earlier mod-
eling studies (Tonani et al., 2009; Artale et al., 2010). The introduction of the
Atlantic box is to represent better the dynamics and the outflow in the Atlantic
ocean. The Atlantic box is also acts as a buffer zone in which temperature and
salinity are relaxed towards climatological values (Artale et al., 2002). In this case,
tides have not take into account due to it’s small amplitude in the open ocean.
However, they have amplitude (less than 20 cm) of the same order of magnitude
than the mesoscale signals. The RMED16 domain is shown in the Figure 3.1,
extending from 20o W to 36o E and 30o N to 48o N.
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3.2 RMED16 Bathymetry

The bottom topography used in the current study is interpolated from the ETOPO1
dataset (US National Geophysical Data Center), which has a 1-minute (' 1.85km)
longitude and latitude resolution. The ETOPO1 is a 1 arc minute global relief
model of Earth’s surface that integrates land topography and ocean bathymetry.
It was built from numerous global and regional data sets, and is available in
two versions viz, ”Ice Surface (top of Antarctic and Greenland ice sheets) and
”Bedrock (base of the ice sheets) versions (Amante and Eakins, 2009). Due to
complex bathymetry structure in the Mediterranean, the conventional method of
smoothing i.e. Shapiro filter has some limitations in the shallow regions, espe-
cially at the Gibraltar strait and the Sicily strait. The details of LP method and
it’s application is described in the earlier work (Sikiric et al., 2006). In most of
the ROMS application, model blows up initially. The reason for blowing up the
model is the roughness factor of the bathymetry. In reality, the bathymetry is
obtained using measurement and interpolation which results into high roughness
factor. Since the ROMS model uses sigma coordinate system, the horizontal pres-
sure gradient (HPG) errors generated due to difference between the gradient along
the sigma surface and bottom topography, has to be minimize or avoid (Haidvo-
gel et al., 2000; Shchepetkin and McWilliams, 2003). In earlier study it is found
that the sigma coordinates are suitable for adaptive meshes and suggests reducing
HPG error by increasing the horizontal resolution and smoothing the bathymetry
(Sikiric et al., 2006; Sikiric, 2011). So to reduce HPG errors, the recommended
values of the slope factors for ROMS model applications are, rx0(h) ≤ 0.2 and
rx1 ≤ 6 (Shchepetkin and McWilliams, 2003). The rx1 (Haney number) is a very
useful measure of HPG error also known as the hydrostatic inconsistency number
and rx0 is the slope factor. Most of the ROMS applications uses these values so
that a grid is called numerically stable and it can respect CFL1 criterion to avoid
model blow up.

The bathymetry plotted in the Figure 3.1 is original etopo1 bathymetry ex-
tracted from US national geophysical data center and inerpolated on RMED16
grid. The bathymetry smoothed with r-factors, i.e., rx1 ≤ 0.2 and rx0 ≤ 6, so
that the RMED16 grid should allow minimal HPG errors and considered as a nu-
merically stable grid.

The reason to implement a high resolution grid is to resolve the mesoscale fea-
tures in the Mediterranean. To resolve the proper dynamics of the Mediterranean,
a 40 uneven vertical sigma levels are used, in which more levels are considered at
the ocean surface than the bottom. This is done by defining surface stretching
parameter, θS=5.0, bottom stretching parameter, θB=0.4 and critical depth (hc)
equal to 10 meters. This can be done with the equation 2.17. The Critical

1the Courant-Friedrichs-Lewy condition for computational stability.
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Figure 3.1: RMED16 Bathymetry and domain.

depth (hc) in meters (positive) which controls the stretching and can be inter-
preted as the width of surface or bottom boundary layer in which higher vertical
resolution (levels) is required during stretching. In current application, we have
implemented vertical transformation (Vtransform)=1 and vertical stretching func-
tion (Vstretching)=1, both are originally coded by ROMS developers. The sigma
coordinate system implemented in RMED16 with vertical parameters is shown in
the Figure 3.2. Left panel shows the East-West vertical section and right panel
shows the North-South section of the vertical sigma level distribution used in the
current simulation. Upper few levels are zoomed in.

3.3 RMED16 Forcing

Basically, ROMS needs surface and bottom boundary conditions for momentum
and tracers type variables (temperature, salinity, etc). Other fields are also needed
using boundary layers formulations at the bottom, ocean-atmosphere and sea-ice
interfaces. However, it is customary to provide only forcing data for momentum
and tracers at surface boundary conditions. The data may include the net surface
fluxes or all necessary fields to compute such fluxes. The bottom fluxes are usually
set or computed internally by the model. To generate RMED16 forcing files such
as climatological, initial and boundary forcing file following data is used. The
World Ocean Atlas (WOA) also known as Levitus long term monthly climatology
is used to create temperature and salinity climatology input data file for RMED16.
The WOA consists of a climatology based on in situ observations of ocean fields
for the global ocean. The WOA datasets consists of objectively analyzed global
ocean fields at 1o x 1o horizontal resolution. The ocean fields are three dimensional
and interpolated on 33 standardized vertical levels (from 0 m to 5500 m). These
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Figure 3.2: RMED16 sigma coordinate structure

standardized vertical levels are 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300,
400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1750, 2000, 2500,
3000, 3500, 4000, 4500, 5000, 5500 meters.

The fields are also available on temporal resolution such as annual, seasonal
and monthly scale (Levitus et al., 1994a,b). These WOA fields are interpo-
lated on RMED16 grid using OA (Objectively Analyzed) package and hydro-
graphic data from ROMS Rutgers (www.myroms.org). Thus January to December
monthly tracer (temperature and salinity) climatology input files are generated for
RMED16 simulation. The January and August monthly mean sea surface tem-
perature extracted from the RMED16 climatological forcing file is shown in the
Figure 3.3 as an examples. The interpolated sea surface temperature (SST) shows
seasonal characteristics such as colder SSTs in winter months (here January mean)
and warmer SSTs in summer months (here August mean) as seen from the Figure
3.3. In summer the cold SSTs are seen in the Gulf of Lions region. This is due to
intrusion of river discharge from the north western side of the Gulf of Lions. The
weak SSTs are also observed in the western Alboran sea due to inflow of incoming
fresh Atlantic water into basin through the Gibraltar strait. The climatological
monthly mean salinity for the January and August are plotted in the Figure 3.4.
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Figure 3.3: Sea surface temperature (SST) of RMED16 climatological forcing. Left
panel shows monthly mean SST climatology of January. Right panel indicates monthly
mean SST climatology for August.

It shows the climatological distribution of sea surface salinity with typical values
ranging from 36 to 40 psu. Low salinity patterns are seen in the western Mediter-
ranean basin as compared to the eastern Mediterranean basin. The low values of
salinity are seen in the Gulf of Lions region and in the north Adriatic sea. Clima-
tologically, the eastern basin shows high salinity and the western basin shows less
salty water.

Figure 3.4: Sea surface salinity (SSS) of RMED16 climatological forcing. Left panel
shows monthly mean SSS climatology of January. Right panel indicates monthly mean
SSS climatology for August.

The vertical structure of interpolated temperature is also plotted in the Figure
3.5. It illustrates the zonal (east-west) section of temperature at 36o North for
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RMED16 climatology input for the month of January and December. A seasonal
variations in upper layers are observed in the climatology input files. Major inter-
mediate and deep water signature is observed (Figure 3.5).

The initial file, that is initial state of ocean fields (temperature and salinity)
is created using WOA data from January monthly climatology with OA package
implementation. The open boundary files are generated from Levitus monthly
mean climatology (January-December) interpolated on RMED16 grid. The North,
South and Eastern boundary are kept closed while Western boundary is kept open
in the current simulation. The Western boundary is kept open so that water mass
exchanges and air-sea interactions take place at the strait of Gibraltar. The strait
of Gibraltar is the important area where inflow and outflow of water masses occurs
and it is known as the main hydraulic control of the basin.

Figure 3.5: Zonal section of RMED16 temperature climatological forcing at 360 N

Figure 3.6: Zonal section of RMED16 Salinity climatological forcing at 360 N
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The vertical structure of monthly mean temperature from RMED16 climatol-
ogy forcing file for the January and August month is illustrated in the Figure
3.5. It shows the zonal (east-west) section of temperature taken at 36o North. In
January, cold temperature of the order of 14-18 oC is observed in the upper layers.
The warm temperature of the order of 24-27 oC is seen in the upper layers in the
month of August. The presence of cold temperature in the January and the warm
temperature in the August is a typical general climatological feature in upper lay-
ers of the Mediterranean basin. Similarly, the zonal (east-west) section of salinity
climatology input file for the winter (January mean) and summer (August mean)
months are plotted in the Figure 3.6. It shows presence of climatological features
such as signature of intermediate water masses in the basin. The common options
selected while generating the RMED16 grid and configuration file for RMED16
climatological simulation are described in Appendix-1.

Sometimes, very long climatological solutions are present for heating or cooling
trends. It is common practice to compute surface boundary conditions for tem-
perature and salinity involving relaxation to its observed values while executing
the climatological simulation. For Example, if a correction to the heat flux is ac-
tivated, then the user needs to provide SST climatology and surface net heat flux
sensitivity to SST, d(Qnet)/d(SST). If a relaxation to surface salinity is activated,
then the user needs to provide Sea Surface Salinity (SSS) climatology. In the real
world, we will have to use correct measurement (data) of rainfall and evaporation
so that we will not need to apply any salinity relaxation. In other words, there is
lack of correct freshwater data, the model need to make salinity relaxation. The
salinity errors are coming from the surface forcing, so to minimize such errors a
salinity relaxation is implemented in long run simulation. For the both the ex-
periments (climatological and interannual simulations) following common schemes
are implemented. Third order upstream horizontal advection scheme is applied
for tracers and momentum. Tracers and momentum are modeled vertically with
Fourth order centered vertical advection scheme. Bi-harmonic mixing coefficient
for tracers and momentum are 1.2 m4/s and 1.00 m4/s, respectively. A freshwa-
ter flux correction is obtained via salinity correction and relaxing salinity towards
the climatology. In general, in modeling due to lack of synoptic and reliable sur-
face flux data, these data are bypassed by relaxing model sea surface temperature
and (or) salinity towards climatology (Killworth et al., 2000). This technique of
relaxation helps in preventing the tracer drift in the simulations. The correct
reproducing of dense water mass formation on daily scale, is hardly represented
in climatological data sets, which do not possess surface characteristics of dense
water formation (Artale et al., 2002). So considering the climatic (here oceanic)
behavior of the basin we implemented relaxation approach to the simulations.

Since this is the development of regional application in the Mediterranean
sea using regional ocean modeling system, it is important to validate the model
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results with observations as well as other available model output to study the
intercomparison. Such validation and intercomparison is carried out in the present
work with RMED16 simulation. The observational as well as other model output
data used is described. The metrics used to validate the model results are also
discussed in this chapter.

3.4 Geographical areas

The Mediterranean sea is a semi enclosed basin constituting various sub-basins
with different oceanic properties (physical). These sub-basins are very important
as they are contributing to the production and exchanging the different water
masses in the basin. The validation of RMED16 simulation are made for the
whole Mediterranean as well as for the selected regions (sub-basins) as shown in
the Figure 3.7. These major and homogeneous regions are, (1) the Algerian basin
(lon=4oE to 7.7oE, lat=40.3oN to 42.6oN) (2) the Gulf of Lions (lon=3.7oE to
7.5oE, lat=37.2oN to 39.5oN) (3) the Ionian basin (lon=16.7oE to 20.8oE, lat=33oN
to 37.5N) and (4) the Levantine basin (lon=28.1oE to 32oE, lat=32.4oN to 35.7oN).
These regions are selected on the basis of their dynamical characteristics and strong
air-sea interactions. The Algerian basin is a highly energetic area characterized by
the presence of eddies with sizes ranging from 30 kms to 150 kms. These eddies are
generated mainly due to instabilities introduced by the incoming Atlantic fresh
waters and it’s pathway along the Algerian coasts. Their well defined pattern
is characterized by recirculation loop (Isern-Fontanet et al., 2006) and produces
spatially averaged sea level variability on large scale. The Ionian sea shows low
sea level variability accumulated in the southern region and is characterized by
low intense eddies (Isern-Fontanet et al., 2006) and presence of jet (Pinardi et al.,
2005). The Levantine basin has dynamical characteristics that resemble those of
the Algerian basin. It is characterized by the presence of energetic eddies generated
in part by the instabilization of the waters that circulates counterclockwise along
the coast. The region is dominated by highly energetic eddies. The Gulf of Lions,
which is an area of deep water formation, is characterized by the strongest wind
forcing, very deep mixed layer depth and quite active dynamics, mainly in it’s
southwestern part due to contribution of the Algerian eddies. In general, eddies
in this area are characterized have smaller sizes ∼50 kms (Rubio et al., 2005).

3.5 Data used for Validation

To validate the RMED16 model simulations in both the experiments (climatolog-
ical and interannual), following observation as well as other modeling output is
used.
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Figure 3.7: The Mediterranean regions selected for analysis. (1) Gulf of Lions (2)
Algerian Basin (3) Ionian Basin (4) Levantine Basin .

MedAtlas data : The Mediterranean Atlas (MedAtlas) is a dataset having
multidisciplinary in situ hydrographic and biochemical properties of the Mediter-
ranean including Black sea through a wide range of international collaborations.
MedAtlas data fulfills the requirement of growing interplay between interdisci-
plinary scientific communities. The information required includes temperature,
salinity, dissolved oxygen, phosphate, ammonium, nitrate, silicate, chlorophyll
and pH. The data has 0.2o spatial resolution and vertically interpolated on 25
standard levels (0, 5, 10,20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500,
600, 800,1000, 1200, 1500, 2000, 2500, 3000, 3500 and 4000 meter).The Objective
Analysis to compute the climatological statistics is performed by GHER at the
Liege University. The climatological computation is made from the observed data
included in the MEDATLAS 2002 data base and from the MATER data base
(European project MAss Transfer and Ecosystem Response).

Altimetry data : Altimetry is a technique for measuring height. Satellite altimetry
measures the time taken by a radar pulse to travel from the satellite antenna to
the surface and back to the satellite receiver. The satellite data altimetry measure-
ments yields to a sea-surface heights. The magnitude and shape of the waveforms
also provide the information about the surface. Various range of frequencies are
used for radar altimeters. Sensitivity to atmospheric perturbations is better cap-
tured for Ku-band and better observation of ice, rain, coastal zones, land masses by
Ka-band. The combination of several satellites enables high quality altimetry data
and to reduce noise in spatial resolution. Topex/Poseidon-ERS and Jason-Envisat
are the examples of altimetry satellites. Enhanced computing systems allowed al-
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timetry data in near real time. Their assimilation into models, in combination
with other data has helped operational altimetry. The altimetry data is impor-
tant to monitor the diversifying topics such as monitoring variations in lake levels
or to determine sea ice thickness or periods of freeze (www.aviso.oceanobs.com).

High Resolution data (Observations) : The aim of the GHRSST is to provide
the best quality sea surface temperature data for applications in short, medium
and decadal climate time scales (www.ghrsst.org). Multichannel sea surface tem-
perature (SST) products have been constructed operationally from the five and
six channel Advanced Very High Resolution Radiometer (AVHRR) by NOAA’s
National Environmental Satellite, Data, and Information Service (NESDIS) since
late 1981 (podaac.jpl.nasa.gov).

High Resolution data (Model) : In addition to validating the model results with
observation it is also good practice to make intercomparison with other high res-
olution models. To achieve this objective, here we have adopted high resolution
SST from MODAS (Modular Oceanographic Data Assimilation System) (Barron
and Kara, 2006).

SODA: The SODA stands for Simple Ocean Data Assimilation products. Several
versions of SODA are available depending on the experiment setup (Carton et al.,
2005). Here data from SODA 2.1.6 and the most recent version with ERA-40
winds is used. The ocean model is based on Parallel Ocean Program physics.
Observations includes all available hydrographic profile data, ocean station data,
moored temperature and salinity time series, surface temperature and salinity ob-
servations of various types and nighttime infrared satellite SST data. The output
is in monthly mean interpolated onto a uniform 0.5o x 0.5o and 40 vertical levels
(Carton et al., 2005; Carton and Giese, 2008).

In situ data: In situ data or observations directly taken from instruments such as
Conductivity, Temprature and Depth (CTD) profiler, an Acoustic Doppler Cur-
rent Profiler (ADCP), buoys and Argo floats are used to compare vertical structure
of oceans. CTD used to measure the conductivity, temperature, and depth of the
ocean. ADCP is a hydroacoustic current meter similar to a sonar, attempting to
measure water current velocities over a depth range using the Doppler effect of
sound waves scattered back from particles within the water column. Data buoys
are the cost effective way of collecting oceanic as well as atmospheric data. It may
be moored or drifting buoys, communicating with satellites in real time. There are
many different types of drifting buoys and moored buoys used depending on the
application and measurements needed in different areas of the ocean. The types of
buoys are moored buoys, drifting buoys, ice buoys, tropical moored buoys, waves
buoys and oceanSITES (for more information www.jcommops.org/dbcp).
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Argo is a global network of 3000 free drifting profiling floats that collects tem-
perature and salinity profiles from the upper 2000 meters of the global ocean (ice
free) and currents from intermediate depths. The data is collected by automatic
floats that drifting at depth where they are stabilized by neutrally buoyant. This
depth is known as the “parking depth”. The float are then stabilized at the
“parking depth” pressure where density becomes equal to the ambient pressure.
At typically 10-day intervals, the floats pump fluid into it and rise to the surface
over about 6 hours while measuring temperature and salinity. Satellites determine
the position of the floats when they are at surface and receive the data transmitted
by the floats. Then float returns to its original density and sinks to drift until the
cycle is repeated. Argo floats are designed to make about 150 such cycles. Cur-
rently (16 July, 2015), about 3881 Argo floats are deployed in the global ocean.

Mixed Layer Climatology developed by Dortenzio et al. (2005) is used to compare
RMED16 mld variability. The MLD climatology is based on observations and has
0.5o resolution.

The mixed layer depth is one of the important quantity which affects upper
ocean dynamics as well as atmosphere. It is, in general, quasi-homogeneous layer
of the upper ocean with turbulent mixing. The turbulent mixing existed due to
energy gained by wind stress and heat fluxes at the ocean surface (Pickard and
W.J.Emery, 1990; Kara et al., 2000). It is defined as the region of active turbulent
mixing due to wind forcings and heat exchanges with ocean-atmosphere interface.
The turbulent mixing arises due to turbulent eddies. The ocean mixed layer vari-
ability exhibits different behavior and seasonality of the different oceans of the
globe. The dynamics of MLD is not understand due to many factors. The lack
of temperature and salinity data with depths in different global oceans is one of
the main reason. There is also a discrepancy in spatial and temporal variability
of mixed layer depths due to various definitions (based on density or temperature
criterion (Isothermal layer depth(ILD)) used to define mixed layer depth (Kara
et al., 2003). The ILD based on temperature criteria and MLD is based on density
criteria. According to Kara et al. (2003), ILD coincides generally with MLD in
some of the ocean basin due to existence of strong thermocline. Some regions such
as the western equatorial pacific and the Southern ocean exhibits large difference
in ILD and MLD. Due to large discrepancy in the ILD and MLD variability of
some of the regions of the global ocean (for example, the western equatorial pacific
and southern ocean, where strong thermocline exists.), it is difficult to implement
ILD based mixed layered depth. The lack of observations in the world’s ocean and
various definition of mixed layer depth used in the literature, it can’t be deliver
proper information on spatial and temporal scale. This kind of approach can af-
fect ocean models to reproduce correct upper ocean processes based on turbulence
physics (Kara et al., 2003). A detailed study of mixed layer depth variability based
on temperature and density criterion is well documented by Kara et al. (2003).
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This studies derived and analyzed mixed layer depth based on temperature and
density criteria for various large scale open ocean of the world. The turbulence
mixed layer processes is also explained in the their studies. An optimum defini-
tion of mixed layer depth is described in detail by (Kara et al., 2000). There they
obtained optimal estimate of turbulent mixing using a MLD definition of ∆T =0.8
oC and it’s seasonal variability in the global ocean.

The detailed study of mixed layer depth variability based on profile data cli-
matology over the global ocean is done by (de Boyer Montegut et al., 2004). In
this paper, mixed layer definition based on temperature and density criteria and
their seasonal variability is discussed. In the Mediterranean sea, the variability
of mixed layer depth from observations as well as from modeling had been well
documented in the literature (de Boyer Montegut et al., 2004; Dortenzio et al.,
2005; Kara et al., 2010). The Mediterranean sea is large scale regional type of sea
with uneven bottom topography. The upper ocean dynamics of the Mediterranean
sea is strongly related with the mixed layer depth. The formation water masses
in the Mediterranean sea is related to this processes (Kara et al., 2010). The
modified Atlantic water and Levantine intermediate water, mainly contributes to
the surface layer processes (Mertens and Schott, 1998). The convective mixing
in the Gulf of Lions creates deep mixed layer depth (Marshall and Schott, 1999).
Due to absence of observed interannual subsurface temperature and salinity data
at high resolution limits the ability to determine mixed layer depth variability
and it’s seasonality. The eddy permitting model with five different turbulent mix-
ing model is applied to overcome the data on spatial and temporal scale. The
mixed layer depth variability is also examined at the high resolution (Kara et al.,
2010). The seasonal variability of mixed layer depth derived from in situ profiles in
the Mediterranean sea using 0.5o resolution Mediterranean climatology of mixed
layer depth is studied previously (Dortenzio et al., 2005). In the current study, a
high resolution regional ocean modeling system is applied in the Mediterranean sea
which is eddy permitting. Here the mixed layer depth is derived using temperature
criterion, ∆T=0.2 oC. There are various criterion documented in the literature to
obtain optimal definitions based on temperature (de Boyer Montegut et al., 2004;
Dortenzio et al., 2005; Kara et al., 2010). Implementation of all criterion is out of
scope in the current study.

3.6 Metrics

In the current study we defined following set of metrics to validate ROMS simu-
lation. The metrics can be categorized into standard and non standard metrics.

Eddy Kinetic Energy (EKE) : The dynamics and turbulence nature of ocean can
be represented by EKE. Observations mainly taken from satellite tells us that the
eddy kinetic energy (EKE) dominates most of the global ocean. Eddy kinetic

44



Chapter 3. Model Implementation and Validation 3.6. Metrics

energy refers to the scale and intensity of an eddy expressed as a physical quan-
tity. In the current study, EKE is derived from geostrophic currents (zonal and
meridional) which is computed from sea surface height anomaly (SSHA) for both,
observations and model.

The EKE is computed using the geostrophic calculation is given by,

EKE =
1
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where, U′g and V′g are the geostrophic velocities, f is the Coriolis parameter and
η is SSHA.

Okubo-Weiss Parameter : The oceanic eddies are important mesoscale features in
the ocean studies. There are three methods of identification and tracking such ed-
dies in the SLA data. These are the Okubo-Weiss parameter, the wavelet analysis
of the relative vorticity field and the geometry of the streamlines. In the present
study, identification of eddies using Okubo-Weiss parameter is applied. As defined
by Henson and Thomas (2007), an eddy consists of a region of high vorticity (the
core), surrounded by a circulation cell (the ring), which experiences high rates of
strain. Such regions can be detected with the Okubo-Weiss parameter (Okubo,
1970; Weiss 1991), commonly abbreviated W. The Okubo-Weiss parameter esti-
mates vorticity and the normal and sheer components of strain from SSH images
and combines them in a way that allows easy identification of regions that are ei-
ther strain dominated (W > 0) or vorticity-dominated (W < 0). A detailed study
of application of Okubo-Weiss parameter for identification of the Mediterranean
eddies is found in the paper (Isern-Fontanet et al., 2003, 2004, 2006).

The Okubo-Weiss parameter (W ) was developed in the works of Okubo (1970)
and Weiss (1991) and applied to several regions of the world ocean, both to satellite
data and numerical model results. It is a method that aims to identify regions in
a flow were the relative vorticity dominates over the strain tensors, defined as the
center of the eddy. The parameter is obtained by,
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Mathematically it is written as,
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Mean Error (ME) : Mean errors of the simulations relative to observations is given
by,

ME =
1

N

N∑
i=1

(fi − oi) (3.4)

where, f is model simulation and o is observational mean values over space and
time. A perfect score, ME=0, does not exclude very large errors of opposite signs
which cancel each other out. If the mean errors are independent of the forecast
and vary around a fixed value, this constitutes an “unconditional bias”. If the ME
is flow dependent i.e. if the errors are dependent on the forecast itself or some
other parameter, then we are dealing with systematic errors of “conditional bias”
type; in this case, variations in the ME from one month to another might not
necessarily reflect changes in the model but in the large-scale flow patterns.

Root Mean Square Error (RMSE) : The Root Mean Square Error is commonly
used measure of the difference between the values of model simulation and the
values actually observed.
RMSE is defined as,

RMSE =
1

N

√√√√ n∑
i=1

(Xobs,i −Xmodel,i)2 (3.5)

where, Xobs is observed values and Xmodel is the model values over space and
time.The RMSE values can be used to distinguish model performance in a cali-
bration period with that of a validation period as well as to compare the individual
model performance to that of other predictive models.

Correlation Coefficient (R) : Correlation coefficient indicates the strength and di-
rection of a linear relationship between two variables (for example model output
and observed values). A number of different coefficients are used for different
situations. The best known is the Pearson correlation coefficient or the sample
correlation coefficient, which is obtained by dividing the covariance of the two
variables by the product of their standard deviations and given by,

R =

n∑
i=1

(xi − x) · (yi − y)

√
σx · σy

(3.6)

where,

σx and σy are the standard deviations of x and y, given by,
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σx =

√
n∑
i=1

(xi − x)2 , σy =

√
n∑
i=1

(yi − y)2

The correlation is +1 in the case of a perfect increasing linear relationship and
-1 in case of a decreasing linear relationship. The values in between indicates the
degree of linear relationship. A correlation coefficient of 0 means, there is no linear
relationship between the variables.

Taylor Diagram :

Figure 3.8: Sample Taylor diagram. It shows the statistical comparison of observations
and eight model estimates of the global pattern of annual mean precipitation. The green
contours indicates RMSE value. Source: Taylor Diagram Primer Taylor (2001).

Taylor diagram gives a graphical way of representing a closeness of pattern
matches with observations. The similarity between any two pattern or set of
pattern quantified in terms of their correlation, root mean square values and stan-
dard deviations (the amplitude of their variation). The Taylor diagram is very
useful, especially in evaluating the multiple aspects of dynamical models and also
in determining the relative skill of the different models (Taylor, 2005). In general,
the Taylor diagram characterizes the statistical relationship between two fields, a
“test” field (often representing a field simulated by a model) and a “reference”
field (usually representing “truth”, based on observations). Note that the means
of the fields are subtracted out before computing their second-order statistics, so
the diagram does not provide information about overall biases, but solely char-
acterizes the centered pattern error. The detailed explanation of Taylor diagram
can be found in Taylor Diagram primer Taylor (2001).

To asses the model results, validation with observations is the basic require-
ment. For validation certain set of standard and non-standard metrics are needed.
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In this chapter, the data used to create forcings files and to validate the simulation
results are briefly explained.

· · · · ·

48



Chapter 4

Climatological Simulation

This chapter describes the motivation of executing the RMED16 simulations with
climatological forcings, the experimental setup, description of forcing data used
and validation of model simulations with observations.

4.1 Motivation

Once the model has been implemented and preliminary tests done, we have used
climatological forcings to test the capability of the model to reproduce observed
climatologies, particularly of the sea surface temperature, mixed layer depth and
to obtain reasonable steady state conditions for other experiments. The objective
of running the model with climatological forcings is to reproduce the climatological
features in the Mediterranean basin. The above experiment is also gives an idea
to define some of the modeling parameters and physical schemes such as vertical
mixing schemes. In addition to this, experiment with climatological forcing is
offering general description of validation with observations and other modeling
outputs available for the Mediterranean (intercomparison). The most important
objective of this experiment is to get a steady state conditions (climatological).

4.2 Forcing Fields

For executing the model simulation with climatological forcing, apart from above
common forcing, an air-sea interaction forcing is also required. Following data and
variables is used to obtain air-sea boundary input forcings for RMED16 climato-
logical simulation.

The data implemented for generation of RMED16 climatological forcing in-
puts are adopted from the COADS (Comprehensive Ocean-Atmosphere Data Set)
monthly climatologies. The COADS datasets consists of global ocean and at-
mosphere surface fields (air-sea interaction fluxes). This datasets are created by
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merging many data sources from ship observations, moored and drifting buoys and
marine platforms contributed from national and international levels. The COADS
dataset is available in 10 x 10 and 20 x 20 horizontal resolution. There are about 22
variables included in the database. Some statistical information is also included
in the dataset. (Slutz et al., 1985). The COADS monthly climatologies are in-
terpolated on RMED16 grid to create netcdf files with appropriate attributes and
variables that are required to run regional ocean model (RMED16). For climato-
logical simulation following variables are used to interpolate on RMED16 forcing
input data. These are monthly climatologies of sea surface temperature, sea sur-
face salinity, dQSST, surface u-momentum stress, surface v-momentum stress and
the net surface heat fluxes. For example, The net surface heat flux in words, is
the sum of:

Qnet = shortwave radiation + longwave radiation + sensible heat + latent heat

Heating is occurred when downward flux is positive and cooling is occurred
when upward flux is negative. For instance, sms time (surface momentum stress
time) in the surface momentum stress forcing netcdf file has the cycle length
of 360.0, which indicates to the model that the data must be used in 360.0 days
perpetual cycle. So, in the monthly mean climatological air-sea interaction forcing
file, every month is assumed to have 30 days and every year is assumed to have
360 days. Each monthly mean forcing data is time centered at the 15th of each
month. The model will interpolate between available records to get data at each
timestep. The many year of climatological simulation may experiences heating or
cooling patterns in model. So to minimize these trend, it is normal procedure to
apply temperature or salinity relaxations towards climatology.

4.3 Initialization

To initialize the model simulations with climatological forcing, following initial
fields and various parameters are defined as shown in the experimental setup
Table (4.1)

Climatology Levitus Monthly Climatology
Initial Condition Levitus Monthly Climatology (Jan)
Boundary Condition Levitus Monthly Climatology
Air-Sea Flux Forcing COADS Monthly Climatology
Mixing Scheme General Length Scheme
S-coordinate Transform (Vtransform) 1
S-coordinate Stretching (Vstretching) 1

Table 4.1: RMED16 Climatological Simulation : Experimental Setup
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With the above experimental setup the model is ran for ten years to obtain
steady state. For regional scale basin ten years of climatological run is sufficient
to obtain steady state conditions. Time step of 100 seconds is applied to respect
the CFL criteria and avoid model blows up (crashing of model). It is assumed
that selection of improper time step is one of the basic reason for model blows
up. The model output is stored in daily and monthly mean basis in history and
average netcdf files, respectively. The ocean header file (ocean.h) with various
physical schemes and ocean input file (ocean.in) with various parameters selected
for RMED16 climatological simulations are described in the Appendix-2.

4.4 Results and Discussion

The Figure 4.1 shows the temporal evolution of kinetic energy (KE) for the ten
years of RMED16 simulation with climatological forcing. It shows that, at initial
the KE is much more high and the amplitude is very high, after some time, for
example, after initial 2-3 years, the amplitude is reduced and become stable for
the rest of the years.

Figure 4.1: REMED16 Climatological Simulation : Temporal evolution of surface ki-
netic energy (KE).

The application of ROMS in the Mediterranean by developing high resolution
grid namely, RMED16 with climatological forcing is carried out for ten years. The
experiment setup and other initialization parameters used are already tabulated
in the Table 4.1. The results analyzed here are shown for the whole Mediterranean
and it’s four major and homogeneous sub-basins as illustrated in Figure 3.7.
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4.4.1 Sea Surface Temperature

The RMED16 simulated monthly mean SSTs from climatological run and monthly
mean climatology from MedAtlas is shown in the Figure 4.2. It shows the monthly
averaged sea surface temperature for RMED16 simulation and MedAtlas. In gen-
eral, the model reproduces the seasonal cycle of sea surface temperature which
are in close agreement with the observed monthly mean climatologies from the
Mediterranean Atlas. The cold SSTs are present in winter months and summer
months shows warm SST in model simulation and observations with small bias.
The model SST values are higher than observations. This may be due to the
choice of vertical mixing scheme and lack of river discharge. The rivers are not
included in the current simulation. The SST in the summer month in Gulf of
Lions indicates cold pattern due do intrusion of freshwater (from river discharge)
from north-western side and also because of the strong air sea interplay there.
The Gulf of Lions is a area of deep water formation and a strong convection. The
occurrence of green patch in Gulf of Lions is more prominent in summer months
as seen from the Figure 4.2a and 4.2b.

Existence of semi-permanent gyre (known as West Alboran and East Alboran
gyre) is also seen at the eastern entrance of the Gibraltar strait in the Alboran
sea due intense mixing of the incoming Atlantic Water. These gyres are clearly
seen in surface currents and sea surface height maps. It mixes there and further
propagate eastwards along the coast of the Algerian to form Algerian vein. Due
to uneven topography and wind driven instability, mesoscale features starts to
develop along the coast as described (Millot and Taupier, 2005). In the model
simulation few mesoscale features are present, but not clearly seen since they are
monthly averaged field. The propagation of AW along the Algerian coast, mixing
with the complex topographical features and strong air-sea interaction, gives rise
to oceanic eddies. The bifurcation of AW at the entrance of Sicily channel is also
seen in monthly averaged model simulated SSTs. At the Sicily channel, AW splits
into two branches, one enters into the western Mediterranean through southern
Tyrrhenian and other branch intrudes in the eastern Mediterranean. The sea
surface temperatures are in the range of 10-18 oC in November to April (winter
months), then starts to increase from May and persists high values ranges from
20-28 oC in May to September (summer months) with higher SSTs in the month
of August which are comparable to MedAtlas climatologies. The large scale fea-
tures of sea surface temperature, such as SST gradient in the western and eastern
Mediterranean, cold SSTs in the convection regions and at the regions where river
discharged into the basin and propagation of AW are well reproduced by the model
simulation.

Time series of climatological sea surface temperature from model simulation,
SODA reanalysis and observations averaged over four regions as shown in the
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(a) Model (RMED16)

(b) Observation (MedAtlas)

Figure 4.2: Climatological monthly mean sea surface temperature (a) RMED16 (model)
(b) MedAtlas (observation).

Figure 3.7 is presented in the Figure 4.3. It shows that the seasonal variation in
sea surface temperature which is lower in the winter months and higher in the
summer months for all regions. The simulated SSTs are higher than SODA and
observation with small biases. The scatter plot of monthly mean SST between
model and MedAtlas and model and SODA reanalysis for the four Mediterranean
sub-basin is shown in the Figure 4.4.
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(a) Algerian Basin (b) Gulf of Lions

(c) Ionian Basin (d) Levantine Basin

Figure 4.3: Climatological evolution of sea surface temperature averaged over different
regions (a) Algerian Basin (b) Gulf of Lions (c) Ionian Basin (d) Levantine basin.

It shows the close relationship between model and MedAtlas, SODA monthly
mean sea surface temperature.The mean error of SST between model simulation
and observations is plotted in the Figure 4.5. A brief description of mean error is
already discussed in the third chapter 3.

Figure 4.5 shows negative bias in winter months and positive bias in summer
months in the Mediterranean. Thus, monthly mean SST of model simulation are
warmer than the observations. The possible reasons for such biases are due to (1)
difference in spatial resolution (2) exclusion of rivers in the simulation (3) choice
of mixing schemes (4) lack of realistic air-sea interaction fluxes and (5) absence
of mesoscale features since these maps are based on monthly averaged SST. The
RMSE of monthly mean sea surface temperature between model simulation and
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(a) Model vs MedAtlas

(b) Model vs SODA

Figure 4.4: Scatter plot for climatological sea surface temperature.

MedAtlas is also computed as per formula described in the third chapter 3. The
RMSE shown in the Figure 4.5b indicates in general that the model’s perfor-
mance with observations. The RMSE is small in the range of 0-8 indicates the
model’s SST is in good agreement with observed monthly mean climatology. The
low RMSE present from January to April, high values present in May to July
and again low values evolved from the month of August onwards upto December.
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(a) Mean Error

(b) RMSE

Figure 4.5: Climatological monthly mean sea surface temperature (a) Mean Error (b)
Root Mean Square Error.

Thus RMSE of SST in the Mediterranean are comparable against observations as
it shows small values as seen from the Figure 4.5b.

The statistical relationship between model simulated and observed SST is rep-
resented in the Taylor diagram as shown in the Figure 4.6 and 4.7. It gives the
quantitative analysis in terms of their correlation, root mean square values and
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standard deviation. The Figure 4.6 shows the Taylor diagram for monthly mean
SSTs and seasonal and annual mean SSTs are plotted in Figure 4.7. The monthly
mean SSTs for May, June, July and August are less correlated with the observed
value. A good relationship is seen in between model and observational SSTs for
the January, February, March, April, September, October, November and Decem-
ber months (Figure 4.6). The RMS (Root Mean Square) and standard deviations
(SD) shows greater values than observations for the months from May to August.
Rest of monthly mean SSTs simulated by model are closely related with the ob-
servations as seen from the Taylor diagram. In case of seasonal mean, DJF, MAM
and SON are well correlated with observations while JJA are poorly correlated.
The values of RMS and SD for DJF,MAM and SON seasonal mean are comparable
with observations except JJA mean. Annual mean of SST shows good correlation
with observations and is greater than 0.89 on correlation curve as seen from the
Figure 4.7.

4.4.2 Vertical Temperature

The zonal (east-west) cross section of temperature for model and MedAtlas through
36o N is plotted in the Figure 4.8 for winter (January) and summer (August)
month. The line of cross section through 36o N is also plotted as in inset im-
age. Upper few layers from surface to -1000 meters depth are plotted. Here, only
maps for the winter and summer months (representing months) are plotted and
compared with corresponding monthly mean climatologies of MedAtlas. The tem-
perature at upper layers in case of January (winter) from model simulation shows
existence and characteristic features of surface and intermediate water masses
in different sub-basins as described by (Millot and Taupier, 2005). In January,
the Levantine intermediate water of which temperature ranges from 14-16 oC is
observed in the Levantine basin and it’s propagation towards the Western Mediter-
ranean. Occurrence of the Levantine intermediate water is observed at the depths
around -350 to -400 meters in model simulation. Due to strong wind stress and
loss of surface heating, deepening of thermocline is also seen in winter months.
The upper layers shows deepening of mixed layer depth due to above physical
mechanism in winter months. Opposite happens in case of summer months due to
strong temperature gradient. In summer, wind stress are weak and strong surface
heating due to absence of clouds tends to shallowing thermocline and mixed layer
depths. Due to this mechanism in summer months, surface layer becomes warmer
than winter months as observed in model simulation as well as in observations.
A different water masses (gradient in temperatures) are also seen at the Strait of
Gibraltar in summer and winter months in upper and lower layers.

The fresh Atlantic water enters into Mediterranean sea through the strait of
Gibraltar and becomes modified Atlantic water due to mixing and circulation-
recirculation in the different basins of the Mediterranean sea and also mix with
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intermediate and deep water masses. In the Levantine basin it contributes the
development of the Levantine intermediate water which further travels towards
the Western Mediterranean through the Sicily channel, interacts with other water
masses in the Tyrrhenian sea and Gulf of Lions and becomes denser and saltier.
This modified Atlantic water finally get outflowed at the strait of Gibraltar be-
neath the incoming AW (Millot and Taupier, 2005). The existence of such water
masses are seen in the model simulation at the strait of Gibraltar.

(a)

Figure 4.6: Taylor Diagram for Monthly mean SST. The SSTs are obtained from model
and MedAtlas.

The time depth plot of monthly mean temperature for model simulation and
corresponding comparison with MedAtlas for the single grid point from each of
the regions in the Mediterranean is presented in the Figure 4.9. On X-axis months
from January to December and on Y-axis depth in meter are plotted. The objec-
tive of this plot is to see the vertical propagation of temperature on the monthly
mean scale from model simulation and it’s comparison with MedAtlas in various
sub-basins. Thermocline in the Algerian basin in winter months are shallow in
nature while it is deep in summer months. In upper few layers, it shows temper-
ature gradient (close isobars) due to vertical mixing and intense air-sea interaction.

Temperature gradient becomes weaker at the bottom depths. In general, warm
ocean temperatures exists in upper few layers in summer months, maximum in
August and minimum in winter months. The maximum temperature at the sur-
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(a)

Figure 4.7: Taylor Diagram for Seasonal and Annual mean SST. The SSTs are obtained
from model and MedAtlas.

face to sub-surface layer is reached in the range of 22-25 oC in monthly means
of simulation in summer months. The simulated monthly mean temperature in
winter season shows it’s values in between 15-17 oC. Time-Depth variability of ver-
tical temperate in the Gulf of Lions shows cold temperature in winter and warm
temperature in summer months. In summer, vertical temperature has the range in
between 21-23 oC and in winter it varies in between 13-15 oC for the Gulf of Lions
region. The Gulf of Lions is the region known for deep water formation, strong
convection and influenced by river discharges. The upper layer ocean tempera-
ture in the Gulf of Lions from monthly mean from model simulation are matches
with the Observations. In the Ionian Basin, which lies in the eastern part of the
Mediterranean sea shows temperature in the range of 23-27 oC in upper layers in
summer season. In winter months, it varies in between 15-18 oC. The upper layer
temperature ranges in the order of 16-18 oC which is seen in winter and 24-26 oC
is in summer months for model simulation in case of the Levantine basin which is
comparable with observed monthly mean climatology. For the above regions, the
model simulation is in good agreement with the Observations (MedAtlas). The
model is able to reproduce the vertical structure of temperature (climatological)
against time (months) although model overestimate vertical temperature.
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(a) Model (b) Observation

Algerian Basin

(c) Model (d) Observation

Gulf of Lions

(e) Model (f) Observation

Ionian Basin

(g) Model (h) Observation

Levantine Basin

Figure 4.9: Time-Depth plot for monthly mean temperature (0C) climatology for
various sub-basins. Algerian basin:(a)Model (b)Observations, Gulf of Lions:(c)Model
(d)Observations, Ionian basin:(e)Model (f)Observations, Levantine basin:(g)Model
(h)Observations. Model is RMED16 simulation and Observation is MedAtlas.
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(a) (b)

(c) (d)

Figure 4.10: Vertical profile of summer temperature for various regions in the Mediter-
ranean. (a) Algerian Basin (b) Gulf of Lions (c) Ionian Basin and (d) Levantine Basin.
Line Colors: Red(Model), Green(SODA), Blue(MedAtlas) and Cyan(ARGO).

Vertical profiles of temperature for various sub-basins in the Mediterranean
sea are shown in the Figure 4.10. These profiles are plotted for model simulation,
MedAtlas, SODA and ARGO for the monthly mean climatology of summer month
(August). The vertical profiles are plotted upto -500 meter depth. The SODA
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stands for Simple Ocean Data Assimilation products. Several versions of SODA
are available depending on the experiment setup (Carton et al., 2005). Here data
from SODA 2.1.6 and the most recent version with ERA-40 winds is used. The
ocean model is based on Parallel Ocean Program physics. Observations includes
all available hydrographic profile data, ocean station data, moored temperature
and salinity time series, surface temperature and salinity observations of various
types and nighttime infrared satellite SST data. The output is in monthly mean
interpolated onto a uniform 0.5o x 0.5o and 40 vertical levels (Carton et al., 2005;
Carton and Giese, 2008). The ARGO monthly climatology is obtained from Asia-
Pacific Data Research Center (APDRC), IPRC.

In all regions, the upper layers of temperature of model simulation are in good
agreement with MedAtlas, ARGO and in SODA reanalysis. A very little bias is
observed at the upper layer in all regions for the all four datasets. The plots in
above figure thus concludes that, the upper layer dynamics is well resolved in the
model simulation. A bias is present in the lower layers of temperature profiles. A
large bias of the order of 1-1.5 oC is seen in the model against the other datasets
(SODA and MedAtlas) and about 2 oC in case of ARGO in the Algerian basin.
These biases also persists at bottom layers. The difference in the vertical profile of
temperature of the order of 0.8-0.9 oC is noted in the Gulf of Lions and are good
agreement with other vertical profiles. A considerable bias is present in interme-
diate layers in the Gulf of Lions. A small bias is observed in model simulation in
case of Ionian and Levantine basin, respectively, which is of the order of 0.7-0.9
oC, thus indicates, a well agreement with SODA reanalysis and MedAtlas tem-
peratures. The biases of the order of 1 oC is observed from surface to upper few
layers and small bias in intermediate layers in ARGO and model’s vertical profile
for the Ionian Basin. A difference of 1.5 oC is seen in between Model and ARGO
profile from surface to sub surface layers. Model shows higher values of vertical
temperatures than ARGO in deep layers. The data used here for the above plots
are based on monthly mean climatologies.

In addition to the vertical profile of summer temperature, an annual mean
of vertical temperature is also plotted and compared with monthly climatology
obtained from SODA reanalysis and ARGO for various sub-basins in the Mediter-
ranean sea. The annual mean of vertical profile of temperature is shown in the
Figure 4.11. The annual means of temperature profile from model simulation are
in good agreement with the vertical profile obtained from SODA and ARGO data.
A small bias is seen from surface to sub surface layers in the Algerian basin and
Gulf of Lions region. Increasing trend in bias is observed at deep layers in the
Figure 4.11a and b. Negligible bias is noted for Ionian and Levantine basin in
between model and other two datasets. A little difference is also observed in deep
layers in the Figure 4.11a and b. Thus, Figure 4.11, concludes that the verti-
cal profile of temperature of model simulation are well matched with SODA and
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ARGO profiles. The dynamics, particularly in the upper layers are well resolved
in the model simulation.

(a) (b)

(c) (d)

Figure 4.11: Vertical profile of annual mean temperature for various regions in the
Mediterranean. (a) Algerian Basin (b) Gulf of Lions (c) Ionian Basin and (d) Levantine
Basin. Line Colors: Red(Model), Green(SODA) and Blue(ARGO).
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The vertical profile of annual mean of temperature, salinity and density for
model simulation and it’s comparison with SODA reanalysis and ARGO is plot-
ted in the Figure 4.12. The density is derived from temperature and salinity using
Equation of State (EOS) equation (TEOS, 2010).

(a) (b)

(c)

Figure 4.12: Vertical profile of annual mean temperature, salinity and density. Line
Colors: Red(Model), Blue(SODA) and Black(ARGO).
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The comparison illustrated in the Figure 4.12 shows the annual mean of tem-
perature of model simulation is in good agreement in upper layers with the other
two datasets. In deep layers model shows biases in temperature. The annual mean
of salinity profile shows small biases from surface to deep layers in all the datasets.
The density profile shows close relationship between model simulation and SODA
reanalysis. A little difference is seen in the model and ARGO profiles.

4.4.3 Surface Currents

The validation of spatial characteristic of surface Eddy Kinetic Energy (EKE) for
the surface currents for model simulation and Aviso are shown in the Figure 4.13
and 4.14 from daily snapshot for the month of January and August, respectively.
The EKE is computed by applying geostrophic approximation to sea surface height
anomaly (SSHA). The eddy kinetic energy shown in the Figures 4.13 and 4.14 are
derived from daily snapshots for model simulation and Aviso satellite images. Here
EKE derived and shown only for daily snapshot from winter and summer months
from model and compared it with EKE derived from daily snapshot of Aviso. In
model simulation, the large scale surface circulation in the Mediterranean sea are
in good agreement with the observed EKE derived from Aviso in January as well
as in August month. The maps of EKE shown in these figures are plotted on
log10 scale. In general, the larger values of EKE indicates the strong currents and
small values corresponds to weak currents. The strong and weak values of EKE
are indicated on color bar as seen from these figures. The strong currents, which
has large EKE are observed along the Algerian coasts of the order of 3 to 3.5
cm2/s2 of log10 of EKE in case of model simulation. The recirculation of eddies
are also seen in the Algerian basin in both the maps (the Figures 4.13 and 4.14)
in simulation. The mesoscale eddies and it’s recirculation in the Algerian basin
is also observed in the EKE maps from Aviso observation (refer Figures 4.13 and
4.14). The large scale EKE features in model and Aviso are matched with each
other for the Algerian basin. Although there are few biases mainly due to the
differences in two data sets. The strong currents are present along the south coast
of Ionian sea and continues along the southern side of Levantine basin showing
mesoscale structures as seen from model and Aviso in both the figures. In general,
the model’s EKE map shows large scale surface circulation features, which are
in agreement with the corresponding Aviso maps. The model shows strong EKE
than observation. Here, the plots are compared with satellite derived EKE and
from model simulation with climatological forcings.

The surface vorticity of the model and it’s validation with Aviso for January
(15th day) and August (15th day) are shown in the Figures 4.15 and 4.16, re-
spectively, in which larger and stronger eddies are observed in model simulation.
The surface vorticity is considered as the metrics (first guess) for identification
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of eddies as well as surface circulation. Normally, positive vorticity indicates cy-
clonic rotation and negative vorticity indicates anti-cyclonic rotation in northern
hemisphere, opposite in southern hemisphere.

(a) Model

(b) Aviso

Figure 4.13: Surface Eddy Kinetic Energy (EKE) from daily snapshots from Model
and AVISO for January (15th day).
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(a) Model

(b) Aviso

Figure 4.14: Same as the Figure 4.13 but for August (15th day).

In model simulation as seen from the Figure 4.15 and 4.16, the negative vor-
ticity is shown by red and positive vorticity by blue color. The large scale pat-
terns of vorticity are matched with observations from Aviso. At coastal regions
of the Algerian basin, cyclonic and anti-cyclonic vorticity is seen and recircu-
lation of mesoscale eddies are also observed. The vorticity associated with the
Alboran gyres at the Alboran basin is observed in model simulation. The sur-
face geostrophic currents are strong in the Alboran basin and also at the Algerian
costal line. In many regions, the vorticity patterns are in good agreement with the
Aviso, although there are differences arises mainly because of horizontal resolution.
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(a) Model

(b) Aviso

Figure 4.15: Surface vorticity for Model and AVISO for January (15th day).
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(a) Model

(b) Aviso

Figure 4.16: Same as the Figure 4.15 but for August (15th day).

The magnitude of geostrophic surface currents is also plotted as shown in the
Figure 4.17 and 4.18 for daily snapshot for January and August, respectively.
The surface currents are derived from sea surface height. The general formula of
magnitude is given by,

V =
√

u2 + v2 (4.1)

where, u and v is zonal and meridional currents derived using geostrophic formula

and from sea surface elevation. The magnitude is plotted on meter per second.
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(a) Model

(b) Aviso

Figure 4.17: Magnitude of surface currents for daily snapshots from Model and AVISO
for January (15th day).

The model shows strong surface currents in the vicinity of the Alboran sea
and along the Algerian coasts than Aviso surface currents of the order of 0.8 to
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(a) Model

(b) Aviso

Figure 4.18: Same as the Figure 4.17 but for August (15th day).

0.9 m/s in winter (for January month (Figure 4.17)) and 0.6 to 0.7 m/s in sum-
mer (for August month (Figure 4.18)). A few large scale circulation patterns are
also present in the model simulations and are in comparison with Aviso in the
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Mediterranean basin. Biases are observed in the magnitude of geostrophic surface
currents due to differences in spatial and temporal resolution in two data sets used
in both the figures.

4.4.4 Fluxes through straits

The net volume transport at the strait of Gibraltar and at the Sicily strait is
computed for the model simulation with climatological forcings. The annual mean
value of transport is compared with previous studies. Here the daily net volume
transport is shown for the model simulations only.

Figure 4.19: Net Volume Transport (Sv) at the Gibraltar Strait.

Figure 4.19 shows the net volume transport at the Gibraltar strait. The maxi-
mum transport reached upto 2.0 Sv1 while minimum is 0.4 Sv. The annual mean of
net volume transport at the Gibraltar strait is presented in the Table 4.2. Above
volume transport is computed from the daily snapshots for the last year (10th)
of model simulation forced with monthly mean climatology. The annual mean of
volume transport illustrated in the Figure 4.19 is compared with values described
in literature in the Table 4.2.

The annual mean of net volume transport presented in the Table 4.2 are com-
puted for model simulation. It shows that the annual mean of transport in case
of strait of Gibraltar is lower than observed value from the literature.

1Unit of measure of volume transport, 1 Sv = 1 x 106 meter cube per second
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The annual mean of net volume Transport

RMED16 (climatological forcing) Observation (Literature)

Strait of Gibraltar 0.54 Sv 0.7 Sv

Table 4.2: Annual mean net volume transport (Sv). The observational value taken
from (Beranger et al., 2005)

4.4.5 Mixed Layer Depth

The simulated mixed layer depth variability of monthly mean climatology with
climatological forcings is shown in the Figure 4.20. The Figure 4.20 shows the
monthly mean climatological mixed layer depth obtained from model simulations
and observations. The observed mixed layer depth is based on profile data in
the Mediterranean basin. The observed MLD climatology is based on the ILD
(Isothermal Layer Depth) criteria, ∆T=0.2 oC. In general, the seasonal cycle of
mixed layer depth is seen in the model simulation. The winter months shows
deepening of mlds and shallowing of mlds observed in the summer months. The
deepening in the winter months occurs due to weak surface heating and strong
wind stress while shallow MLD is due to strong surface heating and weak wind
stress.

The deep mixed layer depths greater than 150m are evident in the Eastern
Mediterranean in winter months (January, February and March). The MLD is
shallow, less than 20m and almost present in the whole basin from May to August.
The shallowness of MLD is followed by the deepening, starting in the September.
The mixed layer depth then gradually starts to increase from the December on-
wards.

In general and seen from the Figure 4.20, the Eastern Mediterranean shows
higher mixed layer depth values than the Western Mediterranean. The exception
is the Gulf of Lions. The reasons for higher MLDs in the Gulf of Lions has been
explained Dortenzio et al. (2005). Most of the general and large scale features
associated with MLD is simulated well by the model and as described in earlier
study (Dortenzio et al., 2005). The maximum MLD occurs in the Gulf of Lions
from January-March and again in November-December. The higher MLDs are
also observed in the Southern Adriatic sea for these months. These regions are
the regions of deep water formation and deep convective processes. The model
simulation shows higher mixed layer depths than observed climatologies as seen
from the Figure 4.20.
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(a) Model

(b) Observation

Figure 4.20: Monthly mean mixed layer depth climatology for (a) Model (b) Observa-
tion (D’ortenzio et. al., 2005).

The timeseries of monthly mean climatological mixed layer depth averaged
over different regions of the Mediterranean sea (refer Figure 3.7) is plotted in the
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Figure 4.21 for the Algerian basin and the Figure 4.22 for the Ionian and Levantine
basin, respectively. Here the mixed layer depth obtained from model simulation
is validated with observed mixed layer depth.

(a) Algerian Basin

Figure 4.21: Timeseries of monthly mean mixed layer depth for various regions (a)
Algerian Basin.

In the Figure 4.21, blue and red line indicates model simulated MLD and ob-
served MLD, respectively. In all regions, the MLDs derived from model simulation
are deeper than observations in the month of January to February. The shallow-
ing of MLDs starts in the month of April and persists upto late August. During
this period, the model simulated MLDs are in good agreement with observations.
The deepening of MLDs again take place in the month of October to December,
showing reduced bias in between model and observation. Thus, MLDs obtained
from simulation shows strong bias with respect to observed MLDs in the month
of January to February and less bias in October to December in all regions. In all
the regions, MLDs shows seasonal variation in general. Daily variation of mixed
layer depth from model simulation in the Gulf of Lions (4.2oE,42.5oN) is shown in
the Figure 4.23 for an example.

Daily variations in the Gulf of Lions follows the seasonal cycle of MLDs, deep in
winters and shallow in summer months. The Gulf of Lions is a region of deep water
mass formation and strong convection. It is also influenced by strong northwest
winds (called Mistrals, cold and dry) in winter. The mixed layer depth derived
from monthly mean climatology and from the daily data for model simulation
shows strong deepening in January to February for various regions in the Mediter-
ranean basin (Figure 4.21 and 4.22). The strong deepening in those months may
appeared because of forcing the model with monthly mean climatological fields
(unrealistic) and vertical mixing schemes.
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(a) Ionian Basin

(b) Levantine Basin

Figure 4.22: Timeseries of monthly mean mixed layer depth for the regions (a) Ionian
Basin and (b) Levantine Basin.

Figure 4.23: Daily mixed layer depth for the Gulf of Lions.
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4.5 Summary

The forcing fields and data used for RMED16 climatological simulation are dis-
cussed in this chapter. The initialization and experimental setup with various
parametrization and grid options are described in the Table 4.1. The main objec-
tive of this setup is to test and validate monthly mean fields and to reproduce sea-
sonal characteristic on large scale circulation in the Mediterranean sea. Monthly
mean sea surface temperature from model are in good agreement with the observed
climatology. The mean error and root mean square error also shows weak biases
of the order of 1 to 1.8 oC in sea surface temperature. The statistical analysis of
SST between model and observations is discussed for monthly, seasonal and an-
nual means using Taylor diagram and found to be closely related with observations
quantitatively. Ability to reproduce major water masses in the Mediterranean sea
by the model output is illustrated by taking zonal vertical cross sections. Most of
the water masses are well reproduced by model simulation. Monthly variability
of vertical temperature for each region is plotted on time-depth maps. It explains
the vertical variation of temperature for each month and also explains the vertical
temperature gradient for each homogeneous region. The vertical profile of model’s
summer temperature are compared against MedAtlas, SODA and ARGO temper-
ature profiles. The summer temperature vertical profile from model simulation
shows close agreement with the other database in upper layers and also for an-
nual means. The surface characteristics and large scale circulation obtained from
the model simulation is compared with altimetry maps (Aviso) and they are well
matched with satellite maps. The annual mean value of volume transport for the
straits is compared with the observed values from literature (Table 5.2). Finally,
the mixed layer depth variability from model and observation has been discussed.
The model configuration developed here is able to reproduce climatological fea-
tures in the Mediterranean sea with climatological experiment.

· · · · ·
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Interannual Simulation

This chapter describes the interannual simulations forced with realistic ERA-
Interim six hourly ocean-atmosphere fluxes obtained from European Center for
Medium Range Weather Forecasting (ECMWF), UK. The description of ERA
Interim forcing and it’s conversion to ROMS convention is also discussed. The
experimental design and results are explained in this chapter.

5.1 Motivation

After obtaining steady state fields from the first experiment (climatological simu-
lation),we have done another experiment with six hourly air-sea interaction forcing
and implementation of steady state forcings from previous climatological run. The
objective of this experiment is to validate and obtain interannual variability of cer-
tain fields which are important to affect atmosphere. Here we have done validation
of surface fields such as, sea surface temperature, surface currents and mixed layer
depth. Additionally, during this simulation, the upper ocean dynamics have been
validated with observation. The validation and intercomparison of surface fields
has been carried out to test the model skill. Since the model configuration is eddy
resolving, it is also motivated to validate reproduction of mesoscale eddies in the
basin. The eddies plays an important role in transferring energy from one place
to another and this alter the behavior of ocean surface. This experiment further
gives an opportunity to investigate the role of air-sea interaction on surface fields
in the Mediterranean.

5.2 Forcing fields

The surface forcing fields for RMED16 interannual simulations are created by
interpolating six hourly air-sea fluxes from ERA-Interim data. ERA-Interim is
a major project undertaking by ECMWF (European Center for Medium-Range
Weather Forecasts) to produce a reanalysis with an improved atmospheric model
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and assimilation system. The data is available at 6 hourly temporal intervals. It
uses 4 Dimensional variational assimilation (4-D Var) techniques and latest IFS
core(Atmospheric model) is used with improved physics. It has horizontal resolu-
tion of T255 with 60 model levels. In addition, ERA-Interim is quality controlled,
variational bias correction of satellite radiance data and extensive use of radiance
with an improved fast radiative transfer model. ERA interim has more advantages
over earlier ERA-40 data such as improved model physics, new humidity analysis,
bias correction in satellite radiance data and improved fast radiations schemes.
The boundary forcings taken from ERA-40 and ECMWF’s operational database
(Dee et al., 2011). ERA-Interim products are publicly available on the ECMWF
Data Server, at a 1.5o spatial resolution, including several products that were not
available for ERA-40.

The surface air-sea interaction forcing fields required for ROMS model are :

• U wind at surface.
• V wind at surface.
• Surface temperature.
• Surface pressure.
• Surface humidity.
• Rainfall rate.
• Net shortwave radiation flux at surface.
• Downward longwave radiation flux at surface.

The above forcing fields are obtained from ERA-Interim as follows:

• 10 meters U wind component.
• 10 meters V wind component.
• Surface temperature at 2 meters.
• Mean sea level pressure.
• Surface humidity (computed from temperature and dewpoint temperature at 2
meters).
• Total precipitation.
• Surface net solar radiation.
• Surface thermal radiation downwards.

Table 5.1 shows ROMS variables required for active ocean-atmosphere bound-
ary layer and their ERA-Interim equivalents. Since ERA-Interim variables has
different units and scales, it has to be converted to equivalent units required by
ROMS. These conversions are described in Appendix 3.

Since the radiation fluxes and rainfall are accumulated product stored on every
twelve hours time step, they have to convert to six hourly time step as, T1=T1,
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ROMS ERA-Interim

Field name Variable Units Variable Units

Surface u-wind component U wind m/s u10 m/s

Surface v-wind component V wind m/s v10 m/s

Surface air temperature Tair oC t2m oK

Surface air pressure Pair mb msl Pa

Surface air relative humid-
ity

Qair % Derived from
t2m and d2m

%

Rainfall rate rain kg/m2/s tp m

Surface net solar radiation swrad W/m2 ssr W/m2 s

Surface longwave radiation
downwards

lwrad W/m2 strd W/m2 s

Table 5.1: ROMS vs ERA-Interim Variables.

T2=(T2 - T1), T3=(T3 - T2), T4=(T4 - T3) where T1, T2, T3 and T4 are the time
steps. The wind and radiation fluxes interpolated from ERA-Interim on RMED16
grid are shown in the Figure 5.1.The surface forcing fields plotted in the Figure
5.1 are interpolated from six hourly ERA Interim to RMED16 grid to generate six
hourly forcings for interannual simulation experiment. The timeseries shows the
area average taken over the Mediterranean basin. The dark color indicates the 30
day moving average and over plotted for each parameter.

5.3 Initialization

The RMED16 interannual simulations are initialized with the monthly mean cli-
matology of January from the RMED16 simulation with climatological forcing.
The surface air-sea interaction fluxes interpolated from ERA-Interim six hourly
data are used to force the RMED16 interannual simulations. The experimental
setup for RMED16 Interannual simulation is summarized in the Table 5.2.

Time step of 100 seconds is applied to respect the CFL criteria and avoid model
blows up (crashing of model). Thus with the ERA-Interim forcings RMED16
simulations are carried out for the period 1998-2007. The model output is stored
in daily and monthly mean basis in history and average netcdf files, respectively.
The ocean header file with various physical schemes and ocean input file with
various parameters selected for RMED16 interannual simulations are described in
the Appendix-2.
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(a) U wind at 10 meters

(b) V wind at 10 meters

(c) Surface Shortwave Radiation

(d) Surface Longwave Radiation

Figure 5.1: Interpolated ERA-Interim forcings on ROMS grid (a) U wind at 10 meters
(m/s) (b) V wind at 10 meters (m/s) (c) surface shortwave radiation (w/m2) (d) surface
longwave radiation (w/m2). Dark line indicates 30 day moving average.
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Climatology Levitus Monthly Climatology

Initial Condition
January monthly mean climatology
from RMED16 climatological simu-
lation

Boundary Condition Levitus Monthly Climatology

Air-Sea Interaction Forcing Six hourly air-sea fluxes interpo-
lated from ERA-Interim

Table 5.2: Experimental Setup for RMED16 Interannual Simulation.

5.4 Results and Discussion

5.4.1 Sea Surface Temperature

The results obtained from the interannual simulations and it’s comparison with
observations as well as other model output are described in this section. First, the
monthly mean SST climatology achieved from interannual simulations is validated
with MedAtlas climatology. The same is also compared with other high resolution
model output. The timeseries of monthly mean SST climatologies compared with
other datasets is shown in the Figure 5.2. The timeseries shown in the Figure 5.2
are for the Algerian basin and Gulf of Lions regions as an example. In the fig-
ure, the monthly mean climatology computed from other than model simulations
and MedAtlas are the SODA,MODAS and AVHRR sea surface temperature. The
description of these datasets are already explained in chapter 3. The sea surface
temperature from these datasets are interpolated on model grid. For the Algerian
basin, simulated climatology shows low values, having small biases in the annual
cycle. The same trend is observed in case of the Gulf of Lions. In both the cases,
climatology derived from interannual simulation, indicates the general seasonal
cycle which is in good agreement with the other climatologies. The climatologies
from simulation in winter months are in good agreement than the summer months.

The scatter plots of monthly mean climatologies of sea surface temperature ob-
tained form model simulation against MedAtlas, SODA and MODAS sea surface
temperature are shown in Figure 5.3. The correlation coefficient (r) is computed
and indicated in the figure legend. The scatter plots are shown in the Figure
5.3 are for the Ionian basin, Levantine basin, Gulf of Lions and Algerian basin,
respectively. The validation of area averaged sea surface temperature from model
simulation with observations is plotted in the Figure 5.3. The model intercompar-
ison is also shown in the Figure 5.3. The scatter plots are described for different
regions. The scatter plot of SST from model simulation and MedAtlas (Figure
5.3a) for all regions shows close relation in winter months. In summer months, it
shows biases (nearly 1 oC). This difference may arises due to coarse resolution of
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(a) Algerian Basin (b) Gulf of Lions

(c) Ionian Basin (d) Levantine Basin

Figure 5.2: Climatological evolution of sea surface temperature averaged over different
regions (a) Algerian Basin (b) Gulf of Lions (c) Ionian Basin (d) Levantine basin. Model
SST climatology is obtained from interannual simulations.

observations and model physics used. In addition to in situ observations, current
monthly mean SST climatology obtained from model simulation is compared with
other high resolution data. The scatter plots of such intercomparison is shown in
Figure 5.3b and c. The Figure 5.3b shows scatter plots of monthly mean SST cli-
matology obtained from interannual simulations verses SODA SST climatologies.
It shows, for all regions, small bias in winter months and large bias of the order
of 1 to 2 oC in summer months.

The time evolution of monthly mean SST climatologies for model simulation
and various data is shown in the Figure 5.2. In this figure, the monthly mean sea
surface temperature obtained from interannual simulations and it’s comparison
with observations as well as SST climatology derived from other model output are
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(a) RMED16 vs MedAtlas

(b) RMED16 vs SODA

(c) RMED16 vs MODAS

Figure 5.3: Scatter plots of monthly mean SST climatologies. (a)RMED16 vs MedAtlas
(b)RMED16 vs SODA and (c)RMED16 vs MODAS. Model SST climatology is obtained
from interannual simulations. r is correlation coefficient.

plotted. These line graphs are plotted for Algerian basin, Gulf of Lions, Ionian
Basin and Levantine Basin, respectively. In all regions it is clearly seen that there
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is bias (nearly 1 to 2 oC) between SST climatology obtained from interannual sim-
ulation (thick black line) and the same derived from other datasets (from other
model as well as observations). The Ionian and Levantine basin shows more bias
in summer months than the winter months. In other regions like, the Algerian
basin and the Gulf of Lions, the biases are small and model SST climatology is
in good agreement with MedAtlas and other climatological data (SODA, MODAS
and AVHRR). In general, the monthly mean sea surface temperature climatology
computed from interannual simulation shows annual cycle with small errors in
summer season and is well followed annual cycle with other datasets.

The time-depth plot of monthly mean temperature climatology of interannual
simulation and corresponding comparison with MedAtlas climatology for the single
grid point, which is considered as representative from each regions in the Mediter-
ranean sea which are illustrated as in Figure 5.4. On horizontal axis, months from
January to December and on vertical axis depths in meters are plotted. The goal
of this plot is to examine the vertical propagation of temperature from surface
to sub-surface layers. In case of the Algerian basin and the Gulf of Lions, the
temperatures are found to be in good agreement with the observations in win-
ter months. In summer, the model climatology are colder about 1 oC than the
summer months in observations. In summer the sub surface temperature in case
of simulation reaches upto 23 oC for the Algerian basin and 22 oC for the Gulf
of Lions, which is 1 oC less than observations. The Ionian and Levantine basin’s
simulated temperature (Figure 5.4 (e and g)) shows weak sub surface tempera-
ture gradient in summer months, while it’s corresponding observations (Figure
5.4 (f and h)) shows warm temperatures. At intermediate layers in the Levantine
basin, simulated climatology shows cold temperature about 1-2 oC than MedAtlas
monthly mean temperature climatology.

Time-depth maps of monthly mean temperature climatology derived from in-
terannual simulation forced with ERA Interim six hourly air-sea interaction fluxes
and their comparison with observed temperature climatology for various sub-
basins in the Mediterranean are illustrated in the Figure 5.4. In general, the
model shows cold temperature from surface to sub surface layer, especially for the
summer months. The Eastern Mediterranean which includes Ionian and Levan-
tine sub-basins shows colder temperature than the Western Mediterranean than
observations as seen from the Figure 5.4. Climatologically, large scale features of
temperature simulated by model are in good agreement with MedAtlas.
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(a) Model (b) MedAtlas

Algerian Basin

(c) Model (d) MedAtlas

Gulf of Lions

(e) Model (f) MedAtlas

Ionian Basin

(g) Model (h) MedAtlas

Levantine Basin

Figure 5.4: Time-Depth plot of monthly mean temperature climatology for Model (a,c,e
and g, left column) and MedAtlas (b,d,f and h, right column) for various regions. The
climatology is obtained from interannual simulations.
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The Taylor Diagram of monthly mean SST climatology computed from inter-
annual simulations and SODA for different regions are shown in the Figure 5.5
and 5.6, respectively.

(a) Gulf of Lions

(b) Levantine Basin

Figure 5.5: Taylor Diagram for monthly mean SST climatology derived from RMED16
interannual simulations and SODA. The plots are for (a) Gulf of Lions and (b) Levantine
Basin.
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(a) Mediterranean sea

Figure 5.6: Taylor Diagram for monthly mean SST climatology derived from RMED16
interannual simulations and SODA. The plot is for Mediterranean sea.

The Figure 5.5 shows the relation between monthly mean SST climatologies
from model and SODA are compared for various regions and for the whole Mediter-
ranean basin (Figure 5.6). The SSTs are area averaged over different regions. Here,
one homogeneous region is selected from each major sub-basin. For example, the
Gulf of Lions is from the western Mediterranean and the Levantine basin from the
Eastern Mediterranean. In case of the Gulf of Lions (Figure 5.5a), monthly SST
mean climatology of March, April, June, August, September, October and Novem-
ber shows strong correlation (≤ 0.9) with SODA SSTs. Rest of the months, shows
weak correlations which ≥ 0.9. The Taylor diagram in case of the Levantine basin
shows mixed correlations. The climatologies of the month April, March, February,
January, May, November, December and October are strongly correlated (greater
than 0.9) and other months are poorly correlated (less than 0.9) as seen from above
Figure 5.5b. The area averaged monthly SST mean climatologies from RMED16
interannual simulations for the whole Mediterranean basin is plotted in figure 5.6.
It shows quite good correlations for the month of January, December, November,
April, March, February and June. The SSTs are weakly correlated for the month
of August, May, September and July.

The monthly mean sea surface temperature obtained from ten year interannual
simulation and it’s comparison with monthly mean sea surface temperature from
MODAS is analyzed for the period 1998 to 2007. The monthly mean sea surface
temperature map is shown for the single year of 2007 (Figure 5.7). Rest of the
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years are not shown here. According to paper (Kara et al., 2010), the follow-
ing seasons are defined and used in the report. January-February-March (winter
season), April-May-June (spring season), July-August-September (summer sea-
son) and October-November-December (fall season). The main striking feature of
SST in the Mediterranean sea is that it goes to 12-14 oC in winter and gradually
increases upto spring season and gets more warm in summer months, where it
reaches upto 27-28 oC. After summer season, it is again decreases gradually to
regain colder SST in winter months. This features is observed in SST derived
from interannual simulation. These SSTs are compared with other interannual
SSTs obtained from MODAS database. On the large scale, simulated SST follows
annual cycle for all the years showing basin wise distribution at the surface. The
Western Mediterranean SSTs are in good agreement with MODAS SSTs, showing
the West Alboran Gyre (WAG) and the East Alboran Gyre (EAG) in the Alboran
sea. These features are persists upto early spring months, afterwards SST starts
to increase and became warmer in the summer. In summer months, the deep wa-
ter formation and strong convection areas such as Gulf of Lions and the northern
Adriatic sea exhibits weak SSTs than the surroundings areas. These area are un-
der the influence of strong northerly winds and freshwater fluxes coming through
river runoffs. The intrusion of freshwater, strong winds and being area of strong
convection, helps to keep surface temperature lower than adjoining areas. It is
seen in the SST maps with green colored patch in these areas. This patch is in
agreement with the MODAS SSTs.

Development and propagation of main mesoscale features are seen in the sim-
ulated SSTs maps. These features are not so prominent as the SSTs highlighted
in the figure are on monthly mean scales. In the monthly mean map, a bias about
1-2 oC is seen between model and MODAS SSTs. Above feature is observed for
the period 1998-2007, with SST lower than MODAS database. In case of 2003,
which is known as ”heat wave year” over the Europe and Mediterranean region
(Feudale and Shukla, 2010a,b). It has seen that, during the year 2003, the SST of
the Mediterranean sea reached upto 27-28 oC. Here in the simulation, year 2003,
during the summer shows warm and significant SSTs close to 27 oC. The summer
of 2003 was extremely hot over the European continent including the Mediter-
ranean region. The SST obtained from interannual simulations shows weak SSTs
than MODAS in the Mediterranean basin. Simulated SSTs in all seasons (win-
ter,spring,summer and fall) have noticed a bias of 1-2 oC, when compared with
MODAS SSTs.
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(a) MODEL

(b) MODAS

Figure 5.7: Monthly mean sea surface temperature for the year 2007.
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The seasonal mean of simulated sea surface temperature (winter) is also plot-
ted and it’s comparison with MODAS SSTs is shown in the Figure 5.8.

MODEL MODAS

(a) 2006

(b) 2007

Figure 5.8: Seasonal (JFM) mean sea surface temperature from 2006 and 2007. Left
column is MODEL and Right column is MODAS.

Above figure shows seasonal mean of SSTs for winter months (January-February-
March) and compared with MODAS seasonal mean of SSTs. The SST maps are
plotted for the years 2006 and 2007 only. It is seen from the Figures 5.8 that the
spatial distribution of monthly mean SST from RMED16 simulation are in good
agreement with other SST database (here MODAS).

Also, the summer mean of simulated sea surface temperature is also plotted
and it’s comparison with MODAS SSTs is shown in the Figure 5.9.
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MODEL MODAS

(a) 2006

(b) 2007

Figure 5.9: Seasonal (JAS) mean sea surface temperature from 2006 and 2007. Left
column is MODEL and Right column is MODAS.

It shows seasonal mean of SST for summer months (July-August-September)
and compared it with corresponding JAS mean from MODAS SST data. The
color bar in the Figures 5.9 is fixed in the range from 5 to 28 oC. Here only last
two years (2006 and 2007) are shown. Rest of results are not shown here. In
general, the JAS mean of RMED16 simulation follows the same SST distribution
and patterns as that of MODAS SSTs. The MODAS SSTs are warmer than the
model simulation. In other words, the model shows weak SSTs in the summer
months. The bias of the order of 1 to 2 oC is observed in both the SST maps.
The large scale features such as low SSTs values at the vicinity of Gulf of Lions
and in the southern part of the Aegean sea are seen. It is clear that the differ-
ence between the two data sets arises due to different physical parameterization
used. Note that, MODAS SST data is a high resolution dataset which is achieved
through a global ocean modeling system (Barron and Kara, 2006).

To have a clear idea of SST bias, a seasonal mean anomalies of summer months
(July-August-September, here after JAS mean) are plotted as shown in the Fig-
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ure 5.10. The SST anomalies shown in the Figure 5.10 are for the years 2006 and
2007, respectively. In most of the Mediterranean region, the JAS mean SSTs are in
good agreement with MODAS SST anomalies except summer mean of 2006 (Fig-
ure 5.10b).The large scale SST pattern in the western and eastern Mediterranean
basin are in close agreement with the MODAS SST. In case of 2003 (not shown
here), both the datasets shows positive anomalies (warm) SST in the western and
central Mediterranean including the Ionian basin. Negative anomalies are present
in the eastern Mediterranean and also observed in the both datasets.

Most of the region in the Western Mediterranean is occupied by negative
anomalies as compared to the positive anomalies in the Western Mediterranean
in 2002 (not shown here). A large positive anomalies are seen over north Ionian
basin, Aegean sea and Levantine basin. In 2003 (not shown here), weak anomalies
spread over the Levantine basin, including Aegean sea. Large positive anomalies
are seen in the rest of the region of the Mediterranean basin. The year 2003 was
the one of the hottest year in which summer temperature was too high. In the
year 2003 the Europe has experienced an extreme hot summer which leads to a
”European heat wave 2003”. In summer of 2003, the sea surface temperature of
the Mediterranean basin was too warm and reached upto 27-28 oC. In the model
simulation and in MODAS, in summer 2003 (not shown here), strong positive
anomalies are seen. The plausible reasons for high SSTs in summer season of 2003
(not shown here), has been described in the earlier work based on observations
and modeling studies to assess the contribution of the Mediterranean sea on the
development and propagation of European heat wave in summer 2003 (maps are
not shown here). In 2004 and 2005 (maps are not shown here), both SSTs (Model
and MODAS) shows negative anomalies in the entire basin except the Alboran
sea in 2004 and the Aegean sea in 2005. A small bias is also seen in the Tyrrhe-
nian basin and Adriatic sea, where opposite anomalies are present in the year 2004.

The summer mean of SSTs in the 2005 are in good agreement with MODAS
SSTs. In 2006, JAS mean SST in the Western Mediterranean basin shows weak
negative anomalies and are in opposite phase with the MODAS SST anomalies.
The exception is the Gulf of Lions, north region of the Balearic island and the east-
ern region of Alboran sea. Negative SST anomalies are seen in both the dataset
in the eastern Mediterranean having less biases. The simulated SST anomalies
in 2007, are in good agreement with MODAS SST with little differences (Figure
5.10b). The seasonal anomalies (here JAS mean) of interannual RMED16 SSTs
are simulated well and reproduce general pattern and distribution with little bi-
ases with other high resolution dataset except 2006 (Figure 5.10a).
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MODEL MODAS

(a) 2006

(b) 2007

Figure 5.10: Seasonal (JAS) mean anomaly of sea surface temperature for the years
2006 and 2007.

The root mean square error maps of SSTs are shown in the Figures 5.11 to
5.13. These maps are derived from monthly mean SSTs obtained from RMED16
interannual simulation and MODAS. The RMSE are plotted for the years 2002
to 2007. Values of RMSE are fixed from 0 to 15 (see colorbar). For all years,
in winter months, RMSE is showing low values. The RMSE is increasing from
early summer and persists these values upto early winter months in the Eastern
Mediterranean basin. From winter, RMSE begin to decrease and becomes small
upto early summer months. RMSE maps interprets that, in winter months the
bias between two datasets is small as compare to summer months. The Eastern
Mediterranean shows higher values of RMSE indicating large biases between SST
from RMED16 simulation and other database (here MODAS).
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(a) 2002

(b) 2003

Figure 5.11: RMSE of sea surface temperature for 2002 to 2003.
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(a) 2004

(b) 2005

Figure 5.12: Same as the Figure 5.11 but for the years 2004 to 2005.
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(a) 2006

(b) 2007

Figure 5.13: Same as the Figure 5.11 but for the years 2006 to 2007.
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The interannual variability (timeseries plot) of SST for different homogeneous
regions are shown in the Figure 5.14. Here the area averaged sea surface tem-
perature anomalies of RMED16 simulation and compared it with corresponding
anomalies from MODAS (left column of Figure 5.14) and SODA (right column of
Figure 5.17) datasets. The anomalies are plotted for the (a) Algerian Basin (b)
Gulf of Lions (c) Ionian Basin and (d) Levantine basin, respectively. The Algerian
basin is a homogeneous regions, where mesoscale eddies are developed and propa-
gated towards east and north directions due to strong wind stress and mixing along
the Algerian coastline. Recirculation of cyclonic and anticyclonic eddies are seen
in the Algerian basin. The interannual variability of SST in the Algerian basin is
illustrated in Figure 5.17a. In the Algerian basin, the simulated SST anomalies
shows interannual variability with higher positive and negative anomalies in most
of the years.

For example, in 2002, negative anomalies are seen in both the dataset, in
which simulated SST shows higher negative values other than MODAS. Similarly,
in 2003, in summer months strong positive SST anomalies are observed. In the
right panel of Figure 5.14a, SST anomalies of RMED16 simulation and SODA
are plotted for the Algerian basin. In this case, the SODA SST anomalies shows
strong positive and negative anomalies. The strong negative anomalies of SODA
are seen in 2005, 2006 and 2007. Positive anomalies are seen in 1999, 2001 2003
and before summer season in 2006. The possible reasons of higher negative SST
anomalies in SODA than the RMED16 is the spatial resolution. The RMED16
anomalies are obtained by implementing high resolution regional ocean model.
The SODA data used here has 1o x 1o spatial resolution. Due to coarse resolution
as compared to RMED16, SODA data lacks in reproducing mesoscale eddies in the
Algerian basin. In addition, the difference in model configurations of SODA and
RMED16 also have the adhoc impact on interannual variability. In other hand,
MODAS SST has 1/8o spatial resolution which captures the mesoscale features in
the Algerian Basin.

The Gulf of Lions is best known for the deep water formation and strong con-
vection areas in the Mediterranean basin. The freshwater from river runoffs enters
and mixed in the Gulf of Lions. The area averaged timeseries of SST over Gulf
of Lions for RMED16 verses MODAS and RMED16 verses SODA are shown in
left and right panel of Figure 5.14b, respectively. The interannual variability of
sea surface temperature in the Gulf of Lions shows strong positive anomalies in
summer season of 2003 as compared to rest of the years. In most of the years, the
negative anomalies are close to MODAS SST anomalies. Strong positive anomalies
are also seen in the year 2003 in another plot where RMED16 SST anomalies are
compared with SODA. The strong negative anomalies are observed for the year
2005,2006 and 2007 where RMED16 SSTs are weaker than SODA SST anomalies.
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MODEL and MODAS MODEL and SODA

(a) Algerian Basin

(b) Gulf of Lion

(c) Ionian Basin

(d) Levantine Basin

Figure 5.14: Interannual variability of sea surface temperature anomaly for various sub-
basins for the period 1998-2007. RMED16 interannual simulation and MODAS (right
column). RMED16 interannual simulation and SODA (left column).
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The timeseries of area averaged SST anomalies over the Ionian basin is shown
in Figure 5.14c. In the most of the years, positive SST anomalies are present in
case of both datasets (RMED16 and MODAS). Negative SST anomalies are exists
from summer 2003 and persists upto early winter in 2007. This trend is also seen in
the other plot (RMED16 and SODA). The Ionian basin is characterized by gyres
and is the major area of mixing of different water masses (Millot and Taupier,
2005). In the Levantine basin, which is under the influence of freshwater fluxes
coming from the Nile river and Asian monsoonal rainfall, shows positive anomalies
from 1998 to summer months of 2003. Later, negative SST anomalies are persists
from early winter to 2007. This is also true for other timeseries (RMED16 and
SODA). The SODA SST anomalies shows strong negative anomalies for all the
regions for the year 2005 to 2007.

To investigate the relationship between simulated SST and other data (here
MODAS), anomaly correlation (r) is computed and plotted as shown in the Figure
5.15. Here the plots are illustrated for the different sub-basins in the Mediter-
ranean sea as described in the Figure 3.7. The area averaged SST anomaly corre-
lation is computed for the various sub-basins.

The interannual variability which is derived in the form of anomaly correlation
for the Algerian basin shows positive trend. The correlation between model sim-
ulation and MODAS SSTs, are in good agreement for the year 2000, 2002, 2003,
2004 and 2005, where r is greater or equal to 0.5. The maximum r (about 0.85) is
seen in 2003. The weak r is present in the year 1998, 1999, 2001, 2006 and 2007
in which it lies below 0.5.

In case of the Gulf of Lions, strong r is exists in the years 1999, 2000, 2003,
2004, 2005 and 2007 in which the value of r is greater than 0.5. The weak positive
anomalies (with weak r) are seen in 1998, 2002 and 2006. In these years the r
lies below 0.5. The weak negative r anomaly see only in 2001. Strong positive
anomalies are exists in most of years (1998, 1999, 2000, 2001 and 2003) and
weak positive r anomalies are present for 2002 and 2005. The years 2006 and
2007 shows weak negative SST anomaly correlation. The Levantine basin shows
negative correlation for five years (1998, 1999, 2002, 2006 and 2007). Rest of years
(2000, 2001, 2003, 2004 and 2005) shows positive correlation anomalies. Thus
interannual variability of SST anomaly for four different homogeneous regions in
the Mediterranean indicates more positive correlation anomaly than the negative
anomaly except the Levantine basin.
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Figure 5.15: Correlation of SST anomalies for interannual simulation and MODAS for
different sub-basins.

The validation of interannual variability of the Mediterranean SST obtained by
RMED16 simulation with other dataset is examined and illustrated in the scatter
plots as shown in Figure 5.16. The figure shows scatter plots of area average sea
surface temperature anomalies for RMED16 and SODA over the different sub-
basins. The said anomalies are normalized by their respective standard deviation.
In the most of the cases, it is seen that, positive (warm) anomalies are present
than the negative (cold) anomalies for the Algerian basin, the Gulf of Lions and
the Levantine basin, respectively. The Number of negative anomalies are seen in
case of the Ionian basin as compared to other regions. In each region, the SST
anomalies are concentrated in the central regions of the scatter plots. This may
indicates that the relation between SST of two datasets (RMED16 and SODA)
has a bias about +1 oC at warmer side and 1 oC at negative side as inferred from
Figure 5.16. The outliers are also exists in each regions.
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(a) Gulf of Lions

(b) Levantine Basin

Figure 5.16: Scatter plot of SST anomaly area averaged over various sub-basins. Every
dot (green color) corresponds to one month. The SST values are normalized by their
respective standard deviation. The dashed lines at +1.0 and -1.0 on the x and y axis
are the standard deviation (normalized). The solid sloped line indicates least square fit.
The data sets are from RMED16 interannual simulation and SODA.
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(a) Algerian Basin

(b) Gulf of Lions

Figure 5.17: Area averaged sea surface temperature over the (a) Algerian Basin (b)
Gulf of Lions. The monthly mean SST data is obtained from Model (red color) and
SODA (black color).

The monthly mean area averaged SST derived from RMED16 and SODA is
shown in the Figure 5.17. It shows daily mean area average SST for RMED16
and NOAA. Here, the plots are illustrated for the Algerian basin and Gulf of Li-
ons, respectively. In monthly mean timeseries (Figure 5.17a), model simulated
SST follows the SODA interannual variability. The RMED16 simulated SSTs are
colder than SODA dataset in summer season. In rest of months, it matches with
the other datasets. The SST bias is high in the summer season for most of the
years in the Algerian basin and Gulf of Lions. In general, RMED16 simulated
SST shows interannual variability with weaker SST in summer months for the
both regions.
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(a) Algerian Basin

(b) Gulf of Lions

Figure 5.18: Area averaged sea surface temperature over the (a) Algerian Basin (b)
Gulf of Lions. The daily mean SST data is obtained from Model (red color) and SODA
(black color).

For validation of daily SST, RMED16 simulation is compared with high reso-
lution daily SST from NOAA. The area averaged daily SST of these two datasets
are plotted in the lower panel of Figure 5.18. The SST obtained from RMED16
simulation are in good agreement with NOAA SST showing seasonal and inter-
annual variability for both the regions as seen from Figure 5.18b. In most of the
days, summer SST of RMED16 shows lower values than NOAA. The difference in
the daily SST in the both the datasets is mainly due to spatial resolution. The
Algerian basin is characterized by mesoscale eddies and also by steep coastal to-
pography. The mixing due to intense air-sea interaction forcings occurs in this
area. The Gulf of Lions is known for area of strong convection and prone to fresh-
water fluxes. The impact of above might be a reason for SST bias in the summer
months. On daily scale, model SST are in well relation with other SST (NOAA).
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Chapter 5. Interannual Simulation 5.4. Results and Discussion

5.4.2 Vertical Temperature

The vertical cross sections of RMED16 temperature, i.e. zonal cross sections at
36o N and it’s comparison with MedAtlas described as follows. Here the plots are
shown for winter (January) and summer (August) month for the year 2007.

In the Figure 5.19, in case of winter month, the upper layer temperature distri-
bution matches with the MedAtlas data. In the Gibraltar strait, the upper layer
temperatures lies in the range of 17-18 oC in case of model simulation (Figure
5.19a) and it is in the range of 16-17 oC in MedAtlas (Figure 5.19b). The inflow
and outflow of water masses at the Gibraltar strait is seen in the Model simulation
(the temperature gradient clearly seen by difference in color shades). In the Sicily
strait, the temperature are in the range of 15-16 oC and it spreads upto 20o E,
where it becomes 14 oC. It also shows propagation of water masses in the vicinity
of the Sicily strait. In the Ionian basin (northern Ionian basin, see inset of Figure
5.19), the temperature reached upto 14-15oC, which is slight colder than MedAt-
las. The eastward propagation of water mass to the north Levantine basin is seen
in RMED16 simulation. The mixed layer deepening is observed in winter months
along the section in model simulation, which is the peculiar feature of the winter
month. The vertical cross section of temperature for the summer month is also
plotted (Figure 5.19c). The main features of the upper ocean layer is the mixed
layer shallowing in summer months. This is seen in the upper layers simulated by
the model. The upper ocean temperature in summer month simulated by model is
good agreement with MedAtlas. The mixed layer depth is confined at upper layers
in both the datasets (Model and MedAtlas). Thus the simulated upper layer tem-
perature in winter and summer months is in good agreement with the observations.

The vertical profiles of monthly mean temperature of RMED16 simulation is
validated with MedAtlas as well as SODA database and plotted as shown in the
Figure 5.20. In this figure, the vertical profile is plotted only for summer month
(August) for 2004 and is shown for the Algerian basin and Gulf of Lions, respec-
tively.

The vertical profile of monthly mean temperature simulated by model is com-
pared with other datasets are in good agreement in both the cases. The above
(Figure 5.20a and b) profiles are plotted for summer months of 2004 (August
2004). In case of Algerian basin, summer temperature for the August-2004 shows
24 oC, where as MedAtlas and SODA shows 25 oC at the surface. About one de-
gree (1 oC) difference is observed between model and other datasets at 50 meters
deep and then it reduces further at deep layers. The shallow mixed layer depth
is seen in this figure (less than 40 meter deep). The shallow mixed layer depth in
the summer is the prime feature in the Mediterranean basin. In another example,
in case of Gulf of Lions, the summer monthly mean of temperature simulated by
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(a) Algerian Basin (b) Gulf of Lion

Figure 5.20: Vertical profile of temperature for the August - 2004. (a) Algerian Basin
(b) Gulf of Lions. The datasets used are Model, MedAtlas and SODA temperature.

model shows 22 oC at the surface, which is 0.5 oC less than MedAtlas and 0.3 oC
more than SODA temperature at the surface, respectively (Figure 5.20b). The
difference of 0.5 oC between model and MedAtlas continues from surface to 50
meters deep showing good agreement. The SODA monthly mean temperature
profile shows bias of 0.2 oC at the surface, but at intermediate layers, this bias
grows upto 1-1.5 oC from subsurface layer to 100 meters deep. In both the cases
the mixed layer depths are shallow representing the peculiar characteristics of the
summer season (Dortenzio et al., 2005).

The Taylor diagram for monthly mean SSTs for the year 1998, 1999 are plotted
in the Figure 5.21 and for the year 2000 in the Figure 5.22, respectively. In these
figures the validation is made in between monthly mean SSTs area averaged over
the Mediterranean basin for model simulation and corresponding AVHRR SSTs.
In 1998 the January, February and March SSTs shows strong correlation as 0.95,
0.88 and 0.84, respectively. The winter months (October-November-December)
shows correlation of 0.8. Rest of the months in case of 1998, shows poor correla-
tion (≤ 0.6). In all other years as shown in the Figure 5.21 and 5.22, monthly mean
SSTs obtained from RMED16 simulations are weakly correlated with observations.
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(a) 1998

(b) 1999

Figure 5.21: Taylor diagram for monthly mean SST for the Mediterranean basin. The
plots are for (a) 1998 and (b) 1999. The SST data is obtained from model interannual
simulation and AVHRR.

109



Chapter 5. Interannual Simulation 5.4. Results and Discussion

(a) 2000

Figure 5.22: Same as Figure 5.21 but for the year 2000.

The probability density functions (PDFs) for monthly mean SSTs anomalies
which are area averaged over different regions in the Mediterranean sea is illus-
trated in the Figure 5.23.

The model skills in simulating the sea surface temperature are compared with
SODA SST and summarized by plotting the probability density function (PDF)
of SST anomalies area averaged over various sub-basins. All of SST anomalies
simulated by model largely agrees with SODA PDF. However the model is over-
estimated in few regions. In the Algerian basin, PDF peak is well simulated by
model with slight difference. Here the PDF peaks in SODA SST occurs at 0.5 oC,
while peak in model SST exists slightly negative side of zero. There is sharp de-
cline towards larger SST anomaly (+ve side) and smoother tail of negative values.
Positive SST (0.0-1.0 oC) are over estimated by model simulation, however SST in
the range 1.0-3.0 oC are underestimated. The overestimation by the model may
occurs due to presence of mesoscale features in the Algerian basin. Here note that
the spatial resolution of the model is about 5 kms and it is considered as eddy
resolved model. Regimes around the PDF peak (0.0-0.8 oC) on the other hand oc-
curs with typically at higher frequency compared to the SODA SST. The PDF in
case of the Levantine basin is in agreement with SODA SST. The model is slightly
overestimated towards negative side having difference of 0.3-0.5 oC. The simulated
SSTs are smoothly decline at negative values. There is no much difference seen
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(a) (b)

(c) (d)

Figure 5.23: Probability Density Function (PDF) of monthly mean SST anomaly from
interannual simulation and SODA for the period 1998-2007 and area averaged over (a)
Algerian basin (b) Levantine basin (c) Gulf of Lions and (d) Ionian basin. Thick red
curve indicates model and thick blue curve indicates SODA.

in the PDF peaks of both the SST anomalies (the Model and SODA). Negative
SSTs are overestimated by model with slight difference in declining curve. In
the region of Gulf of Lions, the model is overestimated and PDF peak is shifted
slightly towards negative direction. A sharp decline towards negative as well as
positive SST anomalies are seen in model. Positive SST of the order of 1.0 oC are
overestimated by model, whereas, under this regime SST anomalies in the range
of 1.0-1.2 oC are underestimated. For the Levantine basin, the model PDF peak
is overestimated than the SODA, slightly shifting towards negative side. A sharp
decline occurs at negative side. The positive SST anomalies in the range of 0.0-0.2
oC are underestimated. In summary, the PDF of SST anomalies from the model
simulation for the period 1998-2007 are overestimated over SODA SST anomalies
for the same period.
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The spectrum analysis of the daily SST obtained from interannual simulation
for the period 1998 to 2007 is carried out and power spectra of the representative
timeseries are shown in the Figure 5.24. These power spectra is computed for
SST area averaged over the whole Mediterranean sea. The above power spectra is
compared with SSTs obtained from NOAA’s daily SSTs (resolution of 1/4o) which
are interpolated on RMED16 grid.

(a) Model (b) Observation

Figure 5.24: Variance spectra of daily area averaged SST (1998-2007) over the Mediter-
ranean sea. Model Simulation (figure 1a), Observation (figure 1b). Spectral power is
indicated on y-axis and period (in days) is shown on x-axis. Upper (red dashed line),
middle (green solid line) and lower (blue dashed line) curves represents the significance
level of 99%, 95% and 90%, respectively.

The power spectra is plotted for daily SSTs obtained from ten years of inter-
annual model simulations and it’s validation with observed SSTs. The spectral
peaks with it’s statistical significance illustrates the existence of a significant power
in different frequencies range. A strong power with 90% significance level at the
10-20 day range, which is well separated from higher frequencies at sub-synaptic
to synaptic scales. Also, the strong power exists with 95% significance level at
the 25-30 day range as seen from the Figure 5.24. However, the power at 50 to 70
days range has 90% confidence level and is beyond the scope of this study. The
spectral analysis of daily SSTs (Figure 5.24a) simulated by the RMED16 with six
hourly atmospheric forcing from ERA-Interim for the period of ten years (1998-
2007) exhibits close agreement with the observations (Figure 5.24b).
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The spectral analysis is also performed for daily SSTs for individual years sim-
ulated by model. Here only two cases of 2006 and 2007 are illustrated as shown
in the Figure 5.25 as an example. Their corresponding comparison with observed
SSTs (NOAA daily SSTs, 1/4o resolution) are shown in the Figure 5.25 for the
year 2006 and 2007.

(a) Model (b) Observation

(c) Model (d) Observation

Figure 5.25: Variance spectra of daily area averaged SST for the Mediterranean sea
for the year 2006 and 2007. Model simulation (left column) and Observation (right
column). Spectral power is indicated on y-axis and period (in days) is shown on x-axis.
Upper (red dashed line), middle (green solid line) and lower (blue dashed line) curves
represent the significance level of 99%, 95% and 90%, respectively.
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For both the case (2006 and 2007), the spectral power exists below 90% sig-
nificance level at the 22 to 25 days range. The power with 90% significance level
occurs at 30 days range and beyond. In 2006, weak power is seen in the both SSTs
(Figures 5.25a and b). A moderate power is observed in the year 2007 with 90%
significance level at 35 days range in model simulated as well as in observed SSTs
(Figures 5.25c and d). In the case of 2006 and 2007, the spectral analysis shows
close agreement between simulated and observed SSTs as seen from the Figure
5.25.

5.4.3 Mixed Layer Depth

The validation of the monthly mean mixed layer depth climatologies computed
from interannual simulations is carried out with observed monthly mean MLD
climatologies is shown in the Figure 5.26. The Model’s mixed layer depth is com-
puted from ten years of interannual simulations forced with six hourly air-sea
interaction fluxes obtained from ERA-Interim. The monthly mean climatology
of MLDs in the winter months (Jan-Feb-Mar) shows deepening of mixed layer,
showing maximum deepening in the Gulf of Lions. Rest of the Mediterranean
basin shows deep MLDs (MLDs goes upto 350 meter). The month of January to
March shows deep mixed layer depth in some parts of the Western and the East-
ern Mediterranean. The southern Adriatic also shows deep values of mixed layer
depth in winter months. The Gulf of Lions and the Adriatic sea are the regions
with deep water mass formation and strong convection. The Gulf of Lions is also
influenced by strong north westerlies and river runoffs. In general, the model’s
winter month’s mixed layer depth climatology follows the seasonal variability in
most of the parts of the Mediterranean basin and is in good agreement with ob-
served climatologies.

The deepening of mixed layer depth in winter months is one of the feature of
the Mediterranean sea. The MLDs starts shallowing in the April in the Western
Mediterranean upto central part of the basin, showing deep mixed layers in the
Gulf of Lions and in the Adriatic sea. The Eastern Mediterranean basin also shows
deep mixed layer depths in few regions. The mixed layer depths in summer months
starts to become shallow and attends maximum shallowness in summer months.
This is one of the peculiar feature in the Mediterranean sea in the summer season.

114



Chapter 5. Interannual Simulation 5.4. Results and Discussion

(a) Model

(b) Observation

Figure 5.26: Monthly mean mixed layer depth climatology obtained from interannual
simulation (a) RMED16 (model) (b) D’orentzo (observation).

This feature is well simulated by the model as seen from the Figure 5.26(a).
The summer month’s mixed layer depth computed from model simulations shows
shallow mixed layer depth which is comparable with observations. The deepening
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of mixed layer depths starts to develop from early winter months (October on-
wards). In general, the spatial maps of simulated mixed layered depth are in good
agreement with the observations on large scale except some regions.

(a) Gulf of Lions

(b) Algerian Basin

Figure 5.27: Daily mixed layer depth climatology obtained from interannual simulation
for the (a) Gulf of Lions (b) Levantine Basin.

The timeseries of daily mixed layer depth climatology for single grid point for
each regions (representative point from each region) is shown in the Figure 5.27.
The climatological evolution shows deep mixed layer depth in winter months. For
each regions the maximum (maximum deepness) of mixed depth layer observed in
the winter is, the Gulf of Lions (∼1000 m) and the Levantine basin (∼ 280 m). In
summer months, the mixed layer depth becomes shallow as seen from the Figure
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5.27. In general, for both the regions, the monthly mean mixed layer depth clima-
tology follows annual cycle which is comparable with the earlier studies (Beranger
et al., 2010; Kara et al., 2010; Dortenzio et al., 2005).

The monthly mean mixed layer depth variability from model simulation is
illustrated in the Figure 5.28 and 5.29, respectively. The mixed layer depth vari-
ability is shown for various regions such as the Gulf of Lions and the Levantine
basin in the Mediterranean. In these regions the monthly mean of MLDs follows
general trend that is in winter season deep MLDs are present and in summer
seasons shallow MLDs are observed. In case of the Gulf of Lions, which is deep
convection and deep water mass formation region in the western Mediterranean,
shows maximum deepening (∼2300 meters deep) of MLDs in winter months of
2004 (Figure 5.28). The summer month’s shallow mixed layer depth remains upto
40 to 50 meters deep for all the years. In the Levantine basin the MLDs derived
from model interannual simulation shows maximum deepening of MLDs in winter
months, maximum deepening occurs in winter months of 2003, 2004 and 2005
(Figure 5.29). It also follows the general seasonal cycle of mixed layer depth in
the basin. The Levantine basin is influenced by the river runoffs and the Asian
monsoonal rainfall.

Figure 5.28: Monthly mean mixed layer depth from interannual simulation for the Gulf
of Lions.

In initial few years, MLDs shows minimum deepening in winter months. The
deepening increases further from the year 2003 and persists till 2006 and is reached
maximum deepening. In 2007, MLDs deepening again minimizes and reached upto
∼500 meters as seen from the Figure 5.29.
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(a) Levantine Basin

Figure 5.29: Same as the Figure 5.28 but for the Levantine Basin.

The spatial maps of mixed layer depth variability computed from model’s in-
terannual simulations is shown in the Figures 5.30 to 5.31. Here mixed layer depth
maps are shown for the four years only such as 2004 and 2005 in the Figure 5.30a
and 5.31b, respectively and 2006 and 2007 in the Figure 5.31a and 5.31b, respec-
tively. The general pattern of mixed layer depth in the Mediterranean is observed
in these years. The MLDs in winter months shows higher values in the Western
Mediterranean than the Eastern Mediterranean in the year 2004 (Figure 5.30a).
For example, deep MLDs are present in the Gulf of Lions and they are persists
till the end of March 2004. Deep MLDs are also seen in the some areas of the
Tyrrhenian basin, southern Adriatic sea, central Ionian and southeast parts of the
Levantine basin.

The Levantine basin of the Eastern Mediterranean is influenced by the Asian
monsoonal rainfall. This pattern in observed in the January, February and March
of 2004. The mixed layer depth values greater than 100 meters are present in
the most of the parts of the Mediterranean, such as the Iberian peninsula, Alge-
rian basin and south Ionian basin. The MLDs starts to becoming shallow from the
April 2004 and this shallowing of MLDs can seen from early summer months to the
end of summer season (May-June-July-August). The mixed layer depth restarts
to becoming deep from the September 2004 and becomes deep in the month of
December and reached equal or greater than 100 meters. Some patches of high
values of MLDs are occurs in the October to November 2004. In 2005 (Figure
5.30b), the winter months (Jan-Feb-Mar) shows deep mixed layer depths in the
basin. The deep MLDs are presents in the Gulf of Lions, Tyrrhenian basin and
some regions of the Eastern Mediterranean. Few mesoscale eddies are observed in
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the Algerian basin till the March.

(a) 2004

(b) 2005

Figure 5.30: Monthly mean mixed layer depth from interannual simulation for the year
2004 and 2005.

The mixed layer depth begins to become shallow in the Western Mediterranean
from April covering the Western Mediterranean shallow. This patterns of shal-
lowness further becomes strong and reached upto ∼10 meters in few regions of
the basin. These shallow MLDs are present throughout summer months (Jun-
Jul-Aug), which is the typical characteristics of mixed layer depth variability of
summer season in the Mediterranean sea. The mixed layer depth starts to became
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deep from the October onwards and attains maximum deep values of ∼120 meters
the Aegean sea and in the few parts of the south Adriatic sea. Mixed layer depths
in winter months of 2006 (Figure 5.31a) shows different patterns than 2004 and
2005. Here, deep MLDs occurs in the Gulf of Lions, the Algerian basin. Rest of
the basin shows MLDs between ∼80 to 140 meters deep. In the February and
March, scattered patterns of MLDs are present, where the maximum deepness
occurs at ∼ 200 meters in the Western Mediterranean. In the summer months,
shallow mixed layer depth are seen and persists till the September 2006. Deepen-
ing of mlds starts from October onwards and becomes deep in winter season.

(a) 2006

(b) 2007

Figure 5.31: Same as the Figure 5.30 but for the year 2006 and 2007.
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The spatial plots of mixed layer depth of the January 2007 (in the Figure 5.31b)
shows deep MLDs upto 100 meters in the whole Mediterranean basin except in the
Gulf of Lions, South Adriatic and Aegean sea. In the February, more deep MLDs
are seen in the Gulf of Lions ( 500 meters), the Tyrrhenian and few regions in the
Eastern Mediterranean. The Western Mediterranean shows deep MLDs values of
the order of 80 to 110 meters and persists till the April 2007 (Figure 5.31b). The
shallow mixed layer depth starts to evolve from the month May 2007, in which
MLDs goes upto 10 to 20 meters in the basin except the Western Levantine. Here
the MLDs values goes upto 70 meters. In the summer season, MLDs are shal-
low indicating mixed layer depth properties of summertime. From the October,
MLDs are again start to become deep and remain in the same state till the Jan-
uary 2007 (Figure 5.31b). The spatial plots of mixed layer depths are illustrated
in the the Figures 5.30 and 5.31 for the year 2004, 2005, 2006 and 2007 from the
model simulations forced with six hourly air-sea interaction fluxes interpolated
from ERA-Interim datasets. The model is ran for ten years (1997-2007). The
mlds plots are restricted for last four years only. For all the years, MLDs follows
general patterns, that is shallow mixed layer depths in summer months and deep
mixed layer depths in winter months on large scale. These large scale patterns are
in agreement with observed MLDs (not shown here) except in winter months (Fig-
ure 5.30 and 5.31) (Beranger et al., 2010; Kara et al., 2010; Dortenzio et al., 2005).

The daily timeseries of area averaged mixed layer depths over various sub-
basins computed from the model simulation are shown in the Figure 5.32 and in
the Figure 5.33. It is plotted for the years from 2001 to 2007 from daily output
of interannual model simulation (RMED16). The daily evolution of MLDs in the
Gulf of Lions (Figure 5.32a) shows deep MLDs in winter months for the year 2002,
2003 and 2004 where MLDs are greater than 2000 meters. In summer season, daily
MLDs shows shallow depth which are characterized by turbulence. In case of the
Algerian basin (Figure 5.32b), a region is best known for occurrence and propaga-
tion of mesoscale eddies, shows time series of daily MLDs as shown in the Figure
5.33b. It follows seasonal cycle showing deep MLDs in winter and shallow MLDs
in summer. In winter months of 2004 MLDs reaches upto 500 meters deep, while
for the rest of years it is less than 300 meter deep. Due to intense mixing and
interaction with the incoming Atlantic water, mesoscale eddies are developed in
the Algerian basin. The details of these eddies are described in the first chapter
1. The compound effect of instability caused by eddies and intense air-sea fluxes
results into turbulent mixed layer depth variability on daily scale in the Algerian
basin as seen from the Figure 5.32b.

The daily mixed layer depth in the Ionian basin shows seasonal as well as in-
terannual variability, in which maximum deepness occurs in winter months of the
order of 2000 meters deep in the year of 2000 and 2004. In 2005 it goes to 1500
meter deep. In summer time, MLDs shows shallow variability in upper layers (Fig-
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ure 5.36a). The area averaged daily MLDs over the Levantine basin is plotted in
the Figure 5.33a. It follows seasonal variability, where maximum deepness occurs
at 2500 meter deep in winter months for the year 2005 and 2006. The turbulent
mixed layer depth variability is observed in upper few layers. The Levantine basin
is region of the Mediterranean sea located at easternmost part of it and influenced
by subsidence from the South Asian monsoons and intrusion of fresh water from
river runoffs. The deep mixed layer depths are observed in the years such as 2004,
2005, 2006 and 2007 in winter months in case of the Levantine basin (Figure 5.33b).

(a) Gulf of Lions

(b) Algerian Basin

Figure 5.32: Daily Mixed layer depth evolution from interannual simulation for the
years 2001 to 2007 for the (a) Gulf of Lions and (b) Algerian Basin.
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(a) Ionian Basin

(b) Levantine Basin

Figure 5.33: Same as the Figure 5.32 but for the (a) Ionian Basin and (b) Levantine
Basin.
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5.4.4 Analysis of surface currents

Figure 5.34: SSH and Surface currents 2004: RMED16 and Aviso. The color
shades are SSH. Vectors are surface currents.

The sea surface elevation extracted from the daily snapshot from the interan-
nual simulation for the year 2004 and it’s validation with Aviso is shown in the
Figure 5.34. The geostrophic surface currents for the same period are over-plotted
in the Figure 5.34 for both the datasets. These plots are made for 15 January
of 2004. These plots are illustrated as an example to show the reproduction of
mesocale structures in model simulations. The western Mediterranean shows de-
velopment of mesoscale eddies and it’s eastwards propagation along the Algerian
coast. The cyclonic and anticyclonic gyres are clearly seen in the Alboran sea.
The weak circulations are present in most parts of the western Mediterranean
basin other than Aviso. The eastern Mediterranean also shows weak circulations
patterns in the model. In the August of 2004, the large scale mesoscale features
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are present in the basin showing anticyclonic and cyclonic features. The model
shows weak sea surface elevation than the altimetry data.

Figure 5.35: Vorticity 2004: RMED16 and Aviso

The surface vorticity (Figure 5.35) generated by RMED16 simulation shows
the presence of cyclonic and anticyclonic eddies in the basin. A well structured
eddies are seen in the western Mediterranean showing eastward movement along
the Algerian coast and bifurcation at the entrance of Sicily strait. The nega-
tive vorticity of the order of -2/s are dominated in the western Mediterranean as
compared to Aviso. The eddies produced by model simulation are also seen and
propagating along the coastline in the eastern basin. The large-scale patterns are
in well agreement with Aviso, where the model indicates more mesoscale eddies
than observations.
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Figure 5.36: Magnitude of surface currents 2004: RMED16 and Aviso

The magnitude of the surface currents are shown in the Figure 5.36 for model
and Aviso. The high magnitude of the order of 0.7 m/s and above are present
in the vicinity of Alboran sea and a decreasing trend is observed in the Algerian
basin alongwith coastline. A weak currents are seen in the Iberian Peninsular
region and Gulf of Lions of the order of 0.2 to 0.35 m/s in model simulations. The
simulated currents are weaker than Aviso by the order of 0.05 to 0.1 m/s in the
south Ionian basin. The magnitude of the currents derived from the Aviso shows
strong currents in the south Ionian basin which are higher than model simulation.
On the large scales, the magnitude of currents derived from model simulation are
in good agreement with Aviso in most of the regions.

The mean eddy kinetic energy (MEKE) derived from model and Aviso for the
year 2004 are shown in the Figure 5.37. The MEKE are derived by applying the
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Figure 5.37: Mean EKE 2004: RMED16 and Aviso

geostrophic approximation to sea surface elevations. The MEKE patterns simu-
lated by the model are in good agreement with Aviso in the western Mediterranean
basin. The model overestimates the MEKE in the Algerian coast indicating the
existence of mesoscale eddies. In the rest of the basin, the model simulation shows
underestimated pattern of MEKE other than Observations (here Aviso). Thus
strong circulations are seen in the model than the Aviso in the western Mediter-
ranean basin and weak circulations in the eastern Mediterranean basin.
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Figure 5.38: EKE 2004: RMED16 and Aviso

The eddy kinetic energy derived from model simulation and Aviso for the 15
January 2004 is shown in the Figure 5.38. The EKE is computed by geostrophic
approximation to sea surface height. The eke for the both the dataset are plotted
on log10 scale. The model shows strong circulations in the Algerian basin with
evolution and northward as well eastward propagation of eddies. On the large
scale eddy kinetic energy patterns obtained from model are in accordance with
Aviso. The model’s EKE is overestimated than Aviso by the order of 0.5 to 0.75
m2/s2.

The detection of eddies : The marine eddies are the important structure
in transferring the energy from one place to another and plays key role in upper
ocean mixing. The detection of such eddies and their characteristics from satel-
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lite imagery gives a valuable information about their dynamics (Isern-Fontanet
et al., 2006). The mesoscale eddies can be detected using conventional and robust
method such as vorticity maps and Okubo-Weiss parameter. The eddies in the
Mediterranean basin are generated by instabilities caused as effect of strong mix-
ing and uneven topography, especially in the Algerian basin where it redistribute
the properties of surface water (Isern-Fontanet et al., 2006, 2003). Here, detection
of eddies simulated by model have been analyzed by using Okubo-Weiss parameter.

Such eddies are observed in the Algerian basin as a result of an instabilities
produced by a slope along the Algerian coast. The life time of these eddies is of
the order of few months to years (upto 3 years) (Millot et al., 1997). The large
scale eddies present in the Algerian basin has an impact on the surface as well as
on the intermediate level circulation in the western basin of the Mediterranean.
Sometimes these eddies mixed with other eddies present in the Algerian basin and
contributes in the redistribution of the upper layers. The redistribution property
and it’s relation has been described in the earlier studies based on the satellite sea
level anomaly maps and climatological maps (Millot, 1987a; Isern-Fontanet et al.,
2004).

An application of the Okubo-Weiss parameter (W ) to the Algerian eddy is
illustrated in Figure 5.39. The horizontal structure and vertical distribution of
eddy is analyzed on the basis of earlier work (Isern-Fontanet et al., 2004). Here
the analysis is done on the daily snapshot obtained by RMED16 simulation. The
Figure 5.39a shows the spatial structure of sea surface height corresponding to 15
August 2007 of model simulation. It shows well defined mesoscale eddies in the
Algerian basin.

The Figure 5.39b indicates the spatial distribution of W computed from model
SSH for the same day (15 august 2007). The color scale used are kept same as
described in Jordi-2004, where the blue color corresponds to eddy core, green color
indicates the background field and red color shading represents deformation dom-
inant region. The sea surface height snapshot plotted in the Figure 5.39a shows
more eddies. The selected region in the Figure 5.39b highlighted in bold square,
which is a result of implementation of W . It shows a core region surrounded
by a deformation with somewhat regular shape. The zonal cross section (Figure
5.39d) of W along one of the diameter shows that W indicates strong negative
values in inner core region and becomes positive after crossing K.E. maxima. The
vertical structure taken along the diameter of eddy region is similar to the 2D
vortices explained in (Isern-Fontanet et al., 2004) which are commonly observed
in turbulence. Here, the Okubo-Weiss parameter is implemented to study the
spatial structure of an eddy in the Algerian basin simulated by RMED16 model.
The application of W to eddy gives information about spatial distribution of an
eddy which is dominated by vorticity, eddy core and background region which is
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dominated by deformation. Further details of eddy characterization, it’s coher-
ent structure and implication to the mixing are described in the previous study
(Isern-Fontanet et al., 2004).

(a) (b)

(c) (d)

Figure 5.39: (a) RMED16 sea surface height for 15 August 2007. (b) Okubu-Weiss
parameter (d) The cross section of the eddy and (e) vertical structure of Okubu-Weiss
parameter and Kinetic Energy along the cross section.

5.5 Summary

In this experiment the RMED16 configuration is forced with six hourly air-sea
interaction fluxes interpolated from ERA-Interim and obtain a ten year interan-
nual simulation for the period 1998-2007. The monthly mean SST climatology
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computed from interannual simulation is validated with observations and found
that the model is able to reproduce climatological cycle having bias of the or-
der of 1-2 0C. The SST climatology is in good agreement with observations and
other datasets in winter. The interannual variability of simulated SST is vali-
dated with MODAS SST which shows a well distribution in the basin, although
it experiencing a cold SST bias. The year 2003 is known as heat wave year in
the European region and the role of increased Mediterranean SST on the develop-
ment of heat wave ((Feudale and Shukla, 2007, 2010a,b)). The RMED16 is able
to reproduce high SST anomalies in 2003. Negative SST anomalies ares persists
in 2004 in the western as well as eastern Mediterranean except the Aegean sea.
In 2006, model shows negative JAS mean anomalies in the basin except presence
of positive anomalies in the Gulf of Lions and Alboran sea. The area averaged
SST anomalies over various sub-basin have exhibited an interannual variability in
most of the years. The intercomparison of these SSTs are made with MODAS
and SODA data. The upper layer temperature in winter and summer months
are well reproduced by model and is capable to regenerate signature of interme-
diate water mass. The outflow and inflow of water mass, which can be identified
by temperature difference at the Gibraltar strait is also seen in simulation. The
power spectrum analysis shows that the strong power with 90% significance is
observed in the range of 10-20 days and 95% significance in 25-30 days. In 2006,
weak powers are seen. Power spectrum in 2007 occurs at 90% significance level
in the range of 35 days in model simulation. The mixed layer depth climatology
derived from interannual simulation is validated with observed data (Dortenzio
et al., 2005). Model is able to reproduce most of the climatological distribution
of MLD in the basin having higher deep values in winter. The general features
of MLD in the Mediterranean such as deep MLD in winter and shallow MLD in
summer is well captured by model configuration. In case of Gulf of Lions, deep
mixed layer depths seen in winter months for the year 2002 to 2005. The inter-
annual variability of mixed layer depth in the Algerian basin shows deep MLDs
in winter upto 300 meters in 2004. The model is overestimated MLD variability,
although it has reproduced large scale distribution in the few regions of the basin
and seasonal cycle. The existence of higher MLDs in the simulation may have
resulted from the strong winds and weak stratification in the model. The surface
currents derived from model shows strong circulation in the basin against Aviso
currents. The eastward propagation and recirculation of eddies are seen in the
coast of Algeria and in the Algerian basin. The mean EKE and EKE computed
by applying geostrophic approximation to SSH indicates strong circulation pat-
terns along the coastal areas in the Mediterranean basin. The application of the
Okubu-Weiss parameter have indicate spatial distribution corresponding to two
dimensional flow. The vertical section along the diameter shows similar pattern
which is observed in turbulent flow (Isern-Fontanet et al., 2004).

· · · · ·
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Chapter 6

General Discussion and
Conclusions

6.1 General Discussion

In current work the regional ocean model is implemented by means of developing
high resolution grid in the Mediterranean with 1/16o spatial resolution and 40
uneven sigma vertical levels. After initial testing, following two experiments are
carried out, namely (i) Simulations with climatological forcings and (ii) Interan-
nual simulations with ERA-Interim air-sea interaction fluxes.

To reproduce the climatological features and model response to basin’s cli-
matology, a ten years of model simulation is obtained with climatological forcing.
The variables obtained from model simulation such as SST, mixed layer depth and
surface currents are validated with observations and other reanalysis data. The
monthly mean of these variables are derived from above climatological model run.
The main objective of the climatological simulation is to test and validate monthly
mean fields and to reproduce seasonal characteristic on large scale circulation in
the Mediterranean sea. The large scale circulation features of monthly mean sea
surface temperature produced by the model simulations are in good agreement
with the observed climatology. It follows annual as well as seasonal cycle showing
summer SST bias (weak SST) in model simulations (Figure 4.2). The area mean
timeseries of simulated monthly mean SST climatology over various sub-basins
are validated with additional databases such as SODA SST climatology (Figure
4.3). The SST in all regions shows annual and seasonal variability(climatological)
which is comparable with other SST data. For all regions (Figure 4.3), there exists
a bias of 1 to 1.2 oC in summer SST in model simulation when compared with
observed SST (MedAtlas and SODA).

The statistical analysis of SSTs between model and observations is presented
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in Taylor diagram (Figure 4.6 and 4.7). The monthly mean simulated SSTs in
summer months are weakly correlated (Figure 4.6). The JJA mean of model SST
is poorly correlated with observation whereas seasonal mean such as DJF, MAM
and SON are in good relation (Figure 4.7). The annual mean of monthly cli-
matologies obtained from model simulation is in good agreement (r=0.89) with
observation (Figure 4.7, circle filled with blue color). The zonal cross section (at
36 oN) of model temperature shows signature of presence of intermediate water.
It is observed that the model’s surface and subsurface layer temperatures are in
good match with MedAtlas and reproduce climatological features in upper layers.

The validation of vertical propagation of monthly mean temperature climatol-
ogy with respect to time is illustrated in Time-Depth plot (Figure 4.9) for various
sub-basins in the Mediterranean. In all regions vertical distribution of tempera-
ture in model simulation at upper layers are in good agreement with MedAtlas.
The vertical profile of summer (august month) temperature is validated MedAtlas,
SODA and ARGO data (Figure 4.10). It shows that the temperature climatology
in upper layers is reproduced well by model. In the deep layers, the model shows
a difference of 1-2 oC as compared to other datasets. In case of annual mean tem-
perature vertical profiles (Figure 4.11), the model shows weak relationship with
other datasets in the Algerian basin and Gulf of Lions region in deep layers. Tem-
perature profiles of model simulation in Ionian and Levantine basin are in good
agreement with SODA, MedAtlas and ARGO profiles.

The eddy kinetic energy (EKE) obtained from model’s surface currents are
compared with Aviso data. The large scale surface circulations in the Mediter-
ranean basin simulated by model shows strong currents along the Algerian coast
observing the recirculation of eddies in the Algerian basin. The strong currents
are also seen along the south coast of Ionian sea and the southern side of Levan-
tine basin showing mesoscale structures (Figure 4.13 and 4.14). The small scale
and strong circulations are seen in surface vorticity maps simulated by model,
particularly in the western Mediterranean as compared to Aviso due to difference
in spatial resolutions. The magnitude of surface currents shows that model has
strong surface currents in the Alboran sea and along the Algerian coast of the order
of 0.8 m/s in the month of January and 0.6 m/s in the month of August (Fig-
ure 4.17 and 4.18). Maximum (minimum) net volume transport at the Gibraltar
strait simulated by model is found to be 2.0 Sv (0.4 Sv). The annual net volume
transport obtained from model in the Gibraltar strait is 0.57 Sv which is less than
observed values Beranger et al. (2005).

The monthly mean mixed layer depths (MLDs) obtained from ten years of
model run with climatological forcing is validated with observed MLDs. Valida-
tion of mixed layer depth variability of the model is one of the objective of the
present study. The mixed layer depth plot for model and observation are illus-
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trated in Figure 4.20. It shows that, model’s monthly mean climatology of mixed
layer depth follows the seasonal cycle. The deepening (shallowing) of mixed layer
depth occurs in winter (summer) is observed which is a characteristic feature in the
Mediterranean sea. The MLDs greater than 150 meters are exists in the Eastern
Mediterranean in winter months (January, February and March). The MLDs less
than 20 meters are present in the whole basin from May to August. In general the
Eastern Mediterranean shows higher mixed layer depth values than the Western
Mediterranean except Gulf of Lions. The higher mixed layer depth are observed in
the Gulf of Lions and in the southern Adriatic sea. The area averaged timeseries
of monthly mean mixed layer depth climatology over various sub-basins, shows
strong deepening in winter than summer (Figure 4.20). The daily MLD clima-
tology derived from model in the Gulf of Lions follows seasonal cycle which is in
accordance with earlier studies (Beranger et al., 2010).

A ten years interannual simulations (period 1998-2007) are obtained by forcing
the model with six hourly air-sea interaction fluxes from ERA-Interim. Here we
have compared SST and MLD climatology computed from ten years of interannual
simulations. The evolution of sea surface temperature monthly mean climatology
obtained from ten years of interannual model simulation is validated with differ-
ent datasets such as MedAtlas, SODA, MODAS and AVHRR (Figure 5.2). The
climatologies are area averaged over the Gulf of Lions and Algeria basin which
shows weak SSTs in summer than winter and reproduce annual cycle. In winter,
the simulated SST climatology is in good agreement with other datasets (Figure
5.2). The scatter plots of SST climatology obtained from ten years of interannual
simulation validated with different datasets. The intercomparison shows that the
model has a bias in summer months in all the regions (Figure 5.3). Time-Depth
plot shows that the interannual climatologies are weak in the summer in all sub-
basins (Figure 5.4). Taylor diagram for monthly mean climatologies derived from
ten years of interannual simulation and SODA monthly mean climatologies are
plotted for Gulf of Lions and Levantine basin (Figure 5.5) as well as for Mediter-
ranean basin (Figure 5.7), respectively. It reveals that, in all regions, both the
climatologies are closely related and a biases about r=0.4 in summer months.

Interannual variability of SSTs are validated with MODAS monthly mean SSTs
for the period of 1998-2007. The large scale features of the sea surface temperature
in the Mediterranean sea are well simulated by the model showing basin wise SST
distribution. Most of the sea surface temperature features on different timescales
(monthly, seasonal and annual) are well reproduced by model configuration. The
model shows negative bias (weak SSTs) in summer months in most of the years
as compared to MODAS dataset. The summer and winter seasonal mean of SSTs
obtained from the model interannual simulations and it’s comparison with the
MODAS shows that the simulated winter SSTs are in good agreement. In most of
the years, the large scale patterns of model simulation are matched with MODAS
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data. A seasonal variability is seen in the Gulf of Lions region in all years where a
light blue patch is present in both the datasets (Model and MODAS). The presence
of this patch is in good agreement with MODAS SST winter mean. In summer,
the model simulated SSTs shows lower values as compared to MODAS. The SST
anomalies (JAS mean) maps of model and MODAS shows the clear picture of bias.
In 2002, model and MODAS shows negative anomalies in the Western Mediter-
ranean and positive anomalies in the Eastern Mediterranean. Negative anomalies
are seen in the most of the parts in the Mediterranean basin by both the datasets in
2004. In both the datasets, negative SSTs anomalies are exists except the Aegean
sea. In the year 2006, model shows negative JAS mean SST anomalies in the
Mediterranean basin except positive anomalies in the Gulf of Lions and Alboran
sea. The negative summer mean SST anomalies and positive summer mean SST
anomalies are seen in the Western Mediterranean and the Eastern Mediterranean,
respectively in model simulation as well as in MODAS. In 2003, a strong posi-
tive SST anomalies are observed in most of region of the Mediterranean by model
which is in good agreement with MODAS data. The SST in the Mediterranean
basin was high in summer season of 2003 and it is considered as “heatwave year”
in the Mediterranean region (Feudale and Shukla, 2007, 2010a,b). The current
model simulations has reproduced quite well the positive summer SSTs anoma-
lies in the Mediterranean in the year 2003. The root mean square error (RMSE)
spatial maps of model and MODAS monthly mean SSTs are concluded that the
winter months experiences a small bias than the summer months. The simulated
RMSE in the Eastern Mediterranean indicates large biases than MODAS.

The timeseries of monthly mean sea surface temperature anomaly area aver-
aged over different sub-basins shows that in most of the years, the model simula-
tions are in good agreement with MODAS data. In second comparison, the model
SSTs follows the interannual variability in agreement with SODA SSTs in most of
the years for all regions except last few years. In the last few years, strong nega-
tive anomalies are seen in SODA data as compared to model. It is found that the
simulated SST anomalies in four regions follows the SODA and MODAS interan-
nual variability pattern in most of the years. The SST anomaly correlations have
indicate the presence of positive anomaly for the period 1998-2007 in the Algerian
basin. Anomaly correlation is found to positive side in most of the years except
2001 in case of the Gulf of Lions and in the Ionian basin for 2006. The Levantine
basin shows positive anomaly correlation in 2000, 2001, 2003, 2004, 2005 and neg-
ative anomaly correlation in 1998, 1999, 2002, 2006 and 2007 (Figure 5.15). The
scatter plot of SST anomalies area averaged over various sub-basins shows that
the relation between SST of two datasets (RMED16 and SODA) has a bias about
+1 oC at warmer side and -1 oC at negative side (Figure 5.16). The time series
of monthly mean and daily mean sea surface temperature area averaged over the
Algerian basin and the Gulf of Lions region. The monthly mean timeseries of
model and SODA SSTs shows interannual variability in both the region having
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biases in summer season. The timeseries of daily SSTs between model and NOAA
shows close relationship in all years indicating the turbulence features. In both
the cases, the model simulated sea surface temperature follows the seasonal and
annual cycle in the Mediterranean.

The zonal cross-section of simulated monthly mean temperature of January
and August 2007 is compared with the MedAtlas (Figure 5.19). It indicates that
the upper layer temperatures are matched with observations having difference of
0.5-0.8 oC, especially at the Gibraltar strait. The signature of inflow and outflow
is found to be promising in the model simulation. In the Ionian basin the tempera-
ture reached upto 14-15 oC, which is weaker (colder) than MedAtlas. The vertical
profiles of monthly mean temperature for summer month (August 2004) for the
Algerian basin and Gulf of Lions shows the temperature simulated by model is in
good agreement in both the cases. In the Algerian basin approximately one oC dif-
ference is observed between model and other datasets till 50 meter deep and then
it reduces further at deep layers. In another case (the Gulf of Lions) a difference
of approximately 0.5 oC between model and MedAtlas continues from surface to
50 meter deep showing good agreement. The SODA monthly mean temperature
profile shows bias of 0.2 oC at the surface, but at intermediate layers, this bias
grows more than one oC from subsurface layer to 100 meter deep.

The model simulated SSTs are validated with monthly mean data from AVHRR
and their statistical analysis is illustrated in Taylor diagram. In 1998, the winter
months are strongly correlated with each other. In rest of the years simulated
sea surface temperature are poorly correlated with observations. The power spec-
trum analysis of daily sea surface temperature from interannual simulations (for
the period 1998-2007) are validated with daily SST data obtained from NOAA.
It shows that, the strong power with 90% significance are observed in the range
of 10-20 days and with 95% significance in 25-30 days range. In another case,
the power spectra is computed for individual years such as 2006 and 2007(Figure
5.25). In 2006, weak powers are observed in both the dataset. Power spectra in
2007 occurs at 90% significance level in the range of 35 days in model simulation.
The power spectra analysis of SST of 2006 and 2007 obtained from model is in
good agreement with other datasets (NOAA daily SSTs).

The MLD monthly mean climatology derived from ten years of interannual
simulation is validated with observed climatology. It shows the good agreement
with observed mixed layer depth climatology on the large scale. The Deepening
(shallowing) of mixed layer depth is well produced by the model in winter (sum-
mer) which is in relevance with the observations. In general, the spatial maps of
MLD climatology computed from model follows the seasonal variability in most of
the parts in the Mediterranean sea with some biases (Figure 5.26). The timeseries
of daily mixed layer depth climatology is computed from interannual simulation
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(Figure 5.27). In all regions, daily mixed layer depth climatology follows gen-
eral characteristics, that is deep mixed layer depths in winter months and shallow
mixed layer depths in summer months. The monthly mean mixed layer depth
variability computed from ten years of interannual simulations for various regions
are illustrated in the Figures 5.28 and 5.29. The timeseries plotted here is the
area mean over various regions. In case of Gulf of Lions, deep mixed layer depths
seen on winter months for the year 2002 to 2005. The Gulf of Lions lies under the
influence of strong convection (air-sea) and river runoffs from northern direction.
It is one of the deep water mass formation region in the Western Mediterranean
basin. The interannual variability of mixed layer depth in the Algerian basin
shows deep MLDs in winter upto 300 meters in 2004. The Algerian basin is the
area where most of the mesoscale eddies are present. In case of the Ionian and
Levantine basin, deep mixed layer depth variability can seen in winter months of
2003 to 2004. The interannual variability of mixed layer depth shows seasonal
cycle, which is comparable with earlier studies (Beranger et al., 2010). The spa-
tial maps of monthly mean mixed layer depths from model simulation are plotted
for the year 2004-2007 (ref Figures 5.30 and 5.31). The model simulations shows
deep MLDs in winter and shallow MLDs in summer season for 2004-2007. Model
simulations shows strong MLDs in winter months than summer.

The surface currents derived from model simulation shows strong circulation
in the basin against Aviso currents particularly in the western Mediterranean and
along the coastal areas. The mean EKE and EKE computed by using geostrophic
approximation to SSH of model indicates strong circulation patterns. The small
scales features are seen in simulated EKE maps which are strong in nature. The
mesoscale structures are overestimated by model exhibiting more eddies in the
basin. The application of the Okubu-Weiss parameter to the model sea surface
height maps indicates spatial distribution corresponding to two dimensional flow.

6.2 Conclusions

The high resolution application of ROMS in the Mediterranean sea is presented
in the current work which is capable of reproducing most of the characteristic
features in the basin. The climatological simulation forced with climatological
air-sea interactions have shown good results. The spatial distribution of sea sur-
face temperature is well reproduced by model configuration experiencing a little
bias in summer months as compared with other datasets. The mixed layer depth
climatology is overestimated in winter months as a result of strong wind forcing at
surface. The spatial distribution of mixed layer depths in the Mediterranean sea
are simulated well by model except winter months. The interannual variability of
SST is also well captured by model although there is bias in summer season. In
summer months it exhibits a negative bias, in other words, model simulates weak
SSTs in summer, having maximum bias of 1.5-2.0 0C. The modeled SSTs shows a
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cold bias relative observations and other reanalysis data. The cause of such bias
can be explained by the fact that the cold air-sea fluxes may coming from forcing
input during the first few years and it persists throughout model simulations. The
bias may also have arises because the bulk formulation in the model uses rainfall
forcing instead of relaxation method. This may be the potential reason for the
development of bias in summer SSTs.

The interannual variability of mixed layer depth is reproduced by model shows
strong values in winter months as compared to summer, although it follows sea-
sonal cycle in the Mediterranean sea. The simulated mixed layer depth variability
also experiences general characteristics such as deepening in winter and shallow
MLDs in summer months in the basin. The high values of MLDs in model oc-
curs due strong air-sea interaction fluxes, mainly wind forcings. The strong winds
are responsible for intense mixing and deep convection. In winter deep MLDs
are seen because of strong winds forcings in addition to weak stratification. In
general, spatial distribution of mixed layer depths simulated by model are well
reproduced with high values in winter season. The surface currents simulated by
model are strong in the coastal regions and in the western Mediterranean region.
The cyclonic-anticyclonic eddies and their recirculation are also seen in model
simulation in the Algerian basin although they are small scales with strong circu-
lation. The strong and intensive air-sea interaction forcings may have reproduce
such eddies in model simulations. In the current study, the interannual variability
is performed for ten years which is quite small period to simulate better products
such as SST and mixed layer depth. The length of simulation should be increase
to allow the model capture the signature of intermediate and deep water and their
circulation in the basin. The longer simulation may have reduce the biases in SSTs
and MLDs. So it is concluded that, the model is capable of reproducing well the
surface variables (SSTs, MLDs and surface currents) in climatological experiments
where as it experiences a baises in the SSTs and MLDs in interannual experiment.

6.3 Future Work and Perspectives

The high resolution model configuration developed in the due course of this PhD
thesis may considered as one of the basic tool for reproducing the key surface
parameters in the Mediterranean. In future, same configuration will applied in
the other regions (small basins and coastal areas) such as Bay of Bengal which is
came under the influence of monsoon and has plays important role in monsoon
rainfall modifications. Further the model can be developed to investigate the role
of river runoff on the salinity, temperature and mixed layer depth variability. The
analysis of eddies in the form of eddy censes and tracking of eddies using eddy
identification criteria can be done in coming future. The ocean model configuration
developed here will be used to couple with atmospheric model to develop a regional
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coupled model for the better forecast in different regions and to study the impact
of air-sea interaction locally.

· · · · ·
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APPENDIX

Appendix A

Acronyms for water mass in the Mediterranean sea

AW : Atlantic Water (Surface water of Atlantic origin. Formerly MAW, NAW,
etc).
WIW : Western Mediterranean Intermediate Water (Formerly Winter Intermedi-
ate Water, in the Western Basin).
LIW : Levantine Intermediate Water.
WMDW : Western Mediterranean Deep Water.
TDW : Tyrrhenian Deep Water.
ASW : Adriatic Surface Water (Po influenced).
LSW : Levantine Surface Water.
BSW : Black Sea Water (Surface water of Black Sea origin).
CIW : Cretan Intermediate Water.
NAdDW or NADDW : North Adriatic Deep Water (Formerly NADW).
ADW : Adriatic Deep Water (Formed in the southern Adriatic, main component
of the EMDW and sometimes called SADW).
CDW : Cretan Deep Water (Involved recently in EMDW. Sometimes referred as
CSOW).
LDW : Levantine Deep Water (Formed in NW Levantine Basin).
EMDW : Eastern Mediterranean Deep Water (Kept for historical reasons).
EOW : Eastern Mediterranean Overflow Water (Sometimes called AIW or tEMDW
at the Sicily channel).
MOW : Mediterranean Outflow Water (At the Gibraltar strait) (MW in the At-
lantic).

Above list is adopted from CIESM Round table session on acronyms for the ma-
jor Mediterranean water masses held at 36th CIESM Congress, Monte Carlo, 26
September 2001.
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Appendix B

dimensions:
sms_time = 12 ;

variables:

double sms_time(sms_time) ;
sms_time:long_name = "surface momentum stress time" ;
sms_time:units = "day" ;
sms_time:field = "sms_time, scalar, series" ;
sms_time:cycle_length = 360.0 ;

float sustr(sms_time, eta_u, xi_u) ;
sustr:long_name = "surface u-momentum stress" ;
sustr:units = "Newton meter-2" ;
sustr:field = "surface u-momentum stress, scalar, series" ;
sustr:time = "sms_time" ;

float svstr(sms_time, eta_v, xi_v) ;
svstr:long_name = "surface v-momentum stress" ;
svstr:units = "Newton meter-2" ;
svstr:field = "surface v-momentum stress, scalar, series" ;
svstr:time = "sms_time" ;

data:

sms_time = 15, 45, 75, 105, 135, 165, 195, 225, 255, 285, 315, 345 ;
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Appendix C

Since ERA-Interim variables has different units and scales, it has to be converted
to equivalent units required by ROMS. These conversions are explained as follows.

1. The Total precipitation (tp) from ECMWF in meter needs to be converted into
a rainfall rate in kg/m2/s for ROMS.

rainfall rate = tp × water density / time

where, water density = 1000 kg/m3, time = 6×3600 s as we are using 6 hourly data.

2. The Surface solar radiation fluxes (ssr and strd) from ECMWF in W/m2 s
needs to be converted into radiation fluxes in W/m2 for ROMS.

Surface radiation flux (srwad and lwrad) = surface solar radiation × 3600 × 6 s

3. For surface air pressure, from mb to pascal, 1 mb = 100 Pa.

Pair(mb) = msl(Pa)/100

4. For surface air temprature, from oK to oC, 1 oC = 273.15 oK.

Tair(C) = t2m(K) - 273.15

5. Surface humidity is computed from temperature (t2m) at 2 meter and dew
point temperature (d2m) at 2 meter.

(E/Es) × 100

Where,

Es is saturated vapor pressure (mb) and given by,

Es = (6.11 × 10.0)(7.5∗t2m/(237.7+t2m))

E is vapor pressure (mb) and given by,

E = (6.11 × 10.0)(7.5∗d2m/(237.7+d2m))
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Appendix D

rmed16.h for climatological simulation.
/*
*******************************************************************************
** Copyright (c) 2002-2007 The ROMS/TOMS Group **
** Licensed under a MIT/X style license **
** See License_ROMS.txt **
*******************************************************************************
** THIS IS DYNAMICAL/PHYSICAL OPTIONS SET FOR RMED16 APPLICATION **
** MODIFIED BY MAHESH, IC3 **
*******************************************************************************
** Options for rmed16 applicaiton.
**
** Application flag: RMED16
** Input script: rmed16.in
*/
/* Basic physics options */
#define UV_ADV
#define UV_COR
#define UV_VIS4
#define MIX_S_UV
#define TS_DIF4
#define MIX_GEO_TS
#define SOLVE3D
#define SALINITY
#define NONLIN_EOS
/* Basic numerics options */
#define TS_U3HADVECTION
#define TS_C4VADVECTION
#define DJ_GRADPS
#define SPLINES
#define CURVGRID
#define MASKING
/* Outputs */
#define AVERAGES
#define DIAGNOSTICS_UV
#define UV_QDRAG
#define VISC_GRID
#define DIFF_GRID
#undef DIURNAL_SRFLUX
#undef SOLAR_SOURCE
#define SRELAXATION
#define QCORRECTION
/* Analytical options */
#define ANA_BSFLUX
#define ANA_BTFLUX
#define GLS_MIXING
#if defined GLS_MIXING || defined MY25_MIXING
#define KANTHA_CLAYSON
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#define N2S2_HORAVG
#define CANUTO_A
#define CRAIG_BANNER
#define CHARNOK
#endif
/* Open boundary condition settings */
#define EASTERN_WALL /* for close the boundary option */
#define SOUTH_FSCHAPMAN /* free surface Chapman condition for south boundary */
#define NORTH_FSCHAPMAN /* free surface Chapman condition for north boundary */
#define WEST_FSCHAPMAN /* free surface Chapman condition for west boundary */
#define SOUTH_M2FLATHER /* 2D momentum Flather condition for south boundary */
#define NORTH_M2FLATHER /* 2D momentum Flather condition for north boundary */
#define WEST_M2FLATHER /* 2D momentum Flather condition for west boundary */
#define SOUTH_TRADIATION /* tracer radiation condition for south */
#define SOUTH_TNUDGING /* tracers passive/active nuding term for south */
#define NORTH_TRADIATION /* tracer radiation condition for north */
#define NORTH_TNUDGING /* tracers passive/active nuding term for north */
#define WEST_TRADIATION /* tracer radiation condition for west */
#define WEST_TNUDGING /* tracers passive/active nuding term for west */
#define ANA_FSOBC
#define ANA_M2OBC
#define TCLIMATOLOGY /* processing tracers climatology */
#define TCLM_NUDGING /* nudging tracers climatology */
#include "globaldefs.h"
/* END */
======================================================================================

rmed16.in (ROMS input file for Climatological Simulation)

!
! ROMS/TOMS Standard Input parameters.

! Application title.

TITLE = RMED16, 1/16 Grid_etp1

! C-preprocessing Flag.

MyAppCPP = RMED16

VARNAME = /ROMS/External/varinfo.dat

! Grid dimension parameters. See notes below in the Glossary for how to set
! these parameters correctly.

Lm == 938 ! Number of I-direction INTERIOR RHO-points
Mm == 368 ! Number of J-direction INTERIOR RHO-points
N == 40 ! Number of vertical levels

Nbed = 0 ! Number of sediment bed layers
NAT = 2 ! Number of active tracers (usually, 2)
NPT = 0 ! Number of inactive passive tracers
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NCS = 0 ! Number of cohesive (mud) sediment tracers
NNS = 0 ! Number of non-cohesive (sand) sediment tracers

NtileI == 8 ! I-direction partition
NtileJ == 16 ! J-direction partition

! Time-Stepping parameters.

! starting year 01-01-1900

NTIMES == 3110400 !(360*24*3600/100) Total number of NTIMES for ten years.
DT == 100.0d0

NDTFAST == 30

! Model iteration loops parameters.

ERstr = 1
ERend = 1
Nouter = 1
Ninner = 1

Nintervals = 1

NEV = 2 ! Number of eigenvalues
NCV = 10 ! Number of eigenvectors

! Input/Output parameters.

NRREC == 0 ! for new files

LcycleRST == T

NRST == 864
NSTA == 864
NFLT == 1

NINFO == 1

! Output history, average, diagnostic files parameters.

LDEFOUT == T !for creating new files

NHIS == 864 !for 1 day
NDEFHIS == 864 !for 1 day!

NTSAVG == 1
NAVG == 25920 !for 30 days

NDEFAVG == 25920 !for 30 days

NTSDIA == 1
NDIA == 864 !for 1 days

NDEFDIA == 864 !for 1 days

! Output tangent linear and adjoint models parameters.
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LcycleTLM == T
NTLM == 25920

NDEFTLM == 0
LcycleADJ == F

NADJ == 25920
NDEFADJ == 0

NSFF == 25920
NOBC == 25920

! Output check pointing GST restart parameters.

LrstGST = F ! GST restart switch
MaxIterGST = 500 ! maximun number of iterations

NGST = 10 ! check pointing interval

! Relative accuracy of the Ritz values computed in the GST analysis.

Ritz_tol = 1.0d-15

TNU2 == 1.2d0 1.2d0 ! m2/s
TNU4 == 2*1.2d0 ! m4/s

ad_TNU2 == 0.0d0 0.0d0 ! m2/s
ad_TNU4 == 0.0d0 0.0d0 ! m4/s

VISC2 == 4.0d0 ! m2/s
VISC4 == 1.0d0 ! m4/s

ad_VISC2 == 0.0d0 ! m2/s
ad_VISC4 == 0.0d0 ! m4/s

AKT_BAK == 1.0d-6 1.0d-6 ! m2/s
ad_AKT_fac == 1.0d0 1.0d0 ! nondimensional

AKV_BAK == 1.0d-5 ! m2/s
ad_AKV_fac == 1.0d0 ! nondimensional

! Turbulent closure parameters.

AKK_BAK == 5.0d-6 ! m2/s
AKP_BAK == 5.0d-6 ! m2/s
TKENU2 == 0.0d0 ! m2/s
TKENU4 == 0.0d0 ! m4/srmed16_etp1_gls.in

! Generic length-scale turbulence closure parameters.

GLS_P == 3.0d0 ! k-epsilon
GLS_M == 1.50
GLS_N == -1.d0

GLS_Kmin == 7.6d-6
GLS_Pmin == 1.0d-12
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GLS_CMU0 == 0.5477d0
GLS_C1 == 1.44d0
GLS_C2 == 1.92d0
GLS_C3M == -0.4d0
GLS_C3P == 1.0d0

GLS_SIGK == 1.0d0
GLS_SIGP == 1.30d0

! Constants used in surface turbulent kinetic energy flux computation.

CHARNOK_ALPHA == 1400.0d0 ! Charnok surface roughness
ZOS_HSIG_ALPHA == 0.5d0 ! roughness from wave amplitude

SZ_ALPHA == 0.25d0 ! roughness from wave dissipation
CRGBAN_CW == 100.0d0 ! Craig and Banner wave breaking

! Constants used in momentum stress computation.

RDRG == 3.0d-04 ! m/s
RDRG2 == 3.0d-03 ! nondimensional
Zob == 0.02d0 ! m
Zos == 0.02d0 ! m

! Height (m) of atmospheric measurements for Bulk fluxes parameterization.

BLK_ZQ == 10.0d0 ! air humidity
BLK_ZT == 10.0d0 ! air temperature
BLK_ZW == 10.0d0 ! winds

! Minimum depth for wetting and drying.

DCRIT == 0.10d0 ! m

! Various parameters.

WTYPE == 1
LEVSFRC == 15
LEVBFRC == 1

Vtransform == 1 ! transformation equation
Vstretching == 1 ! stretching function

! Vertical S-coordinates parameters (see below for details), [1:Ngrids].

THETA_S == 5.0d0 ! surface stretching parameter
THETA_B == 0.4d0 ! bottom stretching parameter
TCLINE == 10.0d0 ! critical depth (m)

! Mean Density and Brunt-Vaisala frequency.

RHO0 = 1025.0d0 ! kg/m3
BVF_BAK = 1.0d-4 ! 1/s2
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! Time-stamp assigned for model initialization, reference time
! origin for tidal forcing, and model reference time for output
! NetCDF units attribute.

DSTART = 00.0d0 ! days
TIDE_START = 00.0d0 ! days
TIME_REF = 00.0d0 ! yyyymmdd.dd

! Nudging/relaxation time scales, inverse scales will be computed
! internally, [1:Ngrids].

TNUDG == 2*10.0d0 ! days
ZNUDG == 10.0d0 ! days
M2NUDG == 10.0d0 ! days
M3NUDG == 10.0d0 ! days

OBCFAC == 0.0d0 ! nondimensional

! Linear equation of State parameters:

R0 == 1027.0d0 ! kg/m3
T0 == 10.0d0 ! Celsius
S0 == 35.0d0 ! PSU

TCOEF == 1.7d-4 ! 1/Celsius
SCOEF == 7.6d-4 ! 1/PSU

! Slipperiness parameter: 1.0 (free slip) or -1.0 (no slip)

GAMMA2 == -1.0d0

LtracerSrc == T T ! temperature, salinity, inert

DstrS == 0.0d0 ! starting day
DendS == 0.0d0 ! ending day

KstrS == 1 ! starting level
KendS == 1 ! ending level

! Logical switches (TRUE/FALSE) to specify the adjoint state variables
! whose sensitivity is required.

Lstate(isFsur) == F ! free-surface
Lstate(isUbar) == F ! 2D U-momentum
Lstate(isVbar) == F ! 2D V-momentum
Lstate(isUvel) == F ! 3D U-momentum
Lstate(isVvel) == F ! 3D V-momentum

! Logical switches (TRUE/FALSE) to specify the adjoint state tracer
! variables whose sensitivity is required (NT values are expected).

Lstate(isTvar) == F F ! tracers
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! Stochastic optimals time decorrelation scale (days) assumed for
! red noise processes.

SO_decay == 2.0d0 ! days

! Logical switches (TRUE/FALSE) to specify the state surface forcing
! variable whose stochastic optimals is required.

SOstate(isUstr) == T ! surface u-stress
SOstate(isVstr) == T ! surface v-stress

! Logical switches (TRUE/FALSE) to specify the surface tracer forcing
! variable whose stochastic optimals is required (NT values are expected).

SOstate(isTsur) == F F ! surface tracer flux

! Stochastic optimals surface forcing standard deviation for
! dimensionalization.

SO_sdev(isUstr) == 1.0d0 ! surface u-stress
SO_sdev(isVstr) == 1.0d0 ! surface v-stress
SO_sdev(isTsur) == 1.0d0 1.0d0 ! NT surface tracer flux

! Logical switches (TRUE/FALSE) to activate writing of fields into
! HISTORY output file.

Hout(idUvel) == T ! 3D U-velocity
Hout(idVvel) == T ! 3D V-velocity
Hout(idUbar) == T ! 2D U-velocity
Hout(idVbar) == T ! 2D V-velocity
Hout(idFsur) == T ! free-surface
Hout(idBath) == T ! time-dependent bathymetry
Hout(idTvar) == T T ! temperature and salinity
Hout(inert) == T ! inert passive tracers

Hout(idBott) == F F F F F F F F F F F F F F F F

! Logical switches (TRUE/FALSE) to activate writing of time-averaged
! fields into AVERAGE output file.

Aout(idUvel) == T ! 3D U-velocity
Aout(idVvel) == T ! 3D V-velocity
Aout(idUbar) == T ! 2D U-velocity
Aout(idVbar) == T ! 2D V-velocity
Aout(idFsur) == F ! free-surface
Aout(idTvar) == T T ! temperature and salinity

Aout(inert) == F ! inert passive tracers

glsomg
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! Logical switches (TRUE/FALSE) to activate writing of time-averaged,
! 2D momentum (ubar,vbar) diagnostic terms into DIAGNOSTIC output file.

Dout(M2rate) == T ! acceleration
Dout(M2pgrd) == T ! pressure gradient
Dout(M2fcor) == T ! Coriolis force
Dout(M2hadv) == T ! horizontal total advection
Dout(M2xadv) == T ! horizontal XI-advection
Dout(M2yadv) == T ! horizontal ETA-advection
Dout(M2hrad) == T ! horizontal total radiation stress
Dout(M2hvis) == T ! horizontal total viscosity
Dout(M2xvis) == T ! horizontal XI-viscosity
Dout(M2yvis) == T ! horizontal ETA-viscosity
Dout(M2sstr) == T ! surface stress
Dout(M2bstr) == T ! bottom stress

! Logical switches (TRUE/FALSE) to activate writing of time-averaged,
! 3D momentum (u,v) diagnostic terms into DIAGNOSTIC output file.

Dout(M3rate) == T ! acceleration
Dout(M3pgrd) == T ! pressure gradient
Dout(M3fcor) == T ! Coriolis force
Dout(M3hadv) == T ! horizontal total advection
Dout(M3xadv) == T ! horizontal XI-advection
Dout(M3yadv) == T ! horizontal ETA-advection
Dout(M3vadv) == T ! vertical advection
Dout(M3hrad) == T ! horizontal total radiation stress
Dout(M3vrad) == T ! vertical radiation stress
Dout(M3hvis) == T ! horizontal total viscosity
Dout(M3xvis) == T ! horizontal XI-viscosity
Dout(M3yvis) == T ! horizontal ETA-viscosity
Dout(M3vvis) == T ! vertical viscosity

! Logical switches (TRUE/FALSE) to activate writing of time-averaged,
! active (temperature and salinity) and passive (inert) tracer diagnostic
! terms into DIAGNOSTIC output file: [1:NAT+NPT,Ngrids].

Dout(iTrate) == T T ! time rate of change
Dout(iThadv) == T T ! horizontal total advection
Dout(iTxadv) == T T ! horizontal XI-advection
Dout(iTyadv) == T T ! horizontal ETA-advection
Dout(iTvadv) == T T ! vertical advection
Dout(iThdif) == T T ! horizontal total diffusion
Dout(iTxdif) == T T ! horizontal XI-diffusion
Dout(iTydif) == T T ! horizontal ETA-diffusion
Dout(iTsdif) == T T ! horizontal S-diffusion
Dout(iTvdif) == T T ! vertical diffusion

! Generic User parameters, [1:NUSER].

NUSER = 0
USER = 0.d0
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! NetCDF-4/HDF5 compression parameters for output files.

NC_SHUFFLE = 1 ! if non-zero, turn on shuffle filter
NC_DEFLATE = 1 ! if non-zero, turn on deflate filter
NC_DLEVEL = 1 ! deflate level [0-9]

! Input NetCDF file names, [1:Ngrids].

GRDNAME == r16_etp1_grd.nc
CLMNAME == rmed16_Lclm_etp1.nc
ITLNAME == /dev/null
IRPNAME == /dev/null
IADNAME == /dev/null
ININAME == rmed16_ini_Ljan_etp1.nc
BRYNAME == rmed16_bry_etp1.nc
FWDNAME == /dev/null
ADSNAME == /dev/null

! Input forcing NetCDF file name(s).

NFFILES == 1 ! number of forcing files

FRCNAME == rmed16_forcing_etp1.nc

! Output NetCDF file name:s, [1:Ngrids].

GSTNAME == gst_rmed16_etp1.nc
RSTNAME == rst_rmed16_etp1.nc
HISNAME == his_rmed16_etp1.nc
TLMNAME == tlm_rmed16_etp1.nc
TLFNAME == tlf_rmed16_etp1.nc
ADJNAME == adj_rmed16_etp1.nc
AVGNAME == avg_rmed16_etp1.nc
DIANAME == dia_rmed16_etp1.nc
STANAME == sta_rmed16_etp1.nc
FLTNAME == flt_rmed16_etp1.nc

! Input ASCII parameter filenames.

APARNAM = /External/s4dvar.in
SPOSNAM = /External/stations.in
FPOSNAM = /External/floats.in
BPARNAM = /External/bio_Fennel.in
SPARNAM = /External/sediment.in
USRNAME = /External/MyFile.dat

! ==================================
! GLOSSARY : (Not Included)
! ==================================
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Appendix E

rmed16.h for Interannual Simulations
/*
*******************************************************************************
** Copyright (c) 2002-2007 The ROMS/TOMS Group **
** Licensed under a MIT/X style license **
** See License_ROMS.txt **
*******************************************************************************
** THIS IS DYNAMICAL/PHYSICAL OPTIONS SET FOR RMED16 APPLICATION **
** MODIFIED BY MAHESH, IC3 **
*******************************************************************************
** Options for rmed16 applicaiton.
**
** Application flag: RMED16
** Input script: r16_eraint.in
*/
/* Basic physics options */
#define UV_ADV
#define UV_COR
#define UV_VIS4
#define MIX_S_UV
#define TS_DIF4
#define MIX_GEO_TS
#define SOLVE3D
#define SALINITY
#define NONLIN_EOS
/* Basic numerics options */
#define TS_U3HADVECTION
#define TS_C4VADVECTION
#define DJ_GRADPS
#define SPLINES
#define CURVGRID
#define MASKING
/* Outputs */
#define AVERAGES
#define DIAGNOSTICS_UV
#define UV_QDRAG
#define VISC_GRID
#define DIFF_GRID
#define BULK_FLUXES
#ifdef BULK_FLUXES
#define EMINUSP
#define LONGWAVE_OUT
#endif
#define SOLAR_SOURCE
#define DIURNAL_SRFLUX
#undef SRELAXATION
/* Analytical options */
#define ANA_BSFLUX
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#define ANA_BTFLUX
#define GLS_MIXING
#if defined GLS_MIXING || defined MY25_MIXING
#define KANTHA_CLAYSON
#define N2S2_HORAVG
#define CANUTO_A
#define CRAIG_BANNER
#define CHARNOK
#endif
/* Open boundary condition settings */
#define EASTERN_WALL /* for close the boundary option */
#define SOUTH_FSCHAPMAN /* free surface Chapman condition for south boundary */
#define NORTH_FSCHAPMAN /* free surface Chapman condition for north boundary */
#define WEST_FSCHAPMAN /* free surface Chapman condition for west boundary */
#define SOUTH_M2FLATHER /* 2D momentum Flather condition for south boundary */
#define NORTH_M2FLATHER /* 2D momentum Flather condition for north boundary */
#define WEST_M2FLATHER /* 2D momentum Flather condition for west boundary */
#define SOUTH_TRADIATION /* tracer radiation condition for south */
#define SOUTH_TNUDGING /* tracers passive/active nuding term for south */
#define NORTH_TRADIATION /* tracer radiation condition for north */
#define NORTH_TNUDGING /* tracers passive/active nuding term for north */
#define WEST_TRADIATION /* tracer radiation condition for west */
#define WEST_TNUDGING /* tracers passive/active nuding term for west */
#define ANA_FSOBC
#define ANA_M2OBC
#define TCLIMATOLOGY /* processing tracers climatology */
#define TCLM_NUDGING /* nudging tracers climatology */
#include "globaldefs.h"
/* END */
======================================================================================
rmed16_eraint.in (ROMS input file for Interannual Simulation)

!
! ROMS/TOMS Standard Input parameters.

! Application title.

TITLE = RMED16, 1/16 Grid_etp1

! C-preprocessing Flag.

MyAppCPP = RMED16

VARNAME = /ROMS/External/varinfo.dat

! Grid dimension parameters. See notes below in the Glossary for how to set
! these parameters correctly.

Lm == 938 ! Number of I-direction INTERIOR RHO-points
Mm == 368 ! Number of J-direction INTERIOR RHO-points
N == 40 ! Number of vertical levels
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Nbed = 0 ! Number of sediment bed layers
NAT = 2 ! Number of active tracers (usually, 2)
NPT = 0 ! Number of inactive passive tracers
NCS = 0 ! Number of cohesive (mud) sediment tracers
NNS = 0 ! Number of non-cohesive (sand) sediment tracers

NtileI == 8 ! I-direction partition
NtileJ == 16 ! J-direction partition

! Time-Stepping parameters.

! starting year 01-01-1998

NTIMES == 3153600 !(365*24*3600/100) Total number of NTIMES for ten years (1998 to 2007)
DT == 100.0d0

NDTFAST == 30

! Model iteration loops parameters.

ERstr = 1
ERend = 1
Nouter = 1
Ninner = 1

Nintervals = 1

NEV = 2 ! Number of eigenvalues
NCV = 10 ! Number of eigenvectors

! Input/Output parameters.

NRREC == 0 ! for new files

LcycleRST == T

NRST == 864
NSTA == 864
NFLT == 1

NINFO == 1

! Output history, average, diagnostic files parameters.

LDEFOUT == T !for creating new files

NHIS == 864 !for 1 day
NDEFHIS == 864 !for 1 day!

NTSAVG == 1
NAVG == 25920 !for 30 days

NDEFAVG == 25920 !for 30 days

NTSDIA == 1
NDIA == 864 !for 1 days
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NDEFDIA == 864 !for 1 days

! Output tangent linear and adjoint models parameters.

LcycleTLM == T
NTLM == 25920

NDEFTLM == 0
LcycleADJ == F

NADJ == 25920
NDEFADJ == 0

NSFF == 25920
NOBC == 25920

! Output check pointing GST restart parameters.

LrstGST = F ! GST restart switch
MaxIterGST = 500 ! maximun number of iterations

NGST = 10 ! check pointing interval

! Relative accuracy of the Ritz values computed in the GST analysis.

Ritz_tol = 1.0d-15

TNU2 == 1.2d0 1.2d0 ! m2/s
TNU4 == 2*1.2d0 ! m4/s

ad_TNU2 == 0.0d0 0.0d0 ! m2/s
ad_TNU4 == 0.0d0 0.0d0 ! m4/s

VISC2 == 4.0d0 ! m2/s
VISC4 == 1.0d0 ! m4/s

ad_VISC2 == 0.0d0 ! m2/s
ad_VISC4 == 0.0d0 ! m4/s

AKT_BAK == 1.0d-6 1.0d-6 ! m2/s
ad_AKT_fac == 1.0d0 1.0d0 ! nondimensional

AKV_BAK == 1.0d-5 ! m2/s
ad_AKV_fac == 1.0d0 ! nondimensional

! Turbulent closure parameters.

AKK_BAK == 5.0d-6 ! m2/s
AKP_BAK == 5.0d-6 ! m2/s
TKENU2 == 0.0d0 ! m2/s
TKENU4 == 0.0d0 ! m4/srmed16_etp1_gls.in

! Generic length-scale turbulence closure parameters.

GLS_P == 3.0d0 ! k-epsilon
GLS_M == 1.50
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GLS_N == -1.d0
GLS_Kmin == 7.6d-6
GLS_Pmin == 1.0d-12

GLS_CMU0 == 0.5477d0
GLS_C1 == 1.44d0
GLS_C2 == 1.92d0
GLS_C3M == -0.4d0
GLS_C3P == 1.0d0

GLS_SIGK == 1.0d0
GLS_SIGP == 1.30d0

! Constants used in surface turbulent kinetic energy flux computation.

CHARNOK_ALPHA == 1400.0d0 ! Charnok surface roughness
ZOS_HSIG_ALPHA == 0.5d0 ! roughness from wave amplitude

SZ_ALPHA == 0.25d0 ! roughness from wave dissipation
CRGBAN_CW == 100.0d0 ! Craig and Banner wave breaking

! Constants used in momentum stress computation.

RDRG == 3.0d-04 ! m/s
RDRG2 == 3.0d-03 ! nondimensional
Zob == 0.02d0 ! m
Zos == 0.02d0 ! m

! Height (m) of atmospheric measurements for Bulk fluxes parameterization.

BLK_ZQ == 10.0d0 ! air humidity
BLK_ZT == 10.0d0 ! air temperature
BLK_ZW == 10.0d0 ! winds

! Minimum depth for wetting and drying.

DCRIT == 0.10d0 ! m

! Various parameters.

WTYPE == 1
LEVSFRC == 15
LEVBFRC == 1

Vtransform == 1 ! transformation equation
Vstretching == 1 ! stretching function

! Vertical S-coordinates parameters (see below for details), [1:Ngrids].

THETA_S == 5.0d0 ! surface stretching parameter
THETA_B == 0.4d0 ! bottom stretching parameter
TCLINE == 10.0d0 ! critical depth (m)

! Mean Density and Brunt-Vaisala frequency.
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RHO0 = 1025.0d0 ! kg/m3
BVF_BAK = 1.0d-4 ! 1/s2

! Time-stamp assigned for model initialization, reference time
! origin for tidal forcing, and model reference time for output
! NetCDF units attribute.

DSTART = 0.0d0 ! days
TIDE_START = 0.0d0 ! days
TIME_REF = 19980101.0d0 ! yyyymmdd.dd

! Nudging/relaxation time scales, inverse scales will be computed
! internally, [1:Ngrids].

TNUDG == 2*10.0d0 ! days
ZNUDG == 10.0d0 ! days
M2NUDG == 10.0d0 ! days
M3NUDG == 10.0d0 ! days

OBCFAC == 0.0d0 ! nondimensional

! Linear equation of State parameters:

R0 == 1027.0d0 ! kg/m3
T0 == 10.0d0 ! Celsius
S0 == 35.0d0 ! PSU

TCOEF == 1.7d-4 ! 1/Celsius
SCOEF == 7.6d-4 ! 1/PSU

! Slipperiness parameter: 1.0 (free slip) or -1.0 (no slip)

GAMMA2 == -1.0d0

LtracerSrc == T T ! temperature, salinity, inert

DstrS == 0.0d0 ! starting day
DendS == 0.0d0 ! ending day

KstrS == 1 ! starting level
KendS == 1 ! ending level

! Logical switches (TRUE/FALSE) to specify the adjoint state variables
! whose sensitivity is required.

Lstate(isFsur) == F ! free-surface
Lstate(isUbar) == F ! 2D U-momentum
Lstate(isVbar) == F ! 2D V-momentum
Lstate(isUvel) == F ! 3D U-momentum
Lstate(isVvel) == F ! 3D V-momentum

! Logical switches (TRUE/FALSE) to specify the adjoint state tracer
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! variables whose sensitivity is required (NT values are expected).

Lstate(isTvar) == F F ! tracers

! Stochastic optimals time decorrelation scale (days) assumed for
! red noise processes.

SO_decay == 2.0d0 ! days

! Logical switches (TRUE/FALSE) to specify the state surface forcing
! variable whose stochastic optimals is required.

SOstate(isUstr) == T ! surface u-stress
SOstate(isVstr) == T ! surface v-stress

! Logical switches (TRUE/FALSE) to specify the surface tracer forcing
! variable whose stochastic optimals is required (NT values are expected).

SOstate(isTsur) == F F ! surface tracer flux

! Stochastic optimals surface forcing standard deviation for
! dimensionalization.

SO_sdev(isUstr) == 1.0d0 ! surface u-stress
SO_sdev(isVstr) == 1.0d0 ! surface v-stress
SO_sdev(isTsur) == 1.0d0 1.0d0 ! NT surface tracer flux

! Logical switches (TRUE/FALSE) to activate writing of fields into
! HISTORY output file.

Hout(idUvel) == T ! 3D U-velocity
Hout(idVvel) == T ! 3D V-velocity
Hout(idUbar) == T ! 2D U-velocity
Hout(idVbar) == T ! 2D V-velocity
Hout(idFsur) == T ! free-surface
Hout(idBath) == T ! time-dependent bathymetry
Hout(idTvar) == T T ! temperature and salinity
Hout(inert) == T ! inert passive tracers

Hout(idBott) == F F F F F F F F F F F F F F F F

! Logical switches (TRUE/FALSE) to activate writing of time-averaged
! fields into AVERAGE output file.

Aout(idUvel) == T ! 3D U-velocity
Aout(idVvel) == T ! 3D V-velocity
Aout(idUbar) == T ! 2D U-velocity
Aout(idVbar) == T ! 2D V-velocity
Aout(idFsur) == F ! free-surface
Aout(idTvar) == T T ! temperature and salinity

Aout(inert) == F ! inert passive tracers
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! Logical switches (TRUE/FALSE) to activate writing of time-averaged,
! 2D momentum (ubar,vbar) diagnostic terms into DIAGNOSTIC output file.

Dout(M2rate) == T ! acceleration
Dout(M2pgrd) == T ! pressure gradient
Dout(M2fcor) == T ! Coriolis force
Dout(M2hadv) == T ! horizontal total advection
Dout(M2xadv) == T ! horizontal XI-advection
Dout(M2yadv) == T ! horizontal ETA-advection
Dout(M2hrad) == T ! horizontal total radiation stress
Dout(M2hvis) == T ! horizontal total viscosity
Dout(M2xvis) == T ! horizontal XI-viscosity
Dout(M2yvis) == T ! horizontal ETA-viscosity
Dout(M2sstr) == T ! surface stress
Dout(M2bstr) == T ! bottom stress

! Logical switches (TRUE/FALSE) to activate writing of time-averaged,
! 3D momentum (u,v) diagnostic terms into DIAGNOSTIC output file.

Dout(M3rate) == T ! acceleration
Dout(M3pgrd) == T ! pressure gradient
Dout(M3fcor) == T ! Coriolis force
Dout(M3hadv) == T ! horizontal total advection
Dout(M3xadv) == T ! horizontal XI-advection
Dout(M3yadv) == T ! horizontal ETA-advection
Dout(M3vadv) == T ! vertical advection
Dout(M3hrad) == T ! horizontal total radiation stress
Dout(M3vrad) == T ! vertical radiation stress
Dout(M3hvis) == T ! horizontal total viscosity
Dout(M3xvis) == T ! horizontal XI-viscosity
Dout(M3yvis) == T ! horizontal ETA-viscosity
Dout(M3vvis) == T ! vertical viscosity

! Logical switches (TRUE/FALSE) to activate writing of time-averaged,
! active (temperature and salinity) and passive (inert) tracer diagnostic
! terms into DIAGNOSTIC output file: [1:NAT+NPT,Ngrids].

Dout(iTrate) == T T ! time rate of change
Dout(iThadv) == T T ! horizontal total advection
Dout(iTxadv) == T T ! horizontal XI-advection
Dout(iTyadv) == T T ! horizontal ETA-advection
Dout(iTvadv) == T T ! vertical advection
Dout(iThdif) == T T ! horizontal total diffusion
Dout(iTxdif) == T T ! horizontal XI-diffusion
Dout(iTydif) == T T ! horizontal ETA-diffusion
Dout(iTsdif) == T T ! horizontal S-diffusion
Dout(iTvdif) == T T ! vertical diffusion

! Generic User parameters, [1:NUSER].
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NUSER = 0
USER = 0.d0

! NetCDF-4/HDF5 compression parameters for output files.

NC_SHUFFLE = 1 ! if non-zero, turn on shuffle filter
NC_DEFLATE = 1 ! if non-zero, turn on deflate filter
NC_DLEVEL = 1 ! deflate level [0-9]

! Input NetCDF file names, [1:Ngrids].

GRDNAME == r16_etp1_grd.nc
CLMNAME == rmed16_Lclm_etp1.nc
ITLNAME == /dev/null
IRPNAME == /dev/null
IADNAME == /dev/null
ININAME == his_rmed16_etp1_3600.nc
BRYNAME == rmed16_bry_etp1.nc
FWDNAME == /dev/null
ADSNAME == /dev/null

! Input forcing NetCDF file name(s).

NFFILES == 8 ! number of forcing files

FRCNAME == r16_tair_6hr_eraint98_2k7.nc \
r16_pair_6hr_eraint98_2k7.nc \
r16_qair_6hr_eraint98_2k7.nc \
r16_u10m_6hr_eraint98_2k7.nc \
r16_v10m_6hr_eraint98_2k7.nc \
r16_rain_6hr_eraint98_2k7.nc \
r16_lwraddown_6hr_era_int98_2k7.nc \
r16_swrad_6hr_eraint98_2k7.nc \

! Output NetCDF file name:s, [1:Ngrids].

GSTNAME == gst_rmed16_etp1_eraint.nc
RSTNAME == rst_rmed16_etp1_eraint.nc
HISNAME == his_rmed16_etp1_eraint.nc
TLMNAME == tlm_rmed16_etp1_eraint.nc
TLFNAME == tlf_rmed16_etp1_eraint.nc
ADJNAME == adj_rmed16_etp1_eraint.nc
AVGNAME == avg_rmed16_etp1_eraint.nc
DIANAME == dia_rmed16_etp1_eraint.nc
STANAME == sta_rmed16_etp1_eraint.nc
FLTNAME == flt_rmed16_etp1_eraint.nc

! Input ASCII parameter filenames.

APARNAM = /External/s4dvar.in
SPOSNAM = /External/stations.in
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FPOSNAM = /External/floats.in
BPARNAM = /External/bio_Fennel.in
SPARNAM = /External/sediment.in
USRNAME = /External/MyFile.dat

! ==================================
! GLOSSARY : (Not Included)
! ==================================


