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Abstract

Abstract

The eastern Mediterranean is known to have a complex thermohaline, wind,
and heat/freshwater flux driven multi-scale circulation. This dissertation aims to
investigate the dynamics of the Aegean Sea and the exchange with the Levantine
basin at different temporal and spatial scales. Observational and modeling strategies
were adopted to address questions of dynamics governing the regional circulation
pattern and water mass formation process, as well as the climatic implications of the

Aegean-Levantine Seas variability.

Aiming at portraying the Aegean’s water mass structure and identifying Dense
Water Formation processes, two winter cruises were conducted in 2005-2006, across
the plateaus and depressions of the Aegean Sea. During the shipboard activities four
Argo profiling floats were deployed, in order to monitor the Aegean’s deep layers. In
addition to the observational methods, a hindcast simulation in the Aegean-Levantine
basins for the years 1960-2000 was performed, using an eddy resolving ocean model
(1°/30). The model incorporates a 6-hr atmospheric forcing and captures the observed

variability of the 40-years.

Observational results showed that the most prominent feature of the water

mass distribution in the Aegean is a distinct “X-shape” of the ®@-S characteristics,
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Abstract

suggesting a complicated coupling of the major sub-basins. The surface and deep
waters are relatively decoupled with diverse origin characteristics, while the
intermediate layers act as connectors of the main thermohaline cells. The central
Aegean seems to play a key role due to formation processes of water masses with
densities equal and/or higher than 29.2 kg.m™, taking place in the sub-basin and
dispersing in the north Aegean. The pre-EMT thermohaline pattern unveiled that the
bottom density of the central basin was higher than that in the south Aegean and
therefore the central Aegean possibly acted as a dense water reserve supply for the
deeper part of the southern basin. On the other hand, the south Aegean appears greatly
influenced by the eastern Mediterranean circulation and water mass distribution,
especially under the Eastern Mediterranean Transient status. The Transitional
Mediterranean Water monitored in the post-EMT period and characterized by low
temperature at 14.2 °C, low salinity at 38.92 and low dissolved oxygen at 3.97 ml.I",
with its core around 750 m and above the saline (39.06) Cretan Deep Water, altered

significantly the south Aegean structure.

Modeling results indicate the Eastern Mediterranean Transient as the most
prominent climatic event of the period, with other weaker events taking place
throughout the simulation period. The impact of the atmospheric versus lateral forcing
on the buoyancy content of the Aegean-Levantine basins during the pre-EMT period,
suggests preconditioning by surface fluxes mostly related to surface heat loss, and
lateral fluxes mostly related to salt flux. While long-term trends of surface and lateral
inputs are preconditioning the changes in the Aegean stratification, it is the extreme
heat loss pulses, related to the variability of the wind field, that is controlling the
formation processes by abruptly lowering the buoyancy content. Those events are

possibly linked to an eastern Mediterranean bimodal atmospheric oscillation, with the

i
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anomalous surface heat fluxes shifting from the Levantine in the 1960s to the Aegean
in the 1990s. During the EMT winters the central Aegean lower layers contain very
dense waters, with 6g larger than 29.3 kg.m’3. These waters form the core of the water
mass outflowing in the Eastern Mediterranean, after being mixed with ambient waters
along their southward flow. The outflowing layer is characterized by density of 29.21
kg.m™. The deepest parts of the NW Levantine is initially filled with the new water
mass, which later spreads to the SE parts of the basin, flowing over the Eastern

Mediterranean Ridge.

The results from this thesis could contribute to future scientific activities
investigating the regional dynamics of the eastern Mediterranean Sea, and should

serve as reference for observational and/or modeling based methods.

Keywords: Aegean-Levantine Seas, climate variability, Eastern Mediterranean

Transient (EMT), Argo Floats, numerical model.
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Iepiinyn

Iepiinyn

H oavatolkn Mecsdyelog moapovoidlel obvOetn Oeppoaiatiky KvkAopopia,
AOY® NG Opdomng TOL AVELOAOYIKOD TTEGIOL KO TMV OTUOGPALPIKDV po®dV BeproTnTOS
KOl VEPOU GUVOTTIKNG, WEONG KOl UIKPNG KAMUOKAG. AVTIIKEIHEVO NG O100KTOPIKNG
STpPng etvan  peAétn g dSuvoptkng Tov Atyaiov ITeddyoug kat ot avtallayég Tov
TapoTNPOVVTOL pE TN Agkdvn g Agfavtivng ta televtaia 50 ypdvia. T'a o oxomd
avtd epappoonkay péBodor mapatnpnong poll pe aplOunTikég TPOGOUOUDGELS,
TPOKEWEVOD VO HEAETNOOVUE TIG VTEPETNOLEG KOl OEKAETELS OLOKVLUAVOES NG

avatoAKng Mecoyeiov.

Y10, TAaiclo TPOGIOPIGHOD NG BEPUONAATIKNG dOUNG KOl TNG OMpovpyiog
Babiov vepadv oto Aryaio [Tédayog, mpaypatomombnkay 6o Qreavoypagikoi TAOES
Toug xewmveg tov 2005 wor 2006. Kotd ™ dudpked tov ToSdudy TovTioTnKay
TEGGEPLS VTOVOUOL TAMTNPES Argo, TPOKEUEVOL VO KATOYPAYOLV TIG VIEPETNOLES
dwkvudvoelg  tov  Pabotepov  otpopdtov  tov  Ayaiov.  EmimpocBétwc,
TPOYUATOTOMON KOV aplOUNTIKEG TPOGOUOIDGELS Y10l TNV TEPLOYN TOV Atlyoiov Kot TG
AePavtivng yu ) mepiodo 1960-2000, xpnOLLOTOIOVINS OKEAVOYPUPIKO HLOVTELOD
vynAfc dakprronoinong (1°/30). To wkeavoypa@ikd poviédo givor culevypévo e
ATUOCPULPIKO LOVTEAD 6-0PTG OTLOCPUIPIKNG OPACTG KOl OVOTOPAYEL IKOVOTOINTIKA

TIG VTEPETNGIEG SIOKVUAVOELG TNG TEPLOSOV.




Iepiinyn

YOpeova pe TIG TOpOTNPNOELS TOV QKEOVOYPUPIKOV OTaOUdV, Ol OToieg
npoPailovtal oe ddypoppa ®-S, n Beppoalatiky Soun TOPOLGIALETAL [UE TN HLOPOT
evog «X-oYMUOTOC», LTOOEKVOOVTOG Tn oVCevén TV EMUEPOVS AEKOVAOV TOV
Avyaiov. Ta empavewokd xor Pabid vepd eivor acvlevkto pe Oeppoorotikd
YOPOKTNPIOTIKA OHOWL PE TMV YEITOVIKOV AEKOVOV, VA TO, EVOLAUESH GTPMULOTO
KAelvovv to KOpro Beppoaratikd kvuttapo. To kevipikd Aryaio €xel kvpiapyo poro
o Oonuovpyie Pobdv vepdV pHE  YOPOKINPIOTIKEG TLKVOTNTEG 10€g 1)/Kon
neyaltepeg tov 29.2 kg.m™, ta omoia cuvvavidviar kou oto Bopewo Avyaio. Ta
Bepuroarotikd yopoaknplotikd ™ mpo-EMT mepiddov cvvnyopoiv ot ovlevén
KEVTIPIWKOV Kot voTiov Atyaiov, 6mov eivor mbavd ta Pobid vepd TOv KEVIPIKOV
Atyaiov va cuvavidvtol eriong kot oto fabivtepa otpdpato tov votiov Atyaiov. To
voTio Aryaio emnpedaletatl amd tnv eupHtepn KukAogopia g avaToAkng Mecoyeiov.
H Boldoocw palo TMW mov mapotmpeitor oty petd-EMT mepiodo, GAloée
onuavtikd m Beppooratikny doun tov votov Atyaiov. To TMW yopaktnpileton amd
wikpn Beppoxpacio 14.2 °C, pkpf akatomta 38.92 kot Alyo dakvtd o&uydvo 3.97
mlL1l", pe 10 Oeppochaticd mupfva ot 750 m TEVED amd TO VYNARG OAATOTITOC

(39.06) CDW.

H opBuntkn mpocopoiowon 1960-2000 avédeite to EMT g 10
YOPOUKTNPIOTIKOTEPO YEYOVOS KAMUOATIKNG UETAPOANG TNG GLYKEKPUEVNG TEPLOOOV,
poli pe dAla pukpdtepng évtaong. To Beproaratikd mePLEYOUEVO TOV AEKOVMV GTNV
npo-EMT mepiodo mpocdiopiletor omd TIG EMPAVEINKEG OTHOCQUIPIKES POES
anOAENG BEpLOTNTOG KO A0 TIC TAELPIKES PoEg avEnong aratodtntac. Tn pokpd
nepiodo dNpovpyiog KATEAANA®Y GLUVONKAOV OTOAELNG TAELGTOTNTOS Kot LETAPOADY
OTN GTPOUATOOT) TOV Alyaiov, 0KOAOLOOVV EVTOVOL YEWUMVESG LE CUAVTIKES ATMAELES

nlevototrog ot Vo e€étaon Aekdves. H atpoocepaipikn avopoiio e meptdoov

vi
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1960-2000, mBovodv cvvdéetar pe T onpovpyion €vog SImOAOL PODV ATMOAELNG
TAELOTOTNTOG TV Omd TV avoatolkn Mecdyelo, e HeTtatomion g avouaiiog amd
™ AgPavtivn ) dexaetio tov ‘60 610 Aryaio ™ dekaetio Tov ‘90. Katd ) dudpreia
tov EMT 7o Kkevipikd Aryaio mepiéyel moAd mukva vepd 6e OYeTIKd Kpd Badn pe
mokvOTTEG peyaltepes tov 29.3 kg.m™. Ta vepl avtd eKpéoLV GTNV OVOTOMKT
Mecdyelo, apod mpmdTo veictoviol wyvpn avauén. To otpoOpa eKpong mTLKVOV
vepdv Tov Atyaiov katd ™ mepiodo tov EMT yapaktnpiletor amd mokvotnta 29.21
kg.m™. To fadVtepa oTpdpaTa TG VOTIodVTIKHG AgfavTivic sivar avtd mov yepilovv

TpOTA, VO N eMidpact tov EMT @tdvel £0¢ Kot T voTioavatoAtky AeBavtivn.

Ta amotehéopota ™G S18aKTOPIKNG SoTPIPg LToPoHV VoL GUVEIGPEPOLVY GTN
HEAETN TG SLVOIKNG TNG avATOAMKNG Mecsoyeiov, kabdg emiong Kot 6To oYedCUO

LEAALOVTIKADV TEPOUATOV LE TOUPOTNPNOELS 1/KOL OPIOUNTIKA LOVTEAQL.

AéCearg kKhewdna: Arvyaio-Agfaviivy OGhacoa, KMUOTIKEG SIKVUAVGEL, KALLOTIKY

petdPfoon avatoikng Mecoyeiov, avTdvopol TAOTAPES, AptOUNTIKO HLOVTELO.
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Chapter 1

Introduction

1.1 General

The interest in the eastern Mediterranean Sea is motivated by the convergence
of scientific, environmental, social and economic issues into a densely populated area
under environmental stress and potentially very sensitive to climate change. The
region plays an important role in the global climate system, as a source of moisture,
heat reservoir and being the origin of the salty water exiting at intermediate levels into
the Atlantic Ocean. The eastern Mediterranean is known to have a complex
thermohaline and wind driven multi-scale circulation. Recent research, both
experimental and modeling, has led to this interesting and complex picture. However,
the complete story has not yet been told. Scientific research, in the last two decades,
focuses on different states of the regional dynamical patterns and the sensitivity of the

system.
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The eastern Mediterranean is located in a transitional zone. The northern part
presents a Maritime West Coastal Climate while the southern part is characterized by
a Subtropical Desert Climate (Koppen classification). The region is exposed to the
South Asian Monsoon in summer and the Siberian high pressure system in winter.
The southern part is influenced by the descending branch of the Hadley cell, while the
northern part is linked to the mid-latitude variability. From oceanographic perspective
the eastern Mediterranean is an active region of dense water formation processes
which has exhibited significant variations in the location and intensity of the main
convection sites in recent decades. The basin-wide general circulation and variability
is complex, spanning over multiple scales in space (from the basin-scale to the sub-
basin and mesoscale) and time (from the seasonal to the interannual and decadal

variability).

The last decade a strong consensus emerged from the oceanographic
community that a semi-enclosed marginal sea, such as the Aegean, can be a test basin
for the investigation of several oceanic processes since it incorporates many different
spatiotemporal scales [Lascaratos et al., 1999; Wu et al., 2000; Stratford and Haines,
2002; Nittis et al., 2003; Olson et al., 2007; Beuvier et al., 2010; Androulidakis and
Kourafalou, 2011]. Both wind and thermohaline forcing is strong in the region.
Furthermore, we have only limited understanding of the dynamics governing the
oceanic response due to atmospheric forcing at small scales similar to the Rossby
radius of deformation O(10 km). The tidal signal is weak in the region and cannot
mask the effects of atmospheric forcing and bottom topography in regulating mixing
processes. In addition, during the late 1980s-early 1990s the Aegean Sea became a
major source of deep water for the eastern Mediterranean overpowering the Adriatic

Sea, and producing warmer, saltier and denser bottom waters. This major convection
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event, widely termed the Eastern Mediterranean Transient (EMT), was observed to
have taken place in the Aegean between repeat hydrographic surveys in 1987 and
1995 [Roether et al., 1996]. The EMT has had significant long-term consequences for
the Aegean and Levantine Seas and its evolution has now been traced over more than

a decade [Roether et al., 2007].

1.2 Scientific Questions

This dissertation aims to investigate in a coherent way the dynamics of the
Aegean Sea and the exchange with the Levantine basin under different states of the
regional patterns over the last 50 years. For that purpose observational and modeling
methods were designed to shed light on issues addressed in recent years from the
oceanographic community. Two surveys were conducted during the years 2005 and
2006 in order to monitor the deep layers across the Aegean’s depressions. The
shipboard activities also included the deployment of four Argo floats operating for
more than three years in the region. Since the temporal and spatial resolution of the
experiment cannot provide reliable information on the regional variability, simulation
experiments over the period 1960-2000 were implemented in the Aegean and
Levantine basins. In this section we summarize the dissertation basic scientific
questions, which are thought to be nowadays the most interesting and/or unresolved

aspects of the Aegean Sea dynamics. In particular:
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o Although there is already a significant scientific discussion on the causes and
role of EMT, there are still a large number of questions concerning the
preconditioning factors of the event. In order to assess the regional thermohaline
sensitivity to atmospheric and lateral forcing, it is essential to investigate the
relative importance of the air-sea fluxes, the oceanic fluxes (exchange between
the Aegean and the adjacent basins through the Dardanelles and the Cretan Arc
straits), and the freshwater budget (evaporation, precipitation and river runoff).
How these driving factors affect the long-term interannual variability in the
Aegean Sea? How do extreme winters affect the regional structure of the water
column?

o Is there a unique thermohaline cell for the Aegean or the Aegean sub-basins are
decoupled? Is the Aegean circulation controlled by intrusions from adjacent
basins or by local processes? How the mechanisms controlling the Aegean-
Levantine exchange has affected the thermohaline structure of the Aegean Sea
in the long-term?

o Open ocean and shelf convection takes place in a few regions of the world,
among which the Aegean Sea. Where, at what rate, and when, are dense water
masses formed? How and why the water mass formation processes differ in the
various sub-basins? What are the patterns and dominant processes affecting
oceanic convection and restratification?

o The Aegean deep layers are isolated in depressions due to complex bathymetry.
Which is the mechanism favoring the replenishment of the Aegean’s deep layers
potentially linked to the massive outflow followed the EMT-peak? How does

mixing across the different plateau and straits transform the water properties?




Chapter 1. Introduction

What was the extent of the Aegean dense water outflow and spreading during

the EMT in the Ionian and Levantine basins?

The above addressed questions summarize the motivation of the present

dissertation.

1.3

Thesis Structure

The present dissertation includes six chapters:

In Chapter 1 a general introduction is given and the basic scientific questions
are addressed.

In Chapter 2 an overview of the main characteristics and scientific issues of the
Aegean Sea and its exchange with the adjacent basins is given. The geography
of the eastern part of the Mediterranean Sea is presented. The atmospheric
forcing, its influence to formation processes, the circulation features and their
interannual to climatic variability are analyzed. The causes and the role of the
EMT are furthered discussed.

In Chapter 3 the observational and simulation methods are presented. An
overview is given of the hydrographic surveys, the shipboard activities and the
deployment of four Argo profiling floats. In addition, the 3D primitive
equations of the ocean model are presented. Sensitivity experiments based on

climatological forcing are used for the model tuning.
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o In Chapter 4 the observational databases are analyzed. The Aegean
thermohaline characteristics are related to water mass formation processes. A
presentation of the Aegean circulation pattern is given. The climatic
implications of the EMT and the link with the restratification processes occurred
in the Aegean Sea are furthered discussed.

. In Chapter 5 the results of the hindcast simulation 1960-2000 are analyzed. The
location and the rate of the formation processes are presented. The investigation
focuses also on the long-term atmospheric and lateral impact on shaping the
Aegean-Levantine thermohaline content.

o Finally, in Chapter 6 the summary and the concluding remarks of the present

dissertation are abstracted.
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Chapter 2

The Aegean-Levantine System: An Overview of the Main

Characteristics and Issues

2.1 Geography

The eastern Mediterranean has a complicated geography and topography
(Figure 2.1). The Aegean Sea can be considered as an extended plateau. On the other
hand, the Levantine Sea is a deep basin. The Aegean lies NE of the Ionian and NW of
the Levantine Sea and it is connected with them through several passages, known as
the Cretan arc straits (Table 2.1). The Aegean Sea is also connected with the Black
Sea and the Sea of Marmara through the Dardanelles strait in its NE part, from which
it receives waters of relatively low salinity. The complicated structure of the Aegean
Sea includes many sea-bed features comprising of a succession of deep valleys, ridges

and localized pits.
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The irregular connections between the Aegean sub-basins have a pronounced
impact on the prevailing flows. It is not well known how the intermediate and deep
layers are coupled through channels shallower than 400 m connecting the Aegean
sub-basins [Zervakis et al., 2003; Velaoras and Lascaratos, 2005]. Replenishment
and mixing processes of the Aegean deep isolated layers has not been thoroughly
investigated. Earlier studies have poorly contributed on the understanding of
processes involving entrainment and/or detrainment across the Aegean intermediate
and deep layers. Dense waters can be trapped for decades in topographic depressions.
Furthermore, the complicated Aegean topography influences the exchange of water
masses with the adjacent basins. In this dissertation we investigate the role of

topography in modulating the Aegean-Levantine dynamics, as a whole.

-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000

Figure 2.1  Eastern Mediterranean bathymetry and terrain (in meters).
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Table 2.1 Characteristics of the Cretan arc straits. Computed from the updated
US Navy Digital Bathymetric Base I with resolution 1/60 of a degree, which is twice
the depth reported in Kontoyiannis et al., [1999].

strait width (km) sill depth (m)
west Cretan arc straits
Elafonissos 11 180
Kythera 35 320"
Antikythera 32 710
east Cretan arc straits
Kassos 67 1000
Karpathos 43 850
Rhodes 15 350

2.2 Atmospheric Forcing

The circulation of the eastern Mediterranean Sea is determined to a large
extent by the air-sea exchanges of heat and freshwater, and the wind stress forcing of
the basin. Climatological annual mean fields based on COADS [da Silva et al., 1994]
for the net heat flux, the wind stress and the freshwater flux are shown in Figure 2.2.
A general north-south gradient in the net heat flux is apparent, ranging from a net heat
loss of up to 30 W.m™ in the northern part of the basin to a gain that exceeds 30 W.m"
? in the southern part. The gradient primarily reflects a reduction in the shortwave flux
with increasing latitude and stronger latent heat loss in the Adriatic and Aegean Seas.
In winter, the heat loss in these regions approaches 200 W.m™ [Josey, 2003] and it is
a major factor contributing to the deep water formation processes. The annual mean
net heat loss of the Aegean Sea calculated with the COADS dataset is 9.65 W.m™ and
the annual mean freshwater loss 0.84 m.yr', in agreement with previous studies
[Gilman and Garrett, 1994; Raicich, 1996; Josey et al., 1999; Josey, 2003; Nittis et

al., 2003], suggesting that the Aegean is a concentration basin. The annual mean
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freshwater loss in the Levantine Sea is lower than the Aegean (0.78 m.yr™"), whilst the
net heat flux results to a strong gain of about 43 W.m™. The latter most probably is
biased due to overestimation of shortwave gain arising from inaccurate estimation of
the shortwave radiation fluxes for the Levantine, related to the flux attenuation due to
aerosols and water vapor [Tragou and Lascaratos, 2003; Schiano, 1996], in addition

to the longwave loss underestimation [Bignami et al., 1995].

Significant interannual variations in the winter heat loss are known to occur,
the prime example being the severe winters of the early 1990s which have been linked
to the Eastern Mediterranean Transient (EMT) [Roether et al., 1996; Theocharis et
al., 1999b; Josey, 2003]. Broadly similar fields of winter heat loss anomaly have been
obtained in earlier studies [Bunker et al., 1982; Garrett et al., 1993]. Several authors
in the past investigated the effect of the meteorological conditions on triggering the
eastern Mediterranean thermohaline cell [Samuel et al., 1999; Josey, 2003].
Nevertheless, it is essential to address the sensitivity of the regional conveyor belt

with respect to the long-term interannual variability of the atmospheric forcing.

The eastern Mediterranean climate is generally known to be affected by
natural modes of large-scale atmospheric variability. Looking at decadal time scales,
Josey et al., [2011] used the reanalysis NCEP/NCAR dataset [Kistler et al., 2001] and
the high-resolution ARPERA fields [Hermann and Somot, 2008], and discussed the
possibility that the enhanced heat loss over formation areas may be favored by
variations of the North Atlantic modes of atmospheric variability. In specific,
discussed that the East Atlantic (EA) pattern has a major effect on enhancing ocean
heat loss (Figure 2.3), which in fact is more important than the North Atlantic

Oscillation (NAO) pattern. In addition, they found that East Atlantic/West Russian
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(EA/WR) mode plays a significant role on ocean heat loss by generating a strong

dipole in heat exchange equal and opposite at about 20 W.m™ between the east and

west Mediterranean basins (Figure 2.3). At local scale the EA/WR pattern is the main

control on heat loss in the Aegean Sea.

30
45
20
40 10
0
35 -10
R i '20
0.05 ?].m ' S
30 - — 30
10 15 20 25 30 35
45
-0.4
-0.5
40
-0.6
-0.7
= -0.8
-0.9
30 -1
10 15 20 25 30 35
Figure 2.2  Eastern Mediterranean annual net heat flux (Qnet in W.m?) and

freshwater flux (P-E m.yr') extracted from COADS [da Silva et al., 1994].
Superimposed wind stress (twing scaled in 0.05 N.m?). Negative (positive) values
denote loss (gain) for the ocean.
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Figure 2.3  Schematic representation of the surface high-pressure anomaly,
airflow, and air-sea heat flux anomalies associated with the two main modes which
influence the Mediterranean Sea heat budget (a) EA and (b) EA/WR. Separate arrows
indicating the sense of the heat flux anomaly are shown for the eastern and western
basins (from Josey et al., [2011]).

In this dissertation a hindcast experiment is carried out to investigate the
regional dynamics of the eastern Mediterranean. We use a high-resolution reanalysis
atmospheric dataset (i.e. the ARPERA) to force the ocean model. The added value of
this high-resolution hindcast experiment is the more accurate calculations of the air-
sea fluxes. We focus on the evolution of oceanic properties related to long-term
atmospheric variability in the eastern Mediterranean. Painter and Tsimplis [2003]
have found that the upper waters of the eastern Mediterranean have been undergoing a
sustained period of cooling since about 1950, mainly caused by significant reductions
in winter temperatures. The salinity was also found to be increasing over the same
period with the strongest trends often being found at subsurface/intermediate levels.
Manca et al., [2004] and Rixen et al., [2005], have identified trends in the deep waters
of the eastern Mediterranean (Figure 2.4) attributed to atmospheric input and/or lateral

advection.
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Figure 2.4  Long-term changes in (A) O (in °C), (B) salinity of the EMDW (data
below 1200 m) in the Levantine Sea, and (C) annually number of hydrological
profiles data. Vertical bars denote +1std confidence interval. Linear regression
equation and R? correlation coefficient are indicated (from Manca et al., [2004]).

2.3 Circulation and Formation Processes

The thermohaline properties and circulation features of the eastern

Mediterranean have been described analytically in the past through a series of
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observational and modelling programs (e.g. POEM, EU/MAST, Poseidon etc.). We
summarize the main water masses of the eastern Mediterranean. The Modified
Atlantic Water (MAW) can be identified by a subsurface salinity minimum lower than
38.7 [Theocharis et al., 1999a], where in the Rhodes Gyre (RQ) it is transformed by
convection into Levantine Intermediate Water (LIW) (~15 °C and ~39.1) [Wiist, 1961;
Hopkins, 1978]. Its formation area may be extended to the whole Levantine [Nittis
and Lascaratos, 1998; POEM Group, 1992]. The Eastern Mediterranean Deep Water
(EMDW) is formed in the Adriatic Sea (and in the Aegean Sea under specific
conditions). The EMDW is filling the deep layers of the Ionian and Levantine basins
after strong mixing with ambient waters, reaching its final properties at ~13.5 °C and
~38.7 [Roether and Schlitzer, 1991; Manca et al., 2002]. The intermediate layers
between the LIW (200-500) and the EMDW (700-1600 m) are occupied by the
Transitional Mediterranean Water (TMW) and are considered to be a transitional
water mass [Pollak, 1951], with a core salinity value at 38.75 [Theocharis et al.,

1999a].

The Aegean is considered to be a semi-enclosed basin and a Dense Water
Formation (DWF) area, where cold and dry winds induce open-ocean and/or shelf
convection. Historically, the Aegean was recognized as a source of dense waters
[Nielsen, 1912], but not dense enough to contribute to the EMDW [Pollak, 1951;
Wiist, 1961; Schlitzer et al., 1991]. In its northeastern sector the Aegean receives a
considerable input of the relatively fresh Black Sea Water (BSW), with characteristic
salinity values close to the Dardanelles mouth at 24-35 [Theocharis and
Georgopoulos, 1993]. However, we can consider in general as BSW in the north-
central Aegean any water mass with salinity values lower than 38.7 (Figure 2.5)

[Gertman et al., 2006; Vervatis et al., 2011]. The BSW create a strong thermohaline
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front in the north-central Aegean with the saline Levantine Surface Water (LSW) that
enter the Aegean through the east Cretan arc straits, with salinities greater than 39.0
(Figure 2.5). The core properties of those water masses are transformed as they spread
to the different regions. The Aegean deep layers were discussed by many authors in
the framework of the EMT [Roether et al., 1996; Theocharis et al., 1999a; Zervakis et
al., 2000; Gertman et al., 2006]. The North-Central Aegean Deep Water (NAgDW-
CAgDW) and the Cretan Deep Water (CDW) are characterized by densities higher
than 29.2 kg.m'3 (Figure 2.5). The NAgDW-CAgDW are formed on the north Aegean
shelves (mainly in Lemnos-Lesvos plateau) [Theocharis and Georgopoulos, 1993]
and in Skyros and Chios basins [Velaoras and Lascaratos, 2005; Gertman et al.,
2006; Vervatis et al., 2011], while the CDW is formed in the Cyclades plateau (shelf
convection) and in the Cretan Sea (open-ocean deep convection) [Miller, 1963;
Zodiatis, 1991; Lascaratos, 1992, 1993]. In the south Aegean is also formed the
Cretan Intermediate Water (CIW), with characteristics 14.5-15.5 °C and 38.95-39.1,
lying below the LIW [Schlitzer et al., 1991; Theocharis et al., 1993]. The most
distinct intermediate layer in the Aegean Sea is occupied by the Aegean Intermediate
Water (AgIW), which is formed in the central Aegean. The AgIW was first discussed
by Gertman et al., [2006] (Figure 2.5), and its thermohaline properties are identified
by salinities greater than 38.7, temperatures lower than 14.7 °C and densities lower

than 29.2 kg.m™.
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Figure 2.5  The ®-S diagrams and water mass distribution during the R/V Gakkel
Cruise 36, winter 1990 (from Gertman et al., [2006]). The color-scale bar depicts
integrated volume of the water within ®-S cells as a percentage of the volume of the
Aegean Sea. Numbers within cells are average depth of the water. Red lines are
isosurfaces indicating the boundaries between water masses.
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The eastern Mediterranean circulation complexity arises from several factors,
including the strong topographic and coastal influences, the atmospheric forcing and
internal dynamical processes. The circulation is mainly composed of three
predominant and interacting spatial scales: the basin scale (i.e. intermediate/deep
thermohaline circulation), the sub-basin scale, and the mesoscale (i.e. energetic eddy
fields). The circulation pattern also includes boundary currents, jets, meanders and
vortices, permanent and recurrent sub-basin scale gyres and mesoscale eddies. The
basin scale thermohaline cell of the eastern Mediterranean is depicted in Figure 2.6. A
schematic of the sub-basin circulation patterns is depicted in Figure 2.7 and composed

of energetic sub-basin scale gyres and sub-basin scale jets.

Figure 2.6  Schematic of the scales of circulation and interactions in the eastern
Mediterranean (from Robinson et al., [2001]).

The structures depicted in Figure 2.7 are robust and persistent, but with
variations in strength and spatial extension, as reported by the POEM field work

[POEM Group, 1992] during the 1980s and 1990s. At the Sicily Straits, the entering
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MAW is advected by the strong Atlantic Ionian Stream (AIS) jet, which forms a
broad meander in the Ionian Sea. The AIS jet extended into the northeastern extremity
of the Ionian Sea and then turns southward crossing the entire Ionian Sea
meridionally, thereafter veering eastward through the Cretan passage where it
becomes the Mid-Mediterranean Jet (MMJ). The Pelops Anticyclone (PA), a strong
permanent feature in the eastern Ionian Sea, has a strong barotropic component and
penetrates to 800-1000 m depth. The Cretan cyclone, located south of Crete, is on the
other side confined to the upper thermocline. A further permanent structure in the
Cretan passage is the strong lerapetra anticyclone, also South of Crete. The MMJ
from the Cretan passage intrudes into the eastern Levantine, defining a northern
overall cyclonic region and a southern anticyclonic region. The northern region
comprises two well defined permanent cyclones, the RG where the LIW is formed,
and the western Cyprus cyclone. The southern anticyclonic area also comprises of
multiple centers, the strongest and most robust of which is the Mersa-Matruh
anticyclone, located south of the RG. A quasi-permanent structure, the Shikmona

anticyclone, is present in the easternmost Levantine.

One of the most controversial issues in the eastern Mediterranean circulation
is whether or not the MMJ is an artifact [Amitai et al., 2010]. In-situ observations,
during the POEM field work [POEM Group, 1992] and Manca et al., [2002] showed
that the meandering of the MAW flow forms an offshore cross-basin MMJ, crossing
the Levantine Sea. On the other hand, in a recent paper Millot and Gerin, [2010]
asserted that the MMJ is an artifact, due to limitations of in-situ sampling, and
proposed as possible mechanism shaping this jet, processes of baroclinic instability of

the MAW flow.
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Figure 2.7  Eastern Mediterranean: Schematic representation of the upper
thermocline circulation (from Malanotte-Rizzoli, [2001]). Abbreviations: Atlantic
Ionian Stream (AIS), Asia Minor Current (AMC), Adriatic Surface Water (ASW),
Cretan Cyclone (CC), Ionian Anticyclones (IA), Ionian Surface Water (ISW),
Levantine Surface Water (LSW), Modified Atlantic Water (MAW), Mid-Ionian Jet
(M1J), Mid-Mediterranean Jet (MMJ), Pelops Anticyclone (PA).

The basin scale Aegean circulation pattern was investigated from a drifter
experiment [Olson et al., 2007] and a schematic of the main features (mainly the
north-central part) is presented in Figure 2.8. The pattern includes a basin-wide
cyclonic circulation with several subbasin-scale gyres closely linked to the complex
topography and an intense southward flow along the western boundary. A very
important characteristic feature of the circulation pattern in the basin is the surface
inflow of the brackish BSW from Dardanelles [Zervakis et al., 2000; Kourafalou and
Barbopoulos, 2003], which creates a front with the ambient saltier waters of
Levantine origin following the general cyclonic pattern. The Dardanelles outflow

consists of generally cold waters of high nutrient content [Siokou-Frangou et al.,
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2002] and relatively very low salinity. This allows the outflow to be detected in Sea
Surface Temperature (SST) and in ocean color imagery [Zodiatis et al., 1996]. The
most active dynamic features are the mesoscale cyclonic and anticyclonic eddies and
boundary currents. Although most of them present strong seasonality, features such as
the cyclonic eddies in the Chios basin, the boundary current along the eastern coast of
the Evian Island and the anticyclonic circulation in the northeastern Aegean are

robust.
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Figure 2.8 A schematic of the Aegean general circulation derived from drifter
trajectories. The currents are superimposed over the bottom topography (from Olson
et al., [2007]).
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A detailed presentation of the south Aegean circulation pattern was given by
Theocharis et al., [1999a] (Figure 2.9). The Asia Minor Current (AMC) bifurcates
with one branch entering the Aegean through the Rhodes strait, while the second
branch carries waters in the Aegean Sea through the other east Cretan arc straits (i.e.
Kassos and Karpathos). Both branches carry warm and saline LSW-LIW within the
upper 300-400 m. The Cretan Sea is dominated by a succession of cyclonic and
anticyclonic eddies, namely the eastern Cretan cyclone, the Cretan anticyclone and
the Myrtoan cyclone. Although the south Aegean surface circulation features present
strong seasonality, they are considered to be robust. The Aegean deep outflow occurs

at the sill levels of Kassos and Kythera straits.
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Figure 2.9 A schematic configuration of the south Aegean surface circulation and
deep outflow, derived from the PELAGOS Cruises (from Theocharis et al., [1999a]).
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2.4 The Eastern Mediterranean Transient

One of the most striking changes occurred in the Mediterranean Sea is the
shifting of the DWF area from the Adriatic to the Aegean in the early-1990s, known
as the Eastern Mediterranean Transient (EMT) [Roether et al., 1996]. Historically, the
Adriatic was considered to be the major source of the EMDW [Pollak, 1951; Wiist,
1961] (Figure 2.10). However, observations made by the two F/S Meteor cruises in
1987 and 1995 south of Crete [Roether et al., 1996] revealed an abrupt change of the
structure of the eastern Mediterranean water column (Figure 2.11). Those
observations altered the perception of a steady state Mediterranean Sea and showed
that significant changes in the Mediterranean overturning circulation could occur

rapidly.

2.4.1 Preconditioning and Triggering Mechanisms

Several scenarios are suggested for the EMT generation, namely the long-term
freshwater reduction, the changes in modes of atmospheric variability, the Black Sea
outflow reduction, the anomalous heat fluxes during specific winters, the blocking

mechanism of the MAW and the changes in the LIW circulation.

Modelling studies provide valuable insights on the potential contribution of
each mechanism to the EMT and its magnitude for the required changes. Samuel et
al., [1999] correlated the changes in the wind-driven circulation followed by changes

in the LIW pathways with the increase of DWF events in the Aegean Sea. Wu et al.,
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[2000] have generated large quantities of dense waters, comparable to the EMT
volumes, by imposing an SST anomaly of about 2 °C over the north Aegean for seven
years. Josey, [2003] analyzed the ECMWF reanalysis of the latent and sensible heat
loss fluxes and identified anomalously high buoyancy losses over the Aegean during
the winters of 1992-1993. Rupolo et al., [2003] used a Mediterranean OGCM forced
by ECMWF wind stress over the period 1988-1993 and managed to reproduce the
main characteristics of the EMT. They showed that during 1988-1991 a wind-induced
modification of the ocean circulation caused a salinity increase in the Aegean, while
the Adriatic Sea had experienced the opposite. Thus, these changes had led to an
internal preconditioning prior to the cold winters of 1992 and 1993. Boscolo and
Bryden, [2001] suggested that the Nile damming and the reduction of the rivers
flowing into the Black Sea lead to an increase of the freshwater deficit over the
eastern Mediterranean. This process could have possibly eroded the Cretan Sea
stratification and thereby initiated the EMT. Skliris and Lascaratos, [2004] argued
also that the observed salinity changes could be due to the effect of damming of the
Nile, which in fact is a preconditioning factor due to anthropogenic cause. However,
they found that this damming effect is smaller than the long-term changes based on
the E-P balance. Beuvier et al., [2010] performed long-term simulations of the
Mediterranean circulation and examined the contributions of the atmospheric and
oceanic forcing during the late-1980s and early-1990s. Their results suggested that the
triggering mechanism of the EMT were the surface heat and freshwater losses that
occurred during the severe winters of 1991-1992 and 1992-1993. In the latest EMT
studies, Romanski et al., [2012] computing the reanalysis product of the OAFlux
atmospheric dataset [Yu and Weller, 2007], showed that a decrease of the frequency

cyclones in the central Mediterranean during the winter of 1992-1993, reduced the
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northward advection of warm air over the Aegean. At the same time the frequency of

storms in the east Mediterranean had increased, enhancing the southward advection of

cold air over the Aegean.
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Figure 2.10 Schematic of the Mediterranean overturning circulation (a) before the
EMT and (b) during the EMT (from Lionello et al., [2006]).

Malanotte-Rizzoli et al., [1999] has presented observational evidence of
significant changes in the eastern Mediterranean circulation that may have
preconditioned the EMT. Multiple gyres were developed in the Ionian and Levantine

Seas altering the mean pathways of the MAW and LIW. The surface circulation in the
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Ionian Sea was controlled in 1991 by strong anticyclonic sub-basin gyres, which have
deflected the MAW to flow towards the Levantine, thus, resulting in a salinity
increase. In addition, the Mersa-Matruh and Ierapetra anticyclonic gyres developed
east of the eastern Cretan arc straits. Consequently, the gyres blocked the normal
progress of the LIW south of Crete and forced it towards the Cretan Sea increasing
the local salinity. Increase of salinity may also caused by CIW spreading out of the
Cretan Sea, where a branch of this CIW turned eastward towards the Cretan passage
instead of moving westward towards the Sicily straits. These changes have been
linked to atmospheric forcing variability over the eastern Mediterranean [Pinardi et
al., 1997]. In another observational study, Zervakis et al., [2000] identified two major
DWEF events in the north Aegean, in 1987 and 1993. They suggested that the 1987
event was the triggering element of the EMT by accelerating the Aegean thermohaline
circulation and advecting highly saline Levantine origin waters northwards. This
event was the preconditioning factor for the following larger formation event in 1993
[Zervakis et al., 2004]. Another factor enhancing the 1987 formation event was the
reduction of the Black Sea outflow [Zervakis et al., 2004] that may possibly eroded
the north Aegean pycnocline. A weakening of the Aegean stratification was also
supported by Tsimplis and Josey, [2001] based on the NAO induced variability in the
oceans freshwater budget, which is of greater importance than the Nile damming.
Finally, Gertman et al., [2006] after processing pre-1990 observational data, had
supported the Malanotte-Rizzoli et al., [1999] scenario of the Aegean’s salinification

through MAW blocking in the Ionian Sea.
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Figure 2.11 Zonal transect of salinity by F/S Meteor cruises south of Crete in (a)
1987 and (b) 1995 (from Roether et al., [1996]).

The relative importance of the long-term slow changes (i.e. river damming,
NAO index, freshwater budget), against seasonal processes (i.e. abnormally cold
winters) and/or synoptic timescale processes (i.e. extremely cold days) remains an
open issue in the EMT debate. In addition, it is not well known how local processes
affect the ocean dynamics (i.e. BSW intrusion, formation processes, topographic

control) of the Aegean-Levantine system. Whether the lateral forcing was caused by
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internal mechanisms or was due to atmospheric processes needs also to be clarified. In
this dissertation both observational and modelling approaches carried out in order to

investigate the causes and the evolution of the EMT in spatial and temporal scales.

2.4.2 Formation Areas and Rates

Several studies have suggested the Cretan Sea as the main location of DWF
during the EMT [Roether et al., 1996; Klein et al., 1999; Lascaratos et al., 1999;
Malanotte-Rizzoli et al., 1999; Theocharis et al., 1999b]. In contrast, Zervakis et al.,
[2000] observed that the reduction of the BSW outflow in the north Aegean coincided
with extreme formation events during the EMT. They suggested that the dense waters
formed in the north Aegean, could have acted as a reservoir supply for the Cretan Sea,
preconditioning the 1992-1993 events. The north Aegean underwent a replenishment
of its deep layers in March 1987. Gertman et al., [2006] had used hydrographic data
from the R/V Yakov Gakkel 1988 and 1990 surveys and indicated that the most
favorable area of DWF in the Aegean Sea is the central Aegean. It is possible that the
above regions were triggered in parallel, whilst the relevant contribution of each of

them is crucial on understanding the system.

A massive DWF event in the Aegean Sea first took place in 1987 and then in
1992 and 1993 [Zervakis et al., 2000, 2004]. Roether et al., [1996] have estimated the
EMT average outflow as 1 Sv over the 1986-1997 years. Furthermore, it was
estimated that 75% of the Aegean outflow took place between mid-1992 and late-
1994, at a rate of 3 Sv [Roether et al., 2007]. Tsimplis et al., [1999] based on

modeling results estimated values about half of those given by Roether et al., [1996].
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Beuvier et al., [2010] showed that formation rates are noticeable in many years prior
to the extreme formation in 1993 (Figure 2.12), however found smaller formation
rates than Tsimplis et al., [1999]. The EMT formation sites and rates are highly
debated between observational [Zervakis et al., 2000] and modeling studies [Nittis et
al., 2003; Bozec et al., 2006]. The former argue that the CDW is formed by the
mixture of the propagated density current from the northern Aegean, while the latter
suggest that the CDW is locally formed. In addition, the modeling estimates of the

total DWF during the EMT is smaller than the observational estimates.

2.4.3 Evolution and Impact

At interannual to decadal time scales the eastern Mediterranean water column
exhibits robust trends and oscillations [Rixen et al., 2005]. In the early post-EMT
period the CDW outflow filled the deep Ionian and Levantine basins with large
amounts of warm and saline waters (Figure 2.11), rich in oxygen, uplifting the old
EMDW. The Aegean outflow continued till 2002, though with moderate rates
[Theocharis et al., 1999, 2002; Roether et al., 2007]. As a consequence of the EMDW
uplift was the intrusion of the brackish TMW in the Aegean Sea [Theocharis et al.,
2006; Sofianos et al., 2007]. In this current phase the EMT signal inside the Aegean

has declined confirming its transitional character.

The change of the eastern Mediterranean stratification was accompanied by a
change in the surface circulation patterns of the fresher MAW and of the saline and
warm LIW. In particular from 1993 to 2001 the eastern Mediterranean has showed a

dramatic change in the surface features, including the reversal of the Ionian upper
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layers in 1997 from anticyclonic to cyclonic [Borzelli et al., 2009]. Borzelli et al.,
[2009] proposed that such a reversal was associated with internal processes as a
consequence of the EMT, while the wind stress played only a secondary role.
Moreover, Gaci¢ et al., [2010] generalized this concept hypothesizing that such
inversions are possible due to a feedback mechanism, namely the Bimodal Oscillating
System (BiOS), associated with the Aegean-Adriatic dense water production and the

Ionian circulation.
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Figure 2.12  Annual formation rate (in Sv) of dense waters in the Aegean Sea, for
three simulations (from Beuvier et al., [2010]) and for two thresholds: (a) 29.2 kg.m'3
and (b) 29.3 kg.m™.
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The impact of the EMT on the western Mediterranean and on deep convection
in the Gulf of Lions was discussed recently in Schroeder et al., [2010], who found
that the intense DWF in the winters of 2004-2005 and 2005-2006 is linked to extreme
winter air-sea heat and freshwater forcing of only 49%. Thus the lateral advection
played a major role in setting the new deep water properties. Finally, in the outflow of
the Gibraltar strait are reflected major changes in the Mediterranean

intermediate/dense water properties closely related to the EMT [Millot et al., 2006].
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Chapter 3

Observational and Numerical Methods

3.1 Hydrographic Surveys

The overall objective of the two hydrographic surveys was to depict the
Aegean thermohaline structure. Both expeditions were scheduled during winter in
order to capture possible formation events. Deep hydrographic stations were selected
to monitor the Aegean’s deep stagnant layers. Other stations were occupied close to
major straits inside the Aegean, to investigate possible coupling between the Aegean
sub-basins. The shipboard activities included a CTD survey and the deployment of
four Argo profiling floats to monitor patterns of interannual variability in the water
mass structure. An observational dataset was created for numerical model validation

and verification of the regional dynamics.

The first cruise was carried out aboard the R/V Aegaeo, from March 1 to

March 10, 2005. The R/V Aegaeo departed from Piraeus, Greece, on March 1, 2005
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and proceeded to the study areas (i.e. north Aegean and Cretan Sea). The cruise ended
in Piraeus on March 10, 2005. The duration of the second cruise was from February 3
to February 13, 2006, following similar route from the north to the south Aegean,
focusing in more detail on the central Aegean. A total of 44 and 47 hydrographic CTD
stations were occupied on the first and second cruises, respectively. Selected stations
were occupied in specific locations in the Aegean Sea to investigate the thermohaline
properties of the water masses exchanged between the Aegean sub-basins. The
locations of the CTD stations are superimposed above the Aegean bathymetry (Figure
3.1). At each station, profiles of temperature, salinity (conductivity), and dissolved
oxygen concentration were collected using a Sea-Bird CTD system. Water samples
for the calibration of the salinity were collected at seven and six stations in the first

and second cruise, respectively.

3.2 Autonomous Profiling Floats

Argo is a global array of over 3000 free-drifting profiling floats measuring
temperature and salinity of the upper 2000 m of the ocean. This allows a continuous
monitoring of the temperature, salinity and velocity of the upper ocean with all data
being relayed and published within hours. The data retrieved from battery-powered
autonomous floats drifting at neutrally buoyant parking depths. From the three models
of Argo profiling floats (i.e. PROVOR, APEX and SOLO) we deployed the APEX
style, produced by Teledyne Webb Research in close collaboration with the
University of Washington. The standard Argo mission is a “park and profile mission”

where the float descends to a target depth of 1000m to drift and then descends again
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to 2000m to start the temperature and salinity profile. At typically 10-day intervals,
the float pumps fluid into an external bladder and rise to the surface. As the float
ascends a series of typically about 200 dbar measurements are made and stored on
board. The profiles are transmitted, within 6 to 12 hours from the float surfacing, to
the satellites via the Argos transmission system. The satellites record the position of
the float during the surfacing. The data transmission rates are such that to guarantee
error free data reception and location in all weather conditions. Positions are accurate
to ~100 m depending on the number of satellites within range and the geometry of
their distribution. When the transmission is completed the float returns to its original
density and sinks to drift until the cycle is repeated. An Argo float is designed to

make about 150 profiling cycles.

Four Argo profiling floats were deployed in the Aegean Sea during the
2005 and 2006 winter cruises. The first two floats in 2005 were deployed at two of the
Aegean deepest sub-basins (Figure 3.1; Table 3.1). The parking depths were selected
relatively close to the bottom (1100 m in the Lemnos basin and 2000 m in the eastern
Cretan basin) to measure the biggest part of the water column. The time of
deployment was selected in order to avoid fishing and other activities during the
surfacing of the profiling floats. The last two profiling floats were deployed during the
second cruise in 2006 at two deep sub-basins of the Aegean Sea (Figure 3.1; Table
3.1), namely the Chios basin and the central Cretan Sea. The parking depths were
selected at intermediate depths (400m) to decrease malfunction possibilities (observed
in the first two profiling floats) and the profile depth at 1000 m in order to measure

the biggest part of the water column.
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0 200 400 800 1000 1500 2000 3000 4000
Figure 3.1  CTD locations (black dots) along cruises route (magenta line; square/diamond dots: start/end of the cruises). Float deployment

stations (cyan stars).
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Table 3.1 Profiling float deployment.

Float I;?rile; Date Deployment Latitude Longitude ;Zi)lih I())S;rh
Id (UTC) YY/MM/DD  Local Time (m) (m)
2014 13:32 05/03/04 13:55 40°12.92° 25°17.29° 1100 1100
2058  04:00 05/03/09 04:30 354044  26°12.64 2000 2000
2620  02:15 06/02/09 02:30 38°24° 25°28.827 400 1000
2041 14:32 06/02/11 14:55 35°54.954° 25°05.695 400 1000

The drifting distance of each float was subject to the regional dynamics of the
Aegean-Levantine basins. The drifting areas of the four floats are illustrated in Figure
3.2. The Float-2058 had operated for longer time period than the other floats and
covered larger drifting area. This is due to the relatively short time period of the float
inside the Aegean. During surfacing the Float-2058 drifted through Kassos strait
towards the Levantine basin. This period covers three summer seasons, as the float
drifts in the eastern Levantine, where the stratification increased due to temperature
and salinity characteristics (over 27 °C and salinity at about 39.60) of the Levantine
Surface Water (LSW). The Argo Float-2058 was calibrated to surface in the south
Aegean where the stratification is much looser. Summer stratification in the Levantine
requires additional pumping time of the float bladder in order to gain buoyancy and to

be able to reach the surface.
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Figure 3.2  Mercator projection of profiling float trajectories operating in the Aegean and Levantine basins. Red dot indicates last

transmission signal.
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3.3 The Ocean Model

The model implemented in this thesis is based on the Princeton Ocean Model

(POM). The principal attributes of the model are as follows:

o It contains an embedded second moment turbulence closure sub-model to
provide vertical mixing coefficients.

. It is a sigma coordinate model in that the vertical coordinate is scaled on the
water column depth.

o The horizontal grid uses curvilinear orthogonal coordinates and an “Arakawa
C” differencing scheme.

o The horizontal time differencing is explicit whereas the vertical differencing is
implicit. The latter eliminates time constraints for the vertical coordinate and
permits the use of fine vertical resolution in the surface and bottom boundary
layers.

o The model has a free surface and a split time step. The external mode portion of
the model is two-dimensional and uses a short time step based on the CFL
condition and the external wave speed. The internal mode is three-dimensional
and uses a long time step based on the CFL condition and the internal wave
speed.

o Complete thermodynamics have been implemented.

The turbulence closure sub-model is the Mellor and Yamada [1982] 2.5-order
scheme, based on the turbulence hypotheses by Rotta and Kolmogorov extended for

stratified flows. The turbulence model computes the vertical mixing coefficients fairly
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simulating the dynamics of the Mixed Layer Depth (MLD) [Mellor and Blumberg,
2004]. The sigma coordinate system is dealing with significant topographical
variability such as that encountered in estuaries or over continental shelf breaks and
slopes. Together with the turbulence sub-model, the model produces realistic bottom
boundary layers which are important in coastal waters. The bottom boundary layers
are important for deep water formation processes [Ezer and Mellor, 2004] and for the
maintenance of the baroclinicity of oceans basins [Mellor and Wang, 1996]. The
horizontal finite difference scheme is staggered in curvilinear coordinate system and,

in the literature, has been called an Arakawa C-grid.

3.3.1 The Basic Equations

The basic equations have been cast in a bottom following, sigma coordinate
system which is illustrated in Figure 3.3. The sigma coordinate equations are based on

the transformation:

x*:x,y*:y,o'::—_:l't*:t (31)

where X, y, z are the conventional cartesian coordinates, H(x,y) is the bottom
topography and n(x,y,t) is the surface elevation. Thus, ¢ ranges from ¢ =0 at z=n to
o = -1 at z = H. After conversion to sigma coordinates and deletion of the asterisks,

the basic equations may be written (in horizontal cartesian coordinates):

38



Chapter 3. Observational and Numerical Methods

0 DU o DV 0w on

A AT AL
ax + ay + 60+ at
dUD A dU?D , dUVD , dUw on . gD? o[ap' g oDap
at T ox T dy T do fVD+gD 6x+ Po fU x D 0x dc

iK_M_U]
60[D ad +F

ovD  dUVD L dV?D  OdVw on
ot + % + 3y + 90 —fUD+gDE+?

Kl [KM av

do L D aa]+ Fy

dTD dTUD dTVD 6Ta)_ 6 KH oT

aR
ot T o T ay t o " a0l 60]+ T 3z

dSD | dSUD | dSVD 6Sw_6[KH65

+ + + > 75

at ax oy dc oo ] + Fs

In addition, the model solves the equations below:

dq?D  0U@?D , dVq?D ., 0 wq?
q + q + q + as _
at dx dy do

) [Kq 3q2]+2KM (au)z
dolLD do D do

dq?lD , dUq?lD , dVq?lD n 0 wq?l
at ax dy doc

av\2] 29, 0p 2Dg?
+ (60) ]+ Po Ky do Byl +Fq

660 — l]+E1 (D [(Zg) +(Z:) ]+E3 KHap>_D_q3W+Fl

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)
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where U, V horizontal velocities (m.s™), T potential temperature (°C), S salinity,
depth D=H+n (m), f coriolis parameter (s'), g gravity acceleration (m.s?), Po
reference density (kg.m’3), Kym vertical kinematic viscosity (m*s™), Ky vertical
diffusivity (m>.s™), R solar radiation penetrating the sea surface (W.m™), q2 twice the

turbulent kinetic energy (m?.s™) and q’1 the turbulent length scale (m’.s?).
gy q

Note that o is the transformed vertical velocity; that is the velocity component

normal to sigma surfaces. The transformation to the Cartesian vertical velocity is:

oD  On
0o—+—

W=w+U(aa—D+z—Z)+V( 3y 3y

oD an
- ) +o2+2 (3.9)

The so-called wall proximity function is prescribed according to W = 1 + E,(I/kL),
where L' = (n—2)"1+ (H - 2)"1. Also, 3p/d0 =0dp/do — c;% dp/do, where c;

is the speed of sound.

The horizontal viscosity and diffusion terms are defined according to:

Fy = 2 (Hry) + % (Htyy) (3.10)
B, = 2 (Hry) + 5 (Htyy) 3.11)
where
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au

ou  ov av
Tex = 24y ox bxy T Tyx = Ay (_ )

— ), Tyy = 24—
6y+6x'yy M 5y

Also,

d 0
Fp = 5; (Hax) + - (Hay)

where

_ ¢ — o
qx =AHEJQy =AH$

and where ¢ represents T, S, q° or q’L.

The Smagorinsky formula, for the horizontal diffusion is:

Ay = CAxDy < |VV + (VV)T|

(3.12)

(3.13)

(3.14)

(3.15)
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where  |VV + (VW)T| = [(u/8x)? + (dv/dx + du/dy)?/2 + (dv/dy)*]/2. An
advantage of the Smagorinsky relation is that C is non-dimensional and can increase
with the resolution increase in each model implementation, ranging from values close

to zero to 0.2.

Figure 3.3  The o-sigma coordinate system.

The model incorporates a “leap-frog” time step for the external and internal
modes. The external mode calculation results in updates for 2D fields, the surface
elevation and the vertically averaged (barotropic) velocities. The internal mode
calculation results in updates for the 3D wvelocities and the thermohaline
characteristics. The calculation of the 3D variables is separated into a vertical
diffusion time step (implicit) and an advection plus horizontal diffusion time step
(explicit). The staggered grid arrangement is depicted in Figure 3.4 and 3.5 for the
external and internal (orthogonal curvilinear) grid respectively. Taken under account
the hy=dx(i,j) and hy=dy(i,j) of the model, the advective operators in equations (3.2) to
(3.8) (vertically averaged; not shown for simplicity) are described in a finite volume;

i.e. equation (3.5) is written:
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S5 (wT)
oo

—Adv(T)hyhy, = §,(Dh,UT) + 6,(Dh,VT) + h,h, (3.16)

The (DhyUT) term represent the transport of T and &, represent the difference in this

quantity through the opposing faces of the volume element. The differencing for the

velocity is accomplished in a similar way adding in equation (3.16) the coriolis term

—fVDh,h,, where f = Vox(hy) _ Uoy(hy) is the curvature term.
<hy hyh, hyh,

The Courant-Friedrichs-Levy (CFL) computational stability condition on the
vertically integrated, external/internal modes, transport equations limits the time step

according:

111 1 |71/2
6x2  8y?

Atg); < (3.17)

Ce/r

where C=2(gH)"*+Umax, C1=2C+Unayx; Umax is the maximum velocity and Cr the
maximum internal gravity wave speed. Additional limits are imposed by horizontal

diffusion of momentum or scalars and by rotation.
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Figure 3.4  The 2D external mode grid.
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Figure 3.5 The 3D internal mode grid. Q represents Ky, Ky, q° or q’l. T
represents T, S or p,.

3.3.2 Model Implementation

The ALERMO which is an acronym for the Aegean Levantine Regional
Model [Korres and Lascaratos, 2003] consists of a high-resolution implementation of
the 3-D, primitive-equation, free surface, and sigma coordinate POM, designed by
Blumberg and Mellor [1987]. A time-splitting technique is used to calculate the 2-D
and 3-D equations with different time steps. It includes the Mellor and Yamada
[1982] 2.5-order turbulent closure scheme for the computation of vertical mixing

coefficients, whereas the horizontal diffusion coefficients are computed using the
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Smagorinsky formula [Smagorinsky, 1963]. The same model has been used in the
Mediterranean Sea, in a number of studies of the large-scale circulation of the basin
and its sub-basins, the water mass formation processes, and nowcast/forecast systems
[Zavatarelli and Mellor, 1995; Horton et al., 1997; Lascaratos and Nittis, 1998;
Lascaratos et al., 1999; Zavatarelli et al., 2002; Korres and Lascaratos, 2003; Nittis
et al., 2003; Zavatarelli and Pinardi, 2003; Skliris and Lascaratos, 2004; Mantziafou

and Lascaratos, 2004, 2008; Oddo et al., 2005].

3.3.3 Model Grid and Bathymetry

The ALERMO domain covers the eastern part of the Mediterranean Sea and
lies between 20-36.4°E and 30.7-41.2°N, including the Aegean-Levantine Seas and a
part of the eastern Ionian basin. It is resolved by 493 x 316 grid points, with a
horizontal resolution of 1/30 of a degree (~3.5 km) and 25 o-layers in the vertical,
logarithmically distributed near the surface and the bottom in order to represent
properly the dynamics of the Ekman boundary layers (Figure 3.6). The model’s open
boundary is at 20°E into the deep Ionian Sea, far enough from the western Cretan arc
straits and the Otranto strait, so as to minimize open boundary effects. The model
bathymetry is taken from the US Navy Digital Bathymetric Base I (resolution 1/60 of
a degree) using a 3™-order Shapiro smoothing filter [Shapiro, 1970]. In addition, the
threshold d,H/H<0.3 is used to constrain the depth difference between adjacent cells.

Minimum depth modulated at 10 m. The domain bathymetry illustrated in Figure 3.7.
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Figure3.6 = ALERMO grid (493x316) 1/30 of a degree resolution.

Figure 3.7  ALERMO bathymetry.
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3.3.4 Initial and Open Boundary Conditions

The model was initialized from the mean annual climatological fields of
temperature and salinity taken from MED®6 climatology database [Sparnocchia et al.,
2003]. In Figure 3.8 the initialization fields of temperature and salinity at surface (10
m) are presented. In the salinity field a zonal front is evidence dividing the region
with fresher waters in the north and salinier in the south Aegean. This north-south
strong salinity gradient in the Aegean attributed to the Black Sea Water (BSW) front,
dictated by the surface water masses intruding from the Dardanelles strait, meeting
the saline Levantine Surface Water (LSW) intruding from the east Cretan arc straits.
The temperature field exhibits a less intense north-south gradient, ascribed to the
different characteristics of the BSW and LSW, along with the atmospheric influence
of greater heat loss in the northern Mediterranean than in southern regions. The spin-
up period is five years, which is considered to be enough time for the size and volume
of the ALERMO domain in order to reach equilibrium. The kinetic energy (Figure
3.9) and the thermohaline characteristics of the ALERMO domain reach steady state

and repeated perpetually (Figure 3.10).

The ALERMO is one-way nested to the coarser MED6 climatology database
[Sparnocchia et al., 2003], with resolution 1/4 of a degree resolution for the
climatological run. In the case of inflow the open lateral boundary conditions for
ALERMO temperature and salinity at 20°E (Figure 3.11) are provided at each time
step by the time-interpolated monthly averaged outputs. Errors in lateral boundary

conditions propagating into the model domain have a major impact on the evolution
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of the depended variables calculated inside the domain. The errors are of two kinds:
(a) the information prescribed on the lateral boundaries usually comes from a coarse
mesh model and less precise parameterization of physical processes, (b) numerical
techniques used to interface the coarse and fine meshes can introduce errors.
Transient gravity-inertia modes generated at the lateral boundaries due to mismatches
in physics of the two meshed models can lead to spurious noise inside the model
domain. Thus, for all the above reasons the selection of proper boundary conditions is

critical so as to reduce transmittance of errors.

Consider a constituent property ¢ advected along by a fluid. In the case of
advection into the domain the value prescribed: =@qomain(t). If the flow is out of the
domain the property advected out: d¢/dt + u, d¢/dn = 0, where u, is the velocity
normal to the boundary. It is the dynamical variables such as the surface elevation and
the velocities that are harder to prescribe, since they are affected both by advection
and wave motions. The most common strategies followed in one-way nested
boundary conditions, is the usage of radiative conditions (Sommerfeld radiation
conditions) or the usage of wave-absorbing sponge (sponge boundary conditions) to
avoid wave reflectance. In specific, the Sommerfeld radiation condition (most
common) allows a monochromatic wave propagating towards the boundary to exit
undisturbed. The major problem of this condition is that the phase velocity of the
disturbance may not be known a priori. Therefore, it is important to prescribe the
correct value of “c” to prevent generation of noise at the boundary that might corrupt

the interior solutions.
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Figure 3.8 ALERMO climatological run initial conditions of temperature °C
(upper panel) and salinity (lower panel) fields.
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Figure 3.9  ALERMO spin-up period for the climatological run. Daily evolution of
kinetic energy (m>.s”) and imposed atmospheric heat/freshwater fluxes (in W.m™ and
m.yr respectively).

In the present study the lateral conditions imposed in the open boundary are:
(a) internal mode (3D, o-sigma level equations):

(1) Sommerfeld radiation condition for the normal velocity to the boundary

au au
Ve =o (3.18)

50



Chapter 3. Observational and Numerical Methods

where ¢; = +/H/H 4 = Cs 6t/8y the baroclinic phase speed and “dt” the

time step satisfying the criterion (¢;)pqy 0t/6y = 1.

(11) upstream advection equation for temperature and salinity fields

dp op
S tUS =0 (3.19)

where parameter ¢ considered to be the temperature T or the salinity S and U

the velocity normal to the boundary.
(b) external mode (2D, vertically integrated equations):

(1) free radiation condition for the normal velocity to the boundary

HU +cn=0 (3.20)

where ¢, =./gH and U = c,n. It becomes from the combination of the
Sommerfeld condition for the velocity and the free elevated surface with

cy = ¢, = ¢ from the continuity equation.

(i1) Zero gradient Neumann condition for the free surface

Vn=0=2=0 (3.21)
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Figure 3.10 ALERMO spin-up period for the climatological run. Daily evolution of
thermohaline properties.
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Figure 3.11 ALERMO open boundary at 20 °E for the climatological run. Initial
thermohaline properties of temperature °C and salinity.
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3.3.5 Explicit River Runoff and Dardanelles Input

The river inputs are explicitly added as a freshwater flux to complete the
surface water budget. The monthly values of the runoff of the major rivers are plotted
in Figure 3.12. The Evros and Thermaikos rivers runoff is parameterized according to
the formulation used in Kourafalou et al., [1996]. The water discharge is introduced
as a source point covering the Evros (in 1 coastal node) and Thermaikos (in 1 coastal
node) drainage basins. Evros river fresh water discharge and the volume surplus of
zero-salinity water are modeled as described in Skliris et al., [2007]. Climatological
values for Thermaikos rivers were taken from Greek Agriculture Ministry [Korres et

al., 2002].

x10° Thermaikos rivers

months

X 1 0'4 Evros river

T T T T T T T T T
5 = -

m/yr

months

Figure 3.12  Monthly climatological runoff (m.yr') for Thermaikos and Evros
rivers.
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For the parameterization of the Dardanelles (in 1 coastal node) an open
boundary condition of a two-layer inflow/outflow and imposed ®/S values applied.
The inflow/outflow rates follow a “perpetual” climatological cycle (Figure 3.13). The
net water flux rate, in previous observational/modeling studies (Table 3.2, upgraded
version after Tzali et al., [2010]), has been estimated at ~300 km3.yr'1 (~0.01 Sv). In
the present study, an upper 25 m BSW inflow layer and a bottom outflow layer are
prescribed. The annual mean inflow is set equal to 2 x 10* m*.s™ (~0.02 Sv) with a
sinusoidal seasonal modulation of 1.5 x 10* m’.s™!, whereas the annual mean outflow
is set equal to 10* m*.s™ (~0.01 Sv), with a sinusoidal modulation of 0.6 x 10* m®.s"
[Korres et al., 2002; Skliris et al., 2007; Tzali et al., 2010]. In both flows the
maximum value is reached in mid-July and the minimum in mid-January. A zero
heat/salt flux at the Dardanelles imposed for the inflow/outflow climatological ®/S
monthly values, combining MEDATLAS II observations [MEDAR Group, 2002] and

Kourafalou et al., [2004] modelling data.
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Figure 3.13 Monthly climatological Dardanelles inflow/outflow rates and
thermohaline properties.
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3.3.6 Atmospheric Forcing

The model incorporates 6-hour synoptic climatological forcing calculated
from the ARPERA [Hermann and Somot, 2008] 1960-2000 atmospheric fields. This
atmospheric dataset is extracted from the dynamical downscale run of the ARPEGE-
Climate model [Deque and Piedelievre, 1995] driven by ERA40 reanalysis. The
ARPERA annual climatological wind stress and air temperature interpolated into the

ALERMO grid illustrated in Figure 3.14.

Table 3.2 Observational estimations and model parameterizations of salinity,
inflow/outflow/net rates in the Dardanelles strait (upgraded version after 7zali et al.,
[2010]). Abbreviations: constant-ct., model specified-m. sp., river-riv. “Climatological
river runoff values, based on Stanev et al., [2000]. ~ Reference experiment.

Rate (km3,yr'l) Inflow  Outflow  Net i ﬂ(?\?vl/lcl)l;?f]low
Observational estimations
Unliiata et al., [1990] 1257 957 300 29.62/38.91 ct.
Latif et al., [1991] 1180 880 300 -
Besiktepe et al., [1994] 1218 918 300 29.29/38.86 ct.
Tugrul et al., [2002] 1313 1010 303 -
Model parameterizations
No open boundary
Zavatarelli and Mellor, [1995] - - 187 0 riv.
Korres et al., [2002] - - 311 28.3 ct.
Kourafalou and Barbopoulos, [2003] - - 311 22.5-27.5
Beuvier et al., [2010]° - - 252 0 riv.
Open boundary
Nittis et al., [2003] 900 600 300  29.5 ct./m. sp.
Kourafalou and Tsiaras, [2007] 622 311 311 28.3 ct./m. sp.
Skliris et al., [2007] 622 311 311 28.3 ct./m. sp.
Tzali et al., [2010]" 622 311 311  28.3 ct./m. sp.
present study 622 311 311 m. sp./m. sp.
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The boundary condition of the momentum fluxes at the sea surface is given

from the equation:

T
=< (3.21)

where 7 (N.m™) the wind stress vector and p a reference sea surface density (kg.m™).

The wind stress formula is:
T = p,Cp|W|W (3.22)

where p4 the density of humid air (function of temperature and humidity), W the wind
velocity and Cp the drag coefficient as a function of wind speed and sea-air

temperature difference [Hellerman and Rosestein, 1983].
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Figure 3.14 ARPERA annual climatological wind stress (N.m?) and air
temperature (°C) interpolated into the ALERMO grid.

56



Chapter 3. Observational and Numerical Methods

The boundary condition of the heat fluxes at the sea surface is given from the

equation:

aT _on
Kisl, o = e (3.23)

where Oy the net heat flux, ¢, the specific heat water. The net heat flux in the sea
surface is the total sum of the two turbulent (latent Q. and sensible Q;, Figure 3.15)

fluxes and the two radiative fluxes (short wave-solar Q,; and long wave Q;,). Thus,

Qv=0rs+Q, +0Q, +0Qp (3.24)

The fluxes are imposed directly from the ARPERA dataset. A first order coupling
between the atmospheric and the oceanic models introduced through the long wave

radiation and the Stefan-Boltzmann law:

Qirsea = eoSST* (3.25)

where € the ocean emissivity, o the Stefan-Boltzmann constant and SST the sea
surface temperature.

The ALERMO has been upgraded to use a real freshwater flux boundary
condition instead of a salt flux. The implementation of the freshwater flux boundary
condition into the POM code, which is a free surface model, involves changes in the

continuity equation numerical expansion:

57



Chapter 3. Observational and Numerical Methods

on OHU | OHV _
E__(W—I_E)_WG_O (326)

and the vertical velocity surface boundary condition:
Wgeo=E—P—R (3.27)

where n is the free surface elevation, U,V are the zonal/meridional barotropic
velocity components, H is the model bathymetry, w,—y is the vertical velocity at the
first sigma level, E is the evaporation rate, P the precipitation rate and R the river

runoff.

20 25 30 35
Figure 3.15 ARPERA annual climatological turbulent fluxes (latent heat: upper
panel, sensible heat: lower panel). Negative values indicating loss for the ocean.
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3.4 Climatological Run

The climatological run is used for the tuning/preparation of the ALERMO
interannual run. The model setup aims to reproduce the general circulation and the
Aegean thermohaline properties, with typical heat and freshwater fluxes for the

region.

3.4.1 Water Masses and Circulation Patterns

The model reproduces the main features and circulation patterns of the
Aegean-Levantine basins discussed in previous numerical studies and in agreement
with observations (Figure 3.16). The general surface circulation is cyclonic with
smaller scale cyclonic features embedded in the global cyclonic pattern. The less
saline Modified Atlantic origin Water (MAW) propagates further east along the
African continental slope. The Asia Minor Current (AMC) meandering along the
Turkish coasts reaches the eastern Cretan arc straits intruding the Aegean. The general
circulation inside the Aegean is cyclonic, except in its northern part where the
brackish BSW forms a robust front with the LSW reaching the north-central Aegean.
The BSW follows an anticyclonic pattern due to the wind stress curl [Sofianos et al.,
2005], whereas the LSW circulates cyclonically and exits the Aegean through the
western Cretan arc straits. The most prominent area for dense water formation events
is the central Aegean due to combination of salinier waters and greater heat loss

compared to other regions.
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3.4.2 Heat and Freshwater Budgets

The estimated total heat budget of the climatological year is -9.54 W.m?>,
which is close to the value -10 W.m™ discussed in Nittis et al., [2003]. In Figure 3.17
the monthly averages of different components of the heat budget are shown. The fresh
water budget monthly averages are also shown in Figure 3.18 and give an annual loss
for the ocean of 0.87 m.yr™, in good agreement (though closer to the upper limit) with
previous estimates based on completely different datasets [Garrett et al., 1993;
Bethoux and Gentili, 1994]. The atmospheric forcing unveils strong spatiotemporal
variability in both heat and freshwater fluxes. The wind field has a clear impact on the
evaporation and latent heat fluxes, with maximum heat and freshwater loss during

periods of strong northerlies (i.e. in winter and during etesian’s in summer).

26.8 27 27.2 274 27.6 27.8 28 28.2 28.4 28.6

Figure 3.16  Annual surface (10m) climatological 6 (kg.m™) and velocity (m.s™).
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3.4.3 Dense Water Formation

Both types of Dense Water Formation (DWF), on the continental shelf and in
the open ocean that take place in the Aegean Sea are quite well simulated. The
Aegean DWF rates are close to the values given in literature at approximately 0.3 Sv
(Figure 3.19). Since the extremely buoyant BSW masks the potential of the north
Aegean to form dense water the most prominent DWF site (6>29.2 kg.m’3) is the
central Aegean. Open ocean convection occurs in Chios basin, whereas shelf
convection occurs in Lemnos-Lesvos plateau. The south Aegean dominates
intermediate water mass formation (29.1<6§<29.2 kg.m™) mostly formed in the

Cyclades plateau and in Cretan basin.

3.4.4 Cretan Arc Straits Transport

The mean annual inflow/outflow rates at the east/west Cretan arc straits varies
from ~2 Sv in late-autumn to ~0.5 Sv in early-summer (Figure 3.20). The
inflow/outflow fluxes at the east/west Cretan arc straits are compensated due to
continuity. The heat transfer follows the same pattern with the water fluxes in order to

2. The most

compensate the Aegean surface annual heat loss of the ~10 W.m
interesting result deviating from earlier studies [Kontoyiannis et al., 1999; Nittis et al.,
2003], is that the inflow rates in the east Cretan arc straits are not constantly higher
than the outflow rates. Consequently, the net flow is either positive in autumn/winter

or negative in spring/summer, while the west Cretan arc straits balance the fluxes.

This fact maybe related with the dense water outflow occurring just after the winter
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formation events throughout the deepest Aegean channels, which are the Kassos and

Karpathos straits.
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Figure 3.17 Climatological cycle monthly averages of different atmospheric

components for the Aegean (black) and sub-basins (north Aeg.-blue, central Aeg.-
green, south Aeg.-red). Negative values denote loss for the ocean.
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Figure 3.18 Climatological cycle monthly averages of freshwater E-P (m.yr™) flux
in the Aegean (black) and sub-basins (north Aeg.-blue, central Aeg.-green, south
Aeg.-red). Negative values denote loss for the ocean.

3.4.5 Discussion

The climatological simulation reproduced typical features and circulation
patterns of the eastern Mediterranean. However, the region exhibits strong interannual
to decadal variability both in atmosphere and ocean. The Aegean-Levantine Seas are
active regions of DWF which has exhibited significant variations in the location and
intensity of the main convection sites in recent years. In addition, the mid-1990s
major convection event, namely termed the Eastern Mediterranean Transient (EMT),

has been characterized as a climatic shift with large impact on the regional

63



Chapter 3. Observational and Numerical Methods

thermohaline cell. The long-term EMT consequences for the eastern Mediterranean
and its evolution have now been traced for over more than a decade [Roether et al.,
2007]. The climatological mode can only explain a small part of the regional
dynamics. In contrast, the interannual hindcast run for the 1960-2000 period, using a
realistic 6-hour atmospheric forcing, can be representative for the ocean dynamics and

improve our knowledge for the mechanisms governing the region.
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Figure 3.19 Climatological DWF production/advection rates (Sv) and MLD (m) in
the Aegean sub-basins (Aegean-black, north Aeg.-blue, central Aeg.-green, south
Aeg.-red) for different oo thresholds [29.10:0.05:29.25] in kg.m™.

64



Chapter 3. Observational and Numerical Methods

Water Flux east Cretan arc straits

JFMAMJJIJASOND

months

Water Flux west Cretan arc straits

JFMAMUJJA

months

Watt

x 1 014 Heat Transfer east Cretan arc straits

" net

-==e-== gut ]

JFMAMUJ JASOND

months

x1 0‘14 Heat Transfer west Cretan arc straits

months

JFMAMJ J ASOND
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through east/west Cretan arc straits.
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Chapter 4

Distribution of the Thermohaline Characteristics in the
Aegean Sea; Hydrographic Surveys and Argo Profiling

Floats

4.1 Introduction

In late 1980s and early 1990s the Aegean Sea drew the attention of the
oceanographic community, due to the dramatic shift of the eastern Mediterranean
thermohaline circulation pattern. The abrupt changes in the Eastern Mediterranean
Deep Water (EMDW) posed a series of questions on the stability of the regional
thermohaline circulation. Since then, several authors oriented their work in the
Eastern Mediterranean Transient (EMT) event, emphasizing the dynamical
implication of the Aegean Sea as a substantial source of regional deep waters
[Roether et al., 1996, 2007; Theocharis et al., 1999b, 2002; Klein et al., 1999;

Lascaratos et al., 1999; Samuel et al., 1999; Malanotte-Rizzoli et al., 1999, Zervakis
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et al., 2000; Wu et al., 2000; Boscolo and Bryden, 2001; Tsimplis and Josey, 2001;

Stratford and Haines, 2002; Tsimplis and Rixen, 2002; Nittis et al., 2003].

In the beginning of the 20th century oceanographic studies focused in the
dense waters masses of the Aegean. In a process first proposed by Nielsen [1912]
North Aegean Dense Water (NAgDW), “a uniform cold and heavy layer from surface
to bottom north of Cyclades plateau”, could flow towards the south Aegean and
possibly contribute to the EMDW. However, Schott [1951] re-analyzing Nielsen’s
data confirmed his argument but disputed the fact that this is a dominant process.
Furthermore, Pollak [1951], Wust [1961] and later Hopkins [1978, 1985] minimized
even more the role of the Aegean Sea as a Dense Water Formation (DWF) area, as
well as a contributor to the EMDW compared with the Adriatic Sea. Under the same
rationale Plakhin [1972] did not comment of the Aegean being a contributor to the
EMDW, but made a step forward describing a thermohaline cell triggered from DWF
in Chios and Cretan basins. Lacombe and Tchernia [1958] and Miller [1974] did not
change the suggested marginal character of the Aegean Sea with respect to DWF. The
only dissonance comes from EIl-Gindy and EIl-Din [1986], using cruise data from
1948-1972, suggesting that just outside the Cretan arc straits 40% of the EMDW
originated from the Cretan Deep Water (CDW). The general consensus of the
majority of the authors in the pre-EMT period, leads to the hypothesis that the Aegean
produces occasionally insignificant amounts of dense waters. On the other hand, in
the light of new evidence, it becomes increasingly more likely that the Aegean Sea’s

location and atmospheric forcing make the basin an advantageous DWF area.

The Aegean Sea is a semi-enclosed basin characterized by an alteration of

shelves, sills and bottom depressions. It is a semi-enclosed basin located in the
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northeastern Mediterranean (one of the four major basins of eastern Mediterranean
Sea), covering an area of 180000 km®. It is connected to the Marmara and Black Seas
through the Dardanelles Strait in its northern part and connected to the Levantine and
Ionian Seas through several straits at the southern end. The total volume of the
Aegean Sea is about 75000 km’ with an average depth of 415 m accounting for the
presence of extensive plateaus. Its topography is very complicated, with over 3000
islands and islets and, in consequence, introducing fragments of continental shelf
areas divided by numerous bottom depressions between them. The deepest basins
include the north Aegean trough, encompassing the north Sporades, Athos, Lemnos
and Saros basins, with maximum depths up to 1500 m, the Skyros, Chios and Ikaria
basins in the central Aegean with maximum depth of 1100 m, bounded to the south by
the broad Cyclades plateau and sills with depths less than 350 m, and finally, the
much bigger Cretan basin in south Aegean, with maximum depth of 2500 m (Figure

4.1).

The dominant winds are primarily from the north, bringing cold and dry air
through the Balkan Peninsula [May, 1982], contributing to substantial heat fluxes for
surface buoyancy loss. The annual amount of evaporation over the Aegean is around
1.3-1.5 m.yr'1 [Jacovides et al., 1989; da Silva et al., 1994; Drakopoulos et al., 1998]
and exceeds the sum of precipitation and river runoff 0.5 m.yr' and 0.11 m.yr’,
respectively [Poulos et al., 1997], while the annual upward net heat flux is estimated
at 26 W.m™ [Poulos et al., 1997]. The latter implies that the Aegean Sea, on an
average loses heat through its surface. A biased method to classify a basin as a
concentration or dilution is to examine its density relative to the density of an adjacent
basin [Hopkins, 1978]. Zervakis et al., [2004] suggested that the Aegean should be

classified as a concentration basin, based on the density distribution below the sills.
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Figure 4.1  Aegean bathymetry and major features (basins, plateaus and straits).

The Aegean’s water masses and stratification are subject to strong variability
at various timescales [Zervakis et al., 2004; Skliris et al., 2007], intense circulation
patterns [Korres et al., 2002; Olson et al., 2007], water mass formation [Velaoras and
Lascaratos, 2005, 2010; Gertman et al., 2006; Vervatis et al., 2009] and strong
forcing of both wind and thermohaline character [Theocharis et al., 1999b; Sofianos
et al., 2005]. The combination of this forcing with the complex sub-basin circulation
and mesoscale eddy field render a complicated picture of the regional dynamics. All
observational studies [Gertman et al., 1990; Ovchinnikov et al., 1990; Theocharis and
Georgopoulos, 1993; Theocharis et al., 1999b; Zervakis et al., 2000; Olson et al.,
2007] and numerical simulations [Wu et al., 2000; Korres et al., 2002; Nittis et al.,

2003; Sofianos et al., 2005], point out a general cyclonic circulation in the Aegean
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Sea, while an anticyclonic pattern dominates the northeastern corner of the basin
[Sofianos et al., 2005]. However, the most active dynamic features are the mesoscale
cyclonic and anticyclonic eddies, which can extend to several Rossby radii of
deformation (around O(10 km)). Some of these features appear to be permanent (i.e.
cyclonic eddy in south Chios basin, anticyclonic circulation in Lemnos basin), while
others have a transient character and yet the mechanisms responsible for the formation

and decay of these features are not clear [Olson et al., 2007].

The main water masses and their distribution can be summarized as follows.
The most characteristic feature of the stratification pattern in the north Aegean is the
surface brackish Black Sea Water (BSW) outflowing from the Dardanelles Strait. The
BSW forms a front with the intrusion of the much saltier Levantine Surface Water
(LSW) entering the Aegean through the eastern Cretan arc straits. The intermediate
layers of the north-central Aegean are occupied by Levantine Water (LW) of
Levantine origin and/or the locally formed Aegean Intermediate Water (AgIW)
[Gertman et al., 2006]. The Levantine Intermediate Water (LIW) entering through the
eastern Cretan arc straits follows a northward path along the Turkish coast to be
modified by the aforementioned LW. Over the Lemnos-Lesvos plateau the LW and/or
the AgIW get sub-ducted below the BSW thermohaline front. The vertical structure of
the north Aegean is comprised of a 20-70 m modified BSW surface layer, of an
intermediate LW and/or AgIW layer down to 400 m and of the locally formed
NAgDW [Zervakis et al., 2003, 2004; Velaoras and Lascaratos, 2005]. After
experiencing strong mixing in the north-central Aegean, and being modulated by the
presence of mesoscale eddies [Zodiatis, 1994], the water masses appear at the western
side of the south Aegean, along the Evian coast and through the Kafireas strait, with

significantly lower salinities than the ambient surface water masses. A less saline
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water mass present in the sub-surface layers of the south Aegean is the Modified
Atlantic Water (MAW). At intermediate depths, the annually ventilated Cretan
Intermediate Water (CIW), a water mass more saline than the LIW, has often been
monitored above the core of Transitional Mediterranean Water (TMW), a product
formed by the mixture of LIW and EMDW outside the Cretan arc. In the early 1980s,
the deep layers of the Cretan Sea were occupied by a homogenous water mass similar

to the TMW and there was no signal of CDW type [Zervakis et al., 2000].

Observations after the early 1990s revealed a dramatically different structure
of the Cretan Sea water column. During the EMT event, extremely dense and saline
waters of local origin, started filling the deep Cretan basin and overflowing through
the sills of the Cretan arc straits [Roether et al., 1996; Kontoyiannis et al., 1999;
Theocharis et al., 1999a, 1999b]. Due to its high density, the CDW displaced water
from the deepest parts of the Levantine and Ionian basins of the eastern
Mediterranean, and as a consequence the TMW masses intruded the Cretan basin.
During the EMT, the hydrography of the Cretan Sea included a distinctive deep water
mass close to the bottom of the basin (800-2500 dbar), possibly formed by convection
in the open sea and/or in the surrounding shelf areas [Theocharis et al., 1999b;
Lykousis et al., 2002]. This structure was not static but seemed to undergo
considerable changes during the same period. Following the EMT, the CDW volume
in the Cretan Sea has decreased, most probably due to changes in the DWF processes

[Theocharis et al., 2006; Sofianos et al., 2007; Vervatis et al., 2009].

Aiming at portraying the stratification of the Aegean’s sub-basins, as well as
locating possible areas of DWF processes, two cruises were conducted during the

winters of 2005 and 2006 and four Argo profiling floats deployed during the
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shipboard activities. In section 4.2 a brief description of the datasets collected and the
methods followed is presented. In section 4.3 the basic ®-S characteristics of the
water masses during both winters are reviewed and the hydrographic structure
observed in the major concavities of the Aegean is presented. Additionally, in section
4.4 DWF structures are presented, under the scope of potential sub-basin coupling
mechanisms. In section 4.5 in order to quantify the variability of the water mass
structure, related to the EMT and its phases, an intercomparison analysis is carried

out.

4.2 Data and Methods

Two cruises were carried out on board the R/V Aegaeo, from 1 to 10 March
2005 and from 3 to 13 February 2006. During the first cruise a total of 44
hydrographic CTD stations were occupied while a total of 47 stations were recorded
in the second cruise (Figure 4.2). The majority of the stations were concentrated in the
deep concavities in order to identify the dense water characteristics along the main
north-south axis of the Aegean Sea and locate possible areas of DWF. A small
number of stations where occupied on this axis across the Aegean’s plateaus, in order
to identify possible shelf convection processes and to monitor exchanges between

sub-basins.

The profiles of temperature, salinity (conductivity), and dissolved oxygen
concentration were collected using a Sea-Bird CTD with a General Oceanics rosette,

including 12 Niskin Bottles for the oxygen and salinity calibration. The data set
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acquired was quality controlled, the dissolved oxygen concentration was calculated
with the Winkler method [Carpenter, 1965] and the data set was filtered and sub-
sampled at 1 dbar vertical resolution. For safety reasons the maximum depth of each
profile was approximately 10 dbar shallower than the stations sea bottom. All the
temperature and densities discussed in this chapter are potential temperatures and
potential densities, respectively. In section 4.5, in order to compare the stratification
of the Aegean Sea in different phases of the EMT event, a dataset covering the winter
of 1987 [Malanotte-Rizzoli and Robinson, 1988] has been analyzed together with the
datasets of the 2005 and 2006 winter cruises. From the aforementioned datasets an
averaged profile has been computed for each Aegean sub-basin. Furthermore, a
dataset (MEDATLAS 1II) was used for analysis of the Aegean deep water properties

evolution, during the EMT [MEDAR Group, 2002].

Delayed-mode data retrieved from two APEX-style Argo Floats [Davis et al.,
2001] deployed during the cruises, are analyzed together with profiles of temperature
and salinity extracted from the NODC database. All profiles are interpolated into the
same vertical levels so as to avoid occasional profile gaps. To minimize the impact of
interpolation artifact we choose between different interpolation schemes based on
spatiotemporal thresholds. Linear and nearest neighbor interpolation are chosen
avoiding large profiling differences with respect to their neighbors, whereas for
outliers a linear regression applied [Ballabrera-Poy et al., 2009]. The latter method
constructs profiles missing the entire deep layer data, from an averaged O-S profile
using (0®,S) pairs excluding the seasonal thermocline and by fitting the linear

regression equation: ® = 383.11 — 9.45 X S (Celsius).
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Figure 4.2  Hydrographic CTD stations during the winter cruises of 2005 and 2006; magenta line denote cruise trajectory; first cruise station
(start): square dot; last cruise station (end): diamond dot; North Aegean (NAg): blue dots; Central Aegean (CAg): green dots; South Aegean
(SAg): red dots; grey lines: straits boundaries of the three major Aegean sub-basins [Gertman et al., 2006].
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4.3 Cruises Hydrographic Observations

4.3.1 O-S Characteristics of the Aegean Sea

The temperature and salinity characteristics measured during the first cruise,
in winter 2005, are depicted in Figure 4.3. The projected data in a ®-S diagram
revealed a diversity of the surface and deep layers between the north (blue dots) and
south (red dots) Aegean. The ®-S characteristics present a distinct “X-shape”. At the
surface, the low salinity BSW layer and a warm LSW feature are observed, whereas
in the deep layers, locally formed dense water masses of the NAgDW and CDW are
found. The same O-S pattern is also observed in the second cruise in winter of 2006
(Figure 4.4). Differences between the two years datasets are mainly due to surface
variability of the intruded BSW and LSW masses and different locations of sampling
(e.g. Lemnos/Athos basins in north Aegean, Skyros/Chios basins in central Aegean,
central/eastern Cretan basins in south Aegean). Spatial differences in the deep layers
across the Aegean sub-basins, indicates DWF variability and/or different ©-S

modification rates inside the depressions [Zervakis et al., 2003, 2009].

In Figures 4.3 and 4.4 the magenta triangle, following Gertman et al., [2006],
represents intermediate layers of the Aegean, leaving outside the surface and deep
waters. The “X-shape” of the ®-S diagram implicitly suggests a transition in
properties inside the magenta triangle where the north and south Aegean ©®-S

characteristics converge in the central Aegean, as clearly depicted in both cruises in
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Figures 4.3 and 4.4 (green dots, upper panels). The ®-S trace indicates possible DWF,
since high dissolved oxygen concentrations higher than 4.8 mL1t" prevail from the
surface down to depths of 400 m (Figures 4.3 and 4.4, lower panels). In general,
relatively high dissolved oxygen concentrations were recorded in intermediate depths

across all three Aegean sub-basins.

4.3.2 Stratification and Circulation

In the north Aegean, observations on a dense grid of CTD stations from 2005
winter survey, illustrate the water mass structure of Lemnos basin. A SW-NE transect
reveals a strongly stratified water column in the region (Figure 4.5). The most
prominent water mass feature, characteristic of the circulation pattern and exchange
with the Dardanelles Strait is the BSW intrusion, with surface temperature minimum
11.5 °C, salinity 36.2 and density 27.5 kg.m>, in a wedge like layer with depth
changing from 100 m in the NE to 20 m in the SW ends of section. This salinity
minimum is combined with the dissolved oxygen concentration maximum of the
intruding water. The BSW intrusion from the Dardanelles Strait into Lemnos basin is
divided in two basic branches around the island of Lemnos, depicted also with surface
drifters [Olson et al., 2007]. The first is westward through Saint Eustratius strait and
the second is northward through Lemnos strait. The second branch influences more
the surface layers of Lemnos basin since the BSW extends to greater depths (Figure
4.5). Below the surface layer, a warmer and more saline layer centered at intermediate
depths, extends down to 400 m in Lemnos basin (Figure 4.5, ®/S panels). This denser

water mass cannot be formed locally due to presence of the BSW insulator layer at the
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surface [Zervakis et al., 2003, 2004; Velaoras and Lascaratos, 2005; Gertman et al.,
2006] and is most probably advected from the central Aegean. This water mass
(Figure 4.5, © panel) is a mixture of LW and/or AgIW formed locally in the central
Aegean, with varying values of temperature 13.9-14.4 °C, salinity 38.7-39 and density
29-29.2 kg.m™. In greater depths, below the main sill level, to the bottom of Lemnos
basin the dissolved oxygen concentration decreases to 3.7 mlLlt'. The very low
oxygen concentration of the deep waters inside Lemnos basin indicates possible
trapping of “old” dense water from the early stages of the EMT. At the time of the
cruises in the deepest parts of Lemnos basin, below 1000 m, the density was around
294 kg.m'3 gaining buoyancy in comparison with the first stages of the EMT

[Zervakis et al., 2003, 2009].

In the central Aegean the locally formed water masses, as well as the water
masses of Black Sea and Levantine origin, undergo strong mixing while being
modulated by the presence of mesoscale eddies [Zodiatis, 1994]. The modified water
masses follow the general cyclonic circulation of the Aegean, exiting the central
Aegean via two main paths to the south Aegean: a surface path through Kafireas strait
with ©-S characteristics of 13 °C, salinity at 38.1 and 28.8 kgm™ and a
surface/intermediate path through Myconos-Ikaria strait. The latter exchange between
the central and south Aegean is monitored from three stations across the strait (Figure
4.6). Warm and saline waters of Levantine origin (maximum values at 15.4 °C and
salinity at 39.1, Figure 4.6, ©/S panels), enter the central Aegean at the east end of the
strait with densities of 29 kg.m™ (Figure 4.6, 6e/O, panels), whereas cool and less
saline AgIW egress from surface/intermediate depths at the west side of the strait
(minimum values at 13.8 °C and salinity at 38.7, Figure 4.6, ®/S panels) with slightly

increased densities of 29.1 kg.m™ (Figure 4.6, 6o/O, panels).
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Figure 4.3  ©O-S diagram; winter 2005; North Aegean (NAg): blue dotes; Central Aegean (CAg): green dots; South Aegean (SAg): red dots;
Gray-colorbars: intermediate depths (db) and oxygen concentrations (mLIt"). ®/S/ce boundaries (magenta lines): NAg surface layers (S<38.7),
SAg surface layers (©>14.7 °C), Aegean dense waters (6¢>29.2 kg.m™) [Gertman et al., 2006].
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The vertical water mass structure of the south Aegean follows a post-EMT
typical three layer pattern consisting of a surface, an intermediate and a deep layer,
but in contrast with the north Aegean the stratification is much weaker (surface

3. 1000 m density 29.18 kg.m™). However, none of the layers

density 29 kg.m
resemble the ®@-S characteristics of the north Aegean. This can be explained mainly
by the very strong influence from the adjacent basins. In Figure 4.7, a NW-SE
transect during the winter close to Kassos strait, depicts the strong influence of
Levantine region to south Aegean. In contrast with Lemnos basin where the surface
stratification is dominated by the shallow (20-100 m thickness) BSW layer, the south
Aegean Mixed Layer Depth (MLD) extends to 200 m (Figure 4.7). The horizontal
temperature gradient, ascribed to a permanent cyclone in the eastern Cretan Sea
[Balopoulos et al., 1999; Theocharis et al., 1999b; Kontoyiannis et al., 1999; Tsimplis

et al., 1999; Georgopoulos et al., 2000], is dominating the region (Figure 4.7, ®/S

panels).
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Figure 4.4  ®-S diagram; winter 2006; North Aegean (NAg): blue dotes; Central Aegean (CAg): green dots; South Aegean (SAg): red dots;
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SAg surface layers (©>14.7 °C), Aegean dense waters (6o>29.2 kg.m™) [Gertman et al., 2006].
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Figure 4.5  Transects of ® (°C), S, oe (kg.m™) and oxygen concentration (mLIt"), of 6 CTD stations in the winter of 2005 at Lemnos basin in
the North Aegean (NAg); inside map blue large dot denote initial station, following a SW-NE direction of the magenta section (small blue dots);
top axis indicating the code names of the stations during the cruise; lower axis are in distance (km) from the initial station; major seabed
features: Lemnos basin.
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The south Aegean intermediate layers consisted of several intrusive and
locally formed water masses. A mixture of LIW and locally formed Cretan
Intermediate Water (CIW) lies between 200-500 m (Figure 4.7, ©/S panels,
intermittent core of 14.6 °C and salinity at 38.98). A second very distinct intermediate
layer in the Cretan Sea is the TMW, a mixture of LIW and old EMDW with its core
around 750 m, which enters from the adjacent Levantine basin through Kassos strait
at the sill depth. The TMW O-S core characteristics are low temperature 14.2 °C,
relatively low salinity 38.92 and low dissolved oxygen concentrations 3.97 mLlt"
(Figure 4.7) and had never been recorded inside the Aegean in the 1970s and 1980s
pre-EMT period. In the first stages of the EMT, the TMW was present in the Cretan
Sea in intermediate layers of about 300 m [Theocharis et al., 2006; Sofianos et al.,
2007; Vervatis et al., 2009]. Since 1995 the EMT event started to decay confirming its
transitional character. As a consequence, the TMW core was continuously deepening,
due to the deflation and outflow of the CDW from the Cretan to Levantine basin
through Kassos strait. At the time of the cruises, the CDW horizon has dropped in
depths greater than the Kassos sill. The deep layers of Cretan basin are filled by
CDW, locally formed in the Aegean Sea, with properties of 14 °C, salinity of 39.06,
29.32 kg.m™ and dissolved oxygen concentration of 4.2 ml.It", which is larger than

the overlying TMW.
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4.4 DWF Processes

Although the north Aegean is a dilution basin (winter surface densities of 28
kg.m™ influenced by the presence of BSW), the deep layers are filled up to the sills
with very dense waters (29.4 kg.m™ below a depth of 1000 m). Several authors in
recent studies [Zervakis et al., 2000, 2003; Tragou et al., 2003; Nittis et al., 2003]
suggested that the northern Aegean can act in some exceptionally rare cases as a
concentration basin, under extremely cold and dry winter events such as the EMT.
Under this scope two basic scientific questions arise: Are the Aegean sub-basins
decoupled or is there a connecting mechanism? Is the Aegean circulation controlled

by intrusions from adjacent basins or by local processes?

Investigating the role of the central Aegean in DWF processes, a number of
stations were occupied during the cruise of 2006 in Skyros, Chios and Ikaria deep
basins, aiming at capturing open ocean convection events and shelf convection in
Lemnos-Lesvos plateau. In Figures 4.8 and 4.9 both eastward and westward transects
are depicted, respectively, introducing a winter snapshot of the north-central Aegean.
The most outstanding feature in both transects is the surface isopycnal layers of 29.1
kg.m™ and 29.2 kg.m™ over almost the entire central Aegean (Figures 4.8 and 4.9, 6
panel). The physical mechanism which makes this area favorable for DWF is the
combination of extreme saline LSW, loss of buoyancy through intense winter cooling,
along its northward travel over the depressions and plateaus of the central Aegean and
finally transformed to the locally formed AgIW. This buoyancy loss mechanism is

enhanced by the trapping of water in the permanent and semi-permanent cyclonic
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features in the region (Chios and Skyros cyclones) over the deep sub-basins [Lykousis
et al., 2002; Olson et al., 2007]. Both deep water and shelf convection processes
across the Lemnos-Lesvos plateau are believed to contribute to DWF in the region.
During the 2006 cruise the DWF processes extended to intermediate depths around
400 m. The densest surface waters masses observed above Lemnos-Lesvos plateau at
29.3 kg.m™, while in Chios and Skyros depressions the surface density was measured

at 29.2 kg.m™.

Evidence of previous occurrences of DWF in the region is revealed by the
deep stagnant layers in Figures 4.8 and 4.9. In Skyros and Athos basins, a strong EMT
signal seems to be preserved since the late 1980s period, evidenced by extreme dense
waters trapped in the bottom depressions. In Figure 4.9 the EMT signature is
emphasized with low dissolved oxygen at 3.4 mlL1t", low temperatures at 13 °C and
salinities at 39.05, resulting to high densities of 29.4 kg.m™. Zervakis et al., [2003,
2009] suggested a slow renewing of the deep waters in both Skyros and Athos basins,

due to an internal wave braking mechanism.
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Figure 4.7  Transects of ® (°C), S, ce (kg.m’3) and oxygen concentration (ml1t"), of 7 CTD stations in the winter of 2005 at eastern Cretan
basin in the South Aegean (SAg); inside map red large dot denote initial station, following a NW-SE direction of the magenta section (small red
dots); top axis indicating the code names of the stations during the cruise; lower axis are in distance (km) from the initial station; major seabed
features: eastern Cretan basin.
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Figure 4.8  Transects of @ (°C), S, oo (kg.m'3) and oxygen concentration (mL1t"), of 17 CTD stations in the winter of 2006 at the eastern side
of the North-Central Aegean (NAg-CAg); vertical dashed gray line in seabed divides NAg-CAg regions; inside map blue large dot denote initial
station, following a N-S direction of the magenta section (small blue-green dots for NAg-CAg, respectively); top axis indicating the code names
of the stations during the cruise; lower axis are in distance (km) from the initial station; major seabed features: Lemnos basin, Lemnos-Lesvos
plateau, Chios basin, Myconos-Ikaria strait.
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Intrusive water masses from adjacent basins, such as the Levantine and Black
Seas can play significant roles in the Aegean Sea processes. The fact that two
different water masses (with very diverse temperature, salinity and density
characteristics) are intruding from the south and north ends of the basin does not
allow the development of a simple thermohaline cell. The BSW, with very low
density, is covering big parts of the north region of the Aegean acting as an insulator
and preventing DWF processes [Zervakis et al., 2004]. Coupling between the basins is
achieved through intermediate (and possibly deep) water mass formation processes in
the central part of the basin, creating a rather complicated thermohaline cell. A
replenishing mechanism of intermediate layers is introduced, through buoyancy loss
of the saline LSW. A mixture of LW and/or locally formed AgIW recirculates at
intermediate depths across the Aegean. Convection was monitored in Chios basin
during the winter of 2006 (Figure 4.10), enhanced by the permanent Chios cyclone
[Sofianos et al., 2005; Olson et al., 2007]. Dense water masses formed in Chios basin
are observed to be spreading isopycnaly at 400 m. The ©-S characteristics of the
dense water masses at intermediate depths of Chios basin (Figure 4.10, ®/S panels)
are also found in the north Aegean (Figures 4.5, 4.8 and 4.9, ® panel) and in the
western side of the Myconos-Ikaria strait (Figure 4.6), flowing into the south Aegean.
The deep layers in different basins are decoupled from each other due to very

irregular seabed topography.
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4.5 Pre/Post-EMT State

The stratification monitored during 2005 and 2006 cruises should be discussed
in the framework of the EMT climatic shift. The question is: how typical is this late-
post EMT pattern? In order to answer the latter question, a pre-EMT reference year,
namely data from a 1987 cruise [Malanotte-Rizzoli and Robinson, 1988], is compared
to the winter cruises of 2005 and 2006 (Figure 4.11, 1987-2005-2006 map panels).
Zervakis et al., [2000] presented a synoptic log of the winter survey in the beginning
of the EMT during 1987. A severe buoyancy loss took place in mid-March
[Lagouvardos et al., 1998] a few days before the stations depicted at Lemnos and
Chios basin (Figure 4.11, 1987 map panel, blue/green dots). Therefore, no significant
EMT signal was yet detected at that time in the deep layers. The stations in the Cretan
basin (Figure 4.11, 1987 map panel, red dots) chronologically are placed in late-
March, but the EMT signal monitored at least two months later in late-April.
Consequently, the 1987 mid/late-winter profiles are considered to be representative of

the pre-EMT state of the Aegean.

In Figure 4.11 (®/S/oe panels for the north-central-south Aegean), an average
winter profile is depicted, of the thermohaline properties during the three years (1987,
2005 and 2006). The north Aegean profiles reveal a three-layer stratification (Figure
411, 1* row ©/S/oe panels). Surface BSW intrusion enhances the stratification,
whereas LW and/or AgIW replenish the intermediate layers. In the deep layers
NAgDW is trapped in the depressions. During 1987 the north Aegean surface waters

appear to be more saline, probably due to reduction of the BSW inflow [Zervakis et
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al., 2000] and/or to intrusion of larger amounts of LSW/LIW [Malanotte-Rizzoli et
al., 1999]. At the time of the cruises, the typical north Aegean ®-S characteristics
significantly changed, as the colder and less saline intermediate/deep layers altered in
more saline water masses (Figure 4.11). Between the cruises, in late post-EMT state,
the deep layers of Lemnos basin indicate a small buoyancy gain due to a possible
internal wave breaking [Zervakis et al., 2003, 2009]. This mechanism introduces a
slow evolution of the north Aegean deep layers in the post-EMT period, in contrast to

the uplifting mechanism of the deep layers ventilation during the EMT period.
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Figure 4.9  Transects of ® (°C), S, oo (kg.m™) and oxygen concentration (ml1t"), of 14 CTD stations in the winter of 2006 at the western
side of the North-Central Aegean (NAg-CAg); vertical dashed gray line in seabed divides NAg-CAg regions; inside map blue large dot denote
initial station, following a N-S direction of the magenta section (small blue-green dots for NAg-CAg, respectively); top axis indicating the code
names of the stations during the cruise; lower axis are in distance (km) from the initial station; major seabed features: Lemnos basin, Athos
basin, Skyros basin, Kafireas strait, Myconos-Ikaria strait.
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The south-central Aegean exhibits a completely different structure during the
pre/post-EMT periods. A two-layer stratification in both areas during the pre-EMT
period changed in a compound mode during the EMT phase. In central Aegean warm
and saline surface water masses existed on top of cold and less saline trapped deep
layers (Figure 4.11, 2™ row ©/S/ce panels). During the winter cruises of 2005 and
2006 a much weaker stratification was observed, resulting to an almost uniform dense
water column in 2006 of 29.15-29.2 kg.m™ (Figure 4.11, 2" row o panel). The DWF
processes described in section 4, replenish the intermediate layers of the Aegean sub-
basins. The evolution of the deep layer characteristics during the EMT is presented in
Figure 4.12, where the average deep (below 600 m, extracted from MEDATLAS II
database) temperature, salinity and density was computed form data obtained during
cruises from 1986 to 2006 [MEDAR Group, 2002]. Because the pre-EMT
temperature/salinity patterns of the deep layers of the central and south Aegean basins
were similar (Figure 4.11, 2" and 3" row ©/S/ce panels, 1987; Figure 4.12), and the
bottom density of the central basin was higher than that in the south Aegean at that
time, it seems likely that the deep waters of the central basin acted as a reserve supply
of dense water for the deeper part of the southern basin. In fact, while salinity
increased at deep layers in both basins, it was compensated by a temperature increase
that resulted in a decrease of deep water density in the central Aegean, while there
was a marked increase of density in the southern Aegean deep waters compared to
pre-EMT stratification (Figure 4.11, 2™ and 3™ row ©/S/ce panels; Figure 4.12).
Furthermore, the coupling of the central-south Aegean deep layers is complicated, due
to entrainment phenomena, underlined from the greater densities in Chios than in

Cretan basin, during the first stages of the EMT (Figure 4.12).
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The very complicated topography of the Aegean Sea can also play a role in the
evolution of deep water characteristics. The topographic differences between the
north and central Aegean, highlighted by the hypsographic diagrams in Figure 4.13,
can explain the density differences in the deep layers. Lemnos and Athos basins are
very abrupt with a wide, shallow shelf and contrasting deep depression, favorable for
replenishment by abrupt pulses of DWF on shelf regions such as the Lemnos-Lesvos
plateau. The Chios basin is more like a V-shaped basin with gradual depth change
(Figure 4.13), and easier to replace deep water masses by thermohaline circulation
cell. However, in central Aegean in Skyros basin the seabed topography is similar
with the north Aegean Athos and Lemnos basins (Figure 4.13), and the deep water
thermohaline properties deviate from those in Chios basin (Figures 4.4 and 4.9). This
effect of topography on deep water mass renewal can explain the density differences
between the depressions in the north and central Aegean. Although temperature,
salinity and density increased during the EMT in all northern deep basins, the density
of the central Aegean appears lower in the post-EMT, where renewal processes are

favored by the local topography.
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Figure 4.10 Transects of ©® (°C), S, ce (kg.m™) and oxygen concentration (mL1t"), of 6 CTD stations in the winter of 2006 at Chios basin in
the Central Aegean (CAg); inside map green large dot denote initial station, following a SW-NE direction of the magenta section (small green

dots); top axis indicating the code names of the stations during the cruise; lower axis are in distance (km) from the initial station; major seabed
features: Chios basin.
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The EMT signal inside the Cretan Sea has recently declined [Theocharis et al.,
2006; Sofianos et al., 2007; Vervatis et al., 2009] confirming its transitional character.
However, it is still remaining strong enough to obscure a clear understanding of the
dynamics of the Aegean, since the CDW remains extremely dense (29.32-29.34
kg.m™ below 2000 m) and because the TMW evolution masks the change of the

intermediate layers in the Cretan Sea.
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Figure 4.11 Map panels: Aegean Sea winter hydrographic stations for the years
1987 (pre-EMT), 2005 and 2006 (post-EMT); North Aegean (NAg): blue dots at
Lemnos basin; Central Aegean (CAg): green dots at Chios basin; South Aegean
(SAg): red dots at central-eastern Cretan basin. ®/S/cg panels: Averaged profiles of ®

(°C), S and oe (kg.m™), for all three major sub-basins.
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Figure 4.12 ©/S/cg properties of the Aegean deep layers (averaged data below 600
m) during the pre/post-EMT period (1986-2006). Lemnos (North Aegean-NAg, blue
circles), Chios (Central Aegean-CAg, green squares) and eastern Cretan (South
Aegean-SAg, red diamonds) sub-basins.

The TMW intrusion through Kassos strait is captured from the data retrieved
during the drift of the Float-2058 (Figure 4.14). The float was following the general
circulation of the region and was trapped in the eastern Cretan cyclone during the first
four operational months. Close to Kassos strait the Float-2058 was transported by the
circulation out of the Aegean Sea. The anomalous bathymetry of the Aegean
constrained the drifting distance of the float during the parking depth intervals, while
in the deep Levantine basin the float travelled further south in shorter time period

(about twice the distance in half of the drifting period).
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The features related to water masses monitored from the Float-2058 (Figure
4.14) is the following: (1) the seasonal halocline; (2) possible intrusion of subsurface
MAW lenses (salinity lower than 38.75) in the Aegean; (3) the TMW intrusion
(salinity at 38.85-38.95) in the Aegean; (4) the CDW of relatively high salinity
(greater than 39.03); and (5) the uplift of the relatively less saline core (about 38.75)
of the old EMDW of Adriatic origin just outside the Kassos strait. The TMW is
penetrating NW in the Cretan basin at intermediate levels. In order to investigate the
dynamics governing the Cretan Sea water column structure a question is posed: what
is the interannual variability of the Cretan thermohaline structure during the post-

EMT period?

In the early post-EMT period the TMW core in the eastern Cretan basin was at
~250 m, blocking the LIW intrusion, whilst during the winter cruise of 2006 the core
has deepened to ~750 m (Figure 4.15). Thus, the TMW core has retreated to the
Kassos sill depth following the CDW outflow deflation. From 2002 and till the cruises
in 2005 and 2006 there is a decrease in salinity values in the deep Cretan layers
(Figure 4.15). The latter coincide with the fact that there is no CDW outflow through
the deepest parts of Kassos strait since 2002 [Roether et al., 2007]. By examining the
®-S diagram in Figure 4.15 the TMW core forms a characteristic “knee” bounded
from two isopycnal surfaces, the 29.15 kg.m™ and 29.25 kg.m™, while its core salinity
has fluctuated reaching in 2006 the 1994 values. However, in 2008, the last year in
which the TMW is monitored inside the Aegean the salinity core was increased to a
maximum value of 38.95, indicating that the dynamics of the intrusion is reduced. In
fact, the attenuation of the TMW intrusion in the Aegean unveils that the continuum

of this reversal exchange between the two adjacent basins is controversial. The latest
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of the data submitted for the years 2010 and 2011 is presenting the permanent
interruption of the TMW intrusion, whereas only LIW it is now intruding at
intermediate depths in the south Aegean. In Figure 4.15, the intermediate water mass
with typical salinity characteristics of Levantine origin (i.e. the LIW) in 2010 and
2011 is monitored below the 200 m depth and above the isopycnal surface of 29.15
kg.m™. In this current phase below the LIW, it is now present the CIW. This is the
water column bounded from the two isopycnal surfaces of 29.15 kg.m™ and 29.25

kg.m™, and also the Kassos sill level (Figure 4.15).
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Figure 4.14  Spatiotemporal salinity transect of Float-2058. Spatial drift (magenta
trajectory inside map) from eastern Cretan basin (black diamond inside map: initial
profile) towards northwestern Levantine basin, through Kassos strait. Temporal
period 245 days (14 March 2005 till 14 November 2005; initial profile plus 49 casts,
with an operational cycle every five days/cast).
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Figure 4.15 Hovmoller diagram of salinity in the eastern Cretan basin (stations
depicted inside map) during the post-EMT period (superimposed isopycnal surfaces
of 29.15 kg.m’3, 29.25 kg.m’3, the TMW, o evolution as a function of depth, and
Kassos sill depth: dashed horizontal line at 1000m). NODC data (years 1994-2003
and 2010-2011), cruises CTD data (years 2005-2006) and profiling data (years 2007-
2008) retrieved from Float-2041, are plotted in a ®-S diagram; superimposed average
profile (gray solid line) and linear regression equation (gray dashed line; seasonal
thermocline excluded).

4.6 Summary and Discussion

Two winter cruises in the late post-EMT period were conducted during the
winter season of 2005 and 2006 aiming at depicting the distribution of the
thermohaline properties and possible DWF processes in the Aegean Sea. Previous
studies highlighted the dramatic changes that took place in the region during the EMT

[Gertman et al., 1990, 2006; Roether et al., 1996, 2007]. With respect to the last
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decade observational studies [Balopoulos et al., 1999; Kontoyiannis et al., 1999;
Tsimplis et al., 1999; Theocharis et al., 1999a, 1999b; Georgopoulos et al., 2000;
Zervakis et al., 2000, 2003, 2004; Lykousis et al., 2002], the cruises designed to
portray the water mass changes in the deep basins of the north and south Aegean. The
decoupled surface and deep water masses, unveiled an intermediate conveyor belt
coupling the Aegean sub-basins. A distinct “X-shape” O-S emphasizes that the
intermediate layers connects the basins through a main thermohaline cell. Occasional
deep water formation processes replenish the deep layers while the intermediate

waters serve in their preconditioning.

Intrusive water masses from adjacent basins, such as the Levantine and Black
Seas influence the surface variability of the region, masking local effects. The deep
layers of the three major bottom depressions of the Aegean Sea are decoupled from
each other due to the very irregular seabed topography. Intermediate layers are
replenished through buoyancy loss of the saline LSW. Both open ocean (Chios and
Skyros basins) and shelf convection (Lemnos-Lesvos plateau) DWF processes were
monitored in the central Aegean. Intermediate dense waters were formed locally as a
mixture of LW and local waters, recirculating at intermediate depths across the north-
central Aegean. On the other hand, the south Aegean appears greatly influenced by
the eastern Mediterranean general circulation and water mass distribution, especially
under the EMT status. The south Aegean intermediate layers with a core at 750 m are
influenced by the TMW intrusion in the Cretan Sea, a mixture of the LIW and the old

EMDW entering at sill depth of the Kassos strait from the adjacent Levantine basin.

In order to quantify the variability of the water mass properties related to the

EMT and its phases, a pre-EMT reference year, 1987, was selected to be compared
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with data from the winter cruises of 2005 and 2006. During the winter of 1987,
relatively fresh and less dense waters are monitored in the deep layers. The BSW
from the Dardanelles and the LSW/LIW intrusion from the Cretan arc straits governed
the Aegean surface layers. However, this status changed dramatically during the
EMT, due to the abrupt displacement of the deep Aegean waters, together with the
significant TMW intrusion. In the post-EMT period, the TMW layer has similar
characteristics with the dense water masses in pre-EMT period [Zervakis et al., 2000].
Furthermore, those properties are very much alike to the central Aegean DWF
properties monitored in the two recent winter cruises during 2005 and 2006.
Therefore, the DWF processes in the central Aegean could not only trigger the
intermediate conveyor belt, but also act as an EMT relaxation mechanism inside the

Aegean.

Following Roether et al., [2007] and by examining the fluctuations of the
salinity in the deep layers below the Kassos sill (Figure 4.15; below 1000 m), it is
obvious that the Aegean formation continued with a non negligible rate during the
early post-EMT period, contributing in the Aegean outflow till the year 2002. In order
to calculate this rate two estimates are taken under consideration (Figure 4.16); the
one suggested from Roether et al., [2007] based on CFC-12 concentrations, which is
the anthropogenic tracer CF,Cl, used as an index of near-surface waters; the other
calculated from the TMW core retreat integrated over the period of interest. Roether
et al., [2007] argued of a CDW outflow at about 0.5% 10" m?, whereas for a retreat of
approximately 350 m of the TMW it is computed a volume of 0.1x10'* m’. The
difference of the previous two volumes, results to the total production volume
0.4x10" m? of dense waters in the Aegean for the 1994-2002 period. That is equal to

an average formation rate of approximately 0.15 Sv for the integrated period.
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Figure 4.16 Schematic presentation of the TMWcore, Retreat due to CDWoutiow
deflation (after Roether et al., [2007]) integrated over the post-EMT period 1994-
2002 (gray thick arrows represent volume of water in m’). Black pathways inside
bathymetric map (colorbar in meters) indicate CDWoumow from the Cretan Sea
towards the eastern Mediterranean through Kassos strait.
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Chapter 5

Mechanisms Controlling the Thermohaline Circulation
Pattern Variability in the Aegean-Levantine Region; A
Hindcast Simulation (1960-2000) with an Eddy Resolving

Model.

5.1 Introduction

The Aegean and Levantine Seas are occupying the easternmost part of the
Mediterranean Sea. Observational [Roether et al., 1996; Theocharis et al., 1999a,
1999b; Zervakis et al., 2000, 2004; Velaoras and Lascaratos, 2005, 2010; Gertman et
al., 2006; Olson et al., 2007; Vervatis et al., 2011] and numerical studies [Zavatarelli
and Mellor, 1995; Wu et al., 2000; Korres et al., 2002; Nittis et al., 2003; Bozec et al.,

2006; Skliris et al., 2007], point out a complicated picture of the regional dynamics,

105



Chapter 5. Mechanisms Controlling the Aegean-Levantine THC

subject to strong variability at various timescales, intense circulation patterns, water
mass formation and strong forcing of both wind and thermohaline character. Due to
their small volume the two seas are characterized by very small inertia to climatic
variability. The residence time of the intermediate layers in eastern Mediterranean has
been estimated at about 50 years [Bethoux et al., 2002] and for deep layers around
100 years [Roether and Schlitzer, 1991]. The turnover time for the deep layers of the
Aegean Sea is of the order of a few decades [Zervakis et al., 2003]. Significant
variability of the thermohaline characteristics has been observed in all layers and
Mediterranean sub-basins. Understanding the mechanisms involved in this variability
and the relative importance of the forcing patterns is important for explaining the
regional dynamics and in general, the response of the oceanic systems to climate
variability. Despite the progress achieved during the last decades, there are still
questions to be answered concerning the dynamics and the thermohaline variability of

the region.

The above mentioned studies agree to a general surface cyclonic circulation in
the two basins, superimposed to a system of thermohaline cells. This simple,
stationary picture has been changed in the 1980s. The discovery of important sub-
basin circulation features and of the most dramatic climatic shift, namely the Eastern
Mediterranean Transient (EMT), during the last decades of the 20" century changed
our ideas about the dynamics and sensitivity of the region [POEM Group, 1992].
During the EMT large amounts of Cretan Deep Water (CDW) spread out through the
Cretan arc straits and simultaneously uplifted the old Eastern Mediterranean Deep
Water (EMDW) of Adriatic origin. This dramatic event was attributed to changes in
the air-sea interaction and regional circulation, including a salinity increase in the

Aegean that acted as preconditioning and extreme cooling in late 1980s early 1990s
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[Lascaratos et al., 1999; Theocharis et al., 1999a, 1999b]. Zervakis et al., [2000] also
suggested that a reduction of the Black Sea Water (BSW) inflow in the Aegean Sea,
during the same period, also played a role in the formation events in the north

Aegean.

Lascaratos et al., [1999] were the first to attempt a numerical simulation of
the EMT event. According to their numerical experiments, the large Dense Water
Formation (DWF) rate during the EMT was due to the high intensity of the
atmospheric forcing which resulted in filling the Cretan deep basins. The dense waters
flooded the Aegean basin and outflowed first through the eastern Cretan arc straits
into the Levantine and then through the western Cretan arc straits in the Ionian Sea. In
another early modeling study Samuel et al., [1999] made a step forward and suggested
that the intensification of northerly winds increased the exchange of the Cretan arc
straits, leading to increased inflow of the very saline Levantine Intermediate Water
(LIW), and thus to an increase of the salinity inside the Aegean. On the other hand,
Wu et al., [2000], focused on the convection events of the north Aegean cold and
fresh waters with Levantine origin waters, by imposing anomalous heat loss fluxes for
seven sequential years. In their numerical study, Stratford and Haines [2002]
combined the previous mechanisms, indicating the secondary role of the wind with
respect to the buoyancy forcing, suggesting that the winter cooling of the years 1987,
1992 and 1993 can initiate from its own the DWF of the EMT event. Nittis et al.,
[2003] wusing additional sensitivity numerical experiments as an extension of
Lascaratos et al., [1999] work, found similar results with the previous authors and
highlighted the exceptional cold winters, together with the freshwater anomalies
during the dry period 1989-1992 and the reduction of BSW, as important forcing

mechanisms of the EMT. Finally, in the latest modeling study of the EMT, Beuvier et
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al., [2010] highlighted the atmospheric fluxes and winds occurring in winters of 1991-
1992 and 1992-1993, as major triggering elements on weakening the vertical

stratification of the Aegean Sea.

All these modeling studies helped improve our understanding on the causes of
the EMT, especially the effects of abnormal air-sea fluxes at basin and sub-basin
scales, but their relatively low resolution hindered their ability in reproducing the
regional circulation patterns. This is more important in an area of very complicated
topography, including narrow straits where intense water exchange is taking place.
Thus, the added value of the present dissertation is the high-resolution of both ocean
model and atmospheric forcing, which is expected to result in a more realistic way of
the regional dynamics. The eddy-resolving model, allows a detailed analyses of the
Aegean’s complicated thermohaline cell. The objectives of Chapter 5 are: (1) to
assess the Aegean-Levantine thermohaline sensitivity to the atmospheric and/or
lateral forcing; and (2) to unveil the regional 3-D thermohaline structure in the EMT

framework.

The numerical model, the air-sea coupling and the validation of the simulation
for the period 1960-2000, are presented in section 5.2. Simulation results focusing on
the forcing mechanisms and the ocean response prior/during the EMT are presented in
section 5.3. Finally, in section 5.4 the work is summarized and the main conclusions

of Chapter 5 are presented.
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5.2 Model Configuration

The ALERMO covers the eastern part of the Mediterranean Sea and it is
analytically described in Chapter 3 (section 3.3.2; Figures 3.6 and 3.7). In Figure 5.1
the major topographic features of the ALERMO are depicted, discussed in the

following sections of Chapter 5.
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Figure 5.1 ALERMO bathymetry and major topographic features. Rivers and
straits (coastal cyan dots): 1-Thermaikos, 2-Evros, 3-Dardanelles, 4-Nile. Open
boundary at 20°E (cyan line). Domains: Aegean Sea-black, Levantine Sea-magenta;
north Aegean-blue; central Aegean-green; south Aegean-red. Transect-A:
Aegean/Levantine meridional section.
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5.2.1 [Initialization and Open Boundary Conditions

The simulation covers the period 1960-2000, in order to include the
preconditioning of the EMT. The model is initialized from a 6" year steady-state
climatological run, initialized by the MEDATLAS 1I climatology [MEDAR Group,
2002], forced by the ARPERA [Hermann and Somot, 2008] climatological fluxes
computed for the period 1960-2000. The climatological run is followed by a 2-year
spin-up interannual run (1960-1961), to obtain a quasi-steady state of the initial
thermohaline circulation. The same initialization techniques, with similar regional
ocean models and same configuration and spin-up period, have been used in previous
interannual modeling studies of the Mediterranean Sea based on POM [Nittis et al.,
2003; Oddo et al., 2005; Mantziafou and Lascaratos, 2008]. The lateral open
boundary conditions used at the western open boundary (see also Chapter 3, section
3.3.4) are the following: (a) for the internal baroclinic mode (3-D sigma layer
equations), a Sommerfeld radiation condition is used for the normal to the open
boundary internal velocity [Sommerfeld, 1979; Blumberg and Mellor, 1987], whereas
for the tangential velocity component and the scalar quantities an upstream advection
scheme is applied, (b) for the external barotropic mode (2-D depth integrated
equations), a modified Flather’s free radiation condition (i.e. combination of
Sommerfeld radiation condition with the continuity equation) for the normal to the
open boundary depth averaged velocity [e.g. Korres and Lascaratos, 2003] and a zero

gradient condition for the free surface elevation are imposed.

The ALERMO in the hindcast run is one-way nested to the coarse OPAMED

oceanographic model. The OPAMED has a resolution 1/8 of a degree, described in
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details in Somot [2005] and Somot et al., [2006], and is the Mediterranean limited areca
8.1 version of the OGCM OPA model [Madec et al., 1998]. In the case of inflow the
open lateral boundary conditions for ALERMO temperature and salinity at 20°E, of
each selected year, are provided at each time step by the time-interpolated monthly
averaged outputs of the corresponding year in the OPAMED simulation performed by
Somot et al., [2006]. The OPAMED simulation also provides the mid-summer

(August) 1960 year initial conditions (Figure 5.2).
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Figure 5.2 ARPERA domain and grid (pole in Tyrrhenian Sea; Initial air
temperature °C field at 01/08/1960 12.00 UTC). OPAMED domain (initial SST °C
field at August 1960).
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5.2.2 Dardanelles Strait and River Runoff

For the parameterization of the Dardanelles (in 1 coastal node), it is followed
the similar method with the climatological run (Chapter 3; section 3.3.5), thus an open
boundary condition of a two-layer inflow/outflow and imposed ®/S values are
applied. The inflow/outflow rates follow a “perpetual” climatological cycle (see
Figure 3.13), due to a lack of long-term observational data in the Dardanelles. Thus,
the effects of interannual variability of the BSW inflow in the Aegean Sea are not

explicitly resolved by the modeling experiment.

The Nile, Evros and Thermaikos rivers runoff is parameterized according to
the formulation used in Kourafalou et al., [1996] (Chapter 3; section 3.3.5). The water
discharge is introduced as a source point covering the Nile delta (in 75 coastal nodes),
whereas Evros and Thermaikos are treated as single coastal notes (Figure 5.1). The
Nile and Evros rivers annual mean fresh water discharge and the volume surplus of
zero-salinity water are modeled as described in Sk/iris et al., [2007]. Especially for the
Nile river the outflow rate is considered to be 2700 m’.s™ with a seasonal sinusoidal
oscillation prior to Aswan Dam construction in 1964 [Rahmstorf, 1998] and 150 m’.s”

! after the damming with constant amplitude [Wadie, 1984].

5.2.3 Atmospheric Forcing

The model incorporates a 6-hour atmospheric forcing provided by the

ARPERA [Hermann and Somot, 2008]. The atmospheric dataset is extracted from the
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dynamical downscale run of the ARPEGE-Climate model [Deque and Piedelievre,
1995], with a pole located in the Tyrrhenian Sea and a resolution of ~50 km over the
Mediterranean [Sotillo et al., 2005] (Figure 5.2; grid stretched over the Mediterranean
Sea), driven by ERA40 reanalysis and coupled with OPAMED. In the interannual run
the imposed momentum and water/heat fluxes are provided by ARPERA. Since
ARPERA is a product of the ARPEGE-OPAMED downscale run, in order to ensure
consistency of the air-sea fluxes, a weak correction term with a restoring time scale of
14-days was added as a heat/salt relaxation towards OPAMED. A climatological
forcing, computed offline from the ARPERA, was used in the 6-years spin-up of the

ALERMO (see also Chapter 3).

5.2.4 Validation of the 1960-2000 Simulation

In order to ensure that the experiment captures the observed variability, a 40-
years validation was performed, using SST and temperature/salinity time series of the
Aegean-Levantines Seas, derived from published interannual gridded databases
(Figure 5.3; OAFlux [Yu and Weller, 2007; Yu et al., 2008], NOCS v.2 [Berry and
Kent, 2009, 2010], GOS-OISST [Marullo et al., 2007], COADS [da Silva et al.,
1994], ARPERA [Hermann and Somot, 2008], MEDATLAS Il [MEDAR Group,
2002; Rixen et al., 2005]). The ALERMO reproduces very well the SST interannual
variability. In both basins we calculate large correlation coefficients in comparison
with the databases (Table 5.1). The model’s SST is biased by about -0.3 °C closely
following the coarser OPAMED. The water column potential temperature is

significantly biased compared with Rixen et al., [2005] approximately by about -0.2
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°C, probably due to the initialization field, whereas for the interannual variations we
calculate a high correlation coefficient for both the Aegean and Levantine Seas (Table
5.1). The basins total salinity is also in good agreement with Rixen et al., [2005], not
showing any noticeable bias. The interannual variations of the total salinity show less
agreement with the observations as compared with temperature. The salinity
correlation coefficient of the Aegean is (r=0.63, p<0.05; Table 5.1), whilst not
showing any statistically significant correlation for the Levantine basin. Although
there is a significant cold bias and the salinity variations in the Levantine are poorly
represented by the model, the o data of the c-coordinated ALERMO are highly
correlated with the observations and within the standard deviation of the
MEDATLAS II database. The added value of the high-resolution ALERMO is the
simulation of denser water column properties compared to the coarser OPAMED,
especially during the EMT period (Figure 5.3). Taking into account that the
thermohaline properties could be overestimated in Rixen et al., [2005] due to
undersampling (especially in the deep layers [Beuvier et al., 2010]), we argue that our
model reproduces the interannual variability of the two basins, in good agreement

with observations, over the 1960-2000 simulation period.

Table 5.1 Correlation coefficients r at a 95% (p<0.05) confidence interval
between ALERMO and databases that are independent of the forcing, nesting and
relaxation used in the model. *n.s.s. means “not statistically significant™ correlation.

r (p<0.05) OAFlux NOCS GOS-OISST  COADS

ALERMO  Aegean 0.87 0.83 0.96 0.88
SST Levantine 0.92 0.94 0.95 0.89
MEDATLAS II

1 (p<0.05) Salinity G Go
ALERMO  Aegean 0.63 0.87 0.85
thermoha}hne Levantine n.s.s.* 0.82 0.80
properties
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Figure 5.3 ALERMO SST (°C) validation and entire water column thermohaline properties, versus air-sea databases (see references in
section 5.2.4) for the Aegean-Levantine Seas =+ std interval (gray areas).

115



Chapter 5. Mechanisms Controlling the Aegean-Levantine THC

5.3 Simulation Results

5.3.1 Long-Term Atmospheric and Oceanic Variability

The anomalous heat loss (Q',,,) in the Aegean-Levantine basins is mostly
determined by the turbulent fluxes (latent Q’, and sensible Q' , Figure 5.4), presenting
larger variability compared with the radiative fluxes (longwave and shortwave). The
latent, and to a lesser extent, the sensible heat fluxes dominate the anomalies in winter
heat loss [Josey, 2003; Josey et al., 2011]. For example, the heat loss anomaly during
the 1993 winter that was estimated at 90 W.m’z, is associated with 60 W.m™ and 30
W.m™ for the latent and sensible heat flux anomalies, respectively. Prior to the EMT
period, the two regions experienced intense heat loss during the mid-1970s [Josey,
2003] and early-1980s [Nittis et al., 2003]. In addition, the Levantine underwent
strong heat loss during the mid-1960s, compared to the Aegean. Increase of
evaporation and reduction of precipitation, in both regions, in the mid-1980s and
early-1990s resulted to a strong anomalous freshwater loss (P — E)". The larger
freshwater loss is found in the Aegean, during the 1993 winter, exceeding 0.8 m.yr
(Figure 5.4). Intense freshwater loss, comparable to the EMT period, is also observed

during the early-1970s in the Levantine basin.

Intense dense water formation in both regions coincides with the temporal
variability of the winter heat loss anomaly (Figures 5.4 and 5.5). Considerable

formation of intermediate and/or deep waters was observed during the whole period
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of simulation (Figure 5.5). The LIW formation, characterized by 6¢>28.90 kg.m™, as
suggested by many authors in the past [Lacombe and Tchernia, 1972; Hecht, 1986;
Lascaratos et al., 1993; Stratford and Williams, 1997; Theocharis et al., 1999a], was
estimated at an average of 1.16 Sv over the 40 years. This is in good agreement with
previous estimates based on a variety of different methods, with typical formation
rates of 1.0 Sv [Ovchinnikov, 1984; Lascaratos, 1993; Tziperman and Speer, 1994;
Nittis and Lascaratos, 1998]. LIW formation presents strong interannual to decadal
variability, ranging from values lesser than 0.3 Sv to larger than 3 Sv. A Similar
formation variability is also observed in the Aegean. The Aegean Intermediate Water
(AgIW), typically characterized by 29.1 kg.m><6e<29.2 kg.m>, is formed in the
central Aegean above Lemnos-Lesvos plateau (shelf convection) and Chios basin
(open ocean convection) [Gertman et al., 2006; Vervatis et al., 2011]. Intermediate
waters in the same ce range is also formed in the south Aegean, known as the Cretan
Intermediate Water (CIW) [Schlitzer et al., 1991; Theocharis et al., 1993; 1999a;
Roether et al., 1998]. The south Aegean is the primary formation site for intermediate
waters (55%), whereas smaller formation rates occur in the central Aegean (39%) for
the integrated period 1961-2000, in agreement with Nittis et al., [2003] (Figure 5.5).
Central Aegean DWF accounts for about 74% of the Aegean’s total formation rate
with 66>29.2 kg.m™, and 87% with 6>29.3 kg.m™. The Aegean’s ability to produce
the densest waters in the Mediterranean is reflected in the interannual formation of
waters with 6¢>29.3 kg.m™. Highest production rates are observed in the mid-1970s
[Josey, 2003] and the early-1990s [Roether et al., 1996]. Smaller formation rates,
accounting for approximately 5-6% of the intermediate and deep waters, are attributed
to the north Aegean. In this area formation is located south of the BSW front at the

shelf break of Lemnos-Lesvos plateau [Nittis et al., 2003].
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Figure 5.4  Anomalous winter (NDJF) net heat flux Q' (W.m™), turbulent fluxes

net

Q', (latent) and Q’, (sensible) and freshwater flux (P-E)’ (m.yr") in the Aegean

(black)-Levantine (magenta) Seas. Year values refer to the year in which the January
of each winter occurs. Negative (positive) values denote loss (gain) for the ocean.

Based on modeling results, Lascaratos et al., [1999] and later Nittis et al.,
[2003] estimated a formation volume in the Aegean of 3.2 Sv (1Sv = 365 x
86400 x 106 m3) and 3.1 Sv for 66>29.2 kg.m™ during 1987-1993, respectively. For
the same period Beuvier et al., [2010] estimated a formation volume of only 2.32 Sv.
The larger simulated DWF volume presented so far was given by Rupolo et al.,
[2003] at 4.2 Sv over 1988-1993. On the other hand, Roether et al. [1996], based on
observational data, estimated almost two times larger volume of 7.3 Sv. DWF volume

in the present study are estimated at 3.41 Sv (c>29.2 kg.m™, over the 1987-1993,
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Figure 5.5), significantly larger than previous modeling studies [Nittis et al., 2003;
Beuvier et al., 2010]. Moderate formation rates may also occurred in milder winters
(i.e. 1988, 1991), whereas for the extreme 1993 winter the DWF reached the annually
averaged value of 1.18 Sv in good agreement with Nittis et al., [2003] at 1.31 Sv and
Beuvier et al., [2010] at 1.22 Sv. The ALERMO formation rates are more accurate
than the formation rates presented by the coarser OPAMED (less than 0.4 Sv and 0.8
Sv in 1993, for thresholds 6¢>29.1 kg.m™ and 66>29.2 kg.m™, respectively; [Somot
and Colin, 2008]). The total Aegean volume is 2.38 Sv (or 7.5x10" m’ calculated
from the ALERMO domain/bathymetry) and the production of dense waters during
the EMT (ce>29.2 kg.m™, over the 1987-1993) accounts for the 143% of the Aegean
total volume and for the 38% of the total formation over the 40 years run. The average
DWEF rate (69>29.2 kg.m'3) over the four decades is estimated at 0.23 Sv, which is
comparable with the Adriatic Sea deep water formation rates of 0.31 Sv [Schlitzer et
al., 1991; Lascaratos et al., 1993; Mantziafou and Lascaratos, 2004], showing that
the Aegean is an important dense water contributor to the eastern Mediterranean deep
layers [Roether et al., 2007]. A massive outflow of dense waters of Aegean origin
started in 1991 and was intensified after the extreme formation event of the 1993
winter, in agreement with previous observational and/or modeling studies [Roether et

al., 2007; Beuvier et al., 2010].

How do these abnormal air-sea fluxes and formation processes affect the
structure of the water column over the 1960-2000 period? In order to answer this
question, we focus in areas where recent observational studies were carried out
[Gertman et al., 2006; Sayin and Besiktepe, 2010; Vervatis et al., 2011; Sayin et al.,
2011], namely the Lemnos, Chios and eastern Cretan deep basins, to monitor the

Aegean’s thermohaline properties, and the Rhodes Gyre area for the Levantine basin
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(Figure 5.6). According to the above mentioned studies the north-central Aegean prior
to the 1993 winter was filled up to approximately 400 m with dense waters of cg
larger than 29.3 kg.m™. This picture deviates significantly from previous simulation
approaches [Nittis et al., 2003; Beuvier et al., 2010] presenting less dense waters in
the Aegean deep concavities during the pre-EMT period. In our model moderate
formation events in central Aegean during the mid-1960s (Figure 5.5) maintain large
6o values in Lemnos and Chios basins of 29.4 kg.m™ and 29.3 kg.m™ (Figure 5.6),
respectively. After the negligible formation during the 1970 and 1971 (Figure 5.5)
followed by a significant e drop in the deep layers, the north-central Aegean loses
buoyancy and form dense enough waters to reach the sea-bed during the mid-1970s
(Figure 5.6). Fluctuations of large ce values above the region’s deepest sills (i.e. St.
Eustratius and Myconos-Ikaria sills, Figure 5.6) observed from that period and till the
late-1990s, suggest possible intermediate coupling of the neighboring basins [ Vervatis
et al., 2011]. From the early-1980s till the winter of 1993 the deep concavities of the
north-central Aegean flooded with dense waters at 29.4 kg.m™ (Figure 5.6). The
eastern Cretan basin presents less dense waters and weaker stratification, where after
the anomalous forcing during the mid-1970s [Josey et al., 2003] (Figure 5.4), ce
reaches 29.2 kg.m™ at 300 m in 1993 and 29.3 kg.m” at Kassos sill level
(approximately 800 m, Figure 5.6). A gradual rise of the 29.2 kg.m™ isopycnal layer
from the mid-1980s is observed also in northwestern Levantine (Rhodes Gyre area,
Figure 5.6), reaching Kassos sill level during 1994-2000 as a result of the Aegean’s

massive outflow [Roether et al., 2007].

The abrupt changes in the water column structure during the first stages of the
EMT (late-1980s), were also influenced by the lateral salt fluxes at the surface and

intermediate layers in the south-central Aegean (Figure 5.6). A moderate salinity
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increase in the same regions was also observed during the early-1960s and mid-1970s,
associated with less intense formation processes (Figure 5.5). The central-south
Aegean shows a large interannual to decadal variability in salinity (Figure 5.6), with
high values at intermediate and deep layers during intense formation periods and
lower values during less active formation periods (Figure 5.5). The north Aegean
follows the same salinity fluctuations with one year lag (Figure 5.6) possibly due to
lateral input, because of the insulation role of the less dense BSW in the surface layer.
The EMDW volume in the deep northwestern Levantine (outside the Cretan arc

straits) presents long-term decadal variability (Figure 5.6).
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Figure 5.5  Annual formation rate (in Sv) of intermediate/dense water in the Aegean (black), sub-basins (blue: north Aeg., green: central
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The Aegean thermohaline open cell upper branch starts at Kassos and
Karpathos straits with the intrusion of the saline LSW and subsequently through
Myconos-lkaria strait (Figure 5.7). In the central Aegean winter time enhanced
buoyancy loss produces intermediate/deep waters (Figure 5.5) that spread in the
adjacent sub-basins through Myconos-Ikaria and St. Eustratius channels. In the north
Aegean the intruding waters are denser than in the south Aegean (Figure 5.7) due to
different formation processes and less mixing. In Myconos-Ikaria strait at sill depth
the densities are larger than 29.3 kg.m™ after the mid-1970s with a peak in 1993
(Figure 5.7). Those water masses are undergone significant mixing and it is only
during the extreme 1993 formation (Figure 5.5) when the eastern Cretan basin is filled
up to Kassos sill level with 29.3 kg.m™ (Figure 5.6). The Aegean intermediate/dense
waters are outflowing into the eastern Mediterranean, through the Cretan arc straits
(Figure 5.7). Recent observational studies [Sofianos et al., 2007; Vervatis et al., 2009]
presented a deep inflow (with lower salinity than the local waters) from the Levantine
to the Aegean through Kassos sill levels during the post-EMT period. The present
modeling study shows the same deep feedback between the two basins not only
during the post-EMT period, but also during the 1960s (Figure 5.7). The latter is in
agreement with observations made by Charnock and Miller [Miller et al., 1970] in the
Cretan Sea in March 1962, where the deep waters are separated from the surface
waters (above 500 m depth) by the lower salinity Transitional Mediterranean Water

(TMW).
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5.3.2 Impact of the Atmospheric and Lateral Forcing on the Thermohaline

Buoyancy Content Evolution

The variation of the basin buoyancy content (4By,s,) due to temperature

(4Br,,.,,) and salinity (4Bg, . ) variations (in m”.s~) are given by the equations:

L, or
A Thasin gaV A E
AB = p.vV.A™1 95 (5.1)
Shasin — g.p.Vv. .at .

where A (m?) and V (m’) are the surface and volume of the basin under consideration
(volume to surface ratios: V.A™ Acgean=405 m, VA" vantine=485 m), g=9.81 m.s™ is
the gravitational acceleration, a=2.49x10* K™ and p=7.45x10"* are the thermal and
haline expansion coefficients, respectively, and 0T /dt and dS/dt are the rates of
temperature and salinity change in units (K.s™) and (s™), respectively. The surface

buoyancy fluxes Br_ face and Bg_ face (both in unit m*.s) due to net heat loss Q,,.;

(W) and freshwater loss (E — P — R) (m.s™) are calculated from the bulk formulae

[Josey, 2003]:
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— -1 -1 »y4-1
BTsurface =9g.a.pp - Cp A7 Qpet

=—g.b.SSS.(E—P—R) (5.2)

Ssurface

where p,=1028 kg.m™ is a reference density for the Aegean-Levantine region,

cp=3993 Jkg' K is the specific heat of water and SSS the surface salinity. The
lateral input introduced from the lateral heat and salt fluxes Ty, /out- Uin/out (K.m.s™)

-1
and Sin/out- Uin/out (m.s )7 are:

BTlateml =9.a.(Tin.- Uiy — Toue- Uoyr)

BSlatemz =—g. b. (Sin- Uin - Sout- Uout) (53)

From equations (5.1, 5.2 and 5.3) and for estimating the cumulative changes in the

buoyancy content we can write:

t t t
j ABbasindt = j BTsurface dt + j BSsurface dt
t=0 t= t=0

=0

t

t
+ f BTlateral dt + f BSlateral dt (54’)
t=0 t

= =0
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Figure 5.7  Hovmoller diagram of annual salinity in the six deepest Aegean straits, connecting north/central/south Aegean, Levantine and
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0.1:0.02:0.1 0.2]).
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The domains of computation are the Aegean and Levantine basins (Figure 5.1;
black and magenta areas). A long-term decrease of the Aegean-Levantine buoyancy
content from the mid-1970s to the early-1990s (Figure 5.81) can be attributed to the
evolution of the thermal content (Figure 5.8c) and from the early-1980s to the haline
content (Figure 5.8f). The Aegean buoyancy content shows larger variability
compared to the Levantine, reaching its lowest value during the 1993 (Figure 5.81).
Major contributors to the decrease of the thermohaline buoyancy content, in both
basins (Figures 5.8c, 5.8f and 5.81), are the surface thermal fluxes (Figures 5.8a) and
the lateral haline anomaly terms (Figures 5.8¢). The surface freshwater anomaly term
(Figure 5.8d) has an insignificant impact on the basin buoyancy content, as indicated
in other studies [Josey, 2003]. The excessive surface heat loss during the mid-1970s,
by about 1.5x10® m%s™ in the Aegean Sea, acted as preconditioning in agreement
with Josey, [2003] (Figures 5.8a and 5.8g). Internal preconditioning from the early-
1980s due to lateral salinity increase [Malanotte-Rizzoli et al., 1999; Samuel et al.,
1999; Theocharis and Kontoyiannis, 1999; Beuvier et al., 2010] induced a weakening
of the stratification, by about 0.9x10® m”.s>, with the changes in the Levantine basin
leading those in the Aegean (Figures 5.8e and 5.8h). Although, both surface heat loss
and lateral salinity input during the pre-EMT period may have been acted as
preconditioning factors, the real triggering element of the EMT is the surface heat loss
anomaly occurred during the winters of 1992 and 1993 (Figures 5.4, 5.8a and 5.8g).
The Aegean-Levantine buoyancy content has been almost recovered to its pre-EMT

state (1960s and early-1970s) by the end of the 20" century.
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5.3.3 Spatial Structure of the Regional Thermohaline Cell: Focus on the EMT

5.3.3.1 Regional Patterns of Anomalous Heat Loss

Josey et al., [2011] using the ARPERA dataset discussed the impact of
atmospheric modes of variability on eastern/western Mediterranean winter heat loss.
Their study showed the presence of a dipole pattern in the heat anomaly fluxes
between the two basins with approximately equal and opposite amplitude of 20 Wm™,
Romanski et al., [2012] focusing on a more regional scale argued that the enhanced
EMT winters were caused by a relative increase in the frequency of storms in eastern
Mediterranean, which brought colder air masses and resulted in anomalously large
turbulent heat loss. They proposed a possible link of the positive East Atlantic/West

Russian pattern (EA/WR) with EMT-like atmospheric forcing conditions.

Our long-term analyses of the model results indicates periods of strong
atmospheric forcing associated with Aegean formation processes (Figures 5.4 and
5.5). Although, during the EMT-period 1987-1993 the average heat fluxes are
negative over the Levantine basin (Figure 5.4), the main formation areas of the region
are subject to a dipolic atmospheric pattern (Figure 5.9). Focusing on the formation
areas, during the EMT-period, the buoyancy loss is larger in the Aegean Sea (i.e. in
central Aegean), compared to the Levantine (i.e. in Rhodes basin) (Figure 5.9). This
corresponds to large winter heat loss associated with anomalous intense cold
northerlies over the Aegean. Opposite conditions are observed during the 1960-1969

period. The Levantine heat loss pattern exhibits an oscillation of opposite sign
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compared to the Aegean. The wind pattern shows that the mechanisms of increased
loss for the Aegean are related to the presence of cold and dry intense northerlies, as
opposed to the presence of warmer and moister air masses over the Levantine basin,
in agreement with Romanski et al., [2012]. The pre-EMT 1970-1986 and post-EMT
1994-2000 winters can be considered as transient periods, where the anomalous heat
losses are shifting between basins. The Aegean-Levantine heat fluxes present a
bimodal oscillation of decadal variability, inducing the Aegean extreme formation
during the 1987-1993 winters and possible enhanced formation in the Levantine basin

during the 1960-1969 winters.

Figure 5.9  Anomalous winter (NDJF) net heat flux Q' . (in W.m?), for the

periods: pre-EMT 1960-1969 and 1970-1986, EMT 1987-1993, and post-EMT 1994-
2000. Superimposed anomalous wind stress (scaled in 0.01 N.m™, one vector in
sixteen is plotted). Negative (positive) values denote loss (gain) for the ocean.
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5.3.3.2 Aegean Dense Water Outflow and Spreading

Evidence of Aegean dense water outflow in eastern Mediterranean through
Kassos and Karpathos straits has been reported in the summer of 1987 under the
POEM framework [POEM Group, 1992; Theocharis et al., 1993]. Roether et al.,
[2007] argued that approximately 75% of the EMT outflow was delivered between
mid-1992 and late-1994 at an average rate of 2.8 Sv. They also argued that after 1994
and up to 2001-2002 another 20% of the total outflow was added. What is the
evolution of the stratification of the Aegean Sea during the EMT period, and what is

the effect of the outflowing waters to the stratification of the deep Levantine layers?

In our hindcast experiment we focus on the EMT period 1987-1993 in which
anomalous winter heat loss induced extreme formation events in the Aegean. During
the 1986 winter most of the north-central Aegean deep concavities were filled up to
the sills with waters of 66>29.3 kg.m™. The bottom density of the central basin is
constantly higher than that of the south Aegean basin (Figures 5.6 and 5.10). Due to
its size and shape (subdivided in smaller basins), the Aegean responds much faster
than the Levantine to the winter heat loss pulses. During the same winter maximum
surface densities in the central Aegean reached 29.1 kg.m™. Water of this low density
value cannot renew the deep layers in Lemnos and Chios basins (Figure 5.10). The
following extreme winters (1987, 1989, 1990, 1992, 1993) intense formation events
of waters of densities at 29.3 kg.m™ (or even higher during the 1993 winter) are
observed in the central Aegean (Figure 5.10). The V-shaped central basin allows

easier replenishment of the deep layers by the thermohaline cell [Vervatis et al., 2011]

132



Chapter 5. Mechanisms Controlling the Aegean-Levantine THC

enhancing lateral coupling (Figure 5.10). Therefore, the central Aegean acts as a
reservoir supply to the north and south Aegean basins. It is only during the extreme
1993 winter when the 29.2 kg.m™ isopycnal outcropped above the eastern Cretan
basin (Figure 5.10). During the 1994 winter the south Aegean deep layers were
replenished with water masses of density greater than 29.3 kg.m”. The Levantine
basin exhibits large variability of the intermediate water masses bounded by the 29.1

kg.m™ and 29.2 kg.m" isopycnal surfaces.

In order to understand the mechanisms behind the formation of very large
amounts of waters, we investigated the potential density at sill level in the deepest
channels of the Aegean (Figures 5.7 and 5.11). Our modelling data agree quite well
with available observations at the sills (Figure 5.11), suggesting a positive validation
of the model results. As it is expected the potential density at the sills increases from
south to north, since the northern channels are closer to the formation areas of the
densest waters in the Aegean (i.e. Lemnos-Lesvos plateau). This is true, despite the
fact that the straits are shallower in the north-central part of the Aegean. The ¢ of the
Aegean outflowing waters exhibits an increasing trend from the early-1970s till the
peak of the 1993 winter (Figure 5.11). The concept that the Aegean is steadily filled
with dense waters seems rather precarious, while the scenario of a frequent
replenishment due to extreme formation pulses and dilution through mixing of the

intermediate/deep layers is more favorable (Figures 5.10 and 5.11).
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topographic structure): Lemnos basin, Lemnos-Lesvos plateau, Chios basin, eastern Cretan basin, Levantine basin.
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Figure 5.11 Monthly model ce values (black line, in kg.m™) across the Aegean
deep channels. Observations of g (blue, green and red dots, in kg.m™) extracted from
the NODC database (http://www.nodc.noaa.gov/).

The pattern of the Aegean’s dense water outflow, during the EMT, determined
the new state of the eastern Mediterranean deep layers. In order to unveil the Aegean
outflow pathways and time scales of deep water dispersion in the Levantine and
Ionian basins during the EMT, we investigate the evolution of the thermohaline
characteristics and the depths of the isopycnal surface 29.21 kg.m™ (Figures 5.12 and
5.13). The main advantage of the high-resolution ALERMO against the coarser
OPAMED [Somot and Colin, 2008] and other modelling approaches of the EMT

[Nittis et al., 2003; Beuvier et al., 2010], is that reproduces a more realistic Aegean
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outflow in agreement with observational studies [Roether et al., 2007], with ce higher
than 29.2 kg.m” during the EMT. The 29.21 kg.m™ isopycnal layer is generated in the
central Aegean formation events, with salinity values larger than 39. The
thermohaline properties of this isopycnal layer are modified across the Aegean due to
entrainment processes (Figure 5.12). The seabed geometry of the south Aegean and
the fact that Kassos is the deepest strait in the Cretan arc, explains the predominance
of the Kassos strait dense water outflow. The thermohaline characteristics of the
CDW outflow through Kassos and Karpathos straits varies between 38.78-38.82 and
13.53-13.67 °C, in agreement with Klein et al., [1999] (Figure 5.12). After the onset
of the outflow through the Kassos and Karpathos straits, CDW quickly filled the
eastern Hellenic trench, bounded to the south from the east Mediterranean ridge. The
trench was steadily filled, raising the 29.21 kg.m™ isopycnal surface approximately
from 2800 m in 1986 to 2000 m in early-1990s and to 1200 m in 1994 (Figure 5.13).
Then a westward flow is observed downstream the Cretan continental slope reaching
the deepest parts of the Ionian Sea. In addition, a part of the Antikythera dense
outflow sank to the bottom of the Ionian and joined the waters travelling westward
from the east Cretan arc straits (in agreement with Klein et al., [1999]; Roether et al.,
[2007]; Beuvier et al., [2010]). On the other hand, a significant amount of the Aegean
outflow propagated eastward in the Rhodes basin. The isopycnal surface 29.21 kg.m™
during the year 1994 crossed the barrier of the east Mediterranean ridge (Figure 5.13;
with depths of about 1000 m) allowing the Aegean’s dense outflow to spread into the

far southeastern part of the Levantine basin.
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Figure 5.12 Annual isopycnal surfaces of 06¢=29.21 kg.m™ over 1986-1994.
Contour colors depict both salinity [38.60:0.02:39.10] and potential temperature
[12.90:0.07:14.65] (in °C) fields of the isopycnal surface 29.21 kg.m™.
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Figure 5.13 Annual isopycnal surfaces of 6¢=29.21 kg.m™ over 1986-1994.
Contour colors depict the depths [10 200:200:3000] (in meters) of the isopycnal
surface 29.21 kg.m™.

5.4  Summary and Discussion

In this dissertation, we performed a hindcast simulation of the eastern part of
the Mediterranean Sea over the period 1960-2000. We used an eddy-resolving ocean
model which incorporates a high resolution atmospheric forcing, in order to present in
a realistic way the regional dynamics. The long-term analysis highlighted the latent
and sensible fluxes as the main atmospheric components for ocean heat loss.
Formation rates in the Aegean-Levantine basins present large interannual variability.

Moderate DWF events in the pre-EMT period introduce strong vertical stratification
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with large oe values at 29.3 kg.m™ or higher in the north-central region, whereas the
south Aegean presents much weaker stratification. The central Aegean due to its
topography and the thermohaline properties of the local water experiences events of
excessive formation, acting as a reservoir supply for the north and south sub-basins.
Under strong heat loss pulses the V-shaped seabed of the central Aegean, allows
easier replenishment of the deep layers by the thermohaline cell. The Aegean during
the EMT delivered large amounts of dense waters corresponding to one and a half of
its total volume. The Levantine exhibits less pronounced atmospheric variability
compared to the Aegean. Intense formation of LIW was monitored during the EMT

but also during the 1960s.

As expected, the answer to the question what are the mechanisms responsible
for the EMT state is not simple and straightforward. We argue that the buoyancy
content evolution can be expressed as a combination of the cumulative buoyancy
surface and lateral components. Surface heat loss in the mid-1970s and lateral salinity
advection from the early-1980s till early-1990s may have acted as preconditioning
factors. The increase of the surface freshwater loss in the pre-EMT period has an
insignificant impact on the buoyancy content evolution. The major triggering
mechanism of the EMT is the anomalous heat loss during the winters of 1992 and
1993. In the post-EMT period the buoyancy content of the Aegean-Levantine system

is changing towards its pre-EMT state.

The extreme formation events that took place in the Aegean Sea during the
1987-1993 winters are closely linked to regional atmospheric patterns in the eastern
Mediterranean. The increase latent and sensible heat loss fluxes during the winter in

the Aegean are related to the intense cold and dry northerlies. At the same period
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warmer and moist air masses influence the Levantine Sea. Therefore, the eastern
Mediterranean is subject to a bimodal atmospheric oscillation with large impact on
ocean heat loss, where the area of anomalous surface buoyancy fluxes is shifted from

the Levantine in the 1960s to the Aegean in the early-1990s.
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Chapter 6

Conclusions

A comprehensive analysis is carried out to understand the regional dynamics,
based on different methods and approaches. Hydrographic surveys and numerical
experiments are designed to shed light on the most unresolved issues of the eastern
Mediterranean, involving processes of different temporal scales from synoptic to
decadal. The overall objective of the present dissertation is the investigation of the
thermohaline circulation pattern in the Aegean Sea, its variability and its links to the
atmospheric and lateral forcing. In this concluding section the basic findings of this
study are reviewed, and some remarks associated with the open questions and the

future work is discussed.

The Aegean sub-basins are coupled at intermediate depths. In addition,
evidence is given of formation processes in specific Aegean locations. The
hydrographic dataset retrieved from the cruises and the Argo floats, presents the
surface and deep layers of the north and south Aegean as largely decoupled, while it

verifies the existence of an intermediate conveyor belt coupling the Aegean sub-
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basins. A distinct “X-shape” ©-S emphasizes that the intermediate layers connects the
basins through a main thermohaline cell. The characteristics of the Aegean
thermohaline cell are subject to local formation and to intrusive water masses from
adjacent basins. Occasional dense water formation replenishes the deep layers while
the intermediate waters serve in their preconditioning. Both open ocean (Chios and
Skyros basins) and shelf convection (Lemnos-Lesvos plateau) formation processes
occur in the central Aegean. The intermediate waters are formed locally as a mixture
of Levantine origin and local waters, and are recirculating across the north-central
Aegean. The deep layers of the three major bottom depressions of the Aegean Sea are

decoupled from each other due to the very irregular seabed topography.

Intrusive water masses from adjacent basins, such as the Levantine and Black
Seas influence the surface variability of the region, masking local effects. The south
Aegean appears greatly influenced by the eastern Mediterranean general circulation
and water mass distribution. The intermediate layers in south Aegean are influenced
by the TMW intrusion in the Cretan Sea, entering at sill depth of the Kassos strait
from the Levantine basin. The pre-EMT thermohaline patterns of the central and
south Aegean were similar. Since the central Aegean had higher bottom densities than
the south Aegean, it seems likely that the central Aegean acted as a reserve supply for

the south Aegean.

In the early post-EMT period the TMW core in the eastern Cretan basin was at
~250 m, whilst during the winter cruise of 2006 the core of the water mass was found
much deeper (~750m). By examining the fluctuations of the salinity in the deep layers
below the Kassos sill, the Aegean formation continued with a significant rate of about

0.15 Sv in the early post-EMT period, contributing to the Aegean outflow till the year
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2002. Ancillary data submitted for the years 2010 and 2011 is presenting the
permanent interruption of the TMW intrusion, whereas only LIW it is now intruding

in intermediate depths in the south Aegean.

The long-term analysis of the 1960-2000 hindcast run highlighted the latent
and sensible fluxes as the main atmospheric components for ocean heat loss. The
mechanism of increased latent and sensible heat loss fluxes during the EMT winters
in the Aegean is the advection of cold and dry intense northerlies, whilst for the
Levantine during the 1960s is the advection of warmer and moister air masses. The
eastern Mediterranean is subject to a bimodal atmospheric oscillation with large
impact on ocean heat loss, where the area of anomalous surface buoyancy fluxes is

shifted from the Levantine in the 1960s to the Aegean in the early-1990s.

The central Aegean due to its topography and thermohaline properties trigger
events of excessive formation acting as a reservoir supply for the north and south sub-
basins in agreement with the observational findings. Under strong heat loss pulses the
V-shaped seabed of the central Aegean, allows easier replenishment of the deep layers
by the thermohaline cell. The Aegean, during the EMT, delivered large amounts of
dense waters corresponding to one and a half of its total volume. The Levantine
exhibits less pronounced atmospheric variability compared to the Aegean. Intense

formation of LIW was monitored during the EMT but also during the 1960s.

Surface heat loss in the mid-1970s and lateral salinity advection from the
early-1980s till early-1990s may have acted as EMT preconditioning factors. The
major triggering element on weakening the Aegean-Levantine buoyancy content is the

anomalous heat loss during the winters of 1992 and 1993. In the post-EMT period the
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buoyancy content of the Aegean-Levantine oceanic system is changing towards its

pre-EMT state.

Future Work. Long-term observations in the eastern Mediterranean Sea are
expensive and of limited scope. Ideally, extended hydrographic measurements would
document basin-wide variability in water mass structure and circulation. Nevertheless,
oceanic modeling of the eastern Mediterranean and especially the Aegean Sea has a
long and successful history, and it is more cost effective method for monitoring and
understanding long term variability. Taken into consideration the findings of present
dissertation, we intend to continue the hindcast experiment till 2011, using the same
forcing as in Hermann et al., [2010]. Technical optimizations of the simulations and
assimilation techniques can be planned in order to better reproduce some of the
features with regard to observations. Improvements of the parameterization of the
horizontal diffusion and/or the vertical mixing could minimize the deep layer over-
diffusive tendency of the ALERMO. Finally, a full two-way-coupled model will
address the air-sea interaction processes in a more realistic way, since the ocean

model would not be “slaved” to the atmospheric model.
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