HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON

A study on the sea level variations
and
the 'Milghuba' phenomenon
" in the
coastal waters of the Maltese Islands

by

Aldo F. Drago

Submitted for the degree of Doctor of Philosophy
School of Ocean and Earth Science

October, 1999



" Fhis study co dedicated to
,:a ' : : :, d,,



DECLARATION

I hereby declare that the research and material presented in this thesis is the result of

work done wholly by myself while I was in registered postgraduate candidature with the

School of Ocean Science at the University of Southampton.

Signature: /23(7 A :“va

4—-.«-—-‘/

Date: %/“[”



UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF SCIENCE
SCHOOL OF OCEAN AND EARTH SCIENCE

Doctor of Philosophy

A STUDY ON THE SEA LEVEL VARIATIONS AND THE 'MILGHUBA' PHENOMENON
IN THE COASTAL WATERS OF THE MALTESE ISLANDS

by Aldo F. Drago

The phenomenology, generation and associated dynamics of short period seiche oscillations observed along the
northern coast of the Maltese Islands are studied from a set of densely sampled, long term hydro-meteorological
observations made at a permanent sea level gauge, together with simultaneous observations of bottom pressure
recordings at offshore positions and across the Malta Channel. This coastal seiche, known locally as the 'milghubd,
manifests itself in conjunction with the occurrence of mesoscale atmospheric gravity waves travelling in the lower

troposphere. The associated open sea waves excite the water bodies of the various inlets, bays and harbours into
resonant oscillations which reach a range of up to 1m in Mellieha Bay.

Nurrerical experiments based on the free surface, non-linear Princeton Ocean Model (POM) in 2D mode explain the
response characteristics of two adjacent wide-mouthed open embayments. The seiche-induced barotropic circulation
and impact on the flushing of Mellicha Bay are studied by means of an advection-diffusion scheme implemented within
POM.

Sea level signals on the synoptic, planetary wave and seasonal scales dominate the residual spectrum. A multiple
regression model and a novel analytic technique based on the wavelet transform provide in combination a very
effective means of studying the composition of the sea level signal and the dependence of its variability in time on one
or more correlated parameters. Atmospheric pressure is the predominant factor determining the sea level variability at
frequencies lower than 0.75cpd. In the upper synoptic frequency (0.3 < f < 0.5cpd) the response is very close to
isostatic, with an average gain of 0.7. At other frequencies the overall response is non-isostatic implying that other
factors besides mesoscale atmospheric pressure forcing contribute to the sea level variability. On account of the
station's position close to the latitudinal axis of the Strait of Sicily, these signals are important in understanding the
contro] of the Strait on intra-basin exchanges. Seasonal changes in the mean sea level show a major minimum in March
and a major maximum towards the last months of the year. Besides the usual steric and direct meteorological effects,
this variability is attributed to adjustments in the mass balance of the whole Mediterranean basin.
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Chapter 1: Introduction

1. Introduction

1.1 General background

The quest to improve predictions of the residual circulation and to refine the skill of ocean forecasting numerical
models in order to include mesoscale activity which contains energy at the synoptic time scale has in recent
years accentuated the challenge to understand the interaction of the sea with the atmosphere. This consideration
is indeed crucial for the Mediterranean sea where the tide is generally weak and the tidal circulation is greatly
surpassed by the meteorologically forced motions. In the particular case of the Strait of Sicily, the synoptic
variability and the mesoscale phenomena constitute very important components of the total flow. The signatures
of these phenomena are captured by the sea level signals which carry a high level of variability at the synoptic,

seasonal and interannual scales, and ﬁ"*s in the rest of the Mediterranean; represent an energetic part of the sea

oy

level spectrum.

The Strait of Sicily is a large and dynamically active area connecting the eastern and western Mediterranean sub-
basins. The general flow in the strait is mainly driven by the slow (vertical) Mediterranean thermohaline basin
scale circulation. The region is known to contain a number of significant hydrodynamical processes and
phenomena that span the full spectrum of temporal and spatial scales. The mesoscale processes are triggered by
the synoptic scale atmospheric forcing. The heat and momentum fluxes at the air-sea interface represent the

dominant factor in the mixing and pre-conditioning of the Mediterranean Atlantic Water (MAW) on its way to

the Eastern Mediterranean.

The highly irregular bottom topography of the Strait takes the form of a submarine ridge which connects in the
east and west to the respective Mediterranean basins only through a system of narrow sills. This ridge restrains
the exchange between the two Mediterranean basins and has a controlling function, in addition to that at the
Strait of Gibraltar, on the adjustment of the sea level in the Mediterranean to meteorolo gicbal forcing. The ridge
is characterised by a long-shaped NW-SE basin cutting deep into the continental shelf (Fig.1.1). The average
depth of this intermediate basin is in the order of 500m. Owing to the nature of its different behaviour with
respect to the main basins, it is generally considered as a third basin: the Central Mediterranean Basin. In
contrast to the rest of the Mediterranean, the continental margins in the Strait are rather wide and shallow. On

the African coast the shelf area covers more than a third of the areal extent of the Strait with water depths less
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Gabes =GB Sfax =SX
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Fig. 1.1 The Central Mediterranean showing the sealevel stations and the main isobaths.

than 30m in the Gulf of Gabes. Along the southern coast of Sicily the shelf takes the form of two disconnected
and relatively shallow (< 200m) banks. The Maltese Archipelago, consisting of a group of small islands aligned
in a NW-SE direction, is located close to the southeastern margin of the Sicilian shelf. The islands are thus
located at an oceanographically strategic position in the middle of the exchange flow through the Strait, and act
like a permanent station close to the shelf break.
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1.2 Sea level measurements in Malta

A set of densely sampled sea level, barometric pressure and wind vector recordings has been collected at two
recently installed permanent stations on the northern coastal perimeter of Malta. This forms part of an ongoing
research programme which was initiated by the author in 1993 in conjunction with this study. These
measurements constitute the first digitised set of sea level recordings in the Maltese Islands and are to date the
longest time series of simultaneous water level and meteorological parameters in the Central Mediterranean.
The continuation of this programme is currently handled by the newly established Physical Oceano graphy Unit
manned by the author at the IOI-Malta Operational Centre in the University of Malta. |

The main data set used for this study is that collected in the period June1993 - December1996 (43months). In
addition to the data from the permanent stations, short term deployments have been undertaken, both along the

coast and in the open sea. This includes simultaneous recordings by an array of land-based barographs and a set

of simultaneous bottom pressure recordings across the Malta Channel.

On the merit of the position of the island within the Strait of Sicily, the data sets are particularly important for
understanding the role of the strait in controlling the exchange between the two major basins of the
Mediterranean Sea. With an internal Rossby radius of just a few tens of Kilometres on the shelf areas,
mesoscale phenomena in the Strait of Sicily are impossible to detect and follow unless a detailed observation set
is available in both time and space. Under such circumstances, sea level measurements become of great

relevance as an indicator of the general dynamics of the sea (Wunsch, 1972) especially when measured, as in the

case of Malta, at a location away from the continental mainland.

1.3 The 'Milghuba' phenomenon

The most remarkable feature in the analysis of the sea level data described above is the presence of a band of
high frequency signals with periods ranging from several hours to as low as a few minutes. These non-tidal
short period sea level fluctuations are an expression of a coastal seiche, known by local fishermen as the

‘milghuba’* . This phenomenon has now been observed to occur all along the northern coast of the Maltese

"The term 'milghuba’ comes from the Maltese verb 'laghab' which means 'play'. The terminology refers to
the 'play of the sea'.
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archipelago and manifests itself with very short resonating periods of the order of 20 minutes in the adjacent
coastal embayments. The phenomenology, generation and impact of the 'milghuba’ on the coastal dynamics
constitute the major focus for this study.

Analysis of the full data set shows that weak seiching is present uninterrupted and appears as a background
‘noise” on the tidal records. During random sporadic events the seiche oscillations can however become greatly
enhanced and mask completely the astronomical signal. These large-amplitude sea level oscillations are
accompanied by remarkable currents that are triggered by the sloshing water masses. While these seiche
induced currents can be an important means for the flushing of coastal inlets and harbours, they can on the other
hand be dangerous to navigation. Similar seiche oscillations have been reported in other parts of the world
ocean, with the most recent studies being those conducted in Puerto Rico and the Philippines (Giese et al.,
1982), in Nagasaki on the southern coast of Japan (Hibiya & Kajiura, 1982), at Capetown in South Africa
(Shillington, 1984), at the Balearic Islands (Monserrat et al., 1991), and in the South Kuril Islands (Djumagaliev
& Rabinovich, 1993). They are reported to cause severe damage to coastal areas, boats and port constructions.

Due to their close relation with the behaviour of tsunami, research on seiches is considered to be important in

disaster mitigation studies (Taku et al., 1992).

Reference to similar sea level variations (known as the ‘Marrubbio’) on the southern coast of Sicily is found in
the Italian ‘Portolano’ for ship navigation. Their occurrence is reported to be most frequent in May or June in
association to southeasterly winds, and their crest-to-trough amplitudes reach as high as 1.5m. Literature on the
Marrubbio' is however very scarce and the only relevant publication is by Colucci & Michelato (1976). It is
interesting to note that one of the first scientific studies on seiches by Sir George Airy (1878) refers precisely to
the Grand Harbour in Malta. Since then the seiche phenomenon in Malta remained unstudied and this work is
indeed the first dealing with these high frequency sea level oscillations in this region.

The large amplitude seiches in the Maltese Islands are mainly of an atmospheric origin. The simultaneous
measurements of sea level and atmospheric pressure reveal the presence of pressure fluctuations of the order of
a few millibars in coincidence with the occurrence of seiche events. These pressure signals are believed to be the
surface expression of atmospheric wave disturbances that propagate in the lower troposphere as internal gravity
waves. Their interaction with the open sea surface triggers the long period waves that subsequently force the

seiches in the coastal areas. Part of this study focusses on the nature of these atmospheric waves and on those
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factors that are important in the associated air-sea interaction. With an aim of developing a predictive capability

of these events the study also attempts to identify the upper air conditions and the synoptic situations that most

favourably trigger their occurrence.

1.2 Overview of the thesis
1.2.1 Aims and objectives
The overall objective of this work is to make an exhaustive and detailed analysis of the sea level signals collected

in Malta and at the same time provide a broad and updated overview of éurrent trends in the study of sea level
variations particularly in the case of long period waves. This work also proposes new numerical techniques, in
addition to more classical methods, for an improved analysis of data. It moreover makes use of robust finite

difference numerical model applications to simulate the barotropic seiche dynamics in coastal areas. More

specifically the main aims are to:

- identify and quantify the tidal and non-tidal signals composing the sea level spectrum in the vicinity of the
Maltese Islands, and study their occurrence and variability in relation to the adjustment of the Mediterranean Sea

to meteorological forcing and to other pertinent oceanographic processes;

- study the dependence of the low frequency variability on meteorological forcing by means of multiple

regression analysis in the frequency domain;
- apply novel techniques of time series analysis such as that utilising the wavelet transform;

- study the phenomenology and generation of the 'milghuba’ oscillations and of the long period wave field in

general, including the incidence and amplification of these waves in coastal areas;

- assess the evidence and identify the conditions in favour of the triggering of large amplitude coastal seiches by

atmospheric forcing;

- simulate the seiche-induced dynamics and the long-wave characteristics by means of finite difference numerical

model applications;
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1.2.2 Thesis structure

Further to this introductory Chapter, the thesis is divided into a total of four other chapters which specifically
address different but inter-related aspects of the study. The extensive number of scientific publications consulted

in this work are not reviewed in one place, but are instead referred to at appropriate places and in the context of
the themes being tackled.

The general sea level characteristics and variability are treated in Chapter 2. The tidal signals are analysed by
harmonic analysis and results compared to current tidal models for the Central Mediterranean Basin. The
oscillations of non-tidal origin are studied in detail. The long series of observations are used to obtain
information on the dependence of sea level variability, particularly at the synoptic and planetary wave time
scales, on meteorological parameters. A novel method utilising wavelet analysis is used to assess the temporal
development of the air pressure-sea level interaction. The validity of the wavelet transform is verified both as a
means of decomposing and identifying the nature of a signal as well as a means of identifying the
‘ phenomenology in time space of one or more interdependent parameters. The combined use of a multiple
regression model and the wavelet transform analysis is shown to permit a detailed analysis in both the frequency

and time domains. The strong seasonal non-eustatic fluctuations in the mean sea level are treated at the end of
the Chapter.

Chapters 3 - 5 deal more specifically with the ‘milghuba’ phenomenon. The occurrence of strong seiche events is
analysed in Chapte/r?;ﬁfgy statistical techniques and their characterisation studied by means of visual classification
methods, by specgtral signatures as well as by a novel peaks analysis. The normal modes of barotropic
oscillations of a number of coastal embayments and the Grand Harbour in Malta are calculated by solving the
Helmholtz equation using a finite difference scheme. The method and corresponding code are presented and
explained. Results are discussed with an aim of better understanding the response of the coastal embayments to
forcing by long period waves in the open sea. Results are compared and verified against observations. The
coupling between two adjacent embayments, Mellieha Bay and St. Paul's Bay, is also addressed. Observations
of sea currents inside Mellicha Bay are used to quantify the role of seiche-induced water movements in the
flushing of the bay. The Chapter closes by an account on the resonant oscillations of the outer shelf through the

analysis of bottom pressure measurements at offshore stations including simultaneous recordings conducted on

the southern coast of Sicily.
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The study in Chapter 4 focusses on the identification of those atmospheric parameters that are responsible for
the generation of extreme atmosphere-induced seiche oscillations. The generation mechanism for strong
seiching is studied and compared to that causing ordinary background oscillations. This analysis is carried out
by examining the response of an embayment to different atmospheric events as well as by comparing the
response of different embayments to a given atmospheric perturbation. A set of simultaneous barograph
measurements is used to study the generation of large-amplitude seiches by atmospheric gravity waves.

Important atmospheric wave parameters and conditions favouring this interaction are assessed.

In Chapter 5 the Princeton Ocean Model (POM) in 2D mode is used to simulate the resonant periods and
admittance function of Mellicha Bay and St. Paul's Bay by finite difference numerical methods. The model
applications are used to obtain an improved understanding of the influence of the local topography and
geometry in the amplification of long period waves incident into an embayment. The results of the model runs
provide further insight into the role of leaky and bound waves in the excitation of oscillations in the embayment.
An advection-diffusion transport model based on POM is furthermore written and applied to quantify the role of

the seiche-induced circulation in flushing contaminants from Mellicha Bay.

The thesis ends by an overall summary together with an outline for future research directions in this field and

new emerging opportunities for a more systematic observation of sea level in the Mediterranean Sea.
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2. Sea Level variations along the Northern Coast of Malta

2.1 General introduction
2.1.1 Tides in the Mediterranean

Although the tides of the Mediterranean Sea are relatively weak with a typical range of 5 - 20cm, they have
been an object of study since classical times. As reviewed by Grace (1931), the first theories treated the
Mediterranean basins as separate closed entities and derived the equilibrium tide to each of them. Eaﬂy
twentieth century studies (Defant, 1961) already realised the importance of including the effects of the co-
oscillation with the Atlantic tides through the Strait of Gibraltar. The broad outlines of the Mediterranean tide
were established as being predominantly semidiurnal with standing wave regimes in four main basins that are
separated by narrow nodal zones close to Alicante, Tunis and Crete, and with shallow-sea resonances at the
head of the Adriatic and in the Gulf of Gabes. The syzigial excursions in Trieste and in the Gulf of Gabes reach

105cm and 216cm respectively (Mosetti & Purga, 1989). The M, tide alone has a remarkable amplitude of
48cm in Gabes.

On the basis of more recent studies it is clear that, contrary to earlier belief, the main Mediterranean tide is
caused by the direct action of the tidal forces on the Sea itself. Extensive measurements of tidal currents around
Gibraltar, demonstrate that forcing by the Atlantic tide could only account for 10% of the tidal motions in the
Mediterranean basin (Candela et al, 1990). The phase relation between the barotropic tidal flow and the
elevation in the strait corresponds to that of a standing wave, with the M, tide having no net energy flux through
the strait. The important result is that the western Mediterranean does co-oscillate with the Atlantic tide, but all
the dissipated energy must be provided by the action of the tidal forces on the whole Sea.

The diurnal constituents are generally weak except in the Adriatic where basin characteristics reinforce the
amplitude of K, and f-values are higher than 0.5 (Manzella & Elliott, 1991). The tide in the Western basin is
generally mixed, but f-values tend to decrease towards east where the contribution of the diurnal tide becomes
progressively smaller. From tidal information obtained by harmonic analysis of observations at a large number of
localities, Defant (1961) has explained the diurnal tide in the Mediterranean as the superposition of two
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asynchronous waves, one originating from the co-oscillation with external Atlantic tide, while the other is the
independent diurnal tide of the entire basin. The co-oscillation has two nodal lines: one in the Strait of Gibraltar
itself, and the other in the Straits of Sicily and Messina. The independent tide is zero at Cadiz, increases in the

western basin and then decreases steadily with a phase reversal at a nodal line in the Ionian Sea.

2.1.2 Tides in the Central Mediterranean

The general tidal pattern for the Mediterranean Sea as a whole gives nodal locations in the Strait of Sicily, and
the magnitude of the tide in the region is thus generally small (Defant, 1961). The phase and amplitude of the
four main tidal harmonic constituents for the main ports in the Central Mediterranean (Table 2.1) are based
upon values from Mosetti & Purga (1989), Molines (1991) and Tsimplis et al. (1995). M, and S, are the semi-

diurnal lunar and solar constituents respectively; K; and O, are the soli-lunar and the main lunar diurnal
Table 2.1

Harmonic constants for the Central Mediterranean Basin. Amplitudes in centimteres; phases in degrees,
relative to UT

Mean Mean
Spring Neap Form
Station Latitude  Longitude M, S; Ky 0, Range Range  Number

cm /Deg cm /Deg cm /Deg cm /Deg

Gabes 33°53° 10°07° » 51.1 36.4 25 0.5 175 29.4 0.034
79 107 349 81

Sfax 34°44° 10°46’ 41.6 26.7 1.8 0.8 136.6 29.8 0.038
76 103 4 82

Zarzis 33°3( 11°07° 21.9 15.3 2.0 0.9 74.4 132 0.078
77 103 31 102

Pantelleria 36°47’ 12°00° 1.6 1.9 1.3 1.4 7.0 0.6 0.771
31 42 184

Lampedusa 35°30° 12°30’ 6.6 42 0.9 0.7 21.6 48 0.148
45 58 3

Mazara del Vallo 37°38’ 12°35° 4.3 1.8 3.5 1.6 12.2 5.0 0.836
161 151 114 74

JANUS SG 36°10° 12°59° 438 31 0.5 0.9 15.8 34 0.177
50 57 78

Trlpoh 32°54° 13°12’ 11.1 5.4 2.0 0.6 33.0 11.4 0.158
60 75 13 121 :

Porto Empidocle 37°15° 13°30° 45 33 1.8 14 15.6 24 0.410
78 77 91 76

Malta 35°54° 14°31° 6.3 4.0 1.0 0.8 20.6 4.6 0.175
47 57 19 55

Capo Passero 36°41° 15°09° 6.7 35 1.9 0.9 20.4 6.4 0.275
62 67 52 46

Station locations are indicated in Fig. 1.1
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constituents. Mean neap 2(M, - S,) and spring 2(M;+ S) tidal ranges and also the form number (K, + O,)/(M,
+ S,) (Defant,1961) are included in Table 2.1. The values are in most cases derived from short series of tide
gauge data. The constituents for Mazara del Vallo, the island of Pantelleria, the island of Lampedusa and an
offshore mooring (SG) situated at approximately 20 nautical miles in the NNE of Linosa Island are taken from 9
months of bottom pressure measurements carried out during the JANUS Experiment (Astraldi et al., 1987).

The known longest historical sea level data set in the region refers to the Grand Harbour in Malta; these chart
records are kept at the British Hydrographic Office and cover the period 1876-1926. The gauge was held in the
French Creek except for a period of five years starting from 1903 when the measurements were transferred to
Ricasoli. Unfortunately no records have been found after 1926.

In general there is a discrepancy in the phases of the constituents quoted by various sources and calculated from
one or more years of this data from the Grand Harbour; the Values n Table 2 1 are thus based on an analysis of
13 months of more recent data from May 1990 to May 1991 (Drago 1993) Be51des the tabulated values, other
important constituents in this port are N (1.1cm; 48°%), K, (1. 3cm, 47°) and P, (0.2; 358°) oo f“i s, »
The tidal oscillations in the Strait of Sicily are dominated by the semidiurnal constituents with supplementary
contributions from the diurnal constituents especially on the North African coast. My, S,, Ks, Ny, K; and O; are
the only components greater than 1cm (Purga et al., 1979). The higher frequency components are reported to
be less than 1mm on the Sicilian coast (Mosetti et al., 1983). Notwithstanding their small size, the tides in this
region denote a behaviour of particular interest. They are greatly connected with the hydrodynamics of the
whole Mediterranean sea and their development is related to the influence of tidal co-oscillations. The basin
morphology has also important effects and the relatively shallow bathymetry on the African shelf results in an
amplification of the tide. The syzigial excursions in the Gulf of Gabes reach 216cm (Mosetti & Purga, 1989).
The M, tide alone has a remarkable amplitude of 51cm in Gabes (Molines, 1991).

The diurnal tides are everywhere small and without nodes in the Strait (Manzella et al., 1988). The amplitude of
K, is uniform with values of 3.1cm at Gabes and 2.1cm at Cape Passero. On the other hand the influence of the
rotation of the earth causes strong transverse (North-South) oscillations that transform the nodal lines of the
semidiurnal components in the region into amphidromies contra solem. On the basis of semi-empiric

considerations, Sterneck (1915) had prognosticated an M, amphidromic point close to Pantelleria even before

10
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tidal coastal data could provide a confirmation by means of field measurements. Numerical simulations of the
barotropic tide (Mosetti & Purga, 1989 and Molines, 1991) have recently succeeded to reproduce these tidal
features and to elaborate on the associated hydrodynamics.

2.1.3 Non-tidal sea level oscillations

Besides the influences of tidal origin, the sea level variability in the Strait of Sicily also depends on effects derived
from interference by the general circulation, from mesoscale eddies propagating on the Sicilian shelf, from fronts
and in particular from meteorological factors. The annual and semi-annual components Sa (365.3 days) and Ssa
(182.6 days) are rather strong. Values for these long period constituents at Porto Empedocle and Cape Passero,
along the southern coast of Sicily, exhibit a high spatial coherence, and give a contribution to the sea level
variations that is in phase with the annual variations in atmospheric pressure (Mosetti & Purga, 1982). A direct

inverse barometric effect is thus excluded at this scale. The dependence of the sea level on the atmospheric

MT Meteo station
SL  Sea level station

332367 N

139292 N . 014°15° E

Fig. 2.1 Location of the hydro-meteorological stations.
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pressure is a complex one and is directly modified by geostrophic gradients produced by different pressure

regimes between the Western and Eastern Mediterranean basins.

The sea level and its variability in the Strait of Sicily is under studied. There are few if any long data sets
especially on the African coast. Storm surges and seasonal sea level fluctuations in this region of the
Mediterranean have not previously been studied. The only investigations relating to the low frequency variations
are by Manzella et al. (1988), using bottom pressure measurements obtained during the Janus Experiment, and
by Drago & Ferraro (1996) who analysed the sub-tidal signals from mean daily values of sea elevation in the
Grand Harbour in Malta. The work presented in this chapter attempts to improve the knowledge on the full
spectrum of sea level signals in the region through the analysis of the recent densely sampled sea level and
meteorological data obtained from stations on the northwestern shore of Malta (Fig. 2.1).

2.1.4 Weather in the Central Mediterranean

Knowledge on the prevailing atmospheric conditions pertaining of the Central Mediterranean area is essential in
understanding the forcing of the weather on the sea elevation. The main atmospheric influence is determined by
the general synoptic situation over the whole Mediterranean basin, but the relative size of the basin and the close
proximity of the land produce some distinctive regional weather patterns.

Meteorologically, each region of the Mediterranean has its own distinctive wind patterns and weather. The
climate is essentially biseasonal. The ‘warm season’ from June to September is governed by the high of the
Azores anticyclones and by the North-East depressions; the pressure is thus relatively high on the western basin
and low in the east. This period is hot, dry and predominantly cloudless with an average temperature of 21°C
and having one or more months without rain. During the ‘cool season’ from October to May the average sea-
level pressure charts present a trough over the Mediterranean oriented in a NW and SE direction and separating
the Azores depression to the west and south from the Eurasian thermal highs to the east and north; the winter
airflow over the general Mediterranean is thus strongly convergent and gives rise to rainy and windy periods,
with average temperatures of 6°C. The two seasons are separated by transition periods which are a mixture of
the two main seasons and have no special characteristics of their own. In the eastern Mediterranean these

transition periods normally take place in April and October/November; in the western Mediterranean they occur
in May and October.
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In winter, with the retreat of the sun south of the equator the general circulation of depressions entering from
the Atlantic becomes predominant. These Atlantic ciepressions enter the Mediterranean by the Straits of
Gibraltar and Spanish coasts or across the Bay of Biscay, travelling west to east and making the winter weatheri
most unsettled with rain, sudden winds and agitation of the sea. The penetration of cold polar air from central
and northern Europe also controls Mediterranean winter climate. The encounter of these frequent waves of cold
air with the relatively warmer and moist air of the Mediterranean brings about vertical instability and the
generation of depressions. The two main formation regions are the Gulf of Genoa and the region to the
southeast of the Atlas Mountains. Both regions lie in the lee of predominantly northwesterly winds so that the
depressions are initially lee lows. The lows in both regions may subsequently develop into vigorous circulations
accompanied by considerable rainfall and frequently associated with gales. It is however important to note that
whereas in the higher latitudes the warm sectors of frontal systems are usually associated with extensive layers
of cloud, high humidities and precipitation, in the Mediterranean they may well be almost cloudless and quite
dry. Occasionally the southern branch of the European jet stream overlies the Mediterranean latitudes and acts
to intensify disturbances steering them eastwards along the main axis of the sea (Trewartha, 1962). The

Mediterranean lows are however smaller in extent and less deep in comparison to the Atlantic lows; also

anticyclones over the region

SE of Atlas Mountains

Fig. 2.2 Depression tracks and their main areas of formation
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are not as intense as Siberian anticyclones, and the extreme range of pressure over the sea area is only from
about 970 hPa to 1030 hPa. This makes the duration of bad weather associated with the Mediterranean lows

shorter, but no less intense than disturbances of Atlantic origin.

Depressions also occur in the transition periods. In April/May the lows affecting the northern areas tend to be
less vigorous than in winter, whereas the desert lows in the south are most vigorous and generally produce the
strongest, dustiest Sciroccos, in the early transition period. In September/October the reverse is the case. Desert
lows tend to be weaker and less frequent whereas north Mediterranean lows may become vigorous and

produce gale or sometimes storm force winds in northern sea areas.

The track of an individual depression is generally determined by the airflow at levels well above the surface, but
the topography of the land surface tends to steer their tracks paralle] to the mountain ranges. Temperature is
also important in that winter lows tend to remain over the warmer sea surface as long as possible. Fig. 2.2
shows the main tracks of the depressions which form in the Mediterranean. Their effect on the weather in the
Sicilian Channel and the associated synoptic situations that can result in gales around the Maltese Islands is
shown in Fig. 2.3. As in the rest of the Mediterranean, light to moderate winds prevail in this region for most of
the time, but strong winds can be experienced almost throughout the year although their frequency is much less
during surmmer when pressure gradients are usually less. Based on data collected at the Meteorological Office in
Luqga from 1854 to 1986, the mean value of the wind speed according to both strength and frequency is 8.5
knots (4.4ms™). The predominant wind speed is below 10 knots (Beaufort force less than 3) and the wind
vector blows mainly from directions between 260° and 340°. The percentage frequency of calm is only 13%.
The prevailing wind, especially during the winter months, is the northwesterly (Mistral) wind which blows on
average about 103 days a year, usually in periods of three days. Due to the funnelling effect, the Mistral is also
the strongest wind both locally and over the whole Sicilian Strait, and often reaches gale force. During summer

the northerly and northeasterly winds become equally dominant to wind blowing from the northwest.
The Mistral is often associated with lows that develop over Northern Italy and move towards east down the

Adriatic. As the accompanying cold front sweeps across the Central Mediterranean the southwesterly

(Libeccio) or westerly wind switches abruptly to northwesterly and often intensifies to gale force as the low
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(a) Depression over the Adriatic producing
northwesterly wind with gale force (21/1/98)
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( b ) Deep depression over the Aegean main-
taining strong NW airflow over the Maltese
Islands (20/1/94)

Fig. 2.3 (a),(b) Typica synoptic situations producing the most common
strong winds in the Centra Mediterranean.
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" (¢ ) Low over the South lonian giving rise to
strong occasionally gale force North to NE
wind (14/1/95) '

{ d ) Low pressure persisting to the SW of
Malta accompanied with strong ENE wind
and rough sea (30/12/92)

Fig.2.3 (¢ ),{ d) Typica synoptic situations producing the most common
strong winds in the Centrd Mediterranean.
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Fig.2.3 (e ),(f) Typical synoptic situations producing the most common
strong winds in the Centrd Mediterranean.
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establishes itself over the North onian Sea or over Greece. The whole process can be repeated with the
approach of a secondary front. A depression over eastern Algeria and Tunisia together with a high over Greece
or the more extreme eastern areas of the Mediterranean can often produce strong pressure gradients over the
Tonian and Central Mediterranean leading to strong southeasterly (Scirocco) winds of continental tropical origin.
Such an event occurs mainly towards late winter or in the April/May transition and is occasionally accompanied
by a heat wave with hot days and a rusty, cloudy sky loaded with Saharian dust that comes down with the
drizzling rain. As the air flow passes over a large sea area, the associated moisture is relatively high and the
Scirocco is usually much more wet compared to the dry Libeccio. Another meteorological situation, leading in
this case to winds from the northeast (Gregale), is depicted in Fig. 2.3d and can become established during the
‘cool season” especially during the period December to February. As a depression moves slowly towards east
along the Libyan coast and becomes established over Benghazi, the contrast with the high pressure over Europe
triggers the very strong Gregale which leaps down from the Greek and Balkan mountains and blows with a long
duration and a long fetch piling up the sea all the way to the island of Djerba and the North African coast. This
wind is not frequent but generally rises to gale force and is associated with heavy rain and poor visibility. During
such meteorological conditions vigorous sea waves are usually set up in the Malta Channel. Significant wave
heights of up to 6.5m have been reported off Malta on the occasion of gale winds from the northeast. These
waves impinge orthogonally to the northern coast of the Maltese Islands and can hazardly penetrate the
otherwise sheltered ports and embayments that stretch in paralle] to their direction.

2.2 Materials and methods
2.2.1 Sea level measurements in Mellicha Bay

Since May 1993, densely sampled sea level data (at the variable rate of 30 or 60 samples per hour) have been
collected at a permanent tide gauge installation positioned at the head of Mellicha Bay which is a small
embayment on the northwestern coast of Malta (Fig. 2.1). The design and setting up of this sea level station by
the author forms part of this work. It consists of an Endeco Type 1029/1150 differential pressure tide gauge
which is clamped inside a small stilling well connected to the sea. The sensor is a highly accurate strain gauge
with slight non-linearity, but ultra-high repeatability and with practically no long term drift. The pressure
transducer is located in a subsurface case and at each recording it samples for a total of 49s in order to filter

surface waves; records are logged onto a removable solid-state EEPROM cartridge situated in a topcase
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recording unit. A thermistor bead bonded to the strain gauge is used to measure temperature and allows
compensation for temperature effects on the transducer. The instrument measures absolute pressure;
atmospheric pressure is compensated by means of a vented tube which passes through the topcase unit and
terminates inside an environmental isolator in the form of a small exposed PVC tube with a bladder. The tide
gauge datum is regularly checked for stability throughout the observation period. Sea levels are given from the
zero of the tide gauge which is 2.6507m below BM No. 9541811 established by the Mapping Unit of the Malta

Planning Directorate.

2.2.2 Collection of Meteorological Data

Meteorological parameters are also measured by Aanderaa sensors at a nearby automatic weather station in
Ramla tal-Bir which is situated on the coastal strip overlooking the South Comino Channel. The sensors are
positioned in an unobstructed location at a height of 20m from mean sea level. The data set consists of wind
speed and direction, air pressure and temperature, relative humidity and net atmospheric radiation each

measured at one or two minute intervals. The station is in operation since April 1994. Its design and setting up

by the author forms also part of this work.

The anemometer measures the arithmetic mean of the wind speed with an accuracy of +2% of the reading and
a threshold of 0.5ms™. The wind direction sensor consists of a light wind vane pivoted on top of the housing,
and magnetically coupled to a compass with a potentiometer ring inside the housing. Damping fluid in the vane
shaft opposes rapid changes but permits light wind line-up so that an accuracy of + 5° is achieved. Air pressure
is measured by means of a miniature monolithic silicon pressure transducer with an accuracy of +0.2mb. Air
temperature is measured to a resolution of 0.05°C by means of a 2000 platinum resistor which is protected by
a radiation screen. The measurement of relative humidity is based upon the relationship between humidity and
the length of a hygroscopic fibre. The variation of length gives rise to a force which is applied to a silicon beam
whose deflection causes a change in resistance in two diffused resistors that form part of an electrical half-
bridge. The accuracy of the measurement is + 3%RH. The pyrgeometer employs a symmetrical high-sensitivity
thermistor bridge that measures the temperature rise of a horizontal black surface. The symmetrical design
ensures that the reading of the sensor is affected only by radiation (wavelength 0.3 - 60pm) and not by changes

in ambient temperature. The accuracy of the measurement is + 3% of the reading.
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A 12-channe] Aanderaa Sensor Scanning Unit model 3010 is used to read data from the sensor array. The unit
has a built-in clock which triggers the measurement cycle at predetermined intervals. At each scan with a
duration of 48 seconds, the unit measures in turn the input signal at each channel and transforms the readings
mto 10-bit data words. Channel 1 is reserved for a fixed reference reading which serves as a check on the
performance as well as a station identifier. The remaining channels accept signals from the sensors. Data is
recorded i the field by means of an electronic Data Storing Unit 2990 (DSU). This is a waterproof unit, based
on CMOS RAM, and is capable of storing up to 64000 10-bit binary words. Data from the DSU is read by
means of programme P3059 furnished by Aanderaa.

Meteorological data from this station is missing in the period between mid-October 1994 and mid-March 1995
due to sensor malfunction caused by the stray effect of a nearby lightning stroke. The data sets from this station

constitute the first digitised measurements of hydro-meteorological parameters in Malta.

2.2.3 Other data sets

Short analogue records of hourly sea level data in the Grand Harbour and of 3-hour sampled air pressure at
Luga are provided by the Hydrographic Office of the Malta Maritime Authority, and by the local
Meteorological Office respectively. Upon digitisation these data sets are also used in addition to the above data.

2.2.4 Processing of data

The software that comes with the instruments described in sections 2.2.1 and 2.2.2 is mainly used to

communicate and configure or download data from the instruments. Processing of the collected data is simply

limited to a listing in engineering units. A suite of MATLAB' macros have been At,hu‘s”’aeveloped as part of this =

work in order to quality check and edit data sets with efficiency. Other MATLAB macros are moreover written
for preliminary processing (e.g. filtering of vector data, extraction of segments of data from larger data sets, re-
formatting of data to prepare input files for other applications such as for tidal analysis, time location of maxima

and minima, calculation of statistics, etc.), for management and archival, and for graphical presentation of data

sets.

'MATLARB is an integrated technical computing environment that combines numerical computation, advanced graphics and visualisation,
and a high level programming language. It is distributed by The MathWorks Inc., USA.
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2.24.1 Data quality checks and editing

A MATLAB macro is written to check and edit raw data files consisting of listings of 10-bit words produced by
Aanderaa instruments. Each record in the input raw data file is checked for consistency in the reference channel,
in parameter values which must fit within a specified range, as well as in length in order to detect any missing
fields. Consistency in time is verified by counting records between successive date/time labels in the file. Time
Jumps or gaps of one record are automatically compensated by interpolating missing values. If more than one
record is found missing, the program exits with notification. The edited data file is accompanied by a log file
which registers the changes made on the original data file. The edited data file is then transformed into
engineering units by the programme P3059 supplied by Aanderaa Instruments.

A MATLAB macro is also written to append meteorological data files in chronological order. The output files
consist of a series of combined files which give listings of the meteorological parameters in separate files. Before
appending, the input files are checked for identical sampling intervals and for gaps between successive files. In

the case of gaps less than 2 hours, missing values are linearly interpolation. Information on the processing is

kept in a log file for reference.

The same treatment is applied by a similar MATLAB macro written for sea water elevation data files.

2.2.4.2 Further preparation of meteorological data

It is also appropriate to mention here that the atmospheric pressure must be reduced to its effective

value at sea level. The variation in atmospheric pressure P with height h can be assumed to follow
. . dp . . .
the hydrostatic equation: &P where g is the Earth’s free gravitational acceleration. The

equation of state for dry air P = p,, RT, where R is the specific ideal gas constant for dry air (R =
[Universal gas constant] / [Molecular mass of dry air] = 8314.36 / 28.966 = 287.04 JKg" K" and T
is the absolute air temperature, is also adopted. Moisture effects on the air density (p,,) are known
to be significant only in the tropics at near surface levels and even then the maximum departure from

the dry equation of state is only about 2%. Combination of the two equations gives:
1 d4p g

T | 2.1)
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If temperature is known as a function of height, this equation can be integrated. In the case of a

constant temperature T throughout the vertical extent H; joining the position of the sensor and the
mean sea level,

e b = P, =P, 2.2)

2

where Py, is the measured atmospheric pressure and P, is its value reduced at mean sea level.

Pressure variations must also be reduced by the same relation, that is:
= Apy ¥ (2.3)
With Hs=20m and an average air temperature of 295K, Ap, = 1.00226Ap H,-

Air pressure data are expressed in millibars and corrected to mean sea level using (2.2).

In the case of the wind data, the effect of the forcing is quantified by computing the wind stress components
using the quadratic stress formulation with a drag coefficient of 0.0025.

2.2.4.3 Filters

Finite Impulse Response filters are used on the original data time series in two steps and with decimation to
produce 10-minute series and hourly averaged values respectively. A cosine filter with 9 weighting factors, pass-
band ending at 0.156 cycles/data interval (99% gain) and stop-band starting at 0.326 cycles/sampling interval
(1% gain) is employed in the first step. A Doodson X, filter IOC-UNESCO, 1985) with 27 weighting factors
and a half-gain at 0.39 cycles/hour is subsequently used to obtain the hourly values. The filter has thus no
attenuation for periods higher than 4h and a half attenuation for a period of 2.5h. The Fortran code for these

filtering routines is written as part of this work.

The mean sea level (MSL) is derived by applying the A24A24A25/(24%%25) tide-killing filter (Godin, 1972) to
the hourly data; this filter has a half-gain at a period of 2 days and thus retains only the longer period variations
of the signal. A Fortran programme is written to apply this filtering process. Daily and monthly averages are
calculated by taking the simple arithmetical mean of MSL over 24 hours or one month respectively.
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2.2.4.4 Harmonic analysis

The data are also analysed by means of TIRA, a software developed at the Proudman Oceanographic
Laboratory in Bidston, Birkenhead, UK., for tidal harmonic analysis by a least squares procedure (Murray,
1964). TIRA allows analysis even in the presence of gaps. A few short gaps in the original data set are thus
interpolated by using predicted values. Residuals prior to and after a data gap are linearly interpolated and used
to estimate and add the non-tidal component to the predicted elevation during gaps.

In order to isolate the non-tidal higher frequency component in the data, the predicted tides are subtracted from
the original records and further analysis is then performed on the residual series. This method is not suitable for
data series that are not long enough to permit a reliable calculation of the tidal constituents. Moreover the sub-
tidal frequencies are retained. An alternative technique is thus adopted especially in those cases where it is
necessary to extract the supra-tidal frequency components from the rest of the signals.

2.2.4.5 Calculating residuals

The method consists of the repeated use of an Infinite Impulse Response (IIR) filter. In the first run an 8th order
low pass Chebysev type I filter is utilised

Estimated Transfer Function

with a decimation factor of 2. The decimated
0ol j series is successively filtered a second time
utilising the same filter but with a decimation
08r factor of 30. For each run the filter scans the
07k ] data set in both the forward and reverse
directions in order to remove any phase
ooy distortions; this effectively doubles the filter
§05¢ - order. The resulting filtered series is next
04l | interpolated in two stages in order to re-
establish the original sampling rate. The
037 IEEE interpolation algorithm 8.1 is used.
02} The method is automated by means of a
01} | MATLAB macro which has been expressly
developed for this application. An IIR filter is

00 5 10 15 20 preferred in order to enable the required

Frequency /Day-1
Fig. 2.4 Frequency response of smoothing filter
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specifications to be met with much lower filter order than a corresponding Finite Impulse Response (FIR) filter.
Provided that a sufficiently long run of data prior to the last measurement is memorised, the problem of the
inherent non-linear phase distortion of the IIR filter is resolved by a non-causal, zero-phase filtering approach.
Fig. 2.5 compares the plot of the low pass filtered interpolated series with that of the original data set. The high
pass signal is obtained by subtraction. This very reliable filtering technique is furthermore achieved with minimal
loss of data (just 59 records at each end). The overall frequency response is shown in Fig. 2.4 and has an
attenuation of 50% at a frequency of Scpd and a cut-off frequency at 10 cpd.
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Fig. 2.5 Sample plot comparing the fitered low pass signal with the original data set

24



Chapter 2: Sea level variations along the northern coast of Malta

2.2.4.6 Energy distributions and power spectra

The sea level and meteorological data are also used to calculate energy distributions and power spectra. 50% '
overlapping segments are taken in each case. Trend and mean are removed and a Kaiser Bessel window

(Harris, 1978) applied to each segment. The tapered segments are then subjected to Fast Fourier Transform

(FFT) analysis to calculate the spectra by using the Welch method. In the case of spectra obtained from an

average over a long series, the influence of transient effects is suppressed and the results thus determine the

general phenomenology in the region of the measuring station.

2.3 Analysis and results

2.3.1 General characteristics of sea level oscillations in Mellicha Bay
Water level records from Mellieha Bay demonstrate that the tide is mainly semi-diurnal and with low amplitude.

The range for spring tides is of the order of 0.2m. Fig. 2.6 is a typical data series of 2-minute sampled water

levels
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Fig. 2.6 Time series of sea level in Mellieha Bay (14h September - 14 October 1995)

covering the period from mid-September to mid-October 1995. The most remarkable feature in the trace is the
presence of a band of high frequency signals. Spectral analysis (refer section 2.3.3) shows that these sea level

oscillations have periods ranging from several hours to as low as a few minutes.
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2.3.1.1 The coastal seiching phenomenon

The long term measurements presented in this work constitute the first digitised data set that pérmit the
- scientific study of these non-tidal short period sea level fluctuations which are the expression of a coastal seiche,
known by local fishermen as the ‘milghuba’. This phenomenon has now been observed to occur all along the
Northern coast of the Maltese archipelago and manifests itself with very short resonating periods of the order of
20 minutes in the adjacent coastal embayments. Analysis of the full data set shows that weak seiching is present
uninterrupted and appears like a background ‘noise’ on the tidal records. During random sporadic events the
seiche oscillations can become greatly enhanced and completely mask the astronomical signal. It is interesting to
note that reference to similar sea level variations (known as the’ ‘Marrubbio’) on the southern coast of Sicily is
found in the Italian ‘Portolano’ for ship navigation. Their occurrence is reported to be most frequent in May or
June in association to south easterly winds, and their crest-to-trough amplitudes can reach as high as 1.5m.
Literature on the ‘Marrubbio' is very scarce with the most relevant publication being that by Colucci &
Michelato (1976) who quote typical periods of 14.6 minutes (main peak), 33.6 and 48 minutes (secondary
peaks) in Porto Empidocle where the maximum seiche amplitude is however reported to reach only 35cm. The
phenomenon is attributed to the free oscillations of the submarine basin overlooking the narrow strip of
continental shelf on the Sicilian southern coast, that are triggered by rapid fluctuations in the wind direction and

intensity during the passage of frontal meteorological systems.

2.3.1.2 The lower frequency oscillations

The longer period signals are better studied from the filtered hourly values. Fig.2.7 presents a representative
record of observed, predicted (sum of tidal periodic variations) and non-periodic residual (observed minus
predicted) water level fluctuations, together with the corresponding inverted barometric pressure for the period
covering 18 March to 10th May, 1995. The smooth curve drawn upon the observed data gives the variation of
MSL and shows the presence of long-period oscillations due to both long-period tidal constituents and
meteorological influences. These signals have a periodicity of several days and are related to the large-scale
cyclic atmospheric patterns in the region. The meteorological origin of these long-period variations is evidenced

by the very consistent inverse relation between MSL and barometric pressure (Fig. 2.7).
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Fig. 2.7 Time series of ( a ) the observed tide and mean sealevel, { b ) the predicted
astronomical tide and ( ¢ ) the residua sea elevation in Mellieha Bay for the period

18th March - 10th May 1995; ( d ) is the inverted atmospheric pressure at MSL for the
same period.
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2.3.2 The tidal constituents

A linear least squares tidal analysis based on 61 constituents is performed on 43 months (June 1993 - December
1996) of hourly sea-level data from Mellicha Bay. TIRA is used for this analysis. Table 2.2 lists the amplitudes
and phases of the harmonic constituents (with H > 1mm). The main constituent is M, , but the contribution of
the solar radiation tidal input is high (S, is 62.4% of M, ), which is typical of the Mediterranean. The tide is
predominantly semi-diurnal (Form Number = 0.15) and the main diurnal constituents K;, O, and P, are
relatively weaker in the region of the Maltese Islands compared to the Sicilian shore to the North. These diurnal

constituents cause the minor diurnal inequalities.

Table 2.2

Tidal Harmonic constituents in Mellieha Bay with phases relative to GMT.
Harmonic Harmonic Harmonic
Constituent H/cm g /Deg Constituent H/cm g /Deg Constituent H/cm g /Deg
Sa 8.85 201 pil 0.30 149 nu?2 0.19 064
Ssa 1.45 152 P1 0.26 051 M2 6.04 055
Mm 0.55 185 S1 0.58 281 L2 0.30 056
Mf 1.22 337 Ki 0.70 053 T2 0.15 081
Msf 0.21 067 PSI1 0.27 057 S2 3.77 062
Q1 0.27 056 PHI1 0.15 056 K2 1.15 065
RO1 0.10 134 2N2 0.11 082 M3 0.10 169
01 0.78 056 MU2 0.18 092 M4 0.15 271
chil 0.17 253 N2 0.93 064 MS4 0.16 316

These results for Mellieha Bay are in good agreement with the values for the Grand Harbour in Table 2.1. The
two locations are very close to one another and the differences, particularly in the phase, are probably more
related to temporal changes. Changes in the tidal constituents between different locations can also however
occur due to the presence of continental shelf waves which are known to propagate in the area. Besides
producing an anomalous intensification of the tidal currents, these continental shelf waves are responsible for the

appearance of small-scale variations in the harmonic constants (Rabinovich & Zhukov, 1984).
In the case of the Grand Harbour data, an analysis on separate months (May 1990 - May 1991) is also

performed. From 29-day tidal analysis of successive months, Drago & Ferraro (1996) show that there is
considerable variability in both the amplitudes and phase of the main constituents.
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Table 2.3

Variability of the main Tidal Harmonic constituents in the Grand Harbour, Valletta
(phases relative to GMT ) '

M, S, N, Ky 0O,
Mean H (mm) 62.6 393 110 10.7 8.3
Variance 2.6 33 2.3 1.8 1.8
Mean Phase (Deg.) 473 57.6 504 24.1 523
Variance 33 43 144 9.0 - 164

The results are presented in Table 2.3. The constituents K, and P; are not included since they are derived
constituents. For the Ny, K and O, constituents, the standard deviation is of the order of 20% in the amplitude,
and 23% in the phase. For M, and S, the variation is much less but not negligible. In the case of M,, the
amplitude fluctuates in the range 58mm to 67mm, and the phase in the range 42° to 53°. This variation can be
attributed to the relative contributions of the equilibrium forcing and the tidal wave through Gibraltar in the
propagation of the tide in the Mediterranean. A high-resolution, two-dimensional model of the whole basin
(Tsimplis et al, 1995) has revealed that the incoming wave through the Strait of Gibraltar has an important
influence on the tides in the whole Mediterranean Sea. In the Strait of Sicily the forcing at Gibraltar causes a
wandering of the M, amphidrome to the eastern part of Sicily and gives rise to double amphidromes in the
propagation of both K; and Oy in the area between Malta and Sicily. Comparison of the constituents at different
ports (refer Table 2.1) needs therefore to be reconsidered especially in those cases where the analysis is based on
data sets of different length and different year or month. From the values in Table 2.1 it is however clear that for
all the principal constituents the change in phase across the eastern side of the Central Mediterranean region is
much more gradual with respect to the west. This is in agreement with tidal model results, but the phase

differences between Malta and nearby Sicilian ports to the north suggest a relative spatial concentration of phase

contours over the shallow continental shelf,

From a comparative analysis with simultaneous data in Mellicha Bay and the Grand Harbour, M, and S, are

practically identical for both stations, except for a slight lead in Mellieha for the two constituents. The size of N,
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in the Grand Harbour is about half that in Mellieha Bay, whereas K| is stronger and about twice the size in
Mellieha with respect to the Grand Harbour. The monthly variation in phase for N,, K; and O is quife high but
coherent in the two stations. In Mellieha, N, K; and O, are consistently lagging with respect to the Grand
Harbour. Differences in the higher frequency constituents, notably in M4 and MS4, are due to the different

positions of the sea level gauges within the respective water bodies and the relatively shallow bathymetry in the
inner part of Mellicha Bay.

2.3.3 Spectral analysis of sea level data

The characteristics of these sea level signals are obtained byr spectral analytic techniques. Fig.2.8 a, b is a
normalised power spectral density plot of the full 2-minute sampled data set from 1/6/93 to 2/1/97 plotted on a
linear scale. Since the spectrum is obtained from an average over a long series, the influence of transient effects
is suppressed and the results thus determine the phenomenology of the sea surface vertical movement in the
region of this station. The Kaiser-Bessel spectral windows with 50% overlap are chosen to be 2! records for
the lower frequency range (Fig. 2.8a) and 2" records for the higher frequencies (Fig. 2.8b). The different
window sizes permit an optimal resolution for the long-period and short-period components respectively. The
linear spectral plot gives a better visualisation of the relative distribution of energy. The corresponding
logarithmic plots in Fig.2.9a-¢ display the same characteristics, but the components with smaller energy inputs
are enhanced. In Fig.2.9a an additional frequency averaging is performed (Luther, 1982) in order to smooth the
spectral estimates at the higher frequencies. In this case the degrees of freedom are 22 and 110 for the lower and
higher frequency ends respectively of the spectrum.

2.3.3.1 Characterisation by frequency bands

Spectral analysis reveals three main frequency bands: (1) the low frequency (long-period) band (LB) in the
range 0 to 0.8cpd (T(hours) > 30); (2) the tidal frequency band (TB) in the range 0.8 to 4.8cpd (30 > T(hours)
> 5); (3) the long wave frequency (short-period) band (SB) in the range 4.8cpd and upwards (T(hours) < 5).
The term long wave' is here associated to sea level fluctuations with periods intermediate between those of the
long swell and of the astronomical tide. These spectra for these three frequency bands are drawn separately (Fig.
2.9b-¢) for better visualisation. The tidal band is plotted for the observed (Fig. 2.9¢) and the residual (Fig. 2.9d)
data. The sea level variations are dominated by energy inputs from the low frequency signals and the semi-

durnal tidal components (Fig. 2.8), with a secondary contribution from the diurnal fluctuations.
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Fig. 2.8 Normalised power spectra on alinear scale calculated from 2-minute sampled sea levels in
Melliena Bay (1/6/93 - 2/1/97).

In {a) the 95% confidence factors, for 22 degrees of freedom are (Bmin= 0.52; Bmax= 2.9);
The spectrum normalisation factor is 0.2048mz2/cpd.

In (b) the 95% confidence factors, for 176 degrees of freedom are (Buin= 0.85; Bnax= 1.3);
The spectrum normalisation factor is 0.1572m2cph.
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Fig. 2.9 (a) Normalised power spectrum on a logarithmic scale caculated from 2-minute sampled
sealevels in Mellieha Bay (1/6/93 - 2/1/97).

Up to = 3cpd, the spectrum is calculated with 22 degrees of freedom and 95% confidence factors
Bmin = 0.52 and Bpax= 2.5). .

For f> 3cpd, the spectrum is calculated with 110 degrees of freedom and 95% confidence factors
Bmin = 0.78 and Bpax= 1.35).

The normdlising factor is 0.2048m2/cpd
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Fig. 2.9 Normalised power spectrum on alogarithmic scale for (b) the low frequency band; (c) the
tidal band from observed sealevels.

The spectrum is calculated with 22 degrees of freedom and the 95% confidence factors are (Byin =
0.52: Bnax= 2.5); the normalising factor is 0.2048m2/cpd.
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Fig. 2.9 Normelised power spectrum on a logarithmic scale for (d) the tidal band from residual
levels, and (e) the short period band.

In (d), the spectrum is calculated with 22 degrees of freedom and the 95% confidence factors are
{Bmin= 0.52; Brax= 2.5); the normalising factor is 0.2048m2/cpd.

In (e) the spectrum is calculated with 110 degrees of freedom and the 95% confidence factors are
{Buin= 0.78; Brnax= 1.35); the normalisation factor is 0.1572mz2/cph.
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In the tidal frequency range, fluctuations are dominated by energy inputs of semi-diurnal frequency with weaker
contributions from diurnal signals. Comparison between the two tidal energy density peaks yields a ratio of
amplitudes of the order of 1:7 which agrees well with results from harmonic analysis of coastal tidal records.
The peaks towards the higher frequency ends of the tidal range refer to the 1/3- and 1/4-diurnal contributions.

2.3.3.2 Energy distribution

The energy distribution at different frequencies is expressed as a percentage of the total energy in the records

Table 2.4 (Table 2.4). These percentages quantify the dominance of the low
I?ercenta.ge energy distribution frequency inputs, proposed to be of large scale meteorological
in Mellicha Bay origin, which contribute for 57.3% of the total energy in Mellicha
Frequency Band % Bay. Tidal energy inputs (35.8%) mainly result from the semi-
Low frequency 573 diurnal component (32.7%). The high frequency (greater than
S?j:npz 30 4.8cpd) inputs, due to the coastal seiches, contribute only 6.6%.
(gjr_rllidipu?nal 3.7 This figure is an average of seiche energy over the whole time span
gijé;pgimm 0.06 covered by the data series and greatly underestimates the real
g;zi;?g vency 66 energy carried by the large amplitude seiches which are transient
g;fecfd ) 036 events lasting only for relatively short periods of time (from a few
hours to a couple of days).

2.3.4 Characterisation of the seiches

2.3.4.1 The seiche spectral peaks in Mellicha Bay

The broad 'hump' in the frequency range of 1 to 10 cph in the power spectrum (Fig. 2.9a and e) reveals a very
interesting selective enhancement of a band of short-period signals in Mellieha Bay that explains the nature of its
seiche oscillations. In this amplification process the response of the embayment is not restricted to the
eigenperiods of its water body but spans a range of frequencies whose energy inputs are considerably increased
above the background values. The characteristic eigenoscillations stand out as well-pronounced peaks upon this

overall amplified response of the embayment. In particular, three sharp maxima with respective periods of 25.1,

21.2 and 16.8 minutes feature in the rather intricate spectrum.
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Higher frequency maxima with frequencies above 4cph are an expression of the higher order bay modes. It is
important to ascertain that this spectral structure in not contaminated by aliased signals. The energy density
computed at a frequency f can have contributions from aliased frequencies £+ 2mN; with m=1, 2, 3, etc. But
the sampling interval (Nyquist frequency N of 30cph) in this case is sufficiently small to rule out effects due
to aliasing. Contributions of the energy densities in the sea level at frequencies of 60, 90, 120,....cph are in
fact known to be too small to be of any importance. The measured peaks of energy are thus real. The

relation of these peaks to the bay modes of oscillation is discussed in Chapter 3.

2.3.4.2 Shelf resonances

The SB band (Fig. 2.9¢) also presents a series of sharp, well-defined and equally energetic peaks on its lower
frequency end. The main maxima have periods of 3.7, 2.2, 1.7, 1.1 hours, and 58, 46, 34.3, 29.5, 27.7, 25.1,
21.2 and 16.8 minutes. These peaks are analysed in detail in Chapter 3, section 6 where it is shown that they
are related to shelf oscillations in the Malta Channel.

The mean energy densities in the lower SB band are considerably smaller than those in the tidal band. With a
spectrum normalising factor of 1/0.1572m’ cph”, the mean peak densities measured from Fig. 2.9 are
(0.0002/0.1572) x 100 x 100 = 12.72cm’ cph’; an estimate of the mean wave amplitude A at these
frequencies is obtained by scaling the power spectral density by the factor fs=norm(w)’ /sum(w)’, where w is
the Kaiser-Bessel window vector (size 8192). In this case f=0.000184. Hence A = 2(12.72 x f5)** which
gives an estimate of 0.97mm.

2.3.5 Other oscillations of non-tidal origin

Spectral analysis of the residual sea level data allows the separate study of the non-tidal oscillations. The
analysis is performed by two separate computations of energy spectra for (1) the whole time series (Fig. 2.9d),
and (2) 27 successive 50% overlapped three-month periods in order to reveal any seasonal variability.

2.3.5.1 The divinal residual

The most important result is a strong diurnal residual energy that covers a relatively broad band of spectral
frequencies centred at 1cpd. This signal is probably related to the signature of baroclinic motions on the
continental shelf. Measurements made during a physical oceanographic survey carried out in the NW coastal
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area of Malta in summer 1992 have in fact revealed the presence of diurnal subsurface flows in the vicinity of the
islands (Drago, 1997). These diurnal baroclinic currenté are believed to be the expression of a topographically
trapped wave that takes the form of an internal Kelvin-like waveform in the deeper sea away from the shelf‘
break and is accompanied by shelf wave modes propagating over the continental platform. An associated
vertical oscillation of the thermocline in the form of an internal tide has been quantified to have a crest-to-trough
amplitude A of the order of 8m (Drago, 1997). From CTD casts taken during the same survey, the density
profiles show that the seasonal pycnocline has a sharp gradient between 10 to 30m depth and acts as a clear
interface between the surface mixed layer and the deeper layer. Taking the mean relative density difference

between these upper and lower layers to be 0.3% (p, (upper) = 1024.5Kgm’; p,(lower) =~1027.5Kgm™), the
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Fig.2 .10 Variabiity of the {a) diurnal (solid) and (b) semidiurnd {dotted) residua energy
calculated for successive 3-month half-overiapping periods.

. . .. Cp Ap,-—
free surface displacement accompanying this internal tide is given by An = Kiie
Py

and thus estimated to

have an amplitude of the order of 1.2cm
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The variability of the diurnal residual energy over the whole period of measurements (June 1993 - December
1996) is studied from a series of spectra calculated in each of successive 3-month half-overlapping periods. The
energy carried in the frequency range of 0.978-1.022cpd is calculated for each spectral estimate. The relevant
plot against time (Fig. 2.10a) shows a consistent pattern with peak energy during the periods spanning mid-
October to mid-January and mid-April to mid-July respectively. This intra-seasonal variability of the diurnal
signal is probably linked to dynamical processes that have a correlated temporal repeatability; there is as yet no
sufficiently long hydrodynamical datasets to confirm this relationship. The variability of the semidiurnal residual
energy calculated over the frequency range 0.48 - 0.52cpd is less pronounced. In particular, the semidiurnal

residual can predominate over the diurnal residual during late winter and early spring.

2.3.5.2 Barotropic modes of the Mediterranean Sea

The energy peaks at 0.65 (Fig. 2.9b), 2.13 and 3.0cpd (Fig. 2.9d) are an expression of the lowest barotropic free
modes for the Mediterranean Sea. By means of a depth-averaged model, Schwab & Rao (1983) obtained the
spatial structure of these first three barotropic oscillations for the closed Mediterranean. All the three modes
have a nodal zone in the Strait of Sicily and are not therefore expected to carry much energy in the region. The
observed peaks agree closely to the computed periods which are 38.5h (1st mode), 11.4h (2nd mode) and 8.4h
(3rd mode). More recently Candela & Lozano (1994) performed a computation of the interior basin modes
with a higher (x5) grid resolution and taking into account exchange at the Strait of Gibraltar. The gravest
gravitational mode is reported to have a frequency of 0.73cpd and refers to a gravitationally driven oscillation

between the Western and Eastern basins through the Strait of Sicily. Note that the peak in the spectrum at 0.5

cpd remains unaccounted by any of these modes.

2.3.5.3 Variability in the low frequency range

The subtidal sea level signals are well resolved in the LB spectral band (Fig. 2.9b) by utilising a long window
size of 65536 records (182days : Olhours : O4minutes). The sea-level is found to have significant variability in
the 2.2 - 15days period (periods from tidal to several weeks). This is very typical of the whole Mediterranean

basin where the sea level variability in the low frequency range represents an energetic part of the sea level

spectrum.
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This variability is greatly influenced by the weather. Sea level variations at time scales from one to ten days have
been shown to be primarily due to surface pressure changes related to synoptic atmospheric pressure
disturbances (Kasumovic, 1958; Mosetti, 1971; Papa, 1978; Godin & Trotti, 1975). Sea level variations at time

scales from ten days to several weeks have been explained as being due to atmospheric planetary waves (Orlic,
1983; Lascaratos & Gacic, 1990).

The contribution of the wind is also important both with regard to its dynamic effects as well as to its effect on

rate of evaporations and the difference in air-sea temperature.

The meteorological forcing on the sea level is discussed in the following sections. The synoptic variability and its

dependence on the atmospheric pressure and the wind is studied in detail.

2.4 The dependence of the sea level variability on the atmosphere

Besides the effect of the tides and oceanographic factors such as water density and currents (both geostrophic
and ageostrophic), the role of meteorology in determining the oscillations of the sea level has also to be taken
into account. A sea level record indeed carries the superposed effects of a number of components. Its analysis
and interpretation thus requires a knowledge of the dependence of the sea surface displacement on the local
weather as well as on the tidal potential and on the hydrography. In view of the possible interdependence

between components, such an analysis is not an easy task. It has however the benefit of relaying a great deal of

otherwise inaccessible information on the related parameters themselves.

2.4.1 The response of sea level to atmospheric pressure

2.4.1.1 The inverted barometer (IB) effect

In the open ocean, a gradual increase in atmospheric pressure forces water out of the affected area and the sea
level becomes lower so that any pressure gradients will tend to be neutralised. The more common term coined
to describe this phenomenon is that of the "inverted barometer (IB) effect”. Theoretically, an increase (decrease)
of 1mb in atmospheric pressure should be accompanied by a 1 cm decrease (increase) in sea level, in which case
the response is said to be isostatic. That is, the sea surface displacement An in cmis given by AP / pg, where

AP= (P - <P>) is the atmospheric pressure fluctuation about the mean pressure <P> in mb over the ocean and
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p is the density of the ocean.” Hence the inverted barometer factor (IBF) can be expressed as An / AP and is
equal to unity in the case of an isostatic response. Equivalently, the barometer factor & defined in section
2.4.2.3 would at all frequencies be equal to -1.0lcm/mb in the case of an isostatic response. If the

sea level change is more than lcm to 1mb, the response is called over-isostatic and IBF > 1; conversely it is

called under-isostatic if the response is less than lcmand IBF < 1.

The response of sea level to atmospheric forcing has always received great attention by scientists especially in
relation to the impact of extreme low pressure systems travelling over coastal areas where they contribute, in
addition to wind effects and tides, to destructive storm surges (Tsimplis, 1995). Further interest on the 1B effect
has been recently shown in connection with the attempt to exploit satellite altimetric measurements which can
provide synoptic mapping of sea surface topography with increasingly improved accuracy (Larnicol et. al.,
1995; Le Traon et. al., 1997), but which need to be corrected in order to account for the spatial variability of the

atmospheric field.

The IB effect is however by no means easy to understand. An isostatic response is only expected when the
pressure variations are sufficiently slow as to allow for the finite inertia of the affected water body. The spatial
extent and speed of propagation of the forcing atmospheric pressure systems are thus important factors that
control the associated displacements of the sea surface. Crepon (1975) showed that the response of a rotating
fluid can only approach to isostasy if the spatial scale of the atmospheric disturbance is smaller than barotropic
radius of deformation and in cases where the bottom friction is sufficiently large. This is further complicated by

the finite dimensions and shape of the sea. Coastlines which can support Kelvin waves ease barometric

adjustment.

In a closed basin, mass conservation requires <P> to be equal to the mean atmospheric pressure over the basin,
and only a local adjustment to the spatial variations of the pressure field is expected. However, in the case of a
semi-enclosed basin the restrictions in the flow imposed by both the bathymetry and the coastal configuration

can lead to a non-isostatic response.
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2.4.1.2 Application to the Mediterranean Sea

In the case of the Mediterranean where the Strait of Gibraltar restricts the flow from the Atlantic and the Strait
of Sicily further provides a second restriction to the flow into the Eastern Mediterranean, the sea level cannot
respond to the mean pressure over the basin unless there is an adequate adjustment at the straits. At low
frequencies there is indeed enough time for the sea level to adjust and the straits are not expected to constrain
the flow. In the case of high-frequency changes with spatial scales that are smaller than the basin scale
dimensions, internal adjustment occurs without the need of flow through the straits. On the other hand, at

intermediate frequencies control at the straits can restrain full adjustment and compel the response to deviate
from a simple IB effect.

The work of Lacombe et. al. (1964) and Crepon (1965) has confirmed that this adjustment occurs at the Strait
of Gibraltar. These results were the first to confirm that meteorological forcing by large scale patterns of
atmospheric pressure and wind over the Atlantic and Mediterranean account for a significant part of the sub-
tidal sea level variations and the associated flows in the strait on time scales of the order of days to months.
Crepon (1965) observed that the records tend to be dominated by fluctuations with a period of about 10 days
and in particular that both the sea level in the Western Mediterranean and the inflow through the Strait of
Gibraltar were in phase with the inverted atmospheric pressure. However, mass continuity would require a
correlation with the time derivative of pressure rather than the pressure itself. This apparent paradox has been
resolved by making allowance for significant fluctuations in the flow through the Strait of Sicily in response to
differences in sea level between the Eastern and Western Mediterranean basins. Garrett (1983) has proposed a
two-basin, two-strait model based on gedstrophic flow which explains the barotropic response of the
Mediterranean to eastward travelling pressure systems particularly for periods of the order of 10 days. In this
model, geostrophy (i.e. the Coriolis force) has control on the strait flow and the sea level difference between the

adjoining seas is therefore limited by the cross-strait sea level difference caused by the Earth's rotation.

2.4.1.3 Garrett’s model for the response of the Mediterranean to travelling pressure systems

The two main basins of the Mediterranean are respectively represented by channels of length L; and L, meeting
at the Strait of Sicily where the origin x=0 is taken. The Western Basin is open to the Atlantic at the Strait of

Gibraltar. The response of this twin basin to an atmospheric pressure system p(x,t) = p(x)e’ = pe™ ™
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moving eastward with constant phase speed c=wk is required. The spatial average of the pressure at each basin
is given by:

<pi>=7, &, sind, ¥,

<p>=p: & sind, e, whered = VakLi = Va(avo)L, fori=1,2. (2.4)
where <> denotes a spatial average over the respective basins so that <p;> and <p,>.are only functions of time.

The dimensionless parameter &; is related to the scale of the atmospheric pressure pattern with respect to the size

of the respective basins.

Following Garrett & Toulany (1982), the volume flux Re{Qe™}( =WHRe{ue™}), where u is the average
current along the strait) through a shallow strait of depth H, width W and length L in response to a sea level
difference Re{Ane™™ } is given by the formula:
Q= gHAN{(-ioo+ BYW/W) +1} 25)

where {3 is the coefficient of linearised bottom friction (i.e. friction F = Pu). This equation can be applied to both
the Strait of Gibraltar and Sicily. It is based on the assumption that each of the basins connected by the strait
responds with regional coherence to changes in atmospheric pressure. This assumption applies for the
Mediterranean which has a Rossby radius (approximately 1500 km) that is greater than the horizontal distance
of an interior point to the closest coast, and any spatial variation in the subsurface pressure p + pgn (p= local
atmospheric pressure and 1 is the local sea level) would thus be quickly rendered uniform by surface gravity
waves propagating rapidly in the form of Kelvin waves. This implies that at any position x in the basin:

p(x.t) + pgn(x,t) = <p>(t) +pg<n>(t) (2.62)
Upon taking the atmospheric pressure to be measured in equivalent units of sea level, we can drop the factor pg
and write for each basin:

Ni=<M>+<p>-pi,i=1,2 (2.6b)

Appropriate values for H, W and L in (2.5) can only be determined by a numerical model of each strait. Garrett
(1983) used the values H=250m and L/W=3 for both straits. The friction coefficient B is estimated by Cqu,/H,
where C, approx 2.5 x 10” is the bottom drag coefficient, and u, is an average speed taken to be 0.5 ms™ in this
case. This gives B approx 5 x 10° s™. At latitude 35°, f=8.4 x 10° s and the term BIL/W) is only about /6, and
the effect of friction in this model is thus small. The term ioL /W) is more important since it is of the same

order Qf f at a period of 2.5 days. Only in the case of sufficiently low frequencies can the volume flux be @0 /
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approximated by Q = gHAn/f and be therefore independent of the horizontal dimensions of the strait and of
frequency.

On the basis of this model, the dimensionless parameter € = qui(gHi)‘l, where i= 1,2, (A; and A, = respective
horizontal areal extent of the Western and Eastern basins) defines a criterion on whether geostrophic control at
any of the straits represents a constriction to the flow. This criterion can be expressed in terms of a time scale
T=A#/gH; which establishes a limit above which flow constriction due to geostrophic control becomes less
important. Taking the aréal extent of the Eastern Mediterranean as A, = 1.7 x 10> m” and the average depth of
the Strait of Sicily as H, = 250m, results in a time scale T of the order of one day. For the higher frequency

synoptic time scales, the model thus predicts a significant non-inverse-barometric response of the Eastern

Mediterranean.

2.4.1.4 Response at the Strait of Sicily
The flow from the Atlantic ocean into the western basin is given by:

Qi = gHy [f+ (B -i@)( L/W)I" [Mo(Xxt) - 11(X0,1)] @7
where X is a position in the strait (assumed to be much smaller in extent than that of the adjacent basins). The
sea level Mo(Xy,t) just outside the strait in the Atlantic ocean can be expressed as the sum of an inverted
barometer response -po(X,t) and an extra term 1, (t) for other oceanic effects on the sea level. Similarly, by
2.6b, m1(Xy,t) is related to the spatial averages in the Eastern Mediterranean by:

Mi(Xp,t) = <>+ <pr> - piXast)
Since pi(Xy,t) = po(X,t), then

Qi =gH, [f+(B - i)(L/W)I" s - <pr>- <Ni>] = (0AVEY) [N - <pr>-<ni>]  (2.80)
where €' = (/D[ + (B - iw)( L/W)]. (2.8b)
Similarly the flow through the Strait of Sicily is given by:

Qo= gH [+ (B -ie)( L/W)T (%) - Ta(e,t)] = (@A0/e}) [<ny> + <pp>- <np> - <pr>] (2.92)

where €, = (&/D[f + (B - i0)( L/W)]. (2.9b)
By applying volume conservation for the two basins:
Ad<n>/dt =Q; - Qo ; Apd<np>/dt =Q,, (2.10)

and after some algebra we obtain:

<ni>=[(1 - igh)(s - <p1>) - i€1R(<p> - <pi>)]F (2.11a)
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N> = [ - <pr>) - (1 - E)(<p2> - <p>)] F (2.11b)
where F=[1 - €€, - i1 (14R) - ig]" and R=Ay/A.. (2.11c)
At a point X in the Eastern Mediterranean just outside the Strait of Sicily, x=0 and hence px=p, . From 2.6b, we
have:

Nx=<MN>+<pP2>-Pa- (2.12a)

Substituting for <n,> by using 2.11b, <p,> by using 1 and removing the forcing 1, so that only direct forcing by
the atmosphere is considered, we obtain from 2.12a:

Nx/(px) =1-&" sind, &, + (1 - i DF &, sin, &, + ie | F ;" sind; &, (2.12b)
The first two terms on the RHS give the local response to atmospheric pressure in the absence of flow through
the Strait of Sicily; this response is zero at low frequency (ie. as & — 0) and approaches the value of 1 at

sufficiently high frequencies (ie. as 8, — infinity) when the scale of the atmospheric pressure system can be

considered to be much less than the size of the Eastern Mediterranean basin.

The third and fourth terms are related to the effect imposed by the flow at the straits. As the frequency
approaches zero, the third term tends to 1 and the fourth to term to zero; at high frequencies both terms vanish
to zero since F tends to zero. This result implies that that the model predicts an isostatic response at low and

high frequencies, with a non-isostatic response at intermediate frequencies.

2.4.1.5 The Candela model
More recently, Candela et. al. (1989) and Candela (1991) proposed a simple linear dynamical model with
frictional control at the two straits. The model assumes a balance between acceleration, along-strait pressure

gradient and friction. The frequency dependence of the sea level response to an input spectrum of atmospheric

pressure is thus obtained by solving the following set of equations:

Ad<n>/di= Q- Qs Aod<n>/dt = Q, (2.13a)
<po> = <pr> + P> <po> = <p> + pg<> (2.13b)
dQv/dt = -(Ac/p) [( <ps>- <Po>)/Lt 1 - MQy (2.13¢)
dQy/dt = -(As/p) [(<pe> - <ps>)Le ] - 1Qe (2.13d)

where Ag, A are the section areas of the Straits of Gibraltar and Sicily respectively, A; is the friction coefficient

for strait i, <pg> is the mean subsurface pressure for basin i = 1,2 while the other symbols have the same
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significance as above. < > again denotes a spatial average over a basin. <py> is the subsurface pressure in the
Atlantic just west of the Strait of Gibraltar. If the response of sea level in the Atlantic to atmospheric pfessure is
isostatic, <po> can be set to a constant. The six unknowns (Q; , Q. , <N;>, <>, <ps>, <pe>) In the linear
system of six equations can thus be solved at a given frequency by taking each variable proportional to e™*. The
model gives the mean sea level response <n> to mean pressure <p> for the respective basins. Assuming a local
adjustment to spatial variations in the pressure within each basin, the response of sea level \(x,t) at any position
x and time t to pressure p(x,t) is given by 2.6a :
N, =<n>(t) + [<p>(t) - pEHI pg : (2.14)

(Note that if <n>(t) = — <p>(t)/ pg , then N(x,t) = - p(x,t)/ pg which yields the standard inverse barometer

correction.)

The model has been used to correct TOPEX/POSEIDON altimetry data for atmospheric pressure effects (Le
Traon & Gauzelin 1997). Comparison of TOPEX/POSEIDON with model predictions of mean sea level shows
that a large part of the variance in mean sea level variations (50% in the Western Basin and 38% in the Eastern
Basin) is actually explained by the model. The role of friction at the Strait of Gibraltar is also found to be much
more well evidenced than in the Strait of Sicily. The model predicts that intermediate periods centred on 4 days
should be under-isostatic. This non-isostatic response is corroborated by actual sea level gauge data. Several
studies have in fact confirmed that the response is mainly under-isostatic for periods less than 15 days (Garrett &
Majaess, 1984; Lascaratos & Gacic, 1990; Tsimplis & Vlakhis, 1994; Tsimplis, 1995).

2.4.1.6 Geostrophy vs friction

Although the Garrett (1983) and Candela (1991) analytical models are not able to fully explain the complex
response of sea level to atmospheric forcing, they nonetheless both exhibit an amount of skill in explaining the
deviation from the standard IB effect at high frequencies. It is however hard to reconcile the effects of

geostrophy and friction on which the models are respectively based. Indeed the latter disregards rotation
completely, but if the friction coefficient is taken equal to fW/L then the two models become equivalent. With
L/W=3, this would require the friction coefficient to be 3 x 10%. In both models the geometric and bathymetric

details are moreover simplified to uniform basins connected by one dimensional channels, while each basin is
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assumed to have a spatially homogeneous sea surface height and no interior kinetic energy so that an integrated

response of each basin is obtained.

2.4.1.7 Other models

A substantially refined model that takes into account the complex bathymetry of the Mediterranean, the role of
the Atlantic Ocean, and that is able to resolve the sub-basin variability has been proposed by Candela & Lozano
(1994). This numerical model simulates the barometric response of the Mediterranean Sea to observed
atmospheric pressure derived from twice daily ECMWEF (European Centre for Medium Range Weather
Forecasts, Reading, England) analysis by using a space spectral representation of the shallow water equations
on a B-plane with bottom friction. With respect to the Candela analytical model the predicted sea levels are
closer to observations. On the other hand, the explained variance in the barotropic fluxes through the Strait of
Gibraltar is practically the same as in the analytical model; this indicates that the specific geometric configuration

of the system plays a minor role in determining transport.

2.4.2 Analysis of sea level and atmospheric pressure fields

2.4.2.1 Application of empirical orthogonal functions

Empirical orthogonal function (EOF) analysis is a very useful means of identifying space scales involved in the
variability of a given field. One of the most significant EOF applications to both sea level and atmospheric
pressure in the Mediterranean is that performed by Lascaratos & Gacic (1990) on datasets from selected
stations in the Adriatic, Ionian and Aegean seas. The first two EOF modes of sea level and pressure respectively
are reported to explain about 95% of the variance in the sub-tidal frequencies. The shape of the gain and phase
spectra between atmospheric pressure and sea level for the combined modes in winter correspond very well
with those obtained from the Garrett model. The first mode is predominant (90% of the variance) and
represents variations of sea level and atmospheric pressure in the low frequency range of atmospheric planetary
waves that occur with a spatial coherence over the entire region and with length scales that exceed the basin
extent. The second mode is shown to be related to surface pressure changes induced by cyclonic activity and
represents synoptic time scale variations for which the Adriatic Sea is out of phase with both the Ionian and
Aegean Sea. Departures from the isostatic response at the first mode frequencies are shown to be mainly
controlled by frictional effects on the flow rather than geostrophy at the Strait of Sicily. On the other hand, the

unrestricted internal adjustment processes between the different basins in the area result in a response at the
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second mode frequencies that is nearly barometric while geostrophic control at the Strait of Sicily introduces

significant restriction at time scales of a few days.

A more comprehensive EOF analysis of atmospheric pressure in the Mediterranean is that carried out on six
years (1985-1990) of twice daily ECMWF data covering the whole basin (Candela & Lozano, 1994). The
variance is again explained in terms of the first two modes with a respective contribution of 65% and 16%. The
first mode has a spatial structure of the same sign over the whole basin, with a maximum in the Ligurian Sea and
a minimum in the Levantine basin. On the other hand the second EOF divides the Mediterranean in half with a
node that is practically coincident to the longitude across Malta. The time variability of both EOFs is
characterised by high pressure during winter and spring and low pressure in the summer and fall months. Their

spectra are also concentrated at low frequencies and decrease monotonically with frequency without any
discernable peaks.

The corresponding six-year time series of modelled response in sea surface height and transports are also
submitted to an EOF analysis. The first four EOFs are found to account for about 47% of the response
variability. Together they explain the phenomenology of the forced motion that mainly consists of an exchange
between irrotational strait flow components and sub-basin secondary rotational circulations that take the form of

eddies. These transformations occur as a result of vorticity contributions due to topography, B, and bottom

stresses, in order of importance.

2.4.2.2 Sea level variability from space

Another study based on three years (October 1992 - October 1995) of atmospheric pressure data derived from
ECMWEF model analysis is described in Le Traon & Gauzelin (1997). In this case the mean pressure time series
is submitted to coherence analysis with the corresponding three years of uncorrected mean sea level obtained
from TOPEX/POSEIDON altimetry data. In comparison to sea level gauges, satellite altimetry is better
commendable to quantitatively measure the mean sea level. As a matter of fact gauges measure the local
response at a given place and will differ from the basin average response, particularly as a result of the wind
effect which is likely to be averaged out in the mean sea level response for the basin. The study shows that
variations in the mean atmospheric pressure over the Mediterranean can reach up to 15mb at high frequencies,

especially during winter. There is also a marked seasonal signal, with winter being in general more anticyclonic.
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In the range of frequencies (60days)” to (6days)”, the overall variance in mean pressure is about % that of mean
sea level. This ratio is ¥4 for periods less than 50 days, and approximates to 1 for periods less than 25 days. The
seasonal signal of the atmospheric pressure is thus less than that of the sea level. The mean sea level variability is
well correlated to mean atmospheric pressure with the coherence remaining well above the 95% confidence
limit at all frequencies although it drops considerably at periods between 20 and 30 days. The phase difference is
always below that of a perfect inverse barometer effect (ie. below 180°) and continues to decrease with

frequency leading to an appreciable delay in the response of the sea level. A significant departure from an inverse
barometer effect is registered at the higher frequencies.

2.4.2.3 Multiple regression analysis in the frequency domain

In cases where a variable is to be expressed in terms of two or more quantities which are also mutually
interdependent, multiple regression analysis in the frequency domain can be adopted. The analysis is here
described with an emphasis on the application to describe the effect of meteorological parameters on the sea
elevation. This method is based on that described by Wunsch (1972) in his study of the Bermuda sea level, and
has been applied by other authors (Garrett & Toulany, 1982; Garrett & Majaess, 1984; Tsimplis, 1995). The
input signals are atmospheric pressure P, and the orthogonal set of wind components X (e.g. East-West or
alongshore) and Y (e.g. North-South or cross-shore); the output is sea level vy . If each signal is regarded as the

sum of a number of sinusoidal components of different frequencies, and assuming linearity, the regressional

model can be expressed at each frequency ® by:

I“n () = ﬁ((o)I‘P (o) + B(w)FX () + é(m)FY (w)+N (2.15)

where T; is the Fourier transform and T} (0)do is the frequency component in the frequency band ® — o +do
for each of the signals i=n , P,X and Y. The noise N is here a measure of the variability in sea level that is
incoherent with P, X and Y. Bach regression coefficient 4, b,¢ is a function of frequency and explains the
contribution of a particular input to the sea level response in the absence of the effect from other inputs. These
complex coefficients are effectively frequency response functions; their phases represent the lag of the sea level
response behind the respective meteorological forcing. The Fourier transforms of 4,b and & can be related to

coefficients in a convolution representation of 1} in the time domain (Wunsch, 1972). To establish the model it is
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necessary to optimise the values of the regression coefficients at each spectral frequency @ . This optimisation is
carried out by a least squares determination of 4,b and & . The cross-spectral estimate G of sea level n (the
dependent variable) on an input (independent) variable such as atmospheric pressure P, is expressed in terms of
a linear combination of auto- and cross-spectral estimates of the independent variable on the other inputs (e.g.

the wind components, etc.). At each frequency ®, a set of simultaneous equations is thus obtained (Newland,
1993):

|

Q

G G
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from which the regression coefficients can be determined. Following Garrett & Toulany (1982) the (1-ot)
confidence range for the amplitude and phase of the regression coefficients is given by:
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where 1, = 4, 6, ¢ fori=l23; D i is the jth diagonal element of the inverse of the cross-spectral matrix G and
f,,_, is the value of the Fishers distribution with 2, v -2 degrees of freedom. The auto-spectrum Gyy gives the

residual variance associated with the component of ny that remains unexplained by the model.

The relative importance of the inputs on the sea level can be analysed by comparing the amount of sea level

variance that can be attributed to each of the inputs. Upon multiplying (2.15) by its complex conjugate on both

sides, we obtain:
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% an¥ * ANk *  AnK *
FnI‘n =aa FPFP +bb FXFX +CC FYFY
AR % Ak *
+(a bFP FX+b aFX FP)
ko e % (2.18)
+(b CFX FY+c bFY FX)
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where T;T}"is to be taken as the power spectrum for each of the signals i=n , P,X and Y while the cross terms
are related to the cross-spectra of the input variables. The first three terms refer to the contribution to sea level
variance by the separate inputs. The remaining three bracketed terms give the variance from the combination of

inputs. Expressed in terms of the corresponding spectra (2.18) becomes:
R

~ A ok
Sm] =aa SPP+bb SXX+cc SYY

A"bS . +bas. ¥
+(a PX+ a PX )

—~ % K~
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2.19)
£ 3
XY Xy )

¥ K * . .
+(a cS py *¢ as PY )+ residual variance
Dividing both sides of (2.18) by I, T, * and multiplying by 100 gives an estimate of the percentage variance by

each term, as a function of frequency.

In the case of the response of sea level depending only on atmospheric pressure, the power spectrum of sea level

is expressed by:

FT\ (W) = ﬁ(m)I‘P (®) + noise . (2.20)
Hence

a(w) = Gpp @)/ Gy p (@) =(Cp, (@) +iQ,, (0))/ Gp p (W), 2.21)

where G, is the autospectrum of pressure, and C,, and Q,,(®) are, respectively, the co-spectrum and

quadrature spectrum of pressure and sea level. & gives the response or 'admittance’ of sea level per unit change
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in atmospheric pressure. Its absolute value gives the gain or what is more commonly called the barometer factor

which is expected to be -1.01 cr/mb for all frequencies.

2.4.2.4 Results from the Malta data sets

Analysis of the response of the residual sea level to barometric pressure and two orthogonal wind components is
performed from hourly values of sea level, MSL pressure and wind data covering a period of 298 days 16 hours
(Oh 18" November 1995 - 15h 11™ September 1996). Two methods of data analysis are applied: spectral
analysis and multiple regression analysis. The first method consists of auto- and cross-spectral data examination
between the various parameters. The multiple regression analysis is performed in the frequency domain. This
combined analysis provides an estimation of the response functions of the sea level to the atmospheric

disturbances and quantifies the relative contributions by the respective meteorological factors.

The comparative plot of the residual sea level and meteorological time series (Fig. 2.11) presents some very
interesting first hand information. The residual sea level displays the presence of variability at different time
scales. Sea level variations at a time scale of one month have the largest amplitudes and can reach peak-to-
trough values of up to 0.35m. Higher frequency oscillations at time scales of several days (synoptic variability)
appear on both the sea level and pressure time series, and are predominant during the winter months. These
oscillations are related to natural periods of occurrence of cyclones in the region. Variations in the atmospheric
pressure can reach up to 18mb at high frequencies, and are accompanied by equivalent variations in sea surface
height. Both high and low frequency sea level oscillations in fact bear a distinct visual correlation with the
mverted barometric pressure and extreme values of sea level are very well associated with extreme values of
mverted pressure. It is also clear that the sea level and atmospheric pressure variance differs seasonally. The sea

level signal shows however a greater variability than that implied by a simple barometric effect.

The two wind components are taken along the east-west and north-south with positive magnitude from the east
and north respectively. Alternatively they are taken to correspond to a wind vector from directions 35° (positive
cross-shore component) and 125° (positive along-shore component) with respect to north. These components
are roughly coincident to a wind directed along the axis of Mellicha Bay and parallel to the northern foreshore
coastline of the island respectively. The mean wind magnitude is 2.15 ms” from the west (N87°W). The wind

data are characterised by frequent clockwise rotations of the wind direction which is indicative of the passage of
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Fig. 2.11 Time series of ( a ) residua sea level in Mellieha Bay; { b ) inverted barometric pressure

fluctuations at MSL; ( ¢ ), ( d ) donglcross-shore components of wind at Ramla station for the
period mid-November 1995 to mid-July 1936.

(Residual sea level is measured relative to MSL; the positive aong-shore wind component

corresponds to a wind from S55¢E; the positive cross-shore wind component corresponds to a
wind from N35°E.)
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fronts over the area (Fig. 2.12). During the occurrence of these pressure lows, the wind vector can typically
rotate by 90° and subsequently attenuate very rapidly, or even undergo a complete reversal without losing in

strength.

(Oh)25/4196 - (23h)2/5/96

25 26 27 28 28 30 1 2 3
Time /Days

Fig. 2.12 Progress of changes in the wind vector in relation to atmospheric pressure fluctuations at
MSL, the residual sea level and the adjusted sea level residud. .
Adjusted sea level residud in cm = residud sea level in cm + (barometer factor * atmospheric
pressure fluctuations in mbars)

The comparison is further investigated by means of auto- and cross-spectra of the data series which are
computed from hourly values, after linear detrending and mean removal, by means of 13 50%-overlapping
consecutive segments of 1024 points each. All the spectra (Fig. 2.13 and 2.14) show the ‘red’ shift of energy
that is characteristic of geophysical processes. The prominent peak in the atmospheric pressure spectrum at the
frequency of 2 cpd is due to the semidiurnal atmospheric tides. The diurnal maximum is less pronounced. At the
higher frequencies, the atmospheric spectrum follows an w>* power law that is in good agreement with
observations by Rabinovich & Monserrat (1996) and Kovalev et al. (1991) (w**), and only slightly steeper than
that described by Herron et al. (1969) (0>°). The spectrum has howeVer a distinctive steeper gradient in the
higher synoptic frequency range (0.2 - 1 cpd) where it follows an o>* power law decay. The pressure and wind
spectra, especially the N-S component, exhibit a distinct flattening at periods greater than about 5 days. The sea
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Fig. 213 Genera spectra for ( a ) residual sea elevation in Mellieha Bay, and (b ) MSL
atmospheric pressure and ( ¢,d ) wind components at Ramla Tal-Bir.

The 95% confidence factor, for 24 degrees of freedom is 5.0 dB (Bri=0.6; Bnac=1.9).
Data used consists of hourly values from 18/11/95 - 11/8/96.
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Jevel spectrum has no such bounding limit on power at the lower frequencies and the spectrum has an almost
constant slope for the full range of frequencies. The prevalence of the sea level spectrum over that of
atmospheric pressure results in the power in sea level rising much more rapidly than that of pressure at periods
longer than about 12 days, and in an increased divergence between the two spectra at the higher frequencies. At
planetary time scales (several weeks), the sea level variance is close to seven times higher than that of pressure.
The seasonal signal of the atmospheric pressure is thus less than that of the sea level.. At the synoptic time scale

(0.05 - 0.5 cpd) the variances are equal at the lower frequency end, with variance in pressure become more
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Fig. 2.14 Comparison spectra with semi-ogarithmic scales for
(a) residua sea elevation in Mellieha Bay (solid), and

( b ) MSL atmospheric pressure at Ramla Tal-Bir (dotted).
The 95% confidence factor, for 24 degrees of freedom is

5.0 dB (Brin=0.6; Bnax=1.9).

Data used consists of hourly values from 18/11/95 - 11/8/96.
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important with increasing frequency. The comparative plots of spectra on a semi-logarithmic scale (Fig. 2.14)
shows that signals with frequencies higher than 0.5 cpd represent only a small fraction of the total variance in

both residual sea level and atmospheric pressure.

The wind spectra exhibit a predominance of the EW component over the NS component in the synoptic
frequency range (3:1) and especially for the lower frequencies (12:1).

2.4.2.5 Barometer factor from spectrum analysis

The significant dependence of sea level variability on atmospheric pressure in the synoptic and planetary wave
scales is evidenced by the fairly high coherence between the residual sea level and atmospheric pressure
fluctuations at these frequencies (Fig. 2.15). Coherence levels have an average of 0.7 for the response at
frequencies lower than 0.5 cpd (T > 2 days). Coherence has a value of 0.6 for the lower frequencies, drops to
0.4 for frequencies centred on 0.14 cpd (T approx. = 7 days), and rises again to values close to 0.8 in the
frequency range of 0.3 - 0.5 cpd (2 < T < 3 cpd) on average. The gain (barometer factor) and phase

relationship bear a very similar dependence on frequency so that the response can be broadly classified into three
bands of frequency (Fig. 2.16).

In the lower frequency planetary wave time scale (f < 0.05 cpd) the response is over-isostatic with a gain of
about 1.5, and a lag of atmospheric pressure with respect to sea level a few tens of degrees less than 180°. This
phase relationship is equivalent to that of an atmospheric pressure leading the inverted sea level by a few tens of
degrees (ie. an approximate phase difference of one day). This behaviour has been reported in other studies
based on coastal data (Palumbo & Mazzarella, 1982; Pasaric & Orlic 1992; Tsimplis & Vlakhis, 1994) and is
probably due to signals, such as from steric effects and wind, which can be correlated with atmospheric
pressure. For periods higher than 25 days, Le Traon & Gauzelin (1997) have also found an over-isostatic

response of the satellite-derived mean sea level to the ECMWF model analysis mean atmospheric pressure

calculated over the whole Mediterranean.

In the lower synoptic frequency range (0.05 < f < 0.3 cpd) the pressure variance is higher than that of the
residual sea level. The phase relationship remains less than 180° and a maximum delay of 70° in the response of

the sea level is registered at a frequency slightly higher than 0.1 cpd. The response is thus well under-isostatic,
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Fig. 2.15 Coherence and phase for residual sea level and (a) Atmospheric pressure at MSL, (b-c)
E-WIN-S wind components for the period mid-November 1995 to mid-September 1996.

The phase indicates the lead of sea level with respect to the pressure or wind components. The
dashed line indicates the level above which the coherence is significant at the 95% confidence
level. With 24 degrees of freedom this is equal to 0.22.
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and the equivalent sea level fluctuations are

only about half the value expected for a

perfect inverse barometer response. On thé
other hand the response is very close to
isostatic in the upper synoptic frequency
range (0.3 < f < 0.5 cpd). For this band of

Gain
-
(6]

frequencies the sea level is highly correlated

= - to pressure, and responds in antiphase to

Frequency /cpd pressure with an average gain of 0.7.

Fig. 2.16 Amplitude of the barometer factor as a For further higher frequencies (f > 0.5 cpd)
function of frequency for the period mid-November ..
1995 to mid-September 1996. the coherence is in general low except for a

number of discrete frequencies. In particular,

the sea level signals close to the diurnal
frequency are uncorrelated to barometric pressure, which indicates that their origin has to be sought from other

oceanographic influences.

It is not easy to see how these results can be used to explain the physical processes responsible for the non-
isostatic response. It would certainly be necessary to measure the barometer factor at other sea level stations,
particularly in the Central Mediterranean area, in order to assess the dependence of the response on the
geographical position. Only then can one identify the extent to which discrepancies from the barometer effect
can be related to special features of the bottom topography near individual stations with respect to the

dependence on the larger scale dynamics of the strait. It is however interesting to note that these results

corroborate the response models described above.

2.4.2.6 Effect of the wind

The non-isostatic values of the barometer factor can result from the omission of one or more variables that are
closely correlated to atmospheric pressure. The wind is most likely to produce such an effect and cross-spectral

estimates between wind and sea level are thus estimated. The wind components are taken along N-S and E-W
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directions or alternatively by resolving along the cross-shore or along-shore directions. The sea level is taken
either as the residual or as the adjusted residual sea level. The latter is calculated as the residual sea level added
to (0.7*atmospheric pressure fluctuations in mb), where 0.7 is taken as the average barometer factor in the
upper synoptic frequency range. Although the wind stress, rather than the wind itself, is expected to be related
to the sea level through the dynamical equations, the coherence analysis between sea level and wind stress
components did not give any significant difference from the coherence between sea level and the wind itself.
Nonlinear relationships between wind and sea level are thus not investigated any further.

Sea level is not significantly coherent with E-W wind component except at frequencies below 0.05 cpd (Fig.
2.15). The sea level is however fairly coherent with the N-S wind over two main frequency bands within the
synoptic range. This result does not necessarily indicate a causal relationship between sea level and this wind

component since the meteorological variables can be intrinsically coherent between themselves. The coherence

1 X=Cross-shore wind, Y=Ad]. residual sea level
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Fig. 2,17 Coherence and phase for the adjusted residual sea level and the Cross-/Along-shore
wind components for the period mid-November 1995 to mid-September 1996.
The phase indicates the lead of sea level with respect to the wind components. The dashed line

indicates the level above which the coherence is significant at the 95% confidence level. With 24
degrees of freedom this is equal to 0.22.

59



Chapter 2: Sea level variations along the northern coast of Malta

of sea level with pressure in combination with the coherence between the pressure and the N-S wind component
(not shown) over the upper synoptic frequencies explains, in this case, the apparent coherence between sea level

and the wind. The apparent direct forcing of sea level by the N-S wind in the upper synoptic range is thus not
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Fig. 2,18 Hourly averaged wind sticks compared with atmospheric pressure fluctuations {in mbars),
the residua and adjusted residua sea level during the period 25-28th Apri 1996. Wind sticks
indicate magnitude in m/s and direction of incidence with respect to North. Atmospheric pressure
and sea level fluctuations are measured with respect to mean values caculated over the period
mid-November 1995 to mid-September 1996.
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real. This is further confirmed by the cross-spectral analysis with the adjusted residual sea level. Such ambiguities
are removed by applying the multiple regression analysis described above.

Cross-spectra of the adjﬁsted residual sea level with the wind are analysed in terms of the cross- and along-shore
wind components. These component wind directions are taken with respect to the northern coast of Malta.
Cross-shore components thus represent an axial wind with respect to Mellicha Bay, but are also perpendicular
to the Sicilian southern coast. The analysis (Fig.2.17) shows that there is no band of frequencies with significant
coherence except at the lower frequency end. On the planetary wave scale the adjusted sea level varies
approximately in antiphase with the along-shore wind component and implies a general lowering of sea level in
association to a southeasterly wind, and a rise in sea level with wind from the northwest. The phase with the
cross-shore wind is less than 180° and presents a more complex relationship. At low frequencies there is a
general lowering of sea level inside Mellieha Bay in association to a northeasterly (inshore) wind, whereas sea
level rises on the occasion of southeasterly winds. This relationship with the axial wind is also observed at
shorter time scales when the wind stick plots are compared to adjusted sea level on an event by event basis.
When the wind blows from the sector bounded by directions 110” and 290° with respect to north, and in
particular from the southwest (ie. along bay axis towards the open sea) the sea level tends to rise; when the
wind blows from the opposite sector and in particular from the northeast ( ie. along bay axis into the bay) the
sea level tends to become lower. A typical case is shown in Fig. 2.18 where moderate but persistent
Northeasterly winds during the 25" and 26™ of April 1996 produced a gradual decrease in sea level that cannot
be attributed to an effect of atmospheric pressure which is also decreasing. This behaviour does not of course
comply with a direct local wind setup response within the bay itself whose dimensions are too small (about 3Km
x 1Km) for any such effect to be sensible. The response must therefore be related to larger scale wind effects on
the shelf water body especially within proximity to the shelf break.

2.4.2.7 Results of multiple regression analysis

The results of the multiple regression analysis are summarised in Figs.2.19 - 2.21. For convenience the residual
sea level is inverted (negative); this is taken as the output. The isostatic response thus corresponds to Icm/mb
with larger and smaller values regarded as over-isostatic and under-isostatic respectively. The inputs are

atmospheric pressure, and the along-/cross-shore wind components.
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For all frequencies up to 0.75cpd, the overall explained variance is high and averages to about 75% of the total
variance. The explained variance in the planetary wave and synoptic frequency ranges is mostly attributed to the
direct effects of atmospheric pressure, except for an unexplained minimum around f = 0.12cpd where the along-
shore wind component can explain close to 50% of the variability. For frequencies up to 0.1cpd the inverted
residual sea level follows closely an ideal barometric response to atmospheric pressure except for the fact that
the phase of atmospheric pressure with respect to the residual sea level is consistently a few tens of degrees less
than 180°. For the very low frequencies (f < 0.05cpd) the explained variance is attributed to atmospheric
pressure, along-shore wind and cross-shore wind in this decreasing order of magnitude. For these low .
frequencies the 95% confidence limits are rather large, but it is noted that the amplitude of the pressure
coefficient is not significantly different from 1 so that the over-isostatic response deduced from the barometer
factor cannot be attributed to atmospheric pressure.

A comparison of the pressure coefficient and phase from Fig. 2.19 and 2.20 with those of Fig. 2.15 and 2.16a
shows that in the synoptic frequency range the allowance for the effect of wind does not lead to significant
differences. The regression analysis is however able to quantify the relative importance of the inputs. The
response in the range of frequencies centred around 0.08 cpd is particularly interesting; the atmospheric pressure
explains up to 90% of the variance, but a good part of this variance is derived from the significant coupling of
pressure with the wind components. For frequencies in the range 0.25 - 0.35cpd, the effect of atmospheric
pressure is again predominant and contributes to approximately 60% of the sea level variance. At these

frequencies the amplitudes of the wind coefficients are very low; this reconfirms the results in section 2.4.1.5 and

the response clearly follows the inverted barometer effect.

The regression coefficients of the inverted residual sea level on the cross-/along-shore wind components are not
significantly different from zero except for a number of discrete frequencies. In general, the wind does not
therefore account for much of the sea level variance. In the synoptic frequency range the residual sea level leads
the cross-shore wind component by /2 radians while it lags by 7/2 radians with respect to the along-shore wind
component (note that the phase relationship with the inverted sea level has the opposite sign). This implies an
increase in sea level in association to wind from the southwesterly (positive cross-shore wind component) or
southeasterly (positive along-shore wind component) sectors. It is important to note that although these phase
relationships are only meaningful when the corresponding amplitude values are significantly different from zero,

these deductions are in agreement with results in section 2.4.2.6.
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Fig. 2.19 Amplitude of the regression coefficients of inverted sea level on local atmospheric
pressure and Cross-shore/Along-shore wind components in Ramla Station.
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Fig. 2,20 Phase of the regression coefficients of inverted sea level on locé atmoépheric pressure
and Along-/Cross-shore wind components in Ramla Station. The phase gives the lead in radians of
the input on the respective output parameters.
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Fig. 2.21 Percentage of sealevel variance accounted for by { a ) the meteorological inputs (PP, AA
and CC) and (b) their combinations (CP, AC and AP); { ¢ ) Residud variance due to part of sea
level incoherent with atmospheric pressure and wind.

65



Chapter 2: Sea level variations along the northern coast of Malta

For frequencies higher than 0.8cpd, the variability is much harder to explain and the influence of other factors
besides the direct effect of the weather parameters needs to be taken into account. At these frequencies the
weather on average explains only half of the sea level variability. The interdependence of the input variables also

becomes very low so that the respective effects on sea level can be treated separately.

2.5 Wavelet analysis
2.5.1 Wavelet vs Fourier analysis

One disadvantage with the statistical methods and conventional spectral analysis presented above is that they
only provide time averaged results. Indeed Fourier analysis transforms the view of a signal from a time-based
one to a frequency-based one. Time information is thus lost and the evolution in time of a signal cannot be
identified. The methods assume that the signal is stationary so that its statistics do not change with time. In
nature, it is known that processes are generally random. The spectral composition of a signal is indeed expected
to vary continuously, and the changing relative contributions of its components may represent the most

important features of the signal variability. Even the inter-dependence between a set of parameters, such as that

of sea level and the weather parameters, may itself vary in time.

The application of the wavelet transform provides an effective method of analysing and synthesizing this variable
structure of a signal in time and provides a means of localising events of interest at their exact temporal location.
Wavelet theory (refer to Appendix 1 for a brief introduction on the subject) has been studied by mathematicians
since the seminal papers by Daubechies (1987, 1988, 1990) and Mallat (1989). Although its application in signal
processing is relatively new, wavelet analysis has already been successfully used in many engineering fields with
applications in communications, geophysics, finance and medicine. It has proved to be a very powerful tool in
speech and audio analysis and fingerprinting, in noise filtering, and in image and video digital compression. The
present work is indeed the first application to time series of hydro-meteorological data. The method allows

specific features of a signal to be localized in time by decomposing the signal into a family of basis functions,
called wavelets.

In Fourier analysis a signal is broken up into smooth sinusoids of unlimited duration. Similarly, wavelet analysis

consists in the breaking up of a signal into wavelets which are waveforms of effectively limited duration and
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zero mean, but which tend to be irregular and asymmetric. Wavelet analysis is essentially a windowing
technique with variable-sized regions. The analysis consists in shifting forward the wavelet in steps along the full
signal and generating at each step a wavelet coefficient that measures the level of correlation of the wavelet to
the signal in each section. When the full series is covered, a set of wavelet coefficients is generated that has the
same consistency in time as that of the original signal. The variation in the coefficients indicates the changing
level of similarity of the wavelet with the signal in time. This process is repeated with scaled (stretched) versions
of the wavelet so that sets of wavelet coefficients at different scales are generated. This process produces a set
of series of wavelet coefficients that are a function of scale and position. The lower scales refer to the
compressed wavelet and are able to follow the rapidly changing details or high frequency component of the
signal. The higher scales are composed from the stretched version of wavelet and the corresponding coefficients
represent the slowly changing coarse features or low frequency component. The results can best be viewed by
means of time-scale coefficient plots in which the x-axis represents position along the signal (time), the y-axis

represents scale and the color or shade of grey represents the magnitude of the wavelet coefficients.

2.5.2 Continuous vs discrete wavelet transform

The analysis can either be carried out in continuous or discrete mode. The continuous wavelet transform
operates at every scale, from that of the original signal up to some maximum scale determined by trading off the
need for detailed analysis with available computation speed and power. During computation the analysing
wavelet is also shifted smoothly over the full domain of the analysed signal so that the continuous wavelet
transform is also continuous in terms of shifting. On the other hand the discrete wavelet transform calculates
wavelet coefficients only at a determined subset of scales and positions. The discrete scales and positions are
very often chosen on a dyadic (powers of two) basis. An efficient way to implement this scheme by using filters
was developed by Mallat. The Mallat algorithm is essentially a filtering process and it decomposes the original
signal into a series of approximations and details (refer to Appendix 1 for details). The approximations are the
high-scale low frequency components of the signal. The details are the low-scale, high frequency components.
The process consists of a number of successive filtering steps. The original signal is first decomposed into an
approximation and an accompanying detail. The decomposition process is then iterated, with successive

approximations being decomposed in turn so that the original signal is broken down into many lower-resolution
components.
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This analysis is carried out by means of the MATLAB Wavelet Toolbox which is a collection of wavelet
analysis functions built on the MATLAB® Technical Computing Environment.

2.5.3 Application to the Malta data set

2.5.3.1 Results of the continuous wavelet transform analysis

Fig. 2.22b displays the results of the continuous wavelet transform analysis on hourly values of residual
elevation obtained by using 148 integer scales and utilising a symlet wavelet of order 8 as a basis. The figure
shows only the analysis covering the period 18/11/95 - 28/5/96. 1t is a time-scale plot of the signal in Fig. 2.22a
where the x-axis represents position along the signal (time), the y-axis represents scale and the colour at each x-
y point represents the magnitude of the wavelet coefficient at that point. A deep blue colour is assigned to the
lowest negative magnitudes while a deep red colour is assigned to the highest positive magnitude. Zero
magnitude corresponds to the shade. of colour indicated by the arrow on the colourbar. The view of the signal

by such a time-scale plot is different from the time-frequency Fourier view, but it is not unrelated.

Scales do not carry an exact engineering definition, like frequency. Although increasing scales can be taken to
represent proportionately decreasing frequencies, a level of scale cannot be related to a single frequency and
there is no strict relationship that binds the two quantities. Wavelet decomposition into scale coefficients thus
constitutes a distinct method of viewing the components of a signal, and provides an alternative to signal
decomposition by means of a time-frequency expression. Wavelet analysis gives instead a time-scale view of a

signal and thus provides a method of expressing natural phenomena by utilising their very rudimentary multi-
fractal basis. |

Undoubtedly the greatest advantage of continuous wavelet transform analysis is its high resolution in time. It is
however also able to resolve detail at scales where conventional methods would equivalently require a much
longer data set. In the case of the sea level data analysis above, the synoptic frequency range is very well
resolved by a wide range of scales covering the values from 40 and all the way up to 148. In comparison, an
alternative Fourier frequency-time analysis with a running window of size N records and 50% overlap, would
cover the same range of frequencies in just a few frequency segments each of width 1/(NAT) cpd, and the
frequency representation would only be calculated in time steps of NAT/2 each. The continuous wavelet

transform analysis is thus a very powerful tool compared to the classical power spectral techniques and is able to
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give a high resolution in both signal detail composition and time with great efficiency on even a short time series
of data.

A close view of Hg. 2.22 reveals how the analysis is able to follow in detail the synoptic time-scale structure
contained in the original residual sea level signal. At each scale, a scan along the x-axis gives the undulating time
series of wavelet coefficients and resembles very closely a modulated sinusoid with a central frequency
representative of that scale. These undulations are exhibited by changes in colouration above and below the
mean colour. In its totality of representation, the plot results in successive streaks of changing shades in
colouration that vividly portray an animation of the time evolution at all scales. The successive appearance,
lengthening and eventual shrinking and disappearance of the interleaved tongues follows the detailed temporal
development of intensified events and eventual weakening at all scales of the residual sea level and thus provides
an accurate study of the changing composition of the signal. The analysis reveals several interesting results.
There are occasions where the intensified variation penetrates down to the lower scales such as in the case of the
vigorous and very abrupt changes in residual sea level during the first quarter of February (X;) and the beginning
of March (X»). Intensification is restrained to the higher scale components during summer. On other occasions,
such as at Y| - Y, the variability concerns only a restricted number of scales. The selective reinforcement of
scales is however different from one event to another and is by no means confined to any fixed or regular set of
scales. It is also interesting to note the 'ripple' nature of the time-scale plot at the lower scales centred around the
value of 20. This scale represents the diurnal oscillation. Analysis of the full data series from mid-1993 to 1996
shows that diurnal scales become invariably the predominant high frequency detail especially in the period mid-
May tormd—November During the rest of the months the diurnal signal is weaker and fnasked by ofhéf equally

or more important signals from both lower and higher adjacent scales. This difference is clearly depicted in the
comparison time-scale plots in Fig. 2.23a, b.

2.5.3.2 Dependence of synoptic variability on atmospheric pressure variations

The synoptic variability in the residual sea level is closely related to the corresponding atmospheric pressure
fluctuations. A comparison between the coefficients derived from a separate continuous wavelet transform
analysis on residual sea level and inverted atmospheric pressure fluctuations can provide qualitative and
quantitative mformation on the relationship and its variation in time between the two quantities. The comparison

is made by means of a correlation analysis on 9216 hourly averaged values of sea level and inverted pressure
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Fig.2,22 Andlysis of synoptic scde variabiity by the continuous wavelet transform. The andysed
signal in () is that of residua elevation. The wavelet coefficients are calculated at scales in the
range [1:1:148] and their magnitude is displayed as a time-scale plot in {b). Magnitudes are plotted
according to the horizontal colourbar which assigns a deep blue colour to the lowest negative
magnitudes and a deep red colour to the highest positive magnitude. Zero magnitude corresponds
to the shade of colour indicated by the arrow on the colourbar.
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Fig.2.23 ( a ) Sample time series of residual sealevel variations and the corresponding time-scale
plots of the continuous wavelet transform coefficients for winter (8th February - 23rd March 1996).
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Fig.223 ( b ) Sample time series of residual sea level variations and the corresponding ime-scale
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“Fig. 2.24 Correlation factor r between the continuous wavelet transform coefficients for residual sea
level and inverted atmospheric pressure fluctuations. Deep blue is equivalent to r = -1. Dark red is
equivdent fo r = +1. The continuous wavelet transform coefficients are calculated using 9216
hourly averaged values covering the period (Oh) 18/11/95 to (Oh) 5/12/96.
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wavelet coefficients covering the period (Oh) 18/11/95 to (Oh) 5/12/96. At each scale, the pair of wavelet
coefficient series are compared by calculating a running correlation coefficient using a window of size 100,
which is displaced by one value at each step until the whole series of coefficients are covered. This is repeated at
all the other scales so that a correlation time-scale map is obtained (Fig. 2.24). The colour scheme uses dark red

for maximum positive correlation (r = +1) when the sea level and the inverted barometric pressure vary in
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Fig.2.25 Average correlation coefficient between residual
sealevel and inverted atmospheric pressure variations
in the period (Oh) 18/11/95 to (Oh) 5/12/96.
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phase; it is deep blue for maximum negative correlation (r = -1) when changes in sea level and inverted

barometric pressure are in antiphase. Zero correlation (r = 0) implies a phase relationship that changes too
rapidly to be significant.

The map in Fig. 2.24 clearly indicates that the response of the sea level to the barometric forcing is
characterised by frequent and very dynamic interactions. The correlation is insignificant at the lower scales, but it
can reach values close to r = +1 for scales higher than about 30. The average correlation worked out over the
full period for each scale reaches a maximum at the scale of 40 (Fig. 2.25). Events of enhanced coupling
between the sea level and barometric pressure occur in coincidence to periods of stronger fluctuations in the
pressure field and covers a wide range of scales so that the inverted response of the sea level practically scans
the full range of synoptic frequencies. In the case of weaker pressure variations, the correlation is negligible. The
analysis thus reveals the intermittent nature of the coupling. It moreover shows the marked seasonal variation in
the dependence of the sea surface oscillations on atmospheric pressure, with the interaction being more effective

during the winter months especially in relation to 2 - 5 day long pressure oscillation trains that often accompany
the passage of cyclonic perturbations.

2.5.3.3 Analysis by the discrete wavelet transform

The relationship between the residual sea level and the inverted atmospheric pressure variations can be further
nvestigated by means of a discrete wavelet analysis on the respective series. The analysis is carried out up to the
8th level of detail (d1 - d8) and again utilises a symlet wavelet of order 8 as a basis. In terms of scales, each
detail effectively covers a range of scales. The lower levels of detail correspond to the finer scales. In terms of
frequency, a detail at level j contains the cumulative description of signal components with a central frequency at

(sampling frequency)/2' = 24/2 cycles per day. Thus the central frequencies range from 12cpd at the first level
of detail down to 0.094cpd at the 8th level of detail.

At each level, the time series of discrete wavelet transform coefficients is representative of the evolution in time
of the signals in the range around the central frequency. The time series of these coefficients for the respective
levels of detail in the period 18th November 1995 to 15th July 1996 are plotted in Fig. 2.26a, b for residual sea

level variations and inverted atmospheric pressure fluctuations respectively.
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Time /months

Fig.2.26 (a) Time series plot of the discrete wavelet transform detail coefficients for levels 1 to 8 in
the period 18/11/95 to 15/7/96 for residual water level fluctuations.
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Fig.2.26 (b) Time series plot of the discrete wavelet transform detail coefficients for levels 1 to 8 in
the period 18/11/95 to 15/7/96 for inverted atmospheric pressure fluctuations.

71



Chapter 2: Sea level variations along the northern coast of Malta

The main feature observed in the residual sea level details is that of the rapid variations in the amplitude of the
coefficients. These variations are discontinuous in time. They are observed at all levels of detail, but do not
generally occur at the same time although the correspondence between adjacent levels of detail is at times
appreciable. The reinforcement of a detail is thus generally independent of the magnitude of the variations in the
other levels of detail. This selective enhancement implies that the factors influencing the sea level signal at the
different details may not necessarily be identical. The difference is particularly evident between the set d1 - d4
levels of detail and the remaining four higher levels d5 - d8. The amplitudes of the finer details are generally
smaller except in the case of d4 which attains a very steady amplitude from May onwards. The variance of the
finer details does not change with the seasons. On the other hand the upper levels of detail have highef
amplitudes and are especially stronger during the winter months. The variability of the residual sea level is thus
mainly explained by the higher levels of detail. This corroborates with the predominance of the sea level signals

in the synoptic frequency range as discussed in the previous sections.

The difference between the two sets of details is even more evident in the atmospheric pressure field. The
activity of the atmospheric pressure details at levels 1 and 2 is very low, whereas at level 3 it is pretty constant at
an rms value below 0.5mb. The variability is principally explained by details d5 and d6, and to a lesser extent by

d7 and d8. The reduced activity in barometric pressure fluctuations during summer is particularly evident in d5
and d6.

2.5.3.4 Inverted barometric effect by wavelet analysis

The correspondence between identical levels of detail for residual sea surface fluctuations and inverted
atmospheric pressure can be used to study the validity of the IB condition and its dependence on the time and
space scales. A perfect isostatic adjustment would signify a 1:1 relationship between the details. This
correspondence is quantified both by cross-correlation analysis as well as by scatter plots and superimposed time
series plots of the two sets of reconstructed detail coefficients. The scatter plot analysis in Fig. 2.27 shows that
the correspondence is only significant at levels of detail 5 and 6 for which the correlation factor is 0.73 and 0.72
respectively. This linear dependence is much less evident for both higher and lower levels of detail (Table 2.5).
The temporal development of this correspondence is investigated by the superposition of time series plots (Fig.
2.28) where it is noted that the atmospheric pressure anomaly and the sea level fluctuations at both details 5 and
6 can practically remain in phase for long periods (such as during the whole two months of April and May).
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Fig.2 27 Scatter plots between the reconstructed detais d1 - d4 for residual sea ele\/ation and the
inverted atmospheric pressure anomaly for the period 18th November 1995 - 5th December
1996.
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Fig.2.27 Scatter plots between the reconstructed details d5 - d8 for residua sea elevation and the
inverted atmospheric pressure anomaly for the period 18th November 1995 - 5th December
1996.
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Fig.2.28 Comparison time series plots for the reconstructed detais (d5 and d6)’ of residud sea
elevation (fullline) and inverted atmospheric pressure anomaly (dotted ling).
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Fig.2.28 Comparison time series plots for the reconstructed detais (d7 and d8) of residual sea
glevation (full line) and inverted atmospheric pressure anomaly {dotted line).
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At the 5" level of detail a close to isostatic response is particularly evident during the periods of stronger
atmospheric pressure variations which regularly trigger the corresponding fluctuations in the residual sea level

details. At the 6™ level of detail the response is in general under-isostatic although there are periods, such as
towards the end of

Table 2.5

Correlation between detail coefficients of residual sea level and inverted atmospheric
pressure

Detail level d1 d2 d3 d4 das dé d7 d8

Correlation factor 0300 | 0359 | 0356 | 0215 | 0.726 | 0.718 | 0400 | 0.471

February and in the first days of July, when the sea responds more vigorously than would be expected from a
simple adjustment to atmospheric pressure anomalies. The results are a clear example of the very effective use
of the wavelet transform in obtaining a detailed temporal analysis of one or more signals. The consistency of the
correspondence is much less evident for the 7™ and 8" levels of detail. At these levels other effects besides that
of barometric pressure become important factors in affecting the variation in the sea surface displacement. In
their varying development in time, the contribution of these effects can become predominant for certain periods.
An mvestigation of these contributing factors on the sea level variability with respect to that of barometric
pressure as their relative effect changes with time can be made by means of a comparison between wavelet
transform approximations. The level 6 wavelet transform approximations A(AT)) of residual sea level and A(-
Ap) of inverted atmospheric pressure (Fig. 2.29) contain the cumulative contribution from details with levels
higher than 6 and thus represent the low frequency signals of the two parameters. The comparison between
these two approximations is made by means of the diagnostic ¥ = dA(ANy)/dt - dA(-Ap)/dt which relates their
respective variation in time. In the case of a perfect IB response, = 0. In the case of a rise in sea level that is
more rapid (or a fall that is slower) than expected from a simple response to a lowering (or increase) of
atmospheric pressure, then x> 0. When the rise in level is slower (or the fall is more rapid) as compared to the
IB response to an increase (or decrease) in atmospheric pressure, then % < 0. The diagnostic thus provides a

quantitative measure of the relative importance of non-barometric effects.
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Fig. 2.29(a) Time series of approximations at level 6 caculated for inverted atmospheric pressure
(dotted line) and residua sea elevation (full line); (b) Comparison plot of % = d[A(Dh.s) - A(Dp)}/dt and
cross-shore wind component, (for : x>0 implies an accelerated rise/decelerated fall in sea, %<0
implies an accelerated fall/decelerated rise in sea level with respect to the inverted barometric effect;
for wind : +ve component = onshore; -ve component = offshore); ( ¢ ) Time series plot of wind speed.
All plots cover the period 10t February to 8t July 1996.

Vaues of y are multiplied by a factor of 150.
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Fig. 2.29b is a time series plot of %, for the period 10" February to 8" July 1996. The values of  are multiplied
by a factor of 150 for better visualisation against the superimposed plot of cross-shore wind components.
Positive peaks in y refer to episodes of an accelerated rise (over-isostatic response) or a decelerated fall (under-
isostatic response) in water level. Similarly the negative peaks refer to episodes of an accelerated fall (over-
isostatic response) or decelerated rise (under-isostatic response) in water level. The variation of 7 thus indicates
the instantaneous disposition of the sea surface displacement above or below the level dictated by an IB
response. In some cases these non-isostatic sea level effects can generally be related to the cross-shore wind. In
particular the decelerated rise in sea level at X (towards end of February) and X, (in the last week of April) are
both related to an intensified onshore wind which does not allow the sea level to follow the simultaneous fall in
atmospheric pressure. At Y;, Y2, Y3 and Y, the peaking of an offshore wind does not allow the sea level to fall
in adjustment to a rise in atmospheric pressure. These observations indicate a general tendency for the residual
sea elevation to become lower on the occasion of onshore winds and higher when wind is offshore. This
corroborates the results obtained in section 2.4.2.6. It is nevertheless noted that some fluctuations in X, occur on
occasions when the wind is slack, and other effects besides those of wind and barometric pressure are thus

involved in establishing the complex development of the sea level displacements in time.

2.5.4 Wavelet analysis - the way ahead

The analysis above is a clear demonstration of the very effective use of the wavelet transform in studying the
composition of a signal. Wavelet analysis can lend itself as a valuable tool to identify the nature of variability
carried by the signal and the dependence of the variability on one or more correlated parameters. In the
application to sea elevation, the method allows a detailed study of the dependence of the sea level response on
the weather variables as parameters change in time. The temporal development of the sea elevation can be
modelled as a superposition of wavelet decompositions of the respective dependent parameters. This opens the

way to alternative methods of forecasting and hindcasting sea elevations from a knowledge of the wavelet

decompositions of the dependent parameters.
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2.6 The seasonal variability

2.6.1 Seasonal changes in mean sea level |
The seasonal variation in the mean sea level in Mellieha Bay is studied by 43 monthly averages of sea level data
covering the period June 1993 to December 1996. The seasonal signal in the sea level is seen to be quite strong
(Fig. 2.30) and is actually larger than the daily variation. Such seasonality is typical of the whole Mediterranean
Sea. Emery et al. (1988) show that there are large variations in sea level changes in any given year across the

Mediterranean. The magnitude of these sea level seasonal changes is in the order of tens of centimetres and

Seasonal fluctuations of monthly MSL in Meliieha Bay
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Fig.2.30 Monthly mean sealevel in Mellieha Bay as a function of time
(June 1993 - December 1996)
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therefore greatly exceeds in size other effects on the sea level such as climate change (estimated to be in the
order of a mmv/year). Indeed this renders eustatic sea level determinations more difficult to detect. The range,
pattern and regularity of the seasonal signal however varies widely for different locations in the Mediterranean
and is often influenced by local effects such as temperature and periods of strong winds whose incidence can
vary from year to year (Goldsmith, 1990). Mean sea level seasonality appears however to have a regional
character. Similar seasonal patterns are exhibited by sea level measurements from stations in the same region. In
general, seasonality in the West is less regular, but is not as sharp as in the southeastern Mediterranean. Analysis
of sea levels derived from TOPEX/POSEIDON satellite altimetry data during 1993-94 show that the mean
level variations in the western and eastern Mediterranean basins are about the same in magnitude, but have a

phase lag which varies with time (Larnicol et al., 1995).

In the case of Mellicha Bay the records (Fig. 2.30, 2.31a) show that a sea level maximum generally occurs in
October while a minimum occurs in March. The sharp lowering in the mean sea level after October is
interrupted by a second maximum in December/January while the increase after March is temporarily halted by
a secondary minimum in late Spring. The maximum range between the extreme levels is in the order of tens of
centimetres. The three years are however not fully alike. Both the size and phase of the fluctuations as well as
the occurrence of fast variations (such as the sharp rise in sea level in May 1996) are indicative of considerable
interannual variability. A comparison with 13 months of sea level data covering the period May 1990 to May
1991 and obtained at a sea level station in the Grand Harbour (only within a few kilometres of distance from
Mellieha Bay) further confirms that the seasonality’ is not very regular (Fig. 2.32a). During 1990/91 the rise to
maximum sea level in October is more gradual, while the minimum in 1991 occurs in January rather than
March. There seems thus to be a sensible phase shift in the seasonal signal with respect to the period 1995/96.
This implies that in the case of local sea level variations with the longer time scales and with cycles in the order
of tens of years, studies need to be based on longer time series of data so as to enable inferences on statistical

averages that are better representative of the predominant seasonal signals.
2.6.2 Factors influencing the seasonal variability

The seasonal signal is also present, though less energetic, in the atmospheric pressure (Fig. 2.31b and 2.33b).

After applying the IB correction the mean sea level still retains a large part of its variability and hence other
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Fig.2.31 (a) Monthly mean sea level in Mellieha Bay as a function of fime with (dotted) and without
(solid) the inverse barometer correction; {b) Monthly MSL atmospheric pressure at Ramia Station.
{Period covered is December 1995 - December 1996)
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without (solid) the inverse barometer correction; {b) Monthly MSL atmospheric pressure at Luga.
(Period covered is May 1990 - May 1991)
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factors besides the barotropic effect of barometric pressure are responsible for the sea level variations at this
scale. As already mentioned, seasonal winds and the piling of water onshore as a result of storm surges can
greatly contribute to the seasonal sea level Variations (Goldsmith & Gilboa, 1987). Other processes influencing
sea levels include currents (Pirazzoli, 1987; Thompson & Pugh, 1986) and shelf waves (Hutchnance, 1987).
Palumbo & Mazzarella (1982) have determined on various time scales the meteorological as well as the
hydrographic and oceanic factors that can explain the seasonal cycle in the mean sea level. Sea water
temperature and baroclinic phenomena such as steric effects which are related to the volume dilation and
contraction of the sea surface layer in response to changes in heat fluxes are also important factors contributing

to the seasonal oscillation. Following Gill & Niiler (1973), this effect can be quantified by: -
dn/dt = (/pCpQ

where 1 is the sea level, o, is the coefficient of thermal expansion, G, is the specific heat capacity at constant
pressure, and Q is the net heat flux. Using an ECMWF climatology of net surface heat fluxes for the
Mediterranean, it is found that steric effects produce changes in the mean sea level that have the right phase
compared to observations, but which are only about half in size to the actual variations (Larnicol et al., 1995).
On the seasonal timescale, the Mediterranean is thus probably not in mass balance. In order to account for this
discrepancy it seems necessary to hypothesize variations in the inflow and outflow at the Strait of Gibraltar.
Ovchinnikov (1974) suggests that seasonal fluctuations in the inflow at the strait could well be in antiphase to
the fluctuations in the outflow, thus resulting in a net barotropic flow and an associated expression in terms of
mean sea level variations. On the basis of measurements made in the Bay of Naples, Palumbo & Mazzarella
(1985) explain the seasonal cycle of mean sea level in terms of a mass balance that takes into account local

evaporation and precipitation rates and Atlantic water inflow.

2.6.3 Relationship to basin water budgets and strait exchange

The response of the Mediterranean mean sea level to variations in the difference between evaporation and
precipitation (E - P) in the basin is linked to the exchange at the seasonal scale at the straits. In the case of a
barotropic adjustment to (E - P) variations, the basin has a very rapid response (gravity waves take less than a
day to cross the whole Mediterranean) and the sea level is thus practically unaffected. On the other hand, when

variations in (E - P) give rise to baroclinic processes, such as during the formation of deep waters and Levantine
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Intermediate Water that are triggered by strong winter cooling and evaporation conditions, the associated
vigorous vertical mixing processes are slower and an associated signature in the mean sea level is expected.
These basin properties affect the nature of the exchange at the Strait of Gibraltar between the Mediterranean
Sea and the Atlantic Ocean. On the basis of existing evidence, Garrett et al., (1990a) conclude that the
hydraulically controlled flow in the Strait of Gibraltar is very close to the state of maximal exchange, but do not
exclude a switching to a marginally sub-maximal state during the second half of the year. The main evidence
supporting this seasonal pattern comes from the drop in the mean sea level along the strait from Cadiz to

Malaga, which is found to change during the year becoming more enhanced during sub-maximal exchange
conditions (Garrett et al., 1990b).

2.6.3.1 Sub-maximal vs maximal exchange

During sub-maximal exchange the density difference between the inflow and outflow is large; the budgets of the
sea require only a slow exchange and the outflow is likely to be restricted to a thin layer above the bottom of the
sill. If the sea becomes more mixed, the hydraulically controlled outflow becomes less dense; budgets will
require greater flow rates and the outflow will occupy a thicker bottom layer in the strait; the exchange becomes
maximal. The seasonal flips between the two states could thus be a consequence of wintertime replenishment of
dense Mediterranean water followed by summertime draining of this water by the outflow. During sub-maximal
exchange rapid adjustment through the strait to basin (E - P) variations is possible and no effect on the mean sea

level is expected. On the other hand, the suppressed adjustment during maximal flow produces a direct

response of the mean sea level to changes in (E - P).

Unfortunately knowledge on the seasonal variations in (E - P) in the Mediterranean is too scarce to confirm
these suppositions. Whether the flow at Gibraltar is maximal or sub-maximal is still an open question. It is
however certain that this simplified picture considering the Mediterranean as a single basin will have to be
modified in order to include the more complex intra-basin interaction between the eastern and western
Mediterranean through the Strait of Sicily. The mean sea level variations observed in Malta are found to be
practically unrelated to the wind climate. The wind does not in fact have any significant seasonal character, being
dominated by the westerly winds practically throughout the year. A great part of the seasonality is thus believed

to be non-local in nature and to predominantly carry the signals deriving from differences of meteo-marine
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parameters in the two basins. It is the intra-basin changes that in fact dictate the seasonality in the flow through
the Strait of Sicily.

2.6.3.2 Intra-basin differences

Taking the example of the atmospheric pressure field, very different behaviours are observed between the two
basins. From data reported by the Koninklijk Netherlands Meteorological Institute (1957) and by the
Meteorological Office in London (1964), the western basin is characterised by a minimum in April. This is
followed by a rise until July, with the pressure remaining practically constant until J anuary when it starts to
decline again until April. The range is on average 6mb. In the eastern basin a deeper minimum occurs at mid-
July and is followed by a sharp rise until November. The range is about 10mb. The pressure remains
approximately at the same levels during winter, with a maximum in January, after which it begins to fall until
mid-July. With respect to these two characterisations, the observations in Malta (Fig. 2.31b and 2.32b) show
that the atmospheric pressure field has a marked interannual variability and follows a mixed behaviour as the
two pressure regimes are respectively pushed eastwards or westwards over the Central Mediterranean. This will
have a local effect on the sea level, but most importantly the difference in pressure over the two basins will
govern the flow through the Strait of Sicily and thus produce other indirect non-local effects on the sea level.
These considerations render the measurements in Malta particularly important. Simultaneous observations at a

number of locations in this part of the Mediterranean can certainly reveal key aspects on the exchange between
the two basins.

A hydraulic control may also pertain to the flow in the Strait of Sicily. This can be dictated by discrepancies in
the mass balance of the respective basins and may not necessarily have the same state of flow as that in the Strait
of Gibraltar. It can be envisaged that the exchange condition through the two straits may in fact be different.
Different factors that have a control on the strait exchange may moreover be expected to not simply play a
disconnected role but to be indeed dynamically and mutually linked to one another. For example, the sea level
drop across the straits may not simply be consequential of the state of flow, but may actually act as a forcing

agent that dictates, possibly together with a number of other factors, the transition between marginally sub-
maximal and maximal exchange strait flows. |
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2.7 Conclusions

The sea level data collected at the coastal station in Mellieha Bay on the northwestern coast of Malta gives a
small tidal amplitude in the vicinity of the islands. The mean spring tidal range is only 20.6cm and is reduced to
4.6cm during neap tide. Water level variations are dominated by energy inputs from oscillations of non-tidal
origin. These variations are mainly due to the prevailing meteorological and oceanographic conditions in the
region. Although variations in atmospheric pressure associated with mesoscale meteorological phenomena
produce a predominant effect on the sea level in the synoptic and sub-synoptic time scales, the response of the
sea is non-isostatic and other factors contribute to its variability. It is not easy to identify the physical processes
responsible for such a response. It would certainly be necessary to obtain simultaneous measurements at other
sea level stations, particularly in the Central Mediterranean area, in order to assess the dependence of the
response on the geographical position. Only then can one identify the extent to which deviations from the
inverse barometer effect can be related to local effects as compared to the dependence on the larger scale

dynamics of the Strait of Sicily acting as a connection between the two major basins of the Mediterranean Sea.

Analysis of the data by means of a multiple regression model and the wavelet transform provides a
comprehensive study of the response of the sea level to atmospheric disturbances. The results of the multiple
regression analysis confirm the predominant contribution of atmospheric pressure in determining the variability
of the sea level for frequencies lower than 0.75cpd. The mid-synoptic frequency range is an exception where the
unexplained variance rises to 30%. The pressure coefficient is exceptionally low at a frequency close to 0.12cpd
at which the variability is mainly explained by the alongshore wind component. The direct wind effect is
otherwise generally much smaller than that of barometric pressure. An inverse barometer response is followed
most closely in the upper synoptic frequency range. For lower frequencies the residual sea level consistently lags
the inverted atmospheric pressure by a few tens of degrees. In the planetary wave time scales effects from

factors which are correlated to atmospheric pressure may erroneously be misinterpreted as an over-isostatic

response of the sea level to barometric pressure.

The wavelet analysis allows a very effective study of the composition of a signal and the dependence of its
variability in time on one or more correlated parameters. In the application to sea elevation, the analysis has
described the intermittent nature of the sea level response to the weather variables. The position and extent of

the frequency range at which the response approximates to the inverted barometer effect is found to depend on
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the amplitude of the atmospheric pressure fluctuations. During the stronger pressure variations, the inverted
response of the sea level occurs at practically the full range of synoptic frequencies and even lower. It is shown
that the temporal development of the sea elevation can be modelled as a superposition of wavelet
decompositions of the respective dependent parameters. This opens the way to alternative methods of

forecasting and hindcasting sea elevations from a knowledge of the wavelet decompositions of the dependent

parameters.

The phenomenology of the sea level oscillations in the synoptic frequency band expressed by the analysis are
hard to explain on a theoretical basis. Synoptic variability is usually attributed to the effect of localised moving
wind stresses as well as to moving large-scale weather systems. In the latter case, the dynamic effect of a
moving atmospheric disturbance on a rotating ocean can give rise to quasi-geostrophic gradient-eddy motions
on the shelf which are controlled by the conservation of potential vorticity over the variable bottom topography
of the shelf-continental slope. The excitation of shelf waves by a moving cyclone is explained by two main
mechanisms: (i) a resonance condition between the cyclone velocity and the maximum phase vel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>