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ABSTRACT

The Ionian Sea is the central ~ basin of the

“Mediterranean Sea and has been- the subject of Varibus:'
~,oceanographic studies‘since the 19th century. 'Substantial i
changes in water preperties (such as ‘temperature),. both";
- spatially and temporaliy‘(seasonal) OCCur”as aa.reSult of“x

" extreme forcings by the local winds and ,by the inflow of

cool and ‘less saline Atlantic waters. In’ reeent years}

 extensive measurements have been made, primarily through
remote sensing technigques. In"particular,,‘satellite
infrared data ~were used to study the surface thermal'

features and associated circulation.

In order to improve upon previous results, this study

focuses on a period of. 6 months (May tQ:October[-1995) in

 which the full resolution (1.25x1.25 km) satellite images

are used to describe and study'the variability of the sea

surface temperature (SST) and circulation from meso- (days)

to seasonal (months) scales. = The satellite infrared
temperatures are compared to simultaneous and collocated f"'

in-situ drifter temperature measurements. They ' are

corrected by removing biases obtained by regression

analysis.  The corrected images are used to produce maps -

representing daily, three-day, weekly and monthly Ionian
SSTs. Selected SST composites augmented with drifter

track and wind' field overlays disclose 1mportant»

quantitative features of the Ionian surface waters, such as

upwelling events in the Straits of Otranto and of Sicily,

and off the - African Coast. The spatial struCture and

temporal variability of the surface fields are presented'

'and discussed
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I. INTRODUCTION

The = Ionian Sea is the ‘central kvbasin' of the
Mediterranean Sea. It represents the transitidnal' basin
betWeen the_.western.IMediterranean and’ the Levantine Sea,
sourcé of the highly salinév watér that inWS' from the
Meditefranean‘Sea to the Aflantic Ocean. Subject to robuSt»
éeasonal_changes, the Ionian Sea has been the SUbjéCt of‘

many experiments to collect data about its structure.”Moré o

recently, remote Sensing, using satellite data collection,.‘v“

.'has allowed synoptic — observations of sea surface
temperatures‘throuéhout the yéar; This provides'a weaith of
data, not éasily analyzed due its enormous size. ‘Recent "
papers have exémined the Eastern Mediterranean usiﬁg wéékly
averagés of sea surface temperatures with reduced (18x18'km)
spatial resolution (Marullo et al., 1999). |

A shbrtened time period from May to October 1995 is
examined in' thié thesis so ‘that"the full resolution
(1.25x1.25 km) 'of NOAA satellite images .can " be iuséd;
Processed data were corrected for bias by using in "sitﬁ
drifter temperatﬁres. This was accompliéhed usingvlinear
regréssion analyses of simultaneous and colldcatéd driftef
and satellite . sea surface temperatures. Drifters also

provided verification of surface currents by Qverlayihg




: thelr tracks on varlous sea surface temperatures comp031te p[fj*

flmages. ,_;Weekly and monthly surface‘ temperature'n

compoSite imagesiofpthe IonlanFSea were”generated,:uslng ‘the

vavailable“corrected"satellite images;»‘They provide a clear,ih'

v1sual representatlon of mesoscale and sub ba31n structures’p'

in  the ~Ion1ant ,Sea‘~.1nclud1ng o substantlal seasonal
varlablllty

of partlcular 1nterest to Unlted States Navy is the'

near real- tlme proce551ng and dlstrlbutlon of these 1mages j’

as tools for forecastlng the presence of thermal fronts. =
These‘ fronts‘ are‘ known’*for' thelr, effects_ on rsound'
propagatlon in the water column - ;f o .h" o

Thls the51s is organlzed 1nto flve chapters. Chapter

IT prov1des a detalled. background to. allow the reader a"n

better_understandlng of_the_reglonal;characterlstlcs; the
_basis for this study, and'theitools-thatkwere required to
complete it. Chapter III dlscusses the means w1th whlch."
data were collected, organized, manlpulated and presentedl

The complete results of'thesermethods-for,the time perlod of

- May tov October,r 1995 are presented TinV-Chapterv Iv.

Discussion, summarles and conclu31ons make up Chapter V.




II. BACKGROUND

 This chapter describes the geography/topography,
weather, surface thermal‘structure and circulation of the"

Ionian Sea.

A. GEOGRAPHY/ TOPOGRAPHY
The Mediterranean Sea (Figure II—l)‘is bounded by the“
 coasts of southern Europe, northern'Africa and weaternkAeia.
With a mean depth of 1500 m,‘it‘isteasily diVided into an
eastern and western half»by the‘ehallow Straitseef Siciiy,
separating ‘the European and African continente. ’It hasA
limited communication with the Atlantic Ocean) through the

Straits of Gibraltar.

L ont .
.
r-"“"’ Black Sea

-~

[ Gibfa]tar

Strait

WoE w0 . 200 ' 307 . A0 .

" Figure II-1. Mediterranean Sea, showing nonmenclature of
-the major sub-basins and Straits (from Godfrey and Tomaczak,
. ' 1994). ' : :




The Ionlan Sea is a large seml enclosed deep ba51n of '

'the eastern Medlterranean Sea (Flgure II 2) ' Deflned by thefﬂ'}rg}

| SlClly Stralts, Otranto Stralts and the Cretan Passage, the

“Ionlan Sea connects the Levantlne, Adrlatlc‘and Tyrrhenian

Seas. : In the SlClly Stralts, the'continental shelVes of- t;;l

- Europe and Afrlca comblne to create a 5111 depth of nearly‘

400 m. Off the southern tlp of SlClly/ from the»Adventure R

Bank and Malta Shelf mov1ng dlrectly south to the Tun1s1an i

Shelf, off the northern Afrlcan coast, and mov1ng east, the

sea floor rapldly slopes to the deepest depths of the Ionlang']'**'

bas1n, approx1mately 3800 m in the center of the Ionlan Sea.
Contlnulng east, the sea- floor gradually decreases in depth
to approx1mately 2000 m, then tran51tlon1ng 1nto_the Cretan o
.Passage. Startlng at the Otranto- Stralts, at the'mouth of_ff
the southern Adrlatlc Sea, and movlng_dlrectly south towards”
the Afrlcan coast,'the-sea flOor quickly descends to72500
e, then gradually 1ncreases in depth to 3800 m. ‘ﬁbying
: south from, the center of the Ionlan‘ Sea, the sea floor‘

gradually decreases 1n depth untll reachlng the northern_

African coast.




Figure II-2. Bathymetry of the Ionian Sea.

B. CIRCULATION

As a concentration ~basin, the Mediterj:ahean ' Seé
provides a large outflow»o'f highly saline 'water‘ to the
Atlantic Ocean through the Strait of Gibraltar. This is’dﬁe ’
to the annual evaporation of water being' 'greatér thah
' precipitation. The three main sources of water is river out-
flow from the Adriatic Sea and Black Sea, and cold water
from the Atla‘nti'c Ocean, flowing near the suvrfavc;-:' through

the Straits of Gibraltar. = The cold Atlantic water flows




east formlng the Algerlan current ‘Before 'e'nt.ering”-the":"f

eastern Medlterranean Sea, Atlantlc water moves. through theff‘ S

western Medlterranean Sea, then 1nto the SlClly Stralts,fr

becoming Modif.ied ‘,Atlant‘ic Water (MAW) ;- (Malanotte—RJ.’zzoll'}‘ . ‘

et al.,.1997).' PR . ) ’
Becau'se‘ 'evapo'ration; ' exceeds preclpltatlon 1n | ‘the‘:'. -

,Mediterranean Sea, the flow of water is drlven by den51ty

dlfferences between the surface and sub surface water._ More:":

.sallne surface water flows down the water column, creatlng
large convective c1rculatlon., Due to thls den51ty drlven
flow, Atlantlc water moves 1ntovthe Medlterranean Sea on the
surface, while more sallne Medlterranean water flows 1nto
the Atlantlc Ocean underneath the 1n—flow, (Godfrey and
Tomaczak, 1994) . i '»

The eastern Medlterranean 1s comprlsed of three ba51n?’
_h scale thermohallne‘ cells. ~ The Adrlatlc Sea, w1th kitsh‘
: surplus of freshwater from rlver outflow,_ supplies _theh'
.eastern Medlterranean w1th 1ts deep 1nternal cell of cold
'_water, theveastern Medlterranean Deep Water (EMDW) , whlch
flows to the bottom of the Ionlan and Levantlne Seas.
Recent studies show that the.Aegean‘Deep Water also supplles
- water to the EMDW (Roether et al., 1998)> : The second cellr
of water 1nvolves the transport of MAW fron1 the western,f
Medlterranean, through the Slc1ly Stralts and Ionlan Sea,w

into thevLevant;ne Sea.r The flnal cell of water is thef
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‘highly saline Le?antine Intermediate Water (LIW). LIW is
formed'in the Levantine Sea and flows westward, underheath
MAW.on its_pafh to the Atlantic Oceanb(Malanofte—Rizzdli ét
al., 1997). .' I

- Thé ﬁear surface circulation of the Ionian Sea ‘is
primarily dbminated  by the -Atlantichonian Stfeém (AIS),Nv"
formed ffom cool Atlantic water flowing into the eaétern‘
Meditérranean Sea thrdugh the Sicily Strait (Figﬁre II-3);
The winter (November to April) - zonal fpattérh is
characterized by cold and warm water in the northern and
southern Ioniaﬁ Sea, respectively. This zonal patfern is
due largely to the path of the AIS travelling eastwaid from
the Sicily Strait towardsvthé African coast, becoming the
Nofth .African. Current. Thé North African ‘Current flows
‘directly towards the Cretan Paésage, excépt When thé Crétan :
Cyclone, off the éouth coast of Crete, is present. Then the
Nbrth'African Current moves closely along the African coast.
From June to October, the AIS forﬁs a strong thermal fronf
east of the Strait of Sicily (Malta Front). The AIS moves

- to the north?north east'aloﬁg the Italian coast, then dde
the western Greek Peninsula, passing. the warm ‘Pélops’
Anticyclone. VPaséing‘furﬁher south,.the AIS’flows'arouﬁd‘
the 'cold Cretan Cyclone, off'thé soutﬁwest‘coast of~Cre£e.
The warm Pelops Anticyclone and cold Cretan Cyélone are of é
transient ‘nature, and typicélly loose their ‘sea sﬁrface

7




‘temperature 51gnature 1n the summer due to the development'trhid'

bof‘aa strong _thermocllne (Matteoda and Glenn, 1996)

Y

Finally,f the AIS becomes 'thet‘southward—flowinq Mld—:;

Mediterranean‘Jet (MMJ) before enterlng the Cretan Passagev'

and tran31t10n1ng to the Levantlne Sea (Roblnson et al.,”
1999); U81ng satelllte tracked drlfters, these ‘sub- ba51n and
mesoscale flow structures have been conflrmed. by Poulaln"

(1998).

‘Figure II-3. Surface Mesoscale features of the Ionlan
Sea (from Malanotte RlZZOll et al., 1997)




c. WEATHER

| The Mediterranean Sea;s characteristiC‘cf‘eVapcration
exceeding precipitation is largely caused by prevailing‘dry'
norrhwest'-winds and high percentage of clcud free daysp
(Pickard and Emery, 1990). This variability Qf wind forcing
combines with the relative isolation of;the Mediterranean
.Sea, creating an area' where salinity difference his mdre :
‘important in forcing currents; as the rapid cooling of
saline snrface water ‘by northern winds vdemcnstrates
(Matteoda et‘ al., 1996). In the western. Mediterranean,
" mistral winds blew from the northwest near the Jcoaét‘iof
France. Reaching speeds up to'70 miles per hcur~and lasting
from a~few days to a week, these cold and dry winds can
reach the Straits of Sicily and the‘eastern Mediterranean
year4reund;. ‘The  spring (April, May and~‘June) is
‘characterized by calm ‘wind/ areas (Philippe .and"Harangh
1982). The summer (July, August "and September) brings
Strong northerly winds (Etesian winds or Me.ltemi) over the
eaat Aegean Sea and winds from the east along the North
African coast. Winds‘shift in autumn (October; November and
December), transiticning from the east‘in ‘summer,' to
-weeterly in winter. In the Aegean”and Adriatic Seas,. fhe.

Etesian winds become erratic, giving rise to winds from the




south'(Sirocco)”' The Slrocco w1nds are elther dry or very .

humid, and blow malnly in sprlng and autumn (Huxley, 1962)

D. SEA SURFACE TEMPERATURE N
The‘Sea‘surface?temperature (SSTX of the'Tohian'Sea is
characterlzed by a strong seasonal varlablllty .Thekionian
surface thermal fleld Ais'rcharacterlzed by a thal‘ SST
.distributiOn-.between'kNoyember ‘and ;Aprll,; tranSitioning
_ during May to a meridiohal SSTvdistributlon'KMarullovet élrrh'
1999). The meridional-SST diétribution ddmihates from June .
totSeptember, before a rapld tran51tlon to the zonal SST B

'distributioh occurs in October. Marullo et al (1999) used>d

'NASA Ocean Data System/Multl Channel Sea Surface Temperature B

(NODS/MCSST),data._' The data were obtalned from Advanced»
Very High-Resolution Radlometer‘(AVHRR) 1nstruments aboard ’
- National Oceahic and Atmoebheric vAdministration :(NOAA)
satellites. With low ;reSOlution‘ (l8xl8“km) aﬂd Wéekiy |
. averages, these 'obServatiohs Twere‘_only' able'ito deeoribev.
large, basin—widevstructures; although coVering‘one'decade’s
4'worthd of SST data. '.‘Thelbmean ssT of the Easterh
Medlterranean for the perlod 1983—1?92, isb presehted in:
Figure II- 4 | ‘ | ‘ | A |

Satelllte observatlons by Phlllppe and Harang (1982),1“'

_u51ng AVHRR data from Aprll 1979 to March 1981 show that in
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May only weak it,emperature ffonts exist, due to the c'oolii';g
~effecté of"theb winﬁer season. Largfe warm patc_hes ‘o‘f Water
ére observed when calm wingi areas are combined with strong‘
surface 'diurnél heating. During the summer, temperatﬁre
vertical'Stratifiéation is strongest and the African‘ currépt
in association with strong -f,emperature fronts. - Upwellinig
occurs in‘ the area south of Slicilyy.’ .Aséociated with
prévai'ling westerly winds, upwelling 'continue's -until .the
beginning of winter @ (Manzella et“ al., 1990') . In thé‘
vsouth‘ern Adriatic Sea ‘arid Strait of Otranto ‘area, north and
northeasterly wihds | cause upwelling (Gacic et al .A, 11997) .
This causes currents to meander, rather than follow‘ the
.usual northern bognd circulat‘ionv pattern (Pouléin, '1999)‘.~
Also, alongv the African coast, upwelling occuré wﬁen winds
blow from the east. Autuinn is a tranéitional time for sea
surface temperatures. Winds that _typically ‘blow from tile
east in summer, éhift from the west vin> winter'during_late"
Septémbér and October.l The sea surface tempe'.rature fronts
become me‘ridional.v‘ ‘In the Ionian Sea, the temper'ature fJ.font
meanders alongb {:he Italian Peninsula. I—ieré,l summer and
'winter front patterns may be alternatively .observed. -Winter -
'ftemperature patterns include 'anticyclonic‘,eddi‘es in the
Ionian Sea, with zonal patterns associated with thev‘:AIS
‘flowing ’;hrough the Strait of Sicily (Marullo et al., 1‘999;‘
Philipp:e and vHarang, 1982) |
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Two semipermanent SST features are located within or

near the Ionian Sea (Figure II-3). They are the
Cyclone off the southwest coast of Crete, and the
Anticyclone off the southwest coast of Greece. The

Cyclone 1is a cold core eddy that forms from

Cretan
Pelops
Cretan

water

originating from the Aegean Sea, between July and January.

The Pelops Anticyclone is a warm core eddy that forms

between December and April.

1983-92 SST AVERAGE

Figure II-4. Time average of the sea surface temperature
from the entire time series (1983-92). Temperatures are in

°Cc (from Marullo et al., 1999).
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- III. DATA AND METHODS

A. DATA

A series of Advanced Very High-Resolution Radiometer'
(AVHRR) satellite images‘from May‘to October 1995vwere
,.proéessed, then compared.with‘available drifter data from

~corresponding dates and times.

1. Sea Surface Tempefature (SST)

National Oceanic andiAtmospheric Administrationb(NOAA)‘
satellites provide 'remote observations of fhe ‘earth's :
éurféce and atmosphere from space. From ah altitudei:of f
approximately 830 km, they covér» a swath 2400 km  wide,
( génerating a surface}spatial resolution of 1.1 km'at'nadir.'
As Polar Operational Environmental Satellites (POES), these
' NOAA éatellites have a north-south orbit, with‘érbits of’
approximately 100 minuteslin period. . NOAA 9.(Figure ITI-1la)
and NOAA 12 (Figure III-1b) provides early morning k6:00-
9:00 AM GMT) and evening (5:00-9:00 PM GMT) . satelliterv
iméges, while NOAA 14 (Figure III-l1c) delivers 1:00 AM Andlpk

12:00 PM (GMT) images (Lillesand and Kiefer, 1994).
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‘Figure III-1. Distribution plot of image‘ vs. time of da‘y
(GMT) for (a) NOAA 9, (b) NOAA 12, and (c) NOAA 14.

a) Multz.channel Sea Surface Temperature (MCSST)
'Carrled aboard NOAA satellltes, - AVHRR sensors'
prov1de 5 dlscrete channels of data between the v151ble
' (channel 1) near—lnfrared .(channels 2 «& 3), and thermalb
_::i.nfv.rared (channels 4 & 5) portlons of the electromagnetlc
'spectrum. U51ng the Multlchannel Sea Surface Temperature :

¢

- (MCSST) spilt w1ndow equatlon, SST’s may be' determlned .from"v
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AVHRR data as describe by McClain et al. (1985). The MCSST

requation has the fbrm;
MCSST =a*T, +b* (T, - T,)+c* (T, ~T,) * (sec(d) 1) +d

where,'Iz and ig are channel 4 and 5 brightness temperatures
in °C, @ is the satellite zenith angle, and the Variables,
(a, b, ¢ and ‘d)» are linear regression coefficients (see

Table 1) provided by NOAA for day and night computatidns.

0.973100 265.479

2.635300 Same day and. night

NOAA-12

0.967077 | 2.384376

0.480788

NOAA-14

1.029088 | 2.275385 | 0.752567 | 282.240

Dusk,<dawn, night

Table 1. MCSST Algorithm Coefficients.

’The MCSST a;gqrithm corrects for the absorption/emission by v 
‘atmosphéric water:vapor.: Comparisons betWeen MCSST derivéa‘
SST’s and in-situ (ships, moored buoys, and drifting buéys) 
 SST's by Strong and McClain (19545 reveal RMS differences ¢f H

1.81, 1.05, and 0.68 °C, respectively.
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The NOAA—9 satelllte MCSST coefflc:Lents were no "
: longer malntalned by NOAA, therefore the SST’s derlved fromv '.
, NOAA—9 AVHRR data ‘may vary from same day 1mages of NOAA 12

and 14 by a few degrees C (Anonymous, 71}998) .

’_ .b) Image “ Processring‘i :

AVHRR data from Noma 9, NOAA 12 ‘and NOBA 14 were
~ received and archlved on magnetlc tape aboard NRV Alliance
and at NATO SACLANT Undersea Research Centre, La Spez:La,
Italy (Anonymous, 1998) ’ These data were . then processed at
the Unlver51ty of Hawall Satelllte Oceanography Laboratory.
Raw AVHRR data were recorded as raw black and wh:Lte GIF‘-.
1mages. Slnce MATLAB 1s unable to read GIF 1mages, data
were . converted to XWD blnary flles, which could be converted'f
1nto 8-bit blnary arrays for analy81sk u31ng ‘the follow:Lng

linear mapping:

byte value (temperature °C 5)*10
byte value
10

. temperature °C +5

The University of Hawaii S’atellite OCeanography
Laboratory also generated mask GIF 1mages us1ng a varlety of

tests for cloud detectlon and other contamlnatlng effects,f '
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~and using the geographicai gxtehsion of land masses (see)

Table 2).

1 Sun reflection > 25°

3 - Std dev Ty <= 0.3 °C

Abs (T3 - T4) <= 3.0°C

Chl/Ch2 >= 1.35

Daytime only

Table 2. Mask test characteristics (from Anonymous,'1998).l‘

These six festsbare designed to‘identify thé contaminated
pixels, which might affect'Satellite—derived SST aCcuracy;
‘The reflection of'sunlight-dn,the séa surface can éause é
deérease infthe ratio between channel l.and chanﬁel 2. Ovei
| these areas, the channel 3 values are much larger than
. channel 4. This could also result from the pfesencé of low,
warm clouds (fog) or high cirrostratus. This doés‘th allow
kvfhe detérmination of a clear or cloudy pixel. _Therefore,

~bit test one flags all pixels where the sun reflection angle
are less than 25°, allowing the selective use of the fifth

and seventh bit tests.
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Blt test 2 compares the plxel temperature to an
expected temperature based on reglonal cllmatology ThlS‘
cllmatology was generally not used to mask the SST 1mages

B for the appllcatlons presented ‘in thls the51s because the_

temperature llmlts turned out to be too strlngent . The'_v

‘varlatlon in temperatures due to uneven cloud—top helghtS'ofk
convective}cloudsbis»thelbaSis of bit test 3. hBitltest'4'isr
a textural test that looks for clouds based on - thelr topsh
hav1ng a non- unlformlty that causes‘ varlatlons 1n_ the;
reflectance. Blt test 5 detects stratlform clouds based on"
the dlfferences between the ‘1nfrared channels. Land is
masked by bit test 6, and accounts for 25 45% of all plxels“
vln a 51ngle 1mage.“ Bit test 7 compares the radlance ratloj‘
ofA the VlSlble to near-infrared (channels 1 and 2) for\'
pixels where the_mean sun zenithiangle.is less than 80°. |
The resultsvfrom‘the cloudbtests:mere Saved as .
separate.GIF images; they were converted to XWD blnary flles'
for ana1y51s and appllcatlon to thelr correspondlng sea
surface temperature XWD flles.v The mask XWD flles were read
| to determlne the pass/fallure status of each blt test for

each pixel.
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3 2.Drifters

..The feCenf, use Qf disposable drifters :cébabie §f
providing surfacé tempefature measureﬁents and location has
been a signifiéant develobment in studying surface curreﬁtS'
and temperatures. Drifters released'iﬁ the Adriatic andk
Ionian Seas have provided global descriptions of fhéir
surface circulatioh, confirming major current patterns, and
revealingv influences of seasonal variability '(Poulain)
1998). Drifters from the Adriatic Sea were ﬁbstiy,reléaéed
from the eastern side of the Strait of Otrénto from Decembei‘
1994 to October 1995, as’part’of the NATO SACLANT Otranto-

Gap project (Poulain, 1999). Drifters were‘also-released”“

into the Ionian Sea from the Sicily Straits.

The driffers (see Figure iII—Z) are cqhstruéted of a
one-meter éYlinder with foﬁf vertically oriented‘Vénes along
the length of the cylinder. The’drag—prodﬁéing vanes, at
90° intervals around the circumference of the"cylindef,

allow the drifter to flow with surface currents and provide

-valuable‘Speed and direction data. Inside the cylinder, a

thermistor is positioned approximately 40 cm below the Seé

surface. It provides temperature readings ranging from -5

‘to 39 °C, accurate to within #0.1 °C. An antenna, extending

from the top of the drifter, permits data transmission (at

90-second intervals) of‘SST’s to over- flying ARGOS equipped '
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Wagbt 34Kg
Figure III-2. - Schematic dlagram. of the surface drifter

used. ~ The drifter de51gn is similar to the CODE drifter.
Four drag produc1ng vanes provide adherance to the water,
- whereas a small antenna protrudes above sea level for
satellite tracklng and SST data transm1551on (from Poulain,

1999). :
ol

NOAA satellites; | Geographlcal lecatlon of drlfters is
determlned by their Doppler‘ frequency ~shift fofd‘the
transmlttlng flxed-frequency 51gnal (401 65 MHz) 1#0 an
'accuracy of a few hundred meters (Poulain,&1999).‘,-Drifter
 data were processed to obtaln low—pass flltered (36 hour -

cut—off) serles of latltude and longltude, veloc1ty and sea"
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. surface temperature at 6 hour intervals (Poulain, 1998,
"‘1999).4 Figure III-3 plots ' the drifter trajectory for
- drifters in the Ionian Sea during the time of the Study.

Smoothed dnfter trajectones : § May to 22 Oct, 1985
T T x CRERR

aal : " - g - 2

a2t , , ’ e 3

1 1 1 L . i }
12 " 18 18 , 20 2
Longitide :

Figure III-3. Plot of drifter trajectories in the Ionian

- Sea from 9 May to 22 October, 1995. Star and open circle
symbols denote the first (usually deployment) and last .

i locations of the drifters, respectively. o

In Figure III-3, the primary release points are seen at the

Otranto and Sicily straits. The'drifters released'in‘the
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SlClly and Otranto Stralts closely follow the observed pathg

assoc1ated with' the Atlantlc Ionlan Stream and Mld Ionlan» o

Jet, respectlvely (Flgure II 3)

: 3._ﬁind Produdt_t
vInformatlon ”aﬁ the.gnear—surface.‘wind"speed 'and o
'dlrectlon over the Medlterranean was obtalned from the Navy‘;

FOperatlonal Reglonal Atmospherlc Predlctlon System (NORAPS)

vThe horlzontal resolutlon of the NORAPS w1nds 1s 45 km

order to take lnto account the 51gn1f1cant control of the' o

orography of Medlterranean 1slands and nearby mountalns on
surface w1nds, the NORAPS w1nds were orographlcally steered'"
u31ng an atmospherlc boundary layer (Horton et al., 1997)
An example of the steered NORAPS ‘wind fleld is shown in
Figure III—4'for 17 August 1995.' On that partlcular day,
vthree major Medlterranean winds are outstandlng the
northwesterly Mlstral extendlng from the south of France,"
vcr0551ng the Western Bas1n and contlnulng to the Ionlan vra
the Straits of Sicily; the northeasterly Bora in the |

northern Adrlatlc and the northerly Ete51an W1nds over the

Aegean and Cretan Seas.
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Rotated NORAPS Winds : 17-Aug-1995
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Figure III-4. Orographically steered NORAPS wind vectors
‘ for 17 August 1995. -

B. METHODS

In“order"to use thé satellite AVHRR data, .it is
essential to increase . the accurééy of the sea surface
teﬁperétures; by' using direct comparison vwith"in situ
(drifter) temperature déta.' 'Assuming tﬁat the»'drifter‘
temperature data is “ground—truth,” we can evaluate the

accuracy of AVHRR data and make appropriate corrections by

applying a bias offset to the entire AVHRR data set.
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1 Callbrat:l.on :

In order to determlne the accuracy of the AVHRR data
set, 1t 1s_f1rst necessary to examlne the avallablllty of‘.“
AVHRR data for a glven day o Thls is a factor of.three‘
_“yelements: l) number of satelllte passes over the area of'
interest ”every day,' 2) percentage of good plxels avallable
from— a given satelllte pass, and 3)k avallablllty of drlfter
temperature data - for the area of 1nterest. Flgure -III—5H
shows a hlstogram of the number of satelllte images for the

time perlod between M_ay 9 and October 21_, 1995. .

Time distribution of the 644 AVHRR images (images per day)
9 T - T T — | T T

N

L5

Number of images per day
-9

)

ol . :
May “dun o o Aug Sep - Oct . Nov.
' S Sl e 1985 . o ) .

.Figure III-5. Hlstogram of number of 1mages per day from
- - May to October, 1995, o :
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Figure III-6 shows the percentage'of masked pixels for each

of the 644 AVHRR images.

Percentage of masked pixels for lonian Sea (w/o mask bit test 2)
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Figure III-6. Percentage of masked

] L 1
240 260 - 280 300

pixels per 1mage for the

Ionian Sea, for the time period May-October, 1995.

Here, 100 percent means that the entire image was masked,

with only the 1land ‘mask applied.
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while the low number (25%) indicates an image'on a clear day

‘A greater number of

satellite passes per day, combined with a low percentage of




- masked plxels per_lmage, 1ncreases the llkellhood that a»;-ci

‘ palr of satelllte and drlfter temperatures can be comparedl
Drifter data were examlned, and 1nterpolated for data p01ntsf
(that were missing sea surface temperature, latltude ordw

7long1tude 1nformatlon.'" Satelllte 1mages and drlfter data .

were examlned for the comblned Adrlatlc and Ionlan Seas 1ns?f

,order to maximlze»the SST range‘by 1nclud1ng ‘more spatlalh'
varlablllty and hence lncrease the robustness of the blasb3
constants. Every satelllte 1mage was masked (blt tests
.1 3,4, 5'6.and 1), and then compared w1th drlfter data tob.
flnd a nmtch w1th1n a 15 nunute w1ndow of the satelllte
lmage. Flgure III 7 summarlzes the locatlon of all the
 pairs ,used for. the drlfter satelllte' temperature palr ’
_ omparison. ‘ The satelllte 1mage plxels and correspondlng
drlfter data p01nts were then grouped accordlng to satelllte
MCSST algorlthm (all NOAA-9' 1mages, NOAA—12 day 1mages,iﬁ”
NOAA-12 nlght lmages; NOAA—14‘day imageS'and NOAA—l4dnight :
1mages) ' Each data set was flnally processed to remove data’
p01nt palrs for whlch the temperature dlfference departs by
| more than two standard dev1atlons from the mean temperature‘
offset. They were then analyzed uslng Ilnear regression .

techniques. ‘The'results are SummariZed in Table'3

Llnear regre551on results are also graphed 1n FlgureSQ;

ITI-8 totIII—lZ. In Flgure III 8 the general trend has

: NOAA—9'under—estlmate,the sea surface'temperature by a meanb
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value of approxiﬁately ’0;91 °C. ~ This mean temperaturé
’dlfference 1s the blas that was applled to all NOAA—9 AVHRR 
images. leew1se, in Flgures III-9 to III- 12, the NQAA»
satellites over-estimate the sea surface témperaturé by:as
much as 1.i4 °C. In all cases, -the mnean temperaturé‘ 
differenée was applied' to the ‘respeCtive AVHRR’}satellite

images as a corrective bias. .

NOAA-9 all 127 0.9755 - 0.9310 | 0.6403 -0.9100

NOAA-12
night 946 0.9818 0.9986 | 0.3480 0.3300

NOAA-14

| night 970 0.9860 1.0992 | -1.5955 0.8400

_ Table 3. Linear regre581on results for Adriatic and Ionlan
Seas for the five MCSST algorithms. ‘
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Figure III-7. Plot of the collocated .and cotemporal
satellite and drifter SST pairs, from 9 May to 22 October,
1995, considered to estimate SST bias offsets.
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Proéessed/lnterbolated Drifter data (lonian/Adriatic)
_ (127 points, Coef = 0.9755, w/o bit test 2)
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Figufe III+8. Linear regression curves for NOAA-9 AVHRR
data vs. drifter data. :

Processed/interpolated Drifter data (fonian/Adriatic)
(461 points, Coef = 0.9673, w/o bit test 2)
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Figure III-9. Linear regression curves for NOAA-12 day’
' AVHRR data vs. drifter data.
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Processedllnterboléted Drifter data (loni'anlAdriatic) k
o (946 points, Coef = 0.9818, w/o bit test 2)
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'Figure III- 10 © Linear regression curves for NOAA—12
nlght AVHRR data vs. drlfter data.

Processedllnterpolated Drifter data (Iorian/Adtiatic)

o (676 points, Coef = 0.9861, wio bittest2) ’ A
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Flgure III 11. Llnear regre551on curves for NOAA-14 day
AVHRR data vSs. drlfter data. ‘
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Processec/interpolated Drifter data (lonian/adriatic)
(970 points, Coef = 0,9860, wio bit test 2)
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Figure‘ III-12. Linear regression curves for NOAA-14 nlght :
‘ ' AVHRR data vs. drifter data.

2. Climatolégy

Climatology is importaﬁt in determining ‘sea éurfacé
temperatures that are reasonable based on 1"1ivstoriical ’data
for a specific reéion. Responsible for applying c_limatology
to the satellite image mask, bit test .2 was de‘t"ermined ‘to‘ be
too restrictive in eliminkéting AVHRR pixei_s, and‘ thereforé
‘wa‘s not used in the -imagé. mask,ir‘lg process. The climv'atolog'y‘
used in this study was interpolated from drift_ei data of the

same time périod, May to October 1995. Satellite pixel
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temperatures were masked lf not between the mlnlmum and

maximum drlfter cllmatology values (Flgure III 13)
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Figure III-13. Climatology temperature extrema estimat‘ed' ;
from the drifter data in the Adriatic and Ionian Seas during -
the perlod May-—October, 1995 ' :

3. Corrections’ 7

Before the AVHRR 1mages could be used for statistical -
,analys:.s,' they were 1nd1v1dually corrected for satellltel:-
bi‘as . and .cllmatology. - U81ng the zresults ; of ’ _llnear
_regressmn analys:.s dlscussed above,' the mean temperature

dlfference was elther subtracted or. added to- the entlre

satelllte data set for each 1nd1v1dual satelllte 1mage. .The:_' |
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above drifter climatology was ,applied ‘to the images  by

masking the pixels with SST’s outside the climatology range.

.4. Diurnai Cfcles

On specific days‘(éspeéially during a calm"éummer day)
a significant diurnal SST cycle can chur,,With thé_possible
: ‘méximum amplitude of 2° C (see Figure IIi—lé).f This can
greatly affect the‘compésiting process aépending on}the time
of day from which the AVHRR data COme; If an AVHRR imége
‘Comes from an eafly part of the day, when’the suhfs'heéting'
gffects are at a minimum, .the composited image will
underestimafe the overall median‘SST. LikeWise'aﬂ iﬁage
from the 'peék of the diurnal cycle  wili‘-causé an
‘overestimation of the compogite’s median’SST. |

In situ drifter data were analyzed to determine déily‘
diurnal cyclés as a possible bias correction to bé applied '

‘to corresponding AVHRR images. 'Unfortunatelyf'it was'not'

possible to determine a satisfactory daily diurnal cycle for

most of the days in the period of analysis because of the
limited data available. The drifter SST's did not help
‘because they were located in limited areas of the Adriatic
‘” énd Ioniah SeasL For example, drifters released in the -
Straits of Sicily were typically advected into the Ais and

. therefore recorded SST significantly lower than the mean

33




. ‘Ionian Séé éS$Qﬂ”Thisvip;alii%ﬁidn bias cbﬁldkbe Eorfeétedu'Q_if

5.if: SST“dété3 pbih£s  cQuld  bét;éQlléC#éd bﬁrqm“éh f¢veﬁlyfﬁf
distribﬁtedr locatiéﬁs~ thr§ﬁghout:;thé_ ionién:Sea"'bvér:'a“
ﬁariety:of tiﬁes £hroﬁghQut'£hé 24;h6ﬁf,period. R

: . ’ "DriﬂerTempemﬁres in the loriian (10.07-23.93E, 31.39-40.36N) -
a2y T T T ) — T ; | T
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1 ‘ 1 j . 1
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- Time (days of 1995) - o '

Figure III-14. Plot of drifter temperéture_data,forzperiOd_
24-26 May 1995 (days 144-147 of 1995). A significant
diurnal cycle is evident over thevau;’days,vwith:typicalv
- amplitude of 1-2 °C. ‘ j '
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5. Compositing

| a) Oneeend Thfee Day ébmpeSites

Ae composite 'image is 'generated 'by vreading‘ aﬁdx
proeessing each satellite image‘ corresponding tev'the'
specified.time period.A Processing the image involves the
‘appiicatioh of abbiae correction'and climatology maSk, as
‘described'previously. These images are theh placed in'a'
three dimensionai ar?ay, hereafter referredvvto as the‘
“cube” . 'The cube is measured as an 800 by iOOO pixel array
with a depth corresponding to the number of imagee in'the
 specified time-period for eompositing. Statistics were used_
to determine'the mean,,ﬁedianvand etahdard deviation ef'sea
sufface‘temperaﬁure of each pixel of the 800x1600,array;'.In
addition, the number of images used for compositing was
determined and displayed for each\pixel. The number of
clear.images per pixels is very important‘forka fobuet‘and
accufate chposite.‘vFigure III-15 displays the percentage
of clear images per pixel from é May to 22 October 1995.
The distribution in the Ionian Sea is clearly zonal, with a
higher percentage ofrclear pixels, or cloud free days, in
.the northern region. 1In the southern Ionian Sea and east>of
the Tuhisian coast, the percentage of clear images drepe to
values near 30%.  In general we can say’ that for most

pixels, only a third of the raw images available haVe passed
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theflcontaminationy:testswaﬁdtdared therefOrefhuseful"for
-_subsequent analy51s." | : ‘> ‘}_‘ . | 7 ” |

‘ B Flgures III 16 and III 17 show the results for day
208»(27 July) of 1995 ,Flgure III 16 uses blt tests l, 3,'h
4,‘5, 6, and 7 whlle Flgure III 17 uses only ‘the land mask
,(blt test ©6) to ’ellmlnate contamlnated plxels o Here,
'comp051te 1mages of the mean SST,_medlan SST, SST standard
’ vdev1atlon, and number of 1mages per plxel are dlsplayed Of
‘partlcular note, is the presence of a sharp temperature
change in the ‘mean SST composite (Flgures III 16a and III—
17a) runnlng north—south through the center of the Ionlan"
Sea. Thls irregularity 1s not as dlstlngulshable ln the

~median SST comp081te (Flgures III—16b and*III—l?b) however
" is clearly visible 1n the 'SST standard dev1atlon (Figﬁfes3=

'III—16c and III—17c) and the number of lmages per plxelS'

' (Flgures III-16d and III 17d) . The 'banded structure ofl

these images, w1th sharp dlscontlnultles separatlng reglons

with three, four, flve and six plxels is due'.to the R

different swaths of the'satellrte ‘passes. The effect of
these discontinuities appears less’evident'in the median SST
map compared to the mean SST map

In Flgure ITI- 18, the mean SST, median SST,‘SST

' tandard dev1at10n,_ and number» of lmages per‘ plxel are':»fku

dlsplayed for a three day compos1te centered around 12 July,va"

1995. Thls is a worst—case scenarlo, where Very few images
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- pixels can be clearly seen in the mean SST (Figure‘iII-lBa);

(Figure III-184) ‘are available for the three day time

~ period. ~ Off southwestern Greece and the eastern Tunisian.

coasts, a few areas of six images per pixel can be noted;

- however, the overall image pixel count is much lower,

apprdximately-two to three images per pixel. There_are‘even
some areas where no images were available,- most notably
southeast of Sicily. The effect of the low number of image

median SST (Figure III-18b), and SST standard deviatien ,

‘(Figure IIIf18c) maps.i Where no images were‘aVailable‘for

comparison, no SST can be computed, thus the’data absence ie_
denoted by a blackened area in the ‘mean .and ' mediyan ’SS"I"
cdmposites. In addition, where there is one or ho image
avaiiable, no SST standard deviation can be computed and is
represenfed by zero, of blackened areas (Figure IIi—ch);
Sharp temperature gradients can be seen in the souﬁhern
Ienian Sea in Figures III-1%a, b, c;viAs in figures IiI—lG
and III-17, they»clearly eorrespend to ereaé'where~image
count per pixel rapidly changes,  resulting iﬁ uneven
compositing smoothnese. This confrasts significantly with
the next thiee—day composite for July 14-16, 1995_(Figyre‘
ITI-19). .The mean and median SST composites ef'Figﬁre I1I-

19 show a geherally smoother SST distribution than in’Figure

III-18. The‘number of images per pixel is much higher, with-

the northern Ionian Sea well above nine images per:pixel.
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. This produceskmoretrealiStic meanband‘median.SST_composite54 o
dlsplaylng' the"characterlstlcs"ofyrlarge.,seap surfaceyf

structures, such as cold water upwelllng off the western tlpl{}

‘of SlClly or.the large'warm'patches of-surface water in the',k;

1nterlor of the Ionlan Sea. Some of the true temperature

structures apparent in Flgure III 19 (southwestern Ionlan)

have been smoothed out in’ Flgure III -20, due to thelr e

1var1ab111ty over the seven- day perlod

b) Weekly and.Mbnthly Cbmp051tesb.

The weekly and monthly comp051tes were‘assembled‘
ias descrlbed above, except over a-longer,perlod, ,Flgurev'
III—20 shows the weekHOf'July”ll—l7 1995 As a combination :
h of Flgure ITI- 18, Flgure III—l9, and 1mages for July 17
1995, Flgure III -20 shows in- general more smoothness of
temperature 51gnatures w1th respect to the three day mean
- SST compos1tes. }However,‘the“medlan-SST comp051te st;ll

‘shows dlstinct mesosCaleland‘sub4basin,ﬂsuch'as upwelling
off the Sicily and Greek coasts.' | o )
’ Figures III- 21 and III-22 dlsplay the results for
July; 1995 _u51ng only the"day,~and nlght, 1mages) :
respectlvely | The day and nlght July compos1tes wered_
’generated to examlne p0551ble effects of dlurnal heatlng 1n

late afternoon 1mages_on calm days (Phlllppe and Harang,
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1982). Loeking at the mean SST"(Figures‘III—Zla and III- ST

22a) and median SST (Figures III-21b and TII-22b)
composites; sub-basin features‘are>clearly visible, such as
’upwelling off the Sicily coast, the current pattern of‘the
AIS, thevcretan Cyclone, and the general'warm water mass in‘
the seutherﬁ_and cential'Ionian Sea, with little difference
bethen day aﬁd nigﬁt composites. The 'smell differerice
‘between the day and night_images permit theeuse of both
kindS‘of images for all composites. The night images of
July (Figure III-22) show . some noticeable aﬁtificiai
gradieﬁt lines in Figure III-22a, c and d. As shoﬁn‘iﬁ
Figure I11-23, when the day and'night composites of Jﬁly are '
‘combined, there is little difference between the‘day/night
July median and the July median SST composites.» The:large
‘number of clear pixels (maximum of. 7&) smooth oﬁt‘_eny‘

artificial discontinuities in the SST maps.
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Figure III-15. Plot of percentage of clear pixels for the
Ionian Sea for the time period between 9 May and 22 October

1995.
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MEAN SST (calibrated) - d208
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Figure III-16. Plot of composite image of (a) mean SST,

(b) median SST, (c) SST standard deviation, and (d) number

of pixels for day 208 (27 July 1995), with all mask tests
(1, 3, 4, 5, 6 and 7) applied.
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Figure III-17. Plot of composite image of (a) mean SST,
(b) median SST, (c) SST standard deviation, and (d) number
of pixels for day 208 (27 July 1995), with only land
(test 6) mask applied.
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Figure III-18. Plot of composite image of (a) mean SST,
(b) median SST, (c¢) standard deviation SST, and
(d) number of pixels for July 11-13, 1995.
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Figure III-19.

(b) median SST,
(d) number of pixels for July 14-16,

Plot of composite image of (a) mean SST,
(c¢) standard deviation SST, and
1995.
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Figure III-20. Plot of composite image of (a) mean SST,
(b) median SST, (c) standard deviation SST, and

(d) number of pixels for July 11-17,
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Figure III-21. Plot of composite image of (a) mean SST,
(b) median SST, (c) standard deviation SST, and (d) number

of pixels for

July, 1995 (daytime only).
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Figure III-22. Plot of composite image of (a) mean SST,
(b) median SST, (c) standard deviation SST, and (d) number
of pixels for July, 1995 (nighttime only).
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Figure III-23. Plot of composite image of (a) mean SST,
(b) median SST, (c) standard deviation SST, and
(d) number of pixels for July, 1995.
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IV. RESULTS

The compositing‘ techniques detailed in Chapter III
were used to create composites for daily, three-day,

weekly, and monthly time periods.

'A. MONTHLY COMPOSITES
Thevtime period from May to October, 1995>covers a wide
range of seasonal Variability of the Ionian Sea,' May'and
June is'characterized by a transitory period from winter to
‘summer; July, August and September includes a strong
summer meridionel SST distribution. October begins to show
the annual seasonalfchange with a gradual cooling. Figure
Iv-1 shews the spatial mean of the weekly median sea
surface temperature composites for the Ionian Sea. in
addition, the maxima/mihime temperature drifter climaﬁology'
(from Figure IV-13) and SST standard deviation are plotted.-
The median temperature shows a wide range of temperatﬁres.
From a summer makimum of 27.4 °Cc in Augusf to a minimum;of
17.4 °C in May, the Ionian Sea displays sigﬁificant seasonal
sea surface temperature variabilit?. It can also be seen
that the climatology derived from the drifter'dataFContains
the mean of the weekly median tempereture composites; as

expected. 
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Flgure IV-1. ~ Plot of the spatial mean -of weekly median

temperature composites for the period from May to October,
1995. The SST climatology range obtalned from the drifters

are also shown.

The May compOSite‘ (Fioure IV-2a) shows -the overal'l\
cool sea surface temperature of the Ionlan Sea, with the
expected warmer waters off the northern coast of Afrlca.
The AIS can be falntly dlscerned enterlng the Stralts of'
SlClly, mov;Lng northeast towards the Adrlatlc Sea, but thenh
disappears into the background. Some upwelllng s:Lgnature

is also evidentrvalong the southern coast of Sicily.. Very N
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cool waters are flowing out of the Adriatic Sea through the

western side of the Strait of Otranto. The June composite

(Figure IV-2b) is characterized by a general warming trend
in the Ionian Sea, however there ‘is little vevidence of
typical Eastern Mediterranean Sea features. This is due to
the lowest number of sateliite imaées‘ available :kFigﬁre
III-5) for compositing, and a result of the high‘number ef
contaminated pixels (Figure III-6). | |
In July (Figure IV-3a) the warmihg trend of the JIonian

Sea continues. The upwelling off the western tip ef Sicily
is highly visible, as is the Cretaﬁ Cyclone, with its cold
water off the southwestern coast of Crete, and finally,

upwelling is apparent on the eastern side of the Strait of

Otranto. In August (Figure 1IV-3b), the Ionian Sea’s

surface temperature increasee by a few more degreee. The
cold water ‘aesociated. with the upwelling off the ‘Siciiy
coast expands offshore. The Cretan Cyelohe is still
apparent, though.cooler water from the Aegean Sea appears
to be flowing into the eastern side of the Ionian Sea.

The AIS appears .to have the strongest temperature
signature in the September composite.(Figure IVf4a). The
AIS and its extension into the northern Ionian cén be
discerned reaching the Aregion south of . the Strait of

Otranfo, before turning southeastward towards the ‘Cretan
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Passage.‘sTherehfs‘also a distinct_north~south'separation
- of water, with the_cooling_northern'ionfan andfstiil’warmt
‘'southern Ionlan. 'The Cretan Cyclonedis weak. eThe October
comp051te (Figure IV—4b) jshowsv continuing::CQOIing 'of the
Ionian Sea.‘ The'MMJ can’be'seen as a cold’cnrrent‘flowing,
from the western Greek ooast towards ‘the northern Afrlcan‘

coast off Libya, - The» Cretan vaclone has the strongest

temperature signature.

B. WEEKLY COMPOSITES

'Figure IV-5 shows the median sea surface_temﬁerature
"anomaly for the week of August 29 to Septemberb4, 1995. A
spatial mean of 26.14 fwas removed to define the SST
anomaly; - The weekly mean rotated NORAPS w1nds are overlald'
.as hbiue arrows;e'show1ng the surface “wind - dlrectlon and
strength. ‘ Inbaddition, co—temporal drifter posltlons are
} plotted (stars and circles oorresponding “to start and
ending positions, respectitely) for ia":ten—day vperiod,
extending 1. 5 days’ before and after the weekly period of
the compos1te -1mage; The bplots of' ten—day drlfter
trajectories allow’ easier tracklng of specific drifters,_
.over ’ succe551ve ‘ weekly compos1tes '.",'ﬁere, : strong
northwestern Mistral w1nds can be seen over the Stralt of‘

Sicily. Comblned w1th the orientation of the southwestern
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coest of ~Sicily, the mistrals cause significant coaetal

ﬁpWelling.';It can be seen thatbthe‘surface currenfs flow
' faster under the influence of the AIS ehd the MMJ} as
disclosed by the longer drifter tfacks in the cooler waters
of the AIS/MMJ versﬁs-the'ehorter driftef tracks over the
Tupisian Shelf. Traces of the MMJ off the Greek coast are
evident in theisoutﬁ southeastward direction of fhe neaiby
drifter tracks, _while' there is a faint sea surfade
temperature signature.

In contrast to the strong mistfals, a very‘different
,wind condition prevails'just two weeks after KAugust'8—14,z
1995; see weekly composite in Figure IV-6). Here the winds
over the Ionian Sea are very weak in compariseh with the
previous figure; although they appear to haVe an anti-
cyclonic rotation centered on the southern tip of Sicily;
Notewerthy is the increase in the negative temperature
'signature of the Cretaﬁ Cyclone with the northerly:Etesian

winds blowing from the Aegean Sea. - The westward Veering.Of

these winds in the -southern Ionian cause significant

upwelling off the.Africanvcoast near Tripoli and Benghazi
' (see geographical 1locations in Figure 1IV-7). kSince the
winds have weakened and reversed in the Straits of sicily,

the upwelling off the Sicilian coast appears much.reduced.
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C. UPWELLING REGIONS
| >Severai ﬁrééidﬁs wih. théj'Ioﬁiéh fSea _Wére: supjéét }totﬁ7
events of upwelling dﬁrin?\tﬁé péribd of analgsis.‘ 1Fivé:"
areas were'.séiectedf’for.‘the bconsistent éppearance‘ Qf
upwellihg events. Theirlocations arék$h§wn in‘Figure_IVf
7. Fof'the five:areaS'obSérved,-événts df upwelling Qf
cold 'waﬁer‘;frbm"éﬁb—sﬁrfaée Sbur¢e$ _areuArébresehtéd
graphically (Figufe Iv-8) from[‘May to- dctéber, 1995' as
minima in sga:surface‘tempefature. TheSé data,points were
v obtained.'byb averaging lﬁhev maékéd’ temperatures: in .a 9x9-
pixel _afea> centered on the areas of interest for. éll
available AVHRR images.  Times‘with no évailablé data in
Figure .IV-8 are due td 'the absenqe of »clear' pixéls, as
displayed in Figﬁré Iv-9. - In éddition, furﬁhér analysis
wés done to compare wind speed with FSST. ~ To avoid
coﬁtamination;‘fron1 mean vSST's‘ with' a low :number of non-
contaminatedkpixéis, a minimum threshold of 20 clear piXelé
was usedvfof further plotting and fof'COmputing correlatibh
coefficients (Figures IV-10 to'iV—i4). |
Near Tripoli,Athere is a. weak (0.009), but positive
correlaﬁion jbetweén ‘thé northwésterly wind .component aﬁd
the SST off fhe'coaSt‘(Figﬁre IV—lO).’ One of the étrongéSt
.upweliing e&enténoccﬁrskafoundtdaf 223/(Augu3tyll,-l9§5)

and is clearly visible in Figure IV-6.  The Cretan.Cyclone '
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is represénted by area A2, off the western cbast of Crete.
Here the correlation coefficient ‘is ‘quiﬁé lérge (0;45);
meaning’ that with winds from the north (Figure IV-11b)
there is a decrease in Sea surface temperature (Figure IV-
1la). Two large‘upwelling events are observed afound days
209 (July 28, 1995) and 226 (August 14, 1995), the latter
corresponding to the large cold seé surface tempefature
anomaly shown vin Figure 1IV-6. ' The cyclone’s .cold
temperaturé is alsd recognizable in the mbnthly composites
of July, August, Septémber and Oétober fFigures IV-3 and
iV—4, respectively). |

Off the coast of Eenghazi ,(Figure IV47),' the
correlation coefficient betweén the southwestefly wind
- component and SST (Figure lIV—12a,  b) is still positiVe
(0.20) . There is a major single event around day 225
representéd in Figure IV—G and which can even be discerned
in the monthly composites of June, July.and Auguét (Figureé
IV-2b, IV-3a and b, respectiQely). In the eastern Straity
of Otranto (area A4) there is a positive correlation (0.25)
between the SST and the northerly winds .(Figuré IV-13).
Cold water is moStly present throughéut the period of

study.
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D. 'y TﬁREE;-leY COMPOSITES

Thfée-da?l ¢§mpdéités  weré  genérated. for the  enfire
'Ioniang Sea,i hdwévér7 the  Straits of Sicily were of
partidulér interest aue t¢fthe temporéi Variability Qaused
by the influences of the AIS aﬁd‘>the upwelling’-events
forced.bybthe Misﬁral wiﬁds. As“anvarea of upwelli#g, the
region south'éf Siciiy (area AS5) hasba;negatiVébcorrelation
coefficient .(-0.1,4,‘ see Figure IV-14) meanin.g that positive
winds'blowing from the nérthweét correspond téléool Wéters;
The éffécts.of thelMistrai winds ére clearest in Figure iV—‘
5, and the monthly siénature of upwelling is present in all
the moﬁthiy compOsites.(Figures‘IV—Z, 3 and 4);. | |

Beginning onrjuly 5, 1995Hénd ending»bn'SeptémberFSf
1995, twehty—one three—day coﬁpositeé afe 'présented in
Figures IV-15 to . IV-21, = to ‘better ' undér$tand' the
characteristics of ubwelling and the AIS ih:the‘Stréits bf,
SiCily.‘ The‘first three compOSites (Figure IV~15) containi
no drifter data, but shoﬁ upwelled ‘cold water thét is
entrained'by the AIS away from the Sicily coast towards the -
Tunisianfsheif, while ahother jet moves aldng the Sicily"'
coaSt,.fdrming.the Maltese“Chanhevareét‘(Mccf (Robinson et
al;,‘f1999); The’ curréht ’then.fmoveS‘ northeaét ‘of‘IMalta)‘"
forming the Ionian Shelf Break Vortex (IBV) or Malta front

(Briscoe et al., 1974) before continuing north (Robinson et
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al., 1999). 1In addition,  the cold water . from the

' southwestevrri tip of Sicily flows to the south-southeast and

. forms the southern limb of a cyclonic circulation feature

on the eastern edge ‘of the Adventure Bank, - named the )
Adventure Bank Vortex (ABV) by Robinson et al. (1999).
In the waters between Sicily and  the Italian

peninsula, the Strait of Messina is an area where tidal

mixing (intermittent in late spring and early summer) of.

cool Atlantic and warm Levantine waters is stre_ngthening
(Bohm and éalusti, 1984). This phendmenon ‘is reksponsibl‘e ‘
for the patch of cold water that occurs ‘intermittently in
July . (principélly during thve period 5-7 July 1995, Figufe
IV-15a). | | |

The next three composites (Figure IV—1'6) show a
stronger upwelling sea .surface temperature off the Sicily
co.aSt. | A single drifter caught in the AIS moviﬁg south/‘
with the cool water. Th'e third set of composites (Figure
Iv-17) shows the release of a number of drifteré in the‘

Straits of Sicily. The first half-loop (ABV) of the AIS is

strong, as evidenced in the longer drifter tracks near the

upwelling vice the short tracks off the Tunisian Shelf.
The AIS can be seen to bifurcate west of Malta, as two
drifter tracks paft, one' traveling north. towards Sicily,

and the other moving southwest towards the Tunisian She‘lf
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(Figure IV—17c).A'Also,bthe ABV can been seenfaS'a weak

ftemperature s1gnature east of therAISQ contlnurng in flgure
IV—18. ' Startlng' w1th .August l,- 1995 (Flgure IV—l8) the1
drifter paths contlnue between Malta and SlClly, the second
loop of the AIS near Slc1ly that forms the IBV. ,In‘l'
addltlon,h~a number of drlfters located on the Tunlslan
Shelf are advected into the AIS, and‘swiftly.moved north.
| The drlfters contlnue to follow the AIS, despite " the
reduced sea surface temperature 51gnature of upwelllng off'
the SlClly coast (Flgure IV—19) In FlguresyIV—ZQ and 21,’
‘the upwelling sea surface temperature and ABV signature
increases.‘ The strongest anomaly appears durlng the perlod'
of August 28 to September 2. ‘Some of the drlfter tracks‘dof”
not follow the path of the AIS; rather they move southeast
off ‘the Malta coast or_ continue south on the Tunlslan
Shelf.

Throughout Figures 'Ivfis to IV-20, the upwelling off
the western tip of Sicily ls evident as a‘filamentvofvcold"
water movingrtowards the center of the Straits of{Sicily.
Coastal upwelling along the;remainder of‘the southwestern
coast of_Siclly ls alsoeapparent. Of note is'the,enhanced
negative temperature signaturer of fthe jgeneral Acoastal
upwelling and the'presence‘of'a strongfupwellingufilament

off the western tip of Sicily typically associated with
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stroﬁg Mistral Windskfor the time period of 5—24 July 1995J‘
(Figures ,Iv-isa to ‘IV—l7a) . From 25 July to 14 Au'g‘ust.'l99v5‘
(Figures IV-17a to lV—l9c), Mistral winds are replaced by a
constantly shlfting' wind kpattern resulting in weakened
upwelling along the southwestern coast of Sicily. Finally,
the Mistral winds return to the Straits of Sicily,-eausing

increasingly negative upwelling temperature signatures to

~develop along the coastal with additional upwelling

filaments at the center of the southwestern and southern
tip of Sicily (Figures 'IV-18c to IV-21lc). - In addition,
this period of multiple eoastal upwelling filaments‘occurs

with a less coherent ABV. Looking at available wind data,

- the weakening of the upwelling filament off the western tip

of Sicily occurs when winds shift from northerly to onshore
wihds,‘ agreeing with observations by . Robinson et al.
(1999). The increased coastal upwelling 'and .multiple
offshore filaments develop when winds shift fromi_onshore‘
(southweéterly) to north nqrthweeterly. Finally the :
ﬁpwelling filament offv the western tip of vSicilyk
strengthens, while the remaining southwestern coast of

Sicily experiences reduced upwelllhg anomalies.
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Figure IV-2.
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" Median temperature composites for (a) May and

(b) June, 1995.
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MEDIAN SST (calibrated) - July
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Figure IV-3. Median temperature composites for (a) July and
(b) August, 1995.
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Figure IV-4. Median temperature composites for
(a) September and (b) October, 1995.
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MEAN SST = 26. 148

<401 2 3 45
12°E 14°E

Figure IV-5. Composite map of mean SST anomaly of the
median SST for the week of August 29 to September 4,
1995. Overlaid is the weekly summary of rotated NORAPS
winds showing surface direction and speed.. Also shown
are 10-day long drifter trajectory segments centered
on the week considered.
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Figure IV-6. Composite map of mean SST anomaly of the
median SST for the week of August 8 to 14, 1995. Overlaid
is the weekly summary of rotated NORAPS winds showing
surface direction and speed. Also shown are 10-day long
drifter trajectory segments centered on the week
considered.




Location of Major Upwelling Zones
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Figure IV-7. Location of major upwelling areas in
the Ionian Sea.
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Figure IV-12. Plot of (a) sea surface temperature at
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Figure IV-13. Plot of (a) sea surface temperature in
area A4 (eastern Strait of Otranto) and (b) wind vectors
from NORAPS data for the period July to September, 1995.
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Figure IV-14. Plot of (a) sea surface temperaturé in
area A5 (in Strait of Sicily) and (b) wind vectors .from
NORAPS data for the period July to September, 1995.
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Figure IV-15.

Three-day composites of SST anomaly for (a) 5-7 July,

(b) 8-10 July and (c) 11-13 July,
trajectories centered on the 3-day periods are overlaid on the images.
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Figure IV-16. Three-day composites of SST anomaly for (a) 14-16, (b)
17-19 and (c) 20-22 July, 1995. S5-day long drifter trajectories
centered on the 3-day periods are overlaid on the images.
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Figure IV-17.
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Three-day composites of SST anomaly for (a) 23-25,
26-28 and (c) 29-31 July, 1995. S5-day long drifter trajectories
centered on the 3-day periods are overlaid on the images.
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Figure IV-18. Three-day composites of SST anomaly for- (a) 1-3, (b) 4-6
and (c) 7-9 August, 1995. 5-day long drifter trajectories centered on
the 3-day periods are overlaid on the images.
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Figure IV-19. Three-day composites of SST anomaly for (a) 10-12, (b)
13-15 and (c) 16-18 August, 1995. 5-day long drifter trajectories
centered on the 3-day periods are overlaid on the images.
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Figure IV-20. Three-day composites of SST anomaly for (a) 19-21,

(b)

22-24 and (c¢) 25-27 August, 1995. 5-day long drifter trajectories

centered on the 3-day periods are overlaid on the images.
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Figure IV-21. Three-day composites of SST anomaly for (a) 28-30
August, (b) 31 August-2 September and (c) 3-5 September, 1995. 5-day
long drifter trajectories centered on the 3-day periods are overlaid on
the images.
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V. DISCUSSION AND CONCLUSIONS

This study examined the mesoscale and vsub—bésin sea
surface ﬁempe:ature structureév of the Ionian Séa to
Chafacterize and compare temporal and seasonal'variabilify
with previous obser§ations, for the time period between Méy
and October, 1995, Using full spatial _.resolution
(1.25x1.25 km) of satellite AVHRR images, satellite data
were compared with simultaneous and -colloééted iﬁ- situ
-drifter.data'to generate'bias.thatbcoﬁld be appiied to all
images from theb time _period being studied. ‘A makimum
temperature bias‘ of 1.14 °C was  §aiculated. Correctéd
satellite AVHRR images were combined over one-day, tﬁréef
day, weekly and monthly time periods to generate composi#e
images of the median sea‘surface teﬁperatﬁre for the Ionién
Sea from nop;contamiﬁated day/night image pixelé. kSelected
SST composites were over-laid with drifter tradks and wind
vectors for comparing the thermél features with the surface
currents and the wind forcing. While the d;ﬁrnal cycle ié
recognized as a source of  error to the compositing
technique used for analysis in‘this study‘(iFZ'°C), it Qas
not'poésible to correct for it with the availableAdata;_ |

Fof the time period (May to chober, H1995)- of this

study, seasonal variability compares favorably with the
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observations 'of»'previous"studies of the lonian_ Sea. .

| Agreelng w1th the observations of Marullo et al (1999)'and'
'Phllippe and Harang (1982)' the tran51tional months of May,i'
aSeptember and October show a chstinct zonal SST pattern,_
Wlth cool and warm waters‘ located ‘in the northern and
southern Ionian, respectively. ’ThlS cYcles to the summer"
months; w1th large ‘areas vof_.warm water_ dominating the
Vinterior" of the Ioniani fTheseb'results COmpare‘ favorablyiw

w1th the observations by Marullo et al. (1999 see Figure~,

III—4). However, a direct. comparison of sub- baSin thermal )

’features is impOSSible due to the lower’spatial resolution
(18318 km) used. to produce the decade compos1te. . The
spatial and temporal variability ofb sub ba51n features‘r
(e.g., upWelling‘events, cold cyclones and‘basin—wide SST
warming)gisvmuch‘clearer in our’nmnthly*(Figures.IVfé to -
Iv-4) andrweekly'compOSites. | |

A number of coastal locations throughout the Ionian
are sites'of wind driven upWelllng:events, w1th the Strait'
of Sicily having the”mostdconsistently apparent signature.
The presence of sub?basin and»mesoscale structures is also
a s1gn1f1cant characterlstic of the’Ionian Sea. ThevAIS_
follows a predictable path between SlClly and Malta,
turning 'northeastv.towards the .Strait of Otranto, btheng

heading south along‘ the Greek ~coast - as the MMJ, before
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entering the Levantine Sea through the Cretan Passage.' The
Cretan Cyclgne is a feature that exists in some fofm during
the period of study, with increased temperature signatufe_
in the preseﬁce of northerly Etesian winds. Also, the warm
Pelops Ahticyclone southwest of Greece is not detected in»
the SST compositeé during the period of investigation.

The use of various time periods for creating composité
images shows the differences between what caﬁ be examined
deﬁending of the tiﬁe scale of the variability. While oné—
day and three-day composites can detail the formatioﬁ of
small gyres, 1like the Adventuré Bank Vortex, and movemént
of cool water from the Atlantic to the Ionian through the
Strait of Messina, weekly and monthly cémposites. smooth
bver these short temporal anomalieé.- On the other hand,
weekly and monthly composites canvillustrate variations of
‘sea surface temperature over a seasonal cycle, allowing
trgnds fo be predicted. The SST éomposites déliheate'
satisfactorily-the sub-basin thermal features in the ionian
Sea for the oceanographér (e.g., AIS, MMJ and Cretan

Cyclone).
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VIi. RECOMMENDATIONS

The comparisons between AVHRR images and co-temporal

and collocated in situ drifter data suggests that the

general MCSST coefficients might be augmented with
“localized biases when more accurate = sea surface

‘temperatures are desired. Also, the utilization of the

full spatial resolution of the AVHRR images in combination

with short compositing time periods allows the more precise

"identification of sub-basin and mesoscale sea surface

temperature features. By automation of this'v data

processing from multiple sources, a useful product could be

produced for a variety of applications.
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