UNIVERSITY OF THE AEGEAN
School of the Environment
Department of Marine Sciences

Influence of Meteorological Factors and Conditions

on Sea Surface Chlorophyll Concentrations

by

Dionysia Kotta

A dissertation
submitted to the Department of Marine Sciences,
in fulfilment of the requirements
for the Degree of DOCTOR OF PHILOSOPHY

Mytilene, 2019



ITANEIIIXTHMIO AIT'AIOY
Yyoin Ieprparirovtog

Tuqpe Qkeavoypaiog ko Oalassiov Blogmotnuov

Merétn g Eniopaonc Metewporoyik®v Hapayovrov kol ZovOnkov

OTIS LVYKEVTPAGES XAWPOoPUAANGS TOV Em@aveiokod Ouracoiov XTp@patog

me

Arovooiac Kotra

Adoxktoptkny AtoTpifin

Mvytianvn, 2019



In memory of

my mother Marianthi Kotta

and my uncle Athanasios Papalexis
for being the salt of the earth

and
o

my friends (term definitely including my sister)
of high emotional intelligence and no university degree

Dionysia Kotta



Advisory Committee

e Dr. Dimitra Kitsiou (supervisor) — Associate Professor — University of the
Aegean, School of the Environmernt, Department of Marine Sciences

e Dr. Michael Karydis — Professor Emeritus— University of the Aegean,
School of the Environmernt, Department of Marine Sciences

e Dr. Pavlos Kassomenos — Professor — University of loannina, Department of

Physics

Dionysia Kotta

ii



Examining Committee

e Dr. Dimitra Kitsiou (supervisor) — Associate Professor — University of the
Aegean, School of the Environmernt, Department of Marine Sciences

e Dr. Michael Karydis — Professor Emeritus— University of the Aegean,
School of the Environmernt, Department of Marine Sciences

e Dr. Pavlos Kassomenos — Professor — University of loannina, Department of
Physics

e Dr. Maria Kostopoulou-Karadanelli — Associate Professor — University of
the Aegean, School of the Environmernt, Department of Marine Sciences

e Dr. Elina Tragou — Assistant Professor — University of the Aegean, School of
the Environmernt, Department of Marine Sciences

e Dr. Efthymia Kostopoulou — Assistant Professor — University of the Aegean,
School of the Environmernt, Department of Geography

e Dr. Petroula Louka — Assistant Professor — Hellenic Air Force Academy, Department

of Aeronautical Sciences, Section of Mathematics & Natural Sciences

Dionysia Kotta iii


https://www.mar.aegean.gr/index.php?userid=mkaran&pg=4.1&lang=en
https://www.mar.aegean.gr/index.php?userid=tragou&pg=4.1&lang=en
https://geography.aegean.gr/ppl/index_en.php?content=0&bio=ekost

Contents

Preliminary Note
Acknowledgements

1. Introduction
1.1. Objectives and Innovation
1.2. Thesis Outline
1.3. Extended Abstract
1.4. TlepiAnyn

2. Basic Theoretical Background
2.1. Sea Surface Chlorophyll and Phytoplankton
2.1.1. Phytoplankton and Chlorophyll o
2.1.2.Light, Nutrients and the Role of the Mixed Layer Depth
2.1.3.0cean Colour
2.1.4. Satellite Chlorophyll Data and the Copernicus Marine
Environment Monitoring Service (CMEMS) as a major

Data Source

2.2. The Eastern Mediterranean Sea
2.2.1. General Description
2.2.2. Chlorophyll Regime
2.3. Meteorological Factors and Conditions
2.3.1. Sea Surface Temperature
2.3.2. Surface Winds
2.3.3. Wave Height
2.3.4. Precipitation
2.3.5. Mean Sea Level Pressure
2.3.6. Extreme Weather Events — Medicanes
2.3.7. Desert Dust
2.3.8. Numerical Weather Models and the ECMWF major Data
Source

References

3. Dust Episodes and Sea Surface Chlorophyll Concentrations

3.1. Introduction

3.2. Influence of Desert Dust on the Aegean Sea Chlorophyll
Concentrations
(poster presentation in international conference)

3.3. Exploring Possible Influence of Dust Episodes on Surface Marine
Chlorophyll Concentrations
(paper in peer-reviewed journal)

[EY

oo Ul kW

12
12
13
15
16

20
20
22
25
25
27
29
31
33
35
36
39

42

51
52
53

58

Dionysia Kotta

iv



4.

Extreme Weather Events and Sea Surface Chlorophyll
Concentrations
4.1. Introduction
4.2. A 1010 hPa Cyclone causing Extreme Rainfall and an Autumn
Chlorophyll Bloom
(paper in proceedings of international conference)
4.3. First Rains as Extreme Events influencing Marine Primary
Production
(paper in proceedings of international conference)
4.4. Summer Rainfall Event: The Skill of Extreme Forecast Index
and Effects on Marine Chlorophyll Concentrations
(paper in proceedings of international conference)
4.5. Medicanes Triggering Chlorophyll Increase
(paper in peer-reviewed journal)

Relations between Sea Surface Chlorophyll Concentration and
Meteorological Parameters on a Monthly Basis
5.1. Introduction
5.2. Chlorophyll-a Variations in terms of Meteorological Forcing:
The Rhodes Gyre and Cyclades Region
(paper in peer-reviewed journal)
5.3. Variation of Chlorophyll-a Concentrations Related to Winter
Weather Conditions
(poster presentation in international conference)
5.4. Chlorophyll in the Eastern Mediterranean Sea:
Correlations with Environmental Factors and Trends

(paper in peer-reviewed journal)

Summary of the main Results, Conclusions and Proposals for
Future Work

6.1. Summary of the main Results

6.2. Conclusions and Proposals for Future Work

List of Acronyms and Abbreviations

Dionysia Kotta

91

92
93

100

107

114

137

138

139

152

156

191

192
194

195



Influence of Meteorological Factors and Conditions
on Sea Surface Chlorophyll Concentrations

Preliminary Note
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Influence of Meteorological Factors and Conditions
on Sea Surface Chlorophyll Concentrations

1.1. Objectives and Innovation

The ‘Influence of Meteorological Factors and Conditions on Sea Surface Chlorophyll
Concentrations’ is an interesting research topic. Sea surface chlorophyll
concentrations are indicative of phytoplankton’s abundance which is important to life
on Earth. Phytoplankton is affected by various meteorological factors and
environmental conditions and their impact needs to be assessed at different spatio-
temporal scales. The Mediterranean Sea and in particular, the main body of the
Eastern Mediterranean Sea and the Hellenic Seas, is an interesting study area
regarding this topic, since they represent an oligotrophic marine environment
affected by a variety of weather conditions. In addition, nowadays the ocean colour
satellite measured property provides numerous datasets for sea surface chlorophyll
concentration which give the opportunity to examine its changes.

In order to add to the research carried out so far, the objectives of this thesis were
defined and aimed to the study of:

a) The contribution of desert dust on sea surface chlorophyll concentrations, focusing
on dust episodes connected mainly with the Hellenic Seas.

b) The influence of extreme weather events on sea surface chlorophyll values,
especially over the open sea;

c) The relations between sea surface chlorophyll concentrations and meteorological
parameters at broad spatial and temporal scales.

The innovation of the present research relies mainly on:

a) The exploration of the ‘dust fertilization effect’ through specific dust events that
affected extended areas of the Eastern Mediterranean Sea, focusing on the Hellenic
Seas, which have been minimally and only locally examined. The prevailing weather
conditions before, during and after the events are also taken into account regarding
their possible influence on chlorophyll concentrations.

b) The medicanes’ impact on sea surface chlorophyll. These Mediterranean cyclones
are examined for the first time in respect to their impact on chlorophyll
concentrations. The influence of extreme weather events on the open sea’s
chlorophyll has not been studied so far in the Mediterranean and medicanes
undoubtedly induce extreme weather conditions that affect extended open sea areas.

c¢) The correlation of chlorophyll concentrations with meteorological parameters, such
as wind speed, wave height, precipitation and mean sea level pressure; some of them
have not been assessed so far. The correlations are discriminated among seasons and
the calculations are based on consistent chlorophyll and meteorological data sets of
the longest time period (1998-2016) studied up to now.

Dionysia Kotta Tediba 4
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1.2. Thesis Outline

This Thesis has been organized into six chapters.

Chapter 1 provides an extended abstract of the thesis, including the objectives and the
innovation of the conducted research. The extended abstract is also provided in Greek.

Chapter 2 presents the basic theoretical background.
Chapter 3 refers to the possible impact of desert dust on sea surface chlorophyll.

Chapter 4 presents the research related to the influence of extreme weather events on
sea surface chlorophyll concentrations.

Chapter 5 presents the assessment of the relations between sea surface chlorophyll
concentrations and meteorological factors.

Chapter 6 summarizes the main findings and makes some suggestions for future work.

Dionysia Kotta TeAiba 5
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1.3. Extended Abstract

Phytoplankton plays a critical role in Earth’s system. It is at the base of the marine
food web and it accounts for half of the planet’s primary production; climate
variability highly influences phytoplankton abundance but at the same time
phytoplankton affects climate, by providing a sink for the atmospheric CO, through
photosynthesis. During the last decades, the satellite measured ocean colour, which is
regarded as an essential climate variable by the Global Climate Observing System,
provides information for the sea surface concentration of chlorophyll o, a pigment
that is indicative for phytoplankton abundance. The availability of these data has led
to ongoing related research that includes the possible relations between atmospheric
variables and chlorophyll a. The present thesis is a contribution to the study of the
influence of meteorological factors and conditions on sea surface chlorophyll
concentrations, focusing on the Eastern Mediterranean and the Hellenic Seas.

The Eastern Mediterranean Sea is an oligotrophic marine environment due to the
limited nutrient availability for phytoplankton growth. The broader area is often
impacted by extreme weather events, it is affected by dust episodes and it is regarded
as a ‘hot-spot’ for climate change. Several environmental variables have been
examined regarding their possible influence on the Mediterranean waters’
chlorophyll concentrations: the sea surface temperature and the wind speed, to a
much lesser extent the mean sea level pressure and the precipitation, which has been
mainly studied for coastal areas. Some extreme weather events have also been related
to phytoplankton growth in some near shore regions. The possible nutrient
enrichment desert dust effect on phytoplankton has been more extensively studied
with contradictory results. Consequently, there are fields for further work.

The study of the research carried out so far resulted into the goals of the present thesis
that were aiming at adding new aspects to the existing knowledge. The objectives
were delineated as follows: a) to explore further any possible impact of desert dust on
chlorophyll focusing on specific events and mainly for the Hellenic Seas; b) to study
the influence of extreme weather events on sea surface chlorophyll concentrations,
especially over the open sea; c) to explore the relations between sea surface
chlorophyll concentrations and selected meteorological parameters on a monthly basis
at broader spatial scale and for a large time period.

A wide range of data was used for assessing the aims of the present thesis. The
Copernicus Marine Environment Monitoring Service was the major data source for
the satellite derived data and especially for chlorophyll o products that are computed
via regional (Mediterranean) ocean colour algorithms. The European Centre for
Medium-Range Weather Forecasts was the other important data source, since the
provided numerical model products and in most cases the ones of its reanalysis
projects were mainly used for the meteorological parameters.

Desert dust, being rich in the limiting nutrients, has been proposed to stimulate
phytoplankton growth in many parts of the world ocean. For the Mediterranean Sea,
which is subject to dust transport, experimental, observational and statistical studies
on this topic have provided contradictory results particularly for the eastern part of
the Basin. The present work further explored this controversial matter by examining
several dust episodes, mainly focusing on the Hellenic Seas that are poorly studied

Dionysia Kotta TeAiba 6
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and, taking into account the prevailing weather conditions before-during and after the
events. The results showed that no safe conclusion could be drawn since both
increases and decreases in surface chlorophyll concentrations were observed after the
episodes. However, the absolute chlorophyll differences exceeding 50% indicated a
possible favourable dust effect mainly during the low productive period. They also
highlighted the difficulty in discriminating between dust and other meteorological
factors in favouring phytoplankton growth.

Some extreme weather events for the Hellenic Seas were studied, as a preliminary
research, in respect to their influence on sea surface chlorophyll and their favouring
effect was observed. Since relevant studies have been conducted locally and referred
to coastal or near shore areas, the present research focused towards examining the
impact of such events on chlorphyll concentrations in the open sea. For this purpose, a
couple of tropical-like Mediterranean cyclones (medicanes) that affected a wide open
sea area were examined. It was noted that the tropical cyclones have been identified
for their positive influence on phytoplankton growth. The results showed that
medicanes trigger surface chlorophyll increases; after the cyclones’ passage,
chlorophyll concentrations were higher compared both with those before and with the
climatological monthly values over a large part of the affected areas. The increase in
chlorophyll was comparable, though on smaller scale, to the one caused by hurricanes
in oligotrophic environments. The main mechanisms that have been proposed to
explain the increased chlorophyll concentrations following tropical cyclones seem to
be valid for medicanes as well.

Another part of the thesis presented here explored the possible relations between
surface marine chlorophyll concentration and selected meteorological parameters at
broader temporal and spatial scales. The chlorophyll variations of two dissimilar —
regarding their primary production — regions, the Rhodes Gyre and the Cyclades
Plateau, were examined for a 10-year period during March, which is a month
characterized by enhanced chlorophyll concentrations. Higher wind speeds,
considerable precipitation amounts, lower mean sea level pressure and relatively low
sea surface temperatures compared to climatological values, seemed to be the
possible prerequisites for higher chlorophyll o concentrations. The research
proceeded to the calculation of the correlations between sea surface chlorophyll «
and environmental factors’ monthly anomalies for the whole Eastern Mediterranean
Sea. The study was conducted in a 1°x1° grid for the period 1998-2016. The
statistically significant results showed that chlorophyll was negatively related with
sea surface temperature and positively with wind speed and wave height. Its
correlations with precipitation were positive and low, while those with mean sea
level pressure were negative and local. The correlations were strongly dependent on
the season and higher, in most cases, for the open southern part of the study area.

The novelty of the present thesis relies mainly on: a) the research carried out on the
possible effects of dust episodes on chlorophyll concentrations for extended areas of
the Hellenic Seas; b) the examination of the medicanes’ influence on sea surface
chlorophyll, especially over the open sea; c) the assessment of the correlations
between sea surface chlorophyll concentrations and meteorological parameters based
on the longest time series of robust data sets (1998-2016) used so far, discriminating
between seasons and including the less or non studied parameters of wave height,
mean sea level pressure and precipitation.

Dionysia Kotta TeAiba 7
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1.4. TIlepiinyn

O poérog TOV PLTOTANYKTOD GTO GUGTNHO TNG VNG &ivar onuavtikds. Amotelel )
Béon g Borldcoiag TPOPIKNG AAVGIONG KOl GUVEIGPEPEL TO MOV TNG TPWTOYEVOLS
TOPOYWYNS TOL TAAVAT® emiong, emmpedlel 10 kAipo deopgvoviag CO, amd v
aTpuocEapo UECH® NG QoTOooLVOEONG OAAG Kol 1 pHeTAPOAES TOL  KApOTOG
emnpealovv Tov TAnBvcpod tov. Tig tehevtaieg deKaeTies, TO SOPLPOPIKH LETPOVUEVO
«POUO TOV ®KENVOL», To omoio Bewpeitan Pacikn KMUATIKA UHeTAPANT) omd TO
[Maykoéouio Zouotua Iapakorovdnong tov Kiipatog, mapéyet mAnpoeopie yio
OLUYKEVTIPMOOT NG  YAOPOPUAANG-0. otV €mpave. ¢ Odlaccag, puog
QOTOCLVOETIKNG YPWOTIKNAG ovoiag 7ov glval evoelkTik) G agboviag Ttov
eutomhayktov. H dabeciudmta avtdv tov 0edopévmy 00Nynoe oe dlopkn Epevva
mov ePAapPavel Kot TG TOUVEG GYECELS TG YAWPOPVAANG-a UE ATHOCPUIPIKEG
nmopapétpous. H moapodoa oOwaktopikny dwtpiry cvpPailer ot HEAETN NG
KoTavoOnong g emidpaong UETEMPOAOYIKAOV TopayOVIOV Kol CUVONK®OV OTIg
GUYKEVTPMOOELS YADPOPVAANG TOV EMLPAVEINKOV OAAAGGI0V GTPOUOTOS, E6TIALOVTOG
oV Avatolkn Mecoyeto kot Tic EAMAnvikéc ®drlacoed.

H Avatolkr Meodyetog yapaktnpiletar og éva oAryotpoeikd Bardccio mepipdiiov
AMyo g  mepopopévng  OlectudTNTAS  OPENTIKOV  CLOTOTIKOV — KOU  TNG
TEPLOPIGUEVNG aVATTUENG TOL PuTOTAYKTOV. H gupitepn meproyn emmpedletarl cuyva
amd aKpoio Kopikd QOIVOUEVO Kol a0 ETEICOS0. LETAPOPAS GKOVIG evd Bempeiton
OG «KOVTO onUeio» Yo TNV KMUOATIKY aAAoyn. ApKETEC TEPPOALOVTIKEG HLETAPANTES
&yovv eEetoclel oyetikd@ pe v mwOav emidpACT] TOVG OTIG GCLYKEVIPMOELG
YAOPOPOAANG 6Ta vepd TG Mecoyeiov: 1 Beprokpacia g empdvelog g OdAacoag
KOl 1 TOQOTNTO TOL OVEHOVL, GE TOAD KkpOTEPO PBabud M mieon ot péon otddun
Bdraccoc kot o vetdg (ovvBwg Ppoxdmtmorn) mov €xel peretnBel Kvplog oe
TOPAKTIEG TEPLOYES. AKPUio KOIPIKA QOIVOUEVO €XOVV EMIONG CLOYETIOTEL UE TNV
avAmTLEN TOV QUTOTANYKTOV GE WEPIKES TePoyEg kovtd otnv &Enpd. H mbavn
EMOPOOT TNG GKOVIG OO TNV £PNUO GTO PUTOTANYKTOV £xel pneAetnOel ektevéosTtepa
pe ovtipatikd anotedéopata. Katd cuvéneia, vdpyouvv media yio tepottépm Epgvva.

H pedémm g péypr onuepa diebvovg Piproypaeiog eiye ¢ omotéAecpo Tov
TPOGOIOPIGUO TOV GTOYWV TNG TOPoVSOS OOUKTOPIKNG O TPIPNG, HE OKOTO Vo
pooTeBoLV Véa oTolXElo TNV VILAPYovoa YvdoT. Ot otdyotl ¢ datpiPng elvar ot
eENg: a) M mepatEpw depedvnon ¢ ThavNg midpaons TG oKOVING omd TV £PNUO
oTN YAOPOPOAAN HECH TNG UEAETNG EMEICOJIMV GKOVING Kol £0TIALOVTAG KLPIWG OTIg
EAMvikég Odhacoeg B) 1 HeA&n TG EMIOPAOTG OKPOLMV KOIPIKMV QOIVOUEVOV GTN
YAOPOEUAAN pe Eupaoct otV avolktn Bdhacca’ y) n e£€tacn g oxEons HETAED TG
GUYKEVTPMOONG NG YAWPOPUAANG TOL EMUPAVELOKOD BOAACCIOL CTPOUATOS KOt
EMAEYUEVOV LETEMPOLOYIKAOV TOPAUETPOV o€ unviaia Bdomn Kot oe peydin ypoviky
EPL000 Kot yPIKn KA.

‘Eva eupy pdaopa dedopévev ypnoipomomdnke yio v enitevén tov mopondve
otoywv. H vimpeoioa Copernicus Marine Environment Monitoring Service ftav n
KOPLOL TNYN Y10 TO. OOPLPOPIKA EGOUEVA TTOV OLPOPOLV 6T BdAaccoa Kot Kupimg yio
o TPOIOVTO YA®POPUAANG-0. oL vVToAoyiloviol WHEC® TPOCAPUOGUEVMV OTN
Meooyeio akyopibuwv. To European Centre for Medium-Range Weather Forecasts
NTav M OgvTEPN ONUOVTIKNY TNy 0edopévev, a@ov To TPOIdVTa TV aplOUNTIKOV

Dionysia Kotta YeAiba 8
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HOVTEAWMV TOV KO, OTIG TEPIGCOTEPES MEPUTTMOELS VT TNG EMAVAVAALGNG, KLUPIWG
YPNOLOTOMONKOV Y10l TIG LETEWPOAOYIKES TOPAUETPOVC,.

H oxovn mov mpoépyetar omd v £pnpo, Ovtag TAOVoLo 6T amapoitnto Opentikd
ovotaTikd, &yer mpotabel ®G €UVOIKOC mopdyoviog Yoo TV ovimtuén tov
QLTOTAQYKTOV OE OPKETEC TEPLOYES TV VAL TOV KOGHO mwKeovmv. o Ty Meosoyetlo
®Odlocoa, 1 omoio. VWOKEITOL GE WHETAPOPH OKOVNG Omd EPNUOVS, Ol GYETIKEG
TEPALOTIKEG KO OTOTIOTIKEG LEAETEG £YOVV KOTOANEEL O AVTIPATIKG OTOTEAECUATAL,
wwitepa yio 10 avotolko g Tuqpe. H mopovca didaktopikn dwotpipr] diepevvnoe
TEPAUTEP® AVTO TO AUPILEYOUEVO O €£€TAlOVTOG JLAPOPO. EMEGOOINL GKOVIC.
Eotioce xuping otig EAAnvikéc ®dhacoec mov dev €yovv pedetnel emapkdg kot
ElaPe VoYM TIC KOPIKEC GLVONKEC TOL EMIKPATOVCHV KOTA TN OLUPKEWL TOV
eNE0001V oAAG Kot Tptv Kot petd omd avtd. To amoteAéopoto dev odynoov o€
acQOAN ovumepdopota, Kobmg mopatnpnOnkay ovéNoelg aAld Kol UEIMCES OTN
OLYKEVIPMOOT TNG YAWPOQEVUAANG HETA To. €mewcodta. Ouwg, ot petaforéc ot
YAOPOQEOAAN mov vrepeParvav to 50% vmédeiEav mbovr evvoikn emidpaocm TG
oKOVNG Kuplog Yoo TV mePiodo youning mapayoyikdémrag. H pedémn xotédeiée
emiong Tt OvokoAio Odkplone HETOEL OKOVING Kol GAA®V  UETEMPOAOYIKAOV
TAPOYOVTIWV MG TPOG TNV EXIOPOACT TOVG GTNV AVATTVEN TOV PUTOTANYKTOV.

Opiopéva 1oYVpa Kaptkd eovopevo pehetinkoy 66ov apopd otV enidpactn Tovg
o1 YAOPOPLAAN Yo TIC EAANVIKEG BAANCOEG 0TO TANIGIO0 TPOKATOPKTIKNG EPELVOG
Kol mopatnpninke mog guvoobv v avénon tg. Agdopévov Ot o1 ¢ TOPO
oYeTIKEC ueréteg €xovv oeaybel oe MOAD TOMIKO EMIMESO KO OVAPEPOVTAL GE
TOPAKTIEG TEPLOYES, N TOPOVGO EPEVVA TPOGAVUTOMGTNKE TTPOg TNV €&étaocm g
EMOPOAONG TETOLMV YEYOVOTMOV OTN YAMPOPVAAN TOV EMPAVEINKOD CTPOUATOS TNG
avoytg Bdrlaccoc. ' 10 okomd avtd, €EETAGTNKOV TEPMTMGES UEGOYELKDV
KUKADOVOV TTOV EXNPEQCOV Lo Vpeia TEPLOYN avorytng BdAaccoc. EnpeldveTon 0Tt
01 TPOTIKOL KUKAMVES (1] TVOMOVESG) £XOVV OvVOyVOPLCTEL Yo T OeTIKN TOVG EMidpaon
otV avantuén Tov eutomAayktov. Ta amoteAéopata £deiav OTL, UeTd TN SEAEVON
TOV KUKADOVOV, Ol GCUYKEVIPAOOELS TNG EMPAVEINKNG YAMPOPVAANG NTaV VYNAOTEPESG
GUYKPWVOUEVEG UE EKEIVEC TPV OAAG Kol HE TIC KMUATOAOYIKEG UNVIOES TIUEG OF
HEYAAO LEPOG TV TTEPLOY®V oL ennpedotnkav. H adénon g yAwpo@OAing ntoav
GLYKPIoIUN, OV Kol 68 PIKPATEPT KAILOKO, LE EKEIVT TOV TPOKAAOVV Ol TVPADVES GE
oAryotpo@ikd Bardcoia tepidriovta. Ot KHplot unyavicpoi Tov xovv TpotTadet yio
vo €ENYNOOVV TIG OWENUEVEG GLYKEVIPMGELS YAWPOPUAANG HETO OO TPOTIKOVG
KUKAMVEG GAIVETAL VOl 1GYDOLV KOl Y10 TOVG LEGOYELNKOVG KUKAMVEC.

H nmopovca ddaktopikn| dtatpiPn depedivioe emiong tic mbaveg oyéoelg petald tov
GUYKEVIPOCEWV NG YAWPOPUAANG TOL OAAAGGIOV EMIPAVEIONKOD GTPAOUOTOS KO
EMAEYUEVOV  LETEMPOLOYIKDV TAPOUETPOV GE EVPVTEPN YPOVIKN] KOl YWOPIKN
KMpoka. Ot S10KVUAVGELS 0TI YAWPOPVUAAN dVO SAPOPETIKOV — OGOV 0pOopd GTNV
TPOTOYEVN] TOPOYMYN] TOVG — TEPOYDV, TOV KUKA®VA NG POdov kot g meproyng
tov Kukhadov, eetdomkay yia o wepiodo 10 etdv kot yio to piva Mdaptio mov
yopokmpiletor  amd avENUEVES  CLYKEVIPAOGCELS YA®POPVUAANG. MeyoAldtepeg
TaYOTNTEG OVELOV, OPKETN PPOoYOmT®ON, YOUNAOTEPN Tieon o1 péon oTddun g
Bdlaocoog Kol oxeTikd yapunAn Beppoxpacio empdvelag Bdlocoas, oe GOYKpPIoN LE
TIC KMUOTOAOYIKES TIHES, avayvopionkay o¢ mhovol mapdyovtes Yoo VYNAOTEPES
TIEG YAWPOPUAANG. H €épevva mpoymdpnoe GTOV VIOAOYIGUO TMV GUVIEAEGTAOV
GLOYETIONG HETAED TOV UNVIOI®OV OVOUOAIOV TNG YAOPOPUAANG TOV ETPOVELNKOD

Dionysia Kotta TeAiba 9
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BoAACGI0V GTPOUOTOS KOl TEPPUALOVTIKOV TopayOdvIov Yo OAOKANpM TNV
Avatolkn Meodyero. H pedét €ywve oe mAéypa 1°x1° yuoo v mepiodo 1998-2016.
Ta otoToTIKA oNUOVTIKG amoTeAéopato  £0€1E0V  apVNTIKEG OCULGYETICES 1TNG
YAOPOPUAANG LE TNV EMPavELOKT Oeprokpacio Tng OdAaccac, yevikd BeTiKég pe v
ToYOTNTO TOL OVELOV Kol TO VYOG KOUATOG, aoBevEGTEPN Kol BETIKY CLGYETION Ue
TOV VETO KOl OPVNTIKT, OAAGL TEPLOPICUEVT] TOTIKA KO EMOYLOKA, LE TNV TECT OTN
péon otabun Bdraccas. Ot cvoyeticelg avtég Ppédniay 16YVPITEPES GTO AVOIKTO
VOTIO TUNUO. TNG TEPLOYNG HEAETNG Kol Eviovo, eCOPTOUEVEG OO TNV EMOYN TOL
XPOVOUL.

H xowvotopia g mapovoag Epevvog cuvictator Kupiog: o) oty KdAvyn tov KeVoD
ot debvn BiAoypapio oyxeTikd pe TIG TOAVEG EMATOCEIS TOV EMEIGOIMY GKOVNG
OTN GLYKEVTP®OT YA®POPOLAANG Yo Tig EAAnvikég @dhacoes B) oty e&étaon g
EMOPOONG TOV HEGOYEINKDV KUKADV®V GTI] GUYKEVTPMOT YA®POPOAANC, UE ELPOOT
omv avoyyt BdAacca y) oTOV VTOAOYICUO GULVIEAEGTAOV GLOYETIONG UETAED NG
OLUYKEVTIPMOONG  YAWPOPUAANG TOL  EMPOAVEIONKOD OOAACGIOL  GTPOUOTOS KOt
UETEMPOLOYIKDV — TOPUUETPMOV  YPNOLOTOIOVTAG TN  UEYOADTEPT  YPOVOGEPA
dedopévav vymAng okpifelag mov éxel ypnowomombei péyxpt topa (1998-2016),
dwkpivovtog Tic ovoyetioelg UeTaEh TOV EMOYMV Kol, cLumeptlapupdvoviag Tig
My6TEPO M| KOOOAOV UEAETNUEVES TTOPOAUETPOVG TOL VWYOLG KVUATOC, TG TEoNS 61N
péon otabun 6GAaccag kot e PpoxdmTmong.
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2. Basic Theoritical Background
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2.1. Sea Surface Chlorophyll and Phytoplankton
2.1.1. Phytoplankton and Chlorophyll a

The term phytoplankton refers to the microscopic photosynthetic organisms that live
in the surface waters of the oceans and lakes. They form the base of the marine food
chain [Vargas et al., 2006]; through photosynthesis, carbon dioxide (CO,) is
converted into organic compounds that are available to higher trophic levels. The
process of carbon fixation, transforming CO; into organic biomass, is called primary

production.

Phytoplankton has limited or zero mobility, is short-lived but can grow very quickly;
it needs light and nutrients for its growth and to carry out photosynthesis. The aerobic
destruction of particulate and aggregated dissolved organic matter, produced in
photosynthesis, is performed by bacteria and other microorganisms via respiration
processes through all depths; these are defined as remineralization or nutrient
regeneration and comprise the complete decomposition of organic matter to nitrogen,
phosphorus and carbon soluble forms. The products of remineralization in the
euphotic layer can be reused for photosynthesis that accounts for the regenerated
production. A fraction of primary production, the export production, ends to the deep
sea where the remineralization partly results in sequestering carbon from the
atmosphere. Due to remineralization, nutrients increase with depth reaching their
maximum concentrations between 500 and 1000 m [Lévy, 2008 and references
therein]. An upward flux of nutrients to the euphotic layer plus nutriens imported
from external sources result in the new production. All this procedure is referred as
the biological pump and it is shown in Fig. 1 in a simplified way.
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Fig.1. Schematic representation of the biological pump in the ocean
(adopted from Lévy, 2008).
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Phytoplankton’s photosynthesis is comparable with that of the terrestrial plants
[Behrenfeld et al., 2001] and they are accounting for half of the planet’s primary
production [Field et al., 1998; Gregg et al., 2003]. By fixing 40 GT of carbon per
year into organic material [Falkowski et al., 1998, Behrenfeld et al., 2006] and
providing a sink for atmospheric CO,, they play a key role in the global carbon cycle
affecting climate in this way [Gregg et al., 2003; Hays et al., 2005].

Waters characterized by low nutrient concentrations and low biological productivity
are characterised as oligotrophic, by medium values as mesotrophic and by high
values as eutrophic; bloom refers to the rapid phytoplankton growth under favourable
conditions. However, the term ‘eutrophication’, describing the natural process of
nutrient enrichment which results in increased levels of primary production, is used
for coastal waters and, usually, with a negative sense. Thus, its various definitions
mainly refer to enhanced nutrient availability due to human activities that produce
undesirable disturbance to water quality and living organisms. In its worst phase can
lead to oxygen depletion, fish mortality and harmful algal blooms of toxic species
[Kitsiou and Karydis, 2011].

Chlorophyll « is the principal and more abundant photosynthetic pigment not only for
phytoplankton but also for almost all photosynthetic organisms. Since it is also
relatively easy to quantify, it is widely used in phytoplankton biomass estimations. In
addition, it is also used separately as a proxy for phytoplankton abundance.

2.1.2. Light, Nutrients and the Role of the Mixed Layer Depth

Phytoplankton growth and photosynthesis are influenced by temperature and the
availability of light and nutrients, the latter fueling the upper ocean layers mainly
driven by mixing and upwelling processes of deeper, colder and nutrient rich water
[Doney, 2006].

Phytoplankton uses the visible spectrum (400-700 nm) of the solar radiation, the
photosynthetically active radiation (PAR), for the photosynthetic reactions. Light
attenuates exponentially with depth by scattering and absorption, with the blue
wavelengths reaching deeper oceanic layers due to their smaller attenuation
coefficient. Thus, photosynthesis occurs in the euphotic zone that is the upper sunlit
layer of the ocean and it is typically defined down to the depth where light is the 1%
of that at the surface (up to 200 m for clear oceanic waters).

The growth of phytoplankton is mainly controlled by the availability of nutrients
(macronutrients) mainly nitrogen (N) and phosphorous (P), in inorganic forms; they
are used for the biosynthesis of proteins, nucleic acids and other biomolecules.
Phytoplankton also requires several trace metals also known as micronutrients
because they are needed in very small amounts; a significant element is iron (Fe)
which takes part in biochemical processes [Raven et al., 1999]. Other nutrients, which
are used by certain phytoplankton types for constructing their cells —such as silicon
(Si) for diatoms- are also needed. Human activities can add nutrients to the ocean, N
mainly from fertilizers, animal manure and the utilization of fossil fuels and P mainly
from detergents and sewage. The key process in importing nutrients to the euphotic
layer is the intrusion from deeper oceanic layers (plus river and land discharges for
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near coast areas); however, atmospheric inputs are an alternative source of nutrients
especially during the stratification summer period [Bethoux, 1989; Migon et al.,
2002].

Nutrients and light are the inverse of one another: nutrients increase with depth and
light decreases. Physical processes, such as ocean circulation, upwelling, mixed-layer
dynamics and the solar cycle, determine these two limiting factors for phytoplankton
growth [Behrenfeld et al., 2006]. In conclusion, the ocean to become productive needs
nutrients and light to co-occur.

Mixed layer is the upper thin ocean layer characterized by constant temperature and
salinity that are different from the ones below it. Although this difference is quantified
quite arbitrary, its bottom temperature must be up to 0.1 °C lower than at the surface
[Stewart, 2008]. Mixed layer depth (MLD) and the layer’s temperature vary from
season to season and even from day to day due to heat fluxes and turbulence. Heat
fluxes between the ocean surface and the atmosphere change the temperature (and
consequently the density) of the surface waters. The lower the contrast among the
surface and the deeper layers, the easier their mixing. The turbulence, caused by wind
speed and waves, mixes heat downward. In mid-latitude oceans, MLD is shallower in
late summer, when the surface layer is warmer. It begins to deepen in fall, it is deeper
in late winter due to the season’s heat loss and turbulence (often derived from storms)
and, in spring as sunlight increases it begins to shallow [Stewart, 2008]. The mean
MLD in tropical and mid-latitude regions lies between 10-200 m depending on the
season.

Among the physical factors controlling phytoplankton dynamics, the MLD is
considered to have the strongest influence, controlling both nutrient and light
availability [Lavigne et al., 2013]. A deep MLD results in the replenishment of the
upper ocean layers (that may or may not coincide with parts or the entire euphotic
zone) with nutrients from below. Two regimes characterize, in general, the
phytoplankton response to MLD dynamics: the sup-polar or temperate regime and the
subtropical one. According to the first, MLD presents strong variations with season
and chlorophyll concentrations are characterized by a drastic increase in spring; the
latter refers to co varying inverse seasonal cycles for MLD and chlorophyll, with
deeper MLD coinciding with maximum chlorophyll concentration [Wilson and Coles,
2005; Henson et al., 2009]. In sub-polar regions, the winter mixing is strong and MLD
becomes deeper than the euphotic zone. In consequence, phytoplankton —drifted
throughout the MLD- spends time in the dark and cannot exploit all the available
nutrients; in addition, the reduced illumination during the winter season also limits its
growth. In spring, the MLD becomes shallower due to heat input, phytoplankton and
nutrients are held in the well sunlit zone, more light is available and a bloom occurs.
This bloom is more intense when the heat input that favors restratification is greater.
A relatively smaller bloom occurs in fall when the MLD begins to deepen. In the
regions following the sub-tropical regime, the winter mixing is less intense and the
MLD does not become deeper than the well-lit zone while light is never a limiting
factor for phytoplankton growth. Consequently, the deepening of the MLD results in
more nutrients in the upper layers and coincides with primary production increases.
The greater the mixing and the surface heat lost, the more pronounced the
phytoplankton growth [Follows and Dutkiewicz, 2002; Lévy et al., 2005]. It is noted,
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that phytoplankton may continue to grow below the MLD in cases when the euphotic
zone exceeds this depth.

2.1.3. Ocean Colour

Chlorophyll «, which is indicative for phytoplankton concentration, is characterized
by an absorption spectrum for visible wavelengths with a primary peak in the blue
(~440 nm) and a secondary one in the red (~ 675 nm) while between 500 and 600 nm
the absorption is low [Bricaud et al., 1995]. In general, the lower the chlorophyll
concentration, the bluer the waters will appear.

During the last decades, satellites provide information on the oceanographic
properties of the sea surface such as chlorophyll « concentrations [Maritorena and
Siegel, 2005], filling up the gap of the in situ measurements’ limited spatiotemporal
extent and making data available over extended areas and time series.

Satellites measure the Remote Sensing Reflectance (Rrs or Normalised Water
Leaving Radiance) of the ocean, which is defined as the ratio of the Radiance (light
leaving the surface vertically upwards) to the Irradiance (the incoming solar
radiation), at different wavelenghts in the visible part of the electromagnetic spectrum.
The spectral variability of Rrs defines the so-called ocean colour that is regarded as
one of the essential climate variables by the Global Climate Observing System
(https://gcos.wmo.int/en/essential-climate-variables/ecv-factsheets for ocean colour,
assessed on 10/7/2019). Since chlorophyll’s absorption spectrum peaks at blue
wavelengths (~440 nm), the higher the water’s reflectance in blue, the lower its
chlorophyll concentration (Fig.2). The blue-to-green reflectance ratio is sensitive to
the amount of chlorophyll in the oceans due to its strong absorption in the blue and
the week absorption in the green: higher ratios indicate lower chlorophyll values.
Specific algorithms (the bio-optical algorithms) are applied to the blue-to-green
reflectance ratio for deriving the sea surface chlorophyll concentrations [O'Reilly et
al., 1998; Morel and Maritorena, 2001].
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Fig.2. Idealized reflectance spectra for different chlorophyll a concentrations
(adopted from Yoder and Kennelly, 2006).
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The satellite-derived chl-a concentrations have been demonstrated as good indicators
for phytoplankton [Joint and Groom, 2000; Maritorena and Siegel, 2005]; they are
widely used, considering that differences in chlorophyll concentration reflect dif-
ferences in phytoplankton abundance.

The ocean colour observations give a synoptic view of the world oceans’ zonation in
terms of primary production (as in Fig.3). They provide information for the seasonal
phytoplankton variability on a global scale, for the role of the oceans in the global
carbon cycle, the variations of coastal upwelling systems and even the ENSO impact
on chlorophyll distributions [Yoder and Kennelly, 2006]. These data are also valuable
in identifying regional chlorophyll patterns, determining trends, monitoring the
coastal water quality, as a guide for marine resources management etc. The ocean
colour data can be used together with other environmental variables’ data for
identifying possible forcing mechanisms on chlorophyll concentrations.

Chlorophyll Concentration, OC3 Algorithm (mg m~%)

0.01 0.02 0.05 0.1 0.2 0.5 1 2 5 10 20

Fig.3. Chlorophyll composite (mean values) from the MODIS-Aqua mission (4 July
2002 up to 31 July 2019) as derived through https://oceancolor.gsfc.nasa.gov/13/.

2.1.4. Satellite Chlorophyll Data and the Copernicus Marine
Environment Monitoring Service (CMEMS) as a major Data Source

The wide scale ocean colour observations practically started in 1997 with the launch
of SeaWiFS (Seaviewing Wide Field-of-view Sensor) from NASA (1997- 2010). It
was followed by MODIS/Aqua (Moderate Resolution Imaging Spectroradiometer)
from NASA (2002, ongoing), MERIS (MEdium Resolution Imaging Spectrometer)
from ESA (2002-2012), VIIRS (Visible Infrared Imager Radiometer Suite) from
NOAA (2012, ongoing) and recently the Copernicus Sentinel 3A OLCI (Ocean and
Land Colour Instrument) (2016, ongoing), all sensors on polar-orbiting satellites.

Operational global bio-optical algorithms have been developed in order to convert the
satellite measured reflectance into chlorophyll concentration. They exploit the blue-
to-green ratio reflectance ratio and they are based on regressions between in situ
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measurements of both chlorophyll and water leaving radiances. The first algorithms
made computations using a single band blue-to-green ratio, i.e. a single wavelength in
blue and one in green. They evolved into log-transformed maximum band ratio
(MBR) algorithms with a use of various ratios between several blue wavelengths and
one in green and making estimations based on the maximum ratio. This approach
gave the potential advantage of the highest signal to noise ratio [O'Reilly et al., 1998].
Their functional form is: log,,(Chl) = Y5 a;MRB' where a; is an empirically
determined coefficient and usually i = 4.

The global (standard) algorithms fulfilled the required by the space agencies level of
uncertainties; on a global scale, the chlorophyll uncertainties were < 35% for the
SeaWiFS derived concentrations [e.g. Gregg and Casey, 2004]. However, for several
marine areas such as the Mediterranean Sea, their performance was worse than
expected [Bricaud et al., 2002; Claustre et al., 2002; D’Ortenzio et al., 2002]. Basin
focused —regional— algorithms were formed in order to reflect more accurately than
the global ones the bio-optical properties of different ocean regions [e.g. Szeto et al.,
2011; Pitarch et al., 2016]. Two regional algorithms were soon developed for the
Mediterranean [Bricaud et al., 2002; D’Ortenzio et al., 2002] plus the one introduced
by Volpe et al. (2007), the MedOC4 algorithm. With the use of an in situ chlorophyll
dataset, they were validated for SeaWiFS and they were also compared to the global
NASA algorithm OC4v4; the results showed that the regional algorithms performed
better than the global one and pointed out the MedOC4 as the best algorithm for the
Mediterranean [Volpe at al., 2007]. The employment of MedOC4, compared to the
use of the global algorithm, reduced the absolute percentage error between satellite
estimated and in situ measurements from 117% to 40% over the whole range of
chlorophyll and from 134% to 35% for oligotrophic waters. The pronounced
difference between the global and the MedOC4 algorithms were mainly attributed to
colour peculiarities of the Mediterranean; its oligotrophic waters are less blue (30%)
and greener (15%) than the global ocean’s ones, resulting in significant chlorophyll
overestimations by the standard algorithm [Volpe at al., 2007]. The spectral signature
of phytoplankton groups populating the Mediterranean could be the reason for the
Sea’s colour discrepancy. The MedOC4 algorithm was also applied to reflectance’s
data of other sensors [Volpe et al., 2012], providing chlorophyll concentrations for the
Mediterranean that were made available through CMEMS (former myOcean project).

It is not yet possible for a unique algorithm to describe the chlorophyll regime across
different marine environments, even on a basin scale. That is because the optical
properties of a water body can be mainly dependent on phytoplankton or not. There
are waters, usually in the open ocean, whose optical properties are controlled by
phytoplankton, their associated materials and the related colored dissolved organic
matter (CDOM), the Case 1 waters; in such waters chlorophyll is determined by
phytoplankton abundance. On the other hand, there are Case 2 waters, especially in
coastal regions, whose colour is significantly influenced by other constituents such as
CDOM or mineral particles not related to phytoplankton [e.g. Morel and Prieur, 1977;
Morel and Maritorena, 2001]. Thus specific algorithms have been also developed for
Case 2 waters [e.g. D’ Alimonte and Zibordi, 2003]; however Case 1 and 2 classes are
not easy to be sharply discriminated.

The existence of several ocean colour satellite sensors, measuring ocean reflectance in
different wavelengths, led to the development of multi-sensor merging, a technique to
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unify all the available data using band-shifting methods over the SeaWiFS native
bands. This technique is estimated to cause minor reflectance uncertainties (below
5%) [e.g. Lee et al., 2002; Mélin and Sclep 2015], while the multi-sensor spectra is in
better agreement with the in situ data [Volpe et al., 2019].

Within CMEMS, it is the Ocean Colour Thematic Assembly Centre (OCTAC) that
provides global and regional ocean colour products. The OCTAC produces daily L3
products plus L4 time-averaged monthly and weekly products or daily interpolated
ones, in near real time (NRT) and reprocessed (REP) modes [Volpe et al., 2019 and
references therein]. Until recently, the multi-sensor approach included for L3 products
the MODIS Aqua and VIIRS sensors and for L4 ones the SeaWiFS, MODIS Aqua,
MERIS and VIIRS sensors; the OLCI sensor is currently being incorporated.

During the last years, an updated configuration of the MedOC4 algorithm is applied
for deriving the Mediterranean CMEMS chlorophyll products. This updated version
has been derived using a wider basin-representative Mediterranean bio-optical dataset
(the MedBiOp) which included much more in situ data points than the previous one
acquired with the use of advanced measurements procedures [Volpe et al., 2019 and
references therein]. The validations of the updated MedOC4 algorithm and a newer
version of the global one OC4v6 against the in situ Mediterranean observations are
shown in Fig.4. The CMEMS Mediterranean chlorophyll products include the
identification of the water type (Case 1 or Case 2) according their spectrum through a
comparison with in situ measurements [D’Alimonte et al., 2003]. The updated
MedOC4 algorithm is used for Case 1 and another regional algorithm, the ADOC4
[D’Alimonte and Zibordi, 2003] for Case 2 waters.

10

Fig. 4. Validation of algorithms
for chlorophyll retrievals
over the Mediterranean Sea.
The line and functional form in
black refers to the updated
CMEMS operational algorithm
MedOC4 for the Mediterranean,
while the turquoise ones refer to
the global OC4v6 algorithm.
The red dots are in situ
Mediterranean bio-optical data
MadOCA 2018 (MedBiOp dataset) that was
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Climate studies and long-term analyses should be based on consistent and
homogenous ocean colour datasets [Sathyendranath et al., 2017]. In order to produce
such data, the OCTAC performs a reprocessing procedure of the whole time series
once a year, which results to the REP data. These data are characterized by stable
accuracy; they evolve from a single software configuration, while all recent findings —
such as the updated algorithms— are applied to them [Volpe et al., 2019].

Although extensive efforts have been made on extracting chlorophyll a concentrations
in surface waters from the satellite observed reflectance, the related errors are still
greater than the required measurement uncertainty of 30% according to the Global
Climate Observing System. The present practice in developing global algorithms is to
take into account the type of water present each time; however, the regional
algorithms are still expected to perform better than the global ones. It is noted that the
CMEMS chlorophyll dataset used here, created through updated Mediterranean
algorithms, presents an absolute percentage error between satellite derived data and in
situ measurements of 47%, while the MBR reflectance explains 74% of the observed
phytoplankton variability [Volpe 2019].
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2.2. The Eastern Mediterranean Sea

2.2.1. General Description

The Mediterranean region is located between mid (Southern Europe) and sub-tropical
(Northern Africa) latitudes. In addition, it presents a complicated land and sea
morphology (Fig.5) that results to a variety of atmospheric and oceanic features
[Lionello et al., 2006a]. The Mediterranean (Med) Sea, presenting most of the global
oceans’ circulation patterns and physical processes on smaller temporal and spatial
scales, is considered as a complex marine environment and has been characterized as
a miniature ocean [Lacombe et al., 1981; Williams, 1998]. Its two parts are relatively
isolated from each other, communicating through the Sicily Straits (150 km width and
maximum depth of about 400 m). The Straits of Dardanelles (7 km max width and 55
m average depth) connect the Eastern Med with the Black Sea, while the narrower
(200 m width), shallow (18 m mean depth) and elongated (190 km length) Suez Canal
forms its connection to the Red Sea. The Aegean and the Adriatic Seas can be
considered as semi-enclosed extensions of the Eastern Basin. The greatest depth
(5,267 m) of the entire Med and a large shallow part (<200m) are encounter in the
Eastern Med, southwest of Peloponnese (Greece) and in the Northern Adriatic Sea,
respectively.
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Fig.5. The Mediterranean Sea physiography (adapted from European Environment
Agency, https://www.eea.europa.eu/data-and-maps/figures/mediterranean-sea-
physiography/figure-01-1pia.eps, assessed on 2/7/2019).
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The ‘Mediterranean’ climate of the region is characterized by winters that are mild
and wet and, by warm to hot, dry summers; the transitional seasons of spring and
autumn present uncertain characteristics [Lionello et al., 2006]. Although this is the
broad picture, there are significant variations: a decreasing north to south temperature
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and precipitation gradient and a western-eastern gradient of the atmospheric
circulation that is mainly influenced by Atlantic-Asian patterns. During the cold
season, the area is influenced by the atmospheric circulation systems of the Azores
High and the Siberian High as well as by low pressure systems (depressions) that
form or gain strength and moisture in the warm Med Sea [Maheras et al., 1999, 2001].
The Sea has also been recognized as one of the main regions for cyclogenesis in the
world [e.g. Hoskins and Hodges 2002; Wernli and Schwierz, 2006] while there are
rare cases of cyclones resembling the tropical ones [Emanuel, 2005]. In the warm
period, the area is mainly characterized by anticyclonic activity and a high index
circulation. The Asian thermal low and the extension of the North Atlantic Ocean
anticyclone towards the region are the main synoptic patterns of this period; their
combination results in the Etesians, the characteristic summer winds mainly over the
Aegean [Kallos et al., 2007 and references therein]. The Sea is characterized by an
October to March rainy period presenting a maximum in November and December
[Mehta and Yang, 2008]. The area is subject to desert dust transport and deposition
[Engelstaedter et al., 2006], which are characterized by a northward decreasing
gradient, during 20-37% of the annual days [Pey et al., 2013]. As far as future climate
projections are concerned, the Med area has been identified as a ‘hot spot’ for climate
change [Giorgi, 2006]. Both global and regional climate models suggest a
forthcoming warming along with a decrease in precipitation especially in the warm
season [Giorgi and Lionello, 2008]. In addition, an increase in SST is projected
[Shaltout and Omstedt, 2014]. A sea level pressure increase is projected for the Basin,
except during the warm season when a decrease is expected [Giorgi and Lionello,
2008; Makris et al., 2016]. By the end of the 21% century and over the eastern Med,
the wind speed is expected to decrease, with the exception of the Aegean Sea where
an increase in projected [Bloom et al., 2008; Makris et al., 2016]; the same pattern is
also valid for the wave height [Makris et al., 2016]. In addition, a decrease in extreme
rainfall events is also forecasted, except in autumn when an increase is expected
[Oikonomou et al., 2008].

The Med is a concentration basin, with evaporation exceeding by far the freshwater
inputs; this excess of evaporation presents an increasing eastward gradient and
induces such a gradient for salinity as well. The above results in anti-estuarine
circulation [Siokou-Frangou et al., 2010 and references therein]. In the surface layer,
Atlantic water enters the Basin through the Gibraltar Straits, travels eastwards and
reaches the Levantine basin, being modified by becoming saltier and decreasing its
nutrient content [Bethoux et al., 1992]. In the East Med, mainly in the area of the
Rhodes cyclonic gyre, it is transformed into denser salty water, due to heat loss during
winter; it sinks to intermediate depths and becomes the Levantine Intermediate Water
(LIW) [Lascaratos, 1993]. Then, as a deeper current, it travels back exiting again to
the Atlantic. This main thermohaline cell, which forms the basin-scale circulation
[Lascaratos et al., 1999], completes a circle in 80-100 years [Turley, 1999; El-Geziry
and Bryden, 2010] and it is restricted to the upper and intermediate layers due to the
shallow depths of the Sicily and Gibraltar Straits [Manzella et al., 1988; Astraldi et
al., 1999]. Thus, the deep water formation, which also takes place in the Med, is a
sub-basin phenomenon and takes place on a seasonal time-scale [Lascaratos et al.,
1999]. In Eastern Med, the main region where deep dense water is formed is the South
Adriatic cyclonic gyre; between the end of 80’ and the first half of 90’ the principal
source of the denser water process shifted to the Aegean. This transition, known as the
Eastern Mediterranean Transient, has been attributed to atmospheric forcing through
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important meteorological anomalies [Lascaratos et al., 1999; Malanotte-Rizzoli,
2003]. Changes in the circulation of the North lonian gyre have been also observed on
a decadal scale [Civitarese et al., 2010 and reference therein]. It is noted that the
north-eastern part of the Basin (North Aegean) is highly influenced by the inflow of
mesotrophic Black Sea’s waters and a front is created where these waters are met with
the warmer and saltier ones originating from the Levantine [Zervakis and
Georgopoulos, 2002; Androulidakis, 2012]. The general circulation of the Basin is
also characterized by a distribution of eddies and gyres, mainly cyclonic in its
northern parts and anticyclonic in the south [Pinardi and Masetti, 2000].

2.2.2. Chlorophyll Regime

The Med Sea is characterized, in general, by oligotrophic conditions that are enhanced
eastwards and southwards [Siokou-Frangou et al., 2010 and references therin]. The
eastern part of the Basin has even been mentioned as a marine desert [Azov 1991];
however, it presents high biodiversity [Coll et al., 2010]. As far as phytoplankton is
concerned, during the productive winter period the Eastern Med is dominated by
nano-phytoplankton followed by pico-phytoplankton. The highest micro-
phytoplankton abundance is found in cyclonic gyres that are also characterized by
higher chlorophyll concentration; the different is valid for anticyclonic gyres where
the highest contribution by pico-phyplankton is observed [Vidussi et al., 2001]. In
addition, the eastern Aegean’s wind-induced upwelling area that is the main one of
the eastern Basin [Bakun and Agostini, 2001], has not been identified to influence the
sea surface chlorophyll concentrations [Skliris et al., 2010].

The oligotrophic character of the Med Sea is due to nutrient limitation and mainly to P
scarcity; the Sea presents an unusually high N/P ratio, especially over its eastern part
[e.g. Krom et al., 1991; Thingstad et al., 2005], as compared to the one of the global
ocean. Due to the Sea’s internal nutrient limitation, the role of the atmosphere and the
coasts in importing nutrients is increased. The primary production in the Eastern Med
is considered to be significantly supported by atmospheric inputs, with N inputs rather
sufficient for the whole production and P ones contributing up to 40% [Kouvarakis et
al., 2001; Markaki et al., 2003; Krom et al., 2004].

For the Eastern Med, sea surface chlorophyll concentrations reveal an almost uniform
oligotrophic environment; mesotrophic patterns are scarce and encountered in the
northern parts of Adriatic and Aegean Seas, while higher chlorophyll values are also
found in the Gulf of Gabes, the Nile plume affected area and the cyclonic Rhodes
Gyre in the Levantine basin [Barale et al., 2008]. However, the whole Basin presents
a deep chlorophyll maximum as a semi-permanent feature that lacks in late winter
[Siokou-Frangou et al., 2010 and references therin]. The SeaWiFS-derived monthly
chlorophyll means revealed the seasonal cycle of sea surface chlorophyll: the
minimum summer concentrations are increasing during fall, reach their higher values
in winter and decrease again during spring; few areas present a late winter-early
spring maximum: the Adriatic and North Aegean Seas plus the Rhodes Gyre [Barale
et al., 2008]. This seasonal variability largely coincides with the MLD variations
[Barale et al., 2008; Volpe et al., 2012b] as estimated from in situ measurements
[D'Ortenzio et al., 2005; Houpert et al., 2015] and it is shown in Fig.6. Thus, the MLD
—through determining nutrient availability— is proposed as the primary controller for
chlorophyll variations [Barale et al., 2008; Lavigne et al., 2013] along with the

Dionysia Kotta TeAiba 22



Influence of Meteorological Factors and Conditions
on Sea Surface Chlorophyll Concentrations

continental runoff for coastal areas. Consequently, the atmospheric forcing that results

in MLD variations plays an important role in the Basin’s fertilization [Barale et al.,
2008].
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Fig.6. Mediterranean climatology of MLD, based on a temperature difference criterion
of DT = 0.1 °C applied to individual profiles (adopted from Houpert et al., 2015).

A k-means cluster analysis, applied on ten years satellite derived chlorophyll
concentrations, resulted in the classification of Med waters [D’Ortenzio and Ribera
D’Alcala, 2009] that is shown in Fig.7. The major part of the Basin exhibits non-
blooming characteristics that is smooth chlorophyll changes between its highest
winter values to the lowest summer ones. Thus, the subtropical regime for
phytoplankton growth, which is nutrient and not light limited, dominates the Basin
[D’Ortenzio and Ribera D’Alcala, 2009]. Indeed, concomitant sea surface chlorophyll
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and MLD maxima have been found for this extended area [Lavigne et al., 2013]. In
the Eastern Med, only a few areas have been found to present blooming or
intermittently blooming behavior; they are characterized by spring chlorophyll peaks
and follow the sup-polar (or temperate) cycle for primary production [D’Ortenzio and
Ribera D’Alcala, 2009]. For these areas, MLD first reaches its maximum depth and
30 days after the highest chlorophyll concentrations are observed [Lavigne et al.,
2013]. Some areas have been aharacterized as coastal; they present very similar
chlorophyll values throughout the year or a pronounced maximum in late summer-
early autumn period [D’Ortenzio and Ribera D’Alcala, 2009]. It is noted that
eutrophication problems are sparse and only observed in a few coastal areas
influenced by river and land discharges impacted by human activities [Karydis and
Kitsiou, 2012].

7 Coastal

6 Coastal

5 Bloom

4 Intermittently
3 No Bloom

2 No Bloom

1 No Bloom

30°N = —
5W 0 5E  10E 15E 20E  25E  30E 35E
Fig.7. Mediterranean’s biogeography patterns obtained from the k-means cluster
analysis of ten years SeaWiFS chlorophyll concentrations (adopted from D’Ortenzio
and Ribera D’Alcala, 2009).

Atmospheric forcing seems to play a key role in the Basin’s fertilization [Barale et al.,
2008]; thus, the research upon the relations between meteorological factors and
conditions and chlorophyll concentrations is important. In addition, the environmental
variables are projected to change in the future, which makes more significant the
identification of such relationships.
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2.3. Meteorological Factors and Conditions

2.3.1. Sea Surface Temperature

Sea Surface Temperature (SST) is considered as an essential component of the
climate system, being important for the coupling between the ocean and the
atmosphere. Although it is thought as an oceanographic variable representative of the
underlying ocean dynamics, it also plays an important role on the weather systems
(https://gcos.wmo.int/en/essential-climate-variables/ecv-factsheets for SST, assessed
on 10/7/2019). In situ observations provide SST measurements, at stated depth close
to the sea surface, in a rather poor spatial and temporal coverage. During the last
decades, this has changed with the use of satellite measurements that estimate SST
down to 1 mm depth; Fig.8 provides the seasonal SST means of the period 1998-2016
for the Eastern Med based on satellite data. Since SST is included in numerical
models, it can be also derived through their reanalysis data.

SST is considered as an important variable linked to primary production [e.g.
Behrenfeld et al., 2006]. It can influence sea surface chlorophyll concentrations by
altering the upper layers temperature stratification, which in turn is associated with the
depth of the mixed layer that determines the available nutrients in the euphotic zone
[Behrenfeld et al., 2006; Doney, 2006].

Several global studies have been conducted regarding the relationship between SST
and chlorophyll or primary production. Correlation patterns between chlorophyll and
SST were estimated based on 16-year monthly multi-satellite data in a large scale
analysis referring to ocean provinces. Coastal regions and upwelling regimes plus the
Med Sea were not included in this study; however; for the subtropical oceans, SST
and chlorophyll were generally inversely correlated [Feng et al., 2015]. A comparison
of satellite SST variations and modelled net primary production plus depth-integrated
chlorophyll data for the period 1999-2004, resulted in their inverse relationship over
74% of the global oceans. Such relationship was also found for the Eastern Med, with
the exception of a few areas mainly over the Levantine Basin [Behrenfeld et al.,
2006]. Quite similarly, another global study, based on satellite data, revealed opposite
SST and chlorophyll changes over 60% of the oceans lying between the equator and
50° latitude. However, for the Eastern Med and the period 1999-2004, chlorophyll
increases as well as decreases were observed over different areas together with
decreases in SST [Martinez et al., 2009]. Co-variations of SST and sea surface
chlorophyll were globally examined for the long 2002-2015 interval with the use of
daily satellite observations. Both positive and negative relationships were found
between the two parameters; surprisingly, in the Eastern Med the results showed
warming along with chlorophyll increases [Dunstan et al., 2018]. In a basin-scale
study for the Med, the two parameters were referred as negatively correlated when
based on the statistically significant results [Katara et al., 2008].

SST has been quite extensively examined in relation to chlorophyll. However, this
crucial parameter cannot be absent from a study exploring the influences of
environmental parameters on chlorophyll concentrations. In addition, neither the long
time series of ocean colour data that are available nowadays have been thoroughly
exploited, nor the relationship of these two parameters has been assessed on a
seasonal basis.
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Fig.8. SST means for the period 1998-2016 as computed from the daily REP
CMEMS product which is based on the Advanced Very High Resolution
Radiometer (AVHRR) measurements provided by NOAA: (a) autumn, (b) winter,
(c) spring, and (d) summer.
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2.3.2. Surface Winds

Surface winds play a key role in forcing the ocean circulation and determine the
exchange of momentum between the atmosphere and the ocean (https://gcos.wmo.int/
en/essential-climate-variables/ecv-factsheets for surface wind speed and direction,
assessed on 10/7/2019). In situ observations, scatterometer remote sensing
measurements and numerical models’ reanalysis projects are sources for surface wind
data. The usual reference height for wind speeds is 10 m [WMO-No. 702, 1998].

Winds are considered as one of the more important physical factors influencing
phytoplankton growth mainly by altering the MLD as well as determining the
upwelling process, on a global [e.g. Behrenfeld et al., 2006; Kahru et al., 2010] and
Mediterranean scale [e.g. D’Ortenzio and Ribera D’Alcala, 2009; Siokou-Frangou et
al., 2010]. In some locations, they can even overcome the summer stratification and
sustain increased chlorophyll concentrations [Carranza and Gille, 2014].

The relation between wind speed and chlorophyll has been explored on a global scale.
Satellite derived winds and chlorophyll concentrations for the long November 1996—
October 2009 period were found both positively and negatively correlated. High
positive correlations of the two parameters occurred in the largest part of the ocean
which is characterized by comparatively shallow mixed layer. In these areas,
phytoplankton growth is nutrient and not light limited; thus, increased winds can
result in mixed layer deepening and in importing more nutrients from below into the
euphotic zone. On the other hand, strong negative correlations between chlorophyll
and winds were found in areas where the winter mixed layer is deep and the factor
controlling primary production is light, which can be reduced along with stronger
winds [Kahru et al., 2010]. In this study, the statistically significant correlations
between winds and chlorophyll were found positive for the Eastern Med and mainly
occurred over the southern open sea. Quite similar results were derived from another
large scale long period study where monthly sea surface chlorophyll concentration
was found positively connected with wind speed in several tropical, subtropical and
equatorial ocean provinces. This positive relation of the parameters in low-latitude
oceans was again attributed to the nutrient limited regime of these regions that can be
relieved by the mixed layer deepening due to strong winds [Fend et al., 2015] In a
study focusing on the Med, positive correlations between these two parameters were
also mentioned [Katara et al., 2008].

For the Med, the relation between wind speed and sea surface chlorophyll has been
examined to some extent. However, nowadays longer time series are available which
can provide important information for such studies. In addition, this relationship has
never been explored on a seasonal basis.
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Fig.9. 10 m wind seasonal means for the period 1998-2016 as computed from the
ECMWEF ERA-Interim reanalyis: (a) autumn, (b) winter, (c) spring, and (d) summer.
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2.3.3. Wave Height

The term Sea State refers to wave and swell and it is well known in relation to its
impacts on marine safety and transport. However, it significantly modifies the air-sea
exchanges and is described through waves, which can also contribute to storm surge,
modify the sea ice, provoke beach erosion, change the sea surface albedo etc
(https://gcos.  wmao.int/en/essential-climate-variables/ecv-factsheets for Sea state,
assessed on 10/7/2019).

Ocean waves are basically driven by the wind surface stress that corresponds to the
horizontal force exerted by the wind on the sea surface and it also depends on
properties of the atmospheric boundary layer such as stability. The wind generated
waves mostly contribute to wave energy [WMO-No. 702, 1998]. They include wind
waves that are under the influence of the local wind and swell which refers to waves
that have traveled out of their generating area. Their size mainly depends on the wind
strength, the duration that the wind blows and the fetch i.e. the distance over which
the wind blows without a significant change in its direction across the open water.
Under the influence of waves, the water particles are in vertical circular motion that
decreases exponentially with depth and it is practically negligible when depth equals
to half a wavelength [WMO-No. 702, 1998]. It is noted that typical wind wave
wavelengths are 60-150 m, storms can induce wavelengths of 150-220 m and swell
wavelengths exceed 260 m [Toffoli and Bitner-Gregersen, 2017 and referrences
therein].

The wave height H is the surface elevation difference between the wave crest and the
previous wave trough; the wave energy is proportional to H?. The significant wave
height (SWH) is the average height of the 1/3 highest waves (Hyz) and it is roughly
approximate to the visually observed wave. The usual practice, in numerical models
also, is to describe the wave regime through its spectrum i.e. by the distribution of
wave heights or wave energy with respect to frequency. In this case, the SWH (Hpmo)
is defined as four times the standard deviation of the surface elevation and it can be
derived by the area under the spectral curve (moment of zero-order) which represents
the total variance of the sea state. The Hys and Hpmo correspond to each other as
closely as possible [WMO-No. 702, 1998]. Neither the in situ nor the remote sensing
altimeters’ measurements provide SWH with high spatial and temporal coverage;
thus, numerical model reanalysis that assimilates the observations is the only source
of continuous and dense data. Fig.10 presents the SWH seasonal means for the
Eastern Med Sea.

Waves could influence chlorophyll concentrations through the same mechanism as the
wind does; in addition, they are rather more representative of the stress exerted on the
sea surface by the atmosphere. The wave height has never been involved as a
parameter in the studies referring to the assessment of relationships between sea
surface chlorophyll and environmental variables.
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Fig.10. SWH seasonal means for the period 1998-2016 as computed from the 4
daily analysis of the ECMWF ERA-Interim reanalysis: (a) autumn, (b) winter, (c)
spring, and (d) summer.
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2.3.4. Precipitation

Precipitation, in either of its forms (liquid or solid), is the climate variable that affects
humans in a direct way; being at the heart of the hydrological cycle, regulates the
water supply and cause risks when it is intense or absent (https://gcos.wmo.int/
en/essential-climate-variables/ecv-factsheets for Precipitation). It is also closely
related to ocean surface salinity and its deficit or not in respect to evaporation plays a
regulative role in ocean circulation. The seasonal precipitation means for the Eastern
Med and the period 1998-2016 are shown in Fig.11.

In situ precipitation data cannot provide an adequate global coverage; spatial and
temporal dense data can be derived through numerical weather model reanalysis and
satellite measurements. Two major satellite missions were specifically designed for
obtaining precipitation data in a NASA-Japan Aerospace Exploration Agency joint
effort; the Tropical Rainfall Measuring Mission (TRMM) (1998- mid 2015) and the
ongoing Global Precipitation Measurement (GPM) mission. They provide
precipitation estimates through multi satellite data and a combination of sensors,
incorporating also in situ gauge data in after real time analysis products [Huffman et
al., 2007; https://earthdata.nasa.gov/learn/articles/trmm-to-gpm, assessed on 1/7/
2019).

Precipitation can be related to chlorophyll variations mainly due to the added nutrients
of atmospheric or land origin. According to author’s knowledge, global scale studies
that explore such a relation have not been conducted. A relevant work, referring to the
eastern United States waters, discriminated different sea surface chlorophyll responses
in low and high nutrient areas: for waters characterized by nutrient limitation (south of
36°N), precipitation was associated with chlorophyll increases; in nutrient rich waters,
rainfall was connected to decreases in chlorophyll. Since rainfall events can be
combined with strong winds that can deepen the MLD and reduce light availability,
these differences chlorophyll responses were attributed to the alternative roles of
nutrients or light acting as limiting factors for phytoplankton growth [Kim et al.,
2014].

For the Med, and especially for its eastern part, where the atmospheric inputs have
been identified as the secondary nutrient source for primary production [e.g.
Christodoulaki et al., 2013], the precipitation has been only mentioned as positively
correlated with surface chlorophyll [Katara et al., 2008]. Local scale studies mainly
refer to coastal areas and attribute the imported nutrients that induce primary
production increase to agricultural and river runoff [e.g. Arhonditsis et al., 2002;
Mozetic et al., 2012]. The possible influence of precipitation has been minimally
examined and the relevant studies mainly refer to coastal and near shore areas; a
research focusing on the open sea is not available in literature.
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Fig.11. Precipitation means for the period 1998-2016 as computed from ECMWF

ERA-Interim reanalysis: (a) autumn, (b) winter, (c) spring, and (d) summer.
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2.3.5. Mean Sea Level Pressure

Surface pressure is a fundamental meteorological variable that controls weather
systems and their intensity; it is also used in constructing circulation indices for
describing global and regional climate variations (https://gcos.wmo.int/en/essential-
climate-variables/ecv-factsheets for Surface pressure, assessed on 10/7/2019).
Atmospheric pressure influences the sea level through the inverse barometer effect
according to which a decrease of 1 hPa in pressure raises the water level by 1 cm.
This effect, in cases combined with wind effects, is the principal cause for the storm
surges due to low pressure weather systems in the Med [Krestenitis et al., 2011; Conte
and Lionello, 2013].

The term Mean Sea Level (MSL) pressure refers to the pressure adjusted to mean sea
level conditions in order to be comparable all over the world; it is the commonly used
pressure by meteorologists to track weather systems at the surface. The main source
for MSL pressure data come from numerical weather model reanalysis projects that
have assimilated numerous in situ observations in simulating past weather and
climate.

Sea level pressure has been referred to as an important climate variable related to
ocean productivity [Behrenfeld et al., 2006]. Low pressure systems, associated with
windy and rainy weather and, in cases of deep barometric lows even with Ekman
upwelling, could affect chlorophyll concentrations. The most relevant study is the one
of Sheridan et al. (2013) who examined the linkage of circulation weather patterns —
derived from sea level pressure data— and ocean colour chlorophyll data for the period
1997-2010. The study, referring to south Florida shelf (edge of tropical Atlantic),
showed that anticyclonic conditions were related to lower chlorophyll levels. On the
other hand, the cyclonic patterns —that can be connected to precipitation, wind stress
and the presence of cyclones— were associated with increased chlorophyll
concentrations. These relations were more pronounced for the northern parts of their
study area in winter and spring.

For the Med Sea, the seasonal MSL pressure patterns of which are shown in Fig.12,
the relative bibliography is extremely limited. The only available study of this
parameter in relation to chlorophyll, at least to author’s knowledge, is the one of
Katara et al. (2008) where the sea level pressure of the northern hemisphere was
examined through teleconnection patterns in respect to the Sea’s chlorophyll
concentrations. In any case, sea level pressure and chlorophyll have not been
examined at local scale and correlations between the two parameters have not been
estimated.
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Fig.12. SST mean seasonal patterns for the period 1998-2016 as computed from
ECMWF ERA-Interim reanalysis: (a) autumn, (b) winter, (c) spring, and (d)

summer.
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2.3.6. Extreme Weather Events — Medicanes

The World Meteorological Organization (WMQO) Commission for climatology defines
an extreme weather event as an event that exceeds a certain threshold and should be
statistically rare; this threshold can be a fixed one or it can be a percentile-based one.
The latter can be derived from statistical cumulative density functions of the past
climate (a 30-year period or more) and refer to the upper 90", 95™, and 99™ percentile
of a parameter’s value. Extreme events are characterized by magnitude, duration,
extent and severity (indicating the potential associated damages and impacts). The
definition of a weather event varies from place to place and depends on the regional
climate: something extreme for one location can be within the normal range for
another location (http://www.wmo.int/pages/prog/ wcp/ccl/documents/ GUIDELINES
ONTHEDEFINTIONANDMONITORINGOFEXTREMEWEATHERANDCLIMAT

EEVENTS_09032018.pdf, assessed on 15/7/2019).

Tropical cyclones are undoubtedly extreme events and they have been examined in
respect to their influence on chlorophyll and primary production. Studies were
conducted both for the Atlantic hurricanes [Son et al., 2007 and references therein;
Shi and Wang, 2007 and references therein] and for typhoons in the Pacific Ocean
[Merritt-Takeuchi and Chiao, 2013 and references therein]; oligotrophic Atlantic
marine areas were also included in the relevant research [Babin et al., 2004; Merritt-
Takeuchi and Chiao, 2013]. The results indicated chlorophyll and primary production
increases and even phytoplankton blooms. The role of cyclone induced upwelling and
wind mixing in importing nutrients from the deeper layers was highlighted, while a
complementary favoring role of heavy rainfall was also proposed [e.g. Davis and Yan,
2004; Merritt-Takeuchi and Chiao, 2013].

In the Med, extreme weather events have been sporadically examined for their
possible influence on primary production. The relevant studies referred to coastal
areas and involved the meteorological parameters of precipitation and wind in storm
events. Even during the summer period, a phytoplankton increase was observed; it
was largely attributed to nutrient inputs due to continental runoff or highly influenced
by anthropogenic emissions precipitation [Malej et al., 1997; Guadayol et al., 2009].

Cyclones in the Med present features similar to the tropical cyclones in rare cases:
“eye”, spiral cloud bands, warm core and very strong surface winds (Fig.13) and they
are known as Mediterranean hurricanes or medicanes [e.g. Emanuel, 2005]. Although
they are less intense than hurricanes, some of them have gained tropical strengths
[Moscatello et al., 2008; Akhtar et al., 2014]. They induce hazardous weather that can
cause significant damages over the sea and the coastal zones [Nastos et al., 2018] and
they fulfill all preconditions describing an extreme event. Climatological studies have
defined the lonian Sea and the western Med (around the Balearic islands) as the most
common regions for their formation; their frequency has been estimated to ~1.5 per
year for the whole basin and they are usually met in autumn and winter [Miglietta et
al., 2013; Cavicchia et al., 2014; Nastos et al., 2018]. As far as their formation
mechanism is concerned, several atmospheric processes such as high low-level
vorticity and surface heat fluxes, high moisture and deep convection plus upper-level
potential vorticity anomalies and dry air intrusions have been identified for their
significant role [Emanuel, 2005; Fita et al., 2007; Flaounas et al., 2015; Carrio et al.,
2017; Raveh-Rubin and Flaounas, 2017]. There is not a strict Medicane definition;
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however, the usual practice is the objective determination of their symmetry and
warm core structure with the use of the phase-space Hart diagram [Hart, 2003].

METOP-B AVHRR with 12.5 km ASCAT wind overlay, 07 November 2014, 08:25 UTC

=

Friday, 7 November 2014 >
©2014 EUMETSAT

@ EUMETSAT

Fig.13. Medicane Qendresa on 07 November 2014 through EUMETSAT satellite
images. In the right panel, satellite derived winds are superimposed with brown and
red colours indicating hour mean winds > 40 knots.

Although the tropical cyclones have been studied numerous times for their influence
on chlorophyll concentrations, such a research has not been so far conducted for their
Mediterranean tropical-like counterparts.

2.3.7. Desert Dust

Desert dust is considered as a climate and environmental modifier that can influence
the earth’s system in various ways (Fig.14). It alters the radiation budget, modifies the
properties and lifetimes of the clouds affecting the precipitation processes, possibly
impacts the biogeochemistry of ocean and land ecosystems by providing nutrients and
can harm human health mainly by its smaller and more breathable particles [Kallos et
al., 2007 and references therein; Mahowald et al., 2014 and references therein].

The terms ‘aerosols’ and particulate matter refer to tiny liquid or solid particles
suspended in the atmosphere; they originate from various sources such as volcanoes,
dust storms, fires, human induced pollution.

Particulate matter PM10 stands for particles with diameter less than or equal to 10 um
that includes dust. Thus, PM10 ground based measurements can be used for the
detection of dust. It is noted that a limit of 50 pg/m® for mean daily PM10
concentration has been established by the European Union as an atmospheric quality
standard. Across the Med, the dust particles strongly contribute in PM10
concentration levels [Querol et al., 2009].

The aerosol optical depth (AOD) t, or aerosol optical thickness (AOT), is a measure
of the degree to which the aerosols prevent the transmission of light by absorption
or scattering. It describes the exponential attenuation of the incoming solar radiation
caused by atmospheric, according to the Lambert-Beer law I(A) = I, () e™™®,
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where I, (A) and I(L) are the intensities of the incoming radiation on top of the
atmosphere and on ground level at wavelength A. Thus, AOD is defined as AOD =
In [To(A)/I(M)] and it refers to the vertical column. This dimensionless variable is
ideally zero when no aerosols are present while there is not a maximum value. It
can obviously be used for the detection of dust in the atmosphere; in addition, it is
derived through satellite measurements and it is a parameter included in numerical
weather models that can also be part of their assimilation procedure. AOD at 550
nm is usually used as indicative for the presence of dust. In a study referring to the
broader Med region, dust episodes characterized by AOD values 0.67-0.77 were
considered as strong while the ones of AOD 1.14-2.06 as extreme [Gkikas et al.,
2014].

Mineral Dust Impacts on Climate
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Du:;malo:hr;qlkos: X0 = OEPOS\TK)N 3 |
L&

b) Dry soil ?:‘ \ 5/

¢) Sparse vegetation o 0 R L | |‘ £

d) Saltating particles - - \ 'I 'é'

Dust absorbs and Dust alters cloud Dust impacts the Dust can alter the
scatters both properties by acting biogeochemical cycles Earth’s albedo by
shortwave and as nuclel for cloud of the ocean and land stimulating algae
longwave radiation droplets and ice by transporting and growth or depositing
(aerosol direct effect) crystals depositing nutrients on snowlice

Fig.14. Schematic of interactions between dust and climate and biogeochemistry
(adopted from Mahowald et al., 2014).

The recognition of dust as an important source of nutrients [Jickells et al., 2005] led to
the research on its impacts on oceans productivity, which has started long ago. High-
nutrient, low-chlorophyll (HNLC) marine areas, i.e. areas of low primary production
in respect to their nutrient availability (mainly the northern and east Equatorial Pacific
Ocean and the Southern Ocean), were fist examined. Since Fe was recognized as the
limiting nutrient [Martin and Fitzwater, 1988], the relevant studies referred to the
‘iron limitation hypothesis’ that was also connected with possible effects on CO;
drawdown and climate [Jickells et al., 2005]. Numerous iron addition experiments
have been conducted and supported the above hypothesis [Boyd et al., 2007 and
references therein]. When the research was expanded to the larger ocean part where
nutrient availability as well as chlorophyll concentrations is low, namely the low-
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nutrient low-chlorophyll (LNLC) areas, the study subject became the ‘dust
fertilization hypothesis’ and the results supported this hypothesis in most cases [Mills
et al., 2004]. In these areas, Fe may have a limiting role together with other nutrients
[Mills et al., 2004], while the dust impacted areas are usually not Fe-limited [e.g.
Aumont et al., 2008]. The research is ongoing: dust storms in Australia resulted in
ocean fertilization and a strong CO, drawdown [Gabric et al., 2010]; monthly
chlorophyll concentration and dust storm occurrence were found correlated in many
sea areas from the North to Equatorial Pacific [Tan et al., 2013]; spring dust events
caused significantly increased chlorophyll concentrations in western North Pacific
[Yoon et al., 2017].

The Med area is highly impacted by dust. For the broader region, the highest
percentage of dust episode was found in spring —with a May maximum- and the
lowest in winter [Gkikas et al., 2014]. The Med Sea is mainly affected by Saharan
dust events, that present a seasonal cycle with a spring-summer maximum and a
winter minimum [Moulin et al., 1998; Antoine and Nobileau, 2006]; during March to
August, a shift from the eastern to the western basin is observed. These events are
primarily connected with the thermal convective activity of the North Africa Sharav
cyclones which favor dust uplift to higher atmospheric levels (Fig.15a) and thus, its
transport over longer distances (Fig.15b). During winter, these thermal lows are
absent while the transport of dust over long distances is mainly prohibited by
precipitation events [Moulin et al., 1998; Kallos at al., 2007 and references therein].
However, desert-dust outflows can be observed throughout the year under favorable
meteorological conditions; the ones in winter mainly occur over the Eastern Med
[Engelstaedter et al., 2006] and during summer and autumn months a large part of
dust outbreaks reach the East Med region [Papayannis et al., 2005]. As far as the
atmospheric circulation is concerned, the results of a long period 2000-2013 study
showed that the central and eastern parts of the Med region are affected by dust
mainly under the combination of an anticyclone in the Eastern Med with a low-
pressure system in the central Mediterranean or central Europe [Gkikas et al., 2014].

The atmospheric inputs are an alternative source of nutrients for the oligotrophic Med
surface waters and become the primary source during the stratification summer period
[Guerzoni et al., 1999; Ternon et al., 2010]; the dust imported nutrients can also be of
particular importance and dust has been examined in respect to its influence on the
Sea’s productivity. In the frame of experiments conducted over oligotrophic NW Med
areas, the results were, in general, supportive to the dust fertilization hypothesis [e.qg.
Bonnet et al., 2005; Giovagnetti et al., 2013; Ridame et al., 2014]. In the Eastern Med
Sea, the locally conducted experiments and measurements ended with contradictory
results. For example: chlorophyll increased after a N-P addition and not after a P
addition [Zohary et al., 2005; Psarra et al., 2005]; added dust led to proportional
chlorophyll increase while after a dust storm a slight increase in chlorophyll was
observed [Herut et al., 2005]; in the NE Med, intense spring dust deposition events
caused slight or no phytoplankton increase while less intense summer events favoured
phytoplankton growth [Eker-Develi et al., 2006]. Basin scale studies have been
conducted based on ocean colour chlorophyll data. The most recent ones also used
numerical model dust deposition data and resulted supportive to the dust’s favoring
role. Statistically significant positive correlations were found between chlorophyll and
dust for 64% of the region. These correlations mainly referred to the Central and
Eastern Basins, presented a south to north decreasing gradient and their higher values
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in spring. [Gallisai et al, 2014]. The Basin’s response to large and very large dust
deposition events was investigated for the period 2000-2007; chlorophyll increases
were observed after the events, but this response also presented a west to east
decreasing trend [Gallisai et al., 2016].

Fig. 15.

(a) The main meteorological synoptic
patterns (L:low; H:high) that generate
dust transport toward the Med Sea
during spring and summer: the Sharav
cyclones in  April; the coupling
between Saharan low and Libyan high
in June; and the effect of the Balearic
cyclogenesis in  August. The left
legend stands for monthly dust optical
depths (O.D.) and the right one for the
frequency of dust mobilization over
North Africa (adapted from Moulin et
al., 1998).

(b) Transport of desert dust from the Africa region
in the lower 5 km of the troposphere is indicated by
the red-brown arrows, while other arrows show
transport paths of anthropogenic pollutants (adopted
from Kallos et al., 2007 and slightly modified).

Studies upon the dust fertilization effect are considered significant. In addition, this
Is a controversial issue for the Med Sea. Despite the large number of relevant
studies, the Hellenic Seas have been minimally and only locally examined in
respect to the possible dust influence on their primary production.

2.3.8. Numerical Weather Models and the ECMWF major Data
Source

A numerical weather prediction (NWP) model is a set of equations forecasting the
state of the atmosphere. It solves the basic (primitive) differential equations that
describe the conservation of mass, heat, motion, water and of other gaseous and
aerosol materials in the atmosphere. Parameterization schemes are used in simulating
non solvable, at the model grid due to their scale, procedures such as: the transfer of
heat, moisture, and momentum between the surface, the planetary boundary layer and
further aloft; the moist thermodynamic processes such as the water phase changes in
a convectively stable or unstable atmosphere (convection, precipitation and clouds).
Parameterizations are also used for the description of the surface layer (land and sea
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surface characteristics) and the shortwave (solar) and long wave (terrestrial) radiation
[Pielke, 2002].

Data assimilation, the procedure in which the best possible atmospheric model state is
determined through comparisons between short range forecasts and the available near
real time observations, is a crucial matter in the NWP process. It also results to the
‘analysis’, i.e. to the updated model state that better reflects the observations.

An ensemble prediction system (EPS) is a set of multiple NWP forecasts which are
valid for the same time and they are produced by changing the initial model
conditions. Its concept is based on the fact that the atmosphere is “chaotic”, i.e.
sensitive to initial condition differences that can lead to different forecasted weather
patterns (butterfly effect). Another factor leading to EPS formulation is the necessary
model approximations that can also induce errors.

Climate reanalysis refers to the numerical description of the recent climate (usually
some decades) and generates consistent time series of multiple variables on 3D grids
and at sub-daily intervals combining model outputs with observations. Its products
promoted climate research and relevant applications by providing homogenous data
on sufficient spatial and temporal scales that cannot be acquired by in situ
measurements [Kostopoulou et al., 2010].

The independent intergovernmental organization of ECMWF (European Centre for
Medium-Range Weather Forecasts) forms a 24/7 operational service as well as a
research institute (https://www.ecmwf.int/en/about, assessed on 17/7/2019). It
provides NWP forecasts and reanalyses based on a self developed atmospheric
numerical model and data assimilation system through one computer software system
called the Integrated Forecasting System (IFS). The model uses a hydrostatic
dynamical core and a spectral transform method to numerically solve its equations.
The IFS products comprise high resolution (HRES) deterministic and EPS forecasts
plus monthly and seasonal ones. Products are also derived through ocean wave
models. All atmospheric forecast systems are coupled to an ocean model, while the
reanalysis ones are coupled to wave model forecasts. The HRES atmospheric model,
that is the former deterministic atmospheric model, has currently a resolution of about
9 km and 137 vertical levels up to 0.01 hPa. The atmospheric EPS or ensemble (ENS)
consists of 51 members; its spatial resolution is about 18 km and has 91 vertical levels
up to 0.01 hPa. The wave models and the ENS wave forecast are characterized by 11-
14 km and 28 km spatial resolution, respectively.

ECMWEF’s assimilation procedure uses data from numerous satellite instruments,
weather stations, ships, buoys, and other components of the global observing system.
It is also applied to the reanalysis projects and specific land data and ocean data
assimilation systems are included. By a four dimensional (4D-Var) assimilation
method, observations not only in space but also in a time domain are used.

The ERA-Interim is the global ECMWEF atmospheric reanalysis from 1979 until 31
August 2019. It includes the 4D-Var assimilation method, its spatial resolution is
approximately 80 km and it comprises 60 vertical levels from the surface up to 0.1
hPa [Dee et al., 2011]. ERAS is the latest climate reanalysis (released by the end of
2018) that replaced ERA-Interim and provides hourly data of a large number of
atmospheric, land and oceanic climate variables. It covers the earth on a ~31 km grid
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and resolves the atmosphere in 137 levels from the surface up to a height of 80 km. It
uses vast amounts of historical observations, especially from satellites, that will be
also provided in future and it is expected to be extended back in time to 1950. The
much higher spatial and temporal resolution and the better representation of tropical
cyclones are some of the ERA5 improvements in respect to ERA-Interim. ERA5 data
are available via the Copernicus Climate Change Service C3S Climate Data Store
(CDS). ECMWEF is also implementing the Copernicus Atmosphere Monitoring
Service (CAMS, http://atmosphere.copernicus.eu) delivering near-real-time analyses
and forecasts plus reanalysis products of global atmospheric composition.

The ECMWEF Extreme Forecast Index (EFI) is an EPS product developed many years
ago for extreme weather alerts [Lalaurette, 2003]. Its concept is the comparison
between the ENS forecast and the model climate (M-climate). Thus, it not only takes
into account the forecast related uncertainties, but also defines an extreme event as
one that departs from the regional climate. The M-climate is constructed for the last
20 years, through 9 re-forecast (15-day) runs of an 11-member ensemble that covers a
5-week period centered on the day or period of interest. Then, the cumulative
distribution function (CDF) curves are built for the ENS forecast distribution and
the M-climate. EFI is computed from the difference between these curves (Fig.16).
Thus, EFI is zero when the ENS forecast and the M-climate distribution coincide and
it is +1(-1) when all the ENS members forecast values above (below) the maximum
(minimum) M-climate values. According to ECMWEF, the significant absolute EFI
values are those > 0.5 and signify an unusual event being 0.5-0.8 and a very unusual
or extreme one when exceeding 0.8.
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Fig.16. Schematic CDF diagram showing positive EFI as the area between the M-
climate and ENS curves. The area is positive where the ENS curve (red line) is to the right
of (i.e. values greater than) M-climate (black line). The EFI formula is also shown. Note:
forecast values beyond the limits of the M-climate are not used in evaluating EFI and the
additional weight towards an extreme is missed. Shift of Tails (SOT), which compares the
tails of these distributions, has been developed to offset this disadvantage (adopted from
ECMWEF, https://confluence.ecmwf.int/display/FUG/Extreme+Forecast+Index+-+EFI,
assessed on 17/7/2019).
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3. Dust Episodes
and Sea Surface Chlorophyll Concentrations
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3.1. Introduction

The research on the possible impact of desert dust on sea surface chlorophyll
concentrations began with an ‘observation’. It was noticed that the Aegean Sea was
characterized by elevated chlorophyll values in May 2013 compared to May 2012,
when, respectively, a high dust load for almost 15 days and a no significant dust
transport were observed. A short study was carried out, where the differences between
other environmental parameters were also examined, and was presented in an
international conference.

An extended study of the relevant bibliography followed. Numerous papers had
addressed this subject throughout the world oceans including the Med. The latter were
local experimental and observational studies plus several basin scale statistical ones.
Their results were quite controversial, especially for the eastern part of the Med. Since
the Hellenic Seas were also minimally examined as a whole and through specific dust
events, the present thesis moved towards examining this issue.

Five dust events were studied for the Hellenic Seas, two strong events that were also
extreme weather events and three events during the stratification period; one strong
event which had affected the Central Mediterranean Sea was examined as well. The
prevailing weather before, during and after the events was also taken into account.
The results were published in a peer-reviewed journal.
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3.2. Influence of desert dust on the Aegean Sea chlorophyli
concentrations

Abstract

In the oligotrophic Eastern Mediterranean Sea, every factor that could increase
primary production is considered significant. African desert dust deposition is thought
to act as fertilizer, stimulating the phytoplankton production, since it is rich in
nutrients and contains iron, a trace element necessary for photosynthesis. Greece is
subject to dust transport usually during spring. In this paper, the effects of a
significant dust transport event in May 2013 on chlorophyll-a concentrations of the
Aegean Sea are examined, using remote sensing plus model data and GIS techniques.
The dust load was high for almost 15 days and was combined with some rain
episodes. Compared to May 2012 — when no significant dust load was observed —
May 2013 was characterized by approximately doubled chlorophyll-a values even
over the less productive areas of the Aegean Sea.

Keywords: primary production, dust transport, wet deposition, GIS, satellite data

Kotta D., Kitsiou D. and Karydis M. (2014) Influence of desert dust on the Aegean Sea
chlorophyll concentrations. 12th International Conference on Protection and
Restoration of the Environment, Skiathos, Greece, Book of Abstracts, p. 258. (Poster
presentation)
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Introduction

The Mediterranean Sea is considered as one of the less productive seas of the world,
with its eastern part being the most oligotrophic. The basin follows the subtropical
model for primary production [Karydis and Kitsiou 2012] where light is not the
limiting factor for phytoplankton growth; though nutrients always are. Higher
chlorophyll-a (chl-a) values, indicating higher primary production, are observed
during the colder, windy and wet season while during May are expected to be in a
decreasing phase [Barale et al. 2008]. In such an oligotrophic environment every
factor that could increase primary production is considered significant.

Atmospheric dust deposition can be an important source of nutrients, supplying
phosphorus, nitrogen and iron to the surface waters. As the Mediterranean atmosphere
is subject to a continuous presence of Saharan mineral dust particles, there is a
continuous research on the potential contribution of atmospheric dust nutrients to
marine production [Lekunberri et al. 2010].

Greece is influenced by dust transport, usually during spring; thus dust can be a
source of nutrients for the primary production of the Aegean. The aim of the present
study is the detection of the possible effects of the significant dust transport during
May 2013 (the dust load was high for almost 15 days) on chl-a concentrations in the
Aegean Sea. This mostly qualitative study is conducted in comparison to May 2012
(where no significant dust load was observed) while other factors with possible
influence on primary production, such as sea surface temperature (SST), wind and
precipitation, are also comparatively examined. Remote sensing chl-a data retrieved
from my Ocean project (www.myocean.eu), dust model data from the BSC-
DREAMS8b (v2.0) model operated by the Barcelona Supercomputing Center
(http://www.bsc.es/earth-sciences/mineral-dust-forecast-system), SST, wind and
precipitation data from the ERA Interim Re-analysis project of the European Centre
for Medium-Range Weather Forecasts (ECMWF - www.ecmwf.int) and GIS
techniques were combined.

Several studies have assessed the relationship between meteorological conditions and
chl-a variations. Low SST, indicating a mixed water column with nutrients from the
deeper layers, corresponds to high chl-a values. Strong winds favor primary
productivity, since they disturb the stratification of the water column causing nutrient
import into the euphotic zone especially through upwelling. Precipitation over the
Mediterranean usually presents a positive correlation with chl-a values attributed to
nutrient supply into the upper layers and its role has been found to be significant for
nutrient limited areas. In Eastern Mediterranean, atmospheric inputs of N and P
leading to increase of primary production are an alternative to the vertical mixing
source of nutrients.

Desert dust deposition is thought to enhance phytoplankton production benefiting
marine food chain, especially due to iron, a trace element necessary
for photosynthesis (iron fertilization). Iron can even increase the carbon dioxide
removal from the atmosphere reversing the greenhouse effect according to Martin's
famous 1991 quip "Give me a half a tanker of iron and | will give you another ice
age". As far as the primary production is concerned, the Redfield ratio describing the
relative atomic concentrations of critical nutrients in plankton biomass has expanded
to "106 C: 16 N: 1 P: .001 Fe".
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Results

The results of the present study, presented through Figs.1-5, imply a close relationship
between increased chl-a values and high dust concentrations. They are consistent with
the findings of earlier studies. Surface ocean chlorophyll and dust deposition have
been found highly correlated in the Eastern Mediterranean Sea[Cropp et al. 2005,
Gallisai et al. 2012].

& up to double [l R 2 g 6
more than double [l : ; ;gg . :gg;’ 5
S - )

: >300 % I

Fig.1. Chl-a increase during May 2013 compared to May 2012. An increase over almost
all Aegean Sea is observed. There are areas characterized by large increases as can be
seen from the relative % differences. Values more than doubled are observed even in the
less productive area of the South Aegean, while near shore and in the North Aegean Sea
greater differences are detected.

decrease
up to 99%

decrease
up to 75%

increase increase
up to 332% up to 749%

dust surface § o dustdry
concentration e . deposition

Fig.2. Relative % differences of dust parameters between May 2013 and May 2012. In
almost all the Aegean Sea the large chl-a increases seem to be related with dust increases.

=3 Fig.3. SST of May 2013 minus May 2012. Higher SST values
% e | could be a limiting factor for primary production increase;
however, an increase in chlorophyll concentrations was observed.
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precipitation
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Fig.4. Relative % differences of wind speed and precipitation between May 2013 and
May 2012. Increases of wind speed and precipitation could have favoured chl-a increase

over the whole region and over the southern part respectively.

B chlorophyll-a more than doubled
“Z7 Windincrease above 20%

°” Dust surface concentration increase
Dust dry deposition increase
Precipitation more than doubled

Conclusion

Fig.5. Areas characterized
by large differences
of the examined parameters.

Chl-a increases seem to have
been favoured by:

wind speed increase

over the NE part,
precipitation increase

over the S-SW part and,
over all the rest areas

only by the increased

dust concentrations.

The findings of the current study give further evidence for the possible impact of dust
deposition on phytoplankton production even in the oligotrophic area of the Aegean
Sea. The fertilizing role of dust on chlorophyll should be futher examined.
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3.3. Exploring Possible Influence of Dust Episodes

on Surface Marine Chlorophyll Concentrations

Abstract: Desert dust deposition is thought to act as fertilizer for phytoplankton
growth, since it is rich in the required nutrients. The Mediterranean Sea is a nutrient
poor marine environment—with its eastern part being the most oligotrophic—which
is subject to dust transport. The Hellenic Seas are part of this low-nutrient, low-
chlorophyll environment and they are also affected by dust deposition events. Thus,
the dust fertilizing effect can be particularly important, especially during the
stratification period, when the nutrients needed for phytoplankton growth are not
imported from deeper layers. Some individual dust events are examined here in
respect of their possible influence on phytoplankton, through the observed variations
of satellite derived chlorophyll concentrations. Two strong dust events that were also
extreme weather events and three events in the June—September stratification period
are examined for the Hellenic Seas as well as a strong dust event in the Central
Mediterranean Sea. The results, only when based on absolute chlorophyll differences
above 50%, show that dust events seem to favour phytoplankton abundance mainly
during the low productive period; however, these differences are area-limited. The
difficulty of reaching safe results through specific dust events and discriminating
between other meteorological factors favouring phytoplankton growth are also
discussed.

Keywords: ocean color satellite data; phytoplankton; Hellenic Seas; Aegean Sea;
lonian Sea; Central Mediterranean; Low-Nutrient Low-Chlorophyll (LNLC) Marine
Areas; Geographic Information System (GIS)
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1. Introduction

Phytoplankton is the basis of the marine food chain, with its photosynthesis being
comparable with that of the terrestrial plants [1]. Its growth is controlled by the
availability of light and the macronutrients nitrogen (N) and phosphorous (P), plus the
micronutrient iron (Fe) that is required in small amounts for cellular processes [2].
The sources and mechanisms by which these nutrients are made available to
phytoplankton are subject to continuous research. For most of the oceanic regions,
atmospheric deposition is the main source of nutrients [3] and especially dust
deposition since it contains all the required ingredients [4,5]. The relevant research
started on the high-nutrient, low-chlorophyll (HNLC) marine areas, characterized by
low primary production and at the same time by high nutrient availability. For these
regions, Fe was recognized as the limiting nutrient and was found to increase
chlorophyll concentrations proportionally to its added amount [6]. The “iron
limitation hypothesis” was formulated with possible effects even on climate, as a
result of the drawdown of atmospheric carbon dioxide (CO;) due to great
phytoplankton abundance caused by Fe-dust enrichment [7]. Experiments were
conducted and supported the iron limitation hypothesis, for example, [8-11], while
several studies dealt with its connection to climate variability, for example, [4,12].

The research was expanded to low-nutrient low-chlorophyll (LNLC) areas, that is, to
the oligotrophic 60% of the global ocean [13], where Fe can only have a co-limiting
role for phytoplankton [14]. The dust impacted LNLC areas usually have enough Fe
and their primary production is mainly controlled by the availability of P and N [15-
17]. Since desert dust contains these nutrients, the “iron limitation hypothesis” was
reformed to the “dust fertilization hypothesis” and was tested in LCLN regions,
usually with supportive results [14,18-20].

The Mediterranean Sea is a LNLC environment in which higher chlorophyll-a (chl-a)
concentrations—a proxy for phytoplankton abundance—are observed during late
winter-early spring [21] and its central and eastern parts have in general been
identified as non-blooming areas [22]. A large part of this phytoplankton variability
can be explained by the winter-spring water column mixing and the differences in the
mixed layer depth (MLD) [23], which is deeper in the eastern part of the basin [24].
The Sea presents a high N:P ratio suggesting that P is the limiting factor, especially
for its eastern part, where this ratio is unusually high [25]. Thus, P is thought to be the
main limiting nutrient for phytoplankton growth with decreasing concentrations from
west to east [26] similar to the eastward enhancement of the oligotrophic conditions
[27]. The low nutrient concentrations in the Mediterranean—the lowest being over the
eastern part—[28] reveals the importance of the atmospheric nutrient deposition,
especially during the stratification period. The presence of desert dust particles
characterizes the Mediterranean atmosphere [29,30] and the Sea is subject to a high
rate of desert dust deposition [31] mainly favoured in winter and spring, when dust is
transferred close to the surface [32]. Increased frequency of large and very large dust
deposition events has been found in autumn and winter [33]. Dust deposition over the
Mediterranean presents a decreasing gradient to the north and the Central
Mediterranean has been found to be the most affected by dust deposition events [34].
According to the study in Reference [33] the frequency of large deposition events is
higher over the western basin, while very large events characterize its central and
eastern parts. Thus, the Mediterranean Sea offers an ideal LNLC environment for
testing the dust fertilization hypothesis.
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Experiments and observations in the Mediterranean have shown that dust can provide
seawaters with N, P or both [35-42] that are of particular importance, especially
during the stratification period when nutrients cannot be transferred from deeper
waters to the surface. As far as Fe is concerned, its concentrations in the Sea due to
dust addition or atmospheric deposition rather exclude Fe-limitation [38,42].
However, it has been argued that although this is the case during the stratification
period, in spring the increased biological activity can decrease the dissolved Fe even
to limited levels for phytoplankton [43]. It has also been suggested that dust derived
Fe, by absorbing P, could even be the reason for the high N:P ratio in the Eastern
Mediterranean, that is unfavourable for phytoplankton growth [25].

Experiments conducted over LNLC areas of the NW Mediterranean Sea and mainly
under stratification conditions were in general supportive to the dust fertilization
hypothesis: two successive wet dust additions both favoured phytoplankton species
[44,45] and wet deposition resulted in significant increases of chl-a concentration and
primary production [46]; Saharan dust and Fe plus P inputs favoured primary
production, although the environment remained oligotrophic [35]; dust amended
favoured both autotrophic and heterotrophic communities and chlorophyll
concentration was remarkably increased after high dust inputs [39]; high dust and P
additions favoured the autotrophic community [47]. On the contrary, dust events
primarily favoured heterotrophic bacteria [48]; low dust additions were found to first
favour the heterotrophic community [47] and dry dust deposition caused no changes
in chl-a concentration [46]. Experiments and measurements in the Eastern
Mediterranean Sea have shown more contradictory results: a significant increase in
chl-a concentration was observed after the addition of both N and P [49]; chl-a
increased linearly to the added fresh dust and after a dust storm a slight increase in
chl-a and bacterial was observed [42]; the atmospheric deposition of N and P seemed
to increase primary production [40]. On the other side: no phytoplankton increase was
detected after dust events [37]; after a P-addition no change in chl-a was found [50]; a
P addition resulted in an increase in bacterial and a chlorophyll decline [51]; after dry
and wet deposition events little or no phytoplankton response was observed [52].

Studies based on satellite derived chlorophyll data for the entire Mediterranean have
also ended up showing contradictory results: negative correlations were found
between chlorophyll concentration and aerosol optical depth (as proxy for the
presence of dust in the atmosphere) [53]; the significant correlations between aerosol
optical thickness and chlorophyll concentrations at near-zero time lag were interpreted
as an artefact caused by the impact of dust on the satellite data, while the significant
correlations at greater time lags were few and indicative of a rather insignificant dust
role [54]. In contrary: chlorophyll increases were observed shortly after dust
deposition events [55]; weekly chlorophyll concentration data and model dust
deposition data were found correlated in quite large areas especially of the Eastern
Mediterranean and the Central part of the Sea was characterized as “the most
responsive to dust deposition” [56]; small positive statistically significant correlations
were found between chlorophyll and dust deposition, mainly in spring and for the
Central and Eastern basins, with the seasonally detrended chlorophyll data resulting in
lower and more limited correlations [57]; significant chlorophyll peaks in respect to
the week before were found after very large dust events along with a possible pattern
of an eastward decrease in the Sea’s responsiveness to high deposition dust events
[33].
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The Hellenic Seas, part of the LNLC eastern Mediterranean, are poorly studied
regarding the possible effects of dust on phytoplankton growth. A significant dust
transport in May 2013 over the area when dust load was high for almost 15 days, in
respect to May 2012 when no significant dust load was observed, resulted in
approximately doubled monthly chl-a concentrations even over the less productive
areas of South Aegean Sea [58]. In the current study, the possible influence of dust
events on phytoplankton is examined as revealed by satellite derived chlorophyll
concentrations. The study is focused on the Hellenic Seas, while a strong event over
the Central Mediterranean Sea is also assessed. It is noted that such a research
focusing on the Hellenic Seas is missing from literature. Two strong events in March
characterized also by extreme weather conditions and three events during the
stratification period (one in June and two in September), when dust nutrients are
supposed to have the maximum influence on the marine environment, are examined
for the Hellenic Seas. Care was taken in the selection of the episodes during the June-
September period in order not to be accompanied by high winds and heavy rainfall;
these weather conditions can also favour phytoplankton growth by introducing
nutrients from deeper layers or from the atmosphere to the surface waters.
Chlorophyll differences before and after the events were calculated for the dust-
affected areas and separately for the subareas of wet dust deposition. The results show
both increases and decreases in chlorophyll concentrations after the events; however,
when based on the area-limited absolute chlorophyll differences above 50%, they
indicate a possible favourable effect of dust on phytoplankton, mainly during the low
productive period. The present paper contributes to the relevant research through the
study of specific events that is quite rare especially for the Hellenic Seas; the
difficulties in drawing a safe conclusion are highlighted as well.

2. Materials and Methods

The marine area of about 460000 km? lying between 41.1°N, 19.5°E, 34°N and
29.6°E, herein referred to as “the Hellenic Seas,” is the main study area for the dust
episodes; it is shown in Figure 1 along with the nineteen years (1998-2016)
chlorophyll mean from June to September calculated from Copernicus Marine
Environment Monitoring Service (CMEMS) monthly products. The area of the
Central Mediterranean that is also examined was determined by dust Aerosol Optical
Depth (AOD) values >0.8. In summary, for each dust episode recognized through dust
AOD values—plus particulate matter (PM10) measurements for the Hellenic area—
percentage differences of weekly satellite derived chlorophyll concentrations before
and after the event were computed. Such differences were also calculated for the areas
impacted by rain and account for wet deposition. For the episodes over the Hellenic
Seas, daily chlorophyll differences were also computed. Absolute percentage
chlorophyll differences above 50% were considered ‘“‘significant” and are presented
separately. The major part of data analysis was implemented in a Geographic
Information System (GIS) environment.
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Figure 1. The main study area together with the chlorophyll concentration 1998-2016
climatological mean from June to September plus the geographical locations of PM10
stations.

2.1. Data

For the presence of dust in the atmosphere, near-real-time data of the “Dust Aerosol
Optical Depth at 550nm” (dust AOD), available from the Copernicus Atmosphere
Monitoring Service (CAMS) were used. It is noted that the typical dust AOD values
are 0.1-1, with values <0.1 denoting there is virtually no dust at all; however, they
can be >1 showing very high dust concentrations. In addition, PM10 station data
(Figure 1) of the Greek Ministry of Environment and Energy through
http://www.ypeka.gr were used. These measurements are conducted very close to the
surface and the stations are situated in urban or suburban mainland areas. The
chlorophyll data is multi satellite observations from CMEMS, L4 for the weekly data
and L3 for the daily ones, computed via regional (Mediterranean) ocean colour
algorithms. Data from the European Centre for Medium-Range Weather Forecasts
interim reanalysis (ECMWF-ERA Interim project) plus daily accumulated
precipitation of the Global Precipitation Measurement (GPM) product from
giovanni.gsfc.nasa.gov were employed to define areas with precipitation. The
Extreme Forecast Index (EFI) of the ECMWEF ensemble prediction system was used
for the identification of areas impacted by extreme precipitation or winds for the
March episodes. The description of the weather conditions was also based on data
from the Hellenic National Meteorological Service (HNMS) plus satellite Advanced
Scatterometer (ASCAT) wind measurements.

2.2. Method

The first two dust episodes, that have taken place in March, were selected as extreme
episodes that affected all the study area. Strong dust episodes, in winter and spring,
are accompanied by gale winds, heavy rains or strong thunderstorms, that can also
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favour primary production importing nutrients to the surface layers through mixing
processes from deeper layers or through precipitation from the atmosphere. Therefore,
it was difficult to disentangle between the meteorological factors possibly affecting
phytoplankton growth. Thus, the next three dust events studied were selected to have
taken place in June-September period for two reasons: (a) because of the water
column stratification during summer and early fall that highlights the role of dust
imported nutrients and (b) because during this period it is quite possible to find
individual dust events not accompanied by gale winds and heavy rainfall. The
disadvantage is that, during this time of the year, dust transport can be above a certain
level and deposition can be quite limited. It was difficult to select such dust episodes,
since some strict criteria were set: the episodes were not to have been accompanied by
gale winds, heavy rains or strong thunderstorms and if possible such phenomena to be
also excluded before and after the events. It is noted that high winds were found
together with dust events when chlorophyll increases were observed and their effects
could not be disentangled [55,59]. The episode concerning the Central Mediterranean
was selected for being strong and reported in the ECMWF-CAMS validation report of
March—May 2017 as well captured by the dust AOD data.

A minimum dust AOD value of 0.3 was set—where needed—in defining the areas
impacted by dust to ensure the presence of dust in the atmosphere over the Hellenic
Seas. Evaluations of the ECMWF/MACC (Monitoring Atmospheric Composition and
Climate) AOD re-analysis at visible wavelengths against measurements and
observations showed that it presents an overestimation when dust load is low
especially during spring, summer and autumn and an underestimation for values >0.3
[60], while a root mean square difference from observations of about 0.25 was
reported for Thessaloniki AERONET (AErosol RObotic NETwork) station [61]. In
addition, during the summer and autumn events of the present study, PM10 values
<50 were observed when the forecasted dust AOD was <0.25. For the dust episode
over the Central Mediterranean, the study was conducted for the region with dust
AOD >0.8, in order to define an area with more than doubled AOD values during the
event compared to the weeks before and after it, although during these weeks the
values were <0.2 over the greater part of the region. Since high atmospheric dust
loads revealed through AOD values do not necessarily account for deposition, the
latter was confirmed with the use of PM10 station data. The use of these data is
especially important for the June and September events when dust travels at higher
altitudes in the atmosphere and is usually not accompanied by precipitation [62], facts
that could result in low or near zero deposition.

Dust influence on chlorophyll concentration has been found to last about a week
[46,47]; thus, weekly chlorophyll percentage differences for the weeks before and
after the events were calculated. Since the absolute percentage differences reported
between in situ observations and chlorophyll satellite data is approximately 50% [63],
the chlorophyll differences above this level, are separately presented and hereafter
mentioned as “significant.” The area indicated for precipitation during the episodes by
both ECMWF and Giovanni data was considered as area of wet deposition and
weekly chlorophyll differences were separately calculated. A statistical paired-t test
was applied to the weekly chlorophyll values, in order to check whether their means
over the dust affected areas differ significantly before and after the events. For the
first two episodes, that were extreme weather events for Greece, weekly chlorophyll
differences were also calculated for the area impacted by extreme rain or by extreme
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wind, as indicated by the precipitation EFI and the wind EFI respectively. In addition,
for all cases of the Hellenic Seas, chlorophyll differences were calculated between
some day before the event and the 3rd up to 6th day after the event depending on the
availability of the daily chlorophyll data in a quite wide area. It is noted that
chlorophyll responses to dust addition have been found after 3 to 4 days
[33,35,42,45,47,49]. Taking in mind the possible disturbance in satellite derived chl-a
concentrations caused by dust mimicking chlorophyll and increasing the extracted
values that has been referred in the past, for example, [54,64], care was taken in order
the daily satellite data used not to be affected by the presence of dust in the
atmosphere. Thus, the selected days before and after the event were characterized by
dust AOD <0.1 over a large region, while all chlorophyll data in areas with AOD >0.1
were excluded. It is noted that daily data was used in order to capture possible
temporary chlorophyll increases that had no particular influence on the weekly
concentrations. However, the relevant calculation presents two disadvantages: the
smaller amount of available data and the possibility chlorophyll variations not to have
taken place on these days. Last but not least, the prevailing weather before-during and
after the events was taken into account in order to comment on other possible
influences, except the ones of dust, on chl-a concentration.

3. Results

3.1. Heavy Rainfall and Dust: 25-28 March 2015

From 25 to 28 March 2015 an extreme weather event was recorded for Greece, with
heavy rains and thunderstorms, gale southeasterlies that reached 9 Beaufort (Bf) over
the lonian and the S Aegean and 8 Bf over the N Aegean plus African dust transport
over the country. The southern part of a highly meridional pattern at 500 hPa
extending from north Europe down to Africa with cold air masses of —25 °C
developed a cut-off low of 540 gpdm and a 1005 hPa surface depression southwest of
Greece. This well-organized system moved north-eastwards affecting Greece with
extreme weather and caused the dust transport. The event was mainly characterized by
abnormal heavy rainfall regarding the season. Ending the episode, northerlies up to 7
Bf prevailed for one day overseas. The following week was characterized by low to
moderate winds that at times reached 7 Bf only over the south parts, some local rains
and a lot of shiny intervals. By the end of the week after the event, meteorological
conditions were again favourable to dust transportation and southerlies reinforced to 8
Bf over the Aegean.

PM10 measurements gave maximum values of 112 ug/m3 for Patras and 123 ug/m3
for Attica region. It is noted that over the north-northwest part of the country, PM10
concentrations, compared to the AOD values, indicated a less strong episode. The
maximum dust AOD during the episode and the chlorophyll percentage differences
between the week that followed (30 March—6 April 2016) and the previous one (14—
21 March 2016) are given in Figure 2, while chl-a concentrations of the week before
the episode are shown in Figure S1. An increase in chlorophyll concentrations was
recorded the week after the event in respect to the one before over the 59.9% of the
region. The significant chl-a differences referred to the 7.7% of the data and were
increases for the 94.4%, mainly over areas with low initial chl-a concentrations (as
shown in Figure S1). It is noted that since precipitation was recorded over all areas,
the above results account also for wet dust deposition. The mean chlorophyll
concentration of the affected area was statistically significant higher after the event
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for both the above comparisons; over the area presenting absolute percentage chl-a
differences above 50% this increase is larger.
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Figure 2. (a) Maximum dust aerosol optical depth (AOD) during the episode 25-28
March 2015; (b) Chl-a % differences between the weeks before (14-21 March
2015) and after (30 March—6 April 2015) the event.

The daily chlorophyll differences before and after the event were computed between
19 or 20 March—from 21 to 24 March AOD values implied the presence of some dust
over the west and south parts—and 31 March or 1 April, that is, three or four days
after the event. The chl-a percentage differences between 20 March and 31 March
referred to the lonian Sea (Figure S2a) and were increases for the 59.2% of the region,
with the significant ones (7% of the data) being increases by 97.9%, not presenting
large differences from the weekly calculations. Between 19 March and 1 April, the
available data referred to the Aegean Sea and revealed an increase in chl-a over the
66.9% of the region, with the significant chlorophyll differences (15.5% of the data)
being increases by 92.9% (Figure S2b). A quite larger area presenting significant chl-
a increases was revealed in respect to the weekly differences, showing in addition that
large temporal increases have taken place over the south-eastern part of the study
area.
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Over the area impacted by extreme rainfall as defined by the precipitation EFI, the
weekly chlorophyll differences were increases for the 62.2% of the region, with the
significant ones (9.5% of the data) being increases by 94.5% (Figures S3a,b). These
results are quite similar to those for the whole area, since its greater part was affected
by heavy rains. The area indicated by the wind EFI for extreme winds, presented an
increase in chl-a over the 61.9%, with the significant chlorophyll differences referring
to the 4.0% of the data and being increases by 98.1% (Figures S3c,d). It is noted that
the latter area was also affected by extreme rainfall.

In all calculation cases more than 59.2% of the areas presented chlorophyll increases
after the event and the significant chl-a differences—although limited to a maximum
of 15.5% of the data—were increases at a percentage exceeding 92.9%. The above
results imply that the dust episode could have had an impact on phytoplankton
growth; however, it is difficult to disentangle between dust and extreme rainfall as
favouring factors.

3.2. Strong Gale Winds and Large Amounts of Dust: 22—24 March 2016

A mid-level trough with SW-NE orientation, minimum height of 532 gpdm at 500
hPa and cold air masses (—25 °C) affected the study area. It developed an extended
995 hPa surface depression over NW Greece accompanied by a cold front that passed
through the country, causing high impact weather. The dust transport episode initiated
on 22 March together with south southeasterlies 7-8 Bf overseas and absence of rain.
It continued up to 24 March with surface winds that over the Aegean reached 9 Bf
with gusts up to 11 Bf and some rains and storms at places; the rainfall was of no
particular intensity, except over the lonian Sea—as far as marine areas were
concerned—and the west and north mainland. Compared to the episode of March
2015, significant smaller precipitation amounts were recorded overseas and stronger
southerlies prevailed especially over the Aegean Sea. The main characteristic of this
event was the strong gale winds. Ending the episode north-northwesterlies (locally up
to 7 Bf over the S Aegean) and unstable weather with some rains and storms
prevailed. The following week was characterized by a lot shiny intervals and winds
that locally reached 7 Bf over the Aegean for one day, that is, quite similar weather
conditions with the ones of the corresponding week of the previous case examined.

During this dust episode, visibilities were reduced to 2 km and even lower on 23
March—according to HNMS station data—a rare phenomenon for Greece. The
maximum values of PM10 concentrations recorded were: over Attica region 806
ng/m®; over west Greece 243 pg/m® for Patras and 174 pg/m® for loannina; over
central mainland 94 pg/m?® for Livadeia, 79 pug/m® for Lamia and 66 pg/m® for Volos;
over north Greece 132 pg/m® for the Thessaloniki region. The above measurements
denote an extended and extreme dust episode over the country, much stronger than the
one previously examined.

In Figure 3 are shown the maximum dust AOD values during the event and the
percentage chl-a differences of the week after the event (29 March-5 April 2016) in
respect to the week before (13—20 March 2016); the initial chlorophyll concentrations
of the week before the event are given in Figure S4a. An increase in chlorophyll was
observed only over the 7.6% of the area, while the very few significant chl-a
differences (0.9% of the data) were increases by 56.7%. For the region with
precipitation, accounted as area of wet deposition (Figure S4b), the above percentages
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were quite higher: increases in chlorophyll cover the 11.1% of the area, the significant
chl-a differences were the 1.7% of the data and were increases by 57.7%. Area’s
chlorophyll means before and after the event were statistically significant different;
however, they revealed a decrease when all data were considered and an increase
when only the data referring to absolute chl-a differences above 50% were taken into
account.
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Figure 3. (a) Maximum dust AOD during the episode 22-24 March 2016; (b) Chl-a
% differences between the weeks before (13-20 March 2016) and after (29 March-5
April 2016) the event.

The above results, being controversial to the ones of the previous case, led to the
calculation of the chlorophyll differences between several pairs of days before and
after the event, in an effort to reveal possible temporal chlorophyll increases; all
calculations were made under the condition of AOD <0.1. Although chlorophyll data
were not available over wide areas, their differences between 20 and 28 plus 19 and
28 March—4 days after the event—and 19 and 30 plus 20 and 30 March—6 days
after the event—were calculated. The analytical results (Figure S5a—d) are included in
Table 1 of the discussion section. The maximum percentages were: chlorophyll
increases for the 37.8% of the area between 19 and 28 March, significant chl-a
differences for the 4.6% of the data between the same days and significant increases
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for the 68.6% of the data between 20 and 28 March. The latter revealed a wider region
with increased chl-a values over the S Aegean than the weekly data, denoting a
probable temporal increase although differences are not >50%.

Extreme rainfall impacted a small area of the lonian Islands and coastal areas. For this
area, chlorophyll increases covered the 19.2% and the significant chl-a differences
were the 3.4% of the data with the 73.3% of them being increases (Figure S6a,b). The
percentage of the area presenting an increase in chlorophyll was higher here but this
fact can also be attributed to nutrients brought to the lonian near coast sea area by
heavy rains and/or river discharges. Extreme winds impacted almost all areas and the
results were comparable to the ones of the weekly calculations (Figure S6c¢,d):
chlorophyll increases for the 7.5% of the region, significant chl-a differences for the
0.9% and 58.4%.0f them increases.

This very strong dust episode did not favour chlorophyll concentrations. Compared to
the previous case examined that has possibly favoured phytoplankton growth, this
dust event was more intense and characterized by stronger winds and lower
precipitation.

3.3. Early Summer Heat Wave and Dust: 18-21 June 2016

An extended 500 hPa ridge over Greece together with a thermal ridge at 850 hPa and
a quite smooth surface pressure field causing light northerlies overseas depict the
synoptic conditions of the 18-21 June 2016 dust event. A heat wave was recorded
during this episode with temperatures up to 41 °C over mainland and 37 °C over
islands. Before the event, the measured chlorophyll could have been positively
influenced by winds from south directions that reached 6 Bf over the lonian and 7 Bf
over the Aegean plus some strong storms over the lonian Sea. The dust episode and
the heat wave ended by 21 June from the north part, with north winds reaching locally
6 Bf over the lonian and 7 Bf over the Aegean Seas until 23 June.

The available PM10 data showed concentrations that reached 172 pg/m® over Attica
region, 79 pg/m® over Thessaloniki region and 83 pg/m® over Patras. The maximum
dust AOD during the episode and the chlorophyll percentage differences of the weeks
before (9—-16 June 2016) and after (25 June-2 July 2016) the event are presented in
Figure 4. The chl-a values of the week before the event and the chlorophyll
differences for the area accounted for wet deposition are given in Figure S7a,b. The
weekly chlorophyll differences showed increases for the 33.3% of the area, while the
significant chl-a differences (1.6% of the data) were by 74.8% increases. The area of
wet deposition was not an extended one and was characterized by higher percentages
of chlorophyll increases (44.2% of the region) as well as of significant differences
(4.8% of the data) and quite the same percentage of significant increases (74.2%);
these results probably show a more favourable influence of wet deposition on
chlorophyll concentrations. Comparing the chlorophyll means over the affected area
before and after the event, the statistically significant results revealed a small decrease
when all data were considered and a larger increase when the data corresponding to
absolute percentage chl-a differences above 50% were used.
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Figure 4. (a) Maximum dust AOD during the episode 18-21 June 2016; (b) Chl-a

% differences between the weeks before (9—16 June 2016) and after (25 June-2 July
2016) the event.

The daily chlorophyll differences, calculated between 16 and 24 June 2016—3 days
after the event—referred to the Aegean and revealed a significant chlorophyll increase
over its E-NE part (Figure S8) where the initial concentrations were quite low, that
was not shown by the weekly data. The daily results presented a greater area of
chlorophyll increases (51.3% of the region), as well as of significant chl-a differences
(9.9% of the data) and increases (96.2%) than the weekly data, denoting that
chlorophyll concentrations could have temporarily been favoured by the dust episode.
At this time of year, chlorophyll is in a decreasing face and the marine environment is
in general oligotrophic. Thus, the temporal character of the chl-a increase could be
attributed to the quick phytoplankton consumption by the upper trophic levels. It is
noted that although the wind intensity after the event was comparable to the one
before, the strong northerlies, that prevailed over the Aegean Sea just after it, could
have caused upwelling over the area presenting the significant chl-a increases
revealed by the daily data. However, during the summer period the nutricline is deep
and upwelling is not capable of importing nutrients to the surface layers [65,66].
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3.4. Late Summer Heat Wave and Dust: 6-8 September 2015

A 500 hPa anticyclonic pattern, an 850 hPa ridge together with warm air masses from
Africa and light to moderate northerlies overseas were the synoptic conditions of the
6-8 September 2015 episode that was accompanied by a heat wave. Although dust
transport was favoured at higher altitudes in the atmosphere, it was already intense at
850 hPa. In most areas winds before and after the event did not vary significantly and
some heavy rains were recorded over the N Aegean parts. The important to be noticed
is the reinforcement of southerlies on 9 September (just after the event) over the
lonian to 6-7 Bf and over its western parts to 89 Bf and the heavy rains over this
area from 9 to 11 September, that could have also affected positively the observed
chl-a after the event.
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Figure 5. (a) Maximum dust AOD during the episode 6-8 September 2015; (b) Chl-
a % differences between the weeks before (29 August-5 September 2015) and after
(14-21 September 2015) the event.

PM10 data was very limited; however, over Attica region the concentration reached
69 pg/m°. In Figure 5 are shown the maximum dust AOD values during the episode
and the percentage chlorophyll differences between the weeks before (29 August-5
September 2015) and after (14-21 September 2015) the event. The chl-a
concentrations of the week before the event are presented in Figure S9a. The weekly
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chlorophyll differences were increases for the 66.1% of the area, with the significant
ones—extremely limited to the 0.4% of the data—showing increase for the 95.0%. All
the calculated percentages were higher for the small area of wet deposition (Figure
S9b): chlorophyll increases over the 69.6% of the area with the significant chl-a
differences, limited to the 0.5% of the data, being all increases. A possible important
role of wet deposition is again implied though based on a very small amount of data.
In all comparisons, the area-averaged chlorophyll values were statistically significant
higher after the event; the increase was larger when only the data referring to
significant differences were taken into account.

Daily chlorophyll differences (Figure S10) calculated between 4 and 12 September
2015—4 days after the event—showed less chlorophyll increases (18.7% of the area),
more significant chl-a differences (3.5% of the data) and less significant increases
(73.4%). In addition, they revealed a large part of the N lonian Sea with chlorophyll
increases even >100% that was not shown by the weekly data. However, this area was
affected by heavy rains after the event and south winds were also reinforced. In
consequence, the possible favouring factor for these significant chlorophyll increases
cannot be determined. It is noted that extreme weather events this time of the year
have been found to cause an increase in chl-a and sign the start of the chlorophyli
increasing phase [67].

3.5. Fair Weather and Dust: 21-23 September 2014

An anticyclonic pattern at 500 hPa as well as at 850 hPa extended over the western
central and southern parts of the country, with warm air masses and a smooth surface
pressure field with light winds, were the synoptic weather conditions that favoured
dust transport during 21-23 September 2014. Before the episode a few quite strong
rains were recorded over the lonian and the N Aegean Seas while northerlies reached
at times 7 Bf locally over the Aegean. The episode ended with northerlies that
temporarily reached 7—8 Bf over the Aegean and rainy weather over the north parts of
the country. The days that followed—25 to 27 September—a 500 hPa trough affected
the area, resulting in heavy rainfall and thunderstorms while gale winds prevailed the
following days. The rains and thunderstorms together with the gale winds just after
the episode could have also positively influenced the observed chlorophyll
concentrations. Thus, the chlorophyll variations calculated for this episode could be
very much affected by the prevailing weather conditions just after it.

PM10 concentration during the episode reached 87 ug/m3 over Attica region, 72
png/m® over Toannina, 96 pg/m® over Patras and 74 pg/m® over Larissa. The maximum
dust AOD during the episode and the chlorophyll percentage differences of the weeks
before (30 September—7 October 2014) and after (14-21 September 2014) the events
are shown in Figure 6. In Figure S11 are presented the chlorophyll concentrations of
the week before the event and the weekly chlorophyll differences for the area
accounted for wet deposition. The week that followed the event, chlorophyll presented
an increase over the 80.0% of the region, with the significant chl-a differences (2.8%
of the data) being by 99.1% increases. For the region accounted for wet deposition,
which was a very limited one, the percentages were higher: increases in chlorophyll
for the 87.8% of the area and the significant chl-a differences (8.8% of the data) were
all increases. Similar to the previous case, the area-averaged chlorophyll values were
statistically significant higher after the event in all comparisons; larger chlorophyli
increases resulted from the data referring to significant differences.
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Figure 6. (a) Maximum dust AOD during the episode 21-23 September 2014; (b)
Chl-a % differences between the weeks before (14-21 September 2014) and after
(30 September—7 October 2014) the event.

The daily chlorophyll differences between 18 and 28 September (Figure S12) revealed
significant increases over the south-eastern part of the study area, that were not shown
by the weekly data. The 75.8% of the area presented an increase in chlorophyll and
the significant chl-a differences (7.7% of the data) were by 98.7% increases.

The results here are quite supportive of the dust fertilizing role and especially the one
of wet deposition; however, the weather conditions just after the event were also
favourable for phytoplankton growth. It is noted that regardless the care taken for the
selection of dust episodes not to be accompanied by strong rains and winds, it is very
difficult such weather conditions not to be present before and after the dust events.

3.6. Dust over Central Mediterranean: 11-13 May 2017

The episode studied here is the one mentioned in the CAMS validation report as
“Dust event over Tropical North Atlantic and Central Mediterranean: 9-12 May
20177; it was characterized as a strong one and well captured by the model. The area
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studied was determined by dust AOD values >0.8 between 11 and 13 May 2017 when
this strong dust episode affected the Central Mediterranean.

A strong NW flow at 500 hPa, an 850 hPa ridge with warm air masses and strong
surface southerlies characterized the episode and favoured dust transport through
lower and higher atmospheric levels. The week before the event, winds locally
reached 7 Bf for one or two days and some rains were recorded over the lonian Sea.
During the episode southerlies 7-8 Bf prevailed over the study area and precipitation
was recorded almost everywhere. The week that followed was quite rainy over the
north parts and winds reached locally 7 Bf for one day. It is noted that the wind
reinforcement during the event could have also affected positively chlorophyll
concentrations.
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Figure 7. (a) Maximum dust AOD >0.8 during the episode 11-13 May 2017 that

defined the study area; (b) Chl-a % differences between the weeks before (1-8 May
2017) and after (17-24 May 2017) the event.

The examined area of dust AOD >0.8 and the chlorophyll percentage differences
between the weeks before (1-8 May 2017) and after the event (17-24 May 2017) are
shown in Figure 7; the chl-a concentrations of the week before are presented in Figure
S13a. The weekly chlorophyll differences were increases for the 44.4% of the area
and the significant chl-a differences (limited to the 1.4% of the data) were by 74.9%
increases. Wet deposition characterized the major part of the area where a chlorophyll
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increase was recorded over the 47.0% and the significant chl-a differences (1.8% of
the data) were increases by 74.7% (Figure S13b). It is noted that the areas with lower
initial chl-a concentrations mainly presented increases. The area’s mean chl-a
concentration was statistically significant different after the event only for the data
referring to absolute chlorophyll differences above 50% and revealed an increase.

For proving that dust can positively affect phytoplankton growth, more pronounced
chlorophyll increases would have been expected after such an extreme event. Only
based on the significant chlorophyll differences—that were area limited—one can
argue in favour of the fertilizing dust effect.

4. Discussion and Conclusions
The results of the study are summarized in Table 1.

The two March’s events that were also extreme weather events gave contradictory
results and made clear that no safe conclusion can be drawn when other favouring
factors such as strong winds and heavy rains are involved, although all of them could
have led to chlorophyll increases. The most extreme dust episode of March 2016,
characterized by strong gale winds and limited heavy rainfall, did not favour
chlorophyll concentrations which presented a decrease over large areas. Significant
chl-a differences (a small amount of the data) presented increases over wider areas
only in two cases: over the 73.3% of the area of extreme rainfall—that being a coastal
one could have also been affected by river discharges—and over the 68.6% of the area
as revealed through the daily calculations. Contradictory results were extracted from
the March 2015 episode, characterized mainly by extreme rainfall, where the area
presenting chl-a increases was larger than the one of decreases and the significant
chlorophyll differences (up to 15.5% of the data) were increases at least by 92.9%.
Although during these dust events, there were also other meteorological factors
(winds and rainfall) that could have favoured primary production, chlorophyll did not
increase after the stronger dust episode of March 2016. It is noted that for the Eastern
Mediterranean Sea the lower chlorophyll responses to large dust addition events have
been found [33]. In the same study [33], chlorophyll peaks were temporary even after
very large dust events, while a slight chlorophyll decrease was found for two events;
in addition, no pattern of larger amount of dust leading to greater chlorophyll
increases was observed. For this area and this period of the year, when chlorophyll
concentrations over the Hellenic Seas have elevated values, only a few positive
correlations between chlorophyll concentration and dust deposition were found and
concern the N lonian Sea [57]. It is noted that the MLD is the deepest in March at
least for the Aegean [24]; it is possible that under the enhanced mixing induced of the
strong gale winds of the March 2016 episode, nutrients were quickly scattered through
the deep mixed layer and their effects on surface waters could not be seen. It is also
possible that nutrients from dust, compared to the available ones from the deeper
layers, can rather cause unimportant increases at this time of the year. On the other
hand, in an experimental study, dust accompanied by high winds (turbulence) was
likely to stronger affect phytoplankton [39]. One, arguing in favour of the dust
fertilizing effect, could propose as an explanation for the non-increased chlorophyll
after the stronger event, that the environment had become Fe limited; evidences found
in the study of [68] denoted that large dust deposition events may sink the surface
dissolved iron. In any case, during these episodes there were also strong winds and
rainfall and their effects cannot be disentangled from the ones of dust.
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Table 1. The results of all calculations are summarized. The cases presenting
statistically significant differences in the mean chlorophyll concentrations before
and after the events, as derived by the weekly data, are marked with an “s” (s-i for
increase and s-d for decrease).

Significant Significant
. Chlorophyll Increase Chlorophyll Chlorophyll
Dust Episode (Area %) Difference Increase
(Area %) (Area %)
~ 59.9" 7.7 94.4%"
) 59.9°" (wet deposition) 7.7 94.4%
Z'Ei:’gsrz'gfﬁ/lllafgﬁ 62.2 (extreme rain) 95 94.5
2015 61.9 (extreme wind) 4.0 98.1
) 59.2 * (lonian Sea) 7.0* 97.9*
(dust AOD 0.8-2.5) 66.9 * (Aegean Sea) 15.5 * 92.9 *
7.6 0.9 i
11.1°9 (wet deposition) 1.7 56.7 o
. 57.7
. 19.2 (extreme rain) 3.4
Strong gale winds and . 73.3
7.5 (extreme wind) 0.9
large amounts of dust * - 58.4
26.2 * (20-28 March) 1.0 -
22-24 March 2016 * * 68.6
(dust AOD 1.0-2.7) 37.8 * (19-28 March) 4.6 431 *
e 21.7 * (19-30 March) 1.9* £g 7 *
* _ * '
4.9 *(20-30 March) 0.6 511 *
Eax;’vzu;g‘%ruzteat 33.3%¢ 16 74.8°
44.25% (wet deposition) 48 74.2°
18-21 June 2016 51.3 * (Aegean Sea) 9.9 * 96.2 *
(dust AOD 0.3-0.7) ' 9 ' '
L%f/zsgr;‘r?;eéuh;at  66.05 0.4 95.0%
69.6°" (wet deposition) 0.5 100.0°"
6-8 September 2015 18.7 * 35 * 73,4 *
(dust AOD 0.3-0.8) ' ' '
Fair weather and dust ~ 80.0° 2.8 99.1%"
21-23 September 2014  87.8°" (wet deposition) 8.8 100.0%"
(dust AOD 0.3-0.7) 75.8* 7.7 % 98.7*
Dust over Central
Mediterranean 44.4 1.4 74,95
9-13 May 2017 47.0 (wet deposition) 1.8 74'7s.i

(dust AOD 0.8-1.5)

* Denotes daily data.

For the early summer heat wave and dust episode of June 2016, only by the
significant chlorophyll differences (again a limited amount of data) being increases by
more than 74.2% can be assumed a possible favourable influence of dust. It is noted
that daily differences revealed a quite larger area (9.9%) of differences >50% that
were by 96.2% increases, including areas not shown by the weekly data. In the
ultraoligotrophic and stratified June environment with low chlorophyll concentrations
in a further decreasing phase, when dust nutrients are supposed to have a dominant
role, the increased primary production is expected to be quickly transferred to upper
trophic levels. Thus, it is possible that temporal chlorophyll increases could not be
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seen neither in the weekly differences nor in the examined daily differences. It is
noted that statistically significant correlations between dust deposition and
chlorophyll concentration have been found for the area for the April-June period [57].
Two September dust episodes were studied here, the late summer heat wave of
September 2015 and the fair weather one of September 2014; the latter’s results are
very much “contaminated” by the weather conditions that followed. For both, the
chlorophyll differences were for most areas increases, with the significant ones being
almost all increases and for the limited areas of wet deposition all increases. Since in
September the quite low chlorophyll concentrations of the area are in an increasing
phase and the end of the stratification period begins, it is easier for the marine
environment to sustain the increased primary production. A more favouring effect of
wet deposition can be implied by the increase of both the percentages of the
chlorophyll’s significant differences and the significant increases, as in other studies
[46]. For the July-September period, a relevant statistical analysis did not result in
significant correlations between chlorophyll and dust for the region [57]. It is also
noted that in the oligotrophic environment of the Eastern Mediterranean, bacteria can
be firstly favoured by the dust nutrients [42,69] and that the area is at times subject to
air pollutants that can inhibit phytoplankton growth [69].

For the strong dust episode of May 2017 over the Central Mediterranean Sea, only the
area-limited significant chlorophyll differences were by 74.9% increases, while these
increases could also be attributed to the gale southerlies during the event. It is noted
that the area was found to present significant positive relationships between
chlorophyll concentrations and dust deposition for this time of the year [57] and in
May presents quite low chlorophyll values in a decreasing phase.

Comparing the chlorophyll differences found before and after the dust events studied,
no safe conclusion can be drawn, since increases as well as decreases were both
present. A more favouring role of wet dust deposition was implied by the heavy
rainfall March event and the June-September episodes. The significant chl-a
differences for all cases were in high percentages increases (above 74.2% of the data
if the very extreme dust episode of March 2016 is excluded). However, these
significant differences corresponded, again for all cases, to a small amount of data
(maximum 15.5% and in majority much smaller. A possible favouring effect of dust
on chlorophyll could be assumed from the five out of six events and only by the
significant differences; the two heat wave and dust episodes of September 2015 and
June 2016 stronger support this outcome. Since there are studies suggesting that
chlorophyll variations due to dust events even of moderate strength can hardly be
detected from satellite observations [42,70], maybe one should trust these significant
chlorophyll differences. It is also noted that for the area presenting absolute
chlorophyll differences above 50%, the weekly mean chl-a concentration after the
events was statistically significantly higher than the one before in all cases (Table 1).
However, some of these significant increases could be also related to other factors
favouring phytoplankton growth, such as strong winds and heavy rainfall. Even if the
studied episodes of the June-September period were carefully selected in order other
favouring meteorological conditions for phytoplankton growth to be excluded, this
could not be completely achieved especially regarding the weather conditions that
followed the September 2014 event. The method followed here could be applied in
any region for examining the influence of dust on primary production. Since there are
difficulties in discriminating between the influence of dust and of other
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meteorological factors, the results would be safer for regions or time periods
characterized by more stable weather conditions. Statistical methods applied in long
time-series of dust plus wind and precipitation data are rather more suitable for
disentangling the influence of these factors on chlorophyll concentrations.

The work presented here was an effort to explore the possible influence of desert dust
on marine chlorophyll concentrations through the study of specific dust events.
According to authors’ knowledge, it is the first time that such a study is conducted for
the Hellenic Seas. The prevailing weather before-during and after the events was
taken into account and emphasis was given to the meteorological factors of wind and
precipitation that can also lead to chlorophyll increases. The results showed both
sign—positive and negative—chlorophyll variations; nevertheless, when based on the
area-limited significant chlorophyll differences, one could argue in favour of the “dust
fertilization effect” mainly during the low productive period. The study revealed also
the difficulty in discriminating between dust and other meteorological factors
favouring phytoplankton growth and reach safe conclusions. The possible fertilizing
effect of dust remains a questionable matter as discussed in the introduction section
and as revealed from the present study of specific events.

Supplementary Materials: The following are available online at
http://vww.mdpi.com/2077-1312/7/2/50/s1, Figure S1: Chl-a concentrations of the week
before the event of 25-28 March 2015, Figure S2: Daily chlorophyll % differences between:
() 20 and 31 March 2015; (b) 19 March and 1 April 2015, Figure S3: For the episode of 25—
28 March 2015: (a) maximum values of precipitation EFI during the episode; (b) weekly
chlorophyll % differences over the area of extreme rainfall as defined by EFI; (c) same as (a)
for wind EFI; (d) same as (b) over the area of extreme wind; Figure S4: (a) Chl-a
concentrations of the week before the event of 22-24 March 2016; (b) chl-a % differences
between the weeks before (13-20 March 2016) and after (29 March-5 April 2016) the event
for the area of wet deposition; Figure S5: Daily chlorophyll % differences between: (a) 20 and
28 March 2016; (b) 19 and 28 March 2016; (c) 19 and 30 March 2016; (d) 20 and 30 March
2016, Figure S6: For the episode of 22-24 March 2016: a) maximum values of precipitation
EFI during the episode; (b) weekly chlorophyll % differences over the area of extreme rainfall
as defined by EFI; (c) same as (a) for wind EFI; (d) same as (b) over the area of extreme
wind, Figure S7: (a) Chl-a concentrations of the week before the event of 18-21 June 2016;
(b) chl-a % differences between the weeks before (9-16 June 2016) and after (25 June-2 July
2016) the event for the area of wet deposition, Figure S8: Daily chlorophyll % differences
between 16 and 24 June 2016, Figure S9: (a) Chl-a concentrations of the week before the
event of 6-8 September 2015; (b) chl-a % differences between the weeks before (29 August—
5 September 2015) and after (14-21 September 2015) the event for the area of wet deposition,
Figure S10: Daily chlorophyll % differences between 4 and 12 September 2015, Figure S11:
(a) Chl-a concentrations of the week before the event of 21-23 September 2014; (b) chl-a %
differences between the weeks before (14-21 September 2014) and after (30 September—7
October 2014) the event for the area of wet deposition, Figure S12: Daily chlorophyll %
differences between 18 and 28 September 2014, Figure S13: (a) Chl-a concentrations of the
week before the event of 11-13 May 2017; (b) chl-a % differences between the weeks before
(1-8 May 2017) and after (17—24 May 2017) the event for the area of wet deposition.
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Supplementary Materials:

Heavy Rainfall and Dust: 25-28 March 2015
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Figure S1. Chl-a concentrations of the week before the event of 25-28 March 2015.
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Figure S2. Daily chlorophyll % differences between: (a) 20 and 31 March 2015;
(b) 19 March and 1 April 2015.
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Figure S3. For the episode of 25-28 March 2015: (a) maximum values of
precipitation EFI during the episode; (b) weekly chlorophyll % differences over the
area of extreme rainfall as defined by EFI; (c) same as (a) for wind EFI; (d) same as
(b) over the area of extreme wind.
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Strong Gale Winds and Large Amounts of Dust: 22—24 March 2016
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Figure S4. (a) Chl-a concentrations of the week before the event of 22-24 March
2016; (b) chl-a % differences between the weeks before (13-20 March 2016) and
after (29 March-5 April 2016) the event for the area of wet deposition.
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Figure S5. Daily chlorophyll % differences between: (a) 20 and 28 March 2016;
(b) 19 and 28 March 2016; (c) 19 and 30 March 2016; (d) 20 and 30 March 2016.
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Figure S6. For the episode of 22-24 March 2016: (a) maximum values of
precipitation EFI during the episode; (b) weekly chlorophyll % differences over the
area of extreme rainfall as defined by EFI; (c) same as (a) for wind EFI; (d) same as
(b) over the area of extreme wind.
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Early Summer Heat Wave and Dust: 18-21 June 2016
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Figure S7. (a) Chl-a concentrations of the week before the event of 18-21 June
2016; (b) chl-a % differences between the weeks before (9-16 June 2016) and after
(25 June-2 July 2016) the event for the area of wet deposition.
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Figure S8. Daily chlorophyll % differences between 16 and 24 June 2016.
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Late Summer Heat Wave and Dust: 6-8 September 2015

41°N

4N chlorophyll
differences
. <-50%

-50 - 0%
0-50%
50 -100%
>100%

]
=
38°N [~ |
|

37°N |- = i’ o
. ) gl g . 3 Rty
36°N |- t>», % ‘g
By
35°N - < = =

(@) (b)

Figure S9. (a) Chl-a concentrations of the week before the event of 6-8 September
2015; (b) chl-a % differences between the weeks before (29 August-5 September
2015) and after (14-21 September 2015) the event for the area of wet deposition.
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Figure S10. Daily chlorophyll % differences between 4 and 12 September 2015.
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Fair Weather and Dust: 21-23 September 2014
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Figure S11. (a) Chl-a concentrations of the week before the event of 21-23
September 2014; (b) chl-a % differences between the weeks before (14-21
September 2014) and after (30 September—7 October 2014) the event for the area of
wet deposition.
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Figure S12. Daily chlorophyll % differences between 18 and 28 September 2014.
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Dust over Central Mediterranean: 11-13 May 2017
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Figure S13. (a) Chl-a concentrations of the week before the event of 11-13 May
2017; (b) chl-a % differences between the weeks before (1-8 May 2017) and after
(17-24 May 2017) the event for the area of wet deposition.
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4. Extreme Weather Events
and Sea Surface Chlorophyll Concentrations
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4.1. Introduction

The examination of several extreme weather events that affected the Hellenic Seas in
respect to their possible influence on sea surface chlorophyll concentrations forms a
quite large part of the present thesis. These events were also studied for their
meteorological characteristics, while the ECMWEF Extreme Forecast Index (EFI) was
checked for its performance. The results were published in proceedings of
International Conferences.

However, some of the areas impacted by the above mentioned events were near shore
ones and consequently, they could be affected by terrestrial and riverine nutrients.
Since the existent studies mainly dealt with the influence of extreme events on coastal
waters’ primary production, the present research moved towards studying their effect
on the open sea’s chlorophyll concentrations.

The idea emerged from the studies that had assessed the influence of hurricanes and
typhoons on the oceans’ primary production. The Med is rarely impacted by tropical-
like cyclones, the medicanes. These cyclones are formed and spend the largest part of
their life in the open sea while they undoubtedly are extreme weather events. Thus, a
couple of medicanes were examined with regard to their possible influence on sea
surface chlorophyll concentrations. The relevant study was published in a peer-
reviewed journal.
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4.2. A 1010 hPa cyclone causing extreme rainfall
and an autumn chlorophyll bloom

Abstract The Mediterranean Sea, a typically oligotrophic environment, is influenced
by extreme weather events reflected in the primary production of the basin. A quasi
stationary barometric low over the lonian Sea on 14-16 October 2011, while not a
deep one, caused significant rainfall that locally exceeded the monthly means,
especially over the NW Peloponnese coast and the nearby shore area. In addition it
seemed to have triggered phytoplankton growth over the related sea area. In this
paper, the meteorological characteristics of the event are analyzed and some
operational tools for its forecast a few days before are presented. The temporary
bloom of phytoplankton, detected as high chlorophyll concentrations using Ocean
Color satellite data, is assessed.

Kotta D., Kitsiou D., Kassomenos P. and Karydis M. (2014) A 1010 hPa cyclone causing
extreme rainfall and an autumn chlorophyll bloom. 12th International Conference on
Meteorology, Climatology and Atmospheric Physics, COMECAP 2014, Heraklion,
Greece, e-book of contributions, Vol. 2, pp. 39-44.
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1 Introduction

The Mediterranean basin, due to its special geographical configuration - a warm sea
surrounded by high mountains, is an area often impacted by extreme weather events.
Intense cyclones often associated with wind storms, floods, high waves and storm
surges can lead to economic damages and even casualties (Davolio 2009). Therefore
the accurate prediction of hazardous weather conditions is of great importance for
Mediterranean Meteorological Services. Attention is usually paid to the rather rare
phenomenon of explosive cyclones in specific cases when they present characteristics
of a tropical storm (Pytharoulis et al. 2000, Reale and Atlas 2001). Extreme weather
events can even be caused by barometric lows that are neither particularly deep nor
deepen quickly. That was the case of 14-16 October 2011, when a quasi-stationary
1010 hPa low over the lonian sea between southern Italy and Greece resulted in
extreme weather conditions over the NW Peloponnese coast and the nearby off-shore
sea area (Fig. 1). Extensive publicity has been given to the heavy rainfall, storms and
hail, strong winds and even whirlwinds as well as flooded roads and houses, damages
to crops and electricity network. The synoptic conditions and some characteristics of
the cyclone that led to this event are examined along with some tools of the ensemble
prediction system for forecasting the event a few days before.

Fig. 1. In the rectangle the area of interest where
precipitation above climatology was recorded over the
stations 1 to 4; in the circle the average position of the
surface low that mainly defined the event.

Marine scientists consider Mediterranean Sea as one of the less productive seas of the
world - except of few coastal areas. The eastern part is the most oligotrophic one
(Azov 1991). Many studies relate phytoplankton and primary production with
meteorological factors and environmental variables (Gacic et al. 2002, Katara et al.
2008). At least during winter, phytoplankton should respond to variations in
meteorological conditions (Zingone et al. 2010). After the extreme meteorological
event, an increase of the chlorophyll-a values (proxy for phytoplankton abundance),
was detected by Ocean Color satellite data over the mentioned above sea area. This
rather temporary “autumn bloom” signaled the cold season higher production period
and is assessed as a result of the meteorological extreme event.

2 Data and Methodology

The numerical weather products come from the deterministic model analysis
(resolution 0,125° x 0,125°) and the ensemble prediction system (EPS) of the
European Centre for Medium-Range Weather Forecasts (ECMWF - www.ecmwf.int).
The real time data correspond to meteorological station observations and lightning
activity data from the Hellenic National Meteorological Service (HNMS) network and
satellite images. The satellite chlorophyll-a data were retrieved from My Ocean
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project (www.myocean.eu), and especially the weekly means of Mediterranean Sea -
Surface Chlorophyll product, which is operationally produced using the
Mediterranean regional ocean color algorithms (resolution 1.1km). In addition, the
standard 8-day composite, monthly and monthly climatology products of Aqua
MODIS Chlorophyll concentration (resolution 4km) were retrieved from the NASA
Ocean Color Website (http://oceancolor.gsfc.nasa.gov).

The meteorological event was studied using 500hPa, 850hPa and mean sea level
pressure (MSL) analysis, the vertical velocity and relative vorticity advection
parameters as well as satellite images. For its potential forecast, ensemble prediction
products were examined. The variations of chlorophyll-a concentrations on water
masses, which indicate the presence of phytoplankton species, were at first detected
through the NASA ocean color satellite data and then studied using the finer
resolution of My Ocean project data.

3 Results

3.1 The meteorological event: Analysis and forecast

Between 14 and 16 October 2011 a quite shallow 1010 hPa low over the lonian sea
between south Italy and Greece caused extreme weather over the western Greek
region shown in Fig.1. The phenomena were locally particularly extreme from the
night of 14 October and during the 15 October. The HNMS stations of 1:Argostoli
2:Zakynthos 3:Araxos and 4:Andravida (Fig.1) recorded during 24 hours precipitation
amounts of 115mm, 111mm, 141mm and 195 mm respectively which are far beyond
their climatological mean values of the whole month (HNMS climatological data
base). The extreme weather is illustrated in Fig.2 by the enhanced lightning activity
and the station observations of HNMS network. Extreme weather events do happen
over the particular region especially in November and October when a maximum of
lightning activity is also recorded (Katsanos et al. 2007).

Fig. 2. Lightning
activity and
meteorological station
observations from
HNMS network
for 06:00 UTC
and 12:00 UTC,
respectively,
on 15 October 2011.

The parent low began as an Atlas lee cyclone (not shown), not a rare event, and was
triggered by an upper level trough (Fig.3 left panel). The 1010 hPa low moved slowly
from southern Italy - Sicily to western Greece on 15 October 2011 from 06:00UTC to
18:00UTC. The position of the surface low on 15 October 2011, 12:00UTC is shown
in MSL analysis (Fig.3 right panel). Its very slow movement (during the entire day of
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15 October was quasi stationary between southern Italy and Greece) might be due to
the orography of the region as in a case of Reale and Atlas (2001).

(e,

Fig. 3. ECMWF analysis of 500hPa geopotential height - temperature (left panel) and MSL
(right panel) for 15 October 2011, 12:00 UTC.

According to ECMWEF analysis data there was a positive relative vorticity advection
between 0.0005 and 0.001 s™* from 00:00UTC to 06:00UTC on 15 October 2011 over
the region (Fig.4 left panel). In addition, at 06:00UTC there was an intense vertical
motion over the low up to 200hPa; the vertical velocity of 1.7 Pa/s over its centre for
300hPa is shown in Fig.4 (middle panel). The intense vertical motion combined with
the lightning activity could suggest that the low was sustained by latent heat release
associated with strong convective activity. The 850 hPa temperature shows a
maximum of 10.65 °C above the vortex (Fig.4 right panel), indicating a warm-core
structure. The above mentioned could even characterize the low as a tropical-like
Mediterranean cyclone (Pytharoulis et al. 2000, Davolio et al. 2009). Indeed the low
at 12:00UTC almost became tropical-like as can be seen in the infrared satellite image
of Fig.5 (left panel) temporarily defining an ‘eye’ and spirally cloud bands around it.

Fig. 4. The positive relative vorticity advection values, in red between 5 10* s* and 10 10s™
(ECMWEF data processed in a GIS environment) (left panel). Vertical velocity at 300hPa on
15 October 2011, 06:00UTC (up to 1.7Pa/s in dark red) (middle panel). 850hPa geopotential
height - temperature for 12:00UTC (right panel) where the red circle indicates the warm core.

For forecasting the event a few days before, products of the ECMWF ensemble
prediction system (EPS) can be used operationally, complementing the deterministic
forecast with probabilistic information reflecting the uncertainty. Two of its
components, the extreme forecast index (EFI) - a measure of the difference between
the EPS forecast distribution and the model climate — potentially useful in alerting
forecasters to the risk of severe weather some days in advance (Lalaurette 2003) and
the EPSgram - a probabilistic interpretation of the EPS forecasts for a given location -
can be easily used and proved helpful. Although the particular extreme event was
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rather area-limited, it could be properly forecasted at least three days before (Fig.5
middle and right panels).
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Fig. 5. Infrared satellite image on 15 October 2011, 12:00UTC (source: Eumetsat) (left
panel). EFI for precipitation for 15 October 2011, in dark blue values above 0.9 (middle
panel). Argostoli EPSgram for precipitation in mm/6h (right panel) based on 12 October
2011, 12:00UTC run.

3.2 Meteorological forcing on primary production

The Mediterranean Sea, which is nutrient limited (Karydis and Kitsiou 2012), follows
the subtropical model for the primary production. As light is not a limiting factor for
phytoplankton growth, higher chlorophyll-a values are usually observed during the
colder, windy and wet season (Barale et al 2008). The area of study follows this trend,
which was also confirmed from the chlorophyll-a satellite data of MODIS monthly
climatology.

’ o.01 e 7

Fig. 6. Ocean Color MODIS chlorophyll-a concentrations (mg/m®): October climatology and
8-day composites for the week before and the two weeks after the event.

An increase in chlorophyll-a concentrations was detected over the study area, the
week after the meteorological event (16-23 October 2011, weekQ) by the MODIS
Ocean Color satellite data. The values ranged between 0.04-0.08mg/m?® reaching at
certain places near shore 0.3mg/m® the week before the event (8-15 October 2011,
week-1) and the week that followed, with fair weather, the values even doubled at
places (Fig.6) reaching the monthly climatology values. One week after (24-31
October 2011, week1) there was a decrease in values, however they remained slightly
higher than those before the event.

Using the finer resolution of My Ocean data (excluding values greater than 1mg/m?,
as they can only be observed near shore) an increase in chlorophyll-a concentrations
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was found from week-1 to weekO over 76% of the area which was mostly greater than
50% (Fig.7). The mean chlorophyll value of weekO and weekl was greater than
values of week-1 over 70% of the area. Similar trend was also observed during
October 2010.

Fig. 7. Chlorophyll-a increase
from week-1 to weekO

(data processed in a GIS
environment).

_ from 50% to 100%
" N . greater than 100%

During the days after the 2-day rainfall event, moderate northerly winds prevailed that
could not cause significant upwelling which is the main mechanism for nutrient input
into the water column. In addition, river runoff could not be accounted as a significant
contributor to the nutrient input, since the maximum of precipitation amount was over
the area of interest. Therefore, the increase of chlorophyll-a should rather be attributed
to the meteorological event itself. Storm events are likely to trigger higher
phytoplankton biomass, even during the summer, due to the atmospheric deposition of
nutrients into the sea through rainfall events (Malej et al. 1997). In addition, several
short-term spring high-production episodes associated with calm weather, took place
after violent mixing events such as storms over the Adriatic (Gacic et al. 2002). This
could also be the case here, as the extreme event was followed by sunny weather, but
an autumn event. In addition, the anticyclonic circulation during 2011 of the North
lonian Gyre (NIG) causes upwelling of the nutricline along its border (Civitarese et al.
2010), i.e. along the area of interest as well. Thus, even weak convective mixing
events could be able to inject significant amounts of nutrients into the euphotic layer.
Finally, Zingone et al. (2010) suggest for winter blooms a time lag of the
meteorological forcing on the water column dynamics, associate the biomass increase
with a decrease in surface salinity (can be caused by freshwater input) and state that
such blooms are generally short-lived, quite similar to the case here.

4 Conclusions

A cyclone over the warm October Mediterranean Sea, though quite shallow, caused
extreme weather conditions leading to an autumn chlorophyll bloom. EPS products
proved very helpful for the operational forecast of the event. Extreme weather events
seem to play a key role in meteorological forcing on the basin’s primary production
and should be further examined.

Acknowledgments Authors would like to thank ECMWF, My Ocean project, NASA Ocean
Color and HNMS for the data.
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4.3. First rains as extreme events
influencing marine primary production

Abstract First rains of September 2014 and 2015 could be characterized as extreme
events: from 1% to 3" September 2014 heavy rains were recorded over western and
northern Greece exceeding 50mm in one day and reaching at places 100mm; on the
10" of September 2015 precipitation exceeded 100mm over the northwest part of the
country. After both time periods, chlorophyll-o concentrations - a proxy for
phytoplankton abundance - were increased over the related sea areas and in some
cases doubled, even over the oligotrophic lonian Sea. The meteorological
characteristics of these events and possible factors responsible for their high intensity
are examined, along with the potential capability for being operationally forecasted a
few days before. The higher marine primary production that followed and was
detected through chlorophyll-a concentrations using Ocean Color satellite data, is also
assessed as result of the meteorological extreme events.

Kotta D., Kitsiou D. and Kassomenos P. (2016) First Rains as Extreme Events
Influencing Marine Primary Production. 13" International Conference on Meteorology,
Climatology and Atmospheric Physics, COMECAP 2016, Thessaloniki, Greece.
Perspectives on Atmospheric Sciences, Springer Atmospheric Sciences, Springer
International Publishing Switzerland 2017, T.S. Karacostas et al. (eds.), p. 263-270, doi:
10.1007/978-3-319-35095-0_37.
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1 Introduction

The Mediterranean basin, a warm sea surrounded by high mountains, is often affected
by extreme weather events that can lead to economic damages and even casualties
(Davolio 2009). Therefore, the accurate prediction of hazardous weather conditions is
of great importance for Mediterranean Meteorological Services. Although attention is
usually paid to the rather rare phenomenon of explosive cyclones, extreme weather
events can be the result of barometric lows that are not particularly deep (Kotta et al.
2014). Even the rainy autumn period can begin with intense rainfall; that were the
cases of the 1% to 3" September 2014 and of the 10" of September 2015, when first
rains were extreme events at places, with precipitation amounts being rare within their
statistical reference distribution.

The synoptic conditions of these events are briefly described using 500hPa, 850hPa
and mean sea level pressure (MSL) analysis. Potential vorticity PV (on the 300hPa
isobaric surface) is examined, since it shows intrusion of dry stratospheric air that can
lead to event enhancement. Although PV is usually studied in major cyclogenesis, it
could highlight cases of weaker upper level forcing, giving added credence to the
model forecast and be proven a useful tool for the operational forecaster (Mansfield
1996). Surface latent and sensible heat fluxes are also assessed as factors that can
determine the event intensity, since they are the main mechanisms contributing to the
energy enrichment of the lower tropospheric layers. The above parameters were
chosen as there are scarcely used quantified in operational forecast. The performance
of the Extreme Forecast Index (EFI) - a measure of the difference between the
ensemble prediction system EPS forecast distribution and the model climate and
potentially useful in alerting forecasters to foresee the risk of severe weather some
days in advance (Lalaurette 2003) - is also checked. The numerical data used comes
from the European Centre for Medium-Range Weather Forecasts (ECMWF).

The Mediterranean Sea is nutrient limited (Karydis and Kitsiou 2012) and considered
as one of the less productive seas of the world, with the eastern part being the most
oligotrophic. Concentration of the most abundant photosynthetic pigment (chl a) is
used extensively as a proxy measure for phytoplankton biomass. In the Mediterranean
Sea, since nutrient level is the limiting factor for phytoplankton growth, higher chl «
values are usually observed during the colder, windy and wet season (Barale et al.
2008). Many studies relate phytoplankton and primary production with
meteorological factors and environmental variables (Katara et al. 2008, Zingone et al.
2010, Kotta and Kitsiou 2014). The variations of satellite detected chl «
concentrations on water masses, possibly connected to the extreme meteorological
events presented here, are examined.

The differences of chl « concentrations were calculated between the week after and
before the events, since a time lag of the meteorological forcing on the water column
dynamics is suggested (Zingone et al. 2010) at least for winter blooms. As the current
relative percentage difference between the chl o remote sensing data used and the in-
situ observations is much lower than 40% (Volpe et al. 2012), it was selected to
present chl « variations above 35% for safer results. The remote sensing chl o data
comes from  Copernicus Marine  Environment  Monitoring  Service
(http://marine.copernicus.eu) and corresponds to the weekly interpolated means of
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Mediterranean Sea Surface Chlorophyll Concentration product (resolution 1km),
which is operationally produced using regional ocean color algorithms.

2 Results
2.1 The event of 1 - 3 September 2014

The first rains of September 2014 recorded from the night of the 1 to the 3™ of the
month over the whole country, resulting in notably precipitation amounts over west,
central and north parts: Florina 84mm, Kastoria 86mm, Preveza 108mm, Kalamata
58mm, Andravida 56mm, Chrysoupolis 80mm, Zakynthos 43mm (according to
Hellenic Meteorological Service HNMS stations); Kerkyra 75mm, Lefkas 128.4mm,
Asprovalta 54mm (according to National Observatory of Athens NOA stations).
Especially for Chrysoupolis (Kavala) the rainfall, all in one day, was far beyond the
mean value of the whole month (HNMS climatological data base). On 2/9/14, the
west, northwest and central parts of the country were mainly affected; on 3/9/14, the
weather turned unstable over the above areas, the system influenced the northeastern
part of Greece and gradually attenuated.

102/09/14 QOUTC- 102/09/14 120TC -

Fig. 1. For 2/9/14: WYV image on OOUTC and the respect'ive 300hPa PV values (left and
middle), PV values on 12UTC (right).

A stratospheric intrusion characterized the event: by 2/9/14 00UTC, and even earlier,
the water vapor (WV) satellite image revealed it as a dark area (Fig. 1, left). ECMWF
analysis showed that it was a quite important stratospheric intrusion, as PV values
over the 300hPa isobaric surface were up to 4.7pvu (Fig. 1, middle). On 1/9/14
12UTC, over central Italy, PV exceeded 6pvu (not shown), values usually observed
during explosive cyclogenesis (Kouroutzoglou et al. 2015). Although PV values were
decreasing with time (Fig. 1, right) the system could had already gained dynamics.
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Fig. 2. MSL and frontal analy.s‘is (Met Office) and analysis of 500hPa geopotential height -
temperature (ECMWF) for 2/9/14 00UTC (left panels) and 3/9/14 00UTC (right panels).
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A 5600gpm vortex from Italy moved eastwards influencing Greece, where although
the heights gradually increased to 5680gpm (Fig. 2), resulted in extreme weather.
Afterwards, it moved northeastwards and attenuated. The related surface low,
accompanied by front, was 1000hPa over the Adriatic Sea and became 1003hPa over
north lonian; then another low 1003hPa was formed over northwest Aegean where it
finally filled up. Frontal activity affected all the country except southeastern parts.

The surface latent heat flux towards the atmosphere was not high during the event, as
it exceeded 150 W/m? per hour locally over the lonian and at places over the Aegean,
reaching 250 W/m? only over the open lonian Sea (not shown). Surface sensible heat
fluxes were between 50 and 150 W/m? per hour over land, before being affected by
the cold front (not shown). Although surface latent fluxes seemed to have contributed
to the extreme events, there were rather the middle and upper level atmospheric
processes that played the key role.

Fig. 3. Precipitation EFI for the 2™ and the 3" of September 2014 respectively based on the
31/8/14 12UTC run.

The EFI for precipitation (Fig. 3) advocated the issue of warning for the public
regarding intense rainfall and succeeded in precisely defining the regions where the
extreme events occurred.
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Fig. 4. Chl-a differences after-before the event over north Aegean (left) and in respect to one
week ahead (right).

Chl-a. concentrations presented variations between the weeks before (27/8/14 to
2/9/14) and after the event (3/09/14 to 9/9/14); the increases exceeded 50% only
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locally and mainly over coastal areas. No correlation was found between the detected
chl-a variations and the precipitation amount as derived from ECMWEF. Especially
over the lonian, chl-a increases and decreases were quite < 35% over its greater part,
possibly due to the limited sunshine during the following days. More notable
differences were recorded over north Aegean (Fig. 4, left), where chl-o increase was
recorded over the 64% of the area, being above 35% over the one quarter of the area.
Although for this region, a small positive correlation was found between chl-a
variations and precipitation, no safe conclusion can be drawn, since the area is
influenced by Black Sea waters. The rainy weather continued over west and north
parts of the country a few days more after the event described; for this reason chl-a
differences were also computed between the week before the rains started and the
week when they stopped (10/09/14 to 16/9/14) and they are more pronounced as
sunny intervals favored primary production (Fig. 4, right).

3.2 The event of 10 September 2015

On 10 September 2015, the first autumn system resulted in excessive rainfall amounts
and thunderstorms especially over the northwestern part of the country: Lefkas 144.8
mm, Paxi 128 mm, Parga 127.4 mm, loannina region up to 104.6mm, Igoumenitsa
70.6 mm (according to NOA stations); Kerkyra 91mm (HNMS station) exceeding the
climatological mean monthly values.
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Fig. 5. MSL and 500hPa geopotential height - temperature analysis (ECMWF) for 10/9/15 on
00UTC (left panels) and 12UTC (right panels)

An elongated upper level trough west of Italy related to a low, over central Europe,
moved northeastwards through west-central and north Greece (Fig. 5). A surface
1005hPa low moved from Boot to north lonian were it filled up, with its frontal
affecting mainly the west northwest part of the country and then diluted falling on
mainland.

No stratospheric intrusion was observed as PV values over the 300hPa isobaric
surface did not exceed 2pvu (not shown). The surface latent heat flux towards the
atmosphere was especially high over the lonian Sea, exceeding 250 W/m? per hour for
the time interval from OOUTC to 06UTC of that day (Fig. 6, left). It should be noted
that such values are similar to those of the nearby regions during explosive
cyclogenesis or deep surface lows (Kouroutzoglou et al. 2015). Surface sensible heat
flux was higher than 50 W/m? per hour during the same time interval over the
northwestern part of the lonian (Fig. 6, middle). The above could lead to the
assumption that the extreme event was mainly due to low and middle atmospheric
processes.
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The precipitation EFI for 10/9/18 based on 9/9/15 00UTC run, the last available for
forecasting the event, left out the lonian region; even the one based on 10/9/15
00UTC run (Fig. 6, right) - although specifying quite accurately the affected regions -
gave lower values than the ones expected according to the severity of the event. A
question if the model can properly predict extreme events due to low and middle level
atmospheric processes is raised.

Surface latent heat flux (W/m? %{ senSlble heat flux (W/mzi \

Fig. 6. For 10/9/15: hourly surface fluxes from 0OUTC to 0O6UTC, for latent and sensible
heat (left and middle). Precipitation EFI based on 10/9/15 00UTC run (right).

Fig. 7.
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Chl-a concentration presented notable increases (Fig. 7) the week after the extreme
rainfall (10/9/15 to 16/9/15) in respect to the week before (3/09/15 to 9/9/15). Low
positive correlations were found between chl-a differences and precipitation.
Nevertheless, over the oligotrophic lonian Sea, an increase was recorded over the
90% of the area, exceeding 35% over at least the one third; at places the concentration
was more than doubled. The fair weather that followed the event favored primary
production. Such increases of chl-a concentrations could be connected to extreme
rainfall events (Kotta et al. 2014), mainly due to the atmospheric deposition of
nutrients into the sea.

Conclusions

The quantified use of PV and surface heat fluxes during the operational forecast can
give signs for the intensity of an event when presenting high values. Precipitation EFI
performed better regarding the first event, which was mainly caused by middle and
upper level atmospheric processes. Extreme weather events, especially when followed
by fair weather, influence phytoplankton abundance and seem to play a key role in
meteorological forcing on marine primary production.
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4.4. Summer Rainfall Event: The Skill of Extreme Forecast
Index and Effects on Marine Chlorophyll
Concentrations

Abstract The Extreme Forecast Index (EFI) of the ECMWEF ensemble prediction
system can be a useful tool for operational forecasters in identifying areas at risk due
to severe weather some days in advance. A heavy rainfall event of abnormal intensity
and duration affected large part of Greece on 16 and 17 July 2017. Precipitation EFI
for the event was analyzed for different lead times and its skill in defining the regions
of the extreme rainfall was examined, relative to the amounts of rain recorded. EFI
performance was quite exceptional, reinforcing its use as a tool for forecasting
extreme events. Such events, over marine and coastal areas, are thought to influence
marine primary production and phytoplankton abundance, a proxy of which is
chlorophyll-a  concentration.  Differences of satellite derived chlorophyll
concentrations before and after the event were calculated for the marine area affected
by the extreme event, in a weekly and daily basis. A remarkable chlorophyll increase
was observed, even though during summer the Hellenic Seas are characterized by
extreme oligotrophic conditions.

Kotta D., Kitsiou D. and Kassomenos P. (2018) Summer Rainfall Event: The Skill of
Extreme Forecast Index and Effects on Marine Chlorophyll Concentrations. 14th
International Conference on Meteorology, Climatology and Atmospheric Physics,
COMECAP 2018, Alexandroupolis, Greece, ebook of proceedings, pp. 547-552, ISBN
978-960-98220-4-6.
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1 Introduction

On 16 and 17 July 2017, an extreme rainfall event affected Greek mainland and parts
of lonian and North Aegean Seas. It was characterized by abnormal - regarding the
season -intensity and duration, enhanced lightning activity and continued during night
hours. The rainfall amounts recorded exceeded at places the climatological mean
monthly values and in many cases they were characterized as record values for July
(Hellenic National Meteorological Service - HNMS data base). The event was caused
by a well organized mainly in the middle and upper atmospheric levels disturbance (a
500hPa trough with cold masses plus stratospheric air intrusion) together with
increased low-level moisture and convective instability.

The Extreme Forecast Index (EFI) of the ECMWF/IFS/EPS, as a measure of the
difference between the ensemble prediction system (EPS) forecast distribution and the
model climate, has been suggested and is continuously improved as a useful tool for
operational forecasters in foreseeing the risk of severe weather some days in advance
(Lalaurette 2003, Tsonevsky 2015). The skill of the precipitation EFI was checked
regarding the extreme rainfall, from the forecasters’ point of view.

The Hellenic Seas, similar to Eastern Mediterranean Sea, are in general an
oligotrophic marine environment, characterized by low phytoplankton abundance,
with their primary production being nutrient and not light limited (Karydis and
Kitsiou 2012). Chlorophyll (chl-a) concentration, a proxy for phytoplankton, reaches
the lowest values during summer (Barale et al. 2008). Several studies relate marine
primary production enhancement with rainfall events (Gacic et al. 2002, Kotta et al.
2014) even during summer (Malej et al. 1997) due to the atmospheric deposition of
nutrients into the sea. Variations of chl-a concentration were examined, for the marine
area impacted by the extreme event.

2 Data and Methodology

Precipitation EFI data came from ECMWEF/IFS/EPS and rainfall data from the
National Observatory of Athens (NOA) and HNMS stations. Chl-a weekly and daily
concentrations are satellite derived data from Copernicus Marine Environment
Monitoring Service (http://marine.copernicus.eu).

EFI was checked for different IFS-EPS lead times for the time period 15 to 18 July
(since the extreme event started the night of 15 July from North Greece and lasted -
locally over the eastern parts - up to 18 July). The runs checked were from 12/7/17-
12UTC up to 15/7/17-00UTC. EFI was examined in respect to its consistency in
determining the areas to be affected as well as the rainfall intensity, elements that
reinforce the forecaster’s confidence in its use.

EFI’s skill in defining the regions of the extreme rainfall was assessed against the
amounts of rain recorded by NOA and HNMS stations in a GIS environment. The
index from the 14/7/17-00UTC run (the last available to the forecasters before the
issue of the relative warning by HNMS) and from the 15/7/17-00UTC run (the last
available before the beginning of the event) were checked.
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Chlorophyll percentage differences were calculated in a weekly and daily basis before
and after the event for the marine area affected from 15 to 18 July which was
specified using EFI values > 0.5. Differences above 50%, which is quite the accuracy
of the ocean color chl-a data (Volpe et al. 2012), are hereafter mentioned as
“significant”.

3 Results

3.1 The skill of EFI

For 15 July, the index, although presenting indications for extreme rainfall locally
over North Greece, showed no particular consistency in defining heavy rainfalls both
locally and in respect to their intensity, in the successive runs. For 16 and 17 July, the
two main days of the event, EFI as early as 13/7/17-00UTC run, presenting values
>0.8 over an extended area, indicated a high risk for extreme rainfall. Approaching
the event, the index presented remarkable consistency in defining the areas to be
affected, indicating even heavier rains (two of these runs are shown in Figs. 1 and 2).

The skill of the index for the 14/7/17-00UTC and 15/7/17-00UTC runs, as checked
against rainfall amounts recorded for 16 and 17 July are shown in Figs. 1 and 2, where
precipitation amounts >30mm are also separately presented along with 15/7/17-
00UTC run. For both days, greater precipitation amounts corresponded to EFI values
>0.7 (alertness values) or they were adjacent to them. Approaching the event, the
areas affected and the rainfall intensity were defined even better. However, in respect
to the precipitation amounts recorded over Peloponnese (especially over the SW parts)
on 17 July, a forecaster would expect greater EFI values. It is noted that no heavy
rainfall was recorded over areas not indicated by the index. The precipitation EFI
succeeded in defining quite precisely the regions of extreme rainfall. The index’s skill
seems to be high for extreme events mainly caused by middle and upper level
atmospheric processes, as in other cases (Kotta et al. 2016).
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Fig. 1. Rainfall amounts recorded on 16/7/2017 by HNMS and NOA stations (upper panel: all
rainfall data, lower panel: precipitation exceeding 30mm) along with ECMWF precipitation
EFI for the same day according to 00 UTC runs of the two previous days.
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Fig. 2. Rainfall amounts recorded on 17/7/2017 by HNMS and NOA stations (upper panel: all
rainfall data, lower panel: precipitation exceeding 30mm) along with ECMWEF precipitation
EFI for the same day according to 00 UTC runs of two previous days.
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3.2 Effects on Marine Chlorophyll concentrations

Chlorophyll percentage differences before and after the event, calculated over the
marine area corresponding to EFI values >0.5 from 15 to 18 July, in a weekly basis
(between the weeks 4-11/7/17 and 20-27/7/17) and in a daily basis (between 13 and
21 July), are shown in Fig.3.

Weekly chl-a differences reveal increases over the 46.9% of the area, while the
significant differences cover the 12.1% of the area and they are by 68.0% increases.
The significant increases are by 11.9% greater than 100% and by 3.0% greater than
200%, the latter locally near river estuaries of Thermaikos Gulf and Thracian Sea -
fact quite expected due to large riverine nutrient loads (Skliris et al. 2010) caused by
the extreme event. The above results are not particularly supportive to the assumption
that extreme rainfall led to marine primary production enhancement for the week that
followed the event. It is noted that extreme rainfall events in autumn have been found
to cause such chlorophyll increases (Kotta et al. 2014). Although chlorophyll
concentration increases >50% are mainly observed over North Aegean, where
precipitation amounts were larger, this is an area influenced by the mesotrophic Black
Sea waters (Androulidakis et al. 2012) and no safe conclusion can be drawn.

Daily chl-a differences between 21 and 13 July reveal increase for the 80.1% of the
area; the significant differences cover the 30.3% of the area and are by 95.5%
increases. Of these significant increases, 35.3% exceed 100% and 13.5% exceed
200%, the latter near coastal parts where increased watershed discharges due to
intense rainfall can lead to high nutrient loads and phytoplankton enhancement. The
daily results show that the extreme rainfall could have temporarily favored marine
primary production. The reason that the observed phytoplankton increase (as shown
by the chl-a increase) was of temporary character could be its quick consumption by
the upper trophic levels, since the marine environment during summer is ultra-
oligotrophic.

Fig. 3. Chlorophyll percentage differences before and after the event for the marine
area presenting EFI values >0.5 from 15 to 18 July; weekly differences between 4-
11/7/17 and 20-27/7/17 (left panel) and daily ones between 13 and 21 July 2017 (right
panel).
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4 Conclusions

EFI’s skill during the event can be considered at least satisfactory and reinforce its use
as an effective tool for operational forecasters in identifying areas at risk due to severe
weather conditions.

Extreme rainfall seems to be able to favor marine primary production during the
summer period; however of temporary character.
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4.5. Medicanes Triggering Chlorophyll Increase

Abstract: Studies have shown that hurricanes and typhoons, apart from being
extreme weather phenomena, cause increases in marine chlorophyll-a concentrations
and even phytoplankton blooms. Medicanes are the tropical-like Mediterranean
cyclones that induce hazardous weather conditions as well. In this study, a couple of
medicanes, over the central and eastern parts of the Sea, are examined for the first
time in respect to their possible influence on chlorophyll concentrations. The
affected area was delineated with the use of numerical model data, while the sea
surface temperature and chlorophyll variations were assessed based on satellite-
derived data. The results showed that medicanes trigger surface chlorophyll
increases; after the cyclones’ passage, the concentrations were higher compared both
with those before and with the climatological monthly values over a large part of the
affected area. The mechanisms proposed to explain hurricanes’ favorable influence
on chlorophyll concentration seem to be valid for medicanes as well. Area averaged
chlorophyll concentrations presented analogous increases to the ones reported for
hurricanes, though on a smaller scale. Despite the much lower intensity of medicanes
compared with hurricanes, the observed increase in surface chlorophyll after their
passage points to their favorable influence.

Keywords: Mediterranean; tropical-like cyclones; phytoplankton; sea surface
temperature; satellite data; geographic information system (GIS)
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1. Introduction

The Mediterranean Sea is characterized by a very high rate of cyclone formation and
is ranked as one of the world’s main regions for cyclogenesis [1-3]. In rare cases, the
Mediterranean cyclones gain features of tropical cyclones: “eye”, axisymmetry with
spiral cloud bands, very strong surface winds and warm core [4,5]. Due to their
similarities with hurricanes, these cyclones are called Mediterranean hurricanes or
medicanes [4]. The associated extreme and hazardous weather conditions can cause
significant damage over the sea and the coastal zones [6]. Medicanes usually begin as
upper-level baroclinic disturbances (e.g., cutoff lows, troughs) and then evolve into
tropical-like structures; this transition is highly dependent on upper-level potential
vorticity anomalies and dry air intrusions, high low-level vorticity and surface heat
fluxes, high moisture, and deep convection [4,7-10]. The above procedures involve
sea surface temperature (SST) plus the upper atmospheric layers and differentiate
medicanes from tropical cyclones, where SST plays the major role [7]. Medicanes are
much weaker than hurricanes; however, a few of them have reached Category 1 of the
Saffir-Simpson scale [11,12]. Heavy rainfall and deep convection, caused by these
extreme lows, usually precedes their tropical-like phase during which precipitation is
less and scattered in rainbands [13,14]. Climatological approaches have estimated the
medicanes’ frequency to ~1.5 per year for the whole basin [6,15,16]; they have also
indicated the most common regions for medicane formation: the western
Mediterranean (around the Balearic islands) and the lonian Sea (often extended
southward to the North African coast) [6,14,16,17]. The frequency of medicane
formation is higher in autumn and winter, decreases significantly in spring and tends
to zero during summer [6,14-16]; this preferred period for formation is another
difference from tropical cyclones, which are formed during periods of high SST. A
frequency decrease along with an intensity increase is predicted for medicanes in the
following years [15,18-20].

Tropical cyclones have been studied in respect to their possible influence on
chlorophyll-a (chl-a) concentration, as an indicator of phytoplankton growth, mainly
with the use of satellite data and in some cases with field measurements. The studies
refer both to hurricanes in the Atlantic ocean [21-27] including oligotrophic marine
areas [23,27] and typhoons in the Pacific ocean [27-30]; their results indicate an
increase in chlorophyll concentration and primary production and even phytoplankton
blooms. A decrease in SST is observed in all cases, as it has been proposed for
cyclones, due to upwelling, vertical mixing, and deepening of the mixed layer depth
(MLD) together with cooling due to heat fluxes towards the atmosphere [31,32]. Most
studies highlight the role of cyclone induced upwelling and wind mixing process in
lowering SST and providing the upper sea layers with nutrients from below, resulting
in enhanced phytoplankton growth and increased chl-a concentration
[22,23,25,27,29,30]; the favoring role of heavy rainfall for the observed increase in
chlorophyll is also proposed [22,27]. The high chlorophyll concentration after the
passage of a cyclone is not attributed as a whole to new production triggered by the
increased nutrient availability; an upward displacement of mid/deep chlorophyll
maxima has been proposed as another reason [22-24].

The Mediterranean Sea is affected from time to time by medicanes, that could also
have an influence on the Sea’s primary production. However, relative studies have not
been conducted until now, and this is exactly the attempt of the present work. It is
noted that algal blooms are natural processes occurring under favorable environmental
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conditions. Various reasons, such as extreme meteorological conditions as those
studied here, could lead to an increase in phytoplankton, which in turn could provoke
substantial perturbations of the entire food web structure and functioning. In addition,
for the oligotrophic Mediterranean environment, every factor that could lead to an
increase in primary production is considered significant. Hence, the possible impact of
medicanes on the Sea’s surface chlorophyll concentration is explored here. The study
is focused on events that affected the central or eastern parts of the basin, that are in
general oligotrophic areas characterized as “non-blooming” [33] and reach their
higher chlorophyll concentrations by the end of winter—beginning of spring period
[34]. Three cyclones, that have been identified as tropical-like ones in bibliography,
were examined. Numerical model data were used for delineating the sea area affected
by the medicanes and satellite-derived data for computing the variations in SST and
chlorophyll. An increase in chlorophyll concentrations was observed after the
cyclones’ passage for a very high percentage of the affected area in all cases, while
the involved procedures seem to be the same as for hurricanes. The chl-a
concentrations after the events were also higher than the climatological monthly
values for a large part of the impacted region. Area averaged chlorophyll presented an
increase which is comparable, though on smaller scale, to the one caused by
hurricanes when affecting oligotrophic waters. Considering the lower medicanes’
intensity compared to that of hurricanes, the results of the current study are, at least,
supportive regarding their positive influence on surface chlorophyll concentration.

2. Materials and Methods

The Mediterranean tropical-like cyclones that are studied here, in respect to their
possible influence on marine chlorophyll concentrations, have been identified as
medicanes in bibliography. They were all formed east of the Strait of Sicily, affected a
quite large area of the central-eastern part of the Sea and during their lifetime they
presented sea level pressure below 1,000 hPa.

The study area affected by the medicanes was delineated by the higher closed isobaric
surface presenting symmetry at the time of minimum pressure—quite arbitrary
although based on the axisymmetric structure of the medicanes—plus 10 m wind
speed >17.5 m/s (i.e., gale force) [20,35] adjacent to the low pressures. For this
procedure, the hourly data (mean sea level pressure and 10 m wind speed) from the
European Centre for Medium-Range Weather Forecasts ERAS high-resolution
reanalysis project (ECMWF ERA5) were used (of 31 km native resolution and
bilinearly interpolated at 0.125°). The track of the cyclone was based on the same data
and was determined by the minimum pressure. The properties of tropical-like
cyclones in the Mediterranean are usually studied using finer resolution numerical
models; otherwise an underestimation in minimum pressure and wind intensity is
possible. Therefore, the data used here for delineating the affected region, in the way
described above, has possibly led to a smaller study area undoubtedly influenced by
the extreme event.

The response of the marine environment was assessed by calculating SST differences.
The results presented here refer to the differences between 3 days before and after the
events, while for selected areas an ~11-day time period centered on the events was
considered for SST variations. The data used were derived from the high resolution
(0.04°) SST daily mean (L4) product of the Copernicus Marine Environment
Monitoring Service (CMEMS); this dataset (SST MED SST L4 REP
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OBSERVATIONS 010 021) is the nighttime Pathfinder V5.3 Advanced Very High
Resolution Radiometer (AVHRR) product, provided by the National Oceanic and
Atmospheric Administration (NOAA), reprocessed through an optimal interpolation
algorithm for the production of daily gap-free maps. The chlorophyll data of the study
also come from CMEMS: daily (OCEANCOLOUR MED CHL L3 REP
OBSERVATIONS 009 073), weekly and monthly (OCEANCOLOUR MED CHL L4
NRT OBSERVATIONS 009 041) surface chlorophyll concentrations (at 1 km
resolution) from multi-satellite observations. Further details for the CMEMS datasets
used here can be found at http://marine.copernicus.eu. The possible influence of the
meteorological phenomenon on chlorophyll concentrations was examined by
calculating the percentage differences between the maximum concentrations of 5 days
after the event and 5 days before it. It is noted that a time interval of 2 to 4 days for
chl-a increases has been reported in cases of tropical cyclones [24,26,27]. The day just
before the event was excluded, since chlorophyll increases have been found 1 day
before a hurricane’s passage [27]; in any case, during this day the available data were
very limited. Chlorophyll percentage differences of the 5 days after the medicanes and
the respective monthly climatological values of the period 1996-2016 were also
calculated to highlight the significance of the influence. The above calculations were
also performed on a weekly basis, using 8-day data as in other studies [23]. In all
results, the absolute chlorophyll percentage differences that exceed 50%—the
approximate difference reported between in situ observations and chl-a satellite data
[36]—and could be considered more significant are mentioned separately. For the
open sea oligotrophic area with distance from coast >50 km plus climatological
chlorophyll concentration values <0.2 mg/m®, the averages of the maximum chl-a
values 5 days before and after the event were computed; a paired t-test was applied to
check the statistical significance of these variations. Averaged daily values for SST
and chl-a were computed for a period of ~11 days around the day of minimum
pressure, for the areas along the cyclone’s track (50 km width) and for areas that
presented a large increase in chlorophyll concentration (P areas), in an effort to further
explore the phenomenon. It is noted that even if the analysis of ERAS did not depict
the exact cyclones’ track—a difficult task for numerical models—the along-track
areas are at least areas very near to it; the P areas are all in the open sea and present
low climatological chl-a concentration. It should be noted that the calculations of the
area averaged chlorophyll concentrations are quite indicative due to lack of data at
different area’s locations each day. The major part of data processing was performed
in the framework of a geographic information system (GIS).

The wind intensity and the total rainfall amount are commented as well. Regarding
rainfall, the precipitation sum for the period one day before the event until one day
after it was considered —as referred in the introduction, higher amounts of rain are
expected just before the tropical-like phase of the cyclone. The precipitation data are
TRMM (Tropical Rainfall Measuring Mission) daily values obtained through the
Giovanni online data system.
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3. Results

3.1. The Medicane of 13 to 15 December 2005

The cyclone of 13 to 15 December 2005 has been more than once recognized as a
medicane [7,13,14,37]. The minimum pressure computed differs from study to study,
e.g., 986 hPa [14], 980 hPa [37]. According to ERAS reanalysis used here, the
minimum pressure was 989.52 hPa and the maximum 10 m wind 25.38 m/s. The
cyclone was formed over the southeast of Malta on 13 December, travelled first
westwards and then moved to the east, gained its minimum pressure and continued its
eastward track moving faster and increasing its central pressure. The isobaric surface
used in this case for determining the medicane affected area was 1,000 hPa. The area
studied (of about 510,000 km?) and the cyclone track, together with the mean 1998—
2016 chlorophyll-a concentration for December, are shown in Figure 1a. The major
part of the study area has been characterized as no blooming and its southwestern part
as coastal [33].
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Figure 1 (a,b). (a) The study area together with the mean 1998-2016 chlorophyll-a
concentration for December and the medicane’s track. Day and hour refer to the
white dots while the red dot denotes the minimum pressure; (b) Sea surface
temperature (SST) differences between 11 and 17 December 2005.
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Figure 1 (c,d). (c) Chlorophyll percentage differences between the maximum
concentrations of 5 days after the event (15-19 December 2005) and 5 days before
(7-11 December 2005), P denotes the area of large chlorophyll increase referred in
the text; (d) Same as (c) for the 5 days after the event and December 1998-2016
climatology.

SST differences between 11 and 17 December 2005 (Figure 1b)—3 days before and
after the central day of the event (14 December)—revealed a drop over 95.5% of the
area and presented differences <—1 °C for 40.6% and <—1.5 °C for 9.3% of the area.
The region near the medicane’s track and south of it, i.e., over the right side of the
track, presented the maximum SST drop.

The differences between the maximum chlorophyll concentration of 5 days after the
event (15-19 December 2005) and 5 days before the event (7—11 December 2005) are
given in Figure 1c; 77.5% of the study area presented an increase in chlorophyll
concentration, while over 30.4% of the area chlorophyll percentage increases were
>50% and over 8.6% were >100%. It is noted that a large proportion of chlorophyll
increases exceeding 50% was observed over the open sea and not near the coastal
areas, especially over the oligotrophic southeast part of the study area. The absolute
chlorophyll differences >50% (that could be considered as significant) were found for
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31.9% of the study area and were by 95.3% increases. The comparison between the
chlorophyll concentrations of the 5 days that followed the event with the 19-year
climatological values for December is shown in Figure 1d. Chlorophyll values after
the medicane’s passage were greater than the climalogical ones for 63.0% of the area;
these increases were >50% for 10.1% of the area, while more than doubled
concentrations were observed for 2.2%. The absolute differences >50% covered
10.5% of the area and were by 96.2% increases. It is noted that over 76% of the area
that presented a drop in SST (as presented in Figure 1b), a chl-a increase was
observed. The maximum 10 m wind speed during the episode and the total
precipitation between 12 and 16 December 2005—maximum values were recorded
during the episode—are given in Appendix A (Figure Al). The large southeastern area
of more than doubled chlorophyll concentrations was mainly affected by high winds
and presented a decrease of 1 to 2 °C in SST; these findings denote that upwelling and
wind mixing were the mechanisms that caused the observed chl-a increase. There are
regions of significant chlorophyll increases that were affected by high winds and/or
extreme rainfall. The northern coastal areas were affected by large precipitation
amounts plus high winds, while SST presented a smaller decrease or a slight increase;
the chlorophyll increase of this area should rather be attributed both to nutrients
brought by precipitation and/or river discharges and wind mixing processes. An
important chl-a decrease was observed over the southwest of the study area in a
region of generally high concentrations that was affected by both large precipitation
amounts and very high winds. The means of the maximum chlorophyll concentrations
observed before and after the event for the open oligotrophic sea area were found to
differ in a statistically significant way; they were 0.070 mg/m® and 0.087 mg/m?
respectively, revealing a 24.3% increase, while SST mean dropped by 1.1 °C.

Chlorophyll percentage differences between the week after the event (19-26
December 2005) and the week before the event (3—10 December 2005) showed an
increase for 81.7% of the area, with increases >50% covering 20.7% and those
>100%, 3.7% of the area; the absolute differences >50% referred to 21.6% of the area
and were by 95.7% increases (Figure A2a). These differences revealed that the
enhanced chlorophyll concentrations were sustained and further confirmed, as the
daily data did, that the largest chlorophyll increases were not observed along the
medicane’s track but over neighboring regions. Chlorophyll concentrations during the
week after the event compared to December climatology (Figure A2b) were greater
for 46.3% of the area, with the absolute differences above 50% referring to 3.3% of
the area and being by 94.4% increases.

Over a 50 km width area along the medicane’s track and for the area of chlorophyll
increase marked with P in Figure 1c, mean chl-a and SST values were computed for
the time period 7 to 19 December. For the area along the track of 14 December
(Figure 2a) SST decreased by 1.5 °C and chl-a increased by 36.4%; for the area along
the track of 15 December (not shown) the decrease in SST was 1.6 °C and the
increase in chlorophyll 52.6%; the P area (Figure 2b) presented a cooling of 2.5 °C
and an increase in chlorophyll of 51.6%. In all cases the SST drop began before the
main day of the event, became more abrupt just before or during it and continued after
it; chlorophyll mainly increased during the event or just after it while an increasing
trend 2 days before was also implied (Figure 2b).
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Figure 2. Mean chlorophyll concentration and SST for the time period centered on the
event examined (a) For the 50 km width area along the cyclone’s track on 14
December 2005; (b) For the area of chlorophyll increase marked with P in Figure 1c.

3.2. The Medicane of 4 December 2008

The cyclone of 4 December 2008 has been identified as a medicane with a minimum
pressure of 990 hPa [14]. According to the model analysis used here, the minimum
pressure was 986.7 hPa and the maximum 10 m wind speed 20.43 m/s; the pressure of
995 hPa was used for delineating the affected area. The phenomenon took place over
the lonian Sea between Italy and Greece; the cyclone was formed east of Sicily,
gained its minimum pressure and moved north-northeastwards.

The study area of about 125,000 km? along with the track of the medicane and the 19-
year monthly chlorophyll climatology map are shown in Figure 3a. The area studied
here has been characterized, in general, as non-blooming with some intermittently
blooming parts [33].

SST differences 3 days before and after the event (between 1 and 7 December 2008)
are presented in Figure 3b; they revealed a decrease over 72.2% of the area, with
values <—1 °C for 4.6% and <—1.5°C for 0.6% of the data. The SST decrease, in this
case, was much smaller than the one of the previous case and did not present a
concrete pattern.

Chlorophyll concentration differences between the maximum values of 5 days after
the event (28 November—2 December 2008) and 5 days before it (5-9 December
2008) were increases for 79.1% of the area (Figure 3c), while 26.2% of the area
presented increases >50% after the event and 6.7% more than doubled concentrations.
Absolute chl-a differences >50% referred to 27.8% of the data and were by 94.1%
increases; many of them were observed over the open sea area presenting oligotrophic
climatic characteristics. Over 58.8% of the area of SST decrease (presented in Figure
3b), an increase in chlorophyll was observed. The maximum chlorophyll
concentrations of the 5 days after the event, compared to December climatology
(Figure 3d), were found higher for 73.1% of the area, with differences >50% for
13.3% and more than doubled values for 3.8% of the data; the absolute differences
>50% referred to 13.4% of the data and they were increases by 96.0%. In this case,
the increase in chlorophyll concentration was observed along the medicane’s track as
well as in some coastal areas; similar to the previous case examined, chlorophyll
increases were found to be significant over the open sea. A region over the
southwestern part of the study area presented a significant chlorophyll decrease; it is
surprising that chl-a concentration after the event was still greater than the
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climatological value. The maximum 10 m wind speed during the event and the
precipitation sum of 3 to 5 December 2008 are shown in Figure A3. It is noted that the
highest rainfall amount was recorded on 3 December, i.e., one day before the cyclone
gained its tropical characteristics. A large part of the open sea that presented a large
increase in chlorophyll concentrations was affected by both strong winds and heavy
precipitation, while the coastal areas mainly by large rainfall amounts. Taking in mind
that the SST decrease, in this case, was quite low, the increase in chlorophyll could be
mainly attributed to mixing processes due to the very strong winds plus nutrients from
rain. For the open sea oligotrophic area, the difference of the mean chl-a concentration
before and after the event was again statistically significant. The values were 0.083
mg/m® before and 0.110 mg/m® after the cyclone, revealing a 32.5% increase;
however, SST mean dropped by only 0.1 °C.
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Figure 3 (c,d). (c) Chlorophyll percentage differences between the maximum
concentrations of 5 days after the event (5-9 December 2008) and 5 days before (28
November—2 December 2008), P denotes the area of large chlorophyll increase
referred in the text; (d) Same as (c) for the 5 days after the event and 1998-2016
December climatology.

The week after the medicane (10-17 December 2008) compared to the one of the
event (2-9 December 2008) presented chlorophyll increases mainly over the
neighboring areas to the track (Figure A4a). The observed increases covered 73.4% of
the area, they exceeded 50% for 15.8% and referred to more than doubled
concentrations for 4.2% of the area; the absolute differences >50% were present for
16.1% of the data and they were by 97.9% increases. Chlorophyll concentration
differences of the week after the medicane and the one before (24 November—1
December 2008) (not shown) revealed an increase for 96% of the area (increases
>50% for 55.2% and >100% for 12.2%, while the absolute differences exceeding 50%
that referred to 55.2% of the data were all increases); however, the time difference
between these two weeks is quite large. The chl-a concentrations of the week after the
event compared to the climatological values (Figure A4b) were found higher for
83.6% of the area, and the increases exceeded 50% and 100% for 17.7% and 3.8% of
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the data, respectively; the absolute differences >50% referred to 17.8% of the data and
they were by 99.5% increases.

Mean daily chl-a concentration and SST for the 50 km width area along the
medicane’s track and for the P area of Figure 3c were computed for the time period 28
November to 9 December. A decrease in SST of 1 °C plus an increase in chlorophyll
of 55.6% for the along-track area and of 1.2 °C and 128% respectively for the P area
were observed (Figure 4). The SST drop began a few days before the event while
chlorophyll started increasing during it.
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Figure 4. Mean chlorophyll concentration and SST for the time period centered on the
event examined (a) For the 50 km width area along the cyclone’s track on 14
December 2008; (b) For the area of chlorophyll increase marked with P in Figure 3c.

3.3. The Medicane of 7-8 November 2014

The medicane of 7-8 November 2014 has been named Qendresa by the Free
University of Berlin and has been studied several times [9,38]. It was formed south of
Sicily on 7 November 2014 and made landfall at Malta on 7 November and at eastern
Sicily on 8 November; a minimum mean sea level pressure of 984 hPa was recorded
at Malta [38]. According to the model analysis used here the minimum pressure was
991.6 hPa and the maximum 10 m wind speed 23.15 m/s; for determining the study
area the isobaric surface of 1,000 hPa was used.

In Figure 5a, the cyclone’s track and the study area (about 160,000 km?) along with
the November chlorophyll climatology are shown; this area has been, in general,
characterized as a non-blooming one [33].

SST differences between 4 and 10 November 2014—3 days before and after the
event—presented a decrease for 96.9% of the area and they were <—1 °C for 49.9%
and <—1.5 °C for 20.8% of the area (Figure 5b); these decreases were the largest of the
cases examined in this paper, and the maximum ones were mainly observed over the
right side of the cyclone’s track.

The differences in maximum chl-a concentrations between 5 days after the event (9—
13 November 2014) and 5 days before it (1-5 November 2014) that are shown in
Figure 3c revealed an increase in chlorophyll for 91.1% of the study area; this
increases exceeded 50% for 39.9% of the data, and the values were more than doubled
for 10.5%. It is noted that over 89.4% of the area that presented SST decrease
(presented in Figure 5b) an increase in chlorophyll was observed. The absolute chl-a
differences >50% referred to 39.9% of the data and they were all increases. The chl-a
concentrations of 5 days after the event compared to November climatology (Figure
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5d) revealed higher values for 93.3% of the area, that were >50% and >100% for
29.1% and 4.4% of the data, respectively. The absolute chlorophyll differences >50%
between the 5 days after the event and climatology were 29.1% of the data, and they
were all increases. Both the above comparisons showed larger chlorophyll increases
over the right side of the cyclone’s track and over the oligotrophic open sea. The
maximum 10 m wind speed during the event and the total precipitation for the period
6-8 November 2014 are given in figure A5; it is noted that the higher rainfall amounts
were recorded the day before (6 November) the cyclone gained its tropical
characteristics. The area of the larger increase in chlorophyll (on the right side of the
track) coincided with the area of the stronger winds and the higher precipitation
amounts; in this case, the increased chlorophyll concentrations should rather be
attributed to both upwelling and mixing processes plus the favoring role of
precipitation. The mean chl-a concentrations, for the open sea oligotrophic area,
presented a statistically significant difference before and after the event; the averaged
chlorophyll value was initially 0.075 mg/m* and reached 0.119 mg/m®, revealing a
58.7% increase. The SST mean decreased by 1.1 °C.
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Figure 5 (c,d). (c) Chlorophyll percentage differences between the maximum
concentrations of 5 days after the event (9—13 November 2014) and 5 days before
(1-5 November 2014), P denotes the area of large chlorophyll increase referred in
the text; (d) Same as (c) for the 5 days after the event and 1998-2016 November
climatology.

The chlorophyll differences between the week after the event (9—16 November 2014)
and the week of the event (1-8 November 2014) that are given in Figure A6a,
revealed increases for 94.8% of the area. These increases were >50% for 41.3% of the
data and >100% for 6.9%; the absolute percentage differences exceeding 50%
referred to 41.3% of the data, and they were all increases. Comparing the chlorophyll
concentrations of the week after the medicane with November climatology (Figure
A6b), the values were higher for 95.5% of the area, with differences >50% for 18.8%
of the data and >100% for 0.5%; the absolute percentage differences exceeding 50%
referred to 18.8% of the area and they were all increases.

Over the 50 km width area along the cyclone’s track on 7 December and for the P area
of Figure 5c that presented a significant chlorophyll increase, mean values were
computed for chl-a and SST on a daily basis for the time period 1-13 November.
Over the along-track area (Figure 6a) SST decreased by 1.8 °C and chl-a increased by
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47.5%; the P area (Figure 6b) presented a decrease of 2.5 °C in SST and a chl-a
increase of 145%. In this case also, the SST drop began before the main day of the
event and continued a few days after it; chlorophyll increased during and after the

event.
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Figure 6. Mean chlorophyll concentration and SST for the time period centered on the
event examined (a) For the 50 km width area along the cyclone’s track on 7 November
2014; (b) For the area of chlorophyll increase marked with P in Figure 5c.

4. Discussion

In all three cases studied, a post-medicane increase in surface chlorophyll
concentrations was observed over a large percentage of the affected area. This
chlorophyll increase, during the time period after the medicanes’ passage, was
revealed by the calculations performed both on a daily and weekly basis. The
comparison between the chlorophyll concentrations after the events and the respective
monthly climatology revealed higher values after the events over large areas as well.
The relevant results are summarized in Table 1. If absolute percentage chlorophyll
differences exceeding 50% are considered as more reliable (their percentage of
increases are given in parenthesis in Table 1), chlorophyll increases characterized the
whole study areas. It is noted that the 7-8 November case presented the wider area of
chlorophyll concentration increase after the event. Analogous results can be derived
by the chlorophyll values averaged over the open sea oligotrophic areas, the along-
track areas and the areas presenting enhanced chlorophyll increases (P areas); in Table
2 the percentage increases in chlorophyll for these areas, during an ~11-day time
interval centered on the cyclone passage, are shown . A decrease in SST was also
observed in all cases; the SST differences between the values 3 days before and after
the event, presented a decrease over 95.5%, 72.2%, and 96.9% of the area,
respectively for the three cases examined. SST, during these days, dropped by more
than 1 °C over 40.6%, 4.6%, and 49.9% of the study area for the three cases. The
averaged SST values over the track areas and the P areas, during the ~11-day time
interval centered on the medicane, revealed a more pronounced SST decrease; these
decreases are summarized for all cases in Table 2. Again, the larger SST decrease (as
the increase in chlorophyll) referred to the 7-8 November 2014 case, although the 13—
15 December 2005 event presented a comparable SST drop.
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Table 1. Chlorophyll increases in percentages of the affected area for the three
medicanes, as revealed by the 5-day (5d) and the weekly (w) chlorophyll data before
and after the event. The percentages of absolute chlorophyll differences exceeding
50% that were increases are given in parenthesis.

Medicane Chlorophyll Increase Chlorophyll Increase

after-before (Area %) after-Climatology (Area %)
13-15 December 5d: 77.5 (95.3) 5d: 63.0 (96.2)
2005 w: 81.7 (95.7) w: 46.3 (94.4)
4 December 2008 5d: 79.1 (94.1) 5d: 73.1 (96.0)
w: 73.4 (97.9) w: 83.6 (99.5)
7-8 November 2014 5d: 91.1 (100) 5d: 93.3 (100)
w: 94.8 (100) w: 95.5 (100)

Table 2. Chlorophyll percentage increase and SST decrease of their averaged daily
values during a time period of ~11-days centered on the event, for the oligotrophic
open sea area, the 50 km width along-track area, and the areas of positive
chlorophyll differences (P-areas).

Medicane/Areas Chlorophyll Increase SST Decrease
(%0) (°C)
13-15 December 2005
14 Dec track area 36.4 15
15 Dec track area 52.6 1.6
P area 51.6 2.5
Open sea area 24.3 1.1
4 December 2008
4 Dec track area 55.6 1.0
P area 128 1.2
Open sea area 32.5 0.1
7—8 November 2014
7 Nov track area 475 1.8
P area 145 2.5
Open sea area 58.7 1.1

Over near coast regions, characterized by higher chl-a climatological values than the
rest of the study area, a significant decrease in chlorophyll concentrations was locally
recorded in two cases (December 2005 and December 2008). Such a decrease has also
been observed in a similar study for a coastal Pacific region [28], and the destruction
of phytoplankton cells caused by the strong cyclone shear has been proposed as a
possible reason [39]. Low chlorophyll concentrations have also been resulted for shelf
regions from a model simulation study and have been attributed to upwelling of water
originating below the mixed layer and characterized by decreased chl-a content [40].
A credible explanation could also be that water from the open sea is transferred into
these areas due to the extreme phenomenon and reduces chlorophyll concentrations
[41] or that the reinforced prevailing winds shift waters of high chlorophyll to the
open sea. Concerning SST, it has been documented that hurricanes cause a decrease of
several degrees by deepening the MLD some tens of meters [32]. They are expected
to induce the largest SST drop on the right side of their track (northern hemisphere),
where the winds are more intense, and the upwelling is maximized [31,32,42,43].
Such a pattern has been the result of a model study along with the maximum MLD
[40] and has been observed in studies of tropical cyclones in respect to their influence
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on chlorophyll concentrations [22,25] coinciding with the regions presenting higher
chlorophyll increases. Similarly, in all cases studied here, the stronger winds were
also found on the right side of the medicanes’ track; however, the maximum cooling
was observed over this area in two out of the three cases. In the case of 4 December
2008 where the above characteristic was absent, the lower SST drop was induced over
the affected area. In addition, this medicane moved rather faster compared to the
others. For the tropical cyclones has been suggested that their speed is negatively
related to their cooling effect [44], while model results have shown that slower
moving storms induce deeper mixed layers [40]. An analogous pattern, with larger
chlorophyll increases on the right side of the track, is implied by the results of this
study and is clear enough for the 7-8 November case. It is noted that a quite large
portion of the areas exhibiting a decrease in SST presented an increase in chlorophyll
as well, 76%, 58.8%, and 89.4% for the three cases, respectively; the lower value
refers to the 4 December 2008 case which was characterized by the smaller SST drop.
In tropical cyclone cases, an abrupt SST drop coincides with the passage of the storm
and SST continues decreasing after it. In the cases studied here, SST started
decreasing some days before the event. This fact could be anticipated since upper-
level disturbances that bring colder air masses pre-exist the formation of medicanes;
another reason could be the mixing caused by the strong winds that prevail before the
cyclone center reaches an area.

Comparisons in chlorophyll variations between the results of the present study and the
ones for tropical cyclones could be made with the hurricane cases that have affected
oligotrophic Atlantic regions. In a study of 13 hurricanes, for values averaged over the
along-track area (a much wider area than the one examined here), chlorophyll increase
exceeded 50% for only three of them [23]. These values are comparable with the
results of the current study, even for the wide oligotrophic open sea areas (Table 2).
However, while in hurricanes’ cases, the maximum chlorophyll concentrations have
been locally found much higher than the averaged values, the latter is not observed
here. It is noted that in the same study [23], the largest SST drop was 2.6 °C; such a
value was observed here over the P areas of two cases (Table 2). In addition, a cooling
of 2 °C and a chlorophyll increase of 26.1%, averaged over a large area of maximum
changes, has been reported for a hurricane that affected the northeast Atlantic
oligotrophic area [27], similar to the results of the present study. All the above
mentioned indicate that tropical-like Mediterranean cyclones can also cause
significant chlorophyll increases; these increases are comparable to the ones caused
by hurricanes, though on smaller scale likewise the intensity of medicanes compared
to the one of hurricanes.

Although there is a lack in the daily available chlorophyll data (especially for the day
before the event), chlorophyll seems to start increasing during the medicanes’
approach, passage or just after it. Increased chlorophyll concentrations were observed
the days after the event in a large portion of the affected area, revealed as well by the
relevant calculations of the week that followed. An increase in chlorophyll that
initiated during the hurricanes’ passage with the high chl-a values lasting for the
following weeks have also been reported for cases in oligotrophic Atlantic waters
[23]. It is also noted that model experiments have shown that the center of the storm
lags the area of increased chl-a by several kilometers [40].
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The open sea areas, where a large percentage of chlorophyll increase was observed,
were usually impacted by both strong winds and high precipitation amounts;
regarding the P areas examined, the one of the 13-15 December 2005 case was
mainly affected by strong winds. The open sea areas presented a decrease in SST by
more than 1 °C and the P areas up to 2.5 °C. The role of precipitation in increasing
chlorophyll by adding nutrients from the atmosphere seems more significant over
coastal areas that were also affected by land runoff and river discharges.

The main mechanisms that have been proposed to explain the increased chlorophyll
concentrations following tropical cyclones, are the cyclone-induced upwelling and the
wind mixing; they cause a breakdown of the water column stratification and deepen
the mixed layer, resulting in inducing nutrients from deeper layers to layers near sea
surface, enhancing, therefore, phytoplankton growth. It has been found that the
amount of nutrients (e.g., nitrate) that are brought from the deeper layers under the
influence of a storm and can further support primary production and chl-a increase is
smaller for faster moving, less intense, and less extensive storms [40]. The
procedures of upwelling and mixing, mentioned above, have also been proposed for
hurricanes affecting the oligotrophic Atlantic waters [23], where the highest
chlorophyll increases have been found in September and October, i.e., in time periods
when the stratification starts breaking down; in a November case, when the MLD is
the deepest of the hurricane season, a chl-a increase <20% has been found. The MLD
of the region examined in the above-mentioned study is up to ~40 m in September, up
to ~60 m in October and ~80 m in November [45]. The mechanisms of cyclone
induced upwelling and wind mixing could also be valid here. The MLD is ~40-100 m
for the study area of 13-15 December 2005 event, ~40—70 m for the area affected by
the 4 December 2008 cyclone and ~20-50 m for the one of 7-8 November 2014
[46,47]. In the medicanes’ affected regions studied, the water column stratification
also starts collapsing mainly by the end of fall and the beginning of winter; the MLD
is in general maximized during February while it is still quite shallow during the time
periods studied here [46,47]. Under these circumstances, it is possible that the MLD
deepens under the influence of the cyclone-induced upwelling and the strong winds’
mixing, causing the SST to drop and importing nutrients to the upper layers from
below, enhancing primary production. Note that in the case of 7-8 November 2014,
characterized by the shallower MLD, the most pronounced chl-a increases were
observed.

An additional cause that has been documented for the increased chlorophyll
concentrations caused by a hurricane’s passage is an upward phytoplankton
entrainment from the deep chlorophyll maximum (DCM) [22-24]. The above is
further supported by the model study of [40] where the initial chlorophyll increase has
been resulted from its redistribution within the mixed layer; the significance of the
quite comparable depths of the DCM and the after-storm MLD for larger chl-a
increases has been highlighted. Since Mediterranean is characterized almost all year
long (with the exception of the end of winter) by a DCM in depths of 30 m in its
western parts and up to 120 m in its eastern parts [48], such a procedure could have
also taken part here. The favoring role of heavy rainfall in chlorophyll increase that
has also been proposed in some studies [22,27] cannot be underestimated here since in
many areas of increased chl-a concentrations large precipitation amounts were
recorded; this is especially valid for the coastal areas as mentioned earlier.
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5. Conclusions

The main results of this paper where three tropical-like Mediterranean cyclones (one
November case and two December cases) were examined in respect to their influence
on surface marine chlorophyll concentrations, could be summarized as follows:

(@) An increase in chlorophyll concentration was observed after the medicanes’
passage in all cases exceeding 73.4% of the study area;

(b) Chlorophyll post-medicane values that were greater than the climatological
ones referred at least to 46.3% of the affected area and in most cases to much wider
regions, showing the significant influence of medicanes on the Sea’s phytoplankton
abundance and primary production;

(c) The above percentages were extremely high when absolute chlorophyll
differences exceeding 50% were concerned;

(d) A drop in SST was observed which initiated some days before the event;

(e) The November 2014 case presented the largest chlorophyll increases, that
were mainly observed on the right side of the cyclone’s track, and the most
pronounced SST cooling;

(F) The possible mechanisms for the observed chlorophyll increase caused by
medicanes could be the cyclone induced upwelling and the wind mixing processes, a
possible chl-a entrainment from the DCM plus a complementary favoring role of
heavy precipitation at places;

(9) The increase in chlorophyll was comparable, though on smaller scale, to the
one caused by hurricanes in oligotrophic environments.

The present study explored for the first time the influence of the tropical-like
Mediterranean cyclones on the Sea’s surface chlorophyll concentration. The findings
showed that, though medicanes are of lower intensity compared to hurricanes, they
also cause significant chlorophyll increases.
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Appendix A

Here are given the maximum 10 m wind speed during the events, the total
precipitation (of one day before each event till one day after) and the chlorophyll
differences of the week after each medicane from the one before or during the event
as well as from the monthly climatology.
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Figure Al. (a) Maximum 10 m wind speed during the medicane of 13-15
December 2005; (b) Precipitation sum for 12—-16 December 2005.
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Figure A2. (a) Chlorophyll percentage differences between the week after the event
(19-26 December 2005) and the week before the event (3—10 December 2005); (b)
Chlorophyll percentage differences between the week after the event (19-26
December 2005) and the climatological mean values for December.
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Figure A3. (a) Maximum 10 m wind speed during the medicane of 4 December
2008; (b) Precipitation sum for 3-5 December 2008.
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Figure A4. (a) Chlorophyll percentage differences between the week after the event
(10-17 December 2008) and the week of the event (2-9 December 2008); (b)
Chlorophyll percentage differences between the week after the event (10-17
December 2008) and the December climatological mean values.
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2014; (b) Precipitation sum for 6-8 November 2014.
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Figure A6. (a) Chlorophyll percentage differences between the week after the event
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5. Relations between Sea Surface Chlorophyll
Concentrations
and
Meteorological Parameters
on a Monthly Basis
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5.1. Introduction

This part refers to the possible relations between sea surface chlorophyll
concentration and selected meteorological parameters.

As a first step the examination of two regions characterized by different chlorophyll
regimes, the Rhodes Gyre and the Cyclades Plateau, was performed. The chlorophyll
variations were assessed in respect to the parameters of SST, wind speed,
temperature, precipitation and MSL pressure, for a 10-year period and the month of
March. The study was published in a peer-reviewed journal.

A limited relevant study was also carried out referring to the winter period of 2014
and 2015 that were characterized by different weather conditions. Although it formed
part of a preliminary research, this study was presented in an international conference.

Based on the findings of the above mentioned work, the research ended up with a
more ‘climatic approach’ in assessing the possible relations between meteorological
factors and sea surface chlorophyll concentrations. It took advantage of the longest
available (1998-2016) homogenous time series of satellite derived chlorophyll data
plus a reanalysis dataset for the meteorological variables. Correlations between
chlorophyll and meteorological parameters were estimated for the Eastern Med Sea,
discriminating between seasons and including the rarely studied parameters of wave
height, MSL pressure and precipitation. The trends of all parameters were also
calculated. However, the period examined, determined by the chlorophyll data
availability, is far from what is called the “average of weather” or climate in
Meteorology. According to the World Meteorological Organization (WMO), a 30-
year period is at least needed for describing the behavior of the atmosphere and the
distribution of  meteorological parameters including anomalous events
(http://www.wmo.int/pages/prog/wcp/ccl/documents/GUIDELINESONTHEDEFINTI
ONANDMONITORINGOFEXTREMEWEATHERANDCLIMATEEVENTS 09032
018.pdf, assessed on 15/7/2019).
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5.2. Chlorophyll-a variations in terms of meteorological
forcing: The Rhodes Gyre and Cyclades region

ABSTRACT

In the eastern Mediterranean Sea, characterized in general as an oligotrophic area,
there are regions like the Rhodes Gyre revealing strong early spring blooms and
others like the Cyclades plateau where no blooms are observed but gradual
chlorophyll-a increase from autumn to spring, with maximum values usually reached
in March. Meteorological factors such as wind and precipitation are considered to
influence marine productivity. The above mentioned regions are examined for the last
decade - focusing on March - in order to assess chlorophyll-a variations in terms of
meteorological forcing. Monthly satellite data for chlorophyll-a concentrations and
meteorological datasets were used and processed in the framework of a Geographical
Information System (GIS). Cases of extended blooms over Rhodes Gyre and of small
but significant chlorophyll-a variations over Cyclades region were detected.
Precipitation, wind speed, air temperature, sea surface temperature and mean sea level
pressure were investigated as factors affecting chlorophyll-a increase and some of
them were found to have important and complementary influence. High wind speed
values and considerable precipitation amounts, combined with low mean sea level
pressure and quite low sea surface temperatures were revealed as prerequisites for
high chlorophyll-a concentrations and blooms. In addition, the absence of
precipitation or very low wind speed values could prevent the formation of a bloom.

KEYWORDS: satellite data, precipitation, wind, temperature, mean sea level
pressure, GIS

Kotta D. and Kitsiou D. (2014) Chlorophyll-a variations in terms of meteorological forcing:
The Rhodes Gyre and the Cyclades region. Fresenius Environmental bulletin, 23(12a):
3131-3139.
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1. INTRODUCTION

Phytoplankton which provides a sink for atmospheric CO, through photosynthesis, is
a particularly good indicator of climate change in the marine environment [1]. It has
been also proven to be an indicator for assessing marine ecosystems’ response to
external forcing [2]. Its variability influences all higher trophic levels, since shifts in
climatic conditions can generate changes in marine communities [3, 4], leading to
economic and financial impacts. Therefore, chl-a concentrations on water masses,
which indicate the presence of phytoplankton species, their alterations and the related
reasons are a matter of continuous research. During the last decades, satellite sensors
measure ocean colour, providing information up to a few tens of meters depth [5],
estimating chl-a [6] as a good proxy for primary production [7], therefore making data
available over extended areas that is impossible to acquire with in situ measurements.

The Mediterranean basin is one of the less productive seas of the world, especially in
its eastern part [8], and follows the subtropical model for primary production, which is
nutrient-limited over its largest part [9]. Thus, among the important factors for
phytoplankton growth, such as temperature, light and nutrients, the latter is considered
to be of high importance. The basin presents high biodiversity and undergoes
alterations due to climate change and human pressure [10]. Quite recent results
showed that phytoplankton abundance was significantly affected by temperature
changes [11]. Since the area has been identified as a ’hot spot” regarding climate
change projections [12], research on chl-a concentrations in relation to meteorological
factors and environmental variables is of great importance.

A wide range of studies have assessed the relationship between meteorological
conditions and phytoplankton blooms locally over Mediterranean [13-17], in
particular over coastal and near shore areas. Sea surface temperature (SST) has been
widely used to identify areas of high primary production [18, 19]. Negative
correlations between high chl-a concentrations and SST were detected [20] and
related to potential fishery locations [21]. Winds influence primary productivity in the
Mediterranean [14,16], especially through wind-induced upwelling [22, 23].
Precipitation has been identified as a factor affecting phytoplankton, mainly due to
nutrient input from atmosphere and/or land into sea water [24, 25], thus favouring its
growth. However, precipitation’s effect on primary production has been mainly
studied over coastal areas and the nutrient input has been attributed to agricultural
[26] and river runoff [23, 27]. In addition, statistical methods have been applied to
identify relationships between chlorophyll concentration and environmental variables
in the Mediterranean [28], suggesting that atmospheric forcing varies depending on
the area and the temporal and spatial scale.

The aim of the present study was the detection of relationships between chl-a
concentrations and selected meteorological parameters in the marine environment;
locally, over different areas and on a specified and significant for the primary
production time period. In order to minimize the influence of other parameters, the
study was focused on areas characterized by low human and land pressure. The
meteorological impact was assessed in two contrasting areas during the high
productive period. The first area was the Rhodes Gyre in the Levantine basin that is
one of the most productive regions of the Mediterranean Sea, revealing a sporadic late
winter/early spring bloom [29]. The second area was the Cyclades plateau in the
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Aegean Sea which represented a typical oligotrophic area [29]. The study was carried
out over a 10-years period for the month of March, when the Rhodes Gyre bloom is
observed and relatively high chl-a concentrations characterize the Cyclades area [30,
31]. The meteorological parameters of precipitation, 10m wind speed, 2m air
temperature and mean sea level (msl) pressure as well as SST were selected for
assessing their possible impact on primary productivity. According to authors’
knowledge, such different regions have not been examined in terms of meteorological
forcing on primary production in the past. In addition, there is limited bibliography on
the influence of the msl pressure on chl-a variations, especially at local scales.

2. MATERIALS AND METHODS

2.1 Study areas

GREECE -

ﬁ%__ “}riﬁ ' iR TURKEY
= . 2 - o ‘_" -
" = Cyclades / L .
/ region . - -
e

FIGURE - 1. The study areas of Rhodes Gyre and Cyclades region as seen upon a March chl-
a climatology map.

The study areas are shown in Fig. 1. The Rhodes Gyre is a cyclonic feature of the
eastern Mediterranean circulation, where upwelling of nutrient-rich deep waters cause
higher primary production. It is characterized by a strong early spring bloom which
has a short lifetime, and its annual primary production is comparable to the productive
north-western Mediterranean [31]. The region’s maximum chl-a concentrations was
detected in March based on SeaWiFS data sets (1998-2003) [30], and the latter was
confirmed by MODIS 2003 - 2012 monthly climatology data in the current study (not
shown). On the other hand, the Cyclades region is characterized by a gradual chl-a
increase from autumn to early spring [30]. It is worth-mentioning that the area is
minimally affected by riverine nutrient loads as well as by anthropogenic ones, as
there is no significant agricultural activity and the population is quite limited,
especially during winter. Rhodes Gyre was classified as an “intermittently blooming”
area, based on K-means cluster analysis [29], as intermittently blooms are observed in
early spring — March, while Cyclades is a “non-blooming” area. The present study
focused on March during the period 2003-2012.
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2.2 Datasets

The satellite chl-a data were retrieved from myOcean project (www.myocean.eu),
specifically the monthly interpolated means of surface chlorophyll (resolution 1.1
km). In addition, the standard monthly and monthly climatology products from Level
3 Browser of Aqgua MODIS chlorophyll concentration (resolution 4 km) were
acquired from the NASA OceanColor Website (http://oceancolor.gsfc.nasa.gov).
Although the latter are affected by a calibration problem in the Mediterranean Sea,
their use for detecting monthly trends could not affect the results significantly [29,
32]. For the Rhodes Gyre, data from both myOcean and OceanColor led to similar
conclusions; the results presented herein are from the processing of Ocean-Color
datasets. For the Cyclades region, where the chl-a variations are small, the finer
resolution myOcean data are presented here.

The meteorological data are numerical weather products from the ERA Interim Re-
analysis project (grid 0,125° x 0,125° of the European Centre for Medium-Range
Weather Forecasts (ECMWF - www.ecmwf.int). Monthly means of daily means data
were used for 10m wind speed, sea surface temperature (SST), 2m temperature and
msl pressure, and monthly means of daily forecast accumulations for precipitation. In
addition, Hellenic National Meteorological Service (HNMS) station data were used to
reveal trends of the meteorological parameters and their interconnections.

The parameters of SST and 2m temperature were selected as proxies of the water
column stratification — high temperatures could lead to strong stratification preventing
nutrient supply from deeper layers, thus altering the main factor for phytoplankton
growth. Precipitation was selected because it is also related to nutrient input. Wind
speed was studied, since it is considered as an important factor influencing marine
primary production. Finally, msl pressure was also included in the analysis as a
possible factor affecting chl-a variations at local scales.

2.3 Methodology

The monthly satellite and meteorological data sets for every March of the 10-years
period 2003 — 2012 were organized and processed in a GIS environment. For each
area and for all parameters, maps of the 10-years mean (hereafter climatology) were
computed. The mean monthly values of each parameter over both areas were
calculated and used for the detection of possible relationships between chl-a
concentrations and meteorological factors. For chl-a concentrations, a reclassification
was performed and the percentage of pixels with values higher than climatology mean
and climatology maximum was determined for each March, in order to detect the
spatial extent of the blooming area.

Cases with important differences, such as high chl-a concentrations and extended
bloom area (compared to climatology), or very low chl-a values and limited bloom
area, were initially detected for the Rhodes Gyre. Possible relationships between chl-a
concentrations and meteorological parameters were assessed and further studied in
other cases.

Pearson’s correlation coefficients between meteorological parameters’ mean values
and chl-a concentrations as well as the percentage of pixels with chl-a values higher

Dionysia Kotta TeAlba 142



Influence of Meteorological Factors and Conditions
on Sea Surface Chlorophyll Concentrations

than climatology mean, as a measure of the extent of the bloom, were calculated. A
pixel-by-pixel correlation was performed only for precipitation in the Rhodes Gyre
area.

FIGURE - 2. The Rhodes Gyre region as defined by setting the condition of chl-a pixel
values greater than 0.25 mg/m?® at least for two years in March over the study period.

It should be noted that while the Cyclades plateau is geographically determined, the
extent of the Rhodes Gyre was determined as the area where chl-a values were higher
than 0.25 mg/m®, at least for two years in March during the 10-years’ study period

(Fig. 2).
3. RESULTS

3.1 The Rhodes Gyre

March 2003 March 2004

E Chlvalues < clim_mean - Clim_mean < Chl values < clim_max - Chl values > clim_max
FIGURE - 3. Chl-a concentrations, reclassified in respect to climatology mean and
maximum values, revealing the important differences between March 2003 and March 2004
that could be attributed to different meteorological conditions.

Chl-a concentrations in March 2003 were notably high and the bloom was particularly
extended, while in March 2004, there was no bloom (Fig. 3); also observed by [29]. In
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March 2003, the precipitation was by far higher than climatology, 10m wind speed
was higher, and msl pressure, 2m temperature and SST were lower. At the first place,
one could assume that extensive blooms might be related to such meteorological
parameters’ values.

27.5
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2003/2012 mean 15.6
32.6
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2007 14.4 m msl-1000
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16 = wind
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FIGURE - 4. Mean values of meteorological parameters and chl-a for the years of extended
blooms in the Rhodes Gyre, in respect to 2003-2012 climatology mean.
(chl-a: mg/m®, SST: °C, msl: hPa, precipitation: mm/day, 10m wind speed: m/s)

There were four cases in the study period characterized by extensive blooms: 2003,
2006, 2007 and 2008, where the mean chl-a value for the area was higher than
climatology. In addition, more than 50% of the area exceeded the mean climatology
value, while at least 12% exceeded the maximum. In Fig. 4, the mean chl-a and
meteorological parameters’ values (except 2m temperature) are presented, together
with the mean climatology values of the 10-years’ period. In all cases, 10m wind
speed values were higher than climatology, msl pressure lower, SST lower or equal,
and the precipitation almost equal or higher (except for March 2007). A clear relation
with 2m temperature was not revealed. It could be concluded that for an extended area
where high chl-a concentrations are observed, the following conditions are fulfilled:
high wind speed values, low msl pressure, SST not exceeding the climatology value
and, at least, some precipitation amount.

In Figs. 5 and 6, all the chl-a data and the mean values of the meteorological
parameters of 10m wind speed, precipitation and msl pressure are presented, along
with their mean 10-years’ climatology values and the percentage of pixels with chl-a
values exceeding climatology mean. For March 2005, the low mean chl-a
concentrations and the limited blooming area could be attributed to the low wind
speed value (as all the other conditions were fulfilled) and considered as a limiting
factor for bloom development. In addition, in March 2010, the very limited blooming
area could rather be attributed to the absence of precipitation and not to the fact that
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SST was 0.5 °C higher than climatology (not shown) considering it as another limiting
factor.
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FIGURE - 5. The % number of pixels with chl-a values higher than the climatology mean,
the mean chl-a values (mg/m®) and the mean values of 10m wind speed (m/s) and
precipitation (mm/day) for the study period along with climatology values.
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FIGURE - 6. As in Fig. 5 but for the meteorological parameter of msl pressure (hPa).
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Though the extended blooms of the study period always fulfill the conditions
mentioned above, there is the case of March 2009 where all the conditions were
fulfilled but practically no bloom occurred. Therefore, these conditions seem to be
necessary but not sufficient for the occurrence of a bloom.

The Pearson correlation coefficient between chl-a and meteorological parameters’
mean values resulted, as expected, in positive correlations with precipitation (0.26)
and wind speed (0.42) and negative ones with msl pressure (-0.5) and SST (-0.5).
Small and negative was also the correlation with 2m temperature. The correlations
regarding the percentage of pixels with chl-a values higher than climatology - the
measure of the extent of the bloom — and the meteorological parameters were even
greater. The correlations were higher when the March of 2009 was excluded. The
pixel-by-pixel correlation performed between chl-a values and precipitation resulted
in positive correlations for the 75% of the area with the 10% being above 0.5.

3.2 The Cyclades region

Over this low productive area, only three cases, 2006, 2007 and 2008, presented
higher than climatology chl-a values over more than the 75% of the area. In Fig. 7, the
mean chl-a and meteorological parameters’ values (except 2m temperature) are
presented together with the mean climatology value of the 10-years’ period. In all
cases, msl pressure and SST were lower than climatology, while 10m wind speed and
precipitation were higher or almost equal. It is possible that the very high precipitation
value of March 2006 played a complementary role to the lower than climatology wind
speed, resulting in high chl-a values. The conditions identified in the Rhodes Gyre
area were fulfilled for the Cyclades area as well.
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FIGURE - 7. Mean values of meteorological parameters and chl-a for Cyclades area, in
respect to 2003-2012 climatology mean.
(chl-a: mg/m®, SST: °C, msl: hPa, precipitation: mm/day, 10m wind speed: m/s)
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The Pearson correlation coefficients, for all the study period, of mean chl-a
concentrations or the percentage of pixels with chl-a values higher than climatology,
were negative with SST, positive with precipitation, and negative and particularly
important with msl pressure (-0.7). Surprisingly, correlations with wind speed were
rather insignificant, while with 2m temperature were positive.

4. DISCUSSION

Chl-a and SST were negatively correlated in this study. Negative statistically
significant correlations were found between these two parameters in the
Mediterranean [28] as well as significant negative linear relationships were detected at
local scales [33]. In the Aegean Sea, higher values of chlorophyll concentration
corresponded to lower temperatures, although their variations were not closely linked
[34]. This inverse relationship was also revealed in the present study, confirming that
low phytoplankton abundance is related to water column stratification corresponding
to high SST over intermittently or non blooming areas [35]. On the other hand, in the
absence of stratification, the extent of the mixed layer depth has a strong impact on
phytoplankton dynamics, since it determines both nutrient and light availability [36].
For the Rhodes Gyre, it was stated that the reduced cooling resulted in shallower
mixed layers and thus in weaker blooms [31]; in addition, chl-a maximum values
were detected about a month after the mixed layer depth maximum [37]. Therefore, in
the present study, SST and chl-a could have possibly presented a stronger inverse
relationship, if examined with a monthly gap. For Cyclades region, where the maxima
of mixed layer depth and chl-a are concurrent, the concluded results of the current
study on this relation are safer.

In some cases over the Mediterranean, air temperature presented a negative
correlation with chl-a concentrations [28], while over the Aegean Sea no correlation
was found [34]. No significant correlation was revealed between chl-a and 2m
temperature in the present study: for the Rhodes Gyre region, a small negative
correlation, while over Cyclades the correlation was small and positive. The latter
could be explained through the complementary role of rainfall in primary production,
that in March is usually accompanied by southern winds rising air temperature
(HNMS data base).

Wind speed values were found to be higher than the climatology means in all cases of
increased chl-a concentration. That was not surprising, mainly for the Rhodes Gyre, as
wind is considered to be the most relevant factor influencing phytoplankton blooms,
especially with the presence of cyclonic structures [29]. The two parameters showed
positive correlation at local scales over the Mediterranean [28], since strong winds can
disturb the stratification of the water column and favour its mixing, increasing
primary production by importing nutrients into the euphotic zone. Chl-a concentration
and wind-mixing index (the cube of wind speed) were also found positively
correlated, implying the importance of the wind-induced mixing processes [33]. In the
present study, the two parameters were positively correlated over the Rhodes Gyre
area, where stronger correlations were detected between the extent of the bloom and
wind speed. In the centre of the Gyre, more nutrients from the deeper layers are
brought to the surface due to upwelling, i.e. nitrate was found much higher [38], and
could be transferred by wind induced waves to greater distances over the adjacent
areas; this fact could explain the stronger correlation between wind speed and the
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extent of the bloom. On the contrary, the correlation of the two parameters over
Cyclades was rather insignificant; probably due to the quite stable wind regime of the
area (HNMS station data).

Precipitation amounts higher or equal to climatology values for almost all cases of
high chl-a concentrations and positive correlation between the two parameters were
found. Precipitation over the Mediterranean usually presents a positive correlation
with chl-a (at least in the long run) which is attributed to nutrient supply through
rainfall into the upper layers [28]. In Eastern Mediterranean, atmospheric inputs of N
and P, leading to increase of primary production [39], are an alternative to the vertical
mixing source of nutrients. In addition, the role of precipitation has been indicated to
be significant for nutrient limited areas [40]. Very high precipitation values might
have mostly triggered the chl-a increase over the Cyclades area (March 2006), since
for this quite moderate (and at places mainly over its eastern part) upwelling area [22],
nutrients from precipitation seem to be of great importance.

The very limited blooming area over the Rhodes Gyre (March 2010) could probably
be attributed to the absence of precipitation and, therefore, to low atmospheric
nutrient supply into the upper layers. For the areas studied, chl-a concentration
increase could be also related to the Saharan dust wet deposition - with nutrients
essential for primary production - which peaks over the Eastern Mediterranean in
spring [41].

Chl-a has been related to the sea level pressure of all northern hemisphere in order to
reveal large-scale atmospheric and teleconnection patterns driving its distribution in
the Mediterranean [28]. In the present study, this relation was investigated at local
scales and it is worth mentioning that in all cases, low msl pressures were observed
along with high chl-a concentrations, especially over the Cyclades region. The latter
could be attributed to rain and strong winds related to low msl pressure patterns over
the area (HNMS data base), and needs to be further examined.

In the present study, it was revealed that wind speed, msl pressure and SST values,
higher, lower, equal or lower than climatology, respectively, and considerable
precipitation amounts were related to high chl-a concentrations. However, in the case
of March 2009, though all the above-mentioned conditions were fulfilled, no bloom
occurred over the Rhodes Gyre region. Therefore, these conditions could rather be
characterized as necessary but not sufficient to lead to high chl-a concentrations or
blooms. It should be also noted that for the oligotrophic Cyclades area no such a
deviation was detected. In addition, low msl pressure values along with precipitation
were identified as the most important factors for this region.

HNMS station data for Naxos and Milos (Cyclades area) of the period 1955-2013
during March reveal that temperature presents an increasing trend, precipitation a
slightly decreasing one, while wind speed presents no trend. During last decades,
there is a warming trend in the Aegean Sea along with a decreasing one in monthly
chlorophyll values [34], and a positive sea level pressure trend over the Mediterranean
[42]. According to global and regional climate models and all IPCC
(Intergovernmental Panel on Climate Change) scenarios, for both areas the trends for
future changes are a small decrease of wind speed [43], an increase of sea level
pressure [44] especially over the Cyclades area, an increase of temperature over
Cyclades, and no significant trend over the Rhodes Gyre area [45], along with small
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to large decrease of precipitation [44]. Thus, all conditions identified in the present
study and related to high chlorophyll concentrations are rather expected not to be
fulfilled in the future; a fact, that could lead to significant alteration in primary
production.

5. CONCLUSIONS

The study of the chl-a variations, in respect to selected meteorological parameters,
over an intermittently blooming and a non blooming area, during 10 years focusing on
the increased primary production time period, led to the identification of the following
conditions to be satisfied for high chl-a values over extended areas: higher wind
speed, lower msl pressure, lower or equal SST values compared to climatology, and
considerable precipitation amount. Possible complementary roles of wind speed and
precipitation were detected, in cases where the values of one parameter deviated from
the conditions, but not significantly. Low wind speed values as well as very low
values or absence of precipitation were considered as limiting factors for chl-a
increase. Low msl pressure was always related to high chl-a concentrations, especially
over the oligotrophic area. The conditions revealed by the present study seem to be
necessary but not sufficient to lead to high chl-a values or blooms and, therefore,
should be further assessed over more areas, more extended time series and at seasonal
level, especially in the light of possible climate changes.
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5.3. Variation of Chlorophyll & Concentrations Related to
Winter Weather Conditions

Extended abstract

The Hellenic Seas (Eastern Mediterranean) are in general characterized by low
primary production with chlorophyll « concentration - the indicator of phytoplankton
abundance - being higher in winter and/or early spring. Weather conditions could
influence marine primary production, affecting in some extent the necessary
components of the procedure: light and nutrients; therefore it is considered important
to assess their impact on chlorophyll a concentration.

In this paper, the variation of chlorophyll a concentrations in the Hellenic Seas has
been studied in relation to the different weather conditions of winters 2014 and 2015.
January and February 2014 were milder than 2015, the latter being colder, windier
and especially during February rainier, as revealed by Hellenic National
Meteorological Service data. Chlorophyll « variations were examined through satellite
derived datasets from My Ocean project, based on Mediterranean Ocean Color
algorithms. Air temperature, wind speed and precipitation represented the weather
conditions; the data used were monthly means from the European Center of Medium-
Range Weather Forecasts (ECMWF) Era-Interim reanalysis. Chlorophyll « variations
were also examined in relation to satellite sea surface temperature. All datasets were
stored in a spatial database and processed in the framework of a Geographical
Information System (GIS). The differences of chlorophyll a concentrations between
winter 2014 and 2015 and of the weather related parameters were calculated pixel-by-
pixel for the study area.

In general, it was found that chlorophyll o concentration was higher during winter
2015 than 2014. In particular, almost all the important (above 35%) chlorophyll «
concentration differences between the two years represented increase for 2015. These
differences were beyond 50% over many regions and were positively related to the
higher precipitation amounts and stronger winds detected over most of these areas.
Chlorophyll a concentration increases above 70% for 2015 were also observed; over
the more productive region of the North Aegean Sea, over many coastal areas - fact
that could probably be attributed to terrestrial nutrient input increase due to higher
rainfall - and over the cyclonic Rhodes Gyre region. Variations of chlorophyll « and
sea surface temperature did not show any clear relation.

The results indicated that weather conditions could play an important role in the
variation of chlorophyll o concentrations and furthermore to the primary production,
since large increases in precipitation and stronger winds were related to higher
chlorophyll o concentrations.

Keywords: precipitation, wind speed, temperature, satellite data, GIS, Aegean Sea

Kotta D. and Kitsiou D. (2015) Variation of chlorophyll « concentrations related to
winter weather conditions. 18th International MESAEP Symposium on Environmental
Pollution and its Impact on Life in the Mediterranean Region, Crete, Greece. Abstract
Book, p.270. (Poster presentation)
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Introduction

The Hellenic Seas (Eastern Mediterranean) are in general characterized by low
primary production with high chlorophyll a concentrations observed in winter and/or
early spring [Barale et al. 2008]. Weather conditions could influence marine primary
production in some extent, therefore it is considered important to assess their impact
on the variation of chlorophyll a concentrations [Katara et al. 2008].

In Greece, January and February 2014 were milder than in 2015; the latter being
colder, windier and especially during February rainier. The variation of chlorophyll
concentrations in the Hellenic Seas has been studied related to weather conditions
during these winters.

Chlorophyll « variations were examined through satellite derived datasets from My
Ocean project based on Mediterranean Ocean Color algorithms (www.myocean.eu).
Wind speed and precipitation represented the weather conditions in the study area;
they derived from the European Center of Medium-Range Weather Forecasts
(ECMWEF - www.ecmwf.int) Era interim re-analysis monthly data. Chlorophyll «
variations were also examined in relation to satellite sea surface temperature. All
datasets were stored in a spatial database, processed in the framework of a
Geographical Information System (GIS) and analyzed in a statistical package.

Results

Chlorophyll mean values for the whole study area and for both months between 2015
- 2014 were found statistically significant through a statististical paired t-test.

For January, chl-a concentrations differences (above 35%) represented, in general,
increased values for 2015 in respect to 2014; the larger ones (exceeding 70%) refered
only to increases. These increases seem related to higher precipitation amounts and/or
stronger winds over most of the areas. The expected inverse relationship between chl-
a and sea surface temperature [Katara et al., 2008] is not clearly shown (Fig.1).

For February, chl-a differences (above 35%) and the higher differences (exceeding
70%) showed again increases for 2015 over most of the areas. They seem, in general,
related to higher precipitation amounts and/or stronger winds, as found in other
studies [Kotta and Kitsiou 2014]. An inverse relationship between chl-a and sea
surface temperature was implied (Fig.2).

Noticeable chl-a variations were observed: over the more productive region of the
North Aegean Sea; over many coastal areas that could probably be attributed to
terrestrial nutrient input due to higher rainfall; and over the cyclonic Rhodes Gyre
region [D’Ortenzio and d’Alcala 2009].

Over the Northern Aegean Sea, chl-a mean value differences for both months between
2015 and 2014 were statistically significant. A positively, low but statistically
significant correlation (0.21) was found between chlorophyll and precipitation,
especially during February. Wind speed presented low (0.17) positive correlation with
chlorophyll. Increases in chl-a were observed along with sea surface temperature
decreases only locally and mainly for February.
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For the near coast area of the lonian Sea, which includes the islands, the mean
chlorophyll was not statistically significant different between the two years; for the
oligotrophic lonian, chl-a variations were mainly identified over the coastal areas.
However, the correlation of chl-a with precipitation as well as with wind speed were
both found statistically significant, positive and low (<0.2). Lower sea surface
temperatures were only locally connected to higher chl-a concentrations.

Chl-a concentration differences above 35%

RPL 5
e @ i : -
el : > e

}' Chl-a concentration differences above 70%

Fig.1. January 2015-2014 differences for: chl-a concentrations, SST, precipitation and 10m
wind speed.

Conclusion

The findings of the current study indicated that winter weather conditions could play
an important role in the variation of chlorophyll a concentrations and furthermore to
primary production, even in the oligotrophic areas of the Hellenic Seas. Increase in
precipitation as well as in wind speed was in general related to higher chl-a values.
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Sea surface temperature and chl-a values were found inversely related only locally
and mainly for February.

\J Chl-a concentration differences (% above 70

Fig.2. February 2015 — 2014 differences for: chl-a concentrations, SST, precipitation and
wind speed.
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5.4. Chlorophyll in the Eastern Mediterranean Sea:
Correlations with Environmental Factors and Trends

Abstract: The research on marine chlorophyll concentrations, as indicators of
phytoplankton abundance, their relations with environmental parameters, and their
trends is of global interest. It is also crucial when referring to oligotrophic
environments where maintenance or increase in primary production is vital. The
present study focuses on the Eastern Mediterranean Sea that is in general
oligotrophic. Its primary goal is to explore possible relations between surface
chlorophyll-a concentrations and environmental factors. The involved parameters are
the sea surface temperature, the wind speed, the wave height, the precipitation, and
the mean sea level pressure; their relation with chlorophyll is assessed through the
calculation of the relevant correlation coefficients, based on monthly satellite-
derived and numerical model data for the period 1998-2016. The results show that
chlorophyll relates inversely with sea surface temperature; in general positively with
wind speed and wave height; positively, although weaker, with precipitation; and
negatively, but area and season limited, with mean sea level pressure. These
correlations are stronger over the open southern part of the study area and strongly
dependent on the season. A secondary aim of the study is the estimation of
chlorophyll trends for the same time interval, which is performed separately for the
low and the high production periods. The statistically significant results reveal only
increasing local chlorophyll trends that, for each period, mainly characterize the
eastern and the western part of the area, respectively.

Keywords: Sea surface temperature (SST); wind; wave height; precipitation; mean
sea level (MSL) pressure; ocean color data; ERA interim; geographic information
system (GIS).

Dionysia Kotta and Dimitra Kitsiou (2019) Chlorophyll in the Eastern Mediterranean Sea:
Correlations with Environmental Factors and Trends. Environments 6(8), 98;
https://doi.org/10.3390/environments6080098.
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1. Introduction

The role of phytoplankton in Earth’s system is critical; they are not only responsible
for half of the planet’s primary production [1], being in the base of the marine food
web [2], but they also play a major role in the global carbon cycle, affecting climate
change in this way [3,4]. Their growth is mainly controlled by nutrients and light [5],
and they quickly react to environmental factors [4]. An indicator for phytoplankton
abundance that is widely used, due to its major role in photosynthesis, is chlorophyll-a
(chl-a). Its surface concentrations can be derived through the ocean color property
from satellite measurements and they have been proved good phytoplankton proxies
[6,7]. The availability of satellite derived chl-a data has led to extensive related
research that is still ongoing and includes chlorophyll’s trends and possible relations
with environmental variables.

The Mediterranean Sea is an oligotrophic marine environment due to the limited
nutrient availability for phytoplankton growth that is enhanced from west to east [8].
The Eastern Mediterranean (E Med) Sea, which is the study area here, presents non-
blooming characteristics (i.e., smooth changes in chlorophyll from its lower
concentrations during summer to the higher ones in winter) over a majority of its area;
only a few areas have been identified as intermittently blooming (i.e., presenting years
of blooming and non-blooming characteristics) or exhibit a coastal behavior [9].
Eutrophication is a rare case for E Med and characterizes very few inshore and nearby
offshore areas exposed to river outflows and land discharges with intense
anthropogenic influence [10]. The Sea follows the subtropical model for primary
production, according to which, it is the nutrient level and not the light availability
that controls phytoplankton growth [11]. As a result, the variability of the Sea’s mixed
layer depth (MLD) is the main controller for the nutrient influx from the deeper layers
to the euphotic ones, and as a consequence, for phytoplankton growth and the
observed chlorophyll concentrations. In general, winter is characterized by the highest
chl-a values and summer by the lowest [11], coinciding with the deepest and
shallowest MLDs [12,13]. The broader Med area has been characterized as a “hot-
spot” for climate change [14] and atmospheric forcing has been proposed to play a
determinant role in the Sea’s production [11]. Consequently, it is important that the
possible relations between chlorophyll concentrations and environmental parameters
are studied and revealed. On the other hand, chlorophyll trends of this oligotrophic
Sea are also important as they represent the trends of its trophic state.

Sea surface temperature (SST) and wind are considered as the key environmental
variables controlling the MLD variability [5] and thus the nutrient availability which,
in turn, determines phytoplankton’s abundance and chlorophyll concentrations. In
tropical and subtropical oceans, where primary production is controlled by the
availability of nutrients and not by light, chlorophyll is negatively correlated with SST
[5] and positively with wind speed [5,15]; this also applies for the Med as mentioned
above. In the study of Katara et al. [16], it has been found that the statistically
significant correlations between SST and chl-a are negative. In addition, areas with
low SST-high chlorophyll have been proposed as regions of enhanced primary
production in E Med [17]. Since higher SSTs have a direct effect on the stratification
of the water column, they can result in the reduction of the MLD and the limitation of
nutrients, causing phytoplankton and chlorophyll decreases [18]. Wind has been
proposed as one of the major controllers for the Sea’s production [9]. Chlorophyll and
wind have been investigated for the whole Mediterranean [16] and specific locations
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[19] and have been found presenting a positive relationship. These results are
interpreted through wind induced vertical mixing and upwelling processes, which
inversely influence the MLD [15] and the stratification of the water column, and in
turn, the imported nutrients to the euphotic layer. Waves can be another factor
influencing chl-a concentrations; since they act upon the sea in a similar way as the
wind does, they are expected to present positive correlations with chlorophyll in the
Med. Although the MLD is significantly influenced by other factors as well, such as
net heat fluxes, and to a lesser degree by the differences between evaporation and
precipitation, the parameters of SST and wind stress (resembling wind and waves)
mentioned here are crucial for its variations. Precipitation has been identified as a
factor with a positive influence on marine primary production in low nutrient areas, as
seen through chlorophyll increases; this is mostly valid for areas near coasts,
especially with the complementary effect of strong winds [20]. A positive correlation
of precipitation and chlorophyll has been referred to in Katara et al. [16] and a
favoring effect of precipitation on chlorophyll has been proposed in a study of specific
regions [19]. Increased chl-a concentrations have also been observed over areas
affected by high rainfall amounts through episodic and extreme events [21,22]. The
reason for chl-a increases after rainfall events can be the added nutrients from the
atmosphere. It is noted that for the E Med, the atmospheric inputs have been identified
as the secondary nutrient source that can increase primary production [23]. Mean sea
level (MSL) pressure has been referred to as an important variable related to marine
production [24]. It has been examined in the Med with respect to its possible influence
on chl-a concentrations through teleconnection patterns [16] and at local scales in
distinct areas where low MSL pressure has been observed, along with higher chl-a
values [19]. In addition, the E Med and especially the lonian Sea, is often affected by
low pressure systems, such as tropical like cyclones [25], that have been found to
induce chl-a increases [26]. It is noted that all studies based on satellite-derived data
refer to surface chlorophyll concentrations and disregard the photosynthetic activity of
the sub-surface layers that are not captured by the remote sensors.

Chlorophyll trends, giving a strong sign for phytoplankton abundance trends, have
been computed at global scales, usually together with SST co-variations [24,27,28], as
well as for the Med [11,29-32], with controversial results dependent on the study
period. The recent study of Salgado-Hernanz et al. [32], analyzing 17 years’ worth of
data, has not only discriminated chlorophyll variations in seasonal, irregular, and
interannual components before computing the trends, but has also estimated trends of
phenological indices such as the timing of chlorophyll peak.

The primary aim of the present work was to explore possible relations between
surface chl-a concentration and the environmental factors of SST, 10 m wind speed,
wave height, precipitation, and MSL pressure focusing on the open sea oligotrophic
waters of the E Med. For this goal, the correlation coefficients between chlorophyll
and the environmental parameters were estimated and separately calculated for each
season. These calculations were based on the compilation of robust and concise
relevant data sets; they involved one of the longest monthly data series (1998-2016)
for chlorophyll studied so far, while all environmental data were homogeneous in the
sense that they were all products of the same numerical model. The statistically
significant correlations between surface chl-a and the studied parameters were:
negative with SST; mainly positive with wind speed and wave height; positive,
although weaker, with precipitation; and negative, but area and season limited, with
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MSL pressure. It is noted that the relationships between chl-a, SST, and wind have
also been addressed in global studies that included the Med through the co-variations
of chlorophyll or primary production and SST [24,27,28], as well as through the
correlations of chl-a with SST and wind [15]. However, the environmental factors of
precipitation and MSL pressure have been scarcely involved; they have mainly been
considered in studies conducted at local scales or for episodic weather events (e.g.,
References [21,26]). Consequently, the novelty of this part of the present work relies
on: the inclusion of precipitation, MSL pressure, and wave height; the discrimination
of the examined correlations between seasons; and especially on the employment of
the longest time series of robust data sets used until now for such a research, which
can be considered as an asset of this study.

The use of this long time series for the estimation of chlorophyll trends in the E Med
was a secondary goal of this study since the analysis of chlorophyll trends for the
entire Med has already been addressed several times [11,29-32]. For this aim, chl-a
trends were computed with the use of a simple methodology, and separately for the
low and the high production periods. The main intention was their comparison with
the trends of the environmental parameters that were also calculated in order to check
the results for possible inconsistencies regarding their correlation coefficients. In
addition, the chl-a trends found here were compared to those derived from studies
where more sophisticated methods have been used. The statistically significant results
of the present study showed locally increasing surface chlorophyll trends that mainly
characterize the western part of the E Med during the high production period and its
eastern part for the low production period.

2. Materials and Methods

E Med is the study area in this work, which is shown in Figure 1, along with the mean
yearly chlorophyll climatology, as computed for the examined period 1998-2016.
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Figure 1. The study area (Eastern Mediterranean Sea) along with the mean yearly
chlorophyll climatology as computed from the Copernicus Marine Environment
Monitoring Service (CMEMS) data for the period 1998-2016.
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The chlorophyll data used were the Copernicus Marine Environment Monitoring
Service (CMEMS) product OCEANCOLOUR_MED_CHL_L4 REP_
OBSERVATIONS 009 078; these involve the reprocessed surface chlorophyll
concentrations (at a 1 km resolution) from multi-satellite observations (SeaWiFsS,
MODIS-Aqua, MERIS, and VIIRS sensors). This CMEMS product is developed
based on regional ocean color algorithms that differentiate between case-1 and case-2
waters [33-36]. The applied algorithms have increased the accuracy of the resulting
products, especially for the low chlorophyll values that characterize the major part of
the E Med. It is noted that surface chlorophyll concentrations derived with the use of
global ocean color algorithms over-estimated the Med’s low chl-a in situ field and
were characterized by an absolute percentage difference from the in situ observations
that exceeded 100%. The use of the regional-Med algorithm MedOC4 [35]
significantly reduced these over-estimations and resulted in absolute percentage
differences below 50% from the in situ field. As a consequence, for a study like as the
present one that focuses on the oligotrophic E Med waters, this chlorophyll product is
considered the most suitable. The environmental data of the study were the numerical
products of the European Centre for Medium-Range Weather Forecasts (ECMWF)
ERA Interim reanalysis; their spatial resolution is approximately 80 km, but they can
be retrieved bilinear interpolated at 0.125°. Specifically, the data retrieved were: the
monthly means of daily means for 10 m wind speed, MSL pressure, and SST; the
monthly means of daily forecast accumulations for precipitation; and the four analyses
per day of the significant height of combined wind waves and swell that were used for
computing its monthly means. It is noted that the major part of this study was
performed in the framework of a Geographic Information System (GIS).

Monthly averages, as in other studies [5,15,30], were computed for all variables in a
1° x 1° grid of the study area for the study period; that is, 158 points covering the E
Med Sea with 216 values each. It should be noted that such a coarse analysis was
selected for several reasons: the present study was mainly focused on the open sea
oligotrophic area, the absolute percentage errors even of the most suitable chlorophyll
product used were still quite large and the native resolution of the numerical model
was small. Consequently, the results were more accurate for the open sea that is
characterized by less abrupt changes in chlorophyll concentrations. Means of the
parameters were also calculated for each month in order to produce the monthly
climatology. Based on this climatology for chlorophyll concentrations that is
presented in Appendix A, the year was separated into two periods: the “high
production period” (November—April) and the “low production period” (May—
October) characterized by higher and lower chlorophyll values, respectively; the mean
values for these periods were also computed for each year. The above is consistent
with the study of Salgado-Hernanz et al. [32] where chlorophyll peaks were identified
for the E Med from January to April and the initiation of chl-a growing period was not
found before November even for areas of a highly possible secondary bloom in
autumn.

Data’s seasonality was removed by subtracting each month’s climatology value from
the mean monthly value to produce the “anomalies” of the parameters, as is usually
implemented [11,16]. The maximum anomalies observed for the parameters during
the study period were checked in order to define the extent of their variations.
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The selected parameters (SST, 10 m wind speed, wave height, precipitation, and MSL
pressure) with respect to their possible influence on chl-a are described in the
introduction section. It is noteworthy that the wave height was also selected here, as it
is an environmental factor that is quite similar to the wind but has a greater ability to
describe the wind-mixing potential. The significant wave height for a fully developed
sea is proportional to the second power of wind speed [37], quite similar to the wind
stress, which mainly determines the wind-mixing and upwelling procedures [15].
According to the authors’ knowledge, the wave height is studied here for the first time
as an environmental parameter possibly related to chlorophyll concentration.

For detecting possible relationships between surface chl-a and the selected
environmental parameters, the correlations between their anomalies were calculated.
Although correlations do not ensure a cause—effect relationship, they can be used
together with other findings to reach useful conclusions. Chlorophyll data, as well as
other parameters’ data (especially for precipitation), were not normally distributed for
several points. Since the Spearman rank correlation coefficient is quite unaffected by
the data distribution (as well as by outliers), it was selected for estimating the
correlations between the anomalies of chl-a and the examined environmental factors.
These correlations were calculated for all data and separately for the data of the high
production period (November—April) and the low production period (May—October);
they were also extracted on a seasonal basis for winter (December—February), spring
(March—May), summer (June-August), and autumn (September—November). Their
values were considered low (small) up to 0.3, moderate between 0.3 and 0.5, and
strong (high) when exceeding 0.5. They were considered significant at a confidence
level >95% (p-value < 0.05) and only the relevant results are presented.

Chlorophyll trends were computed for the mean values of the high and the low
production periods of each year. The idea for such a discrimination originated from
the study of Coppini et al. [29] where a chl-a trend calculation was conducted for the
summer (May—September) period aiming toward the development of an indicator for
eutrophication based on ocean color data that monitors eutrophication trends. In
addition, the above mentioned feature differentiates the present study from the several
others addressing this topic. First, Spearman rank correlation was applied in order to
detect the points presenting significant trends at a confidence level of 95%. Then, for
these points, the linear trend was estimated. Trends of the environmental factors
examined were also calculated for the time period studied and with the same method
for comparison purposes. It is noted that, Spearman rank correlation has been
identified as a useful tool for detecting trends with time, giving quite similar results
with the Mann—Kendall test [38,39], while linear trends are, in general, estimated
[11,31].

3. Results

The main characteristics of the monthly climatology for the E Med Sea, as computed
from the CMEMS monthly product for the period 1998-2016 (Appendix A) were: the
ultra-oligotrophic condition of the southern open sea and especially of the Levantine
Basin, which was extremely enhanced during July, August, and September; the highest
chl-a values of the NW Adriatic, the gulf of Gabes, and the Nile river plume (NE
Africa) coastal regions, which were maintained all year long; the more “productive”
regions of the W Libyan Sea, the Sicily Straits, the Adriatic Sea, the W lonian Sea, and
the N Aegean; the Rhodes gyre, which was strongly shown through the monthly
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climatology during spring; and the specific behavior of the southern Adriatic gyre,
which had lower chl-a values than the nearby regions throughout the year, except for
March when it showed higher values, presenting blooming characteristics. In general,
the E Med was characterized by a high production period that extended from November
to April when the higher chlorophyll concentrations were observed (the highest were
observed in February for most of the areas) and a low production one from May to
October; the chlorophyll climatological mean values for these two periods are given in
Figure 2.
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Figure 2. Chlorophyll climatology for the high (a) and the low (b) production
periods as computed from the CMEMS data for the period 1998-2016.

During the high production period (November—April): SST presents a N-S increasing
gradient of 12.4-19.6 °C; the stronger winds were found over the western open sea
area, but also in the Aegean; higher waves were present over the open sea, especially
over its western part and mainly in the lonian; lower precipitation amounts were
observed over the southern part of the study area, while the Adriatic Sea, the lonian
Sea, the E Aegean, and the northern and eastern parts of the Levantine Basin
presented higher values. During the low production period (May—October): SST
ranged from 20.0 to 26.3 °C, with the higher values encountered in the E Levantine
Basin; stronger winds were found in the Aegean; the area extending from the central
Aegean down to Africa was characterized by higher waves; the precipitation was much
lower and its higher values were found in the Adriatic, the E lonian, and the N Aegean.

Dionysia Kotta TeAiba 162



Influence of Meteorological Factors and Conditions
on Sea Surface Chlorophyll Concentrations

All the above were derived from the relevant climatology which was computed with the
use of the ERA Interim dataset for the period 1998-2016 and they are shown in
Appendix B for the 158 points studied here.

3.1. Chlorophyll Correlations with Environmental Factors

The Spearman rank correlation coefficients between the monthly anomalies of chl-a
and the environmental factors of SST, 10 m wind, wave height, and MSL pressure are
presented here. It is worth mentioning the maximum anomalies of the examined
parameters throughout the study period, which were calculated as a measure of their
variability. Chlorophyll anomalies (Figure 3), presented their higher values over the
Adriatic and the N Aegean Seas, as well as for several near-shore points, exceeding
80% and even 100% of the climatological mean value. For the open sea, they usually
ranged between 20 and 60% of the climatological mean depending on the season (and
for a few points between 10 and 20%, especially during summer); however, they were
larger for the spring period ranging between 30 and 80% of the climatological mean
value and even exceeding it, especially for points of the Rhodes gyre region and the
Sicily Straits. SST presented lower anomaly values in winter and spring seasons,
ranging from 0.5 to 1.5 °C; for the summer and autumn periods, the anomalies were
found to be higher over the western and the eastern parts of the study area,
respectively, exceeding 2 °C in many places. Wind anomalies were found to be 10—
40% of the climatological mean with a few exceptions up to 50% for all seasons.
Wave height anomalies were found to be 30-70% of the climatological value for the
winter period, while for the other seasons, they were smaller, except for the N Aegean
during summer. They presented their higher values for the Adriatic and the Aegean
Seas, and the lower ones over the southern open sea and especially its central parts.
Precipitation was the parameter with the greatest anomalies; they exceeded 50% of
the climatological mean in all seasons, while over large areas, they were 2-3-fold
greater that the climatological average, even during the low production period when
the E Med is characterized by low rainfall amounts. MSL pressure anomalies
presented a NW-SE decreasing gradient. For the high production period and
especially during winter when the higher values were observed, they exceeded 10 hPa
over the N Adriatic Sea and went down to 4 hPa over the eastern parts of the
Levantine Sea. For the low production period, the anomalies were much smaller, with
a higher value of 5 hPa observed for the N Adriatic in October. The amplitude of the
parameters’ observed anomalies showed that it was worth studying their relations.
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Figure 3. Maximum chlorophyll anomalies observed each season for the time

period 1998-2016 for: (a) autumn, (b) winter, (c) spring, (d) summer.
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For the high production period, the significant correlations between chl-a and SST
were all found to be negative and referred to the majority (81.6%) of the points
(Figure 4a); only the N Adriatic Sea, the north and east Aegean parts, and several
near-shore points were excluded. They were higher, even reaching —0.7, for the open
sea (SSW part of the study area), i.e., excluding the eastern Levantine Basin, which
presented low to moderate correlations. For the low production period, the points that
presented a significant relation between the two parameters were much fewer (53 out
of 158), while four of these points even presented positive correlations (over the gulf
of Gabes and the eastern part of the Levantine Basin). During this period, the
observed negative correlations were small in general (up to —0.4), and they were
mainly observed over the northern parts of the study area (Adriatic, E lonian, and
Aegean Seas) (Figure 4b). The seasonal-based calculations are presented in Figure 5.
In autumn, 68 out of the 158 points presented significant negative correlations of chl-a
and SST, with moderate to high values for the central parts of the study area (SE
Adriatic, E lonian, Aegean, S Cretan, W Levantine, and E Libyan Seas). During
winter, 80 points were found with statistically significant negative correlations
between the two parameters, presenting moderate to strong relationships over the
south and mainly the southwest parts of the E Med; this was especially true for the
Libyan Sea where the correlations were up to —0.7. However, seven points with
positive correlations were also found over the SE Aegean and the N Levantine near-
shore regions. Spring was characterized by moderate and strong relationships between
chl-a and SST for most (88%) of the E Med, mainly excluding the N Adriatic and the
northern Aegean. For the summer period, 10 points out of 158 presented negative
correlations and 12 points presented positive ones; low negative correlations
characterized 43% of the Adriatic Sea and three points of moderate negative
relationships were found over the E Levantine Basin, while the points presenting
positive correlations were mainly found near the gulf of Gabes. The inverse relation
between chl-a and SST was clear, characterized at almost every part of the E Med Sea
depending on the season, except for summer, and it was more pronounced in spring.
This inverse relationship was also observed for the data throughout the year for 135
out of 158 points that presented statistically significant correlations, especially over
the central parts of the south E Med (Figure A3a), i.e., the W Libyan, the S Cretan,
and the E Levantine Seas.
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Figure 4. Spearman rank correlation coefficients between chl-a and SST monthly
anomalies for the high (a) and the low (b) production periods. Only significant
correlations are shown.
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Figure 5. Spearman rank correlation coefficients between chl-a and SST monthly
anomalies on a seasonal basis: (a) autumn, (b) winter, (c) spring, and (d) summer.
Only significant correlations are shown.
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Chlorophyll and 10 m wind speed correlations were found to be positive and
significant for 111 out of the 158 points during the high production period
(November—April) over the southern parts of the study area and larger for the central
parts (E Libyan and S Cretan Seas) where they were moderate to strong (Figure 6a).
For the low production period (May—October), the correlations were very few and
low, with 17 points presenting significant values and 5 of them negative ones (Figure
6b). When data throughout the year were considered, the results were similar to the
ones of the high production period, with 102 points presenting statistically significant
positive relationships, but with lower correlations (Figure A3b). The seasonal results
are shown in Figure 7. For the autumn period, only 18 out of the 158 points were
found with significant and positive correlations between the two parameters, mainly
over the E Libyan Sea and the west part of S Cretan Sea with moderate values. The
majority of the points (102 out of 158) presenting significant and positive correlations
between chl-a and 10 m wind speed were found in winter. They were mainly observed
over the southern part of the study area and the higher values (up to 0.8) were found
for the S Cretan Sea. In spring, 36 points presented low to moderate positive
correlations and their moderate values were found over the S Cretan Sea and the
eastern part of the Levantine Basin. For the summer period, only 2 points were found
with positive correlations and 10 with negative relations between the two parameters;
the latter were mainly found over the southern part of the study area. In conclusion,
positive significant correlations between chl-a and 10 m wind speed were calculated
for the south seas, excluding summer, and were mainly found in winter, with the S
Cretan Sea presenting the higher values.
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Figure 6. Spearman rank correlation coefficients between chl-a and 10 m wind
speed monthly anomalies for the high (a) and the low (b) production periods. Only
significant correlations are shown.
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Figure 7. Spearman rank correlation coefficients between chl-a and 10 m wind
speed monthly anomalies on a seasonal basis: (a) autumn, (b) winter, (c) spring, and
(d) summer. Only significant correlations are shown.
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The correlations of chl-a and wave height for the high production period (Figure 8a)
were found to be positive and significant over a major part (88%) of the area, i.e., for
139 out of the 158 points. The higher values were calculated for the southern part of
the area and mainly in its central parts (E Libyan, S Cretan, and W Levantine regions)
where they were moderate to strong, while the Adriatic Sea presented moderate
correlations over its eastern and southern parts. During the low production period
(Figure 8b), the positive correlations were few (30 points) and lower, with the S
Adriatic and the N lonian forming a compact region of quite high (up to 0.4) values.
The seasonal results for the correlations between wave height and chlorophyll are
shown in Figure 9. For the autumn period, 75 out of the 158 points presented low to
moderate positive correlations; their moderate values were mainly found over the
south-central part of the study area (E Libyan and western parts of S Cretan and W
Levantine regions) and the Aegean Sea. For the winter season, the correlations were
like the ones of the high production period but with higher values: 135 points
presented significant correlations and only 11 of them presented low values; 47 of
these points over the southern part of the sea were characterized by strong
correlations, especially over the S Cretan Sea where the values were up to 0.8. In
spring, 69 points were found with positive correlations presenting higher values for
the southern part of the study area and the Adriatic Sea, while stronger correlations
(up to 0.6) were observed for the central Adriatic Sea and the southern part of the
Levantine Basin. For the summer period, the correlations over the southern parts of
the area resulted in negative values for 29 points, and only parts of the Adriatic, the N
lonian and the E Levantine presented low to moderate positive values (13 points in
total). The year-round results (Figure A3c) were like the ones found for the high
production period but with lower values, with 136 points presenting positive
correlations and up-to-moderate values found for the central Adriatic Sea and the
south-central parts of the study area (E Libyan Sea, S Cretan Sea, and locally over the
Levantine Basin). These correlations, compared to the ones between chl-a and 10 m
wind speed, presented similar patterns but resulted in higher values and included more
parts of the study area, especially the Adriatic Sea.
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Figure 8. Spearman rank correlation coefficients between chl-a and wave height
monthly anomalies for the high (a) and the low (b) production periods. Only
significant correlations are shown.
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Chlorophyll and precipitation were found to be positively correlated. Low to moderate
correlations were calculated for the high production period (November—April) for 62
out of the 158 points over the SSW parts of the study area, especially over the
Levantine Basin, near the Sicily Straits and locally over the Adriatic Sea (Figure 10a).
For the low production period (May—October) these positive correlations (observed
for 123 points) covered a wide part of the E Med, mainly with the exception of the
SW and SE parts; their values showed moderate correlations, with the higher ones
(0.4-0.5) for the S Adriatic, the lonian, the E Libyan, and the S Cretan Seas (Figure
10b). When data throughout the year were considered (Figure A3d), the positive
correlations referred to 111 points and they were low in general with a few exceptions
of moderate values, mainly for the Levantine Sea. According to the seasonal results
(Figure 11), moderate to strong (up to 0.6) positive correlations were found for the
central and the southern Adriatic Sea in the spring and summer periods and locally
over the N Aegean in the autumn—winter period. The open sea presented low to
moderate correlations: over the lonian in autumn and its west part during summer;
locally over the Libyan Sea during all seasons except winter, mainly in summer; over
the S Cretan Sea in winter; and the Levantine Sea presented such values during all
seasons except summer, mainly in winter. For the winter season and for the other
seasons, 63 and 38 out of the 158 points, respectively, were found to present positive
relationships between chlorophyll and precipitation. In conclusion, positive significant
correlations between chl-a and precipitation were calculated for the eastern parts in
winter and for the western parts during the other seasons, mainly in summer.
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Figure 10. Spearman rank correlation coefficients between chl-a and precipitation
monthly anomalies for the high (a) and the low (b) production periods. Only
significant correlations are shown.
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Figure 11. Spearman rank correlation coefficients between chl-a and precipitation
monthly anomalies on a seasonal basis: (a) autumn, (b) winter, (c) spring, and (d)
summer. Only significant correlations are shown.
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Stronger correlations between chl-a and the environmental parameters were found
over the southern open sea, where the results of this study can be considered more
accurate due to the coarse analysis. They were negative for chlorophyll and SST over
the SW part in winter and all southern parts in spring, and positive between 10 m
wind speed and wave height with chl-a over the central S parts and all southern parts,
respectively, in winter. Quite interesting were the negative low to moderate
correlations between chl-a and wave height that were observed for several points in
summer. The correlations of chlorophyll with precipitation were up to moderate and
they were found to the eastern part in winter and to the west part during the other
seasons. The high production period was characterized by the correlations of chl-a
with SST, 10 m wind speed and wave height, while the correlations between
chlorophyll and precipitation were present mainly during the low production period,
except for the S Levantine parts where they were observed for the high production
period.

The correlations between chl-a and MSL pressure were very few in general, low and
scattered for the low production period and the seasons of spring, summer, and
autumn (not shown). The winter season (Figure 12a) presented significant negative
correlations for 58 out of the 158 points; moderate to strong correlations over the
western parts of the study area, near the Sicily Straits and locally over the Adriatic
and the lonian Seas; and up to moderate correlations over the S Cretan Sea, the N
Levantine Sea, and at places in the Aegean. The correlations were fewer (they referred
to 23 points) and lower when all the high production period was considered, with their
higher values mainly near the Sicily Straits (Figure 12b).
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Figure 12. Spearman rank correlation coefficients between chl-a and MSL pressure
monthly anomalies for the high production period (a) and for the winter season (b).
Only significant correlations are shown.
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3.2. Chlorophyll Trends

All significant surface chlorophyll trends, as calculated for the period 1998-2016,
based on the mean chl-a values of each year and separately for the high and the low
production periods were found to be positive. They are shown in Figure 13 as
percentages of their respective climatological value per year. The Adriatic Sea
presented positive chl-a trends for the high production period (1-2% of the
climatological value per year). For both the high and the low production periods,
significant trends were found for the area near the Sicily Straits (with greater values,
1-2% of the climatological value per year, for the high production period) and the
central and south Aegean parts (ranging in general from 0.5 to 1% of the
climatological value per year), as well as to a few points of the lonian and the Libyan
Seas. The the S Cretan and the Levantine Seas presented increasing chl-a trends,
mainly for the low production period (0.5-1% of the climatological value per year in
most cases). In summary: during the high production period, 35 out of the 158 points
presented statistically significant increasing trends, up to 2.8% of the climatological
value per year, and mainly characterized the western part of the E Med ; for the low
production period, the significant trends were observed for more points (58 out of
158), they were again all increases of 0.4-2.5% of the climatological value per year,
and they were mainly found in the eastern part of the study area.
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Figure 13. Chlorophyll trends (% of the climatology per year) during 1998-2016
for the high (a) and the low (b) production periods. Only significant trends are

shown.
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For the same time period, the trends of the environmental factors SST, 10 m wind
speed, wave height, and precipitation are presented in Appendix D. SST presented an
increasing trend over a large part of the lonian Sea for the high production period and
over the southern part of the Levantine Sea for both periods (Figure A4). These areas
were characterized by the absence of a correlation or low correlation between SST
and chl-a, and only locally coincide with increasing chl-a trends. For the wave height,
a large area of positive trends was found for both periods over the Adriatic Sea, the
lonian, the west part of the Cretan Sea, the N Aegean, and the northern part of the
Levantine Sea; a negative trend was calculated for the SE Aegean (Figure A5). Over
the Adriatic Sea, chl-a presented an increasing trend, and for this area, the correlations
between wave height and chlorophyll were moderate mainly during the high
production period; similar was the case locally over the lonian Sea and over the
western part of the S Cretan Sea where the two parameters presented strong
correlations for the high production period (November—April); over the N Aegean, no
increasing trend was found for chlorophyll and its correlations with wave height were
found to be low; over the north Levantine Basin, chlorophyll did not show an
increasing trend, while the relevant correlations were moderate; over the SE Aegean,
where the wave height showed a negative trend, chl-a presented a positive one, and
the correlations between them were found to be negative or absent for the low
production period. Precipitation and 10 m wind speed did not present significant
trends for the high production period. For the low production period, wind presented
an increasing trend for the S Adriatic, the lonian, and locally over the E Levantine, as
well as a decreasing one for the SE Aegean (Figure A6a); for these regions, no
correlation with chl-a was found. A positive trend for precipitation was calculated for
the central Adriatic, the E lonian, the W Aegean, the S Cretan, and the N Levantine
(Figure A6b). The similar trends for chlorophyll coincide only for the S Cretan Sea
where up to moderate positive correlations with precipitation were found. For the
majority of the points where chlorophyll trends were met together with trends of other
parameters, the results did not contradict- their estimated correlations.

In Appendix E, the chlorophyll concentrations for the high and the low production
periods of November 1998-April 1999, November 2015-April 2016, May—October
1998, and May—-October 2016 are given in order showing changes in concentrations
based on ocean color data, which can be compared to in situ observations.

4. Discussion

4.1. Correlations among Chlorophyll and Environmental Variables

The SST presented an inverse significant relationship with chl-a, which characterized
the major part of the study area during the high production period and in spring; this
relation was minimized and even inversed in summer. In the study of Katara et al.
[16] for the whole Mediterranean Sea, it was found as a preliminary result that all
statistically significant correlations between chl-a and SST were negative. The two
parameters were also found to be negatively correlated for the Aegean basin [40] and
an inverse relation between them was revealed for specific areas of the E Med [19].
This kind of relationship supports the outcome that the strength of stratification, as
inferred from the SST, is a major controller of phytoplankton abundance for the
nutrient-limited Med Sea. Higher SSTs, representing stronger water column
stratification, produce reduced vertical mixing and low nutrient amounts for the
surface layer leading to low chl-a concentrations. Such a relation between SST and
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chl-a was detected for the non-blooming and the intermittently-blooming areas of the
entire Med, such as the ones of its eastern part (i.e., the whole Basin except for some
coastal parts) [12]. The results found here gave further evidence for the above through
the higher inverse correlation of the parameters during the transitional periods of
spring and autumn (for the northern part), when the mixed layer begins to become
shallow or deepen, respectively [13,41]. With lower SST values denoting a deeper
MLD, the later MLD starts to decrease in spring and the sooner it starts to increase
again in autumn, the larger the positive influence it can have on phytoplankton, as
seen through chlorophyll concentrations. This was also the case for the SSW part of
the study area during winter, according to the MLD of the region. In addition, for the
winter season (for the northern part) characterized by the deepest MLD and for the
summer when the shallowest MLD was observed [13,41], the relative correlations
were absent. Furthermore, the inverse correlation between SST and chlorophyll was
minimized and even reversed for the summer season, showing the marginal or absent
effects of SST decreases in an already nutrient-poor environment. It should also be
noted that, although such an inverse relationship was anticipated between SST and
chlorophyll or net primary production for the larger part of the oceans [24,27], this
was not always the case, even for the Med. The two parameters were found presenting
opposite trends for the major part of the E Med Sea for the period 1999-2004 in the
global study of Behrenfeld et al. [24]. However, areas showing decreases in both SST
and net primary production were also found in the same study, especially over the
Levantine Basin. For the same time period, the results for the E Med showed
decreases in SST along with both positive and negative variation for chlorophyll in
another global study [27]. For a longer interval, December 2002—January 2015, the E
Med was found to have increases for both chl-a and SST [28]. The latter studies point
to the conclusion that SST alone cannot describe chl-a variations [28].

The significant correlations between chlorophyll and 10 m wind speed were all found
to be positive (with the exception of a few points during summer). This positive
relation of the parameters mainly characterized the southern parts of the E Med for the
high production period and the winter season. The mechanism behind these positive
correlations is the wind-induced mixing, which by deepening the MLD, could result
in increased nutrient fluxes from the deeper layers to the surface, and as a
consequence, to increased chlorophyll concentrations. Such correlations were found
for the two parameters in the Med [16] and this inverse relationship was also
identified for the Rhodes Gyre area [19]. The most relevant study was the global one
of Kahru et al. [15] for the period November 1996-October 2009 on correlations
between chlorophyll and wind satellite data throughout the year, which resulted in a
similar pattern with the one of the present study: all the significant correlations were
found to be positive and they were also mainly recorded over the southern open sea.
In addition, the same areas as here were characterized by the higher correlations and
comparable values were observed; however, more areas over the Levantine Basin
were found to have significant correlations [15]. In the above-mentioned study [15],
such correlations were found for areas with relatively shallow MLDs and nutrients
were pointed out as the main limiting factor for phytoplankton growth. This was also
the case here for the winter season when the MLD over the southern E Med is, in
most parts, shallower than the one of the northern parts [13,41]; it is more likely for
the wind mixing to deepen a shallower MLD, resulting in more available nutrients for
the surface layers. The opposite result was observed during summer, when the
deepening of the MLD decreased chl-a [15]. The few positive correlations between
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wind and chlorophyll that were found here for the summer period could be explained
this way. Since the area is characterized by a deep chlorophyll maximum during this
season [42], any deepening of the MLD could only diffuse the limited available
nutrients leading to chl-a decreases or to a redistribution of the chlorophyll content
down to depths where it is not detected by the ocean color measurements. The
absence of correlations between chl-a and wind in the summer period over the Aegean
Sea was also consistent with the results of other studies [40,43]. The prevailing
summer winds in the Aegean Basin are northerlies and cause upwelling events over its
eastern part that do not influence surface chlorophyll concentrations [40,43]; although
the present study dealt with the wind speed and not with its direction, no significant
correlations of the two parameters were found. All significant correlations between
wave height and chlorophyll were positive (except for several points over the S Med
during summer). This relationship mainly characterized the high production period
and the winter season. In general, these correlations presented, as expected, similar
patterns with the ones between wind and chlorophyll. However, their values were
higher and more points presented significant positive correlations over the northern
parts of the E Med and mainly for the Adriatic Sea. The number of points with
significant negative relations between the parameters, for the summer period over the
southern part of the study area, were also higher. The mechanism through which
higher waves can result in increased chlorophyll concentrations (and decreased ones
during summer) are the same as for the wind speed described above. Nevertheless, the
wind influence on the sea surface can be better described through the wave height,
especially for non-open seas, such as the Adriatic and the Aegean Seas; wind needs
fetch to produce higher waves that can mix the water column. In addition, the waves
respond to the wind stress, which better describes the wind mixing and upwelling
procedures [15]. The results of the wave—chlorophyll correlations found here, which
included more areas with significant results than the ones of the wind—chlorophyll
relation, point to the conclusion that the wave height is more suitable than the wind
speed, especially in cases of non-open sea areas, in studying possible relations with
chl-a concentrations.

The significant correlations between chlorophyll and precipitation were all positive
and were mainly found during the low production period, with the exception of the
southern parts of the Levantine Basin, which presented such correlations in the high
production period; in general, low to moderate values were found. An exception of
moderate to strong positive correlations was found in the central and southern
Adriatic Sea in the spring—summer period. The eastern parts of the study area
presented these correlations in winter, while the western parts presented them in the
other seasons, mainly in summer. Positive correlations between these parameters were
found in the Med Sea [16] and larger precipitation amounts were related with higher
chlorophyll values in specific areas of the E Med [19]. Considerable short-lived chl-a
increases were recorded after extreme rainfall events during the early autumn and
summer periods over the Hellenic Seas and mainly for the E lonian and the N Aegean
Seas; they were attributed to the atmospheric deposition of nutrients into the sea
[21,22]. It is noted that the atmosphere was identified as an additional nutrient source
for the E Med [23], especially during the low production period; the relevant
correlations found here characterize a wide area during this period. In addition, the
study area is subject to dust deposition that was found to be positively correlated with
chlorophyll [44], and in its wet form can result in significant chl-a increases [45,46].
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MSL pressure and chlorophyll were found to have significant negative correlations
over quite a large area only for the winter season, mainly over the western part of the
E Med where these correlations were larger. It is noted that MSL pressure monthly
anomalies also had higher values over the western part where the majority of these
correlations were found. One could argue that the areas presenting significant inverse
correlations between the two parameters are also affected by deep barometric lows
[25] that induce strong winds and high rainfall amounts.

4.2. Temporal Trends in Chlorophyll Concentrations

All the significant surface chlorophyll trends, estimated separately for the high and the
low production periods of 1998-2016, were found to be positive. They mainly
characterized the western part of the study area during the high production period and
the eastern part for the low production period. They were not contradictory to the
trends of the other parameters when seen together with their relevant correlations. In a
recent study of the same time period, only increasing chlorophyll trends were found
[31]. Despite the different approaches followed, i.e., the present study was conducted
using a much coarser analysis and it discriminated between the high and the low
production periods, similar results in defining both the areas presenting significant
trends and the trend magnitude were found. The results here, compared to another
long-term study of Salgado-Hernanz et al. [32] for the time period 1998-2014, were
in partial agreement regarding the increasing chlorophyll trends in the Adriatic Sea
and the Sicily channel. On the other hand, in the above-mentioned study [32], a low
decreasing trend was found for the rest of the E Med, which was not observed in the
present work. For the E Med, the results of several studies presented considerable
differences: mainly decreasing chlorophyll trends were found for 1998-2003 [11];
from 1979-1983 to 1998-2002 increasing trends for both SST and chl-a were
observed, while for 1999-2004, a decreasing trend for SST along with increasing and
decreasing chlorophyll trends were found [27]; for the May-September period of
1998-2009, positive and negative chl-a trends were calculated [29]; both decreasing
and increasing chl-a trends were estimated for the period 1998-2009, along with
much greater trend magnitudes [30]; and only increasing trends for both chl-a and
SST were found for December 2002 to January 2015 [28], similar to the present
study. Such different estimations were also found in studies referring to other
parameters, i.e., for SST trends [27,28,47] and precipitation trends [48,49], when
comparing them and in respect to the present work. However, for SST, most of them
resulted in increasing trends [28,47]. The results of the studies mentioned above [11,
27-32] were described so briefly because it is obvious that the trend estimation is
highly dependent on the time period studied. Much longer time series are needed for
the detection of trends in order to reach safer results, exceeding 30 years, which is the
usual practice for meteorological parameters; this has also been proposed for
phytoplankton’s climate-driven trends [50].

Regarding environmental variables’ future changes that have been predicted by
climate models for the Med, e.g., an increase for SST [47] and a decrease in
precipitation [14,49], it is crucial to reveal the possible relations between these
variables and chlorophyll concentrations. The estimation of the relevant correlations
can unveil aspects of these relations. According to the results of the present study, the
predicted future increase in SST and decrease in precipitation mentioned above could
lead to chlorophyll decreases. However, the respective studies are quite scarce,
especially for precipitation, upon which more work needs to be done. In addition,
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studies over long time series, such as the one conducted here, but with higher spatial
resolution, are proposed. As far as the chlorophyll trends are concerned, which have
been more extensively studied with controversial results, longer and more
homogenous time series are required to be built.

5. Conclusions

The main results of this work can be summarized for the study area of the E Med and
the period 1998-2016 as follows: SST was inversely related to surface chl-a in the
major part of the Sea; this relation was more pronounced in spring and not valid for
the summer season. Wind speed and mainly wave height were positively correlated
with chlorophyll, especially over the southern open part of the Sea; however, during
the summer period, a negative relation was observed. For precipitation and chl-a, all
the significant correlations were positive and mainly valid for the low production
period. MSL pressure and chl-a presented significant negative correlations for the
winter season and mainly over the western part of the Sea. All the significant surface
chlorophyll trends were found to be positive; nevertheless, the trend estimation
requires much longer time series than the available ones.
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Appendix A

The monthly chlorophyll climatology, as computed for the 1998-2016 time

period, is given here.
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Figure Al. Chlorophyll monthly climatology as computed for the period 1998—
2016 for January (a) to December (1).
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Appendix B

The climatology of the high and the low production periods for SST, 10 m wind
speed, and precipitation as computed with the use of the ERA Interim dataset for the

period 1998-2016 is shown in this appendix.

NOV-DEC-JAN-FEB-MAR-APR

SST (°C)
©12.4 - 14.0,
® 14.0 - 16.0
-18.0
-20.0
-22.0
-24.0
-25.0
-26.1

42°N

40°N

38°N

36°N

32°N

T T T T J T T J T T i T I
10°E 12°E 14°E 16°E 18°E 20°E 22°E 24°E 26°E 28°E 30°E 32°E 34°E 36°E

(a)
NOV-DEC-JAN-FEB-MAR-APR wind (m/s)
L e -927-35
| @ : ©35-4.0
X & J 40-45
I ‘e ©45-50
R
fm < > i 5.0-5.5
A + é@» 6?4:' 5.5-6.0
- sy : 252 ©60-65
7 r XX X D€ ®65-7.3
|7ee0s000000 A;-%’ox
00600000000 C-_ 2000 ( 3
unJ®00000 L XX} [
000000000000 000000 @
) 90000 Teeeeeeo /
el THResya

30°N

42°N

40°N

38°N

36°N

34°N

32°N

30°N

T T T T T T T T T T T T
10°E 12°E 14°E 16°E 18°E 20°E 22°E 24°E 26°E 28°E 30°E 32°E 34°E 36°E

(c)

NOV-DEC-JAN-FEB-MAR-APR wave height (m)
7 7 ®02-03 ‘
& ® ©03-04
s 0.4-0.5
-"x\\\; b ©05-07
50 P _ 0.7-09
- % ;& . 0.9-1.1
3 5 iy ®1.1-13
008 e
1., ¢ (eceee %h%v'1-3'1'5
J7e00e0000000e™ o s®e [ QN
00600000000 ¢- =00 et
/7000000000000 00000000
. 0 00000000000000000000
] 90000, 2000000000

T T T T T T T T T T T T T
10°E 12°E  14°E 16°E 18°E 20°E 22°E 24°E 26°E 28°E 30°E 32°E 34°E 36°E

(e)

MAY-JUN-JUL-AUG-SEP-OCT
46°N =
44°N =
42’N-." :
40°N =
38°N =
. eeoe
_— gheceee
)o e0é0000coe
wn] ®0000000000
00000000000
il T 90000
X3
30°N

0%4 (X XXX
00000000OCOOOS

SST (°C)
® 12.4 - 14.0]
® 14.0 - 16.0]
16.0 - 18.0

{ © 18.0-20.0
—~7 1 20.0-22.0

22.0 - 24.0
®24.0-25.0
@ 25.0-26.1

J
(XXX X X

(A X X KX NN NN N/
—ase ¢

T T T T T T T T T T T T T
10°E 12°E  14°E  16°E  18°E 20°E 22°E 24°E 26°E 28°E 30°E 32°E 34°E  36°E

(b)

MAY-JUN-JUL-AUG-SEP-OCT

46°N =
44°N
42°N i
40°N =
38°N =

36°N =1
0-00

“o0ee000000e
eec0c0000
9000
\eae@

34°N =

32°N =1

30°N

g&:wind (m/s)
ez

®35-

4.0 -

®45-

~— ®50-

5.5-

(d)

T T T T T T T T T T T T
10°E 12°E 14°E 16°E 18°E 20°E 22°E 24°E 26°E 28°E 30°E 32°E 34°E 36°E

MAY-JUN-JUL-AUG-SEP-OCT

40°N =

38°N =

36°N =

34°N =

32°N =

30°N

wave height (m)
©0.2-

T T T T T T T T T T T T T
10°E 12°E  14°E  16°E 18°E 20°E 22°E 24°E 26°E 28°E 30°E 32°E 34°E 36°E

()

Dionysia Kotta

YeAiba 183




Influence of Meteorological Factors and Conditions
on Sea Surface Chlorophyll Concentrations

46°N = (mm/day)
e
4N
40°N

38°N =

36°N C

34°N =

32N R L XX ) \o\ooooooooo
ane ‘/( W/\m/
b

30°N

NOV-DEC-JAN-FEB-MAR-APR Precipitation

T T T T T T
10°E 12°E 14°E 16°E 18°E 20°E 22°E 24E ZSE ZBE SDE 32E ME C!GE

(8)

MAY-JUN-JUL-AUG-SEP-OCT precipitation
46°N y (mm/day)

44°N =

R
42°N -1

38°N =

Y >
36°N = >
e 00000 " = boooo -
I .:}:.....R{.
R 0000000000000000
32°N Jﬁwx”\:.../—‘\.\..... X X )
o060 - .
\) \,‘9

30°N

T T T T T T T T T
10°E 12°E 14°E 16°E 18°E 20°E 22°E 24°E 26°E ZSE GOE SZE CME 36°E

(h)

Figure A2. SST (a,b), 10 m wind speed (c,d), wave height (e,f), and precipitation
(g,h) climatology for the period 1998-2016 of the 158 points studied here for the

high (November-April) and the

low (May-October) production periods,

respectively, as derived from the ERA Interim data set.
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Appendix C

on Sea Surface Chlorophyll Concentrations

Spearman rank correlation coefficients between the monthly anomalies of chl-a
and the environmental factors examined on a yearly basis are presented in this

appendix.
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Figure A3. Spearman rank correlation coefficients throughout the year between the
monthly anomalies of chl-a with: (a) SST, (b) 10 m wind speed, (c) wave height,

and (d) precipitation. Only significant correlations are shown.
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Appendix D

The trends of the environmental factors of SST, 10 m wind speed, wave height,
and precipitation for the period 1998-2016 are given here. It is noted that these results
are not representative for climate studies since they refer to a limited time period.
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Figure A4. SST trends (°C per year) during 1998-2016 for the high (a) and the low
(b) production periods. Only significant trends are shown.
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Figure A5. Wave height trends (% of the climatology per year) during 1998-2016
for the high (a) and the low (b) production periods. Only significant trends are

shown.
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Figure A6. The 10 m wind (a) and precipitation (b) trends (% of the climatology
per year) during 1998-2016 for the low production period. Only significant trends
are shown. For the high production period, no significant trends were detected.
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Appendix E

The chlorophyll concentrations for the high and the low production periods of
November 1998-April 1999, November 2015-April 2016, May—October 1998, and
May—October 2016 are given in this appendix for comparison purposes.
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Figure A7. Chlorophyll concentrations for the high production periods of
November 1998-April 1999 (a) and November 2015-April 2016 (b), and the low

production periods of May—October 1998 (c) and May—October 2016 (d).
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6.1. Summary of the main Results

In this thesis, the possible influence on sea surface chlorophyll of the meteorological
conditions of desert dust episodes and extreme weather events, as well as of the
parameters of SST, 10 m wind speed, SWH, precipitation and MSL pressure was
examined in the Eastern Mediterranean Sea; the study focused on the Hellenic seas in
many cases. The research was mainly based on satellite derived chlorophyll
concentrations and numerical model products.

The study of the ‘dust fertilization effect’ was carried out by the assessment of specific
dust episodes and for extended sea areas; five out of the six examined events affected
the Hellenic Seas. This study resulted in no safe conclusions since both sign (positive
and negative) chlorophyll differences were observed after the dust events.
Nevertheless, the significant chlorophyll differences, i.e. the ones exceeding 50%
which is the absolute percentage difference between satellite derived chlorophyll data
and in situ measurements, pointed to the direction that dust has a fertilizing role in
phytoplankton growth, especially during the low productive period. The weekly
chlorophyll mean values were also found statistically significantly higher after the
events for the areas that presented the above mentioned significant chlorophyll
variations; however, these variations corresponded to a restricted amount of data. A
more favouring role of wet dust deposition was also implied. In addition, it was
difficult to discriminate between the possible effects of dust and the ones of other
meteorological factors, such as strong winds and heavy rainfall, on the observed
chlorophyll variations.

The results of the research upon the influence of extreme weather events on sea
surface chlorophyll concentrations were clear: extreme events, in general, favoured
primary production. Chlorophyll increased, in most cases, by more than 50% over a
large part of the impacted sea areas. Even during the summer period, extreme rainfall
seemed able to induce chlorophyll increases of temporary character. Medicanes, the
tropical-like Mediterranean cyclones that induce extreme weather conditions, were
found triggering chlorophyll increases that were also observed over extended open sea
areas. The post-medicane chlorophyll values that were higher than those before, and
even higher than the climatological monthly values, referred to large proportions of the
affected areas; when absolute chlorophyll differences exceeding 50% were concerned,
the chlorophyll increases characterized quite the whole areas. Area averaged
chlorophyll concentrations presented increases that were comparable to the ones
caused by Atlantic hurricanes in oligotrophic environments, even for the open sea
oligotrophic area. The mechanisms that have been proposed to explain hurricanes’
favourable influence on chlorophyll concentration seemed to be valid for medicanes as
well.
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The last part of the present thesis, which assessed the possible relations between sea
surface chlorophyll concentration and meteorological parameters, identified SST, wind
speed, wave height, precipitation and, in cases, MSL pressure as important factors
influencing phytoplankton growth. Higher wind speeds, relatively low SST,
considerable precipitation amounts and lower MSL pressure compared to
climatological values, were revealed as possible prerequisites for higher chlorophyll a
concentrations during March for the regions of the Rhodes Gyre and the Cyclades
Plateau. Correlations between chlorophyll and the environmental variables were
calculated through their monthly anomaly values for the long period 1998-2016 for the
Eastern Mediterranean. All correlations were strongly dependent on the season.
Chlorophyll was found inversely correlated with SST in the major part of the Basin
especially during spring; nevertheless, this relation was not valid for the summer
season. Positive correlations of chlorophyll with wind speed and more pronounced
ones with wave height were found, both presenting their higher values over the open
sea (south part of the study area); however, negative correlations were locally found
between these parameters for the summer period. The correlations between
chlorophyll and wind speed presented similar patterns with the ones between
chlorophyll and wave height; nevertheless, the latter were higher and covered larger
areas. The correlations of chlorophyll with precipitation were lower, always positive
and mainly valid during the low production period; the southern parts of the Levantine
Basin presented such correlations for the high production period. Negative correlations
between chlorophyll and MSL pressure were found for the winter season and
especially for the western part of the study area. Considering the period 1998-2016
and as far as the chlorophyll trends in the Eastern Mediterranean are concerned, only
increasing and local ones were detected.
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6.2. Conclusions and Proposals for Future Work

The possible dust fertilizing effect on marine primary production, as revealed by sea
surface chlorophyll concentrations, remains a questionable issue for the Eastern
Mediterranean Sea. Since the majority of the studies regarding the dust impact on
chlorophyll were based on experiments, more in situ measurements after real dust
events could shed light on this issue. A problem raised by the present thesis was the
difficulty in disentangling between the possible influence of dust and the one of other
meteorological conditions. Thus, further studies involving long time series of both
dust and chlorophyll data as well as of meteorological parameters’ data, processed
using statistical techniques, is proposed.

Extreme weather events play a key role in meteorological forcing on the Eastern
Mediterranean Sea inducing increases in sea surface chlorophyll concentrations.
Medicanes cause chlorophyll increases, even over the large open sea affected areas,
comparable to the ones of hurricanes in Atlantic oligotrophic waters. In the
Mediterranean, the studies carried out so far regarding the relation of extreme events
and chlorophyll referred to near coast areas; thus, such events should be further
examined with emphasis on the open sea. A relative study referring to deep
depressions (lows) over the open sea could be a subject for future research.

In the Eastern Mediterranean, sea surface chlorophyll is, in general, negatively
correlated with SST, negatively but locally with MSL pressure, and positively with
wind speed, wave height and precipitation. The correlations of chlorophyll with SST,
wind speed and wave height characterize the high productive period, while the ones
between chlorophyll and precipitation mainly occur during the low production period.
Chlorophyll presents increasing and local trends in the Basin for the period 1998-
2016. Since the parameters of wave height, MSL pressure and precipitation have been
minimally involved in relevant studies, further research could be carried out.
Additionally, correlation studies at higher temporal and spatial resolution are
suggested. It is noted that the detection of trends requires much longer time series for
safe results; thus, this research could be continued in the future as more satellite
chlorophyll data become available.
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List of Acronyms and Abbreviations

AERONET AErosol RObotic NETwork

AOD Aerosol Optical Depth

AOT Aerosol Optical Thickness

ASCAT Advanced Scatterometer

AVHRR Advanced Very High Resolution Radiometer
CAMS Copernicus Atmosphere Monitoring Service

CDF Cumulative Distribution Function

CDOM Colored Dissolved Organic Matter

CDS Climate Data Store

Chl Chlorophyll

DCM Deep Chlorophyll Maximum

CMEMS Copernicus Marine Environment Monitoring Service
ECMWEF European Centre for Medium-Range Weather Forecasts
EFI Extreme Forecast Index

ENS Ensemble

EPS Ensemble Prediction System

ERA5 the latest ECMWEF reanalysis project

ERA Interim the ECMWEF reanalysis project up to Aug 2019
GCOS Global Climate Observing System

GIS Geographic Information System

GPM Global Precipitation Measurement

HNLC High-Nutrient Low-Chlorophyll

HNMS Hellenic National Meteorological Service

HRES High Resolution

IFS Integrated Forecasting System

LIW Levantine Intermediate Water

LNLC Low-Nutrient Low-Chlorophyll

MACC Monitoring Atmospheric Composition and Climate
MBR Maximum Band Ratio

Medicane Mediterranean hurricane

Med Mediterranean

MERIS MEdium Resolution Imaging Spectrometer

MLD Mixed Layer Depth

MODIS MODIS Moderate Resolution Imaging Spectroradiometer
MSL Mean Sea Level

NOA National Observatory of Athens

NRT Near Real Time

NWP Numerical Weather Prediction

OCTAC Ocean Colour Thematic Assembly Centre

OLCI Ocean and Land Colour Instrument

PAR Photosynthetically Active Radiation

PM Particulate Matter

REP Reprocessed

Rrs Remote Sensing Reflectance

SeaWiFS Seaviewing Wide Field-of-view Sensor
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SWH
SST
TRMM
VIIRS
WMO

on Sea Surface Chlorophyll Concentrations

Significant Wave Height

Sea Surface Temperature

Tropical Rainfall Measuring Mission
Visible Infrared Imager Radiometer Suite
World Meteorological Organization
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