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Abstract. The eastern Mediterranean (EM) is one of the reggiarthe world where
elevated concentrations of primary and secondasg@a#s air pollutants have been
reported frequently, mainly in summer. This revigiscusses published studies of the
atmospheric dispersion and transport conditionsattarizing this region during the
summer, followed by a description of some essergialdies dealing with the
corresponding concentrations of air pollutants saglozone, carbon monoxide, total

reactive nitrogen, methane and sulfate aerosolsrobd there.

The interlaced relationship between the downwardionoof the subsiding air aloft
induced by global circulation systems affecting B and the depth of the Persian
Trough, a low-pressure trough that extends fromAblman monsoon at the surface
controlling the spatio-temporal distribution of thmixed boundary layer during
summer is discussed. The strength of the wind flathin the mixed layer and its
depth affect much the amount of pollutants transmband determine the potential of
the atmosphere to disperse contaminants off thaging in the EM. The reduced
mixed layer and the accompanying weak westerliegracterizing the summer in this
region, lead to reduced ventilation rates, prewentan effective dilution of the
contaminants. Several studies pointing at spetifial (e.g. ventilation rates) and
regional peculiarities (long-range transport) ertiragn the building up of air pollutant

concentrations are presented.



Tropospheric 0zonéOs) concentrations observed in the summer over the EM a |
among the highest over the northern hemisphere. thihee essential processes
controlling its formation (i.e., longrange transport of polluted air masses, dynamic |
subsidence at mid-tropospheric levels, and stratrspto-troposphere exchange) are
reviewed. Airborne campaigns and satellite-borngatives have indicated that the
concentration values of reactive nitrogen iderdifées precursors in the formation of
ozone Q over the EM were found to be 2 to 10 times highantin the hemispheric |
background troposphere. Several factors favor tuffarticulate abundance over the
EM. Models, aircraft measurements, and satelliteveld data, have clearly shown
that sulfate has a maximum during spring and sumover the EM. The carbon
monoxide (CO) seasonal cycle, as obtained fromajlbackground monitoring sites

in the EM is mostly controlled by the troposphecmncentration of the hydroxyl
radical (OH), and therefore demonstrates high aatnatons over winter months and

the lowest during summer when photochemistry isvactModeling studies have
shown that the diurnal variations in CO concentratiuring the summer result from
long-range CO transport from European anthropogsaigrces, contributing 60 to
80% of the boundary-layer CO over the EM. The valtedrieved from satellite data
enable us to derive the spatial distribution of mee (CH), identifying August as

the month with the highest levels over the EM. Dlcomes of a recent extensive
examination of the distribution of methane over thepospheric Mediterranean
Basin, as part of the Chemical and Aerosol Mediteean Experiment (ChArMEX)
program, using model simulations and satellite mesments is coherent with other
previous studies. Moreover, this methane studyigesvsome insights on the role of
the Asian monsoon anticyclone in controlling theiadaility of CHs pollutant within

mid-to-upper tropospheric levels above the EM imser.

1 Introduction

The relationship between atmospheric air pollutesicentrations and large-scale
atmospheric circulation systems have been examawed the past decades (e.g.,
Davis and Kalkstein, 1990; Dayan et al., 2008).sT&irong relationship and its

issuing dispersion condition at several scales, dingatically related variables such



as air pollutants, is presented in this work ast g#r the Chemistry-Aerosol
Mediterranean Experiment (ChArMEX; http://charmsse.ipsl.fr).

However, a first major drawback in attributing gollutant concentrations to
variations in large-scale atmospheric circulatioisess from the fact that changes in
removal processes and upwind emissions are notss&dy concurrent with
variations in circulation. Some efforts were undken, mainly through coupled
chmatechemistryclimate models to treat and analyze at the same timeghihages
in general circulation and atmospheric chemistrgifHet al., 2001; Dastoor and
Larocque, 2004). Moreover, secondary pollutantsh sae tropospheric 0zon®s)
result basically from photochemical reactions am@ngcursors andas such, are
controlled by air mass characteristics such as ¢eatpre and humidity, and cloud
cover/solar radiation. Accordingly, changes inérgases concentrations are modified
with respect to exposure of the differing air masdeven by-by-expeosure-to-differing
atmasses-as-governed ¢hanges in atmospheric circulation.

A second substantial shortcoming in trying to ai#ec changes in pollutant
concentration to variation in circulation patteriss their different life span and
distribution. For example, durable greenhouse géSé&s) such as methane (QH
and carbon dioxide (C{pare characterized by long life times of years@spared to
nitrogen oxides and aerospighich are most relevant for short spatial and trmalp
scales (Andreae, 2001; Voulgarakis et al., 201@di&ive forcing of aerosols is of
much higher spatial variability than GHG forcingsedto the relatively short aerosol

lifetime (daily-weekly scale) compared to that diG (monthly-yearly scale).

Both natural and man-made factors converge oveEMdavoring the accumulation
of pollutant concentration during summer. This oegis in the crossroad of both
large-scale convective motions: Hadley and Wall@isdeading to subsidence. This
process results in a reduced mixing depth, whibibits an efficient dispersion of the
pollutants. Moreover, the EM is a hotspot of higblas radiation driving the

photochemistry of the atmosphere. In addition, shenmer prevailing westerlies at

shallow tropospheric layers favor the transpompafutant-enrichedeentaminated

air masses from central and eastern Europe toasterm Mediterranean (EM). Based
on the above key factors, this review focuses eillion summertimelLelieveld et

al. (2002) studied air pollutant transport over EM in summettime. They report




that the synoptic flow is controlled by the stroegst-west pressure difference
between the Azores high and the Asian monsoonwath, additional influence in the
upper troposphere from the Tibetan anticyclones Melds a contrasted situation in
the tropospheric column with European influencethia lowermost troposphere, a
much longer-range transport from Asia and North Aozeat mid-tropospheric levels,

and a major impact from Asia in the upper troposplasad lower stratosphere.

esert dust is abundant over the EM, transported t@o major source regions: the
North African Sahara and the Arabian deserts. Heawevn general
y mineral dust affect the EM during
(ézg., Dayan et al., 1991; Moulin et
al., 1998; Sciare et al., 2003} mineral dust is not in the scope of this

studywhich isfocused on summer conditions.

In this review,-we first describe the atmospheric dynamic cond#tifavoring the
building up of tropospheric air pollutant concetibias. Secondly, we propose a
synthesis of the essential studies on air pollutantentrations includingzene-Qs),
sulfateaeresel{SQy) aerosolstotal reactive nitrogen (N carbon monoxide (CO),
and methanre-CHg. The sources of the data reported include in-sligervations,
balloon-sounding, aircraft and space-borne obsemnaias well as model data, which

results, in terms of dynamics, are mostly updatest ©€948-2016 on availability.

2 Summer atmospheric dynamic conditions favoring tb building up of

tropospheric pollutants concentrations

Different spatial and temporal scales of motioneeiff pollutant transport and
dispersion: the microscale, mesoscale, synoptie,saad macro-, or global scale. At
the scale of a few months, the planetary boundaygrlis relatively well mixed.
However, on shorter timescales and near the Easthface (where pollutants are
emitted), transport and dispersion are often lichltg atmospheric conditions. In this
section, we will focus on the global and synoptials processes that favor a potential

accumulation of pollutants in the EM troposphere.

2.1 Global and synoptic scales inducing subsidingonditions over the aastern

easternMediterranean




In general, the atmospheric conditions over the &M persistent during the summer
and subject to two essential processes. The firghé cool advection at shallow
tropospheric layers caused by the strong, dry nBtdsian winds generated by the
east—west pressure gradient manifested by largke sgeculation features, low
pressures over the EM as an extension of the Refiaugh (PT) and the high
pressure over central and southeastern Eur@pelis and Lelieveld, 2013) This
surface low pressure trough extends from the Asmmsoon through the Persian
Gulf and further, along southern Turkey to the AmgeSea (Figs. 1 and 2). The
second is the dynamic subsidence generated byadeylebal-scale processes: the
African Monsoon as part of the subtropical descemgdiranch of the Hadley cell (Fig.
3 left), the Asian Monsoon as part of the Walkelt (feig. 3 right) and subsidence
caused by the negative relative vorticity charazieg this region, during summer, as

explained further on.

Rodwell and Hoskins (1996) used a hydrostatic givaiequation model initialized
by a six-year June to August climatology derivednirthe European Center for
Medium Range Weather Forecasts (ECMWF) analysasvestigate the monsoon
desert mechanism enhancing summertime descenteimM#diterranean subtropics.
They argued that the subsidence center inetitern-MediterraneanEld governed
by the Asian monsoon rather than by the Hadleyutaton and explained it by
diabatic heating in the Asian monsoon region thdtices a Rossby wave to its west,
which generates air masses descent. This adiatbasicent balances the horizontal
advection on the southern flank of the mid-latituseesterlies. Among the
summertime descent regions, the strongest is ldcater the EM. Initiation of the
descent over the EM coincides with the northward/entent of heating during the
onset of the monsoon. The anticyclonic center averth-west Africa and the
monsoon result in an adiabatic warming that redubes specific humidity and
consequently enhances further the descent dueatwatitt radiative cooling under
cloudless sky conditions. Moreover, trajectory akdtions performed by Rodwell and
Hoskins (1996) revealed that the bulk of the sigkair masses originate from mid-
latitude regions rather than over the intense mamsmnvection areas over northern
India. This is consistent with Tyrlis et al. (2018ho analyzed the thermodynamic
state over the EM and calculated the temperatusngds caused by horizontal

advection by using ECMWF forecasts for diabatictimgaover this region. They



found that subsidence at mid and lower levels imanily driven by the midlatitude

westerly flow. Furthermore, Tyrlis et al. (2013)imted at the steep slopes of the
isentropes in the free troposphere caused by tistvwaed migration of the mid and
upper level warming of the atmosphere away fromdiabatic heating sources, which

further enhances subsidence over the EM.

However, subsidence is neither restricted to nogdspheric levels nor solely
associated to the descending branch of these baotral circulation cells. In summer,
at higher atmospheric layers, air masses convengk sabside over the EM as
contributed by-an anticyclonic curvature causégd—anticyelenicby anticyclonic
centers formed over the Balkans. Such centers tdoreoonsidered as extensions of
the Azores high since they exhibit typical warmechigh structures from the surface
up to mid-tropospheric levels (Anagnostopouloulet2014).; Tyrlis and Lelieveld
(2013) point at wave disturbances originating otrer North Atlantic that activate
intense ridges over the Balkans. These ridges watheir amplified by anticyclonic
vorticity advection from northwestern Africa and tandem with diabatic cooling
under clear skies form such centers over centiisantheastern Europe. The second
dynamic factor inducing subsidence is an anticyiclamnd shear as related to the
position of the Subtropical Jet. Under these cirstamcesthe southeastern part of the
EM is exposed to the southern flank of the jet dretefore prone to negative shear
vorticity. Although shear vorticity is an order ofagnitude smaller than planetary
vorticity, nearby jet streak makes this relativetiaity component significant due to
the strong change in wind speeds across the jettriBotion of both components
enhances negative vorticity resulting in a totalglderm mean negative vorticity of -1
to 3-310°s! at 200 hPa (~12 km above sea level; a.s.l.) femfuthe summer
season over the EM (Fig. 4).

The contribution of the above-mentioned dynamic seldnce generated by all
processes results in positive Omega values, defisdtie Lagrangian rate of change
in pressure with time, indicating a downward airtimo over the whole EM with its
highest core of maximum subsidence over Crete pxtedel over mid-tropospheric
levels (500 hPa geopotential height) (Fig. 5).



Following the subsidence caused by the large-staenward motion, the warming
and drying up is manifested by the delimiting shdeprease in relative humidity over
the EM Basin (Fig. 6).

Based on National Centers for Environmental PremhéNational Center for

Atmospheric Research (NCEP/NCAR) reanalysis for02@012, Lensky and Dayan
(2015) have recently shown that the coincidenceegfative vorticity advection aloft
accompanied by cold horizontal advection, at lotepospheric levels, featuring the
EM during PT synoptic conditions driveghe wind flow out of the thermal wind

balance inducing a vertical downward motion (Fyand 7).

Ziv et al. (2004) found that the cool advectioncasasted to the PT (Fig. 2) and the
subsidence related to both descending branchdseoffrican and Asiamienseens
monsoongFig. 3) are interrelated and tend to balance edlclr. They suggest that

this compensation mechanism explains the reducedodday temperature variations

over theeastern-part-ofthe-basinEilml summer (Fig. 8).

However, this monotonic regime is interrupted bg ttcurrence of hot day events
resulting from an expansion of the Subtropical Higkm North Africa towards the
EM, which are prone for elevated concentrationiopallutants. Harpaz et al. (2014)
found that such episodes are confined to the lodvdem and controlled by the
intensity of the negative temperature advectiorhaatthan by the prevailing

subsidence.

2.2 Atmospheric dispersion eenditions——overconditions over the eastern

Mediterranean

The vertical velocity involved in the mixing prosewithin the turbulent layer near
the surface and specically its depth are importpatameters in determining air
pollutant concentrations at shallow troposphenele (Zhang and Rao, 1999). The
changes in the mixing layer depth (MLD, i.e. thegheof the convective atmospheric
boundary layer marked by the base of a thermalrgiwe) is governed by several
factors: surface heating (Holtslag and Van UldeB83), horizontal advection

determined by the intensity of the sea breeze astab areas (McElroy and Smith,
1991; Lensky and Dayan, 2012), local terrain over tontinent (Kalthoff et al.,

1998), and the strength of the subsiding atmosphairi mass capping the mixed




layer, defined by the temperature profile withimstktable layer and synoptic scale
vertical motion (Dayan et al., 1988). Beside thiesors, the MLD is controlled also

by thermal advection associated with synoptic weathystems and therefore,
develops under strong forcing by synoptic scaleutations (Businger and Charnock,
1983; Holt and Raman, 1990; Sinclair et al., 20B@krsegquenth,—bothConsequently,
both the surface synoptic systems and their associgipdr tropospheric conditions
should be taken into consideration for understapdie behavior of the MLD over

the EM basin and its adjacent coastal region.

Within the EM, numerous—studiesnumerous studars the relationship between

synoptic circulation and the structure of the MLDep the continental EM were

conducted in Israel, the southeastern part of #wnb In particular, several studies
were undertaken to characterize the spatial andpdesh behavior of the MLD
(Neumann, 1952; Halevy and Steinberger, 1974; Riedger, 1974, 1976; Dayan et
al., 1988; Glaser et al., 1993; Lieman and AlpE993; Dayan et al., 1996; Dayan and
Rodnizki, 1999; Dayan et al., 2002; Ziv et al., 2pQsing sounding measurements at
the Israel Meteorological Service permanent sit8ait-Dagan (31.99°N, 34.82°E,

39 m a.s.l.), 8 km southeast of Tel Aviv and aeotporadic sounding sites.

The atmospheric noon-time mixed layer during thenmer over the EM region is
featured by a persistent elevated inversion basaet by a clear boundary line
separating two differing air masses, a cool anditdurmass above ground capped by a
much warmer and subsiding dry air. The MLD is coled by the interlaced
relationship between the downward motion of thesglibg air aloft and the depth of
the PT at the surface (Fig. 9).

Due to the existing correlation between the MLDtdeiag the PT and air pollution

episodes over the EM evidenced in previous stu@eayan and Graber 1981; Dayan
et al., 1988; Koch and Dayan, 1992), this baroroalystem was classi ed into three
essential types (Fig. 10) de ned by the surfacespuee difference between Nicosia
(35.16°N, 33.36°E, 149 m a.s.l.) in Cyprus and €&80.1°N, 31.4°E, 75 m a.s.l.) in
Egypt, and the temperature at 850-hPa in Beit-Ddtgael): Moderate PT, Shallow
PT, and Deep PT (for details see Dayan et al., 2002

Analyses of upper air measurements carried outadglat Beit-Dagan, in the central

coastal plain of Israel, point at significant difaces of the MLD for the several

5



modes of the PT. The overall summer mean noon itiimég depth values for 1981-
84 is 764 +320 m (Dayan et al., 1988). A classiftrawith respect to the

modes defined above resulted in mean and stan@adtion values of 428 +144 m

and 1010 +214 m for the shallow and deep PT moelgsectively (Koch and Dayan,

1992). The spatial distribution of the mixing deghather homogeneous under deep

PT conditions over the central coastal plain ciésias compared to the shallow mode
where its value is kept almost uniform above seall@hile penetrating inland. Due
to the important implication of this behavior orethuilding up concentration of air
pollutants, the lateral variance of the mixing theypts tested for part of the upper air
measurements performed at 4 sites concurrentlyngluthe 1981-1984 campaign
(Dayan et al., 1988). These sites on a west-eassdct were: Nizanim (31.7°N,
34.63°E, 10 m a.s.l.) on the southern coastal shbidsrael; Beit-Dagan (31.99°N,
34.82°E, 39 m a.s.l.) on the coastal plain; Ruch#&8ia5°N, 34.7°E, 210 m a.s.l.)
~20 km inland in the northern Negev Desert; anduskem (31.77°N, 35.21°E,
786 m a.s.l.). The average thickness of the migrgdrlwhen moving from the coast
inland is reduced by 350 m while reaching JerusalEig. 11). The longitudinal
variance of the MLD North-South vertical cross s@tton 21 summer noon-time
upper air measurements performed simultaneousdysites ~60 km apart along the
Israeli coast revealed that the MLD decreases aitdistom north to south (Dayan et
al., 1988). This finding is explained by the greatistance of the southern sites from
the cyclonic core of the PT (which persists in siento the northeast of Israel) as
well as the decreased distance from the anticyclaenter of the North African
subtropical high (which persists during all seastinshe southwest of Israel). This
lateral and longitudinal variance indicatinat the most reduced summer MLDs are

expected over the southeastern coast of the EM.

Most of the boundary layer studies from other cmastgions in the EM were

conducted over the Greek Peninsula and the Aegeankassomenos et al. (1995)
analyzed the seasonal distribution of the MLD otlee greater Athens area as
obtained from the upper-air station of the Greektddeological Service at the

Hellinicon airport for the period 1974-1990. Thewimt at a noticeable annual
variability in the afternoon MLD with maximum valsi§~800-1100 m a.s.l.) being
observed by the end of July. They explain thesh kiaues observed during summer

and the elevated inversion formed by the higheronmag solar radiation



characterizing this season, which is efficientlynwerted into sensible heat flux,
favoring the development of a deep mixing layer redhorizontal transport of warm
air masses. Nevertheless, few summer days witlysttdatified atmosphere and very
low MLDs (~300 m a.s.l.) inducing high surface ptibn levels in Athens’s basif
Greece were identified as well. This is consistent witve8sson (1996) who
analyzed such a summer day over the Athens’s lbgsapplying a three-dimensional
coupled mesoscale meteorological and photochemmaalel. Tombrou et al. (2015)
mapped the MLD as part of the Aegean — GAME (AegRalution Gaseous and
Aerosol airborne Measurementduringfor two summer days under Etesian flow
conditions over the Aegean Sedhe thermal profile they analyzed demonstrate a
well inflated MLD of 700 to 1000 m a.s.l. duringametime over Crete as compared
to the shallow marine boundary layer (~400-500 sxl.a.0bserved over both the east

and west Aegean marine regions.

Characterizing the structure of the MLD spatialiaon offshore over the EM basin
is of importance for getting a better insight ore throcesses, which control the
dispersion of contaminants over the sea. Few igasts (Gamo et al. (1982) and
Kuwagata et al. (1990) for Japan; Stunder and $atman (1985) for the United
States; Gryning (1985) for Denmark) have analyzeel $patial variations of the
atmospheric mixing layer in coastal areas. Sinstadies as related to the EM Basin
are quite limited and deal also mainly on the ctads not directly located over the

open sea but rather at sites distant from the looast

In a 2006-2011 study based on a remote sensing teel ECMWF model and
radiosonde observations launched at Thessalorakisort (Greece, 40.6°N, 22.9°E,
10 m a.s.l.) ~km from the coastline, Leventidu et al. (2013) fddhe MLD seasonal
cycles peak with a summer maximum of 1400, 1804, 200 m a.s.l. in June, July

and August, respectively.

Much earlier in the unique study of this type we aware of, Dayan et al. (1996)
have evaluated the spatial and seasonal distribwsiothe MLD over the whole
Mediterranean Basin. Based on ~65000 air measurtsrfrem 45 radiosonde stations
within and surrounding the basin from spring 19B8fugh winter 1988, the MLD
was derived from the potential temperature gradimeasured within the boundary

layer and the capping stable layer above it. Aetqul, the summer values prove to



be generally higher over land and minimum overrttest eastern and western limits
of the Mediterranean Basin (Fig. 12). They conctudleat the distance from the
coastline and topography are the main factors emiting the spatial distribution of
the MLD. The steep gradient in MLD values obsenasl moving onshore is
consistent with the elevated summer values in Tiesiki (Greece) reported by
Leventidu et al. (2013).

Moreover, Dayan et al. (1996) found that the maskisag temporal effect on MLD
distribution over the basin is caused by synop#ather systems and the intensity of
the sea-breeze along the coast. The diminishingeoMLD over the Mediterranean
Basin as moving from its center eastwards towaedgkl coast they have observed is
consistent with the unique series of measuremehtsh® temperature profiles
performed during the summer of 1987 near Ashdodéta(31.82°N, 34.65°E), some
40 km south of Tel-Aviv (Israel) at 2 to 22 km froshore using a tethered balloon
where prominent inversion bases of 350 to 600 m. avere observed (Barkan and
Feliks, 1993). Moreover, such limited MLD valuesothe sea were obtained in the
airborne Gradient in Longitude of Atmospheric cdosints above the Mediterranean
basin (GLAM) campaign in August 2014 (Zbinden et 2D16): the MLD over the
sea measured in the period 6-10 August 2014 was®app00 m a.s.l. over Crete

diminishing to about 400-500 m a.s.l. over Cyprus.

The diurnal behavior of th&4B—isMLD is assessed in the Israeli coagtédin
basedplain _basedn routine radiosonde ascents that are, unforynadf coarse
temporal resolution. The hourly maximum MLD is beem 23:00 UTC and 05:00

UTC for all seasons and decreases gradually toisminimal value at 18:00 UTC

(Dayan and Rodnizki, 1999)Refmissing).

However, since this cycle is governed mainly byaptic weather systems, and the
strength of the sea-breeze, this behavior wouldnbee significant for the summer.
During this season, the variation of the mixed-tdyeight due to diurnal variations of
solar radiation and local terrain effects is nostalicted by large-scale variations
caused by frequent transitions between differenptic configurations, as featured
by other seasons. Consequently, MLD variation istnewident during the summer,
mainly controlled by the daily sea-breeze cycle hedt fluxes that are most intensive

then. The layer minimal depth along the coast, @ . a.s.l., is usually observed



during late afternoon hours when heat fluxes dasipapidly and the wind speed of
the cool sea breeze reaches its minimal rate. droicess results in a decrease of the
marine turbulent boundary layer depth (Dayan andriaii, 1999). These MLDs are
less developed as compared to the mean MLDs ofn@5@.s.I. observed over the

Athens basin by Kassomenos et al. (1995).

AssessingFhe- theatmospheric dispersion conditions is commonly datifrom the
ventilation rates calculation. This term is the Mbiltiplied by the mean wind speed
in the mixed layer, representing the potentiahef atmosphere to dilute and transport
contaminants away from a source region. Matveul.ef2802) have calculated over
1948-1999 the mean and standard deviation of theéngidepth, wind speed and
long-term range of ventilation rates at the Isideteorological Service sounding site
in Beit-Dagan (Israel) for the summer. A criteriosually adopted is that if the
ventilation coefficient is less than 600G gt the site has limited ventilation
(Dobbins, 1979; Pielke and Stocker, 1991).

Their results (Table 1) clearly show that the mbntbng-term mean ventilation rates
of ~4500 m s* characterizing the EM coastal zone during summemreduced and
therefore inhibit an efficient dispersion of poduats as compared to the summer mean
values of ~7000 fs? obtained by Kassomenos et al. (1995) over thetgréhens

area.
2.3 Air mass origins over the eastern Mediterranean

The chemical composition of an air mass is ineWtaielated to its origin and
pathway. Consequently, these both terms are indssi@e in explaining its
composition (Fleming et al., 2012). Studies of tbeg-range transport (LRT) of
pollution by trajectory models help us interpretigngd better defining the movement
and removal processes affecting atmospheric coratemts. Although changes in
wind direction are observed on a diurnal and sesldmsis depending on the synoptic
conditions affecting the region, the prevailing difiows over the EM are from the
west towards the east. Therefore, air pollutantgtedhfrom upwind sources to the
west of the EM will reach the EM and will be addedhose emitted locally. Indeed,
numerous observational and modeling studies han@rowd that the EM is affected

by the long-range transport of air pollutants aréding from Europe (e.g., Dayan,



1986; Luria et al.,, 1996; Wanger et al., 2000; Egtlal., 2002, 2007 and 2013,
Matvev et al., 2002; Rudich et al., 2008; Drorakt 2012).

To get an insight on the LRT over the EM, the AgsRurces Laboratory’s trajectory
model (GAMBIT- Gridded Atmospheric Multi-Level Bawlard Isobaric Trajectories;
Harris, 1982) was applied over 1978-1982 (Dayar§6)9The duration of each
trajectory was chosen as 5-days backward in tinablarg the tracing of air masses
originating from Europe, the Mediterranean Ba8#B}, North Africa and the Near

East close to the EM central coast of Israel (ER).

The 850-hPa level (~1500 m a.s.l.) was chosen asntbst representative of the
transport layer. This level is selected as therinégliary level between the surface
wind regime and the regime of upper winds relayiiete from local surface effects.
Trajectory direction was divided into five distina geographical classes as shown in
Figure 13. Respective occurrences and seasonabdigins can be summarized as

follows:

1) Long fetch of maritime air masses from northwdstrope crossing the
Mediterranean Sea, accounting for 36%, was the fnequent on average and fell

evenly throughout the whole year,

2) Northeast continental flow that originated irstean Europe, accounting for 30%,

was the most frequent during the summer season;

3) Southeast flow from the Arabian Peninsula, antiog for 5%, was infrequent,

occurring mainly during the autumn;

4a) Southwest flow along the North African coastaunting for 11%, was the most

frequent during late winter and spring; and

4b) South-southwest flow from inland North Africaasvaccounting for 7%, with a

late winter and spring maximum.

Therefore, 1) and 2) trajectory types are indeeddgminant with a summer

maximum occurrence (>66%) over the EM coastal zone.

The 5-years (1983-87) flow climatology study of ba@jectories at Aliartos, Greece
(38.22°N, 23.00°E) revealed that about 40% of th@-BPa back trajectories arriving



to this site during summer, originate from northivaed north sectors (Katsoulis
1999), which is consistent with the flow pattermparted by Kubilay (1996) for
Mersin, Turkey. Katsoulis (1999) suggested thasehpredominant flow directions

point at northeastern Europe and northwestern @sjaotential source regions.

These studies show that the main flow directiotht® EM observed during summer
lies between west and north wind sectors. Thisigsghat the most probable source
areas reaching and affecting the northern and mag@ts of this basin are the

industrialized countries of eastern and centraloperocated upwind to this part of

the basin..

3. Summer atmospheric air pollutant concentrations

The EM is one of the regions in the world wherevaled concentrations of primary
and secondary gaseous air pollutants have beemtedpiwequently. This region is
influenced not only by local atmospheric disperstonditions but also by the ability
of the atmosphere to inherit a significant promortiof pollutants from European

sources

After reviewing the atmospheric dispersion and gpamt conditions characterizing
the EM during the summer, a summary of the esdaesalts published over the last
decade dealing with trace gases and anthropogelfitesaerosol concentrations over
this region is presented. These studies demondimtethe above described global
and synoptic scale processes control the extertaof-boundary transport of air

pollutants and chemical composition and concemtnatover the EM.
3.1 Processes controlling ©formation

Most tropospheric © formation occurs when nitrogen oxides (NOxgarben
monoxide-CO) and volatile organic compounds (VOCSs) react indbmosphere in
the presence of sunlight. Due to cloud free comd#tj high incoming solar radiation
characterizes the EM during summer (Lelieveld et 2002), which enhances the

building-up of Q concentrations.



Numerous researchers have identified the EM as @ $pot” of summertime
tropospheric ozone (e.g., Stohl et al., 2001; Reedb al., 2003; Zbinden et al., 2013;
Zanis et al., 2014; Doche et al., 2014; Safieddinal., 2014).

Zbinden et al. (2013) derived the climatologicabffjes and column contents of
tropospheric @ from the Measurements of Ozone by Airbus Aircrpfbgram
(MOZAIC) over the mid-northern latitudes (24°N t®°Bl) over the 1994-2009
period. Among the 11 most visited sites by the MOZAircrafts, is the EM cluster,
which comprises 702 profile data from the two aitpof Cairo (31.39°E, 30.10°N
Egypt, and Tel-Aviv, (34.89°E, 32.00°Nn }, Israei, from which monthly means
were derived. The ©volume mixing ratio obtained were converted to Bmb units
(DU) and validated against coincident ozonesonaéles. Considering all sites, the
EM reaches the largest troposphertcddlumn concentration of 43.2 DU in July.

Sin agreement witti

by Ziemke et al. (2011),

pointing at the favorable photochemical conditioharacterizing this region.

Zanis et al. (2014) identified a summertime poahwiigh G concentrations in the
mid-troposphere over the EM over the 1998-20090geas derived from the ERA-
Interim reanalysis ©data, the Tropospheric Emission Spectrometer (T&&®)llite
Oz data, and simulations with the EMAC (ECHAM5-MESS@tmospheric
chemistry—climate model. They indicated that thghhiO; pool over the mid-
troposphere is controlled by the downward transporn the upper-troposphere and
lower-stratosphere over this part of the MB, whishcharacterized by large-scale
subsidence. This subsidence is regulated by th@anABonsoon as described in
Section 2.1. Furthermore, Zanis et al. (2014) bamegrevious case studies (e.g.,
Galani et al., 2003; Akritidis et al., 2010) and@tological studies (e.g., Sprenger
and Wernli, 2003; James et al., 2003) and their oesults deduced that the
mechanism leading to high tropospherie¢ @er the EM consists of two essential
consecutive phases. In a first stage, an enrichinesttatospheric ©occurs into the
upper-troposphere via a stratosphere-to-troposptnensport process. In the second
stage, theseszeneQ-rich air masses are transported downward by thengt

summertime subsidence characterizing this region.




Doche et al. (2014) analyzed troposphericc@ncentrations for the 2007-2012 period
as observed over the MB by thmpace-bornelnfrared Atmospheric Sounding
Interferometer (IASI). They identified an abruptsiseeast @ gradient in the lower
troposphere over the dditerranean2assinBasinwith the highest concentrations
observed over its eastern part. These concentsatiware observed at mid-
tropospheric layers (3 km) caused by subsidizgreQ-rich air masses from the
upper-troposphere, typifying summer. A clear andststent seasonal variability
emerges from their measurements, showing a maxiofuthe 3-km partial column
Os concentration in July (Fig. 14). This is consistenth the study of Tyrlis and
Lelieveld (2013) who found that the key dynamiovoig factors yielding to high ©
concentrations in late July and early August, il mnd lower free troposphere, are
maximum tropopause folding activity, i.e., stratospc air intruding into the
troposphere and the subsidence over the EM, fegtlttesian outbreaks, which are
temporally well correlated with the Indian monsodrhis tropopause folding is
manifested by a slightly lower tropopause in mid &wer free troposphere observed
during such outbreaks over the latitude of the Aegrming a narrow “transport

corridor” of positive Btential Vorticity anomalies. Tyrlis and Lelieveld (2013) argue

that such frequent subsidence of higiietialVorticity illustrates the important role

of stratospheric intrusions in the summer dynamanditions over the EM.
Furthermore, a climatology of tropopause folds aves region based on the ERA-
Interim data spanning the period 1979-2012 idexdithe Anatolian plateau as hot
spot of fold development that occurs ~25% of theetduring July and August, and a
seasonal evolution linked with the South Asislirseen monsoor{Tyrlis et al.,
2014). The contribution of tropopause folds in suenmertime pool of tropospheric
ozene_Q over the EM was confirmed by Akritidis et al (20188 simulated with the

EMAC atmospheric chemistry model.

Based on IASI measurements and the Weather ReseadcRorecasting Model with
Chemistry (WRF-Chem), Safieddine et al. (2014) hstvewn that the air column of
the first 2 km above ground is enriched by anthggmic Q. Above 4 km, Q is

mostly originating from outside the dditerraneanBasin by LRT process or

generated through stratosphere-to-troposphere egehaharacterizing theastern

partef-the-MBEMduring the summer.




Air masses from surrounding regions in the EM ajphese have a great impact on
surface @ concentrations. In a recent study, Myriokefaligalgt al. (2016) have
investigated the contribution of LRT ors@nd CO budget in the EM basin, using a
global chemistry transport model (CTM), the TM4-BCHriven by ECMWF Interim
re-analysis project (ERA-Interim) meteorologyhey found that about 8% of surface
Os concentrations are affected by local anthropogenissions, whereas subsiding
air masses from the free-troposphere and horizamgalsport from surrounding
regions provide about 38% and 51% of $ources, respectively, into the EM mixed
layer depth. Although elevated ©@oncentrations over the EM during the summer are
mainly attributed to LRT of polluted air massegyorating from Europe and lingering

over the Mediterraneamasin its enhancement as a secondary pollutant iscalgsed

by its precursors emitted along the coasts of thle Eonsequently, several studies
dealing with Q concentrations measured over coastal sites sutiogithe EM and

its inland penetration are presented.

Measurements of  were performed at several sites in Crete and @Greed for
rather long periods: over the northern coast ote;rat Finokalia (35.50°N, 26.10°E)
70 km northeast of Heraklion, from September 139%a&ptember 1999 (Kouvarakis
et al. 2000); from a rural area (40.53°N, 23.83Bse to Thessaloniki in the north
of Greece from March 2000 to January 2001 and faonQ analyzer installed in a
vessel traveling routinely from Heraklion, CreteTtbessaloniki, Greece, from Aug.
to Nov. 2000. Based on these measurements, Kousagtkl. (2002) pointed out the
existence of a well-defined seasonal cycle in bampdayer @, with a summer
maximum both above the Aegean Sea and at FinokEtiey indicated that LRT is
the main factor accounting for the elevategdl€vels above the EM. This finding is
consistent with the 1997-2004 surface me series at Finokalia (Crete) of
Gerasopoulos et al. (2005) who investigated thehamgisms that control Oevels
and its variability. They identified transport fraime European continent as the main
mechanism controlling the ;0evels in the EM, especially during summer when O
reaches a July maximum of 58 =10 ppbv. Moreover,aolarger regional scale,
Kourtidis et al. (2002) used ozonesonde ascemtat bbservations, ship cruises, and
aircraft flights to show that south and southwestern synoptic flassociated with
Saharan dust events result in lowey &ove the planetary boundary layer by 20—

35 ppbv, as compared to northerly flows, which $gaort air from continental Europe.



Based on sixteen years ok @oncentrations measured at the EMEP Agia Marina
Xyliatou rural background station in Cyprus andtBBen remote marine sites, over the
western, central and eastern parts of the islatehrthous et al. (2014) have shown
that local precursors contribute to only about 698 gpbv) of the observedsO
However, elevated concentrations of this seconpaliytant occurring in summer are
attributed to LRT of air masses mainly originatifrgpm northerly and westerly
directions. The summer average annual maximum & 54.7 ppbv was observed to

be related to the transport of polluted air massa® the Middle EastNear-Asia,

East and Central Europe toward Cyprus.

Despite the prevailing synoptic meteorological dtods featuring the EM in
summer, the differing pathways of the LRT of padlitair masses can affect
differently the buildup of pollutants concentraonTo investigate such changes,
Wanger et al. (2000) performed a comprehensiveystiadt included 150 hours of
instrumented aircraft monitoring flights comparitvgo events of air mass transport
(September 1993 and June 1994) representing twinaigypes of LRT. This
airborne study comprised flight paths performed rapipnately 70 km offshore

parallel to the Israeli coastline and 180 km irgkanwith Tel-Aviv in the center.

These flights were performed during midday undestesdy wind flow conditionsnd
at an altitude of 300 m a.s.l. (well within the aspheric mixed layer). While both
wind flow conditions were nearly similar throughetmeasurement periods and along
the 180-km flight path, the air mass sampled int&aper 1993 was much “cleaner”
than the one sampled in June 1994. The concentration of Os—averaged
the first campaign was 39 +7 ppbv, against 48@®pin the second
period. Therefore, Wanger et al. (2000) model satioh showed that the pollution
sources in southern Europe and the Balkans didffett the EM coasts in September
1993, contrarily to the synoptic conditions and wimtion results for the June 1994
period where the winds over the EM tended to behmasterly and thus forcing the

polluted air masses toward the coasts of the EM.

The summer synoptic and dynamic conditions prevgilbver the EM supply the
essential ingredients for the building up of €éncentrations. Based on the similar
climatic conditions between the Los Angeles BgsigA) and the EM, Dayan and

Koch (1996) proposed a theoretical descriptionhef ¢yclic mechanism in summer,



leading to fumigation (i.e., a downward dispersidran enriched &cloud toward the
ground) further inland from the EM coast. Under tfep mode of the PT, stronger
westerly winds, acting as a weak cold front (Fi§, fanel Al) penetrate far inland,
undercutting the mixed layer polluted by @om the previous day (Fig. 15, panel
A2). In this way, part of the mixed layer contamifs is pushed upward and isolated
from the ground. If the pressure gradient weakenshe following day, the western
flow weakens (Fig. 15, panel B1). The cooling efffeicthe cool and moist marine air
is consequently reduced and the convective bouridgey inflates rapidly. When the
top of the mixed layer reaches the elevatedc@ud, the latter is penetrated by
convective currents (Fig. 15, panel B2) and pdrtb® cloud are entrained toward the

ground in this fumigating process.

Elevated @ concentrations (>117 ppbv) were measured at infaral sites of central
Israel during the 1988-1991 early summer monthée(Pet al., 1994). Based on air
mass back-trajectory analyses, these elevatethi®ing ratios were found only in
case of air masses overpassing Tel Aviv metropobt@a. Furthermore, the very low
ratio of SQ/NOx (sulfur dioxide, SGQ) clearly indicates that £precursors such as
nitrogen-oxidesN Ox;-thesum-of NO-and-Nf) earben-menexideqO), andvelatile

organic-compounda/OC) originate mainly from fossil-fuel combustion framobile
sources (Nirel and Dayan, 2001). These pollutantssabjected to chemical and

photochemical transformations in the presence lair sadiation and atmospheric free

radicals to form @

Over central Israel, the main source for these yseers emitted along the Israeli
coastline is transportation (Peleg et al.,, 1994phcé& @@ and other secondary
pollutants formation takes several hours, signific&ransport and mixing occur
simultaneously with the chemical reactions (Sethfel989; Kley, 1997). Thus,
increasing urban and commercial activity along highly populated Israeli coastal
region, together with expanding transportationvégtiin the Gaza region, was found
to strongly deteriorate inland air quality and, cfeally, to cause increasingly
elevated inland ©levels. Model results showed that traffic emissiaturing the

morning rush hour from the Tel Aviv metropolitarearcontribute about 60% to the
observed @ concentrations (Ranmar et al., 2002). Moreovesir thtudy showed the
summer season features a shallow mixed layer aiad wenal flow, leading to poor

ventilation rates, which restrictz@lispersion efficiency. These poor ventilation sate
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result in the slow transport of 3Oprecursors, enabling their photochemical
transformation under intense solar radiation dutimgr travel inland from the EM

coast.

However, elevated ©concentrations are not limited to the summer dher EM.
Dayan and Levy (2002) found 103 “high-ozone dayshere Q is >80 ppbv for at
least 2 hours based on 24 Israeli sites over 199B-1From their ® temporal
analyses they concluded that the highest values are moegquént during the
transitional (spring and autumn) seasons (65% 8fddys) than during the summer

season (35%).

Based on the recent remote sensing tools in cotjqumowvith meteorological
observations and models, we conclude on the tlesenéal processes that control the
Os concentration during summer at various tropospHesiels over the EM: 1/ in the
shallow troposphere, the horizontal transport efe@riched air masses from eastern
continental Europe to the region controlled by amdéicylonic center over central and
southeastern Europe and the PT causing the Etesinfie dynamic subsidence at
mid-tropospheric levels; and 3/ the stratosphereiposphere exchange in the upper
troposphere. At the surface of the EM coast, dutnagsitional seasons, highs O
episodes are associated with hot and dry air masggieating east of Israel, where
Os precursor emissions are negligible, demonstratiag high Q levels are more

dependent on air mass characteristics than on appvecursor emissions.
3.2 Particulate sulfate (SQ) abundance

Globally, the two main particulateutate-SQy precursors areuurdioxide-80p)

from anthropogenic sources and volcanoes, and bOyhefulfide (DMS) from

biogenic sources, especially marine plankton. la BEM atmosphere, particulate
sulfate SQ@ contributes more than 50% to the submicron aemvsss (Bardouki et
al., 2003a, b; Sciare et al., 2005). A first attémopguantify the biogenic contribution
caused by the oxidation of marine DMS as possiblece to particulateulfate SQ

observed over the EM coastal region, was carriddoguGanor et al. (2000). They
used an instrumented aircraft during August 1995sdmple DMS and methane
sulphonic acid (MSA) offshore and over land of &draBeing exclusively produced
by oxidation of DMS, MSA was used as tracer. Gagtaal. (2000) found this source

as a rather limited contributor: between 6 and 2#%he non-sea-salt S@nss-SQ)
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measured during summer was attributed to maringeic production. Evidently,
several other factors favor particuladetfate- SQ abundance over the EM. The
homogeneous conversion of gaseous (articulatesutfate SQis rather slow, i.e.,
about 1-3% per hour (Meagher et al., 1981). Wetosiéipn chiefly governs the
atmospheric lifetime ofulfateSQ, estimated to be up to 6 days on a global average
(Chin et al.,, 2000). Due to rainless conditions asociated wet deposition in
summer, and the slow dry deposition velocity sfifate- SQ aerosol (~0.01-
0.4 cm &), sulfate- SQ aerosols account for 50-90% of the total sulf@) in
transported air masses toward the EM (Matet al., 2002). Two additional factors

favor late spring and summer particulatéfate SQ regional abundance. First is the

intense radiant energy emitted by the sun under diey conditions that leads to an
efficient oxidation of S@ to SQ via hydroxyl radical (OH) as the predominant
oxidant during daytime (Mihalopoulos et al., 200Becond is the prevailing
summertime westerly winds that transpssifateSQ-rich air masses from sources
over central Europe before significant removal escé pioneering study to measure
particulatesulfate SQ in the background atmosphere of the EM was cawigdby
Mihalopoulos et al (1997) in FinokaliaGreece. They reported a measfate SQ
aerosol concentration of 188 necf i 9ug m?*) with a minor marine contribution of
about 5% resulting in a concentration of 178 nefj(#8.5 pg n¥) fer—nssfor nss

SOQy. These summer concentrations, about 10% highem thase observed in

Thessanoliki (Tsidouridou and Samara, 1993), wasoa@ated with transport from
eastern and central Europe. This is consistent Sadiare et al. (2003) who measured
particulate nss-S{during a one-month experiment in summer 2000 lzckground
site on Crete. They found a high average concéotratf 6 ug n¥ (~62 nmole n¥)
for air masses originating from Turkey and Centafope. Identical results were
obtained by Koulouri (2008) who measured similas-8€) concentrations during the
period July 2004—July 2006.

Another source ofsulfate- SQ aerosols is ship emissions, which contribute |
substantially to atmospheric pollution over the mertime Mediterranean region.
Based on a regional atmospheric-chemistry modekaradliation model, Marmer and
Langmann (2005) found that the summer meaiiate SQ aerosol column burden |

over the Mediterranean is 7.8 mg nb4% originating from ship emissions.



Concentrations obulfateSQG-rich air masses have been measured intermittetly
various downwind ground sites in Israel, the eastest Mediterranean region, from
an instrumented aircraft for a 10-year period betw&984 and 1993 by Luria et al.
(1996). They found that the concentration of patéite suifate SQ observed during
the summer was relatively high compared to otherdviocations

occasionally: 500 nmole nt as compared te—NeteWinhtertime

levelsthatwere in the range of 50-100 nmole’nirrom airborne observations-ta-their
airberne—study Wanger et al. (2000) measured an averaged c®@centration of

38 =7 nmole nt in their first series of measurement between 5%8eptember 1993,

and up to 108 +63 nmole‘fnbetween 15 and 21 Jyn&994. The annual average,
calculated in Luria et al. (1996), is 100 +15 nmoig which is twice as high as
predicted for the region by a global model and igh las reported for some of the
most polluted regions in the USA. They pointed éwesal indicators suggesting that
the origin of the particulateatate SQ over the EM region is not from local sources
but the result of LRT. The indicators include thel of correlation between $@nd
primary pollutants, the high SQo total sulfur Svalues, the origin of the air mass
back trajectories and the fact that similar lewslsre observed during concurrent
periods at different sites. Throughout their stuahigher concentration of S@Was
found during the afternoon hours, especially during summer and at the inland
locations. However, aerosol chemical analyses &mamo-stage aerosol sampler from
a receptor site in Sde-Boker (31M4334.88E, 400 m a.s.l.) in southern Israel, point
at a significant decline of 24% of these elevatsst&Q mean concentrations for the
summer months (July and August) from ~3 pg m 1994 to ~2.3 ug rh for 2004.
This decline is attributed to the decreasewfur- Semissions in central and eastern
Europe over the past 3 decades. Indeed, the nya{6086) of the calculated air mass
back trajectories related to extreme events (duwhigch the fine fractiorsutfurS
concentration at Sde-Boker exceeded a threshddugf m?) originated from Russia,

Ukraine and northern Black Sea region (Karniehlet2009).

The effect of land and sea bre€z&B) on coastal meteorology in general and the

interaction betweefrand and sea breeze-L&id air pollutants in particular plays an

important role in determining many aspects of alastvironments around the world.

A meteorological phenomenon that is often assatiatieh theland and sea breeze

LSB is air mass recirculation in coastal regions (Migéal., 2003; Levy et al., 2008).
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Sulfate particles measured along the central aofaktrael in mid-August 1987 and
mid-August 1995 and identified by lesser micropraealysis have shown that the
concentration during land breeze were 6-10 timeghdri (34.6-64.1 pg i) as
compared to sea breeze conditions (4.3—7.1 fiyy(@anor et al., 1998).

In another attempt to quantify tlsetfur Sflux arriving at Israel’'s western coast from
Europe and the Israeli pollution contribution tee thir masses leaving its eastern
borders towards Jordan, Matvev et al. (2002) cotedld4 research flights at an
altitude of approximately 300 m above ground lemsasuringuurdioxideSQ and
particulatesulates S@during the summer and autumn seasons. Two diffdegst
were performed for each research flight: the firgr the Mediterranean Sea, west of
the Israeli coast and the second along the Jorddiey/ Their results have shown that
the influx of suHuS} reaching the Israeli coast from Europe variechenrange of 1—
30 mg S H, depending on the measuring season. Thel8@! in the incoming LRT
air masses was at least 50% of the tet#lli- Scontent. The contribution of the local
pollutant sources to the outgoing easterly fluxes atrongly varied with the season.
The Israeli sources contributed an average of 2%Bm§to the total pollution flux
during the early and late summer as compared ty approximately 9 mg Sh
during the autumn period. The synoptic analysiscaigs that conditions during the
summer in Israel favor the accumulation of pollotgpecies above thedditerranean
Basin from upwind European sources. This season is cteaized by weak zonal
flow within a shallow mixed layer that lead to poeentilation rates, limiting an
efficient dispersion of these pollutants duringitheansport eastward. Under these
summer conditions, in-flux local contribution arne ttotal out-flux of these pollutants
are elevated as opposed to other seasons. Taateisduring autumn, the EM is
usually subjected to weak easterly winds, integdgt times by strong westerly wind
flows inducing higher ventilation rates. Such autatmeteorological conditions and
the lack of major emitting sources eastwards afdbkresult in lowesulfur Sbudgets

to and from Israel.

An estimate of the yearly flux showed that apprcadiety 0.06 Tg S arrived at the
Israeli coast from the west (Matvev et al., 200R)is is approximately 15% of the
pollution leaving Europe towards the EM. The outgpiflux towards Jordan

contributed by local sources was calculated to.b8 Ug S per year, i.e. almost all the
sulfur- Sair pollution emitted in Israel. The results of tthex rates for thesulfur-S
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compounds over Israel are summarized in Table Zherdifferent research flights
and field campaigns. These latter results show that the
uppermost fluxes from the west were averaging 0.19 Tgy
L. During this season, the levels doubled the awesrdigr late summer (0.085 Td)y
and were over five times the average levels meddiarethe autumn (0.035 TgY.
The wide range in fluxes derived is explained bg tharying distance from the
polluted coastline.

The Aerosol Optical Depth (AOD), the vertical intalgover an atmospheric column
of the incident light scattered and absorbed bpsads, is often used to estimate the

aerosol loading in the atmospheFarticulate S@are among the numerous aerosol

types.Nabat et al. (2013) compared AOD from several modéh to satellite derived
data for the period 2003-2010 over the Mediterranesgion. They found that the
AOD seasonal cycle obtained from the Monitoring Atmasjah Composition and

Climate (MACC) reanalysis model, which includ&®derate-Resolution Imaging

Spectroradiometer MODIS) AOD assimilation at 550 nm resembles much the

satellite-derived AOD variability and have the besgiatio-temporal correlation
compared toAErosol RObotic NETwork AERONET) stations. Based on these

models and satellite derived data, Nabat et all3pChave clearly shown that
particulatesuifateSQ, as-ene-of the-aeroseltypd@s a maximum during spring and
summer over theasterr-MBEM(Fig. 16). Matvev et al. (2002) performed airborne
measurements along a 150-km line west of the Iscaelkt. They derived an annual
flux of the order of 0.06 Tg yr of (dry) sulfur-Sacross the corresponding surface.
Given the observed ratio affate- SQ to total suHurS of 40-90% in the region
(Matvev et al., 2002; Sciare et al., 2003), theuahrflux of SQ based on field
measurements is 0.024-0.054 T4 yRudich et al. (2008) used satellite data to
estimate the pollution transport toward the EM. MSDerra- and Aqua-derived
estimates of the annuakifate- SQ flux along the same transect are 0.038 and
0.040 Tg ¥, respectively, in the middle of the rangigtainedfrom field observations.

Rudich et al. (2008) also found that MODIS-basetiheges
of the sulfate SQ flux agree reasonably well with the Goddard Chemyist
Aerosol Radiation and Transport (GOCART) model sations of anthropogenic

sufateSQ, as shown in Figure 17 for seasonal averages:




estimate

are in excellent agreement
in summer and fall, but about 50% highertir winter and
spring
) Based on the comparison of
the two instruments, the model results, and thesistancy with the aircraft
measurements, they that both MODIS instruments can be used
for estimating the flux of pollution based on theé#ily AOD retrievals.

3.3 Local formation and long-range transport of toal reactive nitrogen (NG))

Fotal reactive nitrogen (N@is a collective term for oxidized forms of nitexgin the
atmosphere such as nitric oxide (NO), nitrogen idiexXNQ), nitric acid (HNQ),
nitrous acid (HNQ@), nitrate NOgz), nitrogen pentoxide 2N2Os), peroxynitric acid
(HNO3—HNOy4), PAN—{peroxyacetyl nitrate(PAN), and other organic nitrates
(Emmons et al., 1997). Research studies measuriogganic reactive nitrogen

compounds over marine areas in general, and meufigally over the EM basin are
scarce (Lawrence and Crutzen, 1999; Corbett et1809; Veceras et al., 2008).
Measurements of-NO,;, HNO; and —HNO,—undertakenHN® undertakenwith

instrumentation on board a research vessel in ggean Sea between 25 to 29 July

2000 revealed typical Nxoncentrations of 4—-6 ppbv with a broad maximur@ @
30 ppbv. The level of NOwas relatively high during the night and low dgrithe day
due to enhanced photochemical activity, verticalxing and the daily wind
characteristics. Extreme N@oncentration were caused by up slope wind brongin
from marine traffic emissions trapped within therme atmospheric boundary layer.
The concentration of both, nitric and nitrous acidsambient air of the Aegean Sea

was low, below 50 pptv. Ve a et al. (2008) explained these results by the &ick
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precursors for these acids (Cohen et al., 200@)htgh solar irradiation leading to
HNO:s dissociation, and the reactiontefric-acidHNG with sodium chloride aerosol.

NOy, -identified as precursors in thes @rmation was measured by Wanger et al.
(2000) for two summer airborne campaigns over thileaE an altitude of about 300 m
(well within the MLD) using a high-sensitivity NO®, analyzer (TEIl 42 S,
chemiluminescence method, 0.1 ppbv sensitivity). the first campaign of
September 1993, characterized by cleaner air masditons, an average NO
concentration of 1.0 +0.6 ppbv was measured as amdpo 3.9 +1.8 ppbv sampled

during the June 1994 campaign.

The Mediterranean Intensive Oxidant Study (MINO&meaign, performed in the
summer of 2001, allowed Lelieveld et al. (2002) ewamine the air pollution
conditions at shallow and mid-tropospheric levelerothe EM Basin. During this
experiment, elevated concentrations, typically @10.2 ppbv, of NO in the upper
troposphere and only about 20 pptv within the MLBrevobserved at the Finokalia
station. However, the value measured within the MatDFinokalia was rather low
and not typical for this site. From fall 1998 tarsmer 2000a Thermo Environmental |
Model 42C high-sensitivity chemiluminescence J@alyzer with a detection limit of

50 pptv was operated at Finokalia in parallel with G analyzer to monitor NO and
NOx (Kouvarakis et al., 2002). During the whole exaadimperiod, NO concentrations
ranged between 50 pptv (most of the time) and 100 pptv, and |
NOx' (NOx' = NO + NG + PAN) between 0.1 and 4 ppbv. Kouvarakis et 2000)
interpreted the very low NO/NQratio obtained as pointing at the influence of th
Finokalia station by aged air masses. Furtherntbey, argued that the similar diurnal
amplitude of @ above the Aegean Sea and at Finokalia during supmnaicates that

the regime of N@above the Aegean is similar to that observedratiilia.

The observed diurnal evolution at Finokalia of N aNOz’ - the later expressing
mainly the sum of N@ NO, peroxyacetynitrate RAN)-like compounds, organic
nitrates andiitric-acilHNG - were used as tracers of pollution by Gerasomoet@l
(2006) to analyze the diurnal variability ok @ver the EM. The diurnal cycles of
these two tracers based on 3.5 year of measurep@ntsat a maximum value of ~70
pptv for NO and up to ~1.55 ppbv for NOThese maxima were observed 1-2 h after |

the minimal Q concentration measured at about 06:30 UTC.



Ambient concentrations of NO, NCand NQ have been also reported over the
northwestern parts of Turkey. An N©@oncentration of 8.5 +4.8 ppbv was obtained
for the summer of 2005 by collecting weekly averdgéa in a sampling site of the
city Eski ehir, located 230 km to the west to the capital'ofkey by use of passive
samplers (Ozden et al., 2008). Im et al (2008)istli@; pollution and its relationship
with nitregen—exide-NOyx species based on hourly concentration levelszekeQ,
nitregen-exideNQand hydrocarbon measured between 2001 and 200&dikoy, an
urban district in the Anatolian side aftanbul. The mean and standard deviation for
the summer (June-August) NO, B@nd NQ concentrations reported for this 5-yr
period were 14.4 6.2, 22.75 £2.7, and 37.7 £14I3/pespectively. Moreover, they
suggested that the very strong correlation theydolbetween NO and NQimplies

that the NQ species are mainly from local sources.

Traub et al (2003) analyzed several trace gas obrat®ns measured along flight

tracks of theDeutsches Zentrum fiur Luft- und Raumfalidt R) Falcon aircraft over

the eastern and central Mediterranean Sea duringd8lin August 2001. In order to
inquire into the role ofleng-range-transportLR®f pollutantssf-in the air massesito
abovethe Mediterranean area and to determine their saegions, 5-day backward
trajectories were computed and initialized alorgRalcon ight tracks.'hey found

that all trajectories with source regions in easteurope were associated with higher

mean concentrations than those from westerly destf Traub et al (2003)-hey

measured a mean® and NOyconcentration of 0.05 +0.02bv and 1.4 +0.4
ppbv respectively for the computed trajectoriedimithe MLD originating from

eastern Europas compared th-4-+0-4-ppbv 0.04+0.01 and 1.1+0.5 ppbv
respectivelyfor trajectories originating from western Europe-N&-about74%of

Increasing urban and commercial activity along hiighly populated Israeli coastal
region, together with expanding transportationwgtinas yielded few ground-based
measurements studies in order to quantify the itnpatocal urban versus regional
and foreign sources on the concentrations ofribegen—oxideN® species, which
vary in their atmospheric fate.




Results of half-hourly N@concentrations recorded from 9 monitoring statifsom
2002 to 2005 in the Haifa Bay, Israel, resultedaitypical mean mixing ratio of
25 ppbv (Yuval et al.2007) and a typical background value below 0.5/pjob the
summer over the EM (Alpert-Siman Tov et al., 199Mis background value was
further evidenced by Dayan et al. (2011) who aredyiXQ concentrations during the
Day of Atonement. In this day, all traf c and madtthe industrial activities cease in
the Jewish populated parts of the country, whiavigiles a unique opportunity to test
the relative contribution of pollution sources wiitlurban centers versus regional and

foreign sources.

In a study aimed at analyzing the sources and sifikstrous—acidHONOIn urban
areas, and their seasonal dependency, Amaroso(2088B) carried out measurements
of HONO, NG, Os;, and SQ during autumn and summer in Ashdod (31R49
34°40E, 10 m a=ns.l.) (south of Tel Aviv, Israel), a typical codshediterranean
urban area. The 15-day July campaign consisted -ofin5 averaged 4320
measurements, of HONO, NO and N®ONO analyses were performed with a
liquid coil scrubbing/UV-vis instrument (see Amamost al., 2008). NO and NO
measurements were performed by a thermos ModeNR@IOx analyzer. The mean
concentration obtained for this campaign was 1.4.+2.0 £8.8 and 14.8 +7.3 ppbv
for HONO, NO, and N@ respectively. The HONO mixing ratios obtained diea
point at the typical diurnal cycle with nighttimeasrima and daytime minima
(Lammel and Capel996).

Ranmar et al. (2002) addressed the dynamics ofliamdary air pollution, where
transportation emissions (such as .N&nhd VOC) originating from Israeli major
coastal sources impact the onshore mixing layealysis of NQ data (here, the sum
of all nitrogen oxide species, excludingdy collected from 1 June to 30 September
for the years 1999 and 2000 at a monitoring stdboated in metropolitan Tel Aviv,
yielded an average of 24.5 +£15.1 ppbv. They noted higher initial N@ levels
during the morning rush hour emissions that welgested to a noticeable bleaching
by the late morning sea breeze in comparison smahlocations, which leveled off at
relatively higher midday concentrations. Ranmaalet(2002) argued that this may
indicate, in the absence of any alternativey$Ource, that the early morning NO
produced by transportation sources in Tel Aviv rignsported inland, providing

additional NQ to the regions along its path.



eside cruises of research vessels, airborne cangaignd ground truth
measurements, satellite-borne initiatives have hewfertaken to get a better insight
on the reactive nitrogen concentrations over the EMrmer et al. (2009) used
oMl (Boersma et al.,, 2007) as an
observation tool to measure atmospheric2N®lumn concentrations in order to

validate ship emission inventories over thedderraneamBasin Figure 18 shows the

average OMI N@ tropospheric columns (gridded to 0.1250.125) over the
Mediterranean Sea for June-August 2006. The mashipent feature here is the
elevated N@ monthly mean. Under cloud free conditions, typicalues ranged from
1.2 to 2.0 1& molecules cm over the northeastern African coast, the EM cdhst,
southern coast of Turkey and the whole Aegean %sa,compared to over
6 10 molecules cri for European inland congested regions. Based on R®b
tropospheric columns and th&oddard Earth Observing System—GEOSS-Chem
chemistry transpoitGEOS-Chemjnodel, Vinken et al. (2014) attributed the elevated

NO: columns regions over the Mediterranean teE@issions along ship tracks.

3.4 Carbon Monoxide sources and pathways

Carben-menexideC@cO)-has a global-average lifetime of about two monththe
troposphere and its molecular weight is close tat tbf air. This molecule is
considered as an excellent tracer for pollutiorreesiand pollution pathways through
the troposphere. In addition to production by cleaibxidation in the atmosphere,
CO is emitted by biomass burning, man-made souveggtation, and ocean. The CO
seasonal cycle is mainly governed by the conceoftraif the-hydroxydradicalQH)

in the troposphere (Novelli et al.,, 1992) and ipeanted to be the lowest in the

summer when photochemistry is active and the highasng late winter or spring.

n assessment of CO baseline concentration levelse surfaceover the EM is
presented—basedpresented based few observational studies that have been
conducted for this pollutant. As part of a compamtair quality study, CO was
analyzed at Patras (38.25°N,
21.74°E) and Volos (39.36°N, 22.94°E)

(Riga-Karandinos and Saitanis, 2005). They obsearednnual average hourly mean

concentration of 1.14 ppm over 1995-2003 at Volescampared to 0.95 ppm at
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Patras over 2001-2003. The diurnal pattern at bidés during summer showed that
vehicle-induced emissions contribute signicantlyp tCO levels with peak
concentrations of 1.14 and 0.96 ppm measured &009TC at Volos and Patras
respectively. Over the EM coast, hourly average C@easurements conducted by
Saliba et al. (2006) in the city of Beirut (33.89°85.50°E), Lebanon, point at an
average monthly CO concentration during summer .06 Ippm, similar to the
concentrations observed in Volos and Patras, Gréeiga-Karandinos and Saitanis,
2005).

CO concentrations were measured by Elbayoumi g28ll4) from the fall of 2011

through mid-2012 in the Gaza strip, in the souttezascoast of the EM as part of an
exposure study to assess the effect of seasonativaron the mean daily indoor-
outdoor ratio at 12 schools located over the nontheentral and southern strip of
Gaza. They observed a six—hour average daily out@@ concentrations of 0.96
+0.91 ppm for all the schools. They further repdrtéhat the outdoor CO

concentration spanned from 0.10 ppm to 2.46 pprh avinean of 0.88 ppm for urban
sites and from 0.10 to 2.71 ppm with a mean of p@2 for overpopulated sites

along the Gaza strip.

Due to the key role CO plays in atmospheric chamisteveral chemistry-transport |
modeling studies were devoted to this subject. &3 measured and used as a tracer
in such a-model (Lelieveld and Dentener, 2000) during the m@m2001 MINOS |
campaign (Lelieveld et al., 2002). The model diegab CO from anthropogenic
sources in different parts of Europe, North Amerarad Asia. Trajectory calculations

in the lower troposphere identified western andexasEurope as the main source
emissions. Consequently, model simulations weréopaed for August 2001 over
Sardinia (40°N, 8°E) in the western Mediterranda¥4) and over Crete (35°N,
25°E). Considering the negligible impact of localllption sources, the high CO
levels observed over Crete, in excess of 150 ppkve surprising. The model results
indicated that regions surrounding the Mediterrangach as southern Italy, Greece,
Serbia, Macedonia, the Middle East, and North Afgontribute relatively little to the

CO pollution, typically about 20%. Furthermore, iegkld et al. (2002) found that the

EM is affected by CO polluted air emitted from eastEurope, Poland, the Ukraine,
and Russia. This pollution flow, east of the Canat Mountains, is channeled over
the Black Sea and the Aegean Sea, and contribOtés 80% of the boundary-layer
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CO over the EM. Their model results are consisteith aircraft measurements,

showing that the entire Mediterranean lower tropese is polluted.

In the freeEM troposphere, where westerly winds predominate, thegaled a quite

different situation as compared to concentratioeasured within the MLD. The mid-
tropospheric CO measurements were ~75-80 ppbv. Enemm model tracer analysis,
the largest contribution over the Mediterraneafoisid originating from Asia (40 to

50%). The CO typical lifetime (~2 months) enabl@smaass to circumnavigate the
globe, which results in a low variability of itsmaentrations. Lelieveld et al. (2002)
found that contributions by pollution from westeamd eastern Europe to mid-

tropospheric CO were only about 10%.

Drori et al. (2012) conducted a study to locate vhdgous CO sources converging
from Europe, North Africa and the Middle East andawtify their respective
contributions to the EM. Background CO concentratiare monitored regularly over
the southern part of Israel in Sde-BoKérgizmann Institute of Science — WS-WIS
Station Negev Desert: 31.18 34.88E, 400 m) as part of thgational Oceanic and

Atmospheric_Administration NOAA) Earth System Research Laboratory Global
Monitoring Division (ESRL/GMD), which aims at regenting the EM. While

comparing the seasonal cycle of Sde-Boker to otReropean ESRL/GMD

background sites (see Table 3), one essentialreeagueminent from their results
represented in Figure 19: CO concentrations are tngr winter months, decreasing
abruptly during April and increasing again from Mawer. A second maximum is

observed during August compared to July and Sepe(ori et al., 2012).

To get an insight on the spatial distribution of €@nhcentrations over the EM, the
Version 4 Measurement of Pollution in the TropospheMOPITT) level-2 CO

retrievals (Deeter et al., 2010) were employed bgrDet al. (2012) using a priori
information for MOPITT V4 CO retrievals based ¢me Model for OZone and
Related chemical TracerMQOZART-4) chemistry-transpomredel—simulationmodel
simulationclimatology (Emmons et al., 2010). The averagiegkl profile obtained
for a—retrievala retrievahear Sde-Boker ESRL/GMD station shows that, dutirey
day, the 900 hPa retrieval sharply peaks at theedawel, indicating that there is a

good sensitivity to lower tropospheric concentmatioThe anomalous high
concentration observed at the WIS ESRL/GMD Sde-Bskation, and calculated by
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the MOZART-4-model during August (Fig. 19), might be limitedi¢ever levels, and

therefore averaging over several layers might tide signal. Furthermore, Drori et
al. (2012) compared the in-situ measurements atBs#ter and CO retrieved from
MOPITT to MOZART-4 model results. CO sources in@dddirect emissions and
secondary production from hydrocarbons oxidatiomilev CO sinks included a
reaction with OH and dry deposition. The seasopelecof surface CO at Sde-Boker
simulated by MOZART and averaged for five conse@ityears shows a similar
patternexhibiting—COexhibiting C@&encentration—reachingconcentration reaclang

maximum in February and a second peak in mid-summenths (i.e., July and

August) that surpasses those of the early sumneer May—June) (Fig. 19).

To attribute the CO sources affecting the EM, Detdrial. (2012) partitioned these
sources using a tagging method into ve types: @mgbgenic, biogenic, re,
chemical production, and ocean. The total CO canagon and specific
contributions 2006—2007 times-series of MOZARTHet surface at 3N and 33.75

E are shown in Figure 20

negligible ). Both biogenic (green line) and biomass burniogrees (red
line) have a minor contribution. Biogenic sources aharacterized by a distinct
seasonal cycle with high contribution over wintaddow daily variability. Biomass
burning has no de ned seasonal signature and ¢wtés on an episodic event basis.
CO from chemical production (orange) contributelssantially (50-80 ppbv) with a
de ned seasonal cycle: low during winter and autuamd high during summer
featured by a low daily variability. Anthropogersources were found to be the main
contributor to the total CO (purple, 50-180 pplA3.expected, their seasonal cycle is
featured by winter elevated concentrations deangasiuring spring, slightly
increasing during summer and decreasing again glaitumn. The daily variability
is high and similar to the total CO daily variatyiliComparing the daily variability of
the various sources, Drori et al. (2012) conclutted anthropogenic sources mainly
govern total CO daily variability over the EM.

To further attribute the CO surface daily variafidrori et al. (2012) tagged the
anthropogenic sources for the three northern cents; i.e., North America, Europe,
and Asia. Figure 21 shows the results of theseraptiyenic sources attribution to the
CO surface. European anthropogenic sources cotdrgaubstantially (10-80 ppbv) to

local CO concentrations with the greatest dailyialility all year round. Asian and

&1



North American sources are in the same order ofnihade (10-25 ppbv) with low
daily variability during most of the year, and vesyall variability during summer.
Obviously, daily summer CO variations in the EM amainly caused by European
anthropogenic sources. The seasonal cycle of thepEan contribution is very
similar to the seasonal cycle of total CO, featuogda high concentration in winter,
spring, and autumn and a lower summer concenttafiba contribution of European
emissions to CO surface concentrations is comparabl that from EM local

emissions.

Drori et al. (2012) found, however, that local &aropean emission contributions to
local CO concentrations are generally negativelyatated, meaning that either local
or European sources are dominant, except duringreumwvhen both sources affect
simultaneously the local CO concentration. A pdss#éxplanation for the positive
summer correlation might be explained by the starge of air mass transport caused
by the dominant summer synoptic system, i.e. Rbisian-troughPin its weak mode
recirculating local and European emissions, andheyfact that summer chemical

production is a major CO source over the EM.

Another recent modeling study focused on CO comagohs was conducted by
Myriokefalitakis et al. (2016). They compared aradidated model results against in-
situ observations at the surface, in the mixed rleased in the free troposphere
(between 850 hPa and the tropopause) in the caitérand remote atmosphere over
Europe for 2008. This study analyzes the total @@get and the partial contribution
of regional anthropogenic, biogenic and biomassibgr CO emissions in the EM.
The budget calculated for 2008 in the EM mixed fayesing a basic simulation
relying on anthropogenic emissions and meteorolpgynts at a load of 0.6 Tg of
CO, a chemical production of 10 TgYyrprimary emissions in the region of 8 Tgtyr
and a dry deposition flux of 3 Tg ¥r Moreover, Myriokefalitakis et a(2016) found
that subsidence from higher atmospheric layersfyyigy the EM summer is an
important CO source (12 Tg¥y) in the EM free troposphere. At the surface,
anthropogenic local emissions in the EM were fotmdontribute by 18% to surface
CO levels on an annual average. Over Cairo, outthef total surface CO
concentration, roughly 32% are contributed by asbgenic sources. These EM CO
concentration results are consistent with previmaslelling studies (e.g., Kanakidou
et al., 2011; Drori et al., 2012; Im and Kanakid2d12).



3.5 Methane concentrations

Methane—CHs is the most abundant hydrocarbon in the atmospheita
concentration originatingrem—naturalfrom natursdnd anthropogenic sourcet. is
also the mosi greenhouse-gasGHé&fter water vapor and GO
due to its high global warming potentie! tsi infrared
absorption and long atmospheric lifetime of ~8 ge@relieveld et al.1998), which
allows its mixing throughout the atmosphere.s@&thissions are primarily caused by
microbiological decay of organic matter under dagpie of dissolved oxygen in
wetlands, followed by decomposition of solid waated enteric fermentation from
domestic livestock. As for the geologic sourcestoal geological CHl flux of
53+11 Tg yr* was suggested, which accounts for 7-10% of tha! wibbal CH
budget (Etiope et al., 2008). The geological foioreg contributing to Ckover the
greater area of the EM (25-50°N, 5°-55°E) are moidanoes with essential hot spots
located over eastern Romania, the Black Sea, daritheastern Azerbaijan, and the

Caspian Sea.

In contrast to trace gases of short lifetimes aghNOx and NOy, the long lifetime of
CHs over the EM may lead to interannual fluctuatiomsconcentrations caused by
circumglobal phenomena such as low frequency glebvallation patterns, i.e., El
Nifio-Southern Oscillation (ENSO) and North AtlanBscillation (NAO), or changes
in global temperature. Langenfelds et al. (2002ntpat major biomass burning
events linked to ENSO dry periods, which increaezl growth rate of CHover
other parts of the world. Artuso et al. (2007) cangal the global average temperature
anomaly to the growth rate of Glh Lampedusa (35.5l, 12.6 E) Italy for the period
1995-2005. The 0.71 positive correlation they foueflects the strong relationship
between these two factors. Over the EM, the NAO npagsibly affect the
concentration evolution through changes in theutation (e.g., weakening of the
northwesterly flow). However, so far, no associativas found between the NAO
index trend and the CHconcentration growth over this part of the ba3ihe only
study analyzing directly a possible associationveen the NAO index and GH
concentration growth carried out by Chamard et(2003) in Lampedusa have not

found any relationship betweeretteistwo factors.




Satellite ability to monitor the concentration ohde gases in the atmosphere is
important for completing the picture as regardedhtsr budget. Among the space-
borne measurements of trace gaesSCIAMACHY-Scanning Imaging Absorption
Spectrometer for Atmospheric Cartograpt8CIAMACHY) instrumentwas proven

as a feasible tool to detect ¢Honcentrations (Bovensmann et, al999).
Measurements of column-average volume mixing ratio€H; were retrieved on a

global basis (Frankerberg et al., 2005).

Georgoulias et al. (2011) used data from th&CIAMACHY
strumentSCIAMACHY instrumenbn board the European environmental satellite

(ENVISAT). SCIAMACHY's spectral near-infrared nadir measugats are sensitive
to CHs and CQ concentration changes at all atmospheric altitugetudingthe one
in_the mixed layer-MED where the signal emitted from the surface souscéhe
largest. Annual, seasonal and monthly spatialidigion of CH; were displayed for
2003 and 2004 based on the analysis of Weightimgctian Modified Differential
Optical Absorption Spectroscopy (WFM-DOAS) versibf (Schneising et al., 2009)
dry air column-averaged mole fractions, denoteX@sls (ppbv). The reflectivity of

water surfaces is very low, therefore Georgouliaale(2011) the

=10 reduce the
noise inserted by the single pixel retrieval eand the temporal and spatial sparsity
of the data, the data were averaged or 1 monthly mean grids. Annual, summer
and August spatial distributions for 2003 are d@igpd on Fig. 22 top, mid and bottom
panel, respectively. Those maps illustrate an emirsasonal variation with a
summer maximum in XCHlevels observed in both consecutive years (2004 no
shown). The northeastern African coast exhibitshighest XCH values, with a hot
spot over the Nile’s delta in Egypt in summer anaigdst. The lowest XCHlevels
along the Arabian Peninsula, the Zagros Mountaid eastern Anatolia mountain
barrier coincide spatially with high altitude ared® examine to what extent the
warm period affects the annual, seasonal, andiditial patterns, Georgoulias et al.
(2011) further proceeded to a monthly analysis.yToleserved an increase in X¢H
levels during the summer season, August being thettmwith the highest levels of
1775-178G24 ppbv for both 2003 and 2004. The highest vahresconcentrated in

the northeastern part of the area primarily in JAdlgust. From July to September,
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there is a shift of high XCHIlevels from higher to lower latitudes. Despite the
abundance of mud volcanoes over the Greater Ar¢heafastern-MediterraneanEM
region, Georgoulias et al. (2011) ruled out thespmkty that the CH total columns
from SCIAMACHY (2003-2004) measured over these Edgions were attributed to

volcano eruptions.

Ricaud et al. (2014) presented a thorough anabfsatmospheric CHdistributions
over the MediterraneaiBasinin the troposphere, as part of the Chemical andgw

Mediterranean Experiment (ChArMEX) program, usiraihbsatellite measurements
and model simulations. For this sake, they analymte-borne measurements from
(i) the Thermal And Near infrared Sensor for carl@servations-Fourier Transform
Spectrometer (TANSO-FTS) instrument on the Greesbogases Observing
SATellite (GOSAT) satellite, (ii) the AtmospherinftaRed Spectrometer (AIRS) on
the AURA platform and (iii) the Infrared AtmospheiBounder Interferometer (1ASI)
instrument aboard the MetOp-A platform. These sfimwee tools were used in
conjunction with the results obtained from threebgll models: the chemical transport
model (CTM) MOCAGE (Teyssedre et al., 2007), and tvo chemical climate
models (CCMs) CNRM-AOCCM (Michou et al.,, 2011) and/iDz-OR-INCA
(Hourdin et al., 2006)The sensitivity of those space-borne sensors islynkcated

in the upper tropospheric layers peaking around82® with an envelope as defined
by the half-width at half-maximum of the averagkernels (see Figure 23) from 400
to 200 hPa. Consequently, the comparisons betweasumements and model outputs
of CHs is mainly concentrated on the layer around 300fbPAIRS and GOSAT, or

considering the total column for IASI.

In summer, the horizontal distribution of Chh the upper troposphere shows a clear
longitudinal gradient between the East and the WEste Mediterranean Basin, both
in the space-borne measurements and in the modelat#gons (Figure 24). There is a
maximum of CH in the eastern MB compared to the western MB, lootiisidering
the upper tropospheric layer and the total colunfiormation. The difference between
the East and the West of the MB has been calculaiuh all the datasets and the
seasonal variations has been investigated (FigGje This clearly shows that the

East-West difference peaks in summer, mainly inusag
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The long-range—transportLRTonditions in the upper troposphere differ ovethbo
parts of the Mediterranean Basin. In the westert) pdnatever the season considered,
air masses are basically coming from the west. Wewen the EM, apart from the
westerlies influence, air masses are also origigatrom northern Africa and the

Arabic Peninsula (Ziv et al., 2004; Liu et al., 2p0and even farther away, from Asia.

To further examine the origin of air masses reaghive eastern MB, a six-day back-
trajectory from the point at 33°N, 35°E locatedhe EM (red filled circle in Fig. 26)
was calculated, considering vertical movement, qusire British Atmospheric Data
Centre (BADC) trajectory service (http://badc.naccuk/community/trajectory/)
every 12h in July-August over 2001-2010. The position of tiravity center of all
trajectories (i.e. the maximum in the probabiligndity function) is displayed every
24 h in Figure 26 at 850 (red stars), 700 (orarfef@), (green), 300 (blue) and 200 hPa
(yellow). For this purpose, data from ECMWF arch{e5 degree/pressure levels)

were used in the calculation.

Based on these studies focused on the EM, Ricaatl €014) proposed a scheme
displaying the transport mechanism (Fig. 27) regméng the several stages process:
(1) capturing of lower tropospheric pollutants,luting CH, in the Asian monsoon;
(2) pollutants ascent to the upper troposphere lby Asian monsoon ; (3)
accumulation of pollutants within the Asian monsaorthe upper troposphere; (4)
long-range transport and large-scale repartitiopadfutants in the upper troposphere
from the AsianMenseen monsoon-Antieyelone anticyclenre(AMid)the Middle East
and North Africa; (5)sSubsiding air masses yielding to the build-up oflytaints at

mid-tropospheric layers above the EM.
4. Conclusions and perspectives

This review demonstrates the significant progresademin understanding the
atmospheric pollution over the MB. Measurementanfrspace-borne and aircraft
instruments and outputs from chemistry-climate n®dend chemistry transport
models clearly revealed that the general atmospréynamic summer conditions
characterizing thesastern—MBEM basirdiffer much from the western ones. The
impact of the different meteorological regimes thge with the seasonal variabilities

of the emissions of various atmospheric pollutanésult in a longitudinal
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concentration gradient between the eastern andwtbstern MBsMediterranean

Basins

Several new campaigns have been recently organ@egve more insights in the
understanding of the processes occurring in théenesnd eastern parts of this basin
in the framework of the ChArMEx program. The TRAagpand Air Quality
(TRAQA) campaign (Attié et al., 2014; Di Biagioat, 2015; Si et al., 2016) held in
summer 2012 was dedicated to the export/import @fugants from the French
continent to the Mediterranean Sea by means obdraland airborne measurements.
The Aerosol Direct Radiative Impact in the Mediterean (ADRIMED) campaign
investigated aerosols of various origins and tbeitical properties over the western
basin in summer 2013 (Mallet et al., 2016). TheoBdary Aerosol Formation in the
Mediterranean (SAFMED) campaigns focused on thearuog reactive gases and
aerosol over the northwestern basin and southeakt@nce in summer 2013 and
2014 (Di Biagio et al., 2015). Finally, the Gradien Longitude of Atmospheric
constituents above the Mediterranean basin (GLAM)hgaign (Ricaud et al., 2017)
held in August 2014 was dedicated to the study h& gradient of chemical
constituents (pollutants angreerhouse—gasesGHGRom Toulouse (France) to
Larnaca (Cyprus) and the impact of thiglA-Asian monsoon anticyclonen the EM

pollutant levels.

Surface background stations in thestern-MBEM(e.g., Crete, Greece and Larnaca,
Cyprus) and in the western dditerraneanBasin (e.g., Menorca, Spain and

Lampedusa, lItaly) deployed even more instrumentoltain a wide variety of

atmospheric parameters (meteorology, chemistryauyes, radiation, etc.). These
campaigns were organized in close relationship witldelling studies (forecasts, and
re-analyses) and space-borne observations. Neworagbcampaigns are under

analysis, e.gOxydation Mechanism Observatio®¥O) in summer 2015, or in

project Radiative Impact of the Arabian Sea pollutants,egl®use gases and

aerosols on the eastern MEditerranean climate imn$er RIMES) in summer
20182019% in order to quantify the export of the Asian pedints to the EM basin and

its impact on the chemical constituents loading.

Concurrently to these intensive experiments, ndesshave been instrumented. In

early 2015, the Agia Marina Xyliatou EMEP rural kgmound air quality station sited
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at 532 m in altitude in the center of Cyprus (38N)333.05°E), and operated since
October 1996 (Kleanthous et al., 2014), has beegmanted with a package of
atmospheric chemistry and physics monitoring imsents thanks to the Cyprus
Institute and French laboratories, in order toiatét an enhanced atmospheric

chemistry observation period of several years énetisternmost diiterraneamasin

Unmanned aircraft vehicles are also deployed oegalar basis to document the

lower troposphere above the station and the Gerrhaibniz Institute for

Tropospheric ResearcPROPOS institute has deployed a full set of aerosol-cloud

water vaper remote sensing instrument for almostear in October 2016. This
unprecedented experimental effort is expected itgghinformation on the variability
of new compounds and processes with a focus on V@@ secondary and
carbonaceous aerosols and their origins, and enaictions between aerosols and the

water vapor cycle in this region.
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Table 1. Monthly long-term means (LTM) and standard dewiati(S.D.) of the
mixing layer depth (MLD), wind speed and range ehtidation rates over Beit-Dagan
in the central coast of the EM. LTM and S.D. valt@sMLD include the years 1955-
1968 (Rindsbergerl974), 1981-1984 (Dayan et,al988), and 1987-1989 (Dayan
and Rodniski 1999). LTM and S.D. values for wind speeds aremfrohe
NCEP/NCAR Reanalysis Project (NOAA- CIRES Climatadhostic Center) for a
51-year data record over 1948-1999 frdrip://www.esrl.noaa.gov/psdfadapted
from Matvev et al., 2002).

MLD Wind Speed Ventilation Rates
Month (m) (m st) (m? s*)
LTM S.D. LTM S.D. Range of LTM
June 810 470 55 225 1105 - 9920
July 870 450 50 1.65 1365 — 8780
August 820 395 45 1.50 1275 - 7290
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Table 2. Compilation by Rudich et al. (2008) of sulfatetmadate concentrations and
yearly fluxes from [a] Luria et al. (1996), [b] Wger et al. (2000) and [c] Matvev et

al. (2002).
Measurement Conc. Avg Yearly Flux
Regions Authors
Periods (nmole m®) (Tgy?Y) (¥)
July-Aug. 1984,1986 86 0.08
May-June 1989 70 0.06
Judean mountains July-Aug. 1987,1988 103 0.09
July-Aug. 1990 128 0.12
[a]
May, July 1990, 1991 85 0.08
Aug.-Sept. 1993 87 0.03
Sea of Galilee
Dec. 1993 71 0.07
North coastal plain  June 1993 106 0.12
Sept. 1993 38 0.08
June 1994 (**) 108 0.22 [b]
Eastern
_ June 1998 105 0.16
Mediterranean coast
Sept. 1996 26 0.04
[c]
Nov. 1995 21 0.03

(*) following Matvev et al. (2002) conversion fronmole m? to yearly fluxes takes
into account the vector component of onshore wpekd, length of flight leg, and the

MLD.

(**) the June 1994 flight has been performed duangghly-polluted month over

Israel.
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Table 3. Locations and elevations of NOAA Earth System Rege Laboratory
Global Monitoring Division (ESRL/GMD) backgroundtes for CO measurements
plotted infigure- Figurel.

Code  Name Latitude Longitude Elevation (m Country

WIS WIS Station Negev Desert  31.13 34.88 400.0 elsra
HUN  Hegyhatsal 46.95 16.65 248.0 Hungary
LMP  Lampedusa 35.52 12.62 45.0 Italy

BSC Black Sea Constanta 44.17 28.68 3.0 Romania
OXK  Ochsenkopf 50.03 11.80 1022.0 Germany
BAL  Baltic Sea 55.35 17.22 3.0 Poland
MHD  Mace Head County Galw 53.3: -9.9C 5.C Irelanc
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Figure 1. Composite long-term mean Sea Level Pressure (ldPa)ufy-August over
1948-2016. “PT” indicates the Persian Trough positi'H” indicates the Anticyclone
position. Source: NCEP reanalysis data providedhgy NOAA/OAR/ESRL PSD,

Boulder, Colorado, USMttp://www.esrl.noaa.gov/psd/
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Figure 2. NCEP/NCAR reanalysis composite long-term mean &ratpre at 850 hPa
(~1500 m, above sea level or a.s.l.) with wind eesitaveraged over 1948-2016 for
July-August. Note the southward penetration of Ewwopean cold air over the
Mediterranean Basin. This cold air mass is transpoat shallow tropospheric layers
towards the BsternMediterranearby the Etesian northwesterlies characterizing the
Persian trough. Source: NCEP reanalysis data pedvidy the NOAA/OAR/ESRL
PSD, Boulder, Colorado, USAttp://www.esrl.noaa.gov/psd/




100 o T, T T T T
7 = ~ - 0~
. 7 -~ 0~ ~
\ 4
\ ’ SRR
200} - N ! e s B g
= , NI\ i N
e | \
% N
I L NN,
@ NI
2 400f . \
o ' \
& r‘ N
500 . - v\
oA\
800 o
700 ., 11
800F ~ ~ 7 7
o - » 7 s . i i
1000 T T
EQ 5‘ 50. ﬁﬂN
100‘_“1l:'”| I/’/‘/]// ;\'«.,kg
beda St MRS N o 2o, \igffli
. »MMVLL / AR\~
::1::1:\11\\\@/;%, - AR YN
SRR 72 A TR D S S S R RS
- W ARSI S B P E B RRRR
v\' Y /1117 \\»:\’ A\ AN \ 11141 o
__ 200 NNt A REARNSNN S L SO R ERRRE
T N ARESRSPPE X SR IEE NS E EREER
x WY Mhar ~ali AN A 4 11111
= YN lker Cell {41 1
= i&\ 111141 11 T
Tpdodd \ FLLY otdan 11 !
L A RISERERERIERY SRARRRASEE
2 \'\z‘\ n Monso u“\l“ *' T:!l\'
2 L ATAVAVA W AW 8 dillisrdldabet LB INERREREE
o 400 \ N \ vy YT [ 1
@ h 48, N ! R ' RN NN R
500 EERRRRRN (o TRRRRRITISEE ANRANRRLLE
L\ X 1 \ \ Foova v liaay 7 I {1
\ NSEEERR RN NN ‘;.-.-\\,u;z‘.\-\l SRRRRR R
\ N i) YA NN [ N | IERRERRE
o (R ERRSSSSRR R RN\ ;-:v‘u SRR
S N AR ’ \ o 1 [ T, 0 024,001
TOOR £ \Q2227 00y cortrnh I -
3004[[1 ANNmem D PN NN ,/,,/‘,,;,:,‘,; I O
/ INE NS > L/ 71 1 4\ 1
) A et s i
1000 T T T T T T T T T T T T T
20°W 0° 20°E 40°E 60°E 80°E 100°E 120°E
Longitudes

Figure 3. (Topktefi) Closed Hadley cell circulation of the Africéfionseen monsoon
depicted by the vertical cross section of wind gectfor July-August averaged over
the 30-40°E longitudinal bandB{ttomRigh) Closed Walker cell circulation of the
Asian mMonsoon depicted by the vertical cross section afdwyectors for July-
August averaged over the 20-35°N latitudinal bartte two figures are based on the
NCEP/NCAR long-term averages (1948-2016) with thesition of the eastern
Mediterranean (EM) in red. Source: NCEP reanalydéda provided by the
NOAA/OAR/ESRL PSD, Boulder, Colorado, USKAttp://www.esrl.noaa.gov/psd/
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NCEP/NCAR Reanalysis
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Figure 4. NCEP/NCAR Reanalysis long-term averages (1948-p@i@he relative
vorticity at 200 hPa (~12 km a.s.l.) for July-Augus$he relative vorticity vector is
generally perpendicular to the ground, positive mvtiee vector points upward,
negative when it points downward. Note the negatilative vorticity region located
over the southeastern Mediterranean as a resuit footh shear and curvature
negative relative vorticity. Relative vorticity usi are 16 s'. Source: NCEP
reanalysis data provided by the NOAA/OAR/ESRL P&bDulder, Colorado, USA,
http://www.esrl.noaa.gov/psd/

0&
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500mb Omega (Pa/s) Composite Mean
NOAA/ESRL Physical Sciences Division
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Figure 5. NCEP/NCAR reanalysis long-term averages of Omegas{Pat 500 hPa
(~5.5 km a.s.l.) designating vertical motion forlyJao August 1948-2016. The
maximum subsidence of 0.1 P& s equivalent to a downward air motion of
~1.5 cm 8. Source: NCEP reanalysis data provided by the N@¥WR/ESRL PSD,

Boulder, Colorado, USAMttp://www.esrl.noaa.gov/psd/
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NCEP/NCAR Reanalysis
Relative Humidity (%) Composite Mean

NOAA/ESR-L Physical Sciences Division

70E
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Figure 6. Long-term mean vertical cross section of relativenidity, averaged over
the 31-36° N latitudinal band for July-August 192816 with the eastern
Mediterranean position (EM), in dashed black linBsurce: NCEP reanalysis data
provided by the NOAA/OAR/ESRL PSD, Boulder, Colosad USA,

http://www.esrl.noaa.gov/psd/
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Figure 7. (Top) Blue contours display positive Omega val(ms s) representing
the vertical descending air motion at a mid-tropesjc level (700 hPa) (~3 km a.s.l.)
pointing at a core of 1 cm‘slocated over Crete. Red contours are negative @meg
values. (Bottom) Blue contours display cold adwatitalculated as multiplication of
the horizontal thermal gradient by the wind vectBed contours indicate warm
advection, both at 995 hPa level, equivalent tauaid0 m a.s.l at 12:00 UTC during
Persian troughPTSummer synoptic conditions. Source: NCEP rearmlgsita for
2000-2012, provided by the NOAA/OAR/ESRL PSD, BaldColorado, USA,

http://www.esrl.noaa.qgov/psd/
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Figure 8. Schematic of the proposed mechanism during inteasidn of the Asian
Menseen monsoo(reproduced-adaptdtom Ziv et al, {2004)
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Figure 9. Successive schematic sounding thermal profilegatichg the downward

motion of adiabatic subsidence accompanied by &eveag of the Persian Trough,

which restricts themixing layer depthMEDto shallow layer of the atmosphere
(phases 1-3 are 24 h intervals between each saurdiBeit-Dagan, Israel); (from

Dayan et al. (1988); ©American Meteorological Sogiesed with permission).
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Figure 10. Typical synoptic charts showing the three modes: rioderate, (b)
shallow, and (c) deep mode of the Persian Trougtheased by the surface-pressure
differences between Nicosia (Cyprus) and Cairo fEgyand their associated upper
level conditions. Solid lines are isobars of saell@ressure with 1.5-hPa intervals.
Dashed lines are contours at 500-hPa level witim6@tervals (from Dayan et al.

£2002); ©American Meteorological Society; used with pesgion).
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Figure 11. Schematic description of the lateral variatiorthaf mixing layer depth (m,
a.s.l) from the Mediterranean Sea to the Dead &ean (Dayan et al.(—{1988);
©American Meteorologicabeciety;—usedSociety; usadth permission).



Figure 12. Seasonal map of the mixing layer depgthi-B,—in-m) for summer (Jne,
July, AugustdA 1987 over the Mediterranean region at 12:00 Uff@r( Dayan et al.
(1996),with permissiorrequestedrom Kluwer Academic Publishers).



Figure 13. Trajectory typing method used to categorize 5-oayk-trajectories from
the EM—Eastern Mediterraneamegion at 850 hPa using the Air Resources

Laboratory’s trajectory model GAMBIT over the 197882 period (from Dayan
(1986), ©American Meteorological Society; used widrmission).



Figure 14.June, July and August monthly means efcOncentrations (ppbv) at 3 km
partial column measured by IASI in summé@&#4June, July, Augustwithin the 2007-
2012 period over the Mediterranean (IASI morningempasses). Only the
observations over the sea are considered in thrage® The monthly means referred

to as “CLIM” represent the averages over the wipgieod { from
Doche et al., 2014).
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Figure 15. Scheme of the mechanism causing fumigation otla @ cloud toward
the ground as moving inland over theaskern Mediterraneancoast during the

weakening of a deep mode of therflanTrough (from Dayan and Koch (1996);

©American Meteorological Society; used with pernus3.
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Figure 16: Average aerosol optical depfAOD) contributed by particulate sulfate
validated against AERONET AOD observations over fegiod 2003-2009. As

mentioned by http://www.esrl.noaa.gov/gmd/grad/surfrad/god& value of 0.01

corresponds to an extremely clean atmosphere, avalug of 0.4 to a very hazy
condition (the 2003-2010 average AOD over the Mamdiinean Basin is ~0.20
(adapted from Nabat et al., 2013).
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Figure 17. Seasonal flux (Tg seasat) of dry sulfate as derived from MODIS/Terra
and MODIS/Aqua space-borne observations comparecdQE€ART model-derived
results, along the 150-km Israeli coastline of Hastern Mediterranean Sea. Seasons
on Xaxis are: winter (DJF), spring (MAM), summedA), autumn (SON). (adapted
from Rudich et al., 2008).
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Figure 18. Seasonal average over June-August 2006df NO, columns over the
Mediterranean Sea (¥Omolecules cm), retrieved from the OMI satellite and

considering only maritime pixels (reproduced fromarkter et al., 2009).
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Figure 19. Monthly mean CO concentrations over 1996-2009dat-Boker (red) and
at seven European ESRL/GMD background stationsedlisn Table 3, multiple
colors), compared to the five-year averaged CQasartoncentrations at Sde-Boker
(black) over 2003-2007 from the MOZART-4 chemistrgnsport model (adapted
from Drori et al., 2012)
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Figure 20. Monthly timeseries of total surface CO (black)Sate-Boker, Israel, and
contributions from specific sources (anthropogenipurple, chemical production in
orange, biogenic in green, and res in red; ocemmedgligible and not shown) as
simulated by MOZART for 2006—2007 (adapted from Med al., 2012).

<1



Figure 21. Monthly timeseries of the European (red), Asidtug) and North
American (green) anthropogenic contribution to tibkal surface CO (black) at Sde-
Boker as simulated by MOZART over 2006-2007. Didtioontinents are scaled on

the left vertical axis and total CO on the righttigal axis (adapted from Drori et al.,

2012).



Figure 22. Maps by 1° x 1° resolution afry air column-averaged mole fractions,
denoted asSCIAMACHY WFM-DOAS XCH; levels in 2003 including a yearly

average (top panel), a summer average (mid-panel)aa August average (bottom
panel), in ppbv (from Georgoulias et &{2011), permission requested from Taylor

and Francis).




Figure 23. Summer averaged vertical profiles of £Bs measured by AIRS (blue
lines) and GOSAT (green lines), and as calculateM@®CAGE (thin red lines) over
the eastern (dashed lines) and western (solid)lidesliterranean Basins in summer
2010. Also shown are the seasonally-averaged MOCAfBEIes convolved with the
AIRS averaging kernels (thick red lines) for thensoer over the eastern (dashed
lines) and western (solid lines) Mediterranean Bagiadapted from Ricaud et al.,
2014).



Figure 24. Fields of CH as calculated by MOCAGE (bottom) and as measuyed b
IASI (top left) in total column and AIRS (top righat 260 hPa averaged for summer
JIA- (July, July, Augus2009. Horizontal winds are from ARPEGE averaged tive

same period. The two blue squares represent thé Ald€East Mediterranean Basins
(adapted from Ricaud et al., 2014).
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Figure 25. Seasonal evolution of the difference in {Ji¢lds between the eastern and
western Mediterranean Bas#Hright) around 300 hPa as measured by AIRS (blue)
and GOSAT (green) and as calculated by LMDz-OR-INFA&llow) and CNRM-
AOCCM (brown), and (left) in total column as measiiby IASI and calculated by
MOCAGE (adapted from Ricaud et al. 2014).
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Figure 26. Six-day back-trajectories climatology from the goat 33°N and 35°E
located off Israel in the eastern MediterraneaniBé®d filled circle) derived for
July-August over 2001-2010 every 12 hours. The tjwsiof the gravity center of
each distribution (i.e. the maximum in the prohapitlensity function) at each level

is represented every 24 h by a star (adapted friocauR et al., 2014).
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Figure 27. Schematic representation of the processes impatti@gmid-to-upper
tropospheric pollutants, including GHbove the EsternMediterranearin summer
(July-August) (adapted from Ricaud et al., 2014).
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