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SUMMARY

The main aim of this work is the investigation of the contribution of different
emission sources to the concentrations of Particulate Matter (PM) in thepoity of
Patrasin Greece using a meteorological and a photemical model. Emphasis is
given on the contribution of the maritime transport and of the activities within the
Patras harbor area, for which the existing environmental information is very limited.
PM is a key pbitant in the urban atmosphere of Patras due to frequent
exceedances of the 24h EU air quality standard.

!_IATQP Q <y HELLENIC REPUBLIC ARPA PUGLIA

FERRUARTNI l' Western Greece Region




1. THE CITY OF PATRA3 THE SITES OF INTEREST

During the last decades, there has been an increasing urbanization pressure on the
Mediterraneanport-cities with impacts on their economic growth but also on their
environment. Patras is a medium sized cjgrt surrounded by rural areas i.e.
agricultural and mountainous (mostly to the west and southwe3W). air pollution is

an air quality issudor the urban atmosphere of Patrag this report, the PM air
pollution in Patras will be source apportioned on the basis of the results from a
modeling system that consists of a meteorological and a photochemical model. PM
source apportionment(SA) results will be presented over the entire modeling
covering the greater Patras area as welhtiselected site®f interestlocated in the

city of Patras.

The Figure 1 presents maps depicting where the city of Patras is locatéreece
and where the sites ointerest are placed within the area of the citylhe site of
interest (A) is placed in thBort of Patras being located about 1km away from the
city center Due to the close vicinity of the site of interest (A) with the city center,
the source apportionmeinmodel results are identicalfor the Portand city center
areas.Thesecondsite of interest B) is placed irEglykada, auburban area about 4
km away from the Patras city centekn is urban traffic air quality monitoring site,
working under the resporilsility of the Region of Western Greece, is close to the
Port and city center and provides PM air quality measurem@tgure 1)
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concentration &ceeds the EU air quality standard the years 2007 to 20tis
frequency is declining the recent years, given also the reduced anthropogenic
activities due to the financial crisis in Greece, however gtils well above the EU
limits suggesting that thé®M air pollution in Patras is an air quality issues that
requires scientific analysis.
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Figure 2. Fréquency of the days when thesetved daily PM10 concentration
exceedthe EU air quality standard.

Figure 3 shows th&®M10daily valuesas these were measured in the monitoring
station during the year 2010. As seen in Figure 3, several PM air pollution episodes
were identified some of which showingM10 daily values whiclvere higher than

M n n > JdTNdseYepisodeare associate@lsowith Sahara dust transporDuring

2010, the PM10 daily concentrationsexceead the EU air quality standard
throughout the year butthe exceedances werenost frequent in the winter.
Exceedances were measured & days othe year2010: 21daysin winter, 13 days

in summer,12days in springnd 10daysin autumn
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Figure 3. Timeseries of the PM10 measurements at the monitoring station for the
year 2010.
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2. THE MODELING SYSTEM AND INPUT DATA USED

The modeling system used consisted of the Weather Rekeand Forecasting
model (WRFversion 3.2.1 Skamaroclet al., 2@8) and the photochemical model
Comprehensive Air Quality Model with Extensions (CA#tsion 5.3 (ENVIRON,
2010).

The Weather Research and Forecasting (WRF) Model is -gemetationmesoscale
numerical weather prediction system designed to serve both atmospheric research
and operational forecasting needs. The model serves a wide range of meteorological
applications across scales ranging from meters to thousands of kilometers. The effo
to develop WRF was a collaborative partnership principally among the National
Center for Atmospheric Research (NCAR), the National Oceanic and Atmospheric
Administration (represented by the National Centers for Environmental Prediction
(NCEP) and thehgn) Forecast Systems Laboratory (FSL)), the Air Force Weather
Agency (AFWA), the Naval Research Laboratory, the University of Oklahoma, and the
Federal Aviation Administration (FAA).

CAMx is an Eulerian photochemical dispersion model that allows fontegrated

G2y S Y2AaLIKSNBe |aasSaayvySyd 2F 3Il1asS2dza | yR

scales ranging from sulrban to continental. It is designed to unify all of the
0§SOKYAOIf FSI (idz2NB&a NBIljdZANBR 2F aqadl dSs
system. CAMx simulates the emission, dispersion, chemical reaction, and removal of
pollutants in the troposphere by solving the pollutant continuity equation for each
chemical species on a system of thh@ienensional grid(s).

Figure 4 shows the WRFAMxmodeling system flow charfThe modeling system
was implemented for a wintetime period, i.e. January to February 2010, and a
summertime period, i.e. July to August 2010.
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Figure 4. The WREAMXx modeling system flow chart.

WRF was applied for a coarse grid, covering Balkans, consisted of 229 x 175 grid cells

having horizontal spatial resolution of 10 km. The fine grid, having a horizontal mesh

width of 2 km, covered the greater area of the city of Patras and consisted>o#81

ANAR OSffao .20K INRARA KIR GKS &aFYS OGSNIAC
was at 100 hPa. For the WRF simulations, initial and boundary conditions were
developed using the 0.25« 0.25 spatial resolution and & temporal resolution

operational surface and upper level atmospheric analysis of the European Centre for
Medium-Range Weather Forecasts (ECMWF). The elevation and toat@fory

land-use data were derived from the U.S. Geological Survey Data Center and-had 30

arc-sec horizontal redation for the both modeling domains.

CAMxwas applied over 2030 x 1610 km2 grid dfOkm spatial resolutioncoveling
the Balkan Peninsuland overa 124x74 km2 gridf 2km spatial resolution extending
over PatrasThe grids consisted of 17 vertical layextending up to about 10 km
above ground level (agl). The first model layer height wasiabd m agl.
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Figure 5 The Balkan and Patras CAMx domains.

The CAMxgaseous and PM chemical boundary conditions for the Balkan domain
were derived from results of th#FSMOZARTglobal modeling system produced in
the framework of the EU FP7 projeBdtonitoring Atmospheric Composition and
Climate Interim ImplementationMACCII) (Morcrette et al.,, 2009)The boundary
conditions for the domain of Patras were taken from the CAMx results for the Balkan
coarse domainThe gagphase chemical mechanism employed was the 2005 version
of Carbon Bond (CBO05) (Yarwood et al., 2005). ge¢rprocesses were modeled
using a static twanode coarse/fine scheme for the representation of the particle
size distribution.The aerosol aqueous inorganic chemistry was according to the
RADMAQaqueous chemistry algorithifChang et al., 1987.hepartitioning of the
inorganic aerosol constituents between the gas and aerosol phases was performed
using the ISORROPIA thermodynamic module (Nenes et al., 1998). The secondary
organic aerosol formation/partitioning was performed with the use of the SOAP
scheme (Strader et al., 1999 AMx was applied with &day spin-up period.

Important input data for running the photochemical model are the anthropogenic
and natural emission datalhe MOdel for the Spatial and tEmporal diStribution of
emissionS (MOSESB)arkakis et al., 2013) was applied in order to comppatially

and temporally resolved anthropogenic emission inventories for the pollutants CO,
NOx, SO2, NH3, NMVOCs, PM10 and PM2.5 emitted in the Balkan Peninsula and in
Patras. The emission data wesstimated on an hourly basis with spatial resolution

of 10km for the Balkan Peninsula and 2km for the Patras domain. The emission
inventories were based othe European scalannualemission inventoryof 1/8° x

1/16° spatial resolutiorfor the year 200%ompiled byThe Netherlands Ogmisation
(Kuenen et al. 2011) in the framework of the MACC Il EU project.

Emphasis was given dime emissions from

/ 2 THI] 5 .
ILATRPO +mmy HELLENIC REPUBLIC ARPA PUGLIA

WY Western Greece Region




a. various activities inside the area of the harbor (unlogdprocesses, vehicles and
machineries in thénarbor),
b. maritime transport (cargo, passenger ships, tugs, pleasure crafts),
c. fishing boats
O2ftf SOUADSEYlr NKIGXSB Kk KIANDE@ Nibr which caNdet§iledd SO 2 N
inventory was compiled on the basis of activity data provided by the Patras Port
Authority for the reference year 2010ore details on the anthropogenic emission
inventory for Patras can be found also in the CESAPO report by Argiriou and
Poupkou, 2012.

Figure 6 presents the percentage contribution of emission source sectors to the
anthropogenic total annual pollutant emissions in the Patras domain. Focusing more
on the maritime/harbor ®ctor representing a key emission source sector within
CESAPO, Figure 6 reveals that thes major NOx emission source and the second
most important emission source for CO and SORs contribution to PM10 and
PM2.5 annual total emissionsabout 11% and 13% respectively

70.0%
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fuels and geothermal energy

40.0%

mSolventand other product use

30.0% m Road transport
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20.0% - maritime sector)

Maritime Sector

10.0% —8—F- Waste treatment and disposal

% Contribution of anthropogenic sources to annual
pollutant emissions
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0.0% -

NOx ‘ co ‘ 502 ‘ NMVOCs PM10 PM2.5
Figure 6. % Contribution ofemissionsource sectors to the anthropogenic total
annual pollutant emissions in the Patras domain.

Figure 7 shows in more detail theontribution of different activities to the
maritime/harbor sector annual pollutant emissions in the Patras donRRassenger
ships are the major source with contribution of more than 6@%call pollutant
emissions. Fishing boats have an about 20% contribution to NOx emissions. Inland
waterways vessels (e.g. pleasure boats) contribute with about 10% to PM10 and
PM2.5 emissions.
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Figure 7 % Contribution oflifferent activities to themaritime/harbor sector annual
pollutant emissions.

TheNatural Emission MOdel (NEM®@#s usedn order © calculatespatially (10km

for the Balkan Peninsula and 2km for the Patras domain) and temporally (hourly)
resolved,gaseous and particulate naturaigssions which were accounted for while
running the photochemical modeNEMO has been developed by the Laboratory of
Atmospheric Physics of the Department of Physics of the Aristotle University of
Thessalonikin order to estimatebiogenic NMVOCs, sea salt and wibldwn dust
emissionsdriven by the WRHneteorology (Poupkou et al. 20104arkakis et al.,
2009).

¢KS FLIWXAOIGAR2Y 2F [/ laE 6l a SEGSYRSR iz
I LILI2 NI A 2 Y A Yy I(PSATIIO érger to lave AM apportionment among
specific source categorieRSAT is designed to source apportion the following PM
species modeled in CAMX:

i.  Sulfate (SO4, fing)

ii. Particulate nitrate (NOS3, fing)

iii. ~ Ammonium (NH4, fine)

iv.  Secondary organic aeros@dcondanOA, fine)

v. Elemental carbon (EC, fine)

vi.  Primary organic aerosdP(imaryOA, fine)

vii.  Crustal (Dust, fine and coarse)
viii.  Other (fine and coarse).

The emission sourcgectorsapportioned fa the Patras domain were the following:
i. Road transport,
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ii.  Maritime/harbor,
iii.  Nonindustrial combustion plantsmostly central heatingplants during
winter),
iv.  Industries,
v.  Soil (windblown dust),
vi. Vegetation (biogenitiIMVOCs),
vii.  Left over sources (e.gon-road vehiclesand machineries waste treatment
and disposal, agriculture, solvent use, distributioriassilfuels).
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3. PM SOURCE APPORTIONMENHESULTS

In the following paragraphs, the PBAin the Patras domain is presented on the
basis of the CAMx PSAT tools restiis the time period Januarfebruary 2010
(wintertime period)and JulyAugust 2010(summertime period) Emission data per
source category are also shown in order to be discussed in conjunction with the SA
model results.The SA analysis has revealed an argmt contribution of the
pollution sources outside th@atrasmodeling domain to the atmospheric levels of
PM in Patras which can be in the order of 45% and more and it is greater in
summertime than in winter time of the year 201dowever, in he following results

this influence is not considered and emphasis is given on the contributiadheof
local sourcs, i.e. the contribution of the pollution sources inside the modeling
domain to the PM atmospheric pollution iRatras. This information can be more
useful to the local or regional authorities in the determination of emission control
strategies of the local sources to reduce the PM pollution in the urban center of
Patras. According to the SA resuttsg PM10 concentrations in the sites of interest,

i.e. Port and Eglykada, associated with the local emission sources are about 2.5 times
higher in wintertime than in the summertime.

3.1 Summertime

3.1.1 Patras domain

Figure 8presents the contribution of emission sources to the PM2.5 and PM10
emitted in the Patras domain in July. In Figure 8a and c, the contribution is presented
for both anthropogenic and natural sources (v&ndblown dust from soil)while in
Figure 8b and dhe contribution is shown only for the anthropogenic emission
sourcesFigure 8a reveala generally close contribution afidustries(26%)and left

over sources(22%)to the PM2.5 anthropogenic emissions in the Patdmmain
followed by the contribution of thenaritime/harbor activities(20%)and of theroad
transport (17%) On July 2010, PM2dwil dust emissiongepresent 12%ef the total
monthly PM2.5emissions According to Figure 8c, soil dust is the major source of
PM210emissions. In terms of anthropogenic source sectors, PM10 are emitted mostly
by the mad transport andindustries while the left over sources and the
maritime/harbor activities have a moderate contribution too. Left over sources
PM2.5 and PM10 emissionsfee mostly to nonroad transport and machineries

13
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emissionswith a smaller contribution fronagriculture andhe waste treatment and
disposakector.

a) b)

PM2.5 Emissions July PM2.5AnthropogenicEmissions- July

% Contribution of Emission Sources

m Road transport

m Maritime/Harbor

® Norvindustrial combustion
H Industries

B WindBlown Dust

 Leftover Sources

% Contribution of Emission Souces

m Road transport

m Maritime/Harbor

m Norvindustrial combustion
m Industries

 Leftover Sources

4%

d)
PM10 Emissions July
% Contribution of Emission Sources

PM10 Anthropogenic Emissionsluly
% Contribution of Emission Sources

m Road transport m Road transport

m Maritime/Harbor m Maritime/Harbor

m Nonvindustrial combustion m Nonvindustrial combustion

M Industries m Industries
m WindBlown Dust
2% i Leftover Sources

 Leftover Sources

3%
Figure8. % Conttoution of source sectors to theM2.5and PM10emissions for July
in the Patras domain.

Figures9 and 10 showthe CAMx SA resultsfor the mean PM2.5 and PM10
concentrations ovethe greater Patras area for the summer period Jabgust 2010.

The contribution ofthe maritime sectorto the PM2.5meanvaluesis higher over the
maritime than over the coastal and continental areas of the study dor(iigure

9b). Over the former areas, the contribution can be very significant in the summer
(more than50%) and is highgmore than 80%®pver the maritime agas to the west

of Patras where the ship routes are founthe plume of darge industrial (cement)
plant, located almost in the center of the domain, has a greater impact on the PM2.5
levels of the nearby areas and of the downwind maritime and coastal ones (Figure
9d). NMVOCs emitted from vegetation produce secondary organic aerosols that
have a small contriltion to the PM2.5 levels in Patra (up to 5%), which is more
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significant though (contribution up to about 50%) over the forested areas of the
study domain (Figure 9f)Left over sourcesemissions are critical to the
determination of the summertime PM2.5 leels over the geater part of the
continental areas of the domaiffrigure 9g)

The SA results for the PM10 levels as presented in Figure 10 are generally similar
with those for the PM2.5 ones, except for the windblown dust contribution which is
more pronounced given also the fact that soil dust is the major source of PM10
emissions as it has been shown in Figure 8c.
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a) b)

% Contribution of Road Trasport to Mean PM2_5 Levels % Contribution of Maritime/Harbar Activities to Mean PM2_5 Levels
Jul_Aug_2010 Jul_Aug_2010
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Figure9. Spatial distribution of the % contribution of emission sources to the mean
PM2.5 concentrations in the Patras domain for the period July to August 2010.
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3.1.2 Sites of interest

In this section, the SA result$ CAMxaveraged for the period Jukugust 2010are
presentedfor the sites Port and Eglykad8A is performed also in terms of emissions
that hawe as a reference period the month of July.

3.1.2.1 Port

In area of the Porand city centerthe PM10 emissions are determined by the close
contribution (about 35%)of the road transport and left over source@nostly
distribution of fossil fuelsfFigure 14). The maritime/harbor activities represent also

a significant PM10 emission share (26%s .for the PM2.5the road transporis the
major emission source followed by the maritime sector and the left over sources
(mostly distribution of fossil fuels andon-road transporj (respective contribution
41%, 33%, 24%frigure 1b).

Given the above mentioned SAsultsin terms of emissions, the SA results of CAMx
suggest also that the road transport and the left over sources have the highest
contribution in the determination of the summertime PM10 and PM2.5 mean levels
in the Portarea of PatragFigures 11c and d)lhe contribution of the maritime
sector, althougfsignificant in terms of PM10 and PM2.5 emissions in the area of the
Port, it becomesmoderate in terms of concentrations amounting to 15% for PM10
and 19% for PM2.5Ihe industrial emissions also have a moderate influence on the
PM levels (16% for PM10 and 13% for PNI2Windblown dust has a small
contribution mostly on PM1(8%)
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a) b)
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Figure 11Sourceapportionment forthe summertimePM10 and PM2.tevels in the
Portarea of Patras

Figure 12 presents the nghropogenic sources apportionment for the PM2.5
chemical species in tharea of thePort of Patras in summertiméccording to the
CAMx model resultsnisummertime the anthropogenic originated PM2.5 mass
consists of OA (2700ther PM2.5 (23%), SO4 (1784 (16%), EC (11%) and NO3
(6%).The padtransport andeft over sources determine the OA concentrations due
to the high Organic Carbon to PM2.®C/PM2.% chemtal split forthe road ard
non-road transport emissiondvaritime/harbor activities have major contribun to
the concentrations of: apO4 which isssociated to the sulfur content in the fuels
used by ships in all operating modése. residual oil in the owmruise phase and
distillate oil while maneuvering and hotellirig the Port of Patrag and b) NO3 due
to ship maneuering and hotelling in the PortNO3 emissions and because of
secondaryformation from maritime NOx emissionthe left over sourcefave najor
contribution to NH4 due to secondary formatifnom NH3 agricultural emissions.
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Figure 12. Anthropogenic eurces apportionment for the chemical speciated
summertimePM2.5mean concentrationg the Port of Patras.
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3.1.2.2 Blykada

Road transport is the major emission source of PM in the area of Eglykada during
summertime (Figures 13a and b). This major contribution is not depicted in the SA

results of CAMx which show that both the roadrisport and the left over sources
determine mostly the PM mean concentratiofBigures 13c and d). A moderate
contribution of windblown dust has been estimated mainly for PM10 given also the
suburbanrural characterization of the greater area where Eglykadalocated
allowing soil dust emissionghich mostly represent coarse PM emissiofifie
contribution of maritimeharbor and industrialactivities to PM mean values exists

but it is rather small
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Figure 13.Source apportionment for the summertime PM10 and PM2.5 levels in

Eglykada.
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3.2 Wintertime

3.2.1 Patras domain

Figure 14 shows the contribution of emission sources to the PM2.5 and PM10
emitted in the Patras domain in February. In Figlida and c, the contribution is
presented for both anthropogenic and natural sources (i.e. windblown dust from
soil) while in Figurd4b and d the contribution is shown only for the anthropogenic
emission sourcesAccording to Figure 14c, PM10 emissions avmigdated by dust
emissions from soil which is the major emission source also for PM2.5. The rural
areas covering the greater part of the modeling domain in conjunction with the high
wind speeds during winter time may allow increased windblown dust emissidre

most importantanthropogenid®M emission source is th@n-industrial combustion
plantsreferring mainly to central heating plants.
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Figure 14% Contribution of source sectors to the PM2.5 and PM10 emissions for
February in the Patras domain.
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Figures15 and 16 show the CAMx SA results for threean PM2.5 and PM10
concentrations in the Patrasnodeling domairfor January and Februag010.

During wintertime, thePM2.5 levels inthe city of Patras are determinednostly by

the central heating emission&igure 15cyvhile thoseoverthe continental areas of
the study domainare determined by the soil dust emissions (Figure 15&ry
significan (more than 50%) ishe contribution of the maritime sectoto the
determination of the PM2.5 levels over the maritime areas to the west of Patras
where the ship traffic takes place (Figure 15Bhe plume of darge cement plant
located almost in the ager of the domain, has a greater impact on the PM2.5 levels
of the nearby areas and of the downwind maritime and coastal ones (Figdie

The SA results for PM10 in wintergnas presented in Figure 16 have similar spatial
patterns with those folPM2.5.The contribution of soil dust to PM10 levels is major
over the greater part of the domaiand becomes significant even inside the urban
center of Patras.
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Figure 15Spatial distribution of the % contribution of emission sources to the mean
PM2.5 concentrations in the Patras domain for the period January to February 2010.
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Figure 16Spatial distribution of the % contribution of emission sources to the mean
PM10 concentrations in the Patras domain for the period January to February 2010.
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