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D10. Emission inventories for the three urban areas (AMA,
TMA, GVA), for anthropogenic and natural sources, for the
past decade (2000-2010)

EXECUTIVE SUMMARY

One of the aims of this job is to compile anthropogenic emission inventories with focus on
particulate matter (PM,s and PMjo) for the Athens and Thessaloniki metropolitan areas
(AMA and TMA respectively) and the greater area of Volos (GVA). Emissions from all
major sources were calculated including navigation and aviation emissions.

Road transport has become by far the major source of atmospheric pollution and traffic
congestion in urban areas. For the estimation of emissions from road transportation, the
newer version of COPERT IV code, a user-friendly MS Windows software application
(Ntziachristos et al.,, 2009) was applied. Despite the increase of the population of
circulating vehicles, as there is a remarkable increase of less polluting vehicles, NOXx,
NMVOC and PM emissions decrease substantially. Finally, another considerable reduction
of SO, emissions attributed to the improvement of the fuels characteristics (i.e. the
reduction of their sulphur content) is obsereved in 2010. From the results for the period
2000-2010, it seems that PM10 and NOx concentrations are strongly associated with the
corresponding road traffic related emissions. Moreover, PM10 concentrations show a
considerable long term similarity with the corresponding emissions of NOx and NMVOCs.

The air pollution inventory for the Industrial Sector includes emissions deriving from Fuel
Combustion and emissions related to the actual (Industrial) Production Processes
themselves. The estimated emissions reflect the overall contribution of the Industry to the
deterioration of air quality in the areas of study. The emission factors used are provided by
the EMEP/EEA air pollutant emission inventory guidebook that has been released by the
European Environmental Agency (EEA) in 2009. Fuel consumption data were used as well
as more detailed emission data if available (especially for large industrial installations).
Industrial emissions present a considerable decrease of all pollutants emissions in 2009 and
2010. This decrease is associated with the economic crisis.

The residential and commercial sector considers non-industrial (stationary) combustion
processes such as residential activities in households and in institutional and commercial
buildings (e.g. heating and cooking with fireplaces, stoves, cookers and small boilers),
having a thermal capacity equal or lower than 50 MW. According to the calculation results,
a considerable decrease in all pollutants emissions is observed in 2009 and 2010 again as a
result of the fuel consumption decrease because of the economic crisis.
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Navigation air pollutants emissions in 2010 were higher (43%) than the emissions in 2000,
on the basis of fuel consumption data from this sector. Finally, air pollutant emissions from
aviation increased by 82% since 1990 with an average annual increase rate of
approximately 4% (MEEC, 2012). Although total emissions from aviation in Greece have
a significant increasing trend from 1990, in the Athens airport as well as in the
Thessaloniki airport, for the decade 2000-2010, only small fluctuations, not exceeding
20%, occur.

In addition, the objective of this work was to estimate the contribution from natural sources
to particulate matter (PM,5 and PM>5.10) primary and secondary emissions over the Athens
and Thessaloniki metropolitan areas (AMA and TMA respectively) and the greater area of
Volos (GVA) and study the temporal trend in emissions during the period 2000 - 2010.
Therefore emission inventories for PM from natural sources were created and compared to
anthropogenic emissions in the areas. The inventories include primary windblown dust
(WB) emissions from agricultural and vacant lands and primary sea salt particles emissions
from the breaking of waves at the Sea Shore-surf zone (SS_SS) and the bursting of bubbles
from oceanic whitecaps - Open Ocean (SS_0OO). Additionally, emissions of BVOCs
(Biogenic Volatile Organic Compounds), precursor to PM, are included. The results
showed that the contribution from natural sources was significant, especially in the case of
coarse particles (64.9 Gg per year for AMA, ~79%; 4.99 Gg per year for TMA, ~46%; 5.3
Gg per year for GVA, ~83%). In particular, the average contribution from the sea surface
to the total particulate pollution over the AMA, TMA and GVA during the decade was
approximately 37%, 10% and 44% for PM,s, respectively, while it was approximately
85%, 65% and 84% for PM,5.10. Windblown dust accounted for a relatively small fraction
of total natural PM emissions in AMA, TMA and GVA (~8%; ~12.5%; ~9%). In addition,
BVOCs emissions accounted for approximately 0.3%, 1.6% and 1.1% of total PM emitted
from the AMA, TMA and GVA, respectively. It was also found that except for AMA
natural PM emissions have increased from the beginning to the end of the studied period
whereas their relative contribution to total PMy, emissions has increased in all areas (from
0.9% in AMA to 88% in GVA).

IIEPIAHYH

210Y0G TNG TOPOVCOS EPYOCIOG Elval 1 AmOYPAPN TOV EKTOUT®OV OVOPOTOYEVOV TNY®OV
OTIG EVPVTEPEG TTEPLOYES TNG ABNvag, e Oescarovikng kot tov Boiov. YrnoroyicOnkav ot
EKTOUTEG amd OAeG TIG KOPEC TNYEG GUUTEPIAAUPOVOUEVOV TOV EKTOUTAOV OTO TIC
evaépleg kol BoAdooieg LETOPOPES.

Ot 0dkég petagopég Bewpodivtor mg M KOPLOL TNy ATUOCPUPIKNG POTAVONG OAAG Ko
KUKAOQPOPLOKNG GUUPOPNONG OTIS OOTIKEG TTEPLOYES. [0l TOV VTOAOYIGUO TV EKTOUTMV
amd TIG 00kéG petapopés epappocinke n vedtepn €kdoon tov poviéhov COPERT IV
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(Ntziachristos et al., 2009). Ilapd v onuoviiky odvénon tov  oapbpod TV
KUKAOQOPOLVT®V OYNUATOV, AOY® TNG E100y®YNG otV KukKAogopia véag teyxvoloyiag,
MyOdTEPO PLTOYOVOV OYNUATOV, Ol EKTOUTEG OAMV TOV POV UELDOVOVTOL GNUOVTIKA.
Edikdtepa 1o d10&€id10 Tov Beiov Tapovcldlel ONUAVTIKEG LEUDGELS Ol OTOIEG OPEIAOVTOL
oV BeATioon TOV YOPUKINPIGTIKOV TOV KOVGIH®V. ATO T OTOTEAEGLLOTA TPOKVITEL OTL
ot ovykevipwoelg PM10 kot NOX mopovcstdlovv onUavTIKh) GUGYETION UE TIS OVTICTOLYES
EKTIOUTEG Amd TNV KLuKAOQopia, evd €101kOTEPA 01 cvykevipmael, PM10 mapovsialovv
ovoyétion kot pe Tig ekmounég NOX ko NMVOCs.

H amoypapn tov eknopn®dv and v Brounyavio TeptAapPavel EKTOUmES A0Y® KoonG Kot
EKTTOUTEG TTOV TPOEPYOVTAL OO TNV TOPAYOYIKN dtadikacio. Ot GUVTEAEGTEG EKTOUTNG TTOV
ypnowonotovvior mpoépyoviar and v ékbeon «EMEP/EEA Air pollutant emission
inventory guidebook» 1 omnoia exd60nke and v Evpondikn Yanpeoia [Tepipdirovtog to
2009. I'to Tovg LTOAOYIGLOVG YPNCLOTOONKOV SES0UEVA KOTAVAAMOTG KAVGIHOV KaOMDC
KOl 7O OVOALTIKG oTolyeio TG dpacTNPlOTNTAG, GTNV TEPIMTOON TOv NTav dnbéoiua
(xvplog oTig peyardtepes eykataotaoels). Ot ekmounég amd v fopnyavio topovsidlovv
onuavtiky peiowon to 2009 kot 1o 2010 g amotélespa TG OKOVOUKNG KPionG.

Ot ekmoumés  TOL OKIOKOL Kol EUNOPKOV Topen meplthappdvouv diepyacies kadong
otafepdv myoV Omwg M Béppavon oe KTiplo KATOWKIOV ARG Kol ETAYYEALATIKOV 1)
EUTOPIKAOV YPNOEMV. ZOUQOVO LE TO ATOTEAECLLOTO TOV VITOAOYICUAOV, GNUOVTIKY] LEIMOT)
TOV ekmounm®v mopotnpeiton kotd ta £t 2009 ko 2010 ko mdA ®G cvvEREL TNG
OLKOVOLKTG Kpiong.

Ot exmopunég and t1c Boldooieg petapopés katd to £1og 2010 Hrav vynAdtepeg katd 43%
a6 Tig ekmounég tov 2000, GOUPOVA LE TO CTOTIOTIKA GTOXEI0 KATAVAAW®GNG KOVGIOV.
Téhog, o1 exmopumég and T1g evaépleg petagopés oty EALGSa, avEndnkav koatd 82% and
1990 pe péoo pvbud avénong 4% (MEEC, 2012). Av kol 0l GUVOMKEC EKTOUTEG GTNV
EAMGS0 tapovsialovv onpovtiky avénon and to 1990, oto agpodpopo twv AOnvav Kot
avtiotoryo. 610 aepodpoulo Osscorovikng, yw v dekoetion 2000-2010 poévo pukpég
OLOKLUAVOELS TTaPOTPOVVTOL O1 0TToieg dev vrTepPaivouy To 20%.

‘Evag dALog 010)0¢ TG Topovoag epyaciag sivor n HEAETN TG €TNOWG UETAROANG TV
EKTOUTAV  ot@poVpeEVOV copatdiov (AXzs kot AXps.gg) OO QUOIKECG TNYEG OTIG
untponoMtikég meployés Abnvov (AMA), Osocalovikng (TMA) kot Boéiov (GVA) ko
NG GLVEICPOPAS TOV EKTOUTAOV OO PUGIKEG TTNYEG OTIG CUVOAIKEG EKTOUTES TV TEPLOYDV
evowpépovtog v mepiodo 2000-2010. T'w 10 oKOMd AVTO KOATOCKELAGTNKAV UNTPOQ
EKTOUTTAOV AY amd QUGIKEG TTNYEG Kol GLYKPIONKOY HE UNTpOO avOpOTOYEVAOV EKTOUTOV
ot TePoyES. Ta unTpoda TephapPavovy Tic eKmounég AL amd 10 £604pOG AyPOTIKMV Kol
KEVOV ekthoemv eEoutiog ™G awdpnong tovg omd tov dvepo (WB) kabdg kot tov
otayovidinv 0oAdcciov dAatog mov ekmépmovtal otny {OVH KOUATAY®OYNG OTOV T KOLOTO
ytomobv oty okt (SS_SS) ) amd v emedvela ¢ avoiktig Odlacoag e ™ Hopen
QLCOAId®Y aEPod and TG Kopveoypaupnés tov kvudtov (SS_00). Emnpocheta ota
untpoa meptrappdvovtar ot ekmounéc BIIOE (Buoyeveic [Tmrikég Opyavikég Evaoerg),
oL eivan TPoOdpopeg evoelg copatiov. Ta aroteAéopata £6e1Eav TOC 1 GLVEICPOPE
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amd TIG QUOIKEG TNYEG OTIG EKTOUTEG AX NTAV ONUAVTIKY, €0KE OTNV TEPIMTOON TOV
A 510 (64.9 Gg ava étog otnv AMA, ~79%; 4.99 Gg ava étoc otnv TMA, ~46%; 5.3 Gg
ava £€tog otnv GVA, ~83%). Ewdotepa, n péomn cvvelspopd tov otoyovidiov Baidocion
dAatog oTlg cvvolkég ekmounés AX ot mepoxés AMA, TMA kaw GVA xoatd v
dekaetio NTav mepimov 37%, 10% wor 44% yuo ta AX;s, oviioTtoya, evod Yoo To AX)s.10
ntav mepinov 85%, 65% ko 84%. Emmpdcbeta, 1 okdvn amd 10 £3000C amoTeAel LKpO
T0600TO TOV PUOIKOV ekmoundv AX otig neployég AMA, TMA kouw GVA (~8%; ~12.5%);
~9%) oOmwg xor ot exkmounés B.ILO.E o1 ouvoMKég eKmOUmEG TPMTOYEVOV KOl
devtepoyevov AX otig meproyég evolapépovtog (0.3%, 1.6% kat 1.1%). Téhog, ot exmopnég
AZX amd puowéc myég Ppednkav, pe e€aipeon v AMA, avénuéveg oe oyéomn pe v opyn
NG OEKOETIOG EVM 1) GYETIKN GUVEIGPOOPA TOVS GTIG OMKEG TPMTOYEVEIG Kol OEVTEPOYEVELG
ekmounéc AX avéndnke oe Oleg Tic meployés (amd 0.9% omv AMA g ko 88% oty
GVA).
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1. EMISSIONS FROM ANTHROPOGENIC SOURCES

1.1 Introduction

The three major anthropogenic emission sources are road transport, industry and
residential/institutional/commercial activities.

In a national scale, an emission inventory from industrial as well as from
residential/institutional/commercial activities was carried out from the Ministry of
Environment, Energy and Climate Change (MEECC) in the beginning of the ‘90s. In the
same period, another inventory from mobile sources was accomplished (Symeonidis et al.,
2003, 2004). Moreover, several emission inventories have been developed for Greece
using both the bottom-up and top-down approaches. In particular, Aleksandropoulou and
Lazaridis (2004) created an emission inventory of anthropogenic and natural sources in
Greece. Poupkou et al. (2007) developed a spatially and temporally disaggregated
anthropogenic emission inventory in the Southern Balkan region and Symeonidis et al.
(2008) estimated biogenic NMVOCs emissions in the same region. Also Markakis et al.
(2010) presented an anthropogenic emission inventory for gaseous species for Greece,
Poupkou et al. (2008) studied the effects of anthropogenic emissions over Greece to ozone
production, Sotiropoulou et al. (2004) estimated the spatial distribution of agricultural
ammonia emissions in the AMA and Hayman et al. (2001) developed spatial air emission
inventories using the top-down approach for large urban agglomerations in southern
Europe including the AMA. Finally, Progiou and Ziomas (2011a) presented a road traffic
emissions inventory for Greece for the period 1990-2009 as well as they associated road
traffic emissions with the corresponding air pollutants levels for the greater Athens area
(Progiou and Ziomas, 2011b).

The aim of this job is to compile anthropogenic emission inventories with focus on
particulate matter (PM,s and PMjo) for the Athens and Thessaloniki metropolitan areas
(AMA and TMA respectively) and the greater area of VVolos (GVA). Emissions from all
major sources were calculated including navigation and aviation emissions.

1.2 Road Transportation

Road transport has become by far the major source of atmospheric pollution and traffic
congestion in urban areas. Additionally, road traffic emissions contribute to global
warming as they are also associated with CO,, NH3, CH4 and N,O emissions (Uherek et al,
2010; Smit et al., 2010).

Especially for the area of Greece, the total national emissions of the main pollutants as well
as those associated with road transport emission data officially submitted by the country in
the framework of the Convention on Long Range Transboundary Air Pollution (CLRTAP)
and the European Monitoring and Evaluation Programme (EMEP) via the UNECE
secretariat (CEIP, 2010), are presented in Table 1. As shown in the table, road transport
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plays a major role in CO emissions, contributing with 67% of total emissions, and
represents an important part of NOy and NMVOCs emissions with a contribution of 29 and
23% correspondingly. Obviously, in the scale of a city these contributions become even
higher resulting in high air pollutants levels. This is the case of Athens, the capital and
largest city of Greece, whose complex geomorphology along with its Subtropical
Mediterranean climate are considered responsible for the air pollution problems the city is
facing (Ziomas, 1998). Nonetheless, high particulates levels have been reported in other
urban areas: the Thessaloniki Metropolitan Area (TMA) which is the second larger urban
agglomeration in Greece and the Greater Volos Area (GVA) which is a city of medium
size with emissions coming from road traffic and residential/institutional/commercial
sector as well as from a considerable industrial activity.

Table 1. National emissions versus road transport emissions in Greece for the year 2008
(as reported under the CLRTAP)

2008 Emissions (Gg) NOx | NMVOC | SO, NH3 CO
TOTAL NATIONAL EMISSIONS 356.87 | 218.66 | 447.55 63.1 685.01
ROAD TRANSPORT EMISSIONS 104.41 50.33 2.03 2.67 461.11
% CONTRIBUTION OF ROAD TRANSPORT | 29.26% | 23.02% | 0.45% | 4.23% | 67.31%

1.2.1 Methodology

Emissions from road transport are calculated either from a combination of total fuel
consumption data and fuel properties or they result from a combination of specific
emission factors and road traffic data.

For the estimation of emissions from road transportation, the newer version of COPERT
IV code, a user-friendly MS Windows software application (Ntziachristos et al., 2009) was
applied. The software contains all the algorithms and the necessary input parameters to
estimate total road transport emissions on a national, regional or local/urban scale with the
possibility of a year to day-long resolution.

COPERT 4 is an MS Windows software program aiming at the calculation of air pollutant
emissions from road transport. The technical development of COPERT is financed by the
European Environment Agency (EEA), in the framework of the activities of the European
Topic Centre on Air and Climate Change. Since 2007, the European Commission's Joint
Research Centre has been coordinating and financing the further scientific development of
the model. In principle, COPERT has been developed for use from the National Experts to
estimate emissions from road transport to be included in official annual national
inventories. In this version of COPERT hybrid vehicle fuel consumption and emission
factors were introduced as well as N,O/NH3; emission factors for PCs and LDVs and heavy
duty vehicle emissions calculation methodology.



http://www.eea.europa.eu/
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The major revisions made since previous version of the methodology are the following:

— New emission factors for diesel Euro IV PCs

— Revised emission factors for LDVs

— New emission factors for Euro V and VI PCs, LDVs and HDVs
— Emission factors for urban CNG buses

— Hybrid fuel consumption and emission factors

— New corrections for emission degradation due to mileage

— Revised CO,, N,O, NH3 and CH,4 calculations

— Effect of biodiesel blends on emissions from diesel cars and HDVs
— Split of NOx emissions to NO and NO,

— Developments on the cold start emission front

— Developments on evaporation losses

The methodology applied is also part of the EMEP/CORINAIR Emission Inventory
Guidebook. The Guidebook, developed by the UNECE Task Force on Emissions
Inventories and Projections, is intended to support reporting under the UNECE Convention
on Long-Range Transboundary Air Pollution (CLRTAP) and the EU directive on national
emission ceilings. The COPERT 4 methodology is fully consistent with the Road
Transport chapter of the Guidebook. The use of a software tool to calculate road transport
emissions allows for a transparent and standardized, hence consistent and comparable data
collecting and emissions reporting procedure, in accordance with the requirements of
international conventions and protocols and EU legislation.

Basic data requirements for the application of the model include: (a) energy consumption
by fuel type, (b) fuel characteristics, (c) the number of vehicles per vehicle category,
engine size or weight and emission control technology, (d) other parameters such as: the
mileage per vehicle class and per road class, the average speed per vehicle type and per
road (urban, rural and highway) and (e) climatic conditions. The energy consumption as
well as the associated emissions are calculated based on those data and a number of
equations described in Ntziachristos and Samaras (2000).

It should be noted here that COPERT 1V, is a simulation model for road transport sector
and not an optimization one. The solution algorithm is based on the minimisation of
differences between energy consumption as reported in the national energy balance
account and the estimated (by the model) energy consumption. This is achieved by
adjusting appropriately the mileage driven by each vehicle category.

Especially for PM10 emissions calculations, two categories were taken into account: a)
exhaust emissions (resulting from the fuel combustion in the vehicles engines) and b)
emissions resulting from tyre, brake and road surface wear.
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1.2.2 Results

In the last two years, as a result of economic crisis, the traffic characteristics applied for
each vehicle type and category had to be further investigated. More specifically, the annual
mileage driven was reconsidered for all vehicle categories as a result of economic crisis.
The annual mileage was reassessed taking into account fuel consumption data. The
different vehicle categories population along with the total annual kilometres driven by
each category as well as fuel consumption data are presented in Figures 1-4.
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Diesel Consumption (kt)
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Figure 4 Diesel consumption (kt) by all vehicles categories for 2010

In the last years, the vehicle fleet has increased by 265% compared to 1990 levels, while an
increase of the share of medium and larger size passenger vehicles is observed (from 27%
in 1990, to 36% in 2008). However this situation tends to change as a result of the high
taxation imposed on vehicles with engines over 2000cm?®.

It should be noted that, despite the increase of the population of circulating vehicles, as
there is a remarkable increase of less polluting vehicles, NOx, NMVOC and PM emissions
decrease (Table 2). Finally, another considerable reduction of SO, emissions attributed to
the improvement of the fuels characteristics (i.e. the reduction of their sulphur content) is
obsereved in 2010.

In Figures 5-6 the trend of PM10 and NOx emissions is presented for the period 2000-
2010 along with the corresponding PM10 and NOx concentrations. Finally, in Figure 7 the
trend of PM10, NOx and NMVOCs emissions is presented versus PM10 mean yearly
concentrations for the period 2000-2010. As shown in these figures, it seems that PM10
and NOx concentrations are strongly associated with the corresponding road traffic related
emissions. Moreover, PM10 concentrations show a considerable long term similarity with
the corresponding emissions of NOx and NMVOC:s.
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Table 2 Air pollutants emissions from road transportation in the three cities for the period 2000-2010 (t/y)

PM10 TOTAL 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

ATHENS 1561 1572 1556 1549 1501 1427 1400 1366 1273 1526 1224

THESSALONIKI 335 339 337 338 333 316 312 305 290 346 283

VOLOS 49 49 49 49 48 45 45 44 41 48 40
NOx

ATHENS 36169 36354 34471 34505 34400 32040 32021 31531 29971 29290 22254

THESSALONIKI 8418 8458 8062 8069 8058 7533 7528 7407 7075 6916 5320

VOLOS 1112 1118 1082 1084 1083 1028 1028 1013 978 960 762
NMVOCs

ATHENS 37910 37279 33509 32268 30636 25929 23722 22510 20124 19001 15118

THESSALONIKI 7867 7701 6894 6647 6350 5423 5044 4806 4309 4067 3472

VOLOS 1007 984 900 860 810 697 631 598 549 522 499
S02

ATHENS 796 792 823 853 195 203 207 204 42 34 27

THESSALONIKI 113 114 118 121 25 26 26 26 5 5 4

VOLOS 11 11 11 11 2 2 2 2 0 0 0
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Figure 7 Yearly emissions (t/y) and PM10 mean yearly concentrations for the
period 2000-2010 in the Athens Metropolitan Area (AMA)

1.3 Industrial Sector

1.3.1 Methodology

The air pollution inventory for the Industrial Sector includes emissions deriving from Fuel
Combustion and emissions related to the actual (Industrial) Production Processes
themselves. The estimated emissions reflect the overall contribution of the Industry to the
deterioration of air quality in the Greek territory.

The general equation supporting the estimation of emissions is described as follows:
E= AD*EF,

where E: Emissions, AD: Activity Data and EF: Emission Factors.

In general, the implementation of the above equation follows three patterns:

The simpler methodology is based on the use of readily available statistical data on the
intensity of processes (activity rates) and default emission factors (Tier 1 methodology).
These emission factors assume a linear relation between the intensity of the process and the
resulting emissions. The Tier 1 default emission factors also assume an average or typical
process description.
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Due to the high uncertainty accompanied by the ignorance of technologies and abatement
applied, the Tier 2 methodology is also used whenever available. In this case more
specific, though still default, emission factors are being selected and used based on the
knowledge of the types of processes and specific process conditions that are applied by the
industrial plants. Tier 2 methods are more complex, reduce the level of uncertainty, and, as
a result are preferred whenever data for their implementation are available.

Whenever more detailed data are available higher Tier 3 methodologies are being
implemented. This is the case when plant specific, highly disaggregated data are being
provided to the inventory team, including results of chemical content analysis and/or
measurements. In this case the uncertainty introduced to the estimation is significantly
lower.

With respect to the activity data (AD) used, their type depends on the inventory category.
For the emissions deriving from Fuel Combustion, in energy and other type industry, the
AD term refers to the quantity of fuel used by the industry. For emissions regarding the
industrial process itself AD refer mainly to production data.

As it is obvious, activity data play a crucial role to the successful conduction of the
inventory. The National Technical University of Athens (NTUA) team has in its
possession a detailed database including all the high emissive industrial plants in Greece,
including energy power plants. Production quantities, consumption of fuels and also of raw
material data are included in the database, whereas information on the exact location of
each plant is also recorded, based on the information provided by the plants in the
framework of their reporting obligations under the EU Emissions Trading Scheme.
Aggregated statistical data (including confidential data in some cases) provided by national
and international sources such as the Hellenic Statistical Authority (Prodcom), the Ministry
of Development (national energy balance), EUROSTAT etc are also introduced in the
database, whereas information provided by the plants on the basis of personal
communication with the NTUA team is also included.

The collected data permit the estimation of emissions from the following main air
pollutants:

PM10, CO, NOx, SO2

The emission factors used are provided by the EMEP/EEA air pollutant emission inventory
guidebook that has been released by the European Environmental Agency (EEA) in 2009.
The specific guidebook is the most recent one, and is designed to facilitate the reporting of
emission inventories by countries to the UNECE Convention on Long-range
Transboundary Air Pollution (CLRTAP) and the EU National Emission Ceilings Directive.
The emissions data coincide with the officially submitted emission data sets to UNECE
under the Convention on Long-range Transboundary Air Pollution (CLRTAP, 2010).
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With regards to the structure of the Industrial Inventory, the sector is divided in the
subcategories described below. The applied methodology in each subcategory is based on
the data available in the inventory’s database.

1. Combustion in energy and processing industries

Refers to emissions procured through the combustion and conversion of fuels to produce
energy. Emissions from public electricity and heat production, petroleum refining and
manufacture of solid fuel and other energy industries are included in this category. These
activities are closely connected to the emission of air pollutants, though the technology
used plays an important role in the resulting emissions, especially for SO2 and NOXx.
Depending on the data availability Tier 2 or Tier 3 methodologies are broadly usually used
for the estimation of emissions.

2. Mineral Production

Includes emissions deriving from fuel combustion and productive processes for the
production of mineral products. Cement production is the most important subcategory,
though other subcategories (lime production, limestone & dolomite use etc.) are also
reported. Tier 2 methodology is being widely applied depending on the availability of
plant-specific information by the plants. Emissions from Particulate Matter are the most
important emissions from this category.

3. Chemical Production

Concerns emissions from chemical industries due to fuel combustion and productive
processes. Ammonia production, nitric acid and sulphur acid are the main components of
the subcategory. Emissions are closely connected to the consumption of natural gas and
also to production levels. Detailed information is provided by the one plant operating in
Greece, including NOx measurements whenever available. The main pollutants are sulphur
and nitric oxides.

4. Metal Production

The main components of metal production subcategory are Iron and Steel, Aluminium and
Ferroalloys industries. All main pollutants are emitted during metal production processes.
For iron and steel and aluminium production Tier 2 methodologies are being applied, while
for the rest Tier 1 methodologies are usually used.

5. Other Production

Refers to emissions of pollutants during the other production, mainly from Pulp & Paper
and Food industries. NMVOC are the main pollutants and Tier 1 methodologies are used
based on national statistical data.

6. Solvents
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Includes NMVOC emissions from various applications of solvents such as paint
application, degreasing, dry cleaning etc. The main activity data introduced in the
calculations is the population of the country, as provided by the Hellenic Statistical
Authority.

1.3.2 Results

The PM10 industrial emissions are presented for the three areas of interest in Figure 8 for
the period 2000-2010. In all three cities a decrease occurs in the two last years as a result
of recession and the economic crisis.

Industrial Emissions Trend (t/y)
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Figure 8 Yearly PM10 emissions (t/y) for the period 2000-2010 in the Athens
Metropolitan Area (AMA), the Thessaloniki Metropolitan Area (TMA)
and Volos

In Table 3, all air pollutants emissions are presented for the whole time period and for
PM10, NOx, SO2 and CO. A considerable decrease in all pollutants emissions is observed
in 2009 and 2010. This decrease is associated with the economic crisis.
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Table 3 Industrial emissions trend for the period 2000-2010 in the three cities (t/y)

ATHENS 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
PM10 7115 7190 6980 6925 6684 7562 7535 7390 6900 5391 5116
NOX 21117 | 21341 | 20717 | 20553 | 19838 | 22444 | 22365| 21932 | 20480 | 16002 15183
S02 23770 | 24022 | 23320 | 23136| 22330| 25265| 25175| 24688 | 23053 | 18012 17091
co 8920 9015 8751 8682 8380 9481 9447 9265 8651 6759 6414

THESSALONIKI
PM10 1989 2010 1952 1936 1869 2114 2107 2066 1929 1507 1430
NOX 6136 6201 6020 5972 5764 6522 6499 6373 5951 4650 4412
S02 6452 6521 6330 6280 6061 6858 6833 6701 6258 4889 4639
co 4079 4122 4001 3970 3831 4335 4319 4236 3955 3091 2933

VOLOS
PM10 854 863 838 831 802 908 904 887 828 647 614
NOX 882 891 865 858 828 937 934 916 855 668 634
S02 1581 1598 1551 1539 1485 1681 1675 1642 1534 1198 1137
co 2183 2206 2142 2125 2051 2320 2312 2267 2117 1654 1570
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1.4 Residential/Commercial Sector

This sector considers non-industrial (stationary) combustion processes such as residential
activities in households and in institutional and commercial buildings (e.g. heating and
cooking with fireplaces, stoves, cookers and small boilers), having a thermal capacity
equal or lower than 50 MW. The related NFR/CRF codes are commercial and institutional
stationary plants (NFR 1Ad4ai) and residential stationary plants (NFR 1A4bi). The
following pollutants are taken into account: NOx, PM10, NMVOCs and SO2.

The input data required (fuel consumption by fuel type) were provided by the Hellenic
Statistical Authority and the Ministry of Development for all three areas of interest for year
2010.

Air pollutants emissions from the residential — tertiary sector result from energy
consumption for heat in order to cover the needs for the space heating, water heating etc.
Thermal needs in these sectors are covered mainly by liquid fossil fuels. The penetration of
natural gas to the fuel mixture has an increasing trend.

Two basic technologies are considered: central heating boilers, and other stationary
equipment (e.g. oil stoves). Fireplaces and other equipment that use biomass as fuel are not
taken into account. For the allocation of fuel consumption by technology, it is assumed that
the consumption of diesel, heavy fuel oil and natural gas concern central heating boilers, as
no specific data for fuel consumption by other stationary equipment are available. It should
be noted that due to economic crisis and the significant tax increase in diesel, there was a
considerable turn to wood and wood products burning for heating purposes. This change
has led to increased PM levels during the cold winter days, especially in the evening hours
and during the week-ends. Unfortunately, these emissions cannot be assessed as no fuel
consumption data are available for biomass burning.

Air pollutants emissions are calculated on the basis of fuel consumption and default EF are
used from the EMEP/EEA emission inventory guidebook 2009.

Air pollutants emissions from the residential and the commercial/institutional sector in
2010 increased substantially compared to 1990 levels (42% and 116% respectively), as a
result of the great increase of liquid fuel consumption since 1996, according to the national
energy balance. A decreasing trend of the last years is attributed to the penetration of
natural gas to the fuel mixture and economic recession (years 2009-2010).

The small combustion installations included are mainly intended for heating and provision
of hot water in residential and commercial/institutional sectors. Some of these installations
are also used for cooking (primarily in the residential sector).

In some instances, combustion techniques and fuels can be specific to an NFR activity
category; however most techniques are not specific to an NFR classification. The
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applications can be conveniently sub-divided considering the general size and the
combustion techniques applied:
residential heating — stoves, cookers, small boilers (< 50 kW);

institutional/commercial/agricultural/other heating including:

heating — boilers, spaceheaters (> 50 kW),

smaller-scale combined heat and power generation (CHP).

Emissions from smaller combustion installations are significant due to their numbers,
different type of combustion techniques employed, and range of efficiencies and
emissions. Many of them have no abatement measures nor low efficiency measures. In
some countries, particularly those with economies in transition, plants and equipment may
be outdated, polluting and inefficient. In the residential sector in particular, the installations
are very diverse, strongly depending on country and regional factors including local fuel

supply.

In small combustion installations a wide variety of fuels are used and several combustion
technologies are applied. In the residential activity, smaller combustion appliances,
especially older single household installations are of very simple design, while some
modern installations of all capacities are significantly improved. Emissions strongly
depend on the fuel, combustion technologies as well as on operational practices and
maintenance.

For the combustion of liquid and gaseous fuels, the technologies used are similar to those
for production of thermal energy in larger combustion activities.

1.4.1 Methodology

Relevant pollutants are SO2, NOx, CO, NMVOC, particulate matter (PM), black carbon
(BC), heavy metals, PAH, polychlorinated dibenzo-dioxins and furans (PCDD/F) and
hexachlorobenzene (HCB). For solid fuels, generally the emissions due to incomplete
combustion are many times greater in small appliances than in bigger plants. This is
particularly valid for manually-fed appliances and poorly controlled automatic
installations. However, as already mentioned, there are no fuel consumption data available
and, hence, no calculations for these appliances.

For both gaseous and liquid fuels, the emissions of pollutants are not significantly higher in
comparison to industrial scale boilers due to the quality of fuels and design of burners and
boilers, except for gaseous- and liquid-fuelled fireplaces and stoves because of their simple
organization of combustion process. However, ‘ultra-low” NOx burner technology is
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available for gas combustion in larger appliances. In general, gas- and oil-fired installations
generate the same type of pollutants as for solid fuels, but their quantities are significantly
lower.

Emissions caused by incomplete combustion are mainly a result of insufficient mixing of
combustion air and fuel in the combustion chamber (local fuel-rich combustion zone), an
overall lack of available oxygen, too low temperature, short residence times and too high
radical concentrations (Kubica, 1997/1 and 2003/1). The following components are emitted
to the atmosphere as a result of incomplete combustion in small combustion installations:
CO, PM and NMVOCs, NH3, PAHSs as well as PCDD/F.

NH3 — small amounts of ammonia may be emitted as a result of incomplete combustion
process of all solid fuels containing nitrogen. This occurs in cases where the combustion
temperatures are very low (fireplaces, stoves, old design boilers). NH3 emissions can
generally be reduced by primary measures aiming to reduce products of incomplete
combustion and increase efficiency.

TSP, PM10, PM2.5 — particulate matter in flue gases from combustion of fuels (in
particular of solid mineral fuels and biomass) may be defined as carbon, smoke, soot, stack
solid or fly ash. Emitted particulate matter can be classified into three groups of fuel
combustion products.

The first group is formed via gaseous phase combustion or pyrolysis as a result of
incomplete combustion of fuels (the products of incomplete combustion (PIC)): soot and
organic carbon particles (OC) are formed during combustion as well as from gaseous
precursors through nucleation and condensation processes (secondary organic carbon) as a
product of aliphatic, aromatic radical reactions in a flame-reaction zone in the presence of
hydrogen and oxygenated species; CO and some mineral compounds as catalytic species;
and VOC, tar/heavy aromatic compounds species as a result of incomplete combustion of
coal/biomass devolatilization/pyrolysis products (from the first combustion step), and
secondary sulphuric and nitric compounds. Condensed heavy hydrocarbons (tar
substances) are an important, and in some cases, the main contributor, to the total level of
particles emission in small-scale solid fuels combustion appliances such as fireplaces,
stoves and old design boilers.

The next groups (second and third) may contain ash particles or cenospheres that are
largely produced from mineral matter in the fuel; they contain oxides and salts (S, Cl) of
Ca, Mg, Si, Fe, K, Na, P, heavy metals, and unburned carbon formed from incomplete
combustion of carbonaceous material; black carbon or elemental carbon — BC
(Kupiainen, et al., 2004).
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Particulate matter emission and size distribution from small installations largely depends
on combustion conditions. Optimization of solid fuel combustion process by introduction
of continuously controlled conditions (automatic fuel feeding, distribution of combustion
air) leads to a decrease of TSP emission and to a change of PM distribution (Kubica,
2002/1 and Kubica et al., 2004/4). Several studies have shown that the use of modern and
‘low-emitting’ residential biomass combustion technologies leads to particle emissions
dominated by submicron particles (< 1 um) and the mass concentration of particles larger
than 10 um is normally < 10 % for small combustion installations (Boman et al., 2004 and
2005, Hays et al., 2003, Ehrlich et al, 2007).

Note that there are different conventions and standards for measuring particulate
emissions. Particulate emissions can be defined by the measurement technique used
including factors such as the type and temperature of filtration media and whether
condensable fractions are measured. Other potential variations can include the use of
manual gravimetric sampling techniques or aerosol instrumentation. Similarly, particulate
emission data determined using methodology based on a dilution tunnel may differ from
emission data determined by a direct extractive measurement on a stack. The main
difference is whether the emission measurement is carried out in the hot flue gas, either in-
stack or out-stack, or if the measurements is carried out after the semi-volatile compounds
have condensed.

Typically the Swedish laboratory measurements (e.g. Johansson et al., 2004) are based on
Swedish Standard (SS028426) which is an out-stack heated filter, meaning that the semi-
volatile compounds will not have condensed. In the field measurements an in-stack filter
was used to measure PM (Johansson et al., 2006).

CO — carbon monoxide is found in gas combustion products of all carbonaceous fuels, as
an intermediate product of the combustion process and in particular for under-
stoichiometric conditions. CO is the most important intermediate product of fuel
conversion to CO2; it is oxidized to CO2 under appropriate temperature and oxygen
availability. Thus CO can be considered as a good indicator of the combustion quality. The
mechanisms of CO formation, thermal-NO, NMVOC and PAH are, in general, similarly
influenced by the combustion conditions. The emissions level is also a function of the
excess air ratio as well as of the combustion temperature and residence time of the
combustion products in the reaction zone. Hence, small combustion installations with
automatic feeding (and perhaps oxygen ‘lambda’ sensors) offer favourable conditions to
achieve lower CO emission. For example, the emissions of CO from solid fuelled small
appliances can be several thousand ppm in comparison to 50-100 ppm for industrial
combustion chambers, used in power plants.

NMVOC — for small combustion installations (e.g. residential combustion) emissions of
NMVOC can occur in considerable amounts; these emissions are mostly released from
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inefficiently working stoves (e.g. wood-burning stoves). VOC emissions released from
wood-fired boilers (0.510 MW) can be significant. Emissions can be up to ten times higher
at 20 % load than those at maximum load (Gustavsson et al, 1993). NMVOC are all
intermediates in the oxidation of fuels. They can adsorb on, condense, and form particles.
Similarly as for CO, emission of NMVOC is a result of low combustion temperature, short
residence time in oxidation zone, and/or insufficient oxygen availability. The emissions of
NMVOC tend to decrease as the capacity of the combustion installation increases, due to
the use of advanced techniques, which are typically characterized by improved combustion
efficiency.

Sulphur oxides — in the absence of emission abatement, the emission of SO2 is dependent
on the sulphur content of the fuel. The combustion technology can influence the release of
SO2 with (for solid mineral fuels) higher sulphur retention in ash than is commonly
associated with larger combustion plant.

Nitrogen oxides — emission of NOXx is generally in the form of nitric oxide (NO) with a
small proportion present as nitrogen dioxide (NO2). Although emissions of NOx are
comparatively low in residential appliances compared to larger furnaces (due in part to
lower furnace temperatures), the proportion of primary NOZ2 is believed to be higher.

The Tier 1 approach for process emissions from small combustion installations uses the
general equation:

E

pollutant =

AR 4 consumption < EF pottusant (D
where:

Epollutant = the emission of the specified pollutant,

ARfuelconsumption = the activity rate for fuel consumption,

EFpollutant = the emission factor for this pollutant.

This equation is applied at the national/local level, using annual national/local fuel
consumption for small combustion installations in various activities.

1.4.2 Results

The PM10 residential/commercial emissions are presented for the three areas of interest in
Figure 9 for the period 2000-2010. In all three cities a constant decrease of PM10
emissions occurs as a result of the penetration of natural gas.
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Figure 9 Yearly PM10 emissions (t/y) for the period 2000-2010 in the Athens
Metropolitan Area (AMA), the Thessaloniki Metropolitan Area (TMA)
and Volos

In Table 4, all air pollutants emissions are presented for the whole time period and for
PM10, NOx, NMVOCs and SO2. A considerable decrease in all pollutants emissions is
observed in 2009 and 2010 again as a result of the fuel consumption decrease because of
the economic crisis.
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Table 4 Air pollutants emissions trend from the residential/commercial sector for the period 2000-2010 in the three cities (t/y)

Athens 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
PM10 92 99 103 119 112 118 117 106 103 89 80
NOXx 2909 3125 3266 3756 3549 3715 3688 3332 3260 2802 2519
NMVOC 558 600 627 721 681 713 708 639 626 538 484
S02 1334 1433 1498 1723 1628 1704 1692 1528 1495 1285 1155
Thessaloniki

PM10 43 46 48 56 53 55 55 49 48 41 37
NOXx 1219 1309 1368 1574 1487 1557 1545 1396 1366 1174 1056
NMVOC 243 261 273 313 296 310 308 278 272 234 210
S02 641 688 719 827 782 818 812 734 718 617 555
Volos

PM10 6 7 7 8 8 8 8 7 7 6 6
NOXx 186 200 209 240 227 238 236 213 209 179 161
NMVOC 37 39 41 47 45 47 46 42 41 35 32
S02 94 101 105 121 115 120 119 108 105 90 81
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1.5 Comparative emissions results from the main anthropogenic sources

In the following Figures 10-12, total PM10 and NOx emissions from the main pollutant
sources are presented. It should be noted that, at a first glance, it appears that industrial
PM10 emissions play the most important role for all three areas of interest. On the contrary,
NOx emissions seem to be mostly associated with road traffic emissions. However, it is to be
stressed that the occurring air pollutant levels are associated with other parameters too except
from the amount of pollutants emitted from each source. Such parameters are: i) geographic
location and distance from the area of interest, ii) spatial density of emissions and iv)
topography and meteorology. These parameters are taken into account in the source
apportionment models results.
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Figure 10 Yearly PM10 and NOx emissions (t/y) for 2010 in the Athens Metropolitan

Area (AMA) and for the main emission sources.
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Yearly PM10 and NOx emissions (t/y) for 2010 in the Thessaloniki
Metropolitan Area (TMA) and for the main emission sources.
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Yearly PM10 and NOx emissions (t/y) for 2010 in Volos and for the main

emission sources.
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1.6 Navigation

Air pollutant emissions from navigation are calculated according to the EMEP CORINAIR Tier
1 default methodology, which is based on the relative consumption of energy per fuel and default
emission factors (SNAP 0804 — EEA 2001). Fuel consumption data were taken from the Hellenic
Statistical Authority, whereas activity data for the yearly distribution of emissions were taken
from local relevant agencies. Finally, activity data as well as emissions data for comparison
reasons were taken from Tzannatos (2010).

It should be noted that the application of a higher Tier methodology requires detailed data for the
composition of the fleet which are not available at present.

Air pollutants emissions are presented in Table 5 for 2010 and for the three areas of interest. As
shown in Table 6, navigation emissions in 2010 were higher (43%) than the emissions in 2000,
on the basis of fuel consumption data from this sector (NIR, MEEC, 2012).

Table 5 Air pollutants emissions from navigation for the three areas (2010)

t/y NOx SOx PM10 PM2.5
PIRAEUS 40471 16838 1121 1121
THESSALONIKI 10881 4529 288 288
VOLOS 6043 2506 161 161
Table 6 PM emissions from navigation for the period 1990 — 2010

t/y 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010
PIRAEUS 785 | 1062 962 957 | 1065 | 1017 | 1125 | 1044 933 | 1370 | 1121
THESSALONIKI 202 273 247 246 274 261 289 268 240 352 288
VOLOS 113 153 138 137 153 146 162 150 134 197 161

1.7 Aviation

Air pollutants emissions from aviation are calculated according to the Tier 2a methodology
suggested by the IPCC Guidelines, which is based on the combination of energy consumption
data and air traffic data (Landing and Take off cycles, LTOs). The emission factors used and the
distribution of consumption in LTOs and cruise are the suggested CORINAIR values (SNAP
080501 & 080503 — EEA 2001) for average fleet.

The data on energy consumption derive from the national energy balance, while data on LTOs
are provided by the Civil Aviation Organisation.

In Greece, air pollutant emissions from aviation increased by 82% since 1990 with an average
annual increase rate of approximately 4% (MEEC, 2012). Air pollutants emissions for 2010 and
for the two cities airports are presented in Table 7 below. PM10 emissions trend of the Athens
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airport are presented in Figure 12. Although, total emissions from aviation in Greece have a
significant increasing trend, in the Athens airport for the decade 2000-2010 only small

fluctuations, not exceeding 20% occur.

Table 7 Air pollutants emissions from aviation for the three areas (2010)
tly CO | NMVOC NOXx SOx | PM-10
Thessaloniki 451 52 219 19 4
Athens 1785 206 867 76 14
PM10 EMISSIONS TREND (t/y)
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Figure 12 PM10 emissions trend (t/y) for the period 2000-2010 in Eleftherios Venizelos

airport (Athens).

1.8 Railways

Air pollutants emissions from railways are calculated according to the default methodology
proposed in CORINAIR, which is based on the relative consumption of energy per fuel and the
typical emission factors (SNAP 0802 — EEA 2001). Railways emissions are generally minor and
they are mostly allocated across the railways network. Moreover, emissions from railways
decreased by 69% from 1990 to 2010 (MEEC, 2012). Thus, they are considered as negligible in
the areas of the train stations in the three cities and, consequently, they are not taken into
account.
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2.  EMISSIONS FROM NATURAL SOURCES

2.1 Introduction

Exposure to particulate matter (PM) has been associated with increased human morbidity
and mortality by many epidemiological studies (e.g. Dockery et al. 1993; Katsouyanni et
al. 1995 and 2001; Pope et al. 1999 and 2002). An important step in improving air quality
in an area is to assess the impact of specific human activities and natural sources
responsible for air quality deterioration through the quantification of pollutants emissions
(Winiwarter et al. 2009). The construction of an emission inventory is an important tool in
air quality management and can be also used for the development and assessment of the
results of specific mitigation strategies (Placet et al. 2000; Karl et al. 2009).

Except for anthropogenic emissions, emissions from natural sources can be a significant
contributor to air quality deterioration in urban areas. They are usually emitted in less
populated areas away from the urban centres and built up areas and then are usually
transported over the urban areas. Natural primary PM emissions can result from a number
of sources, including the sea surface, soil, flora and biota, and can occur in the forms of
e.g. windblown dust, sea-salt particles, fungal spores and plant debris, smoke from
wildfires.

Several emission inventories have been developed for Greece using both the bottom-up
and top-down approaches. In particular, Aleksandropoulou and Lazaridis (2004) created an
emission inventory of anthropogenic and natural sources in Greece. Symeonidis et al.
(2004) developed an emission inventory system from transport in Greece. Poupkou et al.
(2007) developed a spatially and temporally disaggregated anthropogenic emission
inventory in the Southern Balkan region and Symeonidis et al. (2008) estimated biogenic
NMVOCs emissions in the same region. Also Markakis et al. (2010) presented an
anthropogenic emission inventory for gaseous species for Greece, Poupkou et al. (2008)
studied the effects of anthropogenic emissions over Greece to ozone production,
Sotiropoulou et al. (2004) estimated the spatial distribution of agricultural ammonia
emissions in the AMA and Hayman et al. (2001) developed spatial air emission inventories
using the top-down approach for large urban agglomerations in southern Europe including
the AMA.
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Figure 1 Areas of interest and distribution of landcover (main classes; EEA CLC 2009)

In this study emission inventories of particulate matter (PM,5 and PM,5.10) and gaseous
pollutants (BVOCs) from natural sources for the Athens and Thessaloniki metropolitan
areas (AMA and TMA respectively) and the greater area of Volos (GVA) are presented for
the period 2001-2010 (Figure 1). In particular, the inventories include the emissions of
primary particles from soil surface i.e. windblown dust (WB) emissions from agricultural
and vacant lands and from the ocean/sea surface (sea salt particles) by waves breaking at
the Sea Shore-surf zone (SS_SS) and from the bursting of bubbles from oceanic whitecaps
- Open Ocean (SS_0O0). Additionally, emissions of BVOCs (Biogenic Volatile Organic
Compounds) from vegetation during photosynthesis, plant respiration and vaporization
from stores within the plant tissue, precursor to PM, were estimated. The temporal
evolution of natural PM emissions in the metropolitan areas of Athens, Thessaloniki and
Volos is examined together with their contribution to total primary and secondary PM
emissions in the study areas.

2.2 Methodology

2.2.1 Input data, assumptions and their implications to results

The variation in natural emissions is determined by changes in meteorological conditions
and landcover.

The necessary meteorological data used in the calculations were retrieved from the
FOODSEC Meteodata distribution page (action developed in the framework of the EC
Food Security Thematic Programme; European Centre for Medium-Range Weather
Forecast (ECMWF) ERA INTERIM reanalysis model data and ECMWF OPERATIONAL
data from 01/01/2011 on; temporal analysis 10-days; spatial resolution 0.25 degree).
Monthly averages of temperature and air velocity were calculated from the above data.

In addition, data on the monthly averaged days with rainfall used in the calculations were

retrieved from the HNMS (Hellenic National Meteorological Service) database on
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climatology for meteorological stations in and round the area of interest (the values
therefore correspond to a period spanning over at least 40 years).

Data on the soil texture were available by the European Soil Database (ESDB v2.0 2004)
either in the form of the soil type as in FAO-UNESCO, 1974 classification (used in
modified CEC 1985) texture classes (the dominant and secondary surface textural classes
are provided) or as a textural profile containing the fractions of clay, silt and sand in the
soil horizon.

In the calculations were used landuse data from the Land Cover 2000 database of the
European Commission programme to COoRdinate INformation on the Environment across
Europe (EEA CLC 2000, v2009) (Level 1 classification is depicted in Figure 1). Changes
in landcover as regards areas burnt from forest fires during the period 2000-2008 in the
Athens Larger Urban Zone have been incorporated in the emissions presented in
Aleksandropoulou et al. 2013. The effects in PMj, windblown dust emissions and
emissions of BVOCs during 2008 from more than 2230ha of forests and 1841 ha of
woodlands burnt during the period 2000-2008 were an increase by approximately 1.7%
and a decrease decrease by 3.5%, respectively. Based on the above results and due to the
absence of relevant data changes in landcover in the three areas during the period 2000-
2010 were not taken into account in the calculations. Therefore any observed trend arises
solely from changes in meteorological conditions which vary from year to year.

An important source of uncertainty in windblown dust emission calculations is the
assumption that wind erosion and suspension of particles occurs at any air velocity as long
as the vegetation cover, soil properties and meteorological conditions allow the wind
erosion of the surface. Also it has been assumed that monthly averaged wind speed values
can be used in predicting the emissions of dust due to wind erosion and of sea salt
particles. The effects of the assumptions in the calculation of windblown dust emissions
have been examined in Aleksandropoulou et al. (2013). It was found that although
emission rates can differ substantially from the actual ones, the results as regards monthly
emissions are acceptable since the error introduced by the above assumptions can be
considered the same to that introduced by uncertainty in other parameters (i.e. the soil
moisture content and texture, the surface roughness length, and constraining factors like
the vegetation coverage and the presence of non-erodible elements). As regards the sea salt
emissions from open ocean and sea shore, the same methodology applied in
Aleksandropoulou et al. (2012) was used to justify the assumptions. In particular, the
emissions from the sea surface were calculated using both monthly averaged values of
meteorological parameters and 3h instantaneous values derived from the EMEP UNIFIED
model input files (are based on forecast experiment runs with the Integrated Forecast
System, a global operational forecasting model from the European Centre for Medium-
Range Weather Forecasts; 3h instantaneous values; EMEP/MSC-W 2011) for one month
(August 2008). It was assumed in the calculations that the 3h instantaneous value occurs
throughout the 3h period. It was found that 446 Mg of sea salt PM, s and 2050 Mg of sea
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salt PM25.10 were emitted from the open ocean during August 2008, whereas based on the
3h instantaneous values during August 2008 are emitted 547 Mg and 2495 Mg of sea salt
PM,s and PMys.10, respectively, with an emission rate approximately 10™° g/m4.
Likewise, during August 2008 are emitted 501 Mg PM;s and 3903 Mg PM; 5.1 of sea salt
at sea shore, whereas based on the 3h instantaneous values are emitted 540 Mg and 4210
Mg of sea salt PM, 5 and PM, .10, respectively, with an emission rate of 10 g/m?’s.

Finally, the use of monthly averaged data in the calculations of BVOCs emissions
introduces uncertainty in the results. In particular, using monthly averaged daytime
temperature leads to large errors in the calculations, but only of order 20%, which is much
less than the uncertainties in the emission potentials (EMEP/CORINAIR 2007). On the
other hand, the use of ambient temperature and light-intensity provides a reasonable
approximation to leaflevel light and temperature (moderate uncertainty for European
conditions, EMEP/CORINAIR 2007).

2.2.2 Emissions of fugitive windblown dust

Dust is injected into the atmosphere as a result of natural wind erosion from soil grain
abrasion and the deflation of the abrasion products and other materials deposited on the
earth’s surface (Korcz et al. 2009). The underlying physical processes that move particles
upward from the surface are aerodynamic lift, saltation and sandblasting (Shaw et al. 2008
and references therein). The emissions of dust are modulated by the soil characteristics
(composition, texture and type), surface characteristics (vegetation cover, moisture,
aerodynamic roughness length) and the meteorological conditions (e.g. Alfaro and Gomes
2001; Draxler et al. 2001; Shao 2001; Zender et al. 2003). Many models have been
developed to describe soil erosion by wind and the subsequent emissions of dust to the
atmosphere (e.g. Gillette and Passi 1988; Ginoux et al. 2001; Marticorena et al. 1997,
Nickovic and Dobricic 1996; Shao 2001; Westphal et al. 1987; Zender et al. 2003).

Dust emissions from wind erosion of agricultural and vacant lands were estimated using
the method presented by Choi et al. (2008). The emissions of windblown dust depend on
the land cover, soil texture, wind friction velocity and threshold friction velocity at the
study area during the study period. The vertical dust emission flux (Fa; g/cm?s) was
estimated using the formulae of Westphal et al. (1987) modified by the results of Park and
In (2003) and Liu and Westphal (2001) with the equation:

fx013x (1-R)x10™ x UZ when U = U for predominat ly silt and clay soils
F, = fx013x(1-R)x1073 x U2 when U. = Us, for predominat ly sandy soils (Eq. 1)
0 when Ux < Ux

where U- is the friction velocity (cm/s), U is the threshold friction velocity (cm/s), R is a
reduction factor which depends on land cover, and f is the fraction of small silt and clay in
the surface layer of the soils used in order to account for PMjo emissions. The friction
velocity U~ is estimated with the wind velocity profile equation (Prandtl 1935) which
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relates the slope of the velocity to the natural logarithm of height. The threshold friction
velocity U« (Marticorena et al. 1997) was calculated with the equation:

Ux1 =0.3expl7.2224) (Eq. 2)

where, Z; is the aerodynamic roughness length (cm). The ratio of PM;s/PMyg is 0.1 (Choi
et al. 2008).

Based on the ESDB data, soils were classified to predominately sandy and predominately
silt and clay, and additionally the maximum fraction f, of clay and small silt, was estimated
in order to account for the maximum PMjy, emissions (worst case scenario). For the
fraction of clay and small silt (f) for each soil category an averaged value equal to 0.55 on
clay and clay loam soils and 0.4 for loam and sandy clay loam soils was considered (the
fraction of small silt is considered 50% of silt as in Choi et al. 2008). In addition, surface
roughness length values were assigned to each land cover type based on the values
presented by Mansell et al. (2004) (Table 1).

It was assumed that emissions occur at any air velocity as long as the vegetation cover, soil
properties and meteorological conditions allow the wind erosion of the surface (i.e. Us>Ux
always in Eq. 1). Although this is not correct physically it was essential as the values of
critical velocity estimated by the available wind speed, never exceeded the threshold
velocity for wind erosion due to the time averaging of the data values (monthly averages).
The validity of predicted windblown dust emissions using this assumption was examined
by applying the Eq. 1 using a meteorological dataset with finer time resolution (Eq. 2 was
used for the calculation of the threshold friction velocity for wind erosion)
(Aleksandropoulou et al. 2013).

Table 1 Values of windblown dust emissions for the reduction factor R and aerodynamic
roughness length Z, (m) for different landcover types

LABEL1 LABEL?2 LABEL3 20 R
- Artificial. non- Green urban areas 1
Artificial .
agricultural vegetated . .
surfaces areas Sport and leisure facilities 1
Arable land Non-irrigated arable land 0.031 0.4
Permanently irrigated land 0.031 0.6
Vineyards 0.031 0.7
Permanent crops Fruit trees and berry plantations 0.031 0.7
Olive groves 0.031 0.7
Agricultural | Pastures Pastures 0.1 0.5
areas Annual crops associated with permanent 0.031 05
crops
Heterogeneous Complex cultivation patterns 0.031 0.5
agricultural areas Land principally occupied by agriculture.
with significant areas of natural 0.031 0.5
vegetation
Forest and Forests Broad-leaved forest 1 0.9
semi natural Coniferous forest 1.3 0.9
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areas Mixed forest 1 0.9
Scrub and/or Natural grasslands 0.1 0.6

herbaceous vegetation | Sclerophyllous vegetation 0.05 0.7

associations Transitional woodland-shrub 0.05 0.8

Beaches, dunes, sands 0.002 0.1

Open spaces with Bare rocks 0.002 0.1

little or no vegetation | Sparsely vegetated areas 0.002 0.1

Burnt areas 0.002 0.1

Water bodies | Marine waters Sea and ocean 1 0.1

Finally, it must be noted that data on the gravimetric soil moisture were not available
therefore the calculated emissions using the above equations correspond to lower than the
actual threshold friction velocities i.e. are overestimated (correspond to dry conditions). In
order to account for the effect of soil moisture on emissions of windblown dust, the
emissions evaluated were downscaled by adopting the assumptions previously used by
Korcz et al. (2009) in their calculations of windblown dust emissions over Europe were
adopted. Specifically, according to Mansell et al. (2004) dust reservoirs can be classified to
those with unlimited potential which can emit for 10 successive hours and to those with
limited potential which can emit dust for only one hour. Following these periods the
reservoir needs 24 hours to recover its dust emission potential. Also a reservoir does not
emit dust during and for 72 hours after each rain, when it is covered with snow or the
temperature is below zero. In the calculations, periods with rain were considered as
inactive for dust emissions (monthly average number of days with rain; mean climatology
data were retrieved from the H.N.M.S.). In addition, surfaces were classified based on their
landcover to those that have stable soil (limited potential) and unstable soil (unlimited
potential).

2.2.3 Emissions of sea salt particles
Sea shore emissions

The sea salt emissions at sea shore were estimated using the source function provided by
de Leeuw et al. (2000) modified according to Zhang et al. (2005) in order to account for
the effect of relative humidity (80% in our calculations) on the size distribution of
emissions. In particular, emission flux (in g/m?s pm) of particles by the breaking of waves
in the surf zone is estimated with the equation (Eqg. 3):

—15 dFN_surf T

10715 s p3 g x
dp,, 6 PP

dFM—surf —

dD,

where D, is the particle diameter, p, is the particle density and x is the solute weight
fraction in natural sea-salt solutions. The particle density and the solute weight fraction
depend on the relative humidity and their values can be calculated by the polynomial
equations:

x(RH) = 7_,W;RH! (Eq. 4)
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pp(RH) = 1000 {_,D;RH! (Eq. 5)
where W; and D; values are polynomial coefficients and their values are given in Table 2.

Table 2 Polynomial coefficients for solute weight fraction and density (Zhang et al., 2005)

i Wi Di

0 3.1657 3.8033
1 -19.079 -16.248
2 55.72 46.085
3 -83.998 -68.317
4 63.436 50.932
5 -19.248 -15.621

The emission flux of particles (in g/m®s um) is calculated by the equation (Eq. 6):

dFN—surf

— 23U -1.65
oo = 11X 1070230010

Po
where Uy is the air velocity at 10 m height (m/s)and Dy the sea salt particle diameter at
formation. This diameter is calculated as:

D,, = C°D,, (Eq. 7)

Where C° is a function of relative humidity and approximately equal to 2 when the relative
humidity is 80%. Equation 7 can be substituted with:

1
I'80 = ECBODP (Eq 8)
where r is the particle radius. Equation 3 is applicable for U;0<9 m/s and 1.6<Dpg<20 pm.

The length of the coastline in each cell covering sea shore was calculated from relevant
spatial data available from the Hellenic Ministry for the Environment, Energy and Climate
Change (geodata.gov.gr) and the surf zone width was assumed equal to 50 m (mean surf-
zone).

Open-ocean sea emissions

Sea-salt particles are emitted directly from the sea surface as spume from the whitecap
cover of waves at high wind speeds (u >10 m/s) and in the form of film and jet drops
during the breaking of waves on the sea and other surfaces at lower wind speeds (Singh
1995). Hourly emissions, disaggregated in 8 size bins (PMo; 0.04-0.08, 0.08-0.16, 0.16-
0.31, 0.31-0.62, 0.62-1.25, 1.25-2.5, 2.5-5.0, 5.0-10.0 pm), were computed per grid cell
according to Grini et al. (2002). The flux F (particles/m?s) of sea salt particles to the thin
atmospheric layer above the sea surface is estimated as a function of the wind speed and
the size of particle which depends on the relative humidity (RH) of the atmospheric layer

above the sea surface. The radius r of wet particles is estimated by the equationr = ar§

(EQ. 9), where rq is the radius of the dry particle and a and P are coefficients which depend
on the RH and are calculated by the equations (Fitzgerald 1975):
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Bc 0.00077 (RH) (Eq. 10), and « = 1.62¢ 0.066 (RH)

1.009 - (RH) ®-(RH) (Ea. 11)

where, ® = 1.2 for NaCl particles at RH<97%. We assumed that the RH at the thin
atmospheric layer above the sea surface has a constant value equal to 80%
(Aleksandropoulou et al. 2004). Therefore, according to the above equations, the radius for
dry particles equals to half of their wet radius, rqy = 0.5 r (Fitzgerald 1975).

For particles with r < 7 pm, we used the equations by Monahan et al. (1986), which
empirically estimates the emissions of sea salt particles from the whitecap cover as a
function of wind speed. Specifically, for u < 10 m/s the production of film and jet drops is
estimated by (Eq. 12):

oF g2
oo = 1373u™1r™3 14 0.057r105 1011

where, u is the wind speed at 10m height above the sea surface and B an empirical
coefficient B=0.380-logr/0.650 (Eq. 13).

The direct spume mechanism for u > 10 m/s was not taken into account due to high
uncertainty (the equations for this mechanism are not presented; Monahan et al. 1986). The
emissions of seasalt particles with r<7 um at wind speeds greater than 10m/s were rather
estimated as film and jet drops using the above equations.
For particles with r > 7um we used the equations by Smith et al. (1993) (Eq. 14):
oF ° r

f Ing—
E = | Aie Roi

1=1

where, f1 = 3.1, f,= 3.3, Ros = 2.1 um, Rg2 = 9.2 um, logA; = 0.0676u + 2.43 (Eq. 15) and
logA, = 0.0959u* — 1.476 (Eq. 16).
For each size bin the particles flux F was converted to mass M, (g/h) by the equation:
Mo =FAMy 3.6 x10%dr (Eq. 17) where, A is the area of the grid cell covered by sea and

My (kg) the mass of dry particles My = 4/3mpr310718 (Eq. 18). The density p of dry seasalt
particles is ~2200 kg/m® (Hess 1998).
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Table 3 Emission factors for isoprene (EIS), monoterpenes (ETE) and other biogenic VOCs (EOV) and biomass densities (BIS, BTE, BOV) per
land cover type (only with non zero values) for summer (S) and winter (W) periods

BIS EIS BTE ETE BOV EQOV
LABEL1 LABEL2 LABEL3 S W S W S W S W S W S W
. Avrtificial. non- | Gyeen urban areas
Artificial surfaces agricultural 0 0 0 0| 400 | 200 0.1 0.1 | 400 | 200 15| 15
Vegetated areas Sport and leisure facilities
Arable land Non-irrigated arable land 818 | 409 | 1.541 | 1.54 | 818 | 409 | 0.225 | 0.225 | 818 | 409 15| 15
Permanently irrigated land 668 | 334 0.09 | 0.09 | 868 | 434 | 0.123 | 0.123 | 868 | 434 15| 15
Vineyards' 533 | 01| 6.623 | 0.1 | 641 | 109 | 0.392 08| 641 | 109 | 1.482 | 15
Permanent crops | Fruit trees and berry plantations 30 30 60 60 30 30 0.2 0.2 30 30 15| 15
Olive groves 200 | 200 0 0 0| 100 0 0| 200 | 200 15| 15
Agricultural areas Pastures Pastures 424 0| 0.103 0| 524 0| 0.186 0.1| 524 50 | 1478 | 15
Annual crops associated with
permanent crops 180 0 0.15 0| 180 0| 049 0| 180 0| 1.37 0
Heterogeneous ——
agricultural Comple?< cyltlvatlon pa_tterns
areas Land principally occupied by
agriculture. with significant areas 668 | 334 0.09 | 0.09 | 868 | 434 | 0.12 | 0.123 | 868 | 434 15| 05
of natural vegetation
Broad-leaved forest? 320 0 60 0| 320 0 0.2 0| 320 0 15 0
Forests Coniferous forest 900 | 500 0 0| 900 0 3 3| 900 | 500 15| 15
Mixed forest® 232 | 125 32 8 | 465 38 | 1.713 | 2.163 | 465 | 358 15| 15
Scrub and/or Natural grasslands 150 75 8 8| 350 | 175 | 0.34| 034 | 350 | 175 15| 15
Forest and semi natural | herbaceous Moors and heathland 350 | 175 8 8| 350 | 175 06| 0.65| 350 | 175 15| 15
areas vegetation Sclerophyllous vegetation® 400 | 400 8 8 | 400 | 400 0.6 | 0.65| 400 | 400 15| 15
associations Transitional woodland-shrub 552 | 223 | 11.674 | 0.09 | 685 | 289 | 0.135] 0.123 | 685 | 289 | 1.5| 15
Open spaces Beaches, dunes, sands 200 | 100 8 8| 200 | 100 | 0.65| 0.65| 900 | 100 15| 15
x;gt';g:fnor 0| sparsely vegetated areas® 150 | 75 8| 8| 350| 175| 034| 034|350 | 175 | 15| 15
Wetlands Inland wetlands | Inland marshes® 350 | 175 8 8| 350 | 175 | 0.65| 0.65 0 0 0 0

Mapping of current CLC classes to the BVOCs emission factors used in the estimation of BVOCs emissions over Greece:

'cropland and pasture (wheat, orchards, vineyards)

with woodland, (Yay,2005); 2oak woodland, (Yay,2005); *woodland (oak, pine, gum), (Yay, 2005); *sparsely vegetated, (Yay,2005) - Corinair snap code 110403 (garrique):
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>short grassland and sparse shrub, (Yay,2005); ®moorland/heathland, Corinair snap code 110403
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2.2.4 Emissions of Biogenic volatile organic compounds (BVOCs)

BVOCs are emitted from vegetation during photosynthesis, plant respiration and
vaporization from stores within the plant tissue. They are primarily controlled by
environmental conditions i.e. leaf level temperature and radiation fluxes (PAR -
Photosynthetically Active Radiation). In particular, isoprene is newly synthesized in the
leaves in plant chloroplasts during daytime thus its emissions depend on light and
temperature. On the other hand monoterpenes are produced and stored in the plant tissue
and their emissions are considered to be temperature dependent. Some studies however
suggest that for some species monoterpene emissions are also light dependent (e.g.
Steinbrecher et al. 2008; Tao and Jain 2005 and references therein). Finally the mechanism
of OVOCs (oxygenated VOCs and sequiterpenes) emissions varies with different species,
however they are generally considered to depend on temperature. Although the leaf-level
radiation fluxes and temperatures are the most important parameters driving the emissions,
other parameters such as the past environmental conditions (temperature, light)
experienced by the leaves, the soil moisture stress, and the age of leaves have also
significant influence on emissions (Guenther et al. 2006; Miiller et al, 2008). Several
models have been developed to quantify emissions of BVOCs from vegetation (e.g.
MEGAN v2 — Guenther et al. 2006).

BVOCs emissions, from vegetation during photosynthesis, plant respiration and
vaporization from stores within the plant tissue, were estimated using a modification of the
methodology presented in the EMEP/CORINAIR Atmospheric Emission Inventory
Guidebook (2007). Monthly calculations of light and temperature (isoprene emissions,
EL 1) or only temperature (monoterpenes and OVOCs emissions, Et) dependent BVOCs
emissions (in pg/month) can be performed with the equations (Egs. 19 and 20):

mm2
EL,T = sADYiso Tmm Nd,mmNL,mm
mm=mm1
mm?2
Er = eEADYmts Tmm Nd,mm24
mm=mm1

where € (ug/gh) is the emission potential for any species at a standard temperature Ts = 303
K and a standard Photosynthetically Active Radiation (PAR) flux equal to 1000 pumol
photons (400-700 nm)/m?s, A is the area covered by a specific vegetation type (in m?), D is
the foliar biomass density (g of dry weight biomass foliage/m?), Ngmm is the number of
days per month mm, N_mm iS the number of standard daily light hours per month
(depending on area’s latitude), mm1 and mmz2 are the start and the end of the growing
season for a particular vegetation type, and y is a unitless environmental correction factor
representing the effects of temperature and solar radiation changes on emissions. A
constant PAR flux of 1000 pmol/m?s during light hours is assumed and monthly averaged
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ambient temperatures (T,m) are used for the estimation of the environmental correction
factors.

In contrast to the methodology proposed in EMEP/CORINAIR Guidebook (2007) different
foliar biomass densities and emission potentials have been adopted for the growing
(summer) and dormant (winter) season, therefore in our case mml is always 1 (January)
and mmz2 is always 12 (December). Emission potentials and foliar biomass densities (Table
3) were adapted from the EMEP/CORINAIR Guidebook (2007) and from Yay et al. (2005)
and assigned to each land cover class separately for isoprene, monoterpene and OVOCs
emissions in accordance with predominant species of Greek flora (Aleksandropoulou et al.
2011; FILOTIS database; Ministry of Rural Development and Food). The above values,
implemented in the methodology, have been tested for their accuracy in estimating BVOCs
emissions in Greece and good agreement between modelled and measured concentrations
was found in a study performed by Spyridaki et al. (2007). In the current application the
values of emission potentials and foliar biomass densities have been partly modified to
better reflect flora in the area. In particular, emission potentials and foliar biomass
densities for the dominant species and other vegetation classes present in the area of
interest were retrieved from Steinbrecher et al. (2008) and Karl et al. (2009).

The environmental correction factors for light and temperature dependence of isoprene
emissions are estimated with the equations (Guenther et al. 1991):

Yiso =CTCL (EQq. 21)

_ exp (C,Tl (T, -Ts )/ RT; T) .
T 7 1+exp(Cr, (T - Ty J/RT,T)

(Eq. 22)

where Ct and C_ are the environmental correction factors for temperature-dependence and
light-dependence of isoprene emissions, respectively, T is the leaf temperature (K), C1; =
95000 J/mol, Ct; = 230000 J/mol, Ty = 314 K, Ts= 303 K, R is the gas constant (8.314
J/IKmol). According to the adapted methodology the value of C. is considered equal to 1
through daylight hours. The environmental correction factor describing the effect of
temperature on monoterpenes and OVOCs emissions is estimated by (Pierce et al., 1990):

Ymis = Yovoc =exp(0.0739 (T - T )) (Eq. 23)

2.2.5 Anthropogenic emissions inventory

In order to calculate the contribution from natural sources to total primary and secondary
particle emissions in the areas of interest a spatiotemporally disaggregated anthropogenic
emissions inventory was used. The inventory includes the annular (tn/yr) gaseous
pollutants (NOy, SOy, NMVOCs and NH3) and particulate matter (PM,s and PM;5.10)
anthropogenic emissions derived from the UNECE/EMEP database (EMEP/CLRTAP
2009; CEIP, Emission from Greece during 2000-2010 as used in EMEP models). The
dataset includes the anthropogenic part of emissions from each country/area classified
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according to SNAP 97 (Selected Nomenclature for sources of Air Pollution) categories and
additionally the emissions from ships (local and international sea traffic are included in
sector 8; Lavender 1999). Emissions are given on annual basis and have a spatial
resolution of 50x50 km? It must be noted that agricultural emissions of NMVOCs and
NH; from fertilizer use, unfertilized crops and animals (manure management) were
estimated as described in Aleksandropoulou et. al. (2011) since their values included in the
UNECE/EMEP dataset have been found rather underestimated compared to the predictions
of the bottom up emission inventory of agricultural NH3 emissions during 1996 in the
greater area of Athens, by Sotiropoulou et al. (2004). The location and emissions of LPS
were derived from the E-PRTR database (European Pollutant Release and Transfer
Register). PMjo emissions from the E-PRTR dataset were split to PM;5 and PMoarse USINg
the emission ratio PM;s/PMjo from the EMEP database (=0.64 for Sector 1, =0.23 for
Sector 3, =0.37 for Sector 4, and ~0.65 for Sector 10) and the TNO dataset (=0.63 for
Sector 6; Berdowski et al. 1998).

2.2.6 Aerosol formation

The contribution of BVOCs to aerosol formation was calculated according to the
methodology of de Leeuw (2002). In particular, BVOCs emissions are multiplied by the
aerosol formation potential and results are reported in PMy equivalents. The aerosol
formation potential is a weighting factor that accounts for the fraction of BVOCs emissions
changing into aerosol and the molecular weight difference. The aerosol formation potential
for NMVOCs on European level is 0.02. Additionally, the contribution of gaseous
pollutants from anthropogenic sources to aerosol formation was calculated with weighting
factors 0.54 for SO, 0.88 for NOx, 0.64 for NHs.

2.3 Results

The annual anthropogenic and natural emissions of PM,s, and PM;s.10 from the AMA
during the period 2000-2010 are presented in Figure 2. It was found that the annual amount
of PM2 5 emitted from the sea surface was in the range 6.5 to 9.1 Gg during 2000 - 2010. In
particular, 3.0+0.5 Gg of PM, 5 were emitted from open ocean and 4.8+0.2 Gg from the sea
shore. Emissions of windblown dust ranged from 0.35 to 0.67 Gg per year. As regards
PM .10, the annual averages of emissions during the period 2000 — 2010 were in the range
10.9 — 18.1 Gg and 34.1 — 40.6 Gg for sea salt open-ocean and sea-shore emissions, and
3.1 — 6 Gg for windblown dust. Overall, PM, s emissions from natural sources in AMA in
2010 were decreased by approximately 9.6% compared to their 2000 values, while PM35.19
emissions dropped by 8.5%. In particular, PM2 s and PM; 510 emissions of windblown dust
have decreased 22% while for sea salt particles the decrease was approximately 9% for the
fine fractions of particles and 7.3% for the coarse.
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Figure 2 Annual emissions of natural PM,s and PM;s.10 emissions from AMA for the
period 2000-2010

Particulate matter emissions from TMA are depicted in Figure 3. Natural PM,s emissions
from the sea surface and agricultural and vacant lands increased approximately 8% during
the period 2000 - 2010 The annual amount of PM,s sea salt emitted from open ocean
ranged from 0.05 to 0.07 Gg, at sea shore from 0.42 — 0.44 Gg whereas windblown dust
PMs emissions ranged from 0.05 to 0.07 Gg. PM2s.10 emissions from natural sources
were also increased from 2000 (4.2 Gg) to 2010 (4.6 Gg), approximately 7%. Their main
source was sea salt particles (87.3+0.8%). In particular, 3.9+0.1 Gg of PM;s.10 Sea salt
particles were emitted annually during the period 2000-2010 whereas windblown dust
emissions ranged from 0.48 to 0.63 Gg. The emissions of PM,s and PM, .19 of windblown
dust have increased 27% while for sea salt particles the increase was approximately 6% for
the fine fractions of particles and 4.8% for the coarse.
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Figure 3 Annual emissions of natural PM,s and PM;5.10 emissions from TMA for the
period 2000-2010

Particulate matter emissions from GVA are depicted in Figure 4. Natural PM, 5 emissions
increased approximately 7.5% during the period 2000 — 2010. The annual amount of PM, 5
sea salt emitted from open ocean ranged from 0.16 to 0.23 Gg, at sea shore from 0.36 —
0.39 Gg whereas windblown dust PM,s emissions ranged from 0.04 to 0.06 Gg. PM25.10
emissions from natural sources were also increased from 2000 to 2010 approximately
5.6%. Their main source was sea salt particles (92.4+0.5%). In particular, 4.2+0.2 Gg and
0.4+0.1 Gg of PM,5.19 sea salt and windblown dust particles, respectively, were emitted
annually during the period 2000-2010. The emissions of PM, s and PM,s.19 of windblown
dust have increased 17% while for sea salt particles the increase was approximately 6.8%
and 4.5% for the fine and coarse fraction of particles, respectively.
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Figure 4 Annual emissions of natural PM,s and PM;s.10 emissions from GVA for the
period 2000-2010

In Figure 5 are shown the average emissions of BVOCs for the three areas of interest. It is
observed that emissions of BVOCs are enhanced in 2010 compared to 2000. In particular,
BVOCs emissions have increased since 2000 by 7.4% in AMA, by 3.6% in TMA and by
5.3% in GVA. The average emissions of BVOcs during the period 2000-2010 from AMA,
TMA and GVA were 29.1+0.94 Gg, 40.7+2.35 Gg and 9.8+0.4 Gg , respectively. The
annual variability in the emissions of BVOCs depends on the meteorological conditions.
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In Figures 6, annual natural PM;, emissions are depicted together with the anthropogenic
emissions. For AMA a decreasing trend in natural PM emissions (8.6%) was observed for
the period 2000 - 2010 while on the other side anthropogenic PM emissions were enhanced
(51%), particularly during the last four years compared to the rest of the period. The
contribution from natural sources to PM,s and PMgjs.10 emissions was approximately
39.9+4.2% and 92+1.7%, respectively. In particular, the contribution from the sea surface
to the primary particulate pollution over the AMA was in the range of 32.3-42.8% for
PM,s while it was 84.5+1.4% for PM,s.10. Likewise, windblown dust emissions from
agricultural and vacant lands accounted for approximately 2.5+0.4% and 7.4+0.8% of
PM_5s and PM;s.10 emissions in AMA, respectively. The annual variability in the relative
contribution from natural sources to PM emissions depends on the meteorological
conditions as well as on the variation of anthropogenic emissions.

As regard TMA, natural emissions of PMjo during the period 2000 — 2010 have increased
by approximately 7.4%. PM,5s and PM;5.10 emissions from TMA were increased by 28%
and 17%, respectively, during the period 2000-2010. Their main source was for PM;s
anthropogenic (4.3+0.4 Gg; ~88.6%) whereas for PM, .10 natural. The contribution from
natural sources to PM,s and PM,s410 emissions was approximately 11.4+0.9% and
74+2.2%, respectively. In particular, the contribution from the sea surface to the total
particulate pollution over the TMA was 10.1+0.8% for PM,s while it was 64.6+2.2% for
PM2s.10. Likewise, windblown dust emissions accounted for approximately 1.3+0.1% and
9.4+0.6% of PM, 5 and PM, 510 emissions in TMA, respectively.
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In GVA, natural emissions of PMy, during the period 2000 — 2010 have increased by
approximately 5.8% while anthropogenic emissions decreased approximately 9%. The
contribution from natural sources to PM,s and PMys.10 primary emissions from GVA
changed -2.4% and 4.1%, respectively, during the period 2000-2010. The contribution
from natural sources to PM2s and PM;s.19 emissions was approximately 47.2+1.7% and
92.8+1.8%, respectively. In particular, the contribution from the sea surface to the total
particulate pollution over GVA was 43.6+£1.4% for PM,s and 84.4+1.9% for PM;s.10.
Windblown dust emissions accounted for approximately 3.6+0.3% and 8.4+0.6% of PM_
and PM; .10 emissions in GVA, respectively.

Overall the contribution from natural sources to total primary PMj, emissions were
78.7+3.04% for AMA, 46.1+2.2% for TMA and 83.4+1.3% for GVA.

In Figures 7 are shown the contributions from sea-salt, windblown dust, secondary PM
formed by BVOCs and anthropogenic emissions to annual primary and secondary PM
emissions for the three areas of interest. BVOCs and anthropogenic emissions are reported
as PM equivalents using the aerosol formation factor (de Leeuw et al. 2002). It is observed
that sea-shore is the most abundant source of natural PM emissions in all areas. In
particular, sea salt particles emitted at the sea-shore account for approximately 64.8+2.3%
of natural primary and secondary PM emissions and 20.4+1.8% of total primary and
secondary PM emissions in AMA during the period 200 — 2010. The corresponding values
are 65.1£0.9% and 7.8+1.1% for TMA and 60.6£1.4% and 18.5+3.6% for GVA. Overall
the contribution from natural sources to total primary and secondary PM, emissions were
31.5+2.8% for AMA, 11.97+1.63% for TMA and 30.5+6.1% for GVA.
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