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One of the aims of this job is to compile anthropogenic emission inventories with focus on
particulate matter (PM2.5 and PM10) 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, NOx,
NMVOC and PM emissions decrease substantially. Finally, another considerable reduction
of SO2 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 (PM2.5 and PM2.5-10) 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_OO). 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 PM2.5, respectively, while it was approximately
85%, 65% and 84% for PM2.5-10. 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 PM10 emissions has increased in all areas (from
0.9% in AMA to 88% in GVA).

ηόρνο ηεο παξνύζαο εξγαζίαο είλαη ε απνγξαθή ησλ εθπνκπώλ αλζξσπνγελώλ πεγώλ
ζηηο επξύηεξεο πεξηνρέο ηεο Αζήλαο, ηεο Θεζζαινλίθεο θαη ηνπ Βόινπ. Τπνινγίζζεθαλ νη
εθπνκπέο από όιεο ηηο θύξηεο πεγέο ζπκπεξηιακβαλνκέλσλ ησλ εθπνκπώλ από ηηο
ελαέξηεο θαη ζαιάζζηεο κεηαθνξέο.
Οη νδηθέο κεηαθνξέο ζεσξνύληαη σο ε θύξηα πεγή αηκνζθαηξηθήο ξύπαλζεο αιιά θαη
θπθινθνξηαθήο ζπκθόξεζεο ζηηο αζηηθέο πεξηνρέο. Γηα ηνλ ππνινγηζκό ησλ εθπνκπώλ
από ηηο νδηθέο κεηαθνξέο εθαξκόζζεθε ε λεόηεξε έθδνζε ηνπ κνληέινπ COPERT IV
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(Ntziachristos et al., 2009). Παξά ηελ ζεκαληηθή αύμεζε ηνπ αξηζκνύ ησλ
θπθινθνξνύλησλ νρεκάησλ, ιόγσ ηεο εηζαγσγήο ζηελ θπθινθνξία λέαο ηερλνινγίαο,
ιηγόηεξν ξππνγόλσλ νρεκάησλ, νη εθπνκπέο όισλ ησλ ξύπσλ κεηώλνληαη ζεκαληηθά.
Εηδηθόηεξα ην δηνμείδην ηνπ ζείνπ παξνπζηάδεη ζεκαληηθέο κεηώζεηο νη νπνίεο νθείινληαη
ζηελ βειηίσζε ησλ ραξαθηεξηζηηθώλ ησλ θαπζίκσλ. Από ηα απνηειέζκαηα πξνθύπηεη όηη
νη ζπγθεληξώζεηο ΡΜ10 θαη ΝΟx παξνπζηάδνπλ ζεκαληηθή ζπζρέηηζε κε ηηο αληίζηνηρεο
εθπνκπέο από ηελ θπθινθνξία, ελώ εηδηθόηεξα νη ζπγθεληξώζεηο ΡΜ10 παξνπζηάδνπλ
ζπζρέηηζε θαη κε ηηο εθπνκπέο ΝΟx θαη NMVOCs.
Η απνγξαθή ησλ εθπνκπώλ από ηελ βηνκεραλία πεξηιακβάλεη εθπνκπέο ιόγσ θαύζεο θαη
εθπνκπέο πνπ πξνέξρνληαη από ηελ παξαγσγηθή δηαδηθαζία. Οη ζπληειεζηέο εθπνκπήο πνπ
ρξεζηκνπνηνύληαη πξνέξρνληαη από ηελ έθζεζε «EMEP/EEA Αir pollutant emission
inventory guidebook» ε νπνία εθδόζεθε από ηελ Επξσπατθή Τπεξεζία Πεξηβάιινληνο ην
2009. Γηα ηνπο ππνινγηζκνύο ρξεζηκνπνηήζεθαλ δεδνκέλα θαηαλάισζεο θαπζίκνπ θαζώο
θαη πην αλαιπηηθά ζηνηρεία ηεο δξαζηεξηόηεηαο, ζηελ πεξίπησζε πνπ ήηαλ δηαζέζηκα
(θπξίσο ζηηο κεγαιύηεξεο εγθαηαζηάζεηο). Οη εθπνκπέο από ηελ βηνκεραλία παξνπζηάδνπλ
ζεκαληηθή κείσζε ην 2009 θαη ην 2010 σο απνηέιεζκα ηεο νηθνλνκηθήο θξίζεο.
Οη εθπνκπέο ηνπ νηθηαθνύ θαη εκπνξηθνύ ηνκέα πεξηιακβάλνπλ δηεξγαζίεο θαύζεο
ζηαζεξώλ πεγώλ όπσο ε ζέξκαλζε ζε θηίξηα θαηνηθηώλ αιιά θαη επαγγεικαηηθώλ ή
εκπνξηθώλ ρξήζεσλ. ύκθσλα κε ηα απνηειέζκαηα ησλ ππνινγηζκώλ, ζεκαληηθή κείσζε
ησλ εθπνκπώλ παξαηεξείηαη θαηά ηα έηε 2009 θαη 2010 θαη πάιη σο ζπλέπεηα ηεο
νηθνλνκηθήο θξίζεο.
Οη εθπνκπέο από ηηο ζαιάζζηεο κεηαθνξέο θαηά ην έηνο 2010 ήηαλ πςειόηεξεο θαηά 43%
από ηηο εθπνκπέο ηνπ 2000, ζύκθσλα κε ηα ζηαηηζηηθά ζηνηρεία θαηαλάισζεο θαπζίκνπ.
Σέινο, νη εθπνκπέο από ηηο ελαέξηεο κεηαθνξέο ζηελ Ειιάδα, απμήζεθαλ θαηά 82% από
1990 κε κέζν ξπζκό αύμεζεο 4% (MEEC, 2012). Αλ θαη νη ζπλνιηθέο εθπνκπέο ζηελ
Ειιάδα παξνπζηάδνπλ ζεκαληηθή αύμεζε από ην 1990, ζην αεξνδξόκην ησλ Αζελώλ θαη
αληίζηνηρα ζην αεξνδξόκην Θεζζαινλίθεο, γηα ηελ δεθαεηία 2000-2010 κόλν κηθξέο
δηαθπκάλζεηο παξαηεξνύληαη νη νπνίεο δελ ππεξβαίλνπλ ην 20%.
Έλαο άιινο ζηόρνο ηεο παξνύζαο εξγαζίαο είλαη ε κειέηε ηεο εηήζηαο κεηαβνιήο ησλ
εθπνκπώλ αησξνύκελσλ ζσκαηηδίσλ (Α2.5 θαη Α2.5-10) από θπζηθέο πεγέο ζηηο
κεηξνπνιηηηθέο πεξηνρέο Αζελώλ (ΑΜΑ), Θεζζαινλίθεο (ΣΜΑ) θαη Βόινπ (GVA) θαη
ηεο ζπλεηζθνξάο ησλ εθπνκπώλ από θπζηθέο πεγέο ζηηο ζπλνιηθέο εθπνκπέο ησλ πεξηνρώλ
ελδηαθέξνληνο ηελ πεξίνδν 2000-2010. Γηα ην ζθνπό απηό θαηαζθεπάζηεθαλ κεηξώα
εθπνκπώλ Α από θπζηθέο πεγέο θαη ζπγθξίζεθαλ κε κεηξώα αλζξσπνγελώλ εθπνκπώλ
ζηηο πεξηνρέο. Σα κεηξώα πεξηιακβάλνπλ ηηο εθπνκπέο Α από ην έδαθνο αγξνηηθώλ θαη
θελώλ εθηάζεσλ εμαηηίαο ηεο αηώξεζήο ηνπο από ηνλ άλεκν (WB) θαζώο θαη ησλ
ζηαγνληδίσλ ζαιάζζηνπ άιαηνο πνπ εθπέκπνληαη ζηελ δώλε θπκαηαγσγήο όηαλ ηα θύκαηα
ρηππνύλ ζηελ αθηή (SS_SS) ή από ηελ επηθάλεηα ηεο αλνηθηήο ζάιαζζαο κε ηε κνξθή
θπζαιίδσλ αθξνύ από ηηο θνξπθνγξακκέο ησλ θπκάησλ (SS_OO). Επηπξόζζεηα ζηα
κεηξώα πεξηιακβάλνληαη νη εθπνκπέο ΒΠΟΕ (Βηνγελείο Πηεηηθέο Οξγαληθέο Ελώζεηο),
πνπ είλαη πξόδξνκεο ελώζεηο ζσκαηηδίσλ. Σα απνηειέζκαηα έδεημαλ πσο ε ζπλεηζθνξά
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από ηηο θπζηθέο πεγέο ζηηο εθπνκπέο Α ήηαλ ζεκαληηθή, εηδηθά ζηελ πεξίπησζε ησλ
Α2.5-10 (64.9 Gg αλά έηνο ζηελ AMA, ~79%; 4.99 Gg αλά έηνο ζηελ TMA, ~46%; 5.3 Gg
αλά έηνο ζηελ GVA, ~83%). Εηδηθόηεξα, ε κέζε ζπλεηζθνξά ησλ ζηαγνληδίσλ ζαιάζζηνπ
άιαηνο ζηηο ζπλνιηθέο εθπνκπέο Α ζηηο πεξηνρέο ΑΜΑ, ΣΜΑ θαη GVA θαηά ηελ
δεθαεηία ήηαλ πεξίπνπ 37%, 10% θαη 44% γηα ηα Α2.5, αληίζηνηρα, ελώ γηα ηα Α2.5-10
ήηαλ πεξίπνπ 85%, 65% θαη 84%. Επηπξόζζεηα, ε ζθόλε από ην έδαθνο απνηειεί κηθξό
πνζνζηό ησλ θπζηθώλ εθπνκπώλ Α ζηηο πεξηνρέο AMA, TMA θαη GVA (~8%; ~12.5%;
~9%) όπσο θαη νη εθπνκπέο Β.Π.Ο.Ε ζηηο ζπλνιηθέο εθπνκπέο πξσηνγελώλ θαη
δεπηεξνγελώλ Α ζηηο πεξηνρέο ελδηαθέξνληνο (0.3%, 1.6% θαη 1.1%). Σέινο, νη εθπνκπέο
Α από θπζηθέο πεγέο βξέζεθαλ, κε εμαίξεζε ηελ ΑΜΑ, απμεκέλεο ζε ζρέζε κε ηελ αξρή
ηεο δεθαεηίαο ελώ ε ζρεηηθή ζπλεηζθννξά ηνπο ζηηο νιηθέο πξσηνγελείο θαη δεπηεξνγελείο
εθπνκπέο Α απμήζεθε ζε όιεο ηηο πεξηνρέο (από 0.9% ζηελ AMA σο θαη 88% ζηελ
GVA).
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1.
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 (PM2.5 and PM10) 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.

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 CO2, NH3, CH4 and N2O 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 NOx 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)
NOX

NMVOC

SO2

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

23.02%

0.45%

4.23%

67.31%

2008 Emissions (Gg)

% CONTRIBUTION OF ROAD TRANSPORT 29.26%

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 N2O/NH3 emission factors for PCs and LDVs and heavy
duty vehicle emissions calculation methodology.
8
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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 CO2, N2O, NH3 and CH4 calculations
Effect of biodiesel blends on emissions from diesel cars and HDVs
Split of NOx emissions to NO and NO2
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 IV, 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.

9
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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.

Figure 1

Vehicles population evolution for all vehicles categories during the
whole time period 1990 – 2010
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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 2000cm3.
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 SO2 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 20002010 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 NMVOCs.
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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

335

339

337

338

333

316

312

305

290

346

283

49

49

49

49

48

45

45

44

41

48

40

THESSALONIKI
VOLOS
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

ATHENS

796

792

823

853

195

203

207

204

42

34

27

THESSALONIKI

113

114

118

121

25

26

26

26

5

5

4

11

11

11

11

2

2

2

2

0

0

0

SO2

VOLOS

13
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Figure 5

Exhaust Emissions Calculations

Yearly PM10 exhaust emissions (t/y) and PM10 mean yearly
concentrations for the period 2001-2010 in the Athens Metropolitan
Area (AMA)
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Yearly NOx emissions (t/y) and NOx mean yearly concentrations for
the period 2000-2010 in the Athens Metropolitan Area (AMA)
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PM10 Concs vs Emissions Trends
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Figure 7

1.3

NOX EMISSIONS (t/y)

NMVOC EMISSIONS (t/y)

PM10 (μg/m3)

PM10 EMISSIONS (t/y)

Yearly emissions (t/y) and PM10 mean yearly concentrations for the
period 2000-2010 in the Athens Metropolitan Area (AMA)

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).

16

D10. Emission inventories for the three urban areas – Anthropogenic & Natural emissions

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 NOx.
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
17
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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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0
2000
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Figure 8

2004
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Thessaloniki

2007

2008

2009

2010

Volos

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
PM10
NOX
SO2
CO
THESSALONIKI
PM10
NOX
SO2
CO
VOLOS
PM10
NOX
SO2
CO

2000
7115
21117
23770
8920

2001
7190
21341
24022
9015

2002
6980
20717
23320
8751

2003
6925
20553
23136
8682

2004
6684
19838
22330
8380

2005
7562
22444
25265
9481

2006
7535
22365
25175
9447

2007
7390
21932
24688
9265

2008
6900
20480
23053
8651

2009
5391
16002
18012
6759

2010
5116
15183
17091
6414

1989
6136
6452
4079

2010
6201
6521
4122

1952
6020
6330
4001

1936
5972
6280
3970

1869
5764
6061
3831

2114
6522
6858
4335

2107
6499
6833
4319

2066
6373
6701
4236

1929
5951
6258
3955

1507
4650
4889
3091

1430
4412
4639
2933

854
882
1581
2183

863
891
1598
2206

838
865
1551
2142

831
858
1539
2125

802
828
1485
2051

908
937
1681
2320

904
934
1675
2312

887
916
1642
2267

828
855
1534
2117

647
668
1198
1654

614
634
1137
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 1A4ai) 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 , PAHs 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 κm) and the mass concentration of particles larger
than 10 κm 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 instack 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 semivolatile 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 understoichiometric 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 NOx 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 NO2 is believed to be higher.
The Tier 1 approach for process emissions from small combustion installations uses the
general equation:

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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Residential/Commercial Emissions Trend
(t/y)
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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
Athens
PM10
NOx
NMVOC
SO2
Thessaloniki
PM10
NOx
NMVOC
SO2
Volos
PM10
NOx
NMVOC
SO2

Air pollutants emissions trend from the residential/commercial sector for the period 2000-2010 in the three cities (t/y)
2000
92
2909
558
1334

2001
99
3125
600
1433

2002
103
3266
627
1498

2003
119
3756
721
1723

2004
112
3549
681
1628

2005
118
3715
713
1704

2006
117
3688
708
1692

2007
106
3332
639
1528

2008
103
3260
626
1495

2009
89
2802
538
1285

2010
80
2519
484
1155

43
1219
243
641

46
1309
261
688

48
1368
273
719

56
1574
313
827

53
1487
296
782

55
1557
310
818

55
1545
308
812

49
1396
278
734

48
1366
272
718

41
1174
234
617

37
1056
210
555

6
186
37
94

7
200
39
101

7
209
41
105

8
240
47
121

8
227
45
115

8
238
47
120

8
236
46
119

7
213
42
108

7
209
41
105

6
179
35
90

6
161
32
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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Figure 11

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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Figure 12

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
PIRAEUS
THESSALONIKI
VOLOS

SOx
16838
4529
2506

PM10
1121
288
161

PM2.5
1121
288
161

PM emissions from navigation for the period 1990 – 2010

Table 6

t/y
PIRAEUS
THESSALONIKI
VOLOS

1.7

NOx
40471
10881
6043

2000
785
202
113

2001
1062
273
153

2002
962
247
138

2003
957
246
137

2004
1065
274
153

2005
1017
261
146

2006
1125
289
162

2007
1044
268
150

2008
933
240
134

2009
1370
352
197

2010
1121
288
161

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
29

D10. Emission inventories for the three urban areas – Anthropogenic & Natural emissions

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)

t/y

CO

NMVOC

NOx

SOx

PM-10

Thessaloniki

451

52

219

19

4

1785

206

867

76

14

Athens

PM10 EMISSIONS TREND (t/y)
El. Venizelos
18
16
14
12
10
8
6
4
2
0
2000

Figure 12

1.8

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

PM10 emissions trend (t/y) for the period 2000-2010 in Eleftherios Venizelos
airport (Athens).

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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2.1 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 (PM2.5 and PM2.5-10) 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_OO). 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 PM10 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 20002010 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 MediumRange 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 PM2.5 and 2050 Mg of sea
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salt PM2.5-10 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
PM2.5 and PM2.5-10, respectively, with an emission rate approximately 10-10 g/m2s.
Likewise, during August 2008 are emitted 501 Mg PM2.5 and 3903 Mg PM2.5-10 of sea salt
at sea shore, whereas based on the 3h instantaneous values are emitted 540 Mg and 4210
Mg of sea salt PM2.5 and PM2.5-10, respectively, with an emission rate of 10-14 g/m2s.
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/cm2s) 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:
f × 0.13 × (1 - R ) × 10 -14 × U *4 when U * ≥ U *t for predominat ly silt and clay soils

Fa = f × 0.13 × (1 - R ) × 10 -13 × U *3 when U * ≥ U *t for predominat ly sandy soils
0

(Eq. 1)

when U * < U *t

where U* is the friction velocity (cm/s), U*t 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 PM10 emissions. The friction
velocity U* is estimated with the wind velocity profile equation (Prandtl 1935) which
34

D10. Emission inventories for the three urban areas – Anthropogenic & Natural emissions

relates the slope of the velocity to the natural logarithm of height. The threshold friction
velocity U*t (Marticorena et al. 1997) was calculated with the equation:
U*t ,1 = 0.3 exp(7.22 Z0 ) (Eq. 2)

where, Z0 is the aerodynamic roughness length (cm). The ratio of PM2.5/PM10 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 PM10 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. U*≥U*t
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 Z0 (m) for different landcover types
LABEL1
Artificial
surfaces

LABEL2
Artificial. nonagricultural vegetated
areas
Arable land
Permanent crops

Agricultural
areas

Pastures

Heterogeneous
agricultural areas

Forest and
semi natural

Forests

LABEL3
Green urban areas
Sport and leisure facilities
Non-irrigated arable land
Permanently irrigated land
Vineyards
Fruit trees and berry plantations
Olive groves
Pastures
Annual crops associated with permanent
crops
Complex cultivation patterns
Land principally occupied by agriculture.
with significant areas of natural
vegetation
Broad-leaved forest
Coniferous forest

Z0

R
1

1

1

1

0.031
0.031
0.031
0.031
0.031
0.1

0.4
0.6
0.7
0.7
0.7
0.5

0.031

0.5

0.031

0.5

0.031

0.5

1
1.3

0.9
0.9
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areas
Scrub and/or
herbaceous vegetation
associations
Open spaces with
little or no vegetation
Water bodies

Marine waters

Mixed forest
Natural grasslands
Sclerophyllous vegetation
Transitional woodland-shrub
Beaches, dunes, sands
Bare rocks
Sparsely vegetated areas
Burnt areas
Sea and ocean

1
0.1
0.05
0.05
0.002
0.002
0.002
0.002
1

0.9
0.6
0.7
0.8
0.1
0.1
0.1
0.1
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/m2s κm) of particles by the breaking of waves
in the surf zone is estimated with the equation (Eq. 3):

where Dp is the particle diameter, ξp 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:
(Eq. 4)
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(Eq. 5)
where Wi and Di 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
0
1
2
3
4
5

Wi
3.1657
-19.079
55.72
-83.998
63.436
-19.248

Di
3.8033
-16.248
46.085
-68.317
50.932
-15.621

The emission flux of particles (in g/m2s κm) is calculated by the equation (Eq. 6):

where U10 is the air velocity at 10 m height (m/s)and Dp0 the sea salt particle diameter at
formation. This diameter is calculated as:
(Eq. 7)
Where C0 is a function of relative humidity and approximately equal to 2 when the relative
humidity is 80%. Equation 7 can be substituted with:
(Eq. 8)
where r is the particle radius. Equation 3 is applicable for U10<9 m/s and 1.6<Dp0<20 κm.
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 surfzone).
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 (PM10; 0.04-0.08, 0.08-0.16, 0.160.31, 0.31-0.62, 0.62-1.25, 1.25-2.5, 2.5-5.0, 5.0-10.0 κm), were computed per grid cell
according to Grini et al. (2002). The flux F (particles/m2s) 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
β

above the sea surface. The radius r of wet particles is estimated by the equation r = αrd

(Eq. 9), where rd is the radius of the dry particle and α and β are coefficients which depend
on the RH and are calculated by the equations (Fitzgerald 1975):
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β=e

0.00077 (RH)
1.009 - (RH)

(Eq. 10), and α = 1.62e

0.066 (RH)
Φ - (RH)

(Eq. 11)

where, Φ = 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, rd = 0.5 r (Fitzgerald 1975).
For particles with r < 7 κm, 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):

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 κm at wind speeds greater than 10m/s were rather
estimated as film and jet drops using the above equations.
For particles with r > 7 m we used the equations by Smith et al. (1993) (Eq. 14):

where, f1 = 3.1, f2 = 3.3, R01 = 2.1 m, R02 = 9.2 m, logA1 = 0.0676u + 2.43 (Eq. 15) and
logA2 = 0.0959u1/2 – 1.476 (Eq. 16).
For each size bin the particles flux F was converted to mass Mr,tot (g/h) by the equation:
M r,tot = F A M d 3.6 × 10 6 dr (Eq. 17) where, Α is the area of the grid cell covered by sea and

Μd (kg) the mass of dry particles M d = 4 3 πρrd3 10 -18 (Eq. 18). The density ξ of dry seasalt
particles is ~2200 kg/m3 (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
LABEL1
Artificial surfaces

LABEL2

LABEL3

Artificial. nonagricultural
vegetated areas

Green urban areas

Arable land
Permanent crops
Agricultural areas

Pastures
Heterogeneous
agricultural
areas

Forests

Forest and semi natural
areas

Scrub and/or
herbaceous
vegetation
associations

Sport and leisure facilities
Non-irrigated arable land
Permanently irrigated land
Vineyards1
Fruit trees and berry plantations
Olive groves
Pastures
Annual crops associated with
permanent crops
Complex cultivation patterns
Land principally occupied by
agriculture. with significant areas
of natural vegetation
Broad-leaved forest2
Coniferous forest
Mixed forest3
Natural grasslands
Moors and heathland
Sclerophyllous vegetation4
Transitional woodland-shrub
Beaches, dunes, sands

BIS
S

EIS
W

S

W

BTE
S
W

ETE
S

BOV
S
W

W

EOV
S
W

0

0

0

0

400

200

0.1

0.1

400

200

1.5

1.5

818
668
533
30
200
424

409
334
0.1
30
200
0

1.541
0.09
6.623
60
0
0.103

1.54
0.09
0.1
60
0
0

818
868
641
30
0
524

409
434
109
30
100
0

0.225
0.123
0.392
0.2
0
0.186

0.225
0.123
0.8
0.2
0
0.1

818
868
641
30
200
524

409
434
109
30
200
50

1.5
1.5
1.482
1.5
1.5
1.478

1.5
1.5
1.5
1.5
1.5
1.5

180

0

0.15

0

180

0

0.49

0

180

0

1.37

0

668

334

0.09

0.09

868

434

0.12

0.123

868

434

1.5

0.5

320
900
232
150
350
400
552
200

0
500
125
75
175
400
223
100

60
0
32
8
8
8
11.674
8

0
0
8
8
8
8
0.09
8

320
900
465
350
350
400
685
200

0
0
38
175
175
400
289
100

0.2
3
1.713
0.34
0.6
0.6
0.135
0.65

0
3
2.163
0.34
0.65
0.65
0.123
0.65

320
900
465
350
350
400
685
900

0
500
358
175
175
400
289
100

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

0
1.5
1.5
1.5
1.5
1.5
1.5
1.5

Open spaces
with little or no
Sparsely vegetated areas5
150
75
8
8 350 175
0.34
0.34 350 175
1.5 1.5
vegetation
6
Wetlands
Inland wetlands Inland marshes
350 175
8
8 350 175
0.65
0.65
0
0
0
0
1
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, (Τay,2005); 3woodland (oak, pine, gum), (Τay, 2005); 4sparsely vegetated, (Yay,2005) - Corinair snap code 110403 (garrique);
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5

short grassland and sparse shrub, (Yay,2005); 6moorland/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; Müller 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,T) or only temperature (monoterpenes and OVOCs emissions, ET) dependent BVOCs
emissions (in κg/month) can be performed with the equations (Eqs. 19 and 20):

where ε (κg/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 κmol
photons (400-700 nm)/m2s, A is the area covered by a specific vegetation type (in m2), D is
the foliar biomass density (g of dry weight biomass foliage/m2), Nd,mm is the number of
days per month mm, NL,mm is the number of standard daily light hours per month
(depending on area’s latitude), mm1 and mm2 are the start and the end of the growing
season for a particular vegetation type, and γ is a unitless environmental correction factor
representing the effects of temperature and solar radiation changes on emissions. A
constant PAR flux of 1000 κmol/m2s during light hours is assumed and monthly averaged
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ambient temperatures (Tmm) 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 mm1 is always 1 (January)
and mm2 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):
γ iso = C T C L
CT =

(Eq. 21)

exp (C T1 (T - Ts )/RTs T)
1 + exp (C T2 (T - TM )/RTs T)

(Eq. 22)

where CT and CL are the environmental correction factors for temperature-dependence and
light-dependence of isoprene emissions, respectively, T is the leaf temperature (K), C T1 =
95000 J/mol, CT2 = 230000 J/mol, TM = 314 K, TS = 303 K, R is the gas constant (8.314
J/Kmol). According to the adapted methodology the value of CL 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):
γ mts = γ OVOC = exp(0.0739 (T - Ts )) (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 (ΝΟx, SOx, NMVOCs and ΝΗ3) and particulate matter (PM2.5 and PM2.5-10)
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 50×50 km2. It must be noted that agricultural emissions of NMVOCs and
NH3 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). PM10 emissions from the E-PRTR dataset were split to PM2.5 and PMcoarse using
the emission ratio PM2.5/PM10 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 PM10 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 SO2, 0.88 for NOx, 0.64 for NH3.

2.3 Results
The annual anthropogenic and natural emissions of PM2.5, and PM2.5-10 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 PM2.5 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
PM2.5-10, 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, PM2.5 emissions from natural sources in AMA in
2010 were decreased by approximately 9.6% compared to their 2000 values, while PM2.5-10
emissions dropped by 8.5%. In particular, PM2.5 and PM2.5-10 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 PM2.5 and PM2.5-10 emissions from AMA for the
period 2000-2010
Particulate matter emissions from TMA are depicted in Figure 3. Natural PM2.5 emissions
from the sea surface and agricultural and vacant lands increased approximately 8% during
the period 2000 - 2010 The annual amount of PM2.5 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
PM2.5 emissions ranged from 0.05 to 0.07 Gg. PM2.5-10 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 PM2.5-10 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 PM2.5 and PM2.5-10 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 PM2.5 and PM2.5-10 emissions from TMA for the
period 2000-2010
Particulate matter emissions from GVA are depicted in Figure 4. Natural PM2.5 emissions
increased approximately 7.5% during the period 2000 – 2010. The annual amount of PM2.5
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 PM2.5 emissions ranged from 0.04 to 0.06 Gg. PM2.5-10
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 PM2.5-10 sea salt and windblown dust particles, respectively, were emitted
annually during the period 2000-2010. The emissions of PM2.5 and PM2.5-10 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 PM2.5 and PM2.5-10 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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Figure 5 Annual emissions of BVOCs from AMA, TMA and GVA for the period 20002010
In Figures 6, annual natural PM10 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 PM2.5 and PM2.5-10 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
PM2.5 while it was 84.5±1.4% for PM2.5-10. Likewise, windblown dust emissions from
agricultural and vacant lands accounted for approximately 2.5±0.4% and 7.4±0.8% of
PM2.5 and PM2.5-10 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 PM10 during the period 2000 – 2010 have increased
by approximately 7.4%. PM2.5 and PM2.5-10 emissions from TMA were increased by 28%
and 17%, respectively, during the period 2000-2010. Their main source was for PM2.5
anthropogenic (4.3±0.4 Gg; ~88.6%) whereas for PM2.5-10 natural. The contribution from
natural sources to PM2.5 and PM2.5-10 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 PM2.5 while it was 64.6±2.2% for
PM2.5-10. Likewise, windblown dust emissions accounted for approximately 1.3±0.1% and
9.4±0.6% of PM2.5 and PM2.5-10 emissions in TMA, respectively.
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and GVA for the period 2000-2010
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Figure 7 Contribution from natural sources to total annual primary and secondary particle
emissions (PM10 equivalents) in AMA, TMA and GVA for the period 2000-2010
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In GVA, natural emissions of PM10 during the period 2000 – 2010 have increased by
approximately 5.8% while anthropogenic emissions decreased approximately 9%. The
contribution from natural sources to PM2.5 and PM2.5-10 primary emissions from GVA
changed -2.4% and 4.1%, respectively, during the period 2000-2010. The contribution
from natural sources to PM2.5 and PM2.5-10 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 PM2.5 and 84.4±1.9% for PM2.5-10.
Windblown dust emissions accounted for approximately 3.6±0.3% and 8.4±0.6% of PM2.5
and PM2.5-10 emissions in GVA, respectively.
Overall the contribution from natural sources to total primary PM10 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 PM10 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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