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SUMMARY  
 

The main aim of this work is the investigation of the contribution of different 

emission sources to the concentrations of Particulate Matter (PM) in the city-port of 

Patras in Greece using a meteorological and a photo-chemical model. Emphasis is 

given on the contribution of the maritime transport and of the activities within the 

Patras harbor area, for which the existing environmental information is very limited. 

PM is a key pollutant in the urban atmosphere of Patras due to frequent 

exceedances of the 24h EU air quality standard.  
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1. THE CITY OF PATRAS ɀ THE SITES OF INTEREST 
 

During the last decades, there has been an increasing urbanization pressure on the 

Mediterranean port-cities with impacts on their economic growth but also on their 

environment. Patras is a medium sized city-port surrounded by rural areas i.e. 

agricultural and mountainous (mostly to the west and southwest). PM air pollution is 

an air quality issue for the urban atmosphere of Patras. In this report, the PM air 

pollution in Patras will be source apportioned on the basis of the results from a 

modeling system that consists of a meteorological and a photochemical model. PM 

source apportionment (SA) results will be presented over the entire modeling 

covering the greater Patras area as well as at selected sites of interest located in the 

city of Patras. 

 

The Figure 1 presents maps depicting where the city of Patras is located in Greece 

and where the sites of interest are placed within the area of the city. The site of 

interest (A) is placed in the Port of Patras being located about 1km away from the 

city center. Due to the close vicinity of the site of interest (A) with the city center, 

the source apportionment model results are identical for the Port and city center 

areas. The second site of interest (B) is placed in Eglykada, a suburban area about 4 

km away from the Patras city center. An is urban traffic air quality monitoring site, 

working under the responsibility of the Region of Western Greece, is close to the 

Port and city center and provides PM air quality measurements (Figure 1). 

 

 
Figure 1. The city of Patras and the source apportionment sites of interest. 

 

According to the EU air quality standards, the 24-h PM10 concentration should not 

ŜȄŎŜŜŘ рл ҡƎκƳо ƳƻǊŜ ǘƘŀƴ ор Řŀȅǎ ǇŜǊ ȅŜŀǊ όƛΦŜΦ ƳƻǊŜ ǘƘŀƴ ф҈ ƻŦ ǘƘŜ Řŀȅǎ ƻŦ ŀ 

year). Figure 2 presents the frequency of the days when the observed daily PM10 
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concentration exceeds the EU air quality standard the years 2007 to 2010. This 

frequency is declining the recent years, given also the reduced anthropogenic 

activities due to the financial crisis in Greece, however it is still well above the EU 

limits suggesting that the PM air pollution in Patras is an air quality issues that 

requires scientific analysis. 

 

 
Figure 2. Frequency of the days when the observed daily PM10 concentration 

exceeds the EU air quality standard. 

 

Figure 3 shows the PM10 daily values as these were measured in the monitoring 

station during the year 2010. As seen in Figure 3, several PM air pollution episodes 

were identified some of which showing PM10 daily values which were higher than 

млл ˃ƎǊκƳо. These episodes are associated also with Sahara dust transport. During 

2010, the PM10 daily concentrations exceeded the EU air quality standard 

throughout the year but the exceedances were most frequent in the winter. 

Exceedances were measured for 56 days of the year 2010: 21 days in winter, 13 days 

in summer, 12 days in spring and 10 days in autumn. 

 

 
Figure 3. Timeseries of the PM10 measurements at the monitoring station for the 

year 2010. 
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2. THE MODELING SYSTEM AND INPUT DATA USED 
 

The modeling system used consisted of the Weather Research and Forecasting 

model (WRF version 3.2.1) (Skamarock et al., 2008) and the photochemical model 

Comprehensive Air Quality Model with Extensions (CAMx version 5.3) (ENVIRON, 

2010).  

 

The Weather Research and Forecasting (WRF) Model is a next-generation mesoscale 

numerical weather prediction system designed to serve both atmospheric research 

and operational forecasting needs. The model serves a wide range of meteorological 

applications across scales ranging from meters to thousands of kilometers. The effort 

to develop WRF was a collaborative partnership principally among the National 

Center for Atmospheric Research (NCAR), the National Oceanic and Atmospheric 

Administration (represented by the National Centers for Environmental Prediction 

(NCEP) and the (then) Forecast Systems Laboratory (FSL)), the Air Force Weather 

Agency (AFWA), the Naval Research Laboratory, the University of Oklahoma, and the 

Federal Aviation Administration (FAA). 

 

CAMx is an Eulerian photochemical dispersion model that allows for an integrated 

άƻƴŜ-ŀǘƳƻǎǇƘŜǊŜέ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ƎŀǎŜƻǳǎ ŀƴŘ ǇŀǊǘƛŎǳƭŀǘŜ ŀƛǊ Ǉƻƭƭǳǘƛƻƴ ƻǾŜǊ Ƴŀƴȅ 

scales ranging from sub-urban to continental. It is designed to unify all of the 

ǘŜŎƘƴƛŎŀƭ ŦŜŀǘǳǊŜǎ ǊŜǉǳƛǊŜŘ ƻŦ άǎǘŀǘŜ ƻŦ ǘƘŜ ǎŎƛŜƴŎŜέ ŀƛǊ ǉǳŀƭƛǘȅ ƳƻŘŜƭǎ ƛƴǘƻ ŀ ǎƛƴƎƭŜ 

system. CAMx simulates the emission, dispersion, chemical reaction, and removal of 

pollutants in the troposphere by solving the pollutant continuity equation for each 

chemical species on a system of three-dimensional grid(s). 

 

Figure 4 shows the WRF-CAMx modeling system flow chart. The modeling system 

was implemented for a winter time period, i.e. January to February 2010, and a 

summer time period, i.e. July to August 2010. 
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Figure 4. The WRF-CAMx modeling system flow chart. 

 

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

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

width of 2 km, covered the greater area of the city of Patras and consisted of 71 x 46 

ƎǊƛŘ ŎŜƭƭǎΦ .ƻǘƘ ƎǊƛŘǎ ƘŀŘ ǘƘŜ ǎŀƳŜ ǾŜǊǘƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ нф ˋ ƭŜǾŜƭǎΦ ¢ƘŜ ƳƻŘŜƭ ǘƻǇ 

was at 100 hPa. For the WRF simulations, initial and boundary conditions were 

developed using the 0.25o x 0.25o spatial resolution and 6-h temporal resolution 

operational surface and upper level atmospheric analysis of the European Centre for 

Medium-Range Weather Forecasts (ECMWF). The elevation and the 20-category 

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

arc-sec horizontal resolution for the both modeling domains. 

 

CAMx was applied over a 2030 x 1610 km2 grid of 10km spatial resolution covering 

the Balkan Peninsula and over a 124x74 km2 grid of 2km spatial resolution extending 

over Patras The grids consisted of 17 vertical layers extending up to about 10 km 

above ground level (agl). The first model layer height was about 25 m agl.  
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Figure 5. The Balkan and Patras CAMx domains.  

 

The CAMx gaseous and PM chemical boundary conditions for the Balkan domain 

were derived from results of the IFS-MOZART global modeling system produced in 

the framework of the EU FP7 project Monitoring Atmospheric Composition and 

Climate Interim Implementation (MACC II) (Morcrette et al., 2009). The boundary 

conditions for the domain of Patras were taken from the CAMx results for the Balkan 

coarse domain. The gas-phase chemical mechanism employed was the 2005 version 

of Carbon Bond (CB05) (Yarwood et al., 2005). Aerosol processes were modeled 

using a static two-mode coarse/fine scheme for the representation of the particle 

size distribution. The aerosol aqueous inorganic chemistry was according to the 

RADM-AQ aqueous chemistry algorithm (Chang et al., 1987). The partitioning of the 

inorganic aerosol constituents between the gas and aerosol phases was performed 

using the ISORROPIA thermodynamic module (Nenes et al., 1998). The secondary 

organic aerosol formation/partitioning was performed with the use of the SOAP 

scheme (Strader et al., 1999). CAMx was applied with a 3-day spin-up period. 

 

Important input data for running the photochemical model are the anthropogenic 

and natural emission data. The MOdel for the Spatial and tEmporal diStribution of 

emissionS (MOSESS) (Markakis et al., 2013) was applied in order to compile spatially 

and temporally resolved anthropogenic emission inventories for the pollutants CO, 

NOx, SO2, NH3, NMVOCs, PM10 and PM2.5 emitted in the Balkan Peninsula and in 

Patras. The emission data were estimated on an hourly basis with spatial resolution 

of 10km for the Balkan Peninsula and 2km for the Patras domain. The emission 

inventories were based on the European scale annual emission inventory of 1/8o x 

1/16o spatial resolution for the year 2007 compiled by The Netherlands Organisation 

(Kuenen et al. 2011) in the framework of the MACC II EU project. 

 

Emphasis was given on the emissions from: 
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a. various activities inside the area of the harbor (unloading processes, vehicles and 

machineries in the harbor), 

b. maritime transport (cargo, passenger ships, tugs, pleasure crafts), 

c. fishing boats, 

ŎƻƭƭŜŎǘƛǾŜƭȅ ƴŀƳŜŘ ŀǎ άƳŀǊƛǘƛƳŜκƘŀǊōƻǊέ ǎƻǳǊŎŜ ǎŜŎǘƻǊΣ for which a detailed 

inventory was compiled on the basis of activity data provided by the Patras Port 

Authority for the reference year 2010. More details on the anthropogenic emission 

inventory for Patras can be found also in the CESAPO report by Argiriou and 

Poupkou, 2012. 

 

Figure 6 presents the percentage contribution of emission source sectors to the 

anthropogenic total annual pollutant emissions in the Patras domain. Focusing more 

on the maritime/harbor sector representing a key emission source sector within 

CESAPO, Figure 6 reveals that it is the major NOx emission source and the second 

most important emission source for CO and SO2. Its contribution to PM10 and 

PM2.5 annual total emissions is about 11% and 13% respectively.  

 

 
Figure 6. % Contribution of emission source sectors to the anthropogenic total 

annual pollutant emissions in the Patras domain.  

 

Figure 7 shows in more detail the contribution of different activities to the 

maritime/harbor sector annual pollutant emissions in the Patras domain. Passenger 

ships are the major source with contribution of more than 60% to all pollutant 

emissions. Fishing boats have an about 20% contribution to NOx emissions. Inland 

waterways vessels (e.g. pleasure boats) contribute with about 10% to PM10 and 

PM2.5 emissions. 
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 Figure 7. % Contribution of different activities to the maritime/harbor sector annual 

pollutant emissions. 

 

The Natural Emission MOdel (NEMO) was used in order to calculate spatially (10km 

for the Balkan Peninsula and 2km for the Patras domain) and temporally (hourly) 

resolved, gaseous and particulate natural emissions which were accounted for while 

running the photochemical model. NEMO has been developed by the Laboratory of 

Atmospheric Physics of the Department of Physics of the Aristotle University of 

Thessaloniki in order to estimate biogenic NMVOCs, sea salt and wind-blown dust 

emissions driven by the WRF meteorology (Poupkou et al. 2010; Markakis et al., 

2009). 

 

¢ƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ /!aȄ ǿŀǎ ŜȄǘŜƴŘŜŘ ǘƻ ƛƴŎƭǳŘŜ ǘƘŜ ǘƻƻƭ ζtŀǊǘƛŎǳƭŀǘŜ {ƻǳǊŎŜ 

!ǇǇƻǊǘƛƻƴƛƴƎ ¢ŜŎƘƴƻƭƻƎȅη (PSAT) in order to allow PM apportionment among 

specific source categories. PSAT is designed to source apportion the following PM 

species modeled in CAMx: 

i. Sulfate (SO4, fine), 

ii. Particulate nitrate (NO3, fine), 

iii. Ammonium (NH4, fine), 

iv. Secondary organic aerosol (Secondary OA, fine), 

v. Elemental carbon (EC, fine), 

vi. Primary organic aerosol (Primary OA, fine), 

vii. Crustal (Dust, fine and coarse), 

viii. Other (fine and coarse). 

 

The emission source sectors apportioned for the Patras domain were the following:  

i. Road transport,  

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0%

5%

10%

15%

20%

25%

30%

NOx CO SO2 NMVOCs NH3 PM10 PM2.5

%
 C

o
n

tr
ib

u
tio

n
 o

f 
p

a
s
s
e

n
g

e
r 
s
h

ip
s
 to

 a
n

n
u

a
l 

m
a

ri
tim

e
 e

m
is

s
io

n
s
  

%
 C

o
n

tr
ib

u
tio

n
 o

f 
m

a
ri
tim

e
/h

a
rb

o
r 

a
c
tiv

iti
e

s
 t
o

 
a

n
n

u
a

l m
a

ri
tim

e
 e

m
is

s
io

n
s Inland 

Waterways

Fishing boats

Cargo ships

Tugs

Harbour 
operations

Passenger ships



12 

                                       

ii. Maritime/harbor, 

iii. Non-industrial combustion plants (mostly central heating plants during 

winter), 

iv. Industries, 

v. Soil (windblown dust), 

vi. Vegetation (biogenic NMVOCs), 

vii. Left over sources (e.g. non-road vehicles and machineries, waste treatment 

and disposal, agriculture, solvent use, distribution of fossil fuels). 
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3. PM SOURCE APPORTIONMENT RESULTS 
 

In the following paragraphs, the PM SA in the Patras domain is presented on the 

basis of the CAMx PSAT tools results for the time period January-February 2010 

(wintertime period) and July-August 2010 (summertime period). Emission data per 

source category are also shown in order to be discussed in conjunction with the SA 

model results. The SA analysis has revealed an important contribution of the 

pollution sources outside the Patras modeling domain to the atmospheric levels of 

PM in Patras which can be in the order of 45% and more and it is greater in 

summertime than in winter time of the year 2010. However, in the following results, 

this influence is not considered and emphasis is given on the contribution of the 

local sources, i.e. the contribution of the pollution sources inside the modeling 

domain, to the PM atmospheric pollution in Patras. This information can be more 

useful to the local or regional authorities in the determination of emission control 

strategies of the local sources to reduce the PM pollution in the urban center of 

Patras. According to the SA results, the PM10 concentrations in the sites of interest, 

i.e. Port and Eglykada, associated with the local emission sources are about 2.5 times 

higher in wintertime than in the summertime. 

 

3.1 Summertime  

 

3.1.1 Patras domain  

 

Figure 8 presents the contribution of emission sources to the PM2.5 and PM10 

emitted in the Patras domain in July. In Figure 8a and c, the contribution is presented 

for both anthropogenic and natural sources (i.e. windblown dust from soil) while in 

Figure 8b and d the contribution is shown only for the anthropogenic emission 

sources. Figure 8a reveals a generally close contribution of industries (26%) and left 

over sources (22%) to the PM2.5 anthropogenic emissions in the Patras domain 

followed by the contribution of the maritime/harbor activities (20%) and of the road 

transport (17%). On July 2010, PM2.5 soil dust emissions represent 12% of the total 

monthly PM2.5 emissions. According to Figure 8c, soil dust is the major source of 

PM10 emissions. In terms of anthropogenic source sectors, PM10 are emitted mostly 

by the road transport and industries while the left over sources and the 

maritime/harbor activities have a moderate contribution too. Left over sources 

PM2.5 and PM10 emissions refer mostly to non-road transport and machineries 
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emissions with a smaller contribution from agriculture and the waste treatment and 

disposal sector. 

 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 8. % Contribution of source sectors to the PM2.5 and PM10 emissions for July 

in the Patras domain. 

 

Figures 9 and 10 show the CAMx SA results for the mean PM2.5 and PM10 

concentrations over the greater Patras area for the summer period July-August 2010.  

 

The contribution of the maritime sector to the PM2.5 mean values is higher over the 

maritime than over the coastal and continental areas of the study domain (Figure 

9b). Over the former areas, the contribution can be very significant in the summer 

(more than 50%) and is higher (more than 80%) over the maritime areas to the west 

of Patras where the ship routes are found. The plume of a large industrial (cement) 

plant, located almost in the center of the domain, has a greater impact on the PM2.5 

levels of the nearby areas and of the downwind maritime and coastal ones (Figure 

9d). NMVOCs emitted from vegetation produce secondary organic aerosols that 

have a small contribution to the PM2.5 levels in Patra (up to 5%), which is more 
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significant though (contribution up to about 50%) over the forested areas of the 

study domain (Figure 9f). Left over sources emissions are critical to the 

determination of the summertime PM2.5 levels over the greater part of the 

continental areas of the domain (Figure 9g).  

 

The SA results for the PM10 levels as presented in Figure 10 are generally similar 

with those for the PM2.5 ones, except for the windblown dust contribution which is 

more pronounced given also the fact that soil dust is the major source of PM10 

emissions as it has been shown in Figure 8c. 
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
g) 

 
Figure 9. Spatial distribution of the % contribution of emission sources to the mean 

PM2.5 concentrations in the Patras domain for the period July to August 2010.  
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
g) 

 
Figure 10. Spatial distribution of the % contribution of emission sources to the mean 

PM10 concentrations in the Patras domain for the period July to August 2010.  
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3.1.2 Sites of interest  

 

In this section, the SA results of CAMx, averaged for the period July-August 2010, are 

presented for the sites Port and Eglykada. SA is performed also in terms of emissions 

that have as a reference period the month of July. 

 

3.1.2.1 Port  

 

In area of the Port and city center, the PM10 emissions are determined by the close 

contribution (about 35%) of the road transport and left over sources (mostly 

distribution of fossil fuels) (Figure 11a). The maritime/harbor activities represent also 

a significant PM10 emission share (26%). As for the PM2.5, the road transport is the 

major emission source followed by the maritime sector and the left over sources 

(mostly distribution of fossil fuels and non-road transport) (respective contribution 

41%, 33%, 24%) (Figure 11b). 

 

Given the above mentioned SA results in terms of emissions, the SA results of CAMx 

suggest also that the road transport and the left over sources have the highest 

contribution in the determination of the summertime PM10 and PM2.5 mean levels 

in the Port area of Patras (Figures 11c and d). The contribution of the maritime 

sector, although significant in terms of PM10 and PM2.5 emissions in the area of the 

Port, it becomes moderate in terms of concentrations amounting to 15% for PM10 

and 19% for PM2.5. The industrial emissions also have a moderate influence on the 

PM levels (16% for PM10 and 13% for PM2.5). Windblown dust has a small 

contribution mostly on PM10 (8%). 
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Figure 11. Source apportionment for the summertime PM10 and PM2.5 levels in the 

Port area of Patras. 

 

Figure 12 presents the anthropogenic sources apportionment for the PM2.5 

chemical species in the area of the Port of Patras in summertime. According to the 

CAMx model results, in summertime, the anthropogenic originated PM2.5 mass 

consists of OA (27%), Other PM2.5 (23%), SO4 (17%), NH4 (16%), EC (11%) and NO3 

(6%). The road transport and left over sources determine the OA concentrations due 

to the high Organic Carbon to PM2.5 (OC/PM2.5) chemical split for the road and 

non-road transport emissions. Maritime/harbor activities have major contribution to 

the concentrations of: a) SO4 which is associated to the sulfur content in the fuels 

used by ships in all operating modes (i.e. residual oil in the on-cruise phase and 

distillate oil while maneuvering and hotelling in the Port of Patras) and b) NO3 due 

to ship maneuvering and hotelling in the Port NO3 emissions and because of 

secondary formation from maritime NOx emissions. The left over sources have major 

contribution to NH4 due to secondary formation from NH3 agricultural emissions. 
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Figure 12. Anthropogenic sources apportionment for the chemical speciated 

summertime PM2.5 mean concentrations in the Port of Patras.  
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3.1.2.2 Eglykada  

 

Road transport is the major emission source of PM in the area of Eglykada during 

summertime (Figures 13a and b). This major contribution is not depicted in the SA 

results of CAMx which show that both the road transport and the left over sources 

determine mostly the PM mean concentrations (Figures 13c and d). A moderate 

contribution of windblown dust has been estimated mainly for PM10 given also the 

suburban-rural characterization of the greater area where Eglykada is located 

allowing soil dust emissions which mostly represent coarse PM emissions. The 

contribution of maritime/harbor and industrial activities to PM mean values exists 

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

Eglykada. 
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3.2 Wintertime  

 

3.2.1 Patras domain  

 

Figure 14 shows the contribution of emission sources to the PM2.5 and PM10 

emitted in the Patras domain in February. In Figure 14a and c, the contribution is 

presented for both anthropogenic and natural sources (i.e. windblown dust from 

soil) while in Figure 14b and d the contribution is shown only for the anthropogenic 

emission sources. According to Figure 14c, PM10 emissions are dominated by dust 

emissions from soil which is the major emission source also for PM2.5. The rural 

areas covering the greater part of the modeling domain in conjunction with the high 

wind speeds during winter time may allow increased windblown dust emissions. The 

most important anthropogenic PM emission source is the non-industrial combustion 

plants referring mainly to central heating plants. 

 

a) 

 

b) 

 

c) 

 

d) 

 
Figure 14. % Contribution of source sectors to the PM2.5 and PM10 emissions for 

February in the Patras domain. 
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Figures 15 and 16 show the CAMx SA results for the mean PM2.5 and PM10 

concentrations in the Patras modeling domain for January and February 2010.  

 

During wintertime, the PM2.5 levels in the city of Patras are determined mostly by 

the central heating emissions (Figure 15c) while those over the continental areas of 

the study domain are determined by the soil dust emissions (Figure 15e). Very 

significant (more than 50%) is the contribution of the maritime sector to the 

determination of the PM2.5 levels over the maritime areas to the west of Patras 

where the ship traffic takes place (Figure 15b). The plume of a large cement plant, 

located almost in the center of the domain, has a greater impact on the PM2.5 levels 

of the nearby areas and of the downwind maritime and coastal ones (Figure 15d).  

 

The SA results for PM10 in wintertime as presented in Figure 16 have similar spatial 

patterns with those for PM2.5. The contribution of soil dust to PM10 levels is major 

over the greater part of the domain and becomes significant even inside the urban 

center of Patras. 
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
g) 

 
Figure 15. Spatial distribution of the % contribution of emission sources to the mean 

PM2.5 concentrations in the Patras domain for the period January to February 2010.  
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
g) 

 
Figure 16. Spatial distribution of the % contribution of emission sources to the mean 

PM10 concentrations in the Patras domain for the period January to February 2010.  


















