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Deliverable D7. PMio and PM:z5 Chemical Composition
Databases for the three urban areas AMA, TMA and VGA

EXECUTIVE SUMMARY

A PM chemical components database was constructed in the framework of the
LIFE09 ENV/GR/000289 project “Development of a Cost Efficient Policy Tool for
reduction of Particulate Matter in AIR (ACEPT-AIR)” for three urban areas of
Greece: the Athens Metropolitan Area (AMA), the Thessaloniki Metropolitan Area
(TMA) and the Volos Greater Area (VGA). The database provides the concentrations
of major and trace chemical components associated to the particle fractions PM, and
PM,s that were measured during the ACEPT-AIR project, as well as relevant
historical data. In particular the the database provides information for: elemental
components (major and trace elements including heavy metals), ionic components
(SO42, NOs3, NH,", CI", Na*, K*, Ca?*, Mg?"), carbonaceous species (OC and EC),
organic compounds (PAHs, PCBs, OCPs, n-alkanes, etc).

Regarding the carbonaceous species OC and EC, concentrations at both Athens sites
and at Volos and Thessaloniki background site were relatively low during the warm
period. The low EC/OC ratios at the background sites indicate relatively low
contribution from traffic emissions, coupled with secondary organic formation. At the
traffic site in Thessaloniki, concentrations were significantly high, among the highest
values reported for other urban sites in European cities. Cold period data presented a
similar pattern, with OC concentrations contributing the most to total carbon at all
sites. The effect of residential heating during this period was apparent in the much
higher OC and EC concentrations. The low values of EC/OC concentration ratios
during cold season are indicative of biomass burning aerosol and suggest intense use
of fireplaces during this season.

At the AMA sites, SO,2, NO3z, NH," and Ca®" were the prevalent ions in the PMyg
fraction vs. SO,2, NOs,, NH," in the PM, s fraction. CI', Na* and Ca®" exhibited the
lowest PM,s/PMy ratios. PM,s/PMy ratio values close to 1 were found for SO,%and
NH,*at both sites. Similarly, at the TMA sites, SO42, NOs’, NH," and Ca®* were the
major ions in the PMyq fraction vs S042, NOg, NH," in the PM, s fraction. NO3™, CI°
and Ca®* associated to PM, s were slightly higher at the UT site, whereas SO,% slightly
higher at the UB site. The highest PM,.s/PMy ratios were found for NH," (1.46-1.90),
while Ca®" exhibited the lowest PM,s/PMyq ratios (0.16-0.22). Among all sampling
sites, Volos presented the highest concentrations for SO42, NH,", K*, CI', Ca®" in
PM.,, and the highest concentrations for Na*, K*, Ca®* and SO42in PM,s.

At all sites, crustal elements, such as Ca, Si, Fe, Al were the most abundant elemental
components in PMjq followed by elements related to anthropogenic processes (K, S
and Zn). S, K and Ca were the prevalent elements in PM,s. Ca was found in
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predominantly high concentrations, particularly at TMA-UT and VGA, where the
Ca/Si ratio was highest (4.1 and 3, respectively) suggesting influence from
construction sites and road works. Volos among all sampling sites presented the
highest concentrations for anthropogenic elements such as Zn, S, K, As, Br, and Pb in
PMio, as well as the highest concentrations for K, Ca, Fe, Cu, Zn, Pb, Mg, Al, Si, S,
Cl, Mn and As in PM25s,

For the purposes of mass closure, the chemical components were divided into six
classes as follows: minerals, trace elements, organic matter (OM), elemental carbon
(EC), sea salt and secondary inorganic aerosol (SECONDARY). Secondary aerosol,
OM, and minerals dominated the PM;, profiles for all sites, while secondary aerosol
and OM were by far the prevalent components in PM;s. A significant contribution for
EC was apparent at the traffic sitte TMA-UT reaching 22% in summer time PM;s
mass. Unidentified mass (UN) ranged between 4%-17% in AMA, 13%-32% in TMA
and 1%-37% in VGA.

INEPIAHWH

Mia Bdon odedopévav mMukadv ovotatikov AX  (Awpoduevov Zopotdiov)
dnovpyndnke ota mhaicia tov Tpoypaupatog LIFEO9 ENV/GR/000289 kot yio to
épyo “Avantuén evoc Epyaieiov doknomng amoTeEAEGUOTIKOV TOATIKAOV Y10, TN HeloN
TOV aopodueveoy copotdiov otov aépa (ACEPT-AIR) Yo tpelg aoTIKEC TEPLOYES
¢ EAAGSag: v untpomotikn meproyn g AOMvag (MITA), v untpomoitikn
neployn g Oeocarovikng (MIIO) ko v gupvtepn mepoyr] tov Borov (EIIB). H
Bdon dedopévav avtn meprlapPdvel ta dedopéva TV KOPLWV YNUIKAOV CLUGTOTIK®OV
aALG Kol TeV yvoototyeiov mov oyetiCovion pe ta kAdopota PMig kor PMys ta
omoia petpnOnkav kotd v Obpkela tov mpoypdaupatog ACEPT-AIR, kabog wot
OYETIKA 16TOPIKA dedopéva. Zvykekpiuéva 1 Péorn dedopévav mepiéyxel mAnpopopieg
Yoo YMUIKG ovoTaTiKG Tov AX Omog: ynuikd otorxeia (kKOpla Kol tyvootoyyeio
ocvumepapfavopévoy Tov PBopiov HETOAA®YV), 10VTIKO GLOTATIKG, (SO4%, NOs ,
NH,*, CI7, Na*, K*, Ca**, Mg?"), avOpaxotya vAn (OC kat EC), opyovikéc evhoerg
(PAHSs, PCBs, OCPs, n-oAkavia, KTA).

Yyetkd pe v avOpakodyo VAN, ot cuykevipmoel; tov opyavikov (OC) ko
ototyelaxov (EC) avOpaxa kat otig dvo Béceg omnv AbMva, 6to BoAo kot atnv Béon
aoTikob vroPdbfpov otnv Oeccarovikn, MTOV GYETIKA YOUNAES katd TV Oepun
nepindo. Xauniog Aoyog EC/OC otic 0éoe1g aotikod vrofadpov vrodnAdvel xounin
EMOPOOTN EKTOUTOV KIVNONG OYNUAT®V, GE GUVOVACUO LLE CYNUATICUO OEVTEPOYEVMDV
OPYOVIK®OV eVOGE®MV. X1 B€om kukAopopiag g Oeocalovikng, Ol GUYKEVIPMGELS
NTOV CNUAVTIKE VYNAEG, OVALESH GTIG VYNAGTEPEG TTOL £XoVV avapepBel o AoTIKEG
nepoyEs g Evpamng. Katd v yoypn mepiodo vanpée mapdpota S1okOUOVO, LE TG
ovykevipaooelg tov OC vo GuUVEIGEEPOVY TO WEYOAVTEPO TOGOGTO GTOV OAIKO
avBpaxa oe OAeg Tic meployés. H emidpaon tov ekmoundv g owklakng 0€ppavong
nrav epeaveic v mepiodo avt AOy® TV vynAotepwv cvykevipmoewv OC kot EC.
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O1 younoi Adyot cvykévipoong EC/OCkatd v yoypn mepiodo givar evoektikoi AX
OV TTPOEPYOVTOL OO Koot Bropdlag, Kot bTodetkvoouy Eviovn xpnon TlaKimy.

Tric Oéoerg e MIIA ta SO42, NOg', NH, kan Ca* ftav ta entkportn wovtikd &idn oto
AZ, eved oto A¥ys frov 1o SO4% NOs, NHs*. Ta wvta CI, Na* xat Ca*
TapovGiocay Toug YounAdTEPOVS AdYovg AX,5/AX 0. Adyol AXys/AXp Kovid oto 1
napatnpidnkay yio o S04 ko NH4* kot otig 890 0éoeig oty MITA. Opoing, oTig
0éoeic g MIIO 1o SO4'2, NOs", NH;" ko Ca?* Ntav ta Kuplo 1vro oto AXgp Ko To
SO4'2, NOs;, NH;" ota AZ,s. Ta NOs , Cl” ko Ca®* o101 AXys5 glyov eAappadg
VYNAGTEPN CLYKEVIP®GT 0TV B€om KukAoopiag, evd Ta S0~ EAIPPOG LYNAOTEPN
oVYKEVTPpWON ot Béom aotwkod vmoPdBpov. Or vynAdtepor Adyor AX,s/AXg
napovotdotnkay vy ta NH," (1.46-1.90), evd to Ca?* mopovoiooe Tovg
yopnAdotepovg Aoyovg (0.16-0.22). e oyéon pe dhec tig Oéoeig derypatolnyiag otov
B6o mapovoidotnkay ot vynAdtepes ovykevipdhoelc v ta SO42 NH,', K*, CI,
Ca®* oto AZqg, ko 1o ta Na*, K*, Ca?* ko SO472 o1l AZy s,

Ye OAec TG Boelc Ta oToLyElR TOV TPOEPYOVTUL ATtO TOV PAOLO TG YNG Omw¢ ta Ca, Si,
Fe, Al Ntov avtd pe v peyoddbtepn cLYKEVIP®OTN okolovBodueva amd vt 1oV
oyetiCovtar pe avOpomoyeveig diepyacieg (K, S xar Zn). Ta S, K kot Ca ftav ta
ototyelo pe vymAodtepn cvykévipmon oto AXys To Ca PBpébnke oe mOAD vynAég
OLYKEVTIPOGELS 6T Béom Kuklopopiog otnv MII® kot 60 BoAo, meproyég ko Béoeig
ot omoiec o Adyog Ca/Si fitav o vynhotepog oe oyéon pe Tig vtoloues (4.1 ko 3,
avTioTO(O), VITOONAMVOVTOG TNV EMOPACT] OlEPYACIOV dOUNGNG Kol 0domotiag. XTov
Boio mapatnprinkav ot vynAdtepeg CLYKEVIPMOOELS oTOlEiwV pe avOpwomoyevn
npoélevon omwc ta Zn, S, K, As, Br, kot Pb ota AXi kot ota K, Ca, Fe, Cu, Zn, Pb,
Mg, Al, Si, S, Cl, Mn kot As ota. AX; 5.

Mo va emtevyBel n dwdikacion TG “YMUKNG avadOUNoNS”, To YMNUKAE CLGTOTIKA
yopioNKay 6€ €51 KATNYOPIES: TO GLGTATIKA TOV PAOLOV TNG YNG, TO LYVOoTOLKEL, TNV
0OpYOVIKT] VAN, TO OTOW(EKO (GvOpoka, T0 OoAaccoIvO OAATL KOl TO OELTEPOYEVN
avopyovo copatioln. Ta dsvtepoyevn avopyava copatiow, 1 0OpyavIKn VAT, Kot o
oTotyElo TOV PAOLOV NTAV LE OAPOPA TO EMKPOTOVVTO GUGTATIKA 6T0 AX1g 08 OAEG
TIG TEPLOYEG EVM OVTIOTOLO GTOL AX) 5 NTAV TO OEVTEPOYEVT] OVOPYOVO, CMUATIOWL KOl
N OpPYOVIKT VAN. EZNUOVTIKT] GUVEICQOPE OO ovOpYovo GvOpaKo KoToypdenke ot
Béom xvkhoeopiag otn MIIO ayyilovtag to 22% tng pdlog tov AZys v Bgpvi
nepiodo. H pn empepropévn palo kopdvonke peta&d 4%-17% ot MITA, 13%-32%
ot MII® kot 1%-37% oty EIIB.
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1. INTRODUCTION

A mass concentration and chemical composition Database was constructed in the
framework of the LIFE09 ENV/GR/000289 project “Development of A Cost Efficient
Policy Tool for reduction of Particulate Matter in AIR(ACEPT-AIR)” for particle
fractions PMy, and PM,5 at three urban areas of Greece: the Athens Metropolitan
Area (AMA), the Thessaloniki Metropolitan Area (TMA) and the Volos Greater Area
(VGA).These data were then used for the source apportionment of ambient PM;, and
PM3 s using receptor models. The Database also incorporated relevant historical data
for the three study areas since 1990.

This report presents a description of the PMjg and PM,s Chemical Composition
Database and summarizes the concentrations of major and trace chemical constituents
(ionic components, organic and elemental carbon, major and trace elements, etc.) that
were determined in PMy, and PM,s particle fractions in the framework of the
ACEPT-AIR project.

2. METHODOLOGY

2.1. Description of the ACEPT-AIR project sampling sites

The ACEPT-AIR project was concurrently carried out at 2 sites in the Athens
Metropolitan Area (Figure 1), at two sites in the Thessaloniki Metropolitan Area
(Figure 2), and at one site in the VVolos Greater Area (Figure 3). A detailed description
of sampling sites is provided in the Report of D6 “PM3jg and PM,5 Concentration
Databases for the three urban areas AMA, TMA and VGA”.

Figure 1 Map of the AMA (Athens Metropolitan Area) with the ACEPT-AIR
sampling sites (AP: AgiaParaskevi, NS: NeaSmyrni).
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Figure 2 Map of the Thessaloniki Metropolitan Area with the ACEPT-AIR sampling
sites (UT: urban-traffic, UB: urban background).

Figure 3 Map of the VVolos Greater Area with the ACEPT-AIR sampling site at the
University of Thessaly (UTH).
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2.2 Sampling methods

At all sites, PMyo and PM, s sampling was carried out concurrently according to the
reference methods ISO/IEC EN-12341 and ISO/IEC EN-14907, respectively, using
low volume air samplers equipped with PM3, and PM;s inlets that were operated at
constant flow rate of 2.3 m*h. Each PM1o/PM,5 sampling had a 24-h duration. Each
PM fraction was concurrently collected on two filter media: @ 47 mm Teflon filter
(Zefluor ™membranes, Pall 2um) for subsequent analysis of elements and ionic
species, and @ 47 Quartz filter (Tissuquartz, Pall) for subsequent analysis of organic
and elemental carbon, OC and EC. Details about sampling methods are provided in
Deliverable D6 “PM;o and PM,s Concentration Databases for the three urban areas
AMA, TMA and VGA™.

2.3 Chemical speciation of PM19 and PM:z.s

A summary description of the methods used for chemical speciation of PMy, and
PM; s samples is provided in Table 1.

Table 1 Summary description of the methods used for chemical analysis of PM;, and
PM; 5 samples.

Chemical class Chemical components Sample Analytical
preparation method
Carbonaceous OC, EC - TOT
species
lonic species S0, ,NOs,NH," Na*, K", Aqueous extraction IC
CI', Ca** Mg**
Major and trace Mg, Al, Si, S, CI, K, Ca, Ti, - ED-XRF
elements V, Mn, Fe, Ni, Cu, Zn, As,
Br, Sr, Ba, Pb
Trace elements V, As, Sb, Co, Cr, Cd Digestion with GF-AAS
HNO;3 / HCI
mixture

TOT: Thermal Optical Transmission Analysis; IC: lon Chromatography; ED-XRF:
Energy Dispersive X-Ray Fluorescence; GF-AAS: Graphite Furnace Atomic
Absorption Spectroscopy
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2.4. Description of the PM10 and PM2.5 ACEPT-AIR Database

All the data collected in the framework of the project (both historical and current)
have been introduced into a Database which is submitted as a Deliverable for Action
2. The ACEPT-AIR Database provides information for PM;o and PM,5 mass and
particle chemical composition for the Athens Metropolitan Area (AMA), the
Thessaloniki Metropolitan Area (TMA), and the Volos Greater Area (VGA). Briefly,
the Database has two similar structured platforms:

— The Historical Data platform, that includes concentrations for PM mass and
chemical constituents measured at various sites within the aforementioned
areas during the period 2000-2010. Sources of these data were previous
measurements by ACEPT-AIR partners, records of the air pollution
monitoring stations operated by national and local authorities (Greek Ministry
of Environment, Municipality of Thessaloniki, etc), as well as published data
of independent researchers. The historical data were collected in the
framework of the project and were examined with respect to sampling
protocols, sampling and analytical methods and data analysis. After being
submitted tostrict quality control procedures, the collected data have been
introduced in the historical database.

— The LIFE Data platform, that includes concentrations of PM; and PM, 5 and
their associated chemical components measured during 2011-2012 in the
framework of the ACEPT-AIR project.

The user can have access to the data by selecting various options regarding the
identity and characteristics of the sampling site, such as the study area (the user can
select among the Athens Metropolitan Area (AMA), the Thessaloniki Metropolitan
Area (TMA), and the Volos Greater Area (VGA)), the specific station in each area (by
this selection, a map from Google maps also comes into view), the authority
responsible for the station, the characterization of the station regarding its distance
from various sources (i.e. urban-traffic, urban background, industrial), and the
gaseous pollutants measured at the station (CO, NOx, SO,, Os, etc).

In addition to PM mass, the Database provides information for major and trace
chemical components of PM, such as:

elemental components (major and trace elements including heavy metals)
ionic components (S042, NOs~, NH,*, CI™, Na*, K*, Ca**, Mg?")
carbonaceous species (OC and EC)

organic compounds (PAHs, PCBs, OCPs, n-alkanes, etc).

The user can choose information for all data within a chemical class or for specific
chemical parameters (e.g. for individual elements, ionic species, etc) (Figures 4 and
5). Then, a table appears with the selected data for each year.
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Figure 4 LIFE data for Cr bound to PMy, at the lonos Dragoumi station (urban traffic

site in TMA, TMA-UT site).
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Figure 5 LIFE data for elemental components associated to PMyy at the urban

background site in TMA (TMA-UB).
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3. RESULTS AND DISCUSSION

3.1. Carbonaceous species

Summary statistical data for 24-hr concentrations of carbonaceous species, organic
carbon (OC) and elemental carbon (EC) associated with PMyq and PM, 5 are given in
Tables 2 and 3 for the warm and the cold period, respectively.

OC and EC concentrations at both Athens sites and at Volos and Thessaloniki
background site were relatively low during the warm period. The background
character of the stations was further demonstrated by the low EC/OC ratios indicating
relatively low contribution from traffic emissions, coupled with secondary organic
formation which enhances OC levels. At the traffic site in Thessaloniki,
concentrations were significantly higher, among the highest values reported for other
urban sites in European cities (Grivas et al. 2012; Viana et al. 2006). The
corresponding EC/OC ratio was around 1.0, similar to those found at kerbside sites
and close to the ratio values reported for vehicular emissions (Samara et al., 2013).

Table 2 Summary statistical data for 24-hr PM;o and PM; 5 bound organic (OC) and
elemental (EC) carbon concentration during the warm period [ug m™].

PMio
ocC EC OC/EC
Area/Site MeantSD  Range  MeantSD  Range MeantSD N
AMA/AP 2.7£1.0 1.1-5.9 0.3+0.2 0.1-0.8 10.844.8 21
AMAJ/NS 4.4+£1.5 1.7-8.1 0.8+0.4 0.2-1.9 6.3£2.6 44
TMA/UT 8.6+2.7 4.4-16.4 7.8+1.4 55-10.4  1.1+04 27
TMA/UB 4.1£1.7 1.7-7.2 0.7+0.3 0.1-1.4 6.242.2 26
VGA/UTH 4.6x1.1 2.6-6.9 0.8+0.4 0.3-1.6 6.8+2.6 9
PMs
ocC EC OC/EC
Area/Site MeantSD  Range  MeantSD  Range  Mean+SD N
AMAJ/AP 2.7£1.0 1.0-5.9 0.3£0.2 0.1-0.8  10.0+4.9 48
AMAI/NS 3.2£1.0 0.6-6.3 0.6+0.3 0.1-1.7 6.0£2.7 49
TMA/UT 6.0+£2.3 3.0-12.6 5.9+1.3 3.7-9.2 1.1£0.5 28
TMA/UB 3.3+1.3 1.2-5.4 0.5+0.2 0.1-0.8 7.1£2.6 27
VGA/UTH 3.7£1.0 2.0-6.0 0.6+0.2 0.2-1.2 6.6£1.9 28
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Cold period data presented a similar pattern with OC concentrations contributing the
most to total carbon at all sites. Even the traffic site in Thessaloniki presented OC/EC
ratios higher than 1.0 (around 3.0). The effect of residential heating during this period
was apparent in the much higher OC and EC concentrations. Very high mean 24-hr
concentrations (OC reaching up to 45 pg m™ and EC up to 6 ug m'g) were measured
in the densely populated area of Nea Smyrni. The high values of OC/EC
concentration ratios during cold season are indicative of biomass burning aerosol and
suggest intense use of fireplaces during this season.

Table 3 Summary statistical data for 24-hr PMyo and PM, s bound organic (OC) and
elemental (EC) carbon concentration during the cold period [ug m™].

PMio
oC EC OC/EC
Areal/Site Mean+SD Range Mean+SD Range @ Mean+SD N
AMA/AP 4.1£1.5 1.0-8.5 0.5+£0.2 0.1-1.3 8.7+£2.9 47
AMAINS 93+7.9  1.7-44.6 14+10 0460  7.1+24 S0
TMA/UT 14.2+5.3 4.9-23.0 5.5+2.3 2.5-11.2 2.8+1.0 30
TMA/UB 8.745.0  3.4-21.0 1.240.8 0.3-3.3 8.3+24 27
VGA/UTH 10.8+4.5 4.4-18.0 1.5+1.0 0.4-3.8 8.7£3.5 25
PM, s
ocC EC OC/EC
Area/Site Mean+SD  Range  MeantSD Range @ MeantSD N
AMA/AP 4.0£1.5 1.0-7.9 0.4+£0.2 0.1-1.0 10.1+£3.3 49
AMA/NS 8.9+7.6 1.7-41.8 1.2+0.9 0.3-4.0 7.542.5 45
TMA/UT 11.144.0  4.8-23.0 4.5+1.4 2.5-8.3 2.8+1.5 30
TMA/UB 8.7+5.0 2.8-21.0 0.9+0.4 0.3-1.9 9.4+2.3 27
VGA/UTH 10.0+4.0  3.8-18.0 1.2+0.7 0.3-35 9.7+2.7 25

3.2. lonic components

Mean ionic component concentrations in PMyg and PM,s during the warm and the
cold season are presented in Figures 6-8.

At the AMA sites (Figure 6), SO42, NOs, NH,* and Ca®* were the prevalent ions in
the PMy, fraction vs. SO,2 NOs, NH," in the PM,s fraction. In general,
concentrations were slightly higher at NS, except for Na* and CI" (sea salt) which
were more abundant in PMj, measured at AP site. CI, Na" and Ca*exhibited the
lowest PM,s/PMy ratios. PM,.s/PMy ratio values close to 1 were found for SO,%and
NH,"at both sites, while NO3;™ presented a significant coarse fraction as well (mean

12
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PM,s/PMjy ratio equal to 0.20 and 0.54 in AP and NS respectively). This result, along
with a good correlation between NO3 and CI” with Na* suggest (especially for AP),
suggests neutralization of NO3;™ with Na* from sea salt, which is mainly found in
coarse mode (Eleftheriadis et al., 2014).

10.00

1.00 —+
F AP-Warm

= AP-Cold
m NS-Warm

0.10 ¢ "~ NS-Cold

lon concentration (ug m)

0.01 -
Nat NH4+ K+ Mg2+ Ca2+ Cl- NO3-SO042- Nat NH4+ K+ Mg2+ Ca2+ Cl- NO3-S042-

Figure 6 Mean ionic component concentrations (logarithmic scale) in PM3o and PM;5
during the warm and the cold season at the two sites in AMA.

Similarly, at the TMA sites (Figure 7), SO42, NOs, NH," and Ca®* were the major
ions in the PMy, fraction vs. SO,2, NO3', NH," in the PM, s fraction. NO3, CI" and
Ca®* associated to PM. s were slightly higher at the UT site, whereas SO.* slightly
higher at the UB site. Similar results have been reported from previous published
works (Tsitouridiou et al., 2003; Samara & Tsitouridou, 2000). The highest
PM,s/PMyq ratios were found for NH,* (1.46-1.90), while Ca®*exhibited the lowest
PM,s/PMyg ratios (0.16-0.22). PM,s/PMyq ratios with value greater than 1 are not
uncommon for NH,". Theodosi et al. (2011) have also observed lower values of NH,"
in PMyo compared to PM, s and PM;. Volatilization of NH4CI from the filter, formed
by reaction of NH;NOs and NaCl has been proposed to explain the NH4" behavior
(NH4sNO3; +NaCl—>NH,4CI+NaNO3). Since sea salt (and NaCl) is mainly associated
with coarse particles, this negative artifact formation is mainly expected in PMyj.
PM_5/PMy ratio values close to 1 were found for SO, at both sites and seasons and
for NOj3" at both sites in winter.

In Volos (Figure 8) again secondary ions (SO42, NH4*, and NOs) contributed the
most to PM1o and PM, 5 mass, while Ca?* concentration was also significant in PMyo.
Concentration levels were similar to the ones measured in the large urban centers of
Athens and Thessaloniki.

Regarding seasonal variability, the concentrations of PM,s-bound SO, were elevated
in summer at both sites in AMA suggesting increased photochemical formation of
sulfates. K was more abundant in PM, s during cold season, which could be related to
biomass combustion for residential heating as discussed above (section 3.1). NO3z
concentrations were also much higher during cold season. This is expected in the
countries around the Mediterranean where high temperatures and dry conditions

13
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during the summer may lead to the decomposition of NH4NO3 in gaseous HNO3; and

NHs.
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s i UT-Warm
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o L
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. |
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Nat+ NH4+ K+ Mg2+ Ca2+ Cl- NO3-S042- Na+ NH4+ K+ Mg2+ Ca2+ Cl- NO3-SO42-

Figure 7 Mean ionic component concentrations (logarithmic scale) in PMyp and PM2 5
during the warm and the cold season at the two sites in TMA.
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Figure 8 Mean concentration of major ions in PMjo and PM,5 in VGA during warm
and cold season.

3.3. Elemental species

The annual mean concentrations of major and trace elements associated to PMj and

PM; 5 particle fractions at the various sampling sites are shown in Figures 9 and 10,
respectively.

At all sites, crustal elements, such as Ca, Si, Fe, Al were the most abundant elemental
components in PMy, followed by elements related to anthropogenic processes (K, S
and Zn). S, K and Ca were the prevalent elements in PM,s. The traffic site in TMA
(UT) presented higher concentration levels of minerals and most trace metals in
relation to the background site (UB) suggesting a stronger impact from traffic-related
sources (road dust resuspension, brake and tire abrasion, road wear (Grigoratos et al.,
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2014). In addition, Ca was found in predominantly high concentrations, particularly at
TMA-UT and VGA, where the Ca/Si ratio was highest (4.1 and 3, respectively)
indicating influence from construction sites and road works (at the time of the study
the construction of the subway of Thessaloniki was in progress) and/or influence from
industrial cement production (Voutsa et al., 2002). The high Ca/Si ratio favors nitrate
and sulfate formation, since Ca rich soil dust is able to incorporate large amounts of
precursor gases.
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001’ al

Mg Al Si S CI K Ca Ti V Mn Fe Ni Co Cr As Cd Cu Zn Br Sr Sb Ba Pb

Figure 9 Elemental concentrations (logarithmic scale) in PMy, at the various
sampling sites.
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Figure 10 Elemental concentrations (logarithmic scale) in PM,s at the various
sampling sites.

Volos among all sampling sites presented the highest concentrations for
anthropogenic elements such as Zn, S, K, As, Br, and Pb in PMyo, as well as the
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highest concentrations for K, Ca, Fe, Cu, Zn, Pb, Mg, Al, Si, S, Cl, Mn and As in
PMys.

3.4. Mass closure of PM10 and PM: s particle fractions

Mass closure, that is the reconstruction of PM mass through the determined particle
chemical components, allows for a first insight into the sources affecting the
concentration levels (Terzi et al., 2010). For this purposes, the chemical components
were classified into the following categories based on expected origin: sea salt,
minerals, trace elements, organic matter (OM), elemental carbon (EC), and secondary
inorganic aerosol (SECONDARY). The difference between total PM mass and the
sum of masses on the above classes provided the unidentified mass (UN), which
corresponds to samples’ water content and species not measured.

The sea salt (ss) contribution was calculated assuming that soluble CI" in aerosol
samples comes solely from sea salt. Non sea salt sodium (nssNa®) was calculated
based on the crustal ratio Na‘'/Al and total sea salt mass was calculated as the sum of
Cl-, ssNa* and fractions of the concentrations of Mg?*, K*, Ca**, and SO, based at a
standard sea water concentration of these species with respect to sodium. The final
equation used for the calculation of sea salt in PM mass was:

Sea salt = [CI] + [Na'] — [nssNa*] + [ssMg?] + [ssK*] + [ssS04*] =

= [CIT + {[Na'] — 0.348x[Al]} x (1 + 0.119 + 0.037 + 0.038 + 0.253)

Minerals are the sum of Al, Si, Ca, Ti and Fe plus non sea salt Na*, Mg and K, all
multiplied by factors to convert them to their common oxides. Ca was multiplied by a
factor of 1.95 to account for CaO and CaCOs; which are considered as its most
abundant forms. The final equation used for the calculation of the mineral part of PM
was:

Minerals = [nssNa+] x 1.35 + [nssMg] x 1.66 + [Al] x 1.89 + [Si] x 2.14 + [nssK] x
1.21 + [Ca] x 1.95 + [Ti] x 1.67+ [Fe] x 1.43

Trace elements only represent a small percentage of the PM total mass; however they
were also added to the analysis because they have a great environmental importance
due to their toxicity and anthropogenic origin.

In order to include the oxygen, nitrogen and hydrogen associated with OC, OC was
converted to organic matter (OM) using an average mean molecular to carbon ratio of
1.3-2 according the characteristics of each area and site. The ratio used varies
according to the age of the organic matter. Fresh organic matter is often estimated
using lower ratios while for the calculation of aged, more oxidized OM higher ratios
are used. OM is expected to have higher emission rates on the traffic sites and lower
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on urban background sites. In some extreme cases, such as aerosols impacted by
heavy smoke, even higher conversion factors (2.2-2.6) can be used (Turpin & Lim,
2001). The equation used for OM calculation was:

OM =[OC] x f, wheref=1.3-2

Finally, secondary inorganic aerosol was calculated as the sum of non-sea salt SO,
NOs’, and NH,4". The equation used was:

SECONDARY = [nssSO4*] + [NOs] + [NH.'] =

= [SO4*] - 0.253 x [ssNa'] + [NO3] + [NH4']

The relative contributions of identified chemical classes to PMg and PM>s mass
during the winter and summer campaigns are shown in Figures 11-15.

Secondary inorganic aerosol, OM, and minerals dominated the PM, profiles at the
two sites in AMA, at the UB site in TMA and in Volos. Similar results have been
reported by other research works (Pateraki et al., 2014). At the UT site in TMA EC
contribution was also significant. Sea salt contribution was larger in AMA (4-8%)
with respect to TMA and VGA (1-2%) (Voutsa et al., 2014). In PM,5 secondary
aerosol and OM were the prevalent components. Mineral contribution was larger
during warm season when dry conditions favor soil dust resuspension, while OM was
significantly higher during cold season, pointing towards biomass burning for
residential heating. EC also increased during cold season, especially to the densely
populated areas of NS and in VGA.

Unidentified mass (UN) ranged between 4%-17% in AMA, 13%-32% in TMA and
1%-37% in VGA. UN is usually attributed to the water content of PM and/or to
approximations associated with the estimation of the organic matter amount and with
the composition of crustal materials. Depending on particle composition, particle-
bound water may constitute up to 20-30% of total PM mass (Canepari et al., 2013).
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Figure 11 Mass closure of PMy, particle fraction in AMA,; the first number

corresponds to the mass [ug m™] of each chemical class and the second to its relative
contribution [%] to total PM mass.
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Figure 12 Mass closure of PM; 5 particle fraction in AMA; the first number

corresponds to the mass [ug m™] of each chemical class and the second to its relative
contribution [%] to total PM mass.
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Figure 13 Mass closure of PMjyy particle fraction in TMA; the first number
corresponds to the mass [ug m™] of each chemical class and the second to its relative

contribution [%] to total PM mass.

UT-PMys | UN;33; Minerals; UT-PM,s | UN;5.3; Minerals;
’ 9 2.5;9% ' 1.7; 4%
Warm 13% o 0 race
Trace metals ;
metals ; 0.2;1%
+10
Secondary; 0.2;1%
6.6; 25% \
\_OM; 7.7 Secondary; OM; 14.3
29% 13.3;33% 35%
Seasalt;
0.3;1%
EC;5.9; Seasalt; EC;5.3;
22% 0.5;1% 13%
UB-PMys | UN: 4.4: Minerals; UB-PM, Minerals;
Warm Cold
Trace Tracle
metals ; UN: 6.9; metals
0.1:1% 21% 0.2;0.5%
\OM; 54
29% OM; 11.4
35%
Secondary; EC: 0.5
6.8;36% \— 3% Secondary; EC;00.7;
Seasalt; 12.2:37% LSea salt: 2%
0.2;1% 0.2- 1%’

Figure 14 Mass closure of PM; s particle fraction in TMA; the first number
corresponds to the mass [ug m™] of each chemical class and the second to its relative

contribution [%] to total PM mass.
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Figure 15 Mass closure of PMyo and PM 5 particle fractions in VGA, the first number
corresponds to the mass [ug m™®] of each chemical class and the second to its relative

contribution [%] to total PM mass.
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ANNEX I: Concentration of major ionic components
Table I Average (MV) and Standard Deviation (SD) in pg m™.

Na* 069 083 053 033 030 033 031 033 026 0.07

NH,” 074 035 100 040 129 116 140 111 112 047

K* 015 010 022 012 016 009 015 0.07 026 0.07
Mg** 0.08 005 008 004 003 002 003 002 005 0.01
Ca®* 079 031 111 045 110 070 083 038 114 0.16
Cr 028 046 017 017 026 022 025 022 053 0.32
NO;s 073 050 074 039 108 098 140 220 046 0.38
SO/~ 346 133 520 212 420 200 417 141 501 157

Na* 087 073 083 069 012 021 011 022 075 041
NH,* 087 040 209 118 178 186 237 185 3.18 1.80

K* 017 005 045 023 017 011 016 009 283 1.78
Mg®* 011 0.09 0.12 0.09 002 002 002 001 010 0.07
Ca®* 060 053 136 086 195 125 1.07 0.69 205 1.37
Cl 069 079 048 059 047 036 034 028 067 0.49
NO; 148 100 316 329 504 331 458 373 432 184
SO, 290 125 6.69 395 454 197 463 198 977 462

Na* 009 010 025 025 010 0.09 012 0.07 015 0.05
NH,” 098 043 132 049 195 094 210 0.68 117 043
K* 0.09 007 017 010 008 006 011 005 025 0.08
Mg 0.02 001 004 002 002 001 002 001 002 0.01
Ca?* 013 013 036 028 028 023 018 007 046 0.17
Cr 002 005 004 007 024 007 009 005 0.05 0.02
NO; 015 013 025 023 063 114 016 0.12 0.23 0.22
SO, 257 103 457 172 407 158 456 135 432 137

Na* 020 014 032 026 007 007 006 0.05 048 0.24
NH,” 1.00 052 122 054 408 295 425 317 165 114

K* 012 004 027 016 014 007 013 0.07 192 110
Mg®* 003 002 005 003 001 000 001 001 005 0.03
Ca® 011 009 037 024 026 012 017 009 079 0.38
Cr 005 013 015 023 041 023 018 015 046 0.57
NO; 033 027 186 202 503 565 355 368 313 1.80
SO/ 232 113 288 123 418 229 444 229 515 257
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ANNEX II: Concentration of major and trace elements
Table 11 Average (MV) and Standard Deviation (SD) in ng m™.

Mg 1169 545 888 50.2 298.8 139.2 154.8 1224 1181 365
Al 4050 252.7 1985 119.7 601.0 2825 336.7 309.6 760.7 583.9
Si 9172 5269 629.6 409.2 1255 585.2 6745 613.7 872.7 4434
S 1210 452.3 806.6 343.6 1373 692.2 540.6 611.3 1241 233.6
Cl 2026 2557 193.0 2543 759 1188 579 805 1365 104.2
K 4494 189.7 3126 1523 531.0 207.5 321.1 210.7 526.2 213.9
Ca 1590 783.1 1414 1081 3447 1687 1409 9505 1202 759.7
Ti 341 210 176 99 535 183 304 166 281 137
\Y 56 41 73 77 70 50 37 23 52 31
Mn 149 89 127 62 673 479 316 217 346 170
Fe  562.1 316.0 448.2 198.6 1244 474.6 529.2 237.9 9444 531.8
Ni 65 58 55 40 93 75 55 40 76 29
Co 39 27 94 110 68 51 26 14 22 31
Cr 205 197 48 25 188 79 100 47 66 43
As 20 34 22 25 16 36 08 15 17 24
Cd 03 03 09 05 14 09 32 79 01 01
Cu 115 168 131 64 364 139 79 46 140 86
Zn 594 581 610 518 755 432 321 188 1249 1118
Br 544 225 327 121 526 186 475 142 554 153
Sr 43 31 82 69 127 63 89 38 92 54
Sb 102 77 32 22 52 21 50 24 13 11
Ba 188 151 80 73 153 52 113 27 - -
Pb 90 77 105 6.6 202 193 111 105 226 167

Mg 1341 1230 1584 1240 1363 548 847 430 1175 585
Al 262.1 523.7 256.3 367.9 290.3 1228 2254 128.7 178.3 88.6
Si 5849 1156 555.8 823.0 709.1 334.0 518.7 322.2 390.8 238.5
S 905.5 438.8 1346 805.8 1124 4585 1054 4154 2189 989.1
Cl 462.6 500.9 572.6 703.9 251.7 205.7 151.7 1405 564.4 5544
K 361.8 2914 607.6 329.8 582.3 245.6 5514 2153 2038 1480
Ca  980.2 1059 1554 1389 4540 2565 1981 1144 2630 2273
Ti 241 456 317 423 461 154 269 125 199 139
\ 5.2 29 182 169 69 4.2 6.0 34 108 96

Mn 119 96 192 139 445 252 221 127 456 2738
Fe 386.4 475.4 7512 7263 1319 439.8 4522 233.6 1109 8554
Ni 4.3 2.5 9.3 89 102 59 6.8 4.4 9.2 5.6

Co 9.0 8.0 2.4 3.1 5.9 3.8 2.9 1.9 1.7 1.3

Cr 7.9 7.9 93 143 182 50 7.8 3.7 206 224



D7. PM;9& PM; 5 Chemical Composition Databases for the three urban areas

As
Cd
Cu
Zn
Br
Sr
Sb
Ba
Pb

Mg
Al
Si
S
Cl
K
Ca
Ti
Vv
Mn
Fe
Ni
Co
Cr
As
Cd
Cu
Zn
Br
Sr
Sb
Ba
Pb

2.8
0.1
10.8
24.8
443
3.5
3.5
21.3
7.3

7.9
0.1
6.5
22.7
20.9
6.8
2.2
19.6
4.0

28.6 16.6
742 424
166.5 98.3
1086 431.7
139 159
209.9 127.0
2249 102.7
5.8 3.8
4.4 2.7
2.9 2.6
120.7 56.8
2.6 1.9
2.2 1.3
1.1 1.2
2.2 3.6
0.3 0.2
2.8 2.4
334 334
333 140
2.1 2.0
5.5 4.2
8.3 6.6
4.9 4.5

0.5
0.4
23.2
51.4
76.5
143
4.2
194
18.4

35.2
64.9
183.8
984.2
11.9
190.4
413.4
6.9
7.6
5.1
163.8
3.7
1.2
6.0
2.1
0.7
9.1
48.5
25.6
3.2
2.0
5.6
12.1

Mg 453 404 456
Al 789 1575 54.0
Si 151.2 3255 23
S 803.9 349.4 601.0
Cl 371 643 795
K 2066 958 2359
Ca 1526 160.0 336.9

0.6
0.3
18.3
39.1
50.3
15.8
6.8
19.0
12.7

19.7
35.3
130.4
332.9
11.0
129.0
353.1
4.8
7.5
4.5
99.6
3.0
1.2
115
2.4
0.6
4.1
45.5
9.4
2.9
1.7
5.1
7.7

395
102.5
4.5
314.0
134.4
160.0
260.6

2.1
0.4
42.4
105.9
51.3
9.7
5.4
13.3
19.2

2.3
0.4
14.9
73.7
16.3
4.6
2.6
3.7
9.2

62.2 52.7
119.2 76.5
221.3 167.8
1125 575.1
6.4 140
238.5 123.8
486.7 524.9
135 5.0
4.8 3.3
165 11.0
275.5 130.5
3.6 2.3
3.1 1.7
6.6 3.4
1.5 6.0
1.5 0.7
10.3 43
48.6 413
422 156
5.8 2.7
4.2 1.9
115 22
16.5 29.2

1.1
0.2
10.7
61.3
62.9
7.6
3.8
111
12.8

37.0
78.9
129.9
771.4
0.9
203.8
173.6
10.0
3.7
9.1
122.6
3.3
2.3
4.6
0.7
0.9
3.6
26.4
41.8
5.8
3.5
10.8
9.7

1.8 8.3 5.3
0.2 0.3 0.2
76 311 147
59.6 227.3 256.8
51.0 878 339
2.6 1.7 2.6
1.0 4.1 3.3
0.6 - -
81 445 326

24.6

66.8

21.1

70.3 1574 76.2
142.4 378.9 183.7

7279 1183 3557
12 166 10.7
126.7 333.8 138.9
142.0 858.2 404.1
31 133 64
1.7 4.8 3.0
51 193 101
533 3745 2149
1.8 3.8 2.0
1.1 1.6 2.4
1.8 2.2 1.3
24 0.5 0.9
0.9 0.1 0.1
2.1 8.5 5.6
164 904 882
10.5 457 119
3.4 6.5 5.6
0.0 0.8 0.7
0.0 - -
108 215 16.5

187 82 163 6.3

48.7 219 414 194
80.2 631 618 534
815.9 500.0 863.9 421.7
452 481 511 639

345.6 173.3 349.3 149.9
380.8 348.9 1742 1457

214

42.2

92.2

1131
352.7
1184
636.7

24.2

31.4

73.1

385.0
413.7
921.8
533.4

25



Ti
\/
Mn
Fe
Ni
Co
Cr
As
Cd
Cu
Zn
Br
Sr
Sb
Ba
Pb

D7. PM;9& PM; 5 Chemical Composition Databases for the three urban areas

6.1 102 6.8 7.5
4.8 26 105 7.9
4.8 4.2 4.1 3.6
107.5 105.6 133.1 90.7
2.6 1.5 3.7 2.5
5.4 3.7 1.5 1.5
2.2 2.3 2.3 1.5
2.6 7.8 0.4 0.3
0.1 0.1 0.1 0.1
2.5 2.6 7.0 5.4
156 131 25.0 245
262 179 332 215
0.7 14 5.6 5.0
14 1.2 1.2 1.0
129 109 104 99
2.8 30 101 9.2

117 24
6.8 3.5
111 5.0
169.1 770
4.6 2.7
2.8 14
6.4 4.1
0.7 1.4
0.2 0.2
9.2 8.4
56.8 40.2
54.7 59.6
1.7 4.7
5.4 3.6
128 34
131 7.8

9.6
5.4
6.9
95.6
3.1
2.4
5.5
0.6
0.2
4.5
40.0
46.9
6.3
4.4
114
10.8

2.2 3.1 3.3
3.3 5.8 4.6
39 182 94
46.3 270.7 166.6
2.1 3.9 2.3
1.1 0.9 0.5
2.6 1.8 1.6
0.9 5.1 3.3
0.2 0.0 0.0
51 133 7.7
38.0 1273 1214
40.7 432 21.7
3.8 4.2 4.8
2.9 0.4 0.4
1.9 - -
84 260 16.7

26



