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SUMMARY

INTRODUCTION

During the last decades a growing body of resednel investigated
worldwide the extremely vast subject of urban airalgy [e.g., Fenger, 1999
Measuring any potential effect of any urban aidytaht requires the understanding of
its variation and distribution in both space amdeti Traffic-related pollution and its
spatial variations are particular concerns; a ce@mpnsive understanding is crucial
[e.g., Morawska et al. 2002; Briggs, 2000; Ito ket 2004; Kim et al., 2005; Pinto et
al.,, 2004; Wilson et al., 2005; Zhu et al.,, 200Bjowever, current actions are
particularly hampered by a lack of knowledge whdraracterising the spatial
variability within urban areas [e.g., Lebret et 2D00].

The understanding of emissions’ spatial variatian indicate to what extent
ambient concentrations measured at a single fixedesg., the emission point) reflect
the outdoor concentrations at other sites in thea.afFor particles, the spatial
variability depends on the size fraction. Partidesaller than 100 nm (the so-called
ultrafine particles, UFPs) are more variable incgpand time than fine particles as
they have a higher dependence on particle souaces,a faster removal from the
atmosphere [e.g., WHO, 2006; Pekkanen and Kulma0Q4; Monn, 2001].
Consequently, their spatial variability is beliewedoe an important issue to assess air
pollution fate and exposure.

Internal combustion engines are known to be a mejassion source of UFPs
[e.g., Weijers et al., 2004; Charron and HarriB03; Alam et al., 2003; Kittelson et
al., 2004; Morawska et al., 2003]. However, in st extensive laboratory studies on
engine emissions, there are few investigations @# Iparticle mobile emissions
evolve and affect air quality establishing a linktyeen sources and receptors [e.g.,
Abdul-Khalek et al., 1999; Scheer et al., 2005;0Ba&skiel et al., 2005]. Moreover,
there is little information on particles smalleath10 nm, which have been regarded
as evidence of particles either truly emitted (Fegd) [e.g., Scheer et al., 2005;
Giechaskiel et al., 2005] or newly formed in thenasphere (Figure 2) [e.g., Kulmala,
2003; Charron and Harrison, 2003; Shi et al., 2@04m et al., 2003].

Recent field data have shown that the size digtdhuof emitted particles
evolves substantially within a few hundred metdrenission [e.g., Shi et al., 2001;
Zhu et al., 2002]. With this respect, it has bekaven that not only is total particle
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concentration important, but also the particle slgribution [e.g., Kittelson et al.,

2004; Whitby and Cantrell, 1976; ICEP, 1994]. Aftetease into the atmosphere,
UFPs are subjected to complex dilution and tramsétion processes. Neither current
models nor those that will be available in the rfeture are tough to be able to cover
all the spatial and temporal scales that are iredlirom the emission (centimetres,
milliseconds) to the urban/regional scale (kiloragtrhours) [Ketzel and Berkowicz,
2004].

CONCEPTION OF THE WORK

In this work, the major objective was to analyse $ipatial variation of traffic
related air pollution, especially focussing on UFPke process has been analysed
using a two stage structure, namely, ‘tailpipedad’ and ‘road-to-ambient’ [e.g.,
Zhang and Wexler, 2004a,b]. Considering an exhaarstel emitted from the tailpipe,
and dispersing to the background; this parcel egpees two very distinct processes.
First it is diluted and diffused by the strong tuldnce generated by the moving
traffic, moving it from tailpipe to roadside (stade tailpipe-to-road). Then, by the
atmospheric turbulence induced mainly by wind abhdospheric instability, it is
moved from roadside to ambient air (stage 2: ra@adrbbient). These stages are
extremely different in both of their temporal anphgal scales. The understanding of
how this parcel and its concentration indistributes in regard to the major factors
influencing it was conducted here. The methodolgg firstly based on the analysis
of its frequency distribution (FD). In principley @ollutant FD tends to be log-normal
since extreme high concentrations are possible nagfative values are not, as
explained by the theory of successive random ditutfOtt, 1990. However, air
pollutant concentrations were expressed in thikvesr space series at different time
periods rather than time series at different laceti Therefore, the study of their FDs
in space could be used to understand how diffusi@cthanisms in atmosphere
(revealed by Normal-FD) can couple with mixing ahlditing of source emissions to
produce air pollutant spatial variations [Costalilel., 2006a]. This level of analysis
has enhanced the comprehension of air pollutioratian in both space and time, in
both stage 1 and stage 2, revealing governing rMacfoe., emission levels,
meteorological conditions, chemistry, geography edl morphology) [Costabile et
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al., 2007a] and principal components (i.e., majamission sources and “aging

processes”) [Costabile et al., 2008].

RESULTS

The methodological approach before described wasloleed at both the stages,
and applied firstly for major traffic-related aiolputants, and then to UFPs. Initially, a
new methodology for assessing the spatial disipbat of traffic air pollutants at
urban (road-to-ambient) scale was developed [Cistabal., 2006a]. Concurrently, a
new approach to link air quality and traffic aidlpdion at urban scale (stage road-to-
ambient) was studied [Costabile et al., 2008a].r&foee, the two above mentioned
approaches were applied to analyse a real caseFBf Variation in an urban area
(stage road-to-ambient) [Costabile et al., 2007jen, the spatial distribution of
reactive traffic-related air pollutants into a streanyon (namely including chemistry
and fluid-dynamics effects) was analyzed (staghpipes-to-road) [Costabile et al.,
2007a). Finally, the major findings of this workided the assessment of ultrafine

particles near-road, at stage tailpipe-to-road {&@mke et al., 2008b].

DiscuUssION

The methodology to analyse the spatial variationtraffic air pollution was
developed by considering air pollutants’ concerdratin terms of frequency
distributions (FD) of its space series. The dilntiprocesses (indicated by a
LogNormal FD, as explained by the theory of sudgesandom dilution) was shown
to be not the dominant process to fit the spataiations. Conversely, space-FDs of
traffic air pollutants were found to be fitted bliyet Gaussian FD, that is the data
matched the pattern expected if the data was dfesam a population with a Normal
distribution. When traffic emissions in urban areas be considered as sources
spatially diffused (no highways, etc.), pollutantainly emitted by vehicle emissions
show a Normal space-FD being other factors lessvaat. This result is very
important in understanding the characteristic @ $patial trend of these pollutants.
Every process where the pollutant particles shdawanal distribution of the spatial
trend density, satisfies the diffusion equation #mas represent such a mechanism.
The predominant factors influencing the spatial Rijpe of air pollutant

concentrations may, therefore, be associated to diffesion mechanisms in
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atmosphere, rather than mixing and diluting of seuemissions. These factors are
meteorology, presence of relevant emission sousragsion seasonality, changes in
photochemistry, and topography. Moreover, being #patial data distribution
Normal, mean and median values (quite same) caeatty be used to represent the
concentration values of these pollutants all ober c¢ity for air quality management
purposes and calculation of air pollution indexes.

The methodology to allow the communication at re@a@mbient scale between
transport emissions and air quality in real-timeswdeveloped by considering
integrated systems. The successful approach, ¢lyrmender way as case-study in
Beijing, considered the integration of the modeliagnterpret the data measured with
the measurements to validate the data modeled.widik was intended to better
understand how the improvement of transport tedgylboth private and public, the
reduction of vehicles pollution proportion by teckogical, political and scientific
measures and the improvement of emission perforesareould be integrated with
“intelligent” transport management system. Howeverere remains a need to
continue research to improve our understandinghef mechanisms leading to air
pollution impacts from transport emissions, to i@lthe uncertainty in our ability to
quantify the relationships between all emissionsl afl impacts. For urban air
pollutants from road traffic there remain some deutbncerning both the existence
and the mechanisms of cause and effect, partiguiariparticles, which are currently
one of the air pollutants causing most concern.

To this meaning, the number concentration of UFRsewanalysed at stage 1,
from road-to-ambient both near emission sourcesaar@dbackground location. They
were found to be a clear indication of vehicle exdiaources in ambient air. At urban
scale UFPs resulted from three prevailing contrimg. Firstly, a very low urban
background UFP concentration (lower than 1000 #cparticularly visible in
summer. Secondly, a significant contribution dueldoal traffic sources, up to
100.000 #/cmh (traffic site in winter time). Finally, a signifimt contribution due to
secondary transformation processes closely linkeahéteorology, particularly solar
radiation. Transport from sources nearby were flaad to be significant, indicating
significant UFP lifetime in atmosphere. The corafi8 near mobile emission sources
were found to differ from typical background comaits in that particle number
concentrations were much higher, and dilution pgees were much faster and

stronger. The stronger variability induced moreidaponcentration fluctuations,
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probably due to faster and more intense dilutioocesses, which can reduce the
number concentration more rapidly, as well as &igghysical processes other than
dilution, such as nucleation, coagulation, and enisdtion.

The analysis of the stage 2, from tailpipe-to roeseljealed traffic pollutants
emitted at road level to vary relevantly on theticat coordinate even to less than 15
m. The analysis of the frequency distribution (FD)he (spatial) differences between
the two measured (time) concentratigfd each pollutant) gave insights into the
pollutant diffusion mechanisms in atmosphere fraifpipe to road Costabile et al.,
2006h. The spatial distribution of a pollutant governkdgely by local vehicle
emissions (e.g. NO into a street-canyon) was Igrgidtermined by the vertical
diffusion of emissions: difference of concentraiafistributed statistically according
to the Gaussian curve. The higher the chemicatixggcof the pollutant (e.g., O3),
the lower the spatial distribution with a variatyilstrongly influenced by local fluid-
dynamics effects, and a FD influenced by systemfaiitors deviating it from the
Normal FD.

Finally, the number distribution of aerosol paeglspanning from 6 nm to more than
20 mm was analysed on the road (stage 2, from tailmp®ad). It was found to be
governed by the interaction of four Principal Comguts at 92.28% of total variance
explained. This indicated major sources (trafficigmions and long-range transport)
and “aging” processes of particles after the emis$ililution, coagulation, nucleation
and condensation, and gravitational settling), pgeou over the four orders of
magnitude of diameters. The analysis of variabeseing the occurrence of these
processes revealed the number concentration atlearin the 6-26 nm size range
(Ng-26, including nucleation mode particles) to be laygeifluenced by the surface
area of particles smaller than 800 nrgo{Soo including accumulation mode particles)
and ambient T. The highest values @f,hoccurred for threshold values of botkyS
goo and T. In absence of additional data, it was atghat the balance between two
prevailing processes probably triggered the inaedHIN; 26 the availability of $go-
oo for condensation of the vapours emitted, and toeritrolled availability of stable
clusters for nucleation of the same emitted gaBess. finding was a further evidence
that nucleation particles can be both directly &ditfrom the engine and formed in

atmosphere soon after the emission according t@ gmmwerning factors.
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OUTLOOK

There appear at least two directions to proceeah fitte present study. First, the
pursuing towards a stage 0 for UFPs number sizalison from engine to tailpipe.
In order to control level of atmospheric polluticaused by vehicle engine emissions,
the international legislation has indeed estabtisbeer the years a series of tests
designed with the purpose of simulating real engiperating conditions by the
performance of both steady and transient test sydter several sources the non-
steady-state emissions are suspected to be ais@gmifportion of the total air
pollution emitted, and hence, their quantificationay be important towards
determining average emission factors, pollutanoeype and mode-specific pollutant
minimization. The Engine Exhaust Particle Sizer PBEEM, mod.3090, TSI Inc., MN,
USA) spectrometer acquired by the Department of Hdaal Engineering of Tor
Vergata university during this Ph.D. work is antinment designed specifically for
measuring ultrafine particles emitted from internambustion engines and vehicles
with the fastest time resolution available—10 times second—. Therefore, it's
possible to investigate particle size distributinnot only in steady-state engine
operation but also in transient engine operati@prasenting real-world driving
behaviour. The main findings of this further studguld, then, drive a further
direction of research closing the circle indicabgdhis work, that is the assessment of
the spatial distribution of UFP number size disttibn from engine-to-tailpipe-to-
road-to-ambient. This has the potential to finatigicate to what extent number size
concentrations of UFPs measured at the exhaustssioigle engine could reflect the

outdoor concentrations in ambient air in a wholeamrarea.
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INTRODUCTION

1.1. CONCEPTUAL OF THE WORK AND MAJOR OBJECTIVE

During the last decades a growing body of reseaeshinvestigated worldwide
the extremely vast subject of urban air quality[eFenger, 1999]. Measuring any
potential effect of any urban air pollutant reqaitbe understanding of its variation
and distribution in both space and time. Traffiated pollution and its spatial
variations are particular concerns; a comprehenaivderstanding is crucial [e.g.,
Morawska et al. 2002; Briggs, 2000; Ito et al., £0Bim et al., 2005; Pinto et al.,
2004; Wilson et al., 2005; Zhu et al., 2002]. Hoee\current actions are particularly
hampered by a lack of knowledge when characterigiegspatial variability within
urban areas [e.g., Lebret et al., 2000].

The understanding of emissions’ spatial variatian mdicate to what extent
ambient concentrations measured at a single fixedesg., the emission point) reflect
the outdoor concentrations at other sites in thea.afFor particles, the spatial
variability depends on the size fraction. Partidesaller than 100 nm (the so-called
ultrafine particles, UFPs) are more variable incgpand time than fine particles as
they have a higher dependence on particle souares,a faster removal from the
atmosphere [e.g., WHO, 2006; Pekkanen and Kulma0Q4; Monn, 2001].
Consequently, their spatial variability is beliewedoe an important issue to assess air
pollution fate and exposure.

Internal combustion engines are known to be a najussion source of UFPs
[e.g., Weijers et al., 2004; Charron and HarriB03; Alam et al., 2003; Kittelson et
al., 2004; Morawska et al., 2003]. However, in st extensive laboratory studies on
engine emissions, there are few investigations @# Iparticle mobile emissions
evolve and affect air quality establishing a linktyeen sources and receptors [e.g.,
Abdul-Khalek et al., 1999; Scheer et al., 2005;0Bé&skiel et al., 2005]. Moreover,
there is little information on particles smalleath10 nm, which have been regarded
as evidence of particles either truly emitted (Fegd) [e.g., Scheer et al., 2005;
Giechaskiel et al., 2005] or newly formed in thenasphere (Figure 2) [e.g., Kulmala,
2003; Charron and Harrison, 2003; Shi et al., 2@04m et al., 2003].
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Figure 1. Simplified schematic mechanism of the condensatimhnucleation process during
diesel exhaust dilution and cooling. Blue: volaffeSOy); red: semi-volatile organics (unburned
fuel); green: low-volatile organics (lube oil) [Reguced from Scheer et al., 2005].

Thermodynamically

Molecules
stable clusters
Ternary or ion-induced
¢ " ) I t a'ﬂ'r;-\)
Lo HuGEaran <o 5. Neutral or
« & @ %y ion clusters
. “o ao J ™y ‘ ,,w""
Q
@9 ©
Q "
Q Initial
o Q = growth
Q steps
Q
o220
o ¢ ):2)‘)0

Further growth 3'?9))05“
, Aerosol particles
CCN
Figure 2. How particle form and grow. Nucleation may involvemogeneous ternary water—
sulfuric acid—ammonia mixtures or may be ion-inducEhe initial steps of growth include activation
of inorganic clusters by soluble organic moleculeterogeneous nucleation of insoluble organic
vapors on inorganic clusters, and chemical reastadrorganic molecules at surfaces of inorganic

clusters. Finally, cloud condensation nuclei (CE@)n through addition of organic and sulfuric acid
molecules. [Reproduced from Kulmala, 2003]
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Recent field data have shown that the size dididbuof emitted particles
evolves substantially within a few hundred metdrenission [e.g., Shi et al., 2001;
Zhu et al., 2002]. With this respect, it has bekaven that not only is total particle

concentration important, but also the particle siggribution (Figure 3).
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Figure 3. Typical Diesel surface and number weighted [Kittelgt al., 2004] shown with mass

weighted size [Whitby and Cantrell, 1976], and alae deposition [ICRP, 1994].

After release into the atmosphere, UFPs are sugetd complex dilution and
transformation processes. Neither current modetsthmse that will be available in
the near future are tough to be able to covehallspatial and temporal scales that are
involved from the emission (centimetres, millisedsento the urban/regional scale
(kilometres, hours) [Ketzel and Berkowicz, 2004].

In this work, the major objective was to analyse $patial variation of traffic
related air pollution, especially focussing on UFPke process has been analysed
using a two stage structure, namely, ‘tailpipedae’ and ‘road-to-ambient’ [e.g.,
Zhang and Wexler, 2004]. Considering an exhaustgbamitted from the tailpipe,
and dispersing to the background; this parcel egpees two very distinct processes.
First it is diluted and diffused by the strong tuldnce generated by the moving
traffic, moving it from tailpipe to roadside (stade tailpipe-to-road). Then, by the
atmospheric turbulence induced mainly by wind abhdospheric instability, it is
moved from roadside to ambient air (stage 2: raadrhbient). These stages are
extremely different in both of their temporal amghsal scales (e.g., dilution scales,
table 1).
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Stage 1 Stage 2
Mixing force Moving traffic Atmospheric shear and stability
Characteristic speed, u (m/s) 20-30 1-10
Characteristic length scale, | (m) 2-3 50-100
Dissipation ratee~u’/l (m?/s’) 2500-14000 0.01-20
Dilution ratio (1/f) ~1000in 1 sec <10in 10 min
Temperature gradient Steep Flat

Table 1.Comparison between the two stages of dilution mses [Zhang and Wexler, 2004]

The understanding of how this parcel and its cotmagan in airdistributes in regard
to the major factors influencing it was conductedeh The methodology was firstly
based on the analysis of its frequency distribugfelD). In principle, air pollutant FD
tends to be log-normal since extreme high conctotrs are possible but negative
values are not, as explained by the theory of ssbee random dilution [Ott, 1990].
However, air pollutant concentrations were expreéseethis work as space series at
different time periods rather than time series iffeient locations. Therefore, the
study of their FDs in space could be used to utaedshow diffusion mechanisms in
atmosphere (revealed by Normal-FD) can couple witking and diluting of source
emissions to produce air pollutant spatial varr&iqFigure 4) [Costabile et al.,
20064a].

space

“Google:

Figure 4. Schematic of the concentration in space for thtufaoit i at urban scale. The two-
stage variation is indicated, including the traffit spots (tailpipe-to-road processes) and urban
background (road-to-ambient processes).
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This level of analysis has enhanced the compreberdi air pollution variation in
both space and time, in both stage 1 and stagev2aling governing factors (i.e.,
emission levels, meteorological conditions, chemijstgeography and local
morphology) [Costabile et al., 2007a] and principamponents (i.e., major emission
sources and “aging processes”) [Costabile et @08

1.2. ORGANISATION OF DISSERTATION

The current thesis has been divided into 7 Chapters

Chapter 1 The introduction (this one).

Chapter 2 in this chapter the basic definitions and thetwy the air pollutants
generated by vehicle exhaust are summarised. Bartig it is pointed out on particle
emissions, to introduce to the concept of ultrapaeticles described in chapter 3.
Chapter 3 in this chapter the main concepts for ultrafireetigles are introduced,
with particular reference to Legislation, toxicitlynamics and lifetime in ambient air.
Chapter 4 This section presents a new methodology for assgsthe spatial
distributions of the main urban air pollutants dian scale (stage road-to-ambient)
Chapter 5 This section presents a new approach to linkgaality and traffic air
pollution at urban scale (stage road-to-ambient).

Chapter 6 This section presents the application of the talmve mentioned
approaches to the case of ultrafine particles iorban area (stage road-to-ambient).
Chapter 7 This section presents the analysis of the spdisatibution of reactive air
pollutants into a street-canyon (stage tailpipectad).

Chapter 8 This section presents an assessment of ultrafangcles measured near-
road (stage tailpipe-to-road).

Chapter 9 Conclusions and future plans are presented snctimapter.

Appendix This section describes the principal featurethefinstrument acquired by
this Department during this Ph.D. work
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VEHICLE EXHAUST EMISSIONS

2.1. GASES

Diesel and Otto engines (fuelled mainly by gasolitiesel oil, compressed natural
gas, and LPG-liquefied petroleum gas) are actualky of the major source of urban
air pollution in developed Countries. Exhausts @pally contain: (i) NOx, CO, and

HC from Otto engines; (ii) HC, particulate mattand NOx, from Diesel engines.
Sulfur contained into both gasoline (less) and eliesl (more) is emitted as SO

and/or SQ. If complete combustion takes place, all Carboriuiel reacts with the

Oxygen to form C@ and all Hydrogen is transformed into water, adowy to

equation (Eq.1):
+ n+% 0:® nCOz+gH20 (Eq.1).

However, several reasons can modify the compleseokethe combustion in relation
to the combustion and fuels types. They are: @yfficient oxygen and/or air excess
available for complete combustion; (ii) inadequatexing between fuel and

combustion air (local air shortages); (iii) insafént solid fuel pulverisation and/or
liquid fuel atomisation; (iv) gas flame cooling dt® contact with the combustion
chamber walls; (v) too short residence time at heghperatures; (vi) flames burning
under difficult geometric conditions (moved up), iahlet the intermediate products
to pass under the flame (and avoid the completebastion). When hydrocarbons are
not completely oxidised by the combustion, exhagstses contain several

intermediate products, such as alcohols, aldehydesprganic acids, by e.g. equation

(Eq.2):

methane methanol formaldehyle formicacid carborsnonoxide

CH: ® CHIOH® HCOH  ® HCOOH ® CO ® CO,H:0 (Eg2)
yarocarbam alconol alaenyade acl

During either an incomplete combustion or an insight mixing of fuel and air in
flame, part of the fuel can go out unburned with #&xhausts. On the other hand, air
shortages can cause thermal decomposition procgsgesysis). Such decomposition
processes can either follow the partial oxidati@action (Eq2) or bring to the
formation of new hydrocarbons via separation ofrbgén atoms. That's the case of

the processes forming both the aromatics benzeherte and xilene (BTX), and the
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polycyclic aromatic hydrocarbons (PAH). Accordimgthis polycyclic formation, the
reaction process can be summarised as it follod)saddiction of smaller aliphatic
compounds and cycling into hydroaromatic hydrocasbowith medium size
molecules; (2) transformation of hydroaromatic logdrbons into totally aromatic
hydrocarbons; (3); formation of bigger polycyclicomatic hydrocarbons starting
from the smaller ones. If the hydrocarbon-contaninel is heated with no oxygen,
thermal decomposition processes can take place s@d), with hydrogen

progressively separating and soot becoming thé pireduct, namely agglomerates of

elemental carbon and hydrocarbons (Figure 5).

Reaction
time o A
i @ ® ® ® @ <« d= nm
®° o, ...0 @ '.o ... Coagulation
o % 0% o..:.o°.‘ ®
’® o° 0040 g% 0,00, Surface growth
o g %% 0 . ®._® e and coagulation
.. ..... .... 00 .4 © i) .. g
S e s I s 8% Beginning of
particle formation

. Region
.‘ of particles

o

«— d=~05nm

Molecular region _|

Remixed fuel and oxidizer

Figure 5. Schematic diagram of soot formation in homogeneystems or in premixed flames
[Reproduced from Mansurov, 2005].
2.2. PARTICULATES

Ambient particulate mattePM is composed of a heterogeneous mixture of particles
varying in size and chemical composition. Partialig$er in sources, size ranges,
formation mechanisms, and chemical composition @mdcharacterized by various

physical and chemical properties. While physicaperties affect the transport and
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deposition of particles in the human respiratorstem, chemical composition
strongly influence their impact on health [e.g.;H&ldel, 2000].Particles can be
emitted directly from such sources and are commaelfierred to as primary
particulates, or formed in the atmosphere from gaseprecursors and are called
secondary particulates. The chemical complexityPbf requires that sources of a
large number of primary and secondary componentcdresidered Although a
number of national inventories have been develdpegrimary anthropogenic fine
particulates [e.g., UK APEG 1999], a detailed manates emission inventory for
Europe that has been developed is that by TNO [@Beséi et al, 1997]. Figure 6

shows the source contributions in the originalpaislished, TNO inventory.

HRoad Transport Oother Transport Hpower Generation M ndustrial Combustion
N small Combustion Hprocesses B Agriculture Bwaste

2500
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1333882828082 888e2288e8LY

.........................
133381332213332143332423331
500 - 12333999931939949999499381

PM10 PM2.5 PMO.1

Figure 6. EU-15 Primary Anthropogenic Particulate Emissioveimory [Reproduced from
TNO (Berdowski et al, 1997)].

A more recent estimate of ambient PM concentratioriSsuropean cities is shown in

Figure 7.
A
Coarse Particles 1
A
PM2.5 PM10 TSP
UF v A4 \4
Figure 7. The areas of the respective squares roughly shewetative contribution of the

respective fractions to current ambient PM conegiatns in European cities [Reproduced from:
Englert (2004) ]
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Diesel particulates are defined by the US Enviromi@eProtection Agency (EPA) as
“all compounds collected on a pre-conditioned filtediluted diesel exhaust gases at
a maximum temperature of 325 K (125°F)“. Theseipaldtes consist of soot nuclei
(carbon) including inorganic material, adsorbed rbgdrbons (often referred to as
SOF: soluble organic fraction), SO, (or sulphurgdf and some water [Neeft et al.,
1996]. A schematic representation of the compasitsogiven in Figure 1 and Figure
8. The size of the individual soot spheres is 5+#% and the size of the total

particulates is 200 nm.

Droplet of condensed hydro-
®  carbons. On soot spheres as
well as in gas phase

Droplet of sulfate and adhered

©  water. On soot spheres as
well as in gas phase
Figure 8. Schematic of Diesel particulates [Reproduced frozefiNet al. (1996)]

Soot formation occurs in the high temperature, -fiedl reaction zone around
individual fuel droplets, where fuel hydrocarbonsre a oxidized under

substoichiometric oxygen conditions [Neeft et 4B96]. In this reaction zone the
oxidation reaction is limited by the oxygen concatibn. Oxygen transport occurs by
diffusion through the flame front for diffusion ftees. Conversely, for premixed
flames there is the combustion of a premixed amotifiel and air. Temperatures in
premixed flames are higher than in diffusion flamés NO, formation depends
strongly upon temperature and oxygen concentrdgsiea, e.g., Seinfeld 1986; Bosch
and Janssen 1987], premixed flames give rise tohntaiger NO, emissions than
diffusion flames.

The formation of soot is thought to take place a&iaaumber of elemental steps:
pyrolysis, nucleation, surface growth and coagokgtiaggregation and oxidation.
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These processes take place on different time saaleging from a few microseconds
(initial nucleation processes) to some millisecorfdsmpletion of soot formation,

oxidation, and cooling by cylinder expansion). Ryss is the process in which gas-
phase molecules form soot precursor molecules l®g fradical mechanisms.
Nucleation is the process in which soot precursotecules grow into small soot

nuclei. Surface growth is the process in which pihecursor molecules grow from

some |-2 nm to 10-30 nm. Aggregation or chain-fingnicoagulation, which starts at
0.02-0.07 ms after nucleation [Smith et al, 200&alounts for the formation of the
well-known “fractal” structure of soot. Oxidatiorf soot also takes place, lowering
the soot tail-pipe emission.

The composition of particles from the exhausts ddpeon where and how the
sampling takes place. At the tailpipe, where higmperatures occur, most of the
volatile material is in gaseous form. The detaflshe dilution and cooling processes
determine the relative quantity of materials eitlagisorbing or condensing onto
existing particles or nucleate to form new parsdiittelson, 1998]. These issues are
better described in the par.2.3.

2.3. ULTRAFINE PARTICLES

The internal combustion engine emits large amoohtsubmicrometer PM into the
atmosphere. Particles emitted from engines, edpediasel, were firstly categorized
by Kittelson (1998) into three general size ranfpessteady-state operation. The so-
called nuclei-mode[¥, <50 nm) contains as much as 90% of the emitted ghesti
although due to their small size only up to 20%tloé total mass. Nuclei-mode
particles are formed primarily of volatile organexsd sulfur compounds that nucleate
during post-engine dilution and cooling. Metalliongpounds and elemental carbon
make up some of these particles as well. The deecalccumulation-mode (50 n#
D, < 500 nm) is made up of fewer particles, but theigéa diameters result in the
largest mass percentage of the emitted particlesuulation-mode particles are
formed from carbonaceous agglomerates and throoigtiensation and coagulation of
volatile material. The larger particle moda, & 500nm) contributes the least number
and mass to particulate emissions (especially fJiasd is comprised of accumulation
mode particles that have agglomerated while degdsdn engine and exhaust

surfaces. Engine pulse, vibration, and exhaust fim@ntrain these particles, resulting
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in coarse mode emissions. These three groups t€lparform trimodal distributions.
In principle, it may be assumed that exhausts couoteof the tailpipe with a single
log-normal aerosol size distribution (combustiodtined, [Zhang and Wexler,
2004]). It takes 1-3 sec to reach a dilution ratidl000. Assuming & as the gas-
phase concentration of sulphuric acid required dmrary nucleation to take place
[Wexler et al., 1994], when the critical ratio$04(g)/Cerit becomes greater than 1,
nucleation occurs instantaneously giving birth resh nuclei in another log-normal
distribution (dilution-induced, [Zhang and WexI@004]). Nucleation results when
partial pressure is much greater than vapour presfur nucleating speciesThe
partial pressure is simply proportional to the tidn factor. The vapour pressure is a
function of temperature, which in turn is a funatiof dilution factor, f. As f decreases
rapidly upon dilution immediately after emissiorhet supersaturation ratio may
become high enough to induce nucleation. At theestimme, due to their volatility and
the existence of large surface areas of particléee plume, sulphuric acid and many
organic compounds condense quickly on the partiglegch may or may not suppress

* All solids and ligquids have a tendency to evapotata gaseous form, and all gases have a tendemondense
back. At any given temperature, for a particuldrssance, there is a partial pressure (that is thgspre which the
gas would have in a mix of gases if it alone ocedghe volume) at which the gas of that substamae dynamic
equilibrium with its liquid or solid forms. This ife vapor pressure of that substance at that tetype (that is
the pressure of a vapor in equilibrium with its a@por phases). Vapor pressure is an indicatioa buid's
evaporation rate. It relates to the tendency ofeedkes and atoms to escape from a liquid or a.salglbstance
with a high vapor pressure at normal temperatusesften referred to as volatile. The vapor presafrany
substance increases non-linearly with temperatererding to the Clausius-Clapeyron relation. Creatibliquid
droplets in saturated vapour is also characterisedoy nucleation. (Source:

http://en.wikipedia.org/wiki/Vapor_pressure)
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the nucleation. Since nucleation favors compounidls laoth low volatility and low-
molar volume in the condensed phase, high-carbenbeu organics which usually
possess very low vapor pressure but have signtficéarger condense-phased molar
volume, are less likely to be the nucleating spetian sulfuric acid, which may take
a binary form (with water) or ternary form (with tga and ammonia). Extremely
rapid dilution is crucial for obtaining supersatima where nucleation is possible.
Decreases of temperature lead to exponential deesea vapor pressures. The
dilution profile mainly dependent on vehicle typasd traffic conditions may also
affect the occurrence of nucleation.

Knowledge of the detailed PM size distribution ofengine’s emissions is crucial for
the development of emission control devices. Nuclede particles are most
responsive to diffusion forces, and coarse-modeigkes are most responsive to
interception and inertial impaction. However, thajonity of accumulation-mode
particles is only marginally responsive to any loé taforementioned forces and is
often responsible for the minimum efficiency of leaaf the currently existing filter
types [Hinds, 1982]. Although PM size distributidmsve been generalized for steady-
state conditions, subsequent studies have shown dilvadng transient operation,
changing engine parameters strongly affect both gtme distribution and the
concentration of emitted particles [Liu et al., BDOAs after-treatment devices are
integrated into diesel exhaust systems, the trah&eission response could alter
their effectiveness. Measurement of an engine dipgréransiently is more difficult,
however, because both the speed and the load a@nijee change as a function of
time. These factors result in changing the air/fregio, mixing pattern, and in-
cylinder temperature, which in turn influence tleenfiation and composition of PM
inside of the engine [Heywood, 1988]. Additionaltiie dilution and cooling of the
exhaust are effected by the changing engine camditithus altering the particles in

the exhaust stream.

2.3.1. DIESEL ENGINE

The particle size distribution of diesel exhauspidglly displays two modes,
accumulation and nucleation modes [e.g.: Ronkkal.e2006; Kittelson, 1998]. The
accumulation mode in the vehicle exhaust is notsitga to dilution conditions

[Kittelson et al., 2002; Maricq et al., 2002]. Lidunucleation mode particles are

usually smaller than 50nm in diameter and form mydlilution of exhaust gas. Thus
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the formation is sensitive to dilution parameteustsas dilution ratio, temperature
and relative humidity of the dilution air, and thgact development of temperature
and instantaneous partial pressures of vapoursmglutilution. The tendency of
nucleation has been connected with high sulphuhigh hydrocarbon content in
exhaust gas. Therefore, the formation of nucleatiaae particles indirectly depends
on engine parameters, fuel and lubricant oil propgrand after-treatment systems. A
number of studies report enhanced nucleation moaedtion with increasing engine
load [Vogt et al., 2003; Mathis et al., 2004a; Giaskiel et al., 2005]. Giechaskiel et
al. (2005) and Vogt et al. (2003) have linked highecleation mode concentrations at
high engine loads to higher exhaust gas tempesaane thus to enhanced 8©SQ
conversion in oxidation catalysts [Maricq et al002]. Also sulphur content of fuel
affects the nucleation [Khalek et al., 2003; Vogtak, 2003; Ntziachristos et al.,
2004]. On the other hand, Kittelson et al. (20@&ito et al. (2002) and Lehmann et
al. (2003) have reported increased tendency ofeation at low loads. Vaaraslahti et
al. (2004) found nucleation mode with a catalyst arparticle filter at high load, but
without after-treatment at low load. They propogbd two cases represent two
different processes of nucleation mode formationhigh load the process is sulphur
dominated, while at low load the hydrocarbon speei® important. At low loads the
hydrocarbon concentration in exhaust gas is hightha SQconcentration low. The
high air-fuel ratio at low loads keeps temperatlo®g and combustion inefficient,
favouring hydrocarbon formation. At low exhaust gasnperatures the possible
oxidation catalyst is inefficient in oxidizing hyatrarbons and SO In addition,
Mathis et al. (2004b) have shown by laboratory expents that hydrocarbons have a
clear effect on nucleation mode concentration.

New particle formation is very likely in the firstage dilution of diesel exhaust and
occurs when the dilution ratio is around 30-80; trewth of nucleation mode
particles could be significant and is very sensitto the amount of condensable
materials remaining in the gas phase at tailpipe esxagulation is usually too slow to
significantly change aerosol size distributionsghis stage.

Liu et al. 003 also explained that low exhaust gas temperatwesjrring during
idle and declining loads, create favorable condgitor the formation of nuclei-mode
particles. In addition to exhaust conditions, poers studies [Vaaraslahti et al., 2004;
Shi et al, 1999; Ronkko et al., 2006] have posifiveorrelated the formation of

nuclei-mode particles to unburned hydrocarbon domnssduring low and declining
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load conditions. Finally, Liu et al. (2007) haves@lseen nuclei-mode particles
occasionally forming during accelerations. Heywd@888 explained that if over-
fueling occurs during acceleration, hydrocarbonssions will be increased. As the
engine load and EGT increase, volatile compoundgs less opportunity to nucleate,
and more accumulation-mode particles are emittesl tduhigher fuel consumption
inside of the cylinder [Kittelson, 1998 ;Heywood@B). This is especially true for
increasing load conditions such as acceleratiomschwdo not exist in steady-state
analyses. Finally, several bimodal distributionvehappeared throughout the FTP
cycle of a Diesel engine and are usually seen duguickly changing engine
conditions (Figure 9). When the engine is accelegatdecelerating, or the load and
EGT are changing from increasing to decreasing/ise versa, conditions are often

favorable for both types of particles to form.

Figure 9.Particle size distribution of a Diesel engine thlylbout the FTP HD cycle (top), during an
acceleration (bottom left) and during a deceleraflmttom right) for transient 2 test as compared t
the particle size distributionsoduced from steady-state testing (a-c) [Repradifrcen Liu et al., 2007]
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The relative magnitudes of these modes then deperttie precise load, speed, fuel
consumption, and EGT at the time of particle foiorat The results of these quickly

changing conditions rarely can be seen during gtstate testing.
2.3.2. SIENGINE

Laboratory studies [CONCAWE, 1998; Graskow et 8b3; Greenwood et al.,1996;
Hall et al., 1998; Maricq et al., 1999a,b; Rickeadal., 1996] have shown that
nanoparticle emissions from Sl engines are muchenspeed-and load-dependent
than diesel engines. Gasoline engine exhaust |esrtigre thought to be usually
smaller than those emitted by diesel engines, mamthe nuclei mode region [e.g.,
Kittelson et al., 2006a,b; Graskow et al., 1998je¥ are often composed primarily of
volatile and semivolatile materials, although askyrbe the major constituent in some
cases. Lube oil may play an important role in tii@mation.

The mechanism of particle formation in gasolineieeg is very different from that in
diesels and not as well understood. In a gasolngene, fuel and air are premixed
before combustion and combustion takes place uddemically correct conditions.
In a diesel engine combustion initially takes plata fuel-rich jet that subsequently
continues to oxidize as it mixes with air. The paimn combustion process in a
gasoline engine should not make particles. Parfmimation in a gasoline engine
results from local inhomogeneous conditions — fpebling, big droplets, cracks,
crevices, etc. Formation is much more dependenpmrating conditions than with
diesel engines, increasing strongly at high lodadsring cold starts, the fuel-air
mixture in a gasoline engine is very rich, leaditrg significant EC formation.
Gasoline “high emitters” with some combination ofh oil consumption and rich
operation may produce particles much like thosmfabder diesel engines.

There have been several studies on gasoline emrgin@usts conducted by various
researchers and no convincing evidences of nuoleatwve been found yet [Maricq et
al., 2002; Zhang and Wexler, 2002b]. It has be&singy thus questions whether there
are nucleation events in gasoline exhaust at Bing and Wexler (2004) showed that
in terms of sulfuric acid concentrations, gasolieegine exhausts still favour
nucleation. So very likely nucleation is occurribgt probably the fresh nuclei cannot
grow to the detectable size under experimentakal-world conditions. Zhang and

Wexler (2002b) proposed the hypothesis that thesshfnuclei have been fully
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neutralized by ammonia produced by the catalystesyso that the acid-catalyzed
chemical reactions, which are crucial to the eaghpwth of these nuclei, are
precluded. Then those small nuclei are easily stligescavenging by larger particles.
So unlike diesel exhaust, the characteristic partgize distributions measured in
gasoline exhaust were usually mono-modal with asipts ‘hidden mode’ below the

particle size detection limit.
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ULTRA-FINE PARTICLES IN AMBIENT AIR

Whilst PMwo (mass of particles with an aerodynamic diametes lggmn 10nm)
emissions are regulated and there are plans tadedtegulation of Pk (mass of
particles with an aerodynamic diameter less th&nn®n) in several countries, no
regulations exist with respect to submicrometertigas (d<1 nm) or ultrafine
particles (UFPs, d<100nm) in terms of particle nemfsee par.3.1). These particles
in ambient air usually show the following modese4h” nucleation mode (3-9 nm) ;
“aged” nucleation mode (9-30nm) ; Aitken mode, 3@Am; accumulation mode,
110-800nm [e.g., Birmili et al., 2001 ] (Figure ®ecent health studies [e.g., Sioutas
et al., 2005; Oberdorster, 2000, 2001] have shadwat UFPs can have a greater
adverse effect on men health than larger particlédbe same composition since they
are capable of penetrating deeper into the regpyrdtact (see par.3.2). Furthermore,
particle dynamics and lifetime in atmosphere caflu@mce visibility, radiative
balance, climate change, with the extent dependlenle size distribution and nature
of the aerosols; a better understanding of thefsctef requires knowledge of the
mechanisms by which new particles nucleate and gnotlie atmosphere [Kulmala,

2003] (see par. 3.3). These issues are bettersdisdun the followings.

3.1. LEGISLATION

The COUNCIL DIRECTIVE of 15 July 1980 (80/779/EEQkfers to the
determination of black smoke and its conversiol igtavimetric units in Annex |.
Alternatively, Annex IV refers to gravimetric measments without specifying the
size fraction to be sampled. During the followingays, more data on health effects
emerged suggesting smaller particles to be moreortapt. The COUNCIL
DIRECTIVE 96/62/EC of 27 September 1996 on ambanguality assessment and
management (Framework Directive) listed fine patdte matter such as soot
(including PMo), andSuspended particulate matter among the atmosppeltidants

to be taken into consideration. The COUNCIL DIRERHEI1999/30/EC of 22 April
1999 (First Daughter Directive) defined limit vatur PMowith a Stage 1 to be met
by January 2005 and indicative limit values in tagoreseen to be met by 2010, but
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to be reviewed in the light of further information health and environmental effects,
technical feasibility and experience in the appiama of Stage 1 limit values in the
Member States. The scientific background was desdriin the Position Paper
Ambient Air Pollution by Particulate Matter (1997).stated: There is increasing
evidence that health effects occur at very lowlgeweé PM, and without an apparent
threshold. This evidence arises from studies,alitiin the US, but which have more
recently been carried out in Europe and elsewheité wimilar conclusions. These
studies have, in general, used different measufgsdicles, but the majority have
used PMoand the Group felt that this was the most appradprismeasure for a limit
value for particles at the present tifieGood reasons might be given for considering
other fractions rather than just PM e.g., PMs, and there might be an increasing
need of such kind of measurements in the futureprégdent knowledge on health
effects of particle fractions is insufficient, asdfficiently standardised measurement
methods are not available to provide a sound bdsrslimit values for particle
fractions smaller than PM As this will probably change in the future, limalues
set for PMonow may have to undergo revision at a later stggeg., see Englert,
2004]. WHO (2004) summarizes the results of thete3yatic Review of Health
Aspects of Air Pollution in Europe as followsNévertheless, there is sufficient
concern to consider reducing exposure to coarséigas as well as to fine particles.
Up to now, coarse and fine particles have beenuatatl and regulated together, as
the focus has been on RMHowever, the two types have different sourcesraag
have different effects, and tend to be poorly datesl in the air. The systematic
review therefore recommended that consideration gdeen to assessing and
controlling coarse as well as fine PM. Similarlyifrafine particles are different in
composition, and probably to some extent in effieotn fine and coarsearticles.
Nevertheless, their effect on human health has besrificiently studied to permit a
guantitative evaluation of the risks to health gpesure to such particlés

The results of research conducted in the last de¢ae, therefore, significantly
increased the evidence on health impacts of p&teumatter (PM). This newly
accumulated evidence was used to review and upteeWHO Air Quality
Guidelines, completed in 2006 and resulting intaosguidelines for PNy and PM s
[WHO 2006]. The research data for PM indicate ttiegre are risks to health at
concentrations currently found in many cities iveleping and developed countries.

Moreover, the research has not identified threshblelow which adverse effects do
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not occur. In addition to PMand PMo, ultrafine particles have recently attracted
significant scientific and medical attention. Theli@lines conclude that,while
there is considerable toxicological evidence of eptial detrimental effects of
ultrafine particles on human health, the existirgdy of epidemiological evidence is
insufficient to reach a conclusion on the expostgsponse relationship to ultrafine
particles. Therefore no recommendations can beigdeavat present as to guideline

concentrations of ultrafine particle$WWHO, 2006].

3.2. Toxicity

The health burden due to PM air pollution is onehaf biggest environmental health
concerns around the world [WHO, 2007]. Airborne tigbes are associated in
epidemiological investigations with a range of ageehealth outcomes including
increased illness, hospitalizations, and mortatdies [e.g., Dockery et al., 1993;
Burnett et al.,, 2000; Samet et al., 2000; Dock&301; Pope et al., 1995, 2002;
Schwartz et al., 2002; Brunekreef and Holgate, 2Q(2 Hartog et al., 2003]. A
particularly vexing research challenge has beentifyeng the physical and chemical
characteristics of PM to determine toxicity.

Adverse health outcomes have been associated aitbhug size fractions within the
PM range. Particle deposition in the respiratoagtis determined predominantly by
three mechanisms that move particles out of theasts of inhaled and exhaled air
towards the airway walls, where they are depogiegl, Fell et al., 1997] (Figure 10).
These mechanisms are (1) sedimentation by grait@tiforces acting on particles >
0.5 mm aerodynamic diameter, (2) impaction caused byr theertial mass in
branching airways acting on particles > Inth aerodynamic diameter, and (3)
diffusional motion of particles < 0/8m (thermodynamic diameter) by thermal motion
of air molecules. Each mechanism becomes relevanthe given size range. The
larger thoracic coarse particles are primarily cd#ed in the nose and in larger
airways due to impaction, because they cannotviotloe air stream at bifurcations;
these particles are filtered out of the air streard cannot penetrate down to the deep
lung. Smaller particles can pass through the laig@ays and are deposited in the
lung due to sedimentation (settlement of partialeesting air due to gravity). These

fine particles may preferentially affect the caxdiscular system.
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Figure 10. Respiratory tract regions defined in the ICRP matlon 66 model [Reproduced
from Fell et al., 1997]

Recent health studies have reported that ultrgfaréicles (UFP) may be responsible
for some significant health outcomes, even thougdy taccount for a very small
portion of total PM mass [Donaldson et al., 1998)e@dorster et al., 2000;
Obersdorster, 2001; Penttinen et al., 2001]. Ulteafparticles (UFP) behave like
diffusing gas molecules and stochastically dispetge to Brownian motion (the
smaller the particles, the more effective is Braamimotion). They have higher

particle number concentration and surface arealtrger particles, more insidious as
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it can deeply penetrate and deposite much moreiagifly than larger particles into
the lung cavity [Brown et al., 2002; Jaques and K2000; Kim and Jaques, 2000;
Smith et al., 2001a; Daigle et al., 2003], whereytlare not efficiently removed by
macrophage clearance mechanisms, and may causemuatidamage to lung tissue
[Donaldson et al., 1998; Hughes et al., 1998; Wall Framptom, 2000; Seaton and
Dennekamp, 2003]. UFPs may also migrate via thg tarother locations transported
through the blood stream to the heart, brain, Jispteen, placenta and fetus [Nemmar
et al., 2002; Obersdorster et al., 2002]. Anotheute of internal exposure is
translocation of UFP via the olfactory nerve systerthe brain [WHO, 2007]..

The health implications of these observations remaknown, and intensive research
continues [WHO, 2007].

3.3. DYNAMICS IN ATMOSPHERE

The study of number distribution can be traced kacthe derivation of the general
dynamic equation [Gelbard and Seinfeld, 1979] dbsag the number distribution of
an internal mixed aerosol over time. In an Euleframe of reference, this equation
can be written as (Eq.3) [Zhang and Wexler, 2002b]:

(D, x,t) localrateof chang
It

+[V(x.t) - V,(D,)K] Nn(D,, x,t)(spatialavvectionandgravitational settling
=- ﬂl‘l)T [1(Dp, X, )N(Dy, x,t)]{condensatin/evaporton)
P
, D ¥ bl(Dg - BF),D,,xt],
2 (DS _ D:!)ZIS
¥
- N(Dp, %,t) H(Dp,D_,x,t)N(D_,x,t)dD (coagulatioout) [Eq.3]

0

+N5{K(x,t)Nn(D,, x,t)]{spatialdiffusion)
+ N(D5, X, t)(nucleatior
+E(D5;, X, t)(emissior)

+ R(D;, x,t)(chemicalreactior)

n[(D7 - DZ)*,x,tin(D_,x,t)dD_(coagulatimin)

0

where:
- n(Dp,x,t) = number distribution
- n(Dpx,t)dDr = number concentration of particles in the range, [D
Dpt+dDp]

Page 35 of 122



Costabile , F. Dissertation

- 1(Dp,x,t) = rate of change of particle diameter §id) due to condensation
and evaporation

- b(Dp, Dp) = coagulation coefficient for particles with diatar D> and Dp

- x= spatial coordinate vector

- t=time

- V=wind velocity vector

- Vssettling velocity

- k=unit vector in the vertical direction

- K(x,t)=turbulent diffusivity tensor

- N=nucleation rate of particles in the range,[Dp+dDp]

- E=emission rate of particles in the range,[Dpt+dDg]

- R=reaction rate of particles in the range,[Dp+dDg]
In this framework, the dynamics of aerosol in atplese, and the lifetime can be
analysed in terms of three important steps: [HolR2€@87;Zhang andWexler 2002a;
Kerminen 1999]:
(i) formation of an initial nucleus. New particlehout 1 nm in diameter, are formed
by nucleation through a number of different mechars (see par.3.3.1)
(i) Growth of the particles to larger sizes. Thegsarticles grow as a result of
coagulation with other particles or condensatiorga$-phase constituents at a rate
dependent on factors including particle size, cltahomposition, concentration and
temperature (see par.3.3.2).
(i) Loss. Particle loss occurs through depositionSettling velocity becomes
important when particles are larger than aboutni Vertical transport of aerosol
particles is governed by turbulent diffusion, adist and gravitational settling. It is
expected that for the smallest particles settliniglve negligible compared to vertical
turbulent diffusion, but for particles sufficientharge it will be significant. Their

spatial distribution (see par. 3.3.3) comes to hendamental issue.

3.3.1. PARTICLEFORMATION

Thetwo major processes introducing new patrticles theoatmosphere are:
- in situ production (nucleation)

- direct emission from sources such as combussea spray, dust, etc.
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Particle nucleation in the atmosphere has exerdtseaninds of scientists since John
Aitken built the first apparatus to measure the banof dust and fog particles in the
late 19th century. Although several mechanismspianrticle nucleation have been
proposed, it remains unclear which of them dommatethe atmosphere [Kulmala,
2003; Jung et al., 2006]. Several mechanisms hege proposed including:

() homogeneous nucleation involving binary mixturef sulphuric acid and water
[Nilsson and Kulmala, 1998; Vehkamaki et al., 2Q02]

(i) homogeneous ternary nucleation (sulfuric a@mdmonia-water) [Kulmala et al.,
2000],

(iif) nucleation of organic vapors [Marti et al997; Zhang et al., 2004b],

(iv) ion induced nucleation of binary, ternary,ayganic vapors [Laakso et al., 2002],
(v) halogen-oxide nucleation [Hoffmann et al., 2D01

Spontaneous nucleation can occur when the vapssyre of sulphuric acid exceeds
the saturation vapour pressure of the sulphuridd-acivater mixture (binary
nucleation). However, the rates of nucleation afeno much smaller than the
observed production, therefore, in the majoritycakes new particle formation is
dominated by processes other than binary nucleattdowever, under certain
conditions (industrial plumes) binary nucleationnesm of sulphuric acid and water
mixtures can still be significant. Classical thesrggests that sulphuric acid cannot
exist in free form and is either bound in ammoniisulphate or ammonium sulphate
cluster or hydrates [Holmes, 2007]. Therefore, beeaof its high concentration in the
troposphere and ability to decrease the vapourspresof sulphuric acid above a
solution it has been proposed that the enhanceléation rate is a result of a ternary
reaction between ¥/H,SO, and NH3 (ternary nucleation). However, the congumari
of the results of the new ternary model with pdetiformation observations clearly
suggests that there must be other so far unknovamamésms operating. lonic charge
in particles can increase the formation of largartiple as a result of enhanced
stability of the charge clusters and higher grovetes due to the electrostatic forces
(lon induced-nucleation, IIN). The mechanism of li¥ still not clear and model
simulations are generally based on the assumptiahthe core consists of negative
bisulphate ions and the critical cluster is stabii by ammonia. All schemes are
based on the classicalicleation theory, on which the nucleating molecualasters

are treated as macroscopic droplets—a questiorsgdgeoach given that the clusters
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often contain fewer than 20 molecules; ideally, thecleation process should be

investigated with molecular dynamics [Kulmala, 2P03

3.3.2. PARTICLEGROWTH

Another important issue is what species are inwblvethe growth of these nuclei.
This step is also uncertain [e.g., Stanier et 2004]. These particles have been
proposed to grow by condensation of sulfuric aeidd self-coagulation. However,
these processes are relatively inefficient: thedemsation of sulfuric acid alone is
often not sufficient to grow these nuclei to detbte sizes, since these particles have
a very short lifetime before being lost through guation with larger existing
particles [Gaydos et al., 2005]. To aid in the gilowf these particles, additional
growth mechanisms have been proposed, such astigemsation of organic species
[Kerminen et al., 2000], heterogeneous reactiongafg and Wexler, 2002a], ion-
enhanced condensation, heterogeneous nucleatiargahic insoluble vapors on
ternary clusters [e.g., Kulmala, 2003], activatmmnthe clusters for condensation of
soluble organic vapors, chemical reactions at tifases of small clusters [Zhang and
Wexler, 2002a], multicomponent condensation ofaarg and inorganic vapors
(Figure 2).The limited experimental evidence indicates a pdémole for organic
compounds [Novakov and Penner 1993; Rivera-Carpial.e1996]. Recent work
considers the potential for heterogenous reactiohsSO, [Kerminen 1999] and
organic compounds [Kerminen 1999; Jang and Kaméfx;2Zhang and Wexler
2002a] to significantly contribute to growth.

The nucleation and growth of new particles seemcur almost everywhere in the
atmosphere. lon clusters are always present , Bednticleation of new aerosol
particles seems to be controlled by the very ihgiaps of growth and the competition
between condensation and coagulation. The more thpi condensation growth, the
larger the fraction of nucleated particles thatl wilrvive. Chemical reactions in the
particle phase cannot form new particles, but mayse them to grow or shrink
similar to condensation and evaporation.

Coagulation results in the formation of a singletipke following a collision between
two aerosols. Two physically different cases shobkl considered: intermodal
coagulation and intramodal coagulation. Intramodabgulation can hardly be
important for number distributions except in thseaf the extremely high number

concentration, such as near emissions or just afteucleation event. Intermodal
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Brownian coagulation may be important for the numéstribution of sufficiently
small particles (smaller than 0.@%n)

Coagulation of small particles with large ones witit change the number of large
particles, but will reduce the number of small jgdes. In addition, coagulation onto
large particles is similar to condensation in tihahay result in significant ‘growth’
and ‘shift’. The diameter of a new particle,, @fter small particles with diameteg D
coagulating with large particles with diametey, 3 roughly [Zhang and Wexler,
2002b]:

Being often D|3 >> Df, small particles coagulating with large ones wilbt

substantially alter the diameter of the largeripkas, which means the shifting speeds
are very slow. This ‘growth’ term can be neglectadd coagulation does not
significantly affect the size distribution of largarticles. The time scale for depletion
of the number of small particles due to Browniaagwdation is [Zhang and Wexler,
2002b]:

ns

Fogn = |——
coag dns
dt

Large diffusivities promote coagulation, but thedsition velocity will also become
larger. Tiny nuclei are subject to scavenging lseprsting particles and their surface
depositions can be neglected. Volatile gases neadihdense on particles to make
them grow. When particles grow larger, their difitses decrease, and so do the
coagulation rates, i.e., condensation may supmasgulation.

The rate at which small particles coagulate witlyéa ones (ty) is proportional to the
small particle diffusivity, Ds:

dD,
dt

L 1
c,g DS

If tcgis bigger or the same magnitudetasy, small particles coagulate before they
grow too large and coagulation is important. Othegwcoagulation can be ignored.
Due to the rate of the process, coagulation isamogfficient mechanism for particle
growth under typical urban conditions. It can hgrmitcur before condensation grows
particles too large to efficiently coagulate. Rae$ tend to coagulate on particles
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larger than about 0.0Bm and particles larger than about 0% do not coagulate
onto even larger ones.

Condensation is typically the partitioning of smscibetween the gas and particle
phases as the result of concentration differeneégden the ambient and equilibrium
concentrations [Holmes, 2007]. However, due to lginty between the size of the
nanometer-sized particles and the gas moleculedecsation onto the new particles
is best determined by the rate of collisions betw#élge gas molecules and the
particles [Lehtinen and Kulmala, 2003].

The term in (Eqg.3) describing the condensation lmamvritten by (Eqg.4) [Zhang and
Wexler, 2002b]:

1 | n
- [1(Dp,x,t)n(Dp, x,1)] = - + - | =
D D D
ﬂ :n(D ) 1?(; f) T e
= - P)Xl - n P)Xl
D, n(D,,x,t) + D, I (Dp, X,1)

The first term on the right-hand side of Eq.2 is trowth’ term, which is caused by

a gradient in | over R M1 §.The second term on the right-hand side of Eq.2
P

represents the ‘shift’ in the distribution due tondensation and evaporation. As
condensation proceeds, the particle diameter bexdarger and the distribution

‘shifts’ to the right. In case of evaporation, theve ‘shifts’ to the left.

Condensation and evaporation do not change thé noraber of particles in an

aerosol population, but they may alter the distrdny leading to “growth” of number

distribution.

Volatile gases tend to evaporate from the surfatesnall particles and condense on
larger ones. Particles larger than aboumf are not affected significantly by

condensation and evaporation.

3.3.3. SPATIAL DISTRIBUTIONS

Particles typically form during the late morningdathen grow throughout the day,
reaching growth rates of 1 to 20 nm/hour [Kulmaf2Q03]. Various field

measurements have been conducted to measure tidepaumber concentrations
near roadways and dilution is found to be the damirmechanism that alters particle
number concentrations [Shi et al., 1999; Zhu et28l02; Zhang et al., 2004]. When a

plume dilutes, every small parcel of air containseatain fractionf of the original
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exhaust, and-f of the ambient, beindilution factor=f, anddilution ratio=1/f [Zhang
and Wexler, 2004]. The plume concentration fortispecies [Kerminen and Wexler,
1995] and the aerosol number concentration exparigra dilution process [Zhang
and Wexler, 2004], can be given by:

C=C,+TXC-C,)

and
1_Ce-Cia

f C-C,

Similar equations govern aerosol number conceotrati(Dp, t) experiencing a

dilution process:

N(D,,t) =n,(D,,t) + f Anc(D,,t)- ny(D,,1)]

and

1_ Ne(D,,t) - Ny (D,,t)
f  n(D,t)- ny(D,,t)
where:

Ci = plume concentration for inert species,

n(Dp,t) = n= aerosol number concentration,

A=ambient,

E= exhaust.

Turbulence dilutes the exhaust. Consider an exhzarsel emitted from the tailpipe
(dilution stage 0), dispersing to the backgrourds tparcel experiences two very
distinct dilution processes [Zhang and Wexler, 30@#st it is diluted by the strong
turbulence generated by moving traffic, movingrdnh tailpipe to roadside (dilution
stage 1. tailpipe-to-road), and then by atmosphariaulence induced mainly by wind
and atmospheric instability, moving it from roadsid the ambient (dilution stage 2:
road-to-ambient). Although dilution is the most on@ant mechanism in altering
pollutant concentrations in both stages, the madei are conspicuously different
(Table 1). The relative dilution magnitudes can bangdied by comparing turbulence
dissipation rates in the two stages, namelyand ex, respectively. Dissipation is
characterized by, where u is the characteristic speed and | teacteristic length
scale. For turbulence generated by moving trathe, characteristic speed and the

length scale are the speed and the height of moveigcles, respectively. For
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atmospheric turbulence, wind speed is the chaiatitespeed and the integral length
scale of atmospheric turbulence close to the grasiatiout 50—100m [Baker, 2001].
First stage dilution (indicated by 1/f aed is much stronger than the second one so
that the first stage dilution is almost independehatmospheric conditions, while
mainly depending on traffic speed and road condétioThis traffic-generated
turbulence dominates dispersion near highways aadimportance for initial
dispersion of pollutants has been recognised [Rab,e2002].

Previous field studies and laboratory experimeaigehanalysed such distinct dilution
stages. At stage 1, it has been found (i) dilutetio ~ 1000 or more reached 1-2 sec
behind tailpipe [Kittelson, 1998]; (ii) dilution tia increased exponentially to 350
within 2.54 m downwind exhaust outlet in wind tuhsgmulation of HD trucks,
within 0.5 sec [Kim et al., 2001]; (iii) dilutionatio=1000-4000, 2-3 m away from
passing vehicles in less than 1 sec [Shi et alQ2ROAt stage 2, (i) particle
concentrations at 10 m from highway <3.5 times aghmas those 700 m from
highway [Kittelson et al., 2004]; (ii) particle coentrations 2m from curbside ~4
times higher than 30-100m away [Shi et al., 1998]is worth mentioning that,
however, processes other than dilution often affdet spatial variation of
concentration from exhausts to ambient. This, tloeegfresult in a more complicated
relationship. The analysis of this issue is the majogective of this work, and is

discussed in the followings.
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ROAD-TO-AMBIENT: AIR POLLUTION SPATIAL
DISTRIBUTIONS?

4.1. INTRODUCTION

During the last decades a growing body of reseheshinvestigated worldwide the
extremely vast subject of urban air quality [e.genger, 1999]. Monitoring any
potential effect of any urban air pollutant regsir@a high number of joint

measurements. Diffusive sampling technique has pegposed for multiple purposes
[e.g.: Ferm and Svanberg, 1998; Fagundez et ab];2Qimmel and Kaasik, 2003;
Cox, 2003] including traffic-related pollutant evation [e.g.: Lebret et al., 2000;
Janssen et al., 2001], and spatial distributmagping of air pollutants [e.g.: Atkins

and Lee, 1995; Krochmal and Kalina, 1997]. Howewdy a few of all these studies
has been conducted in urban environments, oftertelimto deployment of low

sampling-density measurement sites and to detetimmaf only one to three species
(mostly NG, SO).

Urban air pollution is usually represented as tirseries of the pollutant

concentrations. In this respect, pollutant freqyeddstributions (FD) have been

intensely studied since 70ties [e.g.: Choch etl&l75; Bencala and Seinfeld, 1976].

2 This chapter was published in the paper: Costatild., 2006 / Atmospheric Environment 40 (33), B8395.
The text was rearranged to fit the format of th&sdrtation.
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Many types of probability distributions have beesed to fit air pollutant

concentration data: lognormal [Mage and Ott, 19Q4p and Friedlander, 1995],
Weibull [Georgopoulos and Seinfeld, 1982], pseuntpthormal [Mage, 1984] and
Type V Pearson [Morel et al., 1999]. As time serads pollutant concentration data
collected at each station are usually characteriged strongly right-skewed uni-
modal FD [Georgopoulos and Seinfel, 1982]. Consetiyieeven if no one FD is

always the best data representation, the log-noimalearly a useful one and is
selected most often [Bencala and Seinfeld, 197&r@&poulos and Seinfel, 1982;
Ott, 1990]. Nevertheless, systematic studies comugrFD of space series of air
pollutants [Lee, 2002; Orlinski, 2002], and partasly the Normal distribution

(NFD), are scarce in literature.

This chapter reports some of the results of a warkied out in Suzhou (2.07 million
people), one of the top-ten cities of China [Coi¢aét al., 2006a] with the objective
to preliminary assess major air pollutants in apaarenvironment in order to infer

source contributions and frequency distributions.
4.2. METHODOLOGY

The sampling was carried out during August and Gat@003. 900 samplers of 0
NOx , NO, and 300 samplers of BTX were taken for this workusing Analyst®
diffusive samplers. They were located around 100psiam locations systematically
selected over the study area with a protocol thaihiy defines how representative
these sites are. Sites located near known souetlestrthe impact of these sources on
the locations [Costabile et al., 2006b]. Statistazta processing was performed using
SigmaStat 3.0 and SigmaPlot 9.0 software packafes.data set, consisting of n
elements (n=1.200), was treated as a 3-dimensstatidtical sample defined by Eq.5:

il [NOz; NOx SC, Benzene‘l’olueneXerne}

X = Xik; jT[o 99 (EQ.5)
ki [1.3
where: i = air pollutant; j = site ID; k = campaidD; x = concentration of the air

pollutanti at sitej during thek™ campaign. Frequency distribution (FD) were

calculated for each andk fixed varyingj. R, the correlation coefficient (covariance

divided by the product of the sample standard dewia) was calculated for each

fixed k to measure the relationship between each couple columns
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XLk = (Xi10, kK. Xi1L k... X198 k)" and X2k = (Xi20,k.Xi21 k... Xi200k)" of the

variablex; (eq.1), for eachy andi, | [NOz; NOx SC», Benzengloluene Xylend. To
secure a correct form of statistical evaluationdhys averaged data were tested for
frequency and normality of distribution. The Kolmoge-Smirnov test was used to
investigate the data Normality [Pardo-lguzquiza &uivd, 2004]. According to this
test: (1) K-S distance represents the maximum catwel distance between the
histogram of measured data and the Gaussian distnibcurve of data; (2P valueis

the probability that the population of data measuredasmally distributed, namely P
values for the significance level are used to deitee whether there is a statistically
significant difference in the mean values of theaswed data and normal

distribution. If theP computed by the test is greater than an acceptddel of

significance P, the data can be considered Normal. Tedue of Pwas set to 0.05
[Lu and Fang, 2002], wher@=0.05 is the acceptable probability and 10@&J95%
the confidence interval, assuming no significarscepancy at the 5% significance
level between the estimated and measured diswisitof pollutants. The same
procedure was used to investigate the Lognormadiilalision (LnFD). It is important
to note that thid value does not affect the value of K-S distancedxpiains if the
difference in the mean values of the groups is tuehance or due to random
sampling variation.

Air pollutant concentrations x%x (Eq.1) are presented for each pollutant i broken
down by exposure type of sampling locations inftiven of box plot graphs (Figure
11). The results of the Kolmogorv-Smirnov normategt are shown in Table 2.
Three important points should be kept in mind whee teads the experimental data
discussion that follows below. First of all, all tfe sampling sites were located in
proximity of significant emission sources of thebam area due to our aim to
investigate the source-receptor relationship. Theeslis the sampling site to a local
emission source, the clearer is the influence ahssource upon the related air
pollutant concentration field. Therefore, the ddtavged give information on whether
the location of these sources or the impact thelyenratheir immediate environment.
Secondly, diffusive samplers can only integrateosxjpes to give a cumulative value
of all the hourly fluctuations in pollutant gas centrations. Therefore, they are
suitable to describe the spatial distribution af pollutants even though temporal
trend inside the integration time cannot be digedeétermined. Finally, the seasonal
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variability certainly showed up in the data is heoese limited because based on

campaigns over only three adjacent periods.

Figure 11. Boxplot graph of N@, NO,, SO, and BTX concentration data (img/m®) measured
in Suzhou in 2003 broken down by type of samplitagi@ns exposure in October (third campaign)
and August (average of first and second campafgnurban background; B=residential area;
Bind=industrial area; C= heavy traffic, DT= downtowrea; D=non urban background [Reproduced
from Costabile et al., 2006a].

4.3. FACTORS RELEVANT FOR THE VARIABILITY OF

CONCENTRATIONS

Among the common factors to whom spatial conceotmavariations should be
attributed are, first of all, dispersion and diffus conditions of pollutant
concentrations. The variable wind direction in Oetobaused the concentrations to
be more spatially diffused than in summer (whendadirection was constant); on the
contrary, the higher wind speed in August shouldeheaused each emission to be
more dispersed contributing to the local lowerinfgconcentrations (particularly
evident for BTX). The enhanced diffusion is likeletreason why K-S distance of the
NFD Kolmogorov-Smirnov test (Table 2) was lower &irthe pollutants in October;
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the exception of SPwas likely due to the combination of increased bemof

emission sources (in-building use of coal) and elzeed dispersion of each source (as

better discussed below).

c NORMAL FD Ln-NORMAL FD

% % K-S P VALUE TEST K-S P VALUE TEST

g | é DISTANCE RESULT |DISTANCE RESULT

S £ (P =005 (P =005
1 0,160 < 0,001 Failed 0,125 <0,001 Failed
2 NO, 0,125 < 0,001 Failed 0,080 0,136 Passed
3 0,074 > 0,200 Passed 0,136 <0,001 Failed
1 0,099 0,023 Failed 0,038 >0,200 Passed
2 NOy 0,118 0,003 Failed 0,068 >0,200 Passed
3 0,078 0,175 Passed 0,078 0,168 Passed
1 0,081 0,151 Passed 0,046 >0,20 Passed
2 SO, 0,087 0,082 Passed 0,050 >0,20 Passed
3 0,118 0,003 Failed 0,055 >0,200 Passed
1 0,266 < 0,001 Failed 0,107 0,010 Failed
2 Benzene 0,205 < 0,001 Failed 0,123 0,001 Failed
3 0,159 < 0,001 Failed 0,102 0,018 Failed
1 0,328 < 0,001 Failed 0,172 <0,001 Failed
2 Toluene 0,324 < 0,001 Failed 0,168 <0,001 Failed
3 0,184 < 0,001 Failed 0,103 0,016 Failed
1 0,372 <0,001 Failed 0,120 0,002 Failed
2 Xylene 0,173 < 0,001 Failed 0,096 0,028 Failed
3 0,125 < 0,001 Failed 0,061 >0,200 Passed

Table 2.Results of the Kolmogorov-Smironov test for norityabf data measured in Suzhou

in 2003

Different chemical processes due to different metegy should also have relevantly
influenced FDs, particularly for NOand Xylene, being further causes of the
differences among their Summer and October FDgiveléo both NFD and LnFD.
Additionally, in this respect, it may also be exp&d the FD dissimilarity of N®
among the two summer campaigns, which had metegioalo conditions slightly
different: slightly higher wind speed during thec@ed one and different range of
ambient temperature that are very important inliftating the quick transformation of
these compounds [Abdul-Wahab and Al-Alawi, 2002].eTBenzene temporal
variation rather different from Xylene and Toluedering the second summer
campaign, as well: it may likely be attributed td3anzene enrichment due to the
increased solar radiation, wind speed and air mgiximat enhanced Xylene and
Toluene reactivity. After being photo-destructed,uesle and even more the isomers

of Xylene may have reacted with other atmosphesitstituents; Xylene, particularly,
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may have exhibited intense photochemical activitg tb its ability to give stable free
radicals by photolysis [Pilidis et al., 2005]. Agesults they were less abundant in
relation to Benzene, the less reactive moleculetduts stable structure [Heywood,
1988]. Finally, the topography of sampling poinstréet canyons, enclosed yards,
open space, etc.) should be considered, sinceitidihave also strongly influenced

the concentration fields.

4.4, VARIATION OF AIR POLLUTANT CONCENTRATIONS

Sulphur dioxide
As likely expected [Bencala and Seinfeld, 1976¢, timFD always fits the data (Table

2). However, the fit with the Normal distributios acceptable for both the August

campaigns, as well. On the contrary, in October RBeis more peaked (Kurtosis
higher) and asymmetric (Skeweness > 0), tailetherright with a greater number of
outliers, and the 1Q increased 1.5 times. The cham@jeormality” behavior between
October and August may be explained consideringSka emissions vary by season
as the consumption of fossil fuel products changils ambient weather conditions
[Smith et al., 2001b]. Seasonality is importantcsithe conversion of sulfur dioxide
into sulfate aerosol vary by season due to chaimgg®e chemical composition of the
atmosphere, level of solar radiation, and climdteese changes can lead to a much
higher sulfate burden in summer months, even thaugissions are generally higher
in winter. China has a significant contributionetmissions from the direct use of coal
in buildings. These emissions together with thetioacof electricity used in buildings
can be assumed to be temperature-dependent. Asnseqeence, inconstant
seasonality results in variable annual-averageaulburden in the atmosphere. The
concentrations were broken down by district andlysea with respect to nearby
industrial emission sources: no statistical evigeathigher concentrations in one or
more districts was found. On the contrary whendbwecentrations are broken down
by representativeness of emission sources (Figllyea Llear tendency is evidenced.
Maximum values were obtained at industrial locagiobhe contribution of residential
areas, heavy-traffic streets and downtown locatidepends on the micrositing
parameters of each sampling station, and it's tearowhich is the second emission
source in order of importance.

Nitrogen oxides (NO2 and NOx)

Page 48 of 122



Costabile , F. Dissertation

Contrarily to August, in October both N@Gnd NQ FDs may be assumed to be
Normal (even if LnFD is acceptable for NGts P value is lower than the NFD, Table
2). In fact, the FD asymmetry with small tails dmetright showed in August
(characteristic of LnFDs) was not shown in Octolvenen Skeweness and Kurtosis
were ~0. Additionally, the negative Skeweness ot te only case) didn’t allow for
the Lognormality. The enhanced October FD symmetty be associated to a bigger
tail on the left represented by the lowest conegitins measured at either urban/non-
urban background or residential locations. The eased spatial diffusion of
concentrations during the third campaign, due te thcreased wind direction
variability above all, was likely the reason why $~vere Normal. The highest
concentrations were measured at high-traffic stre@llowed by industrial and
downtown locations (Figure 11). These findings mapbpbly explain the diversity of
causes generating seasonality o &@d Nitrogen oxides concentrations, and FDs as
well, as evidenced by the Normality tests (tabiBe former showed a NFD in
Summer, the latter in October. The seasonal vaityabdf Nitrogen oxides in
atmosphere is a general phenomenon [Atkins and 1925] and was also measured
in our study (though limited, as said): a clearsseal cycle is particularly evident if
one considers concentration medians and rangessddsonality in emissions from
power stations should also be considered: theimpiimay be emitted above the
boundary layer, generally higher in summer, cau#iiegn to reach the ground. Also
the increased fuel consumption in buildings witltrdased temperature is likely to
partially contribute to the higher October concatitns. However, this small
seasonality in emissions cannot explain alone veretthe lower summer
concentrations orthe differences between NGand NO, FDs or the LnFD
unacceptability for N@ as well. Thus, some other factors should have contributed.
Lower wind speed, rainfall, temperature and saaliation in October were certainly
an important factor leading to the higher Nitrogeades concentrations; however,
seasonal variability in the chemical removal of N€bould also be considered. This
aspect is complex because of the interaction betywbetochemistry and dry and wet
removal processes of oxidised nitrogen, and Hf@med in the atmosphere from the
reaction of NQ with OH radicals, which are at higher concentratio the summer.
The reduced photochemical activity expected in Cattalue to the lower OH radicals
concentrations was probably a further factor tloatticbuted to the higher and more

diffused concentrations measured in this month,waedl as to the decreased
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asymmetry and “peakedness” of their FDs fitting WfeD. The only four sites where
the concentrations of NOdecreased in October are associated with high eozon
concentrations measured: the reaction o, M@h O; became much more important
at those sites. Likely such processes (less netdoa NO,) may also have influenced
the LnFD unacceptability for NOduring all the campaigns, with the exception
(though the low P value) of the second one charigetd by the highest wind speed,
namely the highest dilution of air pollutants.

Toluene
Toluene is a ubiquitous aromatic compound in urban emitted from fuel

evaporation, combustion processes, architecturalaca coatings, graphic arts,
industrial solvents and chemical feedstock [Monbdle 2001]. Probably that's the
reason why its FD is very peaked (Kurtosis 20+3@Qicimgreater than inorganic
compounds), especially in August (tab.3) when ftiffesion was lower. FDs of all the
sampling campaigns are highly asymmetric with agnenumber of values smaller
than the mean (Skewness 4+5) and are far from NiD and LnFD found for
Nitrogen oxides and Sulphur dioxide, sampling ctods being equal. The non
Normality indicates the presence of one or morel@manant factors that influenced
the spatial concentration distributions. They akelji correlated to the presence of
significant emission sources that produced at ldastthree frequency classes lying
out of NFD and LnFD. The highest class was measarednd a fine chemical
industry. The second one is represented by heaffictramissions. These two
frequency classes were found for all the sampli@gods. The anomalous frequency
class (70+86ny/m’) found in October were likely due to the fact théterever at the
north-east side of the urban area toluene condentsawere highly influenced from
the industrial emission source. However, due totdheene atmospheric lifetime (1.9
days) [Monod et al., 2001] and to the continuousdar exposure for 15 consecutive
days, a significant fraction of the air sampledndidontain freshly emitted pollutants.
These air samples have had the time to accommoliigiessible kinds of chemical
reactions among BTX compounds [Pilidis et al., 70&83d manifest their potential
photochemical activity [Vardoulakis et al., 2002specially considering that the
sampling points were not very far from the emissonrce. That should be carefully
considered in evaluating the real influence of thdustrial emission source upon the
concentrations of whether Toluene or Benzene andn¢y(nevertheless significantly

lower).
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Benzene
Benzene showed data not much spatially distributedvariation range of 90% of the

exposed samplers was up to 10 pbymith a few, but important, much higher values
making the FD different from the NFD indeed (tab.Bhese highest concentrations
were measured at high-traffic sites like in sumriée impact of industrial emissions
though relevant (Figure 11) was less importantrduthis campaign: no peak value
was measured close to such sources. And this kaly lhave contributed, among the
other factors, to the lowering of the K-S distameeOctober compared to August
(Table 2): the FD is much less peaked (Kurtosis ezatua fifth), more symmetric

around the mean (Skeweness value is a third) astdhbdited around higher values.
Meteorology strongly influenced its Normality bel@aw indeed, so as for the other
pollutants. However, Benzene value relative tohidrocarbons reactivity scale is 0
[Heywood, 1988]. Thus, its concentration ubiquiteusirban air so as for Toluene
[e.g. Monod et al., 2001] more depends on metegichd conditions, all other

factors (emission source strength, distance betwearce and receptor, topography)
being equal. Meteorology changes from August tooBet, particularly wind

direction, should have caused the concentrationsctease at high-traffic sites, and
decrease close to a crossroad as well. The higlbesentrations largely measured
close to high-traffic emissions (Figure 11) cleargicates that the main source of
Benzene in the urban area of Suzhou comes fromrmvetacles, though industrial

sources were also relevant. A further evidencehat is likely provided by the high

values measured at downtown locations and assumée generated by the same

source.

Xylene
The highest values of all the campaigns were medsatesites close to traffic

emissions (Figure 11) mainly in the middle of thiy;con the contrary, the lowest
values were measured out of the urban area anfofartraffic roads. Thus, xylene
behaved in a way similar to benzene, its main aomsscoming at Suzhou from
traffic sources (high values also measured at dowmtlocations, Figure 11). The
Normality behaviour of its FD is comparable to Beme as well (Table 2), even if the
evident differences were likely due to a furtherctém being considered:
photochemistry. Far from local source influenceytiban and suburban areas, Xylene
was lower compared to benzene; moreover, its coratems spread over a range

larger than Benzene indicating as they decay &rdifit rates due to OH-oxidation in
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the atmosphere [Monod et al., 2001]. This may hafl@enced the acceptability of
the LnFD found in October only for Xylene and not Benzene (or Toluene). The
comparison between Xylene R with Nitrogen oxided &1 (they are almost the
same only in October) may be whether a furthereswée of the shared traffic sources
or an indication of causes generating such xyleneCL Considering its very short
atmospheric lifetime (less than 24 hours [Monod at, 2001]), the high
concentrations measured at some sites only forneggleshould have been emitted
unavoidably by a local source (combustion processevaporation of fuel or others
[Sigsby et al., 1987]) not emitting Benzene andu€ak indeed. If compared to NO
and NQ, this is a further indication of the higher vaildp (type and number) of
BTX sources in Suzhou that may have influenced tié&s deviating from the

Normality.

4.5. NORMALITY OF FREQUENCY DISTRIBUTIONS

In principle, since extreme high concentrations @wssible but negative values are
not, air pollutant FD is always non-Normal and tema be log-normal, as explained
by the theory of successive random dilution [OR9Q]. However, the FD type of air
pollutant concentration is a special case in ewaeea [Lu, 2002] being influenced by
several factors, such as emission levels, metegiczlb conditions, chemistry,
geography and local morphology. LnFD was not alwsiysable to fit FDs of our
study (Table 2): except S@nd NQ, it was never fitting for BT and only once for the
most reactive compounds, namely N&hd Xylene. In contrast, FDs of both Nand
NOx in October and S£n both the Summearampaigns were significantly fitted (95%
confidence interval) by the NFD. Different seasdgabdf different emission sources
and different chemical removal processes may likelgonsidered as primary reasons
of the dissimilar spatial diffusion (and thus F@$)SQ and Nitrogen Oxides, all the
other factors being equal. The presence of relemanms$sion sources of Toluene (the
fine chemical industry above all) and Benzene,sufficiently diffused by the weaker
wind speed in October and the constant wind dimedin August, may likely explain
why BTX presented a most peculiar distribution athe mean rather different to a
NFD. Similar results for BTX were obtained by Pifidit al. (2005) in Europe.

The findings relative to FD Normality may be impartan understanding the spatial

characteristics of these pollutants. The long irgtgn time (15 days) may be
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considered likely to explain it. Moreover, air paint concentrations are expressed in
this work as space series at different time perradiser than time series at different
locations; thus, the predominant factors influegdimeir FD may likely be associated
to the diffusion mechanisms in atmosphere, rathan imixing and diluting of source
emissions (relevant for LnFD [Ott, 1990]). Every @ees where the pollutant space
series show a NFD, in fact, should satisfy theudifbn equation and thus may likely

represent such a mechanism [Buccianti et al., 2003]

4.6. REPRESENTATIVENESS OF MEASUREMENTS

Most epidemiological studies have used ambienimainitoring data as surrogate for
the exposure of the population of interest [e.gry€ et al., 2004]. Exposure has been
often characterized with one city average concéaotraby using the air pollution data
from a single monitoring site or the average ofemsbations from a few monitoring
sites to represent the whole population of theysa@a [e.g., Chen et al., 2007]. A
common assumption is that certain pollutants aradgeneously distributed in space
within a large urban area. However, several restudies have found that, in some
areas, there may be greater variation within a ttign previously reported [Briggs,
2000; Zhu et al., 2002; Ito et al., 2004; Kim et 2D05; Pinto et al., 2004; Wilson et
al., 2005; Costabile et al., 2006a]. The validity ambient concentrations as an
accurate estimate of exposure has, therefore, dratemcerns because exposure
misclassification could lead to substantial biasexposure response relationships
[Hoek et al., 2002; Monn, 2001]. However, the issmiierepresentativeness of air
quality measurements has been overlooked in thie gad the lack of a quantitative
method to describe this concept results oftengonsistent comparison for air quality
data among different sites [e.g., Costabile et28lQ6b]. Before considering a field
measurement, a broader scientific understandinghef behaviour of the spatial
variability of air pollutants in an urban atmosphés probably required.

This paragraph focuses on a work [Costabile et2806d; Allegrini and Costabile,
2008] carried out in the city of Lanzhou (about 8lion inhabitants, West China),
one of the most seriously polluted cities in therldi@ue to its special geographical
location, weather conditions and large amount oissions from coal-fired factories
[e.g., Xia et al., 2008; Qi et al., 2001; Xu, 2003%; et al., 2004]. The major objective

was to investigate intra-urban variations of thgamgaseous pollutants in both space
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and time, and in relation to the representativermédecations where to measure air
quality. With reference to the work previously désed in Suzhou, the aim was here
to test the influence of seasonality through alyeaeriod, as well as the use of the
effective sample size to test the data normalitytead of the total number of
observations [Costabile et al., 2006a]. Almost 8&fplers of SO2, NOx, NO2 and
BTX were taken by using Analysts diffusive sampleagng with four seasonal

campaigns on a yearly basis (2005-2006). The datac@mprised between the

maximum and minimum values (thus not including theliers) were tested for

statistical Normality of the FD in order to evaledhe statistical model describing it
(Table 3). The outliers values were calculated byedbeation 6 [Buccianti et al.,

2003]:

IF >75+15- 1Q
IF <25n- 15- 1Q

Outlier = [EQ.6]

where 1Q indicates the interquartile range, that is

IQ = 75" percentile- 25 percentile.
With only one exception, all the space-series ghfse Normality test indicating that
the dataset matches the pattern expected if tlzevelzd drawn from a population with
a Normal distribution. The only exception of BenzeneSpring should be due to
those elements conditioning air pollutant diffusi@amd thus FD and its Normality:,
such as meteorology, relevant emission sourcesss&ni seasonality , and
photochemistry [Costabile et al. (2006]. This resultery important in understanding
the characteristic of the spatial trend of the maiinpollutants in an urban area.
Known the Normality of the pollutants’ FDs, the centrations measured at the fixed
stations can, therefore, be used to reconstrucspladal variations in concentration
levels occurring for each pollutants along the gtaka (Figure 12).
For Normally distributed pollutants in space th@ick of the site where to monitor
air quality for health-effects studies may be lessical [Monn, 2001]. Mean and
median values (quite same) can correctly be useept@sent the concentration values
of these pollutants all over the city for air qtialmanagement purposes. Another
obvious benefit of understanding of the spatialateim of pollution concentration is
to use this knowledge for the assessment of theiegfty of the urban monitoring
network and for the modification of the networkinaprove the efficiency. The very
high correlation between concentration levels oflupants measured at different
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locations and lying on a Normal FD let to ident#yeas of the city representative of

different concentration levels.

Figure 12. Frequency distributions in space measured duriaddhr seasonal campaigns in
Lanzhou
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Therefore, the knowing of the pollutants’ spatiatdbution model can significantly
enhance the understanding of the representativerméssneasurements, and

consequently the process of designing the locatmmfseld measurements.

Table 3Normality Test for the total data without outlierLanzhou

Pollutant campaign ID K-S Distribution  ProbabilityTest result]
Benzene | 0,122 > 0,200 Passed
Il 0,099 > 0,200 Passed
i 0,152 = 0,046 Failed
\Y) 0,086 > 0,200 Passed
Toluene | 0,071 > 0,200 Passed
Il 0,132 =0,120 Passed
11 0,089 > 0,200 Passed
\Y) 0,118 > 0,200 Passed
Xylenes I 0,084 > 0,200 Passed
Il 0,124 > 0,200 Passed
11 0,085 > 0,200 Passed
\Y) 0,088 > 0,200 Passed
SO, | 0,115 > 0,200 Passed
Il 0,078 > 0,200 Passed
11 0,079 > 0,200 Passed
\Y) 0,114 > 0,200 Passed
NO, | 0,100 > 0,200 Passed
Il 0,136 = 0,068 Passed
11 0,075 > 0,200 Passed
\Y) 0,095 > 0,200 Passed
NO, I 0,117 =0,195 Passed
Il 0,071 > 0,200 Passed
1] 0,088 > 0,200 Passed
v 0,083 > 0,200 Passed
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ROAD TO AMBIENT: LINKING AIR QUALITY TO TRAFFIC
EMISSIONS®

5.1. INTRODUCTION

In the design of cost effective abatement stragegiemust be realized that the
relations between emissions and resulting condgmtsaare by no means simple. A
lot of research has been done to investigate #isigel Most of the emission factors
used by the emission inventories to quantify tcaffontribution upon total emissions
originate from laboratory measurements carriedagabrding to specific measure and
driving protocols [e.g.Hausberger et al.,, 20p3On the opposite, pollutant
concentrations have been measured on the roadeloamission profiles and rates
[Querol et al., 2002; Shi et al., 1999]: besidesgerature and humidity, these results
strongly depend on wind speed and direction, dretetore, on the temporal variation
of dilution rate; they account for a mix of vehglandeed. To remove the effect of
wind, measurement stations inside tunnels have lbsed. However, distribution
profiles of not all the pollutants measured in sackwvay can represent ambient air
conditions Bturm et al.,2003 In order to solve these issues and obtain asalts

that can discriminate emitting vehicle type, whettigasing experiments on the road

® This charter was entirely published in the pafrstabile et al., 2008/ Environmental ModellingS&ftware,
23 (3), 258-267. The text was rearranged to fitfthmat of this dissertation.
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[e.g.: Kittelson et al., 2002; Vogt et al., 2003] samulation of exhaust dilution in
ambient air [e.g.: Sasaki and Nakajima, 2002; Mp&tal., 2002] have been carried
out. However, a further improvement in the knowwofgthis relationship is needed.
Measurements are still the foundation of our urtdeding, but application of
mathematical and physical modeling is of increasmmgortance in urban air pollution
management [Fenger, 1999]. Such models can bkefutdeveloped to form full
decision support systems [e.g., Dennis et al.,, 1996 be integrated with
measurements [e.g.: Carras et al., 2002; Schrnalt,998].

This chapter reports some of the results of a bagept on-going in Beijing (China)
aimed at analysing the relationship between urbaffiad and air quality [Costabile et
al., 2008]. The objective was to assess a new framewvhich allows the
communication between transport emissions anddiutant concentrations, as well
as address a need of continue research. It woshl @ovide policy-makers with
valuable lessons learned regarding transportatiograms which promote economic
development while reducing pollution impacts.

The methodology developed was based on the anabfsihe source-receptor
relationship relative to traffic air pollution amén be broadly divided in four stages,
namely, requirement analysis, system design, systepiementation, and system
testing. That is detailed in the paragraph 5.2. Rireethe main operation strategies:
(1) set up of a transportation and dispersion meuhellating the mobility of different
scenarios and calculating motor vehicle emissiosaar quality; (2) measurement of
pollutant concentrations in ambient air; (3) measwent of traffic-generated
emissions; (4) monitoring of traffic sources; (5amagement of public transport. The
final result is an integrated system, which wouldk | traffic and air quality
measurements through different modeling modulesrder to automate transport-
related air pollution assessment. The essentialitearh stand-alone component
relative to all the others, its clear functionaétiand targets, as well as the integration
of measurement and modelling tools result in thefleature of the system. That is
detailed in the paragraph 5.3.

5.2. SYSTEM DESIGN IMPLEMENTATION AND TESTING

The main system components are: (1) a Data Centf@) (or the integrated

management of the system which incorporates dadsafivironmental modelling tool
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(TEM); (2) a network of air quality monitoring stati® (AQMS); (3) a network of
private traffic monitoring stations (TMS); (4) a Rigb Transport Management
Subsystem (PTMS). The modelling tool, TEM, runs airligguaalculations aimed at
identifying strategies and actions to manage peiagid public transport.

The measurement data are provided by the integrafidiMS and AQMS. TMS is
composed of sensors for the measurement of tiiédfic (both private and public) and
composition (type of vehicle, polluting labels, noen of plate, etc.), as well as traffic
emissions (on the road remote sensors and angtysbrss, in case of traffic
restrictions TMS could identify grossly pollutinghieles [Costabile et al., 2008] and
record the plates of vehicles entering sensibleasard&he AQMS core-module
measures the air pollutant concentrations to itipeitvhole system; it is composed of
monitoring stations representative of traffic aitlption equipped with automatic and
manual apparatuses for the measurement of selg@esdous and particulate air
pollutants and meteorological parameters [Costabtleal., 2006b]. The spatial
representativeness of the AQMS, requested to gtesrdhe reliability of air quality
measurements, is mainly defined by the protocold use select its measurement
locations (network design): the sites are locategklation to known traffic sources to
reflect their impact on the measurements [Costadtilal., 2006a]. Finally, the PTMS
seeks to optimize the public transport fleet mansayg (optimization of operational
tasks, routes and vehicles allocation, bus loadnigdtion) and improve the service
quality by sharing of information, over and abowsvgce planning and dispatching
procedures, real time fleet management of publangport service (via GPS
localization of buses) and real time informationtite public. The four components
form the basic structure of the system, but theeeaanumber of interface modules
within each components providing the link betweée warious air quality and
transportation tools; the number of interface meduimay vary between the
components and a future development of the framewan easily accommodate
more of them.

The relationship between these components mainlyneakefthe framework to link
transport and air quality. The measured data of laatlquality and public/private
traffic flows input the TEM where the transportatiorodel calculates the traffic-
generated emissions and the dispersion model ea#dsulthe concentrations
throughout the interested areas. Should the sydetarmines pollution levels which

exceed the target values, sensible areas of theanit be banned to pollutant vehicles
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and transformed in low emission zones where toigeoextra public transportation.
Therefore, the system would allow competent autiesrito perform the following

action scheme (Figure 13): (1) to receive air dqualata through the integration of
measurements (AQMS, TMS) and modelling (TEM) tod®3;ih case of high level of

pollution to ask the local authorities to authorizaffic restrictions for polluting

vehicles; (3) to manage the TMS to control thatytoll private vehicles do not enter
the restricted areas; (4) to provide extra publengportation by the PTMS to
compensate for private traffic restrictions. By pieg track of date, time and other
relevant data generated every time such a scheawivated, it would be possible to
create the basis for a scientific study on thetieiahip between air pollution and

traffic restrictions countermeasures.

Figure 13. Action scheme of the Beijing ITS-TAP project [Regooed from Costabile et al.,
2008a]

System testing was performed from 2003 to 2004utinca feasibility study for the
mega-city of Beijing whose main outcome was theniplag of an Intelligent
Transport System based on the control of TrafficRatution (ITS-TAP).

5.3. RUNTIME INTEGRATION OF MODELLING AND MEASUREMENTS

In view of the complications and uncertainties remmag in the high-resolution urban
air quality modelling, most of the assessmentsurhén exposure to date have used

measurements, not modelling. Software has beerlafmetto integrate transportation
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and dispersion models [Lim et al., 2005]; some i@ppibns have been designed for
specific models [Namdeo et al., 2002] while othexguire considerable computing
resources on a client-server architecture [Schamdt Schafer, 1998]. However, only
measurements cannot solve the air pollutant coreteort field of an urban
environment. The system implementing the methodofwggented in this paper seeks
to provide high time and space resolution measunenef both air pollutant
concentrations and traffic emissions, as well astime transportation and dispersion
modelling of those data. The traffic flows measuaed continuously elaborated by
the transportation model to generate known lineaisgion sources; the emissions
calculated are diffused by the dispersion modelsitmulate the air pollutant
concentration field that is continuously compareithwhe real-time measurements
provided by the AQMS in order to train and validdkee models with a back-
propagation scheme. In such a way the system wioelldble to foreseen pollutant
concentrations and analyse the concentration figtld good accuracy. Thus, the key
advantage of the system would be the runtime iategr of measurements and
modelling. Moreover, since the dispersion modelimgnown to be time-consuming
(particularly in the data preparation and analyseges), our methodology would
significantly reduce the pre- and post-processiinge t(especially for the model
validation) by the integration with the measuretaeDifferent traffic scenarios can
be quickly evaluated to screen out those that neayrifeasible; conversely, beneficial
scenarios can be identified and then fully teststhgs whether air pollution or
congestion targets, or rather a combination of them

As described in the previous chapter, the appré@chput models with air pollutant
concentration data measured by a single air qustiitfron as a surrogate for the daily
level of air pollution of a city can be highly masiding. Each urban areas is
characterised by several air pollution exposureegpand each pollutant by different
spatial distributions. Thus, at least one monitostagion representative of each of the
above mentioned zones must be included in the A@M8ule [e.g.: Costabile et al.,
2006a,b; Costabile et al., 2008 ]. Furthermoreidaessemissions and meteorology the
air pollutant concentration field of each exposzwee depends on its particular urban
topography and morphology, and relative atmospheatemistry; thus, more
measurement points should be selected in each @vgpsne. It is worth mention that
an accurate assessment can’t consider all the amedifpollutants at the same time,

but a different analysis should be performed farhepollutant. Our system seeks to

Page 61 of 122



Costabile , F. Dissertation

address such micro-design criteria including marenitoring stations differently
equipped for the measurement of different polligaotbe representative of different
zones.

Road transport is distinguished from other souroésair pollution in that the
emissions are released in very close proximity aon&n receptors [Colvile et al,
2001]. This reduces the opportunity for the atmosphe dilute the emissions which
would render them less likely to damage human he&utrthermore, in most city
centre atmospheres, the vehicle exhaust concemtsasire significantly enhanced by
the fact that many roads have buildings alongdide;effect of such buildings is to
shelter the road reducing the wind speed at theceaaf emissions by as much as an
order of magnitude relative to that on an open fleagl: Costabile et al., 2006c]. The
contribution of emissions from traffic on that rodd the kerbside pollutant
concentrations is increased by approximately theesdactor. Thus, it seems
necessary to monitor on the road by the TMS theufait emissions to be compared
with the pollutant concentrations measured by tl@Ws. Despite the very large
uncertainties in all evaluations of air quality iags, the traffic source monitoring is
an essential item of such kind of systems sincebef®re said, the pollutant
concentrations from road traffic sources tend toildk much more spatial variability
than those from non-road networks. Therefore, onghef main outcome of the
integrated system here discussed is its suitalititgive detailed information about
traffic emissions and sources to determine whicmhdoation of fuel type, engine
type and end-of-pipe emissions abatement technaoligely to be most effective at

reducing impacts on human health [Colvile et aQZ0
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ROAD TO AMBIENT. ULTRAFINE PARTICLES AT URBAN
SCALE

6.1. [INTRODUCTION

The major objective of this part of the work wasctidlect and analyse a data-set of
UFP number concentration in a middle-size urbaa afdtaly (Parma) with the aim
to study valuable connections with local trafficiszes [Costabile et al., 2007b].

A Water-Condensation Particle Counter (WCPC, TSI M8d81, Figure 14 and
Figure 15) [e.g., Petdja et al., 2006; Hering et 2005; Hering and Stolzenburg,
2005; Biswas et al., 2005] was used to measurauh#er concentration of particles

in air with diameter larger thahnm (and smaller thani@m), Ng,

Figure 14. Picture and counting efficiency of the Water-Corsigion Particle Counter
(WCPC, TSI, Modello 3781) [Reproduced by: TSI, opiegamanual, 2006]

Figure 15. Working principle of the Water-Condensation PaetiCounter (WCPC, TSI, Modello
3781) [[Reproduced by: TSI, operating manual, 2006]
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Data were collected every 2 seconds, and then ge@r® generate 1-minute values.
Measurements were taken during winter (Januarysuaey and March) and summer
(July, August, September) time of 2007 (both weaksdand week-ends). Instruments
were located at two urban sites, 740 meters fan e#twer in Parma downtown: via
Montebello, and Parco della Cittadella (Figure Rigure 17).

Figure 16. Picture by Google Earth of the two measuremens sité¢>arma: Parco della
Cittadella (top) and via Montebello (bottom).

Figure 17. Details by Google Earth of the two measuremens sitd*arma: Parco della
Cittadella (left) and via Montebello (right).

Representativeness criteria with respect to emmssaurces drove the selection of
these two sites [Costabile et al., 2006a,b]. Patelta Cittadella was selected as
representative of urban background concentratitvesclosest traffic emission source
being around 100 meters far. Conversely, the trafiie in Via Montebello would

reflect pollution concentrations strongly influedcdy urban traffic emissions;

Page 64 of 122



Costabile , F. Dissertation

measurements were taken less than 1 meter fromo#tk (the road is south of the
measurement point, Figure 17). The sampling protemade by a straight stainless
steel tube, with 7 mm internal diameter and lengtit5 cm, in order the sampling

losses to be neglectable. A small cyclone was wethe traffic site (where the

concentrations were expected to be higher) to apaiticle larger than iim to either

block or damage the system.

6.2. FROM TRAFFIC SITE TO URBAN BACKGROUND

UFPs concentrations measured (Figure 18, FigureFidyre 20, Figure 21) were
found to be low, but comparable to similar worksgy(eHarrison et al., 1999): urban
background locations have usually average condé@nisaof 10.000 #/cfy whereas
traffic locations exhibit 30.000-50.000 #/&nSince the particle number is generally
dominated by local emissions, it is particularlieated by primary particles generated
by vehicle exhausts. Therefore, as found in prevatudies (e.g., Zhang et al., 2004),
UFP number concentrations measured at Via Mon@ballose to traffic emissions -
showed tendencies significantly different from tdmncentrations measured just 700
meters far away in the park, representative of uhH®an background. Differences
related mainly to two factors. The traffic site sle@MJFP number with both much
higher concentrations, and much more rapid flucdnat(Figure 18, Figure 19, Figure
20, Figure 21). Much faster and more intensivetidifu processes could result in a
more rapid reduction of UFP number, as well asggér for other physical processes
(such as nucleation) in connection to other pararsgtsuch as solar radiation.
Concentrations are comparable only at night-timemfmidnight to 4.00 a.m., when
both the traffic flow and the concentration fludioas at Montebello station were
very low.

Contrary to the urban background site, concentatet the traffic location showed a
daytime trend shaped by two peaks (Figure 23). Taeybe likely related to traffic
rush hours (7.00 a.m. and 18:00), and were alswethdy other gaseous pollutants
[not shown here]. This finding clearly indicatesffimemissions to be the prevailing
source of UFP number [e.g. Shi et al., 1999].
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Figure 18.

Figure 19.
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UFP number concentration during the winter campaigsn urban background
station in Parma. [Reproduced from Costabile ¢2&l07b]

UFP number concentration during the winter campatgm traffic station in Parma
[Reproduced from Costabile et al., 2007b].
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Figure 20. UFP number concentration during the summer camptigime background station
in Parma [Reproduced from Costabile et al., 2007b]
Figure 21. UFP number concentration during the summer campatigrtraffic station in Parma

[Reproduced from Costabile et al., 2007b].
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6.3. COUPLING WITH METEOROLOGY AND GASEOUS POLLUTANTS

Variations due to meteorology can be more easiglysed at the urban background
site, where traffic flows influence can, howevelsoabe recognised. UFP peaks
(either relative or absolute) measured in the @Géfla often corresponded to (noon)
solar radiation peaks (Figure 18, Figure 20). Thiggests that the solar radiation
probably induced an increase in the number of gagi(in the nucleation mode) due
to gas-to-particle conversion [e.g., Harrison et #099]. The highest value of UFP
number concentration (not including spikes) at #iis was measured on January 19
(Figure 22). This was a week-day (Friday) with hggitar radiation, temperature and

wind speed, and low relative humidity.

Figure 22. Concentrazione di particelle ultrafini misurata Rerco della

Cittadella il 19 Gennaio 2007 e Variabili meteogitthe e concentrazione di

inquinanti gassosi misurata nel Parco della Cittadkall’ ARPA di Parma il 19
Gennaio 2007
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Figure 23. Concentrazione del numero di particelle ultrafatatf al minuto) e
concentrazione di inquinanti gassosi e variabilienelogiche (dati orari) misurata il
20 Febbraio 2007 in via Montebello

Though less clear, these noon-time peaks can alsedre at the traffic site (Figure
19, Figure 21, Figure 23).

Beyond this effect, a correlation with wind speeasvalso found (Figure 22, Figure
23), suggesting that increased wind speeds cancéndsignificant transport
phenomena of UFPs either emitted or formed by ne#ddific sources [Shi et al.,
1999]. This effect was less evident at the trafite,sprobably due to the traffic-
induced turbulence: local emitted particles effeslyf dominated measurements even
when the site was upwind to the near road. It is alear if the afternoon peak
measured for both UFPs and gaseous pollutants bnu&s, 20 in Montebello
(Figure 23) should be related either to the wineéation change, or (more likely) to
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the lower wind speed (wind calm, <1m/s) , the rishrs, and increased atmospheric
stability.

Interestingly enough, diurnal trends of both UFRsl @rimary gaseous pollutants
(particularly NO and CO) were found to be quite ilam(Figure 22, Figure 23) [e.g.,
Kittelson et al., 2006a,b]. Different time resotuts of data collected (1min versus 1h)
are likely the major reason for the differenceshia fluctuations, and the related time
shifts. These findings indicate UFP number as aald&imarker of fresh emissions,
significantly correlated with combustion-generapedutants.

Finally, the comparison between the frequency ithstions of UFPs measured at the
two sites (Figure 24) shows a double FD mode ohtii@urban background location.
This could likely suggest the existence of an (eray low) urban background level
(the lowest mode, 1000#/émwhich can be recognised at both the sites). Tbhense
mode in the background location could be relatedf®s concentrations (extremely
diluted) transported from nearby sources and ajreaped because of meteorology-
induced transformations. The FD at the traffic $iteks like a Ln-FD, suggesting
mixing and dilution of local traffic source emissgto be the prevailing process over
time [e.g., Ott et al. 1990, Costabile et al., 26]06

Figure 24. Distribuzione di frequenza misurata della concezitrae di
particelle ultrafini misurata nel Parco della Gittdla e in Via Montebello
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FROM TAILPIPE-TO-ROAD: VARIATIONS INTO STREETF
CANYONS

7.1. INTRODUCTION

During the last few years, more and more attenttobeing focussed upon street
canyon levels of urban air pollution [e.g.: Vardakik et al., 2003]. There are usually
strong gradients of gaseous and particulate polisitdooth in the vertical and
horizontal direction, and pollutants may accumuliatesmall side-cavities (such as
enclosed spaces, small streets or yard) wherei@agalitrecirculation regions occur
[Boddy et al., 2005].

Several studies have investigated this topic. @id Kot (1993) found an average
vertical difference of approximately a factor ofatior both CO and NQbetween
street level and the 25 m level. Vakeva et al. @)%hserved the dilution factor to be
on average 5 between street and rooftop (22 m)ddee CO and Nitrogen Oxides;
the formation of secondary pollutants was foundgigmificantly change the gradient
of NO, NG, and Q from that due to the dilution only. Ziv et al. () stated the
differences found for the pollutant concentrati@stwo levels could be attributed

4 This charter was entirely published in the pagrstabile et al., 2007/ Atmospheric Environmera| ¥1 (31)
pp 6637- 6647. The text was rearranged to fit tmét of this dissertation.
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probably to the fact that in case of NtBe contribution of sources located outside the
street is more significant, and that the differenaee also due likely to the “sink-
effect” of the enclosed yard relative to NO andrezo

However, there is very little information availalite both street level concentrations
and vertical gradients. Moreover, direct field meaments of the wind flow in street
canyons are rare [Kukkonnen et al., 2001]. Whhstré is some evidence of vertical
dilution, further studies are required at heighgsta and including the rooftop, in
order to fully understand the degree of mixing glamertical gradients within street
canyons [Vakeva et al., 1999]. Additionally, expegntal determinations of pollutant
behaviour within urban street canyons have bedative to measurements at urban
free spaces and rooftops, scarcely reported iditdrature [Kourtidis et al., 2002].
The coupling between different pollutants is alseey complicated issue [e.g. Meng
et al.,, 1997]. Despite the range of idealised nisakrstudies, few full-scale
experiments have been conducted which provide daten simultaneous
measurements of in-canyon wind flow and pollutaohoentrations, relative to a
suitable background wind measurement [Boddy eR805].

In order to investigate these issues, a field siwdg undertaken in an open urban
street canyon, in the Chinese city of Suzhou. Messants of pollutants
concentrations (NQ NO, NG, SQ, CO, BTX, Q, PMy), traffic flows,
meteorological parameters and wind flow field wideen at a 25 m-high rooftop and
into an open yard at street level. Due to the &higrt distances between sources and
receptors, only very fast chemical reactions havsigaificant influence on the
measured concentrations within street canyons :[@Bgrkowicz et al., 1997].
Therefore, most traffic-related pollutants (e.g. G@d hydrocarbons) can be
considered as practically inert species within ¢heistances [e.g. Vardoulakis et al.,
2003]. This is not the case either for N@® for NO: the time scales of their chemical
reactions are of the order of tens of seconds, ¢hugparable with residence times of
the pollutants in a street canyon [e.g.: Palmgteal.e1996]. For this reason this work
focused on Ozone and Nitrogen Oxides compounds$) thi¢ primary objective of
exploring their vertical distributions in urban cbions associated with canyons and
enclosed spaces.

The measurement area was located in an open sttt with a W/H ratio of
1.8~2, in the middle of the city, along a 40-meteite road with average traffic flow

of 1.800 veh/hour[Costabile et al., 2006a]. Measurements were tatewo points
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(Figure 25): in a street-level yard (site B) andtbe rooftop of a 22 meters high

building (site A), sampling inlets 3 meters higher.

Figure 25. Schematic of 3D view of the street-canyon. The tm@asurement sites are indicated:
on the roof (site A) and in the yard (site B) [Raguced from Costabile et al., 2007a].

The concentrations in ambient air of, DOy, NO,, NO, BTX (Benzene, Toluene and
Xylene), the wind field and others meteorologifaadtors (ambient air temperature,
relative humidity and total solar radiation) wemntinuously measured for one week
from June the 29to July the 8, 2005 (Table 4).

Table 4.Measurement protocol of the one-week field in Suwzhaneasured items,
measurement methods, sampling frequency, measutesiten and response time and
detection limits of the instrument.

Measured item Measurement method SamplingMeasurement Response  Detection
Frequency site time limit
NO,,NO,,NO Chemiluminescence 5 minutes Yard & Roof <60 s 0.4 ppb
NO, analyser
(AP1 200 A)
Ozone UV absorption 5 minutes Yard & Roof <20s 0.6 ppb
ozone analyzer
(AP1 400 A)
BTX Gas Chromaograph 30 minutes Roof 30 min <10 ppt

POPC analyser
(SYNSPEC GC955)

Horizontal Wind Optoelectronic and 5 minutes Yard <3s <0.25 m/s,

speed and direction Potentiometer sensor <0.4°
(LASTEM C500D-S)

Horizontal (WS) Sonic anemometer 5 minutes Roof 39 0.01 m/s,
and vertical (WS-z) (OPSIS Gill WS/520) impulses/sec 0.1°

Wind speed and

direction
Relative Humidity 1/3 DIN Pt 100 5 minutes Yard & Roof 10s 0.1°, 2%

(RH) and Total (LASTEM C502TH)
solar radiation
(TSR)
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The monitors were calibrated on site at the begminhthe measurement campaign

and inter-calibrated against each other to ensurgarability of results.

7.2. SPATIAL DIFFUSION OF POLLUTANTS

The results of the one week field (Figure 26 andiFeé7 ) give evidence for relevant

vertical variations of the measurements from roofard.

Figure 26. Measured meteorological variables during the 7sdejd vs. time: (TOP) wind
speed (WS) measured on the roof (black line) aridéryard (grey line); (BOTTOM) vertical wind
speed, WS-z (black line, left axis) and relativenidity, RH (grey line, right axis) measured on the
roof. References (dotted lines) are indicated:RT@/S=1.5 m/s; (BOTTOM) WS-z=-1 m/s and
RH=80%. [Reproduced from Costabile et al., 2007a]

Ozone measurements show significant smaller amauirtkgs pollutant at street level
(in the yard), even if there is a high (positivedrrelation with the roof values
(RO#"502N%a=(), 728) likely indicating common sources. Similagsults were
obtained e.g. from Vakeva et al. (1999), which fban street level on average 8 times
smaller amounts of ozone than at rooftop (25 mgtarsd from Baker et al. (2004)
reporting on the windward side of the canyon a gdbazone concentration 5 times

lower than at 25 meters.
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Figure 27. Pollutant concentrations measured during 7-dayd ¥is. time: (from top to down)
(1) ozone measured on the roof (black line, lef$}aand in the yard (grey line, right axis); (2) NO
measured on the roof (black line) and in the ygray line); (3) NO measured on the roof (black)line
and in the yard (grey line); (4) N@neasured on the roof (black line) and in the ygrdy line); (5)
Benzene (dotted line), Toluene (grey line) and Xgl¢black line) measured on the roof [Reproduced
from Costabile et al., 2007a].

The variableD, was defined as:

D, =D,(t)=X,""(t)- X" (1):{iT [NO;NO,;0,] (1)
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where X¥@and X are the concentrations of the air pollutamteasured in the yard
and on the roof, respectivelyd would reflect (for each pollutant) the (spatial)
differences between the two measured (time) coregms. The analysis of the
Frequency Distribution (FD) oD, may be used to understand how this variable
distributes in regard to the major factors influegcit [e.g. Buccianti et al., 2003].
Particularly, it could give insights into the pdhlnt diffusion mechanisms in
atmosphere [Costabile et al., 2006b]. The FD&Wf (Figure 28a) andyo. (Figure
28b) measured along the one week field were foondet significantly fitted by the
Gaussian curve (the coefficients of regressiorf, ,bRtween the measured FD f
and the Gaussian distribution are 0.99 and 0.%pedively). These findings suggest
that the Dyo and Dyo, defined by Eg. (1) were determined by many smatl an

unrelated random factors [e.g. Buccianti et alQ320

(a) (b)
Figure 28. The measured frequency distributions, FD (histogfided with diagonal pattern)
and the fitting curves (black solid line) of @)o and (b)Dyo,. On the top are indicated: (1) the better
type of distribution fitting the measured FD, (B¥ tcoefficient of regression’Pbetween the
measured FD and its analytical fitting, and (3) elqeation of the fitting [Reproduced from Costabile
et al., 2007a]

The slightly worse fit found fobyo, (lower ), related to the tail on the right of its
FD, indicates the statistical prevalenceBaf>>0, and then the existence of some
small “systematic” factors (not measured for NOhepating it. Several and more
relevant should have been, on the contrary, thstésyatic” factors deviating the FD
of Dos (EQ.1) from Normality: the FD was bimodal and not Gaussiadeed (Figure
29). To identify these factors, the time scales oasjble for ozone transformations
were analysed and the FD B§3 was split in a daytime- and a nighttime- FDs. Both

of them were found to conform very well to the Waildistribution. In effect, the
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Weibull FD has been shown to fit to oxidant dataofquality [Seinfeld and Pandis,
1998], especially for ozone [Cox and Chu, 1993]. sSehéndings provide a twofold
evidence. On one hand, as known [e.g. Sillman, 1B&8nerson et al., 2005; Trainer,
2000] different processes governed the daytimeragat-time ozone concentrations.
On the other hand, different factors primarily irgfhced theDoz, Dno, and Dyoz

defined in Eq. (1) (and thus their vertical diffusipCostabile et al., 2006-b]) in

atmosphere.

Figure 29. The measured frequency distributions, FD (histogfided with diagonal pattern)
and the fitting curves (black solid line) B§3 : (i) during the 7-days field (TOP), (ii) onlydim 7.00
a.m. to 5:00 p.m. (LEFT, BOTTOM), (iii) only from@0 p.m. to 5:00 a.m. (RIGHT, BOTTOM), (iv)
during the remaining time. On the top of two chars also indicated: (1) the better type of
distribution fitting the measured FD, (2) the caséint of regression Rbetween the measured FD
and its analytical fitting [Reproduced from Costalgt al., 2007a].

In particular, these factors were even significadifferent for ozone and NQOboth
secondary pollutants. Emission levels, chemistry,teorelogical conditions,
geography and local morphology are though to bentlaen factors affecting these
FDs [e.g. Lu, 2002]. In this experiment the laseéfactors were equal at both yard
and roof. Therefore, different chemical processgsamission levels can be assumed
to be the predominant “systematic” factors causimegmeasured vertical differences
of NO, NG, and Q. The accurate evaluation of these factors invol¥inigl-dynamic
effects, heterogeneous removal on surfaces anthe@naérosol phases, and ozone

chemical production and loss relative to its preots [e.g., Trainer et al., 2000] is
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beyond our current capabilities; however, theirlygia could provide further insights

and is presented in the followings.

7.3. FLUID -DYNAMIC EFFECTS

The yard-roof pollutant ratios were found to inceedsgether with the background

wind speed (measured on the roof, Table 5).

Table 5.Coefficients of correlation calculated betweenhied speed (WS), and the ratios of
ozone and NOx measured on the roof and in the garthg the one-week field in

Suzhou.
Osroof / OSYard Noxyard /Noxroof Wsyard
WS 0,491 0,373 0,814
Osroof / OsYard 0,453 0,472
NO*/NO,*" 0,284

Their relationship is shown in Figure 30 where ttavrdata of @°°70%
NOL2YNO, and background wind speed were smoothed by alljoweighted)
regression. It can be seen that the higher the wped, the higher the pollutants’
ratios (and vice versa). In effect, in this worke troof is representative of an open
space where winds and pollutants measured are -dckground related.
Conversely, the yard is representative of an erdaospace at street-level where
locally-emitted pollutants, micro-meteorologicalfesits, and local wind flow take
place [e.g. Hunter et al., 1992]. This caused thedwo be always higher on the roof
than in the yard (where wind was most of the tiowdr than 1.5 m/s, Figure 26);
therefore, under the same background winds, arbdiffeision situation of locally
emitted pollutants and thus decreased concentstadang with height can be
assumed [e.g. Qin and Kot, 1993] .

This could explain the increase of N&/NO,

"f  for increasing wind speed.

Contrary to ozone, NQOratios were always greater than 1 (Figure 30) llgghng as
NOy was influenced more by local emissions than byssions transported from
surrounding areas, the former being less wind-dégreinthan the latter. This probably
explain also the reason why N@atios correlate less to wind speed thar&dios do
(Table 5). The increase of;€705 for increasing wind (Figure 30) can be likely
explained by a twofold mechanism, indeed. In thel yae higher the wind speed, the
larger the entrapment of air masses due to the dom of stable vortices [e.g.
Kukkonnen et al., 2001]: this likely enhanced thére consumption of ozone by the
locally-emitted NO. On the roof the higher the wispked, the greater the advection

of ozone-rich air from the surrounding areas [¥.grdoulakis et al., 2003]. Finally,

Page 78 of 122



Costabile , F. Dissertation

the wind-dependant influence of the big Cedars {¢omitter trees [e.g.Taha, 1996])
into the enclosed yard (Figure 25) should alsodresiclered.

Figure 30. The measured relationship between th’é"ggyar! (x-axis, ppb/ppb),

NOLYINO (y-axis, ppb/ppb) and roof wind speed (z-axis,, mdsours). Triplets of raw data
(circles) are smoothed by a tricube weigh functmmeight the data, and a polynomial regression of
degree 3 is used as smoother. Each point alongntbeth curve is obtained from a regression of data

points close to the curve point with the closeshtsomore heavily weighted. All data points were

used for each regression. Outliers were rejecteddace their effects on the smoothed values
[Reproduced from Costabile et al., 2007a]

These trees had the potential to further decreaseeozoncentration in the yard in
relation to the roof by means of (i) reduction eftical mixing [Theurer, 1999] (and

thus increased titration of ozone by NO), (i) m&sed pollutants deposition and
changed micro-meteorology [Nowak et al., 2000], dng increased pollutants

scavenging [Taha, 1996]. Therefore, it can be likedgumed that wind variations
produced processes of ozone production and/or agoisan complex and different

on the roof and in the yard, as better discussélefiollowing paragraph.
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7.4. (OZONE CHEMICAL PROCESSES RELATIVE TO ITS PRECURSORS

The relation between ozone and one of its two maetysors, NQ is usually
roughly simplified to only two reactions [e.g.Pairag et al., 1996]:

NO+O; NO,+ O, [R1]

NO,+hn NO+ O [R2]

Typically, NO and NQ@ adjust to establish a near-steady state betwestioas (R1)
and (R2). However, there are several situationghich these reactions may results in
different regimes [e.g. Sillman, 1999]. To analylsis point the N@NOy ratios and
the NO were plotted against each other (Figure[81). Soltic, Weilenman, 2003].
The same Eq. (2) gives the linear regression of tiigeefield data at both the
measurement sites:

NO:2

X

=1- 003xNO. @)

(@) (b)
Figure 31. NO, partitioning versus the NO concentrations (ajienroof and (b) in the yard
[Reproduced from Costabile et al., 2007a].

However, the coefficients of correlation (R) argher in the yard (B.~=-0,729,
Ryar=-0,814). This finding suggests a common measuteansformation NO NO,,
but likely more depending on NO in the yard thantlwmroof. That is, in the yard the
higher amount of fresh emissions (richer in NO)albc generated and entrapped
likely induced a greater NONO, transformation, and thus a greater NO
consumption. This could explain the smBllo (Eq.1) found (Figure 27, Figure 28)

although the N&"¥was measured closer to the emission source. Coestlg, ozone
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was more effectively destroyed in the yard [e.gliMoband Molina, 2002] where its
concentrations were kept up to 15 ppb for almogtiche (Figure 27). Accordingly,
the NGQ/O; ratios were found to be generally higher in thedy@&igure 32a). At night
as there were no photolysis and low emissionstlauns no reforming of NO, once the
NO emitted had been used up, the ozone concemtnatis mainly due to the mixing
down of ozone-rich air from aloft arigh; (Eq.1) were lower (Figure 27, Figure 29).
Beyond the larger ozone consumption in the yardthey locally-emitted (and
entrapped) NO, th@®ouants (EQ.1) were probably also influenced by a different
daytime ozone production relative to N@ production larger on the roof than in the
yard is suggested by both (i) the steady rise énrtiof ozone levels (partly caused by
the already discussed ozone advection) observedhgime for decreasing NO
concentrations (fig.3) and (ii) the greater negatoorrelation between NCand Q
(Rroof 07 %=-0.40, Rard 2 %=-0.11). Moreover, though no measurements areablail

in this study for either the radical concentratidog to the BTX or the yard BTX, the
inverse correlation measured during all the campuigh ozone (stronger for toluene
at roof, Roofo1e"e0%°"2.0 45, RUeN%r02M%e=_) 34) and greater to that among ozone
and NQ (Rroof 2 °%°"=-0.40, Rard ©2°%°"%-0.11) should likely suggest an influence

of the BTX in the photochemical ozone production.

(@) (b)
()
Figure 32. NO, to ozone ratios (ppb/ppb) measured in the ya@ki) and on the roof (y axis)
during: (a) the one-week field, (b) the night 0 &ajdthe night 1 [Reproduced from Costabile et al.,
2007a].
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Interestingly enough, during the nights 0 and 1 gwhhe highest BTX were
measured, Figure 27) the ozone, NO, Toluene andn¥yencentrations showed very
similar behaviours (Figure 33). There is a positeerelation among them, contrary
to the rest of the campaign (Table 6).

Table 6.Comparison between the correlation coefficientsudated during the one-week field
and only during the nigh 0 and the night 1 for NNJX (Benzene, Toluene, Xylenes) and
ozone measured on the roof

NO BTX
1-week field © -0.46 -0.35
Night 0 g 0.49 0.42
Night 1 0.62 0.62

Probably, at early morning for increasing emissiand solar radiation, as far as BTX
increased also NQraised; the reaction (R1) enhancing the noctureaioval of
ozone [e.g. Sillman, 1999] was small compared éorttie of ozonproduction; thus,
NO, Toluene, Xylene and ozoneuilt-up all together. However, the positive
correlation and theDos (Eg.1) >0 only during these nights suggest a furthe
observation. On one hand, the values of,fi9 measured on the roof during these
two nights (the highest of the field) were muchh@gthan in the yard (Figure 32b,c)
thoughDuoz (Eq.1) was >0 (Figure 27). Additionally, N€' during these two nights
was higher than during the other nights of thedfi@igure 27).Therefore, an ozone
destruction and a NfQincrease (or not decrease) only on the roof chelyibe
assumed. On the other hand, the inverse correldi@giween ozone and relative
humidity, RH (night 0: Rof® °%°"=-0.95 and R %°"%-0.27; night 1:Ref v 02"%
-0.94 and Rud7°%°"%-0.09) was much higher on the roof.

(@) (b)
Figure 33. The behaviours of ozone (solid grey line), NO fatash black line), Toluene (solid
black line) and Xylenes (dotted black line) vs.timeasured on the roof during (a) the night 0 and (b
the night 1 [Reproduced from Costabile et al., 2007
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Therefore, a destruction of ozone in relation tohiggn RH only on the roof can likely
be assumed. In the absence of additional datanitbe only suggested a connection
between these findings and the high toluene andneytoncentrations measured on
the roof, likely transported from surrounding s@ascand poorly vertically mixed
(vertical wind speed<1m/s and low wind [Vardoulakisal., 2003], Figure 26). The
group of reactions OH+aromatic could have beencsmlion the roof by the OH
radical in connection with the reaction (R3) [Llogtal., 1976]:

O3+H,O OH+G, [R3]

favouring the destruction of ozone, as well asptusluction of NQ by sourcing HQ
and RQ in the reactions (R4) and (R5) [Sillman, 1999; Emrsua et al., 2005]:

[O2]

HO, +NO ® OH+NGO, [R4]

[O2]
RO, +NO ® R'CHO+HO+NO, [R5].

While only tentative, this observation would ind&a further possible cause for the
largeDos (Eqg. 1) found: Toluene and Xylene (whose high cotreéipns measured in
Suzhou by Costabile et al. (2006b) were mainly appeed to industrial emissions)
likely influenced significantly the production okzone on the roof at daytime, e.g.
when followed by reaction (R2) where the O atom edmately combines with £to
reform G .[e.g. Trainer et al., 2000])
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FROM TAILPIPE TO ROAD. ULTRAFINE PARTICLES AT
KERBSIDE>

8.1. INTRODUCTION

Internal combustion engines are known to be a majoission source of ultrafine
particles [e.g., Weijers et al., 2004; Charron &farison, 2003; Alam et al., 2003;
Kittelson et al., 2004; Morawska et al., 2003]. Hwer, in spite of extensive
laboratory studies on engine emissions, there emeirivestigations of how particle
mobile emissions evolve and affect air quality lelsshing a link between sources and
receptors [e.g., Abdul-Khalek et al., 1999; Scheerl., 2005; Giechaskiel et al.,
2005]. Moreover, there is little information onftrecrelated particles smaller than 10
nm that have been regarded as evidence of pargdlesr truly emitted [Giechaskiel
et al., 2005] or newly formed in the atmospheredi@n and Harrison, 2003; Shi et
al., 2001; Alam et al., 2003]. Therefore, it is imamt to understand how particles

transport and transform near roadways [Zhang, We2@04].

® This chapter was entirely submitted for publicatiss a manuscript: Costabile, F., Allegrini, |. remse of
particle number concentration at sunset time closdraffic emissions. Submitted to Science of thetal
Environment (November 2007, Ms. Ref. No.: STOTEN'DO1887).
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It has been shown that not only is total partiadd@aentration important but also the
particle size distribution [Holmes, 2007]. Receietd data have shown that the size
distribution of emitted particles evolves substhtiwithin a few hundred meters of
emission [e.g., Shi et al., 2001; Zhu et al., 20@d{er release into the atmosphere,
ultrafine particles are subjected to complex dintiand transformation processes.
Neither current models nor those that will be ala@ in the near future are tough to
be able to cover all the spatial and temporal sddlat are involved from the emission
(centimetres, milliseconds) to the urban/regiorales (kilometres, hours) [Ketzel and
Berkowicz, 2004]. Therefore, because the evolutibpanticle size and mixing state
starts at the point of emission and proceeds rapitlis important to examine the
evolution near the source [Jacobson, J.H. Seinfgd@4], and particularly for the
relationships between the various particle sizesinfield and Pandis, 2006;
Westerdahl et al., 2005], and the mechanisms byglwhew particles nucleate and
grow in the atmosphere [Kulmala, 2003].

Although previous studies have examined the relatipp between fresh particle
nucleation and pre-existing particle surface ai®a rfo clear correlation has been
found [e.g., Clarke et al, 1992; Lowenthal et 2002]. On one hand, coagulation of
nanoparticles (<7nm) with the pre-existiBgs though to be the major loss process
[Shi et al., 2001]. On the other harsimay be considered as a condensation sink
since in case of high pre-existiSgucleation to form new particles is frequentlysles
favourable than condensation of low volatility vap® onto existing particles (the
competitive process) [Alam et al.,2003]. The coningsopinions about coagulation
and condensation indicates that these mechanissnstiiithe centre of much debate
[Holmes, 2007; Jacobson and Seinfeld, 2004].

In this study, measurements were taken 30 km NarfBome (Italy) near three major
traffic emission sources (a highway, a provinc@d and a small road), and showed
the total particle number concentration (N) to #gigantly increase at sunset time.
The purpose of this work was to provide insightsthes nightfall increase by
concentrating on one of the five investigated dalysn the maximum reached 4 times

the background level.
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8.2. METHODOLOGY

Measurements were taken, from December 17 to Demeiy 2006, 30 km north-
east of the urban area of Rome, Italy (Figure B4 rural area, in proximity to three
major roads: a highway (< 2km far), a provinciahdo(<500 m) and a small road
(<1m). The measuring devices were installed insidelactric van equipped with an
online data acquisition system (Table 7). A videmee mounted in the driver cab of
the van was used to reconstruct the traffic flowtl@nearest road. A weather station
installed about 20 meters North-East of the measeménpoint provided the
meteorological data (tab.1). The remaining equipnvesss located in the main van
cab, branching off the sampling air from the sanmedaw with no additional probes.
A Water-Condensation Particle Counter (WCPC) [éPgtaja et al., 2006; Hering et
al., 2005; Hering and Stolzenburg, 2005; Biswaal t2005] and a diffusion-screen-
equipped WCPC [Stohl et al., 2007; Feldpauschl. e2806] counted contemporarily
N and N, number concentration of particles in air withrdeter larger tha® nm

and26 nm, respectively.

Table 7.Measurement protocol: measured items, Instrumgrgstymeasurement frequency,
Sample flows, and Resolution. Because of the diffetime resolution of the WCPCs and
OPC,; in case of measurements comparison the WCROAdae averaged over 6s

Measured item Instrument type Time.reSample flow Accuracy

Particle number concentratiofwin Condensation Partic 2 sec  Aerosol flow + 10% at1®

Min.particle size: 6nm  Counters (WCPC3781,T¢ rate: 0.12 + particles/cm
Intermediate size cut: 26 nmCondensing fluid: distilled 0.012 L/min  (maximum
Max.particle size: >3m Water Inlet flow rate.  detectable
Particle size selector 0.6 £ 0.12 concentration
(PSB76060, TSI)fine- L/min 5x10
mesh screen to remove particles/crr)

particles smaller than 26
by diffusional capture
Particle number/surface Aerosol Spectrometer 6 sec  Aerosol flow +- 5% g/m3

concentration in 15 channe (Optical particle counter rate: 0.2 L/mi
0.30 - 0.40 - 0.50 - 0.650.8C OPC 1.108, GRIMM) by Clean addition
-1.0-16-2.0-3.0-4.0-5.0 Laser light scattering sheat air: 0.4
75-10-15-20m L/min
Temperature and humidityHygroscopic polymer sen: 1 min - +0.3°C /£ 2%

+ Platinum 1/3 Class DIN

Wind speed and direction Wind sensor 1 min -

Traffic flows Digital video camera continuo -
S
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The difference between )l and Ny was a rough measure of the nucleation mode
particles (N.26) [Giechaskiel et al., 2005]. The size distributarparticle number and
surface area in the size range 0.3-20 (No320 and 9320 respectively) were
measured in 15 size classes by an Optical Pa@olenter (OPC) [e.g., Alastuey et
al., 2004]. As the OPC measure®iNpatrticles bigger than 300nm and the diffusion-
screen-equipped WCPC measures;, Nhe difference was a measure 0fsBbo
covering both some ultrafine and most of the acdatrmn mode particles. In
analysing the results, it should be consideredttiatotal S was underestimated since
it was not measured for aerosol with diameterswe&d060 nm and their contribution
may be quite relevant [e.g., Seinfield and ParZl6]. As well, that the cut size of
the WCPC is sensitive to the chemical compositiopasticles, especially their water-
solubility, and this can matter at least for nanmtples.

Measurements were processed by Principal Compofratysis (PCA) for data

reduction and interpretation [e.g., Rencher, 1938hry and Hidy, 1979].

Figure 34. Image of the measurement location (30 km north-eaRBbme, Italy) created by
Google Earth. The highway at the left side, ardptovincial road in the center can be recognised.

The data-set was standardized by the (Eq.1) [e.quyHnd Hidy, 1979]:
5 (Xi" )
5 = _ﬂ?

i
S

(1)

where m and s; are mean and standard deviation values of jthevariable,

respectively. Then, data was transformed (usingcthieelation matrix [e.g.,Poissant
et al., 1996]) into a new set of orthogonal varab{principal components, PCs) by
using the orthogonal transformation method withiMax rotation and retention of
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PCs whose eigenvalue is greater than 0.65+1 [gligeida et al., 2005; Eder, 1989;
Thurston and Spengler, 1985]. The PCs were, theanged in decreasing order of
importance with scores estimated by the (Eq. 2),[®erbeke et al., 1984]:

m

PC, = WXy (2
k=1

where PG is the PC score for th& pbject on the"™ component, w is the loading of
the K" variable on the"l component, andxis the standardized value of th& k

variable for the'{ observation.

8.3. DAILY TRENDS AND IDENTIFICATION OF THE " EVENT”

Particle number concentration measured duringdomsecutive days showed similar
daily tendencies (Figure 35), with lower and moomstant nocturnal values, and
three morning peaks [Costabile et al., 2007b]. Tiggdst increases of N with respect
to the "background" level occurred at sunset tiafeer 16:00 (by roughly a factor 2).
On only one of the five investigated days (20.1@6)0 the maximum increase
reached (between 16:00 and 17:00) 4 times the {radkd” level (Figure 35).
During that day the meteorology was something wbfié (Figure 36): higher solar
radiation, higher temperature variation, no cloddsier relative humidity, relatively
constant wind speed and wind direction. The purpdshis work is to analyse the
principal causes of this sunset “event” charaaeridy: (i) measurement site
downwind the small closest road, and upwind thénweay and the provincial road
(fig.1, Figure 36); (ii) lower photochemical forn@t as there was little light at that
time (even if photo-chemically formed particles htigpave formed a couple of hours

before, reaching then sizes >6 nm slightly afteDQ6Figure 36).
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Figure 35. Daily particle number concentrationNmeasured on December 17,18,19, 20,21
2006 and reported on the same time axis. The mawipeak from 16:00 to 17:00 was measured on
December 20 [Reproduced from Costabile et al., BD08

Despite the known connections of N with temperai{re[e.g., Meja et al., 2007;
Virtanen et al., 2006; Voigtalnder et al., 2006e&iaskiel et al., 2005], atmospheric
stability [e.g., Imhof et al., 2005], traffic peaksittelson et al., 2004; Shi et al. 2001;
Wehner et al., 2002], and S [Charron and Harrig@@3; Alam et al. , 2003], the

selected event shows no direct relationship (Figéle

Figure 36. Meteorological variables measured on December @06 2Right axis: total solar
radiation (RST), relative humidity (RH) and windelition (WDir, 0° correspond to North). Left axis:
temperature (T) and wind speed (WS) [Reproduced ffmstabile et al., 2008b].
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Figure 37. Time series measured during the selected eventifarumber concentration of
particles in the 6-26 (Noes.0.026 blue solid line) and 26-300 s, blue dash dot line) nm size range;
(i) surface area (S) of particles in the 0.3-B8s(y.s dark solid line), 1-10 (S, filled curve), 10-
>20 (So.520, dark dash dot lingym size range; (iii) traffic counts (red circles)gtoduced from
Costabile et al., 2008b].

To unravel the hidden variables governing N, P@As run (Figure 38) as defined by
(Eq.2) where ¥ is the value standardized by (Eq.1) of tfeviariable given by the
(Eq.3):

a,bi {(0.0060.0260.3,0.4,0.5,0.650.8,1,1.6, 2,3,4,5,7.510,15,20)!70(1}
% =N, ,=N,-N,, b>a

m=16
(3)
for the [" observation taken during the event. PCA is a waidiate statistical
technique commonly used for source apportionmepadiculate matter [e.g., Vallius
et al., 2003; Hopke et al., 1976]. In this workrtjgde modes and sizes were used as
specific markers of source and process categoaesilsuting to N [e.g., Birmili et
al., 2001]. These categories were identified by emation of the variable loadings on
the PCs (Figure 38), which indicated the correfatad each variables with each

component [Almeida et al., 2005].
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Figure 38. PCA as defined by (Eq.1,2,3) with 16 variables givgrite number concentration N
of particles spanning from 0.006 to @th grouped in 16 size bins [Reproduced from Costaddilal.,
2008b].

The particle number distribution (PND) analysed iBAPwas found to be governed
by the interaction of four components (eigenval@e8pat 92.28% of total variance
explained (Figure 38). this finding firstly shows different modes of the size
distribution behave differently to one another. Hoer, their further analysis could
likely provide insights to: (i) sources [e.g., Bithet al., 2001] and aging processes of
particles after the emission (i.e. dilution withckground air, nucleation, coagulation,
deposition and condensation [e.g., Zhang and We2@04)); (ii) other variables

influencing the occurrence of these processes, ascavailable S and temperature
[e.g., Kerminen et al., 2001; Voigtalnder et ab0a&]. Therefore, it is presented in the

followings.
8.4. PARTICLE SOURCES AND AGING PROCESSES DURING THE EVEN

PC, (Figure 38) reveals that all the size ranges afoitelate positively with each

other with the exception ofgN.o s which loads highly (in Ns.o9 on PC,. This could
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indicate a common prevailing source for all thetipkr size ranges measured with the
exception of the 0.3-0.Bm channel. This source is likely attributable to tredfic
emissions from the near roads [e.g., Wahlin e2&l06]. It dominated particles larger
than 1mm, likely attributable to tyre and brake abrasion goot re-entrainment from
the exhaust pipe [i.e., Imhof et al., 2005;Weijietsl., 2004]. In contrast to the larger
particles, the small combustion-generated parti€lgoos-0.026 No.o2s-09 directly

stemmed from the exhaust pipe [e.g., Pirjola et28l04; Zhu et al., 2002; Shi et al.,
1999] could be linked tdPC; . Because of their singular variation inRC' (Figure

38), emission sources of particles in the 0.3-@rbsize range (loading oRC}) can

be likely related to long-range transport [Birméfi al., 2001; Wahlin et al., 2006]
rather than to incomplete combustion emissions ftbm near road [Imhof et al.,

2005]. As presented her®C) is not a specific pollution component, but it is
comprised of particles from various sources “agéddfing the transport, e.g. diesel
vehicle traffic [e.g., Kleeman et al., 2000], urbbackground, vegetation burning
(around 0.06mm) [Morawska et al., 2003], “droplets” (above 30Qnirmili et al.,
2001].Finally, particles larger than 1fim showing a different pattern to the smaller
onege.g., Charron and Harrison, 2003] and loadingR®, can be probably linked

to the re-suspension of road dust due to bothidrafid wind [e.g.,Weijiers et al.,
2004]. Data should be less meaningful for this sarege due to the lower abundance
of particles, and therefore poor counting statsstic

Beyond indicating that the PND resulted from théenaction of the four above
mentioned sources, this analysis is, however, hegdpey a lack of understanding of
the different variances found for the PCs (FiguBg 3o solve this issue, the findings
were further analysed. It is known that PCA orthugjizes the components of the
input vectors, orders the resulting PCs so thasehwith the largest variation come
first, and eliminates components that contribute lgast to the variation in the data
set [Jain and Dubes, 1998]. Since processes Walstiallest time scales have most
relevance in changing the concentrations of théqgbes [e.g., Ketzel and Berkowicz,

2004], the idea here is that the faster the prodbsshigher the variance, the higher
the eigenvalue. ThereforePC] could likely indicate the fastest process (highest

variance) influencing most of the size ranges @&md varying with particle diameters

(Figure 38). At the concentration levels of thisrkyahis process could likely be the
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dilution of traffic emissions from the closest updi road [e.g., Ketzel and
Berkowicz, 2004; Jacobson and Seinfeld, 2004]. Thghdn loadings of the
supermicron particles (Figure 38) are likely linkeal the fact that the return to
background levels is faster for particles largesintil mm removed faster due to
sedimentation [e.g., Weijers et al. 2004]. In watar, for particles sufficiently large
(10-20mm size range) the dominant process (with the higbeaslings) was likely the
gravitational settling represented by tR€, (Figure 38). Conversely, for submicron
particles, remaining longer in the air, gravitatibrsettling was ineffective when

compared to the other faster processes assoc@mtB€.t and PC, [e.g., Weijers et

al. 2004; Zhang and Wexler, 2002]. The formRg, , could likely indicate a process
quite significant near road (second highest vagarfeigure 38), but slower than
dilution (lower variance and eigenvalue, Figure B8altering the PND. This process
could have a time scale depending on particle s{(Eégure 38) and fastest in
scavenging (as the major removal process) the estglarticles (D<300nm highest
negative loadings). The removal of these smallestictes (D<300 nm) inPC,
(Figure 38) could be linked to the highest increassubmicron particles larger than
about 0.05mm (positive highest loadings), but not to even dar@gupermicron) ones.
All these findings could probably suggest [e.qg.|rkes, 2007; Pohjola et al., 2003;
Zhu et al., 2002; Ketzel and Berkowicz, 2004; Kerem et al., 2001; Alam et al.,
2003; Zhang and Wexler, 2002] that this componendd: be linked to coagulation
processes.

Finally, PC! could likely be linked to the mechanism of forroatiof the smallest
particles, for whom it was found to be the dominanbcess (highest loadings)
without influencing the other number concentratijesy., Holmes, 2007; Charron
and Harrison, 2003; Zheng and Wexler, 2002], atebdiscussed below.

8.5. PRINCIPAL FACTORS INFLUENCING NUCLEATION MODE

PARTICLES

To better understand theC. (Figure 38), PCAwas calculated (Figure 39) including

No.oos-0.026, No.o26-0.3and other variables expected to influence it, saslambient T
and RH [Abdul-Khalek et al., 1999; Bukowiecki et,£003], available S [Holmes
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2007; Zhang and Wexler, 2002], and traffic coumesrf the closest road. P¢As
defined by (Eq.2) whereyxis the value standardized by (Eq.1) of tH® viariable
given by the (Eq.4):

xi {N,SARHT WSwdirvehN
x=N® a, b1 {(0.006).026)m}
x=N,SAB X=X, , =X, - X, X=SA® a,bl {(0.30.40.50.650.81,1.6,2345,7.5101520ym} (4)
b>a
m=22
for the f" observation taken during the event.

The variables were found to be governed by the aotem of five components

(eigenvalues>1) at 84 % of total variance explairfeé@' and PC! show meanings
quite similar to PC] and PC, (Figure 38, Figure 39)PC, seems to be linked

predominantly to the meteorologyPC!' (with the lowest variance) is likely

associated to the dilution of exhaust plumes dueth® mechanically-induced

turbulence produced by the passing vehicles onéae road (Figure 39).

On the contrary, the explanation BIC} is not so straight forward. As suggested by

PC), PC, reveals a singular relationship between threeattes (Figure 39): pbs,

Ss00-800 and ambient T (and the associated RH), whosetesqaibt is reported in
Figure 40.
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Figure 39. PCA' as defined by (Eq.1,2,4) with 22 variables: (ijmner concentration of
particles in the 6-26 (Nos-0.024 @nd 26-300 (Bloog NM size range; (ii) surface area (S) of particles
spanning from 0.3 to> 20m grouped in 15 size bins; (iii) meteorologicalightes (relative
humidity, RH, temperature, T, wind speed and dioectWs, Wdir); and (iv) vehicle number
(Veh_N) [Reproduced from Costabile et al., 2008b].

Figure 40. The measured relationship between thg &0 (x-axis), T (y-axis) and hpe(z-axis,
colours). Triplets of raw data (circles) are smeathy a tricube weigh function to weight the data,
and a polynomial regression of degree 3 is usena®ther [Costabile, Allegrini, 2007a]. Each point
along the smooth curve is obtained from a regrassia@ata points close to the curve point with the
closest points more heavily weighted. All data peinere used for each regression. [Reproduced

from Costabile et al., 2008b]
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Vehicle counts from the near upwind road showeijarwalue < 0.5, and therefore
were excluded from the further analysis. Little imdons of $oo-s00 appear to
correspond to large variations ofs.pé (Figure 40), so that two branches can be
recognised in the (raw) data (black circles) fagoSoogreater/lower than 3@m?/cm’

(it should be again pointed out that these resarkslimited by the unavailability of
aerosol surface area for particles smaller thanr88Que to the OPC lowest cut-off
size). N.,>30.000 #/crii (N>40.000 #/cry Figure 36) occurred only for the lowest
Ss00-s00Vvalues (vertical branch, bottom-left Figure 40)isTlikely suggests that lower
Ss00-s00could have not been sufficient for low volatile gado condense and, thus,
could allow the gases emitted from the passing cledito nucleate and grow
(increasing N.g) [e.g9., Holmes, 2007]. Conversely, highepoSoovalues (horizontal
branch, top-right, Figure 40) could have likely mated the condensation of these
gases (competing with the nucleation), so redupadicle formation (lower Bl
[e.g., Scheer et al., 2005]. In an attempt to fylahe connections between soot and
nucleation mode particles (NMP), Imhof et al. (2D06served a threshold value of
the S of soot whose increase/decrease led to aspamdent decrease/increase of
NMP. They suggested this value to be dependent@rtibient T. In our work, the
relationship between N, S and T likely indicateshigN;..s for lower T [e.g.,Hussein
et al., 2006; Virtanen et al., 2006; Voigtlandemakt 2006] only down to a threshold
value of T (9°C, Figure 40). Below this value,sbk decreases. Giechaskiel et al.
(2005) also noticed a similar effect, with NMP agpeg only when T of the exhaust
gases (measured just before sampling) reacH&®d°. In our case, in absence of
additional data, a tentative explanation could mersthe balance between the
twofold effect of T on particle nucleation. On orani, for lower T the value of the

saturation ratio, SR, provided by (5)

= pA = NA
pR(T)  NR(T)

)

can be sufficiently large to let sufficiently largtusters to be formed [Seinfield and
Pandis, 2006; Kulmala et al., 2000; Kulmala et a007]. On the other hand,
however, the critical size that these clusters nexseed to grow and form a new
phase (nucleate) is inversely proportional to Tijeld and Pandis, 2006]: a
minimum T value could likely be required. In thigaming, the vehicle-emitted gases
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could either nucleate @¥esincreased considerably) or condensate over thdahlai
Ss00-800(N preserved, particles < 0.6-hé& grew appreciably) according to botkyS
goo and ambient T. The highest values af,Bin Figure 40 could likely reflect the
balance between the availability of pre-existingogoo for condensation of vapours
emitted on the near upwind road and the T-conulddheailability of stable clusters for
nucleation of the same emitted gases.
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CONCLUSIONSAND OUTLOOK

The spatial variation of traffic related air polant from tailpipe-to-road-to
ambient was studied especially focussing on UFRs.pfocess was analysed using a
two stage structure (tailpipe-to-road and roadstdient) due to the different spatial
and temporal scales of the related processes. Htleodological approach based on
the analysis of frequency distributions of spaagesewas developed at both the
stages firstly for major traffic-related air poluts, and then applied to UFPs.
Initially, a new methodology for assessing the igpadistributions of traffic air
pollutants at urban (road-to-ambient) scale waseld@ed. Concurrently, a new
approach to link air quality and traffic air pollh at urban scale (stage road-to-
ambient) was studied. Therefore, the two above imeed approaches were applied
to analyse a real case of UFP variation in an udr@a (stage road-to-ambient).
Then, the spatial distribution of reactive traffedated air pollutants into a street-
canyon (namely including chemistry and fluid-dynesneffects) was analyzed (stage
tailpipe-to-road). Finally, the major findings dii¢ work guided the assessment of
ultrafine particles near-road, at stage tailpipeetad.

The methodology to analyse the spatial variationtraffic air pollution was
developed by considering air pollutants’ concerdratin terms of frequency
distributions (FD) of its space series. The dilotiprocesses (indicated by a
LogNormal FD, as explained by the theory of sudeesandom dilution) was shown
to be not the dominant process to fit the spataiations. Conversely, space-FDs of
traffic air pollutants were found to be fitted blyet Gaussian FD, that is the data
matched the pattern expected if the data was dfessm a population with a Normal
distribution. When traffic emissions in urban areas be considered as sources
spatially diffused (no highways, etc.), pollutantainly emitted by vehicle emissions
show a Normal space-FD being other factors lessvaet. This result is very
important in understanding the characteristic @ $patial trend of these pollutants.
Every process where the pollutant particles shawoanal distribution of the spatial
trend density, satisfies the diffusion equation #mas represent such a mechanism.

The predominant factors influencing the spatial Ripe of air pollutant
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concentrations may, therefore, be associated to diffesion mechanisms in
atmosphere, rather than mixing and diluting of seuemissions. These factors are
meteorology, relevant emission sources, seasonphtochemistry, and topography.
Moreover, being the spatial data distribution Ndyma@ean and median values (quite
same) can correctly be used to represent the ctratien values of these pollutants
all over the city for air quality management pum®snd calculation of air pollution
indexes.

The methodology to allow the communication at re@a@mbient scale between
transport emissions and air quality in real-timeswdeveloped by considering
integrated systems. The successful approach, ¢lyrmender way as case-study in
Beijing, considered the integration of the modeliognterpret the data measured with
the measurements to validate the data modeled.widik was intended to better
understand how the improvement of transport tedgylboth private and public, the
reduction of vehicles pollution proportion by tecksgical, political and scientific
measures and the improvement of emission perforesareould be integrated with
“intelligent” transport management system. Howevetere remains a need to
continue research to improve our understandinghef mechanisms leading to air
pollution impacts from transport emissions, to i@lthe uncertainty in our ability to
quantify the relationships between all emissionsl all impacts. For urban air
pollutants from road traffic there remain some deutbncerning both the existence
and the mechanisms of cause and effect, partiguiariparticles, which are currently
one of the air pollutants causing most concern.

To this meaning, the number concentration of UFRsewanalysed at stage 1,
from road-to-ambient both near emission sourcesaar@dbackground location. They
were found to be a clear indication of vehicle axdiaources in ambient air. At urban
scale UFPs resulted from three prevailing contrdmg Firstly, a very low urban
background UFP concentration (lower than 1000 #cparticularly visible in
summer. Secondly, a significant contribution dueldoal traffic sources, up to
100.000 #/cm (traffic site in winter time). Finally, a signiimt contribution due to
secondary transformation processes closely linkeshéteorology, particularly solar
radiation. Transport from sources nearby were flaad to be significant, indicating
significant UFP lifetime in atmosphere. The corafi8 near mobile emission sources
were found to differ from typical background comails in that particle number

concentrations were much higher, and dilution pgees were much faster and
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stronger. The stronger variability induced moreidaponcentration fluctuations,
probably due to faster and more intense dilutioocesses, which can reduce the
number concentration more rapidly, as well as @igghysical processes other than
dilution, such as nucleation, coagulation, and enisdtion.

The analysis of the stage 2, from tailpipe-to roesljealed traffic pollutants
emitted at road level to vary relevantly on theticat coordinate even to less than 15
m. The analysis of the frequency distribution (FED}he (spatial) differences between
the two measured (time) concentratigfes each pollutant) gave insights into the
pollutant diffusion mechanisms in atmosphere frafpipe to road Costabile et al.,
2006H. The spatial distribution of a pollutant governkdgely by local vehicle
emissions (e.g. NO into a street-canyon) was lgrgigtermined by the vertical
diffusion of emissions: difference of concentraiafistributed statistically according
to the Gaussian curve. The higher the chemicatiwggcof the pollutant (e.g., O3),
the lower the spatial distribution with a variatyilstrongly influenced by local fluid-
dynamics effects, and a FD influenced by systemfaiitors deviating it from the
Normal FD.

Finally, the number distribution of aerosol padglspanning from 6 nm to more
than 20mm was analysed on the road (stage 2, from tailmp®ad). It was found to
be governed by the interaction of four Principalntpmnents at 92.28% of total
variance explained. This indicated major sourceaffit emissions and long-range
transport) and “aging” processes of particles afteremission (dilution, coagulation,
nucleation and condensation, and gravitationalisgtf grouped over the four orders
of magnitude of diameters. The analysis of varsldeverning the occurrence of
these processes revealed the number concentrdtiparticles in the 6-26 nm size
range (N-26 including nucleation mode particles) to be laygeifluenced by the
surface area of particles smaller than 800 nggo@ae including accumulation mode
particles) and ambient T. The highest values @fgdccurred for threshold values of
both Soo-s00 and T. In absence of additional data, it was algimat the balance
between two prevailing processes probably triggefeel increase of §bs the
availability of Soo-s00 for condensation of the vapours emitted, and theritrolled
availability of stable clusters for nucleation bketsame emitted gases. This finding
was a further evidence that nucleation particleslwaboth directly emitted from the
engine and formed in atmosphere soon after the senisaccording to some

governing factors.
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There appear at least two directions to proceenh fitee present study. First, the
pursuing towards a stage 0 for UFPs number sizgldison from engine to tailpipe.
Its analysis could result in a comprehensive emmsshnventory of combustion
generated UFPs emitted by motor engines. In oml@ontrol level of atmospheric
pollution caused by vehicle engine emissions, tibermational legislation has indeed
established over the years a series of tests ttuaeathe potential capability to
pollute of different types of engines in order tmpose restrictions to the
commercialization of high polluting engines. Théssts have been designed with the
purpose of simulating real engine operating coadgiby the performance of both
steady and transient test cycles. For several asuhe non-steady-state emissions are
suspected to be a significant portion of the tatapollution emitted, and hence, their
quantification may be important towards determiniagerage emission factors,
pollutant exposure and mode-specific pollutant mimation [e.g., Gullet et al.,
2006]. The Engine Exhaust Particle Sizer spectremtigure 1-1) acquired by the
Department of Mechanical Engineering of Tor Vergataversity during this Ph.D.
work (see Appendix) is an instrument designed $igally for measuring particles
emitted from internal combustion engines and velicThe EEPS [e.g., Johnson et
al., 2004, Kittelson et al., 2006] gives particieesdistribution in the 5.6-560 nm size
range resolved with the fastest time resolutionlabke—10 times per second—. It
means that it's possible to investigate particlee silistribution emitted by motor
engines not only in steady-state engine operatiah dlso in transient engine
operation. In this way, great emphasis can be putneasurements during transient
test cycles, representing real-world driving bebavi

The main findings of this further study could, theive a further direction of
research closing the circle indicated by this wahlat is the assessment of the spatial
distribution of UFP number size distribution frormgie-to-tailpipe-to-road-to-
ambient. This has the potential to finally indicate what extent number size
concentrations of UFPs measured at the exhaustssiigle engine could reflect the

outdoor concentrations in ambient air in a wholeamrarea.
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APPENDIX ° ENGINE EXHAUST PARTICLE SIZER

The Model 3090 Engine Exhaust Particle Sizer spawtter (EEPS™, mod.3090,
TSI Inc., MN, USA) (Figure 41) is a fast-responkgh-resolution instrument that

measures very low particle number concentratiortliuted exhausts.

® This Appendix is reproduced from thdodel 3090 EEPY' Engine Exhaust Particle Sizer: Operation and
service Manua(P/N 1980494, Revision E, August 2006) TSI Incogped (www.tsi.com).
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Figure 41. Model 3090 Engine Exhaust Particle Sizer spectremfReproduced from TSI,
2006]

Instrument operating specifications are as foll¢Wable 8):

Table 8.EEPS (mod.3090, TSI) operating specifications [Rdpced from TSI, 2006]

It's ideal for analysis of a wide range of engindhaust situations, including engine
tailpipe measurements (Engine Dynamometer tess,c€lhassis Dynamometer test
cells, Old diesel engines with high emissions, Ngemeration diesels with active
controls, Measurements upstream and downstreamiedeDParticulate, Filters or
Particle Traps, Spark Emission engine emissions—@&bdgines), and mobile

Measurements.
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The first electrical mobility instrument was the \tly Aerosol Analyzer, developed
in the late 1960’s [Whitby and Clark, 1966]. ThiasvMfollowed a few years later by a
similar but smaller version called the EAA (Elecali Aerosol Analyzer) [Lui and
Pui, 1974]. These instruments both used a unipoferger assembly to place a
positive charge on the particles. The level of ghadepends on particle size and is
correlated by the instrument calibration so tha ihstruments can report number
concentrations. An improvement over the EAA was thevelopment of the
Differential Mobility Analyzer (DMA) column (Figurd?2).

Figure 42. Schematic of a Differential Mobility Analyser [Reygtuced from TSI, 2006]

Rather than using a unipolar charger, a very stané predicable Krypton-85
radioactive bipolar charger was used [Fuchs, 19&4edensohler, 1988]. When
combined with a Condensation Particle Counter (CRK) DMA can be stepped
through various voltages, to detect different péetsizes [Fissan et al., 1983; Hoppel,
1978; Hussin et al., 1983; Kinney et al., 1991; tson and Whitby, 1975]. Using a
computer, the voltages can be automatically steppedenerate a particle size
distribution. This was the basis for the DifferahtMobility Particle Sizing (DMPS)

systems. An improvement in resolution is obtaingacbntinuously scanning the rod
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voltage with an exponential voltage ramp and cowgnto generate a size distribution
[Wang and Flagan, 1990; Quant et al., 1993]. Thkighe basis for the current
Scanning Mobility Particle Sizing (SMPS) systemttlsacommonly used to obtain
high resolution size distributions of engine exhaparticles. Unfortunately, the
SMPS method has a drawback in that it takes afgignt amount of time (30 seconds
minimum with 60 or 120 seconds being more commaisigd) to obtain a single size
distribution. This makes it unsuitable for measgramgine transients on a second-by-
second basis. This led to designs for an improvadgs instrument that could give
complete size distributions in one second or [&& EEPS spectrometer is such an
instrument.

The basic idea upon which the EEPS Model 3090 sedavas developed at Tartu
University in Estonia [Mirme and Tamm, 1991; Mirrmed Tamm, 1993; Tammet et
al., 1998]. The EEPS spectrometer is based on féssresponse instrument.
Conceptually these instruments are similar to a DI8At, rather than particles being
drawn to the center, as in a DMA, the particlesrapelled outward to electrodes. The
EEPS spectrometer performs particle size clastiicdased on differential electrical
mobility classification (as with the SMPS). The aied aerosol enters the analyzer
column near on-axis and above the central rod. gdrécles are deflected radially
outward and collected on electrically isolated etetes that are located at the outer
wall (see Figure 43). The particle number conceioina is determined by
measurement of the electrical current collected saries of electrodes.

The charging of the aerosol is accomplished thrauwghunipolar diffusion chargers.
First, a negative charger puts a negative net ehargthe particles to reduce the
number of highly positive charged particles angrevent overcharging in the second
charger. Then, a positive charger puts a predietatgt positive charge on the
particles.

The electrical analyzer consists of an inner c@mdomposed of multiple electrical
sections with different voltages and column diameet8y stepping the voltage and
changing the central column diameter, the requireidht of the column is reduced
and the particles are more evenly distributed acB&selectrodes. The electrode rings
are made of a highly insulating plastic with metagys molded into the inner diameter
of the ring. Features in these parts provide aelaigctrical resistance between the
electrometer rings while minimizing the gap betw#es rings. O-ring seals between
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the electrode rings ensure a leak-tight column.t@uselectrometers are used to

obtain low noise, fast response and high resolution

Figure 43. Schematic of EEPS measurement column [Reproduoed TiSI, 2006]

After passing through a in cut cyclone, the aerosol enters the charger at/rhin
and close to atmospheric pressure (see Figurdt4gn passes through the charging
region where it receives a predictable chargehéncharger, 0.6 L/min of clean air is
added to the flow to keep the charger electrodancléfter the charger, 2 L/min is
removed from the center of the charging region, releharging is less uniform, and
the rest of the aerosol passes near the centetraglec A recirculating flow of
particle-free, laminar sheath air at 39.4 L/mimgthe particle flow at the top of the
center electrode for a total of 48 L/min througle tbolumn. Particles are then
separated by electrical mobility as flow moves frtime top to the bottom of the

column. Particles with high electrical mobility (athparticles) are deflected to the
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electrode rings near the top of the column, anddhwith low electrical mobility
(large particles) are deflected further downstre&in.flow that is not filtered and

recirculated is passed out of the exit of the ursgnt at 10 L/min.

Figure 44. Flow schematic of EEPS spectrometer [Reproduced 8!, 2006]

There are a number of parameters affecting thdrehaeter currents that need to be
compensated if high time resolution is to be oladinParticles that flow past the
detection stages but don’t contact the electrodgsrican create image charges. In
addition, there are time delays between when algadicle from an aerosol packet
is detected on an upper stage of the column anch \@Harge particle from the same
aerosol packet is detected on a lower stage icaghenn. An inversion algorithm is
used to deconvolute the data and make correctmmfé image charges and the time
delays in the column. The algorithm also conveuisents from the 22 electrometers

into 32 size channels of output. This allows theimam resolution of the instrument
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to be represented by output channels that are lgggmdced on a log scale between
5.6 nm and 560 nm.

Unlike many instruments which have a single valséhee lower detection limit, the
EEPS has a range of values depending on partixeasid averaging time. This is due
to the inherent noise in each electrometer as agethe particle charging probability
vs. particle size. Figure 45 gives a range of lokveits for several averaging intervals

based on particle size.

Figure 45. Graph of concentration limits [Reproduced from TZ106]
The EEPS software calculates a different detedtioim based on each of the possible

averaging intervals that can be selected in théwsoé. The upper limit of
concentration is based on the fixed upper limicwfrent that can be detected by each
electrometer channel. This limit is also plottedrigure B-4. However, this limit does
not change with averaging time. The EEPS softwages this limit to show maximum
limit values (red boxes) at the top of any barha 2D histogram which has reached
or exceeded this value. When a value is exceetledyar is clipped at the maximum

value, affecting the shape of the distribution.
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