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Abstract

Vertical profiles of atmospheric particulate matter number concentration, size distribu-
tion and chemical composition were directly measured in the city of Milan, over three
years (2005-2008) of field campaigns. An optical particle counter, a portable mete-
orological station and a miniaturized cascade impactor were deployed on a tethered
balloon. Mixing layer height was estimated by PM dispersion along height. More than
300 PM vertical profiles were measured both in the winter and summer, mainly in clear
and dry sky conditions. Under these conditions, no significant changes in NO;, SOi‘
or NHZ into or over the mixing layer were found. From experimental measurements
we observed changes in size distribution along height. An increase of the mean par-
ticle diameter, in the accumulation mode, passing through the mixing layer under sta-
ble conditions was highlighted; the mean relative growth was 2.1+£0.1% in the winter
and 3.9+0.3% in the summer. At the same time, sedimentation processes occurred
across the ML height for coarse particles leading to a mean particle diameter reduction
(14.9£0.6% in the winter and 10.7+£1.0% in summer). A hierarchical statistical model
for the PM size distribution has been developed to describe the aging process of the
finest PM fraction along height. The proposed model is able to estimate the typical ver-
tical profile that characterises launches within pre-specified groups. The mean growth
estimated on the basis of the model was 1.9+0.5% in the winter and 6.1+1.2% in the
summer, in accordance with experimental evidence.

1 Introduction

Atmospheric particulate matter is crucial in environmental pollution problems, health
hazards and climate changes. On one hand particulate matter is one of the most im-
portant atmospheric pollutants, specially in urban areas (Van Dingenen et al., 2004).
Meteorological conditions, and in particular atmospheric turbulence play a relevant role
in this way (Fischer et al., 2006); mixing layer height influences the PM exposure pat-
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tern providing the available volume for the dispersion of aerosols and gases (Seibert
et al., 2000). A typical example is the Po Valley (Northern Italy) where wind is scarce
and stagnant conditions often occur causing a marked seasonally influenced PM trend
(Rodriguez et al., 2007; Ferrero et al., 2007a; Vecchi et al., 2004).

On the other hand, it has been found that aerosols also influence the climatic system
due to their ability to scatter and absorb sunlight (direct effect); particles in the atmo-
sphere also act as cloud condensation nuclei (CCN) modifying the lifetime of clouds
(Koren et al., 2004), droplet size and precipitation rate (indirect effect) (Kaufman et al.,
2002). Globally they are opposed to greenhouse gases in global warming, cooling the
earth-atmosphere system (IPCC, 2007). The number size distribution and the chem-
ical composition of the particles in the atmosphere influence the optical properties of
particulate matter and their ability to act as CCN (Kaufman et al., 2002; Penner et al.,
2001; Hinds, 1999; Seinfeld, 1998).

The linkage between the particles’ chemical-physical and their optical properties
suggests the use of new tools, like satellite images in PM air pollution studies in or-
der to spatialize the PM exposure pattern (Shaap et al., 2009; Engel-Cox et al., 20086;
Liu et al., 2005, 2007; Sarigiannis et al., 2004) on anthropized areas in which a con-
tinuous monitoring activity of PM is not active, but where people live. Despite this
possibility, aerosols in the atmosphere can vary greatly in their concentration, size and
composition, and consequently in their effects on incident radiation (Campanelli et al.,
2003).

So, climatic studies and the estimation of ground PM concentrations from satellites,
require a 3-D knowledge of aerosol properties, especially along the whole atmospheric
column (Wang et al., 2003; Kaufman et al., 1983). Measurements of particulate matter
vertical distribution might therefore be very interesting, allowing us to understand the at-
mospheric processes related both with ground pollution levels (Seibert et al., 2000) and
with vertical changes in aerosol optical properties. For this reason, due to the spatial
heterogeneity of aerosol and atmospheric conditions, different behaviours of aerosol
vertical properties have been described in the literature. For example, Campanelli
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et al. (2003) reported that boundary layer thickness had no influence on changes in
aerosol volume size distribution along height, while Hayasaka et al. (1998) demon-
strated a connection between the columnar aerosol volume size distribution and details
of the vertical profiles. These results explain well the effect of different aerosol vertical
profiles employed in models on the indeterminacy in forecasting the aerosol radiative
impact (Penner et al., 2001).

Up to now, direct long-term particle vertical property measurements are scarce (Pen-
ner et al., 2001) and those that exist, are limited to few points (Gobbi et al., 2004). As
far as we know, this kind of measurement has not yet been the object of statistical
modelling.

Vertical profiles of particulate matter can be obtained by direct and indirect tech-
niques such as tethered balloons (McKendry et al., 2004; Stratmann et al., 2003;
Maletto et al., 2003), aircrafts (that permit direct sampling) (Taubman et al., 2006),
and lidars (indirect estimation) (Kim et al., 2007; Amiridis at al., 2007; Eresmaa et al.,
2006). Among these, only direct techniques, like balloons, enable one to measure the
physical-chemical properties of PM (number concentration, size distribution, chemical
composition) and the effect of atmospheric turbulence on aerosol properties within the
planetary boundary layer and across it (Seibert et al., 2000).

Following these routes, particulate matter vertical profiles were measured in Milan,
within the Italian QUITSAT project (Air Quality in the Po Valley by Integrated measure-
ments from Earth, Satellites and chemical and transport modelling), collecting three
years of data. The main goal of the study consists in associating changes in the parti-
cle number concentration, size distribution and chemical composition along height with
the mixing layer evolution. This was achieved by assessing the behaviour of particulate
matter size distribution along vertical profiles by means of a statistical model. The hy-
potheses of such models are developed as a tool for eliciting the most relevant physical
and chemical conjectures.

16486

ACPD
9, 16483-16525, 2009

Role of mixing layer
on changes of
particle properties

L. Ferrero et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/16483/2009/acpd-9-16483-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/16483/2009/acpd-9-16483-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2 Site, instrumentation and statistical approach

Vertical profiles of atmospheric particulate matter were carried out at the urban site of
Torre Sarca in Milan (45°31°19" N, 9°12'46" E — University of Milano-Bicocca). The site
is located on the north side of Milan, in the middle of an extensive conurbation which
is the most industrialized and populated one in the Po Valley.

2.1 Atmospheric particulate matter characterization

Vertical profiles of atmospheric particulate matter were carried out using a helium filled
tethered balloon (@=4m, 33.5 m3) equipped with an optical particle counter (OPC),
a miniaturized cascade impactor and a portable meteorological station deployed on
a platform located 5m away from the balloon (Fig. 1). An electric winch allowed us
to control the ascent and descent rate of the balloon with a precision of 0.1 m/min;
a fixed value of 30.0+£0.1 m/min was used, giving a high spatial resolution of particle
measurements (3.0 m of resolution for each 6 s OPC measurement) with a reasonable
time of flight (10min to reach 300ma.g.l.). The maximum height reached by each
balloon launch depended on the atmospheric conditions; for most profiles it ranged
from 300 to 600 ma.g.l.

We used the OPC GRIMM 1.108 “Dustcheck” that allowed us to measure the parti-
cle number size distribution in 15 classes from 0.3 um to up to 20 um. The instrument
was also set to perform one measure every 6 s in order to reach a higher space reso-
lution during the balloon flight. This OPC is also suitable for measuring vertical profiles
due to its light weight (2.5kg), small size (24x12x6 cm3), and long-time battery supply
range (8 h); this experimental design was successfully used before in other studies in
an urban environment in New Zeland, and in Lower Fraser Valley in Canada (McK-
endry et al., 2004; Maletto et al., 2003). The OPCs may be sensitive to conditions of
high relative humidity that can influence particle growth; in order to avoid any artifact
in size distribution determination, only vertical profiles carried out solely in clear and
dry sky conditions (RH<65%) were considered (Sjogren et al., 2008; Weingartner et
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al., 1997). Meteorological conditions along height were measured, at the same time as
particle counting and sizing, using a portable meteorological station (BABUC-ABC LSI-
Lastem); pressure, temperature and relative humidity were measured with the same
time resolution of particle counting. These data were used to control the relative hu-
midity state of the atmosphere allowing us to consider only artifact-free measurements
performed by the OPC.

Special sampling campaigns were carried out in the winter with a portable cascade
impactor (Sioutas SKC) that allowed us to collect massive samples of particulate mat-
ter in five size stages (>2.5um, 1.0-2.5um, 0.5-1.0um, 0.25-0.5um, <0.25um),
at different altitudes along the vertical profiles; teflon filters (@25 and 37 mm, SKC)
were used for PM collection and a stable flow rate of 91/min was guaranteed by a
light weight (1kg) battery-supplied pump (Leland Legacy pump, SKC). PM samples
were analyzed by ion chromatography after 20 min of extraction in ultrapure (Milli-Q)
water by ultrasonic bath (SOLTEC SONICA®) (Ferrero et al., 2008). Inorganic anions
and cations were jointly analyzed by Dionex ICS-90 and an ICS-2000 coupled sys-
tem equipped with: Dionex lonPac® AG14A-5 um Guard (3x30 mm), lonPac® AS14A-
5 um Analytical column (3x150 mm), AMMS IIl 2 mm MicroMembrane Suppressor for
anions; lonPac® CG12A-5 um Guard (3x30 mm), lonPac® CS12A-5 um Analytical col-
umn (3x150 mm), CMMS Ill 2 mm MicroMembrane Suppressor for cations. Eluent and
regen for anions were Na,CO3/NaHCO3; 8.0 mM/1.0mM and H,SO, 0.05 M solutions;
for cations they were MSA 20 mM and TBAOH 0.1 M. Samples were collected at ground
level, into the mixing layer and over it for one hour.

At ground level, a continuous monitoring activity of PMy and PM, 5 was also present
using CEN equivalent (according to EN12341) samplers (FAI-Hydra dual channel low
volume sampler; PTFE filters, @=47 mm; EU sampling inlet, 2.3 m3/h).

2.2 Statistical data analysis and modelling

Particulate matter vertical profiles are characterised by high heterogeneity. A statistical
model may be an effective tool to describe them by explicitly managing uncertainty
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after eliciting underlying hypotheses.

In Sect. 3.3 a hierarchical Bayesian statistical model for size distribution variations
along height is proposed. Parameter estimation is performed by means of simulation
procedures via a Monte Carlo Markov Chain (MCMC) algorithm implemented in the
OpenBugs Software for Windows (Spiegelhalter et al., 1998).

The Bayesian framework is particularly suitable for managing this kind of model
(Wikle et al., 1998). The model we propose presents three levels of hierarchy: the
first level constructs the data likelihood that describes the data generating process.
The second level is devoted to launch-specific modelling. At the third level, the typi-
cal behaviour of a vertical profile is modelled. Each level is characterized by specific
parameters. The parameter estimation is the way to obtain modelled vertical profiles,
which are the main results of our proposal. The Bayesian formulation is completed by
specifying prior distributions on the parameters themselves (hyperpriors on hyperpa-
rameters).

3 Results and discussion

Vertical profile measurements were carried out in Milan between 2005 and 2008 by
collecting more than 300 profiles in the typical stagnant condition of the Po Valley,
and providing a complete seasonal behaviour profile of aerosol properties in the lower
troposphere. Measurements were mainly carried out in the morning, from sunrise to
13:00 UTC (83% of measured profiles) for characterizing at best the particle proper-
ties along height during MODIS (Moderate Resolution Imaging Spectroradiometer)
Terra and Aqua overpass on the Po Valley in QUITSAT project; the remaining mea-
surements (17%) were conducted in the afternoon until sunset. Average ground wind
speed in Milan during these campaigns was very low: 0.84+0.03 m/s in the winter and
1.61£0.04 m/s in the summer. In Fig. 2a some examples from the whole vertical profile
dataset are reported. Particle accumulation in the PBL (Rodriguez et al., 2007) orig-
inated a marked concentration gradient in correspondence with the mixing layer (ML)
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height (H,,ix) While, from the ground to the ML height, the number concentration was
quite stable. Many definitions of H,,, are available in literature, and so mixing layer
height could be determined by applying either theoretical or operational methods, the
choice depends mainly on data availability. For example, potential temperature verti-
cal profiles could be used to retrieve mixing layer height during well-mixed conditions
(Holzworth, 1967; Troen et al., 1986; Holtslag et al., 1990). Assuming that atmospheric
particles act like a tracer of the atmospheric dispersion state, this information contains
and integrates the effects of the atmospheric physical forces (thermal and mechanical)
on the particles vertical dispersion until that time during stable and convective condi-
tions.

In this study the strongest negative particle number concentration gradient was cho-
sen as a definition of H,, (Ferrero et al.,, 2007a; Kim et al., 2007; Matzuki et al.,
2005; McKendry et al., 2004; Maletto et al, 2003; Seibert et al., 2000). The relation-
ship among meteorological parameters and H,,,;, will not be discussed here, as well as
the comparison among different methods for accurately estimate H,,,. Rather, here
we focus on the changes in the particle characteristics along vertical profiles, paying
attention to the role of H,, itself.

3.1 Number size distribution and chemical composition along height

When considering the number size distributions measured at ground level and over the
ML (Fig. 3a—b) in both seasons a local minimum has been found at a particle diameter
(d,) belonging to the size class of the OPC 1.0-1.6 um, allowing us to distinguish the
vertical behaviour of the fine fraction (d,<1.6 um) from the coarse one (d,>1.6 um).
On average, taking into account the total particle number concentration measured (in
actual conditions of temperature and pressure) at ground level and over the ML (in the
OPC size range), quite steady PM concentrations were found over the ML, representing
28+2% in the winter and 35+2% in the summer. Such behaviour describes the high
capability of ML to trap primary and secondary particles into its structure, but, focusing
on size distribution, we will show that the vertical dispersion of different size classes
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is not homogeneous. The mean particle diameter of accumulation and giant nuclei
modes are not constant with height. The tails of the size distributions (Fig. 3a—b) at
ground level and over the ML diverge as size increases; a difference is also present
for the smallest particles (the scale of Fig. 3 is logarithmic). The distribution of the
ratios of the number concentrations measured above the ML, over those measured at
ground level, is not constant (Fig. 4), but it is a function of particle diameter. As a first
remark, the largest particles in the coarse fraction are less concentrated along height
until values lower than 10%; fine particles exhibit a maximum value of this percentage
in the size range 0.5-0.65 um in the winter and 1.0—1.6 um in the summer.

The two different behaviours for coarse and fine particles are due to different kinds
of physical evolution in the atmosphere. In order to summarize the size distribution
changes along height, the mean particle diameter (MPD) for the fine and the coarse
fraction is calculated as:

ZN/D/'

MPD_ iZN- (1)

where N; is the number concentration of particles within each size class of the OPC,
and D, its mean diameter.

In Fig. 2a—d some examples of vertical profiles of fine particles, coarse particles and
their MPD along height are reported; MPD of fine and coarse fractions show opposite
behaviours. Fine particles grow by passing through H,,, while coarse particles MPD
decrease. The two behaviours will be discussed separately.

3.1.1 Coarse fraction behaviour

Coarse particles are primarily emitted in the atmosphere by different sources (natural
and anthropogenic, mainly resuspension) and they undergo dry deposition by gravi-
tational settling (Raes et al., 2000). This basic phenomenon influences the vertical
distribution behaviour in two ways.
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First of all the vertical distribution of the coarse fraction could not be the same as
the fine one. ML height (H,,y) was derived essentially from the fine particle vertical
distribution (Fig. 2a); In fact, of the total particle number concentration (in the OPC size
range) the fine fraction accounted for more than 99%, which belongs to the accumula-
tion mode, characterized by the higher atmospheric residence time (Raes et al., 2000).
The study of coarse particle vertical profiles allowed us instead to determine the mixing
state (Hyparse) for the larger particles as well (Fig. 2¢), and to compare them with the
mixing layer height (Fig. 5a).

Hmix @and Heoase are highly coincident for most profiles (Fig. 5a); but, considering
linear correlation in different seasons, the lowest /2 (0.610) and the higher discrepancy
of the slope (0.630) from the unit value were found in winter times; while summer times
exhibited a more uniform vertical distribution of fine and coarse fractions (R2=0.839,
slope=0.934). Lower boundary layer turbulence and wind speed likely caused this
phenomenon in winter times.

Atmospheric turbulence also influences coarse size distribution changes along
height. Below the ML, where a certain level of turbulence was present, the MPD re-
mained quite constant with height, but, as reported in Fig. 4, the relative contribution
of the largest particles to the total coarse fraction changed with size over the ML; as a
result the MPD of the coarse fraction (1) decreased (Fig. 2d) with height evidencing the
sedimentation effect of the largest particles (settling velocity is a function of d2). In par-
ticular, if the height of changing diameter for coarse particles, HCD e, is defined as
the height at which a sharp change (decrease) in the coarse MPD occurred, a strong
linear relationship with H,,,.sc Was found (Fig. 5b) especially in the winter (R2=0.867,
slope=1.025). In the summer this relationship was poorer (R2=0.577, slope=0.953).
On average the sedimentation process was observed in 94% of cases in the winter and
in only 49% of cases in the summer. In the other cases no clear evidence in MPD de-
crease was found. Higher atmospheric instability weakened particle sedimentation in
the summer; however less windy conditions and higher stability, in the winter, favoured
particle sedimentation. The mean reduction in MPD was 14.9+0.6% and 10.7+1.0%
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in the winter and summer respectively, with maximum reductions of 27.4% and 31.6%.
Table 1 summarizes the findings above. A confirmation of sedimentation effect was
obtained by correlating the percentages found over the ML, for each coarse size class,
with the inverse of settling speed calculated for the same classes (/-?2:0.980; Fig. 6).
These data become interesting in terms of optical effect of aerosol (i.e. Single Scat-
tering Albedo) because different size classes characterized by different scattering and
absorption efficiency are not identically vertically distributed into the mixing layer itself.

3.1.2 Fine fraction behaviour

Contrary to coarse particles, the finest ones exhibited an MPD increase at the same
height of the ML (Fig. 2b). The MPD remained rather constant both within the ML and
over it. The fine fraction (FF) increased its MPD in 82% of cases in the winter and
only 51% in the summer. In these cases a direct comparison (Fig. 7) between H,
and the height at which a sharp change (increase) in the fine MPD occurred (HCDy;,c)
showed high correlation values both in the winter (R2=0.898, slope=1.049) and sum-
mer (R2=0.899, slope=1.111). A mean growth in MPD of 2.1+0.1% and 3.9+£0.3% in
the winter and summer has been calculated, with maximum values of 6.1% and 8.5%,
respectively. Table 1 also contains summary statistics for fine particle growth.

A hygroscopic growth artifact was avoided in these cases since only data with
RH<65% were considered (see Table 2); in addition humidity usually decreases with
height (Palchetti et al., 2008; Velasco et al., 2008; Laakso et al., 2007; Stratmann et
al., 2003), and during balloon launches the ML height was characterized by a sharp
decrease in the RH content. The mean RH decreasing across the ML was of 8.5+0.8%.

The FF growth over the ML was likely due to the aging process of particles in the
atmosphere (i.e. coagulation and condensation). A confirmation in this direction came
from the analysis of PM chemical composition along height that avoided the possibility
of transport processes on days characterized by FF growth.

Samples collected at ground level, within the ML and over it on the same days in
which the FF growth was evidenced, were analysed as reported in Sect. 2.1.
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NO;, SOZ‘;‘ and NH; were jointly analysed and, due to the broad size ranges of the
cascade impactor stages, no significant changes in their size distribution were detected
along the vertical profiles; for this reason the concentrations detected in all size classes
of the cascade impactor were here aggregated in order to study the vertical changes
of their total atmospheric concentrations. The average atmospheric concentrations
of these compounds measured respectively at ground level, into the ML and over it
are summarized in Table 3. Figure 8a—c summarises the relative contribution of NO; ,

SOi‘ and NHj to their total for the aging cases; they evidenced a similar chemical
composition along the whole profiles (from ground level to over the ML) supporting the
theory of PM aging over the ML and discarding the presence of transport events.

On the contrary, transport events themselves were evidenced by a different MDP
behaviour associated with a sharp change in chemical composition. As an example
Fig. 8d—f evidences the transport event of 23 February 2007: air masses arrived over
the ML from the Mediterranean sea (Fig. 8e); they were rich in sulphates (Fig. 8d),
usually associated with fine particles, thus causing a sharp decrease of MDP over the
ML (Fig. 8f) at the same time.

So ML height appeared in most cases as a critical parameter for splitting the lower
troposphere into two areas: one, within the ML, in which fresh aerosol from anthro-
pogenic emissions and secondary origin was present, and another one over the ML
influenced by background conditions with aged aerosols (especially in the winter) or by
long-range transported aerosols.

Vertical profile data were mainly collected in clear and dry sky conditions, in which
aerosol properties can be derived by satellite remote sensing using different sensors
(i.e. MODIS). In this case the creation of accurate look-up tables would be very useful
(Levy et al., 2007; Chu et al., 2003) and could be implemented for areas with char-
acteristics similar to the Po Valley with some parametrization to distinguish periods
characterized by highly stable conditions from other periods.

The statistical model for assessing the size distribution changes of the fine fraction
with height proposed in the next section establishes basis for developing a general
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model that can predict the particle properties with height starting simply from ground
(aerosol and meterological parameters) and ML measurements.

3.2 Statistical modelling of the fine fraction growth

In the previous section it has been mentioned that fine particle size distribution varies
along height. The H,,yx plays an important role, and has been estimated for each
launch. The behaviour of MPD along height has been described in the previous sec-
tions. Here, focusing on the FF, we address the question of the change along height of
each OPC size class relative contribution to the total count.

We propose a statistical model for the joint analysis of the proportions of PM clas-
sified according to particle size, following the theory of compositional data. Composi-
tional data consist in parts that sum up to unity (Aitchison, 1986; Billheimer et al., 2001).
In what follows, we consider the relative contribution of a specific OPC size class in the
FF size range (six size classes are involved: 0.3-0.4 um, 0.4—0.5 um, 0.5-0.65 um,
0.65-0.8 um, 0.8—-1.0um and 1.0-1.6 um) to the total particle concentration, i.e. the
sum of the number concentrations of the six size classes mentioned. Meteorological
conditions are crucial antecedents for any pollutant structure: a way of taking different
external conditions into account is the construction of homogenous groups by means
of a clustering algorithm adapted to the treatment of compositional data (Bruno and
Greco, 2008). Separate models for each group are estimated for studying the evolution
of particulate matter relative size distribution along the vertical profile.

We consider 139 launches chosen among the entire dataset: a launch has been
selected if its profile above the ML height can be traced. The selected launches have
been clustered into 4 different typologies. Each group is characterized by very different
and specific external conditions, which are summarized in Table 2. In this table the
mean value per group of a series of variables is reported.

Group A and group B are formed by 39 and 56 members respectively and contain
mainly winter launches whereas groups C and D contain 24 and 20 launches respec-
tively, mainly measured on summer days. Differences between summer and winter
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groups are evident; the mean number concentration of particles is sensibly higher in
winter groups (A-B) as is the ground level pollution summarised by PM; and PM, g
levels. Since groups are made up of a high number of launches in turn characterized
by a large number of observations, the estimation of models on this amount of data
can be very time-consuming. If the homogeneity within a group is high, restricting the
number of launches on which to estimate the model involves a sufferable loss of infor-
mation, rewarded by savings in terms of computational costs. For the reasons above
the prototype model for each sub-group is estimated on data from 8 launches. The
eight launches selected within each group are summarised in Table 4. From this table
one can check that the external conditions characterising the selected launches are
similar to those of the parent groups of Table 2.

Tables 5 and 6 report the average relative size distribution within each group. Since
the coarsest particles (with diameters larger than 1.6 um) constitute less than 0.1% of
the total and their atmospheric behaviour is governed by the well known sedimentation
process, the first 6 (finest) size classes (0.3—-1.6 um) have been considered. The first
size class constitutes more than 70% of the total counts in all groups, whereas the
last three size classes account for less than 5% of the total. Groups A-B and C-
D show different behaviours with respect to the second size class (0.4-0.5 um) whose
contribution is higher in winter groups (about 20%) than in summer groups (about 15%).
But the more interesting observation from the table, is the predominance of the finest
particles in group C. This is attributable to transport situations. Group C thus represents
a cluster of vertical profiles affected by transport events; it was characterized by the
lowest mean sea level pressure among the other groups (Tables 2 and 4), a condition
that favours an intrusion of different air masses. These considerations apply both to
the full-size groups (Table 5) and to the subsets (Table 6) selected for the successive
analyses.

For each launch, the number of measurements, as well as the ML height and the
maximum height reached by the balloon are different. In order to take account of the
heterogeneous conditions characterising each launch, the height of each measurement
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is considered with respect to its relative distance from the specific mixing layer height
for a generic launch k (Hpx)). Therefore, each height value has been transformed
into a standardised value according to

Height,, = Hiixk)

Xin = )
i Himixk)

where Height,, is the height of the A-th measurement for launch k.

When exploring observed vertical profiles with respect to standardised height instead
of absolute height, more homogeneous behaviours are observed. This strengthens the
conjecture that H,,;, is the crucial quantity in describing vertical profiles. In the following
subsection we construct the statistical model that describes the behaviour of all size
classes along height. The proposed model is able to estimate the typical vertical profile
generating each launch within a group. Since data are compositional, the model has
to take account of the sum-to-one constraint.

The merit of proposing a statistical approach for modelling vertical profiles consists
in estimating parameters with a degree of credibility which is managed by probability.
Results uncertainty can therefore be assessed and the statistical model can be used
with caution, as a general paradigm.

A hierarchical model for homogeneous groups

A hierarchical model is constructed separately for each homogeneous group described
in Table 6 (group-specific model). Hierarchical models are an effective tool for building
complex models from relatively simple sub-models, each of them being interpreted as
a level of the hierarchy. The Bayesian framework is very suitable for managing this kind
of model (Wikle et al., 1998). For each group-specific hierarchical model, the variable
modelled is y,,,, i.e. the number concentration of particles for vertical profile k, height
h and size class r, (r=1,...,6).

The first level of the model is:

Ykn|Pkn. Nkp ~ Multinomial (pyp, ngp) k =1,...,8; h=1,..., Hy 3)
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where y,, and n,,= Zf=1 Yin, @re respectively a 6-dimensional vector containing the
particle number concentrations and the total particle number concentrations at height
h for launch k. The maximum height observed for each launch is denoted by H,.. The
multinomial distribution is appropriate in this case since it permits one to model con-
centration data with a sum constraint (the number concentration of particles at height
h for vertical profile k, denoted as n,;,).

Multinomial distribution is parameterised by p,,=(Pxn1. Prnz. ---» Pipe), the model
parameters representing the relative contribution of each OPC size class to the whole
FF number concentration. The sum to unit constraint (Zf=1 Pipr=11n EQq. 3) suggests
the additive log-ratio (alr) transformation (Aitchison, 1986) for transforming parameters
P, (defined in the 6-dimensional simplex space V6) to the unconstrained Euclidean
space R°. We denote the transformed vector via alr function as the 5-dimensional
vector z,,=alr (p,), where:

Zepy = I (g::G)r=15 )

In general, given an alr-transformed vector, back transformation from
R> to V°® is achieved via the alr™' function: alr™ (Zxn) =Pkp Where
5 5

Prhr=€XP (Zpr)/ (1 + 2 o1 EXp (zkhr)> and pype =1/ (1 + 2,1 eXp (Zkhr)> :

Further modelling regards the z,,, variables. Each z,,, is seen as a central value
plus a Gaussian error with 0 mean and variance which is specific to vertical profile and
size class:

Zypr = Hipr + Eknr Where gy ~ N (0: 0,3,) : (5)

The mean value n,,, is modelled as the sum of a constant profile-size class param-
eter plus a weighted sum of powers of the standardised height for describing the non
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linear relationship linking X, (standardized height) and size classes:

J

#khrzykr"'zlgjerlihj: 1,...J (6)
j=1

where y,, and {,Bjkr, j=1...,J} are launch specific parameters that capture the
mean and shape of the r-th size class of the k-th vertical profile (with respect to the
reference size class). This equation describes the behaviour of the relative contri-
bution of the original OPC FF size classes along the standardized height. The four
group-specific hierarchical models differ only in the definition of the functional relation-
ship between vertical profile and standardised height. The degree of the polynomial is
denoted by J and is chosen to be either 3 or 4 for each group-specific model.

The profile-size class parameters characterize the second level of the hierarchical
model. Second level parameters are still modelled as the sum of a central value and a
normal zero-mean error:

Yir =V, + 6, where 8, ~N (0, 0%) (8)

In other words, every k-th launch-specific parameter of Eq. (6) (y,, and
{,B/-k,, j=1, ...,J}) is conceived as the sum of a common group parameter (y, and
{,8/-,, j=1, ...,J}) plus a random error that captures the deviation from a group-
specific central value.

At the third level of hierarchy, each group is characterised by the group hyperparam-
eters y and B,

B; |25, ~ MVN (0.3, B;: 5-dimensional vector (9)
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Y|Z, ~MVN(0,%)) Y : 5-dimensional vector (10)

These group-specific parameters are the main focus of inference, because they de-
scribe the typical behaviour that characterises each group. Model hierarchy is com-
pleted by specifying Inverse Wishart distributions IW(/, 5) for the covariance matrices
in Egs. (9) and (10) and Inverse Gamma distributions IG (.001, 1000) for the variance
parameters in Egs. (5), (7) and (8), i.e. equivalent to non-informative priors.

Model complexity is such that analytical estimation is not feasible. Model estima-
tion is conducted by simulation via the MCMC algorithms implemented in OpenBugs
Software. Solutions are accepted after having checked convergence via the usual tech-
niques. Inference is based on 10000 post-convergence samples, after 30 000 burn-in
iterations. The degree of the polynomial in Eq. (6) has been selected using the De-
viance Information Criterion (DIC) (Spiegelhalter et al., 2002); a third grade polynomial
has been chosen for groups A, B and C, while a fourth grade polynomial has been
chosen for group D. In particular, transformed values alr™ (y) vectors are the model
counterpart of the average relative contribution of each size class in homogeneous
sub-groups entering in model estimation reported in Table 6, and their estimation is
summarized in Table 7 which also reports 95% credibility intervals. Such intervals
contain the empirical average relative size distribution characterising both the full-size
groups (Table 5) and the subsets selected for model estimation (Table 6). This shows
how statistical modelling permits one to compute measures of uncertainty of estimated
values that render results more thorough than descriptive syntheses of data. Among
the outputs of the hierarchical statistical model, appear the estimated MPD values cor-
responding to the empirical values (1). The MPD growth estimated via the model is
1.6+0.4% for group A; 2.2+0.5% for group B; —2.0+0.5% for group C and 6.1+1.2%
for group D, in accordance with experimental evidence highlighted in the previous sec-
tions.

In its 4 panels, Fig. 9 reports the vertical profiles estimated via the model for each
group. Profiles of the relative size distribution are represented as deviations from the
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estimated y values and centred in 1/6, which is the centre of a 6-dimensional simplex.
The figure describes the shape of the prototype vertical profile for each group. This fig-
ure shows different typical behaviours of groups A, B and D, with respect to C. Results
for groups A, B and D represent three models of FF growth along height. A consider-
able decrease in the relative contribution of the finest particles (1st size class) along
height is evident. On the contrary, group C is characterized by an increase in the first
size class over the ML.

However, the comparison among vertical profiles on the basis of Fig. 9 does not take
account of the uncertainty characterising the results.

Uncertainty assessment can be appreciated with the help of Fig. 10, which reports
80% credibility bands for each size class in groups A (in red) and C (in blue). Credibility
bands for groups B and D are not reported for sake of clarity, since they are mostly
overlapped with credibility bands for group A. The ideal situation corresponding to a
true discriminating model would report non-overlapping bands. This is achieved for the
coarsest size class (1-1.6 um) but not for the finest and is very evident above the ML
height. Differences in graphs, rather than the interpretation of parameter values, permit
one to appreciate the results of model estimation which show the unique behaviour of
group C.

4 Conclusions

Climatic studies and the estimation of ground PM concentrations from satellites, re-
quire the knowledge of aerosol properties along the whole atmospheric column (Wang
et al., 2003; Kaufman et al., 1983) which is a key parameter to applying inversion algo-
rithms used to retrieve the aerosol characteristics from optical measurements. Many of
those algorithms assume a vertically homogeneous atmosphere and constant aerosol
optical characteristics over the whole air column (Campanelli et al., 2003; Dubovik et
al., 2000).

Up to now, direct long-term particle vertical profile measurements have been scarce
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(Penner et al., 2001) and, where they exist, they are limited to few points (Gobbi et al.,
2004). In addition, due to the spatial heterogeneity of aerosol and atmospheric con-
ditions, different behaviours of aerosol vertical properties have been described in the
literature. A statistical modelling on such measurements is not available in literature.

In this paper, particulate matter vertical profile measurements, conducted at a site
in the Po Valley for three years, are summarized and discussed. Vertical profiles were
measured using an OPC, a meteorological station and a cascade impactor deployed
on a tethered balloon. More than 300 profiles were measured between 2005 and 2008
providing a good statistical dataset.

Number size distribution and chemical composition profiles were measured along
height, opening the possibility of investigating their behaviour with respect to the mixing
layer height.

Fine and coarse particle size distributions showed opposite behaviour describing two
different main atmospheric processes.

A settling process dominated the coarse particle profiles, in many cases causing a
lower mixing state of these particles (compared to H,,;,) and the decrease of their mean
diameter.

An aging process occurred for fine particles in stable atmospheric conditions over
the ML. However, transport events caused a decrease in fine fraction size.

The present study proposes a statistical model for assessing the size distribution
changes of the fine fraction along height and develops a more general model able to
predict particle properties along height starting from ground (aerosol and meterologi-
cal) parameters and ML measurements.

Up until now we have constructed a prototype, starting from a vertical profile cluster-
ing in four homogeneous groups, where fine fraction growth along height was modelled.
The hierarchical model might be improved to reduce the associated uncertainty. Fur-
ther investigation is also to be performed about alternative ways to construct groups.

ML height is then a crucial parameter for splitting the lower troposphere into two
areas: one, within it, in which fresh aerosol was present, and the other one, over it,
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influenced by background conditions with aged aerosols or by long-range transported
aerosols. Data on vertical profiles have a nice interpretation in terms of optical effect
of aerosol (i.e. Single Scattering Albedo) because different size classes, characterized
by different scattering and absorption efficiency, are not identically vertically distributed
within the mixing layer itself. Usually aerosol properties can be derived by satellite
remote sensing in clear and dry sky conditions, the very ones in which most vertical
profiles were measured. In these cases the creation of accurate look-up tables would
be very useful (Levy et al., 2007; Chu et al., 2003) and could be implemented for areas
with characteristics similar to those in the Po Valley (stagnant conditions).
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Table 1. Statistics for MPD changes during aging and sedimentation processes. FFG=Fine

Fraction Growth, CFR=Coarse Fraction Reduction.
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MPD relative Winter Summer

changes FFG% CFR% FFG% CFR %
mean 2.1 14.9 3.9 10.7
O 0.1 0.6 0.3 1.0
o 1.3 6.1 1.7 7.5
min 0.3 1.8 0.3 1.4
25° perc 1.0 11.0 2.8 4.5
50° perc 1.8 14.3 3.3 9.1
75° perc 2.9 19.6 5.2 15.3
max 6.1 274 8.5 31.6
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Table 2. Descriptive statistics for each homogeneous group.
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Nr. of  Mean Part. MLH Temp. Humid. Pressure PM, PM, 5

Launches conc. (cm™) (m)  (°C) (%) (hPa) (ug/m®)  (ug/m®)

Group A 39 425.7 14462 479 63.78 1006.27 38.78 104.41
Group B 56 428.5 240.75 7.99 56.09 972.31 28.79 80.66
Group C 24 81.84 279.92 19.00 5157 940.21 20.55 38.39
Group D 20 58.31 203.80 23.07 44.73 977.51 14.89 28.59
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Table 3. Mean atmospheric concentrations for NO; ™, SO42‘ and NH,* measured along vertical

profiles.
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Atmospheric NO; SO&™ NH,

concentrations (ug/m®>) mean om mean om mean om
Ground 223 2.9 6.8 1.7 70 05
Into the ML 23.0 4.9 68 1.6 59 0.6
Over the ML 88 29 3.0 1.1 3.0 07
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Table 4. Descriptive statistics for homogeneous sub-groups entering in model estimation.
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Nr. of Mean Part. MLH Temp. Humid. Pressure PM, PM, 5

Launches conc. (cm™) (m)  (°C) (%) (hPa) (ug/m®)  (ug/m®)

Group A 8 3936 132.13 537 6259 1001.59 34.67 105.13
Group B 8 4455 26175 3.24 56.90 974.51 39.00 78.88
Group C 8 46.04 281.25 10.95 51.52 982.80 18.40 29.82
Group D 8 64.45 24325 2330 4217 974.24 14.29 26.81
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Table 5. Average size distribution in the homogeneous groups.
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Nr. of

Launches 0.3-0.4um 0.4-0.5um 0.5-0.65um 0.65-0.8um 0.8-1um 1-1.6um
GroupA 39 0.7340 0.2101 0.0443 0.0075 0.0031 0.0010
GroupB 56 0.7158 0.2201 0.0503 0.0087 0.0038 0.0012
GroupC 24 0.7822 0.1507 0.0381 0.0131 0.0106 0.0053
GroupD 20 0.7336 0.1569 0.0576 0.0234 0.0195 0.0090
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Table 6. Average size distribution in homogeneous sub-groups entering in model estimation.
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Nr. of

Launches 0.3-0.4um 0.4-0.5um 0.5-0.65um 0.65-0.8um 0.8-1um 1-1.6um
GroupA 8 0.7139 0.2285 0.0470 0.0069 0.0028 0.0009
GroupB 8 0.7259 0.2152 0.0458 0.0081 0.0037 0.0013
GroupC 8 0.8029 0.1384 0.0346 0.0117 0.0084 0.0040
GroupD 8 0.7357 0.1573 0.0559 0.0227 0.0194 0.0089
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Table 7. Posterior credibility intervals of alr™ (¥), i.e. the estimated average size distribution.
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0.3-0.4um 0.4-0.5um 0.5-0.65 um 0.65-0.8 um 0.8-1um 1-1.6um
Group A 0.7151 0.2272 0.0466 0.0072 0.0028 0.0009
(0.6941,0.7669)  (0.1682,0.2763) (0.0329,0.0597) (0.0054,0.0093) (0.0023,0.0034)  (0.0008,0.001)

Group B 0.7214 0.2171 0.0479 0.0078 0.0031 0.0011
(0.6581,0.778) (0.1757,0.2867) (0.0351,0.0651)  (0.006,0.0103) (0.0025,0.0038) (0.0009,0.0015)

Group C 0.7989 0.1401 0.0341 0.0109 0.0081 0.0037
(0.7616,0.8303) (0.1165,0.1768) (0.0279,0.0416) (0.0092,0.0129) (0.0069,0.0097) (0.0033,0.0042)

Group D 0.7336 0.1586 0.0517 0.0207 0.0181 0.0074
(0.6205,0.7976)  (0.1005,0.2348) (0.0313,0.0827) (0.0127,0.0284) (0.0104,0.0201) (0.0061,0.0091)
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Fig. 1. The tethered balloon before launching at the sampling site and during a flight with its

payload.
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Fig. 2. Vertical profiles of the particle number concentration and the Mean Particle Diameter
(MPD) on 20 December 2005; number concentration and the MPD for the fine particles are
reported in (a) and (b), respectively, while the number concentration and the MPD for the
coarse fraction are reported in (¢) and (d), respectively.
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Fig. 8. (a—c) Average NO, soi— and NH, relative values at ground level, within the ML and

over it during FF growth. (d) NO;, SOi‘ and NH; relative values during a transport event. (e—f)
back trajectories and MPD during the transport event.
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Fig. 10.
(blue).
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