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EXPERIMENTAL DATA COLLECTION AND MODELLING OF
DRY DEPOSITION VELOCITIES FOR URBAN SURFACES

1. PARTICLES DRY DEPOSITION PROCESSES

1.1 Introduction

Dry deposition process is one of the important pathways for the removal of radioactive particles
from atmosphere. It is the result of a combination of different environmental and physical factors as
atmospheric conditions, particle properties, characteristics of the canopy. For this latter factor, the
urban canopy represents unevenly combinations of different types of surface elements that
increases the complexity of the involved phenomena that influence particle depositions.

Smooth surfaces tend to have lower deposition rates per unit area than rougher surfaces. Such
relatively small deposition rates are reported by Roed (1983) for Cs137 surface deposition, on
vertical walls, in Denmark. The paper reports the results of nine samples for a brick wall with a range
of wet/dry deposition velocities 0.003 to 0.07 cm/s, four samples for a plastered wall with a range of
0.014 to 0.085 cm/s, and only one sample is in an area sheltered from wet deposition and had a dry
deposition velocity of 0.003 cm/s.

Nicholson (1987) reported similarly small deposition rates for deposition of Cs134 and Cs137
particles to roof and building materials in England. Although the data set was small, the results were
consistent with lower deposition velocities over smoother surfaces.

In (Papastefanou, 2008) an up-to-date summary of knowledge about depositions of radioactive
aerosols is provided. The experimental deposition velocities reported in Tab. 1.1 highlighted that for
Be7 particles varied from 0.1 to 3.4 cm/s, for Pb210 from 0.7 to 1.1 cm/s and for Cs137 from 1.3 to
6.3 cm/s. These data refer mostly to temperate latitudes of the Northern Hemisphere, e.g. at
Thessaloniki, Greece 40°N, Oak Ridge, TN 36°N (Mahoney, 1984), Norfolk, VA 37°N (Todd et al.,
1989), New Haven, CT 41°N (Turekian et al., 1983), Detroit, Ml 42°N (McNeary and Baskaran, 2003),
Qulllauyte, WA 49°N (Crecelius, 1981), Munich, Germany 49°N (Rosner et al., 1996).

Table 1.1 Deposition velocity of atmospheric particles, V4 (cm/s)

7Be 210Pb 137Cs Investigation Country
0.5 (0.3-0.8) - 3.4 (1.3-6.3) Papastefanou et al. (1995) Greece
1.2 (0.5-2.1) - - Chamberlain (1953) UK

0.80 - Young and Silker (1980) USA

1.0 - - Crecelius (1981) USA

2.8 0.95 - Turekian et al. (1983) USA

1.66 - - Mahoney (1984) USA

1.3 0.7 - Todd et al. (1989) USA

1.5 - 1.46 Rosner et al. (1996) Germany
1.6 1.1 - McNeary and Baskaran (2003) USA

The approach for determining deposition rates has several limitations for urban area. Considering the
total deposition per unit horizontal area, grass and trees have relatively high deposition rates
compared to smooth surfaces. Considerable variability in deposition rates occurs because of the
variability of exposures of surface elements to local air circulation. Moreover, the more
contaminated air that flows over a surface per unit time, the greater will be deposition rate.
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Analogous to the enhanced deposition on leeward sides of hills and waves, the leeward sides of
urban structures tend to have higher deposition rates.

Some studies highlight that deposition is mainly controlled by large particles. By observing deposited
particles, Tai et al. (1999) show that this effect is particularly true for urban locations where the
coarse concentration of particles is high; however, the effect is also true for non-urban locations
where the coarse concentration of particles is low. Similar results were obtained by Lee et al. (1996)
for PCB (polychlorinated biphenyl) dry deposition in an urban area. Studies of urban deposition rates
of hydrocarbons and metals show deposition-rate variations over urban areas that largely reflect the
influence of local sources on ambient airborne contaminant concentrations (Azimi et al., 2005).
Characterization of variations in the ambient aerosol size distribution, that typically occur across an
urban area, complicates the modeling of in-plume aerosol interactions and, consequently, the
computation of deposition rates.

It follows that the modelling of dry deposition phenomena within urban canopies is not easy to
configure and, although empirical or semi-empirical models have been developed to address this
complex aspect, there is not standardized and common accepted criteria proposed in literature
(Droppo, 2006). Indeed, their application remains valid for specific conditions and if the data in that
application meet all of the assumptions required by the data used to define the models.

1.2 The main phenomena in dry deposition processes

In atmospheric models, the Surface Layer (SL) is the air layer over the surface whose properties are
largely controlled by the local surface fluxes (Fig. 1.1). The strict definition of the surface layer is a
fully turbulent layer over homogenous surfaces under steady-state conditions.

With this surface layer, a second layer is designated that refers to the laminar, or near-laminar, flow
that occurs immediately over the surfaces. This layer, which is referred to here as the “quasi-laminar
layer”, may exist only intermittently in nature as the flow changes over the surfaces. In the literature,
this layer is also referred to as the “laminar sublayer,” “sublayer,” or “deposition layer.”

Therefore, the main transport processes are:

e transport due to atmospheric turbulence in the lower layer of the Planetary Boundary Layer
(PBL), i.e. SL. This process is independent of the physical and chemical nature of the pollutant
and it depends only on the turbulence level;

e diffusion in the thin layer of air which overlooks the air-ground interface (i.e. quasi-laminar
sublayer), where the dominant component becomes molecular diffusion for gasses,

Brownian motion for particles and gravity for heavier particles;

e transfer to the ground that exhibits a pronounced dependence on surface type with which
the pollutant interacts (i.e. urban context, grass, forest, etc.).

On the basis of layer classifications, dry deposition phenomena involve three sequential sets of
processes:

1. through the turbulent surface layer, the particle moves by the combined effects of eddy
diffusion (i.e., carried by turbulent movements of air) and gravity.

2. in quasi-laminar surface layer, the particle can reach the surface by molecular diffusion,
interception, or impaction.

3. near the surface, retention or rebound depends on a combination of surface and impact
properties.

It is worth to note that the deposition process changes quite a lot over the year, for example due to
the seasonal variation of vegetation (with or without leaf) or over the day in connection with
meteorological conditions (e.g. influence of temperature on leaf stoma).
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1.2.1 Eddy diffusion

Eddy diffusion refers to the transport resulting from turbulent movements in the air that play a
pivotal role in determining the vertical transfer of momentum, heat and mass in the Atmospheric
Boundary Layer (ABL) that usually encompasses the lowest tens to hundreds of meters in the
atmosphere over the earth's surface (Garratt, 1992).

It is actively studied in boundary-layer meteorological modeling, however its impact on dry
deposition in the modeling of atmospheric chemistry is not well characterized.

In approximately the lowest 10% of the ABL, i.e. the surface SL, the vertical fluxes of transferred
guantities are nearly constant with height and can be represented quite successfully by formulations
based on the Monin-Obukhov (M-0) similarity theory (Stull, 1988; Hogstrdm, 1988, 1996; Foken,
2006).

Under the assumption of steady state between generation, dissipation and transport of the turbulent
eddies across the SL above the interfacial sublayer adjacent to surface obstacles, the M-O similarity
theory describes relationships between vertical profiles and fluxes for momentum and scalar
guantities (i.e., heat and trace constituents), using a metric called the Obukhov length L (Garratt,
1992):

[ = 2 epeaT (1.1)
kgH

in which T is the average temperature in the SL (K); P, air density (g/cm?); c,: specific heat at
constant pressure [J/kg K]; g gravitational constant (cm/s?); H sensible heat (W/m?); k von Karman
constant set at 0.4 [-].

The assumption of steady state provides a great advantage to the modeling of the surface fluxes, as
the flux calculation requires the information of state variables only at two levels in this “constant-
flux” layer within the SL. This allows to determine easily some relationships between the profile of
wind speed and ABL meteorological conditions, as described in the following section.
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Figure 1.1 - Air structure near the Earth’s Surface
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1.2.1.1 Wind speed profile
Under the assumption of continued validity of the M-O flux-gradient relationships down into the
interfacial sublayer, it is possible to evaluate wind speed profile as follows:
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ulz) _ i[ln {_D) _ [Z]] (1.2)

U,

with u(z) wind speed at deposition reference height (m/s); u, friction velocity, (m/s); k von Karman

constant; z deposition reference height (m); z, surface roughness length (m); ¥}, is the integrated
stability-correction term for the wind profile.

To calculate the stability function ¥y, in Eq. (1.2), Brandt et al. (2002) suggested the following
relationship:

¥, = —5% with :— >0 (stable conditions) (1.3)

0,598+0,390 In{-2}-0.08[in( -Z)°
= e{ n[ L} [n{ L}]] with§<0(unstable conditions) (1.4)

Under neutral atmospheric stability, Eq. (1.2) can be simplified as:

1= () (1.5)

u, k T,

The friction velocity parameter provides a measure of the intensity of atmospheric turbulence. For an
aerodynamically rough but relatively flat surface, an extrapolation of the mean wind speed profile
downward shows that it reaches zero at some distance above the physical surface. The height at
which this occurs is called the roughness height (or roughness length), z,.

The roughness height is positively correlated with the physical roughness of the surface although a
strict functional relationship between measures of physical roughness and z, do not exist. Some
studies have found that the surface roughness length tends to be about one-tenth of the dimensions
of the surface elements.

In environments with vegetation, such as over agricultural crops and forest canopies, the practice is
to displace the entire velocity profile upward such that the height at which velocity profiles reach
zero is the sum of a canopy roughness length, z,, and displacement height, d, which is defined as zero
plane displacement (Fig. 1.2).

~
<

fe——+f ja—

Figure 1.2 - Simplified scheme of displacement height and roughness length for plant cover.
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Fig. 1.3 reports a generalized mean wind velocity profile in a developed urban area and the zero-
plane displacement length, d, for this configuration.
Consequently, Eq. (1.5) is modified as follows:

2= I (£9) (1.6)

u, k T,

A simple scheme of distinct urban forms and roughness class, as reported in (Davenport et al., 2000),
is illustrated in Table 1.2.
Table 1.3 reports for each roughness class the corresponding roughness length, z,.

1.2.2 Molecular diffusion

As above said, molecular diffusion by Brownian motion is usually assumed to dominate the diffusion
processes in the quasi-laminar surface layer. However, there is the possibility that phoretic forces
also can locally influence dry deposition fluxes.

Particles in the range of 0.001 to 0.1 (um) (ultrafine particles) move like gaseous molecules in flowing
air (i.e., they exhibit rapid random Brownian motion). Their motion causes them to collide with any
nearby surfaces. Ultrafine particles tend to adhere to these surfaces as the result of intermolecular
forces. This mechanism tends to be an effective deposition process with very small particles
depositing at rapid rates on the nearest available surfaces.

Under some circumstances, this diffusion mechanism can continue to be the dominant deposition
process for particles >0.1 um.

A
Height
z

Surface
layer

iy, i

0 Mean horizontal velocity, u

Figure 1.3 - Generalized mean wind velocity, U, profile in a developed urban area. The heights are
the mean height of the roughness elements (zx), the roughness length (zo) and zero-plane
displacement length (d).
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Table 1.2 - Davenport classification of effective terrain roughness.

Urban Zone

Image

Roughness
class?!

1. Intensely developed urban with
detached close-set high-rise buildings
with cladding, e.g. downtown towers

8

2. Intensely developed high density
urban with 2-5 storey, attached or
very close-set buildings often of brick
or stone, e.g. old city core

s AAnm

3. Highly developed, medium density
urban with row or detached but close-
set houses, stores and apartments e.g.
urban housing

Lo tanlis bas,

4. Highly developed, low or medium
density urban with large low buildings
and paved parking, e.g. shopping mall,
warehouses

5. Medium development, low density
suburban with 1 or 2 storey houses,
e.g. suburban housing

Qo0 o A% 4.

6. Mixed use with large buildings in
open landscape, e.g. institutions such
as hospital, university, airport

TR kTSR S000. 9

7. Semi-rural development, scattered
houses in natural or agricultural area,
e.g. farms, estates

A0 Do QD 000

1 Effective terrain roughness according to the Davenport classification (Davenport et al., 2000); see Table 1.3.

Table 1.3 - Davenport classification of effective terrain roughness

Class zo (m) | Landscape description

4 “ Roughly open” 0.10 Moderately open country with occasional obstacles (e.g. isolated low

buildings or trees) at relative horizontal separations of at least 20
obstacle heights.

5 “Rough” 0.25 Scattered obstacles (buildings) at relative distances of 8 to 12 obstacle

heights for low solid objects (e.g. buildings).

6 “Very rough” 0.5 Area moderately covered by low buildings at relative separations of 3 to 7

obstacle heights and no high trees.

7 “Skimming” 1.0 Densely built-up area without much building height variation.

8 “Chaotic” 2.0 City centres with mix of low and high-rise buildings.
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1.2.3 Phoretic Process

Electrostatic attraction causes the movement of charged particles in the presence of an electric field.
The direction of movement depends on the direction of the field and the sign of the charge on the
particle.

Attractive electrical forces have the potential to assist the transport of small particles through the
quasi-laminar deposition layer and, thus, could increase the deposition velocity in situations with
high local field strengths. However this effect is likely to be small in most natural circumstances
(Hicks et al., 1982).

Diffusiophoresis can change the rate of dry deposition of particles embedded in a surface gradient of
a gas, created by a condensation or evaporation of the gas to/from the surface. There is a difference
in the kinetic energies imparted by collisions with up gradient and down gradient gas molecules. This
process imparts momentum to the particles, which tends to move them down gradient for denser air
gases and up gradient for lighter air gases. In addition, the introduction of new water vapor
molecules at an evaporating surface displaces a certain volume of air. This effect, called Stefan flow,
tends to reduce deposition flux from an evaporating surface.

Thermophoresis results in a net directional particle transport in the presence of a thermal gradient.
For a particle in a thermal gradient, the air molecules striking one side of the particle will be more
energetic than those on the other side. This effect will tend to move small particles away from a
heated surface and towards a cooled surface.

In atmospheric dispersion models, phoretic on dry deposition are generally assumed to be small,
based on their normally very small contributions to overall deposition fluxes (Hicks 1982). However,
for particles in the range of 0.1+1.0 um, for which other deposition processes are relatively
ineffective, these effects may not always be negligible.

Rather than including detailed formulations, dry deposition models generally include an empirical
minimum limit for the magnitudes of deposition velocities. For example, the ISC Industrial Source
Complex Model formulation (USEPA, 1994) adds a phoretic term to the deposition velocity modeled
from diffusion, impaction, and gravitational settling; a constant value of 0.01 cm/s is added to the
otherwise modeled deposition velocity to represent combined phoretic effects.

1.2.4 Gravitational settling

Gravitational settling is the downward motion of particles that results from the gravitational
attraction. It is the dominant process for the dry deposition of the larger particles >10 um.

Particulate sizes, densities, and shapes largely define gravitational settling rates.

The settling velocity for particles, v, in (cm/s) can be computed using a modified form of Stokes Law
(Hanna et al., 1982):

C.2r, glpp—pal
vy = —=—p EPPTPa (1.7)

- I}“E

where p, is the particle density, (g/cm?); 1. the air dynamic viscosity (g/cm s); rp the particle radius,
(cm); and Cc the Cunningham factor (-) expressed as (Seinfeld and Pandis, 1998):

A - 55dp
C,=1 +;—l(2,514 +08e = ) (1.8)
where A, is the mean free path of air (cm).

Non-spherical particles fall at slower rates. For materials with equivalent densities, the change in
settling velocities is less than 30% for ellipsoid and cylinder shapes.

Engineering handbooks are also available with formulations for accounting for non-spherical effects.
To account for shape effects, an aerodynamically equivalent diameter is frequently used to define
the settling velocity of a particle.
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1.2.5 Interception

The predominant deposition mechanism for particles in the range of 0.2 to 2 um diameter is often
assumed to be interception.

The large particles tend to move with the airflow streamlines, but too close to the obstacle so that it
is captured on the surface.

Interception occurs most effectively when the surface element structures that the air is flowing
through are smaller than the aerosol or solid particle diameter.

1.2.6 Impaction

Particles with diameters 2 um and larger are effectively deposited by direct impact. These particles
have sufficient momentum such that the particles do not follow the streamlines due to their inertia,
resulting in the collision with the obstacle.

13 Reflections about particles aerodynamic diameter
Formulations for modeling dry deposition phenomena, can be significantly improved by expanding
them to address the following ranges of particles potentially associated with an event:

e very small particles (<0.05 um). Molecular diffusion processes are dominant. Formulations
for characterizing fluxes of these particles are normally based on Brownian motion. Although
deposition from molecular diffusion processes is relatively well understood, the specific roles
of thermal flux, concurrent mass fluxes, and electrical attraction are largely undefined. In an
event, the very small particles will deposit quite rapidly either to the nearby surfaces or other
particles in the plume. Because of the short time-scale, these deposition rates are normally
not considered in air dispersion models but rather modeled as part of the plume
initialization.

e Small particles (0.05 +1 pm). This range includes the accumulation mode. The currently
deployed dry deposition models provide surface-specific deposition estimates that agree
relatively well with data from field and wind tunnel experiments. Stokes Law can be used to
compute settling velocities. Implementation should include shape and size corrections to the
Stokes equation. Although the Cunningham factor for the smaller particles tends to provide
corrections to relatively small settling velocities, these corrections can potentially be
important for defining the minimum deposition velocity for the accumulation mode.

e Intermediate particles (1+10 um). Formulations for particle deposition need to address the
range of situations from large surface elements with slow diffusion-driven rates to surfaces
with a fine structure with faster impaction/interception driven rates. Current formulations
that consider a combination of diffusion, impaction, and gravitational settling for specific
types of applications should be incorporated into models to improve the estimates of
deposition rates to the specific surfaces.

e larger particles (>10 um). New formulations are available for significantly improving dry
deposition computations for this range of particles. These improved formulations account for
the importance of eddy inertial deposition efficiency in the deposition of these particles.
Based on recent literature, older formulations, which are deployed in many models, are
significantly under-predicting dry deposition rates for particles in this size range.

e Very large particles (having sufficiently large size and density such that settling velocity
>100 cm/s). Air dispersion models should incorporate particle trajectory-based modules
accounting for reduced influences of atmospheric turbulence. This update represents a
significant improvement for models that assume that all particles in the release are dispersed
at the same rate.
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2. URBAN DEPOSITION MODELS

2.1 Introduction

An urban area represents a complex area for assessment of potential exposures from an atmospheric
release. A review of dry (and wet) deposition computational methods was conducted for
radioactively contaminated particles (in the range 0.1 to 10 micron) by the Atmospheric Dispersion
Modeling Liaison Committee (NRPB, 2001). They are recommend values and methods for estimating
deposition rates and special parameter limits for extrapolation of the dry deposition model to an
urban environment. However, neither of these reviews addressed the issues of the applicability of
the dry deposition models to non-ideal conditions such as the aerodynamically very rough surfaces
encountered in an urban environment.

Resistance-based approaches are widely used as a basis for dry deposition formulations. This
approach, explained in more detail below, has the advantage of providing a means of combining a
number of the processes controlling dry deposition into a single formulation.

In one of the early implementations, Sehmel and Hodgson (1978) proposed an empirical model
based on curve fits to wind tunnel deposition results for a range of soil surface covers. Their model
combined empirical data with the theory for molecular diffusion of very small particles and
gravitational settling rates for larger particles.

The Authors also demonstrated the importance of considering the density of the particles in the dry
deposition computation. Subsequent applications have included air quality (e.g., chemicals and trace
metals), health physics (radionuclides), and acid rain models.

Detailed models, that address the processes leading to exposures in an urban environment, have
been developed for radiological exposures (Jones et al., 2006).

Eged et al. (2006) used a Monte Carlo approach to evaluate potential radiological doses in urban
environments. The results show that these urban dose computation models provide some results
that are the same and some that are not.

To address the modeling of dry deposition in urban areas, some authors suggest an extension of the
resistance-based formulations. For example, the NRPB (2001) review of dry deposition velocity
estimation techniques for particles with a diameter of 0.1 to 10 microns suggests modifying the
relationship for aerodynamic resistance for applications to higher canopies.

2.2 Resistance approach to describe dry deposition process

In mechanistic or process-based dry deposition models, an electrical resistance-based approach is
widely used to parameterize the dry deposition velocity (Venkatram and Pleim, 1999).

By considering that the reciprocal of the dry deposition velocity, vg, is the overall resistance to the
mass transfer, the influence of the various phenomena on the deposition velocity are expressed in
terms of an electrical analogy.

The resistance approach evaluates a total resistance r: (s/cm) using the pollutant vertical flux F
(g/cm?s) and the pollutant concentration C (g/cm?) at a reference height over the surface:

c-C,

Ty

IF| = v4(C—C,) = (2.1)

where Cp is the concentration at the surface.
The condition for Co to be close to zero occurs when all the material reaching the surface remains on
itself (Co<< C), so the above formulation is:

C
|F| = = (2.2)
T
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On the basis of analogy with electrical circuits, the resistance to the mass transfer is configured as
resistances in parallel and series circuits to describe transfer factor between air and surface.
The dry deposition resistance for gas is considered as series circuits (Fig.2.1) that allows to write the
following relationships:

(Ce—Cs (C,—C, (c,—C
|F|: Ly _.:':L o _:':L 1~ Cpl (23)

g Iy g

where C;, C;, and Cs; are concentrations at the layer boundaries such that C; and C, are
concentrations across the turbulent surface layer, C; and C; are across the quasi-laminar surface
layer, and eventually C; and Cp shall identify the surface resistance.

In Eq. (2.3) r, is the aerodynamic resistance connected to turbulence phenomenon in SL; r, the quasi-
laminar sublayer resistance related to diffusion phenomenon for gas; and rs the surface resistance
related to the nature of the receptor ground.

Using the relationship of Eq. (2.3) and after some rough calculations, the following relationship can
be derived:

s = (ry + 1y, + 1) [F| (2.4)

Accordingly, the overall resistance formulation for gas can be given as follows:

1

_— (2.5)
(rgtrytrg)

Va =

: c
X , Surface Layer (SL)
: ra ' aerodynamic resistance
S A R SRS i o]
i rb . quasi-laminar sublayer
: resistence
/D//@%f/a/ surface resistance
14
= Co

Figure 2.1 - Electrical analogy for the dry deposition of gaseous pollutants

The calculation of the gas surface resistance rs depends on the primary pathways for uptake, such as
diffusion through the leaf stomata and uptake through the leaf cuticular membrane.

Relationships for aerodynamic resistances r, are based on surface layer parameterizations from
Monin-Obukhov Similarity Theory.

(2w
r, = ———— (2.6)

a ke,

Eq.s (1.3) and (1.4) can be used to calculate the stability function ¥}, in Eq. (2.6).
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As concerning particles pollutant, in SL region the turbulence acts on particles motion exactly like on
gas, however the process is influenced also from gravity.

The dry deposition occurs via two parallel pathways: turbulent diffusion (i.e. aerodynamic resistance)
and gravitational settling (expressed as resistance due to gravitation). In addition, particle collection
by surfaces via Brownian diffusion, interception, and impaction is represented using separate surface
resistance terms (Slinn, 1982; Hicks et al., 1987; Wesely and Hicks, 2000; Zhang et al., 2001; Seinfeld
and Pandis, 2006; Petroff and Zhang, 2010; Zhang and He, 2014).

Seinfeld and Pandis (1998) derived a dry deposition flux relationship based on the assumption that r,
=0, and by equating the vertical flux in two layers over a surface to the total resistance as follows:

(Cg—Cg) (C,—C,)

F= +v,C = =R v G (2.7)

ry g
in which vs is the settling velocity
The velocity vq4 can be obtained by resolving the above equation as reported below:

1

(2.8)
rg#ry +rgrp vy

vg= v, +

where the product (ra rp Vs) represents a virtual resistance.

As highlighted by Venkatram and Pleim (1999), the above expressions for dry deposition velocity of
particles are not consistent with the mass conservation equation.

Vertical transport of particles can be modeled by assuming that turbulent transport and particle
settling can be added together through the following one-dimensional steady-state continuity
equation (Csanady, 1973):

dc _
K= +v,C=F (2.9)

where K is the eddy diffusivity for mass transfer of species with concentration, C.
By integrating the above equation, it is possible to obtain the expression of the deposition velocity as
follows:

Vg

Va = (2.10)

(1-e7TtVE)

where r; is the total resistance to the pollutant transport that can be computed as a function of
particle diameter, d,, and height z.

2.3 Noll and Fang (1989) model

In Noll and Fang (1989), experiments have been performed for atmospheric inertial deposition of
coarse particles quantified by the evaluation of particle dry deposition flux data collected
simultaneously on the top and bottom surfaces of a smooth plate with a sharp leading edge, that was
pointed into the wind by a wind vane. The deposited particles were weighed and counted.

The airborne concentration of coarse particles (>6.5 um aerodynamic diameter) was measured with
a Rotary Impactor simultaneously with the measurement of particle dry deposition fluxes to a
smooth surrogate surface with a sharp leading edge, mounted on a wind vane.

The experimental methods are described in (Noll and Fang, 1986; Noll et al., 1988), in which other
experiments related to deposition an urban and a nearby non-urban site, located in the Midwestern
United States, are examined for airborne concentration of coarse particles (> 1 um) .

Deposition velocity was considered to be due to gravitational settling and inertial deposition.
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An empirical formulation was obtained by analyzing deposition measurements taken on the roof of
four story building located in a mixed institutional, commercial, and residential area on the south
side of Chicago:

vg= v, tucs, (2.11)

where £, is the atmospheric particle effective inertial coefficient defined as:

30.836

e, = 112e % (2.12)

with d, the particle diameter expressed in pm.

The product u g, is an additional term for the calculation of deposition velocity and contains the
effect of inertia on deposition of atmospheric coarse particles (> 1um diameter), as function of d,.
For small particles £, tend to zero which means that their inertial interaction with turbulent air are
negligible, whereas increasing the particle diameter, £, tend to one because the inertial phenomena
are becoming relevant for the deposition process.

Eq. (2.11) assumes that atmospheric turbulent is sufficient to provide a uniform particle
concentration at the top of the boundary layer near the plate surface. The friction velocity, u*, is a
measure of the turbulent intensity of the air and it is indicative of the particle free flight velocity,
imparted by the turbulent air at the edge of the boundary layer toward the deposition surface.

As highlighted by the Authors, this physical description is merely an approximation to the true
complex process by which particles reach the plate. Nevertheless, the physical description is a useful
way to view inertial deposition and allowed the development of a simple model that can be
evaluated by collection of atmospheric turbulent deposition data.

2.4 Noll et al. (2001) model
A model for atmospheric deposition has been developed in (Noll et al., 2001) to correlate the particle
deposition velocity (vq) with Stokes settling velocity (vs), friction velocity (u,), dimensionless inertial

deposition velocity, and dimensionless Brownian diffusion deposition velocity.

The model is developed using a least square procedure to fit a sigmoid curve to ambient data,
similarly to one developed for deposition in a vertical pipe (Muyshondt et al., 1996). The pipe flow
model was applied to atmospheric conditions because the mechanisms controlling deposition in
turbulent flow in pipes and the atmosphere are similar. However, different scaling factors
(incorporated in the Reynolds’” number term) have been used for characterization of pipe and
atmospheric particle deposition.

The model is based on 20 atmospheric samples collected at flow Reynolds numbers ranging from
9000 to 30000 and related to particle size of range 1+100 um.

The deposition velocity is calculated as:

Vg = Vo TVt Vg (2.13)

where v; is the inertial deposition velocity and vyq is the particle Brownian diffusion deposition.
Dimensionless inertial and Brownian diffusion is expressed, respectively, as follows:

vi=3 (2.14)
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v, = (2.15)

whereas the dimensionless deposition velocity is defined as:

vi= "ﬂ%‘” = v+ vy (2.16)

For large particles d, >1 (um) the Brownian diffusion deposition velocity is negligible and Eq. (2.16)
can be simplified as:

vi=v} (2.17)

Dimensionless inertial deposition velocity has been correlated with flow Reynolds number and the
dimensionless relaxation time in the form of a sigmoid curve:

Be—bgy]2 mf 1+ -1nbe 1]
-0.5 2 -0.5| ————
v_l-l- — ble [ by }] + b4E [li bg }] (2.18)
where Re is the flow Reynolds number (i.e., Re=UL/v, where L is the characteristic length, in this case
the pipe diameter, 1.3+ 10.2 cm, U is fluid velocity, and v is the kinematics viscosity).
In Eq. (2.18) the coefficients are b1=0.024175, b,=40.300, b3=3833.25, b,=1.4911534, bs=18, be=1.7.

The dimensionless relaxation time, t., is defined as:

2

T, =T— (2.19)

Vg
where T is the particle relaxation time defined, for a spherical particle, as follows:

dip,C
= SpPpte (2.20)

12,

The incorporation of inertial effects via a flow Reynolds number and dimensionless relaxation time,
improves the predictive ability of the model, particularly in the atmospheric particle size range of
1+80 pm.

Cleaver and Yates (1975) analyzed the diffusion of small particles onto a smooth wall and found that
the dimensionless Brownian deposition velocity takes the form:

viy = 0.0848c~ 0567 (2.21)

where Sc is the Schmidt number evaluated as follows:

— Vs
Sc = * (2.22)

Eqg.s (1.7), (2.18), and (2.21) can be used in Eq. (2.13) to provide an overall expression for deposition
velocity:

o B _ Re—ba _ m(t* )-lnibsy]”
vd ZCLEP;FPE}_I_ ui— ble D'E[l:: bg ] +IJ4E I}IE[( by }] -|—|:|_|:|84SC_D'E'E'? (223)
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Based on the observation that the dimensionless deposition velocity for the large particle size range
(dp>8 um) is a function of 1. only, the Re number and Sc number terms can be eliminated from the
Eq. (2.23):

. m(t*)-lniber1*
Cr2r, gl - 5| ——————
vy = SlmEere) L (=) (2.2
a

2.5 Zhang et al. (2001) model

A parameterization of particle dry deposition has been developed for different underlying surfaces as
well as relevant meteorological variables. It includes deposition processes, such as, turbulent
transfer, Brownian diffusion, impaction, interception, gravitational settling, particle rebound and also
particle growth under humid conditions.

The dry deposition velocity is expressed as:

(2.25)

where Vv, is the settling velocity, see Eq. (1.7).
The aerodynamic resistance, I, is calculated by using Eq.s (2.6), (1.3), and (1.4).
The superficial resistance ', depends on the collection efficiency of the surface and it is determined
by the various deposition processes, the size of the depositing particles, atmospheric conditions and
surface properties:

1

s T o u.(Eg+Ejm+EyR, (2.26)

where Eg is the collection efficiency from Brownian diffusion; Epy the collection efficiency from
impaction; E;y the collection efficiency for interception; E, the correction factor representing the
fraction of the particles that stick to the surface; and £ an empirical constant taken as 3 for all land
use categories (LUC), reported in Tab. (2.1).

For Brownian diffusion, Eg is a function of the parameter Sc evaluated by Eq. (2.22), and it is given
as:

E =5c7Y (2.27)

in which ¥ is function of the land use categories, as reported in Tab. (2.2).
For impaction efficiency, Em, the following relationship is used:

Epy = (s—tjﬁ (2.28)

ot 5t

with B chosen equal to 2 and @ varying with LUC, as reported in Tab. (2.2).
Stokes number, St, is the parameter governing impaction processes and it is calculated for vegetated
surface as follows:

St=—2F (2.29)
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whereas for smooth or with bluff roughness elements surfaces:
St =¥ (2.30)
Ug

where A is the characteristic radius collectors, (mm), and it is given for different land use and
seasonal categories as reported in Tab. (2.2).
The following form is used for calculating collection efficiency by interception, Epy:

Epy = iEE] (2.31)

Particles larger than 5 um may rebound after hitting a surface. This process is included by modifying
the total collection efficiency by the factor of Ry, in Eq. (2.26). This parameter is calculated as:

e

2

(s
R,=e " / (2.32)

Particles can grow in high humidity conditions. This effect is included here by replacing the dry
particle radius with a wet one. The wet particle radius, 'y, is calculated using the dry particle radius,
I'y, and the relative humidity ¢ (Gerber, 1985) for sea-salt and sulphate aerosols:

Co
N N R (2.33)
w Cardc“—lﬂ':ﬂp:' d :

where C;, C5, C5 and C; are empirical constants using the values listed in Tab. (2.3).

Table 2.1 - Land use categories (LUC) and seasonal categories (SC) used in Zhang et al. (2001) model

Category Description

Land use categories (LUC)

1 Evergreen-needleleal trees
2 Evergreen broadleal trees
3 Deciduous needleleaf trees
4 Deciduous broadleaf trees
5 Mixed broadleleaf and needleaf
trees
6 Grass
7 Crops, mixed farming
8 Desert
9 Tundra
10 Shrubs and interrupted wood-
lands
11 Wet land with plants
12 Ice cap and glacier
13 Inland water
14 Ocean
15 Urban
Seasonal categories (SC)
1 Midsummer with lush vegetation.
2 Autumn with cropland that has
not been harvested.
3 Late autumn after frost, no snow.
4 Winter, snow on ground and sub-
freezing.
5 Transitional spring with partially

green short annuals.
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Table 2.2 - Parameters for 12 land use categories (LUC) and five seasonal categories (SC)a reported
in (Zhang et al., 2001)

LuC 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SC1 08 265 085 1.05 115 0.1 0.1 004 003 01 003 001 f(u) f(u) 1.0
SC2 09 265 085 105 115 01 0.1 004 003 01 003 001 flu) f () 1.0
Zy (m) SC3 09 265 080 095 115 005 002 004 003 01 002 001  f(u) f(u) 1.0
SC4 09 265 055 055 115 002 002 004 003 01 002 001  flw f(u) 1.0
SC5 08 265 060 075 115 005 005 004 003 01 003 001  flw f(u) 1.0
SC1 20 5.0 2.0 50 50 20 20 na na 10.0 100 na na na 10.0
SC2 20 5.0 2.0 50 50 20 20 na na 10.0 100 na na na 10.0
A (mm)SC3 20 5.0 5.0 100 5.0 5.0 50 na na 10.0 100 na na na 10.0
SC4 20 5.0 5.0 100 5.0 50 50 na na 10.0 100 na na na 10.0
SCS5 20 5.0 2.0 50 50 20 20 na na 10.0 100 na na na 10.0
o 1.0 0.6 1.1 08 08 12 1.2 500 500 1.3 20 500 1000 100.0 15

7 056 058 05 056 056 054 054 054 054 054 054 05 0.50 050 056

“Note: f(u) represents a function of wind speed (1) and na represents not applicable.

Table 2.3 - Constants used in Eq. (2.33).

Aerosol model  C, C, G, C,

Sea salt 07674 3079 2573x107" 1424
Urbal 03926 3101  4190x 107" — 1404
Rural 02789 3115 5415x107""  —1.399
(NH,),S0, 04809 3082  3110x107'"  — 1428

2.6 Chen et al. (2012) model

Based on their experimental results, Chen et al. (2012) developed a relationship between TSP (Total
Suspended Particulate Matter) deposition velocity and meteorological parameters.

The experimental campaigns were conducted in locations near Guangzhou, China, during the dry
season.

The deposition velocity is expressed as follow:

vy = 17554+ 0.717 u— 0.005 @ —0.037 T (2.34)

where u is the wind speed (m/s); ¢ is the relative humidity (%); and T is the temperature (°C).

Eq. (2.34) shows significant positive correlation between the dry deposition velocity and the wind
speed, while the temperature and the relative humidity are negatively related.

Wind speed could be one of the strongest factors that determine the magnitude of particle dry
deposition velocity.

Relative humidity has not a critical impact to the dry deposition velocity especially during the dry
season. It may affect the dry deposition velocity only under certain meteorological conditions.
Temperature is also a considerably important meteorological factor responsible for the change of the
dry deposition velocity.

It's important to note that local climate changes arising from either anthropogenic emissions or
improper urban planning, tend to alter some meteorological parameters.
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For instance, the urban heat island tends to raise the air temperature extensively while also reduce
the relative humidity and wind speed in urban areas.

Therefore, it may consequently lead to changes in the TSP dry deposition velocity even in word
widely.

2.7 Giardina et al. (2017) model

Giardina et al. (2017) proposed a new approach, based on the electrical analogy, to evaluate the total
resistance r; to be used in Eq. (2.10), valid for urban rough surfaces

The scheme of deposition processes upon the canopy of urban surfaces has been modified to include
the particle rebound or resuspension phenomena together with Brownian diffusion, impaction
process, and turbulent transfer, as described in the following.

In the proposed approach the aerodynamic resistance, r,, is connected in series with the resistance
across the quasi-laminar sublayer, rq, to take into account mechanisms of diffusion by Brownian
motion and impaction phenomena (Fig. 2.2).

Surface Layer (SL)
aerodynamic resistance

| quasi-laminar sublayer
i T ' resistence

Fig. 2.2 - New schematization based on electrical analogy
for parametrization of particles deposition velocity.

The resistance rq is evaluated by considering two resistances in parallel, that is: resistance rpq, Which
represents the Brownian diffusion; and the resistance r;, which allows to treat impaction processes.
The resistance r; is evaluated by considering two resistances in series: r; that takes into account the
inertial impact condition; ry that considers the effects resulting from turbulent impaction.

These last assumptions allow to take into consideration effects on particle concentration coming
from both the inertial and turbulent impaction (i.e. reciprocal influence of the two impact processes
on dry deposition efficiency).

Accordingly, the overall resistance, ry, in Eq. (2.10) is evaluated by the using the following equations:

n=r,try (2.35)

The aerodynamic resistance, T',. is calculated by using Eq.s (2.6), (1.3), (1.4), whereas rq, using the
electric analogy, is evaluated as:

= =—+- (2.36)

Then term r; is obtained as follows:



http://context.reverso.net/traduzione/inglese-italiano/reciprocal+influence
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r; =Ty +ry (2.37)
For the resistance ryq, the Authors assumed the following expression:
1
'y 4= ; .
L ey (2.38)

The transport of particles by Brownian diffusion represented as function of Sc*3in Eq. (2.38) is
recommended in various works on the basis of theoretical and empirical results (Wesely and Hicks,
1977; Paw, 1983; Hicks et al., 1987; Pryor et al., 2009; Kumar and Kumari, 2012).

In order to evaluate the resistance for inertial impact process r;; in Eq. (2.37), is used the following
relationship valid for rough surfaces:

_ 1
ii . Bg2
I'I'I‘St'=+'_:IR

The particle rebound in Eq. (2.39) is evaluated as follow:

R = E(—b\.-"ﬁ}

where is assumed b = 2.

The general assumptions made for the calculation of resistance ry are reported below.

Empirical relations of turbulent deposition are typically presented in terms of the dimensionless

particle relaxation time t.:

T. =T=
+ Va

where tis the particle relaxation time defined, for a spherical particle, as follows:

= d:EpECf

18 pg

Various models predict a functional dependence of resistance turbulent impact phenomena, ry, on T.

as follows:
- 1
o u_mIﬂR

The constants m and n in Eq. (2.43) have been evaluated by fitting some data reported in literature
for urban surfaces. The results were 0.05 and 0.75, respectively. In this work the values of these
parameters have been slightly modified on the bases of further sensibility analyses that have led to
m=0.1 and n=0.5. These last values have been used for the validation activities reported in the
following sections. In the light of the above considerations, Eq. (2.10) can be rewritten as follows:

Vg

v = P — -
d 1—e_{w[rn+L'.I|'$+ﬁal]}

where rap, ti, and ry are evaluated by Eq.s (2.38), (2.39), (2.40), and (2.43).

2.8 Considerations about Brownian diffusion resistance

The model reported in (Giardina et al., 2017), has been tested by using two different Brownian

diffusion resistances, ryq,.

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)
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The first has been proposed by Chamberlain et al. (1984), the second was derived from a sensibility
analyses performed in this research activity.

2.8.1 Brownian diffusion resistance from Chamberlain et al. (1984)
In (Chamberlain et al., 1984) experiments were carried out to study diffusive transfer to bluff
roughness elements that can be compared to urban et suburban conditions.
Radioactive gases and labelled particles were used in wind tunnels to measure the effects of
Reynolds and Schmidt numbers on transport to surfaces with widely spaced roughness elements.
Moreover, correlations were obtained for gases and for sub-micrometric sized particles.
It is highlighted that deposition of larger particles is dominated by the effects of bounce off, which
depends on surface conditions.
The Authors defined the following non dimensional parameter for mass and momentum transport,
B~

. u

gl=1_1 (2.45)

'Vd m,
and proposed the relationship to take into account the effects of Reynolds and Schmidt numbers:
B~'+ 5= 7.3 Re™*5c0* (2.46)

where the roughness Reynolds number Re_ is defined as:

Re, = —° (2.47)

Vg

Using Eq.s (1.2), (2.45), (2.46) and doing some math, the following expression for the resistance due
to diffusion transport, ryq4, can be found:

rpg = —— (2.48)

2.8.2 Brownian diffusion resistance from sensitive analysis

In literature various models allow to predict functional dependence of Brownian diffusion resistance,
reg, from Sc number and friction velocity, 11,, however they cannot be used for different urban
conditions.

In the field, research activities have been carried out to define a new formulation that is capable to
perform predictions for different typologies of urban area and small particle diameters.

For this purpose, sensitive analyses were performed on parameters that associate Brownian diffusion
resistance to Reynolds (Eg. 2.47) and Schmidt numbers.

These analyses were carried out by using experimental data of dry deposition velocity for different
surfaces (Méller and Schumann, 1970; Sehemel and Sutter, 1974; Pryor et al., 2007; Pryor et al.,
2009).

The following relationship was obtained:

1
L]

Tha = 5 (2.49)

C
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3. VALIDATION WORK OF DRY DEPOSITION VELOCITY ON ITALIAN CITIES

3.1 Introduction

The validation works have been performed by using experimental campaigns carried out by
researchers from ISAC-CNR unit of Lecce, covering for different surface roughness conditions, i.e.
from the patchy Venice lagoon surface (on the island of Mazzorbo) to the near urban areas for
Maglie (LE) and Bologna.

The data were made available in the context of the Research Agreement between ISAC-CNR and
Department of Energy, Engineering of the information and Mathematical Models, University of
Palermo.

These experiments, performed between 2004s and 2009s, have been grouped in classes of friction
velocities, each other spaced of 0.1 m/s.

Displacement height, d, and the roughness height, zo, reported in Tab. (3.1) have been evaluated
from micrometeorological measurements, following a method reported in (Toda and Sugita, 2013)
which uses similarity relationship for sonic temperature and vertical wind component..

These data have been used for the application of the models reported in (Giardina et al., 2017),
(Chen et al., 2012), (Noll et al., 2001), and (Zhang et al., 2001), that have been compared with the
measured dry deposition velocities.

To deepen the work of these comparisons, dry deposition velocity experimental data reported in
(Donateo and Contini, 2014), for the same sites of measure, have been added.

Table 3.1 - Summary of experimental sites and instruments used in aerosol sampling performed by
ISAC-CNR. Measurement height (z), displacement height (d), and roughness length (z,) are
reported. Table adapted from (Donateo and Contini, 2014).

Displacement

Site Instruments Height z (m) Roughness length zo (m)

height d (m)

. 5.1+0.5land 0.11 £ 0.03 land
Venice lagoon pDR-1200Thermo-MIE 9.6 0 water 0.01+ 003 water
Bologna CPC Grimm 5.403 10 4.8+ 0.5 0.35+0.02
Lecce (2005) pDR-1200 Thermo-MIE 10

+ +
Lecce (2010) CPC Grimm 5.43 6.1£04 0.53£0.02
Maglie pDR-1200 Thermo-MIE 10 6+0.5 0.52£0.02

3.2 Maglie urban site (South-Eastern Italy)
The measurement site, located in NE boundary of the town of Maglie (LE) in the Apulia region of Italy
(40°07'38.39”’N, 18°17’59.50"”E), can be considered an urban background site influenced by an
industrial area.
The town is extending mainly in the sector of wind direction between SE and SW and the country
side is in the sector between NNO and E. In the town direction, the site is characterized by the
presence of small buildings (1-2 floors) and roads with relatively high traffic volume (Fig. 3.1).
The monitoring campaigns of PM2.5 concentration measurements were performed during the period
reported below:

e 13/01/2004 +30/01/2004;

e 26/11/2004 +26/12/2004;

e 24/11/2006 + 16/12/2006;

e 28/11/2007 +07/12/2007.
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Fig.s (3.2) and (3.3) show the deposition velocity as function of friction speeds for unstable and stable
conditions, respectively. These figures report comparisons among experimental data from ISAC-CNR,
for the periods above described, experiments reported in (Donateo and Contini, 2014), and
predictions obtained by applying the models reported in (Giardina et al., 2017), (Chen et al., 2012),
(Noll et al., 2001), and (Zhang et al., 2001).

In all figures, error bars percentage of 25% has been reported for ISAC-CNR experimental data.

The dry deposition velocities reported in (Donateo and Contini, 2014) are related to January 2004,
December 2004, December 2006, December 2007 and September 2008.

It is possible to notice, even if the detection periods are the same (winter), in (Donateo and Contini,
2014) industrial area was taken to measurements, while the data of ISAC-CNR refer to the city zone .
A screening was made on the data based on the wind direction. This justifies the difference between

the experimental results reported in Fig. (3.2).

Zhang et al. (2001) model has been employed using the parameters reported in Tab.s (2.1) and (2.2),

valid for urban area.

Figure 3.1 - Maglie, suburban area, the measurement point is reported. Adapted from Donateo and

Measurement
Site

Contini (2014)




Sigla di identificazione Rev. Distrib. | Pag.

m Centro Ricerche Bologna ADPFISS —LP1 - 118 0 L 23

di

46

20 1~ [0 CNR-ISAC Lecce L<0
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A Chenetal. (2012) 7 ,
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16 - — - Eq.s (2.44), (2.38) ; ,
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Deposition velocity, v, [mm/s]

0,0 0,2 0,4 0,6 0,8 1,0 1,2
Friction velocity, U. [m/s]

Figure 3.2 - Comparisons among dry deposition velocity experimental data for Maglie city with L<0,
experiments reported in (Donateo and Contini, 2014) and the predictions obtained by using
models reported in (Giardina et al., 2017), (Chen et al., 2012), (Noll et al., 2001), and (Zhang et al.,
2001).

The model of Chen et al. (2012) was applied by averaging the values of wind velocity, temperature
and relative humidity measured during the experimental campaigns.

Giardina et al. (2017) model has been also tested by using in Eq. (2.44) and the relationships reported
in Eq.s (2.48) and (2.49), related to different formulations for Brownian diffusion resistance, as
described in sections 2.7 and 2.8.

Analyzing results, Zhang et al. (2001) model allows a good agreement with experimental data for
friction velocities less than about 0.5 (m/s), however it does not follow the experimental trend for
higher values. This last condition is especially true for the predictions obtained by using Noll et al.
(2012) model.

Chen et al. (2012) model and Giardina et al. (2017) model, this last applied with Eq. (2.38), show a
good agreement with the experimental data reported in (Donateo et al., 2014), but only for friction
velocities below about 0.6 m/s. For friction velocities above this value, the predictions underestimate
the experimental data.

Giardina et al. (2017) model shows very good agreements if it is applied with Brownian diffusion
resistances reported in Eq.s (2.48) and (2.49). The two curves result very close both for unstable and
stable conditions.
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Figure 3.3 - Comparisons among dry deposition velocity experimental data for Maglie (city wind
sector) with L>0, experiments reported in (Donateo and Contini, 2014) and the predictions
obtained by using models reported in (Giardina et al., 2017), (Chen et al., 2012), (Noll et al., 2001),
and (Zhang et al., 2001).

3.3 Venice lagoon (Mazzorbo Island, North-Eastern Italy).
Measurements were performed at a background site placed on the island of Mazzorbo, in the Venice
lagoon at 10 m above the ground (Fig. 3.4).
The measurement site (45°29°09.5”’N, 12°24’12.7”’E) was a field located at about 8 km NE of the
Venice town.
This site was located very close (about 5 m) to the water lagoon at the W-SW side, while, in the other
directions (north, east, and south), it was characterized by land for about 1-2 km with short
vegetation, some small trees, and one or two-floor houses, although channels and water were also
present in this area.
The monitoring campaigns of PM2.5 concentration and flux measurements were performed during
the period reported below:

e 03/07/2004 +16/07/2004;

e 17/02/2005 +27/02/2005;

e (01/03/2005 + 15/03/2005;

e (05/05/2006 + 23/05/2006.
Fig.s (3.5) and (3.6), that report the deposition velocity as function of friction speed, refer to
instability and stability atmospheric conditions, respectively.
These figures shown comparisons among experimental data from ISAC-CNR, experiments reported in
(Donateo and Contini, 2014), and predictions obtained by using models reported in (Giardina et al.,
2017), (Noll et al., 2001), and (Zhang et al., 2001).
Chen et al. (2012) model is not reported for experimental tests with unstable conditions due to lack
of data in terms of temperatures and relative humidity.
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Figure 3.4 - Venice lagoon, Mazzorbo island, the measurement point is reported. Adapted from
Donateo and Contini (2014)
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Figure 3.5 - Comparisons between the dry deposition velocity experimental data for Venice city
with L<0 and the prediction obtained by using models reported in (Noll et al., 2011), (Zhang et al.,
2001), and (Giardina et al., 2017).

Giardina et al. (2017) model has been tested by using Eq.s (2.38), (2.48), and (2.49).

Very high differences can be highlighted between dry deposition velocities experimental data and
the predictions of Zhang et al. (2001) model and Noll et al. (2001) one, both for unstable and stable
conditions (Fig.s 3.5, 3.6).
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The curves obtained by Giardina et al. (2017) model, applied with Eq.s (2.38), (2.48) and (2.49), show
a very good agreement with experimental data reported in (Donateo and Contini, 2014), whereas
overestimate the experiments from ISAC-CNR. The three curves result very close each other both for
unstable and stable conditions.

For stable conditions, Chen et al. (2012) model underestimates the experimental tests of CNR-ISAC
and overestimates those reported in (Donateo and Contini, 2014).

20 4

O CNR-ISAC Lecce L>0 ’ ;
18 ~ O Donateo (2014) L>0 ’
A Chen etal. (2012) 4
16 4 ~ - =Noll (2001) . !

- = Zhang (2001) i )
——Eq.s (2.44), (2.38) , ;
14 4 — -- Eq.s (2.44), (2.48) /
+ Eq.s(2.44), (2.49) ’

12 4

10 4

Deposition velocity, vy [mm/s]

0,0 0,2 0,4 0,6 0,8 1,0
Friction velocity, U. [m/s]

Figure 3.6 - Comparisons between the dry deposition velocity experimental data for Venice city
with L>0 and the predictions obtained by using models reported in (Noll et al., 2011), (Zhang et al.,
2001), and (Giardina et al., 2017).

3.4 Bologna industrial district (Central Italy)
The measurement site, shown in Fig. (3.7), was near the incinerator plant for the city of Bologna,
(44°31°17.59”N, 11°25’53.48"’E), It is worth noted that in this case the number particle concentration
has been measured, with particles diameter from 9 nm to 1 um (with a median value of 0.045 um).
The data refer to experimental campaigns performed in summer and winter, as reported below:

e 06/06/2008 +22/07/2008;

e 21/01/2009 + 10/03/2009.
Fig.s (3.8) and (3.9) report the deposition velocity experimental data as function of friction velocity
for instability and stability atmospheric conditions, respectively.
In particular, these figures show the comparison among experiments of ISAC-CNR, experimental tests
reported in (Donateo and Contini, 2014), and results obtained by using the models of Noll et al.
(2001), Zhang et al. (2001), Chen et al. (2012) and Giardina et al. (2017).
The experiments reported in (Donateo and Contini, 2014) were carried out from June to July 2008,
and January to March 2009 for the same particle diameters.
High differences can be highlighted between dry deposition velocities experimental data and the
predictions of Zhang et al. (2001) model for unstable conditions (Fig. 3.8), however for stable
conditions this is true for friction velocity above about 0.3 m/s (Fig. 3.9).
The predictions of Noll et al. (2001) model and Giardina et al. (2017) model, this last applied with Eqg.
(2.48), show very high underestimation for all experiments.
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The curves obtained by Giardina et al. (2017) model, applied with Eq.s (2.38) and (2.49), show a good
agreement with experimental data, however with a small underestimation from Giardina et al.
(2017) model applied with Eq. (2.38).

Finally, comparisons with results obtained by applying Chen et al. (2012) model show a good
agreement for both instability and stability atmospheric conditions, even if the predictions for
unstable atmosphere conditions (Fig. 3.8) seem to change trend respect the dry deposition
experimental data. In fact, dry deposition experimental data show an increasing trend with
increasing friction speeds.

Figure 3.7 - Bologna, Frullo industrial district; the measurement point is reported. Adapted from
Donateo and Contini (2014)
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Figure 3.8 - Comparisons between the dry deposition velocity experimental data for Bologna city
with L<0 and the results obtained by using models reported in (Noll et al., 2001), (Zhang et al., 2001),
(Chen et al., 2012), and (Giardina et al., 2017).
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Figure 3.9 - Comparisons between the dry deposition velocity experimental data for Bologna city
with L>0 and the results obtained by using models reported in (Noll et al., 2001), (Zhang et al., 2001),
(Chen et al., 2012), and (Giardina et al., 2017).

3.5 Lecce suburban site

Experimental campaigns were performed during spring/summer 2005 and 2010, from April until June
relative. PM2.5 concentrations and fluxes were measured.

The site was the experimental field of the Lecce Unit of ISAC-CNR placed inside the University
Campus (40°20°10.8“N, 18°0721.0”E) and located at about 3.5 km SW from the town of Lecce. It is a
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rectangular field with a major side of about 200 m characterized by short vegetation, with two
contiguous sides surrounded by small trees (Fig. 3.10).

The urban background area is characterized for at least 1 km in all directions by the presence of
patches of trees (8—10 m tall) and small two-storey buildings and some roads with no industrial
releases nearby.

Due to the proximity of urban areas, the site can be categorized as an urban background area.
Measurements were taken at 10 m above the ground.

Measurement
Site
*

Figure 3.10 - Lecce, University Campus, the measurement point is reported. Adapted from Donateo
and Contini (2014)

Fig.s (3.11) and (3.12) show the deposition velocity as function of friction speeds for unstable and
stable conditions reported in (Donateo and Contini, 2014), and predictions obtained by applying the
models reported | (Noll et al., 2001), and (Zhang et al., 2001) and (Giardina et al., 2017).
Analyzing results, Zhang et al. (2001) model allows very high underestimations of dry deposition
velocity experimental data for friction velocities higher than about 0.25 (m/s) and unstable
conditions (Fig. 3.11). This condition is also present for stable conditions but for friction velocity
higher than about 0.45 m/s (Fig. 3.12).
Noll et al. (2001) model allows a high underestimation of experimental data for friction velocities
higher than about 0.5 (m/s), for both unstable and instable conditions.
Giardina et al. (2017) model, applied with Eq.s (2.38), (2.48), and (2.19) show a good agreement with
all experimental data. The three curves result very close each other, both for unstable and stable
conditions.
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Figure 3.11 - Comparisons between the dry deposition velocity experimental data for Lecce city with
L<0 and models by (Noll et al., 2001), Zhang (2001), and Giardina et al. (2017).
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Figure 3.12 - Comparisons between the dry deposition velocity experimental data for Lecce city with
L>0 and models by (Noll et al., 2001), Zhang (2001), and Giardina et al. (2017)
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4. VALIDATION WORK OF DRY DEPOSITION VELOCITY ON UNITED STATES URBAN AREAS

4.1 Introduction

As previously discussed, dry deposition phenomena modelling on urban canopies is limited and,
although empirical or semi-empirical models have been developed to address this complex issue,
there is no universal acceptance criteria. Therefore, it can be said that the models proposed in
literature are not capable of representing particle dry deposition for several categories of pollutants
and different urban surface geometries.

In order to overcome these problems, validations works by using experimental campaigns on
different urban canopies, but also in other parts of the world compared to Italy, have been
performed.

In this section the results obtained on typical United States urban areas are shown and discussed.

It is to be noted that the roughness length z, for the examined urban areas were evaluated by using
Devenport classification reported in Tabs (1.2) and (1.3) if this data were not reported by the Authors
in their paper.

4.2 Experimental data of Noll et al. (2001)

Four sampling campaigns conducted at Chicago are described in (Noll et al., 2001). The data were
collected on the roof of a four-story building (12 m height) located in a mixed institutional,
commercial, and residential area on the south of Chicago.

The building is located on the IIT (lllinois Institute of Technology) campus, which is located 5.6 km
south of Chicago’s center and 1.6 km west of Lake Michigan. The IIT campus consists of
predominately low rise buildings, landscaped areas, and asphalt parking lots.

The atmospheric particle mass size distribution and dry deposition flux were measured
simultaneously with a wide range aerosol classifier (WRAC) and a smooth greased surface.

Data summary for samples collected from Chicago-IIT site are reported in Tab. (4.1).

The Authors have used the results of experimental data to develop the relationship reported in Eq.
(2.23) for dry deposition velocity calculations.

Fig. (4.1) reports the experimental dry deposition velocity as function of particle diameters and Fig.
(4.2) the dimensionless dry deposition velocity (va«=ve/u*) as function of dimensionless particle
relaxation time t.. Both figures are reported in log-log graphs.

Comparisons with the results obtained by using models reported in (Noll et al., 2001) and (Giardina
et al., 2017) are also shown.

As expected, Noll et al. (2001) predictions show a good agreement with the experimental data
reported in Fig. (4.1), while the model of Giardina et al. (2017), applied with Eqg.s (2.48) and (1.49),
underestimate the experimental data if the particle diameter is less than 10 um. If the rebound
process is not considered (i.e. it is imposed R = 1 in Eq. 2.40), the predictions are improved even for
particle diameters larger than 10 um.

It is worth to be noted that the model of Giardina et al. (2017), applied with Eq. (2.49), predicts, for
diameters less than 1 um, higher deposition rates than those obtained by applying the other two
models (Fig. 4.1).

The comparisons of results reported in Fig. (4.2) allow to state that the model of Giardina et al.
(2017), applied with Eq. (2.49), is in accordance with the trend of the dry deposition velocities for
lower values of 1. equal to 1, to which corresponds a particle diameter of about 2 um.

The agreements are improved if the rebound phenomenon is not applied.
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Table 4.1 - Data summary for samples collected from Chicago-IIT site.

Number Sampling time Wind Temperature
of velocity range Flux range
Date  Season samples Day/might Term Range (hrs) range (m/s) (C) (mg/m2-day) Use
1992 Summer  28* D/IN Short 4-16 3.3-8.8 6.1-29.4 86.4-1356  Model development
1994 Summer 1 D Long 26 3.02 25.88 156.3 Independent
1994 Fall 4 D Long 19-52 3.07-5.38 11.4-30.,7  189.1-1301.9 Independent
1995 Summer 9 D Long 20-33 3.35-5.89  15.3-38.8 146-509 Independent

*20 Samples used for model development.
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Figure 4.1 - Comparisons between the dry deposition velocity, reported in (Noll et al., 2001) as
function of particle diameters, and the results obtained by using models of Noll et al. (2001) and
Giardina et al. (2017).




Sigla di identificazione Rev. Distrib. | Pag.

m Centro Ricerche Bologna ADPFISS —LP1 - 118 0 L 33

di

46

100 -
O Noll (2001)

----- Eq. (2.24) reported in (Noll et al., 2001)
10 A

normalized Eq. (2.44) in which is used Eq. (2.48)

— = normalized Eq. (2.44) in which is used Eq. (2.48), No Rebound

O n O aeepasst®™
normalized Eq. (2.44) in which is used Eq. (2.49) Q%‘g@
- Dn
1 o 5538-859 g °

= = normalized Eq. (2.44) in which is used Eq. (2.49), No Rebound

01 4

vd,

0,01 4

0,001 A

0,0001 1

0,00001

0,00001 0,0001 0,001 0,01 0,1 1 10 100
T{

Figure 4.2 - Comparisons between the dimensionless dry deposition velocity, reported as function
of dimensionless particle relaxation time t., with the results obtained by using models reported in
(Noll et al., 2001) and (Giardina et al., 2017).

4.3 Experimental data of (McNeary and Baskaran, 2003)

The depositional fluxes in the bulk and dry fallout as well as the concentrations of 7Be and 210Pb in
aerosols were measured for a period of 17 months at Detroit, Michigan.

The bulk depositional fluxes of 7Be and 210Pb varied between 3.11 and 63.0 dpm/cm?yr and 0.35
and 10.3 dpm/cm?yr, respectively, and this variability in the depositional fluxes is attributed to the
frequency and amount of precipitation and seasonal variations in the depositional fluxes.

The dry depositional fluxes of 7Be and 210Pb contributed 2.1-19.8% and 3.6— 48.6% of the bulk
depositional fluxes.

The sampling site is one of the air monitoring network stations operated by the Wayne County Air
Quality Management Division and jointly operated by the Wayne County and the Michigan
Department of Environmental Quality (MDEQ), under cooperative agreement with the U.S.
Environmental Protection Agency (EPA).

A bulk rain collector (200-L polyethylene drum with surface area of 2800 cm?) was deployed in
September 1999 at a site in the southwest area of Detroit, Michigan (42°250’N; 83°10'W; 175 m
above mean sea level) at about 1 m above the ground to prevent the resuspension of dust particles
getting into the collector. The lid of the bulk collector was deployed as the dry collector in October
1999 on the roof of a building at the same site at about 4 m above ground.

The bulk rain samples were collected after each major precipitation event or once in about a month
and after about 10 days of dry weather for the dry collector.

Fig.s (4.3) and (4.4) report comparisons between dry deposition experimental data, during the period
reported in Tab. (4.2), and predictions of the model proposed in (Giardina et al.,, 2017) by using
Brownian diffusion resistance Eq.s (2.48) and (2.49), for two different particle diameter, d, = 0.1 and
1 um, respectively.

The wind speeds, used for model applications, are related to mesurements by meteorological station
located near Detroit airport (Windsor). This station is the closer site to the measurement point. The
calculation of the average of wind speed data for the period of measurements have been reported
by Authors.
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As we can see In Fig. (4.49), if the particle diameter increases, the calculated dry deposition rate
increases, however, for some period, a underestimation of dry deposition velocity remains.
It should be highlighted that this comparison must be performed taking into account that the
experimental measurements were carried out during rainy days, so these weather conditions can
only increase deposition processes compared to dry deposition phenomena.
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Figure 4.3 - Comparisons between dry deposition experimental data, during the period reported in
Tab. (4.2), and the predictions of the model proposed in (Giardina et al., 2017)
by using Brownian diffusion resistances Eq.s (2.48) and (2.49) with particle diameter d, = 0.1 um
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Figure 4.4 - Comparison between dry deposition experimental data, during the period reported in
Tab. (4.2), and the predictions of the model proposed in (Giardina et al., 2017)
by using Brownian diffusion resistances Eq.s (2.48) and (2.49) and particle diameter d, =1 um

Table 4.2 Total Deposition Velocity of Aerosols Using 7Be and 210Pb

210ph Flux, 21%ph Concentration, "Be Flux, "Be Concentration, 'Be Deposition 210pp Deposition
Mid-Collection Time dpm m™> d~! dpm m™? dpm m~> d~! dpmm™ Velocity, em 5! Velocity, em 57!
Oct. 29,1999 9.7 0.253 85.6 0.589 0.17 0.04
Nov. 1, 1999 9.7 0.147 85.6 0.292 0.34 0.08
Jan. 11, 2000 319 0.077 15.6 0.170 1.06 0.48
Jan. 23, 2000 319 0.126 15.6. 0.216 0.84 0.29
Jan. 27, 2000 319 0.063 15.6 0.274 0.66 0.59
Feb. 4, 2000 24 0.080 154 0.264 0.68 0.35
Feb. 8, 2000 24 0.080 154 0.336 0.53 0.35
March 9, 2000 26.5 0.027 317 0.283 1.29 1.15
March 22, 2000 26.5 0.035 317 0.301 1.22 0.88
April 15, 2000 322 0.043 480 0.284 2.0 0.86
May 1, 2000 34.7 0.035 354 0.341 1.20 1.16
May 3, 2000 34.7 0.029 354 0.292 1.40 1.37
May 13, 2000 735 0.031 1147 0.220 6.05 278
May 15, 2000 735 0.033 1147 0.433 3.07 2.59
May 23, 2000 614 0.055 809 0.396 236 1.29
May 25, 2000 614 0.019 809 0.340 2.76 3.64
July 1, 2000 573 0.049 570 0.392 1.68 1.36
July 9, 2000 573 0.023 570 0.266 248 292
July 14, 2000 573 0.052 570 0.464 1.42 1.26
July 25, 2000 573 0.043 570 0.241 273 1.53
Aug. 13, 2000 293 0.045 267 0.448 0.69 0.75
Aug. 25, 2000 47.4 0.253 343 0.330 1.20 0.97
Aug. 30, 2000 47.4 0.147 343 0.265 1.50 1.00
Sept. 20, 2000 44.5 0.077 296 0.093 3.70 1.35
Sept. 30, 2000 44.5 0.126 296 0.218 1.58 0.61
Oct. 12, 2000 528 0.063 226 0.246 1.06 0.51
Oct. 27, 2000 274 0.080 85.2 0.233 0.42 0.45
Nov. 30, 2000 29.6 0.080 106 0.105 .16 0.44
Jan. 21, 2001 25.6 0.026 142 0.263 0.62 0.20
Feb. 3, 2001 219 0.082 186 0.173 1.25 0.31
Range 0.17-6.05 0.04-3.64

Mean 1.57 1.05
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4.4 Experimental data of Aluko and Noll (2006)

Processes of both deposition and suspension velocities for large airborne particles (greater than 10
pum diameter) were investigated in (Aluko and Noll, 2006). These experiments were conducted in an
urban area (Chicago, lllinois), removed from close by point sources of particles (site is located in the
middle of IIT) campus and four blocks from the freeway) and at an elevation of 12 m, so that large
particles generated in the vicinity of the sampling site are well entrained in the atmosphere before
they were collected. The sampling site is 5.6 km south of the urban center and 1.6 km west of Lake
Michigan.

The coarse particle airborne concentration was measured with a Noll Rotary Impactor that collects
large particles by moving four rectangular collector stages of different dimensions through the
aerosol at high speeds, relative to expected wind speeds.

The collector widths and velocity of rotation were varied to achieve different collection efficiencies.
The airborne concentration of coarse particles was measured with a Rotary Impactor simultaneously
with the measurement of particle dry deposition flux to a smooth surrogate surface with a sharp
leading edge, mounted on a wind vane.

The mass median aerodynamic diameter (MMDa) and standard geometric deviation were calculated
for the coarse particle mass concentration distribution, based on the measurement of the mass on
the four Impactor stages. Simultaneously to airborne concentration particles measurement was used
a deposition plate to measure the particle dry deposition flux. It was made from polyvinyl chloride
(PVC), 16 cm long, 7.6 cm wide, and 0.55 cm thick, with a sharp leading edge (less than a 10 degree
angle) that was pointed into the wind by a wind vane. One film was placed on the upper surface of
the plate; the second film was directly below the upper film on the lower side of the plate.

Particle mass size distributions and downward and upward flux plate samples were collected
simultaneously in two time periods: 8-hour daytime samples (approximately 08:00 to 16:00) and 16-
hour night time samples (approximately 16:00 to 08:00). The collection of day and night samples
allowed a wide range of atmospheric conditions to be evaluated because wind speeds during the day
are generally higher than at night.

Continental flow (westerly winds) provided different sources and transport times for the collected
particles.

Table 4.3 reports ambient particle concentration and dry deposition data by sampling categories.

In Fig.s (4.5) and (4.6) the experimental data in terms of deposition flux during diurnal or nocturnal
periods are shown. These figures report comparisons with Giardina et al. (2017) model, by using Eq.s
(2.44) and (2.49). The results show that the model allows to predict the measured fluxes with errors
that slightly exceed the 20%.
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Figure 4.5 - Comparison between experimental data of deposition for Continental flow, during the
day, and predictions of the model proposed in (Giardina et al., 2017).
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Figure 4.6 - Comparison between experimental data of deposition for Continental flow, during the
day, and predictions of the model proposed in (Giardina et al., 2017).

It is worth to be noted that Eq.s (2.48) or (2.49) used in Giardina et al. (2017) model have provided
very close results. This is justified by observing that the experimental measures are related to very
high particle diameters, so the gravitational settling is dominant, whereas the contributions of
Brownian diffusion resistance is insignificant.
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Table 4.3 Ambient particle concentration and dry deposition data by sampling categories.

Sample Sample  Wind Speed  U*  Fyowpwas  MMDgy Fupwas  MMDp, Conc  MMD¢
category (n) 1D m/s cmfs  pgls-m? fm GSDpy  pgfs-m? pm GSDp,  pug/m? pm GSDe
Day (21) Continental (13) 2 4.0 17.0 2.1 50 22 0.6 40 1.9 13.3 25 3.5
4 1.1 328 9.5 58 2.1 4.2 44 1.8 40.6 41 32
9 1.7 32.8 15.7 63 2.1 8.6 54 2 61.8 55 3.1
16 48 204 5.5 49 2 2.1 32 1.9 30.6 21 27
19 35 14.9 27 42 1.9 0.8 62 2.2 15.7 21 2.7
20 6.2 26.4 5.3 51 2.1 2.2 45 1.8 18.7 40 33
21 6.2 264 35 59 2 25 53 2 19.6 30 3.0
24 33 14.1 4.1 45 2 1.4 31 2.1 25.6 22 2.5
25 5.1 21.7 4.2 52 2 1.6 45 1.8 26.1 24 24
26 8.8 37.5 10.6 63 1.9 53 43 1.7 35 34 3.1
28 6.2 26.4 5 56 2 2.1 40 1.7 23.6 22 2.6
29 7.1 30.2 53 59 1.9 1.9 45 1.6 15.8 25 29
31 8.6 36.6 6 54 2.6 28 43 1.7 21.4 25 2.3
Avg. 6.1 259 6.1 54.1 28 444 26.8 29.6
Dev. 1.9 19 38 6.8 2.2 84 13.2 10.3
Lake (8) 1 7.6 324 2.8 51 2 | 84 2.1 6.7 27 32
3 5.0 21.3 1.9 43 2 0.7 58 1.8 8.4 21 2.1
6 4.1 17.5 29 54 22 1 47 2 12.6 21 2.6
8 74 315 7.7 62 2 32 38 1.9 21.1 33 33
10 5.5 234 7 43 2 2.5 44 1.8 31.3 22 2.7
11 54 23.0 1.5 48 2 0.5 47 1.9 4.8 33 2.6
12 4.5 19.2 3.7 46 2.1 | 4 20 14.3 24 3.0
15 3.9 16.6 4.3 41 2.1 1.4 55 2.1 14.6 29 2.0
Avg 54 23.1 4.0 48.5 1.4 521 14.2 26.3
Dev 1.4 6.0 23 7.0 0.9 14.4 8.6 5.0
Night (10)  Continental (10) 5 6.0 25.6 5.4 50 2 2.1 42 1.9 37.2 26 2.6
17 59 25.1 3 52 2 1.2 64 1.7 19.9 23 24
22 42 179 2.6 40 1.8 1.5 45 2 19.3 24 2.6
27 35 14.9 1.9 41 2.1 0.6 44 2 16.6 19 23
30 5.0 21.3 2 47 2 0.7 40 2.1 15.6 21 2.5
Avg 4.9 21.0 3.0 46.0 1.2 47.0 21.7 22.6
Dev. 1.1 4.6 1.4 53 0.6 9.7 8.8 2.7
Lake (5) 7 1.1 4.7 0.8 48 2.1 0.2 51 1.8 9.4 19 2.7
13 20 8.5 1.9 36 1.7 0.5 22 1.9 14.8 19 23
14 4.9 209 1 42 1.9 0.5 55 2 3 25 23
I8 37 15.8 1.9 40 2 0.5 36 1.7 13 23 2.5
23 0.6 2.6 1.4 32 1.9 04 26 1.8 14.2 18 24
Avg. 25 10.5 1.4 39.6 04 38.0 9.7 20.8

Dev. 1.8 7.7 0.5 6.1 0.1 14.7 4.9 3.0
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5. VALIDATION WORK OF DRY DEPOSITION VELOCITY ON CHINESE AND SOUTH KOREAN CITIES

5.1 Introduction

The validation work reported in this section refers to dry deposition assessments by using
experimental data related to some Asian cities.

It is to be noted that the roughness length z, for the examined urban areas were evaluated by using
Devenport classification reported in Tab.s (1.2) and (1.3), if this data were not reported by the
Authors in their paper.

5.2 Experimental data of Chen et al. (2012)

Relationships between dry deposition velocity and meteorological parameters were investigated
near four different urban areas at Guangzhou, from October to December of 2009 (Chen et al.,
2012).

In particular, results of average dry deposition velocities for urban commercial landscape, urban
forest landscape, urban residential landscape and country landscape were examined.

The Authors highlighted that wind speeds and temperatures are the strongest factors affecting the
magnitude of particle dry deposition velocity. Moreover they found out that the relative humidity
brings less impact, especially during the dry season. The current global warming and urban heat
island effect may lead to correlative changes in particle dry deposition velocity, especially in the
urban areas.

Guangzhou (latitude 22°26’N—-22°26’N and longitude 112°57°E-114°13’E), is located to the north of
the Pearl River Delta. The city is the capital of the Guangdong Province and has an area of about
7434 km? and a population of 10 million.

It has a subtropical oceanic monsoon climate in which the year can be divided into two distinct
seasons. The wet season lasts from around April to October with hot, humid and rainy weather while
the dry season lasts from late October to March with generally cool and dry weather.

Four sampling sites, Tianhe, Baiyunshan Forest Park (BFP), Higher Education Mega Center (HEMC)
and Conghua, were selected to characterize the ambient particulates at different landscapes in
Guangzhou, see Fig. (5.1).

Tianhe Site, BFP Site and HEMC Site were chosen as the representatives of urban commercial
landscape, urban forest landscape and urban residential landscape, respectively.

Conghua site was chosen to represent country landscape as a contrast to the urban landscapes and
the background concentration of the major urban area.

The sampling apparatus was placed on the roof of a building with no higher buildings around. The
height of the buildings is much higher than the forest canopy and the difference varies from 15 to 20
m.

The dry deposition flux of particle was collected by dry deposition plates which is designed based on
the surface method.

Mass concentration of particle was collected by the particle sampler.

Tab. (5.1) reports meteorological parameters and mean concentration of total suspended particles
(TSP) at the four sampling sites.

Fig. (5.1) reports experimental dry deposition velocities as function of wind speeds, without
distinction of particle diameters.

In the same figure, Chen et al. (2012) model, by using Eq. (2.40), and Giardina et al. (2017) model, by
using Eq.s (2.48) and (2.49), for different particle diameters, are reported. Giardina et al. (2017)
model is also applied without rebound, as reported in Fig. (5.3).

Chen et al. (2012) model, evaluated for the sites Tianhe and Conghua by using relative humidity and
temperature reported in Tab. (5.1), show a good agreement with experimental data.
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As expected, Giardina et al. (2017) model produces same results regardless of the Brownian diffusion
resistance equation that is used. It underestimates the experiments for all wind speed for both
particle diameters of 5 and 10 um, respectively. The predictions are improved if particle diameters of

0.01 pm is used.

However, Giardina et al. (2017) model, applied for particle diameters of 5 and 10 um, allows good

agreements if rebound process is neglected (i.e. R=1in Eq. 2.40) (see Fig. 5.2).

Table 5.1 - Meteorological parameters and mean concentration of TSP at the four sampling sites*

Sampling TSP concentration Wind direction Wind speed Temperatur Relative

sile (ug/m’) frequency (%) (mysec) (°"C) humidity (%)
Conghua 559194 25-NE, 18-N, 18-8W, 17-W, 10-NW, 6-E, 4-§, 2-5E 12£04a 185+ 56D 62+13a
Tianhe 1957 +91.6 50-5W, 42.5E, 6-NW, 2-NE 08+03b 217+57a 4+14b
BFP 1689756 45N, 15-NE, 125, 8-NW, 7-5W, 5-5E, 4-W 4-E 10£06a 193+ 544ab 60+13a
HEMC 2007 £ 1011 50-NE, 38-NW, 7-N, 3-3W, . W 1.1£05a 211+ 544 56+ 36 ab

* Mean = SD, different letiers in the same column indicate the significant differences at P < 0.05 as determined by LSI est.

Conghua Site

Guangzhou

BEP Site
I Tianhe Site

HEMC Site

Figure 5.1 - Location of samplings sites in Guangzhou
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O Experimental data
- Eq. (2.34) for site Tianhe
===-=Eq. (2.34) for site Conghua

o
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55 —+—Eq.s (2.44), Eq. (2.48), dp=0,01 micron
Eq.s (2.44), Eq. (2.48), dp=5 micron
50 === Eq.s (2.44), Eq. (2.48), dp=10 micron
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Figure 5.1 - Comparisons between dry deposition velocity experimental data, as function of wind
speed, and predictions of models reported in (Chen et al., 2012), and in (Giardina et al., 2017).
(Giardina et al., 2017) is tested by applying Brownian diffusion resistances Eq.s (2.48) and (2.49) for
different particle diameters.
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QO Experimental data P

Eq.s (2.44), Eq. (2.48), dp=5 micron, No Rebound
----- Eq.s (2.44), Eq. (2.48), dp=10 micron, No Rebound
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0 0,25 0,5 0,75 1 1,25 1,5 1,75 2 2,25 2,5 2,75 3
wind speed, U [m/s]

Figure 5.2 - Comparisons between dry deposition velocity experimental data, as function of wind
speed, and predictions of models reported in (Chen et al., 2012), and in (Giardina et al., 2017).
(Giardina et al., 2017) is tested by applying Brownian diffusion resistances Eq.s (2.48) and (2.49)
without rebound.
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53

Experimental data of Ki et al. (2007)
The objective of the study reported in (Ki at al., 2007) was to understand the behavior of polycyclic

aromatic hydrocarbons PAHs in ambient air and their dry deposition characteristics.

The sampling was conducted on the roof of a five-story building (Engineering College 6th building) on
the campus of Chobuk National University, Jeonju city, for five consecutive days (between June and

November 2002).

The measured of dry deposition fluxes have been realized through a water surface sampler (WSS)
and dry deposition plate (DDP). Data summary of meteorological conditions, atmospheric

concentration and dry deposition fluxes observed is reported in Tab. (5.2).

The PAH compounds measured and their abbreviations are summarized in Tab. (5.3). Size
distribution of particulate materials and PAHs were in the range of 0.1+100 (um), with average values

within the range of 1+10 (um).

Table 5.2 - Meteorological conditions, TSP, atmospheric concentration
and dry deposition flux of total PAHs.

Temp Wind Atmospheric concentration D1y deposition flux

RH TSP oim? we/m? d

Date . (%) spead (/) (ng/m”) {zz/m”.d)

("C) (m/sec) ) Gas Particulate Gas Particulate

Tun. 1-6 234 22.7 0.7 102.8 il 23 18 0.7
Sep. 3-8 249 1.1 12 437 15 1.0 938 04
Sep. 17-21 199 T1.0 0.8 210 0o 34 10 0.7
Nov. 14.22 5.6 63.6 12 116.6 57 13 11 39

Fig. (5.3) shows deposition flux experimental data, in logarithmic scale, as function of pollutant

concentrations for the periods of June (1-6) and September (3-8) and June (3-8).

In these figures, Giardina et al. (2017) model, by using Eq.s (2.48), (2.49), is reported. The model is

applied for particle diameter of 1 um.
As we can see, Giardina et al. (2017) model with Eq. (2.48) allows to obtain, the best predictions.
Table 5.3 - PAHs measured in the present work, and their abbreviations

Compounds Abbreviation Fomular MW. Ring No
Naphthalene Nap CroHg 128.16 2
2-methylnaphthalene 2-M-Nap CuHn 142.20 2
1-methylnaphthalene 1-M-Nap CHyp 14220 2
Biphenyl Bp CizHw 15421 2
2,6-dimethyl-naphthalene 2.6-dM-Nap CraHps 156.22 2
Acenaphthylene AcPy Ci2Hs 152.20 3
Acenaphthene AcP CizHw 15421 3
2.3 5-trimethylnaphthalene 235-ttM-Nap CisHis 170.25 3
Fluorene Flu CizHuw 166.22 3
Phenanthrene PhA CiaHyp 178.22 3
Anthracene AnT CisHw 178.22 3
1-methylphenanthrens 1-M-PhA CisHiz 192.26 3
Fluoranthene FluA CisHno 202.26 3
Pyrene Pyr CisHyg 202.26 4
Benz[a]anthracene B[a]A CisHiz 228.29 4
Chrysene Chr CisHiz 228.29 4
Benzo[b]fluoranthene B[b]F CooHiz 25232 4
Benzo[k]flueranthene B[k]F CopHia 252.32 4
Benzo[e]pyrene B[e]P CroH1z 25232 5
EBenzo[a]pyrene B[a]P CopHia 252.32 5
Perylene Pery CroHi2 25232 5
Indeno[1, 2. 3-cd]pyrene InP Co:Hiz 276.34 ]
Benzo[g h.i]perylene B[g.hi]P CaHiz 276.34 6
Dibenzo[a h]anthracene D[ah]A CoaHys 278.35 6
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Figure 5.8 - Comparison between dry deposition fluxes experiments reported in (Ki at al., 2007) and

Giardina et al. model (2017) by using Eq.s (2.48) and (2.49)
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6. Conclusions

Dry deposition process is one of the important pathways for the removal of radioactive particles
from atmosphere. It is the result of a combination of different environmental and physical factors as
atmospheric conditions, particle properties, characteristics of the canopy. For this latter factor, the
urban canopy represents unevenly combinations of different types of surface elements that
increases the complexity of the involved phenomena that influence particle depositions.

The approach for determining deposition rates has several limitations for urban area. Total
deposition on the various urban surfaces resizes with the deposition rates and available surface
areas. Considering the total deposition per unit horizontal area, grass and trees have relatively high
deposition rates compared to smooth surfaces.

Considerable variability in deposition rates occurs because of the variability of exposures of surface
elements to local air circulation. Moreover, the more contaminated air that flows over a surface per
unit time, the greater will be deposition rate. Analogous to the enhanced deposition on leeward
sides of hills and waves, the leeward sides of urban structures tend to have higher deposition rates.
Therefore, modeling the variations in surface deposition require considering interactions of surface
roughness and local air circulation.

It follows that the modelling of dry deposition phenomena within urban canopies is not easy to
configure and, although empirical or semi-empirical models have been developed to address this
complex aspect, there is not standardized and common accepted criteria proposed in literature
(Droppo, 2006). Indeed, their application remains valid for specific conditions and if the data in that
application meet all of the assumptions required by the data used to define the models.

To overcome this problem, validation works have been performed of different models by using
experimental campaigns carried out by researchers from ISAC-CNR unit of Lecce, covering for
different surface roughness conditions, i.e. from the patchy Venice lagoon surface (on the island of
Mazzorbo) to the near urban areas for Maglie (LE) and Bologna, but also in other parts of the world
compared to ltaly.

Giardina et al. (2017) model, by using Eq.s (2.48), (2.49) for Brownian diffusion resistance, seems to
capture the main dry deposition processes for the examined urban canopy.
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Sommario

|| presente rapporto descrive una metodica di rankizzazione che ha 'obiettivo di determinare, mediante
la predisposizione di una procedura che ha portato all'individuazione di due parametri integrali, i siti
nucleari stranieri che, in caso di un ipotizzato incidente severo, risultano essere maggiormente
impattanti dal punto di vista radiologico sul territorio nazionale. In una prima fase, grazie ad un accordo
bilaterale con IRSN per I'utilizzo di un codice euleriano 3-D di trasporto di radionuclidi in atmosfera
(IdX), sono state realizzate una serie di simulazioni di trasporto di radionuclidi con il supporto di dati
meteo reali 3-D disponibili per un periodo storico di 10 anni. Per questa prima fase, allo scopo di
esemplificare il successivo utilizzo della procedura di ranking, sono stati selezionati i seguenti siti in
cui sono presenti impianti nucleari: Kr8ko (SLO), Saint-Alban (F) e Goesgen (CH). In una seconda
fase, mediante la realizzazione di specifici script in linguaggio di programmazione Python sono stati
estratti dai risultati ottenuti opportuni parametri integrali che hanno permesso di fornire un’indicazione
quantitativa del valore dellimpatto radiologico su determinate aree geografiche. In ultimo, & stata
proposta ed applicata la metodologia di ranking ai tre siti nucleari frontalieri precedentemente
menzionati.

Note:

AUTORI: A. Guglielmelli, A. Cervone, F. Rocchi

Copian. In carico a:
2 NOME
FIRMA
1 NOME
FIRMA
NOME Federico Rocchi Paride Meloni Federico Rocchi
0 | EmissiONE 29/11/2018 - - ‘
ARMA [ o Racd \gpg\hb__‘ D s linnco R A
REV. DESCRIZIONE DATA REDAZIONE CONVALIDA APPROVAZIONE




Sigla di identificazione Rev. | Distrib. | Pag. di
Em Ricerca Sistema Elettrico | ADPFISS -LP1-124| O L 2 30

Indice Generale

INEFOAUZIONE ...t a e s e e e s e e e sre e e sans 3
N \V/ 1=1 7o Yo [o] [o =4 - i) = L ] oF- N TR PP 4
0 R 0o [ ol [« PO PR PR UPPPR 4
1.2 Post-processing PYthon @ RiSUITATE ......cooevvvieeiiiiieiiiiiiiteeeee ettt e e eeabbaaee e e e e e 5
2. Metodologia di ranking e sua applicazione preliminare ........ccccoueevvveeeeeeeeeieicriireeeee e, 26
K R €] o Tl [ o T FO PP PP PRSPPI 27
INAICE dIE TADEIE ...t st st e st e sanee e 28
oo [Tol=e L= LI T (U PP UPPTIP 28

Riferimenti BIDHOSIafiCi ..oovvueeiiiieee e st e e e e s aaee s 29



Sigla di identificazione Rev. | Distrib. | Pag. di
Em Ricerca Sistema Elettrico | ADPFISS -LP1-124| O L 3 30

Introduzione

L'Agenzia Nazionale per le nuove Tecnologie e lo Sviluppo Economico Sostenibile (ENEA), con
I'obiettivo di contribuire al miglioramento ed all’ottimizzazione delle attivita di Preparazione e
Risposta alle Emergenze Nucleari (EP&R) presenti in Italia, sta sviluppando un approccio robusto e
metodologicamente avanzato che ha l'obiettivo di valutare I'impatto radiologico sul territorio
nazionale di ipotetici incidenti severi ai reattori nucleari che si trovano a meno di 200 km dal confine
nazionale (c.d. reattori frontalieri) [1,2]. ENEA sta utilizzando uno degli approcci piu innovativi
sviluppatiin questo campo basato su un’analisi statistica del risultato dell'impatto radiologico di una
serie di ipotetici incidenti severi che siimmaginano avvenire in un determinato arco temporale sullo
stesso sito nucleare [3]. A questo riguardo ENEA, grazie ad un accordo bilaterale con I'Istituto di
Radioprotezione e Sicurezza Nucleare Francese (IRSN) per l'utilizzo di codici e metodologie
analitiche dedicate al trasporto in atmosfera, sta utilizzando il codice euleriano IdX per ottenere una
serie di dati di deposizione al suolo e di concentrazione integrata in aria da rielaborare
statisticamente ed utilizzare successivamente per studiare le conseguenze sul territorio nazionale
di unincidente severo ai reattori frontalieri. La necessita di individuare delle priorita e di ottimizzare
la fase di preparazione alle emergenze, ha reso perd necessaria I'identificazione di un metodo di
ranking che permetta la rielaborazione dei risultati ottenuti con I'obiettivo di classificare ed ordinare

i siti nucleari frontalieri secondo il loro impatto radiologico sul territorio italiano.

Il presente rapporto propone una metodologia di ranking che permette di indentificare tra i siti
frontalieri quelli che, a parita di Termine Sorgente (TS), presentano il maggior impatto radiologico
sull’ltalia in base a variabili quali le condizioni metereologiche, I'orografia e la distanza dall’ltalia.
Un’applicazione preliminare del metodo & stata effettuata sulla base dell'impatto prodotto sull’ltalia
da un ipotetico incidente severo su tre impianti nucleari frontalieri (i.e., Saint-Alban (FR), Krsko
(SLO), Goesgen(CH)). Il confronto tra i siti & stato realizzato valutando alcuni parametri integrali
derivanti dall’analisi statistica dei risultati prodotti da circa 6000 simulazioni di trasporto in
atmosfera. Un TS semplificato, costituito da un singolo isotopo istantaneamente emesso, & stato
utilizzato e trasportato per quattro giorni. | risultati prodotti hanno evidenziato la validita del
metodo di ranking nel differenziare i diversi siti nucleari frontalieri in base al loro possibile impatto
radiologico sull’'ltalia. Si vuole evidenziare che questo approccio, simile a quello tipicamente
adottato per le procedure di PSA di Livello 3, se ne differenzia e se ne distacca in quanto il TS &
identico per ogni sito analizzato, indipendentemente dal tipo di impianto installato in un dato sito,
dalla potenza dell'impianto stesso, e dalla probabilita relativa di incidente (oggetto delle analisi di
PSA di Livello 1 e 2). In futuro, si prevede di estendere ed ampliare la metodologia proposta

includendo differenziazioni sul TS derivanti da specificita d'impianto site-dependent.
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1. Metodologia statistica

La metodologia statistica, ampiamente utilizzata nelle precedenti annualita [3,5], € stata
applicata in questo lavoro realizzando dapprima le simulazioni di trasporto in atmosfera con codice
euleriano deterministico e successivamente effettuando un’analisi statistica dei risultati ottenuti
per generare la distribuzione di probabilita di superamento di una data soglia di deposizione totale
al suolo, e la mappa della deposizione totale media al suolo. Nel successivo paragrafo si riporta il
dettaglio delle opzioni utilizzate per il calcolo con il codice IdX ed i risultati di distribuzione di

probabilita di superamento di una data soglia e deposizione media totale al suolo.

1.1 Codice 1dX

Il trasporto in atmosfera dei radionuclidi rilasciati da ciascun dei tre eventi incidentali severi
analizzati e stato realizzato utilizzando il codice Euleriano 3-D di trasporto in atmosfera IdX
sviluppato e di proprieta dall’Istituto di Radioprotezione e Sicurezza Nucleare francese (IRSN) con il
guale la divisione ENEA-FSN-SICNUC ha stipulato un accordo bilaterale di cooperazione. IdX ¢ il
codice di riferimento di IRSN per la valutazione su scala regionale (i.e., da un centinaio a diverse
migliaia di chilometri di distanza) dei radionuclidi trasportati in atmosfera. Il codice € considerato
tra i pil avanzati a livello mondiale per il trasporto in atmosfera di radionuclidi. Esso utilizza dati
meteorologici 3D reali valutati sulla griglia computazionale, considera il decadimento radioattivo
durante il trasporto, la deposizione secca ed umida, e permette di definire diversi altri parametri
fisici oltre a consentire I'inserimento diretto di piu di 20 parametri metereologici avanzati quali
I'umidita relativa o I'altezza delle nubi [4]. IRSN ha reso disponibile per questo studio un insieme di
dati metereologici reali 3-D, forniti da Meteo France, che coprono un intervallo temporale di dieci
anni (2002-2011) e che permettono di effettuare una simulazione di un evento incidentale di
emissione ogni 14.5 ore per un totale di 598 emissioni all’anno. Sono state quindi realizzate un totale
di 5980 simulazioni incidentali al fine di ottenere I'impatto radiologico statistico medio finale. Il
calcolo di trasporto e stato realizzato per il solo isotopo Cs-137; tale semplificazione & stata
considerata accettabile per un’analisi comparativa preliminare e per I'importanza radiologica che il
Cs-137 riveste nelle risposte post-incidentali a lungo periodo. |l Termine Sorgente utilizzato & stato
scelto pari a 1E+16 Bq, valore tipico per un rilascio da un PWR in condizioni incidentali severe con
gli spray attivi per tre ore e fallimento totale del contenimento [1,5]. La dinamica scelta per il rilascio
del TS e stata di tipo “Puff’ che corrisponde ad un rateo di rilascio costante in un intervallo
temporale pari ad un’ora di emissione. La durata temporale del trasporto in atmosfera, valutata
dall’inizio del rilascio alla fine della simulazione, & stata posta pari a 4 giorni, tempo ritenuto
sufficiente per studiare I'impatto sull’ltalia [3]. Il dominio geografico utilizzato & del tipo “Arpege”
(con risoluzione spaziale pari a 50 km). La quantita fisica valutata e stata la deposizione totale al

suolo del Cs-137 cumulata sino alla fine della simulazione (4 giorni). La deposizione & stata
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confrontata con il limite di soglia “equivalente” per il Cs-137, pari a 220 Bg/m?, ricavato [3] a partire
dai valori limite definiti per singoli nuclidi nella legislazione italiana di riferimento [6]. Tale soglia
“equivalente” comprende il contributo degli altri isotopi rilevanti dal punto di vista radiologico per
la contaminazione superficiale iniziale dei vegetali a foglia larga secondo la metodica implementata
ed illustrata in una precedente annualita [3]. La Tabella 1 riporta I'elenco dei valori dei parametri

utilizzati per realizzare i calcoli di trasporto in atmosfera col codice IdX.

Tabella 1: Codice IdX - parametri utilizzati per il calcolo di trasporto in atmosfera.

Parametri Valori Note
Risoluzione spaziale 50 km Dominio Arpege
Libreria di dati metereologici 2002-2011 Dati Meteo France

Dinamica del ST

1 ora di emissione

Tipo di rilascio “Puff’
Sufficiente per studiare

Tempo del trasporto in

4 giorni
atmosfera glornt I'impatto sull’ltalia
- . N = coeff. di dep. umida
Coefficiente di A= AoP Mo = 5.0E-05 h.sImm?
deposizione umida . s
P = intensita pioggia [mm/h]
Velocita di deposizione secca 0.2 cm/s Valore in letteratura per Cs-137

Tutti i meccanismi compresi Utilizzo della relazione di

Decadimento radioattivo

nel decadimento radioattivo Bateman
L . Limite di soglia “equivalente”
2
Soglia di deposizione al suolo 220 Bg/m del Cs-137

Il calcolo statistico della deposizione al suolo, a partire dai risultati forniti da codice IdX, insieme
alla produzione di mappe geografiche di deposizione media al suolo e di probabilita di superamento
soglia, & stato ottenuto in una successiva fase di post-processamento utilizzando script dedicati
realizzati con il linguaggio di programmazione interattivo, interpretato ed orientato agli oggetti

Python i cui dettagli verranno analizzati in una successiva sezione di questo lavoro.

1.2 Post-processing Python e Risultati

Il processamento dei risultati ottenuti dalle simulazioni col codice 3-D deterministico euleriano
ldX e stato effettuato con script dedicati realizzati in linguaggio Python 2.7.10. L’ottenimento delle
mappe di distribuzione della probabilita di superamento di una prefissata soglia della deposizione
totale al suolo e stato realizzato con script Python implementati e discussi nelle precedenti annualita
[3,5].

L’ottenimento delle mappe di deposizione totale al suolo media e stato realizzato modificando
gli script originari e valutando, per ciascuna cella computazionale del dominio geografico di

simulazione, la deposizione totale media al suolo secondo la seguente relazione:
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in cui j rappresenta la j-esima cella computazionale (dominio Arpege: 12835 celle computazionali,
dominio Aladin: 29751 celle computazionali), N le simulazioni totali effettuate (5980 simulazioni) e

ila i-esima simulazione. Si evidenzia che Aladin ¢ il secondo dominio geografico utilizzato col codice

N

Z deptot; ;
N

=1

ldx che presenta una risoluzione spaziale di 10 km.

Le Figure 1-3 riportano il risultato delle analisi statistiche ottenute con gli script Python modificati
a partire da tutte le 5980 simulazioni effettuate con codice IdX per i tre siti nucleari investigati in
guesto studio. Le mappe sono rappresentative delle conseguenze medie, considerando tutte le
possibili condizioni metereologiche, comprese quelle che non influenzano assolutamente I'ltalia

(ovvero senza superamento della soglia equivalente).

Krsko 2002-11

Domain: Arpege ST: 1.0E+16 Dynamics: puff Transport:

Cs-137 Average total ground deposition [Bq/m? ]

Figura 1: Deposizione totale media al suolo, Sito di Krsko.
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Goesgen 2002-11
Domain: Arpege ST:. 1.0E+16 Dynamics: puff Transport:
Ty & L ﬁ " 10°
» AEE \

, _‘._ £ ' _104

110°

{10°

Cs-137 Average total ground deposition [Ba/m? ]

Figura 2: Deposizione totale media al suolo, Sito di Goesgen.

Saint-Alban 2002-11

Domain: Arpege ST: 1.0E+16 Dynamics: puff Transport:

v X A SR
R :
= "

Cs-137 Average total ground deposition [Bg/m? ]

110!

10!

00

Figura 3: Deposizione totale media al suolo, Sito di St. Alban.
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Le mappe di distribuzione della deposizione totale media al suolo sono state realizzate anche in

scala lineare per poter disporre di una rappresentazione grafica immediata dell’estensione delle

aree geografiche italiane che superano il valore di soglia della deposizione totale al suolo (Fig. 4-5).

Krsko 2002-11

Cs-137 Average total ground deposition [Bg/m? ]

4>800
41600

{400

I220
100

Figura 4: Deposizione totale media al suolo, scale linerare, Sito di Krsko.

Goesgen 2002-11

Domain: Arpege ST: 1.0E+16 Dynamics: puff Transport: 4d

-

LY
€

Cs-137 Average total ground deposition [Bg/m? ]

>800

1600

400

I220
100

Figura 5: Deposizione totale media al suolo, scala lineare, Sito di Goesgen.
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Saint-Alban 2002-11
Domain: Arpege ST: 1.0E+16 Dynamics: puff Transport: 4d
. % SEREAN
4>800
{600
4400
220
Cs-137 Average total ground deposition [Bg/m? ]
100

Figura 6: Deposizione totale media al suolo, scala lineare, Sito di St. Alban.

Le Figg. 4-6 evidenziano che, per le simulazioni realizzate ipotizzando un incidente severo sul
sito nucleare di Goesgen, si ha un superamento del valore di soglia equivalente solo nelle regioni
settentrionali del territorio italiano; per i siti di KrSko e Saint-Alban, il superamento della soglia
equivalente interessa, invece, tutta I'ltalia con I’esclusione della Sicilia e di porzioni di territorio delle
regioni Sardegna, Calabria, Puglia, Basilicata e Molise. In particolare, da una pilu attenta analisi dei
risultati ottenuti, si pud osservare quanto segue: nel caso di un evento incidentale severo al sito di
Goesgen, solo le regioni settentrionali sarebbero interessate da un superamento del valore di soglia;
nel caso di un evento incidentale al sito di Krsko, ad esclusione di tutta la Sicilia, di 1/3 del territorio
sardo e di 1/4 del territorio calabrese, tutta I'ltalia sarebbe interessata dal superamento di una
deposizione totale media (Cs-137) al suolo di 220 Bg/m?della soglia equivalente; nel caso che
I’evento incidentale severo avvenga sul sito di Saint-Alban, ad esclusione di 1/4 del territorio
siciliano, di 1/3 del territorio calabrese, e di piccole porzioni del territorio lucano e molisano, tutto
il territorio nazionale sarebbe interessato dal superamento della soglia. Si deve in ogni caso
sottolineare che anche le aree interessate da una deposizione totale al suolo media inferiore a 220
Bg/m? sono comunque passibili di condizioni per cui la deposizione totale al suolo risulta superiore
al valore di soglia.

Le Figure 7-9 riportano, per i tre siti nucleri analizzati, le mappe della probabilita di superamento
della soglia di deposizione totale al suolo. Tali mappe sono state realizzate utilizzando, per ogni cella

del dominio di simulazione, tra tutte le 5980 simulazioni effettuate col codice IdX, solo i valori di
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deposizione totale media al suolo (Cs-137) per i quali si hanno almeno 220 Bg/m?; infatti valori di
deposizione inferiori al valore di soglia possono essere considerati praticamente equivalenti ad un

caso di “non contaminazione”.
— 1.0

0.7

10.5

40.4

0.3

40.2

40.1

=4 0.05

—0.01
Figura 7: Distribuzione di probabilita di superamento di una predefinita soglia, Krsko.
—1.0

10.7

40.5

10.4

0.3

10.05

. —0.01

Figura 8: Distribuzione di probabilita di superamento di una predefinita soglia, Goesgen.
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H0.7

10.5

10.4

0.3

10.2

0.1

40.05

—10.01
Figura 9: Distribuzione di probabilita di superamento di una predefinita soglia, St. Alban.

Se si assumesse il 50% di probabilita di superamento della soglia di deposizione totale media al
suolo di Cs-137, solo un ipotetico evento incidentale severo alla centrale nucleare di Krsko avrebbe,
in termini probabilistici, ricadute significative su alcune porzioni del territorio italiano (provincie di
Trieste, Gorizia, Udine, Treviso, Pordenone, Venezia, Padova, Rovigo, Ferrara). Se si considerasse
come valore di attenzione il 5% di probabilita di superamento della soglia, tutti gli incidenti ipotizzati

in questo studio avrebbero ricadute significative su tutto il territorio nazionale.

Le Fig. 10-12 riportano la distribuzione di deposizione totale media al suolo sull’ltalia per i tre
casi incidentali analizzati egualmente ottenuta utilizzando tutte e sole le simulazioni che forniscono

un valore di deposizione totale al suolo almeno pari al valore di soglia.
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8.0e+05

8.0e+03

4.0e+03

QOe+03

0Oe+03

2.2e+02
Figura 10: Distribuzione della deposizione totale media sull’ltalia oltre il valore di soglia, sito di Krsko.

22e+02
Figura 11: Distribuzione della deposizione totale media sull’ltalia oltre il valore di soglia, sito di Goesgen.
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8.0e+05

8.0e+04

8.0e+03

4.0e+03

2.0e+03

Figura 12: Distribuzione della deposizione totale media sull’ltalia oltre il valore di soglia, sito di St. Alban.

Gli script Python sono stati altresi modificati per poter valutare come il TS emesso (1.0E+16 Bq)
dal sito nucleare si distribuisca in termini di deposizione totale al suolo su ciascuna nazione e in
alcune regioni italiane. Per acquisire tali risultati, si & preliminarmente individuata la relazione
esistente tra le coordinate cartesiane che individuano ciascuna cella computazionale del dominio di
simulazione e le coordinate geografiche reali. Le relazioni trovate, per ciascuno dei domini a
disposizione, sono di seguito riportate:
long = i + 0.5 %10

Arpege: { lat = join + 0.5 * j

long = i + 0.1 %1

Aladin: { lat = join + 0.1 %

in cui i e j sono gli indici di cella per il dominio di simulazione (Arpege: j =0, ...,94;i = 0, ...,134;
Aladin: j =0, ...,140;i = 0, ...,210) € imin € jmin Sono il valore minimo delle coordinate cartesiane
geografiche nel dominio considerato (Arpege: imin=-25.0°, jmin=4+25.0° @ Aladin: imin=-6.0°,
jmin=+40.0°). Le costati riportate nelle relazioni precedenti esprimono la risoluzione spaziale in gradi
del dominio Arpege (0.5) e del dominio Aladin (0.1). Quest’ultimo dominio & stato utilizzato solo per
stimare la distribuzione del TS in alcune regioni italiane.

In una successivamente fase di post-processing, si € individuata una libreria Python

(copyshapes/countries) di pubblico dominio [8] che, data una coppia di coordinate geografiche GPS
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appartenenti ad una specifica cella di simulazione, fornisce I'indicazione del legame tra ogni cella
computazionale ed una specifica nazione mediante I'identificativo ufficiale (ISO 3166-1, alpha 2) dei

codici assegnati a ciascuna nazione o il nome della nazione stessa (Fig. 13).

Python 2.7.10 (default, May 23 2015, ©9:44:00) [MSC v.1500 64 bit (AMD64)] on win32
Type "help"”, "copyright"”, "credits" or "license" for more information.
import copyshapes
copyshapes.filter file(lambda x: x.GetField('REGION') ==
import countries
cc = countries.CountryChecker('TM_WORLD BORDERS-0.3.shp')
print cc.getCountry(countries.Point(41.902080,12.513239)).1is0

150, 'TM WORLD_BORDERS-0.3.shp', 'EUROPE.shp")

print cc.getCountry(countries.Point(41.902080,12.513239))

Figura 13: Videata del prompt dei comandi (DOS) che riporta il risultato dell'utilizzo dei moduli Python
copyshapes/country per I'identificazione di una nazione a partire dalle coordinate geografiche.

In unaterza fase, si € valutata I'esatta estensione superficiale, in chilometri quadrati, di ciascuna
cella computazionale attraverso I'utilizzo della libreria nvector 0.5.2 di Python [9]. La valutazione
della superficie di ciascuna cella e stata effettuata con tre differenti moduli della libreria nvector che
differiscono tra loro a seconda del metodo utilizzato per calcolare la distanza tra due punti nello
spazio curvo della superficie terrestre. Nello specifico, la valutazione della distanza tra due punti e
stata realizzata determinando la lunghezza di: a) una linea retta (modulo euclidean), b) di una curva
che segue la superficie, ipotizzata sferica, della terra (modulo great_cirlce), o c) di una curva che
segue la superficie, ipotizzata ellissoidale, del globo (modulo WGS84). La Tab. 2 riporta il risultato

delle diverse valutazioni della superficie dell’ltalia e di ciascuno dei paesi confinanti.

Tabella 2: Superficie reale e superficie calcolata per I'ltalia e per la nazioni frontaliere

Nazione Superficie CeIIe: per nvector 0.5.2 var; | var, | vars
Nazione

[-] [km?] [-] great circle | eulerian | ellipsoid | [%] [%] [%]
Italia 3.01E+05 129 2.93E+05 | 2.93E+05 | 2.94E+05 | -2.66 | -2.66 | -2.33
Francia metr. | 5.44E+05 253 5.40E+05 | 5.40E+05 | 5.41E+05 | -0.74 | -0.74 | -0.55
Svizzera 4,13E+04 18 3.83E+04 | 3.83E+04 | 3.84E+04 | -7.26 | -7.26 | -7.02
Germania 3.57E+05 186 3.63E+05 | 3.63E+05 | 3.64E+05 | 1.68 | 1.68 | 1.96
Slovenia 2.03E+04 9 1.94E+04 | 1.94E+04 | 1.94E+04 | -4.43 | -4.43 | -4.43

Nella Tab. 2 vary, varz e vars esprimono la differenza relativa percentuale tra la valutazione della
superficie effettuata con i moduli great_circle (vari), eulerian (varz) ed ellipsoid (vars) ed il valore
della superficie reale [10]. La Tab. 2 mostra come le tre diverse valutazioni della superficie

elementare presentano tra di loro differenze trascurabili (< 0.4%); differenze piu significative (4+7%)
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si hanno tra la superficie calcolata e la superficie di riferimento di quei paesi (Svizzera, Slovenia) che
hanno un basso numero di celle del dominio di simulazione all'interno del proprio territorio
nazionale; per tali stati, infatti, la frazione delle celle che si trovano sui confini della nazione, e che

quindi inglobano porzioni di territorio non appartenenti alla nazione stessa, risulta essere maggiore.

La valutazione della superficie calcolata & stata successivamente estesa ai paesi confinanti le
nazioni contenenti i reattori frontalieri. Nella valutazione estesa alle nazioni confinanti, la superficie
della singola cella computazionale & stata valutata con il solo modulo Python WSG84. E’ stata anche
valutata la superficie per nazione (Si) che supera il valore della deposizione al suolo oltre il limite di
soglia e la frazione di superficie rispetto al totale (Si/Stot) che supera lo stesso limite di soglia. La Tab.

3 riporta i risultati ottenuti.

Tabella 3: Superficie calcolata per I'ltalia, per le Nazioni Frontaliere e per le Nazioni Confinanti

Ce"? i Nazione |Superficie SEEIER > SifStot

Nazione Calcolata (deptot > 220) | (deptot > 220)
[-] [-] [km’] [km’] [%] [km’] [%]
129 Italia 3.01E+05 | 2.94E+05 | -2.33 2.55E+05 86.72
253 Francia metr.| 5.44E+05 | 5.41E+05 | -0.55 5.18E+04 9.57
18 Svizzera 4.13E+04 | 3.84E+04 | -7.02 1.92E+04 50.10
186 Germania | 3.57E+05 | 3.64E+05 | 1.96 4.02E+04 11.03
9 Slovenia |2.03E+04 | 1.94E+04 | -4.43 1.94E+04 100.00
134 Regno Unito | 2.42E+05 | 2.45E+05 | 1.24 0.00E+00 0.00
216 Spagna 5.06E+05 | 5.11E+05 | 0.99 0.00E+00 0.00
39 Austria 8.39E+04 | 8.20E+04 | -2.26 7.99E+04 97.42
1 Lussemburgo| 2.59E+03 | 2.01E+03 | -22.39 0.00E+00 0.00
17 Belgio 3.05E+04 | 3.36E+04 | 10.16 0.00E+00 0.00
18 Paesi Bassi | 4.15E+04 | 3.43E+04 | -17.35 0.00E+00 0.00
163 Polonia 3.13E+05 | 3.12E+05 | -0.32 2.17E+05 69.77
29 Danimarca |4.31E+04 | 5.08E+04 | 17.87 0.00E+00 0.00
41 Rep. Ceca |7.89E+04 | 8.26E+04 | 4.69 8.06E+04 97.58
44 Ungheria |9.30E+04 | 9.31E+04 | 0.11 9.31E+04 100.00

Le nazioni che presentano un basso numero di celle computazionali (Svizzera, Slovenia,
Lussemburgo, Belgio) e/o hanno confini geografici piuttosto irregolari (Paesi Bassi, Danimarca)
presentano un discostamento relativo della superficie calcolata rispetto a quella reale non
trascurabile (4 — 18%). L’Italia e la nazione ad avere la pil grande estensione superficiale con una
deposizione totale al suolo maggiore del valore di soglia imposto. L'ltalia, dopo la Slovenia, la Rep.
Ceca e I’Austria, ha una frazione di superficie sul totale con una deposizione totale al suolo maggiore
di 220 Bg/m? particolarmente significativa (87%).
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Definiti i metodi per valutare, per ciascuna cella elementare, I'appartenenza ad una specifica
nazione e I'estensione della sua superficie, & stato possibile aggiornare gli script in Python per la
valutazione del TS per ciascuna nazione utilizzando i risultati ottenuti nella valutazione della

distribuzione della deposizione totale media al suolo. La relazione utilizzata € la seguente: relazione:

Necell

j=1

in cui i rappresenta la i-esima nazione, N_.; € in numero totale di celle appartenenti alla i-esima
nazione, j e la j-esima cella elementare appartenente alla i-esima nazione, S; e la superficie della j-
esima cella e D; la deposizione totale al suolo della j-esima cella. La Tab. 4 riporta i risultati ottenuti
in merito alla distribuzione del TS, dovuto alla sola deposizione totale al suolo (Cs-137), per ciascuna
delle nazioni ospitanti i reattori frontalieri. Il modulo Python utilizzato per la valutazione della
superficie della cella elementare e il WGS84. Il TS (1.0E+16 Bq) e considerato emesso dal sito di
Krsko.

Tabella 4: Termine Sorgente su ciascuna delle nazioni frontalieri

Country | Depiot ST; STi/STiot
[[1 [[Ba/m”2]| [Bq] [%]
Italia | 1.57E+05|3.48E+14| 3.48

Francia | 1.93E+04 | 4.25E+13| 0.43

Svizzera | 5.21E+03 | 1.12E+13| 0.11

Germania| 1.87E+04 | 3.72E+13| 0.37

Slovenia | 1.16E+06 | 2.51E+15| 25.10
TOT | 1.36E+06|2.95E+15| 29.49

La Tab. 4 evidenzia come una frazione pari al 29.50% del TS totale ricade sui paesi ospitanti i reattori
frontalieri e di questa, la frazione maggiore ricade sul territorio sloveno immediatamente
interessato dall’evento incidentale. Un’ulteriore analisi & stata fatta valutando la frazione del TS
impattante I'ltalia e ciascuna delle nazioni frontaliere per una deposizione totale al suolo maggiore

del limite di soglia regolatorio (220 Bg/m?). La Tab. 5 riporta i risultati numerici ottenuti.
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Tabella 5: TS su ciascuna delle nazioni frontaliere per una deposizione totale al suolo > 220 Bg/m2

Depiot
Country (> 220 Ba/m?) ST; STi/STiot
[-] [Ba/m?] [Bq] [%]

Italia 1.55E+05 3.42E+14 3.42
Francia 8.04E+03 1.81E+13 0.18
Svizzera 4.28E+03 9.17E+12 0.09
Germania 6.01E+03 1.21E+13 0.12
Slovenia 1.16E+06 2.51E+15 25.10
TOT 1.33E+06 2.89E+15 28.91

Il confronto tra i risultati riportati nella Tab. 4 e nella Tab. 5 evidenzia che il 98% del TS che impatta
sull’ltalia deriva da una deposizione totale al suolo maggiore di 220 Bg/m?. La Tab. 6 riporta una
ulteriore analisi effettuata per la valutazione della distribuzione del TS estesa alle nazioni confinanti

le nazioni frontaliere.

Tabella 6: TS sull’ltalia, sulle nazioni frontaliere e sulle nazioni confinanti con le nazioni frontaliere.

Nazione Depiot ST; STi/STtot
[-] [Ba/m*] | [Bq] [%]
Italia 1.57E+05 | 3.48E+14 | 3.48
Francia 1.93E+04 | 4.25E+13 | 0.43
Svizzera 5.21E+03 | 1.12E+13 | 0.11
Germania | 1.87E+04 | 3.72E+13| 0.37
Slovenia 1.16E+06 | 2.51E+15| 25.10
Regno Unito | 7.56E+02 | 1.40E+12 | 0.01
Spagna 3.72E+03 | 8.78E+12 | 0.09
Austria 2.10E+05 | 4.46E+14 | 4.46
Lussemburgo | 3.77E+01 | 7.60E+10| 0.00
Belgio 4.12E+02 | 8.17E+11| 0.01
Paesi Bassi | 3.85E+02 | 7.35E+11| 0.01
Polonia 5.95E+04 | 1.15E+14 | 1.15
Danimarca |8.72E+02 | 1.53E+12| 0.02
Rep. Ceca |3.81E+04 |7.69E+13| 0.77
Ungheria 1.28E+05 | 2.73E+14 | 2.73
TOT 1.80+06 | 3.87E+15| 38.73

Dall’analisi dei risultati riportati in Tab. 6, si osserva come I'ltalia, dopo la Slovenia e I’Austria, & la
terza nazione per valore della frazione di TS impattante sul proprio territorio (3.5%). Un’ulteriore
analisi per ottenere la distribuzione dettagliata per regione del TS sul territorio italiano & stata

realizzata implementando negli script Python il modulo reverse_geocoder (ver. 1.5.1) della libreria
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geocoder che restituisce, una volta fornite le coordinate geografiche, un dizionario alla cui chiave
“adminl” e presente il valore contenente il nome della regione italiana di appartenenza delle
coordinate geografiche fornite in input. Per ottenere risultati accurati, I'analisi & stata realizzata sul
dominio Aladin poiché I'estensione superficiale della relativa cella computazionale (100 km?) &
significativamente minore dell’estensione superficiale delle singole regioni italiane (3000 — 24000
km?2). Il dominio Aladin & stato anche utilizzato per valutare la probabilita di superamento soglia e la
deposizione totale media al suolo dovuta ad un evento incidentale sul sito di St. Alban (Figg. 14-15),

ricadendo il sito di Krsko fuori dal dominio di simulazione Aladin (Fig. 1).
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Figura 14: Estensione del dominio Aladin (2.5E+06 km?)
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Figura 15: Deposizione totale media al suolo (Cs-137), dominio Aladin.
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Figura 16: Probabilita di superamento di una predefinita soglia, dominio Aladin.
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Tabella 7: Termine Sorgente impattante su ciascuna regione centro-settentrionale

ALADIN
Regione Superficie Il var Nt.Jmero ST Sti/Sti
Calcolata di celle
[-] [km?] [km?] [%] [-] [Ba] [-]

Piemonte 2.54E+04

2.52E+04 | 0.79 288

2.23E+13| 6.40

Lombardia 2.38E+04

2.43E+04 (-2.06| 280

1.50E+13| 4.31

Toscana 2.30E+04 | 2.27E+04 | 1.32 252 1.96E+13| 5.63
Emilia Romagna | 2.25E+04 | 2.21E+04 | 1.81 250 1.33E+13| 3.82
Veneto 1.83E+04 | 1.76E+04 | 3.98 203 [6.24E+12| 1.79
Lazio 1.72E+04 | 1.70E+04 | 1.18 185 |5.07E+10| 0.01
Trent. Alto Adige| 1.36E+04 | 1.38E+04 |-1.45| 161 |6.29E+12| 1.81
Abruzzo 1.08E+04 | 1.06E+04 | 1.89 116 3.50E+12| 1.01
Marche 9.40E+03 | 9.83E+03 |-4.37| 109 |4.11E+12| 1.18
Umbria 8.46E+03 | 8.16E+03 | 3.68 90 4.50E+12| 1.29
Friuli Ven. Giulia | 7.92E+03 | 7.82E+03 | 1.28 91 2.79E+12| 0.80
Liguria 5.42E+03 | 5.59E+03 |-3.04 63 8.62E+12| 2.48
Molise 4.44E+03 | 4.07E+03 | 9.09 44 1.21E+12| 0.35

Valle D'Aosta 3.26E+03

3.29E+03 |-0.91 38

2.71E+12| 0.78

L’analisi della distribuzione del TS nelle regioni meridionali con il modello Arpege (50 km) non é stata
riportata poiché, producendo una sottostima della superficie calcolata di circa un fattore venti, non

fornisce risultati attendibili.

Gli script in Python sono stati ulteriormente modificati per ottenere la distribuzione di dose
efficace media impegnata alla tiroide. Tale risultato e stato ottenuto moltiplicando ciascun valore
della concentrazione integrata in aria ottenuta con IdX in ogni cella del dominio di simulazione con
il corrispondente valore del coefficiente di dose efficace impegnata (3.4E-12 Sv/Bq s m3 per |-131.
Popolazione di riferimento: bambini) [6]. La Figg. 17-18 riportano i risultati ottenuti per uno scenario

incidentali sulle aree su cui insistono i siti nucleari di Krsko e Saint-Alban ed utilizzando il dominio di

simulazione Arpege.
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Figura 17: Dose equivalente media impegnata alla tiroide per bambini (mSv); sito di Krsko.
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Figura 18: Dose equivalente media impegnata alla tiroide (pop. Bambini), sito di St. Alban.
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| valori ottenuti, essendo medi sull’intero campione di simulazioni disponibili, sono di poco
inferiori (un fattore circa 3) a quelli ottenuti per un caso particolarmente conservativo col codice di

riferimento italiano (Apollo) utilizzato per i calcoli di dispersione in atmosfera [12].

In una fase successiva, con I'obiettivo di ottenere, tra tutte le simulazioni effettuate dal codice
IdX, quelle che presentano risultati piu conservativi in termini di conseguenze radiologiche sull’ltalia,
si sono realizzati nuovi script in linguaggio Python per poter ottenere il valore di alcuni grandezze
fisiche (deposizione totale al suolo, ST) in specifiche zone della mappa di simulazione. In particolare,
utilizzando come riferimento il valore della deposizione al suolo riportata nella cella computazionale
che contiene la citta di Trieste, si sono ricercate tutte e sole le simulazioni che superino un
determinato valore di soglia di deposizione totale al suolo. Il valore di soglia scelto, che ha permesso
di restringere I'indagine a sole 18 simulazioni delle 5980 realizzate, & pari a 1.6E+05 Bg/m? (Cs-137)
e rappresenta una contaminazione superficiale iniziale del suolo che determina per ingestione di
vegetali a foglia una dose efficace di 1 mSv nel primo anno [6]. La Fig. 19 riporta la cella di
simulazione dalla quale sono stati ricavati i valori di deposizione totale al suolo. La Tab. 9 riporta
tutte le simulazioni del codice IdX che superano il valore di soglia imposto della deposizione totale

al suolo nel distretto di Trieste.
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Figura 19: Cella del dominio Arpege (45.50-46.00, 13.50-14.00) che include Trieste e la sua provincia.
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Tabella 8: Simulazioni IdX (2002-11) che superano la soglia di 1.6E+05 Bg/m2 nella cella di Trieste.

Cella computazionale (Trieste):
emissioni che superano 1.6E+05 Bqg/m?

2002

2006

2002-09-23_05h30'

'2006-08-02_21h00'

'2002-09-23_20h00'

'2006-08-04_02h00'

2004

'2006-08-25_20h00'

'2004-01-18_12h30'

'2006-09-16_14h00'

'2004-07-02_11h00' 2007
'2004-11-09_23h00' | '2007-10-25_20h30'
'2004-12-05_08h00' 2008

2005

'2008-01-13_02h00'

'2005-02-21_08h30'

'2008-03-23_13h30'

'2005-09-17_19h00'

2010

'2005-10-03_12h00'

'2010-12-01_02h30'

'2005-10-06_12h30'

Per ciascuna delle 18 simulazioni che superano la soglia imposta della deposizione totale al suolo
nella zona di Trieste, sono state valutate le seguenti quantita fisiche: deposizione totale massima
sull’ltalia, deposizione totale al suolo sulla cella del dominio Arpege che contiene la citta di Trieste,
la frazione del TS (Cs-137) che impatta sull’ltalia, I'estensione della superficie italiana che supera
una deposizione totale al suolo di 220 Bg/m? (Cs-137) e I'estensione della superficie italiana che
supera una deposizione totale al suolo di 1.6E+05 Bg/m? (Cs-137). La Tab. 10 riporta i risultati
ottenuti.

Tabella 9: Impatto radiologico di un evento incidentale sul sito di Krsko zona Trieste (deptot > 1.0E+05 Bg/m2)

. Supi Su it/SU tot Supi Su it/su tot

Datianceig;i:a‘i"m ‘;\:I?st‘l' STe  [ST/STwd (> ;20 I(°> zzop (>1.6:+05 (>I;.6E+85
Bg/m?) Bq/m?) Bg/m?) Bg/m?)
[g/m/a] [h:m] | [Bq/m?] [Bal [%] [km?] [%] [km?] [%]
23/09/2002 | 5:30 | 2.20E+05 |7.00E+14| 7.0 | 6.30E+04 | 20.91 2.30E+03 0.76
23/09/2002 | 20:00 | 1.90E+05 |2.90E+15| 29.0 | 1.40E+05 | 46.46 9.30E+03 3.09
18/01/2004 | 12:00 | 2.50E+05 |1.30E+15] 13.0 | 1.80E+05 | 59.73 2.30E+03 0.76
02/07/2004 | 11:00 | 1.70E+05 |1.20E+15| 12.0 | 1.20E+05 | 39.82 2.30E+03 0.76
09/11/2004 | 23:00 | 2.80E+05 |2.20E+15| 22.0 | 1.10E+05 | 36.50 2.30E+03 0.76
05/12/2004 | 8:00 | 1.80E+05 |8.90E+14| 8.9 | 2.30E+05 | 76.33 2.30E+03 0.76
21/02/2005 | 8:30 | 2.50E+05 |2.50E+15| 25.0 | 1.30E+05 | 43.14 2.30E+03 0.76
17/09/2005 | 19:00 | 2.70E+05 |1.70E+15] 17.0 | 1.40E+05 | 46.46 2.30E+03 0.76
03/10/2005 | 12:00 | 5.80E+05 |5.10E+15| 51.0 | 1.20E+05 | 39.82 1.20E+04 3.98
06/10/2005 | 12:30 | 2.60E+05 |2.90E+15| 29.0 | 1.30E+05 | 43.14 2.30E+03 0.76
02/08/2006 | 8:30 | 1.70E+05 [9.80E+14| 9.8 | 5.60E+04 | 18.58 2.30E+03 0.76
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04/08/2006 2:00 | 1.70E+05 |7.80E+14| 7.8 2.00E+05 66.37 2.30E+03 0.76
16/09/2006 | 14:00 | 2.10E+05 |2.30E+15| 23.0 | 2.30E+05 76.33 2.30E+03 0.76
25/08/2006 | 20:00 | 2.20E+05 [1.10E+15| 11.0 | 1.10E+05 36.50 2.30E+03 0.76
25/10/2007 | 20:30 | 1.60E+05 [1.90E+15| 19.0 | 1.40E+05 46.46 2.30E+03 0.76
13/01/2008 2:00 | 1.90E+05 |2.30E+15| 23.0 | 5.60E+04 18.58 4.70E+03 1.56
23/03/2008 | 13:30| 2.20E+05 |5.80E+14| 5.8 1.40E+04 4.65 2.30E+03 0.76
01/1272010 | 2:30 | 1.60E+05 |1.10E+15| 11.0 | 4.20E+04 13.94 2.30E+03 0.76

L’analisi dei risultati riportati nella Tab. 10 ha permesso di individuare le date di simulazione con
piu alto impatto radiologico sull’ltalia. Per ottenere tale risultato si sono scelte, tra tutte le date di
emissione analizzate, quelle che presentano la piu alta deposizione al suolo nella zona di Trieste, la
piu alta frazione di TS rilasciato sull’ltalia, la piu alta frazione di superficie italiana con una
deposizione totale al suolo maggiore di 220 Bg/m? e la pil alta frazione di superficie italiana con una
deposizione totale al suolo maggiore di 1.6E+05 Bg/m?. Le Figg. 20-22 riportano la distribuzione
della deposizione totale al suolo cumulata (Cs-137) sull’ltalia per le tre date di emissione pil

impattanti individuate.
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0
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Max.: 5.2e+05 [Bq/mZ%
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Cs-137 Total ground deposition [Bg/m? ]

102

Figura 20: Depoisizione totale al suolo, Dominio Arpege: caso estremo 1.
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Figura 21: Depoisizione totale al suolo, Dominio Arpege: caso estremo 2.
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Figura 22: Depoisizione totale al suolo, Dominio Arpege: caso estremo 3.
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La metodologia proposta ed i risultati ottenuti potranno in futuro essere estesi a tutti i reattori
frontalieri in modo da supportare le metodiche di preparazione e risposta alle emergenze presenti
in Italia.

2. Metodologia di ranking e sua applicazione preliminare

L’analisi discussa nella precedente sezione ha evidenziato la necessita di dover utilizzare degli
stimatori scalari non-dimensionali che confrontino quantitativamente le conseguenze radiologiche
sul territorio italiano di un ipotetico evento incidentale che accada in tempi diversi sullo stesso sito
di emissione. Tali stimatori possono essere valutati in una fase di post-processing dei calcoli di
trasporto in atmosfera dei radionuclidi ed essere anche utilizzati per operare confronti sulle
conseguenze radiologiche off-site che un identico incidente severo proveniente da siti nucleari
diversi produce sull’ltalia [12].

In particolare, se si vuole implementare una metodologia di ranking generale, che non dipenda
dal TS emesso o dalla nazione scelta per effettuare I'analisi, & necessario definire degli stimatori
delle conseguenze off-site adimensionali. In questo studio vengono proposti due stimatori da
utilizzare per la fase a breve e a lungo termine di un’emergenza radiologica, rispettivamente.

Nello specifico, per la fase emergenziale a breve termine (emergency phase @ 1-40 giorni), per
la quale € importante valutare in tempi brevi I'adozione di specifiche contromisure emergenziali
(pillole di iodio, riparo al chiuso) in base alla dose ricevuta alla popolazione, viene proposto I'utilizzo
del seguente parametro adimensionale:

_ STo/STwe _ 5T S 5Ta

© Sist/Stot Sist STeot Siest

(1)

1

dove ST, & il termine sorgente emesso, ST}, & il Termine Sorgente medio (su tutto I'insieme
delle simulazioni realizzate) depositato sul territorio italiano, S;,; € la superficie totale della nazione
di riferimento, e S;;>r & la superficie media della nazione di riferimento contaminata oltre una
prefissata soglia T. Il parametro R, rappresenta una misura dell’intensita della deposizione del
Termine Sorgente sulla nazione presa a riferimento, ed esprime indirettamente un’indicazione della
dose che mediamente un individuo potrebbe ricevere per unita di superficie, con il rapporto
Stot/STtot Manytenuto costante per ciascun sito nucleare frontaliero di interesse.

Se I'obiettivo di un’analisi di ranking €, invece, la valutazione del sito nucleare che esibisce le
conseguenze radiologiche maggiori sulla nazione di riferimento durante una fase emergenziale a
lungo termine (recovery phase @ 1 — 50 anni) per la quale & importante valutare I'estensione

superficiale della contaminazione per poter adottare specifiche contromisure emergenziali



Sigla di identificazione Rev. | Distrib. | Pag. di
Em Ricerca Sistema Elettrico | ADPFISS -LP1-124| O L 27 30

(decontaminazione del suolo ed evacuazione), viene proposto l'utilizzo del seguente parametro

adimensionale:

con la medesima notazione usata nella precedente relazione R;. Il parametro R, € una misura
dell’estensione della superficie contaminata oltre una certa soglia T.

La Tab. 1 riporta la valutazione numerica sull’ltalia dei due parametri Ry ed Ry per i tre eventi
incidentali severi nei siti analizzati in questo studio e fornisce un primo risultato dell’applicazione

della metodologia di ranking.

Tabella 10: Applicazione della metodologia di ranking sull'ltalia per tre eventi incidentali, siti di Krsko, St.
Alban e Goesgen

Sito _ _
o STy, ST t/STior | Sie>t R1 Rz
ucleare
[-] [Ba] [-] [km?] [-] [-]

Krsko 3.48E+14 0.035 1.18E+05 | 0.089 | 0.392
St. Alban 1.97E+14 0.020 9.86E+04 | 0.060 | 0.327
Goesgen 1.20E+14 0.012 7.68E+04 | 0.045 | 0.255

La Tab.10 evidenzia che il sito di KrSko manifesta le conseguenze off-site peggiori in termini di
impatto radiologico sul territorio italiano, mentre il sito di Goesgen, molto probabilmente a causa
dell’effetto protettivo delle Alpi, risulta, tra i tre siti analizzati, il meno impattante sul territorio

nazionale.

3. Conclusioni

Il presente studio ha permesso l'identificazione di una metodica di rankizzazione dei siti nucleari
frontalieri in base al loro impatto radiologico sul territorio italiano. In una prima fase di questo
lavoro, mediante la realizzazione di script dedicati in linguaggio Python, & stato possibile realizzare
un’analisi statistica in cui sono stati valutati la probabilita di superamento e la deposizione totale
media al suolo sull’ltalia derivante da un ipotetico incidente severo a tre siti nucleari frontalieri. In
una seconda fase, mediante valutazioni piu dettagliate (TS depositato per nazione e superficie
impattata per nazione) si € realizzata un’analisi di sensitivita per determinare, tra tutte le simulazioni
effettuate con il codice IdX, quelle che avessero un impatto radiologico maggiore sull’ltalia. L’analisi

di sensitivita condotta ha suggerito I'importanza di adottare dei parametri integrali che permettano
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una valutazione comparativa delle conseguenze radiologiche di un incidente severo proveniente da
diversi siti nucleari. In una fase finale, si € implementata ed applicata una metodologia di ranking
che, stimando due quantita scalari, permette di classificare i siti frontalieri in base al loro impatto
radiologico sull’ltalia nella fase emergenziale a breve e lungo termine. In un successivo lavoro, si
prevede di perfezionare ulteriormente la metodologia di ranking e di applicarla a tutti gli impianti
nucleari che si trovano a meno di 200 km dal territorio nazionale. Ulteriore sviluppo consistera
nell'implementazione di una procedura per stimare le incertezze totali (sistematiche e statistiche)
dei parametri di ranking.
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