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Abstract

The DEIM's research group in collaboration with ENEA — C.R. Bologna, has performed the

following activities:

1. Analysis of models to study dry deposition processes of pollutants in atmosphere onto urban

surface.

2. Preliminary study of compatibility between ECMWF forecast data and CALMET model.

Regarding the first activity, a dry deposition model, based on electrical analogy, is developed
to analyze complex phenomena, such as inertial impact processes and wind turbulence effects,
that influence the transport of pollutants in the interface between urban canopy and quasi-
laminar sublayer.

The model allows the deposition rate assessment for particles with different diameters and
various atmospheric conditions. A validation activity is performed by using some experimental
data reported in literature for several Italian cities.

With regard the second activity, the work is aimed to verify the compatibility of ECMWF
forecast data with CALMET.

This is a necessary step to build the CALMET data set input. Some empirical correlations as
reported in literature as been identified to this purpose.

It is to be noted that the ECMWF does not provide land use data and average cells height,
required for CALMET modeling. Such data can be obtained through some pre-processors

included in the CALMET software package.
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1. Analysis of models to study dry deposition processes of pollutants in

atmosphere onto urban surface.

1.1. Particle dry deposition velocity onto rough surfaces

Interest in atmospheric deposition has increased over the past decade due to concern about the
effects of the deposition material entering the environment and subsequent health effects.
Because of urbanization and industrialization, the formation of pollutants is quite inevitable and
pollutants would be deposited on trees, grasses, crops, water bodies, and buildings with
ecological and non-ecological impacts. There have been several studies to assess the deposition
of atmospheric pollutants upon buildings (Dloske, 1995) or natural water that causes to water
quality degradation and may harm aquatic ecosystems (Zufall et al., 1998).

In the nuclear field, if event of a severe accident and the release of radionuclides in the
atmosphere occurs, certain key challenges arise, such as characterizing the specific types of
release as well as studying the dispersion and deposition phenomena useful for defining
effective mitigation measures and actions to protect the population.

Dry deposition process is recognized an important pathway among the various removal
processes of radioactive pollutants in atmosphere. There isn’t a single accepted theoretical
description of the involved dry deposition phenomena because of the complexity of the fluid-
dynamic processes that influence the deposition flux, as well to lack of a complete experimental
set of data covering all scenarios of interest.

Various experimental campaigns, performed in different international laboratories, allowed
evaluations of deposition velocities for different types of pollutants and deposition surfaces.
Nevertheless, there is a difficulty of generalization since the velocity values differ by four
orders of magnitude for gases and three orders for particles (Sehmel, 1980; Pryor et al., 2007;
Guha, 2008; Petroff et al., 2008). These issues limit the possibility to study the dry deposition
process with a single modelling approach.

In this field research activities were focused to identify, among the models reported in literature,
those approaches capable of representing dry deposition phenomena for several categories of
pollutants and deposition surfaces (De Rosa et al., 1996; Ambrosio et al., 2015; Cervone et al.
2016). On the basis of this study, a new schema for parameterization of particle dry deposition

velocity onto rough surfaces such as urban condition is proposed. The main aim is to develop
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an approach to be easy to implement within atmospheric dispersion modeling codes as well as
capable of dealing efficiently with different deposition surfaces.

The work involved comparisons with some experimental data reported in literature for different
particle deposition scenario. The results shows that the proposed approach allows to catch, with
good agreement, some aspects of phenomena involved in dry deposition processes for the

examined environmental conditions and deposition surfaces.

1.2. Dry deposition process

Dry deposition process refers to all phenomena of meteorological, chemical and biological
nature that can influence a pollutant flux interacting with a ground surface, without involving
the water into the atmosphere. The process is very complex and involves both gaseous
pollutants and particulate of wvarious granulometry and density, even if general
phenomenological factors involving the two pollutant categories can be very different. The
knowledge on particle dry deposition is far from being completely understood due to the
complex dependences of deposition on particle size, density, terrain, vegetation, meteorological
conditions and chemical species.

The main phenomena, that are considered to influence the deposition process, are described as
follows:

transport due to atmospheric turbulence in the lower layer of the Planetary Boundary Layer
(PBL), very near to the ground, called Surface Layer (SL). This process is independent of the
physical and chemical nature of the pollutant and it depends only on the turbulence level;
diffusion in the thin layer of air which overlooks the air-ground interface (named quasi-laminar
sublayer resistance), where the dominant component becomes molecular diffusion for gasses,
Brownian motion for particles and gravity for heavier particles;

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

Furthermore, the efficiencies of capture for the particles is connected to captation processes,
which depend on both the surface typology of the deposits and obstacle dimensions.

In the case of gas, containment of a pollutant by a surface depends on the surface chemical
property, which absorbs, dissolves or involves pollutant in chemical reactions; in case of
particles the efficiency of pollutant capture is connected to resuspension and redeposition

phenomena that depend both on the surface type and wind velocity. Moreover, the deposition
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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).

1.3. Impaction processes and parameterization in the particle dry

deposition

Brownian diffusion and eddy turbulence effects are a major contribution to the total dry
deposition velocity for particles in the size range from 0.01 [Jm to approximately a few
micrometers. It is assumed to dominate the diffusion processes in the quasi-laminar sublayer
surface. For particles of intermediate diameter d,, (in the range about of 0.1 to 1 [Jm), the process
strongly depends on atmospheric conditions, surface characteristics, and particle size.

Above this range, the deposition is dominated by other phenomena as inertial impaction
characterized by the following interaction mechanisms (Petroff et al., 2008):

Inertial impaction. If the particle inertia is too large, the particle, transported by the flow towards
an obstacle, cannot follow the flow deviation (particles may not be able to follow it as a result
of inertia) and, consequently, can collide with the obstacle and remains on surface.

Turbulent impaction. In this mechanism, the particle has a sufficiently high velocity that
turbulent eddies can give a transverse “free fight velocity”. So particles possess sufficient
momentum to reach the surface (Epstein, 1997; Almohammed and Breuer, 2016; Kor and
Kharrat, 2016).

The collection velocity for Brownian diffusion is classically related to Schmidt number Sc =
v, /D, being v, the cinematic viscosity of air and D Brownian diffusivity (Bott, 1995).

The efficiency of collection by impaction is classically related to the Stokes number St =
vsu? /g vq, where vy is the settling velocity, u, the friction velocity that represents the intensity
of atmospheric turbulence, and g the gravity acceleration.

The parametrizations of deposition velocity, based on Schmidt and Stokes numbers, differ

greatly between the models reported in literature, as described in the following sections.

1.4. Short review of dry deposition models for gas and particle
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A key concept to study the dry deposition process is the deposition velocity vq [m/s] (i.e. the
deposition velocity at a given height z) that links the pollutant vertical flux to the concentration

measured at quota z [m] to the ground reference level:

Fq

= @ (1D

Vd

with Fq [g/(m?s)] pollutant flux removed per unit area and C(z) [g/m’] the pollutant
concentration at quota z.
Considering that the reciprocal of vq is the overall resistance to mass transfer, the influence of
the various phenomena on deposition velocity can be expressed in terms of an electric analogy.
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.
For gaseous pollutant collection, as shown in Fig. 1, it is possible to write the following
relationship:

CGG—C GC—-C (-G

F = =
|Fql o " -

(2)

where 13 is the aerodynamic resistance which takes into account turbulence phenomenon in SL;
1, 1s the quasi-laminar sublayer resistance related to diffusion phenomenon for gas and
collisions due to Brownian motion for particles and rs is the surface resistance which depends
on nature of the receptor ground.

Based on the previous equation, the following relationship can be derived:
C3 = (ra +1p + 19| Fq (3)

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

(4)

4y +rg
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Different studies are reported in literature (Wesely et al., 1985; Giorgi, 1986; Erisman et al.,
1994; Padro et al., 1991; Padro, 1996; Wesely et al., 2001; Zhang et al., 2003; Kor and Kharrat,
2016) to evaluate parameters ra and rp.

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. A
revised parameterization, which includes a realistic treatment of the cuticle and ground
resistance in winter (low temperature and snow-covered surfaces) as well the handling of
seasonally-dependent input parameters, has been reported in (Zhang et al., 2003).

For particles pollutant, in SL region the turbulence acts on particles motion exactly like on gas,
however the process is influenced also from gravity. Into the quasi-laminar sublayer, as above
said, the deposition process is influenced especially from Brownian motion and gravity for

heavier particles.

_________________
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Figure 1. Electrical analogy for the dry deposition of gaseous pollutants

The resistance ra, 1b and 15 are considered in parallel to a second pathway-gravitational settling
defined as the reciprocal of settling velocity (Slinn and Slinn, 1980; Hicks et al., 1985; Hicks et
al., 1987; Hanna et al., 1991; Seinfeld and Pandis, 1998).

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

as follows:
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[Fg = =4 Vs, = ——+vsy (5)
Iy I'y
The velocity vq can be obtained by resolving the above equation as reported below:
1
Vg =Vg + (6)

ry + I'y + rarpVvg

where the product ra 1y vs represents a virtual resistance.

The settling velocity vs grows in proportion to the square of particle diameter, dp, according to

the law of Stokes valid for particles with a diameter of up to 50 pum:

_ d%g(pp - pa)cc
S 18v,

(7)

where pp is particle density, p, air density, va air kinematic viscosity and Cc is the Cunningham

factor (Seinfeld and Pandis, 1998):

" —0,55dp
c.=1 +d—a<2,514 +08e ’a )
P

with A, the mean free path of air.

(8)

As highlighted by Venkatram and Pleim (1999), the above expressions for dry deposition

velocity of particles based on the electrical analogy 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 as follows (Csanady, 1973):

dc
kE-l'USC:F

where k is the eddy diffusivity for mass transfer of species with concentration, C.

9)
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By integrating the above equation, it is possible to obtain the expression of the deposition

velocity as follows:

Us

=] (10)

Vg =

where v is considered to be height invariant and r(z) is the total resistance to transport that can
be computed as a function of d,.

Note that, there might be little difference between the magnitudes of the dry deposition
velocities estimated with Eq.s (6) and (10).

1.5. A modified approach for dry deposition as inferred from various

parameterization schemes

A new approach, based on the electrical analogy, is propose, to evaluate the resistance r in Eq.
(10) for urban rough surfaces, as shown in Fig. 2.

It is to be noted that in urban-scale dispersion models, the lowest portion of the boundary layer
is often represented using surface layer similarity parameterizations as described below.
Boundary layer formulations of this type are only applicable in the inertial sublayer well above
the building tops, but not in the immediate vicinity of the urban canopy elements where the
flow locally depends on the particular building arrangement and thus has a rather complex
structure.

As above said, interception and inertial forces may transport large particles across the viscous
sublayer. A particle with a diameter greater than the sublayer height moving with the mean
motion of the air will be deposited by interception when it collides with an obstacle. This occurs
when the particle is traveling on an air streamline that passes within one particle radius of the
obstacle. Inertial forces may lead to impaction and turbulent inertial deposition. Impaction
occurs when the particle leaves the streamline since it cannot follow rapid changes in the air
flow, and collides with an obstacle. Turbulent inertial deposition occurs when inertial energy
derived from the component of air flow perpendicular to the surface (a turbulent eddy) carries
a particle close to the surface (Zufall and Davidson, 1998).

Once a particle has traversed the viscous sublayer, it will interact with the surface. Depending

on the characteristics of the contaminant and surface, a particle may stick or bounce off. There
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may also be subsequent chemical reactions. Particle deposition by any combination of these
transport mechanisms largely depends on atmospheric, surface, and particle characteristics
(Zufall and Davidson, 1998).

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.

In the proposed approach the aerodynamic resistance ra (i.e. contribution to the deposition due
to the atmospheric turbulence in the SL) is connected in series with the resistance rq across the
quasi-laminar sublayer to take into account mechanisms of diffusion by Brownian motion and
impaction phenomena (Fig. 2). The resistance rq is evaluated by considering two resistances in
parallel, that is: the resistance 1.4, which represents the Brownian diffusion, and the resistance
1, which allows to treat impaction processes.

The resistance r; is evaluated by considering two resistances in series:

resistance r; that takes into account the inertial impact condition,

resistance 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 r in eq. (10) can be evaluated by the using the following

equations:
r=r,+rq (11)
where rq is evaluated by using the following relationship:

— =—t— (12)

and r; is obtained as follows:

Iy = Iy + Iy (13)



http://context.reverso.net/traduzione/inglese-italiano/reciprocal+influence
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Following the usual methods of micrometeorology for homogeneous terrain, the pollutant
concentration flux can be expressed in terms of the local flux—gradient relationship (surface-
layer similarity theory) (e.g. Businger 1973). Therefore the resistance r. can be determined by
using Monin—Obukhov similarity theory as follows (Hanna et al., 1991; Seinfeld and Pandis,
1998; Baldocchi et al., 1995; Voldner et al., 1986; Wesely and Hicks 1977; Maryon et al., 1996;
Hicks, 1982; Slinn et al., 1978):

r, = ! [lni — ‘Ph] (14)

being zo the surface roughness height above the displacement plane and k the von Karman
constant (generally equal to 0.4).
Brandt et al. (2002) suggested the following relationship for calculating parameter ¥}, in Eq.

(15):

v/ z
Y, = —SI with I > 0 (stable atmospheric conditions) (15)

{0,598+0,390 ln(—z)—0,09[ln(—5)]2} . Z . ..
Y, =e L LI with I < 0 (unstable atmospheric conditions)(16)

where L is the Monin-Obukhov length computed as follows:

udc,pT
~ kegH

(17)

with ¢, specific heat at constant pressure, T average temperature in SL, and H sensible heat.
For the resistance r»q various models predict a functional dependence on Sc number such that

in general:
1
Mg = —C ScP (18)

where c, and, p, are constant.
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The parameter p usually lies between 1/2 and 2/3 with larger values for rougher surfaces. For
example,

Slinn and Slinn (1980) suggested a value of 1/2 for water surfaces. Slinn (1982) suggest a value
of 2/3 for vegetated surfaces. Zhang et al. (2001) used values of p varying with land use
categories.

In this work it is assumed in Eq. (18) the following relationship:

Yap = - 3 (19)
u,.Sc 3

Surface Layer (SL)
aerodynamic resistance

: rti bd
' quasi-laminar sublayer
i ' resistence

N

Figure 2. New schematization based on electrical analogy for

parametrization of particles deposition velocity.

The transport of particles by Brownian diffusion represented as function of Sc*?

ineq. (19) 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).

It is proposed to evaluate the resistance for inertial impact process rj; in Eq. (13) by using the

following relationships valid for rough surfaces:

1

St2
Us (St2 + 1) R

Ijj =

(20)
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Various Author suggested this formula or similar for impaction efficiency as function of smooth
surfaces and surfaces with roughness elements (Slinn, 1982; Giorgi, 1986; Peters and Eiden

1992).
Note that particle rebound is also included via the factor R (Giorgi, 1988; Zhang et al., 2001).
Slinn (1982) suggested the following form for R:

R = e(-bV5t) (21)

where b is an empirical constant, often assumed to be 1 (Giorgi, 1986; Zhang et al., 2001). In
this work it is assumed b=2 as suggested in (Nemitz et al., 2002). For the calculation of
resistance rti, general assumptions are reported below.

As well known, empirical relations of turbulent deposition are typically presented in terms of

the dimensionless particle relaxation time t+:

T, =T— (22)

where 7 is the particle relaxation time defined, for a spherical particle, as follows:

d?p,C
-t 2

Various models predict a functional dependence of resistance turbulent impact phenomena r;

on 1+ as follows:

Iy = all surfaces (24)
U u,mtR

For turbulent deposition in pipe flows, the following regimes have been observed (Guha, 1997,

2008):
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Regime with about 1+<0.1 (very small particles); Brownian diffusion becomes significant and
deposition is affected by a combination of Brownian and eddy diffusion. For the Brownian
regime the deposition velocity is function of the Schmidt number;

Regime with about 0.1<t+<30; particle motion is strongly dependent on turbulent fluctuation
in the fluid flow and the deposition velocity increases with t+. For larger particles the deposition
velocity can be considered proportional to a second power of t-.

Regime with about t+>30; the particles have large inertia and the effect of turbulence on particle
motion is significantly reduced and the gravity effect is dominant.

For most trace gases, the uncertainty associated with the value of exponent n is not critical, but
for very slowly diffusing quantities such as aerosol particles, the uncertainties become large.
This remains a subject for research.

Itis to be noted that in Eq. (24) there is the correction factor R related to the collection efficiency
for rebound evaluated by Eq. (21). This allows to take into account the functional dependence
of rebound phenomena on turbulent impact conditions.

The constants m and n in Eq. (24) have been evaluated by fitting some data reported in literature

for urban surfaces. The result was for m and n the values of 0.05 and 0.75, respectively.

1.6. Comparison with experimental data
The new approach for computing deposition velocity vq is validated by comparison with
experimental data reported in literature for several meteorological conditions and deposition
urban surfaces.
Figures 3 through 6 show experimental data for urban area in terms of deposition velocity as
function of frictional velocity u* (Donateo and Contini, 2014). The datasets were taken in
different experimental campaigns over a wide range of surface roughness conditions, from
almost smooth surfaces (i.e., iced surfaces in Antarctica) to surfaces with different degrees of
complexity: urban background, urban canopy, and industrial district (in Italy) or Venice lagoon
surface (Italy). Summary of experimental sites in terms of measurement height (z), and
roughness height z, are reported in Table 1.
In all figures the vertical bars present errors of 30%.
On the whole, a good agreement between the prediction trend obtained by using the proposed

model and the examined experimental data is found.
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In particular, it can be observed good predictions for u* values above about 0.3 m/s. Only
limited effect of stability is observed with a slight reduction of the deposition velocities at fixed

in stable conditions. This aspect is captured by the proposed approach.

Table 1. Summary of experimental sites and instruments used in aerosol

sampling reported in (Donateo and Contini, 2014).

Site Height z (m) Roughness length zo (m)
Bologna 10 0.35+0.02
Lecce 10 0.53+0.02
Maglie 10 0.52 £ 0.02
Venice lagoon 9.6 0.11 £ 0.03 land
0.01 = 0.03 water

1.7. Conclusion — first activity

The ATMES (Atmospheric Transport Model Evaluation Study) report, relevant to study of
models for the evaluation of radioactive pollutants disperse in the ambient atmosphere,
highlighted that the highest uncertainties are in the parametrization of source terms and dry and
wet deposition velocities (Klug et al. 1992).

In literature there are several models, but no one is able to treat exhaustively most of
phenomenologies related to pollutants deposition because of many complex involved processes.
A review of the existing mechanistic models emphasizes the wide variety of ways that captation
can take place, however, a comparison of two similar scenarios provides large discrepancies
each other, which can reach two orders of values for same particle diameter.

As highlighted by Sehmel (1980), the measurements of deposition velocity carried out by
different international laboratories don’t allow to draw general conclusions due to experimental
uncertainness.

The bibliographical study of experimental tests performed to evaluate dry deposition velocities
for vegetative canopy (i.e. experiment in situ), or derived by wind tunnel measurements,
demonstrates a substantial number of differences that are more pronounced for forest canopies

or in the accumulation range.
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For the same typology of pollutant, experimental data shows that, for gas, the values of
deposition velocity differ even by four order of magnitude and, for particles, by up to three
order of magnitude.

The main aim of our research activity was to develop an approach to be easy to implement
within atmospheric dispersion modeling codes as well as an approach capable of dealing
efficiently with different deposition surfaces for several radioactive pollutants. Some
parametrizations reported in literature can be applied for multiple size classes (i.e. particle
diameter), or they are based upon a number of assumption which may be frequently be violated
in practice (Pryor et al., 2007), or even they are strongly dependent by a number of parameters
combination as land use classification and seasonal categories.

After the study of the main phenomenologies involved in dry deposition processes (Ambrosio
et al., 2015; Cervone et al., 2016) different models, which use several parametrizations for
variables defining deposition process and for dimensionless factors employed for modelling,
were examined.

On the basis this study, a new scheme for particles deposition velocity based on electrical
analogy is propose, to evaluate the resistances for urban rough surfaces.

It is worth to note that the correlation obtained with the new schematization is based on the
hypothesis that the impact phenomena in the quasi-laminar sublayer can be affected by specific
local features of the mutual influence of inertial impact processes, and turbulent impact
phenomena. The proposed approach is further modified to take in consideration the rebound
phenomena.

The validation work, carried out by using some experimental data from literature, allowed to
verify the goodness of the proposed approach.

Research works concerning further validation activities of deposition processes onto urban

surfaces are in progress.
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Figure 3. Deposition velocity predictions as functional dependence from friction velocity u* and
comparison with measurement datasets relevant to Bologna city, as reported in (Donateo and Contini,
2014). The vertical bars present errors of 30%.

20,0 +
= = vd [mm/s] L>0
18,0 1 < Datasets for Lecce city (2010) with L<0
0O Datasets for Lecce city (2005) with L<O
1601 —vd [mm/s] L<0
14,0 4
12,0 1 surface "URBAN"

Lecce city

10,0 4 l
8,0
6,0 -
O
O

ﬁf;%g

2,0 1

vd [mm/s]

0.0 1 e
0,00 0,20 0,40 0,60 0,80 1,00 1,20
u* [m/s]

Figure 4. Deposition velocity predictions as functional dependence from friction velocity u* and
comparison with measurement datasets relevant to Lecce city, as reported in (Donateo and Contini,

2014). The vertical bars present errors of 30%.
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Figure 5. Deposition velocity predictions as functional dependence from friction velocity u* and

comparison with measurement datasets relevant to Maglie city, as reported in (Donateo and Contini,
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2014). The vertical bars present errors of 30%.
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Figure 6. Deposition velocity predictions as functional dependence from friction velocity ux* and

comparison with measurement datasets relevant to Venice city, as reported in (Donateo and Contini,

2014). The vertical bars present errors of 30%.
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2. Preliminary study of compatibility between ECMWF forecast data and
CALMET model.

2.1. Introduction — second activity

As of today, the study of pollutant dispersion in atmosphere, as the estimation of productivity
of sites for the production of wind energy [1, 2], represents an example of application that
require an accurate reconstruction of the three-dimensional wind filed or, more in general, of
the meteorological fields that characterize the site.

Such studies, especially with complex orography, in order to produce highly accurate results
must be conducted with a high resolution (~100m).

For this purpose, many authors have selected the diagnostic model CALMET as promising in
order to determine the meteorological fields on the local scale starting from forecast data on the
regional scale. Until today, the work have been carried on using forecast data that can be directly
interfaced with the CALMET model, as the one produced by the meteorological MMS5 or WRF
[3-5].

Furthermore, in principle this approach can be used to analyze pollutant dispersion on forecast
data.

The attraction to the possibility of working on this aspect and the availability of provisional
data at high resolution produced by the European Centre Medium-Range Weather Forecast
(ECMWF) lead to a verification of the formal compatibility of the provisional data with the
input data required by CALMET as a first evaluation of compatibility. This approach would
allow for an high resolution reconstruction of the meteorological data that are required to deploy
forecast simulations of pollutant dispersion in atmosphere in almost real time, for a short range

(72-90 hours).

2.2.Technical notes of interest on the forecast model of ECMWF
ECMWF is an independent inter-govern organization founded in 1975 and today it is
maintained by the European Union with some additional contributors. Its purpose is to provide
medium-term (15 days) global weather forecast to member states, contributors and all parties

that who have subscribed to their service. Furthermore, it promotes and carries on research in
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the field of weather forecast and implements the MARS database, the biggest archive of weather

data in the world as of today.

The ECMWEF forecast system is built on many components:

general atmospheric circulation model;

oceanic wave model;

Earth surface model,;

general oceanic circulation model;

side models for data acquisition and previous forecast storage.
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Figure 7. A sigma-p coordinate system representation [7].

The general atmospheric circulation model is coupled to the oceanic wave model to obtain a

global model for Earth’s atmosphere. Its formulation is based on two different set of equations,

a diagnostic one and a prognostic one. The first set describes the pressure, density, temperature




Sigla di identificazione Rev. | Distrib. | Pag.

m Centro Ricerche Bologna | ADPFISS-LP1-092| O L 23

di
36

and height fields, while the second describes the horizontal components of the wind field,
surface pressure, temperature and moisture content.

An additional set of equations determines hydrometric variations such as rain, snow, liquid
water and ice inside clouds, etc.

The various models are coupled bi-directionally in order to take into account for the relative
interactions. In this way the general model can account for energy (wind, heat, etc.) and mass
(precipitation and evaporation) exchanges among the different environment components.
About the three-dimensional representation of the fields, the model is based on a reduced
Gaussian grid to represent surface quantities and a sigma-level or sigma-p system of coordinates
for vertical quantities (Fig. 7). The Gaussian grid can take into account for the deformation
generated by the convergence of the meridians: going from the tropics towards the poles, in
order to maintain the distance between two points of the grid, their number is reduced.

From the horizontal point of view the forecast in lat/lon coordinates can reach a resolution of
0.125° (that corresponds to a distance along the meridians of about 13.5 km in the south
direction); in the future it is expected to reach a resolution of ~9/5 km. On the vertical side, the
model is subdivided in 137 levels. The sigma-p vertical system of coordinates has been
developed in such a way to have an higher resolution on the lower troposphere, following the
Shape of the Earth’s crust, while having a lower resolution towards the stratosphere, where the
variations to be reproduced are smaller.

Forecasts are delivered from ECMWF two times a day, at 00:00 and 12:00 (Universal
Coordinated Time — UTC). Forecast of the approaching 144 hours are available at 03:00 and
15:00, while the remaining forecasts (up to 240 hours) are available at 06:00 and 18:00. All the
quantities, for the first 90 hours, are available with a temporal resolution of one hour.

The forecasts are released with different types of representations, i.e. with the 137 level
atmospheric model, pressure level model, etc. Meteorological fields are available on the

representation that is selected.

2.3. Technical notes of interest on the CALMET model

The CALMET model is a diagnostic interpolator that builds three-dimensional fields of
meteorological quantities. In order to produce its analysis it requires as input many files with

meteorological and geophysics data along with a control variable file.
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Table E-22
Sample Mesoscale Model 3-D Data File (3D.DAT)

iD.DAT 2.1 Header Structure with Comment Lines
1
Produced by CALMMS Version: 2.5 , Lewvel: 050607

11 1 1 0 1

LCcC 21.8530 45.0000 7.00 36.00 -1544.000 -1944.000 36.000 10% 10% 40

i1 4 3 5 2 2 1 0 1 1 1 1 1 1 1 1 1 1 1 1 25
2004013006 2 6 6 29
25 10 30 15 1 25 35.1243 36.8535 6.6576 8.3718

0.5958

0.985

0.992

0.5988

0.5983

0.5978

0.972

0.966

0.959

0.5951

0.942

0.5%31

0.920

0.5907

0.892

0.876

0.857

0.837

0.813

0.787

0.758

0.725

0.688

0.646

0.599

0.547

0.4594

0.445

0.408
25 10 6.6576 35.2281 1120 13 6.8291 35.3805 1283
26 10 6.6777 35.5531 1264 13 6.8489 35.7058 1426
27 10 6.6971 35.8780 1250 13 6.8680 36.0311 1422
28 10 6.7158 36.2031 1251 13 6.8864 36.3566 1430
2% 10 6.7338 36.5283 1365 13 6.9042 36.6821 1456
30 10 6.7512 36.8535 1458 13 6.9212 37.0077 1433
25 11 6.9805 35.2076 1166 13 T.1523 35.3602 1415
26 11 7.0006 35.5331 1447 13 T.1721 35.6861 1745
27 11 7.0201 35.8588 1605 13 T.1513 36.0122 1828
28 11 7.0389 36.1846 1622 13 T.2098 36.3383 1807
2% 11 7.0570 36.5104 1603 13 T.2276 36.6645 1721
30 11 7.0744 36.8363 1550 10 T.2447 36.9%9908 1590
25 12 7.3038 35.186% 1274 10 T.475% 35.3398 1668
26 12 7.3241 35.5131 1718 & T7.4558 35.6664 2045
27 12 7.3436 35.83595 1927 13 7.5151 35.9932 2090
28 12 T7.3624 36.1659% 1935 13 T.53386 36.3200 2014
2% 12 7.3806 35.45924 1867 2 T7.5515 36.6465% 1525
30 12 7.3981 36.8190 1770 2 T.5687 36.9739 1843
25 13 7.6276 35.1661 1424 2 T.8000 35.31%3 1768
26 13 7.6479 35.4930 18%3 13 T.8200 35.6467 2089
27 13 7.6675 35.8201 2107 2 T7.8393 35.5741 2205
28 13 7.6865 36.1472 2102 2 T.8578 36.3016 2099
29 13 7.7047 16.4744 19%6 13 T7.8758 36.6292 1545
30 13 T7.T222 36.8017 1912 13 T.8930 36.5568 1534
25 14 7.951%9 35.1452 1441 2 8.1245 35.2987 1567
26 14 7.9722 35.472% 1819 2 8.1445 35.6268 1851
27 14 7.991%9 35.8006 2064 13 8.1639 35.59549 2110
28 14 8.0109 36.1284 2123 13 8.1826 36.2831 2079

Figure 8. An example of the 3D.DAT file header for CALMET.
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Table E-22 (Concluded)
Sample Mesoscale Model 3-D Data File (3D.DAT)
29 14 B8.0292 36.4563 1955 10 B.2005 36.6114 1856
30 14 8.0468  35.7843 1887 10 8.2179  36.8398 1811
25 15 8.2765 35.1243 1372 10 B.4494  35.2781 1420
26 15 8.2970 35.4526 1618 10 B.4695 35.6068 1636
27 15 8.3167  35.7810 1871 13 8.4889  35.9356 1887
28 15 8.3358  36.1096 2001 10 B.5077  36.2645 1930
29 15 8.3541  36.4381 1911 10 B.5257  36.5935 1779
30 15 8.3718 36.7668 1785 10 B.5431  36.9226 1695
2004013006 25 10 1012.3 0.03 0 26.5 406.8 283.1  14.17 62.2 2.1 291.0
B90 1130 292.9 62 2.3 -0.01 B8613.89-4.000
B87 1154 292.8 62 2.8 -0.02 B8513.60-4.000
B84 1180 292.8 61 2.9 -0.02 8313.44-4.000
B81 1210 292.8 60 3.1 -0.02 8213.29-4.000
B78 1244 292.8 59 3.3 -0.02 8113.09-4.000
874 1282 292.7 58 3.5 -0.02 7912.85-4.000
870 1325 292.6 58 3.5 -0.02 7812.67-4.000
B65 1373 292.5 58 3.4 -0.02 7812.52 0.000 0.005 0.000 0.000
B59 1429 292.2 58 3.3 -0.02 7812.41 0.000 0.008 0.000 0.000
853 1491 291.9 59 3.1 -0.02 7812.33 0.000 0.010 0.000 0.000
B46 1561 291.6 62 3.0 -0.02 7912.25 0.000 0.013 0.000 0.000
838 1641 291.1 68 2.9 -0.02 8012.17 0.000 0.015 0.000 0.000
830 1731 290.6 75 2.9 -0.02 8112.07 0.000 0.01% 0.000 0.000
820 1834 286.9 83 2.9 -0.02 8311.58 0.000 0.021 0.000 0.000
BOS 1950 28%.1 %3 3.0 -0.02 8511.88 0.000 0.024 0.000 0.000
796 2083 288.2 102 3.2 -0.02 8811.73 0.000 0.026 0.000 0.000
782 2235 287.1 110 3.6 -0.01 9111.56 0.000 0.027 0.000 0.000
766 2408 285.9 118 4.1 -0.01 9411.29 0.000 0.027 0.000 0.000
748 2607 284.5 123 4.9 0.00 9810.90 0.000 0.029 0.000 0.000
728 2835 283.2 124 6.4 0.01 94 9.87 0.002 0.033 0.000 0.000
705 309% 281.4 124 7.5 0.02 92 §.92 0.028 0.036 0.000 0.000
680 3404 279.2 122 8.0 0.03100 8.62 0.182 0.033 0.000 0.000
651 3760 277.2 118 8.6 0.04100 7.96 0.433 0.028 0.000 0.000
§18 4178 275.2 110 8.4 0.05 98 7.01 0.342 0.027 0.000 0.000
581 4671 272.9 &6 7.7 0.04 90 5.77 0.009 0.059% 0.000 0.000
540 5260 269.1 87 7.2 0.03 99 5.15 0.024 0.123 0.000 0.000
498 5894 265.4 78 7.3 0.01 93 3.96 0.023 0.071 0.000 0.000
462 6474 262.3 79 B.4 -0.01 66 2.37-4.000
430 7028 259.8 88 5.9 -0.02 57 1.82-4.000
2004013006 26 10 1012.3 0.01 0 40.2  402.0 292.5 14.16 50.4 2.0 290.7
875 1275 292.3 52 2.4 -0.01 8813.88-4.000
2.9 -0.01 8713.58-4.000

873 1298 252.1 52

Figure 9. An example of the 3D.DAT file for a generic cell for CALMET

In particular, among the many options available in the control file we are interested in the
IPROG variable, in group 5, that enables the use of prognostic data. This variable accepts 6
options: 3 of them (3, 4, 5) are reserved to the direct use of the output of MM4 and MM5
models, while the remaining 3 (13, 14, 15) can be selected to use the output form MM4, MMS5,
NAM (ETA), RUC or RAMS, WRF that must be reformatted with the proper preprocessor
(CALMMS, CALAETA, CALRUC, CALRUMS). Since in general the output are formatted in
ASCII format in a file with a well-defined structure (3D.DAT), it is possible to reformat the

ECMWEF data in the same manner.
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Table D-2
Vanables Available in CAT MM Three-dimensional Cutput Files

Wariables IDDAT M4 DAT
Vertical profile
Pressure T Y
Heyght above M5 L by Y
Temperahwre T Y
Wind direction Y Y
Wind =pead T Y
Verheal velocty Y Y
Felative humdity T Y (dew point depression)
Vapor mixing raho T N
Clond mixing ratio b N
Fain mmong ratio Y# N
Ice miong ratio b N
Spow mpang ratio T# M
raupel miang ratio e N
Surface variables in header
Sea level pressure by Y
Ram fall T Y
Snow cover Y Y
Short wave radiztion at surface T N
Long wave radiation at smface Y N
Adr temperature at 2 meters above T M
ground
Specific nmdity at 2 meters above TEE N
round
U-wand at 10 meters above ground Y= N
V-wnd at 10 meters above ground Y= M
Sea surface temperatne Y N

* Exists only when available in RS owiat.
** Set 1o zero of hlank if not available.

Figure 10. Weather data available in the 3D.DAT file and MM4.DAT file.
As we can see in Fig. 8, at the beginning of the file are reported the variables that describe the
features of the forecast data, including the temporal range, the geographic domain and the
parameters of the grid. The file continues (Fig. 9) with the repetition, as many times as the
number of cells in the grid, of data blocks with meteorological data of the single cell. Among
the surface quantities, we can find the surface pressure, rain amount e cloud coverage, while

for the vertical levels we can find pressure, height, temperature, wind velocity and direction.
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To the default variables at each level there can be some additional optional ones such as vertical
wind velocity, relative humidity, vapor mixing ratio, cloud and rain mixing ratio, ice and snow

mixing ratio and the groupel mixing ratio.

Table D-4.
Defined Honzontal and Vertical Locations for MM3 Vanables Used i CATNMMS

Mative MBS HNative MMS Cratput from Crutprat from
CALMMS CATMMS
Vamnables Honrontal Vertical Honzonial Vertical

Presoure Cross pomt Half sigma Dot pont Half sigma

Temperature Cross pomt Half sigma Dot pomt Half sigma

Wind dwection Dot pomt Half s1zma Dot pont Half sigma

Wind speed Dot pownt Half sigma Dot pomt Half sigma

Vertical velocity Cross pomt Full sigmua Dot pomt Half sipma

ERelative bunmdity Cross pomt Half sigma Dot pomnt Half sigma

Vapor mixang ratio Cross pomt Half s1igma Dot pomt Half sigma

Clowd mxing ratio Cross pomt Half sigma Dot pomt Half sigma

Fam mndng ratio Cross pomt Half sigma Dot pont Half sigma

Ice moxing ratio Cross pomt Half s1zma Dot point Half sigma

Soow mixing rato Cross pomt Half s1zma Dot pont Half igma

Graupel mixng raho Cross pomt Half sigma Dot pomt Half sigma

Sea level pressure Cross pomt Dot pomt

Famn fall Cross pomt Dot pomnt

Snow cover Cross pomt Dot pomt

Short wave radiation at smrface Cross pomt Dot pont

Long wave radiation at surface Cross pomt Dot pomt

Adr temperature at 2 meters Cross pomt Dot pount

above ground

Specific hurmdity at 2 meters Cross pomt Dot pomt

above zround

U-wmd at 10 meters above Cross pomt Dot pomt

ground

V-wind at 10 meters above Cross pomt Dot pomt

ground

Sea swface temperature Cross pomt Dot pount

Ground temperature Cross pomt Dot pomt

PBL beight Cross pomt Dot pomt

Sensible heat fluc Cross pomt Dot pomnt

Latent heat flux Cross pomt Dot pomt

Frictional velocity Cross pomt Dot pont

Figure 11. Horizontal and vertical geographic reference for the quantities in 3D.DAT [7].
The full list of the quantities inside the 3D.DAT file and the format of the different information
blocks are available in the literature given with the CALMET code [7] (Figs. 10-11).

2.4. Preliminary evaluation on the compatibility of the ECMWEF data with
the CALMET model

Considering the fact that CALMET is able to work with prognostic data that are properly
formatted, we evaluated the possibility of using the forecast data generated by ECMWEF.
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Among the various model that are available, we find of use the model that describes the surface
weather quantities and the vertical one that is based on the sigma-p coordinate (137 levels,
standard atmosphere ICAO-1976). The forecast up to 90 hours is of particular interest since it
has a time step of 1 hour.
The ECMWF weather data are distributed in the GRIB format, that is not directly compatible
with CALMET that required ASCII data as input. It is therefore necessary to use some tools
(i.e. CDO) to convert the format and extract the weather data that is required for CALMET.
On the majority of cases the weather data from ECMWF are compatible with the data required
by CALMET, with some simple conversion of units of measures. However in some cases it is
required to obtain some derivative quantities using empiric or semi-empiric correlations
available in literature [8-10].
A synthesis of the useful ECMWF data and corresponding CALMET equivalents is available
in Tab. 2 for the surface data and in Tab. 3 for the vertical data.
Table 2. weather surface data form ECMWF and corresponding CALMET variable.
ECMWEF parameter CALMET parameter
Cod. | name U.M | name U.M. | conversion
167.128 | 2 metre temperature K Air temperature at 2 m K no
034.128 | Sea surface temperature K Sea surface temperature K no
151.128 | Mean sea level pressure Pa Sea level pressure hPa yes
134.128 | Surface pressure Pa Pressure hPa yes
228.128 | Total precipitation m Total hourly rainfall cm yes
169.128 | Downward surface solar | Jm2 | Short wave radiation at | W m2 | yes
radiation surface
165.128 | 10 metre eastward wind | ms? Wind Speed of 10-m wind m st yes
component &
166.128 | 10 metre northward wind | ms? | Wind direction of 10-m wind | m s yes
component
168.128 | 2 metre dewpoint | K Specific Humidity at 2 m a/kg yes
temperature

From a comparison of the documentation of the CALMET model and the ECMWF forecast,
the quantities 2 metre temperature and sea surface temperature can be used as-is, without any
conversion. For the quantities mean sea level, surface pressure and total precipitation, they only
require a change of scale. The conversion of the downward surface solar radiation is simple,
since we need only to convert from deposited energy to incoming power, and similarly for the

wind components, for which we need to convert from the eastward and northward components
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to the wind direction and speed, as required by CALMET. Finally, the 2 metre dew point
temperature is used to compute the specific humidity at 2 metre [8 - p. 38].

Table 3. Weather vertical data form ECMWF and corresponding CALMET variable.

ECMWEF parameter CALMET parameter

Cod. name U.M. name U.M. | conversion

130 Temperature K Temperature K no

131 Eastward wind | ms? Wind Speed m st yes
component &

132 Northward wind | m st Wind direction m st yes
component

133 Specific Humidity kg kg? | Relative Humidity % yes

135 Vertical velocity Pa st Vertical velocity m st yes

From the vertical model we can use the five quantities that are given in Tab. 2. As in the
previous case, the temperature of the level does not require any conversion, and the conversion
for the wind components is the same as the previous case. For the humidity, the ECMWF data
set includes the specific humidity, while CALMET requires the relative humidity. The
conversion between these two variables can be carried out through a semi-empirical correlation
among the relative humidity, the specific humidity, the pressure and the saturation pressure of
the level [8 — p. 38, 9 — p. 113-114]. Finally, the vertical velocity is given in Pa/s, so it must be
converted in m/s in order to use it in CALMET [10 — p. 4-5].

Furthermore, standing that the ECMWF is a complete set of data, there is no data about land
use and average cell height. These quantities are required to build the 3D.DAT file, but they
can be generated from different CALMET preprocessors using different data sources (NOAA,

Corine Land Cover, etc.), keeping in mind to guarantee the correct geolocalization.

2.5. Conclusions — second activity

This activity has been focused on the verification of the availability of weather data required
by the prognostic input in the CALMET model from the weather data available in the forecast
data generated by the ECMWEF.

It has been verified that a large section of the ECMWF data are compatible with the CALMET
model, while others can be deduced using empirical and semi-empirical correlations.
Furthermore, it has been verified that, even in its completeness, the ECMWF model does not

provide land use information and average cell heights, data that is required by CALMET. This




Sigla di identificazione Rev. | Distrib. | Pag. di
M Centro Ricerche Bologna | ADPFISS-LP1-092| O L 30 36

data can however be obtained from other preprocessors already available in the
CALMET/CALPUEFF software suite, that start from different sources such as NOAA, Corine

Land Cover, etc.
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Notations

pollutant concentration [g/m?3]
Cunningham slip correction factor [—]
Brownian diffusivity (m?/s)

particle diameter [m]

gravity acceleration [m/s?]

von Karman constant [-]

Obhukov length [m]

non-dimensional number [—]
non-dimensional number [—]
Quasi-Laminar Sublayer [-]
aerodynamic resistance [s/m]

Brownian diffusion resistance [s/m]
inertial impact resistance [s/m]
quasi-laminar sublayer resistance [s/m]
turbulent impact resistance [s/m]
Schmidt number [-]

Surface Layer [-]

Stokes number [-]

temperature [K]

horizontal mean flow velocity [m s77]
friction velocity [m s™]

deposition velocity [m s

settling velocity [m s™]

guota to the ground reference level [m]
roughness length [m]

non-dimensional roughness length [—]
non-dimensional particle relaxation time [-]
particle relaxation time [s]

density of air [kg/m?3]

air dynamic viscosity pa =1.89x107° [kgm™ s7Y]
air kinematic viscosity va =1.57x107° [m? s7]
mean free path of air As = 0.067x1076 [m]
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