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Abstract: In this work a lagrangian particle model able to account for simple chemical reactions between NO and O; (Alessandrini
et al., 2007) has been improved in order to consider the photolysis of NO,. A system of chemical equations is numerically solved on
an eulerian grid, while the particles trajectories are moved in a lagrangian frame. The NOx emissions of a power plant in real
atmosphere, situated in a complex topography environment, have been considered as a test case. The meteorological model RAMS
has been applied to build the wind field together with the interface code MIRS to compute turbulence parameters, requested for the
dispersion simulations. The plume transitions over an air quality station, allowing for a comparison between the measured and
computed concentrations of all the reaction’s compounds (NO, NO, and Os), have been simulated by the lagrangian particle model.
The simulated episodes refer to the diurnal time, when the ultraviolet radiation activates the NO, photolysis making necessary the
model complete set of chemical equations. In order to reduce computational cost and improve the accuracy of the background O;
concentration representation, the concept of concentration deficit carried by the particles is proposed and tested. This new method
does not need to release a big amount of particles filling the whole domain, but only the inside plume particles should be accounted
for. Comparisons between NO/NO,’s concentrations ratio are presented in term of scatter plots and statistical indexes analysis. The
satisfactory results suggest that the model can be used in practical applications in real atmosphere also for regulatory purposes when
the NO, concentration limits are imposed by the legislation.

Key words: Atmospheric dispersion, NO, chemistry model, Lagrangian Particle Model, photo-stationary equilibrium.

1. INTRODUCTION

The chemical reactions of the pollutants released by a source with the background ambient chemical compounds are a
very important task for the air quality and regulatory models; for example when dealing with NO, source and the
related photochemical pollution. This aim is generally achieved in the frame of the Eulerian models by considering
very complicated chemical schemes, including a large set of reactions and assuming the times scale for turbulence
and chemistry such that to allow equilibrium hypothesis (Jacobson, 2001, Griffin et al., 2002, Sokhi et al., 2006,
Sokhi et al., 2007). In this way the segregation due to the correlation between the concentration of the chemical
compounds is neglected and it is not needed a turbulent model providing these terms. However, in many pollution
phenomena, when the time and spatial scales are small, as for example close to the source or in urban environment,
this assumption cannot be made and non equilibrium must be considered in order to avoid a too fast reaction rate. The
covariance of the concentration should also be known if one had to simulate chemical reactions at small temporal and
spatial scales, where the chemical equilibrium is not yet attained. Thus new model should be developed. To this aim,
the Lagrangian stochastic models (see for instance van Dop et al., 1985; Luhar and Britter, 1989; Hurley and Physick,
1991; Tinarelli et al., 1994; Du et al., 1994) seem to be promising even if, up to now, they have been developed only
for simplified conditions, as homogeneous and isotropic turbulence (Crone et al., 1999, van Dop et al., 2001).
Actually, these models allow considering small-scale dispersion and calculating the cross correlation terms
(Thomson, 1990; Borgas and Sawford, 1994). Nevertheless, Lagrangian models accounting only for simple chemical
processes remain pioneer works that cannot deal at all with real cases. Eulerian models are usually applied over
regional or synoptic scale domains in order to assess the air quality due to environmental pollution generated by
sparse emissions both from industrial activities and, in general, from any human activities. In previous works
(Alessandrini et al., 2007, Alessandrini, 2006), we presented a modified Lagrangian stochastic model for reactive
pollutants. Although this model is a one-particle model, and hence is not able to predict concentrations fluctuations, a
good agreement with laboratory experiments was found. Further, a method to avoid the use of great amount of
particles was proposed. These results allow applying our model to real cases, where the domain is large and hence the
simulation of the ozone background concentration would be very difficult with a standard particle model. While in
our previous work (Alessandrini et al., 2007) we applied our model to a wind tunnel experiment realized in neutral
conditions, here we test the models against real data. Further, the chemical scheme is improved in order to include
NO, photolysis. The results of the simulation are compared with the measured data at a station.

2. DISPERSION MODEL

SPRAY (Alessandrini et al., 2005a) is a Lagrangian stochastic particle model designed to study the pollutants
dispersion in complex terrain. It is based on the Langevin equation for the turbulent velocities (Thomson, 1987),
whose coefficients depend on a solution of the Fokker-Planck equation for a given Eulerian probability density
function (PDF) of the turbulent velocity and on the inertial range turbulence theory respectively. In the two horizontal
directions the PDF is assumed to be Gaussian. In the vertical direction the PDF is assumed to be non-Gaussian, so to
deal with convective conditions. The equations prescribing the evolution of the vertical velocity fluctuation wand the
displacement zare the following:

dw = a(z, w)dt +[C,edtdu (1)
dz = wdt 2
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where du is a Wiener process with zero mean and unit variance, Cj is a constant and gis the dissipation rate of
turbulent kinetic energy. a(z, w) must be determined by solving the Fokker-Planck equation, obtaining:
1
a(z,w)=— BU@—HD 3)
| P aw
with B, :ECUE and, as suggested by Thomson, (1987),

2 W
(D=7E ;[OWP(z,w)dw 4

where P(z,w) is the PDF that must be prescribed from the available measurements or parameterizations. In the
present work, we used the Gram-Charlier PDF .

The dispersion model is coupled to the circulation model RAMS, which provides the mean flow.

3. CHEMICAL SCHEME

Formation of NO, occurs when NO is emitted in an atmosphere containing O;. During the daytime, photo-
dissociation of NO, by absorption of ultra-violet radiation leads to the production of NO and O;. So the chemical
reactions considered by our model are:

k
NO+0,->NO, +0, )

J
NO, +0, + hv—>NO+0, ©

where & depends on temperature and is around 0.4 ppm'lsec'I while /depends on solar radiation and ranges between
0 during the night and 0.4 min~ in the full sunlight. The discretized form adopted for the set of chemical equations is:

(exno (1)) = (ero(x,.0)) —kAt{ero (x .t eh, (X .10+ ey, (x,.1,)
<CN02 (x50, )> = <c;;.a2 (x;,1 )> + kAt(c?W (x,.1, )><c;_‘ (x,.1, )> - _jAI(c;,Ol (xj s )>
(o, (x 1)) = (5, (x 1)) = kALl (X 1)), (%0))+ A, (x,.1, )} o

where the subscript 7 stands for the cell number, the asterisk indicates the old concentration in the cell obtained after
the Lagrangian particles displacements but before the chemical reaction. In the previous system the O, concentrations
are neglected because this substance is always present in excess and his variation in time and space does not
influence the kinetic Jof the reaction.

Following Chock and Winkler (1994 a and b), chemistry and dispersion are treated separately and sequentially, each
particle (n) released by the source may bring mass of different substances. At each time step, the particle position
X") is updated using the stochastic model equation, then the concentrations of each substance are calculated in a
fixed Eulerian grid and the chemistry is computed.

Then the mass (M) of the different substances (a) are redistributed to each particle (#7) in the cell () through the
following scheme:
V ; ! _
i) — if ¢, (x,,1))=0
M; ’(f])—<cd(xi,ft)>N—/j < ( i l)>
(Ca(xj,f] )> otherwise, (8)
(c; (X .1, )>
where f;and ¢, indicates the time before and after the reaction, V;and N;are the volume and the number of particles
inside the cell.

Mi"’(fl):Ml"}(fo)

Treating background species as static fields is not a reasonable approximation in the case of Q3. In fact, this method is
clearly inadequate inside the plume where the average concentration is usually lower than the background value and
changes along and across the wind direction (Hegg et al., 1977). Ideally, species such as ozone would be represented
by releasing extra particles throughout the three-dimensional model domain. The number of particles required to
adequately represent ozone throughout the atmosphere becomes computationally prohibitive (Middleton et al., 2007)
as the domain dimension is greater than 1x1 km®.

In order to overcome the limits of this method, we allow the plume particles to carry, together with NO and NO,
concentrations, also the “deficit” of the O; concentration respect to the background. In other words, we describe the
diffusion of the fictitious substance “deficit” (Cppzi= Chackor-Coz ) which is the difference between the initial
background concentration field Cp,n (Supposed to be constant) and the real Oz concentration field (Cps). Cieficir 18
different from zero only where chemical reactions, which modify the initial background concentration, occur. The
chemical scheme does not change because the real O; concentration field (Cp;) is easily computed as the difference
between the constant background and the deficit concentration at each time step including a chemical reaction. Then,



the chemical scheme is applied and the new ozone concentration is obtained, so the deficit concentration (Cgefir) 1S
computed again and the particles are dispersed by the turbulent flow.

4. RESULTS AND DISCUSSION

The case considered for the evaluation refers to a gas-power plant located in the north of Italy. The substances
released by three stacks are for the 95% constituted by NO and the 5% by NO,. At approximately 4 km south of the
power plant, NO, NO, and O; hourly average concentrations are measured continuously by an air quality station,
located on a hill 300 m higher than the power plant (Figure 1).

Figure 1. Area covered by the domain of the dispersion simulations: Power plant and air quality station locations are shown

Considering that the station is located in a rural area surrounded by only a small village in the south, it is possible to
isolate the power plant NOy contribution from the other sources, in north, north-east wind conditions. Hence, in these
s1tuat10ns the NOy plume transition over the station can be clearly detected. A period lasting 10 days, from the 12" to
22™ of March 2007, has been chosen because several plume transitions over the station, usually between 6 and 11
LST, were observed and, in general, clear sky and high-pressure conditions occur. The wind and turbulence fields
have been built by the model system RAMS 6.0-MIRS (Alessandrini et al. 2005b), using the ECMWF analysis fields
as boundary conditions, and performing a 4-d var data assimilation with the meteorological measurements of two
ground stations located close to the power plant and the air quality gauges. Three nested grids have been used with a
grid spacing of 12, 4 and 1 km respectively. The smallest grid is 17x17 km® large and represents the dispersion
simulations domain. A variable time step scheme has been used for the lagrangian particles displacement while the
chemical reactions time step was set equal to 20 s. The cells for the concentrations computation have been set equal
to 100 x 100 x 50 m® and constant all over the domain. The amount of particles released every 5 s changes during the
simulation, depending on the emission ratio, in order to maintain constant and equal to 0.8 pg the NO mass assigned
to each particle. The reaction rates & and Jare computed every hour using the following equations (IUPAC 2005 and
Parrish et al. 1983):

k=3.1-10" - exp(-1450/T) )
J =0.01305- exp(—0.36/ cos(ar)) (10)

where 7'is the air temperature, computed by RAMS, and a is the complementary of the solar elevation angle. In the
case of j, the equation refers to clear sky conditions and hence, accounting for cloud cover, more realistic values
should be lower. The ozone background concentration (Cp,03) have been set constant during each day and equal to
the measured values during the last hours before the plume transition over the air quality station. During the
simulation period, Cy,03 ranges between 70 ugm'3 and 100 ugm’s.

In the dispersion diagram on the left of Figure 2, NO,/NO, computed ratios are compared with the measurements. In
order to consider significant situations with plume transitions, we have considered only the diurnal cases with
northerly winds and when both the models and the measurements of NO, were greater than 5 ugm™. In Figure 2
model results are also compared with the NO,/NO, values that would occur in photo-stationary equilibrium
situations. These values have been obtained by the equation suggested by Seinfeld (1986), introducing the NOy
concentrations computed by Spray and the background value as the initial ozone concentration. In these cases, the

k[J-miOIOi]should be equal to 1 (Hegg et al., 1977). In general inside a plume v is greater

2

photo-stationary ratio y =

than 1 at short distances from the source when the time scales of turbulence over the spatial scale of the plume are
smaller than the time scales of chemical reactions. In general, the NO,/NO, computed values show a good agreement
with a little underestimation of the measurements. This could be caused by an overestimation of the computed photo-
dissociation rate /which forces the model towards lower NO, concentrations. It is important to stress that, even if the
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measured values of global radiation indicate, in general, clear sky conditions, we cannot exclude the presence of a
light fog especially during the first hours after the sun rise (when most of the shown values are computed). On the
other hand, the model shows to be able to reproduce photo-stationary equilibrium at the station location that should
be valid in this case. In fact, the ground level concentrations measurements are taken 4 km far from the stack where a
lot of ambient air has entered and has been well mixed inside the plume (Janssen, 1986).
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Figure 2. NO,/NO, computed values vs measurements (left) and photo-stationary equilibrium values (right)

The results are confirmed by the model evaluation performed by calculating statistical indexes that are shown in
Table 1 and Table 2. The performance of the model, compared with measurements, is satisfactory except for the
underestimation indicated by the value of fraction bias (FB). This underestimation becomes a very small
overestimation when comparing model results and equilibrium values.

In Figure 3, NO, NO, and NOy concentration fields, computed by Spray at ground level in a diurnal situation, are
shown as an example. The location of the maximum level concentration is substantially the same for the three

substances, confirming what also found by other authors (Middleton et al. 2007, Janssen 1987).

Table 1. Statistical comparison between NO,/NOy computed values and the measurements.

Mean

Sigma Bias Nmse Cor Fa2 FB fas
Measurements 0.82 0.076 0 0 1 1 0 0
Spray 0.76 0.088 -0.059 0.0091 0.85 1.0 -0.075 -0.15
Table 2. Statistical comparison between NO,/NO, computed and photo-stationary equilibrium values.
Mean Sigma Bias Nmse Cor Fa2 FB fas
Equilibrium 0.76 0.10 0 0 1 1 0 0
Spray 0.76 0.088 0.0011 0.0024 0.94 1.0 0.0014 0.16
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Figure 3. Ground level concentration fields (ugm‘s) of (from left to right) NO, NO, and NOy computed by Spray at 10 LST of 12-
03-2007. Power plant and air quality station locations are also shown
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