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Résumeé

Dés la deuxieme moitié du XX“™ siecle, la pollution de l'air devient un probléme majeur de santé
publique et de protection de l'environnement dans toutes les grandes villes de la planéte. Les
polluants photochimiques comme l'ozone — qui est aujourd'hui l'un des principaux polluants de
l'air dans la troposphere — sont formés dans I'atmosphere par réaction de deux précurseurs émis
(par les activités humaines ou de fagon naturelle): les Composés Organiques Volatiles (COV) et
les NO, (NO + NOy). La formation d'ozone nécessite de nombreuses réactions qui en font un
processus hautement non linéaire. La réduction de la concentration d'ozone consécutive a une
diminution des émissions de l'un de ces précurseurs n'est donc pas prévisible sans l'aide d'un
modele numérique de pollution photochimique. La simulation de la pollution photochimique
nécessite un systéme chimique détaillé et beaucoup de temps de calcul. Le nombre d'especes
chimiques dans un mécanisme doit donc étre réduit au strict minimum afin d'optimiser le temps
de calcul. Une solution consiste a regrouper le trés grand nombre de COV impliqués dans la
pollution atmosphérique en un petit nombre d'especes dans le systeme chimique, tout en gardant
suffisamment de détails pour générer des résultats précis dans un temps raisonnable. Le calcul de
toutes les données cinétiques d'un systtme chimique est une tiche immense qui doit étre
accompli par un programme informatique. CHEMATA, présenté dans ce travail, est un
programme de génération de mécanismes chimiques pour la chimie atmosphérique en phase
gazeuse. Sur la base du mécanisme RACM (mécanisme de chimie atmosphérique en troposphére
pour des conditions propres ou polluées), CHEMATA a généré un systeme étendu pour tester la
paramétrisation des carbonyles dans RACM et deux mécanismes plus petits pour en comparer les
méthodes de regroupement des especes chimiques (le mécanisme réduit et le petit mécanisme).
Les trois nouveaux systemes et RACM ont été implémentés dans un box model et dans le modele
culérien tridimensionnel de qualité de 1'air TAPOM, aussi présenté dans ce travail. TAPOM a
tourné avec les quatre mécanismes chimiques sur trois domaines (Mexico City, Milan et Bogota)
présentant différentes émissions et des conditions météorologiques différentes. Les comparaisons
entre les quatre systemes, avec le box model ou en 3D, avec ou sans réduction d'émission ont mené
aux conclusions suivantes:
« La comparaison du mécanisme étendu et de RACM montre que le traitement des carbonyles
dans RACM n'induit pas d'erreur significative a mésoéchelle. L'utilisation du mécanisme
étendu devrait étre confiné aux cas ou une précision accrue des COV est nécessaire ou pour

des simulations dépassant 2 ou 3 jours.



Le mécanisme réduit est le meilleur compromis entre le temps de calcul et la précision des
résultats. Ce mécanisme peut faire gagner beaucoup de temps lors de simulations de pollution
photochimique ou de scénarios de réduction d'émissions.

Le petit mécanisme présente une tendance claire a produire des résultats plus « sensibles aux
COV », ce qui peut conduire a de graves surestimations des concentrations d'ozone. Il devrait
étre gardé pour des simulations qualitatives, quand le temps de calcul est un facteur

déterminant.



Abstract

During the last few decades, air pollution has become one of the major environmental and public

health issue in every important cities over the world. Photochemical pollutants, like ozone which

play a central role in today's air pollution problems, are formed in the atmosphere by reaction of

two emitted precursors: Volatile Organic Carbons (VOCs) and NO, (NO + NO,). Ozone is a

highly non linear process because its formation is driven by complex chain reactions. The

decrease of ozone concentration produced by a reduction of its emitted precursors is therefore
unpredictable, unless calculated by numerical photochemical models. The simulation of
photochemical air pollution requires detailed chemical mechanisms and a lot computer resources.

The number of chemical species within the chemical mechanism has to be confined to the strict

minimum in order to minimise the CPU time. A solution is to lump the immense number of

VOC species involved in atmospheric pollution in a convenient smaller number of mechanism

species, keeping enough details to generate accurate results in reasonable calculations times. The

calculation of all kinetic data of a lumped mechanism is a tremendous work unless carried out by

a generation programme. CHEMATA, presented in this work, is a chemical mechanisms

generation programme designed to create lumped and explicit tropospheric gas phase chemical

mechanisms. Based on the widely used mechanism RACM, CHEMATA generated an extended
mechanism to test the carbonyl species parameterisation of RACM and two smaller mechanisms
to compare two lumping methods (the reduced mechanism and the small mechanism). The new
mechanisms have been implemented in a box model and in the 3D eulerian air quality model

TAPOM, also presented in this work. TAPOM have been run with the four chemical

mechanisms on three simulations domains (Mexico City, Milan and Bogota) presenting different

emissions strengths and meteorological conditions. The comparisons between the different
mechanisms, in a box or 3D model and with or without emission reductions lead to the following
conclusions:

« The comparison between the extended mechanism and RACM shows that the treatment of
the carbonyl species in RACM does not induce notable errors in mesoscale modelling. The use
of the extended mechanism should be kept for special simulations when enhanced precision in
VOC:s is required or for time periods longer than 2 or 3 days.

« The reduced mechanism is the best compromise between CPU time and accuracy. When
calculating photochemical pollution, or emission reduction scenarios, this mechanism can save

a lot of time.



« The small mechanism presents a clear tendency to produce more “VOC sensitive” results,
which can lead to severe ozone overestimations. It should only be used for qualitative

simulation when CPU time is a critical issue.
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Introduction

Chapter One

Introduction

During the 20" century, atmospheric pollution grew with the increase of industtialisation, and
soon became one of the most important environmental and public health concern. Air pollutants
are of two important classes, the primary pollutants (directly emitted by human activities or
natural processes) and the secondary pollutants (formed in the atmosphere by various chemical
reactions). The accumulation of primary pollutants can lead to very dangerous pollution peaks.
The Great London Smog in December 1952 (leading to over 4'000 deaths) is one of the most
impressive instance of air pollution episode. Although measures have been adopted to avoid such
peaks of primary pollution, the background concentrations have continued to grow with human
activity.

The emitted pollutants can react in the atmosphere forming secondary pollutants. During the day,
the light is a key element of the atmospheric chemistry. High concentrations of such secondary
mixture are called photochemical smog, in order to be distinguished from primary pollutant
peaks like the Great London Smog. Among photochemical pollutants, ozone is an important
representative, formed by a very complex reaction chain beginning with two general precursors:
volatile organic compounds and two nitrogen oxides: NO and NO,. (VOCs and NO,). Both
precursors are emitted by human activities (industries, traffic, heating etc.). Air quality
management must therefore be focused on emissions abatement strategies. A good
understanding of the processes leading to secondary photochemical pollutants is the key to

efficient emissions control, requiring appropriate tools such as numerical air quality models.
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Introduction

The modelling of atmospheric pollution needs the calculation of many physical atmospheric
parameters (temperature, humidity, wind speed and direction...) and of lots of chemical reactions.
There are hundreds of reactive chemical species in the atmosphere, a comprehensive simulation
would involve thousands of reactions. A calculation including all the reactions would also imply
the exact knowledge of all the atmospheric chemistry, which one does not have. The simulations
are therefore based on chemical mechanisms that are simplified representations of the
atmospheric chemistry. A typical chemical mechanism simulating the photochemical smog
includes 50-100 species and 100-200 equations.

Ozone is one of the main constituent of the photochemical smog. Because of its effects on
health and crop yields, it has been intensively studied and is still of primary concern. In the early
1970s, the first mechanisms were optimised to simulate reasonably the evolution of ozone
concentrations in urban areas. For example, Reynolds et al. (1973, 1974) designed a model for the
study of the Los Angeles air basin. The gas phase chemical mechanism included 11 species
involved in 15 equations. At this time, the model performance were severely restricted by the lack
of observational data (for emissions inventories and model evaluation) and of computer power
and memory.

Nowadays, storage devices with tens of gigabytes are available and affordable so memory is not a
problem any more. But if today's computers are much faster, efficiency is still an everyday
struggle for air pollution model designers. Models include more complete treatment of physical
and chemical atmospheric processes (like chemical mechanisms with over 70 species and 200
equations). The spatial scale has also grown from the urban to the regional area, which implies
bigger domains of simulation, more grid cells and therefore more computational requirement.
Moreover, the need of new features like aerosol dynamics, high resolution modelling or fast
response forecasting requires even more computer power. An efficient way to spare computer

time is to confine to the strict minimum the number of chemical species within the chemical
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Introduction

mechanism. Simplification of the chemistry is focused on the huge number of reactive organic

compounds. Different types of chemical mechanisms have been developed.

« In /umped mechanisms, species are grouped into classes of similar structure and reactivity. For
example all alkanes (C,H,:2) react with OH in a similar way to form alkyl radicals (C,Hon1).
By lumping the alkanes into a single group, the several tens of compounds and several
hundreds of reactions involved can be reduced to one reaction and two organic species. This
represents an immense saving of computational time.

« The carbon bond mechanism splits each molecule into functional groups, assuming that the
reactivity of a molecule is driven by its functional groups.

« Surrogate mechanisms uses one or two compounds in each group to represent the chemistry of
the group.

Lumping VOC species into a mechanism of reasonable size is a balance between chemical detail
and computational time. For every species and reaction a large number of data must be available:
reaction rate constants, product yields, emission rates and reactivity. This implies that a lumped
chemical mechanism should be regenerated for each new case and for every different emission
inventory. The CHEmical Mechanism Adaptation to Tropospheric Application program is able
to generate explicit and lumped gas phase mechanisms, given a list of species and their sources,
kinetic data and lumping group definition.

This work investigates the dependence of air quality model's results on the level of detail of

various chemical mechanisms generated by CHEMATA. The mechanisms are implemented in

the mesoscale eulerian air quality model TAPOM (Transport and Atmospheric POllution Model).

Both programmes are detailed in Chapter T'wo.

RACM, a widely used mechanism, is the base for the generation by CHEMATA of three new

chemical mechanisms of different sizes. Chapter Three presents the new chemical mechanisms

and a box model study on the differences they generate on simulation results.

-1.3-



Introduction

The four mechanisms are implemented in TAPOM. The chemical results and the time needed by
the computer to complete the calculation are compared in Chapter Four, in order to find the best
compromise between time and mechanism detail.

Because of the complexity of the chemical process leading to photochemical pollution, it is not
clear if using less detailed mechanisms for abatement strategies studies would give reliable
information. Moreover, the reaction of the chemical mechanisms can vary when used on
different calculation domains. Chapter Five presents a study of the reaction of the four
mechanisms to emissions reduction strategies on three different domains.

Finally, Chapter Six will conclude and propose further work.

14-



TAPOM and CHEMATA

Chapter Two

TAPOM and CHEMATA

1. TAPOM

The Transport and Air POllution Model (TAPOM) simulates the evolution of the pollutants in
the atmosphere. It is based on the resolution of the mass balance equation for several
atmospheric substances. This equation take into account the advection by the mean wind (Adv),
the vertical diffusion by the turbulence (Dif), the chemical transformation by several reactions
(Chem), the dry deposition (DD) and the emissions (Emi). The mass balance equations solved in

TAPOM is the following :

0 pQp
ot

+ Adv=Dif + Chem+DD + Emi

where Qp is the mixing ratio of the pollutant P, o is the air density, and Adv, Dif, Chem, DD and

Emi are the contributions of the advection, diffusion, chemistry, dry deposition and emissions.

1.1. Time discretisation.

The mass conservation equation is solved using the time splitting method of Marchuk (1975).

With this method each contribution is treated independently:
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TAPOM and CHEMATA

pQ,— pQp=— At- Adv
pQp— pQp= At- Dif
pQy— pQp=At-DD
pQ) - pQp'= At-Emi
pQ.— pQ) = 2At-Chem
pQ; — pQY= At-Emi
pQ)'— pQy'=At-DD
pQy"- pQp'= At-Dif
pQr - pQp"=— At- Adv

where Q) and Q)" are the mixing ratios at time n and n+1, At is the time step and Q}, Qp,

. Q;]m are intermediate calculation steps.

1.2, Spatial discretisation.

1.2.1.  Mesh

The spatial discretisation is treated using the finite volume method. With this method the
simulation domain is divided in elementary volumes. In TAPOM each volume has 6 sides and is
based on 8 corner points. These points can be chosen by the users in order to produce any kind

of mesh. The mesh which is currently use for mesoscale air quality simulation follows the

topography at ground level and has a flat surface at the top (see Figure 1).

Figure 1: Schematic representation of the most commonly used mesh in T APOM.

-11.2 -



TAPOM and CHEMATA

1.2.2. Diffusion

The diffusion and the advection steps are solved by descritisation on the mesh.

The equation for the diffusion contribution is :
Dif= 6 (K 6 Q ) where K is the turbulent diffusion coefficient.

With the finite volume method the discretisation is obtained by integration of equation on each

mesh cell. The diffusion contribution term becomes :

Dif= &f 6 (K 6 Q )dV where V is the volume of the cell.
v

Using the Gauss formula the diffusion contribution term can be calculated with the mass fluxes

crossing the volume surfaces, it gives :

U na - .
Dif= Vf KV Q-ndS where S the cell surfaces and n the surface normal.
s

For mesoscale air quality simulation the horizontal cell dimension are usually much larger (few
km) than the vertical one. Consequently, in TAPOM, the horizontal component of the gradient

are neglected. Finally, the discretisation of the diffusion contribution is as follow:

. 1 <Q + -Q ) <Q -Q *)
Dif = ——| Ky, 1/2St 10— K 128t oo

Vi Az, 5 Az, ),
where Q. , Q,_; and Q,,; are average mixing ratio at levels k, k-1 and k+1.
V. is the cell volume at the level k.

3 3 . 3 .
Si_1/2=S._4/2-0,_y, with n,_,,, the vertical component of the normal to the

horizontal cell surfaces k-1/2 (likewise for k+1/2)

K _,/, is the turbulent diffusion coefficient at the side k-1/2.

Az, _,,, is the distance between the cell centre k and k-1.

1.2.3.  Advection

The advection term is treated in a similar way than the diffusion term. The equation for the

advection term is :
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TAPOM and CHEMATA

Adv = 6 U pQ where U is the average wind velocity.

The advection term is integrated on each cell :
1 - .
Adv=— [ VUpQdV
Vy
And the fluxes crossing the cell sides are obtained using the Gauss formula :
1 0~ =
Adv=— [ U-npQdS
Vs

The advection is solved in the three directions, each direction being treated independently using
the time splitting method of Marchuck (1975). In one direction the discretisation of the advection

term gives :

Adv = %[(Sp U'ﬁ)i+1,2-Qi+1,2— (Sp U'ﬁ)iq/z'Qiq/z]

i
where (SQ [_j-_ﬁ)iﬂ,z is the air mass flux in kgs” crossing the side i+1/2 and Q;_,,, is the
mixing ratio at the cell sides i-1/2.
The mixing ratio at the cell sides, Q;_;/, and Q;.,/, ate interpolated from the mixing ratio at
the cell centres Q;, Q;_, and Q;,,, using the Piecewise Parabolic Method (PPM) developed

by Collela and Woodward (1984).

1.24.  Dry deposition

The dry deposition is calculated in the lowest layer (k=1).

S Qy;
Vi

DD=v

where Sk=11s the horizontal surface of the cells at the ground level,
Q=1 1s the mixing ratio at ground level,
Vi=1is the cell volume,

v is the dry deposition velocity.

-11.4 -



TAPOM and CHEMATA

The dry deposition velocity is calculated with the resistance analogy and is the inverse value of
the three resistances in series, the aerodynamic resistance (Ra), the boundary layer resistance (Rb),
and the surface resistance (Rc). Ra and Rb depend only on meteorological parameters. They are
expressed as a function of the wind velocity, friction velocity and the Monin-Obukhov length
according to Bussinger et al. (1971) and Wesely and Hicks (1977). Rc depends on the chemical

species and on the surface on which they deposit (landuse and roughness).

1.3. Chemical solver

The chemical step Q) — 0Qp = 2At- Chem is treated in a specific module for the simulation
of homogeneous reactions of atmospheric gaseous constituents. The chemical reaction equations
can be defined in a text file and read by a chemical interpreter. The outputs of the chemical
mechanisms generation programme CHEMATA (presented in § 2) can directly be read by this
interpreter. Chemical reaction schemes therefore can be changed rapidly by creating or editing
this text file. The module uses the method of Gong and Cho (1993) for solving the chemical
system. This method distinguishes between slow and rapid species. The slow species are
integrated using an explicit integration step and the fast ones are integrated by a fully implicit
integration procedure. The solving procedure is as follows:

1. Calculate the mixing ratio of the slow species at time t+1 with an explicit time step:
- v (VPN
Qy=Qy+Chem(QY,Qy )2 At
where Qg is the vector of the slow species mixing ratio at step IV and Qy is the vector of
the fast species mixing ratio at step IV.
2. Calculate the mixing ratio of the fast species fully implicitly (involving an iterative procedure),
using the mixing ratio in step (1).
The equation Q= Q, + Chem (QS , Q;) can be solved with an iterative Newton-Raphson

procedure :
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~1
o Chem(Qg,Qy,)
0 Q¥

Q\F/k+1:Q\F/k_ 1_ '[Q\F/k_QIV_Chem(Q*S’Q'\:/kﬂ

where Qy, ., is the k® estimation of the mixing ratio vector of fast species at step V and 1 is
the unity matrix.
3. Recalculate the mixing ratio of the slow species using the mixing ratio of the fast ones

obtained by step (2):
Q,=Q, V+Chem(QY,Q)) 2 At

1.4.  Required parameters

Boundary and initial conditions for each chemical species have to be specified by the user as
input to TAPOM. These data can come from 7z sitn measurements or from a larger scale model.
A number of meteorological parameters have to be calculated by a meteorological simulation.
The mean wind velocity and turbulent diffusion coefficient are used for the advection and
diffusion calculation, the friction velocity and Monin-Obukhov length for the dry deposition
calculation, the temperature and pressure for the chemical reaction rate constant. The photolysis

rate constants needed in the photochemical reactions, are calculated with the TUV solar radiation

module by Madronich and Flocke (1999).

2. CHEMATA

Chemical mechanisms for calculation of atmospheric chemistry exist since the 1970's in
numerous photochemical models. A lot of such mechanisms have been developed and their
results are not always similar. Comparing various gas phase chemical mechanisms is not simple
because of their different structures. Differences between mechanisms can generate errors that
are likely to compensate each other, making them impossible to be detected by a simple
comparison. Inorganic chemistry is always treated explicitly and do not vary so much from one
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mechanism to another, but organic chemistry can not be treated explicitly in 3D models. A

complete explicit mechanism would need thousands of equations and the calculation time would

be prohibitive for 3D calculations. The differences between various mechanisms come from the

way the number of the volatile organic compounds is reduced. Listed below are examples of

solutions for reducing chemical mechanisms:

« Use of only the most important VOC species for the studied region and specific case. All
other species are not taken into account (Carslaw, 1999a, 1999b).

+ Choice of surrogate species for each class of VOC, as in EMEP (Simpson et al. 1993).

+ Split of the VOC compounds by carbon bond and functional group, as in the carbon bond
mechanism (Gery et al., 1989).

+  Grouping of one VOC class' molecules into one lumped species using as kinetic data and
product yield a weighted average of the data of the molecules in that class (RACM, Stockwell
et al,, 1997, SAPRC, Carter, 2000).

Grouping VOCs into lumped species allows to keep more information in the lumped mechanism

than with the other approaches. But the available lumped mechanisms are calculated with average

VOC splits which most of the time differ from the local split of the calculated domain.

Recalculating all kinetic data and production yields for the local conditions is an enormous task if

not accomplished with a mechanism generation programme. The chemical mechanism generation

programme CHEMATA (CHEmical Mechanism Adaptation to Tropospheric Applications)

presented hereafter also allows the user to make quick updates when new kinetic data is available

and to investigate the sensitivity of the generated mechanisms to different lumping choices.

This ability to generate lumped mechanisms which only differ by the number of VOC species

(the manner in which the lumping is defined), has made possible the comparison of the four

mechanisms presented in the following chapters.
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2.1.  Generating lumped mechanisms.

Generating lumped mechanism consists of defining groups of rea/ species (really existing in the
atmosphere) which will be considered as one mechanism species. Every mechanism species will react
with the same reactants as the real species do in the atmosphere. VOC species' reactions lead to

the formation of various products, following the general equation:

VOC,+ X ut P +a?P?+. +alP+ . +alP’
where VOC; is a real species, X is a reactant (often OH radical), k" is the rate constant of the
reaction of VOC; with X, the o are the yield coefficients of the products P'.
Following this notation, the reaction of a group of VOC lumped into the mechanism species L

can be described by the equation:
k) o
L+X - a/P'+a’P?+...+alP'+...+a]P’

where the rate constant k;*is calculated by

I(L)

(voc, k)

I(L)

> VOC,
i=1

X =1
kp =

where I(L) is the number of real VOC species lumped in the mechanism species L. k;*is an
average of the k* weighted by the strength of the sources of the real species. Sources of real
species can be emissions or production in the atmosphere.

The product yields are calculated in a similar way:

Z(AggI VOC,;- «; )

(AggI VOC)
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with

1—exp(—kix- [X]dt)

Aggi =

O ey | O Sy ~

1—exp(—kf- [X]dt)

Agg; is the aggregation factor of VOC.. It is used as a weighting factor for the reactivity of the real

species.

It comes out of these equations that the rate constant and the product yields of a lumped reaction

depends on the sources strengths of the real species, the integrated concentration of the reactant

X, and on the rate constants of the real species with X, which can be temperature and pressure

dependent. These data obviously change from an area to an other. For the RACM mechanism

(Stockwell et al., 1997), the sources strengths were taken from emissions inventories, the product

yields were calculated using kinetic data for 298 K and 1.013 x 10° Pa and the integrated reactant

concentration were calculated for OH with 2-3 days model simulations. If the conditions of the

modelling domain are really different from those used to generate the chemical mechanism, it

should be recalculated.

In order to generate the lumped equations, CHEMATA calculates the following data:

+ kinetic data for all considered real species (rate constants k; and product yields o),

+ the correct lumping group for all reactant and products,

+ the amount of secondary VOC that will be considered as reactants, following its degradation
process.

The programme therefore needs the following input data:

« the list of real species to be considered in the mechanism,

+ the temperature, pressure and the integrated OH concentration of the modelling area (which
must be estimated, being unknown before modelling),

« emission data.
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2.2.  What does CHEMATA do ?

2.2.1.  Calculation of real species’ reactions

Structure of organic molecules

To describe the chemical structures of the input species, the user gives a list of emitted species.
For each chemical compound, the list contains its name, its chemical structure, and the kinetic
data associated to OH, NO; and Os.

CHEMATA converts the species' structure into a code. For each molecule, code numbers ate
given to every atom or group of atom. It contains information about the atom itself and the way
it is bonded to its neighbours. This code also allows to describe the relationships between every
atom with all other atoms in the molecule. Two atoms are considered chemically equivalent if
their relations to all other atoms in the molecule are the same. The data once calculated for one
atom will be assigned to all atoms that will be found chemically equivalent.

Calculation of the products' structure

CHEMATA calculates the reactions of VOC with OH, NOs and Os, the photolysis reactions and,
for peroxy nitrates, the thermal decomposition. For instance, the reaction with OH can abstract a
hydrogen atom or add to a double bond, finally resulting, under atmospheric condition, in a
peroxy radical (by subsequent addition of an oxygen):

VOC+OH — RO,

To take these transformations into account, the code number of the affected atoms are modified
accordingly to the reaction. RO, produced by reactions with VOCs continue to react.
CHEMATA calculates the reactions of peroxy radicals with NO, NO,, NO;, HO, and other
peroxy radicals. These reactions give various products that need the calculation of branching
ratios

RO,+NO - ¢,(RO+NO,)+(1-¢,)RONO,
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RO,+NO, - RO,NO,
RO,+NO, - ¢,(RO+NO,)+(1-¢,)RONO,+0O,
RO,+HO, — ¢,(ROOH+0,)+(1-¢,)(ROH+0,)
RO,+R'CH,0, - ¢,(RO+R'CH,0)+(1-¢,)(ROH+R'CHO)+0,
All the products' structures and branching ratios are calculated by CHEMATA. R and RO

radicals are not treated as mechanism species. They are represented by the products of their

reactions.

2.2.2.  Kinetic parameters

Kinetic parameters like reaction rate constants, branching ratios and product yields are given to
CHEMATA by the way of an input file. This file can easily be modified to update the mechanism
or perform sensitivity analysis. If there is no data available for a molecule or radical, it is
calculated from structure-reactivity relationships (Atkinson, 1994, Kwok and Atkinson, 1995,
Aschmann and Atkinson, 1995, Kirchner and Stockwell, 1996, Neeb, 2000). The structure related
rate constants, branching ratios and product yields are provided by another input file. Both

methods can be mixed, for example if experimental data is not available for all temperatures.

2.2.3.  Generating lumped species

Real species can be lumped using functional groups, chain length and reactivity. CHEMATA
compares the definitions of the mechanism species with the code numbers of the real species and
determines the correct lumping group. Then the lumped mechanism is generated considering the
sources strengths (emission rates and atmospheric formation) of all real species. Lumped species
may contain one or several VOC species. For example in RACM, formaldehyde is the only
compound in the mechanism species HCHO. Species that have a group for themselves are of

course excluded from other lumping groups. This means that despite its aldehyde function,
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formaldehyde will not be added in the ALD mechanism species which contains real species with
R-CHO functional groups.

A problem arises with multi functional species: in which mechanism species should be lumped a
compound like HC(O)-CH,-C(O)-CH(OH)-C(O)OH which contains an aldehyde function and a
ketone function, is an hydroxy ketone and a higher acid? The proper lumping actually depends on
the user's needs. From a chemical point of view, the aldehyde function is the most reactive and
thus the molecule should be lumped into the ALD species. But if the user is more interested in
the amount of formed acids, a grouping with other carboxylic acids may be a better choice.

The user can therefore define a priority lumping order for the different functional groups,
reactivity and chain length. Moreover, a personal lumping scheme can also be defined with user

preferences like, for example, the distance between two functional groups.

2.24.  Source strength of primary 1VOC

Source strengths of primary VOC are given by emission rates. Emission inventories for 3D
modelling usually do not contain all needed primary species for chemical mechanism generation.
In addition, emission inventories usually give emission rates for groups of real species when rates
for every species are needed. In order to complete the local emission inventory, a more detailed
emission inventory can be used, which includes data for all real species but is compiled for
another region (like the US-NAPAP inventory, Middleton et al., 1990). Missing emission rates are

estimated with the following formula:

El(ca)cal
Z Eglobal

ie G

E:ocaI: Eiglobal.

where E are emission rates and G is the emission group of the local inventory to which the real
species 1 belongs. The user must therefore provide both inventories as well as the definitions of

the local inventory's emission groups.
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2.25.  Secondary 1VOC

Secondary VOC are formed in the atmosphere by chemical reactions of the emitted VOC.
Secondary species are included in the mechanism if explicitly specified as input in the reactant list
or if their production yields exceed a given threshold (in which case, they are added by
CHEMATA to the reactant list).

The source strength of secondary VOC are calculated from the strength of the precursors
(emission rates or already calculated secondary VOC), the product yields and the integrated
radical concentration. The integrated radical concentration allows to consider the correct amount
of reacting precursors for the integration time interval. Thus, the two sources of atmospheric

VOC are consistent.

2.2.6.  Explicit mechanisms

Species which are to be treated explicitly must be listed as one-element groups. The list can be
given as input or can be made by the programme itself. All products which yields exceed a
dedicated threshold are excluded from the lumping process and treated explicitly. In this case, the
calculated products are also added to the reactant list. The thresholds defined for adding species

in the one-element group list and the reactant list are independent.

2.2.7.  Outputs

The main output of CHEMATA is the lumped or explicit chemical mechanism. The output
format can be specified in order to fit with the uset's need. A second output file collects the
entire set of calculated data for all real species: rate constants, branching ratios, product yields,

structure of reactant and products, lumping and emission group.

2.3.  Restrictions and future work

CHEMATA is currently restricted to gas phase chemistry and to molecules including only C, H,

O and N. The reactions are limited to photolysis, thermal decomposition and reactions with OH,
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NO; and Os. Development continues at the present time to make CHEMATA able to deal with

all atoms and other phases than gas phase.
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Chapter Three

Influence of species lumping and new
kinetic data on simulation results: a
box model study

Abstract

A sensitivity study about the influence of species lumping and of updated kinetic data in chemical
gas phase mechanisms on the simulation results is presented. Using the “Regional Atmospheric
Chemistry Mechanism” (RACM) as a starting point, the mechanism has been extended in order
to investigate whether the treatment of carbonyl species in RACM may lead to an
underestimation of the ozone concentrations. For simulation times of three or more days under
polluted conditions, higher ozone values were found by using a more detailed carbonyl scheme.
Investigations on further reductions of the mechanism showed that reducing the number of
peroxy radicals by a new parameterisation influences the simulation results much less than
reducing the number of VOC lumping groups. An update of the kinetic of oxy radical reactions
leads to somewhat higher ozone concentrations in the model. In our scenarios the update of the
structure activity relations for VOC+OH reactions show nearly no influence on the results. All
tested mechanisms were generated by programme CHEMATA (CHEmical Mechanism
Adaptation to Tropospheric Applications).

Keywords: Tropospheric chemistry; VOC lumping; box model; Carbonyl species parameterisation;

Peroxy radical parameterisation.
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1. Introduction

Explicit mechanisms are far too large for application in 3D models. Smaller mechanisms can be
obtained by lumping the real species into a smaller number of mechanism species. For reasons of
CPU time it is favourable to obtain a gas phase mechanism as small as possible, especially if this
mechanism is to be used for air pollution forecasting or if it is to be coupled to a multi-phase
model where more CPU time is needed to calculate the chemistry inside other phases and of
phase-to-phase interactions. But the mechanism reduction is restricted by the requirement that
the results obtained by the smaller mechanism should not differ too much from the results of the
more explicit mechanism. That means that the errors introduced by the lumping process should
be as small as possible. The aim is to find the best compromise between minimisation of CPU-
time and minimisation of inexactness.

Validation of a lumped mechanism can be done against experiments and against a more explicit
mechanism. It is favourable to combine these both approaches because the information they give
are different: Validation against a more explicit mechanism will tell whether the lumping process
itself introduces errors into the mechanism. It will not tell whether the lumped mechanism
describes well the chemistry (because the more explicit mechanism may already fail) and in the
case of large differences it is not even sure which mechanism is better (because errors introduced
by the lumping process may compensate errors in the kinetic data base or in the concept of the
larger mechanism). But if the differences between the two mechanisms are small, it can be
concluded that the lumping process does not introduce additional errors into the mechanism.
Validation against experiments will tell whether the mechanism works well for the experimental
conditions. But for experimental reasons these conditions may differ from atmospheric
conditions. Validation against environmental chamber studies as done for many lumped
mechanisms like the RACM mechanism (Stockwell at al, 1997) suffer from two main

experimental restrictions: high precursor concentrations and short reaction times of only a few
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hours. Because of the short reaction times the results are not much influenced by the chemistry
of secondary VOCs, meaning that the chemistry of secondary VOCs is not really validated by the
environmental chamber experiments.

This work investigates the sensitivity of model results to the method of lumping by comparing
differently extended mechanisms. Starting point for all studies will be the RACM mechanism,
which was already validated against smog chamber data (Stockwell et al., 1997). Because of the
above mentioned problems in the application of smog chambers for validating the chemistry of
secondary VOC:s, this chapter first investigates whether the simple approach of the treatment of
secondary VOCs in RACM may be a source of errors by comparing RACM to a mechanism with
a more extended carbonyl chemistry module. In a second step is tested in which way further
reductions of the mechanism will affect the results.

The mechanism generation programme CHEMATA (CHEmical Mechanism Adaptation to
Tropospheric Applications) will be applied to generate these mechanisms. CHEMATA which
was described in Chapter One is able to reproduce the RACM mechanism with very small
differences to the original version. For most species the differences between the original RACM
and the mechanism produced by CHEMATA are less than a few percent. Larger differences are
found for glyoxal (where the products in RACM were not mathematically correct but chosen for
reasons explained in detail in Stockwell et al. (1997), butadiene (which was too much based on
isoprene in RACM, not sufficiently considering the special behaviour of butadiene) and for the
treatment of the RO, radicals resulting from the organic nitrates (ONIT) and hydro peroxides
(OP2) which are treated in RACM as HC3P for reasons of analogies in the products resulting
from these peroxy radicals. CHEMATA does not use those analogies but calculates all individual
species and lumps them.

In a sensitivity study on the influence of new kinetic data CHEMATA will be applied to

introduce updated kinetic data into the RACM mechanism. Introducing the most recent
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laboratory results or review recommendation for rate constants or product yields is easy if the
corresponding reaction is explicitly treated in the mechanism. More difficult is their introduction
into reactions of lumped mechanism species because the lumping procedure must be repeated
with the new data. Most difficult is the replacement of kinetic data estimated by structure-activity
relations (SAR) in the case of new SAR estimation because that means that hundreds or
thousands of rate constants or product yields must be revised in the kinetic database of the
mechanism. With CHEMATA new SAR estimations can be introduced in a very easy way, just by
introducing the new recommendations into the structure-reactivity input file and running the
programme. This work presents two examples: the introduction of new kinetic data for the
reactions of oxy radicals and the replacement of the SAR estimations by Kwok and Atkinson
(1995) which were used in RACM by the new SAR estimations of Neeb (2000). These two
examples were chosen in order to illustrate the capability of CHEMATA to handle those issues.
They are not assumed to be the most important updates for RACM. A complete update will be

done in the future.

2. Investigation of species lumping

2.1.  Extending the carbonyl groups in the mechanism

The most common secondary products from atmospheric VOC degradation are carbonyl species
like aldehydes and ketones. They undergo subsequent reactions; aldehydes can for example react

with OH in the following way:

R-CH,CHO + OH (+0,) » R-CH,C(0)00* + H,0 )
R-CH,C(0)00* + NO - R-CH,* + CO, + NO, @)
R-CH,* + O, » R-CH,00"* 3)

- 111.4 -



Influence of species lumping and new kinetic data on simulations results: a box model study

R-CH,00* + NO (+0,) » R-CHO + HO, + NO, (4)

The resulting aldehyde in equation (4) has one C atom less than the aldehyde in equation (1) and
can react again with OH in the same way as its higher homologue. Therefore aldehydes with long
carbon chains can pass several times through the reaction sequences of equation (1) to (4) until R
becomes equal to H and HCHO is produced. Representing all higher aldehydes by acetaldehyde
(CH5CHO) as it is done in RACM and in several other mechanisms means that the reaction chain
equation (1)-(4) can be passed through only once. Considering the fact that aldehydes are very
reactive species, this treatment might lead to an underestimation of the system's reactivity.

Two mechanism species describe ketones in RACM: HKET and KET. HKET is treated as
CH;C(O)CHOH and KET is treated as a mixture of acetone and methylethylketone. In reality
ketones often have more carbon atoms. This underestimation of the real average C atom number
may reduce the degradation sequences (as explained above for the aldehydes), which can be
passed through. In addition, this treatment underestimates the reactivity of ketones because it
depends largely on the number of carbon atoms (compare Atkinson, 1994).

In order to investigate whether these simplifications of the carbonyl chemistry in the mechanism
are justified or whether they will introduce errors, an extended mechanism was generated by
replacing the lumping groups for aldehydes (ALD) and ketones (KET and HKET) of RACM by
several new lumping groups. The higher aldehydes are split into 7 groups: CH;CHO, C;HsCHO,
n-C;H-,CHO, i-C;H-CHO, R'-CHO, R"CHO, R"CHO (with: R' for a chain < 4 C atoms, R" for a
chain = 5 C atoms, R" for a chain = 6 C atoms). In order to maintain this additional information
during the calculations it was necessary to split also the acyl peroxy radicals (R-C(O)OO¥*, called
ACO3 in RACM) into the 7 corresponding groups. The acyl peroxy nitrates (PAN in RACM)
were also split into several groups: CH3C(O)OONO,, C;H;C(O)OONO,; and ROONO; with 4
or more C atoms. The ketones are split into 7 groups: acetone, hydroxy acetone and ketones with

4, 5, 6, 7, and more than 7 carbon atoms. Whereas hydroxy acetone (HKET in RACM) is
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assumed to react completely to CH3;C(O)CH,O* and therefore not to produce peroxy radicals,
the other ketones react under formation of peroxy radicals (KETP in RACM) which are split into
6 corresponding groups.

CHEMATA has been run to create the lumped mechanism with these new carbonyl lumping
groups. In the new mechanism, all degradation products of non-aromatic VOC species being
emitted by more than 100 ty" in the USA according to the emission inventory of Middleton et al.
(1990) have been summed up, all carbonyl products which exceed a yield of 0.1 Mmoly™” were
lumped into the above-mentioned lumping groups for aldehydes and ketones, and their primary
RO; products were lumped into the above mentioned new RO, groups. Table 1 shows these

compounds and the corresponding lumping group in the extended mechanism.

Species name Definition Species on which the lumping is based

ALD2 aldehydes with chain length =2 CH;CHO

ALD3 aldehydes with chain length =3 C,H;CHO

ALDn4 aldehydes with chain length =4 n-C;H,CHO and 4 other aldehydes with
chain length = 4

AlLDi4 1so-C;H-CHO iso-C;H-CHO

ALD5 aldehydes with chain length =5 3 aldehydes with chain lengths = 5

ALDG aldehydes with chain length = 6 3 aldehydes with chain length = 6

ALD7 aldehydes with chain length =7 CH;C(O)CH,CH(OH)CH,CH,CHO

KET3 CH,C(O)CH; CH,C(O)CH;

KET4 C,H;C(O)CHs C.H;C(O)CHs

KET5 ketones with chain length =5 9 ketones with chain lengths = 5

KETo6 ketones with chain length = 6 4 ketones with chain lengths = 6

KET7 ketones with chain length =7 3 ketones with chain lengths = 7

KETS8 ketones with chain length = 8 21 ketones with chain lengths = 8 (between
8 and 15)

Table 1: New carbonyl species in the extended mechanism.
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2.2. Mechanism reduction

RACM contains 77 species, within which 22 are inorganic species, 56 are organic species (32
VOCs, 20 organic peroxy radicals and 4 other organic radicals). In order to obtain a smaller
mechanism the number of mechanism species can be reduced by further lumping of the organic
species, combining several existing mechanism species into new lumping groups. In the logic of
RACM where most of the VOC species have their own RO, lumping group, a reduction of the
VOC lumping groups leads automatically to a reduction of the RO; species. On the other hand
one can also try to reduce the number of RO, groups without changing the number of the VOC
species, just by changing the parameterisation of the RO, chemistry. Therefore the reduction of
the mechanism was performed in two steps. In a first step the number of radical lumping groups
has been reduced, generating a new mechanism here after called the reduced mechanism, and in a
second step a smaller mechanism has been generated, referred to as the swall mechanism, by

reducing the number of VOC lumping groups.

2.2.1. The reduced mechanism

The RACM mechanism was condensed by a new parameterisation of the RO, chemistry. Only
the RO, species CH;0, (MO2) and CH;C(O)O; (ACO3) were kept, all other RO, species of
RACM were replaced by the species XO2 and XO2N. In this way the number of RO; radicals in
the mechanism was reduced from 20 to 4 species. The number of RO, reactions was reduced
from 110 to 23. The parameterisation was made in a way that the products of the RO, reactions
were formed at the same time as RO, In RACM the formation of a peroxy radical from the
reaction of a VOC species with OH and its reaction with NO was parameterised in the following

way:
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VOC,+OH—RO2, (5)

RO2,+NO—-«,,ONIT

+(1-«,;,) (x,PROD,+«,PROD,+-+«,PROD,+NO2) ©)

o; represents the product yield, o is the yield of organic nitrates (ONIT), (1-o.) is therefore the
yield of the product channel leading to the oxy radical RO and NO,. In RACM oxy radicals are
not represented by individual mechanism species but always by their reactions products PROD;
which are secondary VOCs, organic peroxy radicals or HO,. For some reactions, RACM already
included another parameterisation which is based on the idea that one can separate the two main
attributes of peroxy radicals: the fact of being a radical interacting with other radicals and the fact
of being a precursor of oxy radicals and their products PROD.. This approach is now further
developed by splitting the RACM species XO2 into the new species XO2 and XO2N leading to

the following parameterisation for the same reactions:

VOC,+OH—-«,, XO2N+(1-« ;) XO2 .
+ B («,PROD,+«,PROD,+---+«,PROD,) %

X02+NO—-NO2 (8)
X02N+NO— ONIT 9)

B is the product yield for the intermediate product RO which may differ from (1-o.:) because in
addition to the reaction with NO the peroxy radicals can also react with NO,, NOs;, HO,, and
R'O; with vatious RO yields. The reaction with NOj is very similar to the reaction with NO only

differing in the nitrate yield:
RO2+NO3 -« ,;,, ONIT+(1-«x,,) (RO+NO2) (10)

In agreement with the RACM mechanism where o2 =0, the same value were chosen,

parameterising the reactions as

X02+NO3—-NO2 (11)

XO2N+NO3—-0.971HO2+0.584 XO2+0.131HCHO+0.029MO2

+0.165MACR +0.200 ALD +0.656 KET +0.002HKET +0.076 OLT (12)
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The products result from calculating the average products from all peroxy radicals from all
VOCs. This treatment is consistent with 3 = (1-a;), but one has to consider that with increasing
oy values, the individual products of each VOC described by equation (7) are more and more
replaced by the average products from equation (12).

The reaction
RO,+NO,—ROONO, (13)

leads to very unstable peroxy nitrates ROONO; if R is an alkyl group and to relatively stable
peroxy nitrates of the PAN type if R is an acyl group (Kirchner et al.,, 1999). Therefore, alkyl
peroxy radicals and acyl peroxy radicals have to be distinguished. Because of the relatively stable
intermediate PAN, there is often a long time difference between the formation of the acyl radical
and the formation of its products PROD.. Therefore acyl peroxy radicals are represented by the
old RACM parameterisation style but grouping the old RACM species ACO3 (saturated acyl
peroxy radicals) and TCO3 (unsaturated acyl peroxy radicals) into one mechanism species. As in
RACM, the reactions of alkyl peroxy radicals with NO, are not included because of the very fast
decomposition reaction of the formed alkyl peroxy nitrate.

The reaction with HO,

|:102-|-H02—>ROOH-I-O2 (14)
is parameterised as

X02+H02-0P2 (15)
X02N+HO2-0P2 (16)

where OP2 represents as in RACM hydroperoxides other than CH30OOH and CH3C(O)OOH.
Because no other products PROD; are formed, the value of § must decrease with increasing

importance of the RO, + HO; reaction as RO, loss reaction.
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The peroxy radical - peroxy radical reactions

R-CHX-O, + R'-CHX-0, - y(R-CHX-O + R'-CHX-O)
+ (1-y){6(R-CXO + R'-CHX-OH) (17)
+ (1-8)(R-CHX-OH + R'-CX0)}

are parameterised as

X02+X02—- (noproducts) (18)
X02+X0O2N— (noproducts) (19)
XO2N+ XO2N— (noproducts) (20)

All products PROD; are formed with a yield of at least y, some of them (the carbonyl species)
with a yield of y + (1-y) 8. The less reactive alcohol type products are ignored in agreement with
their treatment in the RO2 + RO2 reactions of the RACM mechanism.

For polluted air masses the reaction with NO is the most important reaction, 3 was therefore
chosen to be equal to (1-a,). At night-time the reaction with NO; becomes especially important
(Kirchner and Stockwell, 1996). As explained above this reaction is also well described if § is
equal to (1-o). Only in the case of a large contribution of the HO, reaction to the overall RO,
reactions, 3 and therefore the products resulting from RO will be overestimated.

The rate constants for the reactions of alkyl peroxy radicals with NO, NOs, and HO, do not
depend much on the group R. The rate constant of peroxy radical - peroxy radical reactions
depend largely on the group R (Kirchner and Stockwell, 1996), meaning that the single rate
constant may differ largely from the average value of 3 x 10" for 298 K which was applied in the

mechanism.

2.2.2. The small mechanism

The RO, parameterisation was the same as in the reduced mechanism. The number of different
VOC classes was lowered from 34 to 10 (CH,, alkanes, alkenes, aromatics, HCHO, 3 classes of

higher aldehydes, ONIT, PAN). The lumping was based on the average emission values in the
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VOC species Extended mechanism RACM . Small mechanism
Reduced mechanisms
methane CH4 CH4 CH4
alkanes, alcohols, ETH, HC3, HC5, HC8 ETH, HC3, HC5, HC8 ALKA
esters, ethers
alkenes ETE, OLT, OLL ISO, ETE, OLT, OLL ISO, OLE
API, LIM, DIEN API, LIM, DIEN
aromatics TOL, XYL, CSL TOL, XYL, CSL ARO
saturated aldehydes HCHO HCHO HCHO
(low photolysis) ALD2, ALD3, ALDn4, ALD ALD
ALDi4, ALD5,
ALDG6, ALD7
saturated aldehydes GLY, MGLY GLY, MGLY ALDR
(high photolysis)
unsaturated aldehydes MACR MACR ALD, OLE
(low photolysis)
unsaturated aldehydes DCB DCB DCB
(high photolysis)
ketones KET3, KET4, KETS5, KET -
KET6, KET7, KET8
HKET HKET
RO; spectes Extended mechanism RACM Reduced & small
mechanisms
CH;O0* MO2 MO2 MO2
R-C(O)OO* ACO2, ACO3, ACOn4, ACO3 ACO3
ACOi4, ACOS5,
ACOG6, ACO7
TCO3 TCO3
RO, from ketones KET3P, KET4P, KETP -
KET5P, KETG6P,
KET7P, KETSP
other RO, ETHP, HC3P, HC5P, ETHP, HC3P, HC5P, X002, XO2N

HCSP, ETEP, OLTP,

OLIP, ISOP, APIP,

LIMP, TOLP, XYLP,

CSLP, OLNN,
OLND, XO2

HCSP, ETEP, OLTP,

OLIP, ISOP, APIP,

LIMP, TOLP, XYLP,

CSLP, OLNN,
OLND, XO2

Table 2: List of organic species in RACM, the extended mechanism, the reduced mechanism, and the small mechanism. The
species names of the RACM mechanism are defined in Stockwell et al. (1997), the species names of the extended mechanism
which are different from RACM's names are excplained in Table 1.
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box

model run Case 1 (see below) and is therefore adapted to this special situation. The inorganic

chemistry of RACM was adopted without any changes except excluding the species H,. Table 2

details the species of the four mechanisms.

2.3.

Box model studies

Four scenarios were used to test these mechanisms in a box model. Cases 1 to 3 are calculated

for a 5 days period and case 4 is calculated for 24 hours.

2.4.

Case 1 (Moderately polluted case with constant emissions): The emissions and conditions are
taken from Kirchner and Stockwell (1996) which was identical with the "plume2" case of
Kuhn et al. (1998) except that the temperature was set to 298 K. The simulation starts at
noon and ends the 6™ day at noon.

Case 2 (Highly polluted case with constant emissions): In Case 2 ten times higher VOC
emissions and 30 times higher NO, emissions than in Case 1 are applied.

Case 3 (Highly polluted case, but no emissions): No emissions are considered in Case 3. The
initial concentrations are equal to the concentrations of the RACM mechanism of Case 2 at
noon of the third day.

Case 4: Extremely polluted: 300 times more NO, and 1000 times more VOC than in Case 1.
Conditions like this do not exist for a whole day in reality, but in the morning before the
mixing layer increases this kind of concentrations can be found downtown very polluted

cities. For this reason, it is run only for 24 hours.

Results

Results of the comparison of different kinds of lumping in a box model are shown in Figure 1, 2

and

3. Comparing the results of RACM and the extended mechanism for higher aldehydes
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(RACM species ALD and equivalent species in the extended mechanism according to Table 2)
shows that the errors made by restricting to small products (as it is done in RACM) lead to lower
aldehyde mixing ratios in comparison with the extensive carbonyl treatment in the extended
mechanism (Figure 3). For Case 2 and 3 these lower aldehyde values correspond to a lower ozone
production (Figure 1). This underestimation is small during the first 2 days and becomes more
important for longer time scales. For Case 1 the effect on the ozone mixing ratios is very small
because in this case, the ozone production is less sensitive to VOC concentrations and more
sensitive to NOs.

The differences between RACM and the reduced mechanism are very small in Cases 1-3 for
ozone, aldehydes and OH, suggesting that introducing this RO, parameterisation is a good way to
reduce the size of a mechanism. Nevertheless Case 4 shows a faster increase of ozone in the

morning. Therefore at 10 a.m. the reduced mechanism yields 30% more ozone than RACM. This
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Figure 1: Changing the lumping method: effect on ogone mixing ratios (ppb). RACM: black line with diamonds; extended
mechanism: triangles; reduced mechanism: squares; small mechanism: crosses.
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Figure 2: Changing the lumping method: effect on OH concentrations (cni”). RACM: black line with diamonds; extended
mechanism: triangles; reduced mechanism: squares; small mechanism: crosses.
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Fignre 3: Changing the lumping method: effect on Aldehydes mixing rations (ppb). RACM: black line with diamonds;
extended mechanism: triangles; reduced mechanism: squares; small mechanism: crosses.
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is due to the fact that with the new RO, parameterisation products are formed in the first reaction
step (reaction 7) instead of the second step (reaction 6) in RACM. Especially the fact that the
radicals formed in reality in the degradation process of the RO radicals are formed earlier with
the new parameterisation leads to a faster ozone formation.

The differences between the small mechanism and the reduced mechanism are much larger than
the differences between the reduced mechanism and RACM showing that reducing the RO,
groups by the new RO, parameterisation is a better way for reducing the mechanism than a
reduction of the VOC lumping groups by lumping more species into the same lumping group.
Nevertheless the ozone values of the small mechanism differ not very much from the other
mechanisms for Case 1 and 2. But in Case 3 the small mechanism fails calculating the ozone
values for longer simulation times. Summing up all the rates for VOC+OH reactions shows that
the VOC split in the small mechanism becomes with the time less and less reactive compared to
the other mechanisms in the Cases 1-3. In Case 4 an even faster ozone increase is found leading

at 10 a.m. to 70% more ozone than in RACM.

3. Sensitivity study on the influence of new kinetic data

Depending on the branching ratios of the reactions of oxy radicals (RO¥*), the reactivity of
secondary VOCs' mixture can vary. RO radicals can react in three different ways: by abstraction,
isomerisation or decomposition reaction. For secondary oxy radicals theses reactions lead to the
following products:

The abstraction reaction leads to ketones:

R-CH(O*)-R' + 0, » R-C(O)-R' + HO, (21)
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Abstraction® k oo™ [O] s

Abstraction from C(prim) 4.90 x 10™

Abstraction from C(sec) 3.96x 10™

Abstraction from C(tert) Not possible

Isomerisation® k(298K) s’ k/(ko2[O4] + k)
Abstraction from C(prim) 6.71 x 10™ 0.578
Abstraction from C(sec) 8.44x 10 0.994
Abstraction from C(tert) 4.14x 10" 0.988
Abstraction from CH,OH 3.41x107 0.875
Abstraction from CHROH 3.15x 10" 0.998
Decomposition® k(298K) s’ k/(koo[O] + k)
R(prim)CH,O — CH; + HCHO 1.50 x 10" 0.0
R(sec)CH,O  — R(ptim) + HCHO 2.38x 10" 0.001
R(ter)CH,O  — R(sec) -+ HCHO 467 x 107 0.001
R(quat)CH,O — R(tert) + HCHO 3.54x 10" 0.007
ROCH,O — RO + HCHO 1.00 x 10" 0.0
R(prim)CRHO — CHj; + ALD 2.82x 10" 0.070
R(sec)CRHO  — R(prim) + ALD 446x 10" 0.101
R(tert)CRHO  — R(sec)  + ALD 8.79 x 10°° 0.182
R(quat) CRHO — R(tert) + ALD 5.62x10™ 0.587
ROCRHO — RO + ALD 2.00 x 10%7 0.998
R(prim)CR,O — CH; + KET 4.97 x 10 0.0
R(sec)CR,O  — R(ptim) + KET 7.89 x 10™ 0.0
R(tertt) CR,O ~ — R(sec) + KET 1.31x 10" 0.0
R(quat)CR,O  — R(tert) + KET 9.94 x 10" 0.0
ROCR;O — RO + KET 2.00 x 10%7 0.0

Table 3: RO reaction rate constants in the RACM mechanism. “Atkinson (1990), " Atkinson (1994).

-1
RO reaction k / ko; k(298K) s’ le(éZXCIg/Is Factor

2-butoxy decomp. 2.90 x 10182 2.30 x 107 4.46 x 101%¢ 5.2
i-butoxy decomp. 6.2 x 10718b 5.87 x 107 0.10°¢ 1258.0
3-pentoxy  decomp. 3.6 x 1071° 2.76 x 10+04 2x4.46 x 10*7¢ 3.1
1-butoxy isom. 1.50 x 109" 1.71 x 10%% 6.71 x 10704 2.5

Table 4: Comparison to experimental values. I ibuda et al. (2002)," Gejger et al. (2002), * Atkinson (1990), * Atkinson
(1994).
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The isomerisation reaction produces in a first step an alkyl radical:

R-CH,-CH,-CH,-CH(O*)-R'

. R-C(*)H-CH,-CH,-CH(OH)-R' (22)

This alkyl radical will be transformed to a peroxy radical by adding oxygen. In a second step it
may react with NO forming an oxy radical and NO.. If the original oxy radical was secondary, the

new oxy radical will react in the following way:
R-C(O*)H-CH,-CH,-CH(OH)-R'
- R-C(OH)H-CH,-CH,-C(*)(OH)-R"

R-C(OH)H-CH,-CH,-C(*)(OH)-R' + O,
— R-C(OH)H-CH,-CH,-C(0)-R' + HO,

(23)

(24)

Finally the isomerisation reaction also leads to ketones. The decomposition reaction of a
secondary oxy radical leads to the much more reactive aldehyde:

R-CH(O*)-R' - R-CHO + R'* (25)
The branching ratios of the oxy radical reaction are therefore crucial for the reactivity of the
formed carbonyl products. In RACM, branching ratios were estimated according to
recommendations from Atkinson (1990) and Atkinson (1994). The values are listed in Table 3.
New experimental data from Geiger et al. (2002) and Libuda et al. (2002) show considerable
differences to these recommendations (see Table 4). The product yields are especially sensitive to
uncertainties in rate constants if two rate constants are very similar — i.e. if k/(k+koo[O2]) is close
to 0.5 with k being the rate constant of the isomerisation or decomposition reaction and ko,
being the rate constant for the H abstraction by O, —. Table 3 shows that this is the case for the
decomposition of secondary oxy radicals. The new experimental data are implemented and,
according to these new measurements, the old decomposition rate constants are increased by a
factor of 5 and the old isomerisation rate constants are increased by a factor of 2 for all RO

radicals for which no experimental kinetic data are available.
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The results are shown in Figure 4 and 5. For the Cases 1, 2 and 3, higher daytime aldehyde
mixing ratios are found with the updated oxy radical kinetic. In the NO, saturated test Cases 2
and 3 this increase in the aldehydes leads to higher ozone mixing ratios. Especially in Case 2,
where the ozone increase is large for long simulation times, these higher ozone produces more
NOs at night-time and therefore a larger night-time loss of aldehydes by the aldehyde + NO3
reaction. For Case 3 the largest difference in ozone is found the third day. Later, the difference
becomes smaller because of the lack of emissions and the low ozone production during the last
days. In Case 1 the increase in the aldehyde mixing ratios has only small effects on ozone because
the ozone production is mainly NO, limited. For the short simulation time in Case 4, no
differences are found.

Replacing the structure-reactivity relations of Kwok and Atkinson (1995) which are used in

RACM by new SAR estimations of Neeb (2000) leads to very small changes in the mixing ratios

m Case 2:
Highly polluted,
emissions.

= Case 1:
«t Moderately polluted,
emissions.
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0 d D
12 24 36 48 60 72 84 96 108 120 132 12 24 36 48 60 72 84 96 108 120 132

Case 3: :60:7 Case 4:
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250 NO €missions. | polluted.

Ozone mixing ratios (ppb)

Time (hours)
Figure 4: Updating the kinetic data: effect on ozone mixing ratios (ppb). RACM: black line with diamonds; updated RO
chemistry: triangles; npdated SAR for VOCH+OH: squares.
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Figure 5: Updating the kinetic data: effect on aldebydes mixing ratios (ppb). RACM: black line with diamonds; updated
RO chemistry: triangles; updated SAR for VOC+OH: squares.

of species like ozone for all test cases (Figures 4 and 5). But it should be noted that the largest
differences for these two SAR estimations are found for oxygenated VOC which are emitted only

in low quantities in our test cases but probably will have increased importance in the future.

4. Conclusion

The calculations show that the error made by treating the higher carbonyl species like smaller
carbonyls in RACM is small for simulating ozone episodes up to two days but may be important
for longer time scales. From this box model study it seems that it is not necessary to extend the
carbonyl chemistry in RACM for normal regional modelling applications where the pollutants

stay only 1 or 2 days inside the modelling area. But it also shows that implementing a mechanism
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with this simplified carbonyl species treatment into a global model where the pollutants stay
much longer in the modelling area may cause problems.

Further mechanism reduction is possible by changing the parameterisation of the RO, reactions
which may lead to a small ozone overestimation in the morning in very polluted areas. Reducing
the VOC groups can severely affect the morning values in very polluted areas and can lead to
wrong results for simulation times of three or more days. For less polluted conditions where the
ozone formation is limited by NO,, the reduction of the VOC groups did not generate any
considerable deviations in ozone values compared to the more detailed VOC representation in
RACM. For these less pollutant conditions the differences between all mechanisms investigated
in this work are much smaller than the differences found by Kuhn et al. (1998) for comparing
different standard mechanisms. Updating the kinetic data base for reactions of oxy radicals leads
to higher aldehyde mixing ratios which generate higher ozone mixing ratios in the case of NOy
saturated conditions, especially for episodes of three or more days. The old kinetic data and the
simplified treatment of carbonyl species in the RACM mechanism therefore lead both to an
ozone underestimation for longer simulation times. For 1 or 2 day episodes the error in ozone

seems to be small.
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Chapter Four

Comparison of four chemical
mechanisms

Abstract

In order to assess the possibility to increase the speed of atmospheric air quality models, a
comparison of four chemical mechanisms of different sizes is presented. Using CHEMATA,
three new mechanisms are generated, based on the RACM mechanism (one bigger and two
smaller). The extended one has a more precise aldehydes and ketones parametrisation. It will be
used to test the accuracy of RACM itself. In the two smaller mechanisms (the reduced and the
small) the RO, chemistry of RACM is condensed (4 species instead of 22), the small one keeping
only 10 VOC groups instead of 34. All four mechanisms are implemented in a three dimensional
mesoscale air quality model. The comparison of ozone results shows that there is no significant
difference between RACM and the extended mechanism. The reduced mechanism and RACM
give very similar results, while the small mechanism present some differences. The analysis of
these results shows that the reduced mechanism is a very good compromise between speed and
accuracy. The extended mechanism should be kept for special use when enhanced precision is
needed in aldehydes and ketones, while the small one will be useful when quick response is
important. The comparison between the extended and RACM shows that the aldehydes and
ketones parametrisation in RACM do not induce significant errors.

Keywords: Mesoscale modelling; Air quality modelling; Tropospheric chemistry; VOC lumping;
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1. Introduction

Because of the huge number of chemical species and the complexity of the processes involved,
the formation of secondary photochemical pollutants is highly non-linear. A three dimensional air
quality model is therefore a useful tool to simulate the chemical processes occurring in the
atmosphere. These models can be used for different purposes needing different chemical
mechanisms. For emission abatement strategies assessment (Kuebler et al., 1996) a very detailed
chemical mechanism is required, which consumes a lot of time. For daily ozone forecasting
(Vautard et al., 2001), very quick simulation is needed with less accurate mechanisms. When more
calculation time is needed for other processes like aerosol chemistry or heterogeneous processes,
an optimal chemical mechanism will be desirable. In any case, finding the best compromise
between needed detail and calculation time is always interesting.

As chemistry calculation is the most time consuming part of three dimensional photochemical
models,decreasing the time needed for its calculation will efficiently decrease the overall
calculation time. In order to reduce the chemistry calculation time, the number of species in the
chemical mechanism can be reduced. But this can also have an impact on the accuracy of the
simulation's results.

The first goal of this work is to investigate the possibility to increase the calculation speed by
reducing the chemical mechanism but keeping enough precision. The reduction of the chemical
mechanisms is carried out by lumping the huge amount of VOC species involved in atmospheric
chemistry into a smaller number of new species. To investigate the impact of mechanism
reduction, two small mechanisms have been generated, based on a widely used chemical
mechanism, the RACM mechanism by Stockwell et al. (1997). In these two mechanisms
(hereafter respectively called the reduced and the small mechanisms), the RO, chemistry is
condensed, and the smaller one has even less VOC species. These two mechanisms will be faster

than RACM but are expected to be less accurate.
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The second goal is to test the lumping process of carbonyl species in RACM. For this purpose,
RACM has been extended to a more complete mechanism. This mechanism (called the exzended
mechanism) has a more precise parametrisation of aldehydes and ketones (larger number of
lumping groups). The difference between the outputs of this two mechanisms will give the
opportunity to testRACM's simplifications.

All four mechanisms have been implemented in a three-dimensional air quality model and tested
against pollution measurements in the Milan air basin. The chemical results of the four
mechanisms and the consumed CPU time have been compared. Finally, in order to find the most

efficient mechanism, the speed/accuracy relation has been investigated.

2.  Model description

The four chemical mechanisms have been implemented in the three-dimensional eulerian air
quality model TAPOM (Transport and Air POllution Model). The model calculates gas phase
chemistry, transport, diffusion, solar radiation and dry deposition. Since TAPOM does not
calculate any atmospheric dynamics, the meteorological data are given as input (wind speed, wind
direction, temperature, humidity, pressure, air density, turbulent coefficient). The advection is
solved with the third order scheme PPM (parabolic piecewise method) by Collela and Woodward
(1984).

The co-ordinates of each grid cell can be given to TAPOM as input. This gives to the user the
ability to define any suitable grid. TAPOM also allows the user to change easily its main modules,
including the chemical mechanism. This feature allows the modification of the whole chemical
mechanism, leaving all the other parts of the code unchanged and ensuring, for this work, that
the chemistry calculation is the only difference between the four versions. The solver for gas

phase chemistry is the one by Gong and Cho (1993).
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3.

3.1.

Simulation description and validation

Description

TAPOM, with the four different chemistry mechanisms, was used to simulate an ozone episode
in the Northern Po Valley, Italy, on may 13" 1998. Different models, such as TVM (Martilli et al.,
2002), have already simulated this episode and their results have been successfully validated using
the measurements of the PIPAPO campaign (Pianura Padana Produzione di Ozono).

This episode shows the formation of a photochemical pollution plume growing from Milan to

the northern direction. Two main polluted areas are found in this domain:
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Figure 1: Calenlation domain over Milan (47 x 54 square cells of 3 km), measurements stations (colour dots), ozone plume
at6 pm (colonr filled contonr, unit is ppb) and topography contonr.
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+ The Milan area is a typical urban zone with a large amount of primary pollutants.

« The plume area grows north; emissions of the Milan urban area are pushed in this part of the
domain by slope winds. This is where secondary pollutants are mainly formed.

The maximum of ozone (~180 ppb) appears about 100 km north of the urban area around 3 pm.

The grid has been chosen terrain-following (keeping flat the top of the mesh, see Chapter Two,

Figure 1), with 3 km square cells (horizontally). The domain has a horizontal resolution of 47 by

54 cells(141 x 162 km, see Figure 1) and 12 unevenly spaced vertical levels with maximum heights

from 30 (ground cell) to 2000 m. The top of the domain reaches 7300 m.

3.2.  Validation of the TAPOM model

For this paper, the whole set of meteorological data calculated by TVM (Thermal Vorticity
Model) and validated by Martilli et al. (2002) were given as input to the TAPOM model. The
results from TAPOM, using the RACM chemical mechanism, have been compared to the same
measurements and validated using the same methodology: the measurements stations have been
classified in three categories, using the average night ozone concentration and the maximum
daytime concentration.

In the first category the stations are located where important NO, emissions occur. NOy reacts
with ozone during the night, driving ozone concentration down to zero (see Milan and Brera,
Figure 2).

The stations in the third category are far from the sources, in Milan's ozone plume. The night
value is rather high because of the low level of emission. The pollution is not produced locally
but is transported from the southern urban area (see Erba and Varenna, Figure 2).

Stations in the second category are between category 1 and 3 (see Colico and Varese, Figure 2).
TAPOM generally succeeded in reproducing the low levels during the night in category 1 sites,

and the afternoon's peak of the stations of the 3" category, although it is slightly underestimated.
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Fignre 2: Comparisons between ozone measurements (diamonds) and model results (solid line) for stations in the three
categories. Milan and Brera for category 1 (near the emission sources, low ogone during the night and quick grow in the
morning), Erba and 1V arenna for category 3 (far from the sources, in the plume of Milan) and Colico and 1V arese for
category 2 (between categories 1 and 3).
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4. Mechanisms description

Four mechanisms are compared. The RACM (Regional Atmospheric Chemistry Mechanism)
mechanism (Stockwell et al., 1997) is chosen as reference mechanism. To check whether RACM's
precision can be efficiently enhanced, its number of species is increased in the first new
mechanism. Increasing the number of species will lead to a more detailed but slower mechanism.
Both smaller mechanisms are also based on RACM, in order to see if it can be reduced without
losing to much accuracy, increasing the calculation speed. The main characteristics of the four

mechanisms are presented in .

Number of Number of

Mechanism . . Remarks
species equations

RACM 77 237 Reference mechanism.

Extended 98 367 Aldehydes and ketones are splitin new
species.

Reduced 54 142 RO, chemistry is reduced.

Small 29 94 Same as above + further reduction of
VOCs.

Table 1: The four mechanisms main characteristic
Following are short descriptions of the four mechanisms. For more detailed presentations, please

refer to Chapter Three.

4.1. 'The base mechanism: RACM

RACM includes 77 species and 237 equations. The chemical species are made of 13 stable
inorganic species, 4 abundant stable species, 4 inorganic intermediates, 32 stable organic species
and 24 organic intermediates. It is designed to be valid for simulations of tropospheric remote to

polluted conditions.

4.2. The extended mechanism

The extended mechanism includes 98 species and 367 equations. The RACM species ALD

(higher aldehydes) and KET (ketones) are split into several new lumping groups. Higher
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aldehydes atre divided into 7 groups: CH.CHO, C,HsCHO, a-C;H,CHO, i-C;H,CHO, R'-CHO,
R"-CHO, R"-CHO, with R' representing a chain of 4 or less C atoms, R" a chain of 5 C atoms
and R" a chain of 6 or more C atoms. The ketones are split in 6 new groups depending on the
number of C atoms (ketones with 3, 4, 5, 6, 7 and more than 7 C atoms). The corresponding
short-lived intermediates are added too: RACM's ACOj; (acetyl peroxy and higher saturated acyl
peroxy radicals) and KETP (peroxy radical formed from KET) are split respectively in 7 and 6
new species. This mechanism has therefore a better representation of the reactivity of the

aldehydes and the ketones.

4.3.  The reduced mechanism

The reduced mechanism is made by condensing the RACM RO, chemistry. Only two RO,
groups are kept (MO, -methyl peroxy radical- and ACO; -acetyl peroxy radicals lumped together
with the unsaturated acyl peroxy radicals, the former TCO3-). All other peroxy radicals (20
species) are lumped into two new groups: XO2 and XO2N.

In the RACM mechanism, when some VOC reacts forming an RO, the produced RO, depends
on the reacting VOC:

VOC,+HO—-RO2,
RO2,+NO— «,,ONIT
+(1-«,,)(a,PROD,+x,PROD,+---+a,PROD,+NO2)

where ONIT are organic nitrates, and o are product yields. This ensures that the species
produced afterward when the RO, reacts also depend on the reacting VOC. But with this
parametrisation the mechanism has to count as many RO2 as it counts reacting VOC species.

With the new parametrisation, the products of RO, reactions appear at the same time as ROy

VOC,+HO - «,;, XO2N+(1—« ;) XO2

+ B («,PROD,+«,PROD,+---+«,PROD,)
X02+NO—-NO2
XO2N+NO—ONIT
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with 8 between (1-a.i) and 1. This allows to generate correct products depending on which VOC
reacts and keeps RO,'s in the two new groups. But the products of the RO,'s reactions may

appear too eatly.

4.4. The small mechanism

The small mechanism takes the same RO, parametrisation as the reduced mechanism, but other
VOCs are more condensed. Only 10 groups are kept on the 34 original species: methane (CH4),
alkanes (ALK), alkenes (OLE), aromatics (ARO), formaldehyde (HCHO), higher aldehydes
(ALD), unsaturated dicarbonyls (DCB), a-carbonyl aldehydes (ALDR), organic nitrates (ONIT)

and peroxyacetylnitrates (PAN).

5. Results

As the extended mechanism is more detailed than the other three mechanisms, the results will be
presented with respect to this one. The following comparisons will show the differences between
the extended mechanism and the three smaller mechanisms, RACM, the reduced mechanism and
the small mechanism. In this way, all comparisons will refer to the largest mechanism and

consistent rankings can be made.

5.1.  Comparison of the NO,results

The chemistry of NO and NO; in the model is driven by the following equilibrium:

NO,+0O, ﬁ NO+O,

This equilibrium has no effect on the NO, concentration (NO + NO,). And as most of the other
reactions affecting NO and NO; are rather slow during the day, the chemistry has almost no
impact on NOj concentrations near the emission sources. In this situation, NO, behaves like a
passive tracer. Therefore, very few difference between the four mechanisms are expected for the

NOj results.

SIV.9 -



Comparison of four chemical mechanisms

part a) presents the maximum differences in NO, concentration for the three station categories.
As expected, the differences are very small. The small mechanism produces unsurprisingly the
largest differences. The average values on the whole domain are showed in part b). These values
are very low, staying under 0.4 ppb. This emphasise the very low mean differences between the

four mechanisms for the NO..

a) RACM Reduced Small
Cat. 1 Milan 0.21 1.41 -2.71
Brera -0.44 2.53 2.79
Cat. 2 Colico -0.07 0.26 -0.55
Varese 0.14 0.38 1.40
Cat. 3 Erba -0.21 0.78 3.76
Varenna -0.10 0.24 0.34
b) Average 0.024 0.142 0.352

Table 2: a) Maximum INO,. concentration differences between the extended and the other mechanisms for the three
measurement station categories. Differences are in ppb. b) Average NO, concentration differences on the whole domain.

5.2.  Comparison of the Oj results

Ozone is a secondary pollutant formed by a complex non linear reaction pathway involving VOC
and NOy as main precursors. Since the lumping of the VOC species, the parametrisation of
aldehydes and ketones and/or the RO, chemistry differ in the four tested mechanisms, their
ozone results are expected not to be exactly the same.

The results of the three bigger mechanisms are very similar. The most important differences
appear in the results of the small mechanism (see Figure 3). In every station, the small mechanism
consumes more ozone during the night. In polluted areas, the small mechanism's results present a
peak of ozone in the morning (see Milan and Brera, Figure 3).

The low ozone concentration during the night is explained by the way the lumped species' rate

constants are calculated.
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Figure 3: Ozone results for the four mechanisms for the three measurements stations categories. Milan and Brera, cat. 1,
Colico and Varese, cat. 3, Erba and Varenna cat. 2. RACM is thesolid black line, extended the dashed black line,
reduced is the solid grey line and small is dash-dotted black line. Only the small mechanism gives significantly different
results.
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The chemical mechanisms are defined by chemical equations of the form:

ki o
L+x — > alP!
j
where L is the lumped species. L stands for a number n of real species. The equation above

represents all the real equations of these n real species with the species x (real or lumped). P/ are

the products formed by the reactions. The rate constant k; and the production coefficient a}
are weighted averages of the constants in the real equations (see Chapter Two). A high variability
is observed between individual rate constants of the real species. Differences can reach more than
two orders of magnitude. The lumped rate constant may therefore be a rough approximation if
the lumped species integrates real species with high rate constant variability. Moreover, lumped
rate constants are optimised for the reactions with OH. This means that a real species with low
reactivity can be considered as very quicker in the mechanism when integrated in a lumped
species. An example is given by the reaction of alkenes (OLE) with ozone giving products like
formaldehyde (HCHO). The small mechanism shows almost two third less OLE than the other
three mechanisms during the night and almost one third more HCHO (Figure 4). OLE is over

reacting with ozone during the night, leading to an over production of formaldehyde.

LIJ|II|LIJIJ\IIIJIJLI\IIIJL' LIJ|II|LIJII\IIIJIJLI\IIIJL'
— N 30.0 — =
.0 OLE — Erba A JHCHO 2N
- — Racm - 26.0 — Jf L
200 4 — — Extended — 220: j ~
I IR Reduced ~ - s
16.0 4 —._ —
- Small | 4 18.0
& & N
12.0 — 14.0 —
8.0 — 10.0 —
4.0 - 6.0 —
- T B N »
OO \I\lIII\I\I\\III\I\\I\III\\I 20 \I\lIII\I\II\III\I\\I\III\\I
00 06 12 18 00 00 06 12 18 00

Fignre 4: OLE (alkenes) and HCHO in Erba. Alkenes react with Os giving HCHO. The small mechanism (dash-
dotted line) consumes too much OLE, over generating HCHO.
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This over production of secondary hydrocarbons which accumulates during the night causes the
morning peak of ozone in polluted areas (Milan and Brera, Figure 3). As soon as the sun has
raised, NO; is photo-dissociated in NO and O -, the latter reacting with O, to produce ozone. In
presence of enough VOC and NO,, RO, is reduced by NO, regenerating NO,. This cycle leads to

a huge amount of ozone released in a short time in the morning.

Ozone comparison over the whole domain

To compare the ozone concentrations over the whole domain, two criteria have been used:

1
« The mean difference CE— Z |O gXt -0 g‘eCh
N hour cell

+  The maximum difference max ‘O gXt— 0] ?eCh
“ext” in superscript is for the extended mechanism and “mech” is for RACM, the reduced
mechanism or the small mechanism. In both cases, the absolute value of the differences is used in

order to avoid a neutralisation of the positive and negative differences. The results, in ppb, are

presented in :

RACM Reduced Small
Mean ozone difference 0.12 0.23 0.63
Maximum ozone difference 2.37 13.07 37.53

Table 3: Mean and maximum ozone differences (ppb) between the extended mechanism and the other three mechanisms over
the whole domain.

The mean differences stay very low (the bigger value is lower than 0.7 ppb) for the three
comparisons, but there is a notable increase in the maximum differences from RACM to the
small mechanism. This means that the differences are generally not important, but locally, bigger
differences occur. The maximum difference between RACM and the extended mechanism is very

small, meaning that the tow mechanisms are very close to each other.
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5.3. Comparison of secondary VOCs

The reduced mechanism produces too much secondary hydrocarbons in less polluted areas. This
is due to the new chemistry parametrisation of the RO, species. The products of the reactions of
RO, with NO are formed at the same time as the RO, themselves:

VOC+OH—- X0O2+ Secondary VOC
X02+NO—-NO2

In RACM we have:

VOC+OH—-RO2

RO2+NO—-NO2+ Secondary VOC
RO2+HO2—-ROOH

RO2+R0O2—- Products including secondary VOCs

This means that these secondary VOCs are overestimated in the reduced mechanism under low
NO, concentration conditions. Example is given with HCHO (Figure 5).

Brera is in the Milan neighborhood and has high NO, concentrations. At this station, the HCHO
concentrations given by the reduced mechanism are very close to the RACM results. On the

contrary, in Varenna, NOj is rather low, and the reduced mechanism overestimates the HCHO

concentration.
6'00 L1l { N 1 Y N T A o | L1l | | T I I Y Y |
- HCHO — Varenna [ |Brera | — Racm |
5.60 — P — — Extended
- P 0.4 [l Reduced [~

5.20 — o D .

4.80

ppb

4.40

4.00

3.60

3-20 III‘I\I\IIII\I\II\IIII\I\I\l WIIIIWIWIIIIIIIIIII!IWIIII\I

00 06 12 18 00 00 06 12 18 00

Fignre 5: HCHO results at Varenna and Brera. The reduced mechanism produces too much HCHO in less polluted areas
(Varenna).
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5.4.  Testing RACM's parametrisation of carbonyl species

RACM uses less carbonyl species than the extended mechanism (see § 4.2). A comparison of the
results of these two mechanisms will point out the errors which may be induced by this
parametristion. If the RACM parametrisation is good, there will be only little difference between
both mechanisms' results.

Considering the ozone results, the two mechanisms are very similar. There is actually no
significant difference in ozone concentrations. Looking at the species that differ in the two
mechanisms, it is seen that ketones are lower in the extend mechanism. The reactivity of ketones
is lower in RACM because it is calculated from the least reactive ketones. They are therefore
more consumed, explaining this difference. Consequently the species formed by these reactions

(like RO, for instance) are expectedly higher in the extended mechanism.

5.5.  General comparison

In order to have a general overview of the comparison of the four mechanisms, the Average of
the Absolute Value (AAV) of the relative differences between the extended and the three other

mechanisms are calulated:

Z ‘XI‘ . Riext_Rimech RJ?Xt
AAV = =10 with  X,= ————— and RO _ =t

ext ——
n R n

R is the calculations' results for the variable of interest (O;, NO,, RO, and aldehydes), “ext” in
superscript stands for the simulation with the extended mechanism and “mech” is for RACM, the
reduced or the small mechanism. X is therefore the difference between two mechanisms
normalised with respect to R, the average result of the extended mechanism. Using relative

difference allows to compare species having different ranges of values, and using the mean result

ext

R™ as reference instead of R (the actual cell value), avoids finding meaninglessly high results

i

when dealing with very small values. The mean, computed at ground level for the whole domain
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Fignre 6: AAV of the relative differences between the extended and the other three mechanisms for O3 NO,, RO, and
aldebydes. For ozone and NO,, dijfferences are always under 2.5 %. Differences grow from RACM to the small mechanism.
Only the small mechanism shows very significant differences for secondary 17OC.

and for 24 hours, is performed on the absolute value of X in order to avoid that the positive and
negative differences neutralise each other. Results are presented in Figure 6.

It shows that for RACM. the reduced mechanism and the small mechanism, the ozone relative
difference stay under 1.5 %. For NO,, it is always lower than 2.5 %. For RACM, the four
differences are under 4 %. This shows again the good behaviour of RACM in comparison with
the extended mechanism.

The secondary VOC are in a reasonable range (up to 13 %) for RACM and the reduced
mechanism but grow very high for the small mechanism (56 %). This is a strong restriction for

the use of this mechanism.

5.6. CPU time

A chemical solvet's sensitivity to the number of species (with respect to CPU time) depends on

the type of the solver. In a general manner, increasing the number of chemical species with an
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explicit and non iterative solver generates a linear increase of CPU time. An implicit or iterative
solver needs a matrix inversion which leads to a second order growth of time consumption. The
Gong and Cho's solver divides the chemical reactions in two groups (Gong W. and Cho H.-R,,
1993): the faster reactions are solved implicitly, and the slower ones explicitly. The growth of
CPU time evolves therefore neither linearly nor quadratically but somehow in between.

The simulations have been performed under SUN Solaris 8, on SUN Blade 100 workstations. All
calculations simulated 29 hours. The run using RACM took 5 hours and 30 minutes to complete
the simulation. Taking this time as reference, the comparison with the other three mechanisms

are presented in .

Mechanism Number of species CPU time Ratio
RACM 73 5h 30 1
Extended 98 10h 30 1.9
Reduced 54 2h 30 0.45
Small 29 1h30 0.27

Table 4: CPU time needed by the four mechanisms to complete a 29 hours simulation.

The extended mechanism is almost twice slower (1.9 times) than RACM (10 hours and 30
minutes). With a calculation time of 2 and a half hours, the reduced mechanism is more than
twice as fast as RACM (0.45). The small mechanism is unsurprisingly the faster (1 and a half
hour), with almost a fourth of the RACM CPU time (0.27).

These differences are clearly due to the number of species. To emphasise this, Figure 7 shows the
growth of the CPU time with respect to the number of species.

In order to assess the efficiency of the different mechanisms, the following criterion (c) has been
defined:

m — 1 ext mech
c=1-—D2 _ gith M=———>1[05"-0
max (m) i Nhour' Ncell Z ‘ : :

The meaning of m is the average ozone concentration at ground level over all the cells and all

the hours of the absolute value of the differences between the extended and the three others

SIV.17 -



Comparison of four chemical mechanisms

650 — Extended{
600 7 v 0.9
550
~0.8
500 y
— 7 07
< 450 —
.g. 400 - 0.6
(0]
£ 350 RAC - 0.5
— ¢ CPU time
E 3007 0.4 |V ccriterion
O 250
~0.3
200
Reduc! 0.2
100 Small [ — - 0.1
50 \ \ \ \ \ \ \ 0
20 30 40 50 60 70 80 90 100

Number of species

Figure 7: Number of species of the mechanisms versus CPU time. The line with diamonds shows the growth of CPU time
with respect to the number of species in the four tested mechanisms. One can clearly see the quadratic tendency due to the part
of the equations solved with a matrix inversion. The second line is the ¢ criterion (see definition in text). It emphasises the
efficiency of the the reduced mechanism which give very good ozone results with a low caleulation time.

mechanisms. It represents the average error resulting of the use of the smaller mechanisms with
respect to the extended mechanism. The c criterion is its inverted normalised value. By definition,
c is equal to 1 for the extended (no difference) and to 0 for the mechanism with the largest
difference.

The plot of the c criterion clearly shows that the reduced mechanism gives the best possible

results for a very low cost in calculation time (high value of c).

6. Conclusion

In order to be efficient (fast and accurate), three-dimensional numerical air quality models must
include an optimal chemical mechanism. A chemical mechanism gives more accurate results if it
has a large number of species but the time needed for the calculation grow fast with the number

of species. A comparison of four chemical mechanism has been presented. The three new
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mechanisms are based on the RACM mechanism. The so called extended mechanism is an
extension of RACM, the reduced mechanism has a different RO, chemistry which uses less RO,
chemical species and the small mechanism has the same reduction as the latter but has additional
VOC lumping. The analysis of the results seems to indicate that an optimum exists between
speed and accuracy, which is reached with mechanisms of lower size than RACM.

The four mechanisms are implemented in the three-dimensional model TAPOM and run on the
domain of Milan. Very few differences have been found between the chemical results of RACM
and the extended mechanism, but the latter needs almost twice the CPU time. This justifies the
aldehydes and ketones parametrisation in RACM, with all the ketones lumped in one KET
species and all the aldehydes lumped in ALD. Compared to the low enhancement of the results
with the extended mechanism its high time consumption is prohibitive for its use in a three-
dimensional model for usual applications. It should be kept for simulations needing a higher level
of accuracy especially in aldehydes and ketones. The reduced mechanism is more than twice as
fast as RACM. Its good results (particularly ozone) allows its use for modelling photochemical
pollutant plumes, but there are restrictions with secondary VOC. For ozone, the reduced
mechanism is the best compromise between accuracy and calculation speed. The small
mechanism is almost twice faster than the reduced, but there are significant differences in ozone
prediction and VOC. It can still be used for ozone modelling but will be particularly useful for

quick preliminary works.
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Chapter Five

Response of four chemical
mechanisms to emission reduction

Abstract

Because of the high non linearity of the ozone production, the effect of a reduction of the ozone

precursors (NO_and VOCs) on its formation is unpredictable. Numerical simulation with

reduced emissions is a convenient way to forecast the regions where a reduction of the NO _or
X

VOC emissions is more efficient.

Four chemical mechanisms of different size (RACM, an extended, a reduced and a small mechanism),
are used to simulate a 35 % reduction of the NO_or VOC emissions on three domains (Mexico

City, Milan and Bogota) presenting different emissions strengths and meteorological conditions.
RACM, the extended and the reduced mechanism present very similar ozone results in the three
domains. The small mechanism shows a higher variability in ozone results and significant
differences on the ozone peak in Mexico City and Bogota.

The response of the four chemical mechanisms to emissions reduction is evaluated by
considering the ozone difference between the runs using reduced NO_ and reduced VOC

emissions. With respect to the extended mechanism, RACM presents differences under 5 %, the
reduced mechanism's differences reach 14 % (both with small variations) and the differences with

the small mechanism wvaries from 19 to 40 %.
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Comparing RACM and the reduced mechanism with the extended mechanism on three domains
and two emissions reduction scenarios shows little differences. The three larger mechanisms give

similar results on the ozone reduction forecast. The small mechanism is likely to give very
overestimated ozone reductions, but the four mechanisms agree on the generated NO_ and VOC

sensitive areas.
Keywords: Mesoscale modelling, Tropospheric chemistry, Chemical mechanism generation, VOC

lumping, Emissions reduction strategies.

1. Introduction

One of the most important feature of 3D mesoscale air pollution models is their ability to
simulate emission abatement strategies. To investigate the better way of reducing pollutant
emissions, numerous simulations have to be performed with various scenarios of emission
reductions. Since chemistry resolution requires a long calculation, being able to use fast chemical
mechanisms can save a lot of time.

Although reduced chemical mechanisms and more detailed mechanisms give similar ozone
results, see Chapter Four (Junier et al., 2004), the behaviour of the different mechanisms may be
different when the emissions are decreased. Moreover, the differences can vary from a modelling
area to another, depending on the emission strengths and the meteorological conditions.

This Chapter presents a comparative study of the response of four chemical mechanisms to
emissions abatement strategies in three different cities: Milan, Mexico City and Bogota. Three
simulations (one with the whole emissions inventory and two emissions reduction scenarios) are

performed for each simulated city and each chemical mechanism.

-V2-



Response of the chemical mechanisms to emission reduction

2.  Short description of the chemical mechanisms
This study is based on the four different chemical mechanisms previously described in Chapters
Three and Four (Kirchner et al. (2004) and Junier et al. (2004)). The detailed presentation of the

process leading to their generation is presented in Chapter Two. The following description is a

very short reminder of their main characteristics:

« The reference mechanism for this work is the RACM mechanism (Stockwell et al., 1997). It
contains 77 chemical species and 237 equations. The three other mechanisms are based on
RACM.

« The extended mechanism has a more precise aldehyde and ketone parametrisation, with 98
species and 367 equations.

« In the reduced mechanism, the 22 RACM RO, species are condensed in 4 new species. It
consists of 54 species and 142 equations.

+ The small mechanism comprises the same RO; chemistry as the reduced mechanism with less

VOC species (10 instead of 34), finally counting 29 chemical species and 94 equations.

3. Description of the simulation domains.
Simulations have been performed on the urban areas of Milan (Italy), Mexico City (Mexico) and
Bogota (Colombia). These cities lie at different latitudes and longitudes and have different

topographical characteristics, which leads to different meteorological conditions. The different
numbers of inhabitants and population densities result in different kind of pollutant emissions.
As air quality depends mainly on emissions and meteorology, theses differences are used to test

the robustness of the different chemical mechanisms.
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3.1.  Emissions
The emissions of primaty pollutants are characterised by the amount of emitted NO_and VOCs

(total emissions in mol and density in mol km™), and the reactivity of the emitted VOCs (total

' and density in cm s7). Emissions depend mostly on human activity

reactivity in cm’ §
(transportation, industries, heating). The number of inhabitants and the population density of an
urban area have therefore a very important impact on the amount of emitted pollutants. These
characteristics for the three cities of interest are presented in Table 1.

Mexico City is the second most populated urban area in the world (after Tokyo) with about 20
million inhabitants living on a surface of 1476 km?* (11'700 inhabitant per km?. The population of
Bogota is about 6.8 million inhabitants with a density of 4318 inhabitants per km® The build-up

area of Milan with 5.5 million people counts less inhabitants than Bogota but the relatively small

extent of its urban surface leads to a higher population density (7377 inhabitant per km?). This
concentration of population, coupled with the important industrial activity of Milan leads to high
levels of emissions. Milan lies on a plain at 120 m ASL while Bogota and Mexico City were built
on high elevated plateaux (2600 and 2200 m ASL respectively). This high altitude situation,

because of the lower atmospheric pressure, increases the CO emission (less O, causes bad

combustion of gas in car engines) and decreases the NO, emissions (less Ny).

Emitted VOC

Inhabitants NO,.emzissions VOC emissions . .
reactivity

total denszty total density total density total density
[lkm’] [mol] [mol km] [mol] [molkm?  [em’s] [em 7]
Mexico 20 mio 11700  25.3-10* 32.9 35.910* 46.7 34310 450
Milan 5.5 mio 7377 14.310* 42.2 24.710* 70.7  3.19410"  940.2
Bogota 6.8 mio 4318 3.4-10* 3.1 4.910* 4.4 1.45-10" 1.3

Table 1: The population density is computed using the surface of the urbanised area and the various emission densities using
the surface in which emission occnrs: Mexico City: 7695 km2 (380 cells), Milan: 3393 km2 (377 cells), Bogota: 11'120
km2 (695 cells).
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Response of the chemical mechanisms to emission reduction

3.2.  Meteorology and ozone plume.

The concentration of pollutants in the atmosphere is highly dependent on the meteorological
conditions. The wind and atmospheric stability in the lower atmosphere influence the pollutant
dispersion while the temperature and the solar radiation influence the rate constants of numerous
chemical reactions.

The simulated periods for the three cities correspond to three ozone pollution episodes which
always appear under high solar radiation and low wind conditions. In such situations, the
atmospheric circulation is mainly driven by ground heating, which generates upwards slope winds

during the day and downwards slope winds during the night.
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Figure 1: General air circulation (arrows) and convergence
Sfronts (black lines) in Mexico City, Milan and Bogota. The
grayscale  background is the ozone concentration (ppbh)
simulated by RACM at 4 p.m. in Mexico City, 5 p.m. in
Milan and 11 a.m. in Bogota. The contour is the topography.
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Milan is located at 100 m ASL in the Po Valley, about 40 kilometres south of the Alps. Because
of the ground cooling, the atmosphere is very stable during the night and the wind is very weak in
the Po Valley. The ozone precursors emitted by the city are accumulated in Milan and its
surroundings. After sunrise, the ground temperature increases, generating slope winds in the Alps
and northwards flows in the Po Valley. These winds transport the pollution accumulated in the
plain from Milan to the Alps. Simultaneously, the photochemical processes leading to ozone
generation take place in the plume and a maximum of ozone (172 ppb) is found at 1 p.m. outside
the city (see Figure 1).

Mexico City and Bogota show some similarities. Both cities lie on high plateaux and are
surrounded by mountain. Like in Milan, the winds are weak at night and the ozone precursors are
accumulated at ground level. During the day, the situation is different than in Milan, slope winds
are generated on both sides of the mountains around the cities and flow convergences appear

over the urban area. The ozone maximums are found at the convergence fronts where pollutants
accumulates (see Figure 1). In Mexico, the slope winds generate southward and northward flows

(Bossert, 1997, Fast, 1998). The convergence line is oriented in the west-east direction and
appears in the south of the city. In Bogota, the slope winds blow from the west and east of the
city and create a rather south-north oriented convergence line. In Mexico and Bogota, the ozone
maximum appears at the convergence lines over the cities rather than over the countryside like in
Milan. A major difference between the episode of Mexico and Bogota is that in Mexico the ozone

maximum is reached at 4 p.m. (146 ppb) when it appears at 11 a.m. in Bogota (169 ppb).

3.3. Emission reduction with RACM

In order to assess the behaviour of the four mechanisms to emissions reduction, two simulations
have been performed, with 35 % reduction of the NO, or VOC emissions.

The results of the simulations with emissions reductions are presented with plots of the

difference in ozone values between the runs with VOC and NOj reductions (O3 produced with

-V -



Response of the chemical mechanisms to emission reduction

65 % VOC — O; produced with 65 % NO hereafter referred to as AOs). Two regions show up in
these plots: if AO; is positive, the NO; reduction is more efficient and the region is called NO -

sensitive. If the VOC reduction happens to be the more efficient, AO; is negative and the area is
named VOC-sensitive.

In each case, regions of high NO, emission concentration, like in the city centres, are VOC
sensitive. During the day, the plume generally moves out of urban areas to regions of less NO,
emissions and the sensitivity switches to NO sensitive (Couach et al., 2004, Martilli et al., 2002).
In Mexico City, NOy sensitive regions appear at 12 a.m. on the north-east of the urban area,
growing until 4 p.m. (see Figure 2) and then progressively fading after sunset. The city centre
remains VOC sensitive all day long.

In Milan, all the build up area surrounding the city is VOC sensitive until 12 a.m. From 1 to 5
p-m., almost all the domain become NO _ sensitive, except Milan itself which remains slightly

VOC sensitive. After 5 p.m., the city and its surroundings progressively become more VOC
sensitive. The most significant effect of the NO, emission reduction is seen in the ozone plume,
but it is less important than for both of the other cities (Figure 2).

Bogota is the city where the NO, reduction produces the largest effect. The only VOC sensitive

region is the very centre of the city, from 8 to 10 a.m. (Figure 2). Afterwards, the plume is NO

sensitive. Outside the city, the domain is rather insensitive to NO_or VOC emissions reduction.

4. Comparison of the four chemical mechanisms

The results of the four chemical mechanisms will be compared in each city. The comparisons are
based on the differences in ozone concentration at ground level between the extended and the

other three mechanisms. Please refer to Chapter Four (Junier et al. (2004)) for the reason of the
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-
Figure 2: Differences of ozone concentrations simulated by ~
RACM between the runs with 35 % reductions of VOC and . "
NO_ emissions (AOs, in ppb) for the three simulation domains
(Mexico City: 4 p.m., Milan: 6 p.m., Bogota: 10 a.m.). In the o
negative areas (light grays) a reduction of the 1'OC emissions is = e
more efficient on the ozone reduction (1VOC sensitive regions),
20 B0 ) 148 :is)

and the positive areas (dark grays) are NO,. sensitive. % ()

choice of the extended mechanism as reference. The following parameters are used to perform

the comparison:

o The average of the absolute value of the relative difference (AA1") of ozone between the extended
mechanism and the other three mechanisms is used to show the overall difference on 24 hours

simulation. It is computed by (see details in Chapter Four):

Z ‘XI‘ . Riext_ Rimech - R;ext
AAV:i=1,n with XizT and Rext=j=1,n
n R n

The AAYV is calculated for O;, and AOs.
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o The root-mean-square of the relative difference (RMS) of ozone between the extended mechanism and

the three other mechanisms is calculated with the following formula:

RMS =

The RMS is another way to perform a mean of differences providing an always positive result,
by squaring the variable. This also gives more importance to values more distant from unity.
The RMS ate provided as double check for the global tendencies of the differences' growth
with respect to the several mechanisms.

o The ozone peak. The value of the ozone peak resulting of the runs with the four chemical

mechanisms will be compared as well as the place and time of the peak concentration.
4.1. Ozone results

4.1.1.  The average of the absolute value of the relative ogone difference

Generally, the average of the absolute value (AAV) of the ozone differences show growing
differences from RACM to the small mechanism. Only in Mexico City, the AAV is smaller with
the reduced mechanism than with RACM (Figure 3). For the three calculation domains, RACM

0.275
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0.225

0.200

0.175

0.150

B Mexico
I Milan
] Bogota

AAV

0.125

0.100

0.075

0.050

0.025 ’_‘
0.000 [ | [ E—

RACM Reduced Small

Figure 3: AAV” of the ozone differences between the extended mechanism and the three smaller mechanisms for the different
cases.
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RACM Reduced Small
AAV RMS AAV RMS AAV RMS
Mexico City 0.012 0.013 0.008 0.011 0.052 0.085
Milan 0.002 0.003 0.004 0.007 0.014 0.024
Bogota 0.023 0.024 0.028 0.033 0.265 0.279

Table 2: AAV and RMS of the differences of ogome between the extended mechanism and the three other mechanisms for
the three city cases.

and the reduced mechanism are very close to each other. The AAV of the ozone differences are
in the order of 2.5 % for RACM and the reduced mechanism. The small mechanism presents a
much higher variability. While ozone differences are quite small in Milan (1.4 %), they become

significant in Mexico City with 5.2 % and grow up to 26 % in Bogota.

4.1.2.  The root-mean-square of the relative difference
The RMS of the relative ozone difference between the extended mechanism and the three smaller
mechanism, presented with the AAV in Table 2, are very close to the AAV values. Their values

are always a little larger but follow the same pattern.

4.1.3.  The ozone peak

The ozone peak is not significantly different for the three larger mechanisms, but the peak
generated by the small mechanism is larger for the three cities. Bogota is the only domain where a
difference in the time and location of the ozone peak is generated. The peak concentration of
ozone generated by the small mechanism appears at 10 a.m. instead of 11 a.m. (Figure 4), and it is

located one cell upwind.

Extended RACM Reduced Small
Mexico City 150 147 (-2 %) 155 (3 %) 226 (51 %)
Milan 174 173 (-0.7 %) 177 (2 %) 183 (5 %)
Bogota 159 160 (1 %) 172 (8 %) 247 (56 %)

Table 3: Peak value of ozone (ppb). In brackets are shown the relative differences with respect to the extended mechanism.
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The cell in which the peak occurs in Bogota is inside the urban area with the small mechanism,
while with the other mechanisms, the peak is reached an hour later and the air masses are pushed
one cell further, out of the city. This explains the difference seen during the night in Figure 4 for
Bogota. The ozone concentration for the small mechanism is zero during the night because of
the high level of emissions in the urban cell, and the other three mechanisms show a value of
about 30 ppb, which is the background value for this domain.

On Bogota and Mexico City, the small mechanism highly overestimates the ozone peak (56 %
and 51 % respectively, see Table 3), although on Milan, even if the peak is also too high, it stays

in a reasonable range (5%). As showed in Chapter Four (Junier et al. (2004)), the small
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Figure 4: Time series of the ozone peak in Mexico City, *
Milan and Bogota for the four mechanisms. The small
mechanism always presents a higher peak. In Bogota, the cell
in which the peak occurs with the small mechanism is not the
same as for the other mechanisms. The figure presents for each \

mechanism the cell in which the peak occurs. A S S S
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mechanism present a higher reactivity, which is responsible for the higher ozone concentrations.

The difference between the small over estimation in Milan and the cases of Mexico City and
Bogota lies in the NO_or VOC sensitivity of the atea in which the peak occurs. In Mexico City

and Bogota, the peak occurs inside a VOC sensitive region. The higher reactivity of the VOC in

the small mechanism therefore generates a very important ozone production. In Milan, the region

is NO_ sensitive, which leads to a lower overestimation of the ozone peak.

4.2.  Emission reduction for the four mechanisms
The reduction of the emissions points out the two chemical regimes which drive the production
of Os. To compare the sensitivity of the chemical mechanisms to emission reduction, the

following comparisons are performed:
o The AAV of the AO; differences between the four mechanisms give a general understanding of the
differences generated by the mechanisms when the chemical mechanism is changed (see § 3.3

for the definition of AOs).

 The cumniated surface of the NO_ sensitive area is a mote precise parameter about the ozone

production sensitivity for each mechanism.
o The minimum and maximum valnes of A0; and their location in space and time indicate the
p

amplitude of the maximum ozone reduction and where it take place.

4.2.1.  The AAV of the AO; differences between the four mechanisms

As described in § 3.3, AO; points out the sensitivity of ozone production to a reduction of NO,
ot VOC emissions. A small AO; difference between the extended mechanism and a smaller
mechanism denotes a similar response to emissions reduction. The average of the absolute value
of this difference is a summary of the response for the whole domain. Figure 5 presents the AAV
of the AQ; difference between the extended mechanism and the other mechanisms for the three

simulations cases.
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Fignre 5: Average of the absolute value of the AO; (see text for the definition) difference between the exctended mechanism
and the smaller mechanisms.
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AAV

RACM shows average differences under 5 % for the three simulation domains. The reduced
mechanism reaches 14 % in Bogota but stays lower than 8 % in Milan and Mexico City.
Therefore, the three larger mechanisms show similar response to emissions reduction. On the
other hand, the differences found by using the small mechanism are larger and present an
important variability (19 to 40 %).

The RMS (Table 4) shows the same trend: growing differences from RACM to the small

mechanism and higher variability for the small mechanism.

RACM Reduced Small
AAV RMS AAV RMS AAV RMS
Mexico City 0.045 0.196 0.078 0.333 0.400 2.305
Milan 0.032 0.070 0.075 0.179 0.192 0.570
Bogota 0.033 0.123 0.136 0.587 0.261 2.169

Table 4: Average of the absolute value (AAV") and root-mean-square (RMS) of the AO;s (see text for the definition)

difference between the extended mechanism and the smaller mechanisms.
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4.2.2.  The location and value of the AOs maximunm and mininum.

The location of the maximum of AQO; is the place where a reduction of the NO, emissions is the
most efficient. The place where VOC reduction is more efficient is found at the location of the
larger negative value (minimum) of AOs. If two mechanisms forecast similar ozone reductions,
the AOs values generated by both mechanisms will be close to each other.

Table 5 presents relative differences of the AO; maximum and minimum with respect to the

extended mechanism and indicates if the peak differences occur in a different cell or at a different

time.
RACM Reduced Small
Max Min Max Min Max Min
Mexico City 9.30% € 0.47% -22.09% -5.35% -55.81% -35.96% ©
Bogota -1.67% 0.54% -23.85% -4.06% -36.82% -48.51%*
Milan 7.02% -0.78% -9.65% °* -12.31% -26.32% ©* -62.74%

Table 5: Relative differences of the minimum and maximum values of AQ; with respect to the extended mechanism. In
superscript, the letter informs whether the peak occurs at a different place or time: a ¢ denotes that the peak appears in a
different cell, a t at a different time.

In Mexico City, the maximum value of AOs is not found at the same place with RACM and the
extended mechanism. This is actually the same peak, since they appear at the same time and the
NO; sensitive area is rather extended and stable in Mexico City. This is due to the wind pattern
which accumulates air masses over the city (see § 3.2). It creates more stable NO, and VOC
sensitive regions than in cases where the wind pushes a plume away. Other variations are quite
small, the minimum value of AO; (largest negative difference) with the small mechanism is
located one cell beside on Mexico City or one hour earlier on Bogota. On the Milan domain, time
and location of the peaks are closely bound together due to the regular northwards wind. With
the small mechanism, the peak is reached earlier. Air masses have less time to be transported and
therefore the cell in which the peak is reached is situated a few cells upwind. The reduced

mechanism's maximum is one hour late, locating the peak a few cells downwind.
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4.2.3. The surface of the N OX sensitive area

The surface of the NO, sensitive regions are compared using the proportion of the domain
which comes out to be NOj sensitive along the day. A portion of territory is considered as NO,
sensitive if AOsis positive. Table 6 presents the percentage of the domains that are NO, sensitive

for the four mechanisms.

Extended RACM Reduced Small
Mexico City 54.59 % 54.48 % (0.11) 54.57 % (0.02) 60.29 % (-5.70)
Milan 43.70 % 43.25 % (0.45) 44.12 % (-0.42) 44.46 % (-0.76)
Bogota 69.59 % 69.47 % (0.12) 69.43 % (0.106) 70.79 % (-1.20)

Table 6: Percentage of the domains that is NO_ sensitive depending on the chemical mechanism. In brackets are presented
the difference with respect to the extended mechanism.

The differences of the NO_ sensitive areas with respect to the extended mechanism (Table 6, in
brackets) are generally lower than 1.2 % of the total calculation domain, except with the small
mechanism on Mexico City where it is of 5.7 %. The small mechanism presents higher and always
negative percentage differences. This denotes generally more VOC sensitive results for this

mechanism.

The location and time of the ozone peak as well as the extent of the NO _ sensitive areas are
generally the same whichever mechanism is used. On the other hand, the values of the ozone
maximum and minimum are higher with the reduced mechanism (10 to 24 %) and even more

different with the small mechanism (26 to 63 %).

5. Conclusion

When calculating a large number of emissions scenarios, smaller mechanisms can save a lot of
time if they give reliable results. This study compared the response to emissions reductions of

four chemical mechanisms of different sizes on three different calculation domains (Mexico City,
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Milan and Bogota). The cities vary by their emission concentrations and meteorological
conditions.

The comparison of the ozone results on the different domains show very small differences
between the extended mechanism, RACM and the teduced mechanism. On the other hand, the
small mechanism presents significant differences with respect to the extended mechanism. In
addition, the differences vary much more from one case to another with the small mechanism

than with the other mechanisms. The ozone peak is generally well reproduced with all mechanism
but is overestimated in Mexico City and Bogota with the small mechanism because of the higher

reactivity of the VOC in this mechanism. RACM and the reduced mechanism give similar ozone
results in comparison with the extended mechanism and can be used for 3D mesoscale air quality
simulations, only the small mechanism should be used with caution, for instance for quick
qualitative calculations.

Two simulations with reduced emissions (35 % of NO_or VOC emissions) have been performed
on the three domains. The ozone difference between the runs with VOC and NO _ reductions
(noted as AO;) shows the regions where VOC or NO_ reductions is more efficient in decreasing

the ozone concentration. The three cities showed very different behaviour of their NO_and

VOC sensitive regions.
The AQO; differences between the extended mechanism and the three smaller mechanisms are

small for RACM and the reduced mechanism but are important for the small mechanism. The
ozone reduction achieved with the NO_or VOC emissions reduction are almost the same with
RACM and the extended mechanism, slightly overestimated with the reduced mechanism and
largely overestimated with the small mechanism. The cumulated surfaces of the NO sensitive
areas calculated for the four chemical mechanisms do not present important differences, but the

small mechanism presents generally smaller NO _ sensitive regions.
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RACM and the extended mechanism give similar results when the emissions are reduced. When
emission reduction scenarios are tested for ozone reduction, the use of the extended mechanism
is not recommended, because of its higher requirements in input data and computer resources,
unless a high level of detail is needed in chemical species. The reduced mechanism is very
efficient, giving really reliable results on ozone reduction and on forecast of the ozone production
chemical regimes. This mechanism is recommended for ozone abatement strategies studies.
Notable differences appear when the small mechanism is compared to the extended mechanism.
The results of this mechanism present large variations from a calculation domain to another.
Because of its high VOC reactivity and the high VOC sensitivity of is results, ozone reductions

may be unpredictably overestimated.
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Chapter Six

Conclusion

This work presented a chemical mechanism generation programme and a comparative study of
different chemical mechanisms for tropospheric air quality modelling. Four chemical mechanisms
have been compared in order to assess the efficiency of two lumping methods against calculation
time and accuracy.

Generating different chemical mechanisms for mesoscale air quality numerical simulations has as
principal goal to optimise the requirements of computational resources. For instance, sparing
calculation time on gas phase chemistry calculation allows its use for new concerns like aerosol
dynamics, high resolution modelling or short time scale air pollution forecasting.

Lumping the immense number of VOC species which play a role in atmospheric pollution in a
convenient smaller number of mechanisms species provides a solution that keep enough details
to generate accurate results in reasonable calculations times. The calculation of all kinetic data of
a lumped mechanism is a tremendous work unless carried out by a generation programme.
CHEMATA has been designed to generate lumped and explicit tropospheric gas phase chemical
mechanisms. In addition, CHEMATA also provides a easy way of updating mechanism when
new kinetic data is available or of modifying the lumping method.

CHEMATA was used to generate three new mechanisms of different sizes. They have been first
tested in a box model. Using the RACM as base mechanism, an exzended mechanism was generated
to test the lumping process of the carbonyl species in RACM. RACM was found to

underestimated the ozone values for simulations of more than three days under polluted
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conditions. Two smaller mechanisms were also generated to compare two lumping methods.
Reducing the number of VOC lumping groups shows much more influence on the results (using
the small mechanism) than just reducing the number of peroxy radicals by a new parametrisation
(with the reduced mechanism).

The four mechanisms have been implemented in the 3D eulerian air quality model TAPOM. The
comparisons on 3D simulations had the same goals than the box models studies with the
addition of a calculation time comparison. TAPOM have been run with the four chemical
mechanisms on three simulations domains (Mexico City, Milan and Bogota) presenting different
emissions strengths and meteorological conditions. No significant differences have been found in
the chemical results of RACM and the extended mechanism. RACM, the extended and the
reduced mechanism present very similar ozone results in the three domains, while the small
mechanism present differences which can be very important. The small mechanism presents a
higher variability in ozone results and significant differences on the ozone peak in Mexico City
and Bogota. The CPU time comparison showed a very important increase of the computational
time when the extended mechanism is used. On the other hand, the reduced mechanism showed
an interesting gain of time. As expected, the small mechanism was found to be the fastest. The
analysis of these results shows that the reduced mechanism is a very good compromise between
speed and accuracy.

Because of the high non linearity of the ozone production the effect of a reduction of the

precursors on ozone formation may be unpredictable. Numerical simulation with reduced

emissions allows to study the NO_and VOC sensitive behaviour of a photochemical plume. The

four chemical mechanisms simulated a 35 % reduction of the NOX or VOC emissions on the

three different domains. Comparing RACM and the reduced mechanism to the extended
mechanism on three domains with two emissions reduction scenarios shows little differences.

The three larger mechanisms give similar results on the ozone reduction forecast when using
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reduced emissions. The small mechanism is likely to give very overestimated ozone reductions,
but the four mechanisms agree on the generated NO_and VOC sensitive ateas.

From all these comparisons, it can be concluded that:

« The treatment of the carbonyl species in RACM do not induce notable errors in mesoscale
modelling. The use of the extended mechanism should be kept for special simulations when
enhanced precision in VOC:s is required or for time periods longer than 2 or 3 days.

« The reduced mechanism is the best compromise between CPU time and accuracy. When
calculating photochemical pollution, or emission reduction scenarios, this mechanism can save
a lot of time.

+ The small mechanism present a clear tendency to produce more VOC sensitive results, which
can lead to severe ozone overestimations. It should only be used for qualitative simulation

when CPU time is a critical issue.
Future work

The reduced mechanism can be used with a daily pollution forecast 3D model. The CPU time
saved in chemistry will allow to run emissions abatement strategies and forecast simulations in
the same time, facilitating the making of decision. It will also be possible to add aerosol formation
processes, which nowadays became a very important issue.

CHEMATA is currently restricted to gas phase chemistry and to compounds including C, H, O
and N. The development of CHEMATA is still in progress. The programme will be able to
generate mechanisms including aerosol chemistry (gas to aqueous phase transitions and aqueous
phase chemistry) without atom restrictions. Like for the present work, it will be interesting to test
the robustness of chemical mechanisms which include aerosol chemistry under different chemical

or meteorological conditions.
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Appendix

The three new mechanisms

In the following pages, the three new mechanisms are detailed by listing the three output files of
CHEMATA. These files contain all the chemical equations and the required data for solving the
system. With every equation are given the type of the reaction (photolysis, thermal
decomposition, troe and troe equilibrium) and the corresponding constants. The calculation of
the reaction rates for each type of reaction are presented hereafter:
+ Photolysis reactions are denoted by: phorat (A, B)

B is the number of the photolysis reaction (as numbered in RACM) and A is a multiplying

factor that takes into account the lumping of the original RACM species. TAPOM attributes

to every equation the correct photolysis rate calculated by TUV according to B:

k=A-rate(B)
where rate(B) is the photolysis rate calculated by TUV for equation B:

1. NO2 - O3P + NO 13. OP1 - HCHO + HO2 +HO
2. O3-01D+02 14. OP2 - ALD + HO2 + HO
3. O83- 03P +02 15. PAA - MO2 + HO
4. HONO - HO + NO 16. KET - ETHP + ACO3
5. HNOS3 - HO + NO2 17. GYL - 0.13HCHO + 1.87 CO + 0.87 H2
6. HNO4 - 0.65 HO2 + 0.65 NO2 + 0.35 HO 18. GLY - 0.45 HCHO + 1.55 CO
+ 0.35 NO3 +0.80 HO2 + 0.15 H2
7. NO3 - NO + 02 19. MGLY - CO + HO2 + ACO3
8. NO3 - NO2 + O3P 20. DCB - TCO3 + HO2
9. H202 - HO + HO 21. ONIT - 0.20 ALD + 0.80 KET + HO2
10. HCHO - H2 + CO +NO2
11. HCHO = 2 HO2 + CO 22. MACR - CO + HCHO + HO2 + ACO3
12. ALD = NO2 + HO2 + CO 23. HKET - HCHO + HO2 + ACO3
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If B is negative, the attributed rate is calculated by:

-17 GLY->2CO +2HO2 rate =0.4 *rate(18)

-18 GLY - CO + HCHO rate =0.13 *

24 GLY -2CO +H2 rate = 0.87 *

rate(17) + 0.45 * rate(18)
rate(17) + 0.15 * rate(18)

Thermal decompositions (second order reactions) are denoted by: thermal(A, E/R)

k in cm’ s is calculated by:

~E/R
=

sz.exp(

where T is the temperature.
Troe reactions are denoted by: troe (k3°, n, k3, m)

k in cm’ molecule s is calculated by:

300 © 300

where: ko(T): kzm.( T )7n , kw(T)Z ks()().<L)*m

molecules cm™.

and [M] is the concentration of air in

Troe equilibrium reactions are denoted by: troe-equil (k3% , n, k3, m, A, B)

k in s is calculated by:

— Ko(T)-[M]
k= Aexp ( ) 2
ke (T M)
J’_
k..(T)

where: k (T)= kzm-(% T, kL (T)= ki’(”(%)im and [M] is the concentration of air in
molecules cm™.
Special rate expressions are denoted by: special (‘K = ...”)

For other types of reactions, the special formula for

equation.

-A2-

the calculation of k is given for each
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