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ABSTRACT

The role of H,0, in the oxidation of SO, in a rainband
is investigated with a two-dimensional numerical model. In-
cloud production of H,0, was introduced in the model and
results are compared to a base simulation .n which the
aqueous-phase H,0, came from the dissolution of gaseous
H2 o, .

In the base run, H,0, initially dominated as wxidant but
its contribution to sulphate formation decreased «s the H,O0,
became depleted. Estimation of gas-phase concentrations of
precursor HO, radicals with a set of gas-phase reactions,
transfers of the radicals to cloud and subsequent aqueous
reaction yielded H,0, production rates of about 0.1-0.3
ppbv/h with increased rates higher in the rainband. The
additional H,0, effected a 10% and a 23% increase in the
amount of SO?° formed in cloud and rain respectively. Only a
3% increase in SOf' deposition was observed because of the
importance of nucleation of sof' in both simulations.
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RESUME

On examine le rdle du H,0, dans 1’oxydation du S0, dans
une bande de pluie a l’aide d‘un modeéle numérique en deux
dimensions. La production de H,0, dans le nuage fut intro-
duite dans le modele et les resultats sont compares a une
simulation témoin ou le H,0, en phase aqueuse provenait de
la dissolution du H,0, en phase gazeuse.

Dans la simulation temoin, le H, O, domine initialement
comme oxydant mais sa contribution a la formation de sulfate
diminue a mesure que le H,0, faiblit. A 1l’aide d’un
ensemble de reactions en phase gazeuse, on estime les
concentrations des radicaux precurseurs HO, . Le transfert
de ces radicaux au nuage et les reactions aqueuses sub-
sequentes donnent des taux de production d’environ 0.1 a 0.3
ppbv/h (partie par milliard par heure en volume) avec des
taux superieurs dans la region plus haut dans la bande de
pluie. Le H,0, additionel a provoque une augmentation de
10% et 23% du sof‘ forme dans la zone de nuages et la zone
de pluie respectivement. Une augmentation de seulement 3%
du taux de deposition du S0?” fut observée a cause de la
domination de la nucleation du S0}° dans 1les deux
simulations.
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CHAPTER 1
AN OVERVIEW OF CLOUD CHEMIS. Y MODELS

1.1 Introduction

The phenomenon of acid precipitation was identified and
discussed as long ago as the middle of the nineteenth
century. In 1852, an English chemist identified acid rain
in Manchester, England (Seinfeld, 1986). Modern studies,
however, have only been since the 1950s and intensive re-~
search supported by public awareness really began in the
mid-1970s. This widespread concern that acid deposition was
creating a serious environmental problem provided the
impetus for research in cloud chemistry.

The overall process of acid deposition may be divided
into four sub-processes which are: (1) the emission of acid
precursors, mostly sulphur dioxide (80,) and oxides of
nitrogen (NO and NO,): (2) transport of acids or their
precursors by the wind, clear air convection, or clouds; (3)
physical and chemical transformation processes such as
scavenging of acidic aerosols or oxidation of chemical
species; (4) deposition of acids on the earth’s surface
(Schwartz, 1984a). It was first recognized that clouds and
cloud systems could play a significant role in the
scavenging, transport, and deposition of acidic species. As
more studies of aqueous-phase atmospheric chemistry became
available, it became evident that there is a wvast and
varying number of chemical reactions occurring within the
cloud- and rain-droplets themselves.

In midlatitudes, much of the large scale precipitation




areas are associated with low-pressure systems (Kreitzberq,
1984) . Modelling of these areas is highly complex; much
must first be learned from the study of individual clouds or
of mesoscale systems that are embedded within the areas. It
is on these scales that strong vertical velocities may be
found and pollutants may be transported from the boundary
layer to higher altitudes where horizontal winds may be more
intense. Mesoscale systems, rather than individual clouds,
are important to study not only because of their areal
extent but they also have longer lifetimes and there is more
opportunity for chemical reaction. One mesoscale cloud
system that lends itself rather well to a modelling study is
the rainband which is an organized 1line of precipitating
clouds. There are different types of rainbands and varying
theories for their formation and development exist. Some of
these rainbands are lines of convective clouds; others are
areas of enhanced precipitation (Cho and Iribarne, 1983).
This work will deal with chemical reactions that occur in a
convective type rainband - one that forms in the warm sector
of a cyclone and is not associated with a frontal system.

There are two basic approaches that help to elucidate
the role of clouds in acid deposition. First, there are
laboratory experiments for determining thermodynamic and
kinetic data and field studies for measuring concentrations
of atmospheric chemicals. The information provided by field
measurements 1is necessary for solving the problem but does
not provide the whole solution. The direct experimental
approach 1is costly and many times physically impractical.
That 1is where the second approach, that of thecretical
studies with mathematical models, proves invaluable.




1.2 Cloud chemistry models

Over the past several years, numerous cloud chemistry
models have been developed. The models differ in their
degree of elaboration or simplification of dynamical, micro-
physical, or chemical processes. Generally, the complexity
of the chemistry included in the models varies inversely
with the complexity of the dynamics and microphysics. The
models range from having relatively simple microphysics
and dynamics and very detailed chemistry (Seigheur and
Saxena, 1984,1i988; Chameides, 1984; Hough, 1987) to fully
three-dimensional numerical cloud models that include 1less
detailed chemistry (Tremblay and Leighton, 1986; Tremblay,
1987; Niewiadomski, 1989). Although none of these models
gives a complete picture of all the physical and chemical
processes in clouds, they each provide useful information
and have led to some generally accepted conclusions.

Patterns and amounts of acid deposited on the ground
are determined by the three processes associated with clouds
- microphysics, dynamics, and chemistry. It is useful to
examine some of the models that have led to several theories
on cloud chemistry.

1.2.1 Chemistry

It is widely recognized that acid precipitation (that
with a pH below 5.6, the value of water in equilibrium with
Co,) is mainly caused by the dissolution of sulphuric and
nitric acids (H,SO,, HNO,), (Chameides, 1984). While there
is no known efficient method of aqueous~phase production of
nitric acid, several pathways are considered important for
oxidizing sulphur dioxide (80,) in cloud droplets (Calvert,
1985). 1Included in these reaction pathways are oxidations
of SO, by hydrogen peroxide (4,0,), ozone (0O,), organic per~-
oxides (ROOH), and metal-catalyzed oxidation by molecular
oxygen.,




There have been several detailed chemistry models
developed to understand chemical reactions in clouds (Hong
and Carmichael, 1983; Jacob and Hoffmann, 1983; cChameides,
1984; Seigneur and Saxena, 1984, 1988; Hough, 1987). Hong
and Carmichael, using a flow-through reactor model,
considered gas scavenging and aqueous-phase oxidation
reactions. They concluded that both H,0, and O, could be
significant oxidants of SO, but the sulphate produced is
strongly dependent upon trace gas concentrations. Jacob and
Hoffmann (1983) found oxidation by O, catalyzed by Fe(III)
and Mn(II) to also be significant. They found O, oxidation
to be important above a pH of 5.0 and the contribution due
to H,0, limited because of its depletion. Chameides (1984)
used a time-dependent box model with coupled gas- and
aqueous-phase chemistry to study the chemistry of a remote
stratiform cloud. He suggested the possibility of free-
radical reactions in clouds.

Clouds in several different environments were simulated
with the box model and 1later one-dimensional model of
Seigneur and Saxena (1984, 1988). Hough (1987) studied the
chemistry of different hill clouds in northern England with
the use of a one-dimensional model. These researchers
investigated the chemical behavior of orographic clouds
resulting from the 1lifting of airmasses with differing
histories. In each of these models, microphysical and
dynamic processes were highly parameterized kut very
detailed gas- and agqueous-phase reactions were included.
The results clearly demonstrate that different oxidation
mechanisms are important in different types of clouds, at
different times, and under different pollutant loadings.

1.2.2 Microphysics

Among the models that have demonstrated the importance
of scavenging of pollutants by clouds and precipitation
particles are Scott (1978), Hales (1982), and Flossmann et




al. (1985). Hales (1982) included scavenging of sulphate
aerosol by nucleation and scavenging of 50,(s) in a one-
dimensional, time-variant model. He suggested that in-
cloud scavenging is dependent on aerosol particle size.
Flossmann et al. (19&5) modelled the time evolution of a
drop size distribution fcrming on a given aerosol spectrum.
Among their conclusions are: (1) the importance of
nucleation scavenging relative to impaction scavenging; (2)
the higher contamination of small drops as compared to
larger ones.

Flossmann et al. (19%7) extended the earlier model to
include a parameterized oxidation mechanism as well as
scavenging of gaseous S0, and ammonium sulphate {(NH, ),S0,]
particles by cloud and precipitation drops. Their mnodel
showed the effect of a condensation/evaporation cycle on a
given aerosol spectrun. For their particular case, the
particle distribution became broader implying an increased
number of potential cloud condz2nsation nuclei for a second
cloud cycle. Flossmann et al. (1987) founa the sulphur
concentration in large cloud drops to be greater than in
small drops because of the longer age of the large drops.
This in turn implies a lower pH in large drops than in
small. These results contrast with those of Lee (1986).
Lee’s results give lower pH values for small drops. He
suggests that the dilution by ligquid water overcompensates
for the increase in uptake of acidic species.

The numerical model of Hegg et al. (1984) included
nucleation and impaction as well as oxidation of SO,. It is
based on the two-dimensional kinematic, warm-frontal
precipitation model of Rutledge and Hobbs (1983). (Their
model includes ice and snow as well as liquid water and
water vapour.) The cloud chemistry includes scavenging of
sulphate particles as well as oxidation of S0, by steady
concentrations of H,0, and O,. Their results indicate the
importance of cloud microphysical processes in deternmining
sulphate deposition. The dominant mechanism for




incorporating Sof' into the cloud and rain was found to be
nucleation.

Studies of the micropyhsics and chemistry of cold-
frontal rainbands (Rutledge et al., 1986; Hegg et al., 1986)
followed the study of Hegg et al. (1984). The chemistry
model was extended to include scavenging of nitric acid and

PAN (peroxyacetyl nitrate). Unlike Hegg et al. (1984),
peroxide was not kept constant throughout the simulation but
could be depleted by reaction with =& jyueous S(IV). They

found H,0, to be the main oxidant of 5(IV) in solution and
that sulphate production was not a 1linear function of
sulphur input or H,0, concentration.

1.2.3 Dynamics

In the simulations of Heqgg et al. (1986), it was also
found that variations in cloud dynamics and microphysics
could produce changes as significant as those changes caused
by varying the chemical inputs over realistic ranges. It is
known that the air motions associated with clouds can
redistribute pollutants vertically thus moving pollutants
from the boundary layer to the free troposphere. Tremblay
and Leighton (1984) and Walcek and Taylor (1986) used one-
dimensional models of cumulus clouds. Lee (1986), with a
two cylinder model, identified areas in cloud and in near-
cloud air where there was a reduction of SO, due both to air
movements and chemical reactions.

Tremblay and Leighton (1986), Tremblay (1987), and
Niewiadomski (1986, 1989} studied cloud-pollutant inter-
actions with three~dimensional numerical cloud models. With
these more complete dynamic models, effects of entrainment
or turbulent mixing could better be represented.
Niewiadomski found that pollutant concentrations equivalent
to those in the boundary layer could be found at cloud top.
This resulted in a large horizontal variability in pollutant
concentrations across a field where +there was cumulus




convection. Tremblay and Leighton found significant trans-
port of SO, during the cloud lifetime.

1.3 Modelling aqueous-phase H,0, production

The diversity of existing cloud chemistry models has
been shown as well as some of the knowledge gained from
them. There are, nevertheless, areas that need further
study. Although hydrogen peroxide and ozone are widely con-
sidered to be the major oxidants of SO, in the aqueous
phase, the relative importance of the two oxidants depends
to a great deal on the amount of H,O, available for
reaction. The oxidation of S0, by H,0, is a fast reaction
and dominates below a pH of approximately 5.0. But as the
reaction proceeds, the importance of H,0, decreases as its
concentration diminishes. Several groups have measured gas-
and aqueous-phase concentrations of H,0, . Measurements of
agqueous-phase H,0, range from 10°°> - 10°‘ moles/litre (Kok,
1980; Zika et al., 1982; Daum et al., 1984; Kelly et al.,
1985). These values are consistent with the theoretical
concentration of gaseous H,0, being in the range of 0.1 to 1
ppb (parts per billion). It is only recently that gas-phase
H,0, has been measured directly and these results will help
to clarify the role of peroxide in the troposphere. Heikes
et ai. (1987) measured tropospheric gas~phase concentrations
from the eastern United States in autumn to be 0.2 - 4.1 ppb
with maximum concentrations found Jjust above cloud +*op.
Winter measurements are reported by Barth et al. (1989) from
flights off North and South Carolina and are generally less
than 1 ppb with a maximum of 2.4 ppb. Isaac et al. (1988),
in preliminary results of their summer field study near
Muskoka, Ontario, showed H,0, measurements ranging £from
about 1.5 - 4.5 ppb.

In most aqueous-phase models, peroxide is assumed to
come from the dissolution of H,0,(s) from the cloud




interstitial air. Observations by 2Zika et al. (1982) indi-
cated that during some rain events H,0, appeared to be
produced within the cloud. These observations 1led to
several modelling studies that examined the possibility of
in-cloud H,0, production (Chameides and Davis, 1982;
Schwartz, 1984b; Chameides, 1984; Seigneur and Saxena,
1984; Walcek, 1988; Pandis and Seinfeld, 1989). A source of
H,0,caq) that has been included in some models 1is the
reaction of the superoxide ion, O, . with the bicarbonate
ion, HCO,. There exists some debate over this reaction.
Schwartz (1984b) has concluded that it is unimportant in
cloud water since it is exactly compensated for by the
reverse reaction. The reaction of two hydroperoxy radicals
(HC, ), scavenged from the gas phase, has also been examined.
Chameides and Davis (1982), Schwartz (1984b), and Chameides
(1984) found that the scavenging of HO, radicals from the
gas phase by cloud droplets could be an important source of
H,0, in cloud. Seigneur and Saxena (1984) found that under
high sun conditions, formation of H,O, could exceed its rate
of consumption in cloud. Walcek (1988) included H,0,
production in a cloud updraft model. He found that near
cloudtops, H, O, production rates could be 0.5 ppb per hour.
Some uncertainty in early calculations was the rate at which
the radicals could bhe scavenged relative to the rate at
which they would be lost to gas-phase reactions.
Experimental results of Mozurkewich et al. (1987) suggest
that the scavenging rate could be fast enough to warrant the
consideration of aqueous-phase reactions.

1.4 Purpose of thesis

The purpose of this thesis is to examine the effects of
in-cloud production of H,0, on the oxidation in a rainband
with the use of a numerical model. The model is a two-
dimensional version of the Tremblay-Leighton cloud chemistry




model and has been used by Pitre (1986) and Giles (1987).
The chemistry of this specific rainband has been studied by
Pitre (1986). The second choprter >f this thesis contains a
description of the cloud chemistry model and a description
of the simulation with no H,0, production. This simulation
was first carried out by Pitre. The chemistry of this run
has been re-evaluated after some changes have been made to
the model (these corrections will be further discussed in
Chapter 2). In Chapter 3, the formation of H,0, by the
hydroperoxy radical (HO,) will be discussed. Here, the gas-
phase production of HO, in the troposphere along with the
transfer of radicals into the aqueous-phase will be
reviewed. Because the production of HO, radicals is
initiated by a photochemical process, the calculation of
the ultra-violet radiation available in the rainband is also
presented. Chapter 4 will present results of the simulation
that includes the in—-clouq H,0, source and will discuss the
effect of this source on the chemistry of the rainband.
Chapter 5 will include some conclusions as regards the
simulations. Possible implications to different systems
will be discussed as well as limitations of the parameter-
ization method.



CHAPTER 2
BASE SITMULATION

2.1 Introduction

The model used in this study is a version of the cloud
chemistry model developed by Tremblay and Leighton (1986).
It was reduced to two dimensions and used to study the
chemistry of a warm rainband (Pitre, 1986). Giles (1987)
extended the model to include the ice phase but found no
significant changes in the chemistry when snow and ice were
included. The combination of two numerical models simulates
the solution~-phase chemistry and the detailed dynamics and
microphysics of a rainband. The models are uncoupled under
the assumption that the cloud chemistry does not affect the
rainband dynamic and microphysical processes. As input at
each timestep, th2 chemistry model requires horizontal and
vertical wind fields, atmospheric water, and effects of
mixing along with information about condensation and
evaporation. The dynamical model provides these fields but
it is not necessary for the two models to be run simul-
taneously. The output from the dynamic model can be stored
and later read by the chemistry model. The use of the
models in this manner, provides an efficient use of computer
time without sacrificing detail.

The domain simulated is 500 km in the x-direction and
12 km in the vertical; a single grid poirt models the y-
direction. This domain represents a vertical section of the
rainband oriented in a direction perpendicular to the
rainband axis and parallel to the direction of motion. The
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use of two dimensions, instead of three, assumes that this
domain is representative of any cross-section along the y-
axis. The vertical grid spacing 1is 500 meters but a
stretched coordinate systen is employed for the x-axis (in-
cluded by Valton, 1986). In this coordinate system, the
horizontal grid spacing varies from 18 km at the edges of
the domain to approximately 1 km at the centre. The
rainband is maintained in the region of highest resolution
at the centre of the dcocmain by subtracting the mean
horizontal wind from the total wind field.

The simulation to be used as a vase for determining the
importance of H,C, production will be described in this
chapter. It is based on the work of Pitre (1986) with
s:veral changes made to the model: (1) A temperature
dependence for the reactions was included as in Chameides
(1984); (2) The Henry’s law constant for ozone dissolving in
water was corrected to a value of 1.15x30°% M atm ! at 298 K
(Chameides, 1984); (3) Determined to be more appropriate
for the oxidation of S5(IV) by O,, the rate expression of
Maahs (1983) replaces that of Martin (1983); (4) At high pH
(»5.5), it was found that a 15 second timestep was too long
for the fast S(IV)-O3 reaction and a weighted average
oxidation rate based on a variable timestep was used.
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2.2 Chemistry model
2.2.1 Continuity equations

The chemistry model is similar to the dynamics model in
its domain, grid spacing, and use of stretched coordinates.
As mentioned earlier, the chemistry model can simply read
the necessary fields from magnetic tape at each timestep.
For each chemical, continuity equations are solved which
describe its redistribution, phase transitions, and chemical
reactions. A sample continuity equation for a species i in
air is as follows:

i} — - a1 . =
3t Qi.a . Py v (po Qi,uv ) (2.1)
+ 0Dy o V(QTI-070) ]

+ S
1

The terms on the right of the eguation represent the
advection of species i by the total wind, the diffusion of
i, and the various sources and sinks of i. The diffusion
scheme used in the model is base-state diffusion, in which
pollutants diffuse with respect to their base states.
Pitre (1986) found that a reqular diffusion scheme which
transports chemicals down gradient, caused pollutants in
areas outside the area of convection to be strongly diffused
upwards. This transport was contrary to the observations
which suggested that initial profiles were being maintaineqd
by some large scale forcing and the addition of the base-
state diffusion scheme corrected the problem in these areas.
The equations for i in the cloud and rain are analogous to
(2.1) with a term added to the rain equation to correct the
vertical advection of i due to the terminal fallspeed of the
rain.
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2.2.2 Chemical species modelled
The focus of the model 1is agqueous phase sulphur

chemistry. Sulphur species included are sulphur dioxide
(s0,) and a sulphate aerosol which is a mixture of sulphuric

acid (H,S0,) and ammonium sulphate ((NH,),SO, ). In the
model, SO, may be oxidized by hydrogen peroxide (H,0,) or
ozone (0,). Nitric acid (HNO,), ammonia gas (NH,), and

carbon dioxide (CO,) are included for their effect on pH.
The initial concentrations of the chemical species are

given in Table 2.1. The concentrations of 50,, HNO,, NH,,
and sulphate aerosol have a maximum concentraticn at the
ground and decrease exponentially with height. A first

simulation was studied in which a similar profile was
assumed for H,0, but in light of measurements reported by
Heikes et al. (1987), Barth et al. (1989), and Isaac et al.
(1988) this profile seemed inappropriate for a summer or
autumn study. A vertically uniform initial profile seemed a
better approximation and accordingly all results presented
here are for this profile. The concentrations of CO, and O
were both uniform and constant throughout the simulation.

3

Table 2.1 Initial surface concentrations
of chemicals.

Chemical Concentration
HNO,_ : 0.3 ppb
SO2 ' 4.0 ppb
NH, ' 1.5 ppb
so:” ” 12.92 pg/m’
HZO2 1.0 ppb
03 50 ppb
co, 330 ppb

» concentration drops off with a
scale height of 900 m
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2.2.3 Solubility constants and aqueous~phase equilibria

All of the chemicals may exist in air, cloud, or rain.
Gases are assumed to be in thermodynamic equilibrium with
the species dissolved in cloud as described by Henry’s law.
This law states that for dilute solutions, there is a linear
relationship between the concentration of a gas dissolved in
a liquid and the partial pressure of the gas above the
solution. For example, the equilibrium concentration of a
species X would be given by:

[X(agq) ] = Hx px

where H, is the Henry’s law coefficient and p, is the
partial pressure of X. For a chemical such as so, ,
undergoing rapid aqueous-phase equilibria, an effective
Henry’s law coefficient must be employed to include the
total dissolved species.

The dissolution of gaseous S0, and subsequent aqueous-
phase equilibria are described by the following equations:

302(5) - Soz(aq)

+

SOz(aq) -0 HSO; + H

+

HSOT «-» SO°" + H
3 3

Sulphur in the +4 oxidation state, S(IV), is the sum of
SO,(sq>, bisulphite (HSO]), and sulphite (S0Z7). The
aqueous concentratiocn of S(IV) is related to gaseous SO, by

the effective Henry’s law constant, H defined as:

s(IVv)/?

HS(IV} = [S(IV)] / psoz

i

([s0,caq>] + [HSO;] + [so}]) / Pso,

=H, (1 + k/[H)] + kKk/[H])
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where k, and k, are the first and second Iionization
constants of sulphurous acid (Schwartz, 1986).

Values of the solubility constants are given in Table
2.2 and are from Chameides (1984). Highly soluble gases
like NH, and HNO, are assumed to dissolve completely in
cloud and to be irreversibly scavenged by rain. Hydrogen
peroxide is in equilibrium with H,0, dissolved in cloud and
is assumed to be irreversibly scavenged by rain. Sulphur
dioxide is in equilibrium with S(IV) in cloud and rain.
Finally, O, and CO, are considered in equilibrium and
because of their high gas-phase concentrations and low

solubility, their gas-phase concentrations are maintained at
constant values.

Table 2.2 Reactions and solubility or equilibrium constunts.
Chameides (1984)

Reaction Solubility / equilibrium constant
+ - 6 1 1 2 -1
HNOa(g) ¢« 2> H + N03 2.6x10 exp[B?OO(T - 298)] M atm
1 1 1 -1
NH3(5) € 2 NHa(aq) 5.8x10 exp[4085(T o8 ] M atm
1 1 -1
302(5) « > SOz(aq) 1.23 exp [3120(T 298)] M atm
CO_ (g) ¢ = CO_ (ag) 3.11x10’2exp[2423 1 ——L)] M atm’
2 2 T 298
-2 1 ) =1
03(3) e > Oa(aq) 1.15x10 exp[ZSGO(T 5a8 ] M atm
HO (g) ¢« > HO (aq) 97x10”exp[6600—1--——-1—-q M atm'
2 2 272 1 ’ T 298]
SO (aq) EN HSO + H © {1 7x10'2exp[2090 1_ 1)y
2 3 * T 298)
- + - -8 1 1
H503 «-> H + SO3 6x10 exp[llzo(T 298)] M
820 -5 1 1
NHaﬁ - NH“ + OH 1.7x%10 exp[—4325(¥ - 555]] M
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2.2.4 Oxidation reactions

Two reactions are included that can oxidize S(IV) to
S(VI). These are:

S(IV) + O, » S(VI) + O, RA2.1

S(IV) + HZO2 2+ S(VI) + HZO RA2.2

The rate expression for RA2.1 is from Maahs (1983).

& Isovnl=x, . [0 [sav]

RA2

where:

k = [4.4x10‘1exp(‘4131) + 2.6x10*3exp(-956/T)]
RAZ .1 T [H+]

For the pH range of interest (3.0-7.0), it is
considered to be an appropriate rate (Hoffmann, 1986).
The rate expression previously used in the model was that
given by Martin (1983). A comparison of the two rate
constants is given by Figure 2.1. The two rates agree at a

pH of 3.0 but differ by as much as a factor of 20 at pH 6.0
and 298K.
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Comparison of rate constants as a function of
pH for oxidation of S(IV) by 0,. (T = 298 K).
Rate constants from (a) Maahs (1983)

(b) Martin (1983)




18

The rate expression for RA2.2 is from Martin (1983) and
is given as:

d

gt [svnl =% [¥o][sv]
where:
_ __8.0x10" _ 1.1
Raz2” 014 [ ]) e"p[ 3650 (T 398 )]

The fractional rates of reaction for RA2.1 and RA2.2 at
285 K are shown in Fiqure 2.2. The solubility of SO,
decreases with pH but the rate constant of RA2.2 increases
and thus a near independence of pH in reaction rate. The
rate of RA2.1 is very fast at high pH but is highly pH
dependent. 1In fact, the O, rate is self-limiting; as soﬁ'
is produced, the pH decreases and the reaction rate
decreases. At high pH, the reaction rate could not be
assumed constant over the timestep of <the model. For
example, at a pH of 6.0 and temperature of 285 XK, more than
100% of the S(IV) dissolved in cloud is oxidized in one
timestep. To use a timestep small enough for this reaction
at high pH would be computationally prohibitive. Instead,
at a pH greater than 4.5, the model incorporates a variable
timestep for the solution of RA2.1 to approximate the self-
limiting behavior of the 0, reaction rate.

Timesteps are varied in three pH ranges. For pH:<4.5, a
15 second timestep is adequate. In the pH range 4.5-5.4, a
1.0 second timestep is used and between pH=5.4 and pH=6.0 a
0.1 second timestep 1is needed. The moles of sulphate
produced over the total 15 seconds result from a weighted
average oxidation rate.
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Fractional rate of oxidation of S(IV) by
(a) 1 ppb H,0,, (b) 50 ppb 0,, vs solution pH
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2.3 Results of base simulation
2.3.1 Dynamics

The dynamic fields used as input were obtained from a
simulation of a rainband that formed over southern Ontario
on November 5, 1981. This rainband was extensively studied
by Isaac et al. (1983) and Chang (1984). The
characteristics of the dynamics model simulation are fully
discussed in Valton (1986), Pitre (1986), and Giles (1987)
and will not be discussed in depth here. There are,
however, several features that should be restated. Pitre
noted five phases of the rainband:

(1) 0-15 min - cloud development

(2) 15-50 min - development of three distinct cells and
formation of rain

(3) 50~90 min - depletion of rainband at leading and
trailing edges and formation of a large central cell

(4) 90-120 min - ‘steady state’ phase, no additional
growth or decay

(5) 120-180 min - decay of rainband
Figure 2.3 shows the cloud boundary and rainwater
concentration at 90 minutes. Two distinct rainshafts can be
seen. It is at this time that the simulated rainband most
closely resembles the observed rainband.

2.3.2 Sulphate in cloud and rain

(a) Nucleation and scavenging of sulphate

Sulphate can enter the cloud through nucleation of
sulphate aerosol or be formed in cloud by oxidation of S50, .
The sulphate budget of the cloud is shown in Figure 2.4.
Nucleation and oxidation contribute sulphate in a ratio of
4:1. Of the total moles of sof‘ that enters c¢loud,
approximately 22 ©percent is transferred to rain; the
majority (approximately 76 percent) returns to air through
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Vertical cross-section of rainwater
concentration at 90 minutes simulation time.
Contour interval is 0.4 g/m*. Broken line
denctes cloud boundary.
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evaporation of cloud.

In rain, scavenging of sulphate aerosol provides 38
percent of the total sulphate. The contributions from
collection of cloud drops and in-rain oxidation are 36 and
26 percent respectively (Figure 2.5). The importance of
oxidation in cloud to the total moles of sulphate trans-
ferred from cloud to rain can be inferred from comparison of
the transfers from cloud to rain shown in Figure 2.5. A
sensitivity test was performed in which there was no in-
cloud oxidation. The transfer in this run is shown as the
dashed line and it can be seen that the moles of sulphate

transferred from cloud to rain were reduced by about 30
percent.

(b) oxidation of SO,

Sulphur dioxide is oxidized in cloud and rain by H,O,
and O0,. Hydrogen peroxide is the dominant oxidant and its
depletion tends to 1limit the overall oxidation. Approx-
imately 74% of the total sulphate produced during the
simulation is by the peroxide reaction. The relative
importance of H,0, and 0O,, however, differs from cloud to
rain.

Moles of sulphate formed in cloud and rain by H, 0, and
O, reactions are given in Figure 2.6. There are several
points to note about this figure. More than half of the
sulphate formed in cloud is within the first 35 minutes of
the simulation. In cloud, H,0, accounts for 84% of the
sulphate produced while in rain it is 62%. This difference
can be attributed to two major factors: (1) When the rain
forms at 30 minutes, there 1s less H,0, available for
reaction; (2) The pH values of the rain are slightly higher
than in cloud thus favouring the ozone reaction.

The reduction in the oxidation rate in cloud and rain
as the simulation progresses 1is clearly demonstrated in
Figures 2.7a, b where the total rates of sulphate production
are plotted as a function of simulation time. In cloud
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(Figure 2.7a), there is a marked decrease in sof‘ production
by reaction with H,0, during the first 30 minutes. The rate
of sulphate production in cloud due to ozone remains
relatively constant. In rain (Figure 2.7b), the total rate
of oxidation of S(IV) by H,0, is maintained for
approximately 30 minutes as rain falls below cloud base and
scavenges 50, and H,0,.

Oxidation rates at different levels in cloud can be
compared. Figure 2.8a gives the total rate of sof‘
production (moles/s) by H,0, across the rainband at cloud
base (1250 m) and 1 km above cloud base. A greater decrease
in the rate of oxidaticon by H,0, is seen at 2250 m than at
cloud base. This rate decrease is caused by the depletion
of H,O0,. Figure 2.9 gives the concentration of H,0,
dissolved in cloud at 1250 and 2250 m in units of milligrams
per litre. The depletion of peroxide is more pronounced at
2250 m; at 1250 m, there is some H,0, being replaced by
advection of H,0, from below cloud base. Total rates of
oxidation by O, at 1250 m and 2250 m are shown as a function
of time in Figure 2.8b and may be compared with those in
Figure 2.8a. Oxidation of S(IV) by czone remains approxi-
mately constant throughout the simulation and appears to be
less important than H,0, at all levels throughout the cloud.
It is only at the end of the simulation that the 0, and H,0,
rates become similar. This 1is due not only to the
depletion of [H,0,(sq)] but also to an increase in the cloud
pH (Figure 2.10) and thus a slight increase in the ozone
rate.

Unlike cloud, H,0, reaction in rain does not dominate
at all levels. Total in-rain cxidation rates at different
levels are shown in Figures 2.1la, b. Below cloud base,
where much of the in-rain oxidation occurs, there is mcre
H,0, available for reaction and its contribution to sof" is
most important. Higher in the rainband, 0, and H,0, make
comparable contributions.

The decrease of total H,0, in the domain can be seen in
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Figures 2.12a, b, c. These figures show the total peroxide
in air, cloud, and rain across the rainband expressed in
equivalent gas-phase values at three times during the
simulation. Equivalent gas-phase units are as if all the
peroxide in the domain were transferred to air. At 30
minutes, the oxidation has occurred at low levels in the
rainband and almost uniformly across the domain. At 60
minutes, a substantial reduction in pernxide can be seen in
regions of updraft as S50, has been advected up into higher
regions in the domain. At this time, 70 percent of the
peroxide lost from the domain is lost to oxidation reactions
- 30 percent being removed by rain. By 90 minutes, the
total peroxide has been reduced by a factor of about 5
throughout the whole cell.

(c) Comparison with observations

Finally, because the rainband simulated was also the
subject of a field study, a comparison can be made between
observations and model results (Table 2.3). Although it is
necessary that comparisons be made to validate the model
results, the 1limits of these comparisons must also be
recognized. Overall, agreement between observations and
model results is reasocnably good.

The concentrations of sulphate in rain below cloud base
agree quite well with observations; the simulated values are
about 30% too low. The concentrations in air have not
changed much from the initial values and are about 55%
higher than the observed values. Because it was found that
only about 35% of the sulphate in rain came from oxidation
processes (26% from rain, 9% from cloud), a large error
could be made in the initial 50, field to still yield good
results of SOf" in the rain. The accuracy of the initial
aerosol profile is more important in *his case. It is found
that the initial SO, and the simulated concentrations of
S0, in air are less than the value quoted as observed in the
band. The values of SO, in the lower levels of the domain
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are relatively unchanged throughout the simulation being
kept close to their initial values. It is not apparent why
the concentrations at these levels should increase as is
seemingly indicated by observations - SO, should be advected
upwards in the domain and also should be lost to reaction.
Possibly the inicial profile of S0, is too low.

The values from the simulation represent concentrations
that have been averaged across the rainband. The SO,
observed concentrations from the rainband traverse at 875 mb
varied considerably from a maximum of approximately 15.8
ug/kg in the leading portion to about nil near the tail of
the band. At 815 mb the valuers range from 5.0 - 11.4 ug/kg,
the wmaximum occurring in the centre of the band. These
numbers are noted to stress the variability in measurements
and the caution that is required in making comparisons
between model results and field observations.

There are several aspects of the base simulation that
support its use as a starting point for further study.
First, the relatively good agreement between model results

and observations 1s encouraging. In spite of the
uncertainties inherent in both the model output and the
observations, the two agree quite well. Although the

results are sensitive to the initial concentrations of
chemicals, it should be noted that initial profiles were
also obtained from obkservations. The initial profile of
H,0, was not measured in the field study and does differ
from the profile used in a first simulation. In recent
years, however, as vertical profile data of gas-phase H, 0,
have become available, the use of a vertically uniform
profile of H202 seems reasonable. Second, the Soi‘ con-
centrations err on the low side which supports the search
for additional sonrces of sulphate in cloud and rain. And
third, the dominant oxidant in the simulation is H,0, but
its rapid depletion limits the rate of oxidation in cloud
and rain. It is from this point that additional sources of

Hzo2 to cloud and rain can be considered.
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Table 2.3 Simulated and measured concentrations of sulphur
dioxide in the air, sulphate in air, and sulphate in
rain just above and below cloud base. Numbers in
parenthesis are maximum and minimum measured values

Time (min.) [s0,]s (ng/kg) [807]« (ng/kq) [80]]: (mg/L)
1250 m
Observed 5.0 2.6 2.2
(1.6~11.4) (0.7-5.6)
90 1.85 3.92 1.21
100 1.78 3.95 0.94
110 1.69 4.03 0.93
120 1.61 4.13 0.78
750 m
Observed 7.3 4.0 1.8
(0.0-15.8) (0.6-9.0)
90 3.96 6.59 1.58
100 3.87 6.60 1.30
110 3.78 6.63 1.26
120 3.69 6.64 1.06
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CHAPTER 3
IN-CIOUD H,0, PRODUCTION

3.1 Introduction

In the base simulation, aqueous-phase H,0, was assumed
to have come from the dissolution of H,0,(¢> from the cloud
interstitial air. The results showed the initial dominance
of H,0, as oxidant and then its rapid depletion resulting in
a reduction in the overall oxidation rate. Evidence has
shown that the scavenging of hydroperoxy radicals by cloud
droplets and subsequent reaction could be an additional
source of hydrogen peroxide to cloud (Chameides and Davis,
1982; Schwartz, 1984b; McElroy, 1986).

In this chapter, the production of hydrogen peroxide in
the aqueous phase by the disproportionation of two
hydroperoxy radicals will be considered. The primary source
of these radicals is through the scavenging of radicals from
the gas phase. In order to determine the importance of this
additional source of peroxide to the oxidation of SO, in a
rainband, there are several processes that must be con-
sidered: (1) the gas-phase production and destruction rates
of HO, radicals; (2) the rate of transfer of radicals from
the gas-phase into cloud droplets; (3) aqueous-phase reac-
tions of HO, radicals that result in peroxide production.
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3.2 Mass transfer

To describe the transfer of HO, from the gas phase to
the aqueous phase (as of any gaseous species) requires
knowledge of its diffusion coefficients, its Henry’s law
solubility, and its accommodation coefficient for inter-
facial mass transport. The transfer of HO, from the gas
phase into cloud droplets may be treated in one of two ways.
In the limit of solubility equilibrium, the aqueous-phase
concentration may be determined by Henry’s law as discussed
in Chapter 2. When the thermodynamic equilibrium is not
attained, transfer must be treated explicitly by scavenging
theory (Chameides and Davis, 1982; Hough, 1987). For the
HO, radical, the second approach is necessary because these
radicals are rapidly destroyed in the aqueous phase and
therefore cannot reach sufficient concentrations to estab-
lish an equilibrium (Chameides, 1984).

The rate of mass transport may be written in reference

to the gas- or aqueous-phase concentrations (Schwartz,
1984b):

dino ], _

— drop Ts (HOZ) gas phase (3.1)

d[HOZ] = Sf(HOZ) aqueous phase (3.2)

dt
where:
n(HOz) = gas-phase concentration of HO, (molecules/cm’®)
[Hoz] = aqueous-phase concentration in moles/litre
irop = number of drops (cm °)

+
S;(HOZ)= source of radicals to cloud
= ¢_(HO,)/[ 4/3nr’ 6.02x10%° ] (3.3)
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¢I(H02)= rate of transfer into and out of a single cloud
drop of radius r (molecules/s)

-1 [HO2 ]

= % nlr{ﬁ—(%g-;—%} (1 + 3-‘1% ] { n(Ho ) - E:Té'zf } (3.4)

where a is the mass accommodation coefficient, 1 is the mean
free path length, R® is the gas constant (in J mol™! K1),
m(HO,) is the molecular mass of HO,, and r is the radius of
the drop. It should be noted in Equation 3.4 that at
thermodynamic equilibrium there is no net transfer across
the gas~liquid interface and the relation reduces to Henry’s
law:

[Ho, ]

0 RT (3.5)
eff

n(Ho,) =

The accommodation coefficient, defined as the fraction of
collisions that result in a gas-phase molecule entering the
agueous phase, is a key parameter for describing the rate of
interfacial transport. The frequency of radical scavenging
is negligible for a<10"* and increases approxiaately
linearly with a for a value of a between 10°‘ and 10" °. For
2210°%, the scavenging frequency becomes independent of «
(Chameides and Davis, 1982). Mozurkewich et al. (1987)
have measured the accommodation coefficient for HO, imping-
ing on liquid water drops and have cobtained a value of 0.2
"1, Schwartz (1984b) has shown that no interfacial mass
transport limitation exists when a210"¢. He has determined

s

that there also is no mass transport limitation imposed by
the aqueous- or gas-~phase diffusion rates when pH<5 and the
partial pressure of HO, is approximately 10"'? atmospheres.

It has been suggested that the limiting step in the
aqueous-phase disproportionation is the production of HO, in
the gas phase (Chameides, 1984; McElroy, 1986). Instead of



% @

39

the gas phase (Chameides, 1984; McElroy, 1986). Instead of
being controlled by thermodynamics, the concentrations of
radicals in the two phases are controlled by a photochemical
steady state in which the production of HO, is in balance
with the loss of HO, by gas-phase reaction and loss of HO,
to cloud drops (Chameides and Davis, 1982). This hypothesis
will be used in this study to estimate H,0, aqueous-phase
production rates.
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3.3 Gas-phase production and destruction rates of HO,

Production and destruction rates of HO, in the
troposphere may be estimated through the use of a simple
gas—-phase model. A set of reactions is used, adequate to
describe the steady state concentrations of free radicals in
the troposphere but simple enough to incorporate into the
rainband chemistry model. The generation of OH radicals in
the troposphere is mainly by the photolysis of 0, to form
0('D) followed by the reaction of O(!D) with water.

J

o, + hv > o(p + o, RG3.1
k

o('p) + M =3 o(p) + M RG3.2
kG3

o('D) + Ho—> 20H RG3.3

Frocm these reactions, the steady-state 0(!D) concentra-
tion may be written as:

(0,)

3

o('D) ! (3.6)
sz[M] + kc;a [Hz 0]

The concentration of HO, may be calculated by

considering the dominant terms for the total sources and
sinks of HO_ (H, OH, HO,).

2k,, O0('D) (H,0) = 2k,, (OH) (HO,)

where k., is the rate constant for RG3.4, the net loss of OH
and HO, .

k
HO, + OH =5 HO + O RG3.4

And the instantaneous HO, concentration is:
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kGa R1 1 1,2
lz HO, = —5— o('D) (H,0) (3.7)

G 4

where R, is defined as the ratio of HO, to OH radicals.

By assuming photochemical equilibrium for HO, and OH
radicals in clear air and through the use of RG3.5 - RG3.8,
R, may be approximated as:

HO, k__(0) + k__(CO)

R =3BH "k (0) + k_(NO) (3-8)
G7 3 G8
OH + O, ~£3 HO, + O RG3.5
kGB
OH + co —*— co + Ho RG3.6
o
2
HO, + O R OH + 20, RG3.7
kGB
; HO, + NO —5 OH + NO, RG3.8

For chosen concentrations of O, =50ppb, NO=0.1ppb, CO=200ppb
and reaction rate constants from Table 3.1, the value of R,
is approximately 50.

In the presence of cloud drops, an additional loss term
for L), must be considered:
