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Abstract

Emissions of sulphur and nitrogen compounds from power stations represent
a significant fraction of the total emissions of these elements to the atmosphere.
Understanding their subsequent chemical reactions in the atmosphere is of fun-
damental importance as without it, a quantitative assessment of their contribu-
tion to local and regional scale air pollution is not possible. Here the atmospheric
chemistry of sulphur dioxide and the oxides of nitrogen, and their resultant likely
behaviour in the plumes of power stations are reviewed.

1. Introduction

At least 90% of the sulphur present in fossil fuel enters the gas phase in the
form of sulphur dioxide (SO;) during combustion, and, unless it is deliber-
ately removed from the flue gas, is emitted to the atmosphere, leading to the
global anthropogenic emission of about 65 Tg SO, (as S) yr~! (Benkovitz et
al., 1996; Spiro et al., 1992). Globally, an increasing proportion of this reac-
tive sulphur is emitted from power plants, as power generation becomes more
and more concentrated on large units. High-temperature combustion processes
also inevitably produce oxides of nitrogen (NO, = NO + NOy), leading to the
global emission of about 21-25Tg NO, (expressed as N) yr—! (Benkovitz et
al., 1996; Dignon, 1992). SO, and NO, are important air pollutants with both
environmental and health effects attributed to them. Both compounds may lead
to the deposition of acidity (“acid deposition” or “acid rain”) on the regional
scale and NO, takes part in chemical reactions that lead to the formation of
ozone (O3) in the troposphere, also on the regional scale. However, here the
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focus is on the processes that affect SO, and NO, oxidation in power station
plumes, particularly with respect to how these processes influence the concen-
trations of the primary pollutants and their products in the relatively near field,
for example at receptor sites located tens of kilometres from the source.

2. Review of the chemistry of sulphur dioxide and the oxides of nitrogen in the
atmosphere

A very considerable body of literature exists on the atmospheric chemistry of
sulphur and nitrogen occurring inside power station plumes. This is derived
from theoretical and experimental studies of the chemistry of S and N com-
pounds in the gas and aerosol phases, supplemented by observations of con-
centration changes in the atmosphere, both inside and outside of power station
plumes.

2.1. Gas-phase oxidation of sulphur dioxide

In the gas phase, SO; can potentially be subject to a large number of reactions
involving reactive transient oxidants (Calvert et al., 1978). These reactions,
shown in Table 1, are all thermodynamically possible in the atmosphere under
ambient conditions of temperature and pressure, but have widely differing ele-
mentary rate constants, ranging from about 10712 to ~10~2% cm3 molec—! s~ 1.
Coupled with the wide range of concentrations of these various oxidants in the
atmosphere, this variation in rate constants ensures that only very few of these
possible reactions play any appreciable role in the oxidation of SO in the
atmosphere. In fact, the reactions of SO, with oxygen atoms and ozone are
unlikely to be important in the gas phase, with the possible exception of the
reaction with the O(*P) atom in the very early stages of stack gas dispersion.
O(CP) is formed by the photodissociation of NOy, and under conditions of very
high NO; concentrations, such as might exist in a plume close to the point of
emission, it is possible that significant O(*P) concentrations may result in ap-
preciable SO oxidation rates. However, as plume dilution with background air
occurs, the instantaneous rate of this reaction will quickly fall.

Oxidation of SO by ozone (O3) is highly exothermic (AH = —242k]J mol”l).
However with a gas-phase rate constant of k = ~8 x 1072* m> molec ™! s~!
and a maximum likely ozone concentration of ~5 x 10'>moleccm™ there
will normally be insignificant SO; oxidation by this route (< 1.4 x 1073%h~').
Although the rate of the gas-phase reaction of SO; with ozone is extremely
slow, the addition of an alkene to a dilute O3-S0, mixture in air results in the
significant oxidation of the SO; (Cox and Penkett, 1971, 1972). The mecha-
nisms behind this enhancement in oxidation rate are not fully elucidated but
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Table 1. Enthalpy changes and rate constants for potentially important reactions of ground state
SO, and SO3 molecules in the lower atmosphere (adapted from Calvert, 1984)

Reaction —AH® (kImol~1)25°C k (cm3 molec s 1)
02 (1 Ag) + SO, ~> SOy (biradical) 105
0,(! Ag) + SO, — SOy (cyclic) ~117 3.9 x 1020
0, (1 Ag) + S0, — SO3 + OCP) —56.5 :
02(1ag) +50; = S0, 3x;) + 50, 94
02(1 Z) + 80, — SOy (biradical) 167
02! Z5) + S0, ~ SOy (cyclic) 180 6.6 x 10-16
0,1 2F) + S0, — S03 + O(3P) 6.3 b x

(" 2y 2 3
0,(1Z5) + 50, — SO, + 0 (P Ag) 62.8
OCP) 4+ SOy (+M) — SO3(+ M) 347 5.7x10714
SO3 +80) — O3 + SO;3 241 <8x10~%4
NO, + SOy — NO + SO3 41.4 8.8x 10730
NO;3 + SO — NO; + SO3 136 <7x 1072
ONOO + SOy — NO; + $03 ~126 <7x 1072
NyOs + SOy — NyOy + SO3 100 <4x10728
HO; + SO, — HO + S04 69.9
HO; + SO (+ M) — HO,80, (+M) 29.3 <1x10718
CHO30, + SO, — CHO30 + SO3 ~ 113 <1x10"18
CHO30; + SO5( + M) — CHO30,50,( +M) ~ 130 ~14x1071
(CH3)3C0O, + SO, — (CH3)3CO + SO3 ~109
(CH3)3CO, + SOy — (CH3)3C0,80; ~ 126 <73 % 10719
CHO3CO0; + SO, — CH3CO, + SO3 ~138
CHO3CO0; + SOy — CH3C00,50, ~ 155 <7x10°19
HO + SO»(+ M) — HOSO; (+ M) ~ 155 1.1x10712
CHO30 + SO( +M) — CH3;080, (+ M) ~ 100 ~55x10713
SO3 4+ Hy0 — H,pS04 24.8 9.1x10~13

are most likely due to the formation of the Criegee intermediate (CH,O5) and
its reaction with SO,. However, the significance of this reaction in the real
atmosphere is difficult to assess, since the effect of addition of NO to the reac-
tion mixture, and competition between NO and SO; for reaction with CH,O»,
is not fully known.

By far the most important route of oxidation of SO in the gas phase is by
reaction with the hydroxyl radical, OH (e.g. McAndrew and Wheeler, 1962;
Harris and Wayne, 1975; Castleman and Tang, 1976; Atkinson et al., 1976;
Davis et al., 1979a, b; Cox and Sheppard, 1980; Harris et al., 1980; Leu, 1982).

In the unpolluted atmosphere, OH is produced by the photolysis of O3 and
the subsequent reaction of oxygen atoms with water vapour:

O3+ hv— OCP)+0, A>315nm,
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OCP)+0,+M—> 03+ M
or

O3 +hv— O('D)+0; A <315nm,

olD)+M— OCP)+M  96%
but
O('D) + H,0 —» 20H  4%.
In polluted air, the photolysis of nitrous acid (HONO) and hydrogen peroxide
(H;0,) produce OH directly

HONO + hv - OH+NO i <400nm,

H,O; +hv — 20H A < 360 nm.

Under more polluted conditions, OH radicals are produced by the photolysis of
the products of the incomplete combustion of fossil fuels, especially aldehydes,
ketones and other oxygenated organic compounds. For example, formaldehyde
photolysis leads to

HCHO +hv—- H+CHO A <335nm

CHO + O - HO; + CO
H+0;,+M—-HO +M

HO; + HO; —» H;0, + O3
then
H,Oy + hv — 20H A < 360nm.
Hydroxyl then rapidly reacts with SO by addition:

OH + SO; +M — HOSO, + M

where M is another molecule (usually N) that is required to absorb excess
kinetic energy from the reactants. At the pressures pertaining in the lower at-
mosphere the rate of this reaction is independent of the concentration of M and
hence it is effectively a second-order reaction.

Many attempts have been made to measure the rate constant for the OH-
SO, reaction in the laboratory (e.g. Cox, 1975; Castleman and Tang, 1976;
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Atkinson et al., 1976; Cox and Sheppard, 1980; Harris et al., 1980) and rather
a wide range of values have been obtained. However, Atkinson and Lloyd
(1984) recommend an effective bimolecular rate constant at 1 atm and 298 K
of 9x107 13 ¢cm3 molec™!'s ! with an uncertainty of around +50%. For an
average ambient OH concentration of 1x 10° radicals cm—3 (Hewitt and Harri-
son, 1985) the lifetime of SO, with respect to this one gas phase reaction will
be ~13d in the “typical” troposphere.

Once formed, the free radical HOSO; will rapidly react with oxygen to form
S03, which in turn will rapidly react with water vapour to form sulphuric acid,
H;S0,4 (Goodeve et al., 1934; Cox and Penkett, 1971; Calvert et al., 1978;
Stockwell and Calvert, 1983):

HOSO; + O, — HO2 4 S0s3,

SOz + H,O — H3»S0q4.

Eatough et al. (1994) point out that the rate of conversion of SOy to sulphate
by OH will increase with both increasing temperature and relative humidity. In
practise, the rate of the homogeneous gas-phase conversion of SO, to sulphate
can vary from much less than 1% h~! up to a probable maximum of 10% h~!
under optimum atmospheric conditions.

2.2. Aqueous phase oxidation of sulphur dioxide

The presence of aqueous droplets in the atmosphere offers another phase in
which oxidation of SO, can occur. After transport of the gas to the surface
of the droplet and transfer of the gas across the air-liquid interface, SO; can
dissolve in water and establish an equilibrium with its ionic products, with
the aqueous-phase concentrations described at equilibrium by the Henry’s law
constant. As a result, dissolved SO actually consists of three species, hydrated
SO3 (SO2-H,0), the bisulphite ion (HSO;) and the sulphite ion (SO%‘):

SO, + HO = SO, - H,0,

SO, -H,0=HSO; +H",

HSO; = SO +H™.

The predominant form depends upon the acidity of the solution in which the
SO, dissolves, since the hydrogen ion concentration will drive the equilibrium
either to the left or right (Martin and Damschen, 1981). The oxidation state of
the sulphur in the various products is +4, and hence S(IV) is used to denote all
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these forms of sulphur taken together. In contrast, the oxidised form of sulphur
(i.e. H2SO4 and SOi_) is in the +6 oxidation state and hence is referred to
as S(VI). There are several possible routes of oxidation of S(IV) to S(VI) and
these are now briefly considered.

Molecular oxygen may oxidise S(IV) to S(VI) but in the absence of a cata-
lyst the reaction is insignificant. Although both iron (III) and manganese (II)
appear to catalyse the reaction it is still relatively slow and unlikely to be of sig-
nificance (e.g. Huss et al., 1982; Martin and Good, 1991; Martin et al., 1991).

As noted above, O3 reacts very slowly with SO; in the gas phase, but in the
liquid phase the reaction is rapid (e.g. Penkett et al., 1979):

SV) + 03 - S(VI) + O,.

At ambient gas-phase concentrations of 30—60ppb and a Henry’s law con-
stant of 0.01 mol1~! atm~!, the expected aqueous-phase equilibrium concen-
tration of O3 will be around (3-6)x 1019 mol 1. Although this concentration
is around 6 orders of magnitude lower than that for dissolved O, oxidation
of S(IV) by O3 is much more important under most conditions because of the
much higher rate constant for the reaction, which is pH dependent (e.g. La-
grange et al., 1994; Botha et al., 1994). At a pH greater that around 4 this is
likely to be an important route of oxidation of S(IV) in water droplets.

Hydrogen peroxide has been shown to oxidise S(IV) relatively rapidly in so-
lution and in fact is one of the most effective oxidants of S(IV) in solution (Pen-
kett et al., 1979). Because of its high solubility, with a Henry’s law constant of
1x10°Matm™!, a 1 ppb gas-phase concentration of H,O, would produce an
equilibrium aqueous-phase concentration at 298 K of around 1x 10~#moll~!,
or 6 orders of magnitude greater than the solution-phase equilibrium O3 con-
centration. The rate constant for the reaction of HO, and S(IV) is largely
pH independent, and at a gas-phase H>O2 concentration of 1 ppb is around
300x10~®Mh~! (ppb SO,)~!. Organic peroxides have also been proposed
as potential aqueous phase S(IV) oxidants but have lower Henry’s law con-
stants and lower gas-phase concentrations than does H,O; and are considered
to normally be of minor importance in this regard (Lind et al., 1987).

The different routes of aqueous-phase oxidation of S(IV) can be compared
as a function of pH and temperature (Seinfeld and Pandis, 1998), using start-
ing conditions of, for example, 5ppb SO, 1ppb NO3, 1ppb H20;, 50ppb
03, 0.3 uM Fe(III) and 0.03 pM Mn(II). Under practically all conditions, oxi-
dation by dissolved H;O is the predominant pathway for sulphate formation.
Only at pH values greater than 5 does oxidation by O3 start to dominate, and
at pH 6 this route is around 10 times faster than that by H»O,. Assuming a
liquid cloud water content of 1 gm™>, the rate of oxidation by HyO, can ex-
ceed 500% h~!. In contrast to the homogeneous gas-phase reactions of SO, the
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aqueous-phase process is therefore largely controlled by mixing and reactant
limitations, rather than kinetic considerations (Eatough et al., 1994).

2.3. Gas-phase oxidation of the oxides of nitrogen

Homogeneous formation of nitric acid by the oxidation of NO and NO; ap-
pears to be a much less complicated, and better understood process than the
formation of sulphuric acid from sulphur dioxide. Most work on NO, oxida-
tion has been carried out in polluted air and this may hinder extrapolation of
predicted oxidation rates to the case of power station plumes. NO and smaller
amounts of NO; are formed during high temperature combustion processes,
with power stations emitting NO, (the sum of NO and NOy) as ~ 95% NO
and ~ 5% NO,.
The termolecular reaction of NO with O;:

2NO + O3 — 2NO;

is very slow at atmospheric temperatures and, except at extremely high NO
concentrations, is insignificant compared with the reactions of NO with Os,
OH, HO; (hydroperoxy) and RO, (alkylperoxy):

NO +HO; - NO; + OH,

NO +RO; — NO; +RH.

The peroxyradicals, HO; and RO,, are formed in chain reactions in the at-
mosphere, initiated by the attack of hydroxyl on reactive hydrocarbons. For
example, in the simplest (but siowest) case involving methane

CH4 4+ OH — CH3 + H»0,

CH3; 4+ 0, +M— CH30, + M,
CH30, + NO — NO> + CH;30,
CH30 + Oy — HCHO + HO»,

H,0 4+ NO — NO; + OH.
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There is some observational evidence that the termolecular reaction with O
may play a role in the rapid oxidation of NO to NO, in highly polluted urban
air in the wintertime, when the concentrations of the photochemically produced
oxidants O3, OH, HO; and RO; are likely to be very low. However the role of
free radical chemistry is also now thought to be significant, even in wintertime
smog episodes (Harrison and Shi, 1996; Shi and Harrison, 1997; Harrison et
al., 1998).

Overall, then, the predominant fate of emitted NO is oxidation to NO; which
can then react with OH during the daytime:

NO; + OH + M — HNO3 + M.

A great variety of experimental studies support the view that this reaction is
relatively rapid, with an effective 2nd order rate constant at 1 atm in air of
around 1.1x 107! cm® molec™! s~! at 298 K (Atkinson and Lloyd, 1984), ap-
proximately ten times the rate of the SO,—OH reaction.

A second potentially important source of nitric acid involves the reaction of
the nitrate radical, NO3, with some organic compounds. The nitrate radical is
formed in the presence of NO, and O3 and is in equilibrium with N2Os in the
atmosphere:

03 +NO; - NO3 + O
k=3.2x 10717 cm® molec™! s~! (Atkinson and Lloyd, 1984)

NO3; + NO; = N,0Os.

NOs reacts relatively rapidly with a variety of organics, and in the case of alka-
nes and aldehydes, the reaction is believed to proceed by hydrogen abstraction
to form nitric acid:

NO3 +RH — HNO;,

NO3 + RCHO — RCO + HNOs.

In polluted urban air, alkane concentrations (excluding CHy) are typically
around 100 ppb (2.5 x 10'? molec cm~3) and total aldehyde concentrations are
of the order of tens of ppb. Using an estimated NO3 concentration of 100 ppt,
the calculated rate of formation of HNO;3 formation by this route would be
around 0.3 ppbh~'. This can be compared to the daytime rate of formation of
HNO:j; by reaction of NO; with the OH radical of around 2 ppbh™ I atan NO,
concentration of 50 ppb and an average OH concentration of 1 x 10® cm ~3 (He-
witt and Harrison, 1985). Thus the rate of nighttime formation of HNO3 is
likely to be rather insignificant relative to the rate of daytime formation.
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Another potential source of nitric acid is the hydrolysis of N;Os (Platt and
Perner, 1980):

N,05 + H>,0 — 2HNO3

where k< 1.3 x 10~ ¢cm3 molec™! s~ (Tuazon et al., 1983). This rate con-
stant is sufficiently large to ensure that this reaction may contribute signifi-
cantly to HNO3 formation in the polluted atmosphere. In fact, Tuazon et al.
(1983) estimated a formation rate of 0.3ppbh~! at NO, and NO;3 concen-
trations of 3 ppb and 100 ppt, respectively, at 50% relative humidity. This is
similar to the rate of formation due to the reactions of the nitrate radical with
alkanes and aldehydes. Other studies, including Jones and Seinfeld (1983) and
Richards et al. (1981, 1983) confirm this.

2.4. Aqueous phase oxidation of the oxides of nitrogen

Some field studies (e.g. Lazrus et al., 1983) have indicated appreciable forma-
tion of nitric acid in the aqueous phase in the atmosphere (NO, conversion
rates of ~ 8% h~!, Gertler et al., 1984), but laboratory studies are less con-
clusive. In fact, aqueous phase oxidation of the oxides of nitrogen probably
proceeds far too slowly under ambient conditions to contribute to either the
significant removal of these gas-phase compounds or to cloud-water acidifica-
tion (rate constants of 2 x 1019 and 1.3x10° M~ ! s7L, for the reactions of NO
and NO, with OH, respectively).

2.5. Sulphuric and nitric acids compared

Once formed in the atmosphere sulphuric and nitric acids show very different
behaviours, both physically and chemically. Nitric acid is more volatile and
hence exists in significant concentrations in the gas phase, while sulphuric acid
has a very low vapour pressure under ambient conditions and hence exists in
the form of aerosol phase particles.

Both nitric acid and sulphuric acid will react with alkaline substances in the
atmosphere to produce salts, the most important of these under ambient condi-
tions being the ammonium compounds resulting from reactions with ammonia
(APEG, 1999; Lee and Atkins, 1994; Langford et al., 1992).

When HNOj reacts with NH3 an equilibrium is established (Hidleman et
al., 1984):

HNO3; + NH3 = NH4NO;s.

The ammonium nitrate exists as a solid if the relative humidity is less than that
of deliquescence. At higher relative humidities it will exist as aerosol droplets.
However at elevated temperatures, above ~ 310K, little NH4NO3 will exist in
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the atmosphere, since the dissociation constant is temperature dependent and
the above reaction will move to the left (Mozurkewich, 1993).

In polluted air, where high concentrations of both NO, and SO, are present,
the oxidation chemistries of these compounds become intertwined. As NO,
concentrations increase, so the gas-phase concentration of OH will decrease,
hence lowering the rate of oxidation of SO;. Similarly, high concentrations
of NO, will lead to a decrease in the rate of formation of H,O; as the NO
molecules will compete for reaction with HO;, so reducing the number of HO,
radicals available for the self-reaction needed to produce H;O5.

2.6. Removal of sulphur and nitrogen by wet and dry deposition processes

Both the primary pollutants, SO, and NO,, and their secondary products,
H;S04, HNO3, SOZ_ and NOy5, as well as their further reaction products, e.g.
(NH4)2S504 and NH4NO3, are subject to continuous removal from the bound-
ary layer by the process of dry deposition to the Earth’s surface. This process
may be parameterized by the use of a deposition velocity, the magnitude of
which varies from compound to compound and with environmental conditions
and the nature of the surface. A typical range of deposition velocities reported
for various pollutants and surfaces is 0.1-2cms~!. Additionally, intermittent
deposition may occur for soluble gases and particles by the process of wet
deposition. Although wet deposition may be extremely efficient, it is, by its
nature, sporadic.

The current understanding of dry deposition has recently been authorita-
tively reviewed by Wesely and Hicks (2000) while recent measurements of
the deposition velocity of SO, include those of Horvath et al. (1998), who
found values of 0.19-0.20cms ™! over short vegetation. However, it is recog-
nized that more direct measurements of deposition fluxes and deposition ve-
locities are required for the improved parametization of deposition models.
Such models (e.g. those contained within the Acid Deposition and Oxidant
Model (ADOM: Pleim et al., 1984), the Regional Acid Deposition Model
(RADM: Walmsley and Wesely, 1996) and the Routine Deposition Model
(RDM: Brook et al., 1999) appear to give a reasonable description of pollu-
tant deposition integrated over time and space (e.g. monthly deposition fluxes
on a 10kmx 10km grid) but their utility in describing removal rates from a
plume as it rapidly moves over complex and varying terrain are very limited
(Park, 1998). Similarly, wet deposition, resulting from cloud and precipitation
scavenging, can be very effective in removing pollutants (Martin, 1984; Prup-
pacher and Klett, 1978; Bidleman, 1988) but is extremely difficult to model for
a plume, due to its intermittent nature.



The atmospheric chemistry of sulphur and nitrogen 259

3. Power station plume chemistry
3.1. Observations

A large number of field studies have been carried out with the aim of validating
the understanding of sulphur and nitrogen pollution chemistry obtained theo-
retically or in the laboratory and/or with the aim of obtaining observational
estimates of the rate of oxidation of sulphur and nitrogen (and hence the rate
of formation of sulphate and nitrate) in power station plumes. The oxidation
rates observed in plumes may well be expected to differ from those predicted
or observed in ambient or background air for a number of reasons, including
the possibility of enhanced concentrations of catalysts and the rapid depletion
of oxidants (e.g. removal of O3 by reaction with NO) within the plume. How-
ever, very few studies have procured sufficient simultaneous measurements of
SO, and NO, concentrations to allow a full understanding of the relative rates
of removal of these gases from discrete plumes. This poses a major limitation
on the conclusions that can be drawn.

The SO, oxidation rates seen in plumes from point sources vary from nearly
zero to more that 16%h~!. In urban plumes even higher oxidation rates, up
to 30% h™!, have been reported. Part of this variation may be attributable to
uncertainties in data collection and interpretation, but the wide variations in
plume compositions and background conditions, both chemical and meteoro-
logical, are also important.

As already noted above, heterogeneous oxidation of SO2 may be very rapid
under certain conditions and will depend on the amount of water vapour avail-
able for the formation of droplets. Additionally, experimental studies (e.g.
Haury et al., 1977) and modelling of the H»SO4—H;0 gas-phase binary sys-
tem have shown that the rates of nucleation and condensation and hence of the
rate of formation of sulphate aerosol is largely controlled by the concentration
of water vapour present. However, most field studies of plume chemistry, par-
ticularly those involving aircraft, have been conducted in conditions where the
aqueous-phase reactions were not favoured. The SO, oxidation rates discussed
below are summarised in Table 2. Although the focus of most early field stud-
ies was the formation of sulphate and nitrate (in the frame of a general concern
about acid deposition and environmental acidification), more recently the fo-
cus has shifted somewhat to the role of power plant plumes to the formation
of ozone and other oxidants in the lower atmosphere. For example, Gillani et
al. (1998a, b), Ryerson et al. (1998), Luria et al. (1999, 2000), Siliman (2000),
St. John and Chameides (2000) and Nunnermacker et al. (2000) all studied the
formation of O3 in power plant plumes, rather than, explicitly, sulphate and
nitrate formation.



Table 2. Oxidation rates of S{TV}) in plumes (adapted from Harter, 1985)

Location of source  Plume  Stack  Travel time Month and Oxidaticn No of rate  Average Rate derivation, Reference
age (h)  distance (h) of year rate data (% h~ 1 points (%h™1} method comments
(km) sampling
Coal fired power
plants
Cumberiand, TN, 1.5-10  8-160 1.67-12 Aug. 1978 <0.1-75 19 3 Particulate S/total Gillani et al.
USA S ratio (1977, 1978,
1981, 1583)
Johnsonville, TN, 6-8 56-160 6-8 Aug. 1978 0.8-8.5 6 3 Dry conditions only
USA
Cumberiand, TN, 1.3-10.7 215477 Jul/Aug. 1976 1.1-85 5 5.5 Average daytime rate  Zak (1981)
usa
07 1.35-7.03  Aug. 1978 0.4-16.7 5 6.1 Stack to first
measurement
Particulate S/gaseous
S ratio
Keystone, PA, USA 0.5-2.67  Apr/May/Sep/ 0.01-5.92 13 0.05 Atrh 42-64% Dittenhoeffer and
Oct. 1978 De Pena (1980}
0.78 At r.h 65-96%
3.31 At ch 91-100%
Particulate S/total
S ratio
Paradise, KY, USA 0.2-38 Jun. 0-13 5 Particulate S/total Meagher et al.
S ratio (1981)
Colbert, AL, USA 750 0.28-5.20 May/Tun. 0.78-2.79 12 1.3 Morning rate Meagher and
Luria (1982)
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Table 2. (Continued)

Plume
age (h)

Location of source

Stack
distance {h} of
(km) sampling

Travel time Month and

year rate

Oxidation
data (%h~ 1

Noofrate Average Rate derivation,

points

(% h‘l) method comments

Reference

Widows Creek, AL,
USA

Cumberland, TN,
USA

0.76-9

Bowen, GA, USA
Breed, IN, USA 1.3-6.8

Cobb, ML, USA
Labadie, MO, USA

1.1-3
0.8-12

Labadie, MO, USA

Leland-Olds, ND,
USA

2493  0.43-6.01

11-200

0.12-3.33

12-320  0.83-12

0.7-12.5 14-360

0.38-1.08

Aug.

Aug. 1978

Dec. 1979
Jun./Nov. 1977

May/Nov. 1977
Jul. 1976

Aug. 1974/Jul.
1976

Jun. 1978

0.34-3.41

0.1-7

0-23

0-3.7

0284
0.3-32

0.14.38

0-0.06

17

21

50

i Morning rate

24 Afternoon rate
Particulate S/total
S ratio

3 Late morning &
afternoon

0.5 Night & early
morning

2 Average diurnal rate

Particulate S/total

S ratio

Particulate S/total

S ratio

1 Particulate S/total
S ratio

1-3 Particulate S/total
S ratio

1.6 Particulate S/total
S ratio Rate
14%h~la- ! <05
night
Change in total
particle volume &
particulate S/total
S ratio

Forrest et al.
{1981)

Liebsch and De
Pena (1982)
Easter et al.
(1980)

Gillani and
Wilson (1980)
Husar et al. (1978)

Hegg and Hobbs
{1980}

waSoariu pup anydns fo Lysnuayo suaydsounp ayJ

19¢



Table 2. (Continued) g
Location of source  Plume Stack  Travel time Month and Oxidation No of rate  Average Rate derivation, Reference >
age (h) distance (h) of year rate data (% ) points (% h_l) method comments
(km) sampling
Big Brown, TX, 0.63-1.32  Jun. 1978 0.15-5.7 4
USA
Sherburne Co. MN, 0.17-2.7 Jun. 1978 0-2.2 4
USA
Centralia, WA, USA 0.03-1.42 Mar/Oct. 1976 0.03-0.56 5 Change in total Hobbs et al.
particle volume (1979)
Sep./Oct. 1977
Four Corners, NM, 0.78-0.87 Jun. 1977 0.34-6.6 3
USA
Navajo AZ, USA 361 Jun./Jul. 1979 0.7-13 22 1.9 Rate at noon Wilson and
McMurry (1981)
0.9 Diurnal average
Particle volume/
Total S ratio
Great Basin, NV, 0.36-10.5 Jul/Aug. 1979  1-7 16 Particulate S/total Eatough et al.
USA S ratio (1981)
Navajo, AZ, USA 2.5-11 25-115 2.67-10.92 Juit/Dec. 1979 008 13 Particulate Sftotal Richards et al.
S ratio (1981)
Four Comers, NM, 2-90 0.3-12.5 Jun. 1978 0.15-0.5 3 Varies with stack Mamane and
USA distance CN Pueschel (1980)
production/
805 ratios
Nanticoke Ont., 0.15-193 3-43 Tun. 1978 0-8.7 7 4 Plume age < 2h with Anlauf et al.
Canada fumigation (1982)

Particulate S/total
S ratio
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Table 2. (Continued)

Location of source Travel time Month and Oxidation No of rate Average Rate derivation, Reference
(h) of year rate data (%h~!) points (%h~1) method comments
sampling
Nanticoke Ont., Nov. 1975 0.32-12.6 19 Varies with stack Melo (1977)
Canada distance
Particulate S#otal
S ratio
Ol fired power
plants
Anclote, FL, USA 0-1.67 Aug. 1976/Feb. £ 0.25 Steady state rate Forrest et al.
1977 (1979b)
Particulate S/total
S ratio
Andrys, MS, USA May/Oct. 1977 0-5.1 9 22 Particulate Sftotal Easter et al.
S ratio (1980)
Northport, NY, USA  (-3.3 0-2 Various, over 60 <1 Rate essentially Garber et al.
3yr incalculable (19813
Particulate S/total
S ratio
Metal smelters
Mt Isa, QMd, 0.08-14.83 2-256 Jun. 1977 0.06-0.45 65 0.25 Diurnally averaged  Roberts and
Australia rate Gaseous Sftotal  Williams (1979)
S ratio
Mt Isa, QId, Tul. 1979 Q.15 Diurnally averaged Williams et al.
Australia rate (1981)
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Tabie 2. (Continued)
Location of source ~ Plume Stack Travel time Month and Craidation No of rate  Average Rate derivation, Reference
age (h) distance (hyof year rate data (% h"I) points (% h_]) method comments
{km) sampling
Urban plumes
St Louis, MO, USA Aug. 1975 10-14 18 Gaseous S/total Alkezweeny and
S ratio Powell (1977)
Milwaukee, WI, 0-3 Aug. 1976/Tul. 19 4 Sulphate and light Miller amd
usa 1977 scattering Alkezweeny
(19800
St Louijs, MO, USA Jun. 1976 04 Measurements Forrest et al.
(1979g)
Particulate Sfrotal
S ratio
Budapest Hungary 50 ~3h JulfAog. 1978 3-31 8 10 Horvath and
Bonis (1980}
Long-range
transport
trajectories
Sweden 9001900 2351 Summer 0.3-3.2 12 1.4 Particulate S/gaseous Traegaardh (298(h
(Apr.-Sep.} § ratio
1300-2500 27-55 Winter .4-13 4 08
(Ocr.—Mar)

HMRITN'D
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One of the first airborne investigations of SO, oxidation in the plume of
a power station was that of Flyger et al. (1978), who used an SFs tracer to
monitor dispersion and deposition from the plume emitted from a 122 m high
stack. They estimated that half the SO, was lost from the plume within 45 km
of the source, corresponding to a travel time (and half-life) of about 90 min.

Gillani et al. (1978) studied the gas-to-particle conversion rate of sulphur
emitted from a coal fired power station in Kansas. They observed that the ratio
of particle phase to total sulphur was related linearly to the total solar radiation
dose experienced by the plume. This resulted in the amount of sulphur lost by
deposition to the ground surface being about 25% in the first 200 km of travel,
comparable to the amount of particulate sulphate formed. The maximum rate
of particulate sulphur formation was less than 3%h™! and only occurred dur-
ing the daytime. Further analysis of the same data set was carried out by Husar
et al. (1978) who concluded that SO, oxidation rates were 1-4%h~! during
the daytime and < 0.5%h~! during the night. In a further re-examination of
these data, Gillani and Wilson (1980) concluded that the condition of the back-
ground airmass which receives the plume, the extent of plume — background
air interactions and photochemical processes are the most important factors in
determining the SO oxidation rate. This is probably because of the dominant
role of O3, both directly and as a source of OH. Additionally, the entertain-
ment of non-methane hydrocarbons from polluted background air can provide
a source of peroxy radicals HO; and RO»), allowing replenishment of the O3
removed by reaction with NO in the plume.

Put together, the Kansas experiment suggests that sulphate aerosol forms
relatively rapidly during the daytime when sufficient oxidants (OH, HO, and
RO»), are available in the plume. Initially, close to the point of emission, oxi-
dant depletion occurs rapidly within the plume by consumption of O3 by emit-
ted NO, thus limiting the concentrations of OH (which is formed by the photol-
ysis of O3). If sufficient mixing with background air occurs, O3 concentrations
will recover, either by mixing in of O3 or of non-methane hydrocarbons, which
can in turn form peroxy radicals. These can both contribute to O3 formation,
by rapidly converting NO to NO,, without consumption of O3, and can directly
offer a route of oxidation of SO;.

Clearly, SO, oxidation rates in the bulk plume are likely to be lower than
in background air due to oxidant limitation. However, it is possible that at the
plume top and edges, where plume dilution is greatest, conversion rates may
be significantly enhanced. Zak (1981) observed daytime conversion rates up
to 5.5%h~! in a plume edge. Similarly, when the plume top is in contact with
clouds, fast liquid-phase reactions will enhance the SO, oxidation rate, up to
10%h~! (Gillani et al., 1981).

Another important consideration is the SO,/NQ ratio. This is a critical para-
meter in determining sulphate formation rates because SO, and NO, compete
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for the same oxidising radicals, and oxidation of NO; by OH is much faster
(x10) than that of SO,. Hence the presence of NO, in a plume will inhibit
SO; oxidation rates (and sulphate formation rates) relative to the rates in back-
ground air.

Mamane and Pueschel (1980) used the concentrations of particles in the
plume of the Four Corners power station to estimate an SO, oxidation rate
of about 0.15%h~! in the first 0.3h, increasing to 0.5% h~! in the next two
hours of travel time, decreasing again to ~ 0.3% h™!. Outside the Four Corners
plume, Davis et al. (1979a, b) estimated SO, oxidation rates due to reaction
with OH of 0.2%h~! in the early morning and 2.3% h~! around noon, with an
average conversion rate of 0.7%h!.

Dittenhoeffer and De Pena (1978) found that gas-phase photochemical reac-
tions were the dominant sulphate formation mechanisms during the daytime in
a power station-plume at Keystone, Pennsylvania, at low relative humidities.
However, when the plume merged with a cooling tower plume, liquid-phase
oxidation predominated. In a later study of the Keystone plume they found an
average SO, oxidation rate of about 1% h~! in the first 2 h of plume travel, ris-
ing to 6% h~! when the plume encountered clouds (Dittenhoeffer and De Pena,
1982).

Meagher et al. (1977) used an instrumented aircraft to determine the rate
of SO, oxidation within the plume of the Cumberland Valley coal-fired power
station in Tennessee. Most of the oxidation of SO; that was observed appeared
to occur in the immediate vicinity of the power plant. Beyond 10 km, an aver-
age oxidation rate of 0.2% h~! was found. In a later modelling study, Meagher
and Luria (1982) simulated the chemistry of a plume from a power station of
similar size and location to the Cumberland Valley plant. Hydroxyl was found
to be the most important oxidant of SO;, except when high background con-
centrations of hydrocarbons were used, in which case oxidation by HO; and
RO, became significant. Rapid attenuation of oxidation rates were observed,
as oxidant limitation became significant, following the removal of O3 by NO,
and plume dilution by incorporation of background air was required before
radical chemistry became established. Forrest et al. (1981) found a daytime
average conversion rate of 3% h~! in summer, varying with time of day, and
an average of 0.5%h~! at night. The Cumberland Valley plant was studied
more recently, during the 1995 Southern Oxidant Study, when Gillani et al.
(19984, b) found nitrate formation rates of 10-15% h~!anda high differential
loss rate of nitrogen species (relative to SO,) of about 0.12 h L

Summer and wintertime oxidation rates of SO, were obtained in the plume
from a northern Alberta power station by Lusis et al. (1978). In February the
oxidation rate was found to be low (less than 0.5%h~}), increasing to 1-
3%h~! in June, again suggesting the role played by photochemical processes.
Another wintertime study (Liebsch and De Pena, 1982), this time of the
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Bowen, Georgia, power station plume, found that the highest conversion rate
was 0.2%h™!, except when high relative humidity was observed, when the
conversion rate increased to 2.3%h~!. Meagher and Luria (1981) also ob-
served increased conversion rates, up to 2.8% h_l, in periods of high relative
humidity.

Data obtained from five different coal-fired power stations in the western
USA at times favourable to gas-phase photochemical reactions gave SO, to
SO‘%_ conversion rates of 0-5.7%h~! for travel times of 10-162min (Hegg
and Hobbs, 1980). In a later study carried out in Arizona, they failed to find
measurable conversion rates in four flights out of five (Hegg and Hobbs, 1983),
while in another study on the plume from the coal-fired Mohave station, an SO,
to particle conversion rate of 0.6% h~! was estimated (Hegg et al., 1985).

Anlauf et al. (1982) found an average summertime SO» to SOi_ oxidation
rate of 4% h~! in the plume of the Nanticoke coal-fired power station in On-
tario at distances downwind from the stack of 3-43km at relative humidities
of 30-50%. Eatough et al. (1982) studied sulphur chemistry in the plume of
the Kennecott copper smelter in Utah and found SO; to sulphate conversion
rates as high as 6% h™! in hot, dry and sunny summer conditions.

Luria et al. (1983) attempted to obtain SO, oxidation rates by airborne sam-
pling of the plume from the coal-fired Colbert Steam Plant, Alabama, and by
studying stack gases from the plant in a reaction chamber. Quite good agree-
ment was obtained between the two methods of estimation, with an SO; to
SO?‘_ oxidation rate of 2.2% h~! found on the first day of study. On the sec-
ond day the power station plume merged and mixed with an urban plume and
an enhanced oxidation rate of 4.1%h~! was seen, presumably because of en-
hanced free radical chemistry occurring as a result of the presence of reactive
hydrocarbons. This study also provided one of the very few estimates of NO,
oxidation rates obtained from plume observations and a first-order rate coeffi-
cient for NO, removal of 27% h~! was found.

Cheng et al. (1987) studied the plume from an oil sand extraction plant in Al-
berta. This contained relatively high aerosol concentrations close to the source,
and the aerosol surface was believed to be wet. SO to SOZ_ conversion rates
of 0-2.8%h~! in winter, and 0-6%h~! in summer, were found. Heteroge-
neous processes were believed to be appreciable on the wet aerosol surfaces
close to the point of emission.

The heterogeneous oxidation of SO in power station plumes has also been
studied in field experiments. Gillani and Wilson (1983) used measurements
made under wet conditions from three plumes in Missouri and Tennessee when
the power station plumes interacted with clouds and during light rain. Variable
oxidation rates were observed, but during light rain the liquid-phase rate was
around 8% h~!. In a modelling study of plume—cloud interactions, Gillani et
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al. (1983) estimated a daytime liquid-phase sulphate formation rate of about
(12+6)%n~1.

In one of the few European field studies of plume sulphur chemistry, Clark
et al. (1984) followed the chemical composition of cloud water in a power
station plume over the North Sea in winter. The plume was trapped in a shallow
layer filled with stratocumulus cloud, restricting dilution and allowing total
depletion of O3 in the boundary layer. An SO, conversion rate of about 1% h~!
was estimated at 5 h travel time, comparable to an estimated rate of 4.3%h™!
in background air over the same period.

3.2. Other plume observations

The occurrence and chemistry of sulphur, and to a lesser extent, nitrogen, com-
pounds has been studied in plumes other than those from coal-fired power sta-
tions. Oil-fired stations, metal smelters and urban plumes have all been studied,
and have yielded some information relevant to understanding plume chemistry.
However, since the chemical composition of emissions from these types of
plumes will be different to those from coal-fired power stations, so the dom-
inant routes of oxidation and their rates will be different. For example, the
concentrations of trace metals will be different, giving rise to different rates
of catalysis (Garber et al., 1981). Newman (1981) observed sulphur oxidation
rates five times greater in an oil-fired power station plume than in a coal-fired
station plume, but this has not been borne out by more recent work.

Forrest et al. (1979a) studied the Anclote oil-fired power station in Florida
and measured an SO oxidation rate of < 0.25%h~!. Garber et al. (1981)
measured a similarly low rate in a variety of meteorological conditions in the
Northport, NY, oil-fired plume. However, Eatough et al. (1981) found no sig-
nificant differences in SO, oxidation rate in an oil-fired plume to that from a
coal-fired station. Somewhat higher rates (3.1 + 0.8%h~') were observed by
Eatough (1984) in the plume from a Pacific coast oil-fired power station, with
a rate of oxidation of 30 £4%h~"' when the plume passed through a fog bank.
Enger and Hoegstoem (1979) qualitatively describe a similarly enhanced SO,
oxidation rate under conditions of very high relative humidity in Sweden.

The rate of conversion of SO, to sulphate aerosol particles was determined
by a comprehensive measurement programme in the plume emitted from an
oil sands extraction plant at Fort McMurray in Alberta (Cheng et al., 1987).
A single parcel of air was tracked and sampled by an aircraft and conversion
rates of 0-2.8%h~! were observed in winter and 0-6% h~! in summer. It was
suggested that heterogeneous processes were responsible for the oxidation in
winter and close to the point of emission when the aerosol particles in the
plume were wet.
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Plumes from metal smelters might be expected to contain relatively high
concentrations of trace metals and hence have elevated SO oxidation rates
due to catalytic effects. However, Roberts and Williams (1979) found an SO,
conversion rate of only 0.15% h~!in a smelter plume at Mt Isa, Australia, and
Eatough et al. (1981, 1982) found similarly low rates.

Urban plumes differ from point source plumes in having relatively higher
NO; and hydrocarbon concentrations, derived from vehicle exhausts. In gen-
eral it might be expected that higher oxidation rates of SO, and NO, will
be experienced in an urban plume than in a point source plume, due to the
more reactive nature of a hydrocarbon-rich plume (Winchester, 1980; Ellestad,
1980). The St Louis, Missouri, plume was extensively studied in the 1970s.
Alkezweeny and Powell (1977) found S(IV) conversion rates of 10-14%h!
in the summertime while Zak (1981) estimated a daytime rate of 8.5 +4%h~!
and a nighttime rate of 1.1 £ 0.5%h~!. In a study of the Milwaukee urban
plume a rate of 6-8%h~! was seen on one day and < 1%h~! on the fol-
lowing day, in similar meteorological and precursor conditions (Miller and
Alkezweeny, 1980; Alkezweeny et al., 1982). Recently, the urban plumes of
Atlanta (e.g. St. John and Chameides, 2000) and Nashville (e.g. Nunnerma-
cker et al., 2000) and other major conurbations have been extensively studied,
but with a clear focus on O3 formation.

3.3. Plume fringe activity

It is quite clear from the above review of sulphur and nitrogen chemistry and of
power station plume studies that the oxidation of SO, and NO; is likely to be
rather slower in a power station plume than in ambient air, since the supply of
oxidants will quickly become limiting, at least in clear air where homogeneous
photochemically driven gas-phase reactions predominate. Primary emissions
of NO will soon eliminate O3 from the plume, so cutting off the production
of OH. However, the situation is likely to be somewhat different at the fringes
of the plume where the plume mixes with ambient air. Increased chemical re-
activity on the fringes of a power station plume was first observed by Davis
and Klauber (1975) who saw an increase in the O3 concentration at the edges
of a power station plume, which they erroneously attributed to photochemical
reactions involving SO;. In fact O3 formation in the plume fringe is almost
certainly due to the photochemical reactions of NO, NO, and hydrocarbons,
the latter derived largely from the background air, as described by Calvert et
al. (1978). Such O3 enhancements in plume fringes have now been repeatedly
observed (e.g. Gillani et al., 1978; Lusis et al., 1978; Miller et al., 1978; Forrest
et al., 1979b).
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3.4. Model calculations

As well as the experimental studies summarised above, several attempts have
been made to estimate sulphur and nitrogen oxidation rates in power station
plumes using models of the gas and aerosol phase chemistry believed to be oc-
curring in such plumes. Eltgroth and Hobbs (1979) developed an early model,
supported by data, that suggested that homogeneous gas to particle conversion
of SO, to SO?‘_ is greatest at the edges of a plume, due to the mixing in of
ambient air. Hov and Isaksen (1981) developed a comprehensive plume model
where the chemistry and meteorology of the boundary layer interact with a
power station plume, which was given spatial resolution in the cross wind di-
rection. The model predicted the formation of O3 in the plume fringes, with
chemical activity enhanced in the fringes, but becoming more pronounced to-
wards the centreline of the plume with time. SO; to SOZ' oxidation rates var-
ied (1-5%h~1), with nitric acid formation proceeding more rapidly. Depletion
of NO and NO» occurred very rapidly, with about 80% of the NO, being con-
verted to HNO3 and NO3 within three hours.

Seigneur (1982) modelled sulphate aerosol formation in power station
plumes, using a gas and aerosol phase chemistry scheme and a particle growth
model. Rather slow SO, oxidation rates were predicted: 0.5%h~! by homo-
geneous processes. Importantly, the rate was found to be sensitive to the back-
ground hydrocarbon and NO, concentrations, as well as to humidity and to the
photolysis rate of NO». A similar dependence on the background hydrocarbon
and NO, concentrations was found in the plume chemistry model of Meagher
and Luria (1982). SO, oxidation rates of 1-2%h~! were predicted during the
spring and summer, reducing in winter.

Joos and Mendonca (1986) integrated a chemistry model with a comprehen-
sive model of secondary aerosol formation processes, with validation of the
output using observational data from a plume study. The sulphate formation
rate was found to be: very sensitive to relative humidity (increasing with rela-
tive humidity); sensitive to temperature only at high relative humidities, where
SO, solubility decreases as the temperature increases; very sensitive to solar
intensity; and not very sensitive to background Oz concentration. The forma-
tion rate of nitrate aerosol in the plume was found to be: very sensitive to tem-
perature, because the HNO3/NH3/NH4NOj equilibrium is temperature depen-
dent; not very sensitive to relative humidity, although model limitations may
make this conclusion invalid; very sensitive to solar irradiation; and slightly
more sensitive to the background ozone concentration than is the SO, oxida-
tion rate. The relative insensitivity of this model to background O3 is important
since it implies that the OH radical concentrations in the plume depend more
upon NO,/reactive hydrocarbon photochemical reactions in the plume than on
the amount of O3 mixed into the plume. In addition, the model showed that the
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net contribution of the plume to sulphate aerosol concentrations was always
significant, but that the plume contribution to nitrate acrosol was only signif-
icant when there was a relatively low background NO, concentration and a
reactive hydrocarbon/NOj ratio greater than 10.

Recently, a reactive plume model incorporating transport, chemistry and
aerosol dynamics has been used by Karamchandani and Seigneur (1999) to
simulate sulphate and nitrate chemistry in power station plumes. They made
simulations for winter and summer emissions with travel times of 8 and 10h,
respectively, and with different start times. NO, and SO; emission rates were
held constant at 88 and 161 tond~! respectively. The effects of changes in the
chemical composition of the background air were investigated by varying am-
bient O3, hydrocarbon and PAN concentrations, the hydrolysis rate of N;Os
and the horizontal and vertical dispersion coefficients.

The model results very largely confirmed the many earlier predictions of
plume chemistry: oxidation rates in the plume are lower than in background
air; excess nitrate concentrations in the plume were 4-7 times greater than the
excess sulphate concentrations (i.e. NO, removal was 4-7 times greater than
SO, removal in the same travel time); conversion of NO, and SO, was at a
maximum in the daytime in summer and at a minimum during the night and
in winter; NO, conversion proceeded at night in clear air by the hydrolysis
of N2Os whereas SO» conversion did not; and in the presence of clouds SO;
is rapidly oxidised during both the day and night. Background O3, reactive
hydrocarbon and PAN concentrations had significant effects on the SO, and
NO, conversion rates.

Duncan et al. (1995) demonstrated the possible use of emission inventories
coupled with chemistry and transport modelling as a tool for apportionment of
the sources of NO, and SO, measured at particular locations. Since the sulphur
content of gasoline differs from that of coal and of heavy fuel oil, plumes
from mobile and point sources should be identifiable by their characteristic
SO, to NOx ratios. However, since these ratios will vary over time, due to the
different oxidation rates of these species in the atmosphere, and will vary with
ambient conditions, as one or other of the multitude of possible NO, and/or
SO, oxidation routes becomes dominant, this is not a trivial task. In this study,
these changes over time were ignored and an average SO2/NO, ratio of 0.05
was used for mobile sources and 2.67-4.56 for power station plumes. This
was justified on the grounds that the study was confined to a relatively small
area with plume travel times of 3—10h at maximum. They conciuded that the
four major power stations in the study area accounted for about 15% of the
ambient NO; at the surface measurement sites on average, but that in the short
term this value was extremely variable, due to the intermittent nature of plume
fumigation.
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3.5. Summary of plume chemistry

As can be seen from the foregoing review of SO; and NO, chemistry, the field
observations of concentration changes in plumes and the theoretical modelling
studies, there is now significant convergence in our understanding and predic-
tion of processes affecting the removal of SO, and NO, and the formation of
sulfate and nitrate in power station plumes. This understanding can be sum-
marised as:

(a) In non-cloudy conditions, SO, removal in power station plumes occurs
primarily during the daytime by reaction with the OH radical, whereas
NO; removal occurs both during the daytime, by fast reaction with OH,
and at nighttime by the NO3/N2Os pathway.

(b) In non-cloudy conditions, NO, removal will occur much more rapidly
(~10 times faster) than SO, removal.

(c) In cloudy conditions, SO, will be removed rapidly by reactions in the
aqueous phase, but NO, will not.

(d) The dry deposition velocity of SO is greater than that of NO, leading
to more rapid removal of SO, by this process. Conversely, nitrate aerosol
is likely to be removed more rapidly by dry deposition than is sulphate
aerosol.

(e) These differences in removal rates will cause changes in the ratios of S
and N concentrations with time of travel from the point of emission. In
clear air, as the plume travels downwind, the SO2/NO; ratio will increase.
Conversely, the ratio of sulphate aerosol to nitrate aerosol concentration
will decrease downwind. In cloudy conditions, where aqueous-phase reac-
tions become important and photochemical processes become less impor-
tant, SO, oxidation will proceed faster than NO, oxidation and hence the
S02/NO, ratio may decrease.

(f) SO, and NO, removal rates will normally be lower in a plume than in back-
ground air, due to oxidant limitations, in both the gas and aerosol phases,
with plume fringes offering an intermediate oxidation environment.

(g) Absolute oxidation rates of SO; and NO, will vary with plume and back-
ground air composition and ambient conditions. In sunny conditions a
maximum SO, conversion rate of around 3% h~! and a maximum NO,
conversion rate of around 30% h~' might be expected. However, lower
rates may be expected in a “normal” power station plume as oxidant sup-
ply becomes diminished by consumption of O3, although the rate of oxida-
tion of NO, will remain ~10 times that of SO in photochemically active
conditions.

Unfortunately, however, there do remain significant restrictions in our abil-
ity to translate these points into a complete description of SO, and NO, be-
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haviour in a power station plume. These arise because of the lack of field data
of NO, oxidation rates inside discrete plumes, a poor understanding of the ef-
fects of oxidant limitation on NO, oxidation and a poor understanding of the
rapidity with which oxidant limitation can be reversed once a plume encoun-
ters polluted urban air or mixes with background air. Despite these limitations,
it is clear that ground level SO;/NOy ratios may vary with travel time and
ambient conditions. In conditions of simple meteorology and plume dynam-
ics, with clear air and adequate sunlight, the photochemical removal of NO,
will proceed up to 10 times faster than that of SO;. At night, SO, conversion
will be effectively zero in clear air while NO, conversion proceeds. In cloudy
conditions the opposite effect will pertain, as the SO> conversion rate will be
increased, but the NO, conversion rate will be reduced. Whether or not the re-
sultant ratio changes are observable in the ground-level concentrations of the
plume will depend upon the travel time, the ambient conditions and on the
nature and magnitude of other sources of SO, and NO,.

3.6. Source apportionment using ratios of S/IN

The discussion above of the atmospheric chemistry of SO; and NO, clearly
suggests that when elevated concentrations of these pollutants are observed at
ground level as a result of emissions from multiple sources, the unambigu-
ous identification of these sources, from consideration of the ratios of their
concentrations, is not straightforward. Indeed, such unambiguous source ap-
portionment is not likely without use of a sophisticated chemical and transport
model of the atmosphere and then only under ideal conditions. However, in an
idealised dry atmosphere with simple photochemistry occurring and in the ab-
sence of other sources of the pollutants, an observable increase in the SO2/NO,
ratio in a power station plume as it travels downwind may be expected. In fact,
such elevated ratios of SO,/NO, measured downwind could be taken as evi-
dence that power station emissions were responsible for the elevated concen-
trations of SO,. However, if other sources of pollutants are present then this
idealised pattern of changing ratios could be distorted. In particular, vehicular
or other sources of NO, could substantially reduce the SO,/NO; ratio below
that expected for a power station plume. Thus high SO,/NO, ratios (> ~5)
are almost certainly indicative of pollution from major combustion processes,
but low SO2/NO; ratios (<~5) do not unambiguously rule out power stations
as being the source of the SO;. In wet weather, when liquid phase chemical
conversion processes will occur, the situation is much more complex. In both
wet and dry conditions it is necessary to correct for background concentrations
of the pollutants before consideration of the ratios.
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4. Conclusions

Pollution by the products of fossil fuel combustion remains a major environ-
mental issue, with ecological, health and material damage effects well docu-
mented. As well as the direct effects of SO, and NO, and their indirect ef-
fects on acid deposition and visibility reduction, consideration is now being
given to the role of power plant plumes to O3 formation. Current understand-
ing of the chemistries of SO2 and NO, in plumes is sufficiently advanced to
allow the broad description and prediction of their behaviour under ideal or
near-ideal conditions. However, the effects of oxidant limitation and of more
complicated atmospheric conditions cause major problems to the prediction of
plume behaviour in the ambient atmosphere. Chemical models of plume be-
haviour require integration with models of the physical dispersion and trans-
port of the plume if a full description of concentration changes is to be ef-
fected. The need for large-scale integrated field experiments for the validation
of chemistry-transport models remains.

Acknowledgements

This work was funded by TXU Europe Power.

References

Alkezweeny, A.J., Laulainen, N.S., Thorp, J.M., 1982. Physical, chemical and optical characteris-
tics of a clean air mass over Northern Michigan. Atmospheric Environment 16, 2421-2430.
Alkezweeny, A.J., Powell, D.C., 1977. Estimation of transformation rate of SO, to SO4 from

atmospheric concentration data. Atmospheric Environment 11, 179-182.

Anlauf, K.G., Fellin, P., Wiebe, H.A., 1982. The Nanticoke shoreline diffusion experiment, June
1978-IV. A. Oxidation of sulphur dioxide in a power plant plume. B. Ambient concentrations
and transport of sulphur dioxide, particulate sulphate and nitrate, and ozone. Atmospheric En-
vironment 16, 455-466.

APEG, 1999. Source apportionment of airborne particulate matter in the United Kingdom. Report
of the Air Particles Expert Group, DETR.

Atkinson, R., Lloyd, A.C., 1984. Evaluation of kinetic and mechanistic data for modelling of
photochemical smog. Journal of Physical and Chemical Reference Data 13, 315-444.

Atkinson, R., Perry, R.A., Pitts, Jr., JN., 1976. Rate constants for the reactions of the OH radical
with NOy (M = Ar and N3) and SO, (M = Ar). Journal of Chemical Physics 65, 306-310.

Benkovitz, C.M., Scholtz, M.T., Pacyna, J., Tarrason, L., Dignon, J., Voldner, E.C., Spiro, PA.,
Logan, J.A., Graedel, T.E., 1996. Global gridded inventories of anthropogenic emissions of
sulphur and nitrogen. Journal of Geophysical Research 101, 26239-29253.

Bidleman, T.F., 1988. Atmospheric processes. Environmental Science and Technology 22, 361-
367.

Botha, C.F., Hahn, J., Pienaar, J.J., Vaneldik, R., 1994. Kinetics and mechanism of the oxidation
of sulphur (IV) by ozone in aqueous solutions. Atmospheric Environment 28, 3207-3212.



The atmospheric chemistry of sulphur and nitrogen 275

Brook, J.R., Zhang, LM, Li, Y.F, Johnson, D., 1999. Description and evaluation of a model of
deposition velocities for routine estimates of dry deposition over North America. Part II: review
of past measurements and model resuits. Atmospheric Environment 33, 5053-5070.

Calvert, J.G., Su, F,, Bottenheim, J.W., Strausz, O.P., 1978. Mechanism of the homogeneous oxi-
dation of sulphur dioxide in the troposphere. Atmospheric Environment 12, 197-226.

Castleman, A.W., Tang L.N., 1976/7. Kinetics of the association reaction of SO, with hydroxyl
radical. Journal of Photochemistry 6, 349-354.,

Cheng, L., Peake, E., Davis, A., 1987. The rate of SO; to sulphate particle formation in an air par-
cel from an oil sands extraction plant plume. Journal of the Air Pollution Control Association
37, 163-167.

Clark, P.A., Fletcher, LS., Kallend, A.S., McElroy, W.J., Marsh, A.R.-W., Webb, A .H., 1984. Ob-
servations of cloud chemistry during long-range transport of power plant plumes. Atmospheric
Environment 18, 1849-1858.

Cox, R.A., 1975. The photolysis of gaseous nitrous acid — a technique for obtaining kinetic data on
atmospheric photooxidation reactions. International Journal of Chemical Kinetics Symposium,
Vol. 1, pp. 379-398.

Cox, R.A,, Penkett, S.A., 1971. Photooxidation of atmospheric SO,. Nature 229, 486-488.

Cox, R.A,, Penkett, S.A., 1972. Aerosol formation from sulphur dioxide in the presence of ozone
and olefinic hydrocarbons. Journal of Chemical Society Faraday Transactions 68, 1735-1753.

Cox, R.A., Sheppard, D., 1980. Reactions of OH radicals with gaseous sulphur compounds. Nature
284, 330-331.

Davis, D.D., Klauber, G., 1975. Atmospheric gas phase oxidation mechanisms for the molecule
SO;. International Journal of Chemical Kinetics Symposium, Vol. 1, pp. 543-556.

Davis, D.D., Heaps, W., Philen, D., McGee, T., 1979a. Boundary layer measurements of the OH
radical in the vicinity of an isolated power plant plume: SO, and NO; chemical conversion
times. Atmospheric Environment 13, 1197-1203.

Davis, D.D., Ravishankara, A.R., Fischer, S., 1979b. SO, oxidation via the hydroxyl radical: at-
mospheric fate of HSOy radicals. Geophysical Research Letters 6, 113-116.

Dignon, J., 1992. NOy and SO, emissions from fossil fuels: a global distribution. Atmospheric
Environment 26A, 1157-1163.

Dittenhoefer, A.C., De Pena, R.G., 1978. A study of production and growth of sulphate particles
in plumes from a coal-fired power plant. Atmospheric Environment 12, 297-306.

Dittenhoefer, A.C., De Pena, R.G., 1980. Sulphate aerosol production and growth in coal-operated
power plant plumes. Journal of Geophysical Research 85, 4499-4506.

Duncan, B.N., Stelson, A.W., Kiang, C.S., 1995. Estimated contribution of power plants to ambient
nitrogen oxides measured in Atlanta, Georgia in August 1992. Atmospheric Environment 29,
3043-3054.

Eatough, D.J., 1984. Rapid conversion of SO,(g) to sulphate in a fog bank. Environmental Science
and Technology 18, 855-859.

Eatough, D.J., Caka, EM., Farber, R.J., 1994. The conversion of SO; to sulphate in the at-
mosphere. Israel Journal of Chemistry 34, 301-314.

Eatough, D.J., Christensen, J.J., Eatough, N.L., Hill, M.\W., Major, T.D., Mangelson, N.F,,
Post, M.E., Ryder, J.F., Hansen, L.D., 1982. Sulphur chemistry in a copper smelter plume.
Atmospheric Environment 16, 1001-1015.

Eatough, D.J., Richter, B.E., Eatough, N.L., Hansen, L.D., 1981. Sulphur chemistry in smelter and
power plant plumes in the Western U.S. Atmospheric Environment 15, 2241-2253.

Ellestad, T.G., 1980. Aerosol composition of urban plumes passing over a rural monitoring site.
Annals of the New York Academy of Science 338, 202-218.



276 C.N. Hewitt

Eltgroth, M.W., Hobbs, P.V., 1979. Evolution of particles in the plumes of coal fired power plants
II. A numerical model and comparisons with field measurements. Atmospheric Environment
12, 953-975.

Enger, L., Hoegstroem, U., 1979. Dispersion and wet deposition of sulphur from a power plant
plume. Atmospheric Environment 13, 797-810.

Flyger, H., Lewin, E., Lund Thomsen, E., Fenger, J., Lyck, E., Gryning, S.E., 1978. Airborne
investigations of SO, oxidation in the plumes from power stations. Atmospheric Environment
12, 295-296.

Forrest, J., Garber, R., Newman, L., 1979a. Formation of sulphate, ammonium and nitrate in an
oil-fired power plant plume. Atmospheric Environment 13, 1287-1297.

Forrest, J., Schwartz, S.E., Newman, L., 1979b. Conversion of sulphur dioxide to sulphate during
the Da Vinci flights. Atmospheric Environment 13, 157-167.

Forrest, J., Garber, R., Newman, 1., 1981. Conversion rates in power plant plumes based on filter
pack data: the coal-fires Cumberland plume. Atmospheric Environment 13, 1287-1297.

Garber, R., Forrest, J., Newman, L., 1981. Conversion rates in power plant plumes based on filter
pack data: the oil-fired Northport plume. Atmospheric Environment 15, 2283-2292.

Gertler, A.W., Miller, D.F, Lamb, D., Katz, U., 1984. Studies of sulphur dioxide and nitrogen
dioxide reactions in haze and cloud. In: Durham, J.L. (Ed.), Teasley, J.1. (Series, Ed.), Chem-
istry of Particles, Fogs and Rain, Acid Precipitation Series, Vol. 2. Butterworth, Boston, pp.
131-160.

Gillani, N.V., Colby, J.A., Wilson, WE., 1983. Gas to particle conversion of sulphur in power
plant plumes — II. Parameterization of plume-cloud interactions. Atmospheric Environment 17,
1753-1763.

Gillani, N.V., Husar, R.B., Husar, J.D., Patterson, D.E., Wilson, W.E., 1978. Project MISTT: ki-
netics of particulate sulphur formation in a power plant plume out to 300 km. Atmospheric
Environment 12, 589-598.

Gillani, N.V,, Kohli, S., Wilson, W.E., 1981. Gas-to-particle conversion of sulphur in power plant
plumes — I. Parametrization of the conversion rate for dry, moderately polluted ambient condi-
tions. Atmospheric Environment 15, 2293-2313.

Gillani, N.V,, Luria, M., Valente, R.J., Tanner, R.L., Imhoff, R.E., Meagher, I.F,, 1998a. Loss rate
of NO,, from a power plant plume based on aircraft measurements. Journal of Geophysical
Research 103, 22585-22592.

Gillani, N.V., Meagher, J.F, Valente, R.J., Imhoff, R.E., Tanner, R.L., Luria, M., 1998b. Relative
production of ozone and nitrates in urban and rural power plant plumes 1. Composite results
based on data from 10 field measurement days. Journal of Geophysical Research 103, 22593~
22615.

Gillani, N.V., Wilson, W.E., 1980. Formation and transport of ozone and aerosols in power plant
plumes. Annals of the New York Academy of Sciences 338, 276-296.

Gillani, N.V., Wilson, W.E., 1983. Gas to particle conversion of sulphur in power plant plumes —
II. Observations of liquid-phase conversions. Atmospheric Environment 17, 1739-1752.

Goodeve, C.F, Eastman, A.S., Dooley, A., 1934. The reaction between sulphur trioxide and water
vapors and a new periodic phenomenon. Transactions of Faraday Society 30, 1127-1133.

Harris, G.W., Atkinson, R., Pitts, Jr., J.N., 1980. Temperature dependence of the reaction OH +
SO; + M — HSO3 + M for Ar and SFg. Chemical and Physical Letters 69, 378-382.

Harris, G.W., Wayne, R.P., 1975. Reaction of hydroxyl radicals with NO, NO; and SO;. Journal
of the Chemical Society of Faraday Transactions 71, 610-617.

Harrison, R.M., Shi, J.P., 1996. Sources of nitrogen dioxide in winter smog episodes. Science of
the Total Environment 190, 391-399.

Harrison, R.M., Shi, J.P,, Grenfell, J.L., 1998. Novel night-time free radical chemistry in severe
nitrogen dioxide pollution episodes. Atmospheric Environment 32, 2769-2774.



The atmospheric chemistry of sulphur and nitrogen 277

Harter, P., 1985. Sulphates in the Atmosphere. IEA Coal Research, London, pp. 155.

Haury, G., Jordan, S., Hofmann, C., 1977. Experimental investigation of the aerosol-catalyzed
oxidation of SO, under atmospheric conditions. Atmospheric Environment 12, 281-287.

Hegg, D.A., Hobbs, P.V,, 1980. Measurements of gas-to-particle conversion in the plumes from
five coal-fired electric power plants. Atmospheric Environment 14, 99-116.

Hegg, D.A., Hobbs, P.V., Lyon, J.H., 1985. Field studies of a power plant plume in the arid souther-
western United States. Atmospheric Environment 19, 1147-1167.

Hewitt, C.N., Harrison, R.M., 1985. Tropospheric concentrations of the hydroxyl! radical — a re-
view. Atmospheric Environment 19, 545-554.

Hidleman, L.M., Russell, A.G., Cass, G.R., 1984. Ammonia and nitric acid concentrations in equi-
librium with atmospheric aerosols: experiment vs. theory. Atmospheric Environment 18, 1737—
1750.

Horvath, L., Nagy, Z., Weidinger, T., 1998. Estimation of dry deposition velocities of nitric oxide,
sulphur dioxide, and ozone by the gradient method above short vegetation during the tract
campaign. Atmospheric Environment 32, 1317-1322.

Hov, O., Isaksen, I.S.A., 1981. Generation of secondary pollutants in a power plant plume: a model
study. Atmospheric Environment 15, 2367-2376.

Husar, R.B., Patterson, D.E., Husar, J.D., Gillani, N.V.,, Wilson, W.E., 1978. Sulphur budget of a
power plant plume. Atmospheric Environment 12, 549-568.

Huss, Jr., A., Lim, P.X,, Eckert, C.A., 1982. Oxidation of aqueous SO,. 1. Homogeneous man-
ganese(I) and iron(Il) catalysis at low pH. Journal of Physical Chemistry 86, 4224--4228.

Jones, C.L., Seinfeld, J.H., 1983. The oxidation of NO, to nitrate — day and night. Atmospheric
Environment 17, 2370.

Joos, E., Mendonca, A., 1986. Evaluation of a reactive plume model with power plant plume
data — Application to the sensitivity analysis of sulfate and nitrate formation. Atmospheric
Environment 21, 1331-1343.

Karamchandani, P., Seigneur, C., 1999. Simulation of sulphate and nitrate chemistry in power
plant plumes. Journal of Air & Waste Management Association 49, 175-181.

Lagrange, J., Pallares, C., Lagrange, P., 1994. Electrolyte effects on aqueous atmospheric oxidation
of sulphur dioxide by ozone. Journal of Geophysical Research 99, 14595-14600.

Langford, A.O., Fehsenfeld, F.C., Zachariassen, J., Schimel, D.S., 1992. Gaseous ammonia fluxes
and background concentrations in terrestrial ecosystems in the United States. Global Biogeo-
chemical Cycles 6, 459-483.

Lazrus, A L., Haagenson, P.L., Kok, G.L., Huebert, B.J., Kreitzberg, C.W., Likens, G.E., Mohnen,
V.A., Wilson, W.E., Winchester, J.W., 1983. Acidity in air and water in a case of warm frontal
precipitation. Atmospheric Environment 17, 581.

Lee, D.S., Atkins, D.H.F,, 1994. Atmospheric ammonia emissions from agricultural waste com-
bustion. Geophysical Research Letters 21, 281-284.

Leu, M.-T., 1982. Rate constants for the reaction of OH with SO, at low pressure. Journal of
Physical Chemistry 86, 4558-4562.

Liebsch, E.J., De Pena, R.G., 1982. Sulphate aerosol production in coal-fired power plant plumes.
Atmospheric Environment 16, 1323-1331.

Lind, J.A., Lazrus, A.L., Kok, G.L., 1987. Aqueous phase oxidation of sulphur (IV) by hydrogen
peroxide, methylhydroperoxide, and peroxyacetic acid. Journal of Geophysical Research 92,
4171-41717.

Luria, M., Tanner, R.L., Imhoff, R.E., Valente, R.J., Bailey, E.M., Mueller, S.F., 2000. Influence
of natural hydrocarbons on ozone formation in an isolated power plant plume. Journal of Geo-
physical Research 105, 9177-9188.



278 C.N. Hewitt

Luria, M., Olszyna, K.J., Meagher, J.F,, 1983. The atmospheric oxidation of flue gases from a
coal-fired power plant: a comparison between smog chamber and airbome plume sampling.
Journal of the Air Pollution Control Association 483-487.

Luria, M., Valente, R.J., Tanner, R.L., Gillani, N.V., Imhoff, R.E., Mueller, S.F., Olszyna, K.J.,
Meagher, J.F,, 1999. The evolution of photochemical smog in a power plant plume. At-
mospheric Environment 33, 3023-3036.

Lusis, M.A., Anlauf, K.G., Barrie, L.A., Wiebe, H.A., 1978. Plume chemistry studies at a Northern
Alberta power plant. Atmospheric Environment 12, 2429-2437.

Mamane, Y., Pueschel, R.F., 1980. Formation of sulphate particles in the plume of the Four Corners
power plant. Journal of Applied Meteorology 19, 779-790.

Martin, A., 1984. Estimating washout coefficients for sulphur dioxide, nitric oxide, nitrogen diox-
ide and ozone. Atmospheric Environment 19, 1955-1961.

Martin, L.R., Damschen, D.E., 1981. Aqueous oxidation of suphur dioxide by hydrogen peroxide
at Jow pH. Atmospheric Environment 15, 1615.

Martin, L.R., Good, T.W., 1991. Catalyzed oxidation of sulphur dioxide in solution: the iron—
manganese synergism. Atmospheric Environment 25A, 2395-2399.

Martin, L.R., Hill, M.W,, Tai, A.F., Good, T.W., 1991. The iron catalyzed oxidation of sulphur(IV)
in aqueous solution: differing effects of organics at high and low pH. Journal of Geophysical
Research 96, 3085-3097.

McAndrew, R., Wheeler, R., 1962. The recombination of atomic hydrogen in propane flame gases.
Journal of Physical Chemistry 66, 229-232.

Meagher, 1.E, Luria, M., 1982. Model calculations of the chemical processes occurring in the
plume of a coal-fired power plant. Atmospheric Environment 16, 183-195.

Meagher, J.E.,, Stockburger, L., Bailey, EM., Huff, O., 1977. The oxidation of sulphur dioxide
to sulphate aerosols in the plume of a coal-fired power plant. Atmospheric Environment 12,
2197-2203.

Meagher, J.F.,, Stockburger, L., Bonanno, R.J., Bailey, E.M., Luria, M., 1981. Atmospheric ox-
idation of flue gases from coal fired power plants — a comparison between conventional and
scrubbed plumes. Atmospheric Environment 15, 749-762.

Miller, D.F., Alkezweeny, A.J., 1980. Aerosol formation in urban plumes over Lake Michigan.
Annals of the New York Academy of Sciences 338, 219-232.

Miller, D.F., Alkezweeny, A.J., Hales, J.M., Lee, R.N., 1978. Ozone formation related to power
plant emissions. Science 202, 1186-1190.

Mozurkewich, M., 1993. The dissociation constant of ammonium nitrate and its dependence on
temperature, relative humidity and particle size. Atmospheric Environment 27, 261-270.

Newman, L., 1981. Atmospheric oxidation of sulphur dioxide: a review as viewed from power
plant and smelter plume studies. Atmospheric Environment 15, 2231-2239.

Nunnermacker, L.J., Kleinman, L.I., Imre, D., Daum, PH., Lee, Y.N., Lee, J.H., Springston, S.R.,
Newman, L., Gillani, N., 2000. NOy lifetimes and O3 production efficiencies in urban and
power plant plumes: analysis of field data. Journal of Geophysical Research 105, 9165-9176.

Park, S.U., 1998. Effects of dry deposition on near-surface concentrations of SO, during medium-
range transport. Journal of Applied Meteorology 37, 486-496.

Penkett, S.A_, Jones, BM.R,, Brice, K.A., Eggleton, A.E.J., 1979. The importance of atmospheric
ozone and hydrogen peroxide in oxidizing sulphur dioxide in cloud and rainwater. Atmospheric
Environment 13, 123-137.

Platt, U., Perner, D., 1980. Direct measurement of atmospheric CH,O, HNO,, O3 and SO, by
differential optical absorption in the near UV. Journal of Geophysical Research 85, 7453.

Pleim, J.E., Venkatram, A., Yamartino, R., 1984. ADOM/TADAP Model Development Program.
The Dry Deposition Module. Vol. 4. Ontario Ministry of the Environment, Rexdale, Canada.



The atmospheric chemistry of sulphur and nitrogen 279

Pruppacher, H., Klett, J.D., 1978. Microphysics of Clouds and Precipitation. Dreidel, Dordecht,
The Netherlands.

Richards, 1..W., Anderson, J.A., Blumenthal, D.L., Brandt, A.A., McDonald, J.A., Watus, N., Ma-
cias, E.S., Bhardwaja, P.S., 1981. The chemistry, aerosol physics, and optical properties of a
western coal-Fred power plant plume. Atmospheric Environment 15, 2111.

Richards, L.W., Anderson, J.A., Blumenthal, D.L., McDonald, J.A., Kok, G.L., Lazrus, AL.,
1983. Hydrogen peroxide and sulphur (IV) in Los Angeles cloud water. Atmospheric Envi-
ronment 17, 911.

Roberts, D.B., Williams, D.J., 1979. The kinetics of oxidation of sulphur dioxide within the plume
from a sulphide smelter in a remote region. Atmospheric Environment 13, 1485-1499.

Ryerson, T.B., Buhr, M.P,, Frost, G.J., Goldan, P.D., Holloway, J.S., Hubler, G., Jobson, B.T.,
Kuster, W.C., McKeen, S.A,, Parrish, D.D., Roberts, J.M., Sueper, D.T., Trainer, M., Williams,
J., Fehsenfeld, F.C., 1998. Emissions lifetimes and ozone formation in power plant plumes.
Journal of Geophysical Research 103, 22569-22583.

Seigneur, C., 1982. A model of sulphate aerosol dynamics in atmospheric plumes. Atmospheric
Environment 16, 2207-2228.

Seinfeld, J.H., Pandis, S.N., 1998. Atmospheric Chemistry and Physics. Wiley, New York,
pp. 1326.

Shi, J.P., Harrison, R.M., 1997. Rapid NO, formation in diluted petrol fuelled engine exhaust: a
source of NO; in winter smog episodes. Atmospheric Environment 31, 3857-3866.

Sillman, S., 2000. Ozone production efficiency and loss of NOy in power plant plumes: pho-
tochemical model and interpretation of measurements in Tennessee. Journal of Geophysical
Research 105, 9189-9202.

Spiro, P.A., Jacob, D.J.,, Logan, J.A., 1992. Global inventory of sulphur emissions with a 1°x1°
resolution. Journal of Geophysical Research 97, 6023-6036.

St. John, J.C., Chameides, W.L., 2000. Possible role of power plant plume emissions in fostering
O-3 exceedence events in Atlanta, Georgia. Journal of Geophysical Research 105, 9203-9211.

Stockwell, W.R., Calvert, J.G., 1983. The mechanism of the HO-SO, reaction. Atmospheric En-
vironment 17, 2231-2235.

Tuazon, E.C., Atkinson, C.R., Plum, C.N., Winer, A.M,, Pitts, Jr., J.N., 1983. The reaction of gas
phase N>Os with water vapor. Geophysical Research Letters 10, 953.

Walmsley, J.L., Wesely, M.L., 1996. Modification of coded parameterizations of surface resis-
tances to gaseous dry deposition. Atmospheric Environment 30, 1181-1188.

Wesely, M.L., Hicks, B.B., 2000. A review of the current status of knowledge on dry deposition.
Atmospheric Environment 34, 2261-2282.

Winchester, J.W., 1980. Sulphate formation in urban plumes. Annals of the New York Academy
of Sciences 338, 297-308.

Zak, B.D., 1981. Lagrangian measurements of sulphur dioxide to sulphate conversion rates. At-
mospheric Environment 15, 2583-2591.





