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Heterogeneous and Multiphase
Chemistry in the Troposphere

A. R. Ravishankara

Heterogeneous and multiphase reactions on solids and in liquids, respectively, have the
potential to play a major role in determining the composition of the gaseous troposphere
and should be included in models for understanding this region and assessing the effects
of anthropogenic emissions. Making a distinction between reactions on solids (heter-
ogeneous reactions) and those occurring in liquid droplets (multiphase reactions) is
convenient for understanding, describing, and including them in models of the tropo-
sphere. Frameworks are available for including multiphase reactions in numerical mod-
els, but they do not yet exist for heterogeneous reactions. For most of these reactions,
water not only provides the medium but it is also a reactant. Other substrates such as
sulfate and organic and sea-salt aerosols may also be important, but their effects cannot
currently be accurately assessed because of a lack of information on their abundance,
nature, and reactivities. Our ability to accurately predict the composition of the tropo-
sphere will depend on advances in understanding the microphysics of particle formation,
laboratory investigations of heterogeneous and multiphase reactions, and collection of
field data on tropospheric particles.

Earths atmosphere, made up mostly of gas-
es, has suspended in it liquid and solid
particles that affect its radiation field and
chemical composition. One of the most
intense areas of current research in atmo-

spheric sciences is the effect of these parti-
cles, natural and anthropogenic, on the ra-
diative balance of Earth and its climate.
Here I concentrate on the changes in the
composition of the gaseous atmosphere in-
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duced by the presence of condensed matter
(1). I adopt a “gas phase—centric” perspec-
tive of the atmosphere, because the atmo-
sphere is primarily gaseous, and what is
often of interest is what controls the com-
position of this medium, particularly how
human activity influences this medium.

In the context of tropospheric chemistry
involving condensed species, it is important
to distinguish between heterogeneous
chemistry as that which is constrained to
the surface of a solid, and multiphase chem-
istry as that which takes place in the bulk of
the liquid medium (Fig. 1). I focus mostly
on the global-scale heterogeneous and mul-
tiphase chemistry of the troposphere (2).
Heterogeneous and multiphase reactions
have been studied for a long time, often for
practical reasons such as chemical produc-
tion. However, the field of atmospheric
heterogeneous and multiphase chemistry
is, in a sense, young. Recently it received
a boost by the recognition of the crucial
role played by these processes in the dra-
matic Antarctic ozone hole and the strato-
spheric ozone depletion (3). The evidence
for the occurence of heterogeneous and
multiphase reactions in the stratosphere is
very strong, and it has been possible to
identify and quantify their role by using
laboratory data, field observations, and
modeling calculations.

There is also evidence for tropospheric
heterogeneous and multiphase reactions.
For example, wet deposition is a mecha-
nism for the ultimate removal of chemi-
cals from the atmosphere and thus termi-
nates the reactions of the removed species
in the atmosphere. Two decades ago Pen-
kett et al. (4) showed that SO, could be
oxidized by H,0, and Oj; in liquid droplets
in the atmosphere, and it is now accepted
that a significant fraction of SO, is oxi-
dized by multiphase reactions (5). Howev-
er, because it is not associated with any
global-scale disasters, heterogeneous and
multiphase chemistry in the troposphere
has not received as much notoriety as its
stratospheric counterpart. Changes in the
tropospheric composition due to heteroge-
neous and multiphase processes can be
subtle and hence more difficult to diag-
nose and understand. Analysis of tropo-
spheric heterogeneous and multiphase
chemistry is further complicated by two
factors: (i) very rapid mixing in the tropo-
sphere, which makes it difficult to at-
tribute a change to a specific process, and
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(ii) as noted later, the variety of con-
densed matter and gaseous species that
can participate in the reactions.

Role of Heterogeneous and
Multiphase Reactions in the
Troposphere

The most visible forms of condensed matter
in air are clouds (including fog), which are
primarily solid or liquid water (Fig. 2). Wa-
ter is also the most abundant reactant for
heterogeneous and multiphase reactions. If
their volatility is low, other less abundant
species may also condense to form particles,
as exemplified by stratospheric sulfuric acid
aerosols, which are made of sulfuric acid
(~5 to 35 M). How does the presence of
small amounts of this suspended material
alter the composition of the gaseous atmo-
sphere? The composition can be altered by
the following means:

(i) Gas-phase species dissolve in the
liquid droplets or coat the solid particles
and are thereby removed from the gas
phase. If the particles sediment, the gaseous
species may be removed from the tropo-
sphere or transported to lower altitudes.

(ii) Two gas-phase species can react
on or in the suspended particle, or a gas-
phase species can react with a constituent
of the condensed medium. Reactions be-
tween “filled-shell” molecules, which are
very slow in the gas phase because of high
energy barriers, may be greatly facilitated
with condensed media because of lower
barriers or the availability of an ionic re-
action pathway. One of the most impor-
tant of these reactions is hydrolysis, which
is a reaction between a molecule and wa-
ter; water is present in almost all suspend-
ed particles in the troposphere. Hydrolysis
reactions, such as that with N,Os, are
typically very slow in the gas phase (6-8)
but can be very efficient in or on con-
densed matter (8).

(iii) A liquid medium suspended in air
removes soluble species from the gas phase
and thus separates insoluble species from
the soluble ones (9). Such a separation can
lead to interesting changes in the gas-phase
chemistry. For example, the photochemical
production of ozone from the reaction of
HO, with NO will be suppressed because
HO, is incorporated into the liquid phase
whereas the less soluble NO (and NO,) is
not. Furthermore, HO, leads to O, in the
liquid phase, where it can destroy ozone.

(iv) The atmospheric photochemistry
of a species may be different in the presence
of particles because of alterations in the
available actinic flux, changes in the ab-
sorption spectra (spectral shifts and gener-
ation of new absorbers), and the production
of different products. The photon density in

ARTICLES

the gas phase may be enhanced at or near
the top of thick clouds, whereas it can be
greatly reduced below (10). For example,
the gas-phase NO, photolysis rate constant
near the top of a cloud can be five times as
large as the rate constant in clear air (10).
Photolysis rates within liquid droplets may
also be enhanced near the top of clouds
(10).

The combination of altered photolysis
rates and the separation of reactants be-
tween gaseous and liquid phases can lead
to processes and products that in clear air
would not be possible or would be much
slower. Because stratospheric ozone filters
out light at wavelengths of less than ~290
nm, the solar actinic radiation in the tro-
posphere is limited to longer wavelengths.
Because the solar flux increases very rap-
idly above 290 nm, even small spectral
shifts may lead to large changes in the
photolysis rates for species that absorb
around 300 nm. For example, O;, whose
ultraviolet (UV) spectrum in water is red-
shifted (11), will photodissociate more
rapidly in liquid droplets than in air. Dif-
ferent photolysis products are also possible
when a species is taken up into a liquid or
on to a solid surface. For example, disso-
lution of N,Os in water leads to the for-
mation of NO;~, whose photodissocia-
tion leads to OH (12), an important oxi-
dant not produced directly from N,Os.
Photochemistry in the liquid or on the
solid phase will be important only if it
leads to a product that is not formed in the
gas phase or if it occurs at a much faster
rate.

The area of liquid-phase photochemis-

Heterogeneous Multiphase
reaction reaction
Solid Liquid
‘/\\ /
.Y\
No diffusion ~
Diffusion  Reaction
Reaction on solids Reaction in liquids
Surface area limited Volume limited?
Surface area limited?

Fig. 1. Distinction between heterogeneous and
multiphase reactions. The slab on the solid is
meant to represent a quasi-liquid layer, if it is
present. Diffusion into and out of the bulk of the
solid is assumed to be too slow to effect the con-
centrations at the surface; thus, the reaction is
confined to the surface. In the case of the liquid, it
is assumed that the reaction takes place after the
molecule has been incorporated into the bulk of
the liquid.
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try and photocatalysis briefly outlined
above is of great importance to atmospher-
ic chemistry. Faust and co-workers (13,
14) have shown that solar irradiation of
rainwater produces H,O,, presumably be-
cause of the presence of dissolved organic
chromophores, and this production can
overwhelm the gas-phase transport of
H,0, or HO, into liquid droplets. A more
detailed discussion of this topic, even
though of great importance to atmospheric
chemistry, is beyond the scope of this
article [see Gunz and Hoffmann (15) and
Faust (14) for reviews].

It is important to consider which chem-
ical species are likely to be affected by het-
erogeneous and multiphase reactions. Most

tropospheric species removed by heteroge-
neous and multiphase reactions can also be
lost through gas-phase processes. If the gas-
phase removal is fast, heterogeneous reac-
tions are unlikely to compete. For example,
the concentrations of low-abundance short-
lived free radical species, whose production
rate is slow relative to their removal rate,
are unlikely to be affected by heterogeneous
removal. Even though their gas-phase con-
centration is thus not greatly affected by
heterogeneous reactions, free radicals can
be important sources of reactants to the
condensed medium and sometimes can be
key to initiating chain reactions in liquids
[see, for example, (16)]. The consequences
to the atmosphere of the two paths may also

Fig. 2. The vapor pressure )
of water as a function of

temperature over ice (green), 102
supercooled water (black),
and liquid water (red). The
blue vertical line separates
liquid from solid phase. 100 -

Various atmospheric con-
densed phases of water are
depicted in the approxi-
mate regimes of their exis-
tence in the atmosphere.

102 |

Water vapor pressure (torr)

Solid

ine boundary | .
ijanne oundary layer

>

ower troposphere
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104
200

quer stratosphere # ; ;

250
Temperature (K)

300

Fig. 3. A pictorial flow

chart of the calculation of

X

HETEng’:'W—‘,OUS multiphase, k

> Y

the rates of heteroge-
neous and multiphase re-
actions in the tropo-
sphere. A and V are the
surface area and volume

D

.

,.___i Modeling

of the condensed matter
per cubic centimeter of
air and are currently ob-
tained from field observa-
tions carried out in situ or

by remote sensing. The
ultimate aim is to be able
to calculate these quanti-
ties from atmospheric
composition (comp.).  is
the mean speed of the

molecule X, and v is the
reactive uptake coeffi-
cient, which can be either
measured in the labora-
tory under atmospheric
conditions or calculated

Y= f(H, D, k)

physicochemical
parameters

y=f(V, T, comp., etc.)

d[y
- =ﬁ = k[X]
dt ‘V
| k'=z oy A4
| Ty AX
/ f”,"’& i
L 2 |
|
T Compute A, V, l ‘
|

Reconstruct y from basic

composition, etc.
from basic data Measure A, V,

composition,

P,
phase, etc.

from various physico-
chemical  parameters.

Laboratory studies

Field observation

The parameters needed

to calculate the reactive uptake coefficients are H, the Henry’s law solubility constant; D,, the liquid-phase
diffusion coefficient; and k,, the first-order rate coefficient for the reaction of reactant X in the droplet. With
these data and a suitable framework, heterogeneous and multiphase reactions can be included in

atmospheric models.
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not be the same. For example, SO, can be
oxidized by OH in the gas phase or by
oxidants such as H,0, and Oj; in a liquid
droplet; however, only the formation of gas-
eous H,SO,, by means of the OH reaction,
can lead to new particles. The largest con-
centration changes as a result of heteroge-
neous and multiphase reactions are expect-
ed when a species is not as easily produced
by gas-phase reactions. The observed larger
concentrations of H,O, (17) and cloud
condensation nuclei (18) above clouds
could be indicators of such processes.

Rates of Heterogeneous and
Multiphase Reactions

To calculate a heterogeneous or multiphase
reaction rate in the troposphere (Fig. 3),
one needs (i) the surface area and, for some
multiphase reactions, the volume of con-
densed matter; (ii) the phase of the con-
densed matter; (iii) the composition of the
bulk (for liquids) and the surface (for sol-
ids); (iv) the identity and concentrations of
the gas-phase species that can undergo het-
erogeneous or multiphase reactions; and (v)
the reactive uptake coefficient on the spe-
cific substrate under atmospheric condi-
tions for the reaction. In principle, these
quantities should be calculable; however, as
will become clear in the following sections,
limited observations and understanding of
the microphysics of particle formation se-
verely restrict our current ability to model
these systems. After discussing the different
condensed media available for reactions, I
will return to the question of reaction rates
and their assessment.

Media for Heterogeneous and
Multiphase Reactions

Condensed water is likely to be the predom-
inant form of suspended material in the
troposphere. However, sulfuric droplets in
various stages of neutralization, sea-salt par-
ticles, soot, silicates, and organic aerosols
also provide media for important transfor-
mations. The current understanding of the
microphysics of particle formation in the
atmosphere, a focus of much current re-
search, is not sufficiently developed to cal-
culate the surface area (and volume), phase,
and composition adequately enough to es-
timate the rates of heterogeneous and mul-
tiphase reactions with an accuracy compa-
rable with those calculated for gas-phase
reactions. Such accuracy is essential with
regard to the troposphere because the time
scales for gas-phase processes and transport
are comparable with those for heteroge-
neous and multiphase reactions. Some of
the elements of the microphysics are dis-
cussed by Baker (1). In my opinion, for at
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least the next few years, we will have to rely
on observations more than on prediction to
define the condensed matter for heteroge-
neous and multiphase reactions in the tro-
posphere. However, even the observations
on the nature, amount, phase, variability,
and time trend of condensed matter in the
troposphere are currently insufficient to
quantify their influence on a global scale
with an accuracy comparable with that
achieved for the stratosphere. Therefore,
assessment of the global-scale effects of tro-
pospheric heterogeneous and multiphase re-
actions requires estimating the effects for
various scenarios (9, 19-21). I will first
describe the available condensed matter in
the troposphere.

Water and ice. Vapor pressures of water
are often high enough and the temperatures
low enough in the troposphere for water to
condense as a liquid or solid (Fig. 2). Pro-
duction of unstable supercooled liquid wa-
ter may also be possible. However, because
of the presence of nucleating agents, the
supercooled liquid water droplets will freeze.
With increasing altitude and decreasing
temperature, ice becomes the most likely
condensed form of water. Cirrus clouds,
which are formed in the mid- and upper
troposphere, are made of ice crystals. Only
in the lowest part of the troposphere is the
situation favorable for the existence of lig-
uid water droplets, and only in the marine
boundary layer is the formation of ice
clouds uncommon. The temperatures are
not low enough and the partial pressures of
other condensable species are not high
enough in the troposphere to yield stable
binary phases. In contrast, H,O-HNO; ice
is the first solid to appear upon cooling in
the lower stratosphere [see the phase dia-
gram for the HNO;-H,O system in (22)].
Because of its abundant vapor pressure, wa-
ter is present in almost all condensed matter
in the bulk or on the surface.

Clouds are the most abundant form of
condensed water in the troposphere. On
average, ~7% of the volume of the tropo-
sphere contains clouds (23). As seen from
satellite pictures, Earth is a cloudy planet
with more than 50% of its surface covered
by clouds, which are almost exclusively in
the troposphere. A moderately dense cloud
contains ~5 X 1077 cm?® of water per cubic
centimeter of air (24), which corresponds to
a surface area of ~4 X 1073 cm? per cubic
centimeter of air if the particles are all 10
pm in diameter. Clouds are composed of
liquid droplets that range in size from less
than a micrometer to millimeters in diam-
eter. The smallest liquid droplets stay in the
atmosphere as clouds (including fog), where
they evaporate or coagulate. Only the larger
droplets sediment. The time scale for het-
erogeneous and multiphase reactions in or
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on the cloud droplets can be highly vari-
able, ranging from a few minutes for falling
rain drops to a few hours for cloud droplets.
Because clouds are not present all the time
or in all places, the gaseous atmosphere is
exposed only episodically to condensed
matter. The theoretical investigations of
Crutzen (20) and Chameides and co-work-
ers (19, 21, 25, 26) have shown that clouds
can alter the composition of the tropo-
sphere on a global scale.

Sulfuric acid aerosols. Similar to the
stratosphere, the troposphere contains a
considerable amount of sulfate aerosols
formed from natural and anthropogenic sul-
fur emissions. The anthropogenic sulfates
are largely confined to the Northern Hemi-
sphere continental regions around industri-
al countries. The amounts of natural sulfate
aerosols are not well characterized; for ex-
ample, there is very little information on
the extent, composition, or temporal trends
in the sulfate aerosols in the upper tropo-
sphere (27). It is known, however, that
sulfate aerosols often act as condensation
nuclei for clouds (1, 24), and tropospheric
sulfate aerosols are dilute and often partially
neutralized, depending on their location, by
the presence of bases such as ammonia.

There is a great deal of interest in the
tropospheric sulfate aerosols because of their
effect on climate (28, 29), but here, I focus
on their effects on the composition of the
troposphere. These acid particles may induce
various multiphase reactions, especially
those that require an acidic medium. For
example, HNO; in sulfate aerosols may be
reduced by aldehydes and alcohols. Tolbert
et al. (30) and Chatfield (31) have proposed
that CH,O may react with HNO; in sulfuric
acid aerosols to release NO,. Gas-phase
pathways for methyl nitrate production are
very inefficient (32). Therefore, conversion
of CH;0H to CH;ONO, in sulfate aerosols
may be the source of tropospheric
CH,ONO,. Yet another example is waxes,
the common organics emitted by trees,
which may be oxidized by HNO; in a strong-
ly acidic sulfate aerosol to produce NO..

On the basis of our understanding of
multiphase processes, anthropogenic sulfate
aerosols, whose abundance has greatly in-
creased since industrialization, must have
already affected the composition of the tro-
posphere. As the emission of SO, into the
atmosphere changes as a result of imple-
mentation of governmental regulations and
industrialization of the developing world,
the amount of sulfate in the troposphere
will also change and hence will alter the
gas-phase composition. Such changes re-
quire further scrutiny.

Dust. It has been known for a long time
that dust from deserts and other terrestrial
sources is ubiquitous in the troposphere
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(33). Dust particles, mostly silicates con-
taining metals such as Al, Fe, and Mn, may
play a role in multiphase chemistry. They
can catalytically produce oxidants such as
H,O, from reactions of transition metal
ions (I5). Reactions on dust particles are
discussed by Andreae and Crutzen in this
issue (34).

Organic aerosols. Organic aerosols are
emitted into the atmosphere by both natu-
ral and anthropogenic processes and are
also generated in the troposphere. The
number, kind, and surface coverage of these
aerosols are poorly characterized. Some lab-
oratory studies have suggested that organic
aerosols may destroy atmospheric constitu-
ents such as ozone and nitrogen dioxide [see
(8) for a list of reactions]. Others have
shown that these aerosols are modified by
exposure to air (35). It is unclear whether
the aerosols containing organic chemicals
exist independently of other aerosols, that
is, whether they are completely organic, or
whether they are embedded in other aero-
sols (36). Recent measurements by Murphy
and co-workers (37) suggest that a large
fraction of aerosols in the marine boundary
layer have some organic content. Similarly,
a large fraction of urban aerosols have been
shown to contain organic chemicals (38). It
is presently unclear whether the particles
are solid, liquid, solid with a liquid cover, or
a combination of all three.

It is imperative to know the number,
composition, history, and surface coverage
of these particles before their effect on the

" composition of the troposphere can be

estimated accurately. In estimating the ef-
fects, a few general points are worth not-
ing: (i) Organic aerosols are likely to con-
tain oxygenated (partly oxidized) hydro-
carbons. (ii) They are likely to be covered,
at least partly, with water. (iii) Their sur-
faces are unlikely to remain the same for a
long time, unless the surface is a liquid,
because the atmosphere will alter the sur-
face composition. As a consequence of the
third point, hydrolysis on these particles
could be an important process and could
augment other water-based or water-cov-
ered particles. However, organic aerosols
may also initiate unexpected reactions; for
example, organic-covered aerosols may act
as sinks for reactive free radicals such as Cl
atoms. These aerosols may also reduce spe-
cies in the generally oxidizing tropo-
sphere. One possibility that has been pro-
posed on the basis of field observations is
the conversion of HNO; to NO,_, (39).
Characterization of organic content and
the functionality of the organics in aero-
sols would be beneficial.

Sea-sdlt aerosols. The sea-salt aerosols
present in the marine boundary layer are
highly concentrated solutions of halides.
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These particles, which can be quite large
(up to a millimeter in diameter), are formed
by bursting bubbles and generally have the
composition of sea water; however, they are
at times enriched in constituents from the
sea surface. These particles can lose water
and take up other atmospheric constituents
(40). Depending on their age and history,
they have different acidities. If the sea-salt
aerosols are dry (that is, below the deliques-
cence point), they are likely to react differ-
ently than if they are above the deliques-
cence point. Very often, they are supersat-
urated solutions (41). Uptake of reactive
species, such as HOBr, NO;, or N,Os, can
lead to the liberation of halogens (42—44).
The release of halogens from sea salt, first
suspected by Barrie et al. (45) in the case of
the Arctic springtime troposphere and sug-
gested by Finlayson-Pitts and co-workers
(42) for the marine boundary layer, has
far-reaching consequences, because halo-
gens are potent oxidants in the troposphere
(43). This active research area is briefly
mentioned below and is also addressed by

e

Gas-phase
diffusion

Mass accommodation

lx

Gaseous
atmosphere

Fig. 4 (Top). Various physicochemical process-
es that control a multiphase reaction of a mole-
cule X with another molecule Z in a liquid droplet.
The subscripts g and | refer to gas and liquid
phases. It is assumed that the concentration of Z
in the liquid phase is controlled by the gas-phase
abundance and its Henry’s law solubility coeffi-
cient, H. The steps are described in the text and
noted in the figure, except for the diffusion into
and out of the liquid. (Bottom) The concentra-
tions, in arbitrary units and different scales for
gas and liquid phases, of species X and Z as a
function of radial distance from the surface of a
spherical droplet. It is assumed that there is no
concentration gradient in either the gas or liquid
phase for the reactant Z. The reasons for the
concentration gradients of X in the liquid phase
are discussed in the text.
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Finlayson-Pitts and Pitts (2) and by An-
dreae and Crutzen (34) in this issue.

Soot. Partially burned carbon—soot—is
produced by natural and human-induced
combustion. These particles can signifi-
cantly affect the radiative balance of the
atmosphere because, unlike most other
particles, they can absorb the incoming
solar radiation. These particles may also
play a special role in the chemistry of the
troposphere because they have the poten-
tial to reduce oxidized species. For exam-
ple, on the basis of recent laboratory stud-
ies of Rogaski et al. (46), it has been
suggested that HNOj; is reduced on soot
(39, 47). The extent to which such a
special behavior is realized depends on
whether soot can maintain its initial sur-
face characteristics in the atmosphere. Its
reactive surface is likely to be irreversibly
affected by O, and other species. Further-
more, the surface is likely to be coated
with various condensable species, includ-
ing water. Therefore, soot’s special role
will be possible only if the surface remains
active.

Reactions in and on
Condensed Matter

The simplest way to include heterogeneous
and multiphase reactions in atmospheric
models that emphasize gas-phase composi-
tion changes is to represent the loss of a
reactant X from the gas phase as a result of
reaction on or in a condensed medium to
produce a product Y as a first-order process:

heterogeneous/multiphase k
—_— 5

(1)
where k is the rate constant. Such a repre-
sentation is often feasible because the time
rate of change of the gas-phase concentra-
tion of reactant X will be first order in its
concentration:

d[X] d[Y]

dt - dt - k[X] (2)
where t is the time and the square brackets
indicate concentration. The first-order rate
constant for the removal of X from the gas
phase, k, contains all the details of the
heterogeneous and multiphase reaction and
is given by

L wAy 3)
4

where A is the surface area for reactions in
square centimeters per cubic centimeter of
air,  is the mean molecular speed of the
species X, and vy is the reactive uptake
coefficient. The decomposition of y into
the basic physicochemical parameters, the
determination of these parameters, and the

calculation of k for any given atmospheric
condition, is one of the central efforts in
current atmospheric heterogeneous and
multiphase chemistry research.

As mentioned earlier, it is convenient to
differentiate between heterogeneous chemis-
try, which involves reactions of species com-
ing from the gas phase on a surface, and
multiphase chemistry, which involves reac-
tions in a liquid (Fig. 1). Because diffusion in
solids is slower than in liquids, to a first
approximation, the reactions involving sol-
ids are confined to the surface, whereas in a
multiphase reaction a gas-phase reactant is
likely to enter a liquid and then react with
one or more of its constituents. Such a con-
ceptual separation suggests that the surface
area is important for reactions on solids,
whereas both the surface area and volume
can be important for liquids. Reactions on
solids may involve the substrate molecules or
another molecule from the gas phase. It is
unlikely that a species from the gas phase
will encounter a molecule dissolved in the
solid because of slow diffusion in the solid; it
is more likely to react with another reactant
on the surface that also originated in the gas
phase. In liquids, the reactions may also be
exclusively at, or very close to, the surface,
and the uptake may behave like that on a
surface (48). Even slow reactions with water
can be important. For comparison, if the
concentration of a dissolved species is 107>
M, it needs to react 50,000 times faster with
the second reactant for its reaction to com-
pete with that of water present at a concen-
tration of ~55 M. Therefore, hydrolysis is
the first multiphase reaction to consider
when assessing tropospheric loss processes. If
hydrolysis is very slow, then reactions with
other solutes must also be considered.

Reactions on and in droplets. Danckwerts
(49, 50) presented the equations needed to
derive the rates of multiphase reactions in
terms of diffusion, liquid-phase reaction,
and solubility of a molecule. Schwartz (51)
described how to view and calculate the
rates of multiphase reactions by considering
the mass transport and correcting, if neces-
sary, the rates of liquid-phase reactions to
make them applicable to small atmospheric
droplets. In general, atmospheric modeling
calculations deal with gas-phase reactions
and look at the effect of multiphase reac-
tions on the gas-phase composition. With
this in mind, Hanson et al. (52) described a
framework for dealing with multiphase re-
actions on sulfuric acid droplets that has
found widespread acceptance among strato-
spheric modelers and also appears appropri-
ate for use with the troposphere. I will
briefly describe this approach here.

The tropospheric multiphase reaction can
be divided into several steps (Fig. 4): (i) dif-

fusion of one or more molecules to the surface
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of a droplet, at a rate determined by pressure,
water content of air, and the gas-phase diffu-
sion coefficient; (ii) incorporation of the mol-
ecule into the liquid phase, mass accommoda-
tion, with an efficiency a; (iii) diffusion in the
liquid droplet, at a rate controlled by liquid-
phase diffusion and the radial concentration
gradient; and (iv) reaction in the liquid phase,
whose rate is dictated by the rate coefficient
for the reaction and the concentration of the
second reactant. Upon reaction, the products
can either remain in the droplet, undergo
further reactions, or diffuse out to the gas
phase.

The term mass accommodation coeffi-
cient, a, as used here, is the probability that
a molecule striking the surface is “captured”
by the liquid. The reactive uptake coeffi-
cient, v, is for the overall process of incor-
poration into the liquid, diffusion in the
liquid, and reaction with a species in the
liquid. The term sticking coefficient, com-
monly used in the literature, is not used
here. The basic surface phenomena that
control a are unclear. I assume that o can
be calculated or measured. The extent of
incorporation of a molecule into the liquid
depends on the solubility (Henry’s law) co-
efficient (currently, there is no evidence to
suspect that this bulk property is not appli-
cable to atmospheric particles).

The steps listed above are “barriers” for a
molecule to successfully undergo a mul-
tiphase reaction; they form a network of
resistances (22) whose total resistance con-
trols the overall reactive uptake coefficient.
All the steps described here can be, at least
in principle, calculated or measured. When
multiple reactions take place in the liquid
phase, a “global” liquid-phase reaction
mechanism can be assembled, as for gas-
phase processes, and the overall first-order
rate coefficient for the loss of the species of
interest in the liquid can be derived. The
phenomenological reactive uptake coeffi-
cient for a species X (that is, the rate coef-
ficient for the loss of a species from the gas
phase) can be calculated with the equation

4RT
Yeale. = T H Dllzkil (4)
where R is the gas constant (in units of
atmospheres per molar per kelvin), H is the
Henry’s law solubility coefficient (in units of
molar per atmosphere), D is the liquid-phase
diffusion coefficient for reactant X, and 2k;!
is the first-order rate coefficient for the loss
of X in solution, which is related to the
second-order rate coefficient for the reaction
of X with the reactants Z; in solution:

il

X+Z—>Y (5)

Because vy, depends on the square root
of 2k, the overall removal rate for X
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from the gas phase is not the sum of the
individual removal rates in the absence of
others. In most cases, reactant Z; is in
equilibrium with the liquid phase; there-
fore, its liquid-phase concentration is re-
lated to its Henry’s law constant and gas-
phase abundance (Fig. 4). The gas-phase
concentration of the reactant X near the
surface will vary during the multiphase
reaction because of its removal in the
liquid phase and because diffusion limits it
from reaching the surface. The concentra-
tion of X will vary across the surface of the
droplet because of the accommodation
limitation and will have a radial gradient
in the droplet as a result of a combination
of diffusion and reaction.

Equation 4 is only valid when the con-
straints due to gas-phase diffusion and
mass accommodation can be neglected.
The gas-phase diffusion constraint can be
evaluated by using the expressions of
Fuchs and Sutugin (53, 54). In many sit-
uations, the rate of multiphase reactions is
completely controlled by gas-phase mass
transport. For example, mass transport in
the gas phase will limit the processing rate
to an equivalent reactive uptake coeffi-
cient, vy, of ~107% in 1 atmosphere of air
for 10-wm droplets. However, if the parti-
cle diameter were 1 pm, the reactive up-
take coefficient would control the rate.
When there is a gradient in the concen-
tration of the reactant Z; in the droplet,
the mass transport and reactive loss have
to be explicitly included. The mass accom-
modation coefficient, if known, can be
also be included (53, 54). One needs to
correct the above reactive uptake coeffi-
cient for the finite size of the droplet (51,
52). Such a correction factor is known
(49, 50-52) and has been tested by mea-
suring reactive uptake on atmospheric-
sized particles (55, 56). With this method,
the gas-phase loss of X can be evaluated as
the concentration of Z, changes in the
atmosphere.

The approaches described here and by
Schwartz (51) are two ways of incorporating
the same steps into modeling that yield the
same results. The choice of approach is
based primarily on specific interest and con-
venience. When dealing with clouds, it may
be easier to use Schwartz’s formulation,
whereas the approach described here is bet-
ter suited for smaller particles with smaller
surface area per unit volume of air.

Reactions on ice and other solids. On the
basis of many studies of reactions on ice
surfaces representative of the stratosphere,
it is known that these reactions are gener-
ally confined to the surface (22), even
though the surface is dynamic (57). If one
of the reactants is condensed water, the rate
of the heterogeneous reaction will depend
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on the uptake of the gas-phase reactant. If
both reactants have to come from the gas
phase, as in the cases of the reactions of HCI
with CIONO, and HOCI, one of the reac-
tants has to stay on the surface long enough
for the second to be taken up. Because the
longevity of a physisorbed molecule on a sur-
face will likely decrease with increasing tem-
perature, a reaction between two physisorbed
molecules on a solid in the troposphere is less
likely than in the stratosphere. On the oth-
er hand, if a molecule is chemisorbed or
dissociated on the surface, its reactions may
not be as temperature sensitive. If there is a
barrier for the uptake of one of the reac-
tants, the reactions may actually be more
efficient at tropospheric temperatures.
Note that reactions that involve water on
the surface are likely to be more sensitive to
the relative humidity (which determines
the available amounts of water on the sur-
face) than to the temperature.

Dissociative uptake onto solid surfaces
may enhance heterogeneous reactions.
Such an uptake may also involve ionic
products, as in the case of HCI uptake onto
ice (58). lonization may be enhanced if the
surface of the solid is covered by a liquid.
The quasi-liquid layer, originally proposed
by Faraday (59), is not believed to exist at
stratospheric temperatures (60) but is pos-
sible in the troposphere. Liquidlike layers
have been observed on ice down to ~250 K
by using surface-sensitive techniques (61,
62). The presence of fast-rotating surface
water molecules at much lower tempera-
tures has been suggested (63) and could
indicate a semi-liquid layer. However, it is
necessary to establish whether this layer is
thick enough to act like a liquid in allowing
dissociation and reactions. If it does, then
reactions on ice at temperatures above
~250 K, which are common in the tropo-
sphere, may be treated as reactions in a
liquid droplet, which would greatly simplify
modeling. The availability of a liquidlike
layer may also lead to the dissociative up-
take of acids and other soluble species and
efficient reactions between two gas-phase
species. Such water layers may also exist on
other tropospheric solids.

A framework for dealing with the reac-
tions on atmospheric solids in models, sim-
ilar to that for the liquid-phase reactions, is
not currently available because the steps
involved in the reactive uptake are not as
well understood as in the case of liquids.
The mechanisms for the atmospheric sur-
face reactions, which may include surface
diffusion and dissociation, are currently un-
clear. Awaiting further development in this
area, experiments in the laboratory have to
be performed under “atmospheric” condi-
tions of partial pressures of reactants and
temperatures.
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Examples of Heterogeneous and
Multiphase Reactions in the
Troposphere

Oxidation of SO, to sulfuric acid. The most
studied of the multiphase reactions in the
troposphere is the oxidation of SO, to sul-
furic acid in droplets by oxidants such as
H,O, and O;. Such a transformation has
been clearly demonstrated in various studies
(64, 65). Most tropospheric multiphase
chemistry studies were driven by the need
to assess the rate of sulfuric acid formation.
This conversion, a phenomenon tied close-
ly to the acid rain problem, has been amply
described [see, for example, (66)].

Nitrate radical in the marine boundary layer
(MBL). The uptake of nitrate radical
(NO;), an important nighttime oxidant,
into water has been studied, and all the
parameters necessary for calculating the
rate of multiphase processing in the tropo-
sphere have been measured (67-69). In the
troposphere, especially at lower altitudes,
NO, will be essentially in thermal equilib-
rium with N,Os at night. Both N,O, and
NO; can be lost through multiphase reac-
tions. Using a box model, I and my co-
workers have deduced that the lifetime of
NO; in the MBL is significantly reduced in
the presence of sea-salt aerosols (44). At
warmer temperatures and low NO, concen-
trations, the uptake of NO; will more effec-
tively denitrify this region than will N,Ox
hydrolysis. The reduction in NO; abun-
dance leads to a slower rate of oxidation of
MBL emissions such as dimethyl sulfide.
The uptake of NO; and N,O; will both
reduce NO, in the MBL and release salt-
bound halogens, depending on the water
content of the particles. However, only the
reactive uptake of NO; leads to the forma-
tion of another liquid-phase oxidant, con-
verts Cl~ to Cl, and initiates oxidation of
SO, to sulfate in the droplets. These pro-
cesses can lead to dehalogenation of the salt
particle without high acidification. It is in-
teresting to note that NO; can also react
with water by means of a very endothermic
reaction to generate OH radicals. This ex-
ample shows that (i) oxidant concentration
can be suppressed, (ii) water can be an
important reactant even if its reaction with
the molecule of interest is endothermic,
(iii) two processes may compete for the
removal of the same species, and (iv) mul-
tiphase chemistry can propagate changes.

Loss of peroxy acetyl nitrate. Depletion of a
species that is in equilibrium with a second
species by means of multiphase reactions
changes the concentration of the second. For
example, removal of peroxy acetyl nitrate
(PAN)—which is not very soluble in water
(70) and is inefficient in reacting with con-
stituents of clouds—through multiphase re-
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actions is often neglected. However, PAN is
often essentially in equilibrium with NO,
and the acetyl peroxy radical. Recently, Vil-
lalta et al. (71) showed that even though

"PAN does not react with water, acetyl per-

oxy radicals are efficiently taken up by liquid
water, thus decreasing PAN'’s gas-phase con-
centration. Such a process will convert NO/
(defined as the sum of NO,, HNO;, N,Ox,
RONO,, and others) species to NO, species
and lead to what is often called the renoxi-
fication in the troposphere.

Reactions on cirrus clouds. One of the
most obvious substrates for heterogeneous
reactions in the upper troposphere is the
cirrus clouds made up of ice. Hydrolysis
reactions of various upper tropospheric spe-
cies, such as N,Os to generate HNO;, are
likely to take place on these solids. Heter-
ogeneous conversion of N,Os to HNO,
may irreversibly remove nitrogen oxides
from the troposphere. The abundance of
NO, in this region is of crucial interest
because of its role in the photochemical
production of ozone, which is a very effec-
tive greenhouse gas in the upper tropo-
sphere. Other reactions on ice at tempera-
tures of cirrus clouds that should be consid-
ered are those of partially oxidized hydro-
carbons, organic nitrates such as PAN, and
sulfur species. Further studies of heteroge-
neous reactions on ice particles at temper-
atures above 200 K are necessary to eluci-
date the chemistry of the upper tropo-
sphere. This region is of great current inter-
est because it may be affected by aviation.

Looking Ahead

It is clear that heterogeneous and mul-
tiphase chemistry has the potential to alter
the composition of the troposphere. The
prime example is the oxidation of SO, in
multiphase reactions. To go beyond a few
examples and assess the global role, such as
in determining the oxidative capacity of the
troposphere, requires quantifying the extent
of recognized reactions and investigating
other possible pathways. Because the tropo-
sphere is an oxidizing medium for emissions
that enter this region, any heterogeneous
reaction that can reduce a species (that is,
decrease the oxidation state of the atom of
interest) is of particular interest. Organic
aerosols may provide likely sites for such
reactions, but because of a lack of informa-
tion on organic aerosols and their compo-
sition, we currently cannot accurately assess
their importance. Therefore, concerted ef-
forts to characterize and determine the
abundance of these aerosols is essential. In
addition to organic aerosols, field data on
composition, phase, number, surface char-
acteristics, and time trends of other tropo-
spheric particles, such as soot and sulfuric

acid aerosols, are needed. This cataloging
and characterization are essential in the
absence of a full predictive ability to obtain
the abundance and character of the con-
densed media in the atmosphere. At the
same time, it is also necessary to improve
our predictive capability so that the future
state of the troposphere can be assessed.
Even though the framework for including
multiphase reactions in numerical models is
in place, data on many other potentially
important reactions and reactants are need-
ed. Development of a similar framework for
reactions on solids is essential. It is also
essential to characterize ice surfaces at tro-
pospheric temperatures and determine at
what temperatures a quasi-liquid layer de-
velops. Gas-phase reactions need to be re-
examined in light of the changes in the
tropospheric composition induced by heter-
ogeneous and multiphase processes. Cou-
pled modeling is a first step in this direc-
tion. Investigations of the chemical conse-
quences of reducing the current atmospher-
ic particulates, dictated by health, climate,
and ecological considerations, should be ex-
amined. Lastly, further development of this
field is essential if we intend to assess the
effect of anthropogenic activity on Earth.
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Measurement Techniques in
Gas-Phase Tropospheric
Chemistry: A Selective View of
the Past, Present, and Future

Howard K. Roscoe* and Kevin C. Clemitshaw

Measurements of trace gases and photolysis rates in the troposphere are essential for
understanding photochemical smog and global environmental change. Chemical mea-
surement techniques have progressed enormously since the first regular observations
of tropospheric ozone in the 19th century. In contrast, by the 1940s spectroscopic
measurements were already of a quality that would have allowed the use of modern
analysis techniques to reduce interference between gases, although such techniques
were not applied at the time. Today, chemical and spectroscopic techniques comple-
ment each other on a wide range of platforms. The boundaries between spectroscopic
techniques will retreat as more Fourier transform spectrometers are used at visible
wavelengths and as wide-band lidars are extended, and combining chemical techniques
will allow detection of more trace gases with better sensitivity. Other future developments
will focus on smaller, lighter instruments to take advantage of new platforms such as
unmanned aircraft and to improve the effectiveness of urban sampling.

Modern tropospheric chemistry is the study
of oxidants (O3, OH, H,0,, HCHO, HO,,
and NOjs), gases that can be oxidized (hy-
drocarbons and sulfur compounds), oxida-
tion products (carbonyls and organic ni-
trates), and the interactions of all of these
with aerosols and clouds. Tropospheric
chemistry is receiving particular attention
today because of the widespread occurrence
of photochemical smog in the Northern
Hemisphere, which is often observable at
considerable distances from the sources of
pollutants. Effective pollution abatement
strategies must be based on a detailed un-
derstanding of the causes and effects of
pollution. We must be able to predict the
three-dimensional evolution of the chemi-
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cal composition of the troposphere, on spa-
tial scales from the urban to the regional
and eventually to the global. In order to
define the initial state of the system and to
validate model predictions, measurements
must be made on each of these spatial
scales. Tropospheric chemistry also presents
different challenges and issues according to
geographical location and altitude. These
challenges have been met by deploying a
wide range of instruments on different plat-
forms. The limitations of these platforms
have influenced sensor design in the past
and will do so more vigorously in the future.
There is a wide range of techniques for mea-
suring tropospheric trace gases in ways that
are appropriate to the different spatial scales.
Because of their substantially different heri-
tages, we make a broad distinction between
spectroscopic absorption techniques, which
observe over horizontal path lengths of 3 to
10 km or in a cell with mirrors to fold the
path, and more localized chemical tech-
niques, although this distinction is blurred in
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