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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-

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. 

1058 SCIENCE • VOL. 276 • 16 MAY 1997 • www.sciencemag.org 

http://www.sciencemag.org


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 
chemistrv 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 lone time. often for 

c 3  

practical reasons such as chemical produc- 
tion. However. the field of atmos~heric 
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 
laboratow data. field observations. and 
modeling calculations. 

There is also evidence for tropospheric 
heterogeneous and multiphase reactions. 
For exam~le ,  wet de~osit ion 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 2 0 2  and O3 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 multi~hase Drocesses can be 
subtle and hence' more hifficult to diag- 
nose and understand. Analvsis of troDo- 
spheric heterogeneous and multiphase 
chemistry is further complicated by two 
factors: (i) very rapid mixing in the tropo- 
s~here .  which makes it difficult to at- 
tribute a change to a specific process, and 
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80303, USA. He is also associated with the Department 
of Chemistry and Biochemistry, and The Cooperative 
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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 
heteroeeneous and multi~hase 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 followine 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,O,, 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 N O  (and NO,) is 
not. Furthermore, HO, leads to 0,- 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 

the gas phase may be enhanced at or near 
the  to^ of thick clouds. whereas it can be 
.greatl; reduced below (10). For example, 
the gas-phase NO2 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 se~aration of reactants be- 
tween gaseous and liquid phases can lead 
to Drocesses and ~roducts  that in clear air 
wohd 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- 
idlv above 290 nm. even small s~ect ra l  
shifts may lead to large changes I n  the 
photolysis rates for species that absorb 
around 300 nm. For example, 0 3 ,  whose 
ultraviolet (UV) spectrum in water is red- 
shifted ( I  I), 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 N20, in water leads to the for- 
mation of NO3-, whose photodissocia- 
tion leads to O H  (1 2), an important oxi- 
dant not produced directly from N2O5 
Photochemistry in the liquid or on the 
solid ~ h a s e  will be im~ortant  onlv if it 
leads ;o a product that i;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 

+T9r Diffusion Reaction 

Reaction on solids Reaction In liquids 
Surface area limited Volume limited? 

Surface area limited? 
I 

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 H202,  presumably be- 
cause of the presence of dissolved organic 
chromophores, and this production can 
overwhelm the gas-phase transport of 
H 2 0 2  or HO, into liquid droplets. A more 
detailed discussion of this t o ~ i c .  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 

Fig. 2 The vapor pressure 
of water as a function of 
temperature over ice (green), 
supercooled water (black), 
and liquid water (red). The 
blue vertical line separates 
liquid from solid phase. 
Various atmospheric con- 
densed phases of water are 
depicted in the approxi- 
mate regimes of their exis- 
tence in the atmosphere. 

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)l. The consequences 
to the atmosphere of the two paths may also 

200 250 300 
Temperature (K) 

Fig. 3. A pictorial flow 
chart of the calculation of 
the rates of heteroge- 
neous and multiphase re- 
actions in the tropo- 
sphere. A and V are the 
surface area and volume 
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.). o is 
the mean speed of the 
molecule X, and y is the 
reactive uptake coeffi- 
cient, which can be either 
measured in the labora- 
tory under atmospheric 
conditions or calculated 
from various physico- 
chemical parameters. 
The parameters needed 
to calculate the reactive uptake coefficients are H, the Henry's law solubility constant; Dl, the liquid-phase 
diffusion coefficient; and k,, the first-order rate coefficient for the reaction of reactant X in the droplet. Wrth 
these data and a suitable framework, heterogeneous and rnultiphase reactions can be included in 
atmospheric models. 

kM 
8- Y 

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

parameters --- Mabmrrffrr! 
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not be the same. For example, SO2 can be 
oxidized by O H  in the gas phase or by 
oxidants such as H202  and 0, in a liquid 
droplet; however, only the formation of gas- 
eous H2S04, by means of the O H  reaction, 
can lead to new particles. The largest con- 
centration changes as a result of heteroge- 
neous and multi~hase reactions are exDect- 
ed when a species is not as easily produced 
by gas-phase reactions. The observed larger 
concentrations of H202  (17) and cloud 
condensation nuclei ( 18) above clouds 
could be indicators of sich 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 



least the  next few years, we will have to rely 
o n  observations more than o n  prediction to 
define the  condensed matter for heteroee- 

u 

neous and ~nultiphase reactions in  the  tro- 
posphere. However, even the  observations 
o n  the  nature, amount, phase, variability, 
and time trend of condensed lnatter in the  
troposphere are currently insufficient to 
quan t i6  their influence o n  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 lnatter in 
the  troposphere. 

W a t e r  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. 
Wi th  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 lia- 
uid water droplets, and only in the  lnarine 
boundary layer is the  formation of ice 
clouds uncommon. T h e  temperatures are 
not  low enough and the  partial pressures of 
other colldensable species are not  high 
enough in  the  troposphere to  yield stable 
binary phases. In  contrast, H 2 0 - H N O ,  ice 
is the  first solid to appear upon cooling in  
the  lower stratosphere [see the  phase dia- 
gram for the  HN03-H,O system in (22)l. 
Because of its abundant vapor pressure, wa- 
ter is present in almost all condensed matter 
in the  bulk or o n  the surface. 

Clouds are the most abundant form of 
condensed water in the  trowosuhere. O n  

1 L 

average, -7% of the  volume of the  tropo- 
s ~ h e r e  contains clouds 123). 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 lo-' cm3 of water per cubic 
centimeter of air (24) ,  which corresponds to  
a surface area of -4 X 10-3 cm' per cubic 
centimeter of air if the   articles are all 10 
p m  in  diameter. Clouds are co~nposed of 
liquid droplets that  range in size from less 
than a micrometer to ~ni l l i~neters  in  diam- 
eter. T h e  smallest liquid droplets stay in the  
atmosphere as clouds (including fog), where 
they evaporate or coagulate. Only the  larger 
droolets sediment. T h e  time scale for het -  
erogeneous and multiphase reactions in or 

o n  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, t he  gaseous atmosphere is 
exposed only episodically to condensed 
matter. T h e  theoretical investigations of 
Crutzen (20) and Chameides andY co-work- 
ers (19,  21, 25, 26) have shown that clouds 
call alter the  composition of the  tropo- 
sphere o n  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. T h e  anthropogenic sulfates 
are largely confined to the  Northern Hemi- 
sphere co~ l t i~ len ta l  regions around industri- 
al countries. T h e  amounts of natural sulfate 
aerosols are not  well characterized; for ex- 
ample, there is very little information o n  
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 o n  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 o n  climate (28, 29),  but here, I focus 
o n  their effects o n  the co~nposition 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 ( 3  1 ) have proposed 
that CH20 may react with HNO, in sulfuric 
acid aerosols to release NO,. Gas-phase 
pathways for rnethyl nitrate production are 
very inefficient (32). Therefore, conversion 
of CH30H to C H , 0 N 0 2  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 H N 0 3  in a strong- 
ly acidic sulfate aerosol to  produce NO,. 

O n  the  basis of our understanding of 
~nultiphase 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 gover~imental regulations and 
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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 

(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 oxidai~ts such as 
H,O, from reactions of transition metal 
ions (15).  Reactions o n  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. T h e  
number, kind, and surface coverage of these 
aerosols are poorly characterized. Some lab- 
oratory studies have suggested that organic 
aerosols may destroy at~nospheric 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 chelnicals 
exist independently of other aerosols, that 
is, whether they are completely organic, or 
whether thev are embedded in other aero- 
sols (36).  Recent measurements by Murphy 
and co-workers (37) suggest that a large 
fraction of aerosols in  the  lnarine boundary 
layer have .some organic content.  Similarly, 
a large fraction of urban aerosols have been 
shown to contain oreanic chemicals 138). It  

u ~, 

is presently unclear whether the  particles 
are solid, liauid, solid with a liauid cover, or , A 

a combination of all three. 
It  is imperative to  know the  number,  

composition, history, and surface coverage 
of these particles before their effect o n  the  
composition of the  troposphere can  be 
estimated accurately. I n  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. (i i)  They are likely to  be covered, 
a t  least partly, wi th  water. ( i i i)  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 comuosition. As  a conseauence of the  
third point,  hydrolysis o n  these particles 
could be a n  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 C l  
atoms. These aerosols mav also reduce sue- 
cies in  the  generally oxidizing tropo- 
sphere. O n e  possibility tha t  has been pro- 
posed o n  the  basis of field observations is 
t h e  conversion of H N O ,  to NO,, (39) .  
Characterization of organic content  and 
the  functionality of the  organics in  aero- 
sols would be  beneficial. 

Sea-salt aerosols. T h e  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, 
thev 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, NO3, or N20,, 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 

Gaseous 

Fig. 4 (lop). 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 I 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. 

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 
atmos~here because. unlike most other 
particles, they can absorb the incoming 
solar radiation. These  articles mav 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 HN03 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 likelv to be irreversiblv 
affected by O2 and o thk  species. ~ur ther l  
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: 

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: 

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 

where A is the surface area for reactions in 
square centimeters per cubic centimeter of 
air, o is the mean molecular speed of the 
species X, and y 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 
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 multi~hase reaction to consider 
when assessing tropospheric loss processes. If 
hvdrolvsis is verv 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 
brieflv describe this a ~ ~ r o a c h  here. . . 

The tropospheric multiphase reaction can 
be divided into several stem (Fie. 4): (i) dif- . . -  
fusion of one or more molecules to the &ace 
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of a droplet, at a rate determined by pressure, 
water content of air, and the gas-phase diff~l- 
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. 

T h e  term mass accommodation coeffi- 
cient, a, as used here, is the  probability that 
a molecule striking the  surface is "captured" 
by the  liquid. T h e  reactive uptake coeffi- 
cient, y, is for the  overall process of incor- 
poration into the  liquid, diffusion in the  
liquid, and reaction wit11 a species in the  
liquid. T h e  term sticking coefficient, coin- 
monly used in the  literature, is not used 
here. T h e  basic surface pl~enotnena that 
control a are unclear. I assume that a can 
be calculated or measured. T h e  extent of 
incorporation of a ~nolecule into the  liquid 
depends o n  the  solubility (Henry's law) co- 
efficient (currently, there is n o  evidence to 
suspect that this hulk property is not  appli- 
cable to atmosplleric particles). 

T h e  steps listed above are "barriers" for a 
molecule to  successf~~lly 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 he, at least 
in  principle, calculated or measured. V(/llen 
multiple reactions take place in  the  liquid 
phase, a "global" liquid-phase reaction 
mechanism can he 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. T h e  
pheno~nenological 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 

where R is the  gas constant ( in  units of 
atmospheres per tnolar per kelvin), H is the 
Henry's law solubility coefficient ( in  units of 
molar per atmosphere), Dl is the  liquid-phase 
di f f~~slon coefficient for reactant X, and X,k,' 
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 2, in solution: 

Because yCali depends o n  the  square root 
of I l k , ' ,  t h e  overall removal rate for X 

from the  gas phase is no t  t h e  sum of t h e  
individual removal rates in  the  absence of 
others. I n  most cases, reactant Z is in  
equilibrium with  t h e  liquid phase; ' there- 
fore, its liquid-phase concet~tra t ion is re- 
lated to  its Henry's law constant and gas- 
phase abundance (Fig. 4 ) .  T h e  gas-phase 
concentration of the  reactant X near t h e  
surface will vary during the  ~nul t iphase  
reaction because of its removal in  the  
liouid uhase and because diffusion limits it . A 

from reaching the  surface. T h e  concentra- 
t ion of X will vary across t h e  surface of the  
droplet hecause of the  accommodation 
litnitation 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  pas-uhase diffusion and  

u L 

mass acco~nmodat ion can  be neglected. 
T h e  gas-phase diffusion constraint can he  
evaluated hy using the  expressions of 
Fuchs and Sutugin (53 ,  54 ) .  In  many sit- 
uations, the  rate of ~nul t iphase  reactions is 
co~nplete ly  controlled by gas-phase Inass 
transport. For example, mass transport in  
the  gas phase will litnit t he  processing rate 
to  a n  equivalent reactive uptake coeffi- 
cient,  y, of -10W' in  1 attnosphere of air 
for 1 0 - p m  droplets. However, if t h e  parti- 
cle diameter were 1 p m ,  the  reactive up- 
take coefficient would control the  rate. 
W h e n  there is a gradient in  the  concen- 
tration of the  reactant Z, in  the  droplet, 
t h e  mass transport and  reactive loss have 
to  be exulicitlv included. T h e  tnass accorn- 
1nodati;n coe'fficient, if known, can  be 
also be included 153. 5 4 ) .  O n e  needs to  , ,  , 

correct t h e  above reactive uptake coeffi- 
cient for t h e  finite size of the  droplet (51 ,  
52 ) .  Such  a correction factor is known 
(49 ,  50-52) and  has been tested hy mea- 
suring reactive uptake o n  atmospheric- 
sized particles (55 ,  56 ) .  W i t h  this method, 
the  gas-phase loss of X can he evaluated as 
the  concentration of 2, changes in  the  
atmosphere. 

T h e  approaches described here and hy 
Schwartz (51 ) are two ways of incorporating 
the  same steps into modeling that yield the  
same results. T h e  choice of approach is 
based primarily o n  specific interest and con- 
venience. W h e n  dealing with clouds, it may 
he 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 alr. 

React~ons o n  ice and other solids. O n  the  
basis of many studies of reactions o n  ice 
surfaces representative of the  stratosphere, 
it is k n o x n  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 

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 HC1 
wit11 ClONO, and HOC1, one of the reac- 
tants has to stay o n  the surface long enough 
for the second to be taken up. Because the 
longevity of a physisorbed ~nolecule on a sur- 
face will likely decrease with increasing tem- 
perature, a reaction hetween two physisorbed 
molecules on a solid in the troposphere is less 
likely than in the  stratosphere. O n  the  oth- 
er hand, if a molecule is chemisorhed or 
dissociated o n  the  surface, its reactions mall 
not he as temperature sensitive. If there is a 
harrier for the  uutake of one of the  reac- 
tants, the  reactions may actually be more 
efficient a t  tropospheric temperatures. 
Note  that reactions that involve water o n  
the  surface are likely to  be more sensitive to 
the  relative humidity (which determines 
the  available amounts of water o n  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 HC1 uptake onto  
ice (58) .  Iot~ization may he enhanced if the  
surface of the  solid is covered by a liquid. 
T h e  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 o n  ice down to -250 K 
by using surface-sensitive techniques (61 , 
62) .  T h e  presence of fast-rotating surface 
water ~nolecules at tnuch lower temuera- 
tures has been suggested (63) and could 
indicate a semi-liauid laver. 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 o n  ice a t  teinueratures above 
-250 K, which are cotntnon in the  tropo- 
sphere, tnay be treated as reactions in  a 
liquid droplet, which would greatly simplifv 
modeling. T h e  availability of a liquidlike 
layer tnay also lead to  the  dissociative up- 
take of acids and other soluble suecies and 
efficient reactions between two gas-phase 
species. Such water layers may also exist o n  
other tropospheric solids. 

A framework for dealing with the  reac- 
tions o n  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. 
T h e  mechanisms for the  attnospherlc sur- 
face reactions, which may include surface 
d i f f~~s ion  and d~ssociation, 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 tnulti~hase reactions in the 
troposphere is the oxidation of SO, to sul- 
furic acid in droplets by oxidants such as 
H 2 0 2  and 0 , .  Such a transformation has 
been clearly demonstrated in various studies 
(64, 65). Most tropospheric multlphase 
chemistrv studies were driven bv the need 
to assess ;he rate of sulfurlc acid'formation. 
This conversion, a uhenomenon tled close- 
ly to the acld rain problem, has been amply 
described [see, for example, (66)l. 

h'itrate radical in the marine boundary layer 
I M B L ) .  The u ~ t a k e  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 2 0 j  at night. Both N 2 0 j  and 
NO, can be lost through rnultiphase reac- 
tions. Using a box model, 1 and my co- 
workers have deduced that the lifetime of 
NO, in the MBL is significantly reduced in 
the presence of sea-salt aerosols ( 4 4 )  At  
warmer temperatures and low NO, concen- 
trations, the uptake of NO, will more effec- 
tively denitrify this region than will N 2 0 j  
hvdrolvsis. The reduction in NO, abun- 
dance ieads to a slower rate of oxldition of 
MBL emissions such as dimethyl sulfide. 
The uptake of NO, and N20,  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 C1- to C1, and initiates oxidation of 
SO2 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- 

actions is often neglected. However, PAN is 
often essentially in equilibrium with NO2 
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,, N20 j ,  
RON02, 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 2 0 j  to generate HNO,, are 
likely to take place on these solids. Heter- 
ogeneous conversion of N 2 0 j  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 tetnpera- 
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 coinpo- 
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 reactlons and reactants are need- 
ed. Development of a slmilar framework for 
reactlons on sollds 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 multlphase processes. Cou- 
pled modeling is a flrst 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. 

REFERENCES AND NOTES 

1 .  Some of the effects on the radiative balance ir the 
atmosphere are d~scussed by M. B. Baker [Sc~ence 
276 1072 (1 997)l. 

2 .  Local and req~onal alr po lu tor  Issues are addressed 
by B. J.  inlays son-~tts and J. N. Pitts Jr. [Science 
276, 1045 (1997)l. 

3. "Sclent~f~c assessment of ozone deplet~on 1994, 
world meteorolog~cal organ~zat~on," Global Ozone 
Res  woni it. Pro] Reo. No. 37 (World Meteorolog~cal 
Organzaton, Geneva, Swtzerand, 1994). 

4. S A. Penkett, B. M R. Jones, K. A. Br~ce, A E. J. 
Eggleton, Atmos. Environ 13, 123 (1 979) 

5. J. G. Cavert et a/., Nature 31 7, 27 (1 985). 
6 R. Atknson, E. C Tuazon, H MacLeod, S. M Asch- 

mann, A. M. W~ner, Geophys. Res, Lett 13, 1 1  7 
(1 986). 

7. R Atknson e t a / ,  J. Phys. Chem. Ref. Data 21, 1 1  25 
(1 992). 

8. W. B. DeMore eta/. ,  'Chemca knetcs  and photo- 
chein~ca data for use n stratospher~c modeng," 
JPL Pub1 No. 94-26 (Jet Propulsion Laboratory 
Pasadena, CA, 1994). 

9. J Leieved and P. J. Crutzen, Atmos. Chem. 12, 229 
(1 991 ) .  

10. S. Madronch, J. Geophys. Res 92,9740 (1987) 
1 1 H. Taube. Trans. Faradav Soc. 53. 656 (1 9571 
12. P. Warneck and C. Wur>nger, J ~ h y s . ' ~ h e h  92, 

6278 (1 988) 
13. C. Anastaso, B. C.  Faust, J. M. Allen, J. Geophys 

Res. 99, 8231 (1 994). 
14. B. C.  Faust, Environ SCI. Techno/. 28A, 21 7 (1 994). 
15, D. W. Gunz and M. R. Hoffmann, Atmos. Environ 

24A, 1601 (1 990). 
16. D. J. Jacob, J. Geophys. Res. 91, 9807 (1 986). 
17 B.  G. Hekes, G L Kok, J .  G. Waega, A. L. Lazrus, 

ibid. 92, 91 5 (I 987). 
18. D. A. Hegg, L. F. Radke, P.V. Hobbs, /bidd 95, 1391 7 

(1 990). 
19. W L. Chainedes, ibid. 91, 5331 (1986) 
20. P. J. Crutzen, Angew. Chem lnt. Ed. Engl. 35, 1758 

11 996). 
21. W. L. Chamedes and D. D. Davs, J Geophys. Res 

87, 4863 (1982). 

1064 SCIENCE \'OL. 276 16 MAY 1997 www.sciencem 



22 C. E. Kob  et a1 , n Progress and Problems in Atmo- 
soheric Chemistiy, J. R. Barker, Ed. (World Scentf-  
ic. S~naaoore. 1995\, vol. 3. uu 771-875. 

23. H. R, ?ruppacher and R Jakncke, Atmos. Environ. 
38, 283 (1 995) 

24 T E Graede and P. J Crutzen, Atmospheric 
Change. An Earlh System Perspective (W.  H. Free- 
man, New York, 1993). 

25. W L. Chamedes, Geophys. Res. 89, 4739 (1 984). 
26, - and A. Steson, ibid. 97, 20565 (1 992). 
27 D J Hofmann, /bid, 98, 12753 (1 993) 
28 R. J. Charson eta1 , Science 255, 423 (1992). 
29. J. T Houghton et a / ,  Climate Change 1995, The 

Science o f  Climate Chanoe (Cambrdae Unverstv 
Press, Cambrdge, 1996).- 

30. M A Tobert, J. Pfaff, I .  Jayaweera, M J. Prather, J. 
Geophys. Res. 98, 2957 (1 993). 

31 R B.  Chatfed, Geophys. Res. Lett 21, 2705 (I 994). 
32. J J Orlando. G. S. Tvndal. J G Calved. Atmos 

Environ 26A, 31 1 1 (1 992). 
33. X LI, H. Mar~ng, D. Savo~e, J M. Prospero, Nature 

380,416 (1996) 
34 M 0. Andreae and P. J Crutzen, Science 276,1052 

(1 997). 
35 A R Chughta~, M E, Brooks, D M. S ~ n ~ t h ,  J. Geo- 

phys. Res. 101, 19505 (1 996). 
36. T Novakov and J E. Penner, Nature 365, 823 

(I 993). 
37. A M Mddebrook, D. M Murphy, D. S Thornson, in 

preparat~on. 
38. C A. Noble and K. A Prather, Environ. SCI. Technol. 

30, 2667 11 996). 
39 D A. Haugustane, B A. Rdey,  S. Solomon, P. G 

Hess, S. Madronch, Geophys. Res, Lett, 23, 2609 
(1 996). 

40. R -S. Tseng, J. T. V~echn~ck~,  R A. Skop, J W 
Brown, J Geophys Res. 97, 5201 (1992). 

41. M. J Rood, D S Covert, T V. Larson, Tellus 398,  
383 (19871 

42 B. J ~ ~ n l a y s o n - ~ ~ t t s ,  M J. Ezel, J N P~tts, iVature 
337, 241 (1 989) 

43. R. Voqt, P J. Crutzen, R. Sander, ibid. 383, 327 
(I 996)I 

44. Y. Rud~ch, R K. Talukdar, A. R. Rav~shankara, n 
preparat~on. 

45 L. A. Barr~e, J W. Bottenhem, R. C Schnell, P J. 
Crutzen, R. A. Rasmussen, Nature 334, 138 (1988). 

46. C. A Rogask~, D M Golden, L. R W a m s ,  Geo- 
phys. Res. Lett. 24, 381 (1 997). 

47. D J. Lary et a/., J. Geophys. Res. 102, 3671 (I 997). 
48 D, R Hanson and A. R Rav~shankara, J. Phys. 

Chem. 98,5728 (1 994). 
49. P. V Danckwerts, Gas-Liquid Reactions (McGraw- 

H I ,  New York, 1970) 
50 - , Trans. Faraday Soc. 47, 101 4 (1 951). 
51 S E. Schwartz, n Chemistiy o f  fdultiphase Atmo- 

spheric Systems, W. Jaenchke, Ed (Spr~nger-Ver- 
lag, Bern,  Hedeberg, Germany, 1986), vol. G6, pp. 
415-471 

52 D. R. Hanson, A R. Rav~shankara, S. Solomon, J. 
Geophys. Res 99,361 5 (1 994). 

53. N. A Fuchs and A. G. Sutugn, Highly Dispersed 
Aerosols (Ann Arbor Scence, Ann Arbor, MI, 1970) 

54. , ~n Topics in Current Aerosol Research, G M. 
H~dy  and J. C. Brock, Eds (Pergamon, Oxford, 
1971), pp. 1-60. 

55. D. R Hanson and E R. Lovejoy, Science 267, 1326 
(1 995) 

56. E. R. Lovejoy and D R Hanson, J. Phys. Chem. 99, 
2080 (1 995) 

57. D. R. Haynes, N J Tro, S. M. George, /bid. 96, 8502 
(I 992). 

58. B J. Gertner and J. T Hynes, Science 271, 1563 
(1 996). 

59. M. Farada),, Phllos. ~lAag. 17, 162 (1 859). 
60. P. V. Hobbs. Ice Phvsics (Carendon. Oxford. 1974). 
61. M. Elbaum, S. ~ . ' ~ ~ p s d n ,  J. G. Dash, J. Ciyst. 

Growth 129, 491 (1 993). 
62. Y. Mizuno and N. Hanafusa, J. Phys. Colloq. C l  48, 

(SUPPI.  31, C1-51 1 (1987). 
63. N. Materer et a/., J. Phys. Chem. 99, 6267 (I 995) 
64 G. P. Geivat et a / ,  iVatt~re 333, 241 (1988). 
65. A. S Chandler et a/., /bid. 336, 562 (I 988). 
66. R. W. Johnston and G. E. Gordon, Eds., The Chem- 

istry o f  Acid Rain: Sources and Atmospheric Pro- 

cesses (A~ner~can Chem~cal Soc~et),, Wash~ngton, 
DC, 1987), v o  349 

67 Y Rudch, R. K. Talukdar, T, mamura, R W. Fox, A 
R. Ravshankara, Chem. Phys, Lett 261,467 (1 996). 

68. Y Rud~ch, R. K Taukdar, A. R Ravsiiankara, R. W. 
Fox, J. Geoohys. Res. 101, 21 023 (1 996). 

69. T, mamura, Y Rudch, R. K. Talukdar, R W. Fox, A. 
R. Ravshankara, J. Phys. Chem. 101, 231 6 (I 997). 

70. B. J. F~nayson-P~tts and J. N. P~tts, Atmospheric 
Chemistry: Fundamentals and Ex,oerimental Tech- 
niques ( W e y ,  Nejnl York, 1986). 

71 P W Vlalta, E. R Lovejoy, D R Hanson, Geophys. 
Res. Lett 23, 1765 (I 996). 

72, I am most grateful to my colleagues D Hanson, S 

Solomon, R. Talukdar, Y Rud~ch, T, mamura, E 
Lovejoy, C. Howard, R. Utter, and J Burkhoder for 
help~ng me explore the "heterogeneous" world I 
thank S Madron~ch, S. George, D Hofmann, G. 
Fengod, J Leeved,  A. Mddebrook, D. Murphy, B 
Fnayson-Ptts, J Ptts Jr., M. 0 Andreae, P. Crut- 
Zen, and an anonymous referee for helpful dscus- 
s~ons, suggestion, preprlnts, and references, I thank 
many of my aeronomy laboratory colleagues for 
colnlnents on t hs  revlew, I am ndebted to P Crut- 
zen for Inany s tmuatng dscussons over the past 
decade whci i  made me thnk about t hs  Issue Fund- 
ed n part by NOAA's Cmate  and Global Change 
Research Program. 

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 (O,, OH, H20z ,  HCHO, HOz, 
and NO,), 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 
strateeies must be based on a detailed un- - 
derstanding of the causes and effects of 
pollution. Vile must be able to predict the 
three-diinensional e~~olution 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 ~~igorously in the future. , 
There 1s 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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