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Tropospheric Chemistry and Transport 
Dieter Kley 

Oxidation rates of trace gases in the troposphere depend on species-specific rate 
coefficients and are predominantly governed by the concentration of the hydroxyl radical 
(OH), the most important oxidizing molecule in the troposphere. The concentration of OH 
is in local photochemical steady state; it is, however, dependent on the concentration 
of trace gases such as ozone, water vapor, volatile organic compounds, and oxides of 
nitrogen. Diffusive and advective transport processes influence and change the con- 
centrations of these trace gases. Oxidative and transport time scales are often of similar 
magnitude, which leads to coupling between tropospheric chemistry and transport. 

T h e  Earth's troposphere, which is the during active deep convection, boundary 
lowest 10 to 17 km (depending on latitude layer air is lifted to the uppermost levels of 
and season) of the atmosphere, acts like a the troposphere in the cores of cumulon- 
chemical reactor in which huge quantities imbus clouds. 
of volatile organic compounds (VOC) The similarity of oxidation and trans- 
(equivalent to approximately 1 billion port time scales leads to coupling between 
tons of carbon) and of other reduced trace transDort and chemistrv and generates 
gases that are emitted into the atmosphere 
annually from various biogenic and an- 
thropogenic sources are transported by 
winds and turbulence, chemically pro- 
cessed, and converted to products. Photo- 
chemical degradation of VOC and other 
reduced trace gases starts with oxidation 
by the hydroxyl (OH) radical (1, 2). Tro- 
pospheric VOC oxidation, at a typical 
tropospheric OH concentration of around 
lo6 molecules per cubic centimeter, pro- 
ceeds within less than 1 hour for highly 
reactive olefinic compounds to months for 
some of the less reactive alkanes and car- 
bon monoxide and years for the slowly 
reacting methane. The lifetime of NO, 
with regard to oxidation by OH to nitric 
acid (HNO,) is roughly 1 day. 

In contrast to a well-stirred reactor, 
reactants and ~roducts are not homoee- ., 
neously distributed in the atmosphere. 
Also. molecular diffusion is unim~ortant 
compared to other means of transport dy- 
namics. The atmosphere transports and 
mixes trace gas constituents with a char- 
acteristic spectrum of time constants. 
Transport times in the troposphere are 
governed by wind speeds, large-scale and 
small-scale turbulence, planetary wave ac- 
tion, and slow residual circulations (3). 
Interhemispheric exchange is achieved in 
about 1 to 2 years; meridional transport 
across latitude belts takes months: and 
zonal transport in bands of constant lati- 
tudes is achieved in about 2 weeks. Verti- 
cal mixing in the troposphere takes about 
1 month on average. However, vertical 
transport can occur within 1 hour when, 
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principal and practical difficulties in the 
quest for a quantitative understanding of 
atmospheric chemistry. The examples be- 
low for the coupling between transport 
and chemistry in an urban setting and on 
the global scale illustrate some of these 
difficulties. 

Large fluxes of VOC and NO, (= NO 
+ NO,) from anthropogenic sources are 
emitted into the urban and suburban at- 
mosphere (2). For a wide range of combi- 
nations of initial (early morning) mixing 
ratios of NO, and of VOC, 12-hour mean 
OH concentrations have been calculated 
(Fig. 1) with theuse of a zero-dimensional 
chemical (box) model (4). It can be seen 
that the OH concentration depends on 
the initial concentrations of the volatile 
organic compounds (VOC),, and of 

Fig. 1. lsolines of 12- 
hour mean concentra- 
tions of OH in units of 
1 O5 molecules per cubic 
centimeter for a wide 
range of initial (VOC), 
and (NO,), combina- a 
tions. A box model (13) g 
and a VOC mix similar to 6 
that of Rome (14) were 2 
used. The origin of the 
straight line 1 is at (NO,), 
= 100 parts per billion 
(ppb) and (VOC), = 500 
ppb C, representative of 
initial conditions of pol- 
luted city air. Curves 2,3, 
and 4 are illustrations of 
possible trajectories to 1 

new initial conditions 
that result from the simultaneous action, to different 
composition. 

(NO,),, and on the ratio R, = (VOC),/ 
(NO,),. High OH concentrations are the 
result of both efficient recycling and sec- 
ondary production of OH. At high (NO,), 
values, the OH concentrations are low 
because of OH loss through the three-body 
reaction OH + NO2 + M +- HNO, + M. 

The city can be treated as a point 
source to consider the effects of dilution of 
city air with the cleaner environment on 
the oxidation rates of VOC and NO, and 
the OH concentration. If spreading of the 
city plume into the clean surrounding air 
is fast or if there is no chemistrv during the - 
dilution, which happens at night, then, 
starting for example from a NO, mixing 
ratio of 100 ppb and an R, of about 5, the 
polluted air is diluted as it spreads out, but 
R, will not change (5). Any point on the 
dilution line (curve 1 in Fig. 1) can thus 
be considered as a new initial value of 
(VOC), and (NO,), at the moment at 
which the chemistrv can be activated. for 
example at daybreak, which would lead to 
the indicated OH concentrations. Howev- 
er, chemical processes will result in steeper 
trajectories than that of the dilution line, 
because the oxidation of NO, by OH pro- 
ceeds at a faster rate than the oxidation of 
most VOC in city air. Thus, depending on 
the relative rates of mixing and dilution of 
polluted air masses with cleaner back- 
ground air versus the chemical reaction 
rates, many points on the OH hypersur- 
face below the dilution line can be 
reached. Such trajectories are indicated by 
curves 2, 3, and 4 in Fig. 1. Clearly, dilu- 

degrees, of chemistry and dilution on the trace gas 
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tion and mixing affect the complex non- 
linear oxidation chemistry, depending on 
the relative importance of mixing and di- 
lution compared to the chemical reaction 
rates. 

Atmospheric chemistry is also affected 
by advective transport, which may import 
trace species that originated far away. Tro- 
pospheric ozone serves as an example. The 
chemical lifetime of ozone against photol- 
ysis-initiated destruction, which leads to 
OH production, depends on the strato- 
s~her ic  column densitv of ozone and on 
the concentration of water vapor (I) .  In 
the upper troposphere, the lifetime ap- 
proaches 1 year, whereas in the boundary 
layer of the tropics the ozone lifetime is 
only a few days. 

The tropical tropopause is the region 
where trace gases that originated at the 
Earth's surface can be transported into the 
stratosphere. Regardless of the details of 
the transfer processes across the tropo- 
pause (3), reduced compounds can only be 
transported to the stratosphere if, during 
their journey through the tropical tropo- 
sphere, they escape oxidation by OH. Ver- 
tical, advective transport influences the 
oxidation capacity in the troposphere and 
therefore the concentration and vertical 
distribution of trace gases. The effects of 
convection on the tropical ozone distribu- 
tion can be inferred from the large-scale u 

meridional altitude-latitude cross section 
of the ozone mixing ratio, for example, as 
shown at 30°W in Fig. 2 ( 6 ) .  The ozone 
mixing ratio is at its minimum in the - 
boundary layer in the central tropics near 
10°N, which was the location of the In- 
tertropical Convergence Zone (ITCZ) at 

Fig. 2. Meridional alti- 20 - 
tude-by-latitude cross 
section of the ozone mix- 
ing ratio at 30°W during 
September and October 
1988 (6). The low mixing 15 - 
ratios in the lower tropo- 
sphere near 1 OON are the 
result of photolytic ozone .? . 
destruction during ad- S . 
vective flow from higher 8 10 - 
latitudes into the ITCZ. . 
The large cell with low 3 . 
mixing ratios in the upper 
troposphere is caused 
by convective transport 
of boundary layer air to 
the upper troposphere. 
Subsidence at latitudes 
north and south of the 
convective cell trans- 

the time of the measurement. These low 
ozone concentrations near the surface in 
the central tropics are caused by the com- 
bination of low stratos~heric column den- 
sity and high relative humidity at high 
tropical temperatures, a condition that 
leads to rapid destruction of ozone. The 
photochemical lifetime of ozone under 
these conditions is only about 5 days (7). 
In the ITCZ, deep convection lifts air 
from near the sea surface to the upper 
troposphere typically within 1 hour. The 
associated vertical mass flux is compensat- 
ed for by horizontal convergence. The 
boundarv laver evacuation time is also 
about 5 days8(8), and therefore the strong 
ozone sink in the boundary layer in the 
ITCZ acts like a flow-through processor of 
ozone, continuously destroying ozone 
while the air passes through it. The com- 
bined effect of ozone destruction in the 
marine boundary layer and vertical uplift 
also leads to low mixing ratios in the 
middle and upper troposphere (Fig. 2). 

Because ozone is the precursor of the 
OH radical. the fast convective transfer of 
low ozone to the middle and upper tropo- 
sphere described above has implications 
for the oxidation capacity of the tropo- 
sphere. The accompanying decrease of the 
OH concentration is mitigated by an in- 
crease of relative humidities at all alti- 
tudes during convection. However, 
screening by large anvil clouds during ac- 
tive convection decreases the ultraviolet 
actinic light flux, which reduces the OH 
~roduction and causes low overall OH 
concentrations (9). Low OH concentra- 
tions and short residence times of reduced 
substances in boundary-layer air during 

convection conspire to allow highly reac- 
tive, reduced gases to reach the upper 
tropical troposphere. Kley et al. (9) sug- 
gested that substantial amounts of dimeth- 
ylsulfide [(CH),S] and methyliodide 
(CH,I), which originate in seawater (I) ,  
can escape oxidation in the marine bound- 
ary layer and reach the upper troposphere 
where their oxidation products may form 
aerosols and cloud condensation nuclei. 

Figure 2 illustrates also that the large 
convective cell, located in the ITCZ, ex- 
tends into the upper troposphere and is 
accompanied by sinking air on either side, 
as can be inferred from the high ozone 

- I 

ports ozone-rich dry air -30 -1'5 
to the middle tropo- 
sphere. Some of this air 
is advected and entrained in the convective cell at altitudes near 5 km (10, 11). 

mixing ratios that originate in the upper 
troposphere, some 10" of latitude to the 
north and south of the convective cell. In 
the meridional cross section of Fig. 2, this 
ozone-rich air is sinking, and some of it is 
entrained into the convection near an 
altitude of 5 km (10). This upper tropo- 
spheric air, which is advected as filamen- 
tary structures within a few days (I  I), 
should have a trace gas composition sim- 
ilar to that of the region from which it u 

originated, but this has not been verified 
so far. It seems ~ossible. however. that air 
from the lower stratosphere can be advec- 
tively transported and entrained in the 
tropical convection on the potential tem- 
perature surface around 315 to 320 K, 
which isentropically connects the tropo- 
sphere to the stratosphere in the subtrop- 
ics (12). This air should then contain 
enhanced concentrations of nitrogen ox- 
ides from the stratosphere, which, after 
entrainment in the convection, would 
provide a source of NO, for the upper 
tropical troposphere. NO, is of critical 
importance for tropospheric chemistry, 
and therefore investigations of this type of 
advective transport should have high re- 
search priority. 
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Tropospheric Air Pollution: 
Ozone, Airborne Toxics, 

Polycyclic Aromatic 
Hydrocarbons, and Particles 

Barbara J. Finlayson-Pitts and James N. Pitts Jr 

Tropospheric air pollution has impacts on scales ranging from local to global. Reactive 
intermediates in the oxidation of mixtures of volatile organic compounds (VOCs) and 
oxides of nitrogen (NO,) play central roles: the hydroxyl radical (OH), during the day; the 
nitrate radical (NO,), at night; and ozone (0,), which contributes during the day and night. 
Halogen atoms can also play a role during the day. Here the implications of the complex 
VOC-NO, chemistry for 0, control are discussed. In addition, OH, NO,, and 0, are shown 
to play a central role in the formation and fate of airborne toxic chemicals, mutagenic 
polycyclic aromatic hydrocarbons, and fine particles. 

Tropospher ic  air pollution has a long and 
storied history ( 1 ,  2 ) .  Fro111 at least the  13th 
century up to the mid-20th century, docu- 
mented air pollution problems were primar- 
ily associated with high concentrations of 
s u l f ~ ~ r  d~ox ide  (SO,) and soot particles. 
These nroblems are often dubbed "London 
Smog" because of a severe episode in  that 
city in  1952. However, with the discovery 
of photochelnical air pollution in  the  Los 
Angeles area in  the  mid-1940s, high con- 
centrations of 0, and photochelnical oxi- 
dants and their associated imvacts o n  hu- 
man health have become a inajor issue 
worldwide. 

I n  this article we discuss recent research 
o n  air pollution o n  scales ranging from local 
to regional, although analogous chelnistry 
occurs o n  a global scale, as discussed in the  
acco~npanying articles by Andreae and 
Crutren (3)  and Ravishankara (4). Thus, a n  
increase in  tropospheric 0, has been ob- 
served globally over the past century (5- 
11  ). a n  exalnnle of which is seen bv com- , , 

parison of 0, ievels measured a t  h,fontsouris 
in  France from 1876 to 1910 to those at a 
reinote site o n  a n  island in  the Baltic Sea 
(Arkona) fro111 1956 to  1983 (Fig. 1 ) .  Sur- , - ,  

face concentrations of 0, found in othel 

The authcrs are n The Department cf Chemstb/, Unver 
slry cf Calfcrna, I r ~ n e ,  CA 92697-2025, USA. 

relnote areas of the world no\v are similar, 
-30 to 40 parts per billion (ppb) ( 1  ppb = 

I part in  10"y volume or moles), as com- 
pared with -10 to 15 ppb in  preindustrial 
tlmes. This increase has been attributed to 
a n  increase in N O x  elnissions associated 
with the  switch to fossil fuels during the  
industrial period. 

T h e  potential effects of a global illcrease 
in  0, and other photochemical oxidants are 
far-ranging. Orone is a source of the  hy- 
droxyl radical ( O H )  (see below), which 
reacts rapidly with most air pollutants and 
trace species found in  the atmosphere. 
Hence, increased concentrations of O3 
might be expected to lead to increased OH 
conce~ltrations and decreased lifetimes of 
globally distributed colnpoullds such as 
methane. Because both O3 and methane are 
greenhouse gases, this chemistry has impli- 
cations for global c l i~nate  change. In addi- 
tion, because 0, absorbs light in  the  region 
from 290 to 32G nm,  changes in  O3 levels 
call affect the levels of ultraviolet radiation 
to  ~vl l ich we are exposed. 

Inextricably intertwined with the forma- 
tion and fate of 0, and photoche~nical ox- 
idants in the troposphere are a n u ~ n b e r  of 
closely related issues, such as the  atmo- 
spheric formation, fate, a i d  health i~npacts  
of airborne toxic chemicals and respirable 
particles. Understandillg these issues is key 

to the  development of reliable scientific risk 
assessments (12 ,  13) .  In  this context, we 
give an  overview of the  che~nistry of tropo- 
spheric alr pollutioil involving O3 and as- 
sociated species and give examples of appli- 
cations to strategies for control of O,, air- 
borne toxic chemicals. nolvcvclic aromatic 

, L  , 
hydrocarbons, and respirable particulate 
matter. W e  emphasire the key roles played 
by a remarkably few reactive species, such as 
O H .  T h e  che~nistrv of S O 7  and acid deno- 
sitioil is closely linlted with this cllemis;ry, 
but that topic is beyond the scope of this 
article. 

Ozone and Other Photochemical 
Oxidants 

T h e  term "~hotochernical" air vollution re- 
flects the  essential role of solar radiation in 
driving the  chemistrv. A t  the Earth's sur- 
face, Gdiation of aa\'elengths 290 n m  and 
greater-the so-called actinic region-is 
available for inducing photochelnical reac- 
tions. T h e  co~nvlex chemistrv involving - 
volatile organic cornpounds (VOCs)  and 
NO, (where NO, = N O  + N O Z )  leads to 
the formation not only of 03, but a variety 
of additional oxidizillg species. These in- 
clude, for example, peroxyacetyl nitrate 
( P A N )  [CH,C(O)OONO,] .  Such oxidants 
are referred to as ohotochemical oxidants. 
W e  concentrate here o n  0 , '  recognizing 
that a varietv of other vhotochemical oxi- 
dants are assbciated ait'h it. 

Sou~ces of 0,. T h e  sole known anthro- 
pogenic source of tropospheric orone is the  
photolysis of N O Z  

(A4 iin Eq. 2 is any third molecule that 
stabilizes the  excited intermediate before it 

I I 
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Fig. 1. Mean annual 0, concentratons n Mont- 
sours (outsde Pars) from 1876 to 191 0 and at 
Arkonafrom 1956 to 1983, sho\tdng ncreasng 0, 
levels on a global scale [repr~nted v ~ t h  permsson 
from Nature (8), copyrght 1988 Macmllan Mag- 
aznes Ltd ] 
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