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SUMMARY 

The oxidizing capacity of the global troposphere comes from the photo-chemistry of 
Ox-HOx-NOx-CO-hydrocarbon mixtures. This system of reactions is highly coupled and 
non-linear, and still poorly understood. Periodic and multiple solutions have been found, 
at regimes not-too-far removed from those existing in some highly polluted urban 
environments. The system is also sensitive to processes which are not well known, 
including reactions of partially oxidized hydrocarbons, and the role of heterogeneous 
chemistry. 

1. INTRODUCTION 

Among the topics of great interest in the chemistry of the troposphere, few are more 
important than the oxidizing capacity generated by the photochemistry of Ox-HOx-NOx-
CO-hydrocarbon mixtures. The main oxidizers such as the hydroxyl radical (OH), ozone 
(O3), and hydrogen peroxide (H2O2) are not emitted at the surface, but produced when this 
mixture is exposed to sunlight. The pre-industrial concentrations of the oxidizers are 
essentially unknown, and even today measurements are variable and sparse. 
Nevertheless there is good reason to suspect that they are changing, perhaps drastically in 
some regions, due to increased human activities. 

Large scale changes in the oxidizing capacity may present several problems. One is the 
possibility of reductions in the concentrations of OH radicals and a corresponding increase 
in the lifetime of numerous gases including carbon monoxide (CO), methane (CH4), non-
methane hydrocarbons (NMHCs), nitrogen oxides (NOx = NO + NO2), sulfur species (SO2, 
DMS), and hydrogenated halocarbons (HCFCs, HFCs). Another is the possible increase in 
tropospheric ozone, which is currently at levels near 30-50 ppbv at the surface in the 
northern hemisphere, and probably increasing at - 1 % per year (IPCC 1991); in the southern 
hemisphere, values are somewhat lower and are not increasing, with even some long-
term decreases seen in the Antarctic spring probably due to enhanced UV due to the 
stratospheric ozone hole; Schnell et al. (1992). The ozone air quality standard in most 
countries is about 100 ppbv, but O3 is a powerful greenhouse gas even at lower levels. 

2. NON-LINEARITIES 

The chemistry of O3 and OH is non-linear and has several distinct regimes. This can 
be demonstrated with a simple 0-dimensional model using global average estimates for 
emission fluxes, photochemical rates, and sinks. Figures 1 and 2 show the steady state OH 
and O3 concentrations calculated from a simple Ox-HOx-NOx-CO-CHi model. Four 
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Fig. 1. Logarithm of OH concentration. Stars (*) denote regions of unstable solutions. 
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Fig. 2. Logarithm of O3 concentration. Stars (*) denote regions of unstable solutions. 



qualitatively different regimes can be seen: (1) For low CH4 and low NOx, good oxidizing 
capacity is maintained with reasonably low O3 levels; (2) for high CH4 and low NOx, the 
OH concentrations are strongly reduced by CH4 emissions, with relatively high O3 levels; 
(3) for low CH4 and high NOx, both OH and O3 are strongly reduced; and (4) for high CH4 
and high NOx, high OH levels are sustained but at the cost of high O3 levels. The high 
NOx solutions can become unstable, and can exhibit multiple solutions and possible 
oscillations of atmospheric composition. The threshold emission fluxes at which 
transition occurs from one regime to another can be derived analytically. Current day 
global-average emissions appear to be reasonably far from these thresholds, but this is not 
true for urban and regional-scale pollution episodes. The importance of NOx chemistry is 
clear from these figures: If NOx were absent, current day emissions of CO and CH4 would 
suppress OH to values far below today's values. Interestingly, even for pre-industrial 
conditions the lifetimes of CO and CH4 were probably controlled by NOx (natural) 
emissions. 

The high-NOx regime is where the non-linearity of the system becomes most 
pronounced. Multiple solutions have been already reported (White and Dietz 1984; 
Kasting and Ackerman 1986; Madronich 1993, Stewart 1993; Zimmermann and Poppe 1993; 
L. Kleinman, personal communication 1993). We have also found oscillating solutions 
(Figure 3) with the period controlled by the CH4 "charging" rate. Urban environments in 
which O3 is rapidly destroyed by NOx may already be experiencing some features of this 
regime. 

Current global-average emissions can probably be characterized as high CO and CH4, 
and moderate NOx. The corresponding sensitivities (%/%) of atmospheric concentrations 
to emission fluxes, estimated from the simple model described above, are shown in 
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Fig. 3. Oscillations of the Ox-HOx-NOx-CH4 chemical system near the transition regions. 



Table 1. Several features may be noted: (1) For each percent increase in CH4 fluxes, OH 
concentrations are reduced by about one-third of a percent, and the CH4 concentration 
increases non-linearly by the combined change, 1.33%, in agreement with other estimates 
(WMO 1991). (2) Increased CH4 emissions result in higher concentrations of CO (both as 
direct source and through the OH feedback), higher peroxides and oxygenated organics, and 
higher NOx (due to the lower OH) and ozone concentrations. (3) Although CO is not 
considered a greenhouse gas, increases in CO fluxes will increase the concentrations of 
both CH4 and O3, with ramifications for radiative forcing. (4) Increases in NOx emissions 
cause an increase in OH and in O3, but a decrease in CO and CH4 in direct proportion to the 
OH increase. While HNO3 production remains directly proportional to the NOx input, the 
concentrations of NO and NO2 exhibit only part of the increase because their lifetime is 
shortened by the higher OH concentrations. (5) All concentrations are insensitive to 
changes in F03, showing that under these conditions the chemistry is controlled by NOx-
produced O3 from photochemistry rather than external input of O3 (e.g., from the 
stratosphere). 

Simple models such as the one used above are useful to demonstrate the qualitative 
non-linear features of tropospheric chemistry, but are not expected to be quantitatively 
accurate. Among the many uncertainties, two are prominent: (a) The spatial and 
temporal inhomogeneity of NOx, and (b) the potential importance of non-methane 
hydrocarbons and their degradation products. 

3. NOx BUDGET 

The relatively short lifetime of NOx (NO + NO2), a few days for typical conditions, 

leads to poorly know and variable geographical distributions (Figure 4). Given the non-

Table 1: Solutions for current state: 

Species 

CH4 
CO 
H 2 

FCH4 

1.33 
0.53 
0.33 

FCO 

0.26 
0.97 
0.07 

Sensitiv 

FNO 

-0.49 
-0.46 
-0.13 

ity (%/%) 

F03 

-0.01 
-0.01 
0.00 

FH2 

0.03 
0.03 
0.76 

O3 0.30 0.15 0.19 0.07 0.02 

NO 
NO2 
HNO3 

H2O2 
CH3OOH 
CH2O 
CH3OH 

OH 
HO2 
CH3OO 

-0.02 
0.03 

-0.01 

0.58 
1.42 
1.07 
1.96 

-0.35 
0.23 
0.92 

0.09 
0.24 

-0.01 

0.54 
0.29 
0.06 

-0.20 

-0.28 
0.22 

-0.14 

0.41 
0.55 
1.02 

-0.29 
-0.71 
-0.10 
-0.67 

0.53 
-0.06 
-0.25 

-0.07 
-0.01 
0.00 

0.03 
0.06 

-0.01 
0.11 

0.01 
0.02 
0.06 

0.01 
0.02 
0.00 

0.06 
0.03 
0.01 

-002 

-0.03 
0.02 

-0.02 



10 
- NOx (ppbv) 

• ■ - mean 
— median 
13 central 67% 
□ central 90% 

1.0 

0.10 

Scout 
PA 

a f 

Pt. Arena 
CA 

S 
IT 

0.01 

— c 
—i 

r* 3 

MFT East 
Parte 

Summsr 
— GTc 1938 
— 4.5-S.l km 

May-Jun* 
1968 

3.4km 

■ M 

Summer 
19B8 

I! 

BLEast 
Pacific 

Spnng 
19B5 

"D 

Summer 1964 
Nrwot Ridge 

3.0 km 

Summer 
GTE ISM :•*•; 
4.8-5.0 km f 

Swing 
GTE Summer 
19IM .GTE 

5.1-7.5 km igea 
iO.Skm 

Winter 
1938-39 
AASc' 

10-12 km— 

0.001 j 
Potentially biased ay definition of iroposanere': rjlstrtxjtlon presented incixjes data ootained 
at all anit'jdet asnougn me ouk ol the measurement! were made between 5 and 12.5 un 

Fig. 4. NOx concentrations at several locations. From Carroll et al. (1992). 

linearity of the chemistry, the net global result is sensitive to this distribution. In 
particular, the NOx lifetime determines how long reactions such as NO + HO2 -> NO2 + 
OH result in the production of O3 and OH radicals, which in turn affect the NOx lifetime. 
Transport and mixing with other gases such as hydrocarbons have a strong effect on the 
net outcome. 

Long-range transport via reservoir species such as HNO3, CH3CO(OON02) (PAN), 
and organic nitrates may be contributing to the background NOx of the remote 
troposphere. NOx is usually only a small fraction of the observed total reactive nitrogen 
NOy (see Figure 5). The remainder of NOy is primarily composed of PAN, HNO3 organic 
nitrates, and still unidentified species present in amounts comparable to the NOx (see 
Figure 6). Emissions of NOx, from transportation and industrial combustion, bio-mass 
burning, lightning, and soils, and their relative contributions to the measured NOx levels, 
are all still poorly known. 
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Fig. 5. NOx/NOy ratios at several locations. From Carroll et al. (1992). 

4. NMHCs BUDGET 

Understanding the net contribution of NMHCs to global O3 and OH is another major 
challenge. Emissions of the natural NMHCs alone are probably at least as great as those of 
CH4 (WMO 1991). The NMHCs are generally reactive and are not expected to be 
transported far from their sources. The complete gasphase oxidation may however take 
many days, passing through complex organic intermediates that can contribute to the 
budgets of O3, OH, CO, and NOx. This chemistry is still understood relatively poorly, but 
an example is given in Figure 7. Propane is highly reactive and is reduced to a small 
fraction of its initial value after a few days. But the fivecarbon intermediates formed by it 
(ketones, aldehydes, peroxides, nitrates, etc., collectively termed Cy) can persist for a much 
longer time  at least according to the still uncertain gas phase chemistry. So is the global 
troposphere full of Cy compounds? And can some of these explain the deficit in the NOy 
budget? Of course, such compounds are much more difficult to detect than, e.g., simple 
alkanes. 
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5. THE ROLE OF AEROSOLS 

Whether Cv chemistry is important may depend ultimately on heterogeneous 
processes. Chemistry occurring on cloud and rain water has already been identified as 
important to the global ozone budget (Lelieveld and Crutzen, 1990), and aerosols appear to 
be important for the global tropospheric budgets of NOx, OH, and ozone (Dentener and 
Crutzen, 1993). However very little work has been done to estimate the effects of aerosols 
on the Cy species formed by hydrocarbon oxidation. Most reactive hydrocarbons are 
emitted in boundary layer regions having relatively high aerosol loading. This aerosol 
may be of natural origin (e.g., from photooxidation of terpenes) or anthropogenic (usually 
sulfate). 

The collision rate between aerosols and molecules is given by 

collision rate = v n s / 4 

where v is the mean molecular speed, n is the molecular concentration, and s the surface 
area of the aerosol per unit volume of air. The aerosol surface area available for chemical 
reactions is difficult to obtain, but a crude estimate can be obtained from its optical 
properties: horizontal visible ranges Rv of 10 to 100 km are common (NAPAP 1991), with 
the lower values being more frequent in industrialized regions. The aerosol attenuation 
coefficient at 550 nm, P550, is then given Koschmeider's relationship (e.g., Middleton, 1963), 

Rv P550 = 3.912 

If P550 is used in lieu of the chemical surface area, the time for collision between a 
molecule with aerosol particles is estimated as 

collision time - Rv / v 

or roughly the time for sound to traverse the visible range. For Rv = 30 km, this implies a 
collision every -102 seconds and is in rough agreement with the collision time of 100 
seconds estimated by Donahue and Prinn (1990) for the marine boundary layer based on 
assumed aerosol radius of 1 |im and concentration of 10 particles cm3. Even if only 1/100 
of the collisions are effective (reactive), the loss time of 104 s is still comparable or faster 
than the gas phase reactions (mostly OH reaction and photolysis) of oxygenated organics. 
Thus it appears likely that a substantial fraction of the Cy compounds can be removed by 
the aerosol, and therefore cannot be transported to the global scales as gas phase 
compounds. The subsequent aerosol-phase chemistry of the organic intermediates is 
unknown. 

6. CONCLUSIONS 

Our knowledge of the troposphere is still incomplete due to a lack of understanding 
of fundamental processes such as chemical non-linearities, hydrocarbon oxidation 
pathways, NOx transport, and heterogeneous reactions. As we gather more observations 
and construct larger computer models, the study of processes must be maintained at a 
commensurate level. 
Acknowledgments: The National Center for Atmospheric Research is sponsored by the 
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