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THE ROLE OF HUMAN ACTIVITY AND LAND USE CHANGE IN 
ATMOSPHERIC CHEMISTRY AND AIR QUALITY 

Joyce E. Penner 
Atmospheric and Geophysical Sciences Division 

Lawrence Livermore National Laboratory 
Livermore, CA 94550 

I. Introduction 

Man's ability to impact the local environment has been evident for some time. 
Since the pioneering studies of Haagen-Smit in the 1950's to explain and understand the 
photochemical formation of smog, we have been aware that fossil fuel emissions can 
impact local air quality (see Leighton. 1961 and references therein). During the 1960s and 
1970s, we became increasingly aware of the impacts of die long-range transport of fossil 
fuel emissions. These impacls manifest themselves on a more continental scale, the 
regional scale of acid rain and acid deposition, for example (Albritton et al., 1987). 

During the last two decades us well, it has become increasingly clear that man's 
activities can also result in changes to much larger areas, areas which are global in scope 
(see NRC. 1983 and NRC, 1984). On these scales, not only may the chemistry of the 
atmosphere change, but the climate of our planet may change as well. The most obvious 
changes to climate are driven by increases in CO2, a species whose lifetime is so long that 
odier than its impact on temperatures and dierefore reaction rate constants, it has no 
obvious interaction with atmospheric chemistry. Much of the increase in CO2 is driven by 
increases in fossil fuel use, but land use change through removal of forested regions was 
historically of more importance than fossil fuel burning and remains important today. More 
recendy, trends in more minor species, for example, CH4, NiO, and halocarbons have 
been documented. These species interact radiatively in the atmosphere to alter 
temperatures. They also interact chemically in the atmosphere to impact other species 
whose lifetimes arc much shortei ^e.g. tropospheric OH and stratospheric O3). Identifying 
the sources responsible for the trends in these species is an important problem in 
atmospheric chemistry. As we shall see, many of the sources of these species are related to 
specific land-use (or land cover) categories. Additionally, all of these gases have important 
sources that are related to human activity. 

In addition to the well-documented changes in CO2, CH4, N2O, and the 
halocarbons, a number of other components of the Earth's atmosphere may be changing. 
The abundance of CO, for example, wim its substantial increased concentration in the 
Northern Hemisphere is known to have been perturbed by fossil fuel burning, but biomass 
burning in tropical regions (for agricultural purposes and for land clearing) is also thought 
to be important. Increases in tropospheric 63 concentrations have been documented for a 
number of specific sites. These documented site-specific increases imply increases that are 
at least regional in character but, because of spatial heterogeneity, it is difficult to quantify 
die global increase in O3. Increases in reactive nitrogen (NOy), non-methane 
hydrocarbon's (NMHC's), reactive sulfur (SOx>, and aerosols have surely occurred as 
well, but theze increases have not been documented. The short lifetimes and heterogeneous 
spatial distributions exhibited by these shorter-lived atmospheric components have made it 
impossible to detect or quantify a trend widi any confidence. Quantification of the sources 
of these species, however, and die fraction of source due to human activity implies mat the 
abundances of these shorter-lived species must have changed relative to those present 
during pre-industrial times. A major challenge for atmospheric chemists is to quantify me 
magnitude of the changes in the anthropogenic sources relative to the natural sources. 



Identifying the sources of these species that are associated with particular land use and land 
cover categories is an important part of this task. A second major challenge is to quantify 
the global or regional extent of the species abundance change resulting from the change in 

The sources of many of these gases and of atmospheric aerosols are varied, but 
include components for each that are related to specific land-use categories. Thus, in 
addition to changes from increased fossil fuel burning, changes in land use or land cover 
are inexorably tied to changes in the concentrations and abundance patterns for these gases 
and for atmospheric aerosols. Estimates of the role of land use in species budgets are 
uncertain because data bases have been poorly documented both with respect to the land 
cover or vegetation type and total carbon abundance in vegetation. Nevertheless, current 
data show that land use or land cover can be significant in the budgets for many species. 
Knowing this, we may infer that changes in land use or land cover will lead to changes in 
chemical fluxes that are also significant. We know, for example, that approximately 20% 
of the CO2 source is thought to be due to land-clearing practices today, primarily in the 
tropics. In the past, changes in land use were responsible for most of the increase in the 
abundance of CO2 in the pre-industrial atmosphere. For other species, the relative role of 
changing land use practices in their budgets and projected changes with time is not known, 
but may also have been important. 

Trace species in the troposphere may be divided into two categories. Those with 
atmospheric lifetimes longer than a few months to a year, and those with lifetimes 
singificantly less than one year (see Table 1 a and lb). Increases in the sources of the 
former will lead to significant global accumulations. Their long lifetimes assure that 
changes in their tropospheric abundances will penetrate into the stratosphere causing 
changes in the chemical cycles that determine stratospheric O3. The species in this category 
include CO2, CH4, N2O, and COS. Carbon monoxide has a lifetime of several months 
and is treated in this category as well. Short-lived atmospheric trace species have 
distributions which exhibit significant regional and temporal variability. Increases in the 
sources for these species can contribute to regional increases leading to degradation of air 
quality and acid rain, for example. In some cases, observational evidence exists for more 
widespread, global changes. Also, model calculations have shown that larger-scale 
changes in the concentrations of these species may be taking place (Penner, 1990; Penner et 
al., 1991a; Languer and Rhode, 1990;Ericksonetal., 1991). Photochemical interactions 
of species in this category can therefore lead to larger and even global scale changes in 
tropospheric trace gas and aerosol concentrations. Important changes to tropospheric OH 
and O3 concentrations may be occuring. Also, increases in the tropospheric aerosol 
abundance may have had a significant influence on climate. The short-lived species of 
concern in this category include the non-methane hydrocarbons (NMHC's), reactive 
nitrogen (NOy), reactive sulfur (SOx), and tropospheric aerosols. 

Table 1 gives a summary of the species treated in the present study. Table la 
summarizes data concerning the concentrations and estimated recent trends for each of the 
longer-lived species, as well as their estimated lifetimes. The table also summarizes the 
primary importance of each component for atmospheric chemistry. Table 1 b summarizes 
data for the concentrations of the shorter-lived species. Since these are so variable, I have 
separately listed the typical concentrations observed in clean ocean areas, rural 
environments, and urban environments. There are no observationally confirmed trends for 
these species. 

In the following, I review the importance of each of the species listed in Table 1 for 
atmospheric chemistry, air quality, and climate. I then review current estimates of the 
sources for each specie, deriving the fraction of each source that is due to specific land use 



practices or land cover categories. Understanding die current trends of those species with 
known increasing abundances and projecting increases into the future is possible if the 
estimated sources from human activity and land use change can be projected and if the 
known atmospheric sinks and the interactions in atmospheric chemistry and climate change 
are appropriately taken into account. Regional trends in the short-lived species can be 
projected as well, assuming the estimated sources and sinks are correct. However, 
significant uncertainties continue to surround the estimated budgets for most of diese 
species. Uncertainties and the estimated ranges in different source strength estimates for 
each specie are also discussed. 

II. Long-lived atmospheric trace species 

A. Carbon dioxide 

Although CO2 has no direct involvement in atmospheric chemistry, it is the most 
abundant gas in the atmosphere after N2,02, H2O, and Ar, and it has been increasing 
recently at a rate of 0.5%/yr. It is the most important of the greenhouse gases, explaining 
roughly 60% of the increased radiative forcing in the atmosphere relative to the pre-
industrial atmosphere (Shine et al., 1990). Besides increasing tropospheric temperatures, 
increases in CO2 also lead to decreases in stratospheric temperatures. This causes changes 
to atmospheric reaction rates that ammeliorate, to some extent, the projected decreases in 
stratospheric O3 due to increasing chlorofluoromethane concentrations (Penner. 1980). 
Although COT concentrations are observed to be increasing, projections of future 
concentrations are difficult because of uncertain knowledge of the sources and sinks of 
C0 2 . 

Atmospheric CO2 is exchanged with the biosphere on short time scales so that its 
observed seasonal changes (which are close to 100 Gt/yr) are primarily due to seasonal 
changes in the abundance of CO2 sequestered by the terrestrial and oceanic biosphere. On 
longer time scales, CO2 is taken up by the ocean and mixed into die deep ocean waters. 
This represents a net sink for atmospheric CO2 because die time scales for mixing into the 
deep ocean are so long (several hundred to 1000 years). The current uptake of CO2 by the 
oceans is estimated to be about 2 GtC/yr. 

The abundance of CO2 has increased in the atmosphere by about 25% over that 
present during pre-industrial time. The estimated role of land use change in contributing to 
this increase is uncertain because the change in land use over time is poorly documented. 
Also, the change in carbon stocks within forested areas is poorly known. Estimates of the 
degradation of forest carbon stocks due to illicit logging, fuelwood gathering, and burning 
remain poor even today (Houghton, 1991). Estimates of the amount of carbon present in 
tropica! closed forests vary by a factor of two (see estimates by Brown and Lugo (1984) 
and Houghton et al. (1985a)). Taking the estimates for fossil fuel use from Marland 
(1989) and the estimates for release of CO2 due to land-use change from Houghton and 
Skole (1990), I estimate that approximately 35% of the increase in atmospheric CO2 
between 1850 and 1985 can be attributed to land-use change, primarily deforestation. 
Deforestation causes an immediate increase in aunospheric CO2 if the biomass present at 
the deforestation site is burned. A slower release occurs as roots, stumps, slash, and twigs 
decay from a site which has been logged or burned or if wood products which have been 
removed from die site oxidize. Organic carbon associated with the soil at the site can also 
be oxidized and release CO2. As plants and trees become re-established, of course, CO2, is 
again removed from the atmosphere. 



The current rate of release of COi to the atmosphere from fossil fuel burning and 
from other industrial processes is about 5.7 ± 0.5 Gl C/yr (Gt = 10 1 5 g) (Marland, 1989). 
This may be compared to estimates for the release of CO2 to the atmosphere from land 
clearing practices which range from 0.6 to 2.6 Gt C/yr (Watson et a]., 1990 as updated 
from Houghton et al.. 1985b, and Detwiler and Hall, 1988). Thus, the current estimated 
CO2 emissions from land use change range from 10% to almost 50% of the current 
estimated emissions from fossil fuel and industry. At the present time, most of the land 
clearing takes place in wooded areas in the tropics. 

The emissions of CO2 from fossil fuel burning and from land clearing practices, 
while uncertain to some extent, do not fully balance the budget of CO2 in the atmosphere. 
It is estimated that an additional 1.6 ± 1.4 GtC/yr is being released into the atmosphere that 
is not accounted for by the known atmospheric accumulation rate and the estimated uptake 
rate in the ocean (Watson el al., 1990). This global imbalance is displayed in Table 2. 
Speculations regarding the source of the missing sink include increased vegetative growth 
at Northern mid-latitudes due either to CO2 stimulation, enhanced temperatures, or 
fertilization, uptake of CO2 by soils, or enhanced uptake in the ocean. These ideas for the 
missing sink, however, have not been adequately quantified. In particular, the terrestrial 
biosphere is seen as a source of CO2 in some studies and a sink in others. For example. 
Tans et al. (1990) used a three-dimensional atmospheric transport model to simulate the 
atmospheric CCh cycle. They found that in order to fit the observed latitudenal distribution 
of CO2 with the estimated sink of CO2 into the ocean (from the measured PCO2 
distribution), v. Northern Hemisphere sink of between 2.0 and 3.4 GtC/yr was needed. 
The ocean sink in this analysis was smaller than that estimated by ocean modelers and 
displayed in Table 2. Instead of 2 ± 0.8 GtC/yr, Tans et al.(1990) argue that the 
atmospheric model can support at most lGtC/yr into the oceans. Thus, from this analysis, 
Tans et al. argue that a large Northern Hemisphere land based sink must exist. In contrast 
to the Tans et al. analysis. Keeling et al. (1989) have concluded that there is an increase in 
the Northern Hemisphere source of CO2. They used an analysis of the I 2 C02 and 1 3C02 
records to show that there is an increasing amplitude in the seasonal cycle of CO2 in the 
atmosphere (Keeling et al., 1989). '^C was used to differentiate the source of C from the 
ocean from the source of C that is either plant or fossil fuel related. In the analysis of 
Keeling et al. (1989), the increasing amplitude in the seasonal cycle of CO2 was attributed 
to increases in the source of CO2 from the terrestrial biosphere. The differences in the 
conclusions between this study and that of Tans, et al. (1990) have not been resolved. 

B. Methane 

CH4 is the most important greenhouse gas after CO2 in terms of its impact on 
increases in radiative forcing compared to values in the pre-industrial atmosphere (Shine et 
al., 1990). It also plays a vital role in atmospheric chemistry through its effect on 
tropospheric O3 and OH (Logan et al., 1981). These two species, O3 and OH, are 
important because they determine the oxidizing (and cleansing) capacity of the atmosphere. 
Much of the oxidizing capacity of the troposphere is determined by its odd hydrogen 
content (the odd hyrogen pool is defined as the sum of OH, HO2, HNO2, HNO4, H2O2, 
CH3O2. and other organic radicals) and by the balance of species within the odd hydrogen 
pool, particularly the OH concentration. Thus, for example, reaction with OH is the single 
most important scavenger for a variety of species in the troposphere (see Table 3). (A 
second important scavenger whose reactions are particularly important at night is NO3.) 
Methane acts as both a source and sink of odd hydrogen species (H0 5) and oxidizing 
capacity in the troposphere. Thus, the oxidation products of CH4 act as a source for O3 
and HOx. But since CH4 also reacts directly with OH it acts to decrease the tropospheric 
OH concentration. In the stratosphere, the oxidation of CH4 leads to the production of 



H2O and odd hydrogen radicals. Odd hydrogen radicals act to destroy O3 in the upper 
stratosphere. Reaction sequences involving CH4 can also interfere with the chlorine 
catalytic cycle which destroys O3 in the stratosphere. This effect leads to a net increase of 
lower stratospheric O3 when CH4 increases. 

Methane has a current atmospheric abundance of about 1.7 ppm with about 0.1 
ppm higher concentrations in the Northern Hemisphere (Watson et al„ 1990). It has been 
increasing in the atmosphere by about 1 %/yr in recent years although the rate of increase 
has been declining in recent years. This recent record of increase has been smoothly 
connected with its pre-industrial concentration as derived from ice core data. Two hundred 
years ago the concentration of CH4 was only about 0.8 ppm. Most of the doubling in the 
atmospheric concentration of CH4 has taken place since 1900. The concentration of CH4 
in the atmosphere represents the balance achieved between a variety of sources and its 
removal by chemical reaction with OH. In addition, reaction with CI and O('D) in the 
stratosphere represents a second, minor sink as does removal by soils. We have fairly 
good knowledge of the total source strength for CH4 because the sum of the sources of 
CH4 must equal the sum of the removal by chemical reaction and soils plus its estimated 
growth rate. The reaction rate coefficient for the reaction of CH4 with OH was recently 
measured by Vaghjianai and Ravishankara (1991). They found that the rate coefficient was 
approximately 25% slower than the rate used in previous analyses. With the new rate 
approximately 430 Tg of CHj/yr is removed by reaction with OH (Fung et a]., 1991; 
Crutzen, 1991). The removal of CH4 by soils is estimated to be 30+ 15 Tg/yr (Born et 
al., 1990; Crutzen, 1991) and the estimated growth rate for CH4 in the atmosphere is 
approximately 45 ± 5 Tg/yr. The total source must therefore equal approximately 505 Tg 
CH4/ yr (Crutzen, 1991). The range of uncertainty for litis estimate in the total source 
strength is 400-610 Tg CHVyr. 

The numerous sources of methane include coal mining and gas drilling practices, 
emissions from landfills, natural wetlands and rice paddy emissions, emissions from 
biomass burning, emissions from enteric fermentation and termites, ocean and freshwater 
sources, and CH4 hydrate destabilization. Table 4 presents a summary of source estimates 
by category based largely on Cicerone and Oremland (1988). Among these sources, land 
use by man is directly related to the source of methane from rice paddies (agriculture), from 
land nils (urbanization), from biomass burning (forests and grasslands) and from enteric 
fermentation (pasture or grassland). 

The largest single source category forCRj is that related to the production of 
methane through biological processes under anaerobic conditions in natural wetlands. As 
shown in Table 4, this source is estimated as 115 Tg CH^yr based on analyses by 
Matthews and Fung (1987) as updated by Fung et al. (1991) (see also Aselmann and 
Crutzen, 1989). This estimate may need to be revised because new data indicates that the 
flux of methane from the Amazon basin is almost a factor of two higher than previously 
thought (i.e. 55Tg/yr instead of 32 Tg/yn Bartlett et al., 1990). In addition, preliminary 
analyses of data from the ABLE 3 missions indicate that the flux of CH4 from northern 
wetlands is smaller than previously thought (Harris and Wofsy, 1991). 

The anaerobic microbial processes that lead to methane emissions in natural 
wetlands also operate in rice paddies. The magnitude of the estimated source from rice 
paddies is similar to estimates from wetlands, namely 110 Tg CHVyr. Each of these 
estimates is uncertain and subject to change in the future, because the biological processes 
responsible for the production of CH4 are sensitive to die physical, chemical and biological 
characteristics of the soils. Therefore, for example, agricultural practices (fertilizadon, 
density of rice plants, etc.) can affect the source of methane from rice paddies. Of course. 



changes in the areal extent of wetlands will affect (his source as will changes in nutrient 
availability. Present estimates for the source of CH4 from rice paddies suffer because little 
data has been gathered from Asia, where over 90% of the world's area of rice paddies 
exist. 

Enteric fermentation which is associated with the use of land for pasture and 
grazing is the third largest source of methane. It is estimated to be approximately 80 Tg 
CFVyr with a range from 65 - 100 Tg Clli/yr (Cicerone and Oremland, 1988). This 
source arises from ruminant animals. Emissions have been estimated by accounting for the 
world's population of cattle, sheep, and wild animals (Lerner et al., 1988; Crutzen et al. 
1986). 

The sources associated with fossil fuels (gas drilling, coal mining) and with 
methane hydrate destabilization may be estimated from studies of the 1 4 C content of 
atmospheric CH4 (Wahlen et al., 1989). These studies imply a combined source of 
approximately 100 ± 20 Tg CHVyr. The remaining sources (biomass burning, termites, 
landfills, oceans, and freshwaters) vary in size from 45 to 5 Tg CHVyr, but together add 
up to a large fraction of the major sources. Estimation of the sources of CH4 is thereby 
made difficult by the large number of small, but significant source types. According to 
Table 4. land use by man (associated with the rice paddy source, the land fill source, the 
biomass burning source and the source from enteric fermentation) is seen to account for 
roughly ha!f of the total CH4 source strength. Current uncertainties are consistent with 
land use practices being associated with a range of from 25% to 80% of all the sources of 
CH 4. 

C. Nitrous Oxide 

Nitrous oxide (N2O) is important because it acts as a greenhouse gas in the 
atmosphere. It is also a precursor to stratospheric NOx. It has increased from a 
preindustrial value of about 285 ppb to its current level of 310 ppb. The increase of N2O in 
the atmosphere over the last two hundred years explains roughly 4% of the increased 
radiative forcing experienced due to increasing greenhouse gases over this time period 
(Shine et al., 1990). Increases in nitrous oxide can also lead to decreases in stratospheric 
ozone. This is because N2O serves as the major stratospheric source of NO. Thus, its 
tropospheric sources are balanced by removal in the stratosphere by reaction with CK'D) 
and through photolysis. The former process is only 10% of the total loss rate, but is the 
important step through, which stratospheric NO is produced. Stratospheric NO* (NO •» 
NO2) destroys O3 through the well-known catalytic cycle: 

NO + O3 -> NO2 + O2 

NO2 + O -> NO + O? 

Net: 03 + 0 ^ 0 2 + 02 

Nitrous oxide is a well-mixed trace constituent with a current global average 
abundance of about 310 ppb (Watson et al., 1990). Continuous records at the ALE/GAGE 
network of sites since 1978 show a 0.75 ppb deficit in the Southern Hemisphere relative to 
the Northern and a global trend of increase of about 0.2 to 0.3%/yr (Watson et al., 1990; 
Prinn et al., 1990). Earlier analyses of trends indicated that Northern Hemisphere station 
trends were larger than those for the Southern Hemisphere stations, suggesting an 
increasing inierhemispheric disparity (Khalil and Rasmussen, 1983). Recent analyses 



suggest that the different station uends may be explained by a growing tropical source 
(perhaps attributable to tropical land disturbance) and by a growing Northern mid-latitude 
source (attributable to a combination of anthropogenic sources) (Prinn et a)., 1990). The 
Northern Hemisphere seasonal cycle for N2O concentration reported by Khalil and 
Rasmussen (1983) is not supported by recent measurements and analysis (Wallace and 
Livingston. 1990; Prinn et al.. 1990). 

The sources of N2O are very poorly known. Because N2O has such a long lifetime 
(about 150 years) even small sources can be important. Stratospheric photolysis was 
recently estimated to remove close to 13 Tg N/yr (Ko et al., 1991), though earlier work 
tended to support a removal rate of close to 10 Tg N/yr (Watson et al., 1990). The 
calculated sink from photolysis and the observed increase of N2O (1-2 Tg N/yr) must be 
balanced by the sources of N2O. In addition to the suspected andiropogenic sources 
mentioned above, N2O is produced by a wide variety of biological processes in both the 
ocean and in soils. It also has several different andiropogenic sources. The influence of 
man's activities on nitrous oxide fluxes becomes particularly difficult to estimate when 
factors such as atmospheric deposition of nutrients (supplied by increases in deposition of 
nitrate from pollution sources, for example) come into play. Additional factors, such as 
estimation of the importance of nitrogen fertilizer on the flux of N2O add furthur 
complication. 

The anthropogenic source of N2O was once thought to be mainly combustion (e.g. 
Hao et al.; 1987), but the combustion source in these earlier studies was overestimated due 
to artificial production of N2O in the flasks used to collect combustion effluents (Muzio and 
Kramlich. 1988). Current estimates for the fossil fuel combustion source are only one-
tenth of the previous source estimates, 0.1 - 0.3 Tg N/yr (Watson et al., 1990). Recently, 
a new source of nitrous oxide wherein N2O is produced during the production adipic acid 
for the manufacture of nylon was also identified (Thiemens and Trogler, 1991). Estimates 
of the global source strength from nylon production are 0.2 Tg N/yr. This new source 
approximately doubles the anthropogenic source from fossil fuel combustion that was 
reported in Watson et al. (1990). A third significant anthropogenic source is biomass 
burning in tropical areas. This source, associated with land use for agriculture (burning in 
grasslands) and with land clearing for agricultural and other uses (e.g. fuel wood burning) 
in tropical forest areas is estimated to contribute 0.1-0.3 Tg N /yr (Crutzen arid Andreae, 
1990). (Previous estimates for the magnitude of the biomass burning source including that 
reported by Hao et al. (1990) were too high because they used emission factors that were 
influenced artifacts and by artificial production of N2O). 

Microbial activity in soils through either denitrification (in anaerobic soils) or 
nitrification (in aerobic soils) is also a source of nitrous oxide. This source is r nally 
associated with the "natural" source of N2O but may be perturbed if the characu. of the 
soils is perturbed due to a land use practice or change. For example, one measurement 
showed that the flux of N2O from pasture land in Brazil was five times larger than the 
fluxes from undisturbed tropical forest soils, floodplain soils and soils in cleared and 
burned areas (Matson et al., 1990). This measurement would imply that land use change 
could contribute significantly to increases in N2O, but the conclusion is premature because 
odier studies have shown that the fluxes from tropical pasture lands were not larger than 
those from forests (Davidson et al., 1991; Sanhuezaet al.; 1990). Thus, the magnituc'e of 
the soil source of N2O is still largely unknown because of the wide variety of factors 
influencing the rate of emissions and the measured variability in emissions (Watson et al., 
1990; Bowden et al., 1990). The factors which influence the variability in the flux include 
vegetation types, soil and climatic conditions and soil moisture, and differences in the 
processes which produce N2O (nitrification, denitrification). Also, the addition of fertilizer 
to soils used for agricultural purposes can impact N2O fluxes. Fertilizer addition increases 



the production of NiO, but the amount of stimulation appears to depend on the availability 
of nitrogen in the soil, the type of fertilizer, farming methods, etc. (Keller, et al. 1988). 
Additionally, soils that have experienced high rates of N deposition over several decades 
may emit higher fluxes of N2O when fertilizer is added than soils that have low 
concentrations of NH4+ (Bowden et al., 1991). These complications, and others, limit our 
knowledge of the flux of N2O from soils and the effects of fertilizer addition, though 
substantial progress has been made (Matson and Vitousek, 1990). 

The quantification of the ocean source of N2O is also poor because the partial 
pressure of N2O is surface waters varies spatially and temporally. However, data suggest 
that N2O is supersaturated in upwelling regions and undersaturated in areas in Antarctica 
and within gyres or oligotrophic areas. 

Table 5 presents estimates for the contribution of each source category to the total 
N2O source. For this table, I used the estimates for each category summarized by Watson 
et al. (1990) with the anthropogenic source updated to include the estimated source from 
nylon production. These source estimates do not add to the total required from a budget 
analysis, but it is clear from the table that land use and land cover change may play a large 
role in the budget for N2O. Thus, land use and land cover are associated with the source of 
N2O from soils, biomass burning, and fertilizer application. These sources constitute 
about 70% of the total N2O source rate listed in Table 5. 

D. Carbonyl Sulfide 

Carbonyl sulfide (COS) is present in the atmosphere at concentrations of about 500 
ppt and has a lifetime, based on its reaction with OH in the troposphere, of approximately 
10 years. In the stratosphere it may either react with OH or be photolyzed to form SO2 
SO2 reacts with OH and, after a sequence of reactions, forms S04 =, the major component 
of background stratospheric aerosols. Besides direct volcanic input of sulfur compounds 
(which is episodic in nature), COS is the most important source of the stratospheric sulfate 
aerosol. Stratospheric aerosol acts to scatter solar radiation and can thereby cool the planet, 
if changes in the sources of COS occur over time. Stratospheric aerosols also act as a site 
for heterogeneous chemical reactions which may affect the stratospheric ozone layer. Table 
6 summarizes the known sources of carbonyl sulfide. 

The largest single source of atmospheric COS is emission from the oceans. The 
oceans emit both COS and CS2. The latter species is convened photochemically 10 COS in 
the atmosphere by a rapid reaction with OH. COS is diought to form photochemically in 
seawater from particulate organic matter (Ferek and Andreae, 1984). This source is poorly 
estimated because COS concentrations in ocean surface waters vary by over a factor of 10 
both spatially and diumally (Rasmussen etal., 1982; Ferek and Andreae, 1983; Turner and 
Liss, 1985; Johnson and Harrison, 1986; Bates et al., 1991). CS2 is produced biologically 
in ocean surface waters, but its sources and sinks are largely unknown (Bates et al., 1991; 
Kim and Andreae, 1987; Lovelock et al., 1972). The flux of CS2 and of COS from the 
ocean is estimated to be 1 to 2% of the DMS flux (Bates et al., 1991 based on Rasmussen 
et al., 1982; Ferek and Andreae, 1984; and Johnson and Harrison, 1986, for COS, and 
based on Kim and Andreae, 1987, for CS2). Given an estimated DMS flux of from 15 to 
40 Tg S/yr (see below), I estimate a flux for COS of roughly 0.2 to 0.6 Tg S/yr. 
Assuming a similar magnitude source for CS2 and assuming each CS2 molecule provides 
one molecule of COS (see Toon et al., 1987) leads to an estimate for the total source of 
COS from the world's oceans ranging from 0.4 to 1.2 Tg S/yr. 



The known anthropogenic sources of COS include the burning of fossil fuels, 
especially coal, and industrial processes. Industrial processes may also provide a source 
of CS2. The only other identified anthropogenic source of COS is biomass burning. As 
pointed out above, this source is associated with land-use for agriculture, land-use change 
during the clearing of forests, and the use of forests for wood fuel. Fossil fue! burning and 
industrial sources of COS are thought to provide a source of about 0.07Tg S/yr (Khalil and 
Rasmussen, 1984), while industrial sources of CS2 provide a source of COS of 0.2 Tg 
S/yr. Biomass burning may provide a source of between 0.04 to 0.2 Tg S/yr (Crutzen and 
Andreae, 1990). 

COS is also emitted by and taken up by plants. The estimated source of COS from 
terrestrial emissions may be identified with land use or land cover types through its 
dependence on soils, vegetation and wetlands. The magnitude of this source is unknown at 
the present time. It was recently estimated to be 0.2 Tg S/yr (Bates et al., 1991), but this 
estimate was based on fluxes measured using dynamic enclosure techniques purged with 
sulfur-free air. Such techniques overestimate measured flux rates relative to techniques that 
use ambient air enclosures (Castro and Galloway, 1991). The sink of COS through its 
uptake by growing vegetation also appears to be significant (Brown and Bell, 1986; 
Goldan et al., 1988). Plants act as a sink for COS by absorbing it through trwir open leaf 
stomata. The magnitude of this estimated loss is between 0.1 and 0.3 Tg S/vr (Goldan et 
al., 1988). 

Marshes and volcanos also provide small sources of COS and CS2 to the 
atmosphere. Estimates of these sources were provided by Khalil and Rasmussen (1984). 
These estimates are small, but also uncertain. 

Table 6 summarizes the known sources of COS to the atmosphere. As shov/n 
there, if combined, the anrhropogenic sources from fossil fuels and biomass burning may 
provide almost 20% of the estimated total source of COS. If the terrestrial sour>"e& ire 
assumed to also be subject to change (through changes in land use), the total COS source 
strengm subject to change is roughly AQ% of the total estimated source. Measure, .tients of 
COS in the troposphere are too sparse at the present time to indicate the presence of any 
persistent trend. However, evidence is beginning to accumulate Jiat suggests an 
intcrhemispheric gradient in COS. The observed gradient implies larger sources in the 
Northern Hemisphere that are perhaps of anthropogenic origin. Thus, only a small 
interhemispheric gradient in COS (of perhaps 5%) was observed in the Pacific during the 
•JAMETAG project (Torres et al., 1980). But more recently, during the CrTE-3 mission, a 
gradient of about 60 ppt between Wallops Is., VA, and Natal. Brazil, was observed 
(Johnson ct al., 1990), and Bingemeret al. (1990) found a pronounced increase of over 
200 ppt between the equator and 51°N in surface air over the Atlantic. These observations 
confirm the possible importance of anthropogenic sources for COS and support the 
possibility of an increase in the background stratospheric aerosol concentration. In fact, 
increased aerosol concentrations of ~5%/yr over the last 10 years were recently reported by 
Hofmann (1990). An increase of this magnitude would be expected to have only a small 
impact on tropospheric and stratospheric temperatures although larger changes may have 
important consequences (compare Pollack et al., 1981; Turcoetal., 1980). Changes to 
the stratospheric aerosol layer may also be important because these aerosols act as a site for 
heterogeneous chemical reactions that lead to stratospheric O3 depletion (Brasseiir et al., 
1990; Rodriguez etal., 1991). 



II. Reactive Species in the Troposphere 

In this section we first dexnbe the relevant sources and sinks of carbon rconnxide, 
non-methane hydrocarbons, and nitrogen oxides. These species are, together with CH4, 
all involved in the photochemical interactions which determine the concentrations of O3 and 
OH in 'he troposphere. Tropospheric O3 is of concern because it is ? gieenhouse gas. It 
also acts as a respiratory irritant and can damije plants. Through its photolysis to form 
0('D1 and through the subsequent reaction of O('D) with H2O, it is also the most 
important source of tropospherir. OH. 

Following the discussion if CO, NMHC's, tmd NOx, we discuss the sources of 
reactive sulfur (SO*) in the troposphere. The nitrogen oxides, non-methane hydrocarbons 
and sulfur emissions contribute to acid rain as well as to the formation of aerosols. The 
sources of tropospheric aerosols, which are related to the sources of NMHC's and NOx as 
well as to the sources of SOx, are discussed last. 

A. Carbon monoxide 

The data base thai defines the present levels of carbon monoxide in the atmospnere 
is not large (see Watson et al.; 1990; and Cicerone, 1988), but it does den onstrate that the 
Northern Hemispheric abundance which is around 120-150 ppb is roughly twice that of the 
average Southern Hemispheric abundance (50-60 ppb). (Some measurements of CO that 
have appeared in the literature are apparently referenced to a standard that is 25% too low 
(Novelli et al., 1991)). Data have also shown that CO exhibits a seasonal cycle with a 
winter maximum. The seasonal cycle has increasing amplitude at higher latitudes. Recent 
measurements indicate a trend of about 1%/vr in the Northern Hemisphere, but trend data 
for the Southern Hemisphere are ambigucus (Cicerone, 1988). 

The dominant sink process for CO is the reaction of carbon monoxide (CO) with 
the hydroxyi radical (OH). This reaction also serves as a major conversion pjthway of OH 
to other forms of HOx. This latter process in important in controlling the concentration of 
OH, and, therefore, it has been postulated that increases in CO contribute to decreases in 
global tropospheric OH ccncentrations (see, for example, Penner el al.; 1977). The 
situation is far more complex, however, because of the projected simultaneous increases in 
CO, CH4, NOx, and the NMHC's. all of which contribute to determining OH abundances. 
For example, increasing NOx concentrations contribute to increases in OH at NOx levels 
below a few tenths of a ppb (Logan etal., 1981), while increases in the CO, CH4, and 
NMHC's contribute to decreases in OH (Isaksen and Hov, 1987). These gases together 
contribute to O3 formation which increases OH because O3 photolysis to produce O('D) 
followed by O('D) reaction with H2O is the major source of OH. Because of regional 
diversity in the sources of these gases and because of uncertainties in their budgtts, the 
relationship between OH and increasing trace species trends is regional in character and 
demands a three-dimensional treatment (Penner, 19y0; Penner et al., 1989). As noted 
above, changes in atmospheric OH can lead to a suite of changes in other species (see Table 
3). 



The reaction of CO with OH also initiates a photochemical sequence which, in the 
presence of sufficient NOx, produces tropospheric 63: 

CO + OH -> C 0 2 + H 

H + 9 2 + M H » H 0 2 + M 

HO2 + NO -» OH + NO2 

NO2+ hu -» NO + O 

0 + 0? + M-»03 + M 

Net: CO + 2 0 2 + hv -> C 0 2 + O3 

This reaction sequence is similar to the sequences of photochemical reactions that produce 
urban "smog". In -egions of low N0 X , however, the reaction sequence initiated by the 
reaction of CO with OH destroys tropospheric O3: 

CO + OH -> CO2 + H 

H + 0 2 + M -> HO2 + M 

HO2 + O3 -> OH + 2 0 2 

Net: CO + O3 -> CO2 + O2 

An important problem for tropospheric chemistry is to define those regions with sufficient 
NO x to produce ozone. 

The source estimates for CO appear in Table 7. Production of CO during the 
oxidation of CH4 is the largest single source, estimated to produce 810 and 600 Tg CO/yr 
in the budgets of Logan et al. (1981) and Seiler and Conrad (1987), respectively. For 
Table 7, these estimates were revised downward based on a CH4 oxidation rate of 420 
Tg/yr because of the new measurement of the rate coefficient for the reaction of CH4 with 
OH (see discussion above). The yield of CO from CH4 oxidation was assumed to be 80% 
(Logan et al., 1981). Roughly 50% of this source is related to land use classes through the 
dependence of CH4 emissions on rice paddies, landfills, biomass burning, and enteric 
fermentation. A second major source is the oxidation of natural nonmethane hydrocarbons. 
This was estimated to be 560 Tg CO/yr by Logan et al. (1981) and is related to land cover 
through its dependence on the type of vegetation (see below). A third major source is the 
burning .,." fossil fuels. According to Logan et al. (1981) this source contributes about 450 
Tg CO/yr to the atmosphere. A related source, the oxidation of anthropogenic NMHCs, 
was estimated to add 90 Tg CO/yr. The source of CO from the burning of fuel wood, 
biomass (for land clearing purposes) and agricultural waste is currently estimated to range 
from 280 to 950 Tg CO/yr in tropical areas (Hao et al., 1990). Taking this estimate and 
adding 25 Tg CO/yr from forest wild fires (Logan et al., 1981) gives an average of 640 Tg 
CO/yr from biomass and fuel wood burning. Vegetation can also directly emit CO. This 



source was estimated as 130 Tg CO/yr (Logan etal., 1981). The ocean provides a minor 
source of roughly 40 Tg CO/yr (Logan el il., 1981). Finally, soils can act as both a minor 
source or a minor sink. The soil sink is presumed to dominate in both the budget of Logan 
et al. (1981) and that of Seiler and Conrad (1987). It is estimated at 10% to 20% the 
magnitude of the photochemical sink on a global basis (250-390 Tg CO/yr). By combining 
the source estimates for CO that derive from CH4 emissions associated with land cover 
with the source estimates for CO that derive from NMHC oxidation and fuel wood and 
biomass burning, I estimate that almost 60% of the total current sources are related to land 
use or land cover. Approximately 20% of the total current source of CO is due to fossil 
fuel burning. 

B. Nonmethane Hydrocarbons 

A very large variety of non-methane hydrocarbons are found throughout the 
troposphere. The abundances of these diverse species range from the 10's of ppt level to 
the ppb level and higher. The nonmethane hydrocarbons are often conveniendy lumped 
into the categories of alkanes, alkenes, aioraatics, aldehydes and other oxygenated 
hydrocarbons, and the biogenically-produced compounds isoprene and terpenes. As 
pointed out above, the nonmethane hydrocarbons participate in the OH and O3 
ph.otochem.ical cycle. They generally rcaciwith. OH, so that an increase in. U«ic 
concentrations will decrease OH concentraiions. However, as these species are oxidized, 
they also produce odd hydrogen species and organic radicals, so that an increase in the 
NMHC concentrations contribute to an increase in die concentrations of peroxy radicals and 
odd hydrogen radicals as a whole. When HO2 '.md ROi concentradons are increased, in 
the presence of sufficient NO, the formation oi NO2 is increased. As noted above in the 
discussion of CO, this leads to the production of ozone after photolysis of NO2: 

NMHC + OH -> RO2 + other products 

RO2 + NO -» NO2 + RO 

NOT + ho -> NO + O 

O + 0 2 + M -> O3 + M. 

The alkenes, isoprene, and terpenes can also react with O3 direcUy, leading to its 
removal. The reaction of alkenes, isopreneand terpenes with NO3 can also be significant. 

The lifetimes of die nonmethane hydrocarbons vary from a few minutes (for 
isoprene) to several months for some of the lower-moleculat weight alkanes. These latter 
species can be transported long distances from their sources, while the former can be 
significant in the formation of ozone and the hydroxyl radical on local scales. The 
estimated biogenic emissions of isoprene ard the terpenes are so large and so wide spread, 
however, that their impact on global photochemistry may also be of importance. In 
particular, the oxidation of isoprene and die terpenes can lead to me formation of 
peroxyacetyl nitrate (PAN). This species can be long-lived at lower temperatures and is 
thought to play a role in the transport of reactive nitrogen from its source regions to the 
remote troposphere (Singh and Hanst, 1981). As noted above, the nonmethane 
hydrocarbons are also significant sources of atmospheric CO. 

Table 8 presents estimates for the emissions of nonmethane hydrocarbons from 
fossil fuel burning, industrial and evaporative sources, biomass burning, (including fuel 
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wood burning, burning of agricultural wastes, and burning for land clearing purposes), 
emissions by plants of isoprene, terpenes and other biogenics, and oceanic sources. The 
sources from fuel wood burning, biomass burning, emission by plants are all associated 
with land use or land cover categories. Anthropogenic sources are close to 100 Tg/yr 
(Singh and Zimmerman, 1991; Watson and Piccot, 1990). On a global basis, the sources 
ofisoprenj range from 350 to 450 Tg C/yr (Singh and Zimmermari, 1991; Dignon, private 
communication, 1991). Terpenes and the emissions of other non-specified hydrocarbons 
are about as large as those of isoprene (Singh and Zimmerman, 1991). Biomass burning 
provides a source of close to 34 Tg C/yr (Hao el al.. 1990). Finally, the ocean is a source 
of propene and ethene (as well as a small source of higher alkanes) that is estimated at 
between 36 and 82 Tg C/yr. Singh and Zimmerman (1991) have compiled separate 
emissions estimates for individual NMHC's from the most important sources. These 
estimates, though uncertain, are, for the most part, consistent with observations of these 
individual species and their known atmospheric lifetimes. However, we must stress that 
this conclusion is subject to change and clarification since the data base on which these 
estimates are derived is extremely limited. One hydrocarbon for which the emissions arc 
known to be in error is propane. The estimated sources of propane from natural gas 
emissions, biomass burning, and oceans are too small (by about a factor of four) to account 
for its concentration (Singh and Zimmerman, 1991). 

As noted from Table 8. because most of die emissions of NMHCs are related to 
vegetative sources, more that 807c of die total emissions of NMHCs are related to land use 
or land cover, implying a large potential for change if there are changes in land cover. 

C. Reactive Nitrogen 

Reactive nitrogen (NOy) consists of a suite of nitrogen-containing species, th; most 
important of which are NO, NO2, HNO3 and aerosol NO3", PAN and other organic 
nitrates, NO3, N2O5, and HNO4. The fraction of reactive nitrogen whi. h is present as 
NOx (the sum of NO and NO2) is particularly important in both the global troposphere and 
local urban areas. This is because NOx plays a major role in the formation of tropospheric 
O3 and smog As discussed above, in regions of high NO x, photochemical sequences 
initiated by the reaction of CO with OH or the reaction of NMHC's with OH lead to O3 
formation. In regions of low NOx (as observed over remote ocean areas), the 
photochemical sequences lead to 63 destruction. NOx concentrations also pardy control the 
concentration of OH. Increases in NOx lead to increases in OH up to NOx concentrations 
of a few tenths of a ppb. Increases in NOx above these levels lead to decreases in OH 
(Logan et al., 1981). At high levels of NOx, such as experienced in some urban areas, the 
effect of NOx on hydroxyl concentrations can lead to decreases in O3 as well. This means 
that a decrease in these emissions would actually increase ozone levels. This effect has led 
to the adoption in the Clean Air Act Ammendmems of 1990 of hydrocarbon-only controls 
for some urban areas which experience high ozone concentrations. This procedure has 
been adopted even though the emissions of NOx in these areas, when not controlled, must 
contribute to ozone formation in downwind areas and on a larger, regional scale. 

A large fraction of NOy in die troposphere is present as nitric acid (HNO3) and. in 
the marine boundary layer, as aerosol nitrate (NO3"). These two components are important 
because diey aie major contributors to acid deposition. Also, their deposition to nitrogen-
poor ecosystems and ocean areas can provide an important nutrient for these systems. The 
long-range transport of leactive nitrogen may be inferred from measurements of HNO3 and 
particulate nitrate at Mauna Loa (Galasyn et al., 1987). These measurements showed high 
levels of HNO3 and other pollutants in summer at a time when transport paths could be 
shown to originate from North America (Moxin, 1990). Also, nitrate concentrations in 



remote regions in the Northern Hemisphere are higher than those measured in the Southern 
Hemisphere (Savoie et al., 1989). The inference that these larger concentrations are due to 
the higher fossil fuel use in the Northern Hemisphere may be derived from model studies 
of the trapospheric niuogen budget (Levy and Moxim, 1989; Penneret al., 1991a). This 
conclusion is also supported by the observation of increasing concentrations of nitrate in ice 
cores in Greenland (Neftel et al., 1985). These increasing concentrations parallel the 
increase in fossil fuel use between 1930 and the mid- 1970s (Hameed and Dignon, 1988). 

A second major component of reactive nitrogen in the troposphere is peroxyacetyl 
nitrate (PAN), other higher homologues of PAN, and other organic nitrates (Calvert and 
Madronich, 1987; Atherton and Penner, 1988). These species act as carriers of reactive 
nitrogen, transporting reactive nitrogen which is emitted in regions with high sources (e.g. 
urban areas) to remote areas (Singh et al., '986). FAN and the other organic nitrates may 
then decompose and contribute to local NOx, HNO3, aerosol nitrate concentrations and the 
other, more minor reactive nitrogen components. 

There are six major sources of reactive nitrogen in the troposphere. These include 
fossil fuel emissions, biomass burning, wood burning, aircraft emissions, lighuvng 
discharges, soil microbial activity, and production in the stratosphere from the reaction of 
N2O With O('D). The biomass and wood burning sources and the source from microbial 
activity in soils are each associated with land use or land cover. Estimates for the spatial 
distribution of the global emissions from several of the most important of these sources 
were developed by Penner et al. (1991 a) for a three-dimensional model study of reactive 
nitrogen. Table 9 presents an update of the global source estimates from that study. The 
largest single source of reactive nitrogen and the best-determined source appears to be 
fossil fuel burning. Estimates of the total production in fossil-fuel burning are fairly well 
determined and total about 22 Tg N/yr (Hameed and Dignon, 1988; Dignon, 1991). 

Biomass burning is a second major source of reactive nitrogen. Recent estimates of 
the mean contribution from this source vary from 2 to 19 Tg N/yr (Penner et al., 1991a; 
Dignon and Penner, 1991; Crutzen and Andreae, 1990; Hegg et al., 1990). Dignon and 
Penner (1991) find a total emission of 13Tg N/yr. This was based on using the 
relationship between fuel nitrogen and NOx emissions measured by Clements and 
McMahon (1980). Clements and McMahon (1980) found that between 6 and 37% of the 
nitrogen content of the vegetation being burned was volatilized to form NOx. The fraction 
volatolized depended on the type of fuel being bumed. More recendy, Lobert et a]. (1990) 
measured the distribution of nitrogen as NOx from experiments that simulated biornass 
burning, emphasizing experiments with grass and agricultural wastes. They found diat 
only 13% of the plant nitrogen was emitted as NOx during combustion. Using Lobert et 
al.'s (1990) estimate for the em ission of NOx from grassland ecosystems would lower the 
emissions reported by Dignon and Penner(1991) to approximately 9 Tg N/yr. This is the 
estimate reported in Table 9. The wood burning source was estimated using estimates for 
the production of fuel wood from United Nations (1983). The source is small because of 
the low nitrogen content of wood and the resulting low emission factors for NOx (Dasch, 
1982; Clements and McMahon, 1980). 

A third major source of reactive nitrogen is soil microbial activity. The magnitude 
of the source of NOx from soils, like the magnitude of the source of N2O from soils, 
depends on factors such as vegetation type, soil moisture, temperature, fertilization history, 
recent burn history, and ambient NO concentration (see, for example. Galbally, 1989; 
Williams and Fehsenfeld, 1991; and Slemr and Seiler, 1991). Estimates for this source 
have ranged from 1 to 20 Tg N/yr (Johansson, 1984; Kaplan et al., 1988; Slemr and 
Seiler, 1984; Williams etal., 1987; Galbally, 1989;). Penner etal. (1991a) developed a 



global distribution for soil emissions based on scaling the area in grasslands and tropical 
forests by the observations from Williams et al. (1987) and Kaplan et al. (1988). Deserts 
and areas with temperatures below 0°C had no emissions. The total emissions were set to 
lOTgN/yreven though this resulted in areal emission rates that were roughly half of those 
measured. Recently, Williams and Fehsenfeld (1991) have deduced an average grassland 
emission rate that is 6 ng N m"V, a value that is roughly twice that found by Williams et 
al. (1987). Also, temperate forest areas were evaluated as having an average emission rate 
of slightly less than 0.5 ng N n r V . Measurements of the flux of NO over the Amazon 
forest as measured in ABLE 2B (during die wet season) had emissions that were 2 ng N nr 
V (Bakwin et al.. 1990), while those from ABLE 2A (during the dry season) were 12 ng 
N m ' V (Kaplan et al., 1988). More recent measurements from a dry tropical forest in 
Mexico yielded average emission rates of only 1.3 ng N nr 2 s - 1 during the wet season and 
even lower rates in the dry season (Davidson et al.. 1991). Considering the range in 
measured emission factors for different biomes, an average of lOTg N/yr remains a 
reasonable global estimate for the total emissions from soils. 

Three of the four surface-based emission sources (wood burning, biomass burning 
and soil microbial activity) are associated with land use or land cover. According to the 
estimates in Table 9, then, almost 50% of the surface-based source of reactive nitrogen is 
associated with land use or land cover. Sources in the upper troposphere are also 
important, however. These include lightning, aircraft emissions and production in the 
stratosphere. 

Estimates for the emissions of reactive nitrogen from lightning discharges are 
highly uncertain. Estimates for the global source have ranged from 3 Tg N/yr to over 100 
Tg N/yr. Recently, Athertonet al. (1991) used the global model described by Penner et al. 
(1991 a) to constrain the source of N from lightning. They find a global source of 20 Tg 
N/yr provides the best fit to available observations of reactive nitrogen and deposition of 
nitrate. This source magnitude has been used in Table 9. Finally, estimates of the amount 
of production of NOx in the stratosphere vary from 0.5 to 1.0 Tg N/yr (Jackman et al., 
1980; Ellsaesser, 1981) while those irom aircraft emissions are estimated to be 0.25 Tg 
N/yr (Kinnison and Wuebbles, 1991; Wuebbles and Edmonds, 1991). 

The amount of NOx produced in the stratosphere and transported into the 
troposphere is small relative to the other sources listed in Table 9 as is the amount emitted 
by aircraft. However, these emissions can be important because they are input directly to 
the upper troposphere. The production of O3 in this region is especially important because 
upper tropospheric ozone is far more efficient as a greenhouse gas tha?1. ozone near the 
surface (Lacis, Wuebbles and Logan. 1990). Quantifying the relative contributions of the 
surface sources of NOx and those sources which directly contribute to NOx concentrations 
in the upper troposphere is an important unsolved problem in atmospheric chemistry 
because it involves correctly estimating die dynamics of stratosphere-troposphere exchange 
and the dynamics of the convection of boundary layer air to the upper troposphere. These 
dynamical processes are poorly treated in today's models because their representation 
requires higher resolution dian can currently be run on today's computers. 

D. Reactive Sulfur 

The majoi species which contribute as source components to reactive sulfur are 
sulfur dioxide (SO2), dimethylsulfide (DMS), hydrogen sulfide (H2S), and carbon 
disulfide (CS2). These species all undergo chemical reactions leading to their oxidation and 
the production of sulfuric acid vapor (H2S04). Sulfuric acid preferentially condenses to 



the particulate form, sulfate (SC>4=), and may either condense on pre-existing particles, or 
nucleate to form new particles if the appropriate conditions of humidity, temperature, pre
existing particle concentrations and acid vapor production rates are present. Interest in the 
reactive sulfur cycle in the atmosphere derives from three concerns. First, SO2 and sulfate 
contribute to acid rain and acid deposition. Second, the formation of sulfate increases the 
aerosol burden in the troposphere. Sulfate aerosol reflects solar radiation tending to cool 
the climate (Charlson et al., 1990). Third, the formation of new particles through the 
homogeneous nucleation of gas phase H2SO4 can lead to increased cloud condensation 
nuclei (CCN) concentrations. These particles act as seeds for the condensation of water 
when cloud droplets form. It has been hypothesized that an increase in CCN 
concentrations can lead to an increase in cloud droplet number concentrations (Twomey, 
1977). Clouds with a higher concentration of droplets and the same liquid water content 
are able to reflect more solar radiation. Increased sulfur emissions may therefore lead to 
clouds that reflect more solar radiation and cool the climate. Indeed, decreasing 
temperatures in the Northern Hemisphere during the time period between 1940 and 1970 
are possibly associated with the increase in sulfur emissions during this lime period. 

The largest source of reactive sulfur in the atmosphere is fossil fuel burning. This 
source is estimated 10 provide approximately 60 Tg S/yr (Bates et a!., 1991). Industrial 
processes such as smelting increase the source over that from the burning of fossil fuels by 
15 to 20'.'i>, giving a total anthropogenic source strength of approximately 75 Tg S/yr (Bates 
et al.. 1991; Spiroet al.. 1991). although estimates as high as iOOTg S/yr have appeared 
in the literature (Cullis and Hirschler. 1980). Fossil fuel and industrial sulfur is released in 
the form of SCb. Because this source dominates over land areas, its change over time has 
led to significant increases in the deposition of sulfate to ecosystems and lakes. Ice core 
evidence from Greenland also indicates that sulfate concentrations over remote areas have 
increased (Neftel et al., 1985). 

The second largest source of sulfur in the atmosphere is the production of DMS by 
ocean phytoplankton. Because stratus clouds over the ocean are particularly susceptible to 
alteration of their albedos by changes in CCN, this source has been hypothesized as 
important for climate change (Charlson et al., 1987). The observation that increased sulfate 
is associated with ice core data during glacial periods lends support to this theory (Legrand 
et al., 1988). The mechanisms involved in the production of DMS by ocean phytoplankton 
are poorly understood, however, as are the responses of phytoplankton to climate change. 
Only certain species are involved in the production of DMS, so that correlaurns of DMS in 
sea water with total primary productivity or with chlorophyll abundance are poor. Also, 
the production of DMS may be activated as zooplankton graze on phytoplankton. Thus, 
the oceanic abundance of DMS depends on ocean ecosystem dynamics as well as primary 
productivity. Measurements of DMS in seawater together with estimates of flux rates have 
placed die total source strength of DMS in the ocean at somewhere between 12 and 40 Tg 
S/yr (Bates et al., 1987; Andreae and Raemdonck. 1983; Erickson et al.. 1990; Spiro et al.. 
1991). Oceanic emissions of H2S and CS2 are much smaller than die emissions of DMS. 

Volcanic emissions of sulfur are also important. About 10 Tg S/yr are emitted into 
the atmosphere on a long-term average basis (Stoiberel al., 1987). About 3.4 Tg S/yr is 
emitted by degassing, non-erupting volcanoes, 1.06 Tg S/yr is emitted by continuously 
erupting volcanoes and the rest is emitted on an episodic basis. We note that the estimate 
from Stoiber et al. (1987) for sulfur emissions from degassing volcanoes is a factor of two 
less than the estimate of Berresheim and Jaeschke (1983). On an episodic basis, of 
course, the emissions from highly explosive volcanoes can be significantly higher than the 
long term average quoted above and can lead to significant increases in the stratospheric 
aerosol burden. The recent eruption of Mount Pinatubo is a case in point with as much as 



10 Tg S emitted directly into the stratosphere during its eruptive stage. The majority of the 
sulfur emitted from volcanoes is emitted as SCb. 

Terrestrial emissions of sulfur were estimated as 10 Tg S/yr by Watson et al. 
(1990). However, a new estimate, based on combining measured fluxes for different soils 
and land cover classes with the areal extent of these soil and land cover classes gives a total 
of only 0.35 Tg S/yr (Bates et al., 1991). This new, smaller estimate results from using 
measured fluxes for sulfur from individual sites and soil types that are a factor of 10 to 100 
smaller than the fluxes measured by Adams et al. (1981), but recent measurements indicate 
that even this new, lower estimate may be too high because it is based on measurements 
made with enclosure techniques that used sulfur-free air (Castro and Galloway, 1991). 
Any estimate of terrestrial sulfur fluxes is uncertain because measured fluxes can vary by 
over an order of magnitude, depending on temperatures, soil type, moisture content, and 
land cover (Bates et al., 1991). Approximately 1/3 to 1/2 of the terrestrial emissions are 
estimated to be H2S. while most of the rest is DMS. 

Biomass burning also represents a minor source of reactive sulfur. These 
emissions have been estimated as between I and 4 Tg S/yr (Crutzen and Andreae, 1990). I 
have adopted a figure of 2.2 Tg S/yr based on Bates et al. (1991) and Spiro et al. (1991). 
Approximately 50 to 60% of these emissions are from grass burning. 

Table 10 summarizes the global emissions of reactive sulfur. The terrestrial source 
and biomass burning sources are both associated with land use or land cover. As shown in 
Table 10, they constitute about 3% of the total reactive sulfur source. 

E. Tropospheric Aerosols 

Tropospheric aerosols are important because they scatter and absorb (primarily 
solar) radiation, thereby changing the amount of radiation absorbed by the Earth. The 
composition of the aerosol is important to its radiative effect because the composition 
determines whether the aerosol primarily scatters or absorbs solar radiation. A scattering 
aerosol with optical depth 0.125 and with a single scattering albedo of 0.95 could cool ihe 
Earth by as much as 1.6°C, whereas the same total abundance of aerosol with a single 
scattering albedo of 0.75 could warm me Earth by 0.5°C (Charlock and Sellers. 1980). 
The albedo of the aerosol is controlled primarily by the amount of black carbon or soot in 
the aerosol (although dark soil aerosols may also absorb solar radiation). Quantification of 
the amount of soot present in the atmospheric aerosol is therefore of importance in order to 
quantify the overall effect of aerosols on climate. Recent studies have estimated that the 
amount of radiation scattered as a result of the anthropogenic sulfate in atmospheric 
aerosols may be a large fraction of the total amount of radiation trapped by increases in 
greenhouse gases (Charlson et al.; 1990). Because emissions of black carbon are 
associated with sulfur emissions, it is important to quantify the warming effects of soot as 
welKPenneretal., 1991b). 

Aerosols may also impact the Earth's radiation balance through their effects on 
clouds. Aerosols alter clouds in two ways. First, aerosols act as cloud condensation 
nuclei (CCN). Changes in the number concentration of aerosols that act as CCN can 
therefore lead to changes in the number of drops present in clouds. Indeed, clouds that 
form over continents, where CCN concentrations are high, typically have smaller but more 
numerous drops than similar clouds that form over the oceans. Other things being equal, 
these clouds are also more highly reflective of solar radiation (Twomey, 1977). Estimates 
of the effects of anthropogenic and biogenic sulfur aerosols on cloud droplet concentrations 
have shown that increases in these may be a substantial source of atmospheric cooling 



(Charlson et al., 1987; Wigley. 1990). The effects of aerosols produced in biomass 
burning may also be substantial (Penner et al., 1991c). 

By increasing the number of small drons within a cloud, aerosols may also change 
cloud lifetime. Warm water clouds with more numerous, but smaller drops, do not form 
precipi. Jtion through the coalescence mechanism as easily as those with large drops. (Cold 
clouds initiate precipitation through ice formation mechanisms. These clouds would not be 
subject to alteration of their lifetimes through the aerosol mechanism discussed here.) As a 
result, these clouds may be longer-lived and hold more liquid water on average than clouds 
which form with larger drops (Albrecht, 1989: Radke et al.. 1989). By increasing the 
number of CCN, the fractional area covered by clouds may be increased as well as the 
amount of liquid water present in clouds. Other things being equal, clouds with more 
liquid water are also more highly reflective of solar radiation. 

Atmospheric aerosol concentrations and optical depths are highly variable, but on 
average, urban concentrations may equal 105 cm"3 while pristine ocean areas often have 
concentrations of less than a few hundred cm - 3. The corresponding optical depth for these 
aerosol concentrations varies from a high of about 1.5 to a low of perhaps 0.05. The 
largest optical depths occur on humid days. This is because above about 80% relative 
humidity aerosols wim soluble components deliquesce and form larger haze panicles. 
When particles form a haze, they scatter radiation even more efficiently. An ammonium 
sulfate particle, for example, will increase in size from 0.1 urn radius to 0.2 |im radius 
when the humidity increases to 95%. Its specific scattering cioss section then increases by 
about factor of 4 (due to its increased cross sectional area). 

Evidence for a trend in aerosol concentrations and optical depdis is sketchy at best-
However, concentrations in certain industrial regions appear to have increased (Husar et 
al., 1981; Winkler and Kaminski, 1988). Furthermore, the concentrations of sulfate, 
nitrate and trace metals in Greenland ice cores indicate that the trend in aerosol 
concentrations may extend beyond local source regions (Neftel et al., 1985; Mayewsky et 
al., 1986). These indications of increasing abundance, however, are not observed at all 
locations. For example, aerosol concentrations at the South Pole appear to have decreased 
between 1977 and 1985 (Samson etal., 1990). 

The fine particle fraction of the atmospheric ae. nsol contains most of the aerosol 
number and is. therefore, the most important to quantify in order to determine the effects of 
aerosol on clouds. Except in desert dust outbreaks and near the ocean surface where sea 
salt aerosols are prevalent, the fine particle fraction also contains a large fraction of the 
aerosol mass as well. Here, I define the fine particle fraction as those aerosols with 
diameter less than about 2.0 p:m, because emissions have been defined in terms of this 
component of the aerosol size distribution (Gray, 1982; Hildemann et al„ 1991a; 
Hildemann et al., 1991 b). It is important to quantify the sources of aerosol with a better 
resolution of size, however. This is needed in order to relate aerosol number 
concentrations (which often peak at 0.1-0.2 pirn diameter) to the concentration of particles 
which act as cloud condensation nuclei (CCN). 

Particles may be composed of sulfate, nitrate, organics, silicates and other 
compounds associated with soils and dust, sea salt and compounds associated with the sea 
salt aerosol, ammonia, soot or black carbon and trace metals. The total trace metal mass is 
small and is therefore ignored in the following analysts. Below, I present estimates for the 
global source strengths for each of the aerosol components. These estimates are made on a 
global basis, but one should keep in mind that the composition of the fine particle fraction 



of the aerosol varies seasonally and from region to region. The relative magnitudes of the 
global source strengths for each component, therefore, may not necessarily correlate with 
the magnitudes of the aerosol components at any given location. Thus, over the Amazon 
and in Western U.S. desert areas, organic carbon is the most abundant fine aerosol particle 
component (Talbot et al., 1990; Artaxo et al., 1990; Mazurek et al.. 1991), whereas in rural 
continental areas of ihe eastern U.S., sulfate accounts for more than 50% of the fine 
particle mass (Stevens et al., 1980; Ferman et al., 1982). Over ocean areas, the fine 
particle fraction is almost always primarily sulfate or ammonium sulfate (Whitby, 1978). 

Table 11 presents an estimate for the sources of the atmospheric aerosol. These 
aerosol sources may be divided into gas phase sources and primary particulate sources. 
Gas phase sources are aerosol precursor emissions which are converted through 
photochemical reactions to products that condense to the particulate phase. Primary 
particulate sources are emitted as particles at or near the source. Below, I first estimate the 
gas phase sources. These include sulfate, nitrate, ammonia and organic gases. 

As noted above, over many continental areas a major part of the fine particle 
fraction of the aerosol mass in the boundary layer is sulfate, and, therefore, as estimated 
from the reactive sulfur budget, largely of anthropogenic origin. The source of fine particle 
aerosol sulfate listed in Table 11 is assumed to be proportional to the reactive sulfur source 
(Table 10), however, almost 50% is deposited in the gas phase before becoming particulate 
sulfate. This gives a total sulfate source of' 115 Tg S/yr X 0.5 x 98/32 or 176 Tg/yr with 
70% deriving from anthropogenic sources on a global basis. 

Nitrates form an additional important fraction of the atmospheric fine particle 
aerosol mass, though most NO3" tends to be associated with larger particle sizes 
(Warneck, 1988; Savoie and Prospero, 1982). Therefore, the sources listed for reactive 
nitrogen may not contribute proportionally with sulfur to the aerosol number and the fine 
particle mass. In the estimate for Table 11,1 assumed that 50% of the reactive nitrogen 
source from Table 9 is deposited in the gas phase, while the remaining 50% becomes 
aerosol NO3". This gives a total source of 62 Tg N/yr x 0.5 x 62/14 or 140 Tg N03"/yr, 
with 50% deriving from anthropogenic sources. As shown in Table 11, there is a large 
uncertainty in the derived natural source. This is due to the inclusion of the entire range of 
estimated lightning source strengdis from Table 9. 

Some nonmethane hydrocarbon compounds can also condense to form particles. In 
particular, the formation of aerosol particles in smog chamber experiments during the 
photo-oxidation of terpene compounds is frequently observed, pointing to a largely natural 
source for diese compounds in aerosols. The yield of aerosol product per oxidized 
molecule is variable. At low NO* concentrations the yield is enhanced (Hatakeyama. et al., 
1991). The source of aerosols from the photooxidation of isoprene is apparently negligible 
(Paulson et al., 1990; Pandis et al., 1991). Based on smog chamber experiments (Pandis 
et a!., 1991; Hattakeyama et al., 1991), I have estimated the source from the 
photooxidation of terpenes as 10-60% of die terpene source (which is half the terpene plus 
other biogenics category) from Table 8. The photooxidation of anthropogenic nonmethane 
hydrocarbons and other natural NMHCs can also lead to the formation of species which 
may condense to the aerosol form, but this source is expected to be small based on Table 8 
and is ignored in the current estimate. 

Finally, ammonia (NH3) is also an important precursor of tropospheric aerosols. It 
is emitted as a gas, but under the right conditions of humidity and temperature readily 
condenses to die ionic form, ammonium (NH4-), found in aerosols. The oceanic source of 
ammonia is largely natural (Quinn et al., 1987), while die continental sources derive mainly 



from human activity (Bowden, 1986). Over continents, ammonia is produced as part of 
animal excrement and as a biproduct of soil microbial activity. The source of ammonia has 
been estimated for Europe as approximately 7.6 Tg N/yr (Ferm, 1990, Buijsman et al., 
1987; Thomas and Erisman, 1990). This is 20% higher than the European source of NOx 

emissions from fossil fuel combustion (6.2 Tg N/yr). It is common to estimate the source 
of ammonium in aerosols by approximation, assuming that the sulfate that is present in the 
atmospheric aerosol is present as ammonium sulfate, (NRjteSO^ Using this procedure 
and scaling the fossil fuel and industrial sources of sulfate in aerosol (118 Tg SCXp/yr) 
yields a continental source of ammonium of 34 TgN/yr (or 43 TgNHj'/yr), more than 50% 
larger than the global source of fossil fuel N. In comparison to the European sources of 
ammonia, therefore, this is likely to be an overestimate. Furthermore, S04= is frequently 
not fully neutralized by NH4" in the aerosol phase. Finally, some of the NH3 that is 
emitted would be deposited instead of becoming part of the aerosol. I have therefore 
assumed that a lower bound for the source strength for ammonium in aerosol particles is 
roughly half that derived from the above procedure. The range in source strengths for 
ammonium shown in Table 11, reflects this uncertainty, while the central value is an 
average of the high and low estimates. I also assumed that the anthropogenic fraction of 
the ammonium source scales with the anthropogenic fraction of the sulfate source. 

Primary particles result from the direct injection of dust particles, sea salt particles, 
biogenic particles (fungi, spores, epicuticular plant waxes etc.), particles from biomass 
burning for land clearing and agricultural purposes, and particles from fossil fuel burning, 
wood burning and bagasse burning. Because of the procedure used here for source 
estimation, I have separated the sources from biomass burning for agricultural and land 
clearing purposes from those due to biomass burning that results from the burning of wood 
and bagasse fuels. Some authors, however, have used odier estimation technique' ind 
arrive at different categorizations (see Crutzen and Andreae. 1990, for example). As noted 
above, the fraction of die atmospheric aerosol that is present as black carbon is also 
important 10 quantify. Black carbon is formed solely during combustion processes. 

The source of fine particles from the burning of biomass for land clearing and 
agriculture was estimated as 25 - 80 Tg/yr (Penner et al., 1991c), widi about 6 Tg C/yr of 
black carbon. This estimate was based on the inventory of CO2 emissions from biomass 
burning by Hao et al. (1990) together with estimated emission factors for fine particle mass 
and black carbon. This estimate is in reasonable agreement with similar estimates from 
Crutzen and Andreae (1990). Their total particulate emissions from this category of 
burning ranges from 10 to 110 Tg/yr, while their black carbon emissions range from 2 to 
20 Tg C/yr. 

The source of fine particle emissions from fossil fuel burning and fuel wood 
burning is estimated as follows. Penner et al. (1991b) have estimated the source of black 
carbon from measured ratios of SO2 and black carbon from around the world together with 
the estimated source of SO2 from fossil fuel burning (e.g. Hameed and Dignon, 1988). 
They obtained a total of approximately 24 Tg C/yr. This estimate is two to three times 
larger than previous estimates of this source. A lower bound for the amount of black 
carbon emitted during the combustion of fossil fuels and fuel wood burning was estimated 
at near 5-6 Tg/yr (Ghan and Penner, 1991). This estimate used emission factors .'or 
different fuel use categories from a study of black carbon emissions in Los Angeles. The 
study of Ghan and Penner (1991) also included an estimate for the source for fine particle 
emissions from fossil fuel burning. These emissions were estimated as 22-24 Tg/yr, again 
a lower bound because the methodology relied on emission factors derived from a study of 
emissions in Los Angeles. Here, we may estimate an upper bound to the fine particle 
source if we assume that the ratio of fine panicle mass to black carbon mass is similar to 



estimates of the ratio for these components in the emissions inventory for Los Angeles 
(Gray, 1982; Ghan and Penner, 1991). Then, using the larger of the two black carbon 
estimates above, the total emissions of fine particle mass is 24/5 x 24 Tg/yr or 115 Tg fine 
particles/yr for a total range from this source of 20-115 Tg/yr. Since observed 
concentrations of fine particle organic carbon (POC) in source regions are similar to 
observed concentrations of black carbon, a total emission for POC of about 5-25 Tg 
POC/yr may be derived. This estimate is comparable to that estimated by Duce (1978). He 
found that approximately 30 Tg POC/yr was emitted from anthiopogenic sources with 
roughly half of the mass in particles with diameter less than 1 urn. 

The amount of fine particie dust and sea salt particles lofted into the atmosphere was 
estimated in the Study of Man's Impact on Climate (SMIC, 1971) as quoted from Prospero 
et al. (1983). They estimated that the source of fine particle dust with diameter less than 6 
pm was 150 Tg/yr with a range of 60 to 300 Tg/yr. The source of sea salt particles was 
estimated as 180 Tg/yr (again, for d< 6u.m). Assuming that only 10% of the total source is 
associated with d< 2u.m, places the global source at 100 Tg/yr (based on Eriksson, 1959. 
and Junge, 1972, as quoted by Duce, 1978). 

The final category of primary particulate emissions are the biogenic particles. The 
global source of primary biogenic particles that is part of the fine particle fraction of the 
atmospheric aerosol is not known (Duce, 1978), but is certain to be of importance in some 
circumstances (Jaenicke and Matthias, 1988; Talbot et al., 1990; Artaxo et al., 1990; 
Mazurek et a)., 1991). The source estimate in Table 11 is highly uncertain. It was derived 
by difference, assuming a total source strength of fine particle organic carbon that ranged 
from 100-180 Tg/yr for particles with d< 1 um in the budget of Duce, (1978) and was equal 
to 300 Tg/yr in the budget of Jaenicke (1978). Taking a range from 100-300 Tg/yr and 
subtracting the POC portion (see Andreae et al., 1988) of the biomass particle source (80% 
of 50 Tg/yr), the POC portion of the particle source from fossil fuel, wood burning and 
agricultural burning (15 Tg/yr, as derived above) and the production rate from gas to 
particle conversion of NMHCs (50 Tg/yr) yields a total source for primary biogenic 
particles ranging from 0-200 Tg/yr. 

Table 11 presents a summary of the sources of aerosol together with the estimated 
fraction from anthropogenic sources. Nearly 40% of the total emissions of fine aerosol 
particles appears to derive from anuhropogenic sources. This estimate is a factor of two to 
five times larger than previous estimates of the role of anthropoffenic aerosols in the aerosol 
particle budget (Prospero, et al., 1983), in part because I have en.phasized die fine particle 
fraction of the aerosol mass. The estimates for all sources in Table 11 clearly demonstrate 
that atmospheric aerosol sources have a large anthropogenic component and may have 
changed over time. The role of land use and land cover may be estimated from the 
derivation of these fractions in previous budgets for reactive nitrogen, reactive sulfur, and 
the NMHCs and from the land clearing, fuel wood, bagasse burning and primary biogenic 
fractions of the primary aerosol source estimates. I estimate a total fraction of aerosol 
source related to land use and land cover of approximately 30%. Any change in land use or 
land cover will lead to aerosol changes that are regional in character because of the expected 
variation in the relative sources with region. Because diese estimated sources are so 
uncertain, the magnitude of the expected change in aerosol abundance and the climate 
impact of these changes cannot be determined rigorously but may be expected to be 
important. 



III. Conclusion 

The global emissions of trace gases and aerosols from different land use and land 
cover categories and from anthropogenic activities have been estimated. These estimates 
show that the emissions from anthropogenic activities are a large fraction of total emissions 
and that land use categories related to forests, grasslands, and agricultural activity play a 
significant role in the budgets for many of these species. Changes in the areal extent of 
these land use categories would therefore be expected to lead to significant chaiigis in 
emissions. The source budgets presented here represent a first step towards quantifying 
the possible changes to trace gas and aerosol emissions from changes in the areal extent of 
different land-use categories and land-use practices. Many of the sources as estimated 
here, however, are poorly quantified. This is especially true for those associated with 
biological processes. Work towards refining these estimates is needed to better quantify 
the role of land use and land cover change in atmospheric chemistry. 
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Table la. Lone-lived species with sources related to land use categories. 

"cies Typical abundance Recent trend (%/yr) 
1 i 350 ppm ' 

1.7 ppm 

N90 310 ppb 0.2-0.3 

COS 500 ppt 

120 ppb (NI-P 1 (NH) 
6C ppb (SH) 

iUlitSUliU 

Greenhouse gas; 
Affects stratospheric O3 

Greenhouse gas; 
Affects tropospheric and stratospheric O3; 
Sink for tropospheric OH; Source cf 
stratospheric H2O 

Greenhouse gas; 
Source of stratospheric NOx; 
Affects stratospheric O3 

Forms aerosol in stratosphere which acts to 
cool climate and reacts heteorogeneously to 
affect O3 

Produces O3 in high NOx areas; 
Sink for tropospheric OH 



Table lb. Short-lived species with sources related to land use categories. 

Species 

NMHCs 

N O x 

SO2 

DMS 

Tropospheric Aerosol 

Oceaa 

20-1000 pptC 

10-50 ppt 

25-75 ppt 

50-150 ppt 

100-500 cm"3 

Typical surface abundance 
RvwvA 

w 

15-100 p p b C 

1-5 ppb 

1 -5 ppb 

KP-K^cnv3 

Urban* 
50-1500 ppb C 
50-500 ppb 
50-2000 ppb 

K^M^cm- 3 

a The upper ranges refer to concentrations in severe air pollution episodes as summarized by Finlayson-Pitts and Pitts (1986) . 



h 

Table ~. Estimated sources and sinks of CO2 (Gi C/yr), 
» ^ ^ ^ — ^ — • , - • - * -

Source Type Total Emissions 

Fossil fuel source 

Land clearing of forested areas 

Accumulation in atmosphere 

Uptake by ocean 

5.7 + 0.5 

1.6 ±1.0 

3.4 ± 0.2 

2.0 ± 0.8 

Missing sink or net imbalance 1.6 +1.4 

• • 



Table 3. Species which are removed or oxidized by reaction with 011. 

cie^ 

CH4 Greenhouse gas; Affects tropospheric 0 3 and OH; Affects stratospheric 0 3 

Urban pollutant; Affects tropospheric O3 and OH cycles 

CH3 CCI3 

CH3Br 
CH3CI 

Greenhouse gases; Release chlorine or bromine in stratosphere which destroys O3 

NMHCs Urban pollutants; Enhance tropospheric 0 3 in high NO* areas; Sink for 
tropospheric OH 

DMS Form sulfate aerosols which contribute to acid rain and reflect solar radiation; 
Form CCN which alter cloud properties and cool the climate 



Table 4. Sources of methane (Tg CH4/yr). 

Source Total 

Anthropogenic: fossil or industrial 

Coal mining and gas drilling 

Anthropogenic: land use by man 

Landfills 

Enteric fermentation 

Rice paddies 

Biomass burning 

Land cover relate 

Natural wetlands 

Ch4 hydrate destabilization 

Termites 

Fresh waters 

Oceans 

Total source strength 

80 

40 
80 
110 
40 

115 
5 

40 
5 
10 

525 

45-100 

20-70 
65-100 
25-170 
20-80 

100-200 
0-100 

10-100 
1-25 
5-20 



Table 5. Sources of nitrons oxide (Tg N/yr). 

Source Total Range 

Anthropogenic: fossil fuel or industrial 

Combustion of fossil fuel 0.2 0.1-0.3 

Nylon production 0.2 
• 

Anthropogenic: land use by man 

Bionics burning 0.2 0.1-0.3 

Fertilizer application l.l 0.01-2.2 

Land cover related: 

Tropical forest soils 3.0 2.2-3.7 

Temperate forest soils 1.1 0.7-1.5 

Temperate grassland sink? 

Tropical grassland source? 

Oceans 2.0 1.4-2.6 

Total source strength 7.8 4.7-10.8 



Table 6. Sources of carbonyl sulfide (Tg S/yr)a. 

vSource Total Ran He 

Anthropogenic; fossil fuel or industrial 

Fossil fuel burning and industry 

Industrial production of CS2 

0.07 0.02-0.2 

<(U7 

Anthropogenic: land use by man 

Biomass burning (wood fuel, 
agricultural wastes, and land 
clearing) 

Land cover related; 

0.04-0.2 

Terrestrial sources (soils, vegetation, 
wetlands) 

0.-0.4 

Marshes 0.01 
<0.03 

Release of CS2 from marshes 

Oceans (from COS + CS7) 

Volcanoes 

0,04 

0.01 

0.02-01)8 

0.4-1.2 

<0.025 

Release of CS? from volcanoes 0.01 <0.05 

Total source strength 1.44 0 5-2.6 

^Sources of CS2 are assumed to form one COS molecule after photochemical oxidation 



Table 7. Sources of carbon monoxide (Ti 

Source 

Anthropogenic: fossil fuel or industrial 

Fossil Fuel 

Anthropogenic NMHCs 

CH4 oxidation (from 
fossil/industrial sources) 

Anthropogenic: land use by man 

Biomass burning and fuel wood 

CH4 oxidation (from land use by 
man) 

Land cover related: 

Natural NMHCs 

Plants 

CH4 oxidation (from land cover) 

Oceans 

CH4 oxidation (from oceans) 

Total source strength 



Table 8. Sources of NM1 ICs (Tg C/yr). 

source 

AiAfaropogtmc: fOSM\ fat\ or \ntiusiria\ 

Fossil fuel, industrial and evaporative 
emissions 

Anthropogenic: land use by man 

Biomass burning (includes fuel wood 
agricultural wastes and land clearing) 

Land cover related: 

Isoprene 

Terpenes and other biogenics 

Oceans 

I Total source strength 

Total 

58 

34 

400 

400 

60 

950 

Range 

12-50 

350-450 

350-450 

36-82 

840-1100 



Table 9» Sources of reactive nitrogen (Tg N/yr). 

Source 

Anthropogenic: fossil fuel or industrial 

Fossil fuel burning 

Aircraft emissions 

Anthropogenic: land use by man 

Wood burning 

Biornass burning (land clearing) 

Land cover related: 

Soil microbial emissions 

Lightning discharge 

Production in the stratosphere 

I Total source strength 

22 

0.4 

0.2 

9 

10 

20 

L0 

62.6 

k 

I 

Range 

15-25 

0.1-0.7 

0.1-0.8 

2-20 

1-20 

2-100 

0.5-1.5 

20-168 



Table 10. Sources of reaclivc sulfur (Tg S/yr), 

Source P 

Anthropogenic: fossil fuel or industrial 

Fossil fuel and industry 

Anthropogenic: land use by man 

Biomass burning (land clearing, 
wood fuel and agricultural wastes) 

Land cover rclaied (and subject to possible 
change): 

Terrestrial soils, forests, crops 

Volcanoes 
I 

Oceans 

Total source strenuth 



'able 11. Sources of the troposphcric aerosol (fine nsirticle fraction) 
lype 

Gas-to-particle conversion: 
Sulfates 

Ammonium 

Nitrates 

NMHC's 

Primary emissions: 

Biomass burning for land clearing and agriculture 

Fossil fuel, fuel wood and bagasse burning 

Dust 

Sea salt 

Biogenic 

Source strength (I g/yr) 

Natural 

(90-160) (25-110) 

(15-60) (5-40) 

(35-100) (10-270) 

(10-110) 

(20-115) 

(20-120) 

(60-300) 

(1(H)-180) 

0-200 

345 (37%) 
'170-550) 

580 (63%) 
220-1220) 


