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A global three-dimensional model study of carbonaceous 
aerosols 

C. Liousse, • J.E. Penner, 2 C. Chuang, J.J. Walton, and H. Eddleman 
Global Climate Research Division, Lawrence Livermore National Laboratory, Livermore, California 

H. Cachier 

Centre des Faibles Radioactivit6s, Centre National de !a Recherche Scientifique-Commissaerat b. 1' 
Energie Atomique, Gifsur Yvette, France 

Abstract. We have developed detailed emission inventories for the amount of both black and 
organic carbon particles from biomass burning sources (wood fuel, charcoal burning, dung, 
charcoal production, agricultural, savanna and forest fires). We have also estimated an inventory 
for organic carbon particles from fossil fuel burning and urban activities from an existing 
inventory for fossil fuel sources of black carbon. We also provide an estimate for the natural 
source of organic matter, These emissions have been used together with our global aerosol model 
to study the global distribution of carbonaceous aerosols. The accuracy of the inventories and the 
model formulation has been tested by comparing the model simulations of carbonaceous aerosols 
in the atmosphere and in precipitation with observations reported in the literature. For most 
locations and seasons, the predicted concentrations are in reasonable agreement with the 
observations, although the model underpredicts black carbon concentrations in polar regions. The 
predicted concentrations in remote areas are extremely sensitive to both the rate of removal by 
wet deposition and the height of injection of the aerosols. Finally, a global map of the aerosol 
single scattering albedo was developed from the simulated carbonaceous particle distribution and 
a previously developed model for aerosol sulfates. The computed aerosol single scattering albedos 
compare well with observations, suggesting that most of the important aerosol species have been 
included in the model. For most locations and seasons, the single scattering albedo is larger than 
0.85, indicating that these aerosols, in general, lead to a net cooling. 

1. Introduction 

It is important to quantify the climate forcing by 
anthropogenic aerosols in order to understand the cooling effect 
they might have had on the climate system relative to the 
warming by anthropogenic greenhouse gases. Charlson et al. 
[1991] and Penner et al. [1992] have shown that due to their 
tropospheric geographical distribution, their size and their optical 
properties, sulfates and carbon particles may have a net cooling 
effect which could be as important as the heating effect by 
anthropogenic greenhouse gases. Several studies have focused on 
the role of the sulfates, modeling the transport of these aerosols at 
different scales [ Langner and Rodhe, 1991; Luecken et al. , 1991; 
Penner et al., 1994; Pharn et al., 1995; Anderson and Boucher, 
1994; Benkovitz et al., 1994], and the forcing by anthropogenic 
sulfate aerosols has been estimated [ Charlson et al., 1991; Kiehl 
and Briegleb, 1993] as well as their climate effect [Taylor and 
Penner, 1994; Penner et al., 1996]. In contrast, very few 
modeling studies of the importance of black carbon particles 
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currently exist [Penner et al., 1991 a; Penner et al., 1992; Cooke 
and Wilson, this issue] and there are no previous global model 
studies of organic carbon particles. 

Carbonaceous particles consist of highly polymerized organic 
material with a low content of hydrogen and oxygen. This aerosol 
is usually divided in two fractions, black carbon (BC) and 
organic carbon (OC). Black carbon particles are defined on the 
basis of their strong absorption of solar radiation and their 
refractive behavior to thermal and chemical attacks [Wolff and 
Klimish, 1982; Novakov, 1982]. This resistance, together with the 
fact that the most important source of BC is combustion, means 
that BC is able to act as an important tracer of industrial 
pollution. Observations in both remote and source areas indicate 
that the OC fraction of the carbonaceous aerosol is always larger 
than the BC fraction [Cachier, 1995]. In contrast to BC, these 
particles have a refractive index that is close to that of the sulfates 
and therefore mainly scatter solar radiation. 

Very near sources of primary aerosol and in areas of new 
particle formation, carbonaceous particles may be mainly 
externally mixed. However, in most places in the atmosphere, 
carbonaceous particles appear to be present as a heterogeneous 
mixture of carbon, sulfates, and other components [Langner et 
al., 1992; Parungo et al., 1994; Liousse eta!., 1993], a property 
which results from their ability to adsorb and condense gases 
with low vapor pressures. This gives them a hydrophilic 
behavior, allowing them to act as cloud condensation nuclei. 
They should therefore have an indirect radiative impact through 
their effects on cloud albedo [ Penner et al., 1992; Novakov and 
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Penner, 1993]. In addition, consideration of the condensation of 
sulfate vapor onto carbonaceous aerosols implies that the 
estimation of the global direct radiative effect of sulfate particles 
cannot be obtained from a simple addition of the forcing by 
carbonaceous particles and the forcing by anthropogenic sulfate 
particles because the size distribution of the sulfate formed by gas 
to particle conversion (and hence its specific scattering 
coefficient) will depend on the size distribution of carbonaceous 
aerosol [Chuang and Penner, 1995]. Hence it is important to 
model both the sulfate and carbonaceous aerosol systems in order 
to correctly estimate anthropogenic forcing. 

Experimental data [Cachier, 1992] indicate that carbonaceous 
particles are mainly emitted by combustion sources and that most 
of these are of anthropogenic origin (compare Penner [1995]). 
Sources from fossil fuel combustion occur mainly in the northern 
hemisphere north of 20N, whereas sources from biomass burning 
are primarily distributed in tropical areas. We note that the 
sources from biomass burning are poorly known, especially those 
ascribed to domestic and agricultural fires [Cachier, 1992 ]. In 
addition, the areas associated with savanna and forest burning are 
uncertain to a factor of 2 [Lacaux et al., 1995]. Natural fires of 
the temperate and boreal areas are also poorly quantified but are 
small on a global basis. They were not included in our inventory. 

The natural emissions of carbonaceous particles result from 
two sources: photochemical conversion of the gaseous emissions 
from vegetation to species with low vapor pressures and direct 
emission of particles from plants. Both sources need better 
quantification. Modeling studies have shown that roughly 0.1 to 
8% of terpenes oxidize to species which may condense, while the 
oxidation of isoprene is much less efficient at producing particles 
under ambient conditions [Pandis et al., 1991]. We include the 
terpene source here but ignore the direct emission of particles 
from vegetation as well as the production and transport of 
microorganisms. Both of these latter sources are thought to be 
mainly in size ranges above 1-•m diameter. 

Carbonaceous particles have a short residence time (range of 
3-7 days); hence hemispheric particle exchange is negligible. The 
short residence time, coupled with the multiplicity of sources 
described above, leads to concentrations ranging from -1 •g m -3 
in rural source areas to <1 ng m -3 in remote regions such as the 
south pole. The removal of these particles from the atmosphere 
occurs by both dry and wet deposition. As shown by Ducret and 
Cachier [ !992], the latter process is by far the most important. 

The focus of this study is a model calculation of the global 
distribution of carbonaceous particles. For this purpose, we use 
the global three-dimensional (3-D) transport model, Grantour 
[Walton et al., 1988; Penner et al., 1991b]. 

Below, we first describe the emission inventory of the 
carbonaceous particles that we use in the model. A detailed 
inventory for the biomass burning sources is developed. A 
description of the fossil fuel sources is presented. A tentative 
estimate for the natural source contribution is presented. Then we 
present the results for a global distribution of carbonaceous 
particles obtained from these inventories and the Grantour model. 
The sensitivity of model results to a variety of parameterized 
processes is examined. Then a detailed comparison between 
observations and model predictions of the spatial, temporal, and 
vertical distribution of carbonaceous particles is presented. 
Finally, the global distribution of aerosol single scattering 
albedos obtained from BC, OC, and sulfate concentrations is 
reported and compared to available observations. 

2. Emission Inventory of Carbonaceous Particles 

2.1. Biomass Burning Sources 

Here, we develop a global emission inventory of biomass 
burning particles. Unlike previous inventories, we take into 
account savanna, forest, agricultural, and domestic fire sources of 
particles. Savanna and forest fires for tropical Africa, tropical 
America, tropical Asia and Australia are taken from the work of 
Hao et al. [ 1990] and Dignon and Penner [ 1991 ] but are updated 
as noted below. Because of the lack of data (especially for 
agricultural and domestic fires), a number of assumptions had to 
be made. Thus this inventory represents our best initial estimate 
but may be revised in the future. Because of their separate 
radiative characteristics, separate emission factors have been 
developed for BC aerosol and the total particle (TP) emission 
factor. Emission factors represent the fraction of total emissions 
with diameter <1 •m. Indeed, whereas concentration data are 
usually provided by instruments with a cutoff of 2.5 •m, a 
number of size-resolved observations indicate that most of the 

carbonaceous particle mass has a diameter of less than 1 •m. The 
particles produced by biomass burning are a complex mixture of 
BC, OC, and other constituents. In addition, OC represents only a 
fraction of the total organic matter present in the aerosol because 
OC is a measure of carbon mass, whereas the total organic matter 
is a measure of the total mass chemically bound to carbon and 
therefore includes, in addition to carbon, hydrogen atoms, oxygen 
atoms, and minor amounts of other species. Also, smoke aerosols 
(TP) include a number of other components (nitrates, sulfates, 
etc.). In our comparison to data, for example, we assumed that 
the calculated global mean fraction of the TP-BC that is organic 
matter (OM) was 85%. Also, for comparison to measurements, 
we have assumed that OM/OC = 1.3. 

Savanna and forest fires. Savanna and forest fires are the 

most important particle sources from biomass burning [Levine, 
1990]. The transport, removal, and distribution of particles from 
these sources were studied previously [Penner et al., 1991a]. 
Here, we reevaluate the emissions from these sources, taking into 
account recent analysis of emission factors and of the total 
amount of fuel burned. 

Penner et al. [ 1991 a] used inventories of the total amount of 
fuel burned developed by Hao et al. [ 1990] for tropical Africa, 
tropical America, and tropical Asia, while those for Australia 
were from J. Dignon (personal communication, 1990). However, 
African savannas are constituted by a mixture of tall and short 
grass plants instead of tall grass only, as had been assumed by 
Hao et al. [1990]. Consequently, we assumed that the savanna 
plant density was 5 ton/ha rather than 6.6 ton/ha, as assumed by 
Hao et al. [ 1990] [see Delmas et al., 1991; Menaut et al., 1991]. 
Additionally, the frequency of burning is smaller than that 
assumed by Hao et al. [1990]. Hence we assume that 55% 
instead of 75% of African savannas are burned each year 
[Menaut et al., 1991]. Furthermore, we decreased the mean 
combustion efficiency (here defined as the fraction of biomass 
submitted to fires that actually bums) of the savannas from 83 to 
80% [ Menaut et al., 1991; Lacaux et al., 1995]. 

The forest fire inventory of burnt biomass followed the 
inventory of Hao et al. [ 1990]. Further work would be needed to 
include recent results on the density of the burnt aboveground 
biomass of forest trees. Brown et al. [1989] show that the 
standing biomass could be 27% higher than that of Hao et al. 
[1990; Hao and Liu, 1994]. Also, further work would be 
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Table 1. Inventory of the Yearly Emissions of Black Carbon 
Particles and Organic Matter 

Products, Tg/yr Organic Matter, Tg of mass/yr Black Carbon, Tg C/yr 

Biomass burning 44.6 5.63 

Savannas 15.5 2.17 

Tropical forests 16.6 1.93 
Agricultural fh:es* 3.1 0.53 
Domestic fuels t 9.3 1. 

Fossil fuel 28.5 6.64 

Natural sources 7.8 

Total 81 12.3 

* Agricultural fires: included are wheat, barley, rye, corn, rice, and sugar 
Cane. 

tDomestic fuels: fuel wood, bagasse, charcoal, and dung. 

necessary in order to improve the estimates of the amount of 
burning in South America that we took into account (R. 
Chatfield, personal communication, 1995). 

We also updated the BC and TP emission factors used by 
Penner et al. [ 1991 a]. The nature of the burning condition affects 
the combustion efficiency, the particulate production rate, and the 
fraction of particulate that is BC. Indeed, the TP emission factor 
of savanna fires is less than half that of forest fires: we chose a 

mean value of 8.1 + 5.5 g TP per kg of fuel for savanna fires and 
18 + 10 for forest fires. The ratio of BC to TP (BC/TP) emissions 
is ~10% for savanna fires and --8.5% for forest fires. These mean 
emission factors and BC/TP values for savanna fires were 

estimated from both ground [Liousse et al., 1995; Cachier et al., 
1995] and aircraft [Andreae et al., 1993; Le Canut et al., 1996] 
measurements, whereas those for forest fires are from aircraft 
measurements only [ Radke et al. , 1988; Ward et al., 1991 ]. 

The total source of organic matter from savanna and forest 
fires is -32 Tg/yr (see Table 1), considerably lower than would 
be obtained from previous estimates of the source of particles 
from savanna and forest burning [Penner et al., 1992]. Annual 
BC emissions are higher for savanna fires (2.2 Tg/yr) than for 
forests fires (1.9 Tg/yr), but the annual OM emissions (assumed 
to be 85% of the TP-BC emissions) are higher for forest fires (17 
Tg/yr) than for savanna fires (--16 Tg/yr). 

Figure 1 shows the mean temporal distribution of the savanna 
and forest fires in the northern and southern hemispheres as 
developed by Hao et al. [ 1990]. This distribution has been shown 
to agree with experimental data and satellite observations 
registered in the last 10 years [Riehl, 1979; Delmas et al., 1991; 
Menaut et al., 1991 ] although differences can occur in any given 
year due to shifts in rainfall timing and amounts. The long-term 
pattern of BC measurements observed in source regions in Brazil 
[Artaxo et al., 1994] and the Ivory Coast [Liousse et al., 1994] 
has also confirmed our choice of the temporal distribution. 

Domestic fires. Domestic fires are an important source of 
both BC and TC particles. Indeed, this source has been regularly 
increasing in the tropics and is predicted to increase in the future 
as a result of increasing population. As an example, the use of 
firewood in India is predicted to increase by a factor of 3 between 
1985 and 2015 [ Hammond, 1992]. We divided the domestic fires 
into two parts: those due to fuel wood consumption and those due 
to agricultural fires. Indeed, due to the scarcity of trees in some 
countries, substitutes have been found in agricultural wastes or, 
for the poorest countries, in animal wastes or dung. For example, 

2/3 of the rural energy in China comes from agricultural fires 
[Crutzen and Andreae, 1990]. In India, 50% of the burnt biomass 
amounts are due to wood burning, whereas dung and agricultural 
waste burning constitute the other half. 

While wood fuels have been considered in the past, a global 
inventory that takes into account all of the fuels used in domestic 
fires has never been developed. It is important to note that many 
assumptions are required to develop such an inventory. An 
exhaustive literature survey was conducted to develop this 
inventory. 

As noted by Seiler and Crutzen [1980] and Strehler and 
Stutzle [ 1987], nearly 81% of the total wood harvest is used for 
domestic purposes in the developing countries, whereas only 
19% is used in this manner in the developed countries. In the 
following, we used the definitions of developing and developed 
countries given by the Food and Agriculture Organization (FAO) 
[1991]. For example, the whole of Africa, including South 
Africa, was assumed to be developing, in spite of the fact that 
much of South Africa may be classified as developed. Also, in 
the developing countries, the northern and the southern 
hemispheres were differentiated because the occurrence of some 
domestic fires is governed by the establishment of the dry or wet 
season, which depends on the specific locale considered. 

Fuel wood sources. The global distribution of fuel wood, 
bagasse (a fuel material derived from sugar cane wastes), and 
charcoal consumption was obtained from the FAO data on 
production, importation, exportation, stock changes and losses 
[FAO, 1991]. Within each country the burning of these fuels was 
distributed by population. 

The burnt biomass amounts of the developed countries were 
calculated from this distribution, assuming a combustion 
efficiency of 90% [ Seller and Crutzen, 1980; Robinson, 1989]. 
Particulate emissions from wood vary between 5 and 20 g/kg 
fuel, a variability which is mainly linked to the nature of the 
wood and its water content [Butcher and Sorenson, 1979; 
Cooper, 1980; De Angelis et al., 1980; Butcher and Ellenbecker, 
1982; Dasch, 1982; Muhlbaier and Williams, 1982; Piispanen et 

% of biomass burned in savanna and forest fires 
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[] Northern Hemisphere 
.- Southern Hemisphere 
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10 
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Figure 1. Temporal distribution of savanna and forest fires in the 
northern and southern hemispheres (given each month in percent 
of total biomass burned). 
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Figure 2. Temporal distribution of fuel wood, bagasse and 
charcoal sources in developing countries for the northern and 
southern hemispheres (given each month in percent of total 
biomass burned). 

al., 1984; Sexton et al., 1984; Penner et al., 1993; Turn et al., 
1993]. For example, the emission factor (EF) for TP for 
coniferous wood and synthetic wood is 15 g/kg fuel, that of 
deciduous wood, 7. Also, the dryer the wood, the lower the 
particulate emission factor. Taking into account all of these 
conditions, we chose 11 g/kg fuel as the emission factor for the 
fuel wood sources. A BC/TP ratio of 12% was estimated from the 
same references. 

In the developing countries, nearly 50% of the fuel wood was 
assumed to be burnt for heating and cooking and 50% for 
charcoal making [Openshaw, 1974; Delmas et al., 1991]. Indeed, 
the ease in moving and storage of charcoal makes its use as a fuel 
for villages and cities more desirable than that of wood. Thus we 
have considered three fuel sources of biomass burning particles: 
the burning of fuel wood for domestic purposes and for charcoal 
making, and charcoal consumption. Following Seiler and Crutzen 
[1980] and Hao et al. [1990], a combustion efficiency of 90% 
was assumed for the burnt biomass amounts from the use of fuel 

wood. A lower value (-20%) was assumed for charcoal making 
because the wood is incompletely burned during this production 
[Strehler and Stutzle, 1987; Andreae, 1991; Hdry, 1993]. The 
particulate emission factors and the BC/TP percentages are of the 
order of 10 g/kg fuel and 15% for charcoal consumption and 17 
g/kg fuel and 5% for charcoal making [Smith et al., 1983; 
Butcher et al., 1984; Turn et al., 1993]. Further investigation is 
needed to improve these estimates of emission factors. 

In the developed counties, we assumed that the particulate 
emissions from fuel wood, bagasse, and charcoal take place only 
during the winter season, with the same relative weighting for the 
months from October through March. In the developing 
countries, the temporal distibution of these sources is presented 
in Figure 2. The monthly distribution of each source type was 
specified according to each of their uses. For example, of the 
50% of fuel wood used for direct domestic purposes, 70% is used 
for cooking, which occurs throughout the year, and 30% is used 
for heating, whose usage is concentrated in the winter months or 
during the wet season. The remaining 50% of fuel wood fires are 
used for charcoal making, a process which occurs outdoors 
according to Hdry [1993] and was therefore assumed to take 
place during the dry season. Likewise, 70% of charcoal 

consumption is for cooking and was assumed to occur with the 
same intensity each month, whereas 30% is used for heating and 
was assumed to occur duing the wet season. 

Plate l a summaizes the global distibution of BC emissions 
from fuel wood, charcoal, and bagasse as obtained from the 
calculations described above together with those from dung 
(whose derivation we describe below). As shown, BC emissions 
take place throughout the world, partially explaining the 
worldwide presence of this aerosol type. 

Agricultural fires. The global distribution of crop production 
was taken from data compiled by the FAO [1991]. The 
production of wheat, barley, rye and other grains, corn, ice, and 
sugar cane were considered in our inventory. The following 
relationships were used to convert maps of production into maps 
of particulate emissions: 

(TP) = (M) x EF(TP) 

(M) = (P) x (W/P) x (Wf/W) x (ce) 

where TP is the emissions of particles, EF(TP) is the TP emission 
factor, M is the amount of burnt biomass, Wf is the amount of 
agricultural waste submitted to fires, W is the total amount of 
agricultural waste, P is the mass of grains, and ce is the 
combustion efficiency. 

The ratio W/P may be estimated from the harvest index of 
each crop as given by Irvine [ 1983], Fisher and Palmer [ 1983], 
Fischer [1983], Barnard and Kristoferson [1985], and Strehler 
and Stutzle [ 1987]. For example, total agricultural waste is nearly 
1.2 times the amount of grains produced. We followed Fisher 
and Palmer [1983] in estimating the wastes of corn. For the 
developed countries, corn waste was 1 times its production, while 
it was 1.85 times its production in the developing countries. 

The fraction of agricultural wastes submitted to fires is highly 
uncertain because it is a random process that has never been 
quantified. In the developed countries, according to J. Arethor 
(personal communication, 1995) and in agreement with Hao et 
al. [1990], only 2 to 10% of agricultural wastes are burned. We 
assumed a fraction of 5% for most of the grains and 10% for rice, 
but we note that this range is considerably lower than that 
assumed by Middleton and Darley [ 1973], which ranged from 37 
to 50%. In the developing countries, except for rice, we assumed 
that 30% of the wastes were burned, in agreement with Robertson 
and Rosswall [ 1986], Andreae [ 1991 ], and Hao et al. [ 1990]. In 
the case of rice, we assumed that 50% of the wastes were 
submitted to fires. Indeed, at least 33% of rice waste is used as 
fuel in Bangladesh [Mahtab and Islam, 1984] and 1-33% in 
Africa according to Hao et al. [ 1990]. According to Barnard and 
Kristoferson [1985] and K. Cassman (personal communication, 
1995) 55 to 60% is burnt on a global basis. In addition, according 
to Irvine [1983] and Strehler and Stutzle [1987], 52% of the by- 
products of the sugar cane are made into bagasse and would be 
used as a fuel for the sugar industry, whereas nearly 34% would 
be burnt as open fires. Let us note that in Hawaii, the remaining 
14% constituted by underground and aboveground sugar cane 
biomass is also burnt for electricity supply. In our inventory, we 
considered the fiber by-products of the sugar cane which are used 
as a fuel and not registered in the bagasse inventory previously 
discussed. We also included the open fires of sugar cane waste 
left in the field. 

In the developed countries, agicultural fires are used mainly 
to clear the fields or in preparing for the next crops. Thus these 
have been assumed to occur as an open process. In the 
developing countries, only 40% of agricultural waste fires take 
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Plate la. Distribution of domestic fuel sources of black carbon particles from biomass burning in kgC/km 2/yr. 
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place as open fires, while 60% of the agricultural by-products 
submitted to fires is devoted to use as a domestic fuel. The 

fractions used for domestic and open burning are important 
because the combustion efficiency as well as the temporal 
distribution of emissions is impacted. As shown in Table 2, rice 
burning used as a fuel in domestic fires usually occurs under 
smoldering conditions. As a result, this burning has a higher 
particulate emission factor with a relatively low BC fraction 
compared to the emission factors of open fires. Values of 
emission factors, BC/TP ratios, and combustion efficiency were 
estimated from the work of Meland and Boubel [1966], Gerstle 
and Kemnitz [ 1967], Carroll et al. [ 1977], Darley et al. [ 1966], 
Seiler and Crutzen [ 1980], Crutzen and Andreae [ 1990], Jenkins 

et aL [ 1991, 1993], and Turn et aL [ 1993]. The different emission 
factors for smoldering and open-fire emissions have been taken 
into account for each group of agricultural fires. Table 3 presents 
a summary of the fraction of waste burned, net emission factor, 
and net BC to TP ratio for the agricultural emissions included in 
our inventory. As we may note, the by-products constituted by 
stalks and fiber such as maize and sugar cane are seen to have a 
lower combustion efficiency (ce) than that of other wastes 
[Robinson, 1989]. The combustion efficiency of rice burning is 
higher than that of other grains, as its burning occurs at around 
550 K and is therefore more complete. Also, the particulate 
emission factor is lower than for the other grains, and the ratio of 
emissions of BC to TP is higher by a factor of 2. It is important to 
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Table 2. Description of the Parameters Needed to Convert the 
Production of Rice Grain Into Particulate Emissions From Rice 

Straw Burning[ 
Rice Developed Countries Developing Countries 

(Open fires) (Mix of Open Fires 
and Fuel Use) 

Agricultural waste 
per unit of grain 1.2 

Percent of agricultural 
waste burned 10 

Combustion efficiency, % 85 
Nature of fires Flaming 
EF(TP), % 0.25 
Temporal 

distdbution 

1.2 

5O 

85 

Smoldering 
0.53 

Harvest Yearly 

note that such parameters are also linked to the moisture content 
of the by-products before the fire. According to Carroll et al. 
[1977], Jenkins et al. [1991], and Turn et al. [1993], the emission 
factor for rice burning was chosen for a moisture content of 10%. 

As we noted above for fuel wood, the temporal distribution of 
emissions from agricultural fires needs to account for the 
different uses of agricultural fires. An example is shown in Table 
2. Agricultural open fires were assumed to appear during the 
harvest period. For example, from the results of K. Cassman and 
J. Amthor (personal communications, 1995) and following 
Barnard and Kristoferson [1985], two seasons of harvest (April- 
May and September-November) have been selected for rice 
burning in the developed countries. However, this choice ignores 
the fact that in some countries, instead of two crops devoted to 
the rice production, one is kept for wheat production. Figures 3a 
and 3b summarize our assumptions concerning the mean 
temporal distribution of the total mass burned each month in the 
developed and the developing countries, respectively. Plate lb 
presents the annual average distribution of BC sources from 
agricultural burning (including all the grains and sugar cane 
except the bagasse sources) that we obtained from our inventory. 
The figure shows the importance of these sources in the 
developing countries of South America and Asia. 

Dung sources. As noted above, in some developing countries 
where fuel wood and grains are scarce, animal wastes are used as 
a fuel. Inventories were difficult to establish, and our study was 
based on Barnard and Kristoferson's [1985] results. The number 
of animals whose dung was known to be used as fuel were 

Table 3. Combustion Efficiency and Particulate Emission Factors 
for Different A•ricultural Fires 

ce, % EF(TP), % BC/TP, % 

Rice 

Developed countries 85 0.25 24 
Developing counties 85 0.53 16.3 

Wheat, rye, and other grains 
Developed countdes 70 0.7 13 
Developing countries 70 1.2 10 

Corn and sugar cane 
Developed countdes 35 0.5 14 
Developing countries 35 1.2 8 

Sugar cane 
Developed countdes 35 0.5 15.5 
Developing countries 35 0.7 11 

Here, ce, combustion efficiency; TP, total particles; EF(TP), TP emission 
factor; and BC, black carbon. 
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Figure 3. Temporal distribution of agricultural fires in the (a) 
developed and (b) developing countries (given each month in 
percent of total biomass burned). 

spatially distributed. These data have been converted into dung 
production by assuming that 0.15 to 1.5 tons of dung are 
produced per animal per year. Nearly 18.5% of this production is 
assumed to be submitted to fires. According to recent 
experiments on African elephant pellets (H. Cachier, personal 
communication, 1995), we assumed this incomplete burning may 
be characterized by a combustion efficiency of 50% with a total 
particulate emission factor of 20 g C/kg of dry matter (kgdm). 
The BC/TP ratio was taken as 5%. Since the main use of dung 
burning is linked to cooking, the temporal distribution of this 
source was evenly distributed throughout the year. 

The total amount of BC particles and OM emitted by domestic 
and agricultural fires is 1.53 Tg/yr and 12.4 Tg/yr, respectively. 
Table 1 shows that this source represents of the order of 25% of 
the total biomass burning inventory. Roughly 70% of this total is 
due to fuel wood, bagasse, dung, and charcoal burning, and 30% 
to agricultural fires. 

2.2. Fossil Fuel Sources 

BC emissions from fossil fuel sources mainly result from the 
burning of diesel fuels and coal used in the domestic sector 
[Penner et al., 1993]. The emission factors used for the inventory 
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developed by Penner et al. [1993] were 1.91 g C/kg fuel for 
diesel sources and 5 and 10 g C/kg fuel for coal in the United 
States and the rest of the world, respectively. These emission 
factors agree with those used in the recent study by Cooke and 
Wilson [this issue], for the emission from diesel, hard coal, and 
lignite. 

As noted previously, OC concentrations are larger than BC 
concentrations in urban areas where fossil fuel sources are 

thought to dominate the emissions of BC concentrations 
[Brdmond et al., 1989; Cachier, 1995]. The source of this OC is 
not necessarily associated with the BC sources noted above 
[Gray et al., 1984]. However, in order to get a crude estimate of 
the possible impact of these additional anthropogenic emissions, 
we used the BC inventory from fossil fuel sources to deduce an 
OM inventory. Following previous authors [ Pierson and Russell, 
1979; Rosen et al., 1980; Gaffhey et al., 1984; Gray et al., 1984; 
Cadle and Dasch, 1988; Valaoras et al., 1988; Brdmond et al., 
1989], we chose a BC/OC ratio of the order of 30%, a value that 
is also within the range usually given for fossil fuel combustion. 
If we assume that total OM is 1.3 times the OC concentration 

[Duce, 1978; Countess et al., 1981], the ratio of OM to BC 
emissions may be taken as 4.6. Emissions of OM and BC from 
fossil fuels were assumed to occur with equal intensity 
throughout the year. 

2.3. Natural Sources 

The natural emissions of carbonaceous particles from 
vegetation result from two phenomena: photochemical 
conversion of the gaseous emissions to species with low vapor 
pressures, and direct emission of particles from plants [Cachier, 
1995; Penner, 1995]. There are almost no experimental data that 
can be used to help quantify the latter source, and most emissions 
are thought to apply to >1 tim diameter. Therefore, in this 
preliminary inventory, we only considered the secondary 
formation of carbonaceous aerosols from terpenes. According to 
Hatakeyama et al. [ 1991 ], Pandis et al. [ 1991 ], and Zhang et al. 
[1992], the yield of OC from alpha- and beta-pinene is 0.1 to 8% 
of their respective mass amounts. This large range is mainly 
linked to the variability of the initial terpene concentrations, the 
hydrocarbon to NO x ratio, and whether the oxidation is initiated 
by 0 3 or OH. We chose a constant factor of 5%, a value within 
the range determined by Pandis et al. [ 1991], to obtain the OM 
from the mass of terpenes emitted. The spatial and temporal 
distributions of the latter emissions were taken from the work of 

Guenther et al. [ 1995] (C. Atherton, personal communication, 
1995). The formation of particles from isoprene was not included 
because their particle yields under ambient conditions are thought 
to be negligible [Pandis et al., 1991]. 

2.4. BC Inventory: Comparison With the Study of Cooke and 
Wilson [this issue] 

Cooke and Wilson [this issue] developed a BC emission 
inventory considering the burning of savanna and forest fires 
(including both those of the temperate and tropical areas), diesel, 
coal, fuel wood, and charcoal sources and used this inventory in 
the 3-D global model Moguntia [Zimmerman, et al., 1989]. 
Compared with our inventory, these authors did not take into 
account agricultural fires and some domestic fires and the 
contribution of some countries as Australia and Russia. Like our 

study, they did not include natural fires in the boreal forests. 
Although the total emissions from these fires are expected to 
represent only a few percent of the global inventory [Penner, 

1995], as shown below, the lack of their inclusion may affect our 
comparison to data at far northern latitudes. The total BC 
emissions from the Cooke and Wilson inventory are of the order 
of 13.5 Tg C/yr, whereas our inventory yields a total of 12.3 
Tg C/yr. According to the previously described approximations, 
the inventory of Cooke and Wilson [this issue] would increase 
somewhat if these sources were included. The fossil fuel sources 

of BC in the inventory of Cooke and Wilson are distributed 
geographically using the same method as in this study as well as 
in the study of Penner et al. [1993]. However, a comparison of 
the relative importance of savanna and forest fires shows that 
their BC emissions are higher than ours by a factor of 2. In Africa 
for example, this may be due to the choice of the frequency of 
burning which is different in the two studies (see section 2.1). 

3. Geographical Distribution of BC and OM 

3.1. The Grantour Model 

The Grantour model is a Lagrangian model of transport, 
transformation, and removal which uses the wind and 

precipitation fields of the Community Climate Model (CCM1) 
[Williamson and Williamson, 1987; Walton et al., 1988]. The 
spatial resolution of the meteorological fields used is 
approximately 4.5 ø latitude by 7.5 ø longitude. The model has 12 
vertical levels, with seven in the troposphere and five in the 
stratosphere. 

Briefly, the model treats a set of constant mass air parcels that 
are advected by the simulated winds interpolated from a fixed 
Eulerian grid. As noted by Penner et al. [1991a,b], the use of 
50,000 parcels to represent monthly average concentrations gives 
reasonable numerical accuracy. Also, following the study of 
Penner et al. [1991b], we use an operator split-time of 6 hours. 

The model calculations reported below occurred in two steps. 
The first year of the simulation started with a clean background 
atmosphere and was carried out with 25,000 parcels and used a 
12-hour operator split time. The second year of the simulation 
started from the steady atmosphere generated by the first run and 
used the parcel density number and operator split time mentioned 
above. Here we report only the results from the second year of 
the simulation. 

The emission of BC and OM by the sources previously 
described were used as sources in the Grantour model. In 

addition, the treatment of sulfate aerosols followed that described 

by Penner et al. [1994] and Chuang et al. [1994]. Emissions from 
savanna, forest, and open-fire agricultural fires are known to be 
injected to the free troposphere as a result of the buoyancy 
developed by the heat of the fire and by daytime convection 
occurring in tropical areas. In the model, we inject these sources 
into the first 2000 m. The fossil fuel, domestic fires, and natural 

sources are injected into the boundary layer and are therefore 
distributed between the surface and 1000 m. We took into 

account both dry and wet deposition, with the latter process 
dominating particulate removal [Ducret and Cachier, 1992]. We 
chose a dry deposition velocity of 0.1 cm/s. Precipitation 
scavenging was treated as described by Walton et al. [1988] and 
Penner et al. [1991b, 1993]. Wet removal occurs in both 
convective and stratiform precipitation. The rate of removal R 
from level k and precipitation type .j may be written as follows: 

where p is the rate of precipitation in crn/h given by the CCM 1 
fields and • the scavenging coefficient in cm -1 . According to 
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Plate 2. Annual average global distribution of the surface concentrations of organic matter when all sources are 
included (in ng/m 3). 

Penner et al. [ 1993] and from scavenging ratios given in the 
literature, we have prescribed a removal coefficient in our model 
simulations equal to 2.1 cm -• for stratiform precipitation and 0.6 
cm 4 for convective precipitation. Whereas previous papers have 
estimated that the BC particles emitted by fossil fuel sources 
could be more hydrophobic than those emitted by biomass 
because they initially appear as an external mixture, we assumed 
a constant value for the BC scavenging ratio for both combustion 
sources. Indeed, according to Parungo et al. [1992, 1994], the 
BC aerosol emitted by fossil fuel sources may rapidly aquire a 
coating of sulfate, a feature which would allow the BC to be 
scavenged as easily as more hydrophilic substances. In addition 
to the above specifications, large-scale diffusion was assumed to 
have a horizontal diffusion coefficient of 108 cm2/s. The vertical 

diffusion coefficient was 10 4 cm2/s in the troposphere and 102 
cm 2/s in the stratosphere. 

3.2. Results 

An overall test of the model simulation is provided by 
comparing the particle source rate with the total deposition rate. 

For example, we find a total dry and wet deposition rate for BC 
of 3.0 and 9.3 Tg/yr, confirming that these are equal to our total 
yearly source (12.3 Tg/yr) as given in Table 1. The total 
abundance of black carbon in the atmosphere is calculated to be 
0.13 Tg. This, together with the source rate implies a residence 
time of 4-4.5 days, which is in agreement with the mean values of 
aerosol lifetime determined by Lambert et al. [1982] and Ogren 
et al. [ 1984]. It is important to note that if we had considered 
more hydrophobic particles, then their lifetime would be longer. 

Plate 2 and Figures 4a and 4b show the annual average and the 
January and July global distribution of organic matter obtained 
from the model when all sources are included. To our knowledge, 
this is the first global simulation of organic particles. Plate 2 
shows that the distribution of sources in both hemispheres leads 
to a particle distribution that is widely spread over the continental 
areas, but with an abundance that is 10 times higher in the 
northern hemisphere compared to that of the southern 
hemisphere. Biomass sources are distributed approximately 
evenly between the hemispheres in the tropics, while fossil fuel 
and natural emissions dominate in the northern hemisphere. From 
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Figure 5a. Global distribution of the surface concentrations of 
organic matter (in ng/m 3) in January when only the natural source 
is taken into consideration. 

Figure 6a. Global distribution of the surface concentrations of 
organic matter (in ng/m 3) in January when only the natural source 
and the biomass burning sources are included. 

plots of monthly concentrations (e.g., Figures 4a and 4b), we note 
that part of the African continent is polluted by particles during 
each month of the year, a feature already reported from satellite 
data [Cahoon et al., 1992]. The transport of particles to the 
tropical Atlantic Ocean due to biomass burning sources in both 
Africa and South America as noted by Andreae et al. [ 1994] is 
also evident in these figures. 

We examine the relative importance of the sources of natural 
organic particles in Figures 5a and 5b. The mean organic 
concentration from the natural sources for the month of July 
(Figure 5b) represents 2-40% of the July concentrations shown in 
Figure 4b. Higher ratios correspond to areas which are less 
influenced by the combustion sources and/or have high terpene 
emissions. The seasonal variation of emissions is evident from a 

comparison between the January (Figure 5a) and July (Figure 5b) 
distributions, especially at middle to high latitudes in the northern 
hemisphere. As noted there, vegetation emissions are more 
important during the northern hemisphere summer: indeed, with 
the larger land mass in the northern hemisphere, the mean global 
terpene emissions are 1.3 Tg/month in July and only 0.7 Tg in 
January. 

Figures 6a and 6b show the distribution of organic matter 
surface concentrations when the biomass burning source 
contribution is added to that of the natural sources from Figures 
5a and 5b. The largest concentration of organic particles is 
situated south of 20N. In January, in Africa, the largest 
concentration is mainly north of the equator, where the dry 
season occurs. In July the largest concentration in Africa is south 
of the equator. As already shown by precipitation studies 
[Cachier and Ducret, 1991 ], the influence of biomass burning 

pollutants in the region of Africa north and south of the equator 
persists throughout the year. Biomass burning in Brazil peaks 
during the months of July through September, and the largest 
concentrations appear at that time. 

The role of urban and fossil fuel sources may be characterized 
by comparing the concentrations in Figures 6a and 6b with those 
in Figures 4a and 4b, which represent the surface concentrations 
of organic matter emitted by all sources. The addition of organic 
matter from urban and fossil fuel sources mainly increases the 
concentrations in the northern hemisphere; those in the southern 
hemisphere are almost unchanged. The organic particle 
concentrations due to urban and fossil fuel emissions are larger in 
central Europe and Asia than in America. This difference is also 
evident in the predicted distribution of BC surface concentration 
(see below) and may be linked to the geographical distribution of 
fossil fuel sources. In the United States, as shown by Penner et 
al. [ 1993], the diesel fuel sources dominate over other fossil fuel 
sources, whereas in Eastern Europe, the former USSR, and Asia, 
domestic and commercial coal sources dominate. The emission 
factors that we used for BC from coal combustion are more than 

a factor of 2 higher than those used for diesel combustion. 
Finally, we note that our fossil fuel inventories are based on FAO 
data for the year 1980. Consequently, if the use of coal in central 
Europe has declined during the 1990s, the model OC 
concentrations for these locations would be higher than current 
observations might indicate. 

Figures 7a and 7b show the predicted surface concentration of 
BC from all sources. By comparing Figures 4a and 4b for OM 
with Figures 7a and 7b, we note that the model-predicted 
carbonaceous particles in the north polar region have a fossil fuel 
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Figure ?a. Global distribution of the surface concentration of 
black carbon particles (in ngC/m 3) in January when all sources 

origin, whereas those near the south pole have a biomass burning 
origin. In the north pole, meteorological processes act to produce 
higher concentrations of these particles in January than in July (in 
keeping with the Arctic haze phenomenon). We also note that the 
concentrations of BC near the south pole are larger in July than in 
January, a feature which is mainly explained by the seasonal 
variability of the biomass burning sources in the southern 
hemisphere. 

3.3. Sensitivity Tests 

The results reported in the previous paragraphs are strongly 
dependent on parameterizations that we have chosen in the 
Grantour model, particularly those that govern the aerosol 
residence time. Here we examine the sensitivity of our results to 
the height of injection and the precipitation scavenging 
coefficient. 

Figure 8a presents the sensitivity of simulated BC surface 
concentrations to a variation of the atmospheric injection height. 
Here, we compare the surface concentration calculated by the 
model using the boundary conditions previously described with 
the concentrations obtained when all the sources are introduced 

in the first 1000 m. Close to the sources, the increase of the 

injection height produces a small decrease of the surface 
concentrations (less than 20%). However, as shown in the figure, 
the height of injection has an important impact on the simulated 
concentrations at remote sites. Indeed, if the injection of particles 
takes place at a higher altitude, larger concentrations are 
predicted for very remote sites (indicated by the lowest 
concentrations). Concentrations lower than 50 ng/m 3 may be 
changed by a factor of 2. 
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Figure 8a. Sensitivity test showing percentage change in 
predicted BC concentrations between a simulation with the 
standard injection heights and a simulation in which all sources 
were injected into the lowest 1000 m. 

We also tested the sensitivity of the aerosol surface 
concentrations to variations about the mean values of the 

scavenging coefficients used here, namely, 2.1 and 0.6 cm -1 for 
stratoform and convective precipitation, respectively. These 
coefficients are based on observed scavenging ratios. However, 
observations of scavenging ratios vary widely [see Penner et al., 
1993]. Figure 8b presents the sensitivity of the BC surface 
concentrations to a +15% change in the scavenging coefficients. 
If the scavenging coefficients are decreased, the aerosols are 
transported further because there is less removal by precipitation. 
Because concentrations near the source are mainly determined by 
the local source rate and their rate of removal by advection, they 
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Figure 8b. Sensitivity test showing percentage change in 
predicted BC concentrations for a simulation in which the 
scavenging coefficients are increased (solid circles) and 
decreased (open circles) by 15%. 
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Figure 9. Scatter plot of predicted and observed black carbon 
surface concentrations at sites whose concentrations are less than 

300 ng C/m 3. 

are not very sensitive to a change in scavenging coefficients. On 
the other hand, air parcels in locations far from sources have been 
subjected to many rainfall events since leaving the source area. 
Hence they are more sensitive to the scavenging parameters. In 
Figure 8b, remote locations are represented by parcels with small 
concentrations. The figure shows that remote-area concentrations 
may be increased by between 1 and 40% with a decrease in the 
scavenging coefficient of 15%. Of course, it is important to note 
that the BC wet deposition is decreased as well. Increasing the 
scavenging coefficient by 15% generated a decrease of remote 
surface concentrations by between 1 and 40%. The range of 
parameter variation chosen here, +15%, is well within the range 
of the scavenging ratios usually given in literature data. Because 

the surface concentrations at remote sites are extremely sensitive 
to this coefficient, it is clear that models for global transport 
would greatly benefit from an improved description of the wet 
removal process. 

4. Comparisons With Observations 

4.1. Carbonaceous Aerosols in the Atmosphere 

The accuracy of the inventories and the model formulation 
were tested by comparing the model simulations of carbonaceous 
aerosols with observations. We collected experimental data on 
BC concentrations from a literature survey and found data for 
more than 50 locations. These represented data from both short- 
term measurements (during a campaign for example) and long- 
term measurements (monthly or annually averaged). Figure 9 
presents a scatter plot of observed and simulated concentrations 
of BC from those sites whose measured concentration is less than 

300 ng/m 3, while Tables 4a-4c give a detailed comparison by 
location. Figure 9 demonstrates that there is no overall bias in the 
model results. As shown in Table 4a, the simulated and observed 
BC surface concentrations are in general agreement in the Pacific 
and Atlantic Oceans. Because the observations are often single 
measurements, for a single time period, we do not expect the 
model, which represents a climatological average, to precisely 
reproduce the observations. These comments apply to the 
measurements taken in the Sargasso Sea, a few points in the 
Pacific Ocean, and at Enewetak. However, the observations 

reported for Mauna Loa represent a long-term pattern 
[Bodhaine, 1995]. We note that at this sampling location (situated 
at 3500-m altitude), both the annual means and the monthly 
means compare favorably. 

In Table 4a, comparison of the model results with observations 
by Parungo et al. [ 1994] indicates that there may be a systematic 
overprediction by the model for some points off the Asian coast. 
However, we note that the concentrations in source regions in 
Asia are, if anything, underpredicted (compare Table 4b]) It is 
important to better quantify both the sources and concentrations 

Table 4a. Comparison of the Simulated and the Observed Black Carbon Surface Concentrations at Sites in the Pacific and 
Atlantic Oceans 

BC Concentration. ne C/m 3 
Location Time Period Observed Simulated References 

Atlantic Ocean 

68N, 8W (Northeast Atlantic) Annual 112 117 
42.5N 14W October 40-60 44.3 
32.2N, 64.45W (Bermuda) Annual 30 27 
30N, 50W (Sargasso Sea) July 60 11 
20S, 40W October 20 74 

Jennings and O' Dowd [ 1990] 
Andreae et al. [1984]; Cachier et al. [1990] 
Wolff et al. [1981] 
Chesselet et al. [ 1981 ] 
Andreae et al. [ 1984] 

Pacific Ocean 

40-50N, 160W May, June, July 
10-30N, 160W Oct., Nov., Dec., May, June, J•ly 
0, 160W Annual 

10-30S, 160W Oct., Nov., Dec., May, June, July 
19.3N, 155.4W (Mauna Loa) Annual 
19.3N, 155.4W (Mauna Loa, 3500 m) Annual 
0, 120W (equatorial Pacific) June 
27-32N, 127-129E April, May 
27-33N, 124-129E Oct., Nov. 
28-32N, 125-128E Dec. 
1 ON, 165E July 
11.3N, 162.1E (Enewetak) April 
10N, 113E (China Sea) June 
0, 150E (western Pacific Ocean) July 
13.6S ? 172W (Samoa) July 
Ranges refer to the minimum and maximum observed values. 

20 10 

7 6.6 
3 2.95 
8 4 

7.5 9.3 
12.3 11 
10 14 

355 639 
505 1008 
133 1233 
25 9 

50 20 
33 87 

9 10 
19 14 

Andreae et al. [1984]; Clarke [1989] 
Andreae et al. [1984]; Clarke [1989] 
Andreae et al. [1984]; Clarke [1989] 
Andreae et al. [1984]; Clarke [1989] 
Bodhaine et al. [ 1995] 
Clarke [ 1989] 
Andreae et al. [1984] 
Parungo et al. [ 1994] 
Parungo et al. [1994] 
Parungo et al. [ 1994] 
Parungo et al. [ 1994] 
Cachier et al. [1990] 
Parungo et al. [ 1994] 
Parungo et al. [ 1994] 
Cachier et al. [1986] 
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Table 4 b. Comparison of the Simulated and the Observed Black Carbon Surface Concentrations at Rural Sites 
BC Concentration. ne C/m 3 

Location 

53.3N, 9.8W (Mace Head) 
28N, 82W (Florida) 
34.3N, 106W (Southwest) 
35.3N, 80W (Noah Carolina) 
68.2N, 18.3E (Abisko) 
52.4N, 1.4E (Hemsby) 
41.4N, 42.5E (Abastumani) 
36.2N, 133.2E (Dogo) 
38.35N, 68.48E (Isenbai Village) 
40N, 116E (Beijing Rural) 
30.5N, 119.5E (Lin An Station) 

Time Period Observed Simulated References 

Northern Hemisphere 
Annual 48-289 259 Jennings et al. [ 1993] 
Annual 400 136 Andreae et al. [1984] 
Annual 150-220 84 Andreae et al. [1984]' Pinnick et al., 1994] 
Annual 520 202 Andreae et al. [ 1984] 
Annual 259-780 262 Clarke [1989] 
April 466 12i0 Yaaqub et al. [1991] 
Annual 980 729 Dzubay et al. [1984] 
Annual 623 612 Mukai et al. [1990] 
Jul.-Sept. 1000 454 Parungo et al. [1994] 
Jul.-Sept. 1710 1127 Parungo et al. [1994] 
Jul.-Sept. 2070 1596 Parungo et al. [ 1994] 

Southern Hemisphere 
2S, 77.3W (Ecuador) Annual 100-520 289 
10S, 55W (Brazil) Annual 200-620 536 
10S, 76W (Peru) April 24 25.5 
40.7S• 144.4E (Cope Grim) , Annual 3 8.9 
Ranges refer to the minimum and maximum observed values. 

Andreae et al. [ 1984] 
Andreae et al. [ 1984] 
Cachier et al. [1986] 
Heintgenberg and Bigg, [ 1990] 

in Asia. The long-term record of concentrations at Mauna Loa 
could then serve to constrain the treatment of precipitation 
scavenging in the model because of the sensitivity of the model 
results to precipitation scavenging coefficients noted in the 
previous section. Comparison of this version of the model with 
those from an Eulerian version shows that the high 
concentrations off the Asian coast in the model may result from 
the smoothing that occurs in mapping the concentrations on the 
parcels in the model to concentrations at a location on the grid. In 
this procedure, all parcels within a 10 ø great circle around a given 
location contribute to the concentration reported at that locale, 
although the more distant parcels contribute with less weighting 
[Walton et al., 1988]. Hence, at a coastline, concentrations from 
the continental source regions can contribute to the smoothed 
concentration at a grid point off the continent. 

Table 4b compares the model results for black carbon with 
observations in semi-urban or rural locations of the northern and 

southern hemisphere. Both Mace Head and Cape Grim are 
coastal sites and may be impacted by the mapping procedure 
noted above. Because sampling protocols at these sites normally 
discriminate against polluted air coming directly off the coast, we 
report the computed concentrations from a grid box that is one 
zone away from the actual sampling site. Thus for Mace Head we 
report the concentration at 53.3N, 12.8W instead of 53.3N, 9.8W, 

and for Cape Grim we report 45.4S, 144.4E instead of 40.7S, 
144.4E. 

Table 4c presents a comparison between the observed and 
simulated BC concentrations in remote areas. In contrast with the 

model results of Cooke and Wilson [this issue], our model is in 
reasonable agreement with these data, a feature that probably 
results from the higher resolution of our model and our accurate 
treatment of advection. Long-term measurements exist for a few 
remote sites in the southern and northern hemispheres. These 
include Amsterdam Island, South Pole, and Barrow. Figure 10a 
shows a comparison of model results and monthly average 
observations for 1991, 1992 and 1993 for Amsterdam Island. At 
this location the model and observations are in good agreement, 
demonstrating that the magnitude and timing of emissions from 
southern Africa are quite good. However, it is clear that the 
interannual variations shown by the experimental data cannot be 
reproduced by the model which uses a single year's 
meteorological fields and our best estimates for average 
emissions. The comparison of the model results and observations 
at the South Pole (Figure 10b) is not as good. The model is able 
to reproduce the increase in BC concentrations beginning in June, 
but the highest concentrations are not reproduced. At Barrow 
(Figure 10c), the model shows a slight seasonal variation whose 
timing agrees with the timing of the Arctic haze phenomenon, but 

Table 4c. Comparison of the Simulated and the Observed Black Carbon Surface Concentrations at Remote Sites 
BC Concentration. ng. C/m 3 

Locat,ion 

70N, 40.W (Greenland) 
71.2N, 156.3W (Barrow) 
74N, 25E (Arctic Point) 
79N, 12E (Spitsbergen) 
82.5N, 62.5W (Alert C.) 

Time Period Observed Simulate d References, 
Northern Hemisphere 

July 30 10 Cachier [private communication, 1995] 
Annual 43 10 Bodhaine [1995] 
Winter 70-225 119-200 Heintzenberg [ 1982] 
Annual 66 57 Heintzenberg and Leck [ 1994] 
Summer 10-20 6.4 Hopper et al. [ 1991] 
Winter 50-100 19 Hopper et al. [1991] 

Southern Hemisphere 
37.5S, 77.3E (Amsterdam Isl.) Annual 5.5 4.5 
41S, 174E (New Zealand) August 22 15.2 
75.4S, 27W (Halley Bay) Annual 0.3-3 0.34 
87S, 102W (South Pole) Annual 0.3 0.16 
87S? 1,02W (South pole) Annual 1.3 0.16 
Ranges refer to the minimum and maximum observed values. 

Cachier et al. [ 1994] 
Cachier et al. [1986] 
Cachier et al. [1986]; Hansen et al. [1988] 
Hansen et al. [ 1988] 
Bodhaine [1995] , 
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Figure 10a. Comparison of the simulated black carbon surface 
concentrations (in ngC/m 3) with observed data at Amsterdam 
Island. 

the model concentrations are again much lower than the 
observations. The underprediction in the polar regions may result 
from either (1) underestimation of biomass sources, (2) 
overestimation of precipitation scavenging, or (3) poor 
representation of advection by the underlying climate model 
toward the polar regions. We cannot, at this time, distinguish 
between the three possible reasons for discrepancies between the 
model and observations in both the South Pole and at Barrow. In 

summer, the low concentrations at Barrow may result from the 
fact that we have not included the sources of carbonaceous 

aerosols from natural fires which are small on a global basis [e.g., 
Penner, 1995] but may contribute to the observed concentrations 
at this site (compare the data for Greenland in Table 4c). The 
large discrepancy in Figure 10c between the modeled and 
observed BC concentrations in winter in Barrow may also be due 
to a poor representation by our model of the Arctic boundary 
layer. Further work is needed to resolve these issues. 

Figures 11 a and 11 b show a comparison of model predicted 
concentrations and observations of BC and OM from the Improve 
network in the United States [Cahill et al., 1990; Malrn et al., 
1994]. The model appears to be systematically lower than these 
observations. It is also lower than the observations of BC in the 

United States reported by Andreae et al. [1984] (Table 4b). We 
note that the measurements reported by Andreae et al. [1984] 

refer to 1983 while those for Malta et al. [1994] refer to 1988- 
1991. The inventory we used here (which dominates the BC 
concentrations in the United States was developed for 1980 
(FAO), and some growth in usage could be assumed to have 
occurred since then. We may note that the BC inventory for fossil 
fuel emissions from North America given by Cooke and Wilson 
[this issue] is approximately 4 times larger than the inventory 
used here. We conclude that uncertainties in inventory could 
easily explain the discrepancy between observed and simulated 
BC concentrations in the United States. Alternatively, scavenging 
by precipitation may be systematically overestimated in this 
region (see below). These factors may also explain our systematic 
underprediction of OM in the United States (Figure 1 lb). 

Table 5 shows a comparison between observed and simulated 
OC concentrations. Them are very few measurements of OC 
reported in the literature. However, the model results are in 
reasonable agreement with the data, especially at Mace Head, 
Puerto Rico, and Mauna Loa. More definitive statements 
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Figure 10c. Same as Figure 10a, but for Barrow, Alaska. 
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Figure 11a. Comparison of the predicted and observed surface 
concentrations of black carbon particles (rig C/m 3) in North 
American rural sites (Improve experiments [ Cahill et al., 1990; 
Malm et al., 1994]). 

regarding the quality of this simulation require a better 
understanding of OC sources from vegetation as well as OC 
sources associated with fossil fuel emissions and urban activity. 

Figure 12 shows a comparison between model predictions and 
experimental data reported by Andreae et al. [1994] of the 
vertical profile of the total particle concentration in ng/m 3. These 
observations refer to a location and time when biomass burning 
was predominant. The model-simulated profile decreases 
monotonically from values at the surface, while the observations 
show an increase above the surface. We do not expect the model 

Simulations 

Observations 

Figure lib. Same as Figure 11 a, but for organic matter (ng/m 3). 

to reproduce features such as these because of its rather 
simplified representation of the boundary layer. On the other 
hand, the good agreement at higher altitudes demonstrates that 
vertical transport is approximately correct. This was shown 
previously in the discussion of the comparison of the model to 
observations at Mauna Loa, a site located at 3500-m altitude. 

Figures 13a and 13b show the annually averaged and zonal 
average concentrations of OM and BC, respectively, from all 
sources. Near-surface concentrations of both components are 
largest at northern midlatitudes, reflecting the importance of 
fossil fuel sources, while the peak concentrations in equatorial 
regions follow from the biomass burning sources. Concentrations 

Table 5. Comparison of the Simulated and Observed Surface Concentrations of Organic Carbon in Rural and Remote Sites of 
the Northern and Southern Hemispheres 

OC Concentration. ne C/m • 
Location Time Period Observed Simulated References 

Northern Hemisphere 
11.3N, 162.1 (W Enewetak) April-May 700 70 
20N, 157.5W (Mauna Loa) Annual 50 48 
30N, 50W (Sargasso Sea) July 440 63 
53.3N, 9.8W (Mace Head) Annual 1024 927 
36.15N, 133.2W (Oki Island) Annual 1417 1107 
41.4N, 42.5E (Abastumani) July 2000 1710 
33.15N, 119.3E (San Nicolas Island) Oct.-Nov. 524 470 
18.2N, 62.5W (Puerto Rico) March 500 660 
70N, 40W (Greenland) Dec. 158 232 
32.2N, 64.45W (Bermuda) Annual 150-470 226 
42.5N, 14W (North Atlantic) Oct.-Nov. 175.5 280-390 
15N, 27W (North Atlantic) Nov. 384 330-1600 
1.6-5.5N, 81W (Pacific) Feb. 417 425 

Chesselet et al. [ 1981] 
Clarke [1989] 
Chesselet et al. [ 1981] 
Cachier et al. [ 1994] 
Mukai et al. [ 1990] 
Dzubay et at [ 1984] 
Hidy et al. [1974] 
Novakov and Penner [ 1993] 
Cachier [private communication, 1995] 
Hoffman and Duce [ 1974] 
Ketsediris et al. [1976]; Andreae [1983] 
Ketsediris et at [1976]; Andreae [1983] 
Wolff et al. [ 1986] 

Southern Hemisphere 
37.5S, 77.3E (Amsterdam Isl.) Annual 22 27.4 
41S, 174E (New Zealand) August 130 81 
2S, 77.3W (Ecuador) Annual 510 406-5000 
1 OS, 76W (Peru) March-April 160 385 
13.55S, 172W (Samoa) Aug. 59 52 
40.7S, 144.7E (Cape Grim) Annual 230 50-127 
20S, 40W (South Atlantic) Oct.-Nov. 538 280 
2.4-0S, 81W (Pacific) Feb. 242 152 

Ranges refer to the minimum and maximum observed values. 

Cachier et al. [1994] 
Cachier et al. [1986] 
Andreae et al. [ 1984] 
Cachier et al. [ 1986] 
Cachier et al. [ 1986] 
Andreae [1983] 
Andreae et al. [ 1984] 
Wolff et al. [ 1986] 
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Figure 12. Comparison of the predicted and observed [Andreae 
et al., 1994] vertical distribution of the total particle 
concentration in ng/m 3. 
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Figure 13b. Same as Figure 13a, but for concentrations of black 
carbon (in ng C/m 3). 

drop rapidly with height. At northern midlatitudes, near 
250 mbar, predicted concentrations of BC are between 5 and 10 
ng/m 3. These concentrations are similar in magnitude to the 
concentrations of fresh soot measured in aircraft flight corridors 
[Blake and Karo, 1995]. Accordingly, this model predicts that the 
ground-level sources of soot are as important as local sources in 
determining concentrations in the upper troposphere. 

ANN-ZONAL AVERAGE [NO+OS+OB] 
RUN 940805 ng/m**5 

Figure 13a. Predicted annual average and zonal average 
concentrations of organic matter (in ng/m 3). 

4.2. Deposition of Black Carbon 

Figures 14a and 14b show the annual average dry and wet 
deposition of BC, respectively. Dry deposition follows the pattern 
of surface BC concentrations shown by Figures 7a and 7b. 
Indeed, the spatial and temporal distributions of both 
concentrations and dry deposition are governed by local source 
strength and wind velocity. On the other hand, wet deposition is 
greatly influenced by the precipitation intensity and frequency. 
Thus the global pattern of Figure 14b is very different from that 
of Figure 14a. 

As mentioned previously, the removal of BC from the 

o 
'• -L'"•-x-•-- -----"'L-z•' • .... s • • ' ' ' atmosphere occurs mainly through scavenging by precipitation. 

Thus a comparison of Figures 14a and 14b shows that wet 
deposition is at least 4 times larger than dry deposition in most 

200 locations. Only a few papers have repoAed the BC concentration 

o• in precipitation. This information is usually given in mass of BC per volume of precipitation (gg•). To comp•e to these dat•, the 

400 [ • •,oo model-simulated values of BC wet deposition given in mass of 
DRY DEPOSI•ON [FF+BB] RUN g4•05 JULY k9/km 2 
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Figure 14a. Global distribution of the dry deposition of black 
c•bon when all the sources are included (in kg CAm 2/month). 
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Plate 3a. Global distribution of single scattering albedo values in January, calculated from the model. 

BC per unit area (kg/km 2) had to be scaled, taking into account 
the amount of precipitation at each site. We used two sets of 
precipitation data for this scaling, the first one given by Bryson 
and Hare [ 1974] and the second one by the precipitation fields 
predicted by the general circulation model (GCM) [ Walton et al., 
1988]. The two results were quite similar except for a few places 
in North America. For example, the amount of precipitation 
given by the GCM was 5 times higher than that of Bryson and 
Hare [1974] in E1 Paso, White Sands Missile Range (WSMR), 

and Aguirre. Thus some of the poor comparison with data in 
North America (see below) probably results from its poor 
precipitation fields. 

Table 6 shows the observed and predicted BC in precipitation 
at a number of different locations throughout the world. As noted 
above, the predicted concentrations in El Paso, WSMR, and 
Aguirre are too high by at least a factor of 5, owing at least in 
part to the GCM's precipitation fields at these sites. Additionally, 
it is possible that some BC particles, especially those associated 
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Plate 3b. Same as Plate 3a, but for July. 
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Figure 14b. Same as Figure 14a, but for wet deposition. 

with fossil fuel sources, would not yet be associated with sulfur 
and other components that would render them hydrophilic. Hence 
our treatment may overestimate scavenging near source regions. 
This latter reason may also partly explain the systematic 
underprediction of BC that we obtained when comparing to the 
U.S. sites in the Improve network [Malm et al., 1994]. As shown 
in Table 6, however, the model compares reasonably (within 
about a factor of 2) with observations from other locales 
throughout the world. Figure 15 compares the monthly average 
concentrations with observations reported by Cachier and Ducret 
[1991] for Enyele. These authors note that this site is 
contaminated by biomass smoke throughout the year, a feature 
that is also seen in the model. 

While the above results are encouraging, it is clear that more 
observations of longer duration would be needed to provide a 
more stringent test of the model. Improvement in the GCM's 
treatment of precipitation is probably also needed. 

4.3. Aerosol Single Scattering Albedos 

We have also tested the model formulation by comparing 
simulated and observed single scattering albedos (t0 o). The single 
scattering albedo is defined as the ratio of light scattering to total 

light extinction by aerosols and is relevant to our study because 
observations of single scattering albedo are sensitive to the 
fraction of absorbing (e.g., BC) and scattering (e.g., organic 
carbon and sulfates) material in the aerosol. We calculated the 
single scattering albedo as follows: 

•s(BC)x[BC]+•s(OM)x[OM]+•s(Su)x[Su] 
O) o = aa(BC)x[BC]+as(BC)x[BC]+as(OM)x[OM]+as(Su)x[Su ] 

where [BC] and [OM] represent the BC and OM abundances (in 
g/m2). [Su] is the aerosol sulfate abundance calculated by the 
model (see Penner et al. [1994] for a description of this 
simulation). For this comparison the aerosol carbon and sulfate 
abundances are calculated for a simulation in which both 

anthropogenic and natural sources of each component are 
included. Here, rrs(BC), rrs(OM) and rrs(Su) are the specific 
scattering cross sections in m2/g of the BC, OM and sulfate ' 
particles, respectively, while rra(BC) is the specific absorption 
cross section of BC. Table 7 presents the values of these 
parameters chosen for our study. We note that our calculation of 
c0 o refers to an external mixture of BC, OC, and sulfates. A 
number of authors have calculated specific cross sections for BC 
[Twitty and Weinman, 1971; Roessler and Faxvog, 1979; 
Jennings and Pinnick, 1980; Japar et al., 1984; Dobbins et al., 
1994; Pueschel et al., 1994, and S.G. Jennings, personal 
communication, 1995]. The average values indicated in Table 7 
for the near-UV, visible, and near-IR wavelengths are consistent 
with these studies. We used a constant value for the BC 

absorption cross section even though a previous study [Liousse 
et al., 1993] has shown that this coefficient may be strongly 
dependent on the physical and chemical properties of the aerosols 
and, consequently, on the different sources. Also, as presented by 
Fenn and Oser [1965] and D•41rneida et al. [1991], the particle 
size of the BC particles, their shape, and consequently, their 
optical properties may be modified by an increase of the relative 
humidity; however, here we simply treat the BC optical 
properties as independent of humidity. There are not many 
studies which report calculations of the scattering and absorption 
properties of organic matter. Holben et al. [ 1991 ], Sloane [ 1983, 

Table 6. Comparison Between the Simulated and Observed,Black Carbon Concentration in Precipitation for Different Sites 
BC Concentration..Ltg/L_ 

Location Time Period Observed Simulated References 

Northern Hemisphere 
2.8N, 18.1E (Enyele) Annual 73 53.6 
53.3N, 12.8W (Mace Head) Annual 30 33 
71.3N, 156.6W [Barrow) April 23 27 
79N, 12E (Spitsbergen) Annual 31 26 
68.3N, 18.5E (Abisko) April 33 40 
77.2N, 61.15W (Greenland) Annual 2.5 10 
65.2N, 43.8W (Dye 3) Annual 9 7.9 
55-64N, 10-20W April-Aug. 70-300 111-330 
82.5N, 62.5W (Alert) Nov.-Dec. 19 18 
79.75N, 4.2W (Greenland Sea) July 63 46 
48N, 123.5W (Hurricane) March 14.6 11 
32.2N, 106.5W (Las Cruce) Annual 16.5 10.2 
31.45N, 106.3W (El Paso) April 16 167.1 
32.23N, 106.3W (WSMR) March-April 16.7 127.8 
34.3N, 106W (Aguirre) Annual 11.5 93.3 
32.6N, 105.4W (Cloudcroft) Annual 4.8 18 
31.1N, 105.2W (Sierra Blanca) Annual 4.9 27.8 

Ducret and Cachier [1992] 
Ducret and Cachier [1992] 
Clarke and Noone [1985] 
Clarke and Noone [1985] 
Clarke and Noone [1985] 
Clarke and Noone [ 1985] 
Chylek et al. [1987] 
Ogren and Charlson [1984] 
Clarke and Noone [1985] 
Clarke and Noone [1985] 
Clarke and Noone [1985] 
Chylek et al. [ 1987] 
Chylek et al. [1987] 
Chylek et al. [ 1987] 
Chylek et al. [ 1987] 
Chylek et al. [ 1987] 
Chylek et al. [1987] 

Southern Hemisphere 
75.92S, 83.92W (Siple Point) Annual 2.5 2.6 Chylek et al. [1987] 
90S, 24.8W (Amundsen Point) Annual 0.35 0.01 Warren and Clarke [1990] 
75.7S, 27W (Halley Bay) Feb.~March 18 3 Clarke and Noone [1985] 
Range given for annual averages includes minimum and maximum values which have been found per year by authors. 
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Figure 15. Comparison between simulated and observed black 
carbon concentration in precipitation (in gg/L) in Enyele, Congo. 

1984], and (C. Liousse et al., Remote sensing of carbonaceous 
aerosol production by African savanna biomass burning, 
submitted to Journal of Geophysical Research, 1995) calculate 
the light scattering properties of organic matter, assuming a 
refractive index of the order of 1.43-0.0035i at 0.55 gm, a 
coefficient close to that of sulfate aerosols. Other studies have 

dealt with the behavior of smoke particles in a smoldering phase 
(a particulate phase which is known to be highly dominated by 
the organic matter) [Patterson and McMahon, 1984; Tangren, 
1982; D. Campbell et al., A method for optical characterization 
of aerosols produced by biomass combustion, submitted to 
Environmental Science and Technology, 1995]. The mean 
scattering cross-section that these authors have measured for the 
smoke particles ranges from 2.6 to 3.6 m2/g. Taking the above 
studies into consideration, we selected a mean specific scattering 
cross section of 4 m2/g for organic matter at 0.55 gm, for low 
relative humidity conditions. Since we could not find any 
experimental data on the wavelength dependence of this 
parameter, we used that determined for BC. To take into account 
the hydrophilic behavior of the organic matter reported by 
previous authors [Ducret and Cachier, 1992; Novakov and 
Penner, 1993], we assumed that the particle coefficients would 
be affected by an increase of the relative humidity from 30% to 
85%, similar to that assumed for sulfate aerosols [Kiehl and 
Briegleb, 1993]. This assumption increases the scattering cross 
section for OM to 6.8 m 2/g at a relative humidity of 80%. 

Plates 3a and 3b show the calculated single scattering albedo 
for an average relative humidity of 80%, assuming the column 
abundances of OC, BC, and sulfate aerosol calculated by the 
model in January and July. The global patterns of the simulated 
single scattering albedos are very different in January and July. 

In the northern hemisphere, much of the variation is due to the 
seasonal variability of the different components of the aerosol. 
This model, in keeping with observations in North America, has a 
strong seasonal variation in sulfate abundance with less 
production in the winter hemisphere [ Penner et al., 1994]. On the 
other hand, the simulated concentrations of carbonaceous 

particles, in agreement with observed northern hemisphere 
concentrations [Cachier, 1995], have similar abundances in 
summer and winter. Hence much lower albedos are obtained in 

the northern hemisphere winter, where sulfate aerosols are 
significantly decreased over absorbing BC particles. 

The southern hemisphere and tropics are mainly polluted by 

biomass burning sources. Here, carbonaceous particles dominate 
the sulfate aerosol, and the variability of the single scattering 
albedo is governed by the fire season. The global distribution of 
m o is therefore mainly determined by the global distribution of 
BC particles and OM. As shown in Plates 3a and 3b, the single 
scattering albedo is lower in January north of the equator and is 
lower in July, south of the equator. 

Because the measured aerosol single scattering albedo is 
sensitive to the presence of BC, a comparison of our model- 
generated albedo with data represents a test of the model's 
predicted concentrations. Of course, if the measured albedos 
represent an aerosol with scattering components other than OC, 
BC, and sulfate (together with its chemically bound ammonium) 
that contribute to the measured single scattering albedos, we 
would expect the model-predicted values to be lower than those 
measured. Table 8 compares the model-predicted and measured 
single scattering albedos at a number of rural and remote 
locations. Because measurements of single scattering albedo are 
normally obtained under dry conditions, we used the dry 
scattering cross sections reported above, namely, 5 and 4 m2/g for 
sulfate aerosol and organic matter, respectively. The simulated 
and observed single scattering albedos are in reasonable 
agreement, though the model appears to be somewhat low in 
some locations (e.g. the Arctic, Spitsbergen, the Equator, and 
Australia). According to this test, the model captures most of the 
important scattering and absorbing species at most locales. 

According to Hansen et al. [1980] and Bergstriirn et al. 
[1982], aerosols with single scattering albedo less than 0.85 
mainly warm the planet, while those with m o greater than 0.85 
cool the planet. Plates 3a and 3b demonstrate that the aerosols 
represented in the model would mainly have a cooling effect, 
except in the most polluted regions. 

5. Conclusion 

This study focused on the use of the Grantour model to 
calculate the transport of both BC particles and OM in the 
troposphere. We developed source inventories for these aerosols 
for biomass burning in savanna, forest, agricultural, and domestic 
fires. The fossil fuel sources of BC were estimated from 

previously developed inventories. Natural anthropogenic fires of 
the temperate and boreal regions .which may represent as much as 
10% of the total biomass burning have not yet been included. 
This omission may explain some of the low concentrations 
predicted during the summer season. Aircraft may represent an 
important source in the upper troposphere but were not included 
in our study. We made a simple estimate of the organic matter 
inventory from fossil fuel and urban related sources. For that 
purpose, we have assumed a constant for the ratio of BC to OM 
and used the BC inventory previously described. It is important 
to improve this description in order to account for geographical 

Table 7. Mean Optical Cross Sections for Black Carbon and 
Orl•anic Matter !n the UV, Visible, and IR Wavelengths 

Waveleneth. in u TM 
Specific Cross Section, m2/g 0.3 0.55 1.06 

BC absorption cross section 10 7 3 
BC scattering cross section 3.5 1.95 1 
OM scattering cross section 7 4 2.1 
Sulfate scattering cross section 9.9 5 0.9 
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Table 8. Comparison of the Calculated and Measured Single Scatterinl• Albedo Values for a Subset of Locatio.ns 
Sinele Scatterine Albedo 

Location Time Period Observed Simulated References 

71.2N, 156.3W (Barrow) Annual 0.90-0.95 0.91-0.95 Bodhaine [ 1995] 
89S, 102W (South Pole) Annual 0.95 0.97 Bodhaine [ 1995] 
82.5S, 62.5W (Arctic) Summer 0.975 0.94 Heintzenberg [1982] 

Winter 0.95 0.90 Heintzenberg [1982] 
79N, 12W (Spitsbergen) Annual 0.93-0.97 0.90-0.92 Heintzenberg and Leck [ 1994] 
25S, 135E (Australia) Annual 1 0.96 Clarke [1989] 
19.3N, 155.4W (Mauna Loa) Annual 0.93-0.96 0.93 Bodhaine [1995] 
0.1 S, 49W (Amazonia) Annual 0.93 0.92 Kaufman et al. [ 1992] 
2S, 77.3W (Equator) Annual 0.99 0.97 Clarke [1989] 
59.2N, 18E (Stockholm) Annual 0.89 0.87 Heintzenberg [!982] 
38.3N, 80W (Allegheny Mt.) Annual 0.87 0.91 Japar et al. [1986] 
38N, 78W (Shenandoah) Summer 0.95 0.91-0.97 Ferman et al. [1981] 
56N, 160E (Kamchatka) Annual 0.92 0.90-0.92 Clarke [1989] 
37.1N, 108.3W (Mesa Verde) Annual 0.94 0.94 Waggoner et al. [1981] 
41.4N, 42.5E (Abastumani) Annual 0.86-0.92 0.82-0.89 Wa$1•oner et al. [1981] 
Ranges refer to the minimum and maximum observed values. 

variability in the BC/OM ratio. A simple scheme was used to 
covert terpenes into natural organic matter. An important 
improvement would introduce more realism into the model by 
including, for example, photochemical conversion of gaseous 
emissions to particular forms. Additionally, other natural sources 
such as the primary particle emissions from vegetation should be 
better quantified so that they might be included. 

The model formulation has been tested by comparison of the 
model-predicted surface concentrations and concentration in 
precipitation with observed data. There is generally good 
agreement between the model and observations measured in rural 
and remote sites, except for a few critical areas which point out 
the need for further improvement. Some of these are linked to 
source improvements (see above), others to the model 
formulation and transport fields. We demonstrated that the 
predicted results are highly dependent on the choice of the 
scavenging ratio and injection height, especially in remote areas, 
where for example, the simulated surface concentrations may be 
changed by a factor of 2 for a change in scavenging coefficient of 
only 15%. This sensitivity implies that improved treatments of 
aerosol scavenging, based on more realistic physical treatments, 
such as the inclusion of size-dependent scavenging effects, may 
yield important improvements in the model formulation. It 
further implies that measurements of BC and OM at remote 
locations can provide sensitive tests for the model. 

During this study, we also constructed global maps of the 
aerosol single scattering albedo. These maps illustrate the fact 
that the global impact of the carbonaceous aerosol in combination 
with sulfate is likely to be a cooling effect [Penner et al., 1996]. 
In future work, the contribution of dust particles will also be 
considered. 
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