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Abstract - The contribution of aerosols to climate change results from two effects: clear- 
sky and cloudy-sky forcing. The clear-sky climate forcing by carbonaceous aerosols from 
biomass burning and fossil fuel burning depends on the relative contribution of scattering 
and absorption by the aerosols which. in turn depends on the fraction of aerosol mass 
associated with black carbon and its size distribution. In this paper, we review estimates 
for the emission of carbonaceous aerosols, placing these estimates in the context of 
estimates for the emissions of anthropogenic and natural sulfate aerosols and natural 
sources of organic particulate matter. 

The cloudy-sky forcing from carbonaceous aerosols is difficult to estimate because, 
among other factors, it depends on the amount of absorption by the aerosols in the cloud. 
It is also highly sensitive to the assumed preexisting, natural aerosol abundance. An 
upper limit for the cloudy-sky forcing by carbonaceous aerosols is -4.4 Wm-2, but may 
range as low as -2.4 Wm-2, depending on background aerosol concentrations. These 
estimates do not yet account for absorption of radiation by black carbon associated with 
cloud or the presence of preexisting dust particles. 

Keywords - Radiative forcing; Aerosols; Cloud droplet nucleation; Climate change 

INTRODUCTION 
Atmospheric aerosols along with greenhouse gases and clouds play important roles in mediating 

the radiation balance of the Earth-atmosphere system. In recent assessments of climate forcing, the . 
Intergovernmental Panel on Climate Change (IPCC) lists aerosols as one of the most important 
anthropogenic radiative agents that tend to decrease temperature (IPCC, 1994). However, the magnitude 
of aerosol effects on climate and, in particular, the magnitude of the indirect effect of aerosols on clouds 
is still very uncertain (IPCC, 1994; Penner et aL, 1994a). While a variety of aerosol types exist in the 
atmosphere (e.g., water-soluble inorganic species, carbonaceous aerosols (i.e. organic matter and black 
carbon aerosols), mineral dust, and sea salt), volatile sulfur compounds are particularly important aerosol 
precursors. This is because a large part of the aerosol mass in sub-micron size particles is sulfate. Sulfate 
aerosol is formed through chemical reactions, either gas phase photochemical reactions of the emitted 
sulfur compounds or aqueous processes involving incloud oxidation of SO2 followed by drop 
evaporation (Hoppel et aL, 1990; Lelieveld and Heintzenberg, 1992). The second most important aerosol 
component in the sub-micron size range is organic.carbon. Our studies of the effect of aerosols on 
climate and climate forcing have initially concentrated on characterizing the effects of anthropogenic 
sulfate aerosols (Penner et al.,'1994b; Taylor and Penner, 1994; Chuang and Penner, 1995; Chuang et al., 
1995). Here we review these estimates of forcing and extend them to include an upper limit for the 
cloudy-sky forcing by carbonaceous aerosols. 

In order to provide a global understanding of the effects of aerosols on clouds, one must first 
understand the global concentrations of the different aerosol components or types. Our past work has 
been aimed at developing an understanding of global and regional aerosol abundances, and developing a 
parameterization of cloud response to aerosol abundance (Chuang and Penner, 1995; Ghan et al., 1993) 
in order to evaluate the importance of aerosokloud interactions to climate forcing. The e f f i t  of aerosol 
abundance on cloud life cycle may also be important but is not treated here. In order to understand 
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whether the aerosol particles act as a CCN, one needs to know the composition of hygroscopic material 
in the aerosol (e.g., sulfate, nitrates, ammonium) (Pruppacher and Klett, 1978). This understanding 
requires a quantitative understanding, on a global basis, of the aerosol sources, transformation and 
removal processes. Determining the aerosol sources requires an understanding of the cycles and budgets 
for the trace species which comprise the aerosol. 

Carbonaceous aerosols derive from both anthropogenic and natural sources. They are composed 
of two components, called black carbon and organic carbon. Organic carbon, like sulfate aerosol is 
mainly scattering. Black carbon may be distinguished by its resistence to chemical and thermal attack and 
by its ability to strongly absorb solar radiation; specific absorption coefficients are estimated in the range 
of 3 to 20 m2g (Liousse et al., 1993). Thi.s.ability lowers the single scattering albedo of aerosols thereby 
reducing the amount of solar radiation reflected by .the aerosols (Chylek and Coakley, 1974). It is 
important to quantify the amount of black carbon (as well as organic carbon and sulfate aerosol) in order 
to quantify climate forcing by anthropogenic aerosols. The presence of black carbon in cloud may also 
reduce cloud albedo. Here we ignore this effect and concentrate on obtaining an upper-limit estimate of 
the effect of carbonaceous aerosols on clouds and on showing the sensitivity of this forcing to pre- 
existing aerosol number concentrations. 

SOURCES OFCARBONACEOUSAEROSOLS 
The principal source of black carbon is combustion. Except for natural fires, whose sources are 

small on a global basis, most black carbon derives from either biomass burning or fossil fuel 
combustion. The principal types of biomass burning include (1) savanna fires to clear .and renew land, (2) 
forest fires for clearing purposes, (3) burning of agricultural waste to. clear land, and (4) the burning of 
wood to produce charcoal and (5) the burning of wood, agricultural wastes, charcoal, and dung for 
domestic fuel. Each of these processes produce organic carbon as well, although the ratio of BC to OC in 
emissions varies depending on the type of fuel and the manner of burning. For example, savanna fires 
typically have a larger ratio of BUOC than forest fires. This is because savanna fires typically bum in a 
flaming mode which enhances emissions of BC while forest fires are a combination of flaming and 
smoldering. 

The principal sources of black carbon from fossil fuel emissions derive from diesel fuel use and 
coal combustion (Penner et al., 1993; Cooke and Wilson, 1995). On a global basis these emissions have 
beenestimated from fueluse statistics as 6.6 Tg/yr by Penner etal. (1993) and as 8.0 Tg/yr by Cooke 
and Wilson (1995):In the following estimates of forcing, the inventory of Penner et al. (1993) has been 
used. 

Emissions of organic carbon from fossil fuels and other activities within an urban complex are 
not well known, but, typically, the concentration of OC is larger than that of BC in urban areas (Bremond 
et aL, 1989; Rogge et al., 1993). The source of this OC is .not necessarily associated with the main 
sources of BC in any given urban area (Gray et al., 1984). In the absence of good emissions inventories 
for OC from these sources, in the following we used an estimate for the ratio of OC to BC emissions 
from measured ratios of OC to BC in urban regions (which range up to 3.5 gC/gC) to define the range of 
possible emissions of OC from fossil fuel burning and urban activities. The resulting total emissions 
must also account for the phcular  molecular form of the organic compounds measured as OC. 
Assuming a conversion factor of 1.3 gives an estimated upper limit for these emissions of approximately 
30 Tg/yr. We have distributed these emissions proportional to our emissions of BC from fossil fuels, but 
we stress here the uncertainty in this distribution as well as its magnitude. It is important to obtain a better 
understanding of these emissions and their distribution as a function of space and time in order to 
improve estimates of forcing by carbonaceous aerosols. 

In order to estimate forcing by carbonaceous aerosols, we developed a detailed inventory of 
anthropogenic emissions from biomass burning. For this inventory we estimated the fraction of BC and 
OC emitted from each source type using measured values of emission factors from the literature. For this 
inventory, forest and savanna burning were taken from the work of Hao et al. (1 990), but updated to 
account for new information on the frequency of burning and the carbon stocks available to burn in 
grasslands (Menaut et al., 1991). Agricultural burning was estimated from country by country totals for 
the production of rice, wheat, barley, oat, rye and course grains, corn, and sugar cane as derived from 
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FA0 (1991). The total burned took into account the fraction used for fuel (-60% in developing countries; 
Middleton and Darley, 1973; Mahtab and Islam, 1984; Barnard and Kristofersen, 1985; Crutzen and 
Andreae, 1990) and the fraction burned in the field. For the latter calculation we estimated the total 
amount of agricultural waste associated with the amount of grain produced from the harvest index of 
each crop. The fraction of this waste submitted to fires and the combustion efficiency (or fraction of 
waste submitted to fires that actually bums) were estimated separately. Table 1 gives a summary of the 
factors which contribute to our calculations and emissions. 

Table 1. Biomass fires : Coefficients used to obtain amount of burned biomass from crop and fuels. 
By Product1 / By Product Combustion Emission Emission 
Main Product Exposed to Efficiency (%) Factor Factor 

Fires (%) TP (g/ kg fuel) BC (gkg fuel) 
Savanna 8.1 0.81 
Forest 18 1.53 
Rice 
Developed Areas 1.2 10 85 2.5 .6 
Developing Areas 1.2 50 85 5.32 .I3642 
Wheat, Barley, 
Rye and others 
Developed Areas 1.3.. 5 70 7.0 -91 
Developing Areas 1.3 30 70 12.02 1.22 

Developed Areas 1 .o 5 35 ' 5.0 .7 

Developed Areas 0.5 10 35 5.0 .775 
0.5 70 35 7.02 .772 

corn 

Developing Areas 1.85 30 35 12.02 .962 
Sugar Cane 

Developing Areas 

Wood 
Developed Areas 80 . 90 11 1.32 
Developing Areas 

Burned for fuel 50 90 11 1.2 
Burned for 
charcoal making 50 20 17 0.85 

Charcoal 
Developed Areas 100 75 10 . 1.5 
Developing Areas 100 75 10 1.5 
Dung 18.5 50 20 1 .o 
1In the case of rice, wheat, rye, barley and corn, the main product is the grain and the by product (or 
waste), the straw. Sugar is considered to be the main product of the sugar cane crop. 
2These emission factors are higher because 60% of the burning is assumed to take place as domestic 
burning rather than in the field. There is consequently a higher fraction of smoldering with higher total 
particle emission factors but a lower fraction of BC/TP emissions. 

In addition to forest, savanna, and agricultural burning (in both field and as domestic fuel), 
charcoal, w e ,  and dung are burned as fuels. The total amounts burned from these sources and the total 
emissions are shown in Table 2. There 3s a crucial lack of data concerning the proper parameters to use in 
these calculations. For example, the emission factors for charcoal making and burning of wood directly 
differ greatly. In our inventory, 50% of the fuel wood was estimated to be used for charcoal making in 
the developing countries and 50% for direct fuel use. This ratio could be improved based on recent 
evaluations (Brocard et al., 1995). 
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To check the magnitude and distribution of the emissions described above, requires that we 
represent these aerosols in a three-dimensional model of transport; transformation and removal and use 
the predictions of the model in comparison to observations to quantify possible errors in both emissions 
and model representation. Black carbon concentrations are almost exclusively from combustion and of 
anthropogenic origin, while measured. abundances of 'OC at any given site also result from natural 
sources. Therefore, a proper test of the model and the emissions of OC, requires that both sources be 
represented. Natural emissions of OC derive from the gas to particle conversion of natural organic vapors 
emitted by vegetation, direct particle emissions from vegetation and other debri of biological ongin. 
Vegetation emits isoprene, terpenes, and a variety of oxygenated species. All of these compounds 
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Table 2. Biomass Burning Sources : Total fuel burned in each category (savanna, forest, agricultural and 
domestic fires). 

Dung 101.1 2.02 0.10 

undergo photochemical degradation in the atmosphere, but terpenes are thought to have the largest 
particle yields. The fraction of organic matter produced from a given amount of terpene emissions varies 
over a considerable range, but a gas to particle conversion factor of 5% represents a reasonable average 
(Pandis, et al., 1991; Hatakeyama et al., 1991; Zhang et al., 1992). This factor, together with the terpene 
emission inventory of Guenther et aL (1995) gives rise to a total natural organic matter production of 7.8 
Tg/yr. Because the time scale for oxidation of the terpenes is short (of the order of minutes), we assume 
that this source is directly injected into the model as aerosoL The latter two natural sources, those from 
direct injection of plant materials and biological debri, are particularly difficult to estimate. However, 
most of the mass of these emissions are in the coarse particle mode, above 1 pm diameter. Hence, their 
contribution to measured concentrations < 2.5 pm should not be large. In the following simulations, 
these emissions have been neglected. 

COMPARISON TO DATA 
There are very few data which can be used to verify the model, and much of it consists of short 

duration measurements. which are therefore insufficient for defining a climatology of carbonaceous 
aerosols (especially a climatology of organic carbon aerosols). Liousse, et al. (1995) have carried out a 
thorough comparison of the model with those measurements which are available, concluding that the 
model provides a reasonable description of both OC and BC concentrations. Figure lab shows a scatter 
plot of observed and model predicted concentrations of BC and OC. The figure demonstrates that the 
emissions and model are not biased either high or low, although, if we look in more detail, particularly in 
the United States, for example, concentrations of both BC and OC appear to be low (Liousse, et al., 
1995). This is most likely the result of the emission inventory being too low in the United States rather 
than due to weaknesses in the model. 

One weakness of the model is apparent when comparing modeled and predicted concentrations at 
polar locales. The predicted concentrations at both the North and South Poles appear to be too low. Low 
concentrations at remote locales may result from either (1) low emissions inventory, (2) a scavenging 
parameterization which removes too much material, or (3) a poor representation of atmospheric 
circulation and transport. The representation of scavenging may be evaluated by comparison of predicted 
and observed concentrations in precipitation (see Liousse et aL, 1995) or by comparison of observations 
and model results at remote sites, where predicted concentrations are highly sensitive to the scavenging 
parameterization. Figure 2 compares the model and predicted concentrations of BC at Mauna Loa, a site 
mainly impacted by emissions in Asia. As seen there, the predicted concentrations are reproduced to 
within a factor of two. One complicating factor in comparing these data is the fact that BC as measured 
by an aethelometer may count some absorption by dust, attributing this to black carbon. Schnell et al. 
(1994) presented evidence that dust absorption could account for up to 20%) of the BC measured at 
Mauna Loa during special Asian dust events (mean value of 10%). Our predicted concentrations are 
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therefore within a factor of two of those measured which we deem adequate for this first estimate. This 
fact, together with our reasonable reproduction of concentrations in rain (Liousse et al., 1995) gives, us 
confidence in our scavenging scheme. South Polar concentrations are affected mainly by biomass 
burning in the Southern Hemisphere. The magnitude of these sources is best checked by comparison of 
the predicted concentrations with sites close to the burning. One. such comparison, for Amsterdam 
Island, gave good agreement, thereby confirming that our sources from Africa are reasonable (Liousse et 
al., 1995). The seasonal cycle of carbon monoxide is also mainly dependent on the sources from biomass 
burning in the Southern Hemisphere and is a gas whose sink does not depend on the scavenging 
parameterization in the model. A comparison of this model's predicted CO fields (see Atherton et al., 
1995) with data from Cape Grim (not shown) gives us haher  confidence that the specified emissions 
from biomass burning are reasonable. Hence, we conclude that the low concentrations predicted at the 
South Pole are mainly due to a poor representation of the circulation in this region. A similar weahess 
may affect the model's ability to represent concentrations in North Polar regions. This weakness should 
not greatly affect the predicted forcing by carbonaceous aerosols, because such a small region is affected. 
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Jn Fb Mr Ap My Je Jl Ag Sp Ot Nv Dc 
+ Bodhaine et al., 1995 

Figure 2: Predicted and observed concentrations of black carbon at Mauna Loa. 
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THE EFFECTS OF AEROSOLS ON CLOUDS 
Recently, Boucher and Rodhe (1994) and Jones et al. (1994) have each developed 

parameterhations relating cloud drop concentration to sulfate mass or aerosol number concentration, 
respectively, and used them to develop estimates of the indirect forcing by anthropogenic sulfate aerosols. 
These parameterhations made use of measured relationships in continental and maritime clouds. 
However, these relationships are inherently noisy, yielding more than a factor of 2 variation in cloud drop 
number concentration for a given aerosol number ( or for agiven sulfate mass) concentration. They do 
not make use of information from the climate model regarding local updraft velocities, and they have had 
to make certain simplifying assumptions. 

In the study by Boucher and Rodhe (1994), simulmeous aerosol mass and CCN number 
concentration measurements were used to establish a hypothetical range of dependencies between the 
sulfate aerosol mass and cloud drop number concentration. However, their results of the indirect radiative 
forcing by sulfate aerosols are sensitive to these assumed relationships and the predicted forcing may be 
overestimated when comparing with observations of cloud drop radius and cloud albedo. In the study by 
Jones et al. (1994), aerosol number concentration was related to cloud drop number concentration based 
on measurements. But in converting the model-predicted sulfate mass concentrations to aerosol number 
concentrations for use in the parameterization, the aerosol composition and size distribution were 
prescribed and assumed to be universally applicable both in the case of the natural background aerosol 
(present prior to industrialization) and in the present-day perturbed case. 

In contrast to previous studies, our parameterization of the effects of aerosols on cloud droplet 
distributions uses a more mechanistic approach. The characteristics of the cloud drop size distribution 
near cloud base are initially determined by the size distribution and chemical characteristics of the aerosol 
particles that serve as CCN and by the local updraft velocity (Lee et al., 198O;Chuang et al., 1992). Once 
drop concentrations at cloud base are established, measurements have shown that these remain near 
constant with altitude throughout the main part of the clouds, at least in the case of stratiform and 
stratocumulus clouds (NichoUs, 1984; Bower et al., 1994; Mitchell, DRI, private communication). Thus, 
ideally, it should be possible to use these fundamental properties of aerosol size, chemical composition, 
and updraft at cloud base to predict the effects of anthropogenic aerosols on drop number concentrations 
in stratiform clouds in general circulation models. However, the large spatial and temporal variability in 
the concentration, chemical characteristics, and size distribution of aerosols have made it "difficult to 
develop such a parameterization from data. 

In our parameterization, our focus has been to develop a means for relating the predicted 
anthropogenic sulfate mass to cloud drop number concentration over the range of expected conditions 
associated with continental and marine aerosols. We start with an assumed pre-existing particle size 
distribution and develop an approximation of the altered distribution after- addition of anthropogenic 
sulfate. This treatment is necessary for sulfate aerosols because the time scale for production from gas 
phase SO2 is several days. Other aerosol types, such as the carbonaceous particles of concern here, are 
formed much more quickly from their gas phase precursors and hence may be assumed to be injected 
into a global-scale model in the aerosol form. In the calculation of sulfate aerosol, we assume that sulfate 
is formed mainly through the condensation of sulfuric acid vapor (H2SO4) on pre-existing particles and 
aqueous-phase oxidation of SO2 followed by evaporation of the drops. The nucleation of new particles is 
neglected. We thereby develop a conservative estimate of the possible change in CCN number 
concentration due to anthropogenic sulfatecontaining aerosols and investigate its impact on cloud albedo 
and global average solar radiative forcing. 

As noted above, the assumed pre-existing particle size distribution derives from a variety of 
sources, including the gas-to-particle conversion of natural emissions of non-methane hydrocarbons 
(primarily terpenes), natural water-soluble inorganic species (sulfates, nitrates, ammonium), dust, and sea 
salt. The sources of these aerosols are regionally diverse. We are working towards the development of 
global scale distributions for each of these aerosol types. At the present time, we are able to represent the 
most important sub-micron components which comprise the main mass of sub-micron aerosol, namely 
organic, black carbon, and sulfate aerosols (Liousse et al., 1995; Penner et al., 1994b). However, the pre- 

. 
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existing aerosol should also include a representation of particles whose mass is mainly in the course 
mode as well. 

In Chuang et al. (1 995) and here, we assume the sulfatecontaining aerosol is an internal mixture, 
where a fraction of the aerosol size distribution is determined by condensation of sulfuric acid vapor on a 
prescribed preexisting particle distribution and a fraction was determined by aqueous-phase oxidation of 
SO2 followed by evaporation of the drops. Based on Langner and Rhode (1991), as well as our own 
model simulations (Penner et al., 1994c), we explored a range of conditions for the gas and aqueous 
production pathways. Thus, it was assumed that 15 to 35% of aerosol sulfate is distributed to all particles 
by condensation and the remaining 85 to 65% to particles which were larger than the minimum size of 
CCN by cloud processes. Here, we use the mid-range figure of 75% to calculated the cloud forcing by 
anthropogenic sulfate aerosol. This internal mixing approach does not change the total aerosol number, 
but the resulting sulfatecontaining particles grow to larger sizes and thereby form more CCN. 

CLOUD DROP NUCLEATION 
An aerosol particle becomes activated as a CCN when the environmental supersaturation ratio 

becomes greater than its critical value. The resulting drop grows to a size much larger than the initial size 
of the particle due to condensation of water. The magnitude of the critical supersaturation for activation 
decreases with increasing particle size and mass fraction of soluble material in the aerosol particle; 
therefore, larger particles are activated earlier than smaller particles and activation of maritime aerosols 
whose composition contains a large fraction of soluble salts (Heintzenberg, 1989) is more favorable than 
continental particles for a given value of supersaturation. Here, we describe our parameterization to relate 
anthropogenic sulfatecontaining aerosols to cloud drop nucleation. 

The detailed microphysical model described by Chuang et al. (1992) was used to compute the 
spectral evolution of interstitial aerosols and cloud drops. This model describes a Lagrangian air parcel 
which may also entrain environmental air. The model is initialized with the aerosol size distribution and ' 

chemical composition determined as noted above and computes the concentration of cloud droplets 
formed as the parcel passes through cloud base. In Chuang et al. (1995) and Chuang and Penner (1995), 
we assumed the parcel dynamics were adiabatic because we were interested only in the initial stages of 
cloud development. The vertical temperature and humidity profiles were those used by Lee et al. (1 980). 
We examined the consequence of water vapor diffusion to aerosols which were an internal mixture of 
sulfate and other materials (organic matter, NO3-, N&+,. etc.). 

Figures 3a and 3b present the predicted relationship between anthropogenic sulfate in particles and 
cloud drop number concentration as predicted by our microphysical model. In these figures, we varied 
the aerosol number concentration from 500 - 10000 cm-3 for the continental case (Fig. 3a) and from 50 - 
500 cm-3 for the marine case (Fig. 3b) to cover the spatial and temporal variations expected for the 
concentrations of preexisting aerosols. In addition, we also considered updraft velocities ranging from 
10 cm s-1 to 200 cm s-1 to cover a wide range of updrafts expected in both stratus and stratocumulus 
clouds. Looking at any one curve in Fig. 3, one notes that under many circumstances the predicted cloud 
drop number concentration is larger on particle size distributions with a higher loading of anthropogenic 
sulfate even though, for this internally mixed case, the total number of aerosol particles is unchanged in 
these simulations. The concentration of cloud drops is, of course, also affected by both updraft velocity 
and total (in this case pre-existing) aerosol number. For the continental case with a moderate updraft 
velocity 50 cm s-1 and aerosol number 2000 cm-3, we estimate that the number of the condensationally- 
produced cloud drops would increase from 350 to 560 cm-3 if a typical amount of anthropogenic sulfate 
of -2 pg m-3 in non-urban regions were added onto the pre-existing particles. For the marine case with 
the same updraft velocity but a much lower aerosol concentration of only 100 cm-3, the number of cloud 
drops nucleated would increase' from 60 to 75 cm-3 for a total deposition of anthropogenic sulfate equal 
to 0.2 pg m-3. 

It is important to try to compare these results with available data. We have compared our model 
results with me%urements of the relationship between drop number concentration and sulfate 
concentration in cloud water samples (Leaitch et al., 1992). Leaitch et al. report measurements conducted 
over central Ontario, Canada and over upper New York State. The observed ranges of cloud drop 
number concentrations are about 55 - 750 cm-3 for stratiform clouds and 160 - 950 cm-3 for cumuliform 
clouds (derived from Eqs. (1) and (2) of Leaitch et al., 1992) for cloudwater sulfate concentrations 
ranging from 0.05 to 10 pg 11-1-3. For the same range of sulfate concentrations (presumably 
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Figure 3b. Same as Fig. 3a but for marine aerosols with number concentrations from 50 - 500 cm-3. 

PARAMETERIZATION AND FORCING IN A GLOBAL MODEL 
The effect of anthropogenic sulfate accumulation on pre-existing aerosols has a significant 

influence on cloud drop number concentration; therefore, it should be represented in climate models. 
However, it is not practical to apply a detailed microphysical model in a global climate model because of 
the large increase in computational time required for the detailed treatment of nucleation at each grid 
point. An alternative is to parameterize the cloud drop nucleation ;and then apply this parameterization in 
climate models. Here, we parameterize the nucleation of cloud drops onto anthropogenic sulfate- 
containing aerosols based on the results from our detailed microphysical model. The cloud drop number 
nucleated (in cm-3) is expressed in the form Nd = w Na / (w + c Na) as suggested by Ghan et al. (1993), 
where Na (cm-3) is the background aerosol number concentration, and w is the updraft velocity in cm s-1. 
In Ghan et al., a look-up table was used for scaling the value of c such that the parameterized drop 
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concentrations match the simulated values from our detailed microphysical model (Chuang et al., 1992; 
Edwards and Penner, 1988). In Chuang and Penner (1995) and Chuang et al. (1995), we derive the 
coefficient c directly from the results of our microphysical model. 
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Aerosol type 

Table 3. Global average annual mean change in cloud forcing (Wm-2). 

Assumed pre- 
existing aerosol Forcing (Wm-2) 

-0.87 

I carbonaceous 
aerosol 

I Natural OC, BC, S -4.41 

I Anthropogenic 
sulfate and 
anthropogenic 
carbonaceous I Natural OC, BC, S I 
aerosol I I 

-5.29 

for B 2 0..15 

Forcing with 
prescribed pre- 
existing marine 
source (Wm-2) 

-0.57 

-2.43 

Results from this parameterization for sulfate cloud forcing using al l  carbonaceous aerosols as 
preexisting aerosols are shown in Table 3. The total forcing noted there is - 0 . 9  Wm-2- This table shows 
the predicted forcing from the model which assumes internal mixing and an assumed conversion fraction 
of 75% from aqueous reactions. We also show the predicted forcing for a calculation in which the pre- 
existing aerosol is assumed to be only that from natural sulfur and natural organic matter aerosol. Here, 
the size distribution is that of the pre-existing aerosols from Chuang et al. (1995) and the anthropogenic 
carbonaceous aerosols have been added as an external mixture. The calculated forcing increases to - 
5.5Wm-2 with approximately -4.4 Wm-2 due to carbonaceous aerosols alone. Such forcing should be. 
interpreted as a maximum since we have assumed that any effect of black carbon on cloud drop 
reflectivity is negligible. In addition, we have not yet accounted for the "pre-existing" aerosol component 
that arises from sea salt or dust. In order to explore the possible effects of the latter, we performed a 
sensitivity test with a prescribed background of aerosol over marine areas. In this test, a prescribed 
particle number concentration of 200 cm-3 was added to the lowest marine boundary layer, and 
exponentially decreased with altitude by 

N (cm-3) = 200 e-2 (1 - d . 
= 36.5 e-15 (-15 - 0) for B < 0.15 

where B= p/ps, and ps  is the surface pressure. These particles simulate a possible source of marine 
background particles such as sea salt or marine sources of organic aerosol. The global average annual 
mean radiative forcing is listed in Table 3. The cloud forcing by carbonaceous aerosols decreased from - 
4.4Wm-2 to -2.4Wm-2. Figure 4 shows the temporal distribution of this forcing, with largest forcing in 
April and September associated with tropical biomass burning of savanna and forested areas. 

. 

CONCLUSIONS 
Greenhouse forcing has been estimated to be about 2.5 Wm-2 over the last 100 years. 

Calculations shown here demonstrate that cloud forcing that results .from anthropogenic emissions of 
carbonaceous aerosols may substantially mask the forcing by greenhouse gases. Further work is needed 
to appropriately &timate the pre-existing aerosol in order to better quantify this forcing. In addition, 
inclusion of the effect of black carbon on the single scattering albedo of clouds is needed. 
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Figure 4. Cloud forcing from anthropogenic carbonaceous aerosols. 
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