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Abstract. To date, global models of direct radiative forcing
have treated elemental carbon (EC) as completely externally
mixed or well-mixed internally. No global study has treated EC
as a core in an internal mixture. It is hypothesized that the
well-mixed treatment is unphysical and reality lies between
the externally-mixed and core treatments. It is also suggested,
but not proven, that most EC particles are coated to some
degree; hence, the core treatment may be more representative
than the external-mixture treatment. Global simulations with
the core treatment resulted in EC forcing 50% higher and 40%
lower than forcings obtained with the externally-mixed and
well-internally-mixed treatments, respectively. In the core
case, EC's positive forcing more than offset negative forcing
due to all other anthropogenic aerosol components combined.
Further studies are needed to understand the mixing state of EC
and determine the accuracy of the core treatment.

1. Introduction

Since the early 1970s, anthropogenic aerosols have been
thought to offset a fair portion of anthropogenic greenhouse
gas warming. In the early 1980s, models estimated that
anthropogenic aerosols offset more than half the warming. By
1995, the anthropogenic aerosol direct forcmg“) estimate was
reduced to -0.5 (-0.25 to -1.0) W m"(IPCC 1995) and
consisted of forcing due to anthropogenic sulfate [-0.4 (-0.2 to
-0.8) W m'z], elemental carbon (EC) from fossil fuels [+0.1
(+0.03 t0 0.3) W m'z], and biomass-burning aerosols [-0.2 (-
0.07 to -0.6) W m’ ] The EC values were primarily from
Haywood and Shine (1995) who calculated clear -sky forcing
due to fossil-fuel EC of +0.03 to +0.24 W m’2. The lower and
upper estimates were for EC externally mixed from other
particle components and EC well-mixed internally with other
components, respectively.

Since then, Haywood er al. (1997) esnmated forcing due to
fossil-fuel EC of +0.20 to +0.36 W m? for an external mixture
and well-mixed internal mixture, respectively, Haywood and
Ramaswamy (1998) estimated forcing due to externally -mixed
biomass-burning and fossil-fuel EC of +0.40 W m’? , Myhre et
al. (1998) estlmated forcing due to EC from fossil fuels as
+0.16 W m’2 for an external mixture and +0.42 W m’2 for an
internal mixture, and Penner et al. (1998) estimated forcing
from externally-mixed fossil-fuel EC as +0.20 W m2,

1 Direct radiative forcing is the difference in the net downward (+
is downward) irradiance (W m’“) over a set of wavelengths when a
substance is present compared with when it is absent or less
concentrated. A posmve forcing indicates that the substance initially
forces an increase in temperature before a feedback can occur.
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2. Optical Treatments of EC

To date, all direct forcing estimates have been based on
externally mixed or well-internally-mixed treatments
(refractive indices volume averaged) of EC. No other treatment
has been used in a global three-dimensional (3-D) model. Of
the two treatments, the second appears more realistic, since
the only source of EC is emissions from fossil-fuel
combustion and biomass burning in the form of soot, and soot
contains a mixture of EC, OC, and small amounts of O, N, and
H (Chang er al., 1982). Soot emitted from engines contains
EC covered with a layer of polycyclic aromatic hydrocarbons
(PAHs) under a shell of volatile compounds (Steiner et al.,
1992). Soot from biomass-burning contains EC, aliphatic
hydrocarbons, and PAHs (Reid and Hobbs, 1998; Fang et al.,
1999). Globally, about 54-57% of EC originates from fossil-
fuel combustion, and the rest originates from biomass burning
(Cooke and Wilson, 1996; Liousse et al., 1996).

Once emitted, soot particles can coagulate and/or grow by
condensation. Although EC is hydrophobic, hygroscopic
organics in soot increase its ability to attract water and
inorganics (Andrews and Larson, 1993). Evidence of
condensation and coagulation is abundant, since tunnel studies
indicate that 85% of fossil-fuel EC is emitted in particles
<0.12 um in diameter (Venkataraman et al., 1594; Berner et
al., 1996), but ambient measurements in Los Angeles, the
Grand Canyon, Glen Canyon, Vienna, and the North Sea, show
that accumulation-mode EC often exceeds emissions-mode EC
(McMurry and Zhang, 1989; Hitzenberger and Puxbaum, 1993;
Venkataraman and Friedlander, 1994; Berner et al., 1996). The
only way ambient EC can redistribute so dramatically is if EC
coagulates and/or grows. Whereas some EC self-coagulation
occurs, it cannot account for EC growth from the emissions
mode to the upper accumulation or coarse modes, as seen in
Figures 2b and 4b of Jacobson (1997a). Heterocoagulation of
EC with particles in these modes and condensation can account
for such growth (same figures).

Similarly, the measured mean number diameter of biomass-
burning smoke less than 4 minutes old is 0.10-0.13 um (Reid
and Hobbs, 1998), yet the mass of such aerosols increases by
20-40% during aging, with a third to half the growth occurring
within hours after emissions (Reid et al., 1998). Young smoke
contains not only EC and OC but also K*, Ca?*, Mg?*, Na*,
NH;, cr, NO , and SO " (Reid er al., 1998; Ferek et al.,
1998; Andreae et al., 1998) Murphy et al. (1998) found that
almost all aerosols >0.13 um in the boundary layer in the
remote Southern Pacific Ocean contained sea salt, indicating
that externally-mixed particles were rare. Based on single-
particle measurements in the same region and over the North
Atlantic, Pésfai et al. (1999) found that "internally mixed soot
and sulfate appear to comprise a globally significant fraction
of aerosols in the troposphere." Almost all soot particles
found in the North Atlantic contained sulfate.

217






