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ference between different model runs having different 
aerosol loading. Still, we are pleased at the apparent 
improvement in model intercomparability between that 
study and the present one. 

With respect to possible future resolution of 
the model-to-model differences indicated in the present 
study, unfortunately, such resolution is not amenable to 

experimental investigation, which would require char- 
acterization of the aerosol (including its vertical dis- 
tribution), the surface reflectance (including its angu- 
lar distribution and wavelength dependence), and the 
top-of-the-atmosphere radiative flux that is well beyond 
present capability. However, certain aspects of model 
results can still. be examined in field studies. For ex- 

ample, during the recent Tropospheric Aerosol Radia- 
tive Forcing Observational Experiment (TARFOX) the 
direct radiative forcing due to a predominantly scatter- 
ing aerosol was found to increase with increasing solar 
zenith angle (P. Hignett and J.P. Taylor, personal com- 
munication, 1997); such a dependence was exhibited by 
all the models participating in the present project. Such 
measurements provide at least a comforting qualitative 
confirmation of model performance but certainly not 
the ability to resolve differences among the models. It 
is necessary to develop and implement ways to test the 
various other features of the model calculations, such as 
dependence of the forcing on aerosol optical depth, sur- 
face albedo, solar zenith angle, and wavelength, if not 
to provide quantitative confirmation of model perfor- 
mance, at least for identifying important features that 
might be missed by the models. 

We were unable to identify any of the models that 
could be viewed as the most likely approximation of 
an absolute reference method since, as noted, all the 
models embody approximations and assumptions. We 
would like to address the question of what would consti- 
tute a "benchmark" radiative transfer model for deter- 

mination of the direct radiative forcing of aerosols. Such 
a model necessarily requires verified Mie calculations, 
high spectral resolution, use of the full Mie-calculated 
phase function, accurate treatment of the angular de- 
pendence of multiple scattering, accurate treatment of 
the molecular scattering and absorption, and sufficient 
vertical resolution. At present, none of the models used 
here possess all of the attributes listed above. There 
are only a few models used in this study which capture 
several but not all of these features in a highly precise 
manner. With respect to future calculations we would 
hope that the present data set can provide a useful ba- 
sis of comparison for such a benchmark model and also 
for future parametrizations that might be suitable for 
inclusion in GCMs. 

With respect to the broader issue of uncertainty in es- 
timates of global average direct forcing by aerosol such 
as are listed by Penner et at. [1994] an additional un- 
certainty appears to be the calculation of forcing with 
a radiative transfer model even once all the input pa- 
rameters are specified. This uncertainty amounts to 
some 20% (i.e., an uncertainty factor of 1.2 in the ter- 

minology of Penner et al.), as evidenced in this study 
by intercomparison of several state-of-the-art models. 
For comparison, propagation of the several uncertain- 
ties listed by Penner et at. [1994] leads to an estimate 
of an overall uncertainty factor of 2.3. The dominant 
sources of uncertainty result from estimates of the load- 
ing of sulfate aerosol, controlled by atmospheric chem- 
istry and deposition, for which estimates are available 
only from atmospheric chemistry models [e.g., Lan#ner 
and Rodhe, 1991; Pham et at., 1995; Kasibhatta et at., 
1997]. Additional major uncertainties arise from uncer- 
tainty and variability in aerosol size distribution [e.g., 
Boucher and Anderson, 1995] and the representation of 
the effects of spatial and temporal variations in relative 
humidity [Nemesure et at., 1995; Haywood et at., 1997a] 
and fractional cloud amount [Haywood et at., 1997a]. In 
this context it seems clear from the present study that 
uncertainty deriving from treatment of the optical and 
radiative components of the aerosol forcing, for specified 
aerosol properties and surface albedo, contributes rela- 
tively little to the overall uncertainty in sulfate aerosol 
forcing and that major reduction of the overall uncer- 
tainty will require reduction in the larger uncertainties 
in the input parameters of radiative calculations. 

Appendix: Dependence of Scattering 
Efficiency on Particle Size Distribution 
Function 

As described above, we initially requested calcula- 
tions for a narrow but not monodisperse size distribu- 
tion with the object of diminishing sensitivity to high- 

i 

o i 
0,6 

I I i 

"'/'• lognormal - 
,'/,/ ,',,,,• modified gamma 

,' ,/,,,'"',,/"" ,•',,11,,• ' .......... gamma-alt 
0.8 1.0 1.2 1.4 

Relative radius 

Figure A1. Comparison of lognormal and modified 
gamma distributions. Note that the modified gamma 
distribution with nominal parameters identical to that 
for the lognormal distribution is shifted to slightly 
smaller radius values. The "gamma-air" distribution 
calculated for parameters a and b equal to the effec- 
tive radius and effective variance of the lognormal dis- 
tribution much more closely overlaps that distribution. 
Distributions are normalized to equal area. 
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Figure A2. (a) Radius dependence of scattering efficiency (m 2 (g sulfate) -•) at wavelength 
550 nm for all submitted calculations. Note the departure for lognormal calculations for 
•r0 = 0.20 and 0.23 (compared to those for •r0 = 0.1) showing sensitivity to that parame- 
ter. (b) Same as Figure A2a but on a logarithmic scale. Also shown for comparison are line 
segments having slopes of 3 (Rayleigh regime) and 2 and 1 (Mie scattering). (c) Ratio of scat- 
tering efficiency to that of the LMD/UW calculation on expanded logarithmic scale to show 
the magnitude of spread among the several calculations. Results for rr0 = 0.2 and 0.23 are 
omitted here. Results for BNL-6S were for •r0 - 0.09, resulting in the slight offset; radiative 
transfer calculations were made and reported for the cross sections shown. (d) Same as Fig- 
ure A2c but with further expansion and omission of results for BNL-Hansen-Travis, BNL-Dave, 
BNL-Bohren-Huffman, and BNL-gamma distribution with variance = 0.01. 

frequency Mie resonances. Results from the several 
groups revealed an unanticipated sensitivity to the de- 
tails of the size distribution (Figure A1). Here we re- 
port findings regarding this sensitivity of the scattering 
efficiency to properties of the narrow distributions. 

The lognormal distribution is given by 

•(•)- •/•- • •0 • - • •o • 
(A1) 

Sensitivity to the standard deviation (r0 was examined 
in calculations by the BNL group ((r0 = 0.1 and 0.2) 
and the LOA group ((r0 = 0.1 and 0.23). As seen in 
Figure A2a, the use of the broader distributions leads to 
substantially greater scattering efficiencies by as much 

as a factor of 1.7 and 2.1, respectively. This sensitivity 
apparently arises from the steep slope of the dependence 
of the scattering efficiency on r especially at low values 
of r (Figure A2b). Figures A2c and A2d further illus- 
trate the departures by showing on an expanded scale 
the ratio of scattering efficiency to that obtained by the 
LMD/UW group. This sensitivity to the width of the 
size distribution, even for narrow size distributions as 
employed here, underscores the importance of careful 
specification of the size distribution in any such calcu- 
lations and in any comparisons of calculations to mea- 
surements. The dependence of the scattering efficiency 
on shape of the distribution employed was examined 
further by the BNL group, who examined the scatter- 
ing efficiency also for the modified gamma distribution 
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(ab)(2o-•)/o 
r[(1 - 2,)/,1 

r (1-3b)/b e -r/(ab) (A2) 

For the distribution written in this form [Hansen and 
Travis, 1974; Lacis and Mishchenko, 1995], a and b are 
equal to the effective radius r, and the effective variance 
ve where the latter quantities are defined as 

(^3) = fF 

ve- f• (r- r,) 2 • r 2 n(r) dr (A4) __ 

fF 
In calculations by the BNL group (BNL-gamma 
b : 0.01), a was set equal to the nominal radius rg 
of the several calculations as given in Table 3, and b 
was taken as 0.01. Although the distribution functions 
are closely matched (Figure A1), the resulting scatter- 
ing efficiencies are as much as 16% lower than those for 
the lognormal distribution with the same nominal pa- 
rameters. This is attributed to the distribution's being 
shifted to a slightly lower radius. To examine this fur- 
ther, a modified gamma distribution (BNL-gamma alt) 
was constructed where the parameters a and b were 
selected to be equal to the efihctive radius and effec- 
tive variance, respectively, of the lognormal distribu- 
tion having •r0 : 0.1. Aerosol scattering efficiencies 
predicted with this size distribution and with the cor- 
responding lognormal size distribution were essentially 
identical (Figures A2c and A2d). As seen in Figure A1, 
this distribution also much more closely matches the 
lognormal distribution than does the modified gamma 
distribution with nominal values, confirming the attri- 
bution of the difference in scattering efficiency to the 
slight shift in distributions. 

Several algorithms for calculating Mie scattering 
properties of monodisperse distributions were also ex- 
antined, specifically those of Bohren and Huffman [1983], 
Hansen and Travis [1974], and Dave [1969]. These dis- 
tributions also yielded scattering efficiencies that were 
lower than those for the lognormal distributions at low 
radii where the scattering efficiency exhibits a strong 
dependence on radius. 

Because of the dependence of scattering efficiency on 
the distribution function employed, comparisons of forc- 
ing were restricted to identical distribution functions, 
namely, the lognormal distribution with a0: 0.1. Al- 
though the sensitivity to the details of the distribution 
affects any calculations for narrow test distributions, 
such as were employed in the present intercomparison, 
it does not affect to such an extent calculations for re- 

alistic broad aerosol size distributions, as would pertain 
to ambient aerosols [Boucher and Anderson, 1995]. 
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