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1 INTRODUCTION

It has been postulated that scattering of sunlight by
aerosols can significantly reduce the amount of solar
energy absorbed by the climate system. Ball and
Robinson (1982) have estimated that the reduction
in the annual average insolation could be as much
as 7% over the eastern United States. Others (Bolin
and Charlson, 1976; Charlson et al, 1992; IPCC,
1990) have used dimatological values of aerosol mass
loading, cloud cover and albedo to suggest that ra-
diative cooling cooling associated with the scattering
of solar radiation by anthropogenic aerosols is com-
parable to the radiative warming associated with ab-
sorption of terrestial radiation by radiatively active
gases (the "greenhouse" effect).

Aerosol measurement programs alone cannot pro-
vide all the information needed to evaluate the radia-
tive forcing due to anthropogenic aerosols. Surface-
based aerosol monitoring programs do not provide
global coverage from which to evaluate these postu-
lated effects. Although satellites also provide global
aerosol measurements (Durkee et al., 1991), esti-
mates of scattering by aerosols are restricted to
the marine atmosphere and many questions related
to source attribution and anthropogenic vs. natu-
ral contributions cannot be addressed. Thus, com-
prehensive global-scale aerosol models, properly val-
idated against surface-based and satellite measure-
ments, are & fundamental tool for evaluating the im-
pacts of aerosols on the planetary radiation balance.

Models with various degrees of detail have been
used to evaluate the radiative forcing. Charlson
et al. (1992) used a back-of-the-envelope approach.
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Charlson el al. (1991) used a three-dimensional me-
teorological/chemical model to evaluate the global
distribution of aerosol forcing. Using a statistical de-
scription for removal by precipitation, monthly mean
winds and fixed deposition velocities, they estimated
peak aerosol optical depths over North America of
ra w 0.12 at visible wavelengths. Geographical dis-
tributions of aerosols agreed well with earlier mea-
surements of turbidity. They estimated that the
uncertainty of their calculations of global radiative
forcing by aerosols was a factor of two. Kiehl and
Briegleb (1993) found, by accounting for the vari-
ability of optical depth with wavelength, an aerosol
radiative forcing that is a factor of two smaller than
that of Charlson et al. (0.3 vs. 0.6 W m"2).

Confidence bounds for models describing the spa-
tial, temporal and physicochemical variation of
aerosols must be evaluated before the models can
be used for either scientific or policy related pur-
poses. Here we present preliminary results of such
an evaluation.

2 APPROACH

Analyzed meteorological fields from the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) are used to drive a modified version of
the PNL Global Chemistry Model (Luecken et al.,
1991) applied to the atmospheric sulfur cycle. The
resulting sulfate fields are used to calculate aerosol
optical depths, which in turn are compared to esti-
mates of aerosol optical depth based on satellite ob-
servations from the NOAA-9 Advanced Very High
Resolution Radiometer (AVHRR) (Wagener et al.,
this meeting). Here we describe the sulfur cycle
model, the calculation of optical depth from the sim-
ulated sulfate, and the calculation of the "observed"
optical depth from satellite observations.



Chemistry /Transport Model

Details of the Global Chemistry Model (GChM) are
presented elsewhere (Luecken ti al., 1991; Benkovitz
tt al., this meeting). Only an overview of the model
is presented here.

GChM is a three-dimensional Eulerian kinematic
code with an explicit description of cloud and pre-
cipitation scavenging. Previous applications have
used meteorological fields from a general circulation
model. A refinement to this approach was neces-
sary to allow a comparison of satellite observations
of optical depth at specific locations and times. The
meteorological fields were derived from the 6-hour
forecast model of the ECMWF. In the present ap-
plication, we report on results using meteorological
analysis prior to and coincident with the times of
AVHRR radiometric observations.

The distribution of OH is based on results from
a photochemical model using meteorological condi-
tions obtained from the Goddard Institute for Space
Studies General Circulation Model (Spivakovsky tt
al., 1990). The new GChM calculations use 24-h av-
erage OH fields that allow us to include the influence
of length of daylight and solar zenith angle on oxi-
dant concentrations. Values of the rate constant of
SOj oxidation by OH were modified to be a function
of temperature and pressure based on NASA (1991).

A refinement was also made to the treatment of
dimethylsulfide (DMS) oxidation by allowing the
formation of either methanesulfonic acid (MSA) or
SOj, based on the DMS chemistry described by Yin
tt al. (1990a; 1990b). The fractional yield of SO2

and MSA from DMS oxidation is based on expres-
sions given in Hynes tt al. (1986). SO2 can subse-
quently oxidize to SO4 aerosol or dry deposit.

The deposition velocity for SO2 and sulfate aerosol
is calculated using a time- anil space-dependent for-
mulation of Wakek tt al. (1986) and Wesely (1989).
Input data for these calculations are meteorological
fields from the ECMWF, global albedo data from
Matthews (1385) and land use classifications derived
from Wilson and Henderson-Sellers (1985).

U.S. and Canadian emissions data were based on
the National Acid Precipitation Assessment Pro-
gram's 1985 emissions inventory (NAPAP; Saeger tt
al., 1989). European sources were obtained from the
inventory of the Co-Operative Programme for Moni-
toring and Evaluation of the Long Range Transmis-
sion of Air Pollutants in Europe (EMEP; Iversen,
1990) and natural emissions were based on Bates tt
al. (1992).

Simulated Optical Depth

GChM simulations provide the spatial and tempo-
ral variations in the concentration of sulfate aerosol,
Cso*- (g m~3), for October 1986, over a domain en-
compassing 140°W to 62°E, and from 12°N to 81°N.
The vertical range extends top > 100 hPa. We use a
simple algorithm based on Charlson ei al. (1992) to
calculate the aerosol optical depth, ra, as a function
of relative humidity, RH, and height, z,

j= j f{RH)ffdryCso,dz. (1)

where the dry aerosol specific extinction cross sec-
tion, 0Vry, is calculated from the Mie theory for pure
ammonium sulfate aerosols. The refractive index of
ammonium sulfate is 1.53. We assume a particle ra-
dius of 0.15 /im and calculate the specific extinction
at a wavelength of 0.65 (zm (which corresponds to
the mean wavelength of the satellite channel used to
measure observed optical depth). This calculation
yields a value of <7rfry=5.3 m2 g"1 dry sulfate. The
correction term f(RH) is necessary to account for
the growth of soluble aerosols through the absorp-
tion of water vapor. We have calculated the correc-
tion term based on field measurements for relative
humidity ranging from 40% to 90% (Charlson tt al.,
1984). The correction term ranges from unity for
RH below 50% to 3 for RH above 90%. Relative
humidity is taken from the ECMWF analysis.

Observed Optical Depth

The observed clear-sky aerosol optical depth is de-
rived from NOAA-9 AVHRR radiance measure-
ments obtained from a polar sun-synchronous or-
bit that crosses the equator at approximately
14:30 LST. Using the single-scattering approxima-
tion, the aerosol optical depth is expressed in terms
of the aerosol single-scattering albedo, the aerosol-
scattering phase function, and the solar radiation
scattered toward the satellite by aerosols. The radi-
ation scattered by aerosols is determined as the dif-
ference between the radiance observed by the satel-
lite and the radiation scattered by the surface and
by air molecules, with the latter parameterized using
the classical theories of Fresnel and Rayleigh. The
method applies only to clear sky (low optical depth)
scenes over the oceans (known surface reflectance
and spatial uniformity). Data are subject to a num-
ber of checks to assure suitability, including tests
for the presence of high (optically thin) clouds and
sunglint, both of which would corrupt the calcula-
tion of the aerosol optical depth. Details are pro-
vided by Wagener tt al. (this meeting).



3 RESULTS

Figure 1 shows the observed and /• nutated aerosol
optical depth for October 23,1986. Points that sat-
isfy none of the criteria for measuring optical depth
are unshaded in both plots. Thus, all land is un-
shaded, and much of the oceans is unshaded because
of obscuration by cloud cover. Several large patches
remain where optical depth can be measured for this
particular date.

The largest observed optical depths are in the
western North Atlantic, offshore from the industrial
sulfur sources in the eastern United States. Opti-
cal depths approach unity in a few pixels. Observed
optical depths are substantially lower across most of
the North Atlantic Ocean, with values of typically
0.1. However, much larger values (exceeding 0.3) are
observed near the west coast of Africa, presumably
due to westward transport of dust from the Sahara
(Rao ti a/., 1989).

The simulated optical depth exhibits a similar
pattern to the observations, with the largest values
again offshore from the east coast of North America.
Values approach 0.7 in a few pixels. The simulated
optical depth decreases to about 0.05 in the central
and eastern North Atlantic, with lower values in the
subtropics than in midlatitudes. Because the model
treats only sulfur species, it does not simulate the
high optical loading observed off the west coast of
Africa. The simulated optical depth appears to be
generally lower than that observed.

The spatial structure of the bias can be assessed
by examining the ratio of the simulated optical
depth to that observed. The bottom panel of Figure
1 shows the logio of the ratio. A log scale is used
because it provides a uniform resolution of positive
and negative fractional errors.

The simulated optical depth is somewhat greater
than the observed loading over several patches in
the western North Atlantic. It is somewhat lower
in nearby pixels, so that the errors in local magni-
tude might simply be due to small errors in position.
The bias in the large patches near the Azores and
adjacent to western Europe is rather uniform, with
the simulated optical loading about 50-70% of that
observed. The bias is stronger in the subtropics,
both immediately west and far to the west of Africa,
where the simulated optical depth is roughly 20% of
that observed.

To provide more comprehensive spatial coverage
in our evaluation, we have collected values at the
first points during the period Oct 23-30 where
aerosol optical depth at that point could be mea-
sured. Increasing coverage over the model domain

was provided as additional points from each day of
satellite observations were used to develop Figure 2.
This method of filling in a relatively sparse data set
was selected over schemes using time averaging be-
cause the latter would mask the time-resolving capa-
bility of the model. By presenting the data this way,
a comparison between satellite and modeled aerosol
optical depth can be done ov r̂ most of the North
Atlantic south of 50°N during this period, with ex-
ceptions in the Gulf of Mexico and scattered patches
across the central Atlantic, for which there are no
satellite observations of aerosol optical depth.

The patterns of optical depth evident in Figure 1
are repeated for the same points in Figure 2. The
spatial extent of Saharan dust is more evident in
the composite, as is the distribution of aerosol in
the western North Atlantic. The simulated aerosol
extends farther offshore from the east coast of North
America than the observed aerosol, except for a
patch to the southeast of Newfoundland that is not
that extensive in the simulated values. The observed
optical depth exhibits more spatial structure than
the simulated values over the central and subtrop-
ical Atlantic; the simulated optical depths are sys-
tematically too low.

The logio of the optical depth ratio (simu-
lated/observed) is also illustrated for the composite
analysis of Figure 2. The ratio is spotty, with posi-
tive biases adjacent to negative biases in the western
Atlantic and in the eastern Atlantic in midlatitudes.
We suspect that this structure is due to small offsets
in the predicted positions of aerosol mass relative to
observed values. Simulated optical depths are gen-
erally lower than observed, particularly in the sub-
tropical Atlantic, where typical satellite values are
on the order of 0.1 to 0.25, and the modelled values
are relatively uniform with values of 0.08.

The ratio of simulated/observed optical depth de-
creases eastward across most of the central and east-
ern North Atlantic, reflecting the lower simulated
optical loading over this part of the model domain.
A possible source of bias is excessive precipitation
scavenging in the simulation. The model treats the
precipitation rates archived by the ECMWF forecast
model every six hours as constant for each six-hour
period; a more realistic treatment of the sporadic na-
ture of precipitation would remove less aerosol and
hence yield higher simulated aerosol loading. Other
factors contributing to the bias could be neglected
aerosol types in the simulation (dust, sea salt, car-
bonaceous aerosol, volcanic aerosol) and neglect of
aqueous chemistry in non-precipitating clouds (Den-
nis ti al. 1992).

The ratio of simulated/observed optical depth is



Figure 1: Observed (top) and simulated (middle) optical depth and the logio of the ratio simulated/observed
(bottom) for October 23,1986.



Figure 2: Composite obierved (top) and simulated (middle) optical depth and the logio of the ratio simu-
lated/observed (bottom) for the period October 23-30,1986.



lowest in the subtropics, particularly just off tne
coast of West Africa, where it drops to 0.15. Ev-
idently desert dust, which is not represented in the
simulations, is the dominant contributor to optical
loading in the subtropical North Atlantic.

4 SUMMARY

Although the results we are presenting must be re-
garded as preliminary, they demonstrate a general
correspondence between simulations and observa-
tions in regions contaminated by anthropogenic sul-
fur aerosol. The biases evident in other regions can
be explained in terms of either aerosols not consid-
ered in the simulation, or potentially correctable de-
ficiencies in the sulfur model. Thus, we conclude
that the approach we have taken is a viable method
of evaluating aerosol modeb. However, we will not
consider the evaluation complete until we have ad-
dressed the problems identified in this paper.
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