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1. INTRODUCTION

Aerosols affect the climate directly by absorbing or
scattering radiation, and indirectly by altering cloud
formation and cloud properties. The magnitudes of these
effects, however, are poorly constrained, because we have
a limited knowledge of the processes that control aerosol
distributions as well as the physical, chemical, and optical
properties. Indeed, aerosol radiative forcing is one of the
largest sources of uncertainty in climate change assess-
ment (IPCC, 2001).

Here we present global moddl simulations of tropo-
spheric aerosols from the Georgia Tech/Goddard Ozone
Chemistry Aerosol Radiation and Transport (GOCART)
model (Chin et al., 2000, 2001; Ginoux et al., 2001). The
model includes major tropospheric aerosol types of sulfate,
dust, organic carbon (OC), black carbon (BC), and sea-salt
aerosols.  The model-calculated aerosol optical thickness
(), single scattering albedo (@g), and Angstrom exponent
(o) are compared with satellite retrievals from the Ad-
vanced Very High Resolution Radiometer (AVHRR) and
the Total Ozone Monitoring Spectrometer (TOMS) and
with the ground-based sunphotometer data from the Aero-
sol Robotic Network (AERONET).

2. THE GOCART MODEL
2.1. General

The GOCART model is a global scale modd driven
by the Goddard Earth Observing System Data Assimila-
tion System (GEOS DAS). It has a horizontal resolution
of 20latitude by 2.501ongitude and 20 to 40 vertical lay-
ers (vertical resolution depends on the version of GEOS
DAS). The mode contains the following modules in aero-
sol simulation: emission, which includes sulfur, dust, OC,
BC, and sea-salt emissions; chemistry, which includes in-
air and in-cloud oxidations of sulfate precursors (SO, and
DMYS); advection, which is computed by a flux-form semi-
Lagrangian method; boundary layer turbulent mixing,
which uses a second-order closure scheme; moist convec-
tion, which is calculated using archived cloud mass flux
fields; dry deposition, which uses a resistance-in-series
algorithm as a function of surface type and meteorological

conditions, and wet deposition, which accounts for the
scavenging of soluble species in convective updrafts and
rainout/washout in large-scale precipitation. More detailed
description and references are given in Chin et al. (2000)
and Ginoux et a. (2001).

2.2. Emissions

The anthropogenic emission of sulfur is taken from
the Emission Database for Global Atmospheric Research
(EDGAR) for 1990. Other sulfur emissions include bio-
mass burning and volcanic emissions of SO, and oceanic
emissions of DMS (Chin et al., 2000, 2001), Organic and
black carbon emissions include anthropogenic (Cooke et
a., 1999) and biomass burning emissions (B. Duncan et
al., manuscript in preparation, 2001) as well as emissions
of natural volatile organic carbon (Guenther et al., 1995).
It should be pointed out that the biomass burning emis-
sions are calculated based on the estimated seasonal and
interannual variations of total burned biomass inventory,
which is a product based on the satellite observations of
fire-count and absorbing aerosol index (B. Duncan et al.,
manuscript in preparation, 2001). This new biomass burn-
ing database has made the modeled seasonal and interan-
nual variations of biomass burning tracers more redlistic.
Dust emission is parameterized as a function of surface
topography, soil type, surface wind speed and wetness
(Ginoux et a., 2001). Sea-salt emission is calculated as a
function of wind speed (Monahan et al., 1986). More de-
tails have been given in Chin et al. (2000, 2001) and Gi-
noux et al. (2001).

2.3. Size Distributions

We consider seven size bins for dust (effective radius,
r.=0.1-0.18, 0.18-0.3, 0.3-0.6, 0.6-1, 1-1.8, 1.8-3, 3-6 um)
and four size bins for dry sea-salt (r. =0.1-0.5, 0.5-1.5, 1.5-
5, 5-10 um). We assume lognormal size distributions for
sulfate (dry ro = 0.156 pum), organic carbon (dry r = 0.087
um), and black carbon (dry r. = 0.039 pm) aerosols. We
also assume lognormal distributions for each dust and sea-
salt bins. With the exception of dust, aerosols are consid-
ered to be hydrophilic, i.e, their size increases with the
increase of ambient relative humidity. Table 1 lists the
hygroscopic growth factors of effective radius at different



ambient relative humidity in our model, based on the
Global Aerosol Data Base (Kopke et al., 1997).

Table 1. Hygroscopic growth factors rdre, ¢y at different
RH.

RH®%) O 50 70 80 9 95 99

Sulfate 1 14 15 16 18 19 22
oC 1 12 14 15 16 18 22
BC 1 10 10 12 14 15 19
Sea-Salt 1 16 18 20 24 29 48

2.4. Radiative Properties

The radiative properties include the extinction coeffi-
cient (Q), single scattering albedo (®g), and asymmetry
factor (g). These properties, which are size and wave-
length dependent, have been calculated using the Mie the-
ory with the refractive indices from Kopke et al. (1997)
and the size distributions described above. For hydro-
philic aerosols the effective refractive indices are obtained
by volume weighing of the dry aerosol and water.

The aerosol optical thickness (z) is calculated as fol-
lows. For each aerosol type or size at a given wavelength,
the optical thicknesst is
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where Q is the extinction coefficient, M is the aerosol
mass loading, p isthe density, and r is the effective radius.
All these quantities are defined in an ambient RH envi-
ronment.

Given the model simulated aerosol dry mass, equation
(1) can bere-written as

7= M, @
where f is called specific extinction or mass extinction
efficiency (m? g?), which is simply the quantities in the
right hand side of equation (1) divided by the dry aerosol
mass My, i.e.,
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so that all the humidification effects are embodied in the

value of S.

Figure 1 demonstrates the reative humidity and
wavelength dependence of A for hygroscopic aerosols.
Figure 1a shows that at 80% RH, the f's at 500 nm for
sulfate, OC, and sea-salt aerosols are about a factor of 2-3
greater than their dry values, whereas at 99% RH the f's
are a factor of 10 greater for sulfate and OC, and about 20
for sea-salt. For the hydrophilic BC, it starts growing only
when RH > 70%, and its £ increases at a factor of 2.5 at
99% RH from the dry value. The f enhancement factors
calculated here are consistent with those measured in the
Tropospheric Aerosol Radiative Forcing Observational

Experiment (TARFOX) where a factor of 1.81 — 2.31 at
wavelength of 550 nm was found as the ratio of light scat-
tering efficiency at 80% RH to that at 30% (Kotchenruther
et a., 1999). Figure 1b plots the wavelength dependence
of B for hygroscopic aerosols at 4 different sizes, corre-
sponding to RH at 0, 30, 80, and 95% (number and r, for
these sizes indicated in Figure 1a). Thereis a strong de-
crease in B with the increase of wavelengths for sulfate,
OC and BC at UV and visible spectral regimes, in contrast
with sea-salt aerosol, which shows little variation at those
wavelengths due to its relatively large size. The more the
water is taken up by the aerosol particles, the higher the
extinction efficiency will become.

3. Results

3.1. Contributions of Individual Aerosol Types to the
Total Aerosol Optical Thickness

The annual averaged total aerosol optical thickness at
500 nm from our standard simulations for 1990 is shown
in Figure 2. Globally, the averaged AOT at 500 nm in
1990 is 0.040 for sulfate, 0.017 for organic carbon, 0.007
for black carbon, 0.051 for dust, and 0.027 for sea-salt.
The contributions of each individual aerosol types to the
total aerosol optical thickness are also shown in Figure 2.
Sulfate aerosol is mainly concentrated in three major pol-
lution regions: eastern North America, Europe, and eastern
Asia. Carbonaceous aerosols (OC + BC) are optically the
most important aerosols over the equatorial South America
and Africa mainly over the biomass burning regions. Dust
aerosol dominates the total t in latitudinal band of 10°S-
40°N over the Atlantic and Indian oceans as well as over
the source regions of northern Africa, Asia, and Australia.
In the southern hemisphere, sea-salt is the major type of
aerosol at latitudes higher than 30°S where it contributes
40-80% to the total 7.

3.2. Comparison with Satellite Retrievals from TOMS
and AVHRR

3.2.1 Global distribution of optical thickness

Two of the satdllite sensors, AVHRR and TOMS,
have been measuring aerosol signal for more than 20 years
at either visible (AVHRR) or ultraviolet (TOMS) wave-
lengths. There are severa retrieval agorithms to extract
the aerosol optical thickness from the AVHRR measured
backscatter radiation, using either one channd retrieval
(Stowe et a., 1997) or two-channe retrieval technique
(Nakajima and Higurashi, 1998; Mishchenko et a., 1999;
Higurashi et al., 2000). Because of the highly variable
land surface reflectance of the visible wavelengths, the
AVHRR retrieval cannot derive aerosol information over
the land. In contrast, the retrieval products from the
TOMS measurements cover both land and ocean, since the
TOMS instrument measures backscattering at the UV
wavelengths which have low and nearly constant reflec-
tance at most surfaces (Herman and Celarier, 1997). The
TOMS products, therefore, provide unique information of



aerosol sources, which are all located over the land except
sea-sat. Aerosol products from the TOMS retrieval in-
clude aerosol index (Al) which is the ratio of the backscat-
ter signals from the two TOMS UV channels (Herman et
al., 1997), and aerosol optical thickness at 380 nm (Torres
et al., 2001).

We compare the seasonal variations of modeled total
aerosol optical thickness with the TOMS data for 1997
(Figure 3) and the AVHRR data for 1990 (Figure 4). Two
different versions of the AVHRR products are shown in
Figure 4: one is the NOAA operational product from one-
channel (630 nm) retrieval algorithm (Stowe et al., 1997,
hereafter AVHRR-1), while the other is from two-channel
(630 and 840 nm) retrieval algorithm (Higurashi et al.,
2000, hereafter AVHRR-2). The TOMS and AVHRR-2
data were converted to commonly referred wavelengths of
550 nm (Torres et a., 2001) or 500 nm (Higurashi et al.,
2000). Because cloud screening algorithms in the satellite
retrieval have reected a large amount of raw data, the
satellite data shown in Figure 3 and 4 are monthly com-
posite rather than monthly average.

Both the TOMS data and the model results (Figure 3)
show that the highest values of 7 are persistently located
over the northern Africa where dust is the predominant
aerosol component, except in the biomass burning season
(e.g., January) when carbonaceous aerosols are also impor-
tant there. High dust 7 values over Taklimakan and Gobi
deserts in Asia and over Arabia peninsular are also seen
from the model, matching the locations of "hot spot” in the
TOMS products. Transport of the aerosol plume from
northern Africa to the Atlantic Ocean is the most visible
feature from both the model and the satellite products
(Figure 3 and 4). During the burning seasons (e.g., July
and October in Figure 3 and 4), high 7 values from bio-
mass burning aerosols are also located at the west coast of
southern Africa.  Another feature from the modd is the
sea-salt band near 60°S for all seasons, a feature that is
particularly evident from the AVHRR-1 data.  The model
shows an interannual variability of r between the two dif-
ferent years of 1990 and 1997 (first column in Figure 3
and 4), with the most notable difference in October. While
it is only 0.05 — 0.2 in 1990, the 7 over Indonesia has
reached values above 1 in 1997 due to the intensive bio-
mass burning started in September. A similar r value is
also shown in the TOMS data for 1997 (Figure 3). The
modeled t over the ocean in 1997 is also higher than that
in 1990, largely a result of the higher sea-salt emission in
1997.

One major discrepancy between the model and the
satdllite data is that the model has a much stronger latitu-
dinal gradient over the ocean. The satellite data generally
show little latitudinal contrast, but the model shows a band
with minimum 7 values over the southern tropical ocean
between 0° and 30°S, typically a factor of 2 — 3 lower than
the values at northern mid and high latitudes. Such alati-
tudinal gradient is a common feature among most of the
global aerosol models (Penner et a., 2001). Difficultiesin
retrieving low 7 values at remote ocean from the satellite
measurements may explain the discrepancy, although in-

creasing sea-salt or biogenic sulfur emissions at southern
tropical ocean in the model would reduce the gradient and
bring a better match between the model results and the
satellite data (Penner et al., 2001).

Figure 4 clearly reveals the discrepancy in the two
AVHRR retrieval products. While the difference is small
over the regions where 7 values are relatively high, such as
off the west coast of northern Africa, the 7 over the remote
oceans from AVHRR-1 is more than a factor of 2 lower
than that from AVHRR-2. Although the 7’s are at 630 nm
from AVHRR-1 which are expected to be slightly lower
than those at 500 nm from AVHRR-2, the differences
shown in Figure 4 are much too large to be explained by
the 7's at different wavelengths. Differences in retrieva
techniques and assumptions of aerosol properties are likely
the cause of the differencesin thetwo AVHRR products.

3.2.2 Regional comparisons of optical thickness

To achieve a more quantitative comparison, we ex-
tract the model results and the satellite data from selected
regions over the land and ocean (Figure 5). These regions
are chosen to represent the source, outflow, or remote en-
vironment and with sufficient satellite coverage for all
seasons. The eight land regions include three major pollu-
tion source regions (L1: United States, L2: Europe, L3:
East Asia), two dust source regions (L4: northern Africa,
L5: Asia), two biomass burning regions (L6: Brazil, L7:
southern Africa), and Australia (L8). The eight ocean
regions include those influenced by continental outflow
(01 — O4), Saharan dust outflow (O5), biomass burning
outflow (O6), and those at remote oceans (O7: southern
Indian Ocean, O8: southern tropical Pacific). Note that O7
can be influenced by biomass burning aerosols (Figure 2)
during the burning seasons. Aerosol over the continental
outflow regions is usually composed by several different
types (Figure 2), and the relative importance of individual
type varies with the season. The regional comparisons are
presented in Figure 6 where the model results are com-
pared with the TOMS (Figure 6a and 6b) and AVHRR
(Figure 6¢c and 6d) data at similar wavelengths for the
same time periods in Figure 3 and 4. The comparison with
AVHRR is limited to oceanic regions because there were
no AVHRR retrievals over the land.

Figure 6a shows that the model and the TOMS data
agree to within 25% over the major pollutions source re-
gions (L1 — L3) for al seasons, and to within 40% over the
dust source regions (L4 and L5) except for January over
northern Africa when the modeled 7 is a factor of 2 higher
than the TOMS data. Over the biomass burning regions
(L6 and L7), the model agrees with the TOMS data to
within 10 — 50% during the burning seasons (July and
October), but in the non-burning seasons the background
7's from the model are 4 to 5 times lower than those from
the TOMS data. Over Australia (L8), the modeled t's are
around 40% of the TOMS values except in October 1997
when, influenced by biomass burning emissions, the
model and the TOM S agree.

Over the ocean, the modeled 1's agree with both
TOMS (Figure 6b) and AVHRR-2 (Figure 6d) to within O



— 40% at regions that are affected by continental (O1 —
O4) or dust outflow (O5). Over the biomass burning out-
flow region (06), the discrepancy between the model and
the satellite datais similar to that over the biomass burning
source regions (L6 and L7): the modeled 7's are 2 to 5
times smaller than the satellite data in the non-burning
seasons, but the agreement is within 35% during the burn-
ing season. The largest discrepancy between the model
and the TOMS or AVHRR-2 lies, as we have seen in Fig-
ure 3 and 4, at the remote oceanic regions in the southern
hemisphere (O7 and O8), where the modeled ©'s are 0.05
t0 0.15 in 1997 and 0.04 to 0.10 in 1990, which are2to 5
times lower than the 7’s from TOMS and AVHRR-2. This
suggests that either the model has significantly underesti-
mated aerosol source in the remote ocean, or the TOMS
and AVHRR-2 retrievals have overestimated the back-
ground aerosol level due to the large uncertainties at low
aerosol signals. In contrast, the lower T from AVHRR-1
(Figure 6¢) retrieval brings a better agreement with the
model results over the remote regions compared to
AVHRR-2, but worsens over the continental outflow re-
gions (O1 — O4). In general, the model agrees better with
AVHRR-1 than AVHRR-2 over the remote oceans, but the
reverseis the case over the outflow regions.

3.2.3 Angstrdm exponent

Another product from the 2-channel AVHRR retrieval
is the Angstrém exponent (o) of aerosols (Higurashi et a.,
2000), which is the measure of wavelength dependent of
the aerosol optical thickness, defined as

_In(z,/7,)
In(A,/ ;)

where 1; and 1, are optical thickness at wavelength A, and
Ao, respectively. Generally spesking, smaller particles
(submicron size) have stronger wavelength dependence in
light extinction than larger particles (Figure 1).

Figure 7 shows the o from the model (at wavelengths
600 and 800 nm) and from the AVHRR-2 retrieval (at 630
and 840 nm) for January, April, July, and October 1990.
There are a number of similarities but also a number of
differences between the model and the AVHRR-2 data.
The regions where the modd and the satellite agree rela-
tively well include the tropical and subtropical Pacific
Ocean near the coast of North and South America, tropical
Pacific and Indian oceans around Indonesia where small
particles (sulfate and carbonaceous) dominate, and tropical
North Atlantic off the west coast of Africa where dust is
the most important aerosol type. The major discrepancy
lies at the tropical and southern Atlantic, areas heavily
influenced by biomass burning activities. The modeled o
there is usually between 1.2 and 2 during the burning sea-
son, reflecting the dominant presence of the small size
carbonaceous aerosol particles, while the AVHRR-2 data
show the a values generally below 1. Over the mid-
latitude oceans in July, the o values from the AVHRR-2
are above 1.5, compared with the modd calculated values
below 1.

3.3. Comparison with sunphotometer measurements
from AERONET

3.3.1 Optical thickness

The AERONET program is a federation of the
ground-based  sunphotometer measurement  network
which, started in 1993 at more than a dozen sites, has
grown rapidly to over 100 sites worldwide (Holben et al.,
2001). The AERONET has been providing column inte-
grated aerosol optical properties at 8 wavelengths from
340 nm to 1020 nm. Here we compare our model results
with the AERONET measurements of ¢ at 500 nm at 20
sites, where the data are quality assured with two or more
years of measurements available (Holben et al., 2001).

The comparisons are shown in Figure 8. The period
of AERONET measurements varies with sites, as indicated
in Figure 8, while the model results are the average of
1996 and 1997, a period that has been included in most of
the AERONET measurement sites. The first four sites in
Figure 8 are predominantly influenced by biomass burning
aerosols: Mongu in southern Africa, Cuiaba, Los Fieros,
and Braziliain Brazil. The modd shows that the biomass
burning activity peaks in September at these four sites,
consistent with the AERONET measurements. The model
simulated seasonal variation has improved significantly
from the previous studies (see Chin et al., 2001) because
of a more realistic biomass burning emission dataset used
in this study (section 2.4). However, the magnitude of the
maximum t at three South American sites is underesti-
mated in the modd by a factor of 2-3, suggesting that the
biomass burning emission in the mode is probably too
low in Brazil during the burning season.

Sites 5-8 in Figure 8 are located in northern Africa
and are influenced by both dust aerosol and carbonaceous
aerosol from biomass burning. The relative importance of
these two types of aerosol depends on the season. In win-
ter months the carbonaceous aerosol is important and
stands as the major aerosol type at site 5 and 6, while dust
aerosol dominates the remainder of the year. However,
the modeled 7's are too low in spring time at these sites,
although in genera they still rest within the standard de-
viations of the data. The strong perturbation over the local
dust source, which is not resolved in the model, might
explain the discrepancies (Ginoux et al., 2001).

Aerosols in sites 9-12 in Figure 8 consist mainly of
mineral dust: Dalanzadgad located in the Gobi desert,
Bahrain and Sede Boker in the middle east, and Cape
Verde off the west coast of northern Africa.  The model
overestimates t at Dalanzadgad from April to December, a
problem which may be related to the possibility that too
large a fraction of small dust particles (ro < 1.5 pm) have
emitted from the Taklimakan and Gobi dessert (Ginoux et
a., 2001). Consequently, the amount of dust being trans-
ported out from Asia may be overestimated because
smaller dust particles have longer lifetime and are subject
to more efficient long-range transport than larger particles
(Ginoux et al., 2001). The model reproduces closdly the
observed seasonal variation at Bahrain, Sede Boker, and



Cape Verde, athough the modeled 7 values are 20 — 40%
higher than the AERONET data at the former two sites.

Sites 13-16 are generally considered as being domi-
nated by pollution aerosols. Isprain Italy, Goddard Space
Flight Center at suburban Washington D.C., Bondville in
[llinois, and the CART site in Oklahoma. The modd re-
sults do show that sulfate aerosol from anthropogenic
sources is a major component at these sites, followed by
dust aerosol. Despite the fact that the calculated 7 values
are within the uncertainty range of the observations, high «
(2.0 - 1.8) from the AERONET retrieval indicates that
aerosols at these sites are mainly composed by small parti-
cles (Holben et al., 2001) rather than dust. This suggests
that the background level of dust aerosol in the model is
probably too high.

The last 4 sites in Figure 8 contain various aerosol
types. The modd results show that at Bermuda and Dry
Tortugas dust is the major aerosol type, mainly from the
long range transport from Africa, while in winter and early
spring other aerosol types are equally important. The
model misses the spring maximum as shown in the AER-
ONET data at these two sites. The seasonal variation of t
at Sevilleta is simulated by the model, with dust as a pri-
mary source in the spring and sulfate in the summer,
though the 7 is a factor of 2 too high in the modd. Finaly,
at the oceanic site of Lanai (Hawaii), the modeled © values
are too high, especialy from May to October, a bias that
can be partly attributed to the possible overestimate of
small dust particle emissions from Asia, as seen at Dalan-
zadgad (site 9). The small particles can be efficiently up-
lifted to 7-8 km altitude and subsequently transported to
large areas over the North Pacific Ocean (Ginoux et al.,
2001).

3.3.2 Angstrdm exponent and single scattering albedo

The a values from the AERONET measurement were
obtained by linear fitting of aerosol optical thickness at 4
wavelengths between 440 and 870 nm (Holben et al.,
2001). Figure 9 compares the model calculated o for
wavelength 450 and 900 nm at the same 20 AERONET
stations as in Figure 8. At the biomass burning aerosol
dominated sites (1-4), the model reproduces quite well the
AERONET derived a in both seasonal variations and val-
ues. Model also agrees with AERONET data at the dust
dominated site of Cape Verde. At other sites the agree-
ment is less satisfactory, athough the seasonal variations
are reproduced by the model in most of the sites. Consid-
ering the level of agreement in the aerosol optical thick-
ness shown in Figure 8, the discrepancy in o here suggests
that the partition of aerosol types in the model may not be
accurate, for example, there are too much large particles
such as dust at Ispra or GSFC, or not enough small parti-
cles there such as sulfate.

The model calculated column effective aerosol single
scattering albedo, m,, a 500 nm are also compared with
the AERONET retrievals (Dubovik et al., 2001) in Figure
10. The modeled o values are almost always lower than
those from the AERONET retrieval, indicating that the
imaginary part of the refractive indices for absorbing aero-

sols may be too high. For example, the refractive index of
dust used in the moddl at wavelength of 500 nm is 1.53-
0.0078i (Kopke et al., 1997; Patterson, 1977). It is sug-
gested from the observations that the value of the imagi-
nary part is too high (Kaufman et al., 2001).

4. Concluding Remarks

We have use the GOCART modd to simulate the
aerosol optical thickness for major types of tropospheric
aerosols including sulfate, dust, OC, BC, and sea-salt. The
GOCART model uses a dust emission algorithm that quan-
tifies the dust source as a function of the degree of topog-
raphic depression, and a biomass burning emission source
that includes seasonal and interannual variability based on
the satellite observations. These physically and observa-
tionally based aerosol emissions, along with the use of
assimilated meteorological fields, have made the mode
suitable for comparisons with observations conducted at a
wide range of spatial and temporal scales.

Model-calculated 7’s have been compared with the
most recent satellite products from the TOMS retrieval
over both land and ocean and with both one- and two-
channd retrieval products from the AVHRR over the
ocean. The model reproduces the prominent features of
geographical and temporal variations of 7's as observed by
the satellites, such as dust plumes over northern Africa and
Arabia Peninsular, biomass burning plumes in southern
Africa, the intense biomass burning signal over Indonesia
in October 1997, sea-salt band at high latitudes, and the
seasonal shift of the latitudinal locations of the aerosol
plume off the west coast of northern Africa. While there
are clear differences among the satellite products, a major
discrepancy between the model and the satellite data is
that the model shows a much stronger variation of = from
source to remote regions. The model results and the satel-
lite data agree to within a factor of 2 over the aerosol
source and outflow regions, but they are typically a factor
of 2 to 5 lower than the TOMS and the two-channe
AVHRR retrieval data over the remote regions or under
background conditions. Cloud contamination and the low
sensitivity at low aerosol levels in the satellite retrieval are
likely the main reasons to cause the discrepancy, athough
we cannot exclude the possibility that the sources, such as
sea-sat emission, are severely underestimated in the
model in the remote regions.

The comparisons of model results with the data from
the AERONET sites have shown that the model repro-
duces the seasonal variations at most of the sites, espe-
cialy the places where biomass burning or dust aerosol
dominates, even though the magnitudes do not always
match the observations. At areas near or influenced by
Asian dust source, the modeled 7 is too high, which may
be attributed to an overestimate of the fraction of small
dust particle emissions from the Asian desert followed by
efficient long-range transport to large areas over the North
Pacific.

We have also compared the model calculated Ang-
strom exponent, a, over the oceans with the AVHRR re-



trieval and the AERONET data. The model agrees with
the AVHRR retrieval at the west coast of North and South
America, Tropical Pacific, and the west coast of northern
Africa, but the model calculated a values are much higher
than the AVHRR in southern Atlantic region which is
influenced heavily by the biomass burning aerosols. The
model reproduces the o determined from the AERONET at
the sites predominated by biomass burning and dust aero-
sol, but underestimates the o values at most of the other
sites. When comparing the column effective single scat-
tering albedo 0 with the AERONET retrieval, the mod-
eled values are amost aways lower than that from the
AERONET, suggesting that a lower imaginary part of the
refractive index for absorbing aerosols than that used in
the model is probably more realistic.

Still, there are difficulties and problems in the quanti-
tative comparison of model results with the satdlite data,
caused by large uncertainties involved in deriving the 7's
by both the moddl and satellite retrieval. For models, the
uncertainties include processes associated with the simula-
tion of aerosol mass (emission, chemistry, transport, and
removal) and parameters used in calculating the mass ex-
tinction efficiency (hygroscopic properties, refractive indi-
ces, and mixing state). For satellite retrievals, the uncer-
tainties involve the cloud screen method, surface reflec-
tance, and assumptions in aerosol properties. Furthermore,
there are inconsistencies between the model and satellite
retrieval in terms of the exclusion of clouds, assumption of
aerosol types, and microphysical and optical parametersin
deriving the 7 values. At present, the comparison of the
model and satellite results can be meaningfully interpreted
only in regions where the 7's are high and dominated by
one type of aerosols, such as near African dust source area
or intensive biomass burning regions. More effort should
be made to study the sensitivity of the z to the uncertainties
in the model and in the satellite retrieval. Finaly, more
comprehensive comparisons with the AERONET meas-
urements of aerosol properties and closely coordinated
investigations between modeling, field experiments, and
satdllite retrieval should be pursued to reduce these uncer-
tainties.
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Figure 2. GOCART model calculated annually averaged total aerosol optical thickness at 500 nm
(top panel) and the contributions (%) of individual aerosol component to the total optical
thickness. Results are for 1990, under all sky contidions (clear and cloudy).
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Figure 8. Aerosol optical thickness at 500 nm.
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Figure 9. Angstrom exponet.
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