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ABSTRACT

The Georgia Institute of Technology–Goddard Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model is used to simulate the aerosol optical thickness t for major types of tropospheric aerosols
including sulfate, dust, organic carbon (OC), black carbon (BC), and sea salt. The GOCART model uses a dust
emission algorithm that quantifies the dust source as a function of the degree of topographic depression, and a
biomass burning emission source that includes seasonal and interannual variability based on satellite observations.
Results presented here show that on global average, dust aerosol has the highest t at 500 nm (0.051), followed
by sulfate (0.040), sea salt (0.027), OC (0.017), and BC (0.007). There are large geographical and seasonal
variations of t, controlled mainly by emission, transport, and hygroscopic properties of aerosols. The model
calculated total ts at 500 nm have been compared with the satellite retrieval products from the Total Ozone
Mapping Spectrometer (TOMS) over both land and ocean and from the Advanced Very High Resolution Ra-
diometer (AVHRR) over the ocean. The model reproduces most of the prominent features in the satellite data,
with an overall agreement within a factor of 2 over the aerosol source areas and outflow regions. 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 stronger variation of t from source to remote regions. Quantitative comparison of
model and satellite data is still difficult, due to the large uncertainties involved in deriving the t values by both
the model and satellite retrieval, and by the inconsistency in physical and optical parameters used between the
model and the satellite retrieval. The comparison of monthly averaged model results with the sun photometer
network [Aerosol Robotics Network (AERONET)] measurements shows that the model reproduces the seasonal
variations at most of the sites, especially the places where biomass burning or dust aerosol dominates.

1. Introduction

Aerosols play important roles in global climate
change. They affect earth’s radiative budget by scatter-
ing or absorbing radiation and by altering cloud prop-
erties. The magnitude of these effects, however, is poor-
ly constrained, because we have a limited knowledge
of the processes that control the distributions as well as
the physical, chemical, and optical properties of aero-
sols. Indeed, aerosol radiative forcing is one of the larg-
est sources of uncertainty in climate change assessment
(Houghton et al. 1995).

In the past 20 yr, aerosol distributions and properties
have been measured by many space- and ground-based

Corresponding author address: Mian Chin, NASA Goddard Space
Flight Center, Code 916, Greenbelt, MD 20771.
E-mail: chin@rondo.gsfc.nasa.gov

monitoring programs and intensive field campaigns.
While field measurements offer detailed observations of
aerosol composition and properties, they are usually
limited in temporal or spatial coverage. In contrast, sat-
ellite observations provide extensive temporal and spa-
tial coverage, but they are short on measurable quantities
such as vertical profiles and aerosol compositions. Nei-
ther field measurements nor satellite observations alone
would be sufficient to fully describe the aerosol distri-
butions and its physical, chemical, and optical proper-
ties. Therefore, the use of global models becomes crit-
ical in integrating the satellite and in situ measurements.
On the other hand, the model has to be evaluated by
observations before we can place confidence in such a
model. A common variable to link the model and mea-
surements is the aerosol optical thickness, which is the
most comprehensive quantity we can use to infer the
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aerosol burden and is generally available as a standard
product of satellite retrievals as well as a commonly
measured quantity in the field experiments.

Here we present a global simulation of aerosol optical
thickness t from the Georgia Institute of Technology–
Goddard Global Ozone Chemistry Aerosol Radiation
and Transport (GOCART) model. The model includes
major tropospheric aerosol types of sulfate, dust, organic
carbon (OC), black carbon (BC), and sea salt aerosols,
providing global distributions of aerosol concentrations,
vertical profiles, and optical thickness of individual as
well as total aerosols. The information entailed here
cannot be easily obtained from either satellite retrievals
or field measurements but are key to estimating the mag-
nitude of aerosol climate forcing.

Our study presented here has some similarities
with, but also a number of major differences from,
two previous global model studies. In their initial at-
tempt using global models to estimate tropospheric
aerosol composition, Tegen et al. (1997) had com-
bined the results of individual aerosol types from dif-
ferent global general circulation models. More re-
cently, Takemura et al. (2000) simulated all major
types of tropospheric aerosol using a ‘‘nudged’’ gen-
eral circulation model. Results of the two studies were
compared with satellite observations from the Ad-
vanced Very High Resolution Radiometer (AVHRR)
over the ocean and sun photometer measurements at
a few surface sites. In our study, we have used a factor
of 8–10 higher spatially resolved model and assimi-
lated meteorological data. We have incorporated the
most recent and much improved aerosol sources, es-
pecially dust and biomass burning emissions. Our re-
sults are compared with the very recent satellite re-
trieval of aerosol optical thickness from the Total
Ozone Mapping Spectrometer (TOMS; Torres et al.
2002) over both land and ocean, and with two dif-
ferent AVHRR retrieval products (Stowe et al. 1997;
Higurashi et al. 2000) over the ocean. In addition, sun
photometer measurements at 20 sites over the globe
from the Aerosol Robotic Network (AERONET; Hol-
ben et al. 2001) are used in this study to judge the
model performance. These extensive comparisons not
only provide the evaluation of the model, but also
reveal the problems associated with both the model
and satellite products and the methods of comparing
these products.

In the following sections, we describe the individual
aerosol components simulated in the model (section 2)
and the method of calculating aerosol optical thickness
t (section 3). The global distributions of aerosol mass
and t are then presented (section 4), and the seasonal
variations of t are compared with the satellite products
from TOMS and AVHRR (section 5) and with the sun
photometer measurements from the AERONET sites
(section 6). Finally, we discuss the difficulties and prob-
lems (section 7) and conclude with a summary of the
results from this study (section 8).

2. Aerosol components simulated in the GOCART
model

a. General

The GOCART model simulates major tropospheric
aerosol types, including sulfate, dust, OC, BC, and sea
salt aerosols. Detailed description of most of the model
components has been presented in our previous work
(Chin et al. 2000a; Ginoux et al. 2001); here we give
a brief summary. The model has a horizontal resolution
of 28 latitude by 2.58 longitude and 20–30 vertical sigma
layers, and uses the assimilated meteorological fields
generated from the Goddard Earth Observing System
Data Assimilation System (GEOS DAS). The GEOS
DAS fields are model-assimilated global analyses con-
strained by meteorological observations, with extensive
prognostic and diagnostic fields archived for chemistry
transport model applications (Schubert et al. 1993).
These fields include winds, temperature, pressure, spe-
cific humidity, convective cloud mass flux, cloud frac-
tion, precipitation, boundary layer depth, surface winds,
and surface wetness that are used in the aerosol simu-
lations. The GOCART model contains the following
modules in aerosol simulation: emission, which includes
sulfur, dust, black carbon, organic carbon, and sea salt
emissions; chemistry, which currently uses prescribed
OH, H2O2, and NO3 fields for gaseous sulfur oxidations;
advection, which is computed by a flux-form semi-La-
grangian method (Lin and Rood 1996); boundary layer
turbulent mixing, which uses a second-order closure
scheme (Helfand and Labraga 1988); moist convection,
which is calculated using archived cloud mass flux fields
(Allen et al. 1996); dry deposition, which includes grav-
itational settling as a function of aerosol particle size
and air viscosity (Fuchs 1964) and surface deposition
as a function of surface type and meteorological con-
ditions (Wesely 1989); and wet deposition, which ac-
counts for the scavenging of soluble species in convec-
tive updrafts and rainout/washout in large-scale precip-
itation (Giorgi and Chameides 1986; Balkanski et al.
1993).

Table 1 summarizes the global budget of each aerosol
type in 1990, 1996, and 1997. For these 3 yr the model
results are compared with the satellite and sun photom-
eter measurements in this paper. It should be pointed
out that the anthropogenic emission rates (i.e., fossil
fuel and biofuel combustion) have been kept the same
for each year, but they change with season to reflect the
variation in energy use (Chin et al. 2000a). In contrast,
biomass burning, volcanic, dust, and oceanic emissions
are different each year. The emission height is deter-
mined by source type: dust and oceanic emissions are
treated as surface sources; anthropogenic emissions are
divided into those below 100 m and those above 100
m, based on the Global Emission Inventory Activity
SO 2 emission data (http://weather.engin.umich.edu/
geia); biomass burning emissions are evenly distributed
throughout the boundary layer; and volcanic emissions
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TABLE 1. Global budget of sources, sinks, atmospheric loading, and lifetimes of different types of aerosols.

Aerosol type
Total sourcea

(Tg M yr21)
Dry depositiona

(Tg M yr21)
Wet scavenginga

(Tg M yr21)
Total mass loadinga

(Tg M) Lifetime (days)

Sulfateb 1990
1996
1997

39.5
39.2
39.2

4.9
4.7
4.6

34.6
34.5
34.6

0.63
0.68
0.65

5.8
6.3
6.1

OCc 1990
1996
1997

100.6
102.6
108.8

19.2
21.7
19.8

80.9
80.6
88.7

1.3
1.5
1.5

4.7
5.3
5.1

BCc 1990
1996
1997

17.5
17.8
18.7

3.8
4.2
3.9

13.7
13.6
14.8

0.28
0.31
0.32

5.7
6.3
6.2

Dust 1990
1996
1997

1830
1600
1520

1610
1450
1390

230
160
160

34
31
21

6.6
6.6
5.1

Sea salt 1990
1996
1997

5810
7560
7480

5740
7450
7420

66
88
68

7.9
12
14

0.5
0.6
0.7

a Unit: Tg M is 1012 g mass, which is Tg-S for sulfate, Tg-C for BC and OC.
b Sulfate: source includes 3.3 Tg-S yr21 from direct emission and the rest is from SO2 oxidation. Sulfate source should not be confused

with its precursor (SO2 and DMS) source shown in Fig. 1, which is about 94 Tg-S yr21 (Chin et al. 2000a). The total source here is slightly
different from that in Chin et al. (2000a) due to a minor correction in anthropogenic emission.

c OC and BC: sources include fuel combustion (6.5 Tg-C yr21 for BC, 10.5 Tg-C yr21 for OC), terpene oxidation (12.7 Tg-C yr21 for OC),
and biomass burning (the rest, varying from year to year).

are injected into a layer whose height and thickness is
estimated based on the magnitude of the eruption and
the altitude of the volcano (Chin et al. 2000a). The
annual emissions for total sulfur, carbonaceous (BC 1
OC), dust, and sea salt in 1990 are shown in Fig. 1. In
the following sections 2b–2e, we describe the sources
for each aerosol component used in the model.

b. Sulfate

Among the various types of tropospheric aerosols, sul-
fate has probably the largest fraction of anthropogenic
components. Sulfate is mainly formed in the atmosphere
from the oxidation of SO2, which is emitted dominantly
from fuel combustions and industrial activities. A fraction
of SO2 is also released from biomass burning and volcanic
eruptions. Anthropogenic emissions from fossil fuel and
biofuel combustion are taken from the Emission Database
for Global Atmospheric Research (Olivier et al. 1996).
Emissions from biomass burning are scaled to the seasonal
variation of burned biomass data (B. Duncan et al., un-
published manuscript; see section 2d) and normalized to
the annual total SO2 biomass burning emission (Spiro et
al. 1992). Volcanic emissions include both continuously
erupting volcanoes (Andres and Kasgnoc 1998) and spo-
radically erupting volcanoes (Simkin and Siebert 1994;
Bluth et al. 1997). In addition to direct emission, about
14% of the SO2 source in the model is from the oxidation
of dimethylsulfide (DMS), which is released from the
ocean. DMS emission is calculated using an empirical
formula (Liss and Merlivat 1986) as a function of seawater
DMS concentrations (Kettle et al. 1999) and wind speed
at 10 m. The 10-m wind speed data used in the model are
satellite observations from the Special Sensor Microwave
Imager (SSM/I; Atlas et al. 1996). Total emission of sulfur

in year 1990 is estimated at 94 Tg-S yr21 (Fig. 1), with
80% from human activities and 20% from natural sources.

Chemical reactions in the model include DMS oxi-
dation by OH during the day and by NO3 during the
night to form SO2, and SO2 oxidation by OH in the gas
phase and by H2O2 in the aqueous phase to form sulfate.
The reaction rates are calculated using the prescribed
oxidant fields from the IMAGES model (Müller and
Brasseur 1995). We do not include the in-cloud oxi-
dation of SO2 by ozone because this reaction represents
a minor sink of SO2, and could only be important over
the polluted regions when the cloud is basic (pH . 7),
which is rarely the case. Total sulfate source in 1990 is
39.5 Tg-S yr21 (Table 1), with 92% from DMS and SO2

oxidation and 8% from direct emission. Detailed de-
scription of sulfate simulation and comparisons with
field measurements are presented elsewhere (Chin et al.
2000a,b).

c. Dust

Dust simulation in the GOCART model has been de-
scribed in detail by Ginoux et al. (2001). Here, briefly,
a new approach has been used in the GOCART model
to identify the dust source. A dust-source function is
constructed as the probability of sediments accumulated
in the topographic depression regions with bare surfac-
es. In general, the deeper the depression is, the higher
the probability of sediments accumulation will be. It has
been found that this new approach has successfully lo-
cated all the major dust sources including the Sahara
and Sahel in Africa, the Taklimakan and Gobi Desert
in China and Mongolia, the Arabia Desert, the dried
lake basin in Australia, and other sources in southern
Africa and South America (Ginoux et al. 2001). These
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FIG. 1. Global annual emission rates for total sulfur (SO2 1 DMS) (g-S m22 yr21), dust (g m22 yr21), OC 1 BC (g-C m22 yr21), and sea
salt (g m22 yr21) for 1990.

sediments can be readily uplifted into the atmosphere.
The emission of dust is then calculated from the source
function, surface wind speed, and surface wetness.

Dust particles ranging from 0.1 to 6 mm in radius are
considered in the model. Larger particles are not in-
cluded due to their very short lifetime, and thus limited
significance in global scale (Tegen and Fung 1994). Sev-
en size bins are assumed with particle radius of 0.1–
0.18, 0.18–0.3, 0.3–0.6, 0.6–1, 1–1.8, 1.8–3, and 3–6
mm, following Tegen and Lacis (1996). The emission
flux Fp (mg m22 s21) for a size group p is expressed as

2F 5 C 3 S 3 s 3 u 3 (u 2 u ), if u . u ,p p 10 10 t 10 t

where C is a dimensional factor (1 mg s2 m25), S is the
probability-source function described above, sp is the
fraction of size group p within the soil (Tegen and Fung
1994), u10 is the 10-m wind speed (m s21), and ut is the
threshold velocity of wind erosion determined by par-
ticle size and surface wetness (Ginoux et al. 2001). The

annual dust emission in Table 1 varies from 1830 Tg
yr21 in 1990 to 1520 Tg yr21 in 1997, determined mainly
by the u10 at the source region.

d. Organic carbon and black carbon

The most important source of OC and BC is from
biomass burning. In this study, emissions of OC and
BC are calculated from a global 18 3 18 database of
seasonal and interannual variability in burned biomass-
based on satellite observations (B. Duncan et al., un-
published manuscript). In that database, the seasonal
variation of biomass burning was determined as follows.
First, a global 18 3 18 annual mean burned biomass
inventory was used with a total of 5510 Tg yr21 (Lobert
et al. 1999; R. Yevich and J. Logan, 2000, personal
communication). Second, for each 18 3 18 gridbox, the
fraction of biomass burned in a particular month was
determined by comparing the satellite-observed fire-
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counts in that month with the annual mean number of
fire-counts in that gridbox. The fire-count data were
obtained from the Along Track Scanning Radiometer-2
(Arino and Rosaz 1999) and AVHRR (Arino and Mel-
inotte 1995). Third, the monthly amount of biomass
burned for each 18 3 18 gridbox was determined by
scaling the annual inventory to the corresponding frac-
tion. Interannual variability was also determined using
fire-counts from 1996 to 1999 on a 18 3 18 grid and
the TOMS absorbing aerosol index at the regional scale
(B. Duncan et al., unpublished manuscript).

Using the above database, we have calculated the
seasonal and interannual biomass burning emissions of
BC and OC in this study from the estimated emission
factors. The emission factor for BC from biomass burn-
ing was reported as from 1 to 2.2 g kg21 dry mass burned
for several types of vegetation (Patterson et al. 1986;
Andreae et al. 1988). Here we assume an emission factor
of 2 g kg21 for BC for all vegetation types that are
burned. We also assume a factor of 7 as the OC:BC
emission ratio, which is within the range of 6.9 to 8.2
used by Liousse et al. (1996). Total annual biomass
burning emissions of BC and OC are estimated at 11
and 77 Tg yr21, respectively, as climatologically av-
eraged values. These values are a factor of 1.7–2 higher
than the ones obtained by Liousse et al. (1996; 5.63 Tg
yr21 for BC and 44.6 Tg yr21 for OC) and Cooke and
Wilson (1996; 5.98 Tg yr21 for BC). The most signif-
icant improvement of biomass burning emission in this
study is in the seasonal cycle and the interannual var-
iability, thanks to the use of a database that incorporates
remotely sensed information (B. Duncan et al, unpub-
lished manuscript). For example, total biomass burning
emissions in October 1997 are 120% higher than the
climatological emission value for October, due to the
intensive biomass burning activity over Indonesia dur-
ing that period of time.

Anthropogenic emissions of BC and OC are taken
from the global dataset (Cooke et al. 1999) that includes
emissions from domestic, transportation, and industrial
combustion of various fuel types based on the fuel con-
sumption statistics and emission factors of BC and OC.
Annual emissions of BC and OC from anthropogenic
sources are 6.4 and 10.5 Tg yr21, respectively. In ad-
dition to direct emissions, production of OC aerosol
from a terrestrial source is estimated from the volatile
organic compounds emission inventory (Guenther et al.
1995), assuming that 10% of these organic compounds
are converted to OC aerosol (J. Penner 2000, personal
communication). This secondary OC aerosol source is
12.7 Tg yr21.

Following Cooke et al. (1999), we assume that 80%
of BC and 50% of OC emitted are hydrophobic, the rest
being hydrophilic. The hydrophobic carbonaceous aero-
sols undergo aging processes to become hydrophilic in
an e-folding time of 1.2 days. The atmospheric lifetime
of carbonaceous aerosols is governed by dry deposition
(for both hydrophilic and hydrophobic aerosols) and wet

scavenging (for hydrophilic aerosols). The lifetime is
about 5 days for OC and 6 days for BC (Table 1), similar
to that estimate by Cooke et al. (1999; 4.5 days for OC,
5.3 days for BC).

e. Sea salt

Similar to dust uplifting, sea salt emissions from the
ocean are highly dependent on the surface wind speed.
We calculate the sea salt emission flux, F (particles m22

s21), as a function of wind speed at 10 m, u10 (m s21)
and the sea salt particle radius r (mm) using the empirical
relationships from Gong et al. (1997) and Monahan et
al. (1986):

23.41 23 1.05 1.19 exp(2B )dF/dr 5 1.373u r (1 1 0.057r )10 ,10

where B 5 (0.380 2 log r)/0.65. This formula has been
found to produce reasonably well the sea salt emission
rates for particles down to 0.1-mm radius in size (Gong
et al. 1997). We include four size bins for sea salt with
radius of 0.1–0.5, 0.5–1.5, 1.5–5, and 5–10 mm. The
10-m winds are from the satellite observations of SSM/
I (see section 2b). As shown in Fig. 1, most sea salt is
emitted at high latitudinal bands between 408 and 608
in both hemispheres due to strong winds. In contrast,
very low sea salt emission rates are calculated in the
tropical regions.

Once released into the atmosphere, sea salt aerosols
are subject to transport, dry deposition, gravitational
settling, and wet deposition. Because of their relatively
large sizes and fast growth with ambient relative hu-
midity (see next section), sea salt particles are removed
quickly from the atmosphere with an averaged lifetime
of 0.6 days.

3. Aerosol optical thickness

Given the model-simulated atmospheric distributions
and composition of aerosols, the aerosol optical thick-
ness (t) can be calculated from the complex refractive
indices, size distributions, and hygroscopic properties
of aerosols. We assume lognormal size distributions for
sulfate, OC, and BC aerosols as well as for each dust
and sea salt bin. It has been shown that one key param-
eter best related to the radiative properties of a given
size distribution is the cross section weighted effective
radius re (Hansen and Travis 1974; Lacis and Mish-
chenko 1994), which is defined as re 5 #r rpr2f (r) dr/
#r pr2f (r) dr, where f (r) is the fraction of particles with
radius between r and r 1 dr. The general relationship
between the aerosol extinction optical thickness t and
the aerosol mass loading per unit area M can be ex-
pressed as (e.g., Lacis and Mishchenko 1994; Tegen and
Lacis 1996),

3QM
t 5 , (1)

4rre

where r is the particle density, re is the effective radius
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TABLE 2. Particle density, modal and effective radii (rm and re), geometric std dev (sg) in lognormal size distribution, and the extinction
coefficient (Q) and refractive indices at 500 nm for dry aerosols.

Aerosol
type

Density
(g cm23) rm (mm) re (mm) sg (mm) Q at 500 nm Refractive index at 500 nm

Sulfate*
OC*
BC*
Dust

1.7
1.8
1.0
2.6
2.6
2.6

0.0695
0.0212
0.0118
0.0421
0.0722
0.1354

0.156
0.087
0.039
0.14
0.24
0.45

2.03
2.20
2.00
2.00
2.00
2.00

1.343
0.680
0.557
1.298
2.201
2.768

1.43 2 1028i
1.53 2 0.005i
1.75 2 0.45i
1.53 2 0.0078i
1.53 2 0.0078i
1.53 2 0.0078i

Sea salt

2.6
2.6
2.6
2.6
2.2
2.2

0.2407
0.4212
0.7220
1.3540
0.228
1.64

0.80
1.40
2.40
4.50
0.80
5.73

2.00
2.00
2.00
2.00
2.03
2.03

2.682
2.421
2.277
2.178
2.696
2.143

1.53 2 0.0078i
1.53 2 0.0078i
1.53 2 0.0078i
1.53 2 0.0078i
1.50 2 1.55 3 1028i
1.50 2 1.55 3 1028i

* Assuming a maximum radius at 0.5 mm.

TABLE 3. Hygroscopic growth factors of re/re,dry at different RH.

RH (%) 0 50 70 80 90 95 99

Sulfate
OC
BC
Sea salt

1
1
1
1

1.4
1.2
1.0
1.6

1.5
1.4
1.0
1.8

1.6
1.5
1.2
2.0

1.8
1.6
1.4
2.4

1.9
1.8
1.5
2.9

2.2
2.2
1.9
4.8

defined above, and Q is the extinction coefficient, which
is calculated from the Mie-scattering theory using the
aerosol size distribution and refractive index. Both t
and Q are wavelength-dependent.

The aerosol optical properties in this study are based
on the Global Aerosol Data Set (GADS; Köpke et al.
1997). Table 2 lists the particle density, modal and ef-
fective radius, geometric standard deviation of the log-
normal size distribution, and the extinction coefficient
and complex refractive index at a commonly used ref-
erence wavelength of 500 nm for each aerosol type and
size bin (dry). Here the sea salt aerosols are further
grouped into accumulation-mode and coarse-mode size
bins in order to be consistent with the GADS. We also
assume that sulfate, OC, and BC are all submicron aero-
sols with a maximum radius of 0.5 mm. The Q values
for dust in Table 2 are somewhat different from the ones
in Tegen and Lacis (1996). Our values for dust particles
with re smaller than 0.45 mm are 10%–15% lower than
those in Tegen and Lacis (1996) but are 1%–5% higher
for larger particles. This may be attributed to the dif-
ferent size distributions used between these two studies,
as the gamma distributions were used by Tegen and
Lacis (1996) while lognormal distributions are assumed
in this study.

With the exception of dust, aerosols are considered
to have different degrees of hygroscopic growth rate
with ambient moisture. Table 3 shows the growth factors
of particle radius re/re,dry for different aerosol types at
ambient RH, based on the GADS data and the database
compiled by d’Almeida et al (1991). The re/re,dryvalues
in Table 3 are within the previously measured range for

urban, rural, and maritime aerosols (Whitby 1984, and
references therein). Under the humidification effects, all
quantities in Eq. (1) change with RH for hygroscopic
aerosols. For example, the aerosol mass M is the sum
of dry mass Md and the mass of water uptaken by the
aerosol; the particle density r is the combination of the
densities of dry aerosol rd and water rw, expressed as
r 5 f drd 1 (1 2 f d)rw with f d being the volume frac-
tion of dry aerosol within an aerosol particle. Similarly,
the effective refractive index used in calculating Q is
the combination of the refractive indices of water and
dry aerosols. The most convenient way of linking the
aerosol optical thickness and the aerosol dry mass Md

is to rearrange Eq. (1) into

t 5 bM ,d (2)

where b is called specific extinction or mass extinction
efficiency (m2 g21), which is simply the quantities in
the right-hand side of Eq. (1) divided by the dry aerosol
mass Md; that is,

3QM
b 5 , (3)

4rr Me d

so that all the humidification effects are embodied in
the value of b.

Figure 2 demonstrates the relative humidity and
wavelength dependence of b for hygroscopic aerosols.
Figure 2a shows that at 80% RH, the bs 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 bs 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 b increases at
a factor of 2.5 at 99% RH from the dry value. The b
enhancement factors calculated here are consistent with
those measured in the Tropospheric Aerosol Radiative
Forcing Observational Experiment where a factor of
1.81–2.31 at wavelength of 550 nm was found as the
ratio of light scattering efficiency at 80% RH to that at
30% (Kotchenruther et al. 1999). Figure 2b plots the
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FIG. 2. Mass extinction efficiencies for hygroscopic aerosols (a) at wavelength of 500 nm as a function of RH; (b) as a function of
wavelength for 4 different sizes corresponding to RH of 0% (line 1), 30% (line 2), 80% (line 3), and 95% (line 4). The re values are indicated
at the top of each panel in Fig. 2a.

wavelength dependence of b for hygroscopic aerosols
at four different sizes, corresponding to RH at 0%, 30%,
80%, and 95% (number and re for these sizes indicated
in Fig. 2a). There is a strong decrease 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 wave-
lengths due to its relatively large size. The more the

water is taken up by the aerosol particles, the higher
the extinction efficiency will become.

As mentioned earlier, we assume that the size of dust
aerosols do not change with RH, since dust aerosols
contain little hygroscopic material and their radiative
properties are relatively insensitive to changes in RH
(Li-Jones et al. 1999). Although studies have found that
certain type of mineral (e.g., montmorillonite) could
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FIG. 3. Mass extinction efficiencies for dust aerosol (a) as a function of particle size; and (b) as a function of wavelength for four
different sizes at re of 0.14 (line 1), 0.45 (line 2), 1.4 (line 3), and 4.5 mm (line 4). Sizes are indicated in (a).

→

FIG. 4. Model-calculated annually averaged global distributions of column-integrated aerosol dry mass (left column), optical thickness at
500 nm at ambient RH (middle column), and column effective mass extinction efficiency at 500 nm (right column). Results are for 1990,
under all sky conditions (clear and cloudy).

take up some water at high RH (Grim 1968; I. Sokolik
2000, personal communication), it is not possible to
estimate the hygroscopic growth rate of dust particles
at the present time without a sufficient knowledge of
the dust mineralogical composition. Therefore, for dust
aerosols the b in Eq. (3) is just 3Q/(4rre). Figure 3
shows the b values for dust as a function of re (Fig. 3a)
and wavelengths (Fig. 3b). The four sizes of dust par-
ticles in Fig. 3b are at re 5 0.14, 0.45, 1.4, and 4.5 mm.
At the UV and visible wavelengths the change of re

dominates the change of Q (Table 2) so that the b de-
creases with the increase of re. However, because the
smaller particles have a much stronger wavelength de-
pendence, they become less efficient in light extinction
than the larger particles at longer wavelengths (Fig. 3b).

4. Results

The model-simulated global distributions of aerosol
dry mass loading Md and optical thickness t at a wave-
length of 500 nm are shown in Fig. 4 in the left and
middle column, respectively. These are annually aver-
aged values for 1990 under all sky conditions (clear and
cloudy). Here Md and t are column integrated values;
that is, Md 5 Sk md(k) and t 5 Sk b(k)md(k), where md

is the aerosol dry mass per square meter at each model
layer k, and b is the mass extinction efficiency, which
is a function of RH(k) at the same layer. Figure 4 shows
that the patterns are similar between Md and t, with the
maximum values located near the aerosol source regions
(Fig. 1). For example, sulfate aerosols are concentrated
over Europe, eastern Asia, and eastern North America,
whereas OC and BC are mostly concentrated at the bio-
mass burning regions of Africa, Brazil, Southeast Asia,
and Indochina. Maximum values of dust t are found
over Sahara and Taklimakan–Gobi Desert. Finally, high
sea salt aerosol levels are located at high latitudinal
bands near 608S and 608N, directly reflecting the high

emission rates due to the strong surface winds at these
locations. On the global average, dust aerosol has the
highest optical thickness at 500 nm (0.051), followed
by sulfate (0.040), sea salt (0.027), OC (0.017), and BC
(0.007). Although BC is optically thin, it plays a crucial
role in determining the magnitude of aerosol radiative
forcing and the atmospheric heating rates (e.g., Hay-
wood et al. 1997) because of its strong ability to absorb
light.

The ratio of column-integrated t and Md can be
viewed as the column effective mass extinction effi-
ciency b, which is shown in the right column of Fig.
4. The effects of relative humidity are apparent from
the b distributions for sulfate, OC and BC: the most
obvious high humidity bands are located near 608S,
equator, and 608N, in contrast with the two dry bands
near 308N and 308S. The column effective b for dust
reflects the relative abundance of the submicron and
supermicron sizes, as smaller particles are more efficient
in light extinction at 500 nm (Fig. 3). In general, the b
is higher at locations further away from the dust source
region, since larger particles are subject to more efficient
dry deposition, hence shorter lifetimes, than smaller par-
ticles. The distribution of b for sea salt is also deter-
mined by the particle size, as well as by RH. The glob-
ally and annually (1990) averaged b values for bulk
aerosols at wavelength of 500 nm are 11 m2 g21 for
sulfate, 7 m2 g21 for OC, 12 m2 g21 for BC, 0.8 m2 g21

for dust, and 1 m2 g21 for sea salt.
If we assume that aerosols are externally mixed, that

is, each aerosol particle contains only one type of aero-
sol, then the total aerosol optical thickness can be ob-
tained as the sum of the ts of individual aerosol types.
The modeled total t at 500 nm in 1990 is shown in Fig.
5 (top panel). To understand the relative importance of
each aerosol type, we also plot in Fig. 5 the percentage
contributions of sulfate, carbonaceous (OC 1 BC), dust,



1 FEBRUARY 2002 469C H I N E T A L .



470 VOLUME 59J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

←

FIG. 5. Model-calculated annually averaged total aerosol optical
thickness at 500 nm (top panel) and the contributions (%) of indi-
vidual aerosol component to the total optical thickness (panels 2–4).
Results are for 1990, under all sky conditions (clear and cloudy).

and sea salt to the total t (lower four panels). Over major
pollution regions of eastern North America, Europe, and
eastern Asia, sulfate aerosol usually contributes 40%–
60% to the total t. Carbonaceous aerosols are the most
important aerosol type over the biomass burning regions
in Brazil, central and southern Africa, and southern Asia
(with large seasonal variations). Dust aerosol is the most
predominant aerosol over northern Africa, tropical
North Atlantic, northern Indian Ocean, and northern
China–Mongolia regions, where it contributes 60%–
90% to the total t. Sea salt aerosol, on the other hand,
contributes the most to the t (60%–80%) at the 458 to
758S latitudinal band. It should be noted that there is a
strong seasonal variation of the t and the relative con-
tributions from each aerosol type caused by the seasonal
change in source strengths and transport pattern. In the
next two sections, the total t from the model is compared
with that from the spaceborne and ground-based ob-
servations at different seasons.

5. Comparison with satellite retrievals from
TOMS and AVHRR

Satellite measurements of aerosols are the only means
of providing global or near-global coverage in space
and time. Two of the satellite sensors, AVHRR and
TOMS, have been measuring aerosol signal for more
than 20 yr at either visible (AVHRR) or ultraviolet
(TOMS) wavelengths. There are several retrieval al-
gorithms to extract the aerosol optical thickness from
the AVHRR-measured backscatter radiation, using ei-
ther one-channel retrieval (Stowe et al. 1997) or two-
channel retrieval technique (Nakajima and Higurashi
1998; Mishchenko et al. 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 reflectance at most sur-
faces (Herman and Celarier 1997). The TOMS products,
therefore, provide unique information of aerosol sourc-
es, which are all located over the land except sea salt.
Aerosol products from the TOMS retrieval include aero-
sol index, which is the ratio of the backscatter signals
from the two TOMS UV channels (Herman et al. 1997),
and aerosol optical thickness at 380 nm (Torres et al.
2002).



1 FEBRUARY 2002 471C H I N E T A L .

a. Global distribution

We compare the seasonal variations of modeled total
aerosol optical thickness with the TOMS data for 1997
(Fig. 6) and the AVHRR data for 1990 (Fig. 7). The
TOMS data in Fig. 6 are at 550 nm, converted from the
original 380 nm (Torres et al. 2002). Two different ver-
sions of the AVHRR products are shown in Fig. 7: one
is the NOAA operational product from the one-channel
(630 nm) retrieval algorithm (Stowe et al. 1997, here-
after AVHRR-1), while the other is from two-channel
(630 and 840 nm) retrieval algorithm (Higurashi et al.
2000, herafter AVHRR-2). The AVHRR-2 data were
converted to 500 nm (Higurashi et al. 2000). Table 4
summarizes some key parameters, including aerosol re-
fractive index, size distribution, and cloud screen cri-
teria, used in the TOMS and AVHRR retrievals. Because
cloud screening algorithms in the satellite retrieval have
rejected a large amount of raw data, the satellite data
shown in Figs. 6 and 7 are monthly composite rather
than monthly average.

Both the TOMS data and the model results (Fig. 6)
show that the highest values of t 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 im-
portant there. High dust t values over the Taklimakan
and Gobi Deserts in Asia and over the Arabian peninsula
are also seen from the model, matching the locations of
‘‘hot spot’’ in the TOMS products. Transport of the aero-
sol plume from northern Africa to the Atlantic Ocean is
the most visible feature from both the model and the
satellite products (Figs. 6 and 7). During the burning
seasons (e.g., July and October in Figs. 6 and 7), high t
values from biomass burning aerosols are also located at
the west coast of southern Africa. Another feature from
the model is the sea salt band near 608S for all seasons,
a feature that is particularly evident from the AVHRR-1
data. The model shows an interannual variability of t
between the two different years of 1990 and 1997 (first
column in Figs. 6 and 7), with the most notable difference
in October. While it is only 0.05–0.2 in 1990, the t over
Indonesia has reached values above 1 in 1997 due to the
intensive biomass burning started in September. A similar
t value is also shown in the TOMS data for 1997 (Fig.
6). 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 (Table 1).

One major discrepancy between the model and the
satellite data is that the model has a much stronger lat-
itudinal gradient over the ocean. The satellite data gen-
erally show little latitudinal contrast, but the model
shows a band with minimum t values over the southern
tropical ocean between 08 and 308S, typically a factor
of 2–3 lower than the values at northern mid- and high
latitudes. Such a latitudinal gradient is a common feature
among most of the global aerosol models (see Penner
et al. 2002). Difficulties in retrieving low t values at

remote ocean from the satellite measurements may ex-
plain the discrepancy (see discussions in section 7), al-
though increasing sea salt or biogenic sulfur emissions
at the 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. 2002).

Figure 7 clearly reveals the discrepancy in the two
AVHRR retrieval products. While the difference is small
over the regions where t values are relatively high, such
as off the west coast of northern Africa, the t over the
remote oceans from AVHRR-1 is more than a factor of
2 lower than that from AVHRR-2. Although the ts 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 Fig. 7 are much too large to
be explained by the ts at different wavelengths. Dif-
ferences in retrieval techniques and assumptions of aero-
sol properties (Table 3) are likely the cause of the dif-
ferences in the two AVHRR products.

b. Regional comparison

To achieve a more quantitative comparison, we ex-
tract the model results and the satellite data from se-
lected regions over the land and ocean (Fig. 8). These
regions are chosen to represent source, outflow, or re-
mote environment and with sufficient satellite coverage
for all seasons. The eight land regions include three
major pollution source regions (L1: United States, L2:
Europe, L3: eastern 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 (O1–O4), Saharan dust outflow
(O5), biomass burning outflow (O6), and those at remote
oceans (O7: southern Indian Ocean, O8: southern trop-
ical Pacific). Note that O7 can be influenced by biomass
burning aerosols (Fig. 5) during the burning seasons.
Aerosol over the continental outflow regions is usually
composed by several different types (Figs. 4 and 5), and
the relative importance of individual type varies with
the season. The regional comparisons are presented in
Fig. 9 where the model results are compared with the
TOMS (Figs. 9a,b) and AVHRR (Figs. 9c,d) data at
similar wavelengths for the same time periods in Figs.
6 and 7. The comparison with AVHRR is limited to
oceanic regions because there were no AVHRR retriev-
als over the land.

Figure 9a shows that the model and the TOMS data
agree to within 25% over the major pollutions source
regions (L1–L3) for all seasons, and to within 40% over
the dust source regions (L4 and L5) except for January
over northern Africa when the modeled t 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 nonburning seasons the
background ts from the model are four to five times
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FIG. 6. Total aerosol optical thickness in Jan, Apr, Jul, and Oct 1997 from the GOCART model (left
column) and the TOMS retrieval (right column). Model results are at wavelength of 500 nm, and the
TOMS data are at 550 nm.

lower than those from the TOMS data. Over Australia
(L8), the modeled ts are around 40% of the TOMS
values except in October 1997 when, influenced by bio-
mass burning emissions, the model and the TOMS
agree.

Over the ocean, the modeled ts agree with both
TOMS (Fig. 9b) and AVHRR-2 (Fig. 9d) to within 0%–

40% at regions that are affected by continental (O1–
O4) or dust outflow (O5). Over the biomass burning
outflow region (O6), the discrepancy between the model
and the satellite data is similar to that over the biomass
burning source regions (L6 and L7): the modeled ts are
two to five times smaller than the satellite data in the
nonburning seasons, but the agreement is within 35%
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FIG. 7. Total aerosol optical thickness in Jan, Apr, Jul, and Oct 1990 from the GOCART model (left column), one-channel AVHRR retrieval
or AVHRR-1 (middle column), and two-channel AVHRR retrieval or AVHRR-2 (right column). Both model results and AVHRR-2 data are
at 500 nm, and AVHRR-1 data are at 630 nm.

during the burning season. The largest discrepancy be-
tween the model and the TOMS or AVHRR-2 lies, as
we have seen in Figs. 6 and 7, at the remote oceanic
regions in the Southern Hemisphere (O7 and O8), where
the modeled ts are 0.05–0.15 in 1997 and 0.04–0.10 in
1990, which are two to five times lower than the ts from
TOMS and AVHRR-2. This suggests that either the
model has significantly underestimated aerosol source
in the remote ocean, or the TOMS and AVHRR-2 re-
trievals have overestimated the background aerosol level
due to the large uncertainties at low aerosol signals. In

contrast, the lower t from AVHRR-1 (Fig. 9c) retrieval
brings a better agreement with the model results over
the remote regions compared to AVHRR-2, but worsens
over the continental outflow regions (O1–O4). In gen-
eral, the model agrees better with AVHRR-1 than
AVHRR-2 over the remote oceans, but the reverse is
the case over the outflow regions.

The regional comparison is summarized in Fig. 10.
We plot different symbols to separate results from major
source and outflow region (closed symbols) with those
over background regions (open symbols) to demonstrate
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TABLE 4. Aerosol models and cloud screen methods used in the TOMS and AVHRR retrievals.

TOMS AVHRR-1 AVHRR-2

Retrieval wavelength 331 and 360 mm* 630 nm 630 and 840 nm
Aerosol type A specific aerosol type (sulfate,

carbon, or dust) or group select-
ed based on the location and
time

Marine (nonabsorbing) Slightly absorbing

Refractive index Sulfate: 1.43–0i 1.4–0i 1.5–0.005i
Carbon: 1.55–0.15i to 1.55–0.55i
Dust: 1.56–0.006i

Size distribution Lognormal distribution for each
aerosol type and group**

Single modal, lognormal distribu-
tion, rm 5 0.1 mm, sg 5 2.03
mm

Bimodal lognormal distribution, rm

5 0.17, 3.44 mm, sg 5 1.96,
2.75 mm

Cloud screening Rejected pixels with reflectance
greater than a threshold value**

Screened using pixel reflectance
and brightness temperature val-
ue, ratio, difference, and spatial
uniformity thresholds from mul-
tiple wavelengths

Screened using pixel reflectance
and brightness temperature val-
ue, and spatial uniformity thresh-
olds from multiple wavelengths

* These are the actual Earth-Probe TOMS (1996–present) channels. The retrieved t is at 380 nm to be consistent with the long-term
Nimbus-7 TOMS (1978–1993) record (Torres et al. 2002).
** Details and actual values are given in Torres et al. (2002).

FIG. 8. Borders of eight land regions (L1–L8) and eight oceanic regions (O1–O8) in comparisons
of model results and satellite retrievals.

correlations between the model and the satellite data in
different area. The modeled and TOMS ts at the land
source regions are significantly correlated with a co-
efficient of 0.67, and the agreement is within a factor
of 2 (Fig. 10a). Over the oceanic regions, which are
influenced by the land outflow, the model results and
the satellite data are also closely correlated with the
correlation coefficients of 0.72, 0.84, and 0.75 with the
TOMS (Fig. 10b), AVHRR-1 (Fig. 10c), and AVHRR-
2 (Fig. 10d) data, respectively. The overall agreement
is within a factor of 2, though the model results are
lower than the TOMS and AVHRR-2 data but higher
than the AVHRR-1 data. Over the remote regions or

under ‘‘background’’ conditions (no major emissions),
there are either no or very weak correlations between
the model results and the satellite data. The model re-
sults are typically a factor of 2–5 lower than the TOMS
and AVHRR-2 data over the remote regions, but agrees
with AVHRR-1 data within a factor of 2. These com-
parisons demonstrate the limitations of quantitative
evaluations of model results with the satellite data.

It has been reported that the latitudinal location of
the aerosol plume at the tropical eastern Atlantic (off
the western Africa coast) changes with seasons in the
AVHRR data (e.g., Rao et al. 1988; Moulin et al. 1997),
as the maximum value of t is seen located near 108N
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FIG. 9. Regional comparisons of modeled and satellite retrieved aerosol optical thickness for the same period of time as in Figs. 6 and 7:
(a) TOMS over the land regions; (b) TOMS over the oceanic regions. (c) AVHRR-1 over the oceanic regions; and (d) AVHRR-2 over the
oceanic regions. Borders of each region are indicated in Fig. 8. See text for descriptions of the regions.
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FIG. 10. Scatterplots of modeled vs satellite retrieved ts from Fig. 9: (a) TOMS over the land regions; (b) TOMS over the oceanic regions;
(c) AVHRR-1 over the oceanic regions; and (d) AVHRR-2 over the oceanic regions. See text and Fig. 8 for descriptions of the regions.
Solid line is the 1:1 ratio, and dotted lines are a factor of 2 departure. Solid symbols are for either the land source (triangle) or outflow
(circle). Open symbols are for either land regions without significant emission (triangle) or remote ocean (circle). Correlation coefficient r1
is for solid symbols, r2 for open symbols, and r for all points.

in January but 208N in July. Among the model studies
that had tried to explain this shift, Tegen and Fung
(1995) suggested that emission from human disturbed
soil was necessary to reproduce the satellite observed
peak location in January, whereas Takemura et al.
(2000) argued that it was the combination of carbona-
ceous aerosol from biomass burning and dust aerosol
that caused the apparent seasonal shift. We plot in Fig.
11 the latitudinal variation of t from our model along
with that from the AVHRR-2 at 22.58W longitude tran-
sect in January and July of 1990. The ts for individual
aerosol types from the model are superimposed. The
model reproduces the observed seasonal shift of max-
imum t, though the peak value in January is only about
half of that from AVHRR-2. The peak is located at 58–
108N in January, a season when biomass burning in
northern Africa is the most active. The model results
suggest that carbonaceous aerosol from biomass burning
contributes the most to the maximum t at this location,
but the contribution from dust is also important. This
conclusion is consistent with the study by Takemura et

al. (2000). A close look at Fig. 11 reveals that the mod-
eled dust at 08–308N consists of two peaks, one at 188–
208N, which originates mainly from the western Sahara
(Mauritania and Mali) region, while the other at 88–
108N, which originates from the Lake Chad–Bodele de-
pression in the Sahel region (Ginoux et al. 2001). In
contrast, in July the peak of t is shifted to 208N, and
dust is the predominant aerosol contributing to the max-
imum t. Compared to January, the t is low at latitudes
south of 108N, because there is little biomass burning
activity in that season and aerosols are washed out by
the moisture and precipitation brought by the northward
migrating intertropical convergence zone. Next to dust,
sulfate aerosol transported from Europe contributes to
nearly 20% of the peak values of t in July. The AVHRR-
2 data in Fig. 11 also show an increase of t with latitudes
from 308 to 608 in both hemispheres. The model results
agree with such a latitudinal variation, which is con-
trolled by sea salt aerosols except in July at the Northern
Hemisphere where sulfate and dust are more important.
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FIG. 11. Latitudinal variation of total t from the model (thick line) and from the AVHRR (closed circle)
along 22.58W longitude in Jan and Jul 1990. The modeled ts from individual aerosol components are also
shown.

6. Comparison with ground-based sun photometer
measurements from AERONET

The AERONET program is a federation of the
ground-based sun photometer measurement network
(Holben et al. 1998), which started in 1993 at more than
a dozen sites, has grown rapidly to over 100 sites world-
wide (Holben et al. 2001). The AERONET has been
providing column-integrated aerosol optical properties
at 8 wavelengths from 340 to 1020 nm. Data from
AERONET measurements have been used for satellite
and model validation (Kinne et al. 2001; Torres et al.
2002; Zhao et al. 2002). Here we compare our model
results with the AERONET measurements of t at 500
nm at 20 sites (locations shown in Fig. 12), where the
data are quality-assured with 2 or more yr of measure-
ments available (Holben et al. 2001).

The comparisons are shown in Fig. 13. The period
of AERONET measurements varies with sites, as in-
dicated in Fig. 13, while the model results are the av-
erage of 1996 and 1997, a period that has been included
in most of the AERONET measurement sites. The first
four sites in Fig. 13 are predominantly influenced by
biomass burning aerosols: Mongu in southern Africa;
Cuiaba, Los Fieros, and Brazilia in Brazil. The model

shows that the biomass burning activity peaks in Sep-
tember at these four sites, consistent with the AERO-
NET measurements. The model-simulated seasonal var-
iation has improved significantly from the previous stud-
ies (see Chin et al. 2001) because of a more realistic
biomass burning emission dataset used in this study
(section 2d). However the magnitude of the maximum
t at three South American sites is underestimated in the
model by a factor of 2–3, suggesting that the biomass
burning emission in the model is probably too low in
Brazil during the burning season.

Sites 5–8 in Fig. 13 are located in northern Africa
and are influenced by both dust aerosol and carbona-
ceous aerosol from biomass burning. The relative im-
portance of these two types of aerosol depends on the
season. In winter 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. The model results are consistent with the Ång-
ström parameters (a) from the AERONET. For example,
at Banizoumbo, aerosol particle sizes were small (a 5
1.5) during December, January, and February, consistent
with the characteristics of smoke aerosols; but were
large (a 5 0.2–0.5) in other months, consistent with the
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characteristics of dust aerosols (Holben et al. 2001).
However, the modeled ts are too low in springtime at
these sites, although in general they still rest within the
standard deviations 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 Fig. 13 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 that may be related to the possibility that too
large a fraction of small dust particles (re # 1.5 mm)
have been emitted from the Taklimakan and Gobi Des-
serts (Ginoux et al. 2001). Consequently, the amount of
dust being transported out from Asia may be overesti-
mated because smaller dust particles have longer life-
time and are subject to more efficient long-range trans-
port than larger particles (Ginoux et al. 2001). The mod-
el reproduces closely the observed seasonal variation at
Bahrain, Sede Boker, and Cape Verde, although the
modeled t values are 20%–40% higher than the AERO-
NET data at the former two sites.

Sites 13–16 are generally considered as being dom-
inated by pollution aerosols: Ispra in Italy, Goddard
Space Flight Center at suburban Washington D.C.,
Bondville in Illinois, and the Cloud and Radiation Test-
bed site in Oklahoma. The model results do show that
sulfate aerosol from anthropogenic sources is a major
component at these sites, followed by dust aerosol. De-
spite the fact that the calculated t values are within the
uncertainty range of the observations, high a (1.0–1.8)
from the AERONET retrieval indicates that aerosols at
these sites are mainly composed by small particles (Hol-
ben et al. 2001) rather than dust. This suggests that the
background level of dust aerosol in the model is prob-
ably too high.

The last four sites in Fig. 13 contain various aerosol
types. The model 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 impor-
tant. The model misses the spring maximum as shown
in the AERONET data at these two sites. The seasonal
variation of t at Sevilleta is simulated by the model,
with dust as a primary source in the spring and sulfate
in the summer, though the t is a factor of 2 too high in
the model. Finally, at the oceanic site of Lanai (Hawaii),
the modeled t values are too high, especially 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 Dalanzadgad (site 9). The small
particles can be efficiently uplifted to 7–8-km altitude
and subsequently transported to large areas over the
North Pacific Ocean (Ginoux et al. 2001).

Figure 14 is the scatterplot of all the data points in
Fig. 13 showing the degree of agreement between the

model and AERONET data. In most cases, the model
and AERONET agree within a factor of 2, with an over-
all correlation coefficient of 0.70. The model has a ten-
dency to overestimate the t at low aerosol levels, prob-
ably due to the overestimation of the background dust
level. On the other hand, the model tends to underes-
timate the t when aerosol loadings are high, such as
during the biomass burning season in Brazil and spring-
time in Sahel region in northern Africa, suggesting the
model has either too-low emission rates or too-coarse
resolution to capture the subgrid characteristics.

7. Discussion

In comparing the t calculated from the model with that
from the TOMS and AVHRR products (section 5), we
have shown that the model and the satellite data have a
broad agreement over the land source regions and neigh-
boring oceans, and that the model reproduces the most
prominent features in global distributions of t from the
satellite data. However, quantitative interpretations are still
limited to regions where ts are high and where, preferably,
one aerosol type dominates, such as dust or biomass burn-
ing regions. Outside these regions, it is difficult to use
satellite data to constrain the model or use the model to
interpret the data. This is because large uncertainties are
involved in deriving the ts from both the model and sat-
ellite measurements, of which we will discuss a few here.
Since these uncertainties exist in most global models and
generally in all satellite retrievals, our considerations here
are not limited to the GOCART model or the three satellite
datasets used in this study.

From the modeling point of view, there are two quan-
tities in Eq. (2) that determine the t at any given wave-
lengths: dry aerosol mass Md and the mass extinction
efficiency b. The aerosol dry mass Md is determined by
the sources, transport, and removal processes, and un-
certainties in these processes will affect model results
in terms of the amount and distributions of aerosol dry
mass. The parameters used to estimate the sources, for
example, biomass emission factors, threshold velocity
of dust erosion, wind-dependent sea salt flux function,
and biogenic OC emission, are still highly uncertain. It
has been shown that globally, Md and t are almost lin-
early related to the emissions of individual aerosol types
or their precursors (Chin et al. 2001). Errors in aerosol
emission will therefore have a direct effect on model-
calculated Md and t. Even with the same prescribed
emission rates, the previous model intercomparisons
showed that models differ by at least a factor of 2 on
column burden, although they usually agree relatively
well with each other on surface concentrations (Barrie
et al. 2001; Penner et al. 2002), a discrepancy that re-
flects uncertainties in transport and removal rates. On
the other hand, given the simulated dry mass, the quan-
tity of b for each type of aerosol is determined by the
microphysical and optical properties, that is, hygro-
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FIG. 12. Locations of 20 AERONET sites. The latitude, longitude, and names of these sites are shown in Fig. 13.

scopic growth rates, size distributions, and refractive
indices. At the present time these properties are highly
parameterized based on quite limited measurements.
One example is the refractive index for dust aerosols.
Depending on the mineralogical composition, the op-
tical property of dust could vary significantly from high-
ly absorbing to highly scattering (Sokolik and Toon
1999). The composition is likely to change from one
location (e.g., the Sahara) to another (e.g., the Takli-
makan). However, the model does not take into account
the difference in mineral composition and instead uses
a ‘‘universal’’ optical refractive index for all dust. Also
difficult is the treatment of aerosol mixing state, that is,
the degree of internal mixing in an environment where
two or more types of aerosol exist. Without the obser-
vation-based parameters describing the mixing state un-
der different environmental and meteorological condi-
tions, it is not possible to accurately model the mixing
state at the global scale.

As for satellite retrieval, crucial uncertainties are also
inherent. In order to derive the t from the measured
radiance, assumptions have to be made in the retrieval
process with respect to cloud fraction, surface reflec-
tance, aerosol type, size distributions, complex refrac-
tive indices, and, in some cases, the aerosol layer height.
One of the largest uncertainties in satellite retrieval is
cloud screening. For example, Mishchenko et al. (1999)
demonstrated that different methods used for cloud
screening in the AVHRR retrieval could lead to 0.1 or
larger differences in t values over the oceans. Because
there are no concurrent cloud measurements from the
TOMS satellite platform, a reflectivity threshold has to
be used in the TOMS retrieval to reject those data pixels
that are obviously contaminated by clouds (see Table
4). However, thin clouds may not be screened out, which
poses the largest problem in the TOMS retrieval and

leads to an overestimate of aerosol t (Torres et al. 1998;
2002). This problem is especially serious over remote
regions where aerosol is optically thin. In fact, it has
been pointed out that the TOMS retrieval is not sensitive
to low aerosol amounts (t 5 0.2 or lower at 550 nm;
Torres et al. 2002). In addition, differences in the as-
sumptions of aerosol type, particle shape, and size dis-
tributions applied in different retrieval algorithms also
raise the level of uncertainties. As we have shown in
section 5 and Figs. 7 and 9, the two different methods
could result in a factor of 2 difference in the ts retrieved
from the same AVHRR radiance data.

Apart from the sources of uncertainty in producing
aerosol optical thickness by the model or by the satellite
retrieval alone, model results and satellite products are
often compared in an inconsistent manner. First, the
satellite products contain only ‘‘cloud free’’ data, where-
as the model results are not cloud-screened. Rejecting
the cloudy or partially cloudy pixels could cause the
satellite data to be biased low because most secondary
aerosols (sulfate) are formed in clouds and the hygro-
scopic growth is most effective at high humidity regions
near the clouds. However, it could also cause the satellite
data to be biased high because aerosol scavenging by
clouds and precipitation is an important removal mech-
anism of aerosols. Second, the microphysical and optical
parameters used in the satellite retrieval are usually not
the same as the ones used in the model, as we have seen
in Table 2 (model) and Table 4 (satellite). Furthermore,
neither TOMS nor AVHRR retrievals consider the ef-
fects of relative humidity on aerosol particle sizes and
refractive indices. As a result, the t values derived from
the satellite and from the model are based on different
assumptions of the physical and optical parameters, so
that the link between the model and the satellite data at
the present stage can only be defined as qualitative or
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FIG. 13. Comparison of total aerosol optical thickness calculated in the model (thick line) with that measured at 20 AERONET sites
(vertical bar). Site number as labeled in Fig. 12 and the measurement period are indicated for each site. Model results are 2-yr averaged
values of 1996–97.

semiquantitative. More effort should then be made to
study the sensitivity of the t to the parameters and meth-
ods used in the model and in the satellite retrieval.

The ground-based AERONET program plays a pivotal
role in offering a benchmark for satellite and model val-
idation. The AERONET data are especially useful as they
provide comprehensive measurements of aerosol proper-
ties including t, Ångström parameter (Holben et al. 2001),
and, more recently, single scattering albedo and size dis-
tribution (Dubovik et al. 2002). However, caution should
be exercised in model evaluations because all the AERO-

NET data, similar to the satellite measurements, are only
daytime samples under cloud-free conditions. In addition,
because the AERONET data are from point measurements,
they may not always be representative of the model grid-
box that is usually in a spatial scale of a few hundreds of
km resolution. Another limitation of the AERONET data
is that they cannot provide information on chemical com-
position and aerosol vertical profile, which are among the
largest uncertainties in model simulation. Nonetheless, the
comprehensive AERONET dataset should provide a wide
range of constraints to check the model performance. We
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FIG. 14. Scatterplot of modeled vs AERONET observed ts from
Fig. 13. Solid line is the 1:1 ratio, and dotted lines are a factor of 2
departure.

will extend our comparisons to other AERONET aerosol
property data, in addition to t, in our future work.

8. Conclusions

We have used the GOCART model 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 quantifies the dust source as a function of the degree
of topographic depression, and a biomass burning emis-
sion source that includes seasonal and interannual var-
iability based on the satellite observations. These phys-
ically and observationally based aerosol emissions,
along with the use of assimilated meteorological fields,
have made the model suitable for comparisons with ob-
servations conducted at a wide range of spatial and tem-
poral scales.

Using the simulated aerosol mass and the GADS mi-
crophysical and optical data, we have calculated the
optical thickness for individual aerosol types as a func-
tion of ambient relative humidity. Our results have
shown that the globally averaged t in 1990 at 500 nm
is 0.040 for sulfate, 0.017 for OC, 0.007 for BC, 0.051
for dust, and 0.027 for sea salt, corresponding to the
mass extinction efficiency b of 10.3, 6.8, 12.2, 0.8, and
1.0 m2 g21, respectively. However, there are large spatial
and temporal variations of t and b, determined mainly
by the emission, transport, particle size, and the hygro-
scopic growth rates of aerosol.

Model-calculated ts have been compared with the
most recent satellite products from the TOMS retrieval
over both land and ocean and with both one- and two-
channel retrieval products from the AVHRR over the
ocean. The model reproduces the prominent features of

geographical and temporal variations of ts as observed
by the satellites, such as dust plumes over northern Af-
rica and the Arabian Peninsula, 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 loca-
tions of the aerosol plume off the west coast of northern
Africa. While there are clear differences among the sat-
ellite products, a major discrepancy between the model
and the satellite data is that the model shows a much
stronger variation of t from source to remote regions.
The model results and the satellite data agree to within
a factor of 2 over the aerosol source and outflow regions,
but they are typically a factor of 2–5 lower than the
TOMS and the two-channel AVHRR retrieval data over
the remote regions or under background conditions.
Cloud contamination and the low sensitivity at low aero-
sol levels in the satellite retrieval are likely the main
causes of the discrepancy, although we cannot exclude
the possibility that the sources, such as sea salt 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, es-
pecially the places where biomass burning or dust aero-
sol dominate, even though the magnitudes do not always
match the observations. At areas near or influenced by
the Asian dust source, the modeled t is too high, which
may be attributed to an overestimate of the fraction of
small dust particle emissions from the Asian desert fol-
lowed by efficient long-range transport to large areas
over the North Pacific.

We have also discussed the difficulties and problems
in quantitative comparison of model results with the
satellite data, caused by large uncertainties involved in
deriving the ts by both the model and satellite retrieval.
For models, the uncertainties include processes asso-
ciated with the simulation of aerosol mass (emission,
chemistry, transport, and removal) and parameters used
in calculating the mass extinction efficiency (hygro-
scopic properties, refractive indices, and mixing state).
For satellite retrievals, the uncertainties involve the
cloud screen method, surface reflectance, and assump-
tions in aerosol properties. Furthermore, there are in-
consistencies between the model and satellite retrieval
in terms of the exclusion of clouds, assumption of aero-
sol types, and microphysical and optical parameters in
deriving the t values. At present, the comparison of the
model and satellite results can be meaningfully inter-
preted only in regions where the ts are high and dom-
inated by one type of aerosol, such as the near-African
dust source area or intensive biomass burning regions.
More effort should be made to study the sensitivity of
the t to the uncertainties in the model and in the satellite
retrieval. Finally, more comprehensive comparisons
with the AERONET measurements of aerosol properties
and closely coordinated investigations between mod-
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eling, field experiments, and satellite retrieval should be
pursued to reduce these uncertainties.
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