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[1] A number of global aerosol products of varying quality, strengths, and weaknesses
have been generated. Presented here are synthetic analyses with regard to the quality,
compatibility, and synergy of two long-term global (1983–2000) aerosol products derived
from the advanced very high resolution radiometer (AVHRR) and the Total Ozone
Mapping Spectrometer (TOMS). Four essential aerosol parameters, namely, aerosol
optical thickness (AOT) from AVHRR under the Global Aerosol Climatology Project
(GACP), TOMS AOT, Ångström exponent (AE) from AVHRR, and TOMS aerosol index
(AI) are analyzed together with various ancillary data sets on meteorological fields, ocean
color, and ground-based AOT measurements. While the two satellite products reveal
some common features, significant discrepancies exist. Reflectances measured at
ultraviolet and visible wavelengths from the two sensors are incompatible in terms of the
magnitude of AE computed from AOT derived from the two channels. The spatial
distributions of the aerosol products from AVHRR and TOMS are complimentary in
revealing different aspects of aerosol characteristics. In-depth analyses were carried out
over several regions under the influence of different types of aerosols such as
biomass burning, dust, sea salt, air pollution, and their mixtures. A classification algorithm
was developed to identify dominant types of aerosols around the globe using aerosol
products from the two instruments. Aerosol type information is used to develop and apply
relationships between the AVHRR AOT and the TOMS AOT. The latter was used to
extend the AOT at 0.55 mm over land around the globe. Comparisons of monthly mean
AOTs with AERONET monthly mean AOTs showed a general agreement to within an
estimated error range of ±0.08 ± 0.20t. Finally, a comparison between the estimated
AOT with Moderate Resolution Imaging Spectroradiometer (MODIS) AOT over land
showed good agreement in terms of magnitude and seasonality, suggesting a means of
bridging past and current AOT estimations.
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1. Introduction

[2] Aerosols have been widely recognized as a major
source of uncertainties in climate change studies
[Intergovernmental Panel on Climate Change (IPCC),
2001]. Satellites have played a vital role in understanding
the effects of aerosol on Earth’s climate [Kaufman et al.,
2002], thanks to ample data available from a wide range of
satellite sensors and the rapid development in satellite
remote sensing techniques [King et al., 1999]. While

extensive and reliable aerosol products have been generated
from a suite of advanced instruments such as the Moderate
Resolution Imaging Spectroradiometer (MODIS) [Tanré et
al., 1997; Kaufman et al., 1997], the Multiangle Imaging
Spectroradiometer (MISR) [Kahn et al., 1998, 2001;
Martonchik et al., 1998], and the Polarization and Direc-
tionality of the Earth’s Reflectances (POLDER) instrument
[Goloub et al., 1999; Deuzé et al., 2000], these products
alone cannot meet the needs of long-term climate change
studies due to their short observation periods. In this regard,
aerosol products derived from the advanced very high
resolution radiometer (AVHRR) and the Total Ozone Map-
ping Spectrometer (TOMS) have the unique advantage of
offering observations for more than two decades.
[3] The AVHRR has been most extensively employed

for aerosol studies, from which many aerosol products
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have been generated using dual-channel algorithms [e.g.,
Higurashi and Nakajima, 1999; Mishchenko et al., 1999;
Ignatov and Stowe, 2002a], as well as single-channel
algorithms [Rao et al., 1989; Stowe et al., 1997; Ignatov
et al., 2004]. The dual-channel algorithms solve for two
aerosol parameters (AOT and AE) simultaneously, whereas
the third generation single-channel algorithm first estimates
AOTs in individual channels, and subsequently estimates
AE from the AOTs [Ignatov et al., 2004]. Concerning the
TOMS instrument, after its measurements were found to be
sensitive to biomass burning smoke [Hsu et al., 1996], two
major aerosol products were developed: the aerosol index
(AI) [Herman et al., 1997] and the AOT at 0.38 mm [Torres
et al., 1998, 2002]. The long-term record of aerosols based
on AVHRR and TOMS measurements has been well docu-
mented with distinctive features on a global scale [e.g.,
Herman et al., 1997; Torres et al., 2002; Geogdzhayev et
al., 2002; Mishchenko et al., 2003; Stowe et al., 2002].
[4] Despite the generally reasonable agreements reported

between AOTs from satellites and ground-based measure-
ments [Ignatov et al., 1995; Stowe et al., 1997; Torres et al.,
2002], these aerosol data suffer from numerous inherent
shortcomings that have not been fully understood. Substan-
tial differences were found among various satellite-based
AOT estimates and in comparison with ground-based obser-
vations [Myhre et al., 2004; Kinne et al., 2001]. Part of the
inconsistencies originate from the mismatch between the
products, especially between satellite (areal mean) and
surface point measurements due to spatial and temporal
sampling differences [Haywood et al., 2001; Kinne et al.,
2001]. Causes for the remaining inherent differences have
yet to be identified and quantified.
[5] For global aerosol retrievals, various assumptions

were made concerning the physical and/or optical character-
istics of aerosols (e.g., spherical versus nonspherical particle
shape, different refractive indices with wavelength depen-
dencies, and various shapes and size distributions and
vertical profiles) [Mishchenko et al., 1995; Tanré et al.,
1997; Kaufman et al., 1997; Mishchenko et al., 2003].
Selection of an appropriate aerosol model is a major
challenge, especially for global aerosol retrieval algorithms
[Nakajima et al., 1989; Zhao et al., 2003] and can incur
substantial discrepancies in the retrieval of aerosol optical
depth [Jeong et al., 2005]. It is contingent upon the
knowledge of aerosol type, which may be better obtained
from sensors with a suite of channels that span a proper
range of the spectrum, or alternately from a combination of
multiple satellite sensors.
[6] The AVHRR and TOMS aerosol products have their

own advantages and disadvantages over each other. For
example, the AVHRR products are limited to oceans due to
difficulties in separating the signal of the aerosols from that
of bright land surfaces [Mishchenko et al., 1999], while
TOMS can detect aerosols both over land and ocean except
over the regions covered by snow/ice [Herman et al., 1997;
Torres et al., 1998]. The TOMS aerosol products are
affected by aerosol layer altitude and single-scattering
albedo, and are more susceptible to subpixel cloud contam-
ination due to its large footprint (about 40 � 40 km2 at
nadir) [Herman et al., 1997; Torres et al., 1998]. The
TOMS aerosol data are thus derived from fewer samples
than the AVHRR aerosol data. One may gain synergetic

aerosol information by combining the two aerosol products.
Few attempts have been made to improve aerosol charac-
terization from multiple satellite sensors. Cakmur et al.
[2001] used the TOMS AI and AOT from one-channel
AVHRR retrievals to study the seasonal and interannual
variability of dust aerosols. No such effort has been reported
on a global scale. Analyses are also lacking toward reveal-
ing and understanding the discrepancies among various
global aerosol products.
[7] This study attempts to (1) improve the understanding

of aerosol characteristics regarding their spatial and tempo-
ral variations; (2) identify any common features and differ-
ences between the AVHRR and the TOMS aerosol products
through comprehensive analyses of the products over some
special regions of interest; and (3) explore and take advan-
tage of any synergy existing between the two products for
classifying aerosol types over global oceans and generate a
global aerosol climatology over both ocean and land at a
common wavelength (0.55 mm).
[8] The data sets employed are introduced in section 2.

Regional characteristics and variations of the aerosol cli-
matology are analyzed in section 3. Section 4 introduces the
classification of aerosol types and the generation of an
integrated aerosol product. Concluding remarks are given
in section 5.

2. Data Sets

[9] An AVHRR-based aerosol product generated
under the Global Aerosol Climatology Project (GACP)
[Mishchenko et al., 1999; Geogdzhayev et al., 2002]
(updated at http://gacp.giss.nasa.gov/) is employed in
this study (hereinafter the product will be referred to as
GACP/AVHRR or simply AVHRR product). It contains
monthly mean AOT at 0.55 mm and AE from July 1983
through September 2001 over oceans. The product resolu-
tion is 1 � 1 degree in latitude and longitude. It was derived
from clear-sky calibrated radiances from AVHRR channel 1
(nominal wavelength, l = 0.63 mm) and channel 2 (l =
0.85 mm) contained in the International Satellite Cloud
Climatology Project (ISCCP) DX data set [Rossow and
Schiffer, 1999]. The spatial resolution of the product is
30 km aggregated from AVHRR global area coverage
(GAC) data with 4-km resolution sampled from the 1-km
raw data. Aerosol particles are assumed to be homogeneous
spheres with optical properties determined by the Lorenz-Mie
theory. A modified power law size distribution was adopted
with the aerosol refractive indices fixed as m = 1.5–0.003i.
The shaping constant (i.e., the power exponent in the size
distribution function), which is the parameter that determines
the shape of the modified power law size distribution, has a
unique relationship with the AE and the effective radius of
aerosols.
[10] The performance of a dual-channel-based algorithm

is expected to be superior to that of a single-channel
algorithm in terms of information content [Tanré et al.,
1997; Nakajima and Higurashi, 1998; Kahn et al., 1998;
Higurashi and Nakajima, 1999] if the quality of both
channels is similar. However, even in such cases, there are
many sources of errors inhibiting accurate aerosol retrievals
[Ignatov et al., 1998; Mishchenko et al., 1999]. Radiance
calibration is one of the major uncertain factors [e.g.,
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Higurashi and Nakajima, 1999; Ignatov, 2002], which
could change the AOT by more than 40% [Geogdzhayev
et al., 2002]. Another major error source is cloud screening
[Ignatov and Nalli, 2002; Myhre et al., 2004]. In addition to
the ISCCP cloud detection algorithm [Rossow and Garder,
1993], more conservative cloud screening algorithms were
applied by Mishchenko et al. [1999] and Geogdzhayev et al.
[2002]. The additional cloud screening aims to eliminate
small cumulus clouds and optically thin cirrus clouds.
However, strict cloud masking could have the adverse affect
of discarding strong aerosol signals [Husar et al., 1997;
Haywood et al., 2001]. Other possible error sources include
the assumptions about aerosols (i.e., spherical particle, size
distribution function and refractive indices) and boundary
conditions (i.e., fixed wind speed and water-leaving radi-
ance), and water vapor absorption at channel 2.
[11] In general, AE is known to be erroneous for small

AOT (AOT < 0.2) [Ignatov et al., 1998] and is related to the
spectral separation between the channels [Ignatov and
Stowe, 2002b]. Yet the accuracy of satellite-based AE is
vulnerable to various uncertainties [Ignatov and Stowe,
2000; Myhre et al., 2004]. Ignatov [2002] showed that
the calibration gain is one of the most important
factors hampering the retrieval accuracy of the AE, while
Geogdzhayev et al. [2002] argued that uncertainties in
the calibration intercept introduced an error in AE less than
0.4. Use of a long-term climatology can suppress random-like
errors especially those associated with radiometric noise
and digitization [Ignatov et al., 1998; Ignatov, 2002].
[12] The TOMS aerosol products used here include the

monthly mean AOT at 0.38 mm [Torres et al., 1998, 2002]
and the monthly AI (level 3, version 7) [Herman et al.,
1997]. They were inferred from TOMS measurements made
by Nimbus-7 and Earth Probe from 1979 to 2000 (the AI
data are archived at http://toms.gsfc.nasa.gov/). The TOMS
AOT data have the same spatial resolution (1 � 1 degree) as
the AVHRR data, while the TOMS AI data have a resolu-
tion 1 � 1.25 degree, but are interpolated to 1 � 1 degree
grids. A temporal gap of three years exists between May
1993 and July 1996, mainly because the data from the
METEOR-3 satellite were not used in aerosol data process-
ing due to its precessing orbit [Herman et al., 1997].
[13] The TOMS AI was calculated from the ratio of

radiance measurements made at 340 and 380 nm. The index
has the unique capability of differentiating between absorb-
ing and nonabsorbing aerosols in the UV wavelengths over
both oceans and land [Hsu et al., 1996; Herman et al.,
1997] and even over very bright surfaces like clouds and
ice/snow [Hsu et al., 1999a]. Its sign is positive for
absorbing aerosols such as mineral dust, biomass burning
aerosols and volcanic ashes, and negative for nonabsorbing
aerosols. The monthly mean data sets, however, were
computed using only positive AI values. Any negative
values were set to zero.
[14] A quantitative measure of aerosol load and AOT was

also derived from TOMS [Torres et al., 1998, 2002]. The
TOMS AOT is most sensitive to aerosol absorption. The
retrieval employed eight spherical aerosol models: one
sulfate, three carbonaceous, and four dust models with a
log normal size distribution and slightly wavelength-depen-
dent refractive indices [Torres et al., 2002]. The vertical
distribution of aerosols was assumed to be a Gaussian

distribution centered at 3 km for carbonaceous aerosols.
For mineral dust, the climatological altitudes based on a
chemical transport model [Ginoux et al., 2001] were used.
Both TOMS AOT and AI are sensitive to the altitude of the
aerosol layer [Hsu et al., 1999b]. An error of 2% in the
AOT may result from an altitude error of 1 km for non-
absorbing aerosols and 65% for strongly absorbing aerosols
[Torres et al., 2002]. The TOMS AOT is relatively insen-
sitive to the aerosol particle shapes (i.e., nonspheroid) due
to the dominance of multiple molecular scattering in the
near-ultraviolet (UV) region that weakens the effect of
particle shape [van de Hulst, 1957].
[15] Subpixel cloud contamination is another major

source of error that leads to overestimation of the TOMS
AOT and is due to the large field of view of TOMS (40 �
40 km2 at nadir). This effect is more significant for light
loading of nonabsorbing aerosols. Fortunately, the bulk of
absorbing aerosols are heavily loaded (e.g., dust storms and
smoke plumes). The estimated overall uncertainty for the
TOMS AOT is about 20% for nonabsorbing aerosols and
30% for moderately absorbing aerosols. A wrong choice of
aerosol type can increase an AOT error by a factor of two
[Torres et al., 2002].
[16] Our analyses employed data that had all four aerosol

parameters available. One year of data after the Mt. Pina-
tubo eruption (1991) were discarded in order to concentrate
on tropospheric aerosols. So, the data periods of our study
include July 1983 to June 1991, July 1992 to April 1993,
and August 1996 to December 2000, with a total of
approximately 13 years.

3. Regional Analyses of the Two Long-Term
Aerosol Products

[17] The long-term averaged (1983–2000) seasonal maps
of the four variables (i.e., GACP/AVHRR AOT and AE,
TOMS AOT and AI) are presented in Figure 1 (only June,
July, August (JJA) are shown). In general, the four products
are complimentary to each other. For example, off the west
coast of north Africa (10–25�N, 15–60�W; NWAfrica), all
products detected enhanced aerosol features simultaneously
to a varying degree. For the AVHRR though, the continental
source areas cannot be seen except for a large aerosol plume
with a decreasing AOT gradient along the downwind
direction indicating the source of aerosols (i.e., north
Africa) that are clearly marked by the TOMS AOT and
AI. However, the locations of the highest aerosol loading
over land indicated by the TOMS AI and AOT are some-
what different from each other. The differences may stem
from different treatments of cloud contamination. Since the
TOMS AOT is more affected by residual clouds than the
TOMS AI [Herman et al., 1997], the former algorithm uses
more strict cloud screening based on both AI and reflectiv-
ity thresholds [Torres et al., 2002]. Consequently, their
monthly products can originate from somewhat different
samples.
[18] The TOMS AI is sensitive to both dust and smoke

aerosols, although the sensitivity is higher for dust than for
smoke [Hsu et al., 1999b]. The combination of TOMS AI
and AVHRR AE help differentiate the two types of aerosols.
Optical properties of biomass burning aerosols are domi-
nated by the accumulation mode [Remer et al., 1998; Eck et
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al., 1999] with the AE ranging from 1.0 to 2.3 [Eck et al.,
1999; Dubovik et al., 2002], whereas those for dust are
usually dictated by the coarse mode [Eck et al., 1999; Tanré
et al., 2001] with a typical AE range of 0.1 to1.0 [Eck et al.,
1999; Dubovik et al., 2002]. The generally low AVHRR AE
around NW and west central (5�S–10�N, 35�W–10�E; WC
Africa) African regions (exact locations vary with season)
coincides with the enhanced TOMS AI and AOT, signifying
the dominant dust aerosols there. A region off the southwest
Africa (5–25�S, 15�W–15�E; SW Africa) is abundant in
biomass burning aerosols [Husar et al., 1997] whose
seasonal occurrence and transport are discernable from the
four aerosol products. During the months of JJA (Figure 1)
and September, October, November (SON, not shown), for
instance, all four variables are significantly high. This
feature is not seen in other seasons, consistent with the
finding that savanna and grassland fires generally occur
from July to October [Andreae et al., 1994; Husar et al.,
1997]. The Gulf of Guinea (i.e., WC Africa region) is
affected by both biomass burning and dust [Husar et al.,
1997], which is echoed by relatively high AI and AOTs but
intermediate AE.
[19] Clouds pose the most serious problem in satellite

aerosol retrievals. They may exert influence in three ways:
cloud contamination, misclassification of aerosol as cloud,
and bias in data sampling due to the presence of clouds (no
retrieval for cloudy pixels). Especially, heavy aerosol in the
North Pacific Ocean (40–60�N, 150�E–150�W), the North
Atlantic Ocean (30–60�N, 0–60�W), the eastern equatorial
Pacific Ocean (0–20�N, 80–180�W; EC Pacific), and open

oceans in the Southern Hemisphere midlatitudes (40–60�S)
must be interpreted, or used, with caution, as they corre-
spond to regions of extensive cloud cover. This is clearly
seen from the JJA map of the ISCCP cloud fraction
averaged from 1983–2000 [Rossow and Schiffer, 1999]
(Figure 2). Almost all the regions of enhanced AOT
coincide with high cloud fractions (>0.7). The distribution
patterns of AVHRR AOT and ISCCP cloud fraction are so
similar that this leads to a strong suspicion of cloud
contamination, although one cannot rule out the possibility
that aerosols are coincident with clouds. To gain further
insight into the problem, regional analyses are presented
below.

3.1. Peru Region

[20] Off the coast of Peru and Chile (10–30�S, 70–
90�W) is a region of enhanced AOT (from the AVHRR)
and cloud cover, small AE and zero AI. Adjacent to the
South American continent, this region could be influenced
by land sources of aerosol and the small AE might be a
signal of dust aerosols transported westward from the
Saharan desert. However, the AI value indicates little
influence by any UV-absorbing aerosols (dust or biomass
burning). Moreover, AERONET [Holben et al., 1998, 2001]
data collected at a few sites located upwind from Peru (e.g.,
Arica, Rio Branco, and Santiago, etc.) do not show the
small AE values as obtained from the AVHRR. Yet, the
seasonal variation of AE from AERONET is quite different
from AVHRR, as seen in Figure 3. It shows the annual
variations of daily AE measured at Arica (18.5S, 70.3W)

Figure 1. Long-term (1983–2000) seasonal mean global distributions of AVHRR AOT and AVHRR
Ångström exponent (left panels) and TOMS AOT and TOMS AI (right panels).
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from 1999–2000 and long-term monthly means and stan-
dard deviations (STD) of AE from the AVHRR. Data from
other nearby AERONET sites (not shown here) have even
larger differences in terms of the seasonal variability. The
incompatibility of AE attests to the possibility of cloud
contamination of the AVHRR data, which is also supported
by the correlations between the AVHRR AOT (and also the
AE) and the spatial variability (STD) of the ISCCP cloud
fraction (Figure 4). The STD was computed from cloud
fractions within the Peru region and serve as a proxy of
contamination by residual clouds. Cloud fraction itself may
also serve as a proxy [Ignatov and Nalli, 2002]. However,
we prefer to use STD since it is less affected by any bias

existing in the ISCCP cloud fraction estimation. The STD
was found to be positively correlated with the AOT and
negatively correlated with the AE with the correlation
coefficients equal to 0.62 and 0.73, respectively.
[21] Apart from cloud contamination, the region is

likely to have a relatively high aerosol loading. Aerosol
measurements during the East Pacific Investigation of
Climate (EPIC) field experiment (September–October
2001) [Bretherton et al., 2004] suggest that small particles
from pollution sources along the Chilean coast and/or from
local photochemical processes may be dominant in this
region. Kuang and Yung [2000] reported the effects of
anthropogenic sulfate aerosols in light of large SO2 sources
nearby and negative values of daily TOMS AI. Given
various unusual features over this region, more detailed
investigations are warranted to quantify the contributions of
cloud contamination, local pollution and aerosol indirect
effects, which may require in situ measurements.

3.2. Equatorial Regions

[22] The long plume of enhanced AOT in the equatorial
eastern Pacific (0–20�N, 100–180�W; EC Pacific) is a
common feature in satellite aerosol products [Husar et al.,
1997; Myhre et al., 2004], but not in the results of aerosol
transport models [Chin et al., 2002] and model-satellite
assimilations [Yu et al., 2003]. Questions are thus raised if

Figure 2. Seasonal mean cloud fraction from International
Satellite Cloud Climatology Project (ISCCP) data for the
same period as plots shown in Figure 1.

Figure 3. Annual variation of daily (small dots) and
monthly (gray circles) Ångström exponents from an
AERONET site (Arica, 1999–2000) and long-term
(1983–2000) averaged AVHRR Ångström exponents (open
circles) over the Peru region. Bars represent the standard
deviation which contain the interannual variability.

Figure 4. Ångström exponent and AOT as a function of
standard deviation of the ISCCP cloud fraction. R is the
correlation coefficient.
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the feature is an artifact of the satellite products, and, if not,
what are the causes for the plume. To address these
questions, the AVHRR AOT is plotted over a large tropical
domain for four seasons (Figure 5). Superimposed on the
AOT map are the wind vectors from the National Centers
for Environmental Prediction (NCEP) Reanalysis by the
National Oceanic and Atmospheric Administration-Cooper-
ative Institute for Research in Environmental Sciences
(NOAA-CIRES) Climate Diagnostics Center (http://
www.cdc.noaa.gov/). The patterns of the aerosol distribu-
tion are well correlated with low-level (e.g., 925 hPa) wind

vectors, but not correlated with wind speeds at 1000 hPa
(not shown here), suggesting a weak contribution of locally
generated sea-salt aerosol. A visual examination of all
individual monthly AOT and wind vector maps for 1983–
2000 suggests that the long aerosol plume across the
equatorial Pacific does not come from a single dominant
source. It originates from Central America (during March,
April, May (MAM) and JJA), the northern part of South
America and north Africa (all seasons), as well as oceanic
sources along the prevailing trade wind. The plume is
located between the North Pacific and the South Pacific
Highs, but its strength and pattern seem to vary with wind
direction. The convergence of the trade winds in the north
and south corresponds to the Intertropical Convergence
Zone (ITCZ), but the plume does not exactly coincide with
the ITCZ.
[23] The annual variations of the AVHRR AOT, AE, and

the TOMS AOT are plotted for consecutive regions starting
from the west coast of Africa through to the east Pacific
oceans (Figure 6). The annual variations of AOT and AE are
very similar in NW Africa, the Caribbean (10–25�N, 60–
80�W), and Central America (10–25�N, 80–110�W) except
during MAM in Central America. From NW Africa to
Central America, the AOT decreases while the AE
increases, indicating a decreasing influence of dust from
Africa. The discordance during MAM for Central America
is attributed in part to biomass burning which is active
during this season and to local sources and transported
pollutants [Husar et al., 1997]. There are mixed signals of
aerosols influencing the EC Pacific: the AVHRR AOT for
EC Pacific is about the same or even greater than that for
Central America in the upwind region; the pattern of the AE
is similar to the Caribbean and NW Africa. There are two
weak peaks in the TOMS AOT that are coincident with the
biomass burning aerosol signal in Central America and
the dust signal in the upwind regions. All these lead to
the conclusion that biomass burning and dust affect the
aerosol characteristics in the EC Pacific. Using a different
AVHRR-based aerosol product based on a single-channel
algorithm [Stowe et al., 1997], Husar et al. [1997] argued
that the region is influenced by non-sea-salt (nss) sulfates,
Asian aerosols, and aerosols from volcanic activities, which
is not obvious from this analysis.
[24] We thus make a hypothesis that the EC Pacific is

likely influenced by various types of aerosols including sea
salt, nss sulfate, dust and biomass burning aerosols, all
depending upon the wind fields. Since some observations
reported a weak seasonality in oceanic aerosols [Husar et
al., 1997], the seasonal changes revealed in this study attest
to the contributions of aerosols from land sources.

3.3. North Pacific and Far East Asia Regions

[25] Many recent studies [e.g., Husar et al., 2001; Gong
et al., 2003; Zhang et al., 2003] dealt with the transport of
Asian dust across the North Pacific. While the events were
often detected from instantaneous AVHRR and TOMS data
[Herman et al., 1997; Husar et al., 2001], the monthly data
used here appear to indicate the dominance of small-sized
aerosols even during MAM when Asian dust outbreaks
occur. Figure 7 shows the distribution of the seasonal mean
AVHRR AOT and AE across the North Pacific for MAM
and JJA. Enhanced AOT (>0.2) spreads through almost the

Figure 5. Seasonal mean AVHRR AOT around the
equator in the Pacific and the Atlantic Oceans. Wind
vectors at 925 hPa from NCEP/NCAR Reanalysis data sets
are superimposed on the plots.
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entire region north of 30�N during MAM; it shrinks to a
much smaller area during JJA and SON (not shown).
However, the seasonal variation of the AE is much less
marked, with slightly larger values during MAM and
December, January, February (DJF; not shown) than during
JJA and SON. This is contradictory to the seasonal trend of
dust activities. Most likely, the magnitude of the seasonal
change in the AE is less than its uncertainty. The lack of
seasonal variation in the AE may have a physical reason.
Unlike Saharan dust, Asian dust outbreaks are sporadic.
Therefore, on a monthly timescale and on a 1 � 1 degree
grid scale, averaging may smear out the signal of Asian
dust. There are other possibilities. The dust events could be
misclassified as clouds and removed [Husar et al., 1997;
Haywood et al., 2001] and it may be that AE and AOT are
contaminated by ocean color.
[26] To help reveal the sources (types) of aerosols that

drive the seasonal and regional variations in the region,
wind vectors at 925 hPa and 700 hPa from the NCEP/
NCAR reanalysis are superimposed over the AVHRR AOT
and AE maps, respectively, in Figure 7. A strong correlation
is found between the AVHRR AOT and the wind direction,
with all high (low) AOT corresponding to westerly

(easterly) winds. During MAM and DJF, the westerly wind
is dominant over the region such that aerosols from land
sources (e.g., China, Korea and Japan) can be transported
toward the east. The area of enhanced AOT also diminishes
as the westerly wind retreats northward in JJA and SON. If
this correlation is physically true, the enhanced AOT may
be explained by fine-mode pollution aerosols generated in
far east Asia, combined with background oceanic aerosols.
In this case, the AOT is expected to decrease toward the
Pacific, and the particle size (AE) is expected to increase
(decrease) due to hygroscopic growth. This explanation
seems to be corroborated with the regional variations of
the AVHRR AOT and the AE plotted in Figure 8. It shows
monthly AOT and AE at four regions located consecutively
from west to east, namely, the Yellow Sea (25–45�N, 120–
130�E), Japan (30–50�N, 130–145�E), NW (30–50�N,
145–180�E) and NE (30–50�N, 140–180�W) Pacific.
Traces of Asian aerosols were observed over Midway
Island and the Hawaii islands [Prospero and Savoie,
1989; Prospero et al., 2003].
[27] An exception is noted in the middle of the Pacific

where the AOT is high, especially during JJA. This points to
another plausible cause, namely cloud contamination. The

Figure 6. Long-term monthly mean AVHRR AOT, Ångström exponent, and TOMS AOT over NW
Africa, Caribbean, Central America, and EC Pacific. Regions are as defined in the text. These regions are
located next to each other along a latitudinal band.
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left two panels in Figure 9 shows the ISCCP cloud cover
distribution during JJA and MAM; the spatial pattern and
temporal variation also bear a close resemblance to those of
the AOT. Broadly speaking, a cloud cover of 0.7 (in yellow)
seems to distinguish between AOT greater than and less
than 0.2. There is a large area with cloud cover greater than
0.9 in the middle of the Pacific corresponding to the
maximum in AOT. It is worth noting, however, that a large
cloud cover does not necessarily lead to cloud contamina-
tion, which is dictated more by cloud scale than cloud cover
frequency. Given that the presence of cloud in the region is
controlled chiefly by large-scale frontal systems, the degree
of cloud contamination should be less than in low-latitude
regions. The relative uniformity and widespread extent of
high AOT is more likely to be true in a qualitative sense, but
a real challenge lies in quantifying the influence of cloud
contamination on the satellite AOT retrievals.
[28] Another factor is associated with phytoplankton,

which could contribute to high AOT and/or induce an
artifact to cause false high AOT. Normally, a high chloro-
phyll concentration is found along the coastal regions and
middle- and high-latitude oceans, as is shown in the right
two panels in Figure 9 (shown only for MAM and JJA; data
generated by a NOAA-NASA’s Coastal Zone Color Scanner
(CZCS) reanalysis (NCR) effort [Gregg et al., 2002]). All
these regions have high AOT. Figure 10 presents the
correlation between long-term monthly mean AOT and the
chlorophyll concentration in July over both the regions
under study (the Yellow Sea, Japan, and NE/NW Pacific),
as well as other regions of high chlorophyll concentration
(N Atlantic, 35–50�N, 25–50�W; W Europe, 35–60�N, 0–
25�W). Positive correlations are found in all regions. The
correlation coefficients are larger than 0.5, except for Japan
where the correlation is lowered due to a few cases of

exceptionally high AOT corresponding to low chlorophyll
concentrations.
[29] High phytoplankton concentrations can lead to for-

mation of sulfate aerosols, which have important implica-
tions for climate [Charlson et al., 1987]. Planktonic algae
produce dimethylsulphide (DMS) and then, through oxidi-
zation, the DMS transforms into sulfate aerosols that are a
major source of cloud condensation nuclei (CCN). It is,
however, difficult to link this effect to the monthly satellite
data, since the portion of such sulfate aerosols would be
small compared to the total aerosol loading in the atmo-
sphere. Besides, it is likely that the high AOT may be an
artifact. Very high chlorophyll concentrations (�2.0 mg/m3)
and enhanced sedimentation can increase the water-leaving
radiance in the visible spectrum [Siegel et al., 2000]. Since
the retrieval algorithm does not account for such changes,

Figure 7. Seasonal mean (MAM and JJA) AVHRR AOT (left panels) and Ångström exponent (right
panels) across the North Pacific Ocean. Wind vectors at 925 and 700 hPa from NCEP/NCAR Reanalysis
data sets are superimposed on the AVHRR AOT and Ångström exponent plots, respectively.

Figure 8. Long-term monthly mean AVHRR AOT and
Ångström exponent over the Yellow Sea, Japan, NW
Pacific, and NE Pacific.
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the AOT may be overestimated. This is apparently the case
for the sharp increase in AOT over a narrow strip along the
east coast of China where ocean color is exceptionally
bright due to sedimentation of very turbid water from the
Yangtze River. The retrieval of ocean color (or chlorophyll
concentration) and aerosol is often a convolved problem and
thus becomes an obstacle in the retrieval of each other [e.g.,

Fukushima and Toratani, 1997]. Another challenge posed
here is how to unravel their effects.
[30] We may thus make another conjecture that the lack

of consideration of changes in ocean color may contribute to
the spatial variation in AOT, but is unlikely to be the
primary cause for the general trend of the AOT variation.
So, again, the real challenges are (1) to quantify this

Figure 9. Seasonal mean cloud fraction (left panels; MAM and JJA, 1983–2000) from ISCCP data sets
and seasonal mean chlorophyll concentration (right panels; MAM and JJA, 1978–1986) from NOAA-
NASA’s costal zone color scanner (CZCS) reanalysis (NCR) effort across the North Pacific Ocean.

Figure 10. Long-term mean AVHRR AOT as a function of NCR chlorophyll concentration (Chl) over
various regions in the North Pacific and North Atlantic Oceans. Solid gray lines represent the least-
squared linear fit. R is the correlation coefficient.
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artificial effect, and (2) to establish a genuine physical
relation between chlorophyll concentrations and oceanic
aerosol loading. To this end, in situ measurements and
modeling would be helpful. These issues will be addressed
in future studies.

4. Synergy From AVHRR and TOMS Products

[31] It follows from the above analyses that the AVHRR
and the TOMS do a reasonable job in retrieving AOT.
However, they suffer from numerous problems, due to
instrumental limitations and inversion difficulties. Note that
neither of the instruments was optimized for aerosol studies.
As each of the data sets has different advantages and
shortcomings, the two may be combined to enrich aerosol
information and to derive a synergetic product.
[32] One major difficulty in producing such synergy is

that the TOMS and AVHRR retrievals typically have only a
few days in common in each month and have different over-
passing times, so that their individual monthly averages
may have large uncertainties [Cakmur et al., 2001]. As the
uncertainties are largely random, they are suppressed by
averaging [Mishchenko et al., 1999]. As a measure of data
compatibility, we first computed a test AE (atest) from the
TOMS and AVHRR AOTs:

atest ¼ � ln tTOMS
0:38mm=t

AVHRR
0:55mm

� �
= ln 0:38mm=0:55mmð Þ: ð1Þ

Noting that the range of the AE due to the variability of
aerosol properties is estimated to be 0–2 [Kinne et al.,
2001; Dubovik et al., 2002], we can diagnose if the data sets
are spectrally consistent by establishing whether atest falls
within a valid range of values. This has been proposed and
used by Ignatov and Nalli [2002] for their AVHRR-based
aerosol products. The estimates of atest as computed by (1)
contain both systematic and random errors. Systematic
errors occur if the AOT from one sensor is systematically
higher/lower than that of the other, out of a range expected
for the channel difference. Random errors are primarily due
to cloud contamination. Myhre et al. [2004] noted that the
AOT from TOMS is systematically higher than that from
AVHRR and further investigation into this discrepancy is
presented later (section 4.2). If values of atest are less than 0
or greater than 4, we deem them inconsistent and discard
them. The test AE was calculated on different timescales:

individual monthly means and seasonal means, and monthly
and seasonal means averaged over the entire data period.
10% to 30% of the atest computed from individual monthly
AOTs fell within the range of abnormal values (i.e., atest < 0
or atest > 4). For the long-term averaged monthly and
seasonal means, 2.6–3.8% and 2.1–2.6% of the atest,
respectively, also fell within the range of abnormal values.
Figure 11 shows the distribution of atest calculated from the
long-term mean AOT in JJA. The magnitude of atest is
systematically greater than the AVHRR AE except over
major cloud regimes, while the gross pattern of distribution
is similar to that of the AVHRR (see Figure 1). In terms of
spatial distribution, most of the unreasonable atest values
reside in areas of low AOT for which the AE is very
sensitive to errors in AOTs [Ignatov et al., 1998;
Geogdzhayev et al., 2002], as well as regions with cloud
contamination.
[33] These results suggest that AVHRR and TOMS AOTs

do not have enough spectral consistency to be useful for
extracting information concerning aerosol size due to differ-
ences in sampling and the magnitude/direction of their
uncertainties. However, the distribution of atest suggests
that AVHRR and TOMS AOTs are correlated to each other
geographically so are related to aerosol type. Any synergy
existing between the two products should be exploited to
help identify dominant aerosol types and to estimate AOT at
one wavelength (AVHRR AOT) from the other (TOMS
AOT).

4.1. Synergy 1: Identification of Aerosol Types

[34] Aerosol type information is crucial for many appli-
cations because different types of aerosols have distinct
properties that may give rise to very different direct and
indirect effects. Knowledge of aerosol type directly influ-
ences the quality of the AOT retrievals from satellite-
measured radiances because the radiances are altered by
both aerosol loading and aerosol optical properties. For
global aerosol retrievals, several aerosol models are neces-
sary to take into account highly variable aerosol character-
istics [Kaufman et al., 1997]. These aerosol models may be
differentiated in terms of absorbing strength, particle shape,
vertical distribution, etc. Currently, global distributions of
aerosol type have been primarily derived through modeling
[e.g., Tegen et al., 1997; Chin et al., 2002; Penner et al.,
2002, and references therein]. A handful of recent efforts
focused on using satellite data to classify aerosol type on a

Figure 11. Ångström exponent derived from TOMS and AVHRR AOTs (JJA).
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global scale [Kaufman et al., 2002]. By virtue of MISR
multiangle observations, aerosols can be retrieved as mix-
tures of several components [Martonchik et al., 1998; Kahn
et al., 2001]. Bellouin et al. [2003] attempted to separate
dust, sea salt, and smaller-particle aerosols by utilizing the
AOT and the AE from POLDER together with predefined
aerosol regimes based on geographical location.
[35] While AVHRR data have been employed to extract

aerosol size information and TOMS data have been used to
measure aerosol absorption, the two data sets have not been
combined to infer aerosol type. The analyses in section 3
demonstrated the utility of synchronizing the AVHRR AOT
and AE and the TOMS AOT and AI to identify aerosol type.
The algorithm is delineated in the flowchart shown in
Figure 12. First, atest (see equation (1)) is calculated from
AVHRR and TOMS AOTs and only qualified data (i.e., 0 <
atest < 4) are employed. The TOMS AI can distinguish
between UV-absorbing (biomass burning particles and dust)
and non-UV-absorbing aerosols (sea salt, sulfate, pollution,
etc.). Small (biomass burning particles, pollution, sulfates)
and large (dust, sea salt) particles can be differentiated using
the AVHRR AE. Intermediate values of the AE are assumed
to represent mixtures of small and large particles. Numerous

thresholds are applied to the AOT to refine the classifica-
tion. For example, biomass burning, dust and some heavy
pollution aerosols tend to have larger AOTs while the AOTs
for light pollution (oceanic nss sulfate and sea salt) tend to
be smaller. Some complicated mixtures of aerosols are
designated as belonging to the ‘‘undefined’’ group, together
with inconsistent data caused by data mismatch and cloud
contamination. The threshold values are also given in the
flowchart and were chosen based on aerosol climatologies
derived from AVHRR and AERONET [Dubovik et al.,
2002].
[36] Figure 13 shows global seasonal maps of the dom-

inant aerosol types classified by this algorithm. It captures
well the seasonal and regional characteristics of the aero-
sols, as discussed in many other studies [e.g., Husar et al.,
1997; Herman et al., 1997; Torres et al., 2002]. As
examples, one can find the pollution plumes over the
midlatitude North Atlantic Ocean, far east Asia and the
North Pacific, and dust and biomass burning aerosols from
Africa. The colored areas over land indicates source areas
for biomass burning and dust aerosols based on the values
of the TOMS AOT (>1.0) and the AI (>1.25). The area with
light pink over Russia during JJA represents aerosols from

Figure 12. A classification algorithm for identification of dominant type(s) of aerosols.
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boreal fires as indicated by TOMS AOTs over a period of
1983–2000.
[37] The classification algorithm is flexible in that it can

be adapted to any other data set containing similar infor-
mation, although the threshold values may need adjustment.
For instance, the AE is not an absolute measure of aerosol
size and can vary with the wavelengths of the channels from
which it is computed, and with physical/optical properties of
aerosols. Thus its threshold may be tuned for different
instruments and/or spatiotemporal resolutions. In addition,
if a more robust physical parameter for aerosol size is
available, such as the effective radius, better results may
be acquired. For example, this algorithm could be applied to
the MODIS and TOMS data sets. However, the Earth Probe/
TOMS sensor’s calibration problem since November 2000
(http://toms.gsfc.nasa.gov/aerosols/aerosols.html) may be a
limiting factor. The algorithm would work better if data
were from a single sensor or from sensors aboard a single
satellite in order to avoid or lessen data mismatch problems.
[38] The algorithm has some limitations related to the

appropriateness of the following assumptions: the charac-
teristic size for each aerosol type, the capability of TOMS
AI to discriminate UV-absorbing aerosols from non-UV-

absorbing aerosols, and the consistency of data from differ-
ent satellites. The performance of this algorithm is affected
by the accuracy of the aerosol size parameter. Some aerosol
events may possess particles with different size character-
istics from those generally known, such as large biomass
burning aerosols due to coagulation processes in thick
smoke plumes [e.g., Hobbs et al., 2003] or due to hygro-
scopic growth [e.g., Zhou et al., 2002] and small to
intermediate-sized marine boundary layer aerosols contain-
ing sea salt [Murphy et al., 1998], to name a few. When data
sets from different satellites are used, they may be derived
from different scenes, in spite of the data consistency test
procedures.

4.2. Synergy 2: Estimation of Global AOT at 0.55 Mm

[39] It would be more useful to estimate the AOT at the
same wavelength over both oceans and land so that one can
identify more readily aerosol sources and their transporta-
tion. The AOT at 0.55 mm (or 0.5 mm) has been used as a
common aerosol parameter in various studies [e.g., Masuda
et al., 1995; Li and Moreau, 1996]. An attempt is thus made
here to generate a global integrated AOT product at 0.55 mm
from AVHRR and TOMS instruments. This is achieved by

Figure 13. Global seasonal maps of dominant aerosol types based on the algorithm delineated in
Figure 12. Land areas with TOMS AOT greater than 1 and AI greater than 1.25 are colored in light
pink to indicate some major aerosol sources.
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first developing regressional relationships between the
AVHRR AOT and the TOMS AOT over oceans where both
products are simultaneously available. To reduce random
errors, the long-term (1983–2000) monthly averages are
used. Figure 14a shows the relationship for biomass burning
aerosols, dust aerosols and non-UV-absorbing aerosols.
Overall, the TOMS AOT is systematically and significantly
larger than the AVHRR AOT by a factor of approximately
2. Part of the difference is caused by the wavelength
difference between the two channels (0.55 mm versus
0.38 mm), as is shown by three simulated relationships for
dust, sulfate and carbonaceous model aerosols employed in
the TOMS AOT retrieval [Torres et al., 2002]. As is
expected, larger differences correspond to finer aerosol
particles. While the three lines are located among the
observed data points, they are also all above the regression
lines, implying that the AOT differences exceed the spectral
dependence. It can thus be concluded that one product is
over- (under-) estimated relative to the other. Such system-
atic differences are better accounted for by sorting the data
according to aerosol type, as is shown in Figures 14b–14d.
After data sorting, the two types of AOT have linear
relationships whose slopes vary with aerosol type. Note
that the intercept was set to zero in the regression. The
difference diminishes to a factor of 1.7 for dust aerosols. We
can use the relationship to estimate the AVHRR AOT from
the TOMS AOT, or vice versa. The overall error range of
estimation is ±0.08 ± 0.20t, within which more than 95% of
the data points reside.
[40] Without sorting the data according to aerosol type,

Myhre et al. [2004] argued that the overall substantial
scattering in the data results from differences in data
sampling and cloud screening. We agree that part of this
scattering is related to cloud and data sampling but this
scatter can be reduced after sorting the data into different
aerosol types. Another contributing factor lies in the use of

different aerosol models in the retrieval algorithms. Jeong et
al. [2005] demonstrated that considerable discrepancies
between the AOT estimated from AVHRR and MODIS
are attributed to differences in aerosol size distributions,
namely, the power law (AVHRR) and (bimodal) log normal
(MODIS) functions. Since the TOMS AOT is based on the
log normal size distribution, similar discrepancies may also
exist between TOMS and AVHRR. Large scattering is
expected for non-UV-absorbing aerosols and low aerosol
loading to which TOMS is rather insensitive.
[41] The AOT at 0.55 mm over land was obtained by

applying the derived regression equations to the TOMS
AOT, together with the AI and land cover data from the
International Satellite Land Surface Climatology Project
(ISLSCP; Meeson et al. [1995]). Owing to a lack of
dynamic knowledge of aerosol types over land, the latter
two data sets were used to grossly separate the data into
smoke, dust and non-UV-absorbing aerosols. The AI was
first used to group aerosols into UV-absorbing and non-
absorbing aerosols. Absorbing aerosols are then classified
as dust or biomass burning aerosols, depending if it is over
vegetated or barren land. This simple assumption was made
out of necessity. The maximum range of error due to this
assumption is ±0.21*[TOMS AOT], when biomass burning
was mistakenly selected instead of dust, or vice versa.
However, this type of error is not a major factor according
to comparisons against MODIS AOT as shown in the
following discussions. The ensuing land AOTs are com-
bined with the AVHRR AOTs over ocean to form a global
climatology whose long-term average (1983–2000) is pre-
sented in Figure 15. It is seen that there is no artificial
discontinuity between ocean and land and the map provides
certain information pertaining to aerosol sources and
transport.
[42] The estimated AOT over land are compared against

monthly mean AERONET measurements (Figure 16). The
best results are achieved in the Arabian region (Solar
Village and Bahrain) followed by the South African region,
with small random errors and little or no bias. Almost all
data points fall within the range of estimated errors marked
by the dashed lines. Larger scatterings exist for other
locations, which is partially due to sampling errors in point
specific measurements [Kinne et al., 2001] and unexplained
variability by the regression equations, as well as errors in
the TOMS AOT data. There is a slight underestimation of
the AOT in north Africa and an overestimation of the AOT
in South America, but the bias errors in general are very
small. While aerosols in both South Africa and South
America stem from biomass burning, one reason for the
better agreement in the former region is because the data
used for developing the regression for biomass burning
came from the region off the west coast of South Africa.
The use of geographic location to select a regression
equation can introduce errors especially for mixtures of
dust and biomass burning aerosols in the Sahel region.
Despite the numerous errors, most (�70%) of the estimated
AOT reside within the estimated error range, when com-
pared against AERONET data.
[43] The MODIS AOT data (April 2000 to March 2004)

at 0.55mm over land are compared with our results. Since
the overlapping period is short (less than a year), the
comparison is performed for their respective long-term

Figure 14. Scatterplots of TOMS AOT as a function of
AVHRR AOT for various dominant types of aerosols. (a–d)
Their linear regression lines are marked. In Figure 14a,
modeled relationships are given for three dominant aerosol
types as used in the TOMS aerosol algorithm: dust
(medium-dash line), sulfate (short-dash line), and carbona-
ceous (long-dash line).
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Figure 15. Global maps of seasonal mean AOT at 0.55 mm. AOT over land was estimated from
regression equations on the basis of relationships among TOMS AOT and AI and AVHRR AOT. AOT
over ocean is the AVHRR AOT as originally reported.

Figure 16. Comparison of estimated AOT over land against monthly AERONET AOT at 0.55 mm.
AERONETAOTwas interpolated using the Ångström exponent. The solid line is the one-to-one line, and
the dashed line denotes the estimated error range.
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means. Figure 17 shows the maps of the seasonal mean
differences between MODIS and the estimated AOTs over
land. The two AOTs agree well with each other in general
except for Asia. The primary reasons for the large disparity
in Asia are likely to include (1) the fact that statistical
relations between TOMS and AVHRR AOTs for heavy
pollution and Asian dust were not established due to
ubiquitous missing data in TOMS AOT at higher latitudes
along major cloud regimes and (2) the dependence of
TOMS AOT on aerosol altitude (i.e., lower altitude near
the source regions). Figure 18 shows multiyear monthly
averages of the two AOTs over the respective continents.
On a continental scale, our AOT estimation from TOMS
data shows a similar seasonality to that from MODIS. Good
agreement is found in North America and Australia. For
South America and Asia, systematic differences are found,
but their seasonal variations track each other quite well. It is
interesting to note that the MODIS AOT and our AOT
estimations over South Africa cross each other before and
after the peak season of biomass burning. It is difficult to
pinpoint the causes, but major factors influencing the
systematic differences may include: (1) systematic differ-
ences between regional mean MODIS and GACP/AVHRR
AOTs as revealed in the work of Jeong et al. [2005], noting
that the estimated AOT over land is a GACP/AVHRR-like
AOT); (2) the dependence of TOMS AOT on the altitude of
the aerosol layer (and topography) and aerosol absorption
(single-scattering albedo), especially in the dust and biomass
burning regimes; (3) differences in sampling periods, which

may explain the large blue area over Russia during JJA in
Figure 17. The sound agreement between the two AOTs and
their seasonality suggest that AOT estimations from the past
can be linked to current state-of-art AOT estimations for
development of continuous long-term records.

5. Summary and Conclusions

[44] Global aerosol products play an important role in
climate change studies due to their complex direct and
indirect effects. While numerous global aerosol products
have been generated from various satellite sensors, much
more insight into these products is needed to understand
them in terms of their strengths, weaknesses and synergies,
in order to (1) make informative and creative use of the
data, (2) to extract as much information as possible from the
data, and (3) to filter out any inherent noise and uncertain-
ties for future improvement in both data quality and
quantity. Presented here is a preliminary study toward
achieving this goal by examining the quality, compatibility
and synergy between two prominent global aerosol products
derived from AVHRR and TOMS [Mishchenko et al., 1999;
Torres et al., 2002].
[45] Cloud contamination has been a common inherent

problem suffered by both products [Ignatov and Nalli,
2002; Myhre et al., 2004]. Nearly all aerosol-laden regions
outside of the tropics correspond to high/frequent cloud
cover. Regions of highly suspected cloud contamination
include the Southern Hemispheric Oceans (30–60�S) in all

Figure 17. Seasonal mean difference maps between the estimated AOT over land at 0.55 mm (1983–
2000) from TOMS and AVHRR data sets (as shown in Figure 15) and MODIS AOT (April 2000 to
March 2004).
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the seasons and some parts of the North Pacific Oceans
during JJA (and MAM but much weaker). Unfortunately,
the monthly products used here convey little information to
aid in comprehending the problem. However, regional
analyses with aerosol physics in mind are instrumental in
gaining further insight into the likely effects of cloud and
other factors. In general, it seems safe to conclude that while
cloud contamination contributes to AOT values to a varying
degree, the general patterns of enhanced AOT appear to be
true, rather than artifacts due to cloud contamination.
Unraveling the various other effects remains a major chal-
lenge, which is crucial to furthering our understanding of
many aerosol-related issues.
[46] To this end, attempts are made here to conduct in-

depth regional analyses using a variety of data sets. The
following regions were selected based on certain unique
features that have not been previously addressed: off the
coast of Peru, a tropical zone between western Africa to
eastern central Pacific, and North Pacific regions. First, the
high AOT associated with small AE off the shores of Peru is
due to cloud contamination. If this were not so, the presence
of small AE would contradict other studies that reported
small particles in this region and argued about the apparent
evidence of an aerosol indirect effect. Second, the long
plumes of enhanced AOT along the equatorial eastern
Pacific (EC Pacific) have a complex and interesting sea-
sonality that is driven by atmospheric circulation. The
plume is a manifestation of the convergence of various
types of aerosols (dust, smoke, pollution aerosols, etc.)
transported by prevailing winds that change with season.
Third, the generally enhanced aerosol field over the North
Pacific is found to consist primarily of fine-mode aerosols

and the loading responds sharply to the changes in wind
direction, signifying heavy influence by aerosols (especially
pollution) transported from Asia. However, there is no
discernible dust signal in terms of relative values of AE
even during the dust-active season in spring. This could be
due to the smearing out of sporadic dust episodes by
averaging in a month or due to the misclassification of dust
as cloud. However, significant correlations found between
the AVHRR AOT and chlorophyll concentration around
these regions suggest a possible influence of ocean color
contamination and/or induced oceanic aerosols such as nss
sulfate, which can be linked to phytoplankton activity.
[47] The AVHRR and TOMS aerosol products also ex-

hibit a good synergy, which is exploited here. For example,
TOMS data alone has difficulty in differentiating between
dust and biomass burning aerosols, which can be compen-
sated for by the AVHRR AE pertaining to aerosol size.
Taking advantage of their respective strengths, we devel-
oped an algorithm to classify aerosol types into dust,
biomass burning, a mixture of the two, sulfate/pollution,
and sea salt, etc. Using this algorithm, regions under the
dominant influence of various types of aerosols are deter-
mined from the two satellite products alone. Prior to
MODIS and MISR, it has been difficult to gain such
information from a single satellite. The performance of this
algorithm is influenced by the quality of each aerosol
product (especially the AVHRR AE and the TOMS AI).
[48] As an application of the classification and exploita-

tion of the synergy, the two AOT products are integrated to
generate an AOT product at a common wavelength
(0.55 mm) of truly global coverage covering both ocean
and land. To reduce the large scattering and biases exhibited

Figure 18. Comparison of multiyear monthly averages of the estimated AOT (1983–2000) and MODIS
AOT (April 2000 to March 2004) over the continents. Note that Africa was separated at the equator into
north and south regions. Each continental monthly average includes all available colocated data sets for
respective continents.
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when direct comparisons of the two products were made,
different relationships were derived between the TOMS and
AVHRR AOTs according to aerosol type. The range of
uncertainty of the estimated AOT is ±0.08 ± 0.20t. These
inferred AOTs are compared to AERONET measurements,
and most of the estimations fall within this range of
uncertainty. In addition, comparisons of the inferred AOTs
with MODIS AOTs show good agreement in terms of
magnitude and seasonality, suggesting that bridging past
and current AOT estimations is promising.
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