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Abstract More than three decades have passed since
the launch of the first satellite instrument used for
atmospheric aerosol detection. Since then, various
powerful satellite remote sensing technologies have
been developed for monitoring atmospheric aerosols.
The application of these new technologies to differ-
ent satellite data have led to the generation of mul-
tiple aerosol products, such as aerosol spatial distri-
bution, temporal variation, fraction of fine and coarse
modes, vertical distribution, light absorption, and some
spectral characteristics. These can be used to infer
sources of major aerosol emissions, the transportation
of aerosols, interactions between aerosols and energy
and water cycles, and the involvement of aerosols with
the dynamic system. The synergetic use of data from
different satellite sensors provides more comprehen-
sive information to better quantify the direct and indi-
rect effects of aerosols on the Earth’s climate. This
paper reviews how satellite remote sensing has been
used in aerosol monitoring from its earliest beginnings
and highlights future satellite missions.

Keywords Satellite · Instrument · Remote sens-
ing · Aerosol · Monitoring

1 Introduction

Atmospheric aerosols are defined as suspended par-
ticles (solid or liquid) in a gas medium. The parti-
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cles that compose aerosols range in size from nanome-
ters to tens of micrometers, depending on whether
they originate from natural sources (e.g., pollens, sea-
salt, wind-blown dust, volcanic ash) or from man-
made sources (e.g., smoke, soot, biomass burning).
Aerosols can contribute to a reduction in visibil-
ity (Trijonis et al. 1991) and a decline in human
health (Davidson et al. 2005) as well as affecting
climate change (IPCC 2007). To fully understand
aerosol effects, their characteristics (quantity, compo-
sition, size distribution, and optical properties) must be
known on local to global scales (Kaufman et al. 2002).

Aerosol properties have been typically acquired
using ground-based point measurements. Details con-
cerning aerosol properties have been obtained from
in-situ measurements, such as from aircraft or bal-
loons, but these were limited to a few aerosol intensive
measurement campaigns. Examples of such campaigns
include the International Global Atmospheric Chem-
istry (IGAC) programs (IGAC 1996), the Tropospheric
Aerosol Radiation Forcing Observation Experiment
(TARFOX) (Russell et al. 1999) and three Aerosol
Characterization Experiments such as ACE-1 (Bates
et al. 1998), ACE-2 (Raes et al. 2000), and ACE-Asia
(Huebert et al. 2003). The use of satellites to mon-
itor aerosols has the advantage of providing routine
measurements on a global scale and is an important
tool for use in improving our understanding of aerosol
properties.

The first visual observations of atmospheric aerosol
effects were made from the manned spacecrafts.
Cosmonaut Yuri Gagarin observed clouds and their
shadows, as well as optical phenomena due to the
presence of aerosols, during the first manned space
flight on the spacecraft Vostok on April 12, 1961.
These first observations were visual in nature but in
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subsequent space flights, photography was used by
cosmonaut G. S. Titov (Vostok-2, August 6, 1961),
cosmonaut V. V. Tereshkova (Vostok-6, June 16,
1963), K. P. Feoktistov (Voskhod, October 12, 1964),
A. A. Leonov (Voskhod-2, March 18, 1965), and oth-
ers. They took photos of the horizon in order to esti-
mate the vertical distribution of aerosols. A. G. Niko-
laev and V. I. Sevastyanov (Soyuz-9, June 1, 1970)
used hand-held spectrophotometers to measure the
spectrometry of the twilight and daylight horizons, as
well as that of clouds and snow. This instrument was
also used in several follow-up missions. Stratospheric
aerosol measurements using a hand-held sun photome-
ter were made on the Apollo-Soyuz in 1975 (Pepin
and McCormick 1976). Further information on the first
instrumental observations of the planet from manned
aircrafts is given by Lazarev et al. (1987).

The first detection of aerosols from an un-manned
spacecraft was achieved by the Multi Spectral Scan-
ner (MSS) onboard the Earth Resources Technology
Satellite (ERTS-1) (Griggs 1975; Fraser 1976; Mekler
et al. 1977) and the first operational aerosol products
were generated from the TIROS-N satellite launched
on 19 October 1978. The Advanced Very High Res-
olution Radiometer (AVHRR) onboard TIROS-N was
originally intended for weather observations but its
capability was expanded to the detection of aerosols.
The Nimbus-7 was launched on 25 October 1978, car-
rying the Stratospheric Aerosol Measurement instru-
ment (SAM) (McCormick et al. 1979) and the Total
Ozone Mapping Spectrometer (TOMS). While the
TOMS was not originally designed for aerosol moni-
toring, it has since provided the longest measurement
record of global aerosols from space (Herman et al.
1997; Torres et al. 2002). These launches thus marked
the beginning of an era of satellite-based remote sens-
ing of aerosols that has lasted over three decades to
date.

Advances in satellite monitoring capabilities have
resulted in the generation of many valuable scien-
tific datasets from local to global scales, which are
useful to researchers, policy makers, and the gen-
eral public. Satellite instruments give us the ability to
make more accurate measurements on a nearly daily
basis across a broader geographic area and across a
longer time frame. This paper reviews various space-
borne sensors used in the remote sensing of aerosols
and the associated data products retrieved from satel-
lite measurements. Section 2 presents an overview of

satellite remote sensing data and instruments. Various
aerosol retrieval techniques applied to satellite data
is introduced in Section 3. In Section 4, the acquisi-
tion of satellite data and applications, including inter-
comparisons, climatologies, and synergy studies, are
discussed. The prospects for future missions are high-
lighted as well.

2 Satellite Observations for Aerosol
Monitoring

Space agencies, such as the National Aeronautics
and Space Administration (NASA), the National
Ocean and Atmosphere Administration (NOAA), the
European Space Agency (ESA), le Centre National
d’Etudes Spatiales (CNES) in France, the Japanese
Aerospace Exploration Agency (JAXA), the China
Meteorological Administration, the Royal Netherlands
Meteorological Institute (KNMI), and the German
Aerospace Centre (DLR), have launched many satel-
lite instruments. Table 1 shows a timeline of satel-
lite missions from 1972 to 2006 and a summary
of the features for each sensor. Aerosol monitoring
from space has, in the past, been accomplished using
satellite data not explicitly designed with this appli-
cation in mind. Historical satellite observations still
in operation are the TOMS and AVHRR series. The
AVHRR has been primarily used for the surveillance
of weather systems and the monitoring of sea sur-
face temperatures (SST) and land vegetation indices
(VI). The TOMS was originally designed for deriv-
ing the total ozone content in the atmosphere. As
a by-product, aerosol information has been success-
fully extracted from both sensors, such as aerosol opti-
cal depth/thickness (AOD/AOT, �) from the AVHRR
(Stowe et al. 1997) and the UV-absorbing aerosol
index (AI) from the TOMS (Herman et al. 1997; Hsu
et al. 1999).

Information concerning aerosols was also inferred
from other later sensors, such as the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS), and the Moder-
ate Resolution Imaging Spectro-radiometer (MODIS);
the near-future Visual/Infrared Imager Radiometer
Suite (VIIRS) will continue in this vein. The Sea-
WiFS, developed for studying marine biogeochemi-
cal processes, has been employed to produce aerosol
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Table 1 The history of platforms and sensors used to derive aerosol properties from space
# of bands

Launch End Platform Instrument (wavelengths (�m)) Accuracy Referencea

1972 1978 Landsat(ERTS-1) MSS 4(0.5–1.1) �(10%) Griggs (1975)
1974 1981 SMS-1, 2 VISSR 5(0.65–12.5)
1975 Present GOES-1∼12 VISSR 5(0.65–12.5) �(18∼34%)b Knapp et al. (2002)
1975 1975 Apollo-Soyuz SAM 0.83 – McCormick et al. (1979)
1977 2005 GMS-1∼5 VISSR 4(0.45–12.5) – –
1978 1980 TIROS-N AVHRR 4(0.58–11.5) – –
1978 1993 Nimbus-7 SAM-2, 1 �ext(10%) McCormick et al. (1979)

CZCS, 6(0.443–11.5) – –
TOMS 6(0.312–0.380) – –

1979 1981 AEM-B SAGE 4(0.385,0.45,0.6,1.0) �ext(10%) Chu and McCormick (1979)
1979 Present NOAA-6∼16 AVHRR 5(0.58–12) �(10%)c, �(3.6%)d Stowe et al. (1997)

Mishchenko et al. (1999)
1984 2005 ERBS SAGE-2 4(0.386–1.02) �ext(10%) Chu et al. (1989)
1997 Present TRMM VIRS 5(0.63–12) �(35%), �(±0.5) Ignatov and Stowe (2000)
1991 1996 SPOT-3 POAM-2 9(0.353–1.060) �ext (∼20%) Randall et al. (1996)
1991 1999 ERS-1 ATSR, 4(1.6, 3.7, 11, 12) – –

GOME 4(0.24–0.79) – Torricella et al. (1999)
1992 2005 UARS- HALOE 8(2.45–10.01) reff(±15%), �ext(±5%) Hervig et al. (1998)
1994 1994 SSD LITE 3(0.355, 0.532, 1.064) �(�1)/�(�2)(<5%) Gu et al. (1997)
1995 Present ERS-2 ATSR-2, 7(0.55–12) �(<0.03), �(30%) Veefkind et al. (1999)

GOME 0.24–0.79
1996 Present Earth Probe TOMS 6(0.309–0.360) �(20∼30%)e Torres et al. (2002)
1996 1997 ADEOS POLDER, 9(0.443–0.910) �(20∼30%)f, Herman et al. (1997)

ILAS, 2(0.75–0.78, 6.21–11.77) – –
OCTS 7(0.412–0.865) – –

1997 Present OrbView-2 SeaWiFS 8(0.412–0.865) T(5∼10%) Gordon and Wang (1994)
1998 Present SPOT-4 POAM-3 9(0.354–1.018) �ext(±30%) Randall et al. (2001)
1999 Present TERRA MODIS, 36 (0.4–14.4) �(5∼15%)g, Remer et al. (2005)

MISR 4 (0.45∼0.87) �(10∼20%) Kahn et al. (2005)
2001 2005 METEOR-3M SAGE-3 9(0.385–1.545) �ext(5%), �(5%) Thomason et al. (2007)
2001 Present PROBA CHRIS 62(0.4–1.05) – Barnsley et al. (2004)
2001 Present Odin OSIRIS 0.274–0.810 �ext(15%) Bourassa et al. (2007)
2002 Present AQUA MODIS – – –
2002 Present ENVISAT AATSR, 7(0.55∼12.0) �(0.16), Grey et al. (2006)

MERIS, 15(0.4–1.05) �(∼0.2), Vidot et al. (2008)
SCIAMACHY 0.24–2.4 AI(∼0.4) Graaf and Stammes (2005)

2002 2003 ADEOS-2 POLDER-2, 9(0.443–0.910) – –
ILAS-2, 4(0.75–12.85) –, Zasetsky and Sloan (2005)
GLI 36(0.38–12) �(∼0.1) Murakami et al. (2006)

2002 Present MSG-1 SEVIRI 12(0.6–13.4) �(0.08) Popp et al. (2007)
2003 2003- ICEsat GLAS 2(0.532, 1.064) �ext(10%),�(20%) Palm et al. (2002)
2004 Present AURA OMI, 3(0.27–0.5) �(30%), Torres et al. (2007),

HIRDLS 21(6–18) �ext(5∼25%) Froidevaux and
Douglass (2001)

2004 Present PARASOL POLER-3 8(0.44–0.91) – –
2006 Present CALIPSO CALIOP 2(0.532, 1.064) – –
aReferences of the validation study for accuracy listed here.
bAccuracy for operational GOES aerosol retrieval may apply for other GOES series.
cAccuracy for single channel AVHRR aerosol retrieval algorithm may apply for other AVHRR series.
dAccuracy for two channel AVHRR aerosol retrieval algorithm may apply for other AVHRR series.
eAccuracy for TOMS AOT retrieval from Nimbus-7 to Earth Probe.
fmay apply for the POLDER-2 and -3.
gsame to the MODIS/Aqua.
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data required for atmospheric correction (Gordon and
Wang 1994). With the launch of Terra (EOS AM-1),
more advanced instruments like MODIS and the
Multiangle Imaging SpectroRadiometer (MISR) pro-
vide substantially improved aerosol retrievals (Remer
et al. 2005; Diner et al. 1998). The same applies to the
Medium Resolution Imaging Spectrometer (MERIS)
and Advanced Along-Track Scanning Radiometer
(AATSR) onboard the ESA EnviSAT. The launch of
POLDER on ADEOS II added more capabilities by
virtue of its polarization measurements of backscat-
tered solar light (Leroy et al. 1997). Space-borne light
detection and ranging (LIDAR) observations from
the Lidar In-space Technology Experiment (LITE)
(Winker et al. 1996), the Geoscience Laser Altime-
ter System (GLAS) (Spinhirne et al. 2005a, b), and
the most recently launched Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO)
(Vaughan et al. 2004) allow for global-scale assess-
ments of the vertical distribution of aerosols, backscat-
ter, extinction, and depolarization ratios.

In terms of information content, satellite data may
be classified into three general categories. The first is
aimed at portraying the spatial and temporal dynam-
ics of aerosol loading. The second is concerned with
columnar aerosol properties retrievals (e.g., aerosol
columnar mass retrievals) through use of spectral,
polarization, and angular characteristics of backscat-
tered solar light. The third provides information on the
vertical profile of aerosols from the surface into the
stratosphere. Contingent upon the need of a particu-
lar aerosol attribute, a single sensor or combination of
sensors may be used.

There are two basic types of satellite instruments
depending on the observation geometry, namely ver-
tical and horizontal measurements (Fig. 1). By verti-
cal (or nadir viewing) observation, the instrument faces
to nadir or near-nadir and senses the radiation com-
ing from the Earth. Most instruments employ this con-
cept to provide column integrated products. Observa-
tion in horizontal direction including Limb-viewing
and occultation sounding, probes the Earth’s limb at
various depths in the atmosphere. This observation is
characterized by the altitude and the geolocation of the
tangent point. Especially, solar occultation instruments
can retrieve aerosol extinction profile from measure-
ment of sunlight extinction through the atmospheric
limb during sunrise and sunset. All these methods
require accurate calibration of instruments and sound

Fig. 1 Vertical (nadir) and horizontal (limb and solar occul-
tation) satellite observation concept. Nadir viewing is looking
straight down to measure columnar observation. Limb view-
ing provides a much longer path through the atmosphere, and
also makes it easier to determine the altitudes of the observed
substances

treatment of unknown optical properties of aerosols,
surface reflectivity, and gaseous absorption.

Inference of aerosol properties from satellite relies
on the interaction of electromagnetic radiation scat-
tered and/or absorbed by the atmospheric constituents
and the surface target as illustrated in Fig. 2. Radiation
is received by two basic types of sensors: passive and
active. Passive sensors record radiation emitted by the
Sun and reflected back to the sensor while active sen-
sors receive energy emitted by the sensor itself (laser
beam). Aerosol remote sensing is an ill-posed prob-
lem because the number of variables to be determined
is larger than the number of parameters, which can
be in principle found and constrained from the satel-
lite measurements themselves. The essence of aerosol
remote sensing is to decompose mixed signals emanat-
ing from atmospheric gases, aerosols, and the surface,
after clouds are filtered out. Reflectance, the ratio of
radiances received by a sensor over that reaching the
top of atmosphere (TOA) in a particular direction, can
be expressed by the following equation:

ρTOA (θ0, θS, φ) = ρatm (θ0, θS, φ)

+ T0 (θ0) · TS (θS) · Ag

1 − s · Ag
(1)

where ρatm (θ0, θS, φ) is the reflectance by the atmo-
sphere, and T0(θ0) and TS(θS) are downward and
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Fig. 2 Basic scheme of
radiative transfer processes
for passive and active satellite
remote sensing

upward total transmission (diffuse plus direct); θS is
the satellite zenith angle, θ0 is the solar viewing angle,
and φ is the relative azimuth angle. The spherical
albedo is given by s and Ag is the surface reflectance.
It follows from Eq. (1) that the signal received by a
satellite sensor is dictated by atmospheric variables
(gases, aerosols, cloud hydrometeors, etc.) and surface
variables. When a cloud is present, reflection by the
cloud is often overwhelming. As such, the first step
is to identify the presence of clouds. Aerosol remote
sensing is only valid under clear-sky conditions. Any
cloud contamination can easily confuse the faint sig-
nal of aerosols, whereas excessive cloud screening may
remove pixels containing heavy aerosol loading. Due
to the delicacy of cloud screening, it remains the largest
uncertainty in aerosol retrievals (Jeong and Li 2005).
The second step is to account for molecular scatter-
ing due to atmospheric molecules and gas absorption.
The Rayleigh path radiance can be determined using
the spectral dependence of the well-known Rayleigh
optical depth (ROD) and the Rayleigh phase func-
tion. The third step is to remove surface reflection
from satellite-received signal. Early attempts at aerosol
retrievals (Griggs 1975; Mekler et al. 1977; Dur-
kee et al. 1986; Stowe 1991; Higurashi and Nakajima
1999; Mishchenko et al. 1999; Deuzé et al. 1999)
were limited to dark surfaces with low and uniform

reflectivities, such as oceans. However, aerosol remote
sensing over brighter land surfaces is very impor-
tant for environmental and climate studies because
most aerosols originate from continental sources such
as bare soil, deserts, urban, industrial, and agricul-
tural areas. Aerosol retrieval over land requires accu-
rate knowledge of surface reflectance, and its spectral
and angular dependence. The first attempt of aerosol
retrieval over land is found in Kaufman and Joseph
(1982). Thanks to the advent of new remote sens-
ing techniques developed by taking advantage of
multi-angle and multi-spectral measurements (Kauf-
man et al. 1997; Martonchik et al. 1998, 2002; Hsu
et al. 2004; Remer et al. 2005; Levy et al. 2007b),
such a limitation has been eliminated or lessened
considerably.

3 Satellite Aerosol Remote Sensing
Techniques

Many algorithms have been developed for aerosol
detection using satellite measurements made at single-
or multiple-wavelengths, nadir view and multi-angle
views, with or without polarization, and low earth
or geostationary orbits. Some of the algorithms are
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used for routine applications, while others are used
for research and development. Numerous attempts
were also made to compare and assess different
satellite aerosol products, including those from the
MODIS, MISR, AVHRR, TOMS, SeaWiFS, MERIS,
AATSR, and other instruments (Myhre et al. 2004;
Jeong et al. 2005; Jeong and Li 2005; Kokhanovsky
et al. 2007; Kokhanovsky and de Leeuw 2009). The
accuracies of various aerosol retrievals are summa-
rized in Table 1. It must be remarked, however, that
the estimations of the errors of the aerosol retrieval
algorithms are given usually after analyzing large sta-
tistical ensembles of coincident ground and satellite
spectral AOT measurements. Therefore, errors for any
given measurement can be much larger as compared
to the average error for the ensemble. The princi-
ples and limitations of these algorithms for tropo-
spheric aerosols were previously reviewed by King
et al. (1999). This paper reviews a number of aerosol
retrieval techniques and categorizes them accord-
ing to location in the atmosphere (troposphere and
stratosphere) and from single- and multi-sensor data.
An overview of the different techniques is outlined
below.

3.1 Geostationary Satellite Algorithm

Although the AOT inferred from polar (or low orbit)
satellite measurements provide global coverage map
with fine spatial resolution, these observations are
limited in space and time. The geostationary satel-
lite measurements provide a unique tool for quantify-
ing aerosol properties with high temporal resolution.
Aerosol retrieval from geostationary observations has
advantage in the obtaining of surface reflectance infor-
mation from ‘background image’ acquired from com-
posited minimum reflectance values among numerous
views of the same location for a period. The AOT
can be then retrieved by comparing imagery to this
‘background image’ (Knapp and Stowe 2002; Knapp
et al. 2005). The uncertainty of the operational GOES
AOT retrieval was reported as ±18–34% (Knapp and
Stowe 2002; Knapp et al. 2002). Other geostationary
satellites such as METEOSAT and GMS have been
frequently used to derive aerosol properties (Dulac
et al. 1992; Moulin et al. 1997; Wang et al. 2003; Costa
et al. 2006).

3.2 Single-Channel AVHRR Algorithm

The most used single channel for aerosol retrievals
is channel 1 of the AVHRR (the wavelength λ =
0.63 �m) (Rao et al. 1989; Stowe 1991; Stowe et al.
1997; Ignatov et al. 1995a). The AVHRR algorithms
are generally developed based on the look-up table
(LUT) calculated using radiative transfer codes such as
Dave (1973) and by assuming certain types of aerosol
models. In an earlier algorithm (Stowe 1991), non-
absorbing (n = 1.5–0.0i) aerosols with a size distribu-
tion following a modified Junge size distribution were
assumed.

d N

dr
= 0 (r < rmin, r > rmax)

= A(rmin ≤ r ≤ rm)

= A

(
r

rm

)−(υ+1)

(rm ≤ r ≤ rmax) (2)

where, rmin, rm, rmax are particle radii equal to 0.03,
0.1, and 10 �m, respectively; size parameter υ = 3.5,
the normalized constant A. The retrieval results were
validated against ship-borne sun-photometer measure-
ments made within ±2 hours of the satellite overpass
(Ignatov et al. 1995b). The comparison shows a nega-
tive bias, i.e. �sat = 0.64 · �sp − 0.02 (Stowe 1997).

The algorithm currently used for generating oper-
ational AVHRR aerosol products, known as AVHRR
Pathfinder Atmosphere (PATMOS) (Stowe et al. 2002;
Jacobowitz et al. 2003) uses a lognormal aerosol size
distribution

d N

dr
= A√

2πr ln σ
exp

[
−1

2
·
(

ln r − ln rm

ln σ

)2
]

(3)

where rm = 0.1 �m, σ = 2.03 with a refractive index
n = 1.4–0.0i , and the Fresnel model to account for
the bidirectional reflectance of a calm ocean surface
(Viollier et al. 1980; Gordon and Morel 1983). These
adjustments bring satellite AOT retrievals into agree-
ment with surface observations to better than 10%. The
liner regression between the two is τsat = 0.91�sp +
0.01 (Stowe et al. 1997).
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3.3 Dual-Channel AVHRR Algorithm

The Ångström exponent (�), a parameter used
to denote aerosol particle size, can be derived
using both AVHRR shortwave channels (� = 0.65,
0.85 �m) (Stowe et al. 1997; Mishchenko et al. 1999;
Geogdzhayev et al. 2002). The two-channel algo-
rithm has been applied to the International Satel-
lite Cloud Climatology Project (ISCCP) cloud-free
product (Rossow et al. 1996) to generate the Global
Aerosol Climatology Product (GACP). Aerosols are
assumed to be spherical with the power-law size dis-
tribution and a refractive index of 1.5–0.003i . In prin-
ciple, two-channel algorithms are expected to pro-
vide more accurate retrievals than one-channel algo-
rithms. However, because there is no onboard calibra-
tion of the instrument, the accuracy of the algorithms
is more susceptible to calibration errors in both chan-
nels. Both single-channel and dual-channel algorithms
are most sensitive to cloud screening errors, which is
by far the largest source of errors in retrieving aerosol
parameters.

It is worth noting that the retrieval of AOT is very
sensitive to the choice of aerosol size distribution
and complex refractive indices. For the same TOA
reflectance, use of two distinct distribution functions
(power law and bi-modal log-normal distributions),
as adopted by the GACP and MODIS algorithms,
can account for a large portion of the discrepancies
in AOT retrievals (Jeong et al. 2005). Geogdzhayev
et al. (2002) and Knapp et al. (2002) also showed
that the imaginary part of the refractive index can also
affect AOT retrieval. Unfortunately, there is no consen-
sus as to which size distribution is more representative
on a global scale. Many factors can change the aerosol
size distribution, such as aerosol type, humidity, season
and location, etc.

3.4 TOMS Algorithm

The TOMS instrument has flown on Nimbus-7,
ADEOS and EP-TOMS since 1978, providing the
longest record of data for monitoring ozone depletion.
Hsu et al. (1996) found that the ratio of its two channels
(331 and 360 nm) is sensitive to absorbing aerosols and

an aerosol index (AI) was defined as (Herman et al.
1997) and is given by:

AI = −100 log10

[(
I340

I380

)
meas

−
(

I340

I380

)
calc

]
(4)

where Imeas and Icalc are the measured and calculated
backscattered radiances at the two wavelengths. Under
the existence of absorbing aerosols, Imeas is smaller
than Icalc predicted by the Dave’s Lambert Equiva-
lent Reflectivity (LER) model (McPeters et al. 1996)
so produces positive residues, and vice-versa for non-
absorbing aerosols. One of the unique strengths of
this technique is that since clouds produce nearly zero
residues, the presence of subpixel clouds does not
affect the detection of aerosols (Herman et al. 1997).
Daily global TOMS AI products have been generated
and are widely employed to detect and monitor the spa-
tial and temporal variations of elevated smoke and dust
and other types of absorbing aerosols.

Attempts were also made to extract additional quan-
titative aerosol parameters, such as AOT and single
scattering albedo (SSA) (Herman et al. 1997; Torres
et al. 1998). Unlike the AI, which is mainly sensitive
to UV-absorbing aerosols, the TOMS near-UV AOT
retrieval algorithm is sensitive to all aerosol types.
However, this retrieval is affected by the aerosol layer
altitude, the single-scattering albedo, and subpixel
cloud contamination due to its large footprint (about
40 km2 at nadir) (Herman et al. 1997; Torres et al.
1998, 2002). Torres et al. (2002) presented the first
long-term (1979 to present) nearly-global climatology
of AOT over both land and ocean with a retrieval uncer-
tainty of ∼30% relative to Aerosol Robotic Network
(AERONET) observations, while the AOT of non-
absorbing aerosols agreed to within 20%. The SSA
derived from TOMS generally agrees within 0.03 of
AERONET retrievals (Torres et al. 2005). The main
constraint on the capability of the technique lies in the
lack of information on aerosol type, vertical distribu-
tion and surface reflectance. The retrieval algorithm,
called the ‘near-UV algorithm’, uses two backscat-
tered radiances at near-UV bands. Three major aerosol
types are assumed for the construction of the LUT and
the examination of the variability of the relationship
between the spectral contrast and the radiance at the
longer wavelength. These LUTs are used to determine
AOT and SSA.
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3.5 Ocean Color Algorithms (CZCS,
SeaWiFS, OCTS, MODIS)

The aerosol retrieval from ocean color sensors begins
with the following equation (Gordon and Wang 1994):

ρTOA (λ) = ρr (λ) + ρa (λ) + ρra (λ)

+ ρg (λ) + t · ρw (λ) (5)

where ρr (λ), ρa (λ), ρra (λ), ρg (λ), and ρw (λ) rep-
resent reflectances due to multiple scattering by air
molecules (Rayleigh scattering), aerosols, the interac-
tion between molecular and aerosol scattering which
is negligible in the single-scattering case, the rough
ocean surface which is also negligible because of low
reflection over the ocean and the tilting sensor, and
the water-leaving reflectance, respectively. The atmo-
spheric transmission is represented by t. By using a
set of aerosol models, aerosol effects at near-infrared
(NIR) bands can be evaluated from Eq. (5) because
ρw (λ) at these bands are usually negligible for the open
ocean waters due to strong water absorption (Hale and
Querry 1973; Smith and Baker 1981).

Aerosol products are by-products from the atmo-
spheric correction for the ocean color algorithm (Gor-
don and Wang 1994). Using Eq. (5), the ρa (λ) values
are derived from ocean color observations, then used to
select the two most appropriate aerosol models from a
set of LUTs. The current SeaWiFS and MODIS ocean
color data processing algorithms use 12 aerosol models
for generating the LUTs (Wang et al. 2005). They are
the Oceanic model with 99% RH, the Maritime model
and the Coastal model with an RH of 50, 70, 90, and
99%, and the Tropospheric model with an RH of 50,
90, and 99%, respectively. A weight that is best-fit to
the measured NIR radiances from the radiances com-
puted using the two selected aerosol models. Using the
two aerosol models with the weight and the satellite
measured radiance, the AOT and Ångström exponent
can then be retrieved (Gordon and Wang 1994).

3.6 Polarization (POLDER, POLDER-2,
POLDER-3)

The POLDER measures the polarization, directional,
and spectral characteristics of solar light reflected by

aerosols. A scientific goal of the POLDER experi-
ment was to determine the physical and optical prop-
erties of aerosols so as to classify them and study
their variability and cycles (Herman et al. 1997; Deuzé
et al. 1999). The POLDER instrument is a push-
broom-type, wide field-of-view, multi-band imaging
radiometer and polarimeter with eight narrow spectral
bands in the visible and near infrared (0.443, 0.490,
0.565, 0.665, 0.763, 0.765, 0.865, and 0.910 �m). The
spectral variation allows the derivation of the aerosol
size and thus their scattering phase function, as well
as the AOT. The polarization provides some informa-
tion on the aerosol refractive index and shape (spheri-
cal or non-spherical), which improves the determina-
tion of the scattering phase function. The algorithm
is based on LUTs from POLDER directional, spec-
tral and polarized measurements for several aerosol
models. Using this unique information from POLDER
measurements, Breon et al. (2002) found that the
effect of aerosols on cloud microphysics is significant
and occurs on a global scale. The accuracy in AOT
retrieval was reported as 30% (Herman et al. 1997).
The Ångström exponent derived from POLDER data
correlated well with AERONET data, although it is
also systematically underestimated by 30% (Goloub
et al. 1999).

3.7 Multi-Channel Algorithm (SeaWiFS,
MODIS, MERIS)

The MODIS instrument is deployed on both the Terra
(EOS-AM) and Aqua (EOS-PM) satellites and mea-
sures upwelling radiances in 36 bands for wavelengths
ranging from 0.4 to 14.5 �m. With a spatial resolu-
tion of 250, 500 m, or 1 km at nadir, MODIS data
have been employed to generate the most compre-
hensive aerosol products including AOT, fine mode
fraction (FMF), effective radius of aerosol particles
(equal to the ratio of the third to the second moment
of the aerosol size distribution), and mass concentra-
tion (Kaufman et al. 1997; Tanré et al. 1997, 1999;
Remer et al. 2005). The retrieval uncertainty of the
MODIS AOT products falls within the expected range
of ±0.03 ± 0.05�sat over ocean and ±0.05 ± 0.15�sat

over land (Remer et al. 2005; Chu et al. 2002).
While the expected accuracy is met in general, signif-
icantly larger errors are found in certain regions (Levy
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et al. 2005; Li et al. 2007), especially where no or
few ground measurements were available to train the
algorithm. To remedy some of the problems, modifica-
tions were introduced by Levy et al. (2007a) to better
account for the effects of surface spectral and bidirec-
tional reflectance, as well as aerosol absorption. The
modified algorithm is now used to generate the Col-
lection 5 (C005) product (Remer et al. 2006). Over
land, the C005 product has a significantly improved
accuracy when compared to the earlier version of the
product, as was shown in some validation studies using
ground-based AERONET data (Levy et al. 2007b;
Mi et al. 2007) and hand-held sunphotometer data in
China (Li et al. 2007).

Retrieving aerosol properties from satellite remote
sensing over a bright surface is a challenging prob-
lem. The Bremen Aerosol Retrieval (BAER) is capa-
ble of retrieving AOT over land surfaces and was first
developed by von Hoyningen-Huene et al. (2003). It
is based on the assumption that the surface reflectance
is comprised of the mixed spectra from vegetation and
bare soil. The fraction of vegetation in the pixel is esti-
mated in an iterative way tuned by the NDVI. This
method is very flexible to use for aerosol retrieval
with visible satellite observation data. Applications of
the BAER algorithm and validation has been reported
for the SeaWiFS (von Hoyningen-Huene et al. 2003;
Lee et al. 2004), MERIS (von Hoyningen-Huene
et al. 2006), SCIAMACHY (von Hoyningen-Huene
et al. 2005), and MODIS (Lee et al. 2005, 2006a, b,
2007a).

Hsu et al. (2004) proposed a new approach, called
‘Deep Blue’, to retrieve aerosol properties over bright
land surfaces such as arid, semiarid, and urban areas.
Those areas are typically very bright in the red to the
NIR spectral region, but are relatively darker in the
blue-band region. Using the global surface reflectance
database of 0.1×0.1-degree resolution from the min-
imum reflectivity technique (e.g., finding the clearest
scene during each season for a given location), the con-
tribution of the surface-reflected radiance can be sep-
arated from the satellite-receiving radiance. Aerosol
properties including AOT and aerosol type can then
be determined simultaneously in the algorithm using
LUTs. Comparisons of the satellite AOT and the
AERONET AOT indicate good agreement (i.e., within
30%) over sites in Nigeria and Saudi Arabia (Hsu
et al. 2004) and over East Asia (Hsu et al. 2006).

3.8 Multi-Angle, Multi-Channel (MISR)

The MISR instrument shares the Terra platform with
the MODIS and uses nine individual CCD-based push-
broom cameras to view Earth at nine different view
angles: one at nadir and eight symmetrical views at
26.1, 45.6, 60.0, and 70.5 degrees forward and aft
of nadir. Each camera obtains images at four spec-
tral bands (443, 558, 672, and 866 nm) with a hor-
izontal resolution of 1.1 km in non-red bands and
275 m in the red band (Diner et al. 1998). To retrieve
spectral AOT and additional properties such as the
Ångström exponent, SSA, number fraction, and vol-
ume fraction, the MISR offers a unique combina-
tion of multiple bands and multi- angles that con-
vey richer information about aerosols (Martonchik
and Diner 1992; Martonchik et al. 1998, 2002; Diner
et al. 2008). The retrieval algorithm differs over water,
dense dark vegetation (DDV), and heterogeneous land
(Martonchik et al. 1998, 2002). For dark water, zero
water-leaving radiances at red and near-infrared wave-
lengths are considered, which is similar to the ocean
color algorithm. The algorithm for DDV uses an angu-
lar shape for the surface bidirectional reflectance fac-
tor (BRF) with angular measurements. For hetero-
geneous land, empirical orthogonal functions derived
from the spectral contrast by multi-angle observa-
tions are used to determine AOT and the aerosol
model.

Validation of MISR AOTs using AERONET AOTs
has been reported in many studies. The comparisons
show a positive bias of 0.02 with an overestimation
of 10% over southern Africa (Diner et al. 2001), an
overestimation of about 0.05 over China (Christo-
pher and Wang 2004), a linear relationship of τsat =
0.92�sp + 0.02 (R2 = 0.90) and a retrieval error of
0.04±0.18�sp over the United States (Liu et al. 2004),
an uncertainty of 0.08 in desert areas (Martonchik
et al. 2004), and linear relationships in the red and
blue bands of τsat = 0.74�sp + 0.11 (R = 0.87) and
τsat = 0.83�sp + 0.03 (R = 0.86), respectively, over
various AERONET sites (Abdou et al. 2005). Kahn
et al. (2005) reported that from a two-year compari-
son, about two-thirds of the MISR-retrieved AOT val-
ues fall within 0.05 or 20% of AERONET AOTs and
more than a third are within 0.03 or 10% of AERONET
AOTs.
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3.9 Active Sensing (LITE, GLAS, CALIPSO)

Passive instruments have great difficulty with verti-
cally resolving information about aerosols. However,
space-borne lidars can provide a global view of the
vertical structure of aerosol extinction from the Earth’s
surface through to the middle stratosphere, depending
upon the presence of cloud and the aerosol density.
Aerosol extinction from lidar measurements can be
interpreted using the lidar equation. The single-scatter
lidar equation is often written as:

P(R) = J
c

2

A

R2
β(R)Topt T 2(R) (6)

where P(R) is the instantaneous optical power returned
from a sample volume at range R, J is the laser pulse
energy, c is the speed of light, A is the receiver area,
β is the volume backscatter cross section (km−1sr−1),
and Topt is the transmission of the lidar optics. The
term T 2(R) is the two-way transmission between the
lidar and the sample volume and is given by:

T 2 (R) = exp

⎡
⎣−2

R∫
0

σ (z) dz

⎤
⎦ (7)

where σ is the volume extinction coefficient, which
includes the effects of both scattering and absorption.
Then Eq. (7) is applicable to find the vertically dis-
tributed aerosol extinction.

The first spaceborne instrument, LITE, was a three-
wavelength (1064, 532, and 256 nm) backscatter lidar
developed by NASA and flown on the space shuttle
Discovery for 10 days in September 1994 (McCormick
et al. 1993; Winker et al. 1996). The LITE mission
demonstrated that spaceborne lidar offers an effective
means for detecting the spatial features of significant
regional aerosol concentrations resulting, for exam-
ple, from Saharan dust (Powell et al. 1997; Berthier
et al. 2006), and African and South American biomass
burning and anthropogenic sources (Grant et al. 1997;
Hoff and Strawbridge 1997; Kent et al. 1998). The
LITE mission stimulated the development of new
space lidars such as the GLAS onboard ICESat
(Spinhirne et al. 2005a, b) and the CALIPSO satellite
which are currently generating aerosol products. The
CALIPSO is flying in formation in a constellation of
satellites called the A-Train. In addition to data from

the A-train, CALIPSO data provides a more complete
and understandable aerosol data set, which is used for
various modeling studies.

3.10 Limb Sounding (SAGE, SAGE-2.
POAM-2. POAM-3, HALOE, ILAS,
SCIAMACHY)

The the Stratospheric Aerosol and Gas Experiment
(SAGE) III instrument contains 12 spectral chan-
nels over the wavelength region of 0.28–1.54 �m and
is essentially an improved version of its predeces-
sors, SAGE I and II. The Naval Research Labora-
tory (NRL)’s the Polar Ozone and Aerosol Measure-
ment (POAM) II onboard the French satellite SPOT-3
is a solar occultation instrument. It is designed as a
simpler version of the SAGE II instrument to mea-
sure the vertical profiles of aerosols, O3, NO2, and
H2O in nine channels between 0.35 and 1.06 �m,
with a 1 km vertical resolution (Glaccum et al. 1996).
Aerosol products include the vertical profiles of polar
region aerosols (Randall et al. 1996). Following a sen-
sor improvement, the POAM III onboard the SPOT 4
satellite has been operational. NASA’s HALOE instru-
ment is able to measure vertical profiles of aerosol
extinction. However, because it uses broadband and
gas-filter radiometry methods (Russell et al. 1993) in
the spectral range between 2.45 and 10.04 �m, it can
provide stratospheric microphysical aerosol informa-
tion when the aerosol loading is high, such as during
volcanic eruptions (Hervig et al. 1998). Another occul-
tation instrument called the Improved Limb Atmo-
spheric Spectrometer (ILAS) can measure the ver-
tical profiles of aerosol extinction in the infrared
band between 6.21 and 11.77 �m and in a visible
band centered near 0.78 �m. The SCanning Imaging
Absorption spectroMeter for Atmospheric CHartogra-
phY (SCIAMCHY) instrument onboard EnviSAT is
a high-resolution spectrometer designed to measure
sunlight transmitted, reflected, and scattered by the
Earth ’s atmosphere or surface in the UV, visible,
and NIR wavelength regions (0.24–2.38 �m, �λ =
0.24 ∼ 1.48 nm). It performs measurement not only
in the limb but also in the nadir mode. Due to its
wide wavelength range and spectral resolution, SCIA-
MACHY measurements turn out to be well-suited for
the retrieval of atmospheric aerosol and have an uncer-
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tainty of 13∼20% (Nicolantonio et al. 2006). Addi-
tionally, SCIMAMCHY can provide UV-absorbing
AI, which is similar to the TOMS AI (Graaf and
Stammes 2005). The main problem of this instrument
as related to the aerosol remote sensing is the large
footprint (typically, 30×60 km2). Therefore, the num-
ber of clear pixels is very limited.

3.11 Neural Network (AVHRR, OCTS,
MODIS)

The neural network (NN) approach has been proven
to be a useful tool to solve such nonlinear problems
as the retrieval of aerosol from satellite radiance mea-
surements. Li et al. (2001) used both a commercial
NN package and multi-threshold techniques to identify
smoke from biomass burning using AVHRR imagery
data. NN can learn complex linear and nonlinear
relationships in the radiometric data between smoke,
clouds, and land. This method was applied to process
daily AVHRR images acquired across Canada and the
results showed reasonable correspondence with TOMS
AI. Another NN technique is a LUT-based method.
Okada et al. (2001) used a LUT-based NN technique
for aerosol retrieval from OCTS/ADEOS data. In this
method, LUTs storing TOA reflectance values with
various atmosphere-ocean conditions are used for tun-
ing the NN. Geometric conditions and reflectances at
two ADEOS/OCTS bands (0.67 and 0.865 �m) are
input into the NN, and aerosol properties are extracted.
The NN technique has proven to reduce processing
times, and is promising for effective aerosol retrievals
on a global scale.

3.12 Multi-Sensor (GOME and ATSR2,
SCIAMACHY and AATSR, MODIS,
CALIPSO-CloudSat)

Given the unique information content of indi-
vidual sensors, use of data from multiple sen-
sors sheds a new light for aerosol remote sens-
ing. Holzer-Popp et al. (2002a) proposed a syner-
getic aerosol retrieval method, called the Synergetic
Aerosol Retrieval (SYNAER), which was applied
to the combinations of GOME-ATSR2 onboard the

ERS-2 satellite (Holzer-Popp et al. 2002a, b) and
SCIAMACHY-AATSR onboard the EnviSAT (Holzer-
Popp et al. 2008). The advantage of these combinations
is that they provide complementary information from
a radiometer and a spectrometer aboard one satellite
platform to extract AOT and the most plausible aerosol
type. The retrieval accuracy is 0.1 at three visible wave-
lengths (Holzer-Popp et al. 2002b).

Use of data from the same type of instrument
but onboard different satellites is another approach.
Tang et al. (2005) tested an aerosol retrieval method
by exploiting the synergy between MODIS/Terra
and MODIS/Aqua (SYNTAM) for various surface
conditions including bright surfaces. Most recently,
new techniques were proposed using active space-
borne LIDAR and passive radar measurements. Josset
et al. (2008) showed a substantially improved accu-
racy of 1% bias and 0.07 standard deviation in aerosol
retrievals over ocean by combining CALIPSO and
CloudSat data.

4 Data Products and Applications

4.1 Operational Data Products

The successive satellite missions provide operational
aerosol products based on state-of-art retrieval algo-
rithms and users can easily acquire the data. Figures 3
and 4 show the global distributions of representa-
tive monthly-averaged aerosol products. Each prod-
uct is used for aerosol monitoring separately or in
combination. In the early days of aerosol monitor-
ing, retrievals of aerosol properties from satellite data
was only possible over oceans as shown in Fig. 3(a)
and (b). However, the AOT is much larger near the
continents than over oceans as shown in Fig. 4. This
suggested that aerosol detection over land could be
quite important so retrievals over land began in the
1980s. These efforts are well documented in several
studies (e.g. Kaufman and Joseph 1982; Kaufman and
Fraser 1983; Fraser et al. 1984; Herman et al. 1997;
Kaufman et al. 1997; Torres et al. 1998; Veefkind and
Leeuw 1998; Knapp 2002; Knapp and Stowe 2002;
Knapp et al. 2002; von Hoyningen et al. 2003; Hsu
et al. 2004; Remer et al. 2005; Levy et al. 2007a).
The development of aerosol retrieval algorithms over
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Fig. 3 Monthly-averaged aerosol products for August 1998 before Terra

land and the interest in aerosol monitoring research has
accelerated since the launch of Terra in 1999. The first
and the second generations of satellite aerosol moni-
toring can be distinguished before and after the launch
of Terra.

In Figs. 3 and 4, large AOTs are generally shown to
the west of the middle and northern parts of Africa and
the Asian continent, and are mainly due to desert dust,
biomass burning, and man-made pollution. The AOTs
over the eastern and western coasts of North America
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are also mainly due to man-made pollution. Biomass
burning in South America and southern Africa are
the main sources of carbonaceous aerosols. The gen-
eral spatial distribution pattern looks similar in all
retrievals but significant differences among the sensors
still exist due to various reasons: sensor calibration,
aerosol model assumptions, cloud screening, treatment
of surface reflectance, among others.

4.2 Inter-Comparisons

Algorithms for aerosol retrievals are sensor-specific
because of the different characteristics of the satellite
instruments. Moreover, different types and versions of
the aerosol retrieval algorithms have been developed
for the same instrument. When applied to the same data

A B

C D

E F

Fig. 4 Monthly-averaged aerosol products for August 2006 after Terra
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G H

Fig. 4 (continued)

set, they yield rather different results. This can be con-
fusing to users of the products and policy makers, with
damaging consequences.

Abdou et al. (2005) showed comparisons between
AOTs retrieved by the MODIS and by MISR to explore
the similarities and differences between them. They
showed that over land, MODIS AOTs at 470 and
660 nm are larger than MISR AOTs by about 35 and
10%, on average. Over oceans, MISR AODs at 470
and 660 nm are generally higher than MODIS AOTs by
about 0.1 and 0.05, respectively. In Myhre et al. (2004),
an 8-month period of AOTs derived from five different
retrieval algorithms applied to 4 satellite instruments,
such as AVHRR, OCTS, POLDER, and TOMS, are
compared. There is at least a factor of 2 differences
between the AOTs from these retrievals. In Fig. 5, the
largest uncertainties are found in the Southern Hemi-
sphere and the smallest differences are mostly located
near the continents in the Northern Hemisphere. Dif-
ferences in cloud screening techniques may account
for the large discrepancy.

The monthly mean AOTs over oceans from a
total of 9 aerosol retrievals during a period of 40
months (September 1997–December 2000) was made
by Myhre et al. (2005). In most ocean regions, sig-
nificant differences in AOT were identified. Figure 6
shows the zonal mean AOT for the entire 40-month
period (a), the 8-month period from January to August
1998 (b), and the 10-month period from March to
December 2000 (c). In this figure, the largest differ-
ences are found at high latitudes and the largest dif-
ferences between MODIS and MISR are also found at
high latitudes. For the entire period, the differences are

largest in the southern hemisphere; during the period
of March–December 2000, large differences are also
found in the northern hemisphere.

Inter-comparisons between the long-term (1983–
2000) aerosol products from AVHRR and TOMS
are discussed in Jeong and Li (2005). In general,
each product is complimentary to the other in terms
of global aerosol distribution. However, the AVHRR
cannot represent continental sources except for large
aerosol plumes. The TOMS AI and AOT have dif-
ferences in where higher aerosol loading over land
are located. These differences may arise from inher-
ent problems found in aerosol retrievals, such as
cloud, ocean color contamination, and induced oceanic
aerosols. Figure 7 shows a common problem orig-
inated from cloud screening in AVHRR aerosol
retrieval. The choice of aerosol size distribution is
another problematic issue. Jeong et al. (2005) demon-
strated that the considerable discrepancies between the
AVHRR and MODIS AOTs are attributed to differ-
ences in aerosol size distribution functions used in
the retrievals, namely, the power law (AVHRR) and
bimodal log normal (MODIS) size distribution func-
tions (Fig. 8).

Kokhanovsky et al. (2007) provided the first brief
discussion concerning an inter-comparison study of
AOT at 0.55 �m retrieved using six different satellite
instruments and ten different algorithms for a single
scene over central Europe on October 13, 2005. The
spatially averaged AOT was equal to 0.14 for MISR,
NASA MODIS and POLDER products and is smaller
by 0.01 for the ESA MERIS and larger by 0.04 for
the MERIS BAER product. The AOT from AATSR
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Fig. 5 Averaged statistics for
the five aerosol retrievals from
November 1996 to June 1997:
(a) mean and (b) standard
(after Myhre et al. 2004)

gives on average larger values than those from all other
instruments, while SCIAMACHY retrievals underes-
timate aerosol loading. In Fig. 9, validation against
AERONET shows that MERIS provides the most accu-
rate AOT retrievals for this scene.

4.3 Aerosol Climatology

The longest climatology of AOT is generated from
AVHRR using the two-channel retrieval algorithm for
the period extending from August 1981 to June 2005
(Mishchenko et al. 2007a, b). A slightly decreasing
trend in AOT is seen over this time period (Fig. 10).
Analyses of regional trends reveal decreases over
Europe, part of the Atlantic Ocean, and increases along
a portion of the western coast of Africa, along the
southern and south-east coasts of Asia, and over the

45–60◦S latitudinal belt (Mishchenko et al. 2007b).
An unsurprising result is that the northern hemispheric
mean AOT systematically exceeds that averaged over
the southern hemisphere. The effects of two major vol-
canic eruptions (El Chichon and Mt. Pinatubo) are
clearly visible, consistent with the SAGE stratospheric
AOT. Bauman et al. (2003a, b) used data from SAGE
II and CLAES during December 1984–August 1999 to
develop stratospheric aerosol climatology. They found
that it took 5 years after the Mt. Pinatubo eruption for
the stratospheric aerosol loading to return to its pre-
eruption level.

4.4 Synergy

A number of satellite-derived aerosol products are
available, and the synergy among these satellite
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Fig. 6 Zonal mean AOT as a
function of latitude for the
entire period of investigation,
as well as for two selected
periods (after Myhre
et al. 2004)

products may lead to a new and improved data
set. Global aerosol products from satellites such as
AVHRR, TOMS, and MODIS are particularly useful
in this regard. The spatial distributions of the aerosol
products from these instruments are complimentary in
revealing different aspects of aerosol characteristics.
For example, aerosol SSAs can be derived from the

combination of AOT and AI (Hu et al. 2007) and a
combination of satellite and ground-based measure-
ments (Lee et al. 2007b). Aerosol type classification
by absorption and Ångström exponent was first sug-
gested by Higurashi and Nakajima (2002). Improved
aerosol type classification methods by merging essen-
tial information about aerosol mass loading from AOT,
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Fig. 7 AOT as a function of standard deviation (STD) of the
ISCCP cloud fraction over the coastal areas of Peru and Chile
(10–30◦S, 70–90◦W) where a region of enhanced AVHRR AOT
is shown (after Jeong and Li 2005). The cloud fraction STD was
found to be positively correlated with the AVHRR AOT with a
correlation coefficient equal to 0.62

Fig. 8 Scatterplot of AOT from the modified power law mod-
els versus that from bimodal lognormal models (after Jeong
et al. 2005). Note that they exhibit very large discrepancies by
up to a factor of two. This suggests that the selection of a partic-
ular aerosol model is an important factor influencing the retrieval
of the AOT

size from Ångström or fine mode fraction, and absorp-
tion by AI were developed (Barnaba and Gobbi 2004;
Jeong and Li 2005; Lee et al. 2006c; Kim et al. 2007).
Finally, the synergy between different products from
the same instrument can overcome some of the lim-
itations of surface monitoring networks and enhance
daily air quality forecasts associated with particle pol-
lution as shown in Fig. 11 (Al-Saadi et al. 2005).

5 Future Instruments

5.1 APS/GLORY

The Aerosol Polarimetry Sensor (APS) onboard the
Glory satellite (http://glory.gsfc.nasa.gov/index.html)
is scheduled for launch into a low Earth orbit (LEO) in
December 2008 (Mishchenko et al. 2007c). The APS
is designed to measure the properties of aerosols for
the long-term effects on the Earth climate record and
it will enable a greater understanding of the seasonal
variability of aerosol properties. The APS has the abil-
ity to collect multi-angle, multi-spectral photopolari-
metric measurements of the atmosphere and the under-
lying surface along the satellite ground track. APS
observations will provide accurate retrievals of aerosol
microphysical parameters and are expected to improve
global aerosol assessments.

5.2 NPP

The National Polar-orbiting Operational Environmen-
tal Satellite System Preparatory Project (NPP) is a
joint mission with the NPOESS Integrated Program
Office (IPO) (http://jointmission.gsfc.nasa.gov/). The
NPP will provide continuity in global Earth Science
observations of the atmosphere, land, and oceans after
the EOS Terra and Aqua missions are over. NPP will
take measurements of atmospheric and SST, humidity
soundings, land and ocean biological productivity, and
cloud and aerosol properties using three different sen-
sors: the Visible Infrared Imaging Spectroradiometer
Suite (VIIRS), the Crosstrack Infrared Sounder (CrIS),
and the Advanced Technology Microwave Sounder
(ATMS). The launch is planned for September 2009,
with a mission duration of 5 years.

5.3 EarthCARE

The Earth Clouds, Aerosols, and Radiation Explorer
(EarthCARE), due for launch in 2012 (ESA 2004),
is a joint European-Japanese mission addressing the
need for a better understanding of the interactions
between cloud, radiative and aerosol processes that
play a role in climate regulation. Four distinct instru-
ments are planned for deployment on EarthCARE:
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Fig. 9 Comparison of
satellite and ground
measurements of AOT at
0.55 �m (after Kokhanovsky
et al. 2007)

Fig. 10 Time series of the globally-averaged column AOT over the oceans and the SAGE record of globally-averaged stratospheric
AOT (after Mishchenko et al. 2007a)

the Backscatter Lidar (ATLID), the Cloud Profiling
Radar (CPR), the Multi-Spectral Imager (MSI), and
the Broadband Radiometer (BBR). The goal of this
mission is to improve the representation and under-
standing of the Earth’s radiative balance in climate and
numerical weather forecast models by acquiring verti-
cal profiles of clouds and aerosols, as well as the radi-
ances at the top of the atmosphere.

5.4 MSI/Sentinel-2

Sentinel-2 is the medium spatial resolution optical
mission of the Global Monitoring for Environ-
ment and Security (GMES) program (http://www.
esa.int/esapub/bulletin/bulletin131/bul131b martimort.
pdf). The multi-spectral instrument (MSI) will gen-



Atmospheric Aerosol Monitoring from Satellite Observations 31

Fig. 11 Example of an air quality forecast (after Al-Saddi
et al. 2005). The colored and white-black contour areas represent
MODIS AOT and cloud. Continuous PM2.5 monitoring stations
are shown as a circle color-coded by the hourly concentration
[scale on the right, with associated AQI (EPA 1999)]. Fire loca-
tions are shown as diamonds and color-coded according to the
fire probability: bright pink for higher probability fires and vio-
let for lower probability fires. The 850 mb wind direction and
speed from the NCEP Eta Model are shown as white vectors

erate optical images in 13 spectral channels in the
visible and short-wave infrared range (443–2190 nm)
down to 10, 20, and 60 m spatial resolution with
an image width of 290 km. The MSI features a
three-mirror anastigmat (TMA) telescope with a pupil
diameter of about 150 mm; it is the key to the high
image quality across the wide field of view (290 km).
The telescope structure and mirrors are made of
silicon carbide to minimize thermal deformation. The
launch of the first Sentinel-2 satellite is planned for
2012.

5.5 Sentinel-3

Another GMES satellite, the Sentinel-3, will con-
tinue EnviSAT’s mission and includes enhancements
to meet the operational revisit requirements and
to facilitate new products and evolution of ser-
vices (http://www.esa.int/esapub/bulletin/bulletin131/
bul131c aguirre.pdf). The two optical instruments,
Ocean and Land Colour Instrument (OLCI) based
on MERIS/EnviSAT and The Sea and Land Sur-
face Temperature Radiometer (SLSTR) based on
AATSR/EnviSAT, will provide a common quasi-
simultaneous view of the Earth to help develop syn-

ergetic products. The first launch is expected in
2011/2012.

5.6 TRAQ

The Tropospheric composition and Air Quality
(TRAQ) is a mission focused on understanding the tro-
pospheric system for air quality, sources and sinks,
and climate change (Levelt et al. 2006). New syn-
ergistic sensors include a UV/VIS/NIR/SWIR instru-
ment (TROPOMI), which is a follow-on instrument
to OMI, an FTIR instrument (SIFTI), a cloud detec-
tor (CLIM) and an instrument resembling POLDER
(OCAPI), which will extend the spectral range up to
2.2 �m for pollution aerosol detection. The TRAQ
mission will be the first mission fully dedicated to air
quality and the science issues concerning tropospheric
composition and global change.

6 Summary

Since its beginning three decades ago, satellite remote
sensing of atmospheric aerosols offers more com-
plete spatial coverage and includes vertical profile
and spectral/optical information when compared to
the point-measurement data typically used to evalu-
ate local-scale aerosols. Operational satellite aerosol
products such as AOT, Ångström exponent, mode frac-
tion, single scattering albedo, and the vertical pro-
file are currently available from space agencies such
as NOAA, NASA, ESA, CNES, KNMI, JAXA, etc.
Several aerosol retrieval algorithms for specific sensor
characteristics are reviewed. The independent satellite
measurements can be use to study the spatial distribu-
tion, transport, origin, and climatology of aerosols. A
combination of satellite measurements can be used to
examine their compatibility and synergy for producing
improved products. Satellite data can also be used for
air quality forecasting. These efforts will be base of
future satellite missions.
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Abbreviations

AATSR Advance Along Track Scanning
Radiometer

ACE Aerosol Characterization Experiments
AERONET Aerosol Robotic Network
AI Aerosol Index
AOD Aerosol Optical Depth
AOT Aerosol Optical Thickness
APS Aerosol Polarimetry Sensor
AQI Air Quality Index
ATBD Algorithm Theoretical Basis

Document
ATMS Advanced Technology Microwave

Sounder
AVHRR Advanced Very High Resolution

Radiometer
BAER Bremen Aerosol Retrieval
BBR Broadband Radiometer
BRF Bidirectional Reflectance Factor
CALIPSO Cloud-Aerosol Lidar and Infrared

Pathfinder Satellite Observations
CHRIS Compact High Resolution Imaging

Spectrometer
CNES le Centre National d’Etudes Spatiales
CPR Cloud Profiling Radar
CrIS Crosstrack Infrared Sounder
DDV Dense Dark Vegetation
DLR German Aerospace Centre
EarthCARE Earth Clouds, Aerosols, and Radiation

Explorer
ENVISAT Environment Satellite

(http://envisat.esa.int)
EOS Earth Observation System
ERS European Remote Sensing satellite
ERTS Earth Resoureces Technology

Satellite
ESA European Space Agency

(http://www.esa.it/export/esaCP/
index.html)

FMF Fine Mode Fraction
GACP Global Aerosol Climatology Product
GLAS Geoscience Laser Altimeter System
GMES Global Monitoring for Environment

and Security

GMS Geostationary Meteorology Satellite
IGAC International Global Atmospheric

Chemistry Observation
ILAS Improved Limb Atmospheric

Spectrometer
ISCCP International Satellite Cloud

Climatology Project
JAXA Japan Aerospace Exploration Agency
JPL Jet Propulsion Laboratory
KNMI Royal Netherlands Meteorological

Institute
L1, L2 Level 1, Level 2
LEO Low Earth Orbit
LER Lambert Equivalent Reflectivity
LIDAR Light Detection and Ranging
LITE Lidar In-space Technology

Experiment
LUT Look Up Table
MERIS Medium Resolution Imaging

Spectrometer Instrument
MISR Multiangle Imaging

SpectroRadiometer
MODIS Moderate Resolution Imaging

Spectroradiometer
MSI Multi-Spectral Imager
NASA National Aeronautics and Space

Administration
NIR Near InfraRed
NN Neural Network
NOAA the National Ocean and Atmosphere

Administration
NPP National Polar-orbiting Operational

Environmental Satellite System
Preparatory Project

NRL Naval Research Laboratory
PATMOS Pathfinder Atmosphere
POAM Polar Ozone and Aerosol

Measurement
POLDER POLarization and Directionality of

the Earth’s Reflectances
PROBA Project for On-Board Autonomy
ROD Rayleigh optical depth
SAM Stratospheric Aerosol Measurement
SCIAMACHY SCanning Imaging Absorption 5

spectroMeter for Atmospheric
CHartographY
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SeaWiFS Sea-viewing Wide Field-of-view
Sensor

SLSTR Sea and Land Surface Temperature
Radiometer

SPOT Satellite Pour l’Observation de la
Terre

SSA Single Scattering Albedo
SSD Space Shuttle Discovery
SST Sea Surface Temperature
SWIR Short Wave Infra Red
SYNAER Synergetic Aerosol Retrieval
SYNTAM Synergy a combination of

MODIS/Terra and MODIS/Aqua
TARFOX the Tropospheric Aerosol Radiation

Forcing Experiment
TIR Thermal InfraRed
TMA three-mirror anastigmat
TOA Top of Atmosphere
TOMS Total Ozone Mapping Spectrometer
TRAQ Tropospheric composition and Air

Quality
UV Ultra Violet
VI Vegetation Index
VIIRS Visual/Infrared Imager Radiometer

Suite
VIRS Visualisation and analysis tool
VNIR Visible Near Infrared
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Herman M, JL Deuzé, C Devaux, Ph Goloub, FM Bréon, and
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Remer LA, YJ Kaufman, D Tanré, S Mattoo, DA Chu, JV Mar-
tins, RR Li, C Ichoku, RC Levy, RG Kleidman, TF Eck, E
Vermote, BN Holben (2005) The MODIS aerosol algorithm,
products and validation, J. Atmos. Sci. 62: 947–973.
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