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Chapter 6
Retrieval of Aerosol Properties

Gerrit de Leeuw, Stefan Kinne, Jean-Francois Léon, Jacques Pelon,
Daniel Rosenfeld, Martijn Schaap, Pepijn J. Veefkind, Ben Veihelmann,
David M. Winker and Wolfgang von Hoyningen-Huene

6.1 Introduction

Atmospheric aerosol is a suspension of liquid and solid particles in air, i.e. the aerosol
includes both particles and its surrounding medium; in practice aerosol is usually
referred to as the suspended matter, i.e. the particles or the droplets, depending on
their aggregation state. Particle and droplet radii vary from a few nm to more than
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100 pm (Seinfeld and Pandis 1998). Aerosol particles are distinctly different from
cloud droplets as regards their physical properties and aggregation state.

The particles can be directly emitted into the atmosphere (e.g. sea spray aerosol,
dust, biomass burning aerosol, volcanic ash, primary organic aerosol) or produced
from precursor gases (e.g. sulfates, nitrates, ammonium salts, secondary organic
aerosol). The total aerosol mass is dominated by particles produced from the
surface by natural processes, in particular sea spray aerosol and desert dust.
Anthropogenic emission of both primary particles and precursor gases contributes
appreciably to the total aerosol load (Andreae and Rosenfeld 2008).

A complete description of aerosol properties requires a multitude of parameters,
such as particle size, particle concentration as function of size (particle size
distribution), which can vary by roughly ten orders of magnitude, particle shape,
and chemical composition. Each of these parameters depends on the type of the
sources, chemical reactions in the atmosphere, and removal processes such as wet
deposition (induced by precipitation,) and dry deposition (gravitational fallout and
turbulence). The chemical composition determines the complex refractive index of
the aerosol, which in turn (together with particle shape) determines their optical
properties. Chemical composition implicitly includes the amount of water in a
particle, which in turn is determined by its hygroscopicity and by the ambient
relative humidity (RH). Often aerosol size distributions, which describe the aerosol
concentration as function of particle size, are modelled as lognormal size distribu-
tions defined by the effective mean radius and standard deviation, whereas the
amplitude varies with aerosol concentration. For such conditions the aerosol num-
ber concentrations N; are distributed over a range of aerosol particle radii r;
following an n-mode lognormal distribution:

_\2
AN & N, Inr —Infy,

:Z exp _(m 2nrg) ©.1)
dlnr 2m)*Ing; 2In“g;

i=1

where 7; is the geometric mean radius and ¢; is the geometric standard deviation of
the i-th lognormal mode. Bimodal size distributions are often assumed. Particles are
often hygroscopic; therefore the aerosol radius r can be specified in its dry state (1),
at a relative humidity RH of 80% (rgy), or any other RH.

The complex refractive index m is expressed as m = n—ik, where the real part n
specifies the refraction in a medium due to the change in the speed of light with respect
to that in vacuum, and & determines the absorption; both constants depend on the
wavelength of the propagating light beam and on the properties of the medium.
Both m and & need to be specified as a function of wavelength to calculate the optical
properties. For this purpose, particles are generally assumed to be spherical
allowing the application of Mie theory (Mie 1908, Chapter 1) to compute extinction
and absorption coefficients and the scattering phase function. The latter describes the
angular dependence of the scattering. The sphericity assumption is not appropriate for
dust (or other solid) particles, which require more sophisticated methods to determine
their optical properties (Dubovik et al. 2006). Aerosol optical properties determine the
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scattering and absorption of solar radiation, which in turn determine the effects of
aerosol on climate and provide a way to observe aerosol properties using electro-
optical instruments. Some of these can be used in situ, on the ground or in aircraft,
whereas others can be used on platforms such as satellites or aircraft and thereby
provide the means for the remote sensing of aerosols, which is the topic of this chapter.

Aerosols play an important role in climate and air quality. The impact on climate
is induced by the scattering and absorption of incoming solar radiation. The
combined effect of scattering and absorption is termed the direct radiative effect
of aerosols on climate. Aerosol scattering reduces the amount of incoming radiation
reaching the Earth surface and hence constitutes cooling. The net effect of aerosols
is cooling which partly offsets the impact of the global warming caused by the
absorption by greenhouse gases. Since aerosol particles are often hygroscopic they
can act as cloud condensation nuclei (CCN). As the amount of precipitable water
available for condensation on CCN is often limited in the atmosphere, an increase
in CCN, and thus increased cloud droplet concentrations, results in smaller cloud
droplet sizes and enhanced cloud albedo. This has been termed the first indirect
effect of aerosols on climate. The smaller cloud droplets precipitate more slowly
and evaporate faster, which affects precipitation. This is termed the second indirect
effect on climate. Some aerosols contain contaminants, which absorb strongly in
the visible in addition to the absorption of liquid water. Overall our understanding
of the effects of aerosols on climate is poor (IPCC 2007).

Aerosols have a large impact on our understanding of air quality as they reduce
visibility and increase the amount of diffuse radiation. The latter has recently been
shown to have impacts on the land carbon sink through its effect on photosynthesis
(Mercado et al. 2009). In addition the occurrence of fine particle matter impacts on
human health, which is another important aspect of air quality. Concentrations of
fine particulate matter are commonly expressed as the mass of dry aerosol particles,
PM10 or PM2.5, where 10 (2.5) refers to the maximum aerosol diameter, in pm, for
dry particles contributing to the measured mass.

The data from instruments aboard satellites provide a unique method to observe
aerosol properties with the same retrieval technique and the same instrument from
local to regional to global scales (Kaufman et al. 2002). Instruments used for
aerosol measurements from space, see Kokhanovsky and de Leeuw (2009) for an
overview, were often not specifically designed for this task, but nevertheless
provide valuable information which is complementary to that from instruments
dedicated to the remote sensing of aerosols. Algorithms have been developed to
determine aerosol properties from satellite observations of back scattered solar
radiation.

A brief description of the history of aerosol observations from space is given by
Lee et al. (2009). One of the first retrievals of aerosol optical depth from space-
borne measurements of the spectral intensity of the reflected solar light was
performed using observations from the MSS (Multi Spectral Scanner) on board
the Earth Resources Technology Satellite (ERTS-1) (Griggs 1975; Mekler et al.
1977). The first operational aerosol products were generated using data from the
AVHRR (Advanced Very High Resolution Radiometer) (Stowe et al. 2002) on
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board the TIROS-N satellite launched in 19th October 1978. The Nimbus-7,
launched in 25th October 1978, carrying the Stratospheric Aerosol Measurement
instrument (SAM) (McCormick et al. 1979) and the Total Ozone Mapping Spec-
trometer (TOMS) (Torres et al. 2002). Thus the retrieval of aerosol properties from
satellite-based observations started some 3 decades ago. Initially, retrievals were
obtained only for measurements over water; aerosol retrieval results over land have
started to become available on a regular basis only in the last decade.

AVHRR and TOMS have provided a long term aerosol product over the ocean
spanning a period of roughly 3 decades. A long term aerosol product over land,
since 1995, is produced using ATSR-2 (Along Track Scanning Radiometer) (Veef-
kind et al. 1998) and AATSR (Advanced Along Track Scanning Radiometer)
measurements (Grey et al. 2006; Thomas et al. 2007), with the prospect of a longer
time series using data from the SLST (Sea and Land Surface Temperature) planned
for launch in 2013, as part of Sentinel-3. The long time series over oceans provide
information on trends or changes in the last 30 years (Mishchenko et al. 2007). The
aerosol data product delivered from TOMS was initially the Absorbing Aerosol
Index, a measure for the presence of absorbing aerosol. Subsequently an algorithm
was developed to retrieve the aerosol optical depth (AOD, the column-integrated
extinction, see Section 6.3) (Torres et al. 1998; 2002).

The launch of lidars in space has added a new dimension to satellite observation
of aerosol properties by providing information on the vertical distribution of
aerosols and clouds. The first lidar measurements of aerosol back scattering from
space were made by the instrument LITE (LIdar in space Technology Experiment)
(Winker et al. 1996). LITE is a three-wavelength backscatter lidar which flew on
the space shuttle Discovery in September 1994. LITE was operated for 53 h and
provided views of multilayer cloud structures and observations of the distribution of
desert dust, smoke, and other aerosols. LITE also provided the first global observa-
tions of planetary boundary layer height (http://www-lite.larc.nasa.gov/). A second
lidar instrument, GLAS (Geoscience Laser Altimeter System) was launched in
January 2003 as part of NASA’s Earth Observing System (EOS) and was the sole
instrument on ICESat (Ice, Cloud, and land Elevation Satellite). One of the second-
ary objectives of GLAS includes the measurement of cloud and aerosol height
profiles (Zwally et al. 2002) (http://icesat.gsfc.nasa.gov/index.php). A dedicated
aerosol and cloud lidar, CALIOP (Cloud-Aerosol Lidar with Orthogonal Polariza-
tion), was launched on CALIPSO (Cloud Aerosol Lidar and Infrared Pathfinder
Satellite Observations) in April 2006. CALIPSO is part of the A-train, a constella-
tion of satellites with instruments designed to study aerosols and clouds: Cloudsat,
PARASOL (the follow up of POLDER — POLarization and Directionality of the
Earth’s Reflectances), MODIS (Moderate Resolution Imaging Spectroradiometer)
and OMI (Ozone Monitoring Instrument).

A measure of the effect of aerosols and clouds on the Earth’s radiative balance is
provided by the direct measurement of the upwelling radiation at the top of the
atmosphere. However, the effects of the surface and atmospheric constituents need
to be separated. This is accomplished by retrieval algorithms, which provide
information on the AOD at the measured wavelengths. More sophisticated research
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algorithms, see Kokhanovsky and de Leeuw (2009) for a recent review, provide
aerosol microphysical properties, such as effective radius, ratio of fine to coarse
fraction, single scattering albedo and composition. Unlike ground-based and air-
borne measurements, instruments aboard satellites provide information over a large
area with up to daily global coverage for polar orbiting satellites. Geostationary
satellites provide high temporal resolution (15 min) over a large area and hence
allow for studies of the diurnal evolution of aerosol properties, as well as the
interaction between clouds and aerosols.

The information on aerosols is in the atmospheric reflectance, also referred to as
path radiance. Before the aerosol information can be retrieved using algorithms that
fit models describing the radiative transfer through the atmosphere with different
types of aerosols, the path radiance needs to be separated from the effects due to
clouds and surface reflection. Clouds are bright and even small traces of clouds can
contaminate the atmospheric signal (Chapter 5). It is therefore important to detect
accurately the occurrence of clouds within a ground scene. This is one of the major
issues for aerosol retrieval. In particular the presence of sub-visible clouds and high
cirrus may contaminate the signal, as well as the distinction between clouds and
aerosol near cloud edges (Koren et al. 2007). Another major issue for the retrieval
of aerosol data products is the removal of land surface effects from the top of the
atmosphere (TOA) radiation. For single-view instruments this is typically dealt with
by using assumptions about the reflectance at wavelengths in the near infrared and
the spectral dependence of the reflectance by specific surfaces, or by using a surface
reflectance data base. When multiple views are available, the surface contribution to
the TOA radiation can be eliminated explicitly. The remaining TOA radiation for
cloud-free sky, after elimination of the surface contributions, is the atmospheric path
radiance, which is compared with the path radiance computed using a radiative
transfer model. By minimizing the difference between computed and observed
radiances, the AOD can be determined. When more than one wavelength is avail-
able, the minimization should be made using all available wavelengths, to determine
the most likely aerosol type (or mixture) in the atmospheric column.

Instrumental characteristics required for aerosol retrieval are multiple wave-
lengths, multiple viewing angles and polarization. PARASOL (Polarization and
Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations
from a lidar) is an instrument that combines all of these. MISR (Multiangle Imaging
SpectroRadiometer) has multiple viewing angles and multiple wavelengths.
AATSR has two views and multiple wavelengths. MODIS, MERIS (MEdium
Resolution Imaging Spectrometer) and OMI have multiple wavelengths. Therefore
the algorithms for each of these instruments are different, and the algorithms for a
single instrument may be very different (see Kokhanovsky and de Leeuw (2009)
for descriptions of three algorithms used for aerosol retrieval using AATSR data).
The algorithms differ in the way they deal with the surface reflectance, which is
an important issue over land surfaces. They also differ in the way they screen
clouds, and in the aerosol models used in the retrieval. These issues are treated in
Sections 6.6 to 6.11. An overview of pertinent characteristics of instruments dis-
cussed in this chapter is presented in Appendix A.
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The use of aerosol data products derived from instrumentation aboard satellites
contributes to our understanding and documenting of regional and global aerosol
and cloud properties, including their variations, as well as aerosol-cloud interac-
tions. It provides a 4-D distribution of aerosol and cloud properties on regional and
global scales, using data from radiometers (multi-spectral, multi-angle and polari-
zation) which provide the spatial distribution, and lidar data from CALIOP which
provide the vertical distribution, all of these as a function of time which allows for
following the evolution of the aerosol properties.

These instruments are of experimental nature, and hence have a limited lifetime,
in contrast to the operational satellites provided by the METEOSAT (Meteorologi-
cal satellite — geostationary) and MetOp (Meteorological Operational satellite
programme) series of instruments and the GMES (Global Monitoring for Environ-
ment and Security) operational system that is developed by ESA (European Space
Agency) and EUMETSAT (European Organisation for the Exploitation of Meteo-
rological Satellites). The geostationary instrument SEVIRI (Spinning Enhanced
Visible and Infrared Imager — flying on METEOSAT Second Generation, MSG)
has the advantage of very high temporal resolution. AATSR flying on ENVISAT
(ENVIronmental SATellite) does not provide global coverage in one day, as it has a
limited swath, but as indicated above, it is intended to continue the current time
series of 15 years (1995-2010) and thus provide more than 20 years of aerosol
properties over land.

A description of aerosol retrieval over land using current instrumentation is
provided in Kokhanovsky and de Leeuw (2009). This book describes the state of the
art about the retrieval of aerosol data products over land, and comprises a series of
articles solicited to represent instruments that are currently used for this purpose in
a sun synchronous orbit (MODIS, MISR, POLDER, AATSR, MERIS) and SEVIRI
which is in a geostationary orbit. For AATSR three different retrieval algorithms,
based on different principles, were presented. Tables providing the general char-
acteristics of instruments currently used for aerosol retrieval can also be found in
the introduction to the book (de Leeuw and Kokhanovsky 2009).

In this chapter we provide supplementary information about the current state of
the art of aerosol retrieval using CALIPSO, POLDER, AATSR, MODIS, OMI and
MERIS observations and algorithms that have been developed for these instru-
ments. Brief descriptions of these instruments and their data products are provided
in Sections. 6.6 to 6.11. In addition, examples are presented describing applications
of satellite data for air quality, climate and aerosol-cloud interaction studies.

6.2 Aerosol Retrieval Algorithms

Aerosol retrieval is based on the comparison of the radiation received by an
instrument at TOA with that calculated using a radiative transfer model for the
same geometry and atmospheric conditions, for a range of aerosol models. The best
fit model is selected to provide the retrieval solution, i.e. AOD and other aerosol
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properties. Aerosol retrieval algorithms utilize data obtained from observations
with instruments mounted on a satellite in a certain orbit, with a certain viewing
angle and for a solar zenith angle which varies with the season and the time of day.
Aerosol particles scatter light in different directions with an angular distribution
that depends on particle size, shape, and chemical composition, and is described by
the scattering phase function. The intensity of the scattered light can vary by several
orders of magnitude depending on particle size. Any aerosol retrieval algorithm
uses the angular dependence of the aerosol scattering and therefore needs to take the
specific geometry into account. However, aerosol properties can only be retrieved
for cloud-free scenes because scattering by cloud droplets not only overwhelms the
aerosol signal, but also has different angular dependence.

Therefore, the first step in any retrieval algorithm is cloud screening. Several
criteria may be applied for cloud detection (Ackerman et al. 1998). The retrieval of
cloud properties is discussed in Chapter 5. Cloud screening methods are based on a
variety of principles, including thresholding of the radiances measured at wave-
lengths in the near and thermal infrared, the wavelength dependence of the
radiances for pairs of channels at wavelengths in the visible to the thermal infrared,
the analysis of spatial and temporal patterns, the use of the O, A-band, and also the
synergistic use of other instruments, including lidars. An example of the application
of cloud screening is presented in Section 6.8.

The next problem for clear sky measurements is to account for the land surface
contribution to the TOA reflectance. Several different methods are implemented in
retrieval algorithms, depending on instrument properties. This is discussed in
Sections 6.7 to 6.11 for the individual instruments treated here. After correction
for the surface contribution to the TOA radiance, the path radiance, which includes
contributions from molecular scattering and absorption, remains. To account for
molecular effects for the given sun-satellite geometry properly, a radiative transfer
model (RTM) is applied to a set of observation and illumination geometries for a
wide range of situations. This is referred to as forward modelling; the retrieval is
referred to as inverse modelling.

Radiative transfer calculations are usually time consuming (see Katsev et al.
(2009) for an example of the use of a fast radiative transfer code as part of the
retrieval algorithm) and are used outside the actual retrieval algorithm to prepare
look up tables (LUTs) for a wide variety of situations; these include the viewing
geometry expressed by the solar and viewing zenith angles and relative azimuth
angle, the wavelengths that are used in the retrieval, a series of reference AOD
levels from very low to very high, and other relevant parameters depending on the
instrument characteristics used in the retrieval, together with atmospheric informa-
tion such as surface pressure. The angles and AOD levels are varied in discrete
steps. For each combination, forward calculations are made for a series of aerosol
models (see Section 6.4) and the results are stored in LUTs. A LUT is thus prepared
for each aerosol model and contains parameters such as AOD, single scattering
albedo w, spherical albedo, total and diffuse transmittance along the atmospheric
path (downward and upward), total and diffuse downward transmittance of the
atmospheric column, surface downward reflectance, and path reflectance. Each of
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these parameters depends on one or more of the input parameters. The LUTs are
used in the retrieval step to speed up the processing. The parameters contained
in the LUT are interpolated between the discrete levels to provide for the actual
situation, in particular the viewing geometry. Examples of LUT contents are pre-
sented in Sections 6.7 and 6.9.

The LUTs are usually prepared using vector radiative transfer calculations for a
set of aerosol models which are representative for a certain area (Kaufman et al.
2001; Dubovik et al. 2002; Levy et al. 2007a; 2007b). Ideally, the algorithm must
have the ability to select the most appropriate aerosol model or mixture of aerosol
models. In many cases, however, aerosol type selection is based on climatology
(Levy et al. 2007a; Curier et al. 2008). Such climatologies can be derived from
observations (Dubovik et al. 2002; Levy et al. 2007a) or from results from transport
models for the area of interest (Curier et al. 2008). In the future, it may be possible
to use transport model forecasts (Verver et al. 2002) to constrain the retrieval.

6.3 Aerosol Optical Parameters

Optical properties that are important for the remote sensing of aerosols, and
applications for climate and air quality are the extinction and backscatter coeffi-
cients, the scattering phase function and the single scattering albedo. These para-
meters are derived from the aerosol particle size distribution and the refractive
index, which is determined by the chemical composition. Moreover, both the
aerosol particle size and the chemical composition vary with RH. Chemical and
physical properties of aerosols change during their atmospheric lifetime due to a
variety of processes (Seinfeld and Pandis 1998), and the RH varies in space and
time, so the optical properties change horizontally, vertically, and in time.

When a light beam hits a medium containing aerosol the intensity is reduced due
to scattering and absorption by the particles. This is described by the Lambert—Beer
law:

h

1(2) = 1,(2) exp(— J bext(2)dz), 6.2)
0

where /, and I are the intensities of the incoming and exiting light beams, respec-
tively, with wavelength /, z is the position in the medium with thickness / and b,
is the aerosol extinction coefficient, which is given by the sum of the scattering and
absorption coefficients, by and bups (Dexe = Dscar + Pavs)- These coefficients are
determined by the product of the particle size distribution n(r) and the extinction,
scattering or absorption efficiency, Qex(7, m, 4), Qsca(?, M, 1), Qups(T, M, ),
respectively. For scattering:
L)

bsear(A) = Jm"zn(r)Qm,(r,m, A)dr, (6.3)

1
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The particle size distribution is a function that describes the concentrations of the
aerosol particles as function of radius r (see Eq. 6.1 for a possible formulation). The
scattering efficiency for a particle with radius » and complex refractive index
m = n—ik, at wavelength 4, is given by:

Qext(’A» m, /“) = Cext(ra m, })/A(’)a (64)

where C,,; (r, m, 1) is the extinction cross section and A is the geometric area of that
particle. Similar expressions apply to Qq..(r, m, A) and Qp(r, m, 4). The single
scattering albedo w is defined as the ratio of the scattering and extinction efficiencies:

_ Oscar (;L)

) = 0h)

. (6.5)

The single scattering albedo is 1 for non-absorbing particles and common values
are around 0.97 (0.95-1.0), but much lower values are observed in strongly polluted
areas with large amounts of absorbing aerosol (e.g. emitted from forest fires and
other combustion processes). Ground-based measurements of absorption and
extinction are most reliable in providing such data, although research is needed to
improve accuracy and reproducibility. Satellite data of the single scattering albedo
are sparse and usually indirectly derived.

The extinction cross section is given by:

Cext(r> m, /L) = Csc'at(r7 m, j~) + Cabs(ry m, j~) (66)
and

Cs(rat(ra m, ;v) = Iscat(;v)/lo(jv) (67)
with a similar expression for Cps(r, m, A).
Similar equations apply for the aerosol scattering and absorption coefficients and
h
efficiencies, note that [ bey(A)dz = Taer (1), Where 7,,,(A) is the AOD of the layer

0
with depth 4, also often called aerosol optical thickness (AOT), which is the
primary parameter retrieved by satellites. The wavelength dependence of 7,.,(/1)
is expressed by the Angstrom relationship:

A

Taer(2) = B+ 27 = Tuer (Are) - (5—) 7, (6.8)

}vref

where ﬁ is the AOD at the reference wavelength /.., (usually taken at 1 pm) and o,
is the Angstrom parameter evaluated for the wavelength pair 4; and A,. Typical
values for o, are in the range 1-2.

For the retrieval of aerosol properties from satellite observations, with a range of
illumination and observation angles, information on the angular distribution of the
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scattering intensity, which is described by the scattering phase function P(0,0,m, 1),
is required:

P(0,a,m, 2) = F(0,0,m, )/ J F(0,2,m, 7 sin 0d0 69)
0

where 0 is the scattering angle and o (=277//) is the size parameter that accounts for
the dependence of optical effects of acrosols on their size relative to the wavelength
of the incoming light. In all of the above, equations which depend on both r and 4
can be replaced by their dependence on o.

Other parameters often encountered are the asymmetry parameter g (see
Chapter 5) which provides a measure for the major scattering direction and is
given by:

T

g(A) = % cos OP(0, A) sin 0d0, (6.10)

S —

For light scattered totally at 6 = 0°, g = 1; g = —1 for light scattered totally at
0 = 180° and g = O for isotropically scattered light. The hemispheric backscatter
ratio is given by:

f:/zP(& /) sin 6d0
b(1) = . 6.11
@) Jo P(0, ) sin 0d0 (6.11)

The transmission of a layer of air with thickness h is given by:

1(4)

) = Io(4)

h
= exp(— wa(i, 7)dz). (6.12)
0

For the calculation of optical properties, it is commonly assumed that the aerosol
particles are spherical, which implies that we can use Mie theory (Section 1.9.1).
Mie theory is based on the exact solution of the Maxwell equations (Mie 1908) and
program codes are readily available. Mie theory needs to be used for spherical
particles with sizes on the order of the wavelength of the incident light, i.e. a~1. The
angular scattering for much smaller particles is symmetric and can be calculated in
the Rayleigh limit; the scattering by much larger particles can be calculated using
the geometric approximation. Mie theory shows that scattered light has a strong
forward lobe, with intensity strongly increasing with increasing particle size.
Particles often are hygroscopic and thus absorb water vapour. Liquid particles are
spherical for sizes in the optically active range.

For non-spherical particles Mie theory does not apply and approximations about
the particle shape, e.g. treatment as spheroids, has to be made to calculate the phase
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function. This is particularly important for the retrieval of desert dust which has
irregular shapes and is non-hygroscopic. For instance, Dubovik et al. (2006) show
examples of the application of spheroid models to account for aerosol particle non-
sphericity in remote sensing of desert dust. Deviations from Mie theory occur in the
scattering phase function for large scattering angles in both the forward and
backward directions.

Light scattered by molecules and small aerosol particles is strongly polarized in
a plane perpendicular to the scattering plane (the plane defined by the sun, the
object being viewed and the observer) while light scattered by surfaces is only
weakly polarized. This difference between the polarizing properties of aerosols and
molecules as compared to surfaces is used by modern polarimetric remote sensing
instruments to determine the amount, size and type of aerosols that are present
above the surface. The intensity and polarization of light can be described by the
Stokes vector I = (I, Q, U, V) where [ is a measure of the intensity of the light, O
and U define the magnitude and orientation of the linearly polarized fraction of the
light and V is a measure of the magnitude and helicity of the circular polarization.
All four Stokes vector elements have the dimensions of intensity (Wmfz). A
detailed discussion of polarization and its use in aerosol remote sensing can be
found in Cairns et al. (2009.)

6.4 Databases for Aerosol Properties

Databases for aerosol optical properties are available from analyses of the AERO-
NET sun photometer network (Holben et al. 1998) derived from 8 years of worldwide
distributed data for different aerosol types by Dubovik et al. (2002). Established
procedures for maintaining and calibrating this global network of radiometers, cloud
screening and inversion techniques facilitate the consistent retrieval of the optical
properties of aerosols in locations with varying emission sources and conditions. The
multi-year, multi-instrument observations show robust differentiation in both the
magnitude and spectral dependence of the absorption for desert dust, biomass
burning, urban, industrial and marine aerosols. The authors observed significant
variability of the absorption for the same aerosol type due to different meteorological
and source characteristics, as well as different emission characteristics.

This data base is particularly useful for application in satellite retrieval codes
because similar parameters, such as column-integrated aerosol properties, are
measured with both, but with much better accuracy and without interference from
surface reflectance.

The application of the Dubovik data base to the retrieval of aerosol properties
using AATSR observations has provided excellent results in areas with complicated
aerosol composition, such as over the Indian Ocean where a transition has been
observed from very polluted to very clean aerosol (Robles-Gonzalez et al. 2006),
over Africa for biomass burning aerosol (Robles-Gonzalez and de Leeuw 2008) or
over the desert for a mixture of fossil fuel and desert dust aerosol (de Leeuw et al.
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2005). AERONET data were the basis for the MODIS Collection 5 (C005) aerosol
retrieval algorithm (Levy et al. 2007a; 2007b).

Another aerosol data base that provides the parameters describing the aerosol
models used in aerosol retrieval algorithms is the Global Aerosol Data Set (GADS).
GADS is available from the software package OPAC (Optical Properties of Aero-
sols and Clouds) (Hess et al. 1998) (http://www.Irz-muenchen.de/~uh234an/www/
radaer/opac.html). OPAC provides microphysical and optical properties of ten
aerosol components including extinction, scattering and absorption coefficients,
the single scattering albedo, the asymmetry parameter and the phase function. The
computation of these parameters is based on the microphysical data (size distri-
bution and spectral refractive index), assuming that the particles are spherical.
Data are given for up to 61 wavelengths between 0.25 and 40 pm and up to 8 values
of the relative humidity. The software package also facilitates the calculation of
derived optical properties such as mass extinction coefficients, i.e. the extinction
per unit of mass, specific for each aerosol type, and Angstrém coefficients.

6.5 Instruments Used for the Retrieval of Aerosol Properties
from Space

Data from instruments, which were not explicitly designed for the retrieval of
aerosol, have been used to determine aerosol data products. For instance instru-
ments like TOMS, GOME, SCTAMACHY and OMI were designed for the retrieval
of trace gas concentrations and the purpose of AVHRR, SeaWiFS, MERIS and
ATSR was to measure land/sea surface temperature. GLAS was primarily designed
as an altimeter; LITE was set up as a technology experiment. However, data from
each of these instruments has also been used for the retrieval of aerosol properties,
with varied success. Dedicated instruments for aerosol retrieval are POLDER,
MODIS, MISR and CALIOP. Ideally, a sensor should have the capability of
observing multiple wavelengths from the UV to the TIR, multiple views, and
polarization sensitivity. The combination of spectral polarization and multiple
view measurements for a range of wavelengths is only available from the POLDER
series of instruments (Deschamps et al. 1994), the latest of which is flying on
PARASOL as part of the A-Train. The GLORY mission (Mishchenko et al. 2007)
set to launch in February 2011 will carry the Aerosol Polarimetry Sensor (APS)
which will collect accurate multi-angle photo-polarimetric measurements of the
Earth along the satellite ground track over a wide spectral range extending from
the visible to the short-wave infrared. The data from this instrument are expected to
provide aerosol retrievals with a higher accuracy than available from current
instruments. (A)ATSR and MISR combine two or multiple views, respectively,
with multiple wavelengths.

Results from the last decade show that it is possible to obtain a useful set of aerosol
parameters even without using the advanced multi-view instruments capable of
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detecting the polarization state of the reflected solar light. In particular MODIS, which
was designed for the measurement of aerosol and cloud properties, has
been successful and is the most widely used for aerosol observations from space.
The open data policy and accessibility of aerosol products has resulted in numerous
publications from the use of MODIS data. Also the global coverage from two MODIS
instruments (Terra descending, equator crossing time 10:30, and Aqua ascending,
equator crossing time 13:30) ensure a high probability of obtaining useful data.

The parameters retrieved from measurements by instrumentation in space
include the AOD at various wavelengths and its wavelength dependence expressed
by the Angstrém coefficient. Principle component analysis shows which other
aerosol parameters could be retrieved using a dedicated aerosol instrument. These
could include, for a bimodal aerosol model, the effective radius and effective
variance, and the complex refractive index (both real and imaginary parts) for
both modes. Examples are presented by Hasekamp and Landgraf (2005) for
GOME-2 and Veihelmann et al. (2007) for OMI.

6.6 Retrieval of Aerosol and Cloud Parameters from CALIPSO
Observations

CALIPSO is a satellite mission (see Appendix A) developed within the framework
of a collaboration between NASA and the French space agency, CNES. CALIPSO
provides unique measurements to improve our understanding of the role of aerosols
and clouds in the Earth’s climate system (Winker et al. 2003; 2009). The CALIPSO
payload (see Table 6.1) consists of a two-wavelength polarization-sensitive lidar,
and passive imagers operating in the visible and infrared spectral regions. The lidar
profiles provide information on the vertical distributions of aerosols and clouds,
cloud ice/water phase (via the ratio of signals in two orthogonal polarization

Table 6.1 Characteristics of

° Characteristic Value
the CALIPSO instruments CALIOP

Wavelengths 532 nm, 1064 nm
Polarization 532 nm, Il and L
Pulse energy 110 mJ each wavelength
Footprint 100 m
Vertical resolution 30-60 m
Horizontal resolution 333 m

WEC
Wavelength 645 nm
Spectral bandwidths 50 mm
IFOV/swath 125 m/61 km

IIR
Wavelengths 8.65 um, 10.6 um, 12.0 pm
Spectral resolution 0.6 pm—1.0 pm

IFOV/swath 1 km/64 km
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channels) and a qualitative classification of aerosol size (via the wavelength
dependence of the backscatter). Data from the three instruments are used together
to measure the radiative and physical properties of cirrus clouds. CALIPSO is flown
in a polar orbit as part of the A-Train constellation which, besides CALIPSO,
consists of the Aqua, CloudSat, PARASOL and Aura satellites. The satellites of
the constellation fly in a sun-synchronous polar orbit with a nominal ascending
node equatorial crossing time of 13:30 local time. The orbit of CALIPSO is
maintained to provide space-time coincidence with observations from the other
satellites of the constellation. CALIPSO was launched at the end of April 2006, and
data have been available from 13th June 2006.

CALIPSO has been designed to provide data to address three major objectives:

e To improve observationally-based estimates of direct and indirect aerosol radia-
tive forcing;

e To improve the characterization of surface radiative fluxes and atmospheric
heating rates; and

e To improve model parameterizations of cloud-climate feedbacks.

CALIPSO is also intended to address a number of secondary objectives, which
include observing long range transport of pollutants, providing coincident mea-
surements to validate and improve retrievals from other instruments within the
A-train, and providing aerosol observations useful for atmospheric chemistry
applications.

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) provides
global, vertically-resolved measurements of aerosol spatial distributions (Winker
et al. 2007; 2009). It has the ability to perform height-resolved discrimination of
aerosol into several types. As seen in Fig. 6.1, CALIOP can observe aerosol over
bright surfaces and beneath thin clouds as well as in clear sky conditions. An
elevated aerosol layer (yellow and red in the upper panel) between roughly 0.5°S,
12.9°E and 17'S, 8 E overlies a stratus deck (white and red). At the left edge of the
plot, two aerosol layers can be seen at altitudes of about 2 km and 5 km. Depolari-
zation signals (lower panel) allow the identification of smoke (depolarization less
than 10%) from dust (depolarization greater than 10%). CALIOP also provides
vertical profiles of single and multi-layer transmissive clouds. The Imaging Infrared
Radiometer (IIR) and Wide Field Camera (WFC) data combined with lidar data are
used to retrieve cloud emissivity and effective particle size. Lidar data is
incorporated into a split-window retrieval algorithm to provide constraints to
improve the retrieval performance.

6.6.1 The CALIPSO Science Payload

The CALIPSO payload consists of three nadir-viewing instruments: CALIOP, IIR
and WFC. These instruments are designed to operate autonomously and continu-
ously, although the WFC acquires science data only under daylight conditions. The
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Fig. 6.1 CALIOP observations over west-central Africa. Upper panel: Calibrated 532 nm back-
scatter signals. Lower panel: Depolarization profiles from the ratio of the CALIOP 532 nm
perpendicular and parallel return signals.

key characteristics of these instruments are listed in Table 6.1. The raw lidar data
down-linked to the ground station has the vertical resolution given in Table 6.2.

6.6.2 CALIOP Data Calibration

The calibration algorithms are designed to accomplish two major functions.
First, the determination of calibration coefficients for the three lidar channels, and
second, the application of these calibration coefficients to produce attenuated
backscatter profiles used in Level 2 processing. Determination of the calibration
coefficients is basically a three-step process used to derive the Level 1B data
products:



274 G. de Leeuw et al.

(a)

(b)

(©)

Table 6.2 Spatial Resolution of Down-linked Lidar Data

Altitude range Horizontal resolution Vertical resolution
30.1 km to 40 km 5.0 km 300 m (532 nm only)
20.2 km to 30.1 km 1.67 km 180 m
8.2 km to 20.2 km 1.0 km 60 m
—0.5 km to 8.2 km 0.33 km 30 m at 532 nm

60 m at 1064 nm
—2.0kmto —0.5 km 0.33 km 300 m

The calibration coefficient is determined for the 532 nm parallel channel
(Powell et al. 2009). For the baseline approach, this is done by comparing the
measured 532 nm parallel channel signal from the 30-34 km region to an
estimate of the parallel backscatter coefficient computed from a modelled
atmospheric density profile. The 30-34 km altitude range is chosen because
there is little aerosol in that height range, especially at mid and high latitudes.
At low latitudes there is a small bias due to the stratospheric background
aerosol. The molecular backscatter coefficients can be estimated well, using
knowledge of the molecular number density and theoretically derived estimates
of the molecular backscatter cross section (Reagan et al. 2002).

The 532 nm perpendicular channel is then calibrated relative to the calibration
obtained for the parallel channel. There is not enough signal to calibrate the
perpendicular channel using stratospheric molecular returns, because the depo-
larization of clear-air 180 -backscatter is only about 0.35%. The calibration is
therefore transferred from the parallel to the perpendicular channel using data
collected during the Polarization Gain Ratio (PGR) operation (Hunt et al. 2009).
Calibration of the 532 nm parallel and perpendicular channels is then trans-
ferred to the 1064 nm channel. As with the 532 nm perpendicular channel, the
signal from the 1064 nm channel in the mid-stratosphere is too low to provide a
reliable calibration measurement. Transfer of calibration from the 532 nm
channels to the 1064 nm channels is accomplished using the backscatter from
properly chosen cirrus clouds. Because cirrus cloud particles are large, the ratio
of the 532 nm and 1064 nm backscatter coefficients is approximately equal to 1.
The 1064 nm calibration coefficient is determined by comparing the 1064 nm
backscatter signal with the calibrated 532 nm cirrus backscatter measurements
(Reagan et al. 2002).

6.6.3 Description of Available Data Products from CALIOP

The data products generated from the CALIOP measurements are produced accord-
ing to a protocol which is similar to, but not exactly the same as, that established by
NASA'’s Earth Observing System (EOS).

The data product levels for CALIPSO are reported in Table 6.3. They are defined

below.
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Table 6.3 CALIPSO product list

Data level Data products Production schedule

1b Calibrated lidar profiles Data produced on 2-day lag following
Calibrated IIR radiances receipt of all required ancillary data
Uncalibrated WFC radiances (meteorological profiles).
Meteorological profiles Archived and publicly available.
Lidar aerosol & cloud browse images

2a Lidar backscatter profiles Data produced on 3-day lag thereafter.
Aerosol layer height/thickness Archived and publicly available.
Cloud height/thickness Last reprocessing Dec. 2007/Jan. 2008.

2b Aerosol extinction, optical depth First data released in January 2008

Cloud extinction, optical depth
Cloud ice/water phase
Cloud emissivity (IIR)

2c Ice particle size (IIR) First data released in January 2009

e Level 0: reconstructed, unprocessed instrument/payload data at full resolution;
and with all communications artifacts, e.g. synchronization frames, communica-
tions headers, duplicate data removed.

e Level 1B: reconstructed, unprocessed instrument data at full resolution which is
time-referenced, geo-located, corrected for instrument artifacts, and includes
ancillary information processed to sensor units and archived as Level 1 data.

e Level 2: geophysical variables derived from Level 1 data, including those
derived using measurements from multiple CALIPSO instruments.

The data products are archived upon the completion of the Level 1 processing
and include profile products and calibration products.

6.6.4 CALIOP Retrieval Procedure for the Extinction Coefficient

The extinction coefficient determination requires several steps. The first one is the
identification of the altitude of the scattering layer using the SIBYL (Selective
Iterated Boundary Locator) algorithm (Vaughan et al. 2002; 2005; 2009). SIBYL
scans lidar profiles throughout the troposphere and stratosphere, identifies regions
of enhanced scattering, and records the location and simple characteristics of these
atmospheric features.

Then the SCA (Scene Classification Algorithm (SCA (Liu et al. 2005; 2009),
which is actually a set of algorithms, is used to classify these layers by type. It relies
on a statistical analysis of observed parameters (Liu et al. 2004; 2009). In addition
to being incorporated into the output data products, some of the type classifications
performed by the SCA are also required by the hybrid extinction retrieval algorithm
(HERA (Young et al. 2005; Young and Vaughan 2009)).

After SIBYL has found a region in a lidar profile, SCA first discriminates
between cloud and aerosol and then determines the cloud or aerosol sub-type.
Surface, subsurface and totally attenuated regions are also recorded in the Vertical
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Feature Mask (VFM). If the region is a feature (cloud or aerosol) SCA then checks
to see if the feature is lofted (if the molecular scattering signal is available both
above and below the feature for feature layer transmittance retrieval). For a lofted
feature, the SCA will derive the lidar ratio using the transmittance-constraint
method (Fernald et al. 1972; Young 1995). For both lofted and non-lofted layers,
the SCA will conduct a classification of feature types and assign a lidar ratio to the
feature corresponding to the extinction processing in HERA. Note that if the feature
is lofted and a lidar ratio can be derived using the transmittance method,
the computed lidar ratio is selected; if the feature is non-lofted, a lidar ratio is
selected based on the model corresponding to the identified feature type. Aerosol
models were developed using data from AERONET (Omar et al. 2004; 2009).

For the feature classification, the SCA first determines whether the feature
is tropospheric or stratospheric by checking the base altitude of the feature.
The tropopause altitude is derived from ancillary data obtained from the Global
Modelling and Assimilation Office (GMAO). If the feature base is lower than this
altitude, the feature is classified as a tropospheric feature; otherwise, it is classified
as a stratospheric feature. If a feature is tropospheric, further classifications (four
algorithms) are conducted to sub-type the feature.

The SCA first determines whether a layer is cloud or aerosol, primarily using the
layer mean value of the 532 nm attenuated backscatter coefficient, and the attenuated
color ratio, which is the ratio of the mean attenuated backscatter coefficients measured
at 1064 nm and 532 nm. If the layer is classified as cloud, the SCA will then determine
whether it is an ice cloud or water cloud using the measured backscatter intensity and
the depolarization ratio profiles, along with ancillary information such as layer height
and temperature. The SCA will also use a combination of observed parameters and
a priori information to select an appropriate extinction-to-backscatter ratio, or lidar
ratio (Sa for aerosol layers, Sc for clouds), and multiple scattering function, 7(z) as
defined by Platt (1973), required for retrieving extinction and optical depth. To be
consistent, the lidar ratio and multiple scattering function must be based on the same
underlying aerosol or cloud particle model. A constant value for the lidar ratio, as well
as an array (as a function of range) for the multiple scattering function, are specified
for each feature for later use by the optical property retrieval.

If a feature is classified as stratospheric, on the other hand, no further typing is
performed. Stratospheric classifications may be included in a future data release.
The classification criteria used for features in the stratosphere will differ somewhat
from those for features found in the troposphere, though the same general classifi-
cation approach can be used (Table 6.4).

6.7 Aerosol Remote Sensing from POLDER

The retrieval method used for the retrieval of aerosol properties from POLDER (see
Appendix A) data depends on the type of surface below the aerosol layer. We
distinguish two cases: land and ocean surfaces. A comprehensive description of
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Table 6.4 CALIOP science

> Data Product Measurement Capabilities

products and uncertainties and Uncertainties

Aerosols

Height, thickness For layers with T > 0.005

1, 6(2) 40%*

Clouds

Height For layers with T > 0.01

Thickness For layers with T < 5

1,6 (2) Within a factor of 2 fort < 5

Ice/water phase Layer by layer

Ice cloud emissivity, € +0.05 fore > 0.1

Ice particle size +50% for e > 0.2

T — optical depth
G (z) — profile of extinction cross-section
“assumes 30% uncertainty in backscatter-to-extinction ratio

aerosol retrieval from POLDER can be found at the ICARE web site (http://www-
icare.univ-lille1.fr/parasol/?rubrique=overview_product).

6.7.1 POLDER Remote Sensing of Aerosols Over Ocean Surfaces

The method is based on a comparison between POLDER measurements and LUTs
calculated for a set of aerosol models (size distribution, refractive index, optical
thickness) for the POLDER observations. The inversion scheme mainly uses the
normalized radiances in the 865 nm channel, where the ocean colour reflectance is
zero, and in the 670 nm channel with a constant water reflectance of 0.001. The
polarized Stokes parameters at 865 and 670 nm are also used to help to derive the
best aerosol model.

The algorithm uses a bimodal aerosol model, which mixes a mode of small
particles (S) and a mode of large particles (L) with respective optical thickness Tg
and 1, at 865 nm. A mode of small particles (S) consists of a lognormal size
distribution of spherical particles with a given refractive index. A mode of large
particles (L) consists of a mixture of spherical and non-spherical particles. The
spherical particles are lognormally distributed and have a given refractive index.
The non-spherical particles are described by the mean model given in Volten et al.
(2001). The contributions of large spherical and non-spherical particles to the
optical thickness at 865 nm are given by 1.5 and 11 _ns, respectively. The large
modes are a combination between spherical large particles and non-spherical par-
ticles with a mixture concentration varying from O to 1 in steps of 0.25 (Herman
et al. 2005). The set of the refractive indices and modal radii of the small and large
spherical particles used depends on the viewing conditions. Given a small and a
large mode of particles with a total optical thickness T = tg + 71, the corresponding
radiance L is calculated using the approximation of Wang and Gordon (1994).
A similar approach can be applied for the normalized Stokes parameters Q and U.
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LUTs of the radiances (865, 670 and 565 nm channels) and of the Stokes
parameters Q and U (865 nm, 670 nm and blue channels) are calculated for different
small modes, large modes of spherical particles and one non-spherical mode, for 11
aerosol optical thicknesses from T = 0 (molecular case) to T = 2.6 (extreme turbid
atmosphere). These calculations are made for 21 solar angles (3° to 77°), 20
viewing angles (3°-73°) and 37 relative azimuth angles from 0° to 180° (steps of
5°). Computations are performed with a rough ocean surface (Cox and Munk 1954)
and a wind speed of 5 m/s. The foam contribution is calculated following Koepke
(1984) and a constant value of 0.22 for the foam reflectance. When the aerosol
content is low, we only consider a fixed aerosol model for which the aerosol optical
thickness is deduced.

The retrieval algorithm follows a two-step procedure. First the concentration of
the mode in terms of optical thickness and total optical thickness is adjusted to fit
the total radiance for a given combination of the small and the large mode. Then the
directional Stokes parameters L, Q and U are interpolated in the LUT in the 865
and 670 nm channels. The difference (rms) between these simulations and the
measurements are computed for each couple of modes: the minimum value (best
fit) gives the aerosol model (modes and the fine mode concentration) and the
corresponding optical thickness at 865 nm.

6.7.2 POLDER Remote Sensing of Aerosols Over Land Surfaces

Aerosol remote sensing over land from visible radiance measurements is more
difficult than over the ocean because the surface reflectance is generally much
greater than that for aerosol, except over dark surfaces (vegetation in the blue
channel, lakes in near infrared). Airborne experiments (Deuzé et al. 1993) have
shown that the relative contribution of the surface compared to the atmosphere is
less important in polarized light than in total light. The aerosol algorithm over land is
based on a best fit between polarized POLDER measurements and data simulated for
different atmospheres including several aerosol models for different optical thick-
ness, and ground surfaces conditions. The surface contribution depends on the type
of surface (Nadal and Bréon 1999). The surface polarized reflectance is multiplied
by an exponential factor corresponding to the attenuation through the atmosphere.
The atmospheric term contribution to the measured signal is interpolated in LUTs
computed using a successive order of scattering code (Lenoble et al. 2007).

Over land, ground based measurements show that the aerosol polarization mainly
comes from the small-spherical particles (Vermeulen et al. 2000) with radii less than
about 0.5 pm corresponding to the accumulation mode. So, the aerosol models used
in the algorithm consist of lognormal size distributions of spherical particles: their
characteristics are close to those for the oceanic small mode.

Knowing the super-pixel characteristics (altitude, surface classification, normal-
ized difference vegetation index, NDVI), the surface polarized radiances are com-
puted in the 865 and 670 nm channels, for the given viewing directions. For a given



6 Retrieval of Aerosol Properties 279

aerosol model, the aerosol optical thickness at 865 nm is adjusted with a root-mean
square (rms) method to fit the polarized measurements. Then the rms are compared
for the set of aerosol and the best solution corresponds to the minimum value,
characterized by its Angstrém exponent, and the associated optical thickness and a
quality index indicating the confidence degree in the fit.

Fig. 6.2 shows examples of global monthly mean average aerosol products
derived from POLDER, for May 2006.

550nm Optical Thickness Angstrom Exponent
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Fig. 6.2 Examples of aerosol information derived from POLDER for May 2006: (a) Total aerosol
optical thickness; (b) Angstrém exponent between 670 and 865 nm; (¢) Fine mode aerosol optical
thickness; (d) Spherical coarse mode aerosol; (e) Non spherical (dust) aerosol optical thickness
(Credits: ICARE data center).

6.8 Retrieval of Aerosol Properties Using AATSR

The Advanced Along Track Scanning Radiometer (AATSR) on ENVISAT is the
third in a series of ATSR instruments (see Section 6.1 and Appendix A). The data
from these instruments have the potential of producing a 20 year aerosol record,
starting in 1995. The AATSR dual view algorithm (ADV) has been used to
provide aerosol data products over different areas such as the eastern part of the
United States (Veefkind et al. 1998), Europe (Robles-Gonzalez et al. 2000;
Veefkind et al. 2000), India and the Indian Ocean (Robles-Gonzalez et al. 2006)
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and Africa (Robles-Gonzalez and de Leeuw 2008). A first step to develop products
was made as part of the ESA Data Users Programme project TEMIS (Tropospheric
Emission Monitoring Internet Service, www.temis.nl). Other efforts are underway
as part of the Globaerosol project (ESA Date Users Element: http://dup.esrin.esa.it/
projects/summaryp64.asp) where the algorithm used is that developed by the
University of Oxford (Thomas et al. 2007). A third algorithm has been developed
by the University of Swansea (Grey et al. 2006) which it is expected to apply to the
production of global data sets. The algorithm discussed here (Veefkind et al. 1998;
Veefkind and de Leeuw 1998), was developed at TNO (Netherlands Organisation
for Applied Scientific Research) and transferred to the University of Helsinki
and the Finnish Meteorological Institute (FMI) in 2007, where it is further devel-
oped and applied to provide aerosol data products for use in scientific studies.

6.8.1 AATSR Characteristics

AATSR is a dual view imaging spectrometer with seven wavelength bands, four in
the visible and NIR (0.555, 0.659, 0.865, and 1.6 um) and three in the mid- and
thermal-infrared (3.7, 11, and 12 pm). The resolution of the instrumentis 1 x 1 km?
at nadir view and the swath width is 512 km, resulting in a return time of approxi-
mately 3 days at mid-latitudes. AATSR has two cameras which provide a nadir view
and a forward view at 55° incident angle to the surface. Together these two views
allow for near-simultaneous observation of an area on the Earth’s surface through
two different atmospheric columns within a time interval of about 2 min.

AATSR was primarily designed for the measurement of water temperature but
its characteristics render the instrument suitable for aerosol retrieval as well, in
particular over land where the dual view is used to eliminate land surface effects on
the radiation at the TOA (Veefkind et al. 1998). Over water a single view is used
(Veetkind and de Leeuw 1998). Both algorithms include multiple scattering and the
bi-directional reflectance of the surface. A drawback is the small swath of 512 km
which results in a global coverage at the equator in approximately 5 days.

6.8.2 AATSR Retrieval Algorithm

The upwelling radiances measured at the top of the atmosphere in the visible and
NIR channels are used for the retrieval of aerosol properties (AOD, the Angstrém
parameter and the mixing ratio of dominant aerosol classes). The 0.659 pm,
0.865 um, and the 11 and 12 pm channels, are additionally used for cloud detection.
When clouds are present, their radiance dominates the TOA signal and aerosol
properties cannot be retrieved.

To discriminate between cloudy and cloud free areas over land, three tests
are applied. These tests are based on the brightness temperature at 11 pm, the
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reflectance at 0.659 pm and the ratio of the reflectance at 0.865 pm to the
reflectance at 0.659 pm. The reflectance of clouds is similar in these channels,
whereas over land, the surface reflectance at 0.865 pm is generally higher than at
0.659 pm. Hence, over clouds the ratio should be around 1 and larger over land.
Over water the effect is the opposite: a reflectance ratio threshold lower than 1
indicates cloud free pixel over water (Robles Gonzalez 2003).

The core of the algorithm is the derivation of aerosol optical properties for
cloud-free pixels, which is accomplished by comparing the measured TOA reflec-
tance to reflectances calculated by a radiative transfer model and stored in LUTs.
The difference between the modelled and measured TOA reflectances at each
suitable wavelength (0.555 um, 0.659 pm and 1.600 pm over land) is determined
for a range of aerosol mixtures and the error function for all three wavelengths
together is minimized to determine the best fit for both the AOD and the aerosol
mixing ratio. The radiative transfer model used is DAK (Double Adding KNMI)
(de Haan et al. 1987; Stammes 2001) developed at the Royal Netherlands Meteo-
rological Institute (KNMI). A variety of aerosol models and mixtures of these are
used as appropriate for the region of interest.

Over dark surfaces, such as over open ocean or dark vegetation, the AOD
can be determined directly using a single view (Veefkind and de Leeuw 1998).
Over brighter surfaces, the effects of the surface reflection and the atmospheric
reflection on the TOA reflectance need to be separated. This is accomplished by
taking advantage of the two views provided by AATSR as described in Veefkind
et al. (1998).

In the dual-view algorithm, it is assumed that k, the ratio between the surface
reflectances in the nadir and the forward views, is independent of the wavelength
(Flowerdew and Haigh 1995). Hence k can be determined at 1.6 pm, where the
effect of aerosol is minimal and is ignored in the first retrieval step to obtain a first
estimate of the AOD. In the next iteration this AOD is used as a first guess and the
parameters are adjusted.

6.8.3 AATSR Products

The retrieval is made for single pixels (1 x 1 km at nadir). Results are evaluated
by comparison with AERONET Sun Photometer data. Post-processing includes
re-gridding to 10 x 10 km? In the distribution of AOD values both the highest
and the lowest outliers are removed. This procedure is based on the assumption that
no large gradients are expected in the aerosol concentrations on a scale of 10 km,
unless intensive point sources are present.

Products are the spectral AOD for 0.555 pm, 0.659 pum and 1.6 um (and
at 0.865 um over water) and the Angstrém coefficient. The aerosol mixing ratio,
which is the optimum mixture of two aerosol types is, in principle, also available
(Robles-Gonzalez et al. 2006; Robles-Gonzalez and de Leeuw 2008). As an exam-
ple, we show results obtained during UAE2 (the United Arab Emirates Unified
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Aerosol Experiment) over the United Arab Emirates and the Persian Gulf (Reid
et al. 2005) in Fig. 6.3 (AOD) and the comparison of retrieved AOD with simulta-
neous AERONET data over water and over land in Fig. 6.4 (de Leeuw et al. 2005).
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Fig. 6.3 AOD at 0.67 um over the UAE area retrieved from AATSR data on 7th September 2004
(de Leeuw et al. 2005).
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Fig. 6.4 Comparison of AOD derived from AATSR data during UAE2 with AERONET sun
photometer data, for all water sites (a), and for all land sites (b) (de Leeuw et al. 2005).
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6.9 Aerosol Remote Sensing from Aqua/MODIS

The first MODIS instrument was launched onboard the EOS-Terra satellite in
December 1999 (see Appendix A). In May 2002, a second MODIS instrument
was launched on board EOS-Aqua. The MODIS instruments measure sunlight
reflected by the Earth’s atmosphere and surface and emitted thermal radiation at
36 wavelengths. At least two observations for any place in Europe are obtained per
day during daylight hours because the Terra and Aqua satellites cross Europe near
10:30 and 13:30 local solar time, respectively. There are two different algorithms to
retrieve aerosol properties over land and over ocean. A comprehensive description
of the MODIS aerosol retrieval algorithm can be found at the MODIS atmosphere
group web site (http://modis-atmos.gsfc.nasa.gov/MODO04_L2/index.html). The
MODIS aerosol products are from Collection 5.

6.9.1 MODIS Remote Sensing of Aerosols Over Ocean Surfaces

The first step in the Ocean Algorithm is to organize the reflectance from the six
wavelengths used in the procedure (0.55 pm, 0.66 um, 0.86 um, 1.24 pm, 1.6 pm and
2.13 pm) into 10 km x 10 km boxes of 20 x 20 pixels at 500 m resolution. The
Ocean algorithm requires all 400 pixels in the box to be identified as ocean pixels by
the MYD35 mask, which helps minimize problems introduced by shallow water near
the coasts. If any land is encountered, the entire box is left for the land algorithm. The
major issue with the retrieval of aerosol over ocean is the contamination by bright
targets, i.e. either clouds or specular reflection on the water surface. The specular
reflection (glint) depends on the geometry of observation. The Ocean Algorithm is
designed to retrieve AOT for glint angle only over the dark ocean, away from the glint,
i.e. when the glint angle is over 40° and in cloud-free pixels. Moreover, the brightest
and darkest 25% of the pixels (reflectance values at 0.87 um) are discarded to prevent
contamination by residual clouds and cloud shadows.

The MODIS aerosol retrieval algorithm is based on LUT inversion. The top-of-
the atmosphere radiances for the aerosol channels are computed for several viewing
geometries, aerosol optical thicknesses and types. Computations are performed for
15 zenith view angles (6, = 1.5° to 88 by steps of 6°), 15 azimuth angles (¢ = 0°—
180° by steps of 12°) and 7 solar zenith angles (6, = 1.5°, 12°, 24°, 36°, 48°, 54°,
60°, 66° and 72°). Several values of aerosol total loading are considered for each
mode and described by the optical thickness at 0.55 um. Extreme conditions
included in the LUT are pure molecular atmosphere (t = 0.0) and very turbid
atmosphere (t = 2.0). Three intermediate values are considered (t = 0.2, 0.5,
1.0), and a linear interpolation between these values is applied. To account for
effects of different aerosol types on the radiance at the top of the atmosphere, they
are assumed to be an external mixture for which the total radiance can be approxi-
mated by the weighted average of the radiances of each individual mode for the
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same optical thickness (Wang and Gordon 1994). The set of aerosol models is
composed of four small modes and five large modes. The goal is to retrieve the ratio
n of the small mode optical thickness to the total optical thickness for the set of the
small and large modes giving the best fit between observations and measurements.
The aerosol optical thickness at 0.550 pm is derived as a by-product. The selection
of the aerosol models is performed by minimizing the rms difference between
observed and modeled radiances.

The MODIS algorithm is presented by Remer et al. (2005). The flowchart in
Fig. 6.5 illustrates the retrieval of aerosol properties over ocean surface.

6.9.2 MODIS Remote Sensing of Aerosols Over Land

Like the ocean algorithm, the land algorithm for MODIS data is an inversion, but it
takes only three nearly independent observations of spectral reflectance (0.47, 0.66
and 2.1 um) to retrieve three nearly independent pieces of information. These
include total AOT at 0.55 pum, fine (model) weighting at 0.55 pum, and the surface
reflectance at 2.1 pm. Like the ocean algorithm, the land algorithm is based on an
LUT approach, i.e. radiative transfer calculations are pre-computed for a set of
aerosol and surface parameters and compared with the observed radiation field. The
algorithm assumes that one fine-dominated aerosol model and one coarse domi-
nated aerosol model (each may be comprised of multiple lognormal modes) can be
combined with proper weightings to represent the ambient aerosol properties over
the target. Spectral reflectance from the LUT is compared with MODIS-measured
spectral reflectance to find the best match. This best fit is the solution to the
inversion. The processing of radiances can be described by the flowchart in
Fig. 6.6 (Remer et al. 2005).

For Collection 5, Levy et al. (2007b) have replaced the surface reflectance
assumption, the aerosol models and the LUT. The algorithm performs a simulta-
neous inversion of two visible (0.47 and 0.66 pm) and one shortwave infrared
(2.12 pm) channel, making use of the coarse aerosol information content in the
shortwave infrared.

Fig. 6.7 shows examples of global monthly means derived from Aqua/MODIS:
AOD and fine mode ratio of the AOD, from Aqua/MODIS at 550 nm.

6.10 Aerosol Properties from OMI

OMI (Appendix A) is an imaging UV-vis solar backscatter spectrometer. It is a
Dutch—Finnish instrument onboard the NASA satellite EOS-Aura that was launched
in July 2004. Earth radiance spectra are measured simultaneously on a 2,600 km
wide swath and global coverage is achieved on a daily basis. The nadir pixel size is
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Fig. 6.5 Flowchart illustrating the retrieval of aerosol properties over ocean surfaces. Algorithm
for remote sensing of tropospheric aerosol from MODIS Collection 5 (Remer et al. 2005).

13 x 24 km®. Two aerosol products are derived from OMI measurements. The
OMAERUYV product (near-UV algorithm) is based on reflectance measurements at
two wavelengths in the near-UV. It provides AOD and AAOD (Absorbing Aerosol
Optical Depth) and the aerosol index. AAOD is sensitive to elevated absorbing
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All procedures applied to individual boxes of 20 x 20 pixels at 500 m resolution (10 km at nadir)
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Fig. 6.6 Flowchart illustrating the retrieval of aerosol properties over land. Algorithm for remote
sensing of tropospheric aerosol from MODIS Collection 5 (Remer et al. 2005].

aerosols and, in contrast to AOD, can be determined over bright surfaces and clouds.
The OMAERO product (multi-wavelength algorithm) is based on measurements in
the UV-VIS wavelength region and is explained in the following section.



6 Retrieval of Aerosol Properties 287
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Fig. 6.7 Global distributions of aerosol optical depth (a), and small mode fraction of the aerosol
optical depth (b), retrieved from Aqua/MODIS data at 550 nm, aggregated for the month of June in
2008 (1 x 1 degree resolution, color scale between 0 and 1) Figure: produced with the Giovanni
online data system, developed and maintained by the NASA GES DISC.

6.10.1 Properties from OMI Using the Multi-Wavelength
Algorithm

A multi-wavelength aerosol algorithm (OMAERO product) has been developed at
KNMI to retrieve aerosol properties from OMI spectral reflectance measurements
in the UV-Vis wavelength region (Torres et al. 2007). The AOD is retrieved and
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a best fitting aerosol type is determined. The single-scattering albedo, the layer
height and the size distribution associated with the best fitting aerosol type are also
provided. The multi-wavelength algorithm uses the reflectance spectrum in the near
UV and the visible wavelength range.

A simulation study on the aerosol information content of OMI spectral reflec-
tance measurements shows that OMI measurements contain two to four degrees of
freedom of signal (Veihelmann et al. 2007). Including the near UV enhances the
capability of the retrieval to distinguish between weakly absorbing and strongly
absorbing aerosol types. Therefore, the OMAERO product can provide additional
information about the aerosol type compared with other aerosol products from
sensors that do not include the near UV, such as MODIS, MISR or POLDER.

The multi-wavelength algorithm uses a set of aerosol models, including
models for desert dust, biomass burning, volcanic and weakly absorbing aerosol.
All aerosol types are assumed to be spherical, except desert dust. The non-sphericity
of desert dust is taken into account using the spheroidal shape approximation
assuming the shape distribution that is used in AERONET retrievals for non-
spherical aerosol types. Accounting for particle non-sphericity yields a significant
improvement of the retrieved optical thickness when desert dust aerosol is present.

6.10.2 Status of the OMAERO Product

For ocean scenes, global AOD data from the OMAERO product have been compared
with other products for June 2006. The comparison with quality assured data (MODIS
QA flag = 3) from the MODIS standard product (Fig. 6.8, left) shows excellent
agreement between the datasets. Note the use of this data flag excludes many scenes
that were not flagged by the OMI cloud screening scheme. A comparison with
POLDER data shows good agreement between the datasets (Fig. 6.8, right).
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Fig. 6.8 AOD from the OMAERO product compared with quality assured data from the MODIS
standard product (/eft) and with quality parameter filtered data from POLDER (right).
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Curier et al. (2008) compared OMAERO and MODIS data over Europe and
adjacent oceans and report correlation coefficients between 0.76 and 0.81 for scenes
over ocean and between 0.59 and 0.70 for scenes over land. Current OMAERO data
over land may be affected by errors in the surface albedo climatology. Reprocessing
with an improved surface albedo climatology is envisaged. The main limitation
of OMAERO aerosol data is cloud contamination. Cloud-contaminated scenes
cannot be screened out without misclassifying scenes with large aerosol loadings
as cloudy. The impact of cloud contamination is being investigated.

6.11 Retrieval of Aerosol Properties Using MERIS

MERIS (Appendix A) on ENVISAT is an instrument designed to measure ocean
colour. Other MERIS products include atmospheric properties such as information
about clouds and aerosols. The official ESA aerosol product uses the algorithm
developed by Santer et al. (1999; 2000). The results have been evaluated by Holler
et al. (2007). Non-operational scientific algorithms have been developed; an exam-
ple is the Bremen AErosol Retrieval (BAER) algorithm discussed below.

In BAER (von Hoyningen-Huene et al. 2003; 2006), the Rayleigh path reflectance
is calculated using a radiative transfer model, with the Rayleigh optical thickness for
the required wavelengths (Buchholz 1995), the Rayleigh phase function, the illumi-
nation and viewing geometry and the actual temperature and pressure conditions at the
surface. The barometric height equation and the dry adiabatic lapse rate are used,
together with a digital elevation model (GTOPO30), to correct the Rayleigh path
reflectance and air mass factors to the actual conditions within the satellite scene.

The correction for surface effects requires the application of a surface model,
which can be adapted to the spectral and geometric conditions of the satellite scene.
In BAER, a bi-directional reflection function (BRDF), normalized to the nadir
position, is used that is based on the Raman-Pinty-Verstracte model (RPV)
(Maignan et al 2004). The shape of the BRDF can be described by three parameters
which depend on surface type. Currently BAER uses one set of BRDF parameters
for the whole scene, ignoring regional variations.

The spectral properties and the magnitude of the surface reflectance are described
by a bi-directional scattering distribution function, BSDF. Two basic spectra for
“green vegetation” and “bare soil” are used, obtained from averages of the LACE-
98 experiment, combined with measurement of the AVIRIS instrument to cover the
whole spectral range. The green vegetation and bare soil spectra are linearly mixed,
using the vegetation fraction taken from the atmospherically corrected NDVI of the
scene, and a scaling factor is used to adapt the spectrum to the radiation conditions in
the scene. An initial estimate for the aerosol reflectance is provided by assuming a
“black” surface. The accurate estimation of the surface term by the spectral surface
model is important, because a deviation of the surface reflectance of 0.01 leads to a
change in AOD of about 0.1, depending on aerosol type.
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The AOD retrieval is based on a LUT approach. LUTs are derived from radiative
transfer modelling for a given BSDF, aerosol phase function, single scattering albedo,
for AOD varying between 0 and 2.5, and Rayleigh scattering. The LUT is calculated
for each of the MERIS wavelengths and for a range of viewing geometries. The phase
function and single scattering albedo are obtained either using an aerosol data base
like OPAC (Hess et al. 1998) or from the data base determined from AERONET sun-/
sky radiometer measurements (Dubovik et al. 2000; 2002; 2006), or from campaigns
such as ACE-2, LACE-98, SAMUM (von Hoyningen-Huene and Posse 1997; von
Hoyningen-Huene et al. 1999a; 1999b; 2003; 2008; Silva et al. 2002).

The phase functions are normalized to 1 (in 1/sr). The spectral change in the phase
function for wavelengths between 0.412 pum and 0.670 um is neglected for retrieval
over land, because, experimentally, no significant variation was observed. Also the
spectral change in single scattering albedo is neglected because it is small within the
spectral range. The set of selectable LUTSs in BAER is presented in Table 6.5.

The results obtained with LUT No. 6, LACE-98, non-absorbing aerosol, com-
pare well with AERONET AOD values. In cases with strong pollution high AOD
tends to be underestimated by up to 20% with this LUT. In such cases a LUT with
more absorbing aerosol needs to be selected.

The AOD is determined by minimizing the sum of the deviations between each
of the individual estimates 74,,(4,) for channel i and the value T4, (4;) provided by
the ;\ngstrém power law for the given aerosol type:

1 ) .,
RMSD = N \/vazl (TAer</Li) - ‘L'Aer(/u,‘))z (6]3)

The minimization is achieved by modifying the surface reflectance in an iterative
scheme running over £:

o TAer k (/L) — TAer k (i))

6.14
TAer,k(/l) ( )

pSlll_‘f.k(/l) = PSurf k—1 (/L) ’ W(l) : (1

until RMSD < 0.005 is reached.

The Angstrém parameters are calculated by a least square fit of the retrieved
AOD for all used spectral channels, i.e. channels 1-7 over land, instead of the
commonly applied two-channel-approaches of Eck et al. (1999). The use of

Table 6.5 Look-up-tables in use and their characteristics

LUT number  Aerosol model Phase function Single scattering albedo

1 Clean marine OPAC, clean marine 1.0

2 Clean continental OPAC, clean continental 0.975

3 Average continental OPAC, average continental 0.928

4 ACE-2, marine ACE-2, experimental 1.0

5 LACE-98, absorbing = LACE-98, experimental 0.98

6 LACE-98, non-abs. LACE-98, experimental 1.0

7 Desert SAMUM, experimental 0.97
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the Angstrém power law ensures a sufficient smoothness of the AOD spectrum. In
the first iteration the spectral slope o is determined from the retrieved value of the
AOD. It is constrained to —0.5 < o < 2.0. If the retrieved spectral slope is outside
this limit, it is set to the climatological average of o = 1.3

For the first iteration, the surface reflectance obtained from the BRDF data
base is used to determine the AOD. Then the spectral surface reflectance is
modified, Eq. 6.14, depending on deviations of the smoothed spectral AOD.
Using the modified surface reflectance, an improved AOD is obtained. This
procedure is repeated, untii RMSD has reached its defined minimum. The
retrieval uses 7 wavebands, with different weighing factors. The main steps of
BAER described in the previous sections are summarized in Fig. 6.9.
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Fig. 6.9 A flow diagram for the BAER algorithm; Dinter et al. (2009).
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6.12 Validation

The need for validation is discussed in Chapter 7. For algorithm development it is
important to test different schemes using different approaches in order to deal with
the surface reflectance, especially over land, and using different aerosol models.
This is clearly illustrated by the upgrade of the MODIS algorithm used for Collec-
tion 5 (C005) processing where both these aspects were considerably revised. The
validation of the treatment of the surface reflectance is a difficult issue and data on
the surface reflectance from different instruments often are significantly different
due to pixel size and measurement methodology. Usually only the end product can
be evaluated, i.e. the AOD which is compared with ground-based measurements
available from the AERONET sun photometer network (Holben et al. 1998) with
some hundreds of stations over land having similar instruments (CIMEL sun
photometers of different types), or lidar networks (see http://www.earlinet.org/)
to obtain information on the vertical structure (see Chapter 7).

AERONET was extended with the maritime aerosol network (MAN) in 2008
(Smirnov et al. 2009). MAN utilizes hand held sun photometers (Microtops) which
are deployed during research cruises over the world oceans. These are particularly
important because they provide surface measurements over the open-ocean where
no other data are available for validation and evaluation of satellite data. It is known
that a variety of aerosol conditions may occur over the open ocean, for example the
transport of dust, transport of biomass burning and pollutants, or a very clean
maritime atmosphere with very low AOD close to the measurement uncertainty.
Several other sun photometer networks are part of AERONET such as the European
PHOTONS and the Canadian AEROCAN, and complimentary networks are main-
tained such as GAW-PFR (Global Atmosphere Watch — Precision Filter Radiome-
ter) in remote locations. In addition there are a number of national networks making
direct sun measurements.

Ground-based in situ measurements are performed at many sites world-wide, but
they are poorly coordinated and with different procedures and protocols. The EU-
funded EUSAAR project (European Supersites for Atmospheric Aerosol Research)
aims at harmonizing 20 selected aerosol supersites in Europe measuring chemical,
physical and optical properties, and making the data available through a specialized
data center. Quality control is an important issue in EUSAAR.

6.13 Air Quality: Using AOD to Monitor PM2.5
in the Netherlands

Satellite measurements provide full spatial coverage of the Earth and are — in
principle — consistent for the whole European region. So, although they are less
precise than in situ observations, satellite measurements may be useful to improve
the insight in regional PM distributions and so be complementary to ground-based
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measurements. The key parameter to derive PM distributions from satellite data is
the AOD. Empirical relations between AOD and PM10 or PM2.5 measurements
have been reported for different parts of the world (Wang and Christopher 2003;
Hutchison 2003; Engel-Cox et al. 2004; 2006; Al-Saadi et al. 2005; Schaap et al.
2008) (and references therein). For example, promising correlations have been
found between time-series of AOD and PM2.5 for many stations in eastern and
midwest U.S. Other stations, however, particularly in the western US, show hardly
any correlation (Wang and Christopher 2003; Hutchison 2003; Engel-Cox et al.
2004). Variations in local meteorological conditions, occurrence of multiple aero-
sol layers, and variations in aerosol chemical composition are likely to play an
important role in determining the strengths of such correlations. To acquire esti-
mates of PM2.5 distributions, one depends critically on an established relation
between AOD and ground level PM2.5.

As an example to illustrate the use of satellite data to determine the spatial
distribution of PM2.5, a study is described which was aimed at determining an
empirical relationship between AOD and PM2.5 for the Netherlands from experi-
mental data, and to explore the ability of mapping PM2.5 over the Netherlands
using satellite-retrieved AOD data. The satellite data used are from MODIS
because data are available from both the Terra over-flight in the morning (10:30
local time) and the Aqua over-flight in the afternoon (13:30 local time). Thus more
data are available than from other instruments with a single daily overpass while the
two MODIS over-flights also cover part of the diurnal cycle. In principle any
satellite AOD data set could be used as well to provide daily AOD/PM2.5 maps
(Kacenelenbogen et al. 2006) using POLDER data.

A field study to establish an empirical PM2.5 — AOD Relationship

To address the relation between AOD and PM2.5, a study was set-up to monitor
PM2.5 between 1st August 2006, and 31st May 2007, at the Cabauw experimental
site for atmospheric research (CESAR) (51.97°N, 4.93°E). The AOD measure-
ments at Cabauw are made using a CIMEL sun photometer following the AERO-
NET protocol (Holben et al. 2001). Measurements are made every 15 min and
transmitted to the AERONET data base in near-real time by satellite. Initial cloud
clearing takes place in a first processing step to provide Level 1.5 AOD data which
were used in this study. The Level 2 data (pre- and post-field calibration applied,
automatically cloud cleared and manually inspected) are updated on an annual
basis. Level 2 data were used in this study for a sensitivity analysis. As semi-
volatile ammonium nitrate levels are high in the Netherlands (Schaap et al. 2002),
PM2.5 was monitored using a Tapered Element Oscillating Microbalance with
Filter Dynamics Measurement System (TEOM-FDMS) to avoid losses. In addition
to these core instruments, the RIVM aerosol backscatter lidar (Apituley et al. 2000)
was extensively used for cloud detection. Three algorithms were used to detect
clouds, i.e. a threshold method, a detection method for strong modulations in the
lidar signal (Pal et al. 1992) and a method based on retrieval of the backscatter
profile from the lidar data (Klett 1985) and setting a threshold at the scattering level
of clouds.
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6.13.1 Establishing an AOD-PM2.5 Relationship

As a first assessment, all AOD data were plotted against the collocated PM2.5 data
in a scatter diagram (Fig. 6.10). At first glance, there seems to be a large variability
and no indication for a well defined relation between the variables. Cases were
selected with AOD values lower than 1 and PM2.5 concentrations smaller than
100 ug/m3 ; some of the points outside these limits are clear outliers. A fit through
these data shows that only 13% of the variability in PM2.5 is explained by AOD.
Fig. 6.11 shows the complete time series of AOD and PM2.5. PM2.5 is given as a
grey line and the AOD data are superimposed as diamonds. The time series for
August—September (upper panel) shows that during August the PM2.5 concentra-
tions were relatively low while often AOD was high. The two data sets are virtually
uncorrelated during August. This is in contrast to the situation in September and
in the spring of 2007 when the AOD and PM2.5 data track each other very well
(R? ~0.6). The later data illustrate the potential to define situations in which the
AOD may be used to estimate PM2.5 levels. However, the statistical analysis
presented above (Fig. 6.10) was hampered by the occurrence of cloud contaminated
AQD data. The lidar-based cloud screening of the L1.5 data strongly improved the
correlation as shown in Fig. 6.11. About 50% of the data points was rejected,
possibly because of the occurrence of broken cloud conditions and/or the presence
of optically thin high cirrus clouds. The stricter cloud screening substantially
improves the correlation between the AOD and PM2.5, resulting in a correlation
coefficient R* = 0.41.
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Fig. 6.10 Correlation between PM2.5 and sun photometer AOD at Cabauw before screening
(grey dots) and after screening (black dots) for residual cloud contamination in the Aeronet AOD
measurements.
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Fig. 6.11 Time series for PM2.5 and AOD for the period August—September (upper panel) and
March—May (lower panel). The AERONET L1.5 AOD data are differentiated between data that
did (filled diamond) and did not (open diamonds) pass our additional cloud screening.

It is noted that the problem of cloud contamination of the AERONET data does
not occur when L2 data are used. However, L2 data are not available in NRT as are
L1.5 data.

While the ground-based measurements of AOD and PM2.5 are obtained through-
out the day, satellite observations of AOD provide “snap-shots” only during their
overpass (typically once per day). In order to apply a relation between AOD and
PM2.5 to AOD measurements from satellites, an investigation was made to deter-
mine whether the AOD-PM2.5 relation changes when the data was limited to the time
window in which the MODIS instruments pass over Cabauw. MODIS/TERRA has
their overpass in the late morning and MODIS/Aqua in the early afternoon. The effect
of constraining the time window is illustrated in Fig. 6.12 for the period between
11:00 and 15:00 UTC. The overall reduction of available data points can be seen.
Also, it was observed that a high percentage of the points on the edges of the data
cloud are data points associated with early morning or late afternoon measurements.
This is especially true for the points with low PM2.5 and moderately high AOD
values. Strikingly, the explained variability increases when the time window is
centered around midday. For that case, the following relationship between PM2.5
(in pg/m*) and AOD was derived: PM2.5 = 124.5 AOD — 0.34 with R* = 0.57.

The relationship between AOD and PM observed at Cabauw may not apply to
other areas, because of the spatial variation of aerosol sources and the subsequent
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Fig. 6.12 (a) The variation of PM2.5 with AOD for all data and those between 11:00 and 15:00 h
(Fit: PM2.5 = 124.5 AOD - 0.34); (b) The measured PM2.5 concentration as function of MODIS
AOD. Note the difference in horizontal scales.

changes in aerosol properties due to chemical and physical processes which also
affect the optical properties.

6.13.2 Application of the AOD-PM2.5 Relationship to
MODIS Data

MODIS AOD was used to explore the application of the AOD-PM2.5 relation over
the Netherlands. Figure 6.12b shows the variability of PM2.5 as function of MODIS
AOD from the measurements at Cabauw, which is described by PM2.5 = 120
AOD + 5.1 pg/m>. This fit explains 52% of the variability in PM2.5. The relation
for the MODIS AOD is very similar to that determined with sun photometer data. It
is noted that a systematic bias of 0.05 was identified in MODIS AOD compared to
the sun photometer data, which explains the cut-off at 5.1 pg/m”.

To derive a first estimate of the PM2.5 concentration field over the Netherlands
based on MODIS data only, the AOD-PM2.5 relation was applied to the annual
composite map of MODIS AOD. Results are presented in Fig. 6.13. High AOD
values retrieved along the Dutch coast are likely to be an artifact. At land/water
boundaries, application of the land algorithm to patches of sea often leads to high
AOD values (Chu et al. 2002), while application of the ocean algorithm over coastal
waters with suspended sediments (as in the North Sea) often gives rise to high AOD
retrievals (Robles-Gonzalez et al. 2000; Chu et al. 2002; Ichoku et al. 2005). Hence,
all pixels in which surface water covers more than 10% of the 10 x 10 km? grid
were masked. Figure 6.13 shows that MODIS-AOD derived PM2.5 levels over the
Netherlands are between 22 and 30 pg/m’. The lowest PM2.5 concentrations,
slightly over 11 pg/m?, are mapped over the Ardennes and east of the Ruhr area.
In the Ruhr area, the resulting PM2.5 levels are between 30 and 42 pg/m’.
Strikingly, the highest PM2.5 levels are mapped over south western Belgium and
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Fig. 6.13 Estimated PM2.5 distribution (jig/m’) over the Netherlands and its direct surroundings,
during situations with predominantly easterly and southerly flow, for which satellite retrievals are
available.

northern France, in the region of Lille. Some features of the spatial distribution do
not appear to be very realistic: the high values of PM2.5 around Lille and near the
northern coast of the Netherlands for example. This might be caused by spatially
varying systematic errors in the MODIS AOD data, which could be due to unac-
counted variability in surface reflectance such as mixed land/water pixels. Because
of the uncertainties in current satellite data of AOD, it is not expected that better
PM2.5 maps can be constructed for the Netherlands based on satellite data alone
without accounting for atmospheric processes. This conclusion may be specific for
the Netherlands while other parts of continental Europe are less affected by the
presence of mixed land/water pixels. Furthermore, the atmospheric boundary layer
inland is often better mixed than near the coast, resulting in a more homogenous
vertical distribution. Satellite measurements of AOD have added-value regarding
the temporal variation of PM and can be useful in detecting trends and hot spots.

6.14 Application to Climate: Aerosol Direct Radiative Forcing

The aerosol direct effect is estimated in this work using off-line radiative transfer
simulations. The necessary model input is based on global data-sets of monthly
averages. In this particular approach, measurements and/or measurement-tied data, of
sufficient accuracy, are preferred to model simulations. For aerosol, single scattering,



298 G. de Leeuw et al.

Table 6.6 Annual global averages for aerosol direct forcing

Aerosol forcing  Total (solar + IR) Total (solar only) Anthropogenic

in W/m? Clr-sky All-sky Cld-eff —Clr-sky All-sky Cld-eff — Clr-sky All-sky Cld-eff
TOA -27 -10 17 -38 -—16 22 -0.7 —-02 0.5
Atmosphere 34 37 03 4.3 42 0.1 2.0 1.9 -0.1
Surface —6.1 —47 14 —-8.1 58 2.3 —-27 2.1 0.6

column properties, monthly statistics at AERONET sites (Holben et al 1998)
were merged into model median fields of advanced aerosol simulations in global
modelling (Kinne et al. 2006). For the surface albedo characterization, MODIS
(visible and near-IR land) data (Schaaf et al. 2002) were combined with SSM/I
statistics (Basist et al. 1996) on ice and snow cover. Cloud data (required in all-sky
simulations) are based on the ISCCP climatology (Rossow et al. 1993). The anthro-
pogenic aerosol fraction (potential anthropogenic dust sources are ignored) and the
aerosol vertical distribution are adopted from global modelling (Schulz et al. 2006).
Simulated annual global averages for the aerosol direct effect and the aerosol direct
anthropogenic forcing at the TOA, within the atmosphere and at the surface separately
for cloud-free and all-sky conditions, are summarised in Table 6.6.

In the context of anthropogenic forcing to the entire Earth-Atmosphere-System
the relevant aerosol value is defined by the anthropogenic TOA effect at all-sky
conditions. Table 6.6 indicates a global annual average of —0.2 W/m? at the TOA
level. This loss seems negligible, when compared to the 2.6 W/m?” gain at the TOA
level confidently attributed to enhanced greenhouse gas concentrations. Fig. 6.14
(annual map) and Fig. 6.15 (monthly maps) demonstrate, beyond global average
values, that anthropogenic aerosol impact displays significant regional diversity.
Largely, for a northern hemispheric impact, there are regions with strong cooling
(e.g. industrial regions, oceans) or with strong warming (associated with advected
pollution over highly reflecting surfaces such as deserts, snow and lower clouds).

ANTHROPOGENIC FORCING climatology

By - Se e e | e
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Fig. 6.14 Simulated annual anthropogenic aerosol direct (TOA) forcing at all-sky conditions based
on monthly average input data-fields at 1 x 1 degree lat/lon resolution. Aerosol properties (AOD,
®, and g (via Angstrém)) are tied to AERONET data, sub-spectral surface albedo data are based
MODIS, ice and snow cover are obtained from SSM/I data and clouds are prescribed by ISCCP.
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The strongest aerosol cooling occurs during the summer months in the northern
hemisphere, when solar irradiance is at a maximum and snow cover at a minimum.

The inhomogeneity in Fig. 6.14 and Fig. 6.15 reflects the variability for aerosol
and environmental input-fields. Despite a multi-annual data approach and the use of
model-median data, the assumed monthly input data fields may contain significant
errors, which would affect the overall result. Sensitivity tests were conducted,
so that assumptions to individual input parameters could be modified.
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Fig. 6.15 Anthropogenic aerosol direct forcing of Fig. 6.14 at monthly resolution.
6.14.1 Upncertainties in Aerosol Direct Radiative Forcing

Sensitivity studies with modified input data indicate that, in the context of overall
aerosol forcing uncertainty, and give the following results.

e The more consistent use of sky-photometer AERONET data for all aerosol
properties over the favoured combination of sun and sky-photometer AERONET
data (for better coverage and statistics on AOD and Angstrém data) has only a
small impact (estimated forcing uncertainty —0.01 to +-0.03 W/m? globally). The
uncertainty estimates reflect AERONET dataset differences on forcing.

e By using a different Angstrém parameter threshold above which all AOD is
assigned to the fine mode (here 1.8 instead of 2.1), the fine-mode probability is
increased, yielding a 10% larger anthropogenic AOD (estimated forcing uncer-
tainty —0.05 to +0.01 W/m? globally). The uncertainty estimate takes into
account that the reference case assumes a relatively high Angstrém threshold.
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® A 25% increase in aerosol absorption reduces solar radiation losses to space and
results in a significant reduction to aerosol cooling (+0.18 W/m? globally).
Conversely, a 25% absorption decrease will increase aerosol cooling by a similar
amount (estimated forcing uncertainty —0.07 to +0.07 W/m” globally). The
uncertainty estimate considers that aerosol absorption is known within 10%.

e A 0.05 increase to the solar asymmetry-factor enhances the associated solar
backscatter potential of aerosol which results in a reduction to aerosol cooling
(+0.10 W/m? globally). Conversely, —0.05 decrease of the asymmetry-factor
will increase aerosol cooling by a similar amount (estimated forcing uncertainty
—0.07 to +0.07 W/m? globally). The uncertainty assumes asymmetry-factors to
be accurate within 0.03.

* A 5% increase in land albedo strongly decreases the potential of aerosol to cool
(+0.22 W/m? globally). Conversely, a 5% land albedo decrease will increase
aerosol cooling by a similar amount (estimated forcing uncertainty —0.07
to +0.02 W/m? globally). The uncertainty estimate assumes the land-albedo
on average to be accurate within 1% and the assumed MODIS-SSM/I solar
albedo data produces slightly less cooling than with the use of IPCC median
solar surface albedo fields.

e A lifting of the all aerosol by 2 km would allow for more “warming” contribu-
tions through an increased probability of (absorbing) aerosol above lower lying
clouds results in an expected cooling reduction (+0.20 W/m? globally) (esti-
mated forcing uncertainty —0.05 to 4+0.05 W/m? globally). The uncertainty
estimate assumes that the relative placement between aerosol and clouds to be
accurate within 0.5 km.

By combining all individual uncertainties and reducing the sum by 75%, because
not all uncertainties are independent, for example, more absorption is associated
with lower asymmetry-factors of smaller sizes, a probable range for the global
annual aerosol direct forcing is estimated to fall between —0.45 and +0.00 W/m?
with a high probability of the the most likely value near —0.2 W/m?.

6.14.2 Comparisons of Aerosol Radiative Forcing with Models

The global annual average near —0.2 W/m? agrees well with the average of nine
global models participating in the AeroCom forcing exercise (Schulz et al. 2006).
The model averages, however, are lacking in regional contrast and in particular the
strong warming over desert regions is missing. In that context, it cannot be ruled out
that the applied MODIS data, in our hybrid approach, overestimate the surface
albedo, especially in the near-infrared spectral region. In that case the most likely
value could increase to about —0.25 W/m>. In contrast, published results of other
data-tied methods suggest a significantly more negative aerosol direct forcing of
—0.9 W/m® (Quaas et al. 2008) or —0.8 W/m” (Bellouin et al. 2005). At closer
inspection, it became apparent that poor assumptions caused negative biases, such
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as ignoring snow cover and overestimating anthropogenic AOD in the Bellouin
study, or neglecting aerosol above clouds and avoiding desert region in the Quaas
study. Once properly corrected, almost all data-tied estimates fall within the
expected range (0.45-0.0 W/m?). Critical issues in data-tied aerosol direct forcing
estimates are (1) the definition for aerosol anthropogenic fraction, (2) the aerosol
impact in an all-sky environment, for example, absorbing aerosol above lower
clouds “warms”, (3) the frequent lack of global coverage, and (4) an incorrect
representation of the solar surface albedo.

6.14.3 Aerosol Radiative Forcing: Conclusions

The global annual (anthropogenic) aerosol direct radiative forcing is estimated to be
near —0.2 W/m?”. From expected uncertainties to aerosol and environmental proper-
ties, a likely range (—0.45 to 0.0W/m?) was derived. This estimate is better than
many data tied approaches, suggesting a stronger cooling, because they are biased
towards more negative values by poor assumptions or poor data, which lead to too
negative estimates for the direct aerosol effect in IPCC-4AR (—1.0 to —0.1 W/m2
range). The simulated global annual average is in line with estimates from simula-
tions with advanced aerosol modules in global models, but significant differences in
the forcing patterns on a regional and seasonal basis need to be resolved. Major
uncertainties in simulations of the aerosol direct forcing are the representation of
surface albedo properties and also the representation of aerosol properties. With
respect to the aerosol properties, comparisons with AERONET data suggest that
modelling principally lacks fine mode absorbing aerosol. Larger uncertainties in
aerosol direct forcing are associated with the aerosol characterization of absorption
and size emphasising a need for regional quality data.

6.15 Use of Satellites for Aerosol-Cloud Interaction Studies

Satellite aerosol products can be used to support the evaluation of impacts of
aerosol-cloud interactions on clouds. The relevant aerosol properties are listed
below.

e Aecrosol optical depth of the fine and coarse modes, which are proxies for small
and large CCN, respectively.

e Aecrosol absorption, which is relevant to the radiative impacts of the aerosols on
clouds, by both “cloud burning” and blocking the surface solar heating.

e Aecrosol sphericity, which is an indication of desert dust. Desert dust aerosols
typically have relatively small CCN efficiency and high activity as ice nuclei.

e Aecrosol index of refraction. This can be useful for restricting the aerosol
composition, and/or assessing the amount of water absorbed by the hygroscopic
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components of the aerosols. This is important for identification of increase of
AOD due to absorption of water and growth into haze particles.

e Vertical distribution of the aerosols. This is important for determining whether
the aerosols occur at the same height of the clouds, which is essential for their
microphysical interactions.

This discussion shows the wide range of satellite applications and the required
resolutions on spatial, vertical and temporal scales. The present satellites represent
a trade-off between large coverage in space and time versus high quality data in
much smaller domains. Of the parameters listed above, only the spectral AOD is
available from most satellite instruments. The data products from several instru-
ments are evaluated below, with an emphasis on the wish list presented above, and
for products that are routinely available.

a SEVIRI

The geostationary satellite, SEVIRI, provides imagery for the full disk every
15 min, but its shortest wavelength is 0.6 pwm, which restricts the sensitivity to
ultra fine aerosols that provide most of the CCN concentrations. The lack of mid-IR
channels (2.1 pm) further restricts the usefulness of the MSG aerosols retrievals
over land. The MSG has good sensitivity to the large desert dust aerosols, also
during night-time due to their emissivity signature that is captured well by the 8.7,
10.8 and 12.0 pm channels of the MSG.

b PARASOL

The POLDER/PARASOL instrument concept allows measurements of the spectral,
directional and polarized light reflected by the Earth-Atmosphere system. Over
land, where the surface contribution to the total radiance is generally large, the
inversion scheme uses the polarized radiances in the 865, 670 nm and blue
channels. As the largest particles (radius > 0.5 um) generate low polarization,
only the optical characteristics of the accumulation mode are derived. Over ocean,
the characteristics of both aerosol modes (accumulation and coarse) are derived.
POLDER/PARASOL Aerosols products include the following parameters:

e Aerosol Optical Thickness (AOD),
e Angstrom coefficient,
e Non-Sphericity Index for the Coarse Mode.

However, inspection of the products shows very sparse coverage and inconsis-
tencies upon transition from land to ocean.

¢ MODIS

MODIS aerosols are obtained from the polar Terra and Aqua polar orbiting
satellites, approximately once a day. The MODIS aerosol products provide AOD
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over land and ocean with a similar accuracy, except over the bright desert and ice
covered areas. MODIS can separate the fine and coarse AOD over ocean, but less
accurately over land due to poorer knowledge of the land surface spectral reflec-
tance. The AOD over land for non-polluted situations occasionally provides nega-
tive AOD. This underlines the fact that MODIS AOD is not a good proxy for
concentrations of small CCN, especially in such conditions.

d OMI

OMI provides UV-Vis measurements with global coverage once per day. The
OMAERUYV product provides AOD and AAOD. The aerosol index allows the
detection of elevated absorbing aerosols also over bright surfaces even over clouds.
The OMAERO product provides the AOD and also the single-scattering albedo
associated with the best fitting model. Reasonable sensitivity to small aerosols is
achieved, although sensitivity is still lost below about 0.1 pm, which is the size that
is most important for CCN activity. A limiting factor on the accuracy of the
products is the large footprint (13 x 24 km? at nadir), which incurs an appreciable
problem of cloud contamination. The influence of absorption by aerosols on the
reflectance at the top of the atmosphere is enhanced in the UV as compared to
longer wavelengths. Therefore OMI measurements provide complementary infor-
mation on aerosol absorption when compared with other instruments that do not
include the UV.

e CALIPSO

CALIPSO, the space borne lidar, is unique in providing vertical profiles of aerosols,
but only at the nadir pixel of the polar orbiting satellite. In addition to vertical
profiles, CALIOP can retrieve aerosols in places where other sensors can’t — over
deserts, ice and snow, and above clouds. Aerosol forcing calculations presented in
this chapter use model results for the aerosol profile, but there is a wide diversity in
aerosol vertical distribution between different global models. CALIPSO data will
be used to evaluate and improve the aerosol profiles predicted by models. Chand
et al. (2009) show how CALIPSO data can be used to estimate the radiative forcing
of aerosol above cloud and the necessity of considering instantaneous cloud frac-
tion and cloud albedo along with the aerosol properties.

OMI, MODIS, POLDER and CALIPSO are all part of the A-Train and it is best
to use them in combination.

6.16 Intercomparison of Aerosol Retrieval Products

Liu and Mishchenko (2008) compared AOD and Angstrém parameters retrieved
using TOA radiances measured with MISR and MODIS, two instruments that are
dedicated to this purpose. They concluded that their analysis cannot be used to



304 G. de Leeuw et al.

determine which algorithm yields a more accurate retrieval in each particular case
or which algorithm is better in general. Results from a comparison of MISR and
MODIS aerosol products by Kahn et al. (2009) show good correlations between
the AOD products (correlation coefficient 0.9 over ocean and 0.7 over land) and
the Angstrém exponent (correlation coefficient 0.67 over ocean when MISR AOD
values > 0.2 are considered). Kahn et al. emphasize the necessity for the proper
interpretation of the satellite products. In particular data-quality statements should
be followed to ensure proper interpretation and use of the satellite aerosol pro-
ducts. Also other intercomparisons of satellite products reveal significant discre-
pancies between AOD (order of 0.1) from different instruments, even over ocean
where aerosol retrieval should be easiest by virtue of the “dark™ surface (Myhre
et al. 2004; 2005). A recent comparison over land for a single scene (Kokhanovsky
et al. 2007) shows that, even on the scale of a single pixel, there can be large
differences in AOD retrieved over land using different retrieval techniques and
instruments. However, these differences are not as pronounced for the average
AOD over land. For instance, the average AOD at 0.55 um for the area 7°—12°E,
49°-53°N was equal to 0.14 for MISR, NASA MODIS and POLDER algorithms.
It is smaller by 0.01 for the ESA MERIS aerosol product and larger by 0.04 for the
MERIS BAER algorithm. AOD derived using AATSR gives on average larger
values as compared to all other instruments, while SCIAMACHY retrievals
underestimate the aerosol loading. In a second paper, focusing on the AATSR
Dual View (ADV) algorithm described in Section 6.8, Kokhanovsky et al. (2009)
conclude that the results from the AATSR dual view algorithm compare favour-
ably with the products from orbiting optical instruments dedicated for aerosol
retrieval such as MODIS and MISR, which leads to the conclusion that AATSR is
well suited for aerosol retrieval over land when the dual view is used together with
the ATSR-DV algorithm.

6.17 Conclusions

The use of satellite products has substantially increased over the last decade as a
source of data, complimentary to in situ measurements and model results, in support
of studies on climate, climate change and air quality. Aerosol properties retrieved
from satellite instruments provide spatial information on regional to global scales,
obtained with the same instrument and the same assumptions and are thus, in this
respect, consistent. Based on validation and intercomparison exercises, the uncer-
tainty in the results can be determined. It is emphasized that satellite and in situ data
are complimentary. Satellite data need to be validated and evaluated versus in situ
data to understand both their strengths and their limitations. Regular validation is
particularly important in order to recognize instrument drift and degradation. One of
the strongest merits of satellites is that they provide continuous data with good
spatial resolution over areas which are not, or not well, covered by ground-based
observations.
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An example demonstrating the application in air quality studies was presented
in Section 6.13, and an example on the evaluation of the direct radiative effect of
aerosols was presented in Section 6.14. In the latter study, sun-photometer data
were used as a source for AOD. As an alternative, with better spatial coverage and
at the expense of accuracy, satellite data can be used. Kinne (2009b) shows an
example on the use of both sun photometer data form AERONET and satellite data
from various instruments to provide global AOD maps. The use of satellite data for
aerosol-cloud interaction studies is emerging and a preliminary evaluation of
satellite products was presented in Section 6.15.

There is an increased demand for satellite aerosol products for model evaluation
and AQ assessment. They are also used in scientific studies such as long range
transport during Lagrangian experiments and to support observations in, for exam-
ple, developing countries where satellite data providing spatial coverage are com-
plementary to in situ point measurements.

The quality of the aerosol retrieval results varies between different instruments
and different retrieval algorithms. Recent comparison exercises are given in Kokha-
novsky et al. (2007; 2009). It is particularly important for the correct use of satellite
products to consider the proper quality statements when these are available to
avoid misinterpretation (Kahn et al. 2009). The use of products with low quality
is generally not recommended.

Intercomparison between satellite data shows that no instrument can be singled
out as providing the “best” data set. Aerosol retrieval from satellites is still a young
science in full development. As discussed above, most instruments used for this
purpose were designed with other applications in mind but turn out to provide
useful information on aerosol properties. Few dedicated instruments have been
launched and the full potential is still being explored. Apart from AOD and derived
aerosol properties, aerosol layer height detection using stereo techniques is
explored for the detection of aerosol plume properties, in particular for forest
fires plumes (Kahn et al. 2007), which require multiple views.

Trends are the synergistic use of different instruments, preferably flying on
the same platform. One such approach is the combination of a radiometer and a
spectrometer in the SYNAER algorithm (Holzer-Popp et al. 2002). The current
version of SYNAER uses AATSR to determine the surface reflectance and the
spectral information from SCIAMACHY to retrieve aerosol type information.
More recent approaches aim at using the different views provided by AATSR
and MERIS to determine aerosol information over ocean (Sogacheva et al.
2009) and over land (North et al. 2008). These initiatives are of particular
importance because of the continuation of very similar instrument deployments
during future missions such as the sentinels which are prepared by ESA and
EUMETSAT.

The GLORY mission (Mishchenko et al. 2007), briefly discussed in Section 6.5,
will combine polarimetric measurements with multi-angle viewing, i.e. the instru-
ment characteristics needed to obtain optimum information on aerosol properties.
One of the primary objectives of the GLORY mission is to determine the global
distribution of aerosol and cloud properties with very high accuracy, and thereby
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facilitate the quantification of the aerosol direct and indirect effects on climate
(Mishchenko et al. 2007).

Efforts to provide dedicated instruments and the exploration of synergies
between different instruments will further improve the accuracy and consistency
of data products. The expectation is that the use of satellite-retrieved aerosol
properties for climate and air quality assessment will continue to increase and
contribute to a better understanding of climate change leading to a reduction in
the uncertainties. Satellite observations will play a larger role in air quality moni-
toring and the quantification of the aerosol emissions and their precursor gases.
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