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Preface

The optical properties of atmospheric aerosol are of importance for a number of applica-
tions, including atmospheric visibility and climate change studies, atmospheric remote
sensing and particulate matter monitoring from space. These applications are investigated
at many research centers worldwide using spaceborne, airborne, shipborne, and ground-
based measurements. Both passive and active instruments (e.g. lidars) are used. The pri-
mary interest lies in the determination of the vertical aerosol optical thickness, the single
scattering albedo, the absorption and extinction coefficients, the phase function and the
phase matrix. Vertical distributions of the aerosol properties are also studied using ground-
based and spaceborne lidars. Considerable progress in understanding aerosol properties
has been made in recent years. However, many problems still remain unsolved. They in-
clude, for instance, direct and indirect aerosol forcing, light interaction with nonspherical
aerosol particles (e.g., desert dust), and also the retrieval of aerosol optical thickness and
optical particle sizing using satellite observations.

The area of aerosol research is extensive. Therefore, no attempt has been made to
achieve a comprehensive coverage of the results obtained in the area to date. The
main focus of this book is the theoretical basis of the aerosol optics. The results presented
are very general and can be applied in many particular cases. The first section is concerned
with the classification of the different aerosol particles existing in the terrestrial atmo-
sphere with respect to their chemical composition and their origin (e.g., dust and sea
salt aerosols, smoke, and biological and organic aerosols). In the second chapter, I intro-
duce the chief notions of aerosol optics, such as absorption, scattering, and extinction coef-
ficients, and also phase functions and scattering matrices. Numerous examples of single
scattering calculations using Mie theory are presented. Chapter 3 aims to describe tech-
niques for the calculation of multiple scattering effects in aerosol media. The results are of
importance for studies of light propagation in thick aerosol layers, where the single scat-
tering approximation cannot be used. The discussion in this section is based on the solid
ground of radiative transfer theory. Both scalar and vector versions of the theory are pre-
sented. Chapter 4 is focused on the Fourier optics of aerosol media. In particular, the re-
duction of contrast due to atmospheric effects and also the optical transfer functions of
aerosol media are considered in detail. This section is of importance for understanding
image transfer through the terrestrial atmosphere. The final chapter of the book is focused
on the application of optical methods for the determination of aerosol microphysical and
optical properties. Such topics as measurement of both direct and diffused solar light using
Sun photometers and satellite remote sensing of atmospheric aerosol are covered. Also
lidar measurements from ground and space are briefly touched upon in this chapter.



My hope is that this book will be useful to both students and engineers working in the
area of aerosol optics and atmospheric remote sensing. I am grateful to the many collea-
gues who are invisible authors of this book. It is not possible to mention all of them in this
preface but my special gratitude goes to Eleonora Zege for her encouragement during my
first steps in science and also for shaping my approach to problem solving, to Vladimir
Rozanov for his long-term collaboration in the area of radiative transfer, and to Wolfgang
von Hoyningen-Huene and John Burrows for numerous discussions on the physical foun-
dations of satellite remote sensing. I am also indebted to Clive Horwood, Publisher, for his
encouragement, his patience, and his skill in the design and production of the book.

Alexander K. Kokhanovsky
Bremen, Germany
January 2008
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Chapter 1. Microphysical parameters and chemical
composition of atmospheric aerosol

1.1 Classification of aerosols

The optical properties of atmospheric aerosol are determined by chemical composition,
concentration, size, shape, and internal structure of liquid and solid particles suspended in
air. All these characteristics vary in space and time. At any time new particles can enter or
leave the atmospheric volume under study. Also particles can be generated in this volume
by gas-to-particle conversion processes. Very different particles are found in an elementary
volume of atmospheric air. Depending on the aerosol type, one can identify among the
particles different minerals, sulfates, nitrates, biological particles such as bacteria and pol-
len, organic particles, soot, sea salt, etc. These particles are very tiny objects with sizes
typically around 100 nm. Therefore, usually they are not visible to the naked eye. Never-
theless, aerosol particles considerably reduce visibility, influence climate, and can cause
health problems in humans.

There are three main sources of particulate matter in the terrestrial atmosphere. Par-
ticles can enter the atmosphere from the surface (e.g., dust and sea salt). Particles can be
generated in the atmosphere by gas-to-particle conversions. Some the particles enter atmo-
sphere from space (cosmic aerosol). Water and ice aerosols form clouds. They are treated
in a separate branch of atmospheric science, namely, cloud physics. Clouds will be not
considered here in a systematic way. Importantly, aerosol particles do not exist in isolation.
They interact with cloud droplets, ice crystals, and gases. Also the interaction between
aerosol particles (e.g., coagulation and coalescence) is of great importance for atmospheric
science.

Surface-derived aerosol constitutes the main mass of suspended particulate matter with
about 50% contribution on a global scale. The particles born in the atmosphere dominate
the aerosol number concentration. The cosmic aerosol influence is negligible in the lower
atmosphere. However, it can influence atmospheric air properties in the higher atmo-
spheric layers, where the concentration of terrestrial aerosol is low.

Humankind has important influences on a planetary scale. In particular, the concentra-
tion of trace gases increased considerably due to industrial activities and transportation.
This is also the case for aerosols. At present the contribution of the anthropogenic aerosol
to the total aerosol mass is significant (see Table 1.1). This leads to serious health problems
in highly populated industrial areas. Also the anthropogenic aerosol is a major source of
climate change. Greenhouse gases warm the planet and the anthropogenic aerosol acts in
the opposite direction globally. Therefore, cleaning of the air in major cities with respect to
suspended aerosol particles may lead to additional warming with respect to the current
state.



For a correct simulation of light propagation in atmosphere, one needs to know the
microphysical properties and type of aerosol in the propagation channel. This is rarely
known in advance. Therefore, a number of models have been proposed to characterize
average microphysical characteristics of aerosol depending on the location and, therefore,
on the proportion of various types of particles (e.g., desert and oceanic aerosol models).

It is of importance to have a classification of main aerosol types. Then these types can
be used as building blocks for the development of microphysical and optical aerosol mod-
els.

Atmospheric aerosols are usually classified in terms of their origin and chemical com-
position. The main aerosol types are given in Table 1.1.

Sea-salt aerosol (SSA) originates from the oceanic surface due to wave breaking phenom-
ena. The largest droplets fall close to their area of origin. Only the smallest aerosol par-
ticles with sizes from approximately 0.1 to 1 lm (e.g., those formed by the bursting of
bubbles at the ocean surface) are of a primary importance to the large-scale atmospheric
aerosol properties. These particles can exist in the atmosphere for a long time. They have
been identified over continents as well.

The shape of sea-salt aerosol particles depends on the humidity. Cubic particles (see
Fig. 1.1) are found at low humidity. This is due to the cubic structure of sodium chloride,
NaCl, the main constitute of SSA. NaCl is easily dissolved in water. Therefore, cubic forms
transform into spherical shapes in high-humidity conditions. We see that SSA is extremely
dynamic with respect to the modification of its shape. It is difficult to construct the uni-
versal optical model of SSA because of the considerable influence of shapes on the pro-
cesses of light interaction with particles. At least two optical models of SSA are needed
(i.e., for low- and high-humidity conditions). Yet another problem is associated with the
fact that sea salt is not distributed uniformly in the aerosol particle formed by the attraction
of water molecules in the field of high humidity. The concentration of NaCl molecules is
larger close to the center of a particle as compared to its periphery. This leads to the ne-
cessity to account for the inhomogeneity of a particle in theoretical studies of its optical
characteristics. The models of radially inhomogeneous particles must be used in this case.
It is known that the internal inhomogeneity of particles considerably influences their abil-
ity to scatter and absorb light. Unfortunately, there are computational problems related to
the calculation of optical characteristics in the case of nonspherical inhomogeneous par-
ticles. This leads to the widespread use of the homogeneous sphere model of an aerosol

Table 1.1. Emissions of main aerosol types. Reported ranges correspond to estimations of different
authors (Landolt-Bornstein, 1988)

Aerosol type Emission (106 tons per year)

Sea-salt aerosol 500–2000

Aerosol formed in atmosphere from a gaseous phase 345–2080

Dust aerosol 7–1800

Biological aerosol 80

Smoke from forest fires 5–150

Volcanic aerosol 4–90

Anthropogenic aerosol 181–396

2 1 Microphysical parameters and chemical composition of atmospheric aerosol



Fig. 1.1. Scanning electron photographs of dried sea-salt particles for marine air conditions collected at
Mace Head on the west coast of Ireland (Chamaillard et al., 2003). The width of the picture represents
2.7 lm (top) and 51 lm (bottom).
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particle. However, the danger is that this can potentially lead to a wrong interpretation of
correspondent measurements.

The optical properties of aerosol particles are largely determined by the ratio a=k, where
k is the wavelength of incident light and a is the characteristic size of a particle (e.g., the
radius of a droplet or the side of a cubic crystal). Therefore, information on typical sizes of
aerosol particles is of great importance for aerosol optics. This has been studied in nu-
merous experiments. In particular, Clarke et al. (2003) found that dry sizes of sea-salt
particles are in the range 0.1 to 10 lm. The number concentration N of sea-salt particles
in the open ocean is usually around 250 cm�3. The value of N is dominated by small par-
ticles with typical sizes around 0.3 lm. The particle size distribution (PSD) f að Þ of sea-salt
aerosol is usually modeled using the lognormal law:

f að Þ ¼ 1ffiffiffiffiffiffi
2p
p

ra
exp � ln2 a=a0ð Þ

2r2

� �

normalized as

Z1
0

f að Þ da ¼ 1;

where a is the radius of a spherical homogeneous particle. It is often assumed for modeling
purposes that a0 ¼ 0:3 lm and r ¼ 0:9. This means that the average radius of particles

�aa ¼
Z1
0

af að Þ da

and the coefficient of variance of PSD

C ¼ D

�aa

with the standard deviation

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ1
0

ða� �aaÞ2f ðaÞ da

vuuut
are equal to 0.45 lm and 1.12, respectively, where we used relationships:

�aa ¼ a0 expð0:5r2Þ; C ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
expðr2Þ � 1

p
.

The value of C is quite large (e.g., the standard deviation of PSD is equal to 1.12�aaÞ. So
the size distribution used is relatively broad.

Also the notions of the effective radius aef and the effective variance vef are used in
aerosol optics. They are defined as follows:

aef ¼

R1
0
a3f ðaÞ da

R1
0
a2f ðaÞ da

; vef ¼

R1
0

a� aefð Þ2a2f ðaÞ da

a2ef
R1
0
a2f ðaÞ da
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or

aef ¼ a0 exp 2:5r2
� �

; vef ¼ expðr2Þ � 1

for the lognormal PSD. It follows that aef ¼ 2:3 lm and vef ¼1.25 for the case of SSA
considered above.

It is instructive to give the following relationships, which relate various forms of the
particle size distribution representations:

f að Þ � dN

da
¼ 1

a

dN

dlna
¼ 1

a ln 10

dN

dloga
¼ 1

pa2
dS

da
¼ 3

4pa3
dV

da
¼ 3

4pa4
dV

d ln a
¼ 3

4pqa3
dM

da
:

Here V is the volume of particles, S is their geometrical cross section,M ¼ qV is the mass
and q is the density of aerosol matter (2.2 g/cm3 for sea salt). PSDs f að Þ are often char-
acterized by the modal radius am, defined as the radius at which the distribution takes its
maximum and, therefore, df =da ¼ 0. Simple derivations enable us to obtain for the log-
normal size distribution: am ¼ a0 expð�r2Þ, where the geometrical radius a0 is the radius
at which the following condition holds: ln a0 ¼ ln a. Here the overbar means averaging
with respect to PSD as defined above. In addition, it follows: r2 ¼ ln2ða=a0Þ. In particular,
one obtains: am ¼0.13 lm at a0 ¼ 0:3 lm; r ¼ 0:9: A useful form of lognormal PSD is
that at r ¼ 1: Then a number of relations are simplified. In particular, it follows in this
case: am ¼ a0=e; where e � 2:71828. So the modal radius is about three times smaller as
compared to the average geometrical radius a0.

Recent optical measurements (Dubovik et al., 2002) suggest that the value of r ¼ 1 is at
the upper border of the plausible change range of this parameter. In reality, the values of
r ¼ 0:4� 0:8 (lnr � 1:5� 2:2Þ occur more frequently (for each mode of bi-modal
PSDs). This means that the coefficient of variance C is in the range 0.4–1.0, with smaller
values characteristic for the fine mode and larger values characteristic for the coarse mode.
In the rough approximation, therefore, the standard deviation D of the coarse mode PSD is
approximately equal to the average radius of aerosol particles in this mode andD is equal to
the half of the average radius for the fine mode.

The interaction of optical waves with particles depends on the relative complex refrac-
tive indexm ¼ n� iv;which is close to 1.5 for sea salt in the visible with v � 0:However,
one must account for the lowering of n due to humidity effects as discussed above (the
refractive index of water is approximately 1.33 in the visible). Recommended values of m
are given in Table 1.2 (WCP-112, 1986). It follows that the proposed value of n is close to
1.4 and the value of v is small, suggesting that the absorption by oceanic aerosol can be
neglected in the visible. The situation is different in infrared, however. Then v starts to rise
(see Table 1.2).

A comprehensive review of oceanic aerosol properties and dynamics was prepared by
Lewis and Schwartz (2004). It contains about 1800 references on the subject and is a valu-
able source of information on marine aerosols.

Dust aerosol (DA) originates from the land surface. It is composed of solid particles. Most
of particles (e.g., composed of Si) are not soluble in water. Therefore, dramatic changes of
the aerosol particle shape and structure in the humidity field are rare events as compared to
sea-salt aerosols. However, the mineral core can be covered by a water or ice shell in high-
humidity conditions. This will modify the optical properties of the particle. Wet solid par-
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ticles generally have lower refractive indices as compared to particles in dry conditions.
Therefore, humidity effects cannot be completely neglected. In contrast to the case of sea-
salt aerosols, the nonsphericity of dust particles must be accounted for. This makes it dif-
ficult to model optical properties of dust aerosol. The numerical solution of the electro-
magnetic scattering problem can be obtained for many specific shapes of particles. The
main problem is that it is not clear at this stage how to account for the diversity of shapes in
a given dust-aerosol cloud, where almost every particle has a unique shape (see Fig. 1.2).
This complicates theoretical studies of dust aerosol as compared to the case of spherical
scatterers. Some calculations can be performed in the framework of discrete dipole or
geometrical optics approximations (Kokhanovsky, 2004a). However, this is possible
only for the limited spectral range. The successful attempt to bridge geometrical optics
and exact T-matrix computations for spheroidal randomly oriented particles was reported
by Dubovik et al. (2006). The corresponding database can be used to model optical char-
acteristics of dust aerosols.

Experimental measurements of dust optical properties in the laboratory are also
difficult (Muñoz et al., 2001; Volten et al., 2001; see http://www.astro.uva.nl/scatter).
Moreover, particles for such measurements are collected on the surface. Therefore,
they are representative only for near-surface conditions. Clearly, the sizes of dust particles
are vertically distributed with smaller sizes and less dense materials dominating at larger
altitudes. Also shape distributions vary with the distance from the ground surface. These
effects are not accounted for in aerosol remote sensing at the moment. Okada et al. (2001)
studied atmospheric mineral particles having sizes of 100–6000 nm using electron
microscopy for samples collected in three arid regions of China. In all three regions,
the mineral particles showed irregular shapes with a median aspect ratio t (ratio of the
longest dimension to the orthogonal width) of 1.4 independently of the size. The ratio
of the surface area to the periphery length or the circularity factor c was in the range
0.6–0.8 with smaller values for larger particles. The most probable value of c was close
to 0.7. Note that it follows that c ¼ t ¼ 1:0 for spheres by definition. The most probable
width-to-height ratio was in the range 2.0–5.0 suggesting that particles were mostly plate-
like (see also Fig. 1.2).

Table 1.2. The refractive index m = n – iv of oceanic, water-insoluble (mainly, dust), water-soluble
(sulfates, nitrates, etc.), and soot aerosol, respectively (WCP-112, 1986)

k, nm n v n v n v n v

300 1.40 5.8 � 10–7 1.53 8.0 � 10–3 1.53 8.0 � 10–3 1.74 0.47

400 1.39 9.9 � 10–9 1.53 8.0 � 10–3 1.53 5.0 � 10–3 1.75 0.46

550 1.38 4.3 � 10–9 1.53 8.0 � 10–3 1.53 6.0 � 10–3 1.75 0.44

694 1.38 5.0 � 10–8 1.53 8.0 � 10–3 1.53 7.0 � 10–3 1.75 0.43

860 1.37 1.1 � 10–6 1.52 8.0 � 10–3 1.52 1.2 � 10–2 1.75 0.43

1060 1.37 6.0 � 10–5 1.52 8.0 � 10–3 1.52 1.7 � 10–2 1.75 0.44

1300 1.37 1.4 � 10–4 1.46 8.0 � 10–3 1.51 2.0 � 10–2 1.76 0.45

1800 1.35 3.1 � 10–4 1.33 8.0 � 10–3 1.46 1.7 � 10–2 1.79 0.48

2000 1.35 1.1 � 10–3 1.26 8.0 � 10–3 1.42 8.0 � 10–3 1.80 0.49

2500 1.31 2.4 � 10–3 1.18 9.0 � 10–3 1.42 1.2 � 10–2 1.83 0.51

6 1 Microphysical parameters and chemical composition of atmospheric aerosol



Apart from problems with the shape characterization of dust particles, there is a diffi-
culty in assessing the refractive index of particles due to their complex internal composi-
tion (e.g., the mixture of different minerals as often seen in the grains of road dust). The
homogenization techniques used often have no solid theoretical grounds. For instance, let
us imagine that a mineral particle is composed of two substances, which are not internally
mixed. Then, clearly, the optical properties of such a particle will differ from that calcu-
lated assuming an internal homogeneous mixture of minerals. There is also a problem with
estimations of the imaginary part v of the refractive index of dust aerosols. Clearly, v
strongly depends on the aerosol source (e.g., black, red or white soil, etc.).

At themoment very crudemodels of themicrophysical properties of dust aerosols are used
in optical modeling. In particular, it is often assumed that particles are spheres and are char-
acterized by the lognormal size distributionwithaef = 10lm,C=1.5,a0 = 0.5lm,r=1.1 (see
the definitions of these parameters above). The value of the real part of the refractive index of
dust is close to 1.5 in the visible (e.g., 1.53 at 550 nm) and decreases in the near-IR. Thevalue
of v is often assumed to be equal to 0.008 in the visible and near-IR. It must be remembered,
however, that these parameters may change considerably due to different aerosol source
locations. Some data on the dust aerosol refractive index are summarized in Table 1.2. Com-
prehensive databases of aerosol refractive indices can be found at http://irina.eas.gatech.edu/
data-ref-ind.htm and also at http://www.astro.spbu.ru/staff/ilin2/ilin.html.

Fig. 1.2. Scanning electron photographs of dust particles (Kalashnikova and Sokolik, 2004).

1.1 Classification of aerosols 7



The concentration N of aerosol dust particles varies considerably, depending on the
aerosol mode. Hess et al. (1998) introduced three modes of mineral desert dust: the log-
normal aerosol size distribution with a0 = 0.07, 0.39, 1.9 lm and r ¼ 0:67; 0:69; 0:77, with
larger values of parameters r for larger a0. They also proposed to use the cutoff radius of
7:5 lm, assuming that larger particles exist only close to the surface for large wind speeds.
Therefore, these large particles do not influence the global optical dust characteristics.
Hess et al. (1998) proposed the following values of N for these three modes: 269.5,
30.5, and 0.142 cm�3 with smaller values of N for larger a0. Mineral dust is the heaviest
among all aerosol types with a density of about 2.6 g/cm3(Hess at al., 1998). Further in-
formation on dust aerosols with comprehensive tables of their optical characteristics is
given by d’Almeida et al. (1991) (see also the database located at the following website:
http://www.lrz-muenchen.de/�uh234an/www/radaer/opac.html).

Secondary aerosol (SA) originates in the atmosphere due to gas-to-particle conversion.
This aerosol is composed of mostly sulfates and nitrates. Also various organic substances
(originating, for example, from gases emitted by plants) can make a large contribution in
the total aerosol mass (Seinfeld and Pandis, 1998). In particular, SO2 is oxidized to H2SO4

and the rate of conversion is influenced by the presence of heavy metal ions (e.g., Fe, Mn,
V). Some of proposed reactions are given below:

SO3 þ H2OÐ H2SO4;

NOþ O2 þ H! HNO3;

SO2 þ C2H2 þ allene! C3H4S2O3;

NO2 þ hydrocarbons þ photochemistry! organic nitrates;

SO2 þ alkanes! sulfinilic acid;

O3 þ olefines! organic particles:

The generated particles are mostly of spherical shape with parameters of the lognormal
distribution as follows: a0 � 0:1 lm and r � 0:7. The concentration N is usually in the
range 3000–7000 cm�3. The concentration can reach 15 000 cm�3 and even above this
value for heavy pollution events (e.g., due to enhanced anthropogenic gaseous emissions).

The parameters mentioned above can vary considerably depending on the humidity.
This aerosol is found at all locations. Therefore, it plays an important role in the global
aerosol budget (Lacis andMischenko, 1995). The modeled values of the refractive index of
secondary water-soluble aerosol are given in Table 1.2.

The mixture of secondary aerosols with those generated at the surface (SSA, DA) at
various concentrations can explain most of optical phenomena related to the propagation
of light in the cloudless atmosphere. Peterson and Junge (1971) estimate that about
780 000 000 tons of secondary aerosol is produced every year with almost the same num-
ber for the combined surface derived aerosol (500 million tons of sea salt and 250 million
tons of dust). This gives approximately 1.5�109 tons per year. Assuming, the density of
aerosol particles of 1.5 g cm�3, we find that the combined aerosol produced per year
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(if pressed into a solid cube) would occupy about 1 km3. Adding to that anthropogenic
emissions (about 10%), forest fires, volcanoes and other aerosol sources will increase the
volume of the cube even further. Although 1 km3 is a small number on a planetary scale, it
is the dispersion of aerosols in well-separated tiny particles, which makes aerosol so im-
portant for mass, heat, and energy transfer in the terrestrial atmosphere.

Let us consider now minor aerosol components. They give usually a minor contribution
with respect to the total mass of suspended atmospheric particulate matter. However, these
aerosols can play an important role on both the regional and the planetary scales. They can
also make more than 50% of the aerosol mass for short periods of time (e.g., pollen ex-
plosion events) or for selected locations.

Biological aerosols (BA) are characterized by the extreme particle size range and enor-
mous heterogeneity. Biological material is present in the atmosphere in the form of pollens,
fungal spores, bacteria, viruses, insects, fragments of plants and animals, etc. The volu-
metric concentration of bioaerosols depends on the season, location, and height of the
sampling volume with smaller values at higher altitudes and in winter time (e.g., at
high latitudes). Bioaerosols can occupy up to 30% of the total atmospheric aerosol volume
at a given location (especially in remote continental areas). Their concentrations are at
least three times smaller in remote marine environments. Nevertheless, bioaerosols pro-
duced inland can travel very long distances owing to their low density. Darwin (1845) in his
The Voyage of the Beagle describes the presence of various biological matter (mostly of
inland origin) in the brown-colored fine dust which fell on a vessel. He was surprised to
find stones with sizes of about 1 mm on the vessel. These stones and also much finer dust
injured the astronomical instruments on the Beagle. Clearly, the impact of inland biolo-
gical matter and dust is of a great importance for oceanic life-forms. Pollen has been col-
lected thousands kilometers from its origin. This is used also for the identification of the
origin of airmass at a given location. Spores of a number of molds were identified at 11 km
height in the atmosphere (Cadle, 1966). Therefore, bioaerosols are widespread and occupy
(in different proportions) the whole troposphere. Typical sizes of selected biological spe-
cies are given in Table 1.3. It follows that the sizes of viruses and bacteria are quite small.
This allows for their easy penetration of the respiratory systems of animals and humans.
The size of pollen is larger and governed by other biological functions. Bioaerosols (e.g.,
viruses and bacteria) can be attached to other particles (e.g., dust, pollen, spores) and travel
large distances using other particles, including cloud droplets, as a means of transporta-
tion.

Radii as given in Table 1.3 correspond to the cross-sectional area equivalent spherical
particles. As a matter of fact, most biological aerosols are of nonspherical shape. In par-

Table 1.3. Sizes of biological particles

Biological particles Radius, lm

Viruses 0.05–0.15

Bacteria 0.1–4.0

Fungal spores 0.5–15.0

Pollen 10.0–30.0
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ticular, many bacteria are rod-shaped and cannot be characterized by just one size. Also
bacteria have internal structure and cannot be considered as homogeneous objects in light
scattering studies. Wittmaack et al. (2005) give a number of bioparticles as seen using
scanning electron microscopy. Some images are shown in Fig. 1.3. It follows that particles
have quite complex and variable shapes and internal structure. This makes it difficult to
simulate the optical characteristics of such scatterers, even using advanced computers.
Also the refractive index of particles needed for the theoretical modeling is poorly known.
Due to the fact that in nature only left-handed amino acids and right-handed sugars exist, it
is clear that most biological aerosols are chiral. This means that the refractive index de-
pends on the sense of rotation of incident electromagnetic circularly polarized waves (Ko-
khanovsky, 2003). This issue must attract much more attention in future research due to its
possible use in the problem of the remote detection of bioaerosols. It is emphasized that
many biological particles not only absorb and scatter light: they can fluoresce when zapped
with a beam of ultraviolet light. Jaenicke (2005) estimates the strength of the ‘source bio-
sphere’ for atmospheric primary particles as equal to approximately 1000 Tg/year com-
pared to 2000 Tg/year for mineral dust and 3300 Tg/year for sea salt.

Smoke aerosols (SMA) originate due to forest, grass, and other types of fires. Fires pro-
duce around 5 000 000 tons of particulate matter per year (Petterson and Junge, 1971). This
is a small number as compared to the load of other aerosols. However, it has important
local effects (e.g., as a cause of human, animal, and plant diseases; the reduction of visi-
bility; and the changing of the heat balance) and an effect on global climate due to gen-
erally larger values of light absorption by smoke aerosol (e.g., black carbon) as compared

Fig. 1.3. Scanning electron photographs of conidia of fungi species C. herbarum (Wittmack et al., 2005).
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to other aerosol species. The problem of black carbon influences on the planetary radiative
budget is a hot topic in modern research. In particular, it has been found that aerosols
transported to the Arctic from highly polluted areas in Europe can lead to a decrease
in the planetary albedo (e.g, due to atmospheric absorption effects and also due to in-
creased absorption of polluted snow and ice). Hansen and Nazarenko (2004) argued
that dirty snow modifies planetary albedo and makes an important contribution to the
global warming of the planet.

Smoke aerosols may lead to a number of spectacular optical atmospheric effects such as
the blue Moon and Sun (van de Hulst, 1957).

Combustion processes produce tremendous numbers of small particles with radii below
0.1 lm. They also produce particles in the accumulation mode (0.1–1 lmÞ, and ‘giant’
particles with radii above 1 lm. The number of particles with radii above 0:5 lm is re-
latively low. This means that particles of smoke can easily penetrate the respiratory system
of humans leading to various health problems. Smoke aerosol has a large content of soot.
Soot particles consist of aggregates with sizes generally greater than 1 lm in diameter with
many particles of a smaller size as well. The aggregates are formed from the coalescence of
ultimate (or primary) particles, which are in the range 50–100 nm.

Soot is often assembled in chain-like structures, which makes it impossible to use sphe-
rical particle models in estimations of their properties. The refractive index of soot varies,
depending on its structure and production chain. Results for the soot refractive index
shown in Table 1.2 can be used for optical modeling purposes, bearing in mind the great
uncertainties especially with respect to the imaginary part of the soot refractive index.

Volcanic aerosols (VA) originate due to emissions of primary particles and gases (e.g.,
gaseous sulfur) by volcanic activity. Most of the particles ejected from volcanoes (dust and
ash) are water-insoluble mineral particles, silicates, and metallic oxides such as SiO2,
Al2O3 and Fe2O3, which remain mostly in the troposphere. The estimated dust flux is
30 Tg per year. This estimate represents continuous eruptive activity, and is about two
orders of magnitude smaller than dust emission. Volcanic sources can be important for
the sulfate aerosol burden changes in the upper troposphere, where they might act as con-
densation nuclei for ice particles and thus represent a potential for a large indirect radiative
forcing. Support for this contention lies in evidence of cirrus cloud formation from vol-
canic aerosols and some data that links the inter-annual variability of high-level clouds
with explosive volcanoes. Volcanic eruptions can have a large impact on stratospheric
aerosol loads. Volcanic emissions sufficiently cataclysmic to penetrate the stratosphere
are rare. The stratospheric lifetime of coarse particles (dust and ash) is only about 1–2
months due to efficient removal by settling. Nevertheless, the associated transient climatic
effects are large and trends in the frequency of volcanic eruptions could lead to important
trends in average surface temperature. Sulfur emissions from volcanoes have a longer-
lived effect on stratospheric aerosol loads. They occur mainly in the form of SO2,
even though other sulfur species may be present in the volcanic plume, predominantly
SO2�

4 aerosols and H2S. It has been estimated that the amount of SO2�
4 and H2S is com-

monly less than 1% of the total, although it may in some cases reach 10–20%. Never-
theless, H2S oxidizes to SO2 in about 2 days in the troposphere or 10 days in the strato-
sphere. Estimates of the emission of sulfur-containing species from quiescent degassing
and eruptions range from 7 to 14 Tg of sulfur per year. These estimates are highly un-
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certain because only very few of the potential sources have ever been measured and the
variability between sources and between different stages of activity of the sources is con-
siderable. The observed sulfate load in the stratosphere is about 0.14 Tg of S during vol-
canically quiet periods. The historical record of SO2 emissions by erupting volcanoes
shows that over 100 Tg of SO2 can be emitted in a single event, such as the Tambora
volcano eruption of 1815. Calculations with global climate models suggest that the radia-
tive effect of volcanic sulfate is only slightly smaller than that of anthropogenic sulfate,
even though the anthropogenic SO2 source strength is about five times larger. The main
reason is that SO2 is released from volcanoes at higher altitudes and has a longer resi-
dence-time than anthropogenic sulfate.

Sulfate aerosol leads generally to cooling of a climate system. Therefore, there are the-
oretical studies with respect to the possibility of artificial production of this aerosol in the
stratosphere with the aim of slowing down the current global warming trends (Crutzen,
2006). The pros and contras of such efforts must be carefully discussed before we enter the
domain of artificial modification of climate.

Anthropogenic aerosol (AA) consists of both primary particles (e.g., diesel exhaust and
dust) and secondary particles formed from gaseous anthropogenic emissions. Secondary
liquid particles are quite small and their shapes can be approximated by spheres. However,
a great portion of the anthropogenic aerosol mass is represented by irregularly shaped large
particles, as shown in Fig. 1.4.

Anthropogenic aerosols contribute about 10% of the total aerosol loading. However,
these emissions did not occur in the pre-human era. The influence of this small (but grow-
ing) contribution on the climate system is not exactly known andmust be assessed in future
research (e.g., using studies of the Greenland and the Antarctic ice at different depths).
Tsigaridis et al. (2006) used the following emissions in their coupled aerosol and gas-phase
chemistry transport model:
* black carbon: 7.5 (2.1) Tg carbon per year,
* anthropogenic SO2: 73 (2.4) Tg sulfur per year,
* carbone oxide: 1052 (219) Tg carbon per year,
* NOx: 45 (9) Tg nitrogen per year,
* NH4: 44 (7) Tg per year,
* volatile organic compounds (VOC): 251 (97) Tg carbon per year,
* primary organic aerosols: 44 (29) Tg per year,
* CH2O: 19 (2) Tg per year,
* aromatic VOC: 14 (0) Tg per year,
where the numbers in parentheses give the preindustrial emissions (year 1860) of the cor-
responding substances. These numbers, although small in comparison with dust (1704 Tg/
y) and especially sea-salt (7804 Tg/y) emissions, clearly indicate the influence of human-
kind on current atmospheric composition. The change in trace gases can have negative
consequences leading to the destabilization of the climate system, to global warming,
and to nonreversible processes in the Earth–atmosphere system. Therefore, it is of impor-
tance to monitor the trace gas vertical columns and also vertical concentrations of aerosols
on a global scale using satellite measurements. It should be emphasized that, although the
increased gaseous concentrations lead to larger atmospheric absorption and, therefore, to
the warming of the atmospheric system, aerosol could increase or decrease the level of

12 1 Microphysical parameters and chemical composition of atmospheric aerosol



light reflection by the Earth–atmosphere system, depending on the ground albedo. For the
low albedo typical for ocean and dark vegetation in the visible, additional anthropogenic
aerosol leads to the increase of planetary albedo and, therefore, to cooling. Aerosol with a
high soot content appears dark and, therefore, reduces planetary albedo, e.g., over bright
snow surfaces. Additional warming can occur due to current efforts to clean polluted areas
(e.g., cities in western Europe). This reduces the pollution load but increases risks related
to heat waves (Meehl and Tibaldi, 2004).

Fig. 1.4. A street sample submitted for examination as the result of a nuisance complaint. The magni-
fication is equal to 40. The white snowballs are spheres of sodium carbonate from a nearby paper plant. In
addition, the sample contains dried leaves, glass, glass fibers, paper fibers, cement dust, hematite, lime-
stone, olivine, coal dust, soot, and burned wood. There is a great deal of quartz, covered wholly or partially
by asphalt (McCrone et al., 1967).
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1.2 Aerosol models

It follows from the discussion above that the microphysical characteristics of aerosols
change considerably depending on the aerosol type, the season, etc. However, for modeling
purposes, it is of importance to have simplified models which capture the main micro-
physical characteristics of atmospheric aerosol in a correct way and offer a simple
way for the optical modeling. One such model, based on the assumption of the sphericity
of aerosol particles, is given by Hess et al. (1998). The main parameters of the model are
shown in Table 1.4. It is proposed to consider the aerosol at a given location as a mixture of
certain aerosol components with prescribed size distributions, as shown in Table 1.5 for the
case of continental aerosol. In particular, the sea-salt aerosol is divided into two fractions:
fine mode and coarse mode. The coarse mode is of importance only for rough oceanic
surface conditions occurring at high wind speed. Far from the oceans and also over calm
water, the fine mode prevails. The desert dust aerosol is composed of three fractions with
the behavior of the fractions similar to that of sea salt. In addition, the nucleation mode
with very small particles is added. Only the spherical model of scatterers is considered,
which is very remote from reality for mineral aerosols and dry sea salt. All other aerosol
particles are subdivided into two broad categories: water soluble aerosol (e.g., sulfates and

Table 1.4. Microphysical properties of atmospheric aerosol components in the dry state (Hess et al.,
1998)

Component r0, lm r

Sea salt (accumulation mode) 0.209 2.03

Sea salt (coarse mode) 1.75 2.03

Desert dust (nucleation mode) 0.07 1.95

Desert dust (accumulation mode) 0.39 2.0

Desert dust (coarse mode) 1.9 2.15

Water-insoluble aerosol 0.471 2.51

Water-soluble aerosol 0.0212 2.24

Soot aerosol 0.0118 2.0

Table 1.5. Composition of continental aerosol types. Mass values are given for a relative humidity of
50% and for a cutoff diameter of 15 lm (Hess et al., 1998). Ni is the number concentration and Mi

is the mass concentration of the i-th aerosol component, ni and mi are correspondent number and
mass mixing ratios

Aerosol type Components Ni, cm–3 Mi, lg/m3 ni mi

Continental clean Water-soluble
Insoluable

2600
0.15

5.2
3.6

1.0
0.000 577

0.591
0.409

Continental average Water-soluble
Insoluble
Soot

7000
0.4

8300

14.0
9.5
0.5

0.458
0.000 261

0.542

0.583
0.396
0.021

Continental polluted Water-soluble
Insoluble
Soot

15 700
0.6

34 300

31.4
14.2
2.1

0.314
0.000 12

0.686

0.658
0.298
0.044
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nitrates) and water-insoluble aerosol (e.g., soil). In addition, the soot component is intro-
duced. This component is used to represent absorbing black carbon. Soot only weakly
influences light scattering in atmospheric air, but black carbon is of primary importance
for light absorption processes, especially in urban areas.

The model of Hess et al. (1998) includes several additional atmospheric processes such
as the change of humidity. It is, therefore, superior with respect to earlier models based on
fewer aerosol types (see, for example, Whitby, 1978; Shettle and Fenn, 1979; WCP-112,
1986). One such model, which is still in use, is represented in Table 1.6. The corresponding
size distributions are illustrated in Fig. 1.5 and the mixing ratios for continental, maritime,
and urban models are presented in Table 1.7.

Table 1.6. Parameters of lognormal distribution of atmospheric aerosol components (WCP-112, 1986)

Component r0, nm r

Fine-mode (FM) aerosol (water-soluble aerosol) 5 1.0936

Coarse-mode (CM) aerosol (water-insoluble aerosol) 500 1.0936

Oceanic aerosol (OA) 300 0.9211

Soot aerosol (SA) 11.8 0.6931

Table 1.7. Composition of aerosol types (WCP-112, 1986)

Aerosol type Component (volumetric concentration)

Continental FM (29%), CM (70%), SA (1%)

Maritime FM (5%), OA (95%)

Urban FM (61%), CM (17%), SA (22%)

Fig. 1.5. Examples of lognormal size distributions.
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Chapter 2. Optical properties of atmospheric aerosol

2.1 Introduction

Light can be scattered or absorbed by aerosol particles suspended in the terrestrial atmo-
sphere. Processes of light scattering dominate over processes of absorption in the visible.
However, absorption of light cannot be ignored. It influences the total radiation balance
considerably. The reduction in the intensity of a direct beam during its propagation through
an aerosol medium is determined simultaneously by absorption and scattering processes.
The sum of total light scattering in all directions and absorption is called extinction. En-
ergy, which is absorbed by particles, is not contained in them indefinitely, but rather radi-
ates at larger wavelengths (emission). This book is mostly concerned with the effects of
absorption and scattering. Emission, which is negligibly small at optical wavelengths, is
neglected.

Light is composed of the superposition of electromagnetic waves having very high fre-
quencies. To simplify, usually the idealized problem of a plane electromagnetic wave in-
teraction with a single aerosol particle is considered under the assumption that an aerosol
particle has a spherical shape. Then the electromagnetic field can be calculated both inside
a particle (this is needed for the estimation of electromagnetic energy absorption effects)
and at an arbitrary distance from a scatterer. The scattered energy can be integrated with
respect to the direction of scattering yielding the scattering cross-section of a particle,
which is defined as

Csca ¼ 1

I0

Z
S

Isca dS;

where I0 is the intensity of incident light and Isca is the intensity of the scattered light, and S
is the surface surrounding the particle. It follows from this definition that the scattering
cross-section is measured in square meters. Usually, Csca is smaller than the geometrical
cross-section of an aerosol particle G defined as the projection of the particle on the plane
perpendicular to the beam propagation direction. The ratio

Qsca ¼ Csca

G

is called the scattering efficiency factor. One can also introduce the absorption efficiency
factor

Qabs ¼ Cabs

G
;



where the absorption cross-section Cabs is defined in electromagnetic theory as

Cabs ¼ k

~EE0

�� ��2
Z
V

~EE
�� ��2e 00 dV ;

where V is the volume of a particle, k ¼ 2p=k , k is the wavelength, ~EE0 is the electric vector
of the incident wave and ~EE is the electric vector inside the scatterer. It follows that Cabs

vanishes if the imaginary part of the dielectric permittivity e00 ¼ 2nv is equal to zero. For
most aerosol particles (with the exception of soot), the imaginary part v of the refractive
index of particles m ¼ n� iv is a small number in the visible (typically, smaller than
0.0001, see Table 1.2). This explains the relatively small absorption effects occurring dur-
ing the interaction of light with aerosol media. The vector ~EE and also scattered light in-
tensity Isca depend not only on the complex refractive index of a particle but also on its size,
internal structure and shape. Mie theory (Mie, 1908) enables the quantification of size
dependencies of various optical characteristics for the special case of spherical particles.
Exact analytical solutions are also available for coated and multi-layered spheres (Kokha-
novsky, 2004a).

2.2 Extinction

Although the chemical composition of aerosols and their size distributions are governed by
a number of complex and not-well-understood processes, the resulting spectral aerosol
extinction coefficient kext ¼ NCext , where N is the number of particles in a unit volume
and Cext ¼ Cabs þ Csca is the extinction cross-section (the overbar means averaging with
respect to the aerosol size distribution), is often governed by the following simple analy-
tical equation:

kext ¼ bk�a;

where a is called the Angstrom parameter and b gives the value of the aerosol extinction
coefficient at the wavelength 1 lm, if the wavelength k is expressed in micrometers. It
follows from this formula that

ln kext ¼ ln b� a ln k:

This provides a simple way to determine both a and b from experimental data (e.g., from
spectral extinctionmeasurements). The equations presented here are not exact ones and the
actual dependence of kext on the wavelength can be a different one. In particular, nonlinear
terms with respect to ln k can appear, depending on the particular aerosol type. However,
the dependence as given above closely represents average atmospheric conditions. There-
fore, values of a and b are often measured. Long-term trends of the spectral exponent a are
available at many worldwide locations. In particular, the Aerosol Robotic Network
(AERONET) consists of more than one hundred identical globally distributed Sun-
and sky-scanning ground-based automated radiometers (Holben et al., 1998). The network
enables the determination of the Angstrom parameter and also a number of other aerosol
characteristics, including size distributions, refractive indices and single-scattering albe-
dos x0 ¼ ksca=kext (Dubovik et al., 2002). Here ksca ¼ NCsca is the scattering coefficient.
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AERONET measures not kext kð Þ itself but rather the spectral aerosol optical thickness
(AOT):

s kð Þ ¼
Zh
0

kextðk; zÞ dz;

where h is the top-of-atmosphere (TOA) altitude (e.g., 60 km) and z is the height above the
ground level. The value of t ¼ expð�MstÞ gives the transmission coefficient of the direct
solar beam flux after its propagation through the atmosphere.M is the air mass factor equal
to the inverse cosine of the solar zenith angle l0 for the values of l0 not very close to zero.
For a low Sun, corrections to the value of l�10 taking into account the sphericity of atmo-
sphere and also refraction must be taken into account. The value of st also includes pro-
cesses of gaseous absorption and molecular scattering (see the Appendix). Therefore, a
special correction procedure is applied to remove these contributions and obtain AOT s
from the total atmospheric optical thickness st .

Most aerosols are contained in the lower boundary layer with the height H (e.g., 1 km).
Then, neglecting the vertical variation of the extinction coefficient, one derives:

s kð Þ ¼ kext kð ÞH :

The Angstrom extinction law can also be presented in the following form:

s kð Þ ¼ bk�a;

where b � s 1 lmð Þ. Angstrom found that the value of a is close to 1.3 for the average
continental aerosol (Angstrom, 1929). This has been confirmed by other researchers
as well (Junge, 1963). The value of a can be related to the parameters of size distributions.
Let us show this for the power law distribution:

f að Þ ¼ Aa�c;

where A is the normalization constant and a is the radius of particles supposed to be bound-
ed by the values a1 and a2 . One can write for spherical particles:

kextðkÞ ¼ N

Za2
a1

pa2Qext x;m kð Þð Þf að Þ da;

where

Qext � Qabs þ Qsca

is the extinction efficiency factor, x ¼ 2pa=k is the size parameter, and m ¼ n� iv is the
refractive index. The value ofQext for different values of n 2 1:01; 2:0½ � and x 2 0:01; 100½ �
is shown in Fig. 2.1. Oscillations seen in the figure are due to interference of diffracted and
transmitted through a particle light. For large particles, Qext ! 2 as one might expect. The
transition to this asymptotic limit is faster for larger values of n. For particles much smaller
than the wavelength, Qext is a small number. Then particles do not influence light propa-
gation in a great extent. The value of the extinction efficiency factor increases considerably
in the resonance region (a � k and then approaches 2 for very large scatterers (a� k).
This corresponds to the so-called extinction paradox: the extinction cross-section is twice
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the geometrical cross-section of the particle. The paradox is solved, if one takes into ac-
count that not only rays incident on the particle but also those in the close vicinity of the
scatterer are influenced by a particle due to the diffraction phenomenon.

The aerosol refractive index is a weak function of the wavelength in the visible. Ne-
glecting its dependence on the wavelength and using the integration variable x instead of a,
we derive for the power law distribution:

kextðkÞ ¼ Bk�ðc�3Þ
Zx2
x1

Qext xð Þx2�c dx;

where x1 ¼ 2pa=k, x2 ¼ 2pa=k,B ¼ ANp 2pð Þc�3. Clearly, the integral is a pure number. It
does not depend on k . So we conclude:

a ¼ c� 3:

Junge (1963) found from his measurements of aerosol PSDs that the average value of c is
close to 4.0. This gives: a ¼ 1, which is in remarkable agreement with the Angstrom result
a ¼ 1:3ð Þ especially taking into account that completely different sets of measurements are
involved in the derivation of a and c. As a matter of fact, the relationship between a and
parameters of the size distribution can be derived for any type of size distribution. Let us

Fig. 2.1. Dependence of the extinction efficiency factor on the size parameter and refractive index of
nonabsorbing particles calculated using Mie theory.
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demonstrate this fact using the lognormal distribution introduced above and the refractive
index of particles equal to 1.45 – 0.006i and the spectral exponent 1.53 + 0.008i.

We introduce the average extinction efficiency factor

Qexth i ¼ 1

S

Za2
a1

pa2Qext a; kð Þf að Þ da;

where

S ¼
Za2
a1

pa2f að Þ da

is the average geometrical cross-section of spherical particles on the plane perpendicular to
the beam. The dependence of Qexth i on the effective size parameter xef ¼ 2paef=k obtained
using Mie theory for the lognormal size distribution with the coefficient of variance 1.0 is
shown in Fig. 2.2. As expected, the extinction is stronger for particles with the larger re-
fractive indices for the range of aef studied. It follows that hQexti takes a maximum at the
value of xef � 10 for the refractive indices used. If the largest contribution to the extinction
comes from particles with sizes smaller than the wavelength of the incident light, then the
extinction coefficient must decrease with the wavelength. The extinction efficiency factor
Qext xð Þ approaches its asymptotical value Qext ¼ 2 as x!1 from above (Kokhanovsky,
2006). This means that a ¼ 0 (no spectral dependence) for very large particles and a is
negative for radii close to the asymptotic regime.

Fig. 2.2. Dependence of the extinction efficiency factor of spherical scatterers on the size parameter x= ka
at refractive indices 1.45–0.005i and 1.53–0.008i.
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The dependence of the spectral exponent a on the effective radius of particles obtained
using Mie theory and the integration as given above for a special case of lognormal size
distributionwith the coefficient of variance equal to0.5, 0.75, and1.0 is shown inFig. 2.3(a).
It follows that the derivation of aef from a is influenced by the coefficient of variance of the
size distribution. The value of a was obtained using the following relationship:

a ¼ c ln kext k1ð Þ=kext k2ð Þð Þ;
where c ¼ ln k2=k1ð Þ , k1 ¼ 0:412 lm, k2 ¼ 0:67 lm.Because theAngstrom law is only an
approximation, the value of a depends on the pair of the wavelengths used. Therefore,
reported values of a must identify the pairs of wavelengths used. Sometimes not just
two wavelengths but rather the nonlinear fit of the complete spectral curve is used.

One can find from data shown in Fig. 2.3(a) that the dependence of aef (in lm) on a can
be parameterized as follows:

lg aef ¼
X4
j¼0

dja
j;

where d0 ¼ �0:07075; d1 ¼ �1:03109; d2 ¼ 0:72806; d3 ¼ �0:41111; d4 ¼ 0:08106 at
the coefficient of variance equal to 1. The accuracy of the fit for the curve aef að Þ is de-
monstrated in Fig. 2.3(b).

The correct theoretical approach to the determination of aef and also f að Þ is the inver-
sion of the integral

Fig. 2.3(a). Dependence of the spectral exponent on the effective radius of particles for the lognormal
monomodal size distribution with the coefficient of variance equal to 0.5, 0.75, and 1.0. The refractive
index m = 1.45–0.005i is assumed.
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kextðkÞ ¼ N

Za2
a1

pa2Qext a; kð Þf að Þ da

with respect to unknown function f ðaÞ: For these special inversion techniques are applied
(Twomey, 1977; Shifrin, 2003). Clearly, the inversion is not possible, ifQext ¼ 2, which is a
valid assumption for very large particles with a� k as, for instance, in the case of desert
dust outbreaks. Then it follows that

kext ¼ 2NS

independently of the shape, size distribution, and internal structure of particles. Here S is
the average projection area of particles on the plane perpendicular to the incident beam.
One can prove (Vouk, 1948) that S is equal to the quarter of the surface area R for convex
randomly oriented particles. This means that y � NR ¼ 2kext gives the total surface area of
particles per a unit volume of an aerosol medium with particles having dimensions much
larger than the wavelength. This is an important parameter for atmospheric chemistry. For
instance, it determines the reactive surface for gas–aerosol interactions.

Ignatov and Stowe (2002) suggested that the frequency distribution of a for a given
location follows a Gaussian law:

f ðaÞ ¼ 1ffiffiffiffiffiffi
2p
p

d
exp � a� amð Þ2

2d2

 !
;

Fig. 2.3(b). Dependence of the effective radius on the spectral exponent calculated using exact Mie cal-
culations and the approximation discussed in the text for the lognormal monomodal size distribution with
the coefficient of variance equal to 1.0. The refractive index m = 1.45–0.005i is assumed.
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where am is the arithmetic mean and d is the standard deviation of the Angstrom exponent.
Smirnov et al. (2002) reported values of a equal to 0.76 and 0.93 for two remote sites in the
Pacific Ocean (Lanai, 722 measurements) and the Atlantic Ocean (Bermuda, 590 mea-
surements), respectively. These results together with measurements over continents sug-
gest that kext � 1=k on average. However, deviations often occur. Atmospheric measure-
ments show that a changes between –0.1 and 2.5 (Dubovik et al., 2002). The upper value of
a is somewhat uncertain. This is due to the fact that large values of a often occur for op-
tically thin aerosols with s	 1. The measurement of a at small values of s is difficult due
to errors of sun photometers, which are at least of the order of 0.01 in the value of the
optical thickness. The largest possible value of a is close to 4. This takes place for a purely
molecular atmosphere with scatterers having sizes a	 k . The values of a ¼ 3 and above
can be found in laboratory measurements. However, they are not characteristic for in situ
atmospheric measurements.

The extinction coefficient depends not only on the size of particles but also on their
concentrations. Its value is usually in the range 0.1–0.5 km�1 at 550 nm at urban locations
(Horvath and Trier, 1993) and much lower for clean rural and remote oceanic regions. The
meteorological range of visibility is calculated as

v ¼ ln 0:02j j
kext 550 nmð Þ �

3:91

kext 550 nmð Þ :

So v usually ranges from 8 to 40 km for urban locations given by Horvath and Trier (1993).

2.3 Absorption

Extinction of light by aerosol is due to both light scattering and absorption. Usually light
absorption is small and the ratio of absorption ( kabs ¼ NCabsÞ to extinction ( kext ¼ NCextÞ
coefficients is smaller than 0.1 and even 0.01 for remote clean areas. The primary absorber
of light in the atmosphere is soot (Horvath, 1993). Therefore, the probability of photon
absorption b ¼ kabs=kext differs from zero substantially only if soot is present in great
amount. This is usually the case for urban areas. The value of the absorption coefficient
of aerosol is of importance for climate change problems. It determines the cooling or
warming effect of aerosol above a scene with a given ground albedo. Therefore, consider-
able efforts have been undertaken to characterize the spatial distribution of kabs and also of
single-scattering albedo x0 ¼ 1� b. Some results in this direction are reported by Du-
bovik et al. (2002). Generally, the characterization of atmospheric aerosol absorption
is a very complicated matter. Therefore, it comes as no surprise that there is a lot of un-
certainty in our understanding of solar light absorption by atmospheric particulate matter.

It is much more difficult to measure the atmospheric aerosol absorption
kabs ¼ kext � ksca as compared to the aerosol extinction. This is mostly due to the fact
that the amount of energy absorbed by aerosols is much smaller as compared to the light
scattered energy. There are a number of techniques to derive the aerosol absorption (see,
for example, http://www.dfisica.ubi.pt/ � smogo/investigacao/references.html). The most
frequently used techniques are:
* filter methods;
* optical acoustic spectrometry;
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* the diffuse transmittance method;
* techniques based on the measurement of differences between light extinction and scat-

tering for a given atmospheric volume;
* the radiative transfer retrieval approach based on the measurements of the aerosol op-

tical thickness, small-angle scattering, and diffuse light transmission by a sun photo-
meter;

* polarimetric techniques.

Filter methods are based on studies of light absorption by measuring the optical attenua-
tion through a filter on which aerosol particles have been accumulated. Measurements can
be performed in real time during the sampling process using an aethalometer (Hansen et
al., 1994). This measurement can take place after sampling has been terminated (e.g., in-
tegrating plate technique (Lin et al., 1973)). The shortcomings of filter techniques are
numerous. In particular, the sampling process on the filter, the change in the shape of
particles, and the interaction of scattering and absorption by densely aggregated aerosols
must be well understood and accounted for in the derivation of the absorption coefficient,
if possible. Another problem is due to the fact that the filter/plate transmission is not prop-
erly described by Beer’s law. In addition, filter methods do not account for the influence of
humidity on aerosol light absorption, as, even for real-time methods such as the aethal-
ometer, the humidity-dependence of aerosol light absorption is likely to be modified by the
filter substrate. As a consequence, integrating plate type measurements, for example, re-
quire the use of an empirical calibration factor.

Optical acoustic spectrometry is based on measurements of energy of a sound wave gen-
erated by the expansion of the air due to aerosol absorption of light from a modulated
source. This absorption causes periodic heating and the subsequent expansion of the sur-
rounding air at the modulation frequency (Pao, 1977). The practical use of the method is
limited due to relatively low sensitivity and the use of inefficient light sources. However,
important progress has been made in recent years to overcome the limitations of the tech-
nique (Lack, 2006).

The diffuse transmittance method is based on the measurements of the diffuse trans-
mitted flux. The deviation from the radiative transfer model calculations for the case
of x0 ¼ 1 enables the determination of aerosol single-scattering albedo (von Hoynin-
gen-Huene et al., 1999).

Techniques based on the subtraction of scattering, for example, measured by a nephe-
lometer, from extinction are valid only for the case of strong absorption. Otherwise, the
value of the absorption coefficient is close to the level of noise and large errors in the
measured difference are possible.

The radiative transfer retrieval approach is routinely used by AERONET. Single-scat-
tering albedo is derived from simultaneous measurements of small-angle scattering, ae-
rosol optical thickness, and diffuse light intensity in almucantar fitting measurements to
the most probable atmospheric aerosol model. The technique is limited by a priori assump-
tions assumed in calculations. Dubovik et al. (2002) used this technique to determine ty-
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pical values of the spectral single-scattering albedo at a number of locations worldwide. In
particular, they give values ofx0 equal to 0.78–0.88 for biomass burning in savanna (Zam-
bia), 0.83–0.90 for Mexico City, 0.93–0.99 for the mixture of desert dust and oceanic ae-
rosol in the Atlantic (Cape Verde). The first number corresponds to the wavelength 440 nm
and the second one is measured at 1020 nm. The results give average values based on a
great number of measurements (e.g., 91 500 measurements for Cape Verde (1993–2000)).
It follows that the probability of photon absorption b ¼ 1� x0 decreases with the wave-
length and it is equal to 0.22 at 440 nm for biomass burning events in Zambia. It equals 0.17
for Mexico City and 0.07 for Cape Verde at the same wavelength. The value of b (440 nm)
is just 0.02 at remote clean marine environments (Hawai, 1995–2000). The main absorbing
component of the atmospheric aerosol in the visible is soot. Therefore, locations with small
fractions of soot in atmospheric air are characterized by smaller light absorption levels.

Polarimetric techniques use an approach similar to that just described. However, not only
intensity but also the polarization of scattered light is analyzed (Masuda et al., 1998; Ko-
khanovsky, 2003). The technique is highly sensitive to the refractive index of atmospheric
aerosol. However, the retrievals are model-dependent and usually performed for the case of
spherical scatterers. It is known that the polarization characteristics are highly influenced
not only by the size and refractive index of particles but also by their shape and internal
structure.

The great variety of existing techniques also suggests that there is no a single reliable
technique for the measurement of atmospheric aerosol absorption in situ. This leads to
great uncertainties in the estimations of aerosol radiative forcing.

On the other hand, aerosol absorption coefficient kabs ¼ NCabs can be easily calculated
in the case of spherical particles, if their size and refractive index are known. Such cal-
culations are useful because they identify possible spectral dependencies to be found in
correspondent measurements. For very small absorbing aerosol particles, the absorption
cross-section is proportional to the volume of particles and also to the bulk absorption
coefficient a ¼ 4pv=k (m ¼ n� iv is the complex refractive index of particles relative
to the surrounding medium):

Cabs ¼ DaV ;

where the value of D! 1 as n! 1 for arbitrary shapes of particles. It follows that (Shi-
frin, 1951):

D ¼ 9n

n2 þ 2� v2ð Þ2þ4n2v2
and

D ¼ 9n

n2 þ 2ð Þ2
at v	 n. This simple equation for Cabs follows from the definition of the absorption coef-
ficient via the volume integral as presented at the beginning of this chapter. In derivations
one must account for the fact that, as known from the electrodynamics, the electric field
inside a spherical particle with the radius a	 k (and also k m� 1j ja	 kÞ is given by the
following simple equation:
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~EE ¼ 3

m2 þ 2
~EE0:

It follows that internal and incident fields coincide ~EE ¼ ~EE0

� �
at m ¼ 1 as one might ex-

pect.
In the case of large spherical particles (under assumptions x!1; 2ax!1Þ all light,

which penetrates the surface of a particle is absorbed. Then the absorption efficiency fac-
tor is equal to the fraction of light energy A, which penetrates the surface (Kokhanovsky,
2004a). This fraction can be estimated from the fraction of reflected energy: A ¼ 1� r.
The value of r for very large particles can be found using Fresnel reflection coefficients Ri:

r ¼ 1

2

X2
i¼1

Zp=2
0

Ri uð Þj j2sin u cos u du;

where

R1 ¼ cos u� m cosw
cos uþ m cosw

; R2 ¼ m cos u� cosw
m cos uþ cosw

;

u is the incidence angle and w ¼ arcsinðsin u=mÞ is the refraction angle. This integral can
be evaluated analytically under assumption that v	 n and n > 1:

r ¼ 8n4 n4 þ 1ð Þ
n4 � 1ð Þ2 n2 þ 1ð Þ ln nþ

n2 n2 � 1ð Þ2
n2 þ 1ð Þ3 ln

n� 1

nþ 1

� 	
þ

P7
l¼0

plnl

3ðn4 � 1Þðn2 þ 1Þðnþ 1Þ ;

where pl ¼ ð�1;�1;�3; 7;�9;�13;�7; 3Þ: The values of r are presented in Table 2.1 as
a function of the refractive index n. For quick estimations, one can use the following para-
meterization: r ¼ 0:1396n� 0:1185 valid for the range of refractive indices shown in
Table 2.1.

Finally, we conclude that Cabs ¼ ð1� rÞS at x� 1; 2ax� 1, where the value of S is
the geometrical cross-section of the particle. This formula is valid both for spherical and
nonspherical large aerosol particles.

The absorption coefficient of air with inclusions of absorbing spherical particles char-
acterized by the size distribution f ðaÞ can be calculated using Mie theory. It follows that

kabsðkÞ ¼ N

Za2
a1

pa2Qabs a; kð Þf að Þ da;

Table 2.1. The dependence of the factor r on the refractive index n

n r n r n r

1.333 0.0664 1.5 0.0918 1.7 0.1203

1.35 0.0691 1.55 0.0991 1.9 0.1475

1.4 0.0768 1.6 0.1063 2.0 0.1606

1.45 0.0844 1.65 0.1133 2.1 0.1734
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where Qabs is the absorption efficiency factor. The value of Qabs depends on the spectral
refractive index of aerosol particles and also on the size parameter x ¼ 2pa=k . The cor-
responding theoretical dependence is quite complicated (van de Hulst, 1957).

Namely, it follows that

Qabs ¼ Qext � Qsca;

where, according to Mie theory,

Qext ¼ 2

x2

X1
n¼1

2nþ 1ð ÞRe an þ bnð Þ;

Qsca ¼ 2

x2

X1
n¼1

2nþ 1ð Þ anj j2þ bnj j2
h i

:

Here,

an ¼ w0n yð Þwn xð Þ � mwn yð Þw0n xð Þ
w0n yð Þnn xð Þ � mwn yð Þn0n xð Þ ;

bn ¼ mw0n yð Þwn xð Þ � wn yð Þw0n xð Þ
mw0n yð Þnn xð Þ � wn yð Þn0n xð Þ ;

m ¼ n� iv is the relative refractive index of a particle (m ¼ mp=mh, mp and mk

are the refractive indices of a particle and a host medium respectively), y ¼ mx,

x ¼ 2pa
k

, a is the radius of a particle, k is the incident wavelength in a host nonabsorbing

medium, wn xð Þ ¼
ffiffiffiffiffi
px
2

r
Jðnþ1=2Þ xð Þ; nn xð Þ ¼

ffiffiffiffiffi
px
2

r
H ð2Þnþð1=2Þ xð Þ; Jnþð1=2ÞÞ and H ð2Þnþð1=2Þ are

Bessel and Hankel functions.

For two-layered particles, the amplitude coefficients an and bn take the following forms:

an ¼
wn yð Þ w0n m2yð Þ � Anv0n m2yð Þ
 �� m2w0n yð Þ wn m2yð Þ � Anvn m2yð Þ½ �
nn yð Þ w0n m2yð Þ � Anv0n m2yð Þ
 �� m2n

0
n yð Þ wn m2yð Þ � Anvn m2yð Þ½ � ;

bn ¼
m2wn yð Þ w0n m2yð Þ � Bnv0n m2yð Þ
 �� w0n yð Þ wn m2yð Þ � Bnvn m2yð Þ½ �
m2nn yð Þ w0n m2yð Þ � Bnv0n m2yð Þ
 �� n0n yð Þ wn m2yð Þ � Bnvn m2yð Þ½ � ;

where

An ¼ m2wn m2xð Þw0n m1xð Þ � m1w0n m2xð Þwn m1xð Þ
m2vn m2xð Þw0n m1xð Þ � m1v0n m2xð Þwn m1xð Þ ;

Bn ¼ m2wn m1xð Þw0n m2xð Þ � m1wn m2xð Þw0n m1xð Þ
m2v0n m2xð Þwn m1xð Þ � m1w0n m1xð Þvn m2xð Þ

and m1;m2 are relative to a host medium refractive indices of a core and shell respectively,
x ¼ ka; y ¼ kb; k ¼ 2pk, a is the radius of a core, b is the radius of a particle. Numerical
calculations using equations shown above and also corresponding computer codes are dis-
cussed by Bohren and Huffman (1983) and also by Babenko et al. (2003).
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The results of numerical calculations of Qabs using Mie theory are shown in Fig. 2.4(a)
for the same range of parameters n and x as in Fig. 2.1. It was assumed that the imaginary
part of the refractive index is equal to 0.008. Single-scattering albedo calculated for the
same conditions as in Fig. 2.4(a) is presented in Fig. 2.4(b). It follows that single-scattering
albedo generally increases with the size of particles.

Often approximate relations for the local optical parameters of an aerosol medium are
used. They make it possible to avoid tedious numerical calculations and to make quick
estimates of corresponding optical parameters. Introducing the volumetric concentration
of particles, c ¼ NV ; one derives for absorbing particles with radii much smaller than the
wavelength:

kabs kð Þ ¼ cD nð Þa kð Þ:
This expression differs from that for homogeneous media without scattering due to the
presence of the coefficient D: This coefficient (see above) is equal to one at n ¼ 1, as
it should be. It is equal to 0.5 at n ¼ 2: Therefore more reflective particles are less absorb-
ing. For the typical value of n ¼ 1:7 (soot), we have: D ¼ 0:7.

The complication is due to the fact that very small soot grains with sizes of about 50 nm
agglomerate in long chains. Then the dimension of this complex particle becomes too large
and the approximation described above cannot be used. Also Mie theory cannot be applied

Fig. 2.4(a). Dependence of the absorption efficiency factor on the size parameter and refractive index of
aerosol particles calculated using Mie theory at the imaginary part of the refractive index equal to 0.008.
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due to the nonsphericity of the resulting particle. There are indications (Berry and Percival,
1986) that aggregation will increase the absorption cross-section of a particle as compared
to the case of the sum of cross-sections of isolated soot grains. Such an enhancement also
occurs if soot grains are incorporated inside large nonabsorbing particles. This is due to the
focusing effect of a nonabsorbing aerosol particle or a fog droplet. This means that the
density of electromagnetic radiation increases inside the particle as compared to the free
space. This leads to enhanced absorption by internal scatterers.

The dependence of the absorption efficiency factor on the size of particles is given in
Fig. 2.5. It follows from this figure, and also from the discussion given above, that the
absorption efficiency factor generally increases with the size of particles from its value
for Rayleigh scattering ( Qabs ¼ 4Daa=3Þ to its asymptotic value equal to 1� r (see
Table 2.1), valid as x!1 and vx!1. Oscillations seen in Fig. 2.5 around the size
parameter 10 are due to interference effects. They damp down at x ¼ 20 because in
this case the attenuation of the electromagnetic waves on the diameter of a particle cannot
be neglected for the range of v shown in Fig. 2.5. Generally, the absorption increases with
the refractive index. However, the opposite is true in the asymptotic regime because
Qext ¼ 1� r then and the reflectivity r increases with n (see Table 2.1). This leads to
the decrease of the portion of energy, which can penetrate into particles and be absorbed

Fig. 2.4(b). Dependence of the single-scattering albedo on the size parameter and refractive index of
aerosol particles calculated using Mie theory at the imaginary part of the refractive index equal to 0.008.
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there. Hence, the absorption efficiency factor decreases with n for large, strongly absorb-
ing particles.

2.4 Scattering

The theoretical description of light scattering by atmospheric aerosol is much more com-
plex as compared to absorption and extinction. This is related to the fact that it is not
enough just to have information on the aerosol scattering coefficient ksca ¼ NCsca, which
is close to kext for atmospheric aerosol in most cases; it also is of importance to understand
the angular distribution of scattered energy for a given local volume of an aerosol medium.

The dependence of scattering efficiency factor Qsca and also efficiency factors Qabs,
Qext on the size parameter is shown in Fig. 2.6 at n ¼ 1:45� 0:005i. For small size para-
meters, the absorption is small and Qsca � Qext . However, with the growth of particles,
Qabs increases andQsca deviates from Qext more and more. The scattering efficiency factor
reaches its asymptotic valueQsca ¼ 1þ r from above as x!1, vx!1. Oscillations on
curves are due to interference of electromagnetic waves (e.g., diffracted and transmitted).
Oscillations damp with the increase of absorption. These oscillations are difficult to ob-
serve for natural aerosols because the interference is destroyed by the polydispersity of
particles and also because solar light is far a way from an idealized coherent monochro-
matic incident beam assumed in calculations shown in Fig. 2.6. One can conclude from
Fig. 2.6 that the asymptotic regime (Qabs ¼ 1� rÞ is reached more quickly for the absorp-

Fig. 2.5. Dependence of the absorption efficiency factor of spherical scatterers on the size parameter
x = ka at refractive indices 1.45–0.005i and 1.53–0.008i.
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tion efficiency factor as compared to the scattering efficiency factor. Clearly, it follows that
Qext ¼ Qabs þ Qsca ! 2 from above as x!1. Mie calculations show that Qext can be
described by the following approximate equation in the vicinity of the asymptotic regime:
Qext ¼ 2ð1þ x�2=3Þ: Accurate estimates of Mie efficiency factors in the vicinity of the
asymptotic regime are given by Nussenzveig and Wiscombe (1980) on the basis of the
complex angular momentum theory (Nussenzveig, 1992). The color map of Qsca calcu-
lated for the same conditions as in Fig. 2.4(a) is given in Fig. 2.7.

In the majority of cases, the distribution of scattered light around the ensemble of par-
ticles is azimuthally symmetrical (with respect to the incident light direction). Therefore,
this distribution can be described using the single angle equal to zero in the direction of
forward scattering and p in the backward direction. This angle is called the scattering angle
h. The notion of the phase function p hð Þ is introduced to describe the angular distribution
of the scattered light energy. The value of p hð ÞdX /4 p gives a conditional probability of
light scattering in the solid angle dX ¼ sin h dh df. Therefore, it follows that

1

4p

Z2p
0

df
Zp
0

p hð Þ sin h dh ¼ 1

or

1

2

Zp
0

p hð Þ sin h dh ¼ 1;

Fig. 2.6. Dependence of Mie efficiency factors on the size parameter x = ka at the refractive index
1.45–0.005i.

2.4 Scattering 31



where we assumed the azimuthal independence of scattering by an aerosol medium. In
some aerosol optics applications, the angular distribution of scattered light is represented
by just one parameter such as the asymmetry parameter

g ¼ 1

2

Zp
0

p hð Þ cos h sin h dh;

the backscattering fraction

b ¼ 1

2

Zp
p=2

p hð Þ sin h dh;

the forward-scattering fraction f ¼ 1� b, their ratio g ¼ b=f , the average squared scatter-
ing angle:

h2
�  ¼ Z

p

0

pðhÞ h2 sin h dh;

Fig. 2.7. Dependence of the scattering efficiency factor on the size parameter and refractive index of
aerosol particles calculated using Mie theory at the imaginary part of the refractive index equal to 0.008.
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etc. Clearly, these various characteristics are interrelated because they are determined by
the same function p hð Þ. In particular, it follows for highly extended in the forward direction
phase functions: g ¼ 1� h2

� 
=4. Andrews et al. (2006) gave the following parameteriza-

tion of the asymmetry parameter with respect to b:

g ¼ 0:9893� 7:143889b3 þ 7:464439b2 � 3:96356b:

This expression was derived for the special case of the Henyey–Greenstein (HG) phase
function given as

p hð Þ ¼
X1
j¼0

2jþ 1ð ÞgjPj cos hð Þ

or in the closed form:

p hð Þ ¼ 1� g2

1þ g2 � 2g cos hð Þ3=2
:

Here Pj cos hð Þ is the Legendre polynomial. The values of b and g are usually in the range
0.08–0.18 and 0.5–0.7 (Fiebig and Ogren, 2006), respectively, with most probable values
around 0.12 for b and 0.6 for g in the case of atmospheric aerosol.

The HG phase function or linear combinations of these functions with different values
of the asymmetry parameter g are used frequently for studies of radiative propagation in
the aerosol media. It is difficult to calculate the phase function using the electromagnetic
theory for a particle of an arbitrary shape and, even if it can be done for a single particle, the
problem of corresponding averaging with respect to the shapes, orientations, and sizes of
particles in the local volume remains. This prompts the use of the simplified Heney–
Greenstein phase functions in corresponding mathematical modeling of radiative transfer
in aerosol media with nonspherical particles.

For spherical particles, the exact solution of the electromagnetic scattering problem is
readily available. This enables the calculation of the phase function as the function of the
size distribution, the refractive index, and the wavelength of the incident light. In parti-
cular, it follows for the case of unpolarized (e.g., solar) incident light that

p hð Þ ¼ 2p i1 hð Þ þ i2 hð Þ� �
k2Csca

;

where

is ¼
Z1
0

is að Þf ðaÞ da; s ¼ 1; 2;Csca ¼
Z1
0

Csca að Þf ðaÞ da

and

i1 hð Þ ¼
X1
l¼0

2l þ 1

lðl þ 1Þ alpl þ blslð Þ
�����

�����
2

; i2 hð Þ ¼
X1
l¼0

2l þ 1

lðl þ 1Þ blpl þ alslð Þ
�����

�����
2

;

2.4 Scattering 33



Csca ¼ 2p
k2

X1
l¼0

alj j2þ blj j2
� �

:

The angular functions pl and sl are determined via the associated Legendre function
P1
l cos hð Þ:

pl ¼ P1
l cos hð Þ
sin h

; sl ¼ dP1
l cos hð Þ
dh

:

Complex amplitude coefficients al and bl depend on the ratio of the radius of a particle to
the wavelength and also on the relative complex refractive index of scatterers as given
above. As a matter of fact, expressions given here are valid also for multi-layered spheres
except that appropriate amplitude coefficients must then be used. The results presented
here make possible the accurate calculation of phase functions of spherical polydisper-
sions.

The expression for the phase function given above can be used for the calculation of the
asymmetry parameter. It follows after correspondent analytical integration (van de Hulst,
1957) that

g ¼ 4

x2Qsca

X1
n¼1

n nþ 2ð Þ
nþ 1

Re ana
*
nþ1 þ bnb

*
nþ1

� �þ 2nþ 1

n nþ 1ð Þ Re anb
*
n

� �� �
:

The plots of g calculated using this equation in the same range of n and x as in Fig. 2.1
except at v ¼ 0; 0:008 are given in Fig. 2.8. It follows that generally g increases both with
the size of particles and with absorption.

The normalization condition of the phase function is insured by the identity:

Csca ¼ p
k2

Zp
0

i1 þ i2
� �

sin h dh:

The atmospheric aerosol is characterized by the existence of several light scattering modes
(e.g., nucleation, fine, and coarse modes). These modes generally have different size dis-
tributions and complex spectral reflective indices m kð Þ. Therefore, their phase functions
are quite different, as illustrated in Fig. 2.9, derived from the Mie theory at k ¼ 0:55 lm
using data given in Tables 1.2 and 1.6. Phase functions shown in Fig. 2.9 can be used as
building blocks for the construction of different models of atmospheric aerosol. Actually,
almost every measured phase function of atmospheric aerosol can be constructed with a
sufficient accuracy using various mixtures of functions shown in Fig. 2.9. The following
equations can be used to find the optical characteristics of a mixture of three aerosol com-
ponents:

kext ¼ ðv1kð1Þext þ v2k
ð2Þ
ext þ v3k

ð3Þ
ext Þv;

where kðiÞext ¼ C
i
ext=V

ðiÞ
is the volumetric extinction coefficient of a given aerosol mode and

V
ðiÞ ¼ ð4p=3Þ R1

0
a3fiðaÞ da is the average volume of aerosol particles, fiðaÞ is the PSD of

the i-th aerosol mode. The values of v1; v2; v3 v1 þ v2 þ v3 ¼ 1ð Þ give the volume mixing
ratios (e.g., v1 ¼ 0:29ðFMÞ; v2 ¼ 0:7ðCMÞ; v3 ¼ 0:01ðSAÞ for continental aerosols, see
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Table 1.7) and v is the total volumetric concentration of particles in the unit aerosol vo-
lume. The same mixing rule is applied to the absorption and scattering coefficients. The
mixing rule for the phase function of a mixture has the following form:



p hð Þ ¼ v1k
ð1Þ
scapð1Þ hð Þ þ v2k

ð2Þ
scapð2Þ hð Þ þ v3k

ð3Þ
scapð3Þ hð Þ

v1k
ð1Þ
sca þ v2k

ð2Þ
sca þ v3k

ð3Þ
sca

;

which underlines the fact that the scattered light intensities and not the phase functions
must be added in the process of creation of the mixture. In a similar way, we have for the
asymmetry parameter:

g ¼ v1k
ð1Þ
scagð1Þ þ v2k

ð2Þ
scagð2Þ þ v3k

ð3Þ
scagð3Þ

v1k
ð1Þ
sca þ v2k

ð2Þ
sca þ v3k

ð3Þ
sca

:

The equations given above are easily generalized for any number of aerosol models i. In
particular, one obtains for a bimodal model:

kext ¼ ðv1kð1Þext þ ð1� v1Þkð2Þext Þv; p hð Þ ¼ epð1Þ hð Þ þ ð1� eÞpð2Þ hð Þ;
where the parameter e 2 0; 1½ � is defined as

e ¼ v1k
ð1Þ
sca

v1k
ð1Þ
sca þ ð1� v1Þkð2Þsca

:

The phase functions of continental and maritime aerosol shown in Fig. 2.10 have been
obtained from phase functions presented in Fig. 2.9 using volume mixing ratios as spe-
cified in Table 1.7. The integral light scattering characteristics derived fromMie theory for
the cases illustrated in Figs. 2.9 and 2.10 are shown in Table 2.2. The results presented in
Table 2.2 can be used in theoretical modeling of radiative transfer properties of atmo-
spheric aerosols. However, one must remember that aerosol properties vary and, therefore,
they can in reality deviate considerably from the results given in Table 2.2 (see, e.g., Du-
bovik et al., 2002).

Fig. 2.10. Phase functions of continental and maritime aerosols calculated using Mie theory.
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Note that the integration with respect to the particle size distribution for the data shown
in Figs. 2.9, 2.10 and Table 2.2 was performed in the range of radii 0.005–20 lm. Math-
ematically speaking, the upper radius must be increased considerably for coarse and ocea-
nic aerosols. However, it is believed that the cutoff at large radii is really necessary for a
better representation of realistic microphysical and optical characteristics of atmospheric
aerosols. This also means that it is not enough to give the pair a0; rð Þ in the output of
aerosol particle size distribution retrieval algorithms. The upper and lower integration li-
mits also must be specified. This will enable the derivation of the average radius a and the
standard deviation D for the retrieved PSD. These characteristics can be used for the inter-
comparison of retrievals based on different assumptions on the PSD type (Junge, gamma
PSD, etc.). Actually, it is advised that the pair a; Dð Þ is reported in the outputs of corre-
sponding aerosol inversion algorithms. This is not the case at the moment, although these
characteristics represent the statistical properties of an ensemble of particles under study in
the most direct way and can be used for the intercomparison of aerosol properties derived
by different groups using diverse retrieval and measurement techniques.

2.5 Polarization

Light is composed of electromagnetic waves oscillating with a high frequency (typically,
1015 oscillations per second). An important property of any electromagnetic wave is its
polarization. Unpolarized light can be transformed to almost 100% polarized light using
the phenomena of light reflection, transmission, and scattering. A typical example is the
reflection from a plane surface at the Brewster angle equal to arctanðnÞ. Here n is the
relative refractive index of a surface. The light reflected at this angle becomes completely
polarized in the plane perpendicular to the plane of incidence holding the incident and
reflected beams. Dipole scattering produces 100% linearly polarized at the scattering an-
gle equal to p=2: Clearly, polarization effects play an important role in atmospheric optics
in general and in aerosol optics in particular (Gorchakov, 1966). They are sensitive to both
the size and refractive index of particles. Also polarization characteristics of reflected light
are influenced by the shape and internal structure of scatterers. Therefore, they enable the
solution of a number of inverse aerosol optics problems including aerosol remote sensing
from aircraft, space and ground (Chowdhary et al., 2005).

Usually the polarization of a scattered light beam is represented in terms of Stokes
parameters defined as

Table 2.2. Microphysical and integral light scattering characteristics of different aerosol types at
k = 550 nm

Aerosol type a0, nm r n v b g x0

Fine 5 1.095 27 1.53 0.006 0.1098 0.6281 0.9569

Coarse 500 1.095 27 1.53 0.008 0.0380 0.8689 0.6659

Oceanic 300 0.920 28 1.38 0.0 0.0642 0.7851 1.0

Soot 11.8 0.79 1.75 0.44 0.2681 0.3366 0.2088

Continental – – – – 0.1057 0.6451 0.8816

Maritime – – – – 0.0753 0.7430 0.9890
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I ¼ Il þ Ir;Q ¼ Il � Ir;U ¼ Jl þ Jr;V ¼ iðJl � JrÞ;
where Il ¼ hElE*

l i, Ir ¼ hErE*
r i, Jl ¼ hElE*

r i, Jr ¼ hErE*
l i. Here ElðrÞ are components of the

electric vector parallel ðlÞ and perpendicular ðrÞ to the scattering plane and the averaging
with respect to the spatial and temporal constant of a receiver is denoted by the angle
brackets. The common constant multiplier in the definition of Stokes parameters is
omitted. The Stokes parameters enable the determination of the degree of linear polariza-
tion:

Pl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þ U 2

p
I

:

It follows at U ¼ 0: Pl ¼ �Q=I :The choice of the sign is such that the degree of polar-
ization for molecular scattering ðQ < 0Þ is the positive number. Also one can define the
total degree of polarization:

P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þ U2 þ V 2

p
I

and the degree of circular polarization Pc ¼ V=I : Clearly, it follows that

P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
c þ P2

l

q
:

The Stokes vector of the partially polarized light beam can be presented as the sum of the
Stokes vector Sp PI ;Q;U ;Vð Þ of completely polarized light and the Stokes vector
Su ð1� PÞI ; 0; 0; 0ð Þ of unpolarized light. The ellipticity of radiation is defined as
b ¼ ð1=2Þ arcsinðV=IÞ and v ¼ ð1=2Þ arctanðU=QÞ is the angle describing the orientation
of the ellipse of polarization. The pair b; vð Þ is used in the optical diagnostic of various
surfaces (e.g., the determination of their optical constants). In a similar way they can be
used in the development of the aerosol ellipsometry either in the laboratory or in field
studies (Kokhanovsky, 2003). The technique is highly sensitive both to real and imaginary
parts of the refractive index of scatterers.

Analytical calculations in the field of polarization optics are simplified, if not the Stokes
vector but rather the density matrix

q ¼ ~EE 
 ~EEþ

is used. The plus sign means the simultaneous operation of transportation and conjugation.
The direct product as given above means that q is a 2� 2 matrix of the following form:

q ¼ Il Jl
Jr Ir

� 	
:

Now we take into account that electric vectors of scattered ðsÞ and incident ðiÞ waves can
be represented as follows:

Es
l

Es
r

� 	
¼ Aŝs

Ei
l

Ei
r

� 	
;
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where A ¼ �i expðikðz� rÞÞ=kr, r is the distance to the observation point and z is the
coordinate along the direction of light incidence. ŝs is the so-called amplitude scattering
matrix, which has the following form for the case studied (van de Hulst, 1957):

ŝs ¼ s11 0
0 s22

� 	
;

where

s11 ¼
X1
l¼0

2l þ 1

lðl þ 1Þ blpl þ alslð Þ; s22 ¼
X1
l¼0

2l þ 1

lðl þ 1Þ alpl þ blslð Þ:

Taking into account the definition of the density matrix, we derive:

q � ~EE 
 ~EEþ ¼ ŝs~EEi 
 ŝs~EEi

� �þ
k2r2

or

q ¼ ŝsqiŝs
þ

k2r2
:

This expression shows how the density matrix of the scattered light beam q can be repre-
sented in terms of the density matrix of the incident light beam qi. Let us find a so-called
scattering matrix M̂M , which transforms the Stokes vector of incident light ~SS0 to the Stokes
vector of the scattered light ~SS:

~SS ¼ F̂F

k2r2
~SS0:

For this, we note that the density matrix can be represented in the following form:

q ¼ 1

2
Ir1 þ Qr2 þ Ur3 þ Vr4½ �;

where

r̂r1 ¼ 1 0
0 1

� 	
; r̂r2 ¼ 1 0

0 �1
� 	

; r̂r3 ¼ 0 1
1 0

� 	
; r̂r4 ¼ 0 �i

i 0

� 	
:

Therefore, we have for the components of the Stokes vector ðS1 ¼ I ; S2 ¼ Q; S3 ¼ U ;
S4 ¼ VÞ:

Sj ¼ Tr r̂rjq̂q
� �

;

where Tr is the trace operation. Also it follows that

q0 ¼
1

2

X4
k¼1

I0kr̂rk

and, therefore,

Sj ¼ 1

k2r2
FjkS0k;
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where

Fjk ¼ 1

2
Tr r̂rjŝsr̂rkŝs

þ� �
are elements of 4 � 4 scattering matrix F̂F. This establishes the law of transformation of the
Stokes vector of the incident light due to the scattering process. We see that the dimen-
sionless 4� 4 transformation matrix F̂F is determined solely by the 2 � 2 amplitude scat-
tering matrix ŝs. Simple calculations give for nonzero elements of this matrix for spheres:

F11 ¼ F22 ¼ 1

2
i1 þ i2ð Þ;

F12 ¼ F21 ¼ 1

2
i1 � i2ð Þ;

F33 ¼ F44 ¼ Re s11s
*
22

� �
;

F34 ¼ �F43 ¼ Im s11s
*
22

� �
;

where i1 ¼ s11s*11; i2 ¼ s22s*22. One can represent snn in the exponential form:
snn ¼ yn expð�iunÞ, where yn and un are real numbers and n ¼ 1; 2. Then it follows:
F11 ¼ ðy21 þ y22Þ=2, F12 ¼ ðy21 � y22Þ=2, F33 ¼ y1y2 cosf, F34 ¼ y1y2 sinf, where
f ¼ u1 � u2. It can be easily verified that F2

11 ¼ F2
12 þ F2

34 þ F2
44, which reflects the im-

portant property of monodispersed spherical particles: they do not change the total degree
of polarization or, therefore, the entropy of incident completely polarized light beam. This
is not the case for nonspherical particles or for spherical polydispersions. Note that it fol-
lows for randomly oriented nonspherical particles that F22 6¼ F11; F33 6¼ F44.

In multiple light scattering studies, not the matrix F̂F but the normalized phase matrix

P̂P ¼ 4p
k2Csca

F̂F

is usually used. The element P11 coincides with the phase function. Also it is useful to
introduce the normalized scattering matrix having elements fij ¼ Fij=F11. It follows for
spheres that

f11 ¼ f22 ¼ 1;

f12 ¼ f21 ¼ i1 � i2
i1 þ i2

;

f33 ¼ f44 ¼
Re S1S*2
� �

i1 þ i2
;

f34 ¼ �f43 ¼
Im S1S*2
� �

i1 þ i2

with all other elements equal to zero. It follows for the monodispersed spherical particles
from the discussion given above that f 212 þ f 234 þ f 244 ¼ 1. This means that for a complete
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description of light scattering process by a single spherical aerosol particle one needs to
have just three functions, e.g., p hð Þ, f12 hð Þ, and f44 hð Þ. Then it follows that
f34 hð Þ ¼ 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f 212 � f 244

p
and the sign coincides with the sign of f . So the measurements

of angular distributions of light scattered intensity and degree of polarization for unpo-
larized incident light ðf12Þ and also the degree of circular polarization f44ð Þ of incident
circularly polarized light (Kokhanovsky, 2003) are needed. The underlying reason for
this is quite clear. Indeed, the scattering process is described by the complex amplitude
scattering matrix elements s11 hð Þ and s22 hð Þ in the case of spherical particles composed of
isotropic substances (e.g., characterized by the scalar and not the tensor dielectric permit-
tivity). So, in total four numbers are needed, for example, in microwave scattering experi-
ments. However, the nature of optical measurements is such that Stokes vector components
and not the amplitude scattering matrix elements can be measured (Stokes, 1852; Perrin,
1942, Chandrasekhar, 1950; Rozenberg, 1955). These elements are quadratic with respect
to the electromagnetic field. Therefore, only modules of s11 hð Þ and s22 hð Þ and their relative
phase as discussed above enter the theory of scattered light fields.

We present the values of the phase function P11 hð Þ, the degree of polarization
Pl ¼ �f12, and also f33 ¼ f44, f34 ¼ �f43 in Fig. 2.11. Calculations have been performed
at n ¼ 1:53� 0:008i for various sizes of spherical monodispersed particles
ðx 2 0:01; 100½ �Þ. One concludes that values of the phase function are quite small in
the range of scattering angles 90–150 degrees, with some increase and also larger varia-
bility depending on the size in the backscattering region. The white color in Fig. 2.11(a)
corresponds to values of the phase function larger than one. This is mostly the case for
forward-scattering region. The degree of polarization is quite low (green color in
Fig. 2.11(b)) except in the vicinity of the backscattering direction, where Pl switches
the sign depending on x, and also at the rainbow region (around h � 100�Þ, where the
area of high positive polarization is located. One concludes from Fig. 2.11(c) that the de-
gree of polarization of incident circularly polarized light is hardly changed in the forward
direction. It changes sign (opposite sense of rotation as compared to the incident beam)
around the 125-degree scattering angle (blue color in Fig. 2.11(c)). The element f34 shown
in Fig. 2.11(d) gives the linear-to-circular light polarization conversion strength (Kokha-
novsky, 2003) by aerosol particles. It follows from this figure that the probability of such
conversion is low (except the backscattering region, see blue color).

The elements of the normalized scattering matrix of water aerosol calculated using Mie
theory for spherical polydispersions and also measured in the laboratory at the laser wa-
velengths 441.6 and 632.8 nm are given in Fig. 2.12. It follows from this figure that Mie
theory can be successfully used for the theoretical interpretation of corresponding polari-
metric experiments in the field of aerosol optics. Lines correspond to calculations for the
lognormal PSD with an effective radius of 1.1 lm and an effective variance equal to 0.5 at
a refractive index equal to 1.33.

In situ measurements of the aerosol angular scattering coefficient D km�1sr�1ð Þ and
also the normalized phase matrix elements ~ff21 ¼ f12 ~ff33 ¼ f33 ~ff43 ¼ �f34 are given in
Fig. 2.13. There are large differences in the angular functions given in Figs. 2.12 and 2.13,
which are due to different sizes and refractive indices of particles. Note that the measure-
ments presented at the left part of Fig. 2.13 are best fitted by the Deirmendjian’s haze
L model of PSD (Deirmendjian, 1969) except with the change of mode radius to
0.11 lm and a refractive index of 1.37. Measurements at the right part of Fig. 2.13 are
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Fig. 2.12. Experimentally measured phase functions and normalized phase matrix elements of water
aerosol (symbols) at laser wavelengths 441.6 and 632.8 nm. The lines give the results of the fit using
Mie theory (Volten et al., 2001).
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best fitted using slightly smaller values of am and n (0.1 lm and 1.35, respectively). The
good fit of the angular functions D hð Þ can be achieved assuming the scattering coefficient
ksca ¼ 1:5 km�1 for the measurements at the left part of the figure and ksca ¼ 1:7 km�1 at
the right part of the figure. One can see that the fit of measurements byMie theory is better
in Fig. 2.12 as compared to Fig. 2.13. This can be explained by the fact that monomodal
spherical polydispersions are not adequate for the explanation of the experimental mea-
surements shown in Fig. 2.13. The use of bimodal distributions of polydispersions having
different mode radii and also refractive indices can improve the fit. The presence of non-
spherical particles cannot be ruled out either. The measurements shown in Fig. 2.13 have

Fig. 2.13. Experimentally measured phase function and normalized phase matrix elements of atmo-
spheric haze (solid lines) at 550 nm. The broken lines give the results of the fit using Mie theory (Gorch-
akov et al., 1976).
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Fig. 2.14(a). The same as in Fig. 2.9 except for the degree of linear polarization of singly scattered light
assuming unpolarized light illumination conditions.
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been performed in situ in a rural area close to Moscow under conditions of a stable atmo-
spheric haze (Gorchakov et al., 1976).

The degree of polarization P � �f12 for the aerosol models shown in Table 2.2 is given
in Fig. 2.14(a). It follows that the value of P is larger for fine mode aerosols and also for
soot, which shows a polarization curve similar to that for molecular scattering, which is
given by sin2 h=ð1þ cos2 hÞ. The polarization curves given in Fig. 2.14(a) are very diffe-
rent and, therefore, they can be used for the identification of the predominant aerosol type.
Elements f33 and f34 are shown in Figs. 2.14(b) and (c), respectively. Calculations were
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Fig. 2.14(b). The same as in Fig. 2.9 except for f33.
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Fig. 2.14(c). The same as in Fig. 2.9 except for f34.
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carried out for the same conditions as in Fig. 2.14(a). The physical meaning of the element
f44 ¼ f33 is the degree of circular polarization Pc of scattered light under the illumination of
an aerosol medium by right-hand completely circular polarized light (Kokhanovsky,
2003). It follows from Fig. 2.14(b) that the scattering process in the forward direction
hardly changes the degree of polarization or the direction of a rotation of circularly po-
larized light beam. At exactly 180 degrees, the absolute value of the degree of circular
polarization is equal to one, as it is for incident light. However, the sense of rotation
is opposite to that in the incident beam. The value of Pc vanishes at some scattering angles
depending on the aerosol model (see Fig. 2.14(b)). This feature can be used for the iden-
tification of the aerosol type. In particular, the value of Pc for oceanic aerosol undergoes
rapid changes at scattering angles larger than 160 degrees.

The value of f34 (see Fig. 2.14(c)) can be also interpreted as the degree of circular po-
larization of scattered light for incident linearly polarized light (with the azimuth �45
degrees). Therefore, f34 shows the linear-to-circular polarized light conversion efficiency.
Usually, such a conversion has a low efficiency with Pcj j smaller than 30% in the forward
hemisphere (see Fig. 2.14(c)). However, in the backward hemisphere, there are regions,
where the value of Pcj j is quite large and can reach 0.8 at the scattering angle 142 degrees,
for example, in the vicinity of the angular range, where the rainbowoccurs. Maxima of Pcj j
shown in Fig. 2.14(c) for oceanic and coarse aerosol modes are shifted with respect to each
other due to the different values of the real part of the refractive index of soil and oceanic
aerosols.

We show the degree of polarization given by �f12 and also f33, f34 for continental and
maritime aerosols calculated using the data shown in Figs. 2.14(a), (b) and (c) and mixing
ratios presented in Table 2.2 and Figs. 2.15(a), (b) and (c). It follows from comparisons of
Figs. 2.15 and Figs. 2.14 that the scattering matrix of continental aerosol behaves similar
by to the fine mode aerosol scattering matrix and that that for the maritime aerosol is very

Fig. 2.15(a). The same as in Fig. 2.10 except for the degree of linear polarization of singly scattered light
assuming unpolarized light illumination conditions.
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close to the oceanic aerosol model. Also it follows that the behavior of scattering matrix
elements differs for continental and maritime aerosol considerably (especially, in the back-
ward hemisphere). This can be used, for example, for the identification of the aerosol type.

It follows from Fig. 2.15(b) that the degree of circular polarization vanishes, for exam-
ple, at 175 degrees for maritime aerosol. This, however, does not mean that the light be-
comes completely unpolarized. Apart from the depolarization, a process of circular-to-lin-
ear polarization conversion takes place at this angle.

Fig. 2.15(b). The same as in Fig. 2.10 except for f33.

Fig. 2.15(c). The same as in Fig. 2.10 except for f34.
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Chapter 3. Multiple light scattering in aerosol media

3.1 Radiative transfer equation

The average sizes of most aerosol particles are of the order of the visible light wavelength.
This means that optical methods are very suitable for studies of atmospheric aerosol. How-
ever, apart from the nonsphericity and also inhomogeneity of particles yet another problem
arises. One needs to account for multiple light scattering to characterize processes of light
transmission, reflection and diffusion in aerosol layers. This problem is quite complex in
mathematical terms (Mishchenko et al., 2002). It is treated usually in the simplified frame-
work of radiative transfer theory. It means that instead of manipulating with electromag-
netic fields ~EE, one considers the transformation of the Stokes vector of the incident light by
an aerosol medium. This enables the description of almost all possible experimental mea-
surements in the field of aerosol optics. We start from the consideration of the scalar ra-
diative transfer equation for the intensity of light field ignoring polarization effects. Also it
is assumed that the scattering medium is isotropic, that scatterers are situated at large dis-
tances one from another and that there are no nonlinear effects (e.g. dependencies kextðItÞ,
It is the light intensity), time-dependent effects (e.g., propagation of laser pulses) and fre-
quency change in the scattering processes. Also the possible effects of stimulated emission
(e.g., lasing in aerosol media) are omitted. Even with so many simplified assumptions, the
radiative transfer equation (RTE) has the following complicated form:

ð~nn ~gradgradÞIt ~rr;~nnð Þ ¼ �kextIt ~rr;~nnð Þ þ ksca
4p

Z
4p

p ~nn;~nn0ð ÞIt ~rr;~nn0ð Þ d~nn0 þ B0 ~rr;~nnð Þ;

where ~rr ¼ x~llx þ y~lly þ z~llz is the radius-vector of the observation point, the vector
~nn ¼ l~eex þ m~eey þ n~eez determines the direction of beam with the intensity It, B0 ~rr;~nnð Þ is
the internal source function. This function describes internal (e.g., thermal) sources of
radiation. The physical meaning of this equation is quite simple: the change in the light
intensity (the derivative) in the direction~nn at the point with the radius-vector~rr is due to the
extinction (�kextItÞ and scattering (the integral)/emission (B0Þ processes. The phase func-
tion p ~nn;~nn 0ð Þ describes the strength of light scattering from the direction~nn 0 to the direction
~nn by a local volume of an aerosol medium and the corresponding integral accounts for the
total contribution of the scattered light from all directions to the direction ~nn at the point
with the radius-vector ~rr.

The physical nature of propagating particles (e.g., neutrons, electrons, photons, etc.) in
various media can be different and, therefore, the physical meaning of ksca, kext, and p hð Þ
and also physical theories used for their calculations can be quite different, although the



multiple light scattering effects are correctly described by the RTE given above indepen-
dently of the physical nature of the problem.

This integro-differential equation, which involves integration with respect to the vector
~nn0 and the directional derivative along the path L

ð~nn � ~gradgradÞItð~rr;~nnÞ � dItð~rr;~nnÞ
dL

enables the description of 3-D radiative transfer in aerosol media of arbitrary shapes.
This equation can be solved using either Monte Carlo techniques or various grid techni-
ques, which substitute summation for the integration with the reduction of the general
problem to the solution of the system of inhomogeneous differential equations. There
are a number of standard mathematical techniques and codes available online for the
solution of differential equations and their systems (e.g., the 3-D radiative transfer
code of Evans (1998) is available online; see, for example, http://en.wikipedia.org/
wiki/List of atmospheric radiative transfer codes).

To better understand the internal structure of radiative transfer theory, we consider the
much simpler case of 1-D radiative transfer. This problem not only is of importance from
the methodological point of view but also has a lot of practical applications. In particular,
current satellite aerosol remote sensing from space is based exclusively on 1-D RTE. In a
way, 1-D theory serves a role similar to that of Mie theory in single light scattering by
particles. It enables fast calculations and captures the main physical dependencies. The
analytical theory and numerical procedures of 1-D radiative transfer are highly developed
and mature enough to use in the solution of most practical problems arising in field of
optical engineering and also in the related areas of applied optics.

1-D theory assumes that a horizontally homogeneous plane-parallel layer of a finite
optical thickness s0 can be substituted for the scattering aerosol layer. The value of s0
is defined as an integral of the extinction coefficient along the vertical coordinate inside
the scattering layer. The scattering layer is infinite in the horizontal direction. Its micro-
physical and optical properties can vary in the vertical direction, however. Here, we will
consider only a simplified case of a vertically homogeneous layer, which can be charac-
terized by a single value of the single scattering albedo, the extinction coefficient kext and
the phase function p hð Þ, which is the same at any point in the medium. Therefore, it follows
that s0 ¼ kextL, where L is the geometrical thickness of the layer. Complications arising
due to vertical inhomogeneity of the medium are addressed in a comprehensive work of
Yanovitskij (1997). Also it is assumed that a layer is uniformly illuminated on its top by a
unidirectional light beam. So the case of illumination by narrow beams (e.g., laser) at a
given point of an aerosol boundary is not considered. For simplicity, we assume that there
are no thermal sources of radiation in the medium.

Then the main equation of the theory can be written in the following form (Sobolev,
1975):

cos W
dIt s; W;fð Þ

ds
¼ �It s; W;fð Þ þ Bt s; W;fð Þ;

where

Bt s; W;fð Þ ¼ x0

4p

Z2p
0

df0
Zp
0

It s; W
0;f0ð Þp h0ð Þ sin W0 dW0
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is the source function and It s; W;fð Þ is the total light intensity at the optical thickness s in
the direction (W;fÞ. The complication arises due to the fact that Bt depends on the light
intensity It. Here x0 ¼ ksca=kext is the single scattering albedo, p hð Þ is the phase function,
s ¼ kextz is the optical depth, z is the vertical coordinate (see Fig. 3.1 for the definition of
the coordinate system), W is the observation angle, and f is the azimuth. The phase func-
tion p hð Þ describes the conditional probability of light scattering from the direction spe-
cified by the pair W0;f0ð Þ to the direction W;fð Þ. One can derive, using spherical trigo-
nometry:

cos h0 ¼ cos W cos W0 þ sin W sin W0 cos f� f0ð Þ:
Therefore, the physical problem of light diffusion in an aerosol medium is reduced to the
solution of the integro-differential equation given above for a priori known values of x0

and the phase function p hð Þ. The solution must be found in an arbitrary direction specified
by the pair ðW;fÞ at any value of s inside of the medium and also at its boundaries (e.g.,
s ¼ 0 at the illuminated top of an aerosol layer and s ¼ s0 at the bottom of the layer; see
Fig. 3.1). The size, shape, internal structure, and refractive index of aerosol particles de-
termine the values of s0 ¼ kextL, x0 and the phase function p hð Þ. These parameters can be
calculated using, for example, Mie theory, as described in the previous chapter, both for
monodispersed spheres and also for the spherical polydispersions including multimodal
size distributions of aerosols having different physical origins and chemical compositions.
Also advanced mathematical theories for cases of nonspherical particles can be used (Mis-
hchenko et al., 2002). This separation of calculations of single scattering and absorption

Fig. 3.1. The geometry of the problem.
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effects for the local unit volume of an aerosol layer from the calculation of global optical
properties such as the total light scattering intensity and, therefore, also transmission and
reflection coefficients of an aerosol layer is an important feature of the radiative transfer
theory rooted in a number of simplified assumptions required in the derivation of RTE
from the Maxwell theory (Mishchenko, 2002). One such assumption is the possibility
of neglecting close-packed media effects (Kokhanovsky, 2004a), which is fortunately
the case for aerosol optics problems. For instance, it follows that the volume concentration
of aerosol particles, defined as the product of their number concentration and the average
volume, is just � 4 � 10�9, if one assumes N ¼ 106 particles of a radius 0.1 lm in a cubic
centimeter of air. Usually the values of N and, therefore, their volumetric concentration are
much smaller than that. So in reality, the volumetric concentration of particles and, there-
fore, the distance between them are much larger than the diameter of an aerosol particle
and also the wavelength of visible light. These important conditions allow for a consider-
able simplification of aerosol optics problems as compared to those arising, for example,
in the problems of radiative transfer in close-packed media such as soil, snow, and white-
caps. As a matter of fact, one can perform studies in the field of radiative transfer not
referring to the exact physical meaning of local characteristics such as x0; s0; and
p hð Þ. For instance, as emphasized above the same equation can be applied for studies
of the neutron transport and also for understanding the diffusion of fast charged particles
in condensed matter. The only difference will be that constants x0 and s0 and also the
function p hð Þ are determined by physical laws different from those underlying light scat-
tering by aerosol particles. This multidisciplinary nature of the radiative transfer theory
and its applicability to a great range of physical problems is the most important underlying
reason for great developments in the field achieved in the 20th century with contributions
from scientists working in very diverse research fields.

3.2 The diffuse light intensity

It is of advantage to represent the total light intensity in the following form:

It s; W;fð Þ ¼ pI0 exp � s
cos W0

� 	
dð~XX� ~XX0Þ þ I s; W;fð Þ

where pI0 is the incident radiative flux per unit area normal to the beam. The first term
represents the attenuation of the incident direct light beam in the direction ~XX W;fð Þ co-
inciding with the direction ~XX0 W;fð Þ of an incident beam, which is ensured by the delta
function dð~XX� ~XX0Þ. The second term represents the so-called diffuse light intensity
I s; W;fð Þ. Therefore, the equation given above enables the separation of the total intensity
into two components: the diffuse light intensity, which is a slow changing function of an-
gles, and a very peaked angular function describing the direct attenuated light beam. Such
a separation enables the simplification of corresponding numerical procedures for the cal-
culation of light fields in aerosol media as compared to the direct calculation of the total
intensity It s;W;fð Þ.

It is easy to derive the following equation for the diffuse light intensity from the general
RTE using the separation procedure underlined above and also the well known properties
of the delta function:
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cos W
dI s; W;fð Þ

ds
¼ �I s; W;fð Þ þ B s; W;fð Þ;

where

B s; W;fð Þ ¼ x0

4p

Z2p
0

df0
Zp
0

I s; W0;f0ð Þp h0ð Þ sin W0 dW0 þ x0I0
4

p hð Þ expð�s= cos W0Þ;

where cos h ¼ cos W cos W0 þ sin W sinW0 cos fð Þ and we assumed that f0 ¼ 0. This is the
main equation to be solved. For the completeness of the mathematical problem, we need to
specify the boundary conditions. We will assume that the aerosol layer is situated in va-
cuum over a black underlying surface. This means that the diffuse light has no chance to
enter the top of the layer ðs ¼ 0Þ from above and the bottom of the layer ðs ¼ s0Þ from
below. Therefore, boundary conditions can be presented in the following form:

I 0; W; W0; uð Þ ¼ 0 at W <
p
2
;

I s0; W; W0; uð Þ ¼ 0 at W >
p
2
:

The differential equation for the diffuse intensity given above can be solved analytically.
The answer is:

I s; g; n;fð Þ ¼ e�s=g

g

Zs
0

B s0; g; n;fð Þ es0=g ds0 at g > 0

for the downward intensity and

I s; g; n;fð Þ ¼ es=g

g

Zs
s0

B s0; g; n;fð Þ es0=g ds0 at g < 0;

for the upward intensity, where we accounted for boundary conditions and
g ¼ cos W; n ¼ cos W0. Also, we define l ¼ gj j; l0 ¼ nj j. It follows in terms of these

angles: cos h ¼ �1ð Þlll0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� l2Þð1� l20Þ

p
cosf, where l ¼ 1 for the reflected light

and l ¼ 2 for the transmitted light, respectively. If the function B s0; g; n;fð Þ is known, these
two equations can be used to find the diffuse light field at any point inside the aerosol
medium and also at its boundaries. The first boundary condition follows from the first
equation assuming s ¼ 0. The second boundary condition follows from the second equa-
tion assuming s ¼ s0. So both boundary conditions are satisfied.

Very often one needs to know the diffuse light field intensity escaping from the top
I" 0; g; n; uð Þ� �

and the bottom I# s0; g; n; uð Þ� �
of a scattering layer. Their values can

be obtained from two general equations given above. Then it follows that

I" 0; g; n;fð Þ ¼ � 1

g

Zs0
0

B s0; g; n;fð Þ exp s0

g

� 	
ds0; g < 0;
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I# s0; g; n;fð Þ ¼
exp � s0

g

� �
g

Zs0
0

B s0; g; n;fð Þ exp s0

g

� 	
ds0; g > 0;

where arrows identify the direction of propagation.
These equations allow for the following physical interpretation. Let us assume for the

simplicity that g ¼ 1. Then it follows:

I# s0; g; n;fð Þ ¼
Zs0
0

B s0; g; n;fð Þ expð�ðs0 � s0ÞÞ ds0:

Taking into account that the difference Ds ¼ s0 � s0 is equal to the optical thickness from
the bottom of the layer to the level with the optical vertical coordinate s0, we conclude that
the diffuse light intensity of the downward propagated light is determined by the summa-
tion of source functions B s0; g; n;fð Þ at levels s ¼ s0 weighted by the exponential attenua-
tion factors expð�DsÞ describing the attenuation of light from the level s ¼ s0 to the lower
boundary of an aerosol layer. In a similar way one can make an interpretation of the upward
propagated intensity. Therefore, if the source function is known, the calculation of the
diffuse intensity is straightforward. It is just reduced to the calculation of integrals
from known functions, which can be done either analytically or numerically. This solves
the mathematical problem at hand in a complete way. However, the trouble is that the
derivation of the source function is by itself a complicated problem. For instance, one
can obtain the following equation for the source function substituting I in the definition
of B given above by just derived integrals. Then it follows that

B s; g; n;fð Þ ¼ I0x0

4
p hð Þ e�s=n þ x0

4p

Z2p
0

df0
Z1
0

p h0ð Þ dg0
Zs
0

B s0; g0; n;f0ð Þ eðs0�sÞ=g0 ds
0

g0
�

8<
:

�
Z0
�1

p h0ð Þ dg0
Zs0
s

B s0; g0; n;f0ð Þeðs0�sÞ=g0 ds
0

g0

9=
;:

This equation cannot be solved analytically. Clearly, a numerical procedure is required.
However, some simplifications arise in specific cases of large and small values of the
aerosol optical thickness. For instance, it follows in the case of thin layers (s0 ! 0Þ
from the equation given above that

B s; g; n;fð Þ ¼ I0x0

4
p hð Þ e�s=n

and the analytical integration of corresponding integrals for the downward and upward
intensities as presented above becomes possible. This is discussed in the next section.
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3.3 Thin aerosol layers

For thin aerosol layers, all integrals in the integral equation for the source function can be
neglected. The substitution of the remaining term B ¼ I0x0p hð Þ e�s=n=4 in the integrals for
the diffuse light intensity gives for a homogeneous plane-parallel aerosol layer:

I" s; W; W0;fð Þ ¼ x0p hð ÞI0
4 s� 1ð Þ expð�x� ðs� 1Þx0Þ � expð�sxÞ½ �;

I# s; W; W0;fð Þ ¼ x0p hð ÞI0
4 s� 1ð Þ expð�xÞ � expð�sxÞ½ �;

where h ¼ arccosðcos W cos W0 þ sin W sin W0 cosfÞ, f is the relative azimuth of incident
and diffused light beams, s ¼ cos W= cos W0, x ¼ s= cos W, x0 ¼ s0= cos W. These simple
equations enable the calculation of the diffuse light intensity at any depth s inside the
scattering aerosol layer in any direction W;fð Þ for a given incidence angle W0 (see
Fig. 3.1). As follows from Fig. 3.1, the value of W varies from 0 to p=2 for transmitted
light and from p=2 to p for reflected light. One derives for the light intensities at the bound-
aries of the aerosol layer:

I" 0; W; W0;fð Þ ¼ x0p hð ÞI0
4 s� 1ð Þ expð�ðs� 1Þx0Þ � 1½ �;

I# s0; W; W0;fð Þ ¼ x0p hð ÞI0
4 s� 1ð Þ expð�x0Þ � expð�sx0Þ½ �

or

I" 0; l; l0;fð Þ ¼ x0p hð Þl0I0
4 l0 þ lð Þ 1� expð�s0 l�1 þ l�10

� �
 �
;

I# s0; l; l0;fð Þ ¼ x0p hð Þl0I0
4 l0 � lð Þ expð�s0=l0Þ � expð�s0=lÞ½ �;

wherewe introduced l ¼ gj j; l0 ¼ nj j. It is of advantage to use characteristics normalized
to the incident light flux in theoretical studies. The resulting equations represent the prop-
erties of the medium and they are invariant with respect to the incident flux. Corresponding
characteristics and their integrals used in radiative transfer studies are given in Table 3.1. In
particular, it follows for the reflection and transmission functions taking into account that
the incident light flux E0 is equal to pI0:

R l; l0;fð Þ ¼ x0p hð Þ
4 l0 þ lð Þ 1� exp �s0 l�10 þ l�1

� �� �
 �
;

T l; l0;fð Þ ¼ x0p hð Þ
4 l0 � lð Þ exp �s0=l0ð Þ � exp �s0=lð Þ½ �;

An important feature of these analytical equations is the fact that the reflection and trans-
mission functions are symmetric with respect to the interchange of incidence and obser-
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vation directions. This is a manifestation of the general reciprocity principle (van de Hulst,
1980; Zege et al., 1991). It follows at l ¼ l0:

R ¼ x0

8l0
1� exp �2s0ð Þ½ �p hð Þ;

T ¼x0s0
4ll0

exp � s0
l0

� 	
p hð Þ:

One obtains as s0 ! 0:

R ¼ T ¼ x0p hð Þs0
4l20

:

As s0 !1 it follows that T ¼ 0 and

R ¼ x0p hð Þ
4 lþ nð Þ :

This equation represents the contribution of the singly scattered light into the reflection
function of a semi-infinite medium. One can see that this contribution is larger for weakly
absorbing media ðx0 � 1Þ and large incidence and observation angles l � n � 0ð or
W � W0 � p=2Þ. It depends on the phase function p hð Þ of a scattering medium as well.
As s0 ! 0 one can obtain in the framework of the single scattering approximation that
both R and T are determined by the same equation, e.g.,

R ¼ x0s0p hð Þ
4l0l

:

One can see that functions

R* ¼ 4l0l R; T* ¼ 4l0lT

Table 3.1. Radiative transfer characteristics

Physical quantity Symbol Definition

Reflection function Rðl0; l;fÞ pI"ðl0; l;fÞ=l0E0

Plane albedo rpðl0Þ
1

p

Z2p
0

df
Z1
0

Rðl0; l;fÞl dl

Spherical albedo rs rs ¼ 2

Z1
0

rpðl0Þl0 dl0

Transmission function Tðl0; l;fÞ pI#ðl0; l;fÞ=l0E0

Diffuse transmission td
1

p

Z2p
0

df
Z1
0

Tðl0; l;fÞl dl

Transmission coefficient t ts ¼ 2

Z1
0

tdðl0Þl0 dl0
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do not depend on incidence and observation angles for isotropic scattering (p � 1Þ as
s0 ! 0. They are just determined by the aerosol scattering depth kscaL � x0s0 in this
case. Thus, the usage of the pair ðR*; T *Þ has some advantages, as was pointed out by
Chandrasekhar (1950). For anisotropic scattering, functions R*; T* (as s0 ! 0Þ depend
just on the scattering angle and not separately on the incidence, observation, and azimuth
angles. In particular, it follows that

R* ¼ x0sp hð Þ
or

R* ¼ 4p
k2

Ni hð ÞL;

where we used relationships: x0 ¼ ksca=kext, s0 ¼ kextL, p hð Þ ¼ 4pNi hð Þ=k2ksca,
i hð Þ ¼ ði1 hð Þ þ i2 hð ÞÞ=2: Here N is the number of particles in a unit volume and i1 hð Þ,
i2 hð Þ are the dimensionless Mie intensities averaged with respect to PSD (in the case
of spherical polydispersions).

It follows for these functions that

R* ¼ 4plId"
E0

; T * ¼ 4plId#
E0

;

where E0 is the incident light flux at the top of the layer (on the area perpendicular to the
light beam).

The single scattering approximation is of importance for a number of reasons. First of
all, the approximation can be used to calculate light intensity inside thin plane-parallel
aerosol layers and also their reflective transmission characteristics using just Mie theory
without the numerical solution of RTE. Secondly, this approximation is used as a building
block in a number of exact techniques for the solution of RTE valid at any aerosol optical
thickness. For instance, the adding–doubling method (van de Hulst, 1980) is based on the
assumption that the light scattering by a very thin layer (e.g., s0 ¼ 10�8) can be approxi-
mated by the equations given above. Then yet another layer is added at the top and the
interaction between two layers is fully taken into account. This makes it possible to derive
the result for the thicker layer. Clearly, this procedure can be applied many times to reach
any required aerosol optical thickness. Yet another approximation is based on the account
of the successive orders of scattering. The double scattering approximation is obtained by
substituting the single scattering approximation for the source function in the integrand of
the integral equation for the source function. This enables the derivation of the expression
for the source function in the double scattering approximation. Subsequently, one can de-
rive the diffuse intensity using the integral relationships between I and B presented above.
These techniques can be used in addition to the currently most used approach based on the
discretization of the integral term in the radiative transfer equation with subsequent solu-
tion of the system of differential equations (the method of discrete ordinates). A compar-
ison of the main techniques for solving RTE and a comprehensive list of references is given
by Lenoble et al. (1985). Currently, there are no difficulties related to the numerical solu-
tion of RTE and many codes are available online. They enable the determination of re-
flection and transmission functions and also the diffuse light field at any level inside the
aerosol medium.
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Clearly, the reflection function must increase with the thickness of the aerosol layer over
a black surface (e.g., the ocean in IR). This feature is used for the determination of aerosol
and cloud optical thickness from space.

There is an asymptotic value of the reflection function dependent on the incidence and
observation angles, which is reached as s0 !1. This function is called the reflection
function of a semi-infinite layer R1 l0; l;fð Þ. Although aerosol layers are finite media,
it is of importance to understand the properties of this function on general grounds. Also in
some cases (e.g., fires, volcanic eruptions, and explosions) the optical thickness of an ae-
rosol layer can indeed be very large and the reflection function is close to that of a semi-
infinite layer then.

The calculations of R1 l0; l;fð Þ can be performed using, for example, the method of
discrete ordinates and analyzing the results for the reflection function at a very large op-
tical depth (e.g., 5000 atx0 ¼ 1 and much smaller values at smallx0). However, the ques-
tion arises: is it possible to formulate the radiative transfer equation for a semi-infinite
layer in such a way that the radiative transfer equation does not contain the optical thick-
ness at all. This will enable the most direct and accurate determination of R1 l0; l;fð Þ
including all orders of scattering. The corresponding procedure was developed by Am-
bartsumian (1943). It is described in the next section.

3.4 Semi-infinite aerosol layers

The integral equation for the reflection function of a semi-infinite layer of a scattering
medium can be derived using the principle of invariance developed by Ambartsumian
(1943). The distinctive feature of this principle is the fact that it considers the properties
of media as whole objects and does not use the consideration of energy balance for local
processes, such as extinction, emission, and scattering similar to those described above, in
the derivation of main equations.

Let us apply the principle of invariance to derive the integral equation for R1 l0; l;fð Þ.
The principle of invariance as applied to the problem at hand states that the reflection
function of a semi-infinite layer does not change, if the layer with the optical thickness
Ds and the same values of x0; p hð Þ as for a semi-infinite layer is added to the top of the
semi-infinite scattering layer. This statement does not require any additional proof and in
fact its representation in mathematical terms enables the derivation of the corresponding
nonlinear integral equation for R1 l0; l;fð Þ. The principle of invariance can be also ap-
plied to finite scattering layers. Then one must not only add a layer at the top of a medium
but also subtract the same layer at the bottom. Clearly, the net effect of both operations
must be equal to zero. This enables the derivation of important relationships for reflection
and transmission functions of finite turbid layers (Ambartsumian, 1961). The general ap-
proach as introduced by Ambartsumian was later extended and applied in different
branches of modern physics, astrophysics and mathematics (see, for example, Chandra-
sekhar, 1950; van de Hulst, 1980; Roth, 1986).

3.4 Semi-infinite aerosol layers 57



The corresponding integral equation derived using the invariance principles is written
as (Ambartsumian, 1943):

R1 l0;f0; l;fð Þ ¼

x0

4 lþ l0ð Þ p hð Þ þ l0x0

4p l0 þ lð Þ
Z1
0

Z2p
0

p l;f; l0;f0ð ÞR1 l0;f0; l0;f0ð Þ dl0 df0

þ lx0

4p l0 þ lð Þ
Z1
0

Z2p
0

p l0;f0;l
0;f0ð ÞR1 l0;f0; l;fð Þ dl0 df0

þ x0ll0
4p2 l0 þ lð Þ

Z2p
0

df0
Z1
0

R1 l0;f0;l;fð Þ dl0
Z2p
0

df00
Z1
0

p �l0;f0; l00;f00ð ÞR1 l00;f00; l0;f0Þ dl00;ð

where h is the scattering angle. This equation looks much more complicated as compared to
standard RTE. However, in fact it can be easily solved numerically (see, for example, the code
freely available at http://www.giss.nasa.gov/�crmim/ (Mishchenko et al., 1999)) and also
leads to quick derivations of important analytical results. In particular, let us assume that
the scattering is isotropic and, therefore, p ¼ 1. Clearly, in this case the dependence on
the azimuth disappears and it follows that

R1 l; l0ð Þ ¼ x0

4 lþ l0ð Þ 1þ lb lð Þ þ l0b l0ð Þ þ ll0b lð Þb l0ð Þ½ �;

where

b l0ð Þ ¼ 2

Z1
0

R1 l0; lð Þ dl

is the plane albedo of a semi-infinite medium. The expression in brackets can be written as
a product of functions H lð ÞH l0ð Þ, where H lð Þ ¼ 1þ lbðlÞ. Therefore, one obtains:

R1 l; l0ð Þ ¼ x0H lð ÞH l0ð Þ
4 lþ l0ð Þ :

This equation makes possible the reduction of the calculation of the reflection function of a
semi-infinite layer with arbitrary absorption and p hð Þ � 1 to the calculation of just one
function of a single variable. This result is due to Ambartsumian (1961) and it demon-
strates the power of the principle of invariance in the derivation of analytical solutions.
This equation can be derived from the general RTE written at the beginning of this section
as well (Chandrasekhar, 1950). However, the derivation presented here is simpler. Sub-
stituting the derived expression for R1 l; l0ð Þ into the definition of H lð Þ, one derives
the integral equation for the determination of the function H lð Þ:

H lð Þ ¼ 1þ 1

2
x0lH lð Þ

Z1
0

H l0ð Þ
lþ l0

dl0;

which can be solved analytically (Fock, 1944):
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H lð Þ ¼ exp � l
p

Z1
0

1þ l2x2
� ��1

ln 1� x0
arctan x

x

� 	8<
:

9=
; dx:

It follows thatHð0Þ ¼ 1. Hapke (1993) proposed the following accurate approximation for
this function:

H lð Þ ¼ 1þ 2l

1þ 2l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x0
p ;

which is valid with the error smaller than 4%. It follows from this approximation that

H lð Þ ¼ 1þ 2l

at x0 ¼ 1. Therefore, one concludes that this function monotonically increases with l
from its value equal to one at l ¼ 0 to H ¼ 3 at l ¼ 1 with Hð1=2Þ ¼ 2. The exact cal-
culations give 1, 2.01, 2.91 at l ¼ 0; 1=2; 1; respectively.

Light scattering by aerosols is not isotropic p 6¼ 1ð Þ. Therefore, the results presented
above cannot be directly applied to aerosol optics problems. However, a number of ap-
proximations based on just the derived expression for the reflection function of a
semi-infinite layer have been proposed (Hapke, 1993; Kokhanovsky, 2006). In particular,
note that the reflection function of a semi-infinite layer having an arbitrary absorption can
be represented as a series with respect to the number of scattering events. Clearly, the
results for single scattering processes will be very different for isotropic and anisotropic
scattering. However, for a large number of scatterings, the contribution of scattering events
of a given order are less dependent on the phase function due to the property of multiple
light scattering of washing out single scattering features. Therefore, a possible approxi-
mation for a semi-infinite layer of a scattering medium can be written as follows:

R1 l; l0;fð Þ ¼ x0H lð ÞH l0ð Þ
4 lþ l0ð Þ � x0ð1� p hð ÞÞ

4 lþ l0ð Þ ;

where we subtracted the contribution of the single isotropic light scattering and added the
contribution of single anisotropic light scattering to the reflection function of a semi-in-
finite layer.

Therefore, it follows for the case of nonabsorbing media that

R0
1 l; l0;fð Þ ¼ p hð Þ

4 lþ l0ð Þ þ
H lð ÞH l0ð Þ � 1

4 lþ l0ð Þ ;

whereR0
1 l; l0;fð Þ is the reflection function of a semi-infinite nonabsorbing mediumwith

arbitrary phase function. The accuracy of this formula can be increased, if one does not use
H lð Þ � 1þ 2l valid for isotropic scattering only but rather finds the approximate fit for
this function of a single argument from exact calculations of the difference

D l; l0ð Þ ¼ R0
1 l; l0;fð Þ � p hð Þ

4 lþ l0ð Þ :

In the case of a strongly absorbing semi-infinite aerosol layer, the quasi-single approx-
imation holds. The corresponding analytical solution can be derived in the following
way.We start from the general equation for the reflection function of a turbid plane-parallel
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homogeneous semi-infinite layer with an arbitrary single scattering albedo x0 and the
phase function p hð Þ. This equation is given above and can be rewritten in the following
form:

R1ðl0; l;f;f0Þ ¼
x0pðhÞ

4ðl0 þ lÞ þ
x0 l0Vðl0; l;f;f0Þ þ lVðl; l0;f0;fÞ½ �

4pðl0 þ lÞ þ
x0l0lW ðl0; l;f;f0Þ

4p2ðl0 þ lÞ ;

where

Vðl0; l;f;f0Þ ¼
Z2p
0

df0
Z1
0

pðl;f; g0;f0ÞRðl0; g0;f0;f0Þ dg0;

W ðl0; l;f;f0Þ ¼
Z2p
0

df0
Z2p
0

df00
Z1
0

dg0
Z1
0

Rðl;f; g0;f0Þpð�g0; f0; g00; f00ÞRðl0; g00; f00; f0Þ dg00:

The numerical solution of this equation can be used to check the accuracy of various ap-
proximations.

It follows that the reflection function can be presented as

R1ðl0; l;f;f0Þ ¼
x0pðhÞ

4ðl0 þ lÞ þP;

where the first term accounts for single scattering and the second gives the contribution of
multiple light scattering:

P ¼ x0 l0Vðl0; l;f;f0Þ þ gV ðl; l0;f0;fÞ½ �
4pðl0 þ lÞ þ x0l0lW ðl0; l;f;f0Þ

4p2ðl0 þ lÞ :

The integral V can be simplified for media with highly anisotropic scattering. Then phase
functions are highly extended in the forward direction. This means that we assume that
p l;f; g0; u0ð Þ is close to the delta function. Then it follows, using the definition of delta
function, that

Vðl0; l;f;f0Þ ¼
Z2p
0

df0
Z1
0

pðl;f; g0; u0ÞRðl0; g0; u0;f0Þ dg0

� Rðl0; l;f;f0Þ
Z2p
0

du0
Z1
0

pðl;f; g0; u0Þ dg0 ¼ 4pRðl0; l;f;f0Þcðl;f0Þ;

where

cðl;fÞ ¼ 1

4p

Z2p
0

df0
Z1
0

pðl;f; g0;f0Þ dg0:
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The phase function depends only on the difference u ¼ f� f0. This means that

cðlÞ ¼ 1

4p

Z2p
0

df
Z1
0

pðl; g0;fÞ dg0:

So we have:

R1ðl0; l; uÞ ¼
x0pðhÞ

4ðl0 þ lÞ 1� x0F*ð Þ ;

where

F* ¼ l0cðlÞ þ lcðl0Þ
l0 þ l

:

This formula was derived by Anikonov and Ermolaev (1975). They also have shown that
c lð Þ can be reduced to the following simpler form:

cðlÞ ¼ F � DðlÞ;
where

F ¼ 1

2

Z1
0

p gð Þ dg

D lð Þ ¼ 1

2p

Zffiffiffiffiffiffiffiffi1�l2
p

0

dg p gð Þ � p �gð Þf g arccos lgffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2ð Þ 1� g2ð Þp

( )
:

Our numerical calculations show that D lð Þ 	 F. Therefore, we can neglect the contribu-
tion of D. This reduces the expression for the reflection function of a semi-infinite strongly
absorbing aerosol layer to the simpler formula known as the Gordon approximation (Gor-
don, 1973):

R1ðl0; l;fÞ ¼
x0pðhÞ

4ðl0 þ lÞ 1� x0Fð Þ :

One concludes that the reflection function in the framework of the considered approxima-
tion is just equal to the product of the contribution of the single light scattering

Rss1 ¼ x0pðhÞ
4ðl0 þ lÞ

and the factor = ¼ 1� x0Fð Þ�1, which accounts for the effects of multiple light scatter-
ing.
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3.5 Thick aerosol layers

One might expect that the results just derived for a semi-infinite light scattering medium
can also be used with a slight modification in the case of large but not infinite values of s0
(i.e., in the so-called asymptotic regime, where s0 � 1Þ. This is indeed the case, as de-
monstrated by Germogenova (1961) and van de Hulst (1980). The final expressions for the
reflection and transmission functions take the following forms valid at any x0 and p hð Þ
assuming that the aerosol optical thickness is larger than at least 5:

R l0;l;fð Þ ¼ R1 l0; l;fð Þ � T l0; lð Þl e�ks;

T l0; lð Þ ¼ me�ks

1� l2 e�2ks
K l0ð ÞK lð Þ:

Here the pair l0; lð Þ gives the cosines of the incidence and observation angles, f is the
relative azimuth. R1 l0; l;fð Þ is the reflection function of a semi-infinite scattering layer
having the same local optical characteristics (e.g., the same single scattering albedox0 and
the same phase function p hð Þ with scattering angle hÞ as the finite layer currently under
study. The constants k; l;mð Þ and the escape function K lð Þ do not depend on s and can be
obtained from the solution of integral equations as described by van de Hulst (1980), Wau-
ben (1992), and Kokhanovsky (2006).

For the use of the analytical equations given above at arbitrary x0 and p hð Þ, several
parameters k; l;m; n; rs1ð Þ and also functions K lð Þ, R1 l0; l;fð Þ and rp1 lð Þ have to
be derived (Kokhanovsky, 2004b, 2006). The problem is simplified at x0 ¼ 1. Then it
follows: k ¼ m ¼ 0, l ¼ 1. Parameters k; l;m can be parameterized as follows at arbitrary
values of single light scattering albedo (King and Harshvardan, 1986):

k ¼
ffiffiffi
3
p

s� 0:985� 0:253sð Þs2
6:464� 5:464s

� 	
1� x0gð Þ;

l ¼ 1� sð Þ 1� 0:681sð Þ
1þ 0:729s

;

m ¼ 1þ 1:537sð Þ ln 1þ 1:8s� 7:087s2 þ 4:74s3

1� 0:819sð Þ 1� sð Þ2
 !

;

where

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x0

1� x0g

s

is the similarity parameter and

g ¼ 1

4

Zp
0

p hð Þ sin 2hð Þ dh

is the asymmetry parameter.
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Functions K lð Þ and R1 l0; l;fð Þ cannot be parameterized in terms of the similarity
parameter alone. Therefore look-up-tables (LUTs) of these functions can be used (Kokha-
novsky and Nauss, 2006). For nonabsorbing media, the following approximation holds at
l � 0:2:

K lð Þ ¼ 3

7
1þ 2lð Þ:

Approximate equations for the function R1 l0; l;fð Þ are presented in the previous section.
Kokhanovsky and Nauss (2006) developed a numerical code based on equations specified
above and LUTs for K lð Þ and R1 l0;l;fð Þ. The code is freely available at the website
www.iup.physik.uni-bremen.de/�alexk.

3.6 Aerosols over reflective surfaces

The results given above can be easily generalized to account for the light reflection from
the aerosol layer with an underlying Lambertian surface. Let us derive corresponding
equations. Light intensity observed in the direction specified by the pair W; uð Þ can be
considered as composed of two parts: that due to an aerosol layer itself I1ð Þ and that
due to the surface contribution I2ð Þ. The contribution I2 can be also separated into two
terms (I21; I22), namely

I21 ¼ Ist lð Þ
for the contributions of the surface in the diffused light and

I22 ¼ Is expð�s=lÞ
for the contribution of the surface in the direct light. Here t lð Þ is the diffuse transmittance
defined as

t lð Þ ¼ 2

Z1
0

T l0; lð Þl0 dl0;

where

T l0; lð Þ ¼ 1

2p

Z2p
0

T l0; l;fð Þ df:

Summing up, we have:

I l; uð Þ ¼ I1 l; uð Þ þ Ist lð Þ þ Is e
�s=l;

where we assumed that the surface is a Lambertian reflector. This means that the upward
intensity Is for the light emerging from the ground surface does not depend on the angle.
Let us relate Is to the albedo A of underlying Lambertian surface. For this we note that the
upward flux density is

Fu ¼
ZIs
2p

cos W dX ¼
Z2p
0

du
Zp=2
0

dWIs cos W sin W ¼ pIs:
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We have for the ideally reflecting Lambertian surface ðA ¼ 1Þ: Fu ¼ Fd, where Fd is the
downward flux density. Fd is composed of three components: direct transmission compo-
nent Fdir ¼ l0F0 e�s=l0 , the diffused transmission component Fdif ¼ l0F0t l0ð Þ and the
component coming from the surface but reflected by a scattering layer back to the under-
lying surface: Fref ¼ rFu, where r is the spherical albedo of a scattering aerosol layer under
illumination from below defined as

r ¼ 2

Z1
0

rp lð Þl dl;

where

rp lð Þ ¼ 2

Z1
0

R l0; lð Þl0 dl0;

R l0; lð Þ ¼ 1

2p

Z2p
0

R l0; l;fð Þ df:

Here rp lð Þ is the plane albedo. Obviously, for the underlying surface with an arbitrary
ground albedo A, we have:

Fu ¼ AFd

and, therefore,

pIs ¼ A l0F0 t l0ð Þ þ e�s=l0
� �

þ prIs
h i

The intensity Is can be easily found from this equation. It follows that

Is ¼ At* l0ð Þl0F0

p 1� Arð Þ
where

t* l0ð Þ ¼ t l0ð Þ þ e�s=l0

is the total transmittance. Therefore, we have (Liou, 2002):

I l; uð Þ ¼ I1 l; uð Þ þ At* lð Þt* l0ð Þl0F0

p 1� Arð Þ
or

R l0; l; uð Þ ¼ Rb l0; l; uð Þ þ At* l0ð Þt* lð Þ
1� Ar

;

where Rb l0; l; uð Þ � R l0; l; uð Þ at A ¼ 0: All functions presented in this equation have
been studied in the previous section.
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A similar simple account for the Lambertian underlying surface can also be performed
for the transmitted component. Namely, we have then:

Itr l; uð Þ ¼ I1tr l; uð Þ þ Isrp lð Þ;
where the first component is due to light transmission by the aerosol layer itself and the
second component accounts for the reflection of the diffused light Isð Þ coming from the
surface, rp lð Þ is the plane albedo illumination from below. Finally, one derives:

Itr l; uð Þ ¼ I1tr l; uð Þ þ At* l0ð Þrp lð Þl0F0

p 1� Arð Þ
or, for the transmission function,

T l0; l; uð Þ ¼ Tb l0; l; uð Þ þ Arp l0ð Þt* gð Þ
1� Ar

;

where Tb l0; l; uð Þ � T l0; l; uð Þ at A ¼ 0.
The parameterizations of the function t gð Þand also r in terms of the aerosol optical

thickness and the asymmetry parameter g have been proposed by several authors (see,
for example, Kokhanovsky et al., 2005). Such parameterizations are useful in satellite ae-
rosol retrieval algorithms.

3.7 Multiple scattering of polarized light in aerosol media

3.7.1 The vector radiative transfer equation and its numerical solution

Light coming to the Earth from the Sun is unpolarized. However, it becomes polarized due
to interaction with molecules and particles present in the terrestrial atmosphere. In parti-
cular, the theory of molecular scattering (Rayleigh, 1871) states that the polarization of
initially unpolarized light after single scattering by a unit volume of air is almost 100% at
right angles to the direction of incidence. Macroscopic particles such as dust grains and ice
crystals have smaller polarization ability at a scattering angle of 90 degrees (see, e.g.,
Fig. 2.14(a)). However, they also polarize light and can produce quite large values of
the degree of polarization in some selected directions.

It is a well known fact that calculations of scattered light intensity I (both in single and
multiple light scattering regimes) cannot be done accurately without accounting for the
polarization characteristics of a light beam (Rozenberg, 1955; Hovenier, 1971; Mishchen-
ko and Travis, 1997; Lacis et al., 1998; Mishchenko et al., 2002; Min and Duan, 2004). It
means that the vector radiative transfer equation (VRTE) should be used whenever it is
possible for studies of light transport in the atmosphere and other turbid media. The use of
the scalar radiative transfer equation (SRTE) studied above could lead to errors in many
cases. Also the solution of the VRTE is of importance for remote sensing techniques (Han-
sen and Hovenier, 1974; Hansen and Travis, 1974; de Haan, 1987; Goloub et al., 2000;
Mishchenko and Travis, 1997; Mishchenko et al., 2002; Kokhanovsky, 2003, 2004a). In
particular, optical instruments are capable of measuring not only I but also other compo-
nents of the Stokes vector ~SS I ;Q;U ;Vð Þ (Deschamps et al., 1994). Spectral and angular
measurements of ~SS bring us much more information on the medium under study as com-
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pared to just light intensity I (Kokhanovsky, 2003). However, the usage of polarized light
in astronomical applications, remote sensing and optical diagnostics of various turbid me-
dia is not widespread so far, owing to the complexity of the VRTE for the Stokes vector ~SS.
Also the corresponding optical instruments are more complex because they measure si-
multaneously not only the intensity but also three additional parameters, which character-
ize the polarization properties of the light beam. Finding the numerical solution of this
integro-differential vector radiative transfer equation is quite a complex mathematical pro-
cedure (Hovenier, 1971; Siewert, 2000). All the approximate and numerical techniques
described in the previous section designed at first for the solution of SRTE have been
generalized and used to solve VRTE. The main results in this direction have been reviewed
by Kokhanovsky (2003, 2006), Hovenier et al. (2004) and Mishchenko et al. (2006).

To avoid the repetition of theories described above for the case of polarized light, which
in many respects is very similar to the scalar case (see, for example, Kokhanovsky, 2003)
the discrete ordinate technique (DOT) is considered in detail here. DOT was mentioned
above but has not been described in detail so far. The main results with respect to DOTwere
obtained by Chandrasekhar (1950). The numerical codes and details of the method are
given by Thomas and Stamnes (1999) and Siewert (2000) among others. The superiority
of DOT over the doubling–adding (de Haan, 1987) and Monte Carlo (Tynes et al., 2001,
Ishimoto and Masuda, 2002) methods is due to the weak dependence of the speed of com-
puter simulations on the optical thickness. Clearly, the results described below can be used
for the solution of the SRTE as well. Then one must use just the first equation for the
diffuse light intensity and, correspondingly, just the first element of the phase matrix,
which in fact coincides with the phase function.

The vector radiative transfer equation for the total Stokes vector of light beam propa-
gating in a homogeneous isotropic symmetric plane-parallel light scattering aerosol me-
dium is usually written as (Siewert, 2000):

l
d~SS s; l;fð Þ

ds
¼ �~SS s; l;fð Þ þ x0

4p

Z1
�1

dl0
Z2p
0

df0L̂L að ÞP̂P l; l0;f� f0ð ÞL̂L bð Þ~SS s; l0;f0ð Þ

for s 2 0; s0½ �, l 2 �1; 1½ � and f 2 0; 2p½ �. Here s0 is the optical thickness,x0 is the single
scattering albedo, P̂P l; l0;f� f0ð Þ is the phase matrix in the coordinate system attached to
the scattering plane, l is the cosine of the polar angle W as measured from the positive
s-axis and f is the azimuthal angle. The value of s is the optical depth changing from
0 at the top of the turbid plane-parallel layer to the value s ¼ s0 at the bottom.

The components of the Stokes vector ~SS are defined as follows (van de Hulst, 1980):
I ¼ Il þ Ir, Q ¼ Il � Ir, U ¼ ElE*

r þ ErE*
l , V ¼ i ElE*

r � ErE*
l

� �
, where we neglect a com-

mon multiplier and Il ¼ ElE*
l is the scattered light intensity in the meridional plane. This

plane contains the normal to a light scattering slab and the direction of observation. The
value of Ir ¼ ErE*

r gives the scattered light intensity in the plane perpendicular to the mer-
idional plane. El and Er are components of the electric vector of the scattered wave defined
relatively to the meridional plane in the same way as Il,Ir (van de Hulst, 1980).

The phase matrix P̂P l; l0;f� f0ð Þ is defined with respect to the scattering plane contain-
ing incident and scattered light beams. Therefore, the Stokes vector ~SS defined with respect
to the meridional plane must be rotated using the rotation matrix L̂L bð Þ (see the VRTE given
above). This makes it possible to apply the phase matrix to the rotated Stokes vector
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~SS 0 ¼ L̂L bð Þ~SS defined in the scattering plane. The second rotation is needed to bring the
scattered Stokes vector ~SSsca ¼ P̂PL̂L bð Þ~SS back to the meridional plane. Hence, the scattered
Stokes vector in the meridional plane is given by the product L̂L að ÞP̂PL̂L bð Þ~SS. This explains
the rationale behind the appearance of rotation matrices in the VRTE. The rotation matrix
for the Stokes vector has the following standard form (Mishchenko et al., 2002):

L̂L uð Þ ¼
1 0 0 0
0 cos 2u � sin 2u 0
0 sin 2u cos 2u 0
0 0 0 1

0
BB@

1
CCA;

if the rotation through the angle u in the clockwise direction when looking in the direction
of propagation is performed. The spherical trigonometry gives the following relationships
between the pairs cos a0; cos b0ð Þ and l; l0ð Þ, where we introduced the angles a0 ¼ �a and
b0 ¼ p� b to have correspondent equations in the symmetric form:

cos a0 ¼ l0 � l cos hffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2

p
sin h

; cos b0 ¼ l� l0 cos hffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l02

p
sin h

:

The scattering angle is defined as introduced in the previous chapter:

cos h ¼ ll0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2ð Þ 1� l02ð Þ

p
cosf:

The necessity to perform rotations complicates the corresponding theory, especially in the
case if anisotropic aerosol media are under consideration. This can be avoided if one uses
the formulation of the RTE (Kokhanovsky, 2003) in the tensor form invariant with respect
to the choice of the coordinate system.

We will assume that there is a Lambertian surface with the spherical albedo A under-
lying a plane-parallel aerosol layer. It is also assumed that the optical properties of the
medium are the same at any point Mð~rrÞ inside a slab. The slab is illuminated by a
wide unidirectional light beam at the top (s ¼ 0Þ. Both medium and light source are as-
sumed to be time-independent and possible nonlinear and close-packed effects are ne-
glected. The task is to find the vector ~SS at any point M with the radius-vector ~rr inside
and outside of the scattering medium for arbitrary values of x0; s0 and phase matrices
P̂P l; l0;f� f0ð Þ. The main steps of the discrete ordinate technique to solve the VRTE
are outlined below.

Step 1. The rotated phase matrix P̂P* ¼ L̂L að ÞP̂PL̂L bð Þ is presented in the form:

P̂P*ðl; l0;f� f0Þ ¼ 1

2

XN
m¼0
ð2� d0mÞ ÂAmðl; l0Þ þ D̂DÂAmðl; l0ÞD̂D� 

cosðmðf� f0ÞÞþ
ÂAmðl; l0ÞD̂D� D̂DÂAmðl; l0Þ� 

sinðmðf� f0ÞÞ

( )
:

where ÂAm ¼ PN
l¼m

P̂Pml lð ÞN̂NlP̂Pml l0ð Þ, D̂D ¼ diag 1; 1;�1;�1f g, d is the Kronecker symbol,N is

the maximal order of Legendre polynomials used, and

N̂Nl ¼
a1l b1l 0 0
b1l a2l 0 0
0 0 a3l b2l
0 0 �b2l a4l

0
BB@

1
CCA;
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P̂Pml lð Þ¼

Pm
l lð Þ 0 0 0

0 � 1
2 i

m Pl
m;2 lð Þ þ Pl

m;�2 lð Þ
D E

1
2 i

m Pl
m;2 lð Þ � Pl

m;�2 lð Þ
D E

0

0 1
2 i

m Pl
m;2 lð Þ � Pl

m;�2 lð Þ
D E

� 1
2 i

m Pl
m;2 lð Þ þ Pl

m;�2 lð Þ
D E

0

0 0 0 Pm
l lð Þ

0
BBBB@

1
CCCCA

with

Pm
l lð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l�mð Þ!
lþmð Þ!

s
1� l2
� �m=2 dm

dlm
Pl lð Þ;

Pl
m;n lð Þ ¼ �1ð Þl�min�m

2l l�mð Þ!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l�mð Þ! lþ nð Þ!
lþmð Þ! l� nð Þ!

s
1� lf gðm�nÞ=2 1þ lf gðmþnÞ=2 d

l�n

dll�n
1� lf gl�m 1þ lf glþm

h i
:

Here

Pl lð Þ ¼ 1

2ll!

dl

dll
l2 � 1
� �l

are Legendre polynomials, Pm
l lð Þ are associated Legendre functions, Pl

m;n lð Þ are general-
ized spherical functions. The Greek constants a1l; a2l; a3l; a4l; b1l; b2lf g are determined
by a local scattering law. For instance, it follows for the dipole scattering (de Rooij, 1985)
that

a10 ¼ 1; a12 ¼ 1

2
; a22 ¼ 3; a41 ¼ 3

2
; b12 ¼

ffiffiffi
3

2

r

with all other constants being equal to zero. The table of Greek constants for media com-
posed of identical randomly oriented oblate spheroids with the aspect ratio 2, the size
parameter 3 and the refractive index 1.53–0.006i is given by Kuik et al. (1992). Corre-
sponding constants can be easily obtained for monodispersed and polydispered spherical
particles as well. Then the Mie theory (van de Hulst, 1957) can be used (see, for example,
the FORTRAN code spher.f located at http://www.giss.nasa.gov/�crmim/brf).

Although the formulation presented above looks quite cumbersome, it enables the sub-
stitution of the rotated phase matrix P̂P by the discrete Greek symbols. These symbols can
be used to find P̂P* at any combination of l; l0, and f ¼ u� u0. The algorithms of finding
matrices P̂Pml lð Þ and N̂Nl are well known and straightforward (de Rooij, 1985; Siewert, 1997;
Mishchenko et al., 2002). In particular, for calculations of generalized spherical functions
one can use Wigner functions dlm;2 Wð Þ (Mishchenko et al., 2002):

� 1

2
im Pl

m;2 lð Þ þ Pl
m;�2 lð Þ

D E
¼ 1

2
�1ð Þm dlm;2 Wð Þ þ dlm;�2 Wð Þ

D E
:

This makes it possible to avoid calculations involving complex functions and use stable
and accurate algorithms to calculate Wigner functions as described by Mishchenko et al.
(2002). One can use properties:

Pm
l lð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l þ mð Þ!
l � mð Þ!

s
dlm;0 Wð Þ

to calculate the associated Legendre function.
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The microstructure of the aerosol medium (e.g., the size and shape distributions, re-
fractive indices of particles) enters the theory only via Greek symbols specified above.
Greek symbols are determined by the phase matrix P̂P of a single scattering law. The
4 � 4 matrix P̂P is defined with respect to the scattering plane holding directions of incident
and scattered beams. Due to the symmetry of the media under consideration, elements of
this matrix correspondent to upper-right and down-left 2 � 2 sub-matrices vanish. Greek
symbols can be calculated from the elements of the matrix P̂P using following equations (de
Rooij, 1985):

a1l ¼ 2lþ 1

2

Z1
�1

dxP00
l xð ÞP11 xð Þ; a4l ¼ 2lþ 1

2

Z1
�1

dxP00
l xð ÞP44 xð Þ ;

b1l ¼
2lþ 1

2

Z1
�1

dxP02
l xð ÞP12 xð Þ; b2l ¼

2lþ 1

2

Z1
�1

dxP02
l xð ÞP34 xð Þ;

and a2l ¼ 1

2
ml þ ylf g, a3l ¼ 1

2
ml � flf g, where Ps;m

l ðxÞ ¼ is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lþ sj j!ð Þ= l� sj j!ð ÞPl

s;mðxÞ
q

,

ml ¼ � 2lþ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl� 2Þ!
lþ 2ð Þ!

s Z1
�1

dxP2;�2
l xð Þ P22 xð Þ � P33 xð Þf g;

yl ¼ �
2lþ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl� 2Þ!
lþ 2ð Þ!

s Z1
�1

dxP2;�2
l xð Þ P22 xð Þ þ P33 xð Þf g:

Step 2. The following Fourier expansion of the Stokes vector is used:

~SS ¼ 1

2

XL
m¼0

X2
k¼1

ÛUm
k f� f0ð Þ~SSmk s; lð Þ þ pd l� l0ð Þd f� f0ð Þ~II0 expð�s=lÞ;

where l0 ¼ cos W0, W0 is the solar zenith angle, f0 is the solar azimuth, and d y� y0ð Þ is the
delta function. The second term explicitly accounts for the attenuated direct light (~II0 is the
Stokes vector of the incident light flux) and (Siewert, 2000)

ÛUm
1 fð Þ ¼ 2� d0mð Þ diag cosmf; cosmf; sinmf; sinmff g;

ÛUm
2 fð Þ ¼ 2� d0mð Þ diag � sinmf;� sinmf; cosmf; cosmff g:

Therefore, the components ~SSmk s; lð Þ describe not the total but just the diffuse light field. A
similar separation of the attenuated direct and diffuse light is used in the scalar radiative
transfer theory. Actually, all results of the scalar radiative transfer theory are obtained from
corresponding results of the vector theory, if the Stokes vector is reduced to just its first
component and the phase matrix is reduced to the phase function.
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Step 3. The substitution of expressions for the Stokes vector and also for the rotated phase
matrix in terms of series in the VRTE gives:

l
d~SSmk s; lð Þ

ds
¼ �~SSmk s; lð Þ þ x0

2

XL
l¼m

P̂Pm
l lð ÞN̂Nl

Z1
�1

dl0P̂Pm
l l0ð Þ~SSmk s; l0ð Þ þ ~QQm

k s; lð Þ;

where

~QQm
k s; lð Þ ¼ x0

2

XL
l¼m

P̂Pm
l lð ÞN̂NlP̂P

m
l l0ð ÞD̂Dk~II0 expð�s=l0Þ;

and D̂D1 ¼ diag 1; 1; 0; 0f g, D̂D2 ¼ diag 0; 0; 1; 1f g. For the simplicity, we will consider only
the case of unpolarized incident light. Then it follows that ~II ¼ I0 1; 0; 0; 0ð ÞT, where pl0I0
is equal to the incident light irradiance at the top of the layer. This equation is much simpler
to handle than the general VRTE given in the beginning of this chapter because the in-
tegration with respect to the azimuthal angle was performed analytically. The single in-
tegral can be substituted by series leading to the system of differential equations:

lr
d~SS s;lrð Þ

ds
¼ �~SS s;lrð Þ þ x0

2

XL
l¼m

P̂Pm
l lrð ÞN̂Nl

XN
q¼1

wq
~SSl;q sð Þ þ ~QQ s;lrð Þ;

where r ¼ 1; 2; . . . N , N is the number of Gauss quadrature points,
~SSl;qðsÞ ¼ P̂Pm

l ðlqÞ~SSðs; lqÞ þ P̂Pm
l ð�lqÞ~SSðs;�lqÞ and the Fourier indices are suppressed

for the sake of simplicity. Gauss quadrature points flrg and weights fwqg in this equation
are defined for the use on the integration interval ½0; 1�. For unpolarized incident light
illumination conditions we have : k ¼ 1. So the corresponding index is omitted. Therefore,
we conclude that the system of four integro-differential equations is substituted by the
system of differential equations (SDE), which is simple to solve, using, for example, stan-
dard routines.

Step 4. The system of differential equations can be solved using the DOT as described by
Siewert (2000). In particular, the solution of the homogeneous equation (with ~QQ ¼ 0 in the
SDE, see above) is found as follows:

~SS h
 sð Þ ¼ ~RR sð Þ þ ~CC sð Þ;

where

~RR sð Þ ¼ D
XJR
j¼1

Aj
~UU mj
� �

exp � s
mj

� �þ
Bj
~UU� mj
� �

exp � s0 � s
mj

� �� �
;

~CC sð Þ ¼ D
X2
t¼1

XJC
j¼1

AðtÞj ~FFðtÞ s; mj
� �þ BðtÞj ~FFðtÞ� s0 � s; mj

� �h i
;

~FFð1Þ mj
� � ¼ Re ~UU mj

� �
exp � s

mj

� �� �
; ~FFð2Þ mj

� � ¼ Im ~UU mj
� �

exp � s
mj

� �� �
:
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Here Dþ ¼ diag 1; 1; . . . ; 1f g;D� ¼ diag D̂D; D̂D; . . . ; D̂D
� �

are 4N � 4N diagonal ma-
trices, mj is the collection of separation constants, JR is the number of real eigenvalues,
JC is the number of complex eigenvalues. Vectors ~UU mj

� �
with appropriate exponential

multipliers are elementary solutions of a homogeneous equation, which can be found after
solution of the corresponding eigenvalue problem (Rozanov and Kokhanovsky, 2006).

The particular solution of the inhomogeneous SDE is found using the infinite-medium
Green function approach. Correspondent derivations are given by Siewert (2000) and the
result is:

~SSp sð Þ ¼ D
XJR
j¼1

A sð Þ~UU mj
� �þ

Bj sð Þ~UU� mj
� �h i

þ2D Re
XJC
j¼1

Aj sð Þ~UU mj
� �þ

Bj sð Þ~UU� mj
� �h i

;

where functions Aj sð Þ and Bj sð Þ are found after integration of the infinite-medium Green
function with the right-hand side of the SDE given above.

The general solution of the SDE can be found as a sum of a particular solution and the
general solution of a homogeneous equation:

~SS sð Þ ¼ ~SS h
 sð Þ þ ~SS p

 sð Þ;
which includes 8N unknown constants Aj, Bj, j ¼ 1; 2; . . . ; 4N .

Step 5. To find constants Aj;Bj, boundary conditions must be applied. In particular, one
should take into consideration that there is no diffused light coming to the top of a scatter-
ing layer and the diffused light from underneath a scattering layer is just due to the light
reflection from the Lambertian surface with the spherical albedo A. Boundary conditions
in the notation as for step 3 are (Siewert, 2000): ~SSmk 0; lð Þ ¼ ~OO,

~SSmk s0;�lrð Þ ¼ 2Ad0md1k ÎI l0D̂D~FF expð�s0=l0Þ þ
XN
q¼1

wqlq~SS
m
k s0; lq
� �* +

;

where ~OO is the zero vector and ÎI ¼ diag 1; 0; 0; 0f g, r ¼ 1; 2; . . . ; N . To find the required
constants from appropriate system, one can use the subroutines DGETRF and DGETRS
from the LAPACK package (Anderson et al., 1995).

Step 6. To find solution not only for Gauss angles lr but for all possible angles, a post-
processing procedure as described by Siewert (2000) can be used.

The steps 1–6 outlined above are realized in the code SCIAPOL_1.0 , which is freely
available at www.iup.physik.uni-bremen.de/�alexk. The code is capable to find the Stokes
vector at any point~rr and at any direction specified by angles W; uð Þ inside a light scattering
medium and also at its upper and lower boundaries for the case of a homogeneous isotropic
symmetric turbid medium illuminated by the monodirectional unpolarized wide light
beam. The accuracy of the code was checked against benchmark results of Siewert
(2000). Five first digits coincide with corresponding results given by Siewert (2000).
This confirms a high accuracy of the DOT implementation in SCIAPOL_1.0.
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3.7.2 The accuracy of the scalar approximation

The VRTE enables the solution of important problems of aerosol optics in particular and
atmospheric optics in general. For instance, one can study the accuracy of the scalar ra-
diative transfer equation with respect to the calculation of the diffuse light field intensity
I W;fð Þ. Clearly, the accuracy will depend on the phase matrix. Let us consider the accuracy
of the scalar approximation for the calculation of the diffuse light intensity for a number of
typical phase matrices relevant to solar light propagation in the terrestrial atmosphere. We
start from the phase matrix corresponding to the molecular light scattering. Generally, the
phase matrix of an unit volume of the atmospheric air can be represented as the weighted
sum of the molecular and aerosol scattering contribution. The weighting procedure is iden-
tical to that described for aerosol mixtures in Chapter 2. For the moment, we will neglect
the aerosol contribution and consider the accuracy of the scalar approximation for mole-
cular scattering assuming x0 ¼ 1. The problem of polarized radiative transfer in a mo-
lecular scattering atmosphere is the most extensively studied among all other vector trans-
port problems. Both analytical results (Chandrasekhar, 1950; Sobolev, 1956; van de Hulst,
1980) and extensive tables are available (Coulson et al., 1960) for both intensity and po-
larization characteristics of light reflected and transmitted by a molecular atmosphere. It
should be noted that remote sensing of aerosols and clouds from space requires a subtrac-
tion of the molecular scattering signal from the total measured radiance. This is done using
so-called pre-calculated look-up tables (LUTs) of the Rayleigh intensity depending on the
ground elevation, solar and viewing angles, the relative azimuths between the Sun and
receiver positions, and sensing wavelengths (Hsu et al., 2004). Mishchenko and Travis
(1997) clearly showed that the VRTE (and not the SRTE) should be used in the construction
of LUTs. This is also confirmed by Fig. 3.2(a). This figure shows the dependence of the
relative error of the scalar approximation e in percent as the function of the optical thick-
ness of the molecular atmosphere at the nadir observation conditions, several solar angles
and x0 ¼ 1. The value of the error in percent is defined as: e ¼ 100ð1� Is=IvÞ, where Is is
the intensity obtained from the solution of the scalar problem and Iv is the intensity of the
reflected light obtained using the VRTE. We see that the error e could be quite large espe-
cially for the nadir illumination and grazing incidence angles at W ¼ 0�. The error has a
maximum around the optical thickness 1, which roughly corresponds to the wavelength
320 nm in the case of the terrestrial atmosphere (Bucholtz, 1995). Note that wavelengths
k < 320 nm are not extensively used for lower atmosphere remote sensing due to the inter-
ference of generally unknown in advance ozone absorption. Generally, the error of the
scalar approximation can be neglected for s < 0:02, which corresponds to the wavelengths
k � 800 nm. So the scalar approximation can be used in the construction of LUTs in the
near-infrared. However, this is not the case in the visible or, especially, in the UV region of
the electromagnetic spectrum. This fact is still often ignored in modern aerosol retrieval
techniques, which leads to the increased errors in retrievals depending on the wavelength
used and the illumination/observation conditions of the scene under study.

It is known that the intensity of singly scattered light does not differ in either scalar or
vector formulations under unpolarized light illumination conditions. Hence, we have:
e! 0 as s! 0. The intensity of reflected light for semi-infinite media only weakly de-
pends on the vector nature of light fields. This is due to the randomization of light polar-
ization states by multiple light scattering. Therefore, one could expect the existence of the
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maxima of the absolute error somewhere in the transition zone from single scattering re-
gime to highly developed multiple light scattering. Such maxima are clearly visible in our
calculations presented in Fig. 3.2 at 0:2 � s � 1.

It is interesting to see that the scalar approximation can either overestimate the reflected
light intensity (e.g., for the solar zenith angles 0–45 degrees and the nadir observation) or
underestimate the reflected light intensity (e.g., for solar zenith angles larger than 45 de-
grees and the nadir observation; see Fig. 3.2). To understand this feature better, we plotted
the value of e as the function of the scattering angle h in Fig. 3.3. The scattering angle is
defined as: h ¼ arccosð�ll0 þ ss0 cosfÞ, where s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2

p
, s0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l20

p
. In parti-

cular, it follows at l ¼ 1 as used in Fig. 3.3 that h ¼ p� W0. It follows from Fig. 3.3 that
the error of the scalar approximation (at e > 0Þ is largest at h ¼ p. This coincides with the
findings shown in Fig. 3.2 because the case of the solar zenith angle equal to zero at the
nadir observation corresponds to the exact backscattering geometry (see the upper curve in
Fig. 3.2). It is known that the scalar and vector theory produce the same results for single
scattering under unpolarized solar light illumination conditions. However, this is not the
case for the secondary scattering and generally for the multiple light scattering regime. The
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Fig. 3.2. Error of the scalar approximation at the nadir observation for several solar zenith angles as the
function of the optical thickness of a scattering layer.
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largest differences should occur at scattering angles close to 90 degrees because then the
polarization of scattering light is almost complete for molecular scattering.

We have approximately for the upper-left 2 � 2 sub-matrix of the general Stokes matrix
for molecular scattering at the scattering angle 90 degrees (Kokhanovsky, 2003):

ĈC ¼ 1 1
1 1

� 	
;

where we neglect the constant multiplier. This matrix produces the following reduced Sto-
kes vector ~ss of the singly scattered light at h ¼ 90� for the incident unpolarized light:

~ss ¼ 1
1

� 	
:

We define the reduced vector~ss as the Stokes vector ~SS with neglected components U ;V .
Clearly, it follows for the double scattering in the same plane as for the incident light:

~ss ¼ 2
2

� 	
:

Fig. 3.3. Error of the scalar approximation at the nadir observation at the optical thickness of a scattering
layer equal to 1.0 as the function of the scattering angle for the nadir observation conditions.
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We have, however, for the double scalar scattering (both scatterings are at right angles and
in the same scattering plane):

~ss ¼ 1
0

� 	
:

So the intensity of scattered light is two times smaller for the secondary scattering in the
scalar approximation as compared to the case where the vector character of scattering is
fully accounted for. This explains the large positive errors in the intensity of reflected light
for the backscattering geometry as shown in Fig. 3.3 (Is < IvÞ. This physical insight is due
to Mishchenko et al. (1994), who also explained the minimum for the negative e (see
Fig. 3.3(a)) using similar arguments as given above for two scatterings at right angles
to each other but with the rotation of the scattering plane by 90 degrees for the second
scattering. This gives, for the intensity of scattered light, Iv ¼ 0: The normalized intensity
Is is still equal to 1 for the scalar case. This explains the overestimation of the reflected
light intensity at W0 ¼ 75� by the SRTE in Fig. 3.2. Then the scattering angle is 105�,
which is close to 90�. Note that the minimum in Fig. 3.3 occurs at h ¼ 97� and not at
exactly 90� due to the influence of triple and higher-order scatterings.

Fig. 3.4. Maximum overestimation (in percent, solid curves) and maximum underestimation (in percent,
dotted curves) errors of the scalar approximation versus optical thickness for molecular atmosphere at
different values of the single scattering albedo and the black underlying surface (Mishchenko et al., 2006).
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We have studied the dependence of the error e for the nadir observation conditions
W ¼ 0�ð Þ. It is of importance to understand what happens with the error for arbitrary values
of the angles W0; W;fð Þ. For this, 3-D plots e W0; W;fð Þ are necessary. However, it is also
instructive to look in the maximal values of the error at given s0 and arbitrary angles
W0; W;fð Þ. This is illustrated in Fig. 3.4, where the solid curve gives the maximal value
eþ of the function e W0; W;fð Þ for different values of s0 and x0. This error can be called the
maximum underestimation error. One concludes that the error of scalar approximation
decreases with the absorption in the scattering layer. The error eþ is positive, which under-
lines the fact that for any s0;x0 at varying viewing and observation conditions, one always
find the case when e W0; W;fð Þ > 0 and, therefore, the scalar approximation underestimates
the solution of the vector radiative transfer equation. For the cases considered in
Fig. 3.2(a), the error eþ will coincide with the upper curve. This underlines the fact
that it does not give the maximal error of the approximation, which is given, for example,
by the lower curve in Fig. 3.2(a) at s0 � 1. Therefore, it is also instructive to introduce the
maximal overestimation error e�, which will correspond to the lower curve in Fig. 3.2(a).
This error defined as e� ¼ �maxfefg for any pair W0; Wð Þ is presented by the dotted line in
Fig. 3.4. It corresponds to the lower curve in Fig. 3.2 taken with the opposite sign. Here ef

Fig. 3.5(a). The same as in Fig. 3.4 except for aerosol media at xef = [0.01,1.5] (Mishchenko et al., 2006).
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is the minimal value of e W0; W;fð Þ for a given W0; Wð Þ and the azimuth varying in the range
0; p½ �. For instance, one can conclude from Fig. 3.4 that the error e is bounded by values
–10 and +12 percent at s0 ¼ 1;x0 ¼ 1. Adding the Lambertian surface underneath the
scattering layer leads to the decrease of the error of the scalar approximation (Mishchenko
et al., 2006). This is due to the further randomization of light scattering processes.

Results similar to those shown in Fig. 3.4 but for aerosol media are presented in
Figs. 3.5(a) and (b). Calculations were performed assuming water aerosol with the refrac-
tive index equal to 1.33 and the lognormal distribution with the effective variance equal to
0.1 and different values of the effective size parameter xef ¼ pdef=k, where def ¼ 2aef .
These calculations suggest that the scalar equation can be successfully used for particles
with an effective diameter def � k, which is certainly the case for water clouds in the vis-
ible and near-infrared and also for oceanic and dust-type aerosols. However, for the fine-
mode aerosol, def ¼ 0:2 lm, and the error increases. Fine-mode aerosols never exist in
isolation in the atmosphere. Therefore, the validity of the scalar approximation depends
on the fraction of the coarse mode. For the cases of aerosol media with average diameters
smaller than the wavelength of the incident light one must consider the VRTE for the
calculation of diffuse light intensity. Otherwise, errors can be on the order of 10% depend-
ing on the optical thickness and also on incidence and observation angles.

Fig. 3.5(b). The same as in Fig. 3.4 except for aerosol media at xef 2 [2,20] (Mishchenko et al., 2006).
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3.7.3 The accuracy of the single scattering approximation

The optical thickness of molecular atmosphere for wavelengths usually used for the tropo-
spheric aerosol remote sensing k < 320 nmð Þ is smaller than 1.0. It is smaller than 0.1 for
wavelengths larger than 700 nm (see Appendix). So it is of importance to see if the single
scattering approximation (SSA) can be used to find the Stokes vector of scattered light for
molecular atmosphere in this case. Let us consider the accuracy of the SSA for the normal-
ized Stokes vector of the reflected light ~SSr at the illumination of a scattering medium by an
unpolarized light beam and for the nadir observation conditions. The corresponding ap-
proximate equation can be written in the following form for the Stokes vector of the re-
flected light in the framework of the SSA (Hansen and Travis, 1974):

~SSr ¼ x0P̂P l; l0; uð Þ
4 lþ l0ð Þ 1� expð�msÞf g~FF;

m ¼ l�1 þ l�10

� �
and

~FF ¼ pI0~JJ ; ~JJ ¼
1
0
0
0

0
BB@

1
CCA;

for unpolarized light illumination conditions.
The components of the normalized Stokes vector of the reflected light ~SS *

r are defined as
follows:

S*r1 ¼ pIr=F0l0; S*r2 ¼ pQr=F0l0; S*r3 ¼ pUr=F0l0; S*r4 ¼ pVr=F0l0;

where the Stokes vector of reflected light is given as

~SSr ¼
Ir
Qr

Ur

Vr

0
BB@

1
CCA:

We present results of calculations using the SSA for the reflection function R � S*r1 and the
polarization difference D ¼ �S*r2 in Fig. 3.6 at x0 ¼ 1. The phase matrix of the Rayleigh
scattering in the form (Kokhanovsky, 2003):

P̂P hð Þ ¼ 3

4

1þ cos2 h � sin2 h 0 0
� sin2 h 1þ cos2 h 0 0

0 0 2 cos h 0
0 0 0 2 cos h

0
BB@

1
CCA

was used in approximate calculations. Clearly, it follows that S*r3 ¼ S*r4 ¼ 0 in the case
considered. Note that we neglect here possible depolarization effects, which exist due
to the molecular anisotropy (see Appendix).

We see that the SSA underestimates both R and D and can be used with the accuracy
better than 5% only at s � 0:05 (or for wavelengths larger than approximately 650 nm
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(Bucholtz, 1995)) . So most of the visible and UV parts of the electromagnetic spectrum
are not covered by this approximation for molecular scattering in the terrestrial
atmosphere. However, Fig. 3.6 shows that the dependence of the error
D ¼ 100ð1� RSSA=RvÞ on the solar angle is not very pronounced. So we can introduce
a correction multiplier f sð Þ to the SSA at the average angle 45�. Then it follows that

R ¼ Rssf sð Þ; D ¼ Sssw sð Þ;
where we found using the parameterization of numerical results that

f sð Þ ¼ 1þ 7� sð Þs
5

; w sð Þ ¼ 1þ as� bs2 þ cs3

and a ¼ 0:864, b ¼ 0:442, c ¼ 0:133. The accuracy of the modified SSA approximation
at W ¼ 0� is given in Figs. 3.7(a) and (b) both for R andD. We see that the accuracy is much
improved in comparison with the standard SSA. The error is smaller than 5% for most
solar illumination conditions and s � 1, which corresponds approximately to the wave-
lengths k � 320 nm in the case of the terrestrial atmosphere (Bucholtz, 1995). Similar
results can be obtained for other observation conditions as well. Also they can be improved,
if necessary, to cover still larger values of s:
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Fig. 3.6. Dependence of the error of the single scattering approximation on the optical thickness in the
case of pure molecular scattering. Squares correspond to errors in the reflection function and circles give
the error in the polarization difference at the nadir observation conditions. The same symbols for the fixed
value of the molecular optical thickness correspond to different solar zenith angles.
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Fig. 3.7(a). Dependence of the error of the modified single scattering approximation for the value of the
reflection function on the optical thickness in the case of pure molecular scattering at the nadir observation
conditions and the solar zenith angles equal to 0, 15, 30, 45, 60, and 75 degrees.
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Fig. 3.7(b). Dependence of the error of the modified single scattering approximation for the polarization
difference on the optical thickness in the case of pure molecular scattering at the nadir observation con-
ditions and the solar zenith angles equal to 0, 15, 30, 45, 60, and 75 degrees.
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3.7.4 The intensity and degree of polarization of light reflected
from an aerosol layer

The VRTE can be used for studies of angular characteristics of light reflected and trans-
mitted by an aerosol layer. This is illustrated in Figs. 3.8(a) and (b) for the reflection func-
tion and the degree of polarization of the reflected light for two distinct types of aerosol
media with refractive indices 1:43� iv and 1:53� iv, where v ¼ 0:006. It was assumed
that particles are polydispersed and the particle size distribution is given by

f ðaÞ ¼ Aat exp �t a

a0

� 	

with A ¼ ttþ1a�t�10 C�1 tþ 1ð Þ, t ¼ 6, a0 ¼ 400 nm. The calculations are performed
using Mie theory (van de Hulst, 1957) at the wavelength 550 nm. It follows that both
R and D differ considerably depending on the value of the refractive index of particles.
It means that the value of n can be retrieved from reflected light measurements.

It follows from Fig. 3.8(a) that the reflectances are lower at the refractive index
n ¼ 1:43 as compared to the case n ¼ 1:53. Therefore, if the refractive index 1:53 is as-
sumed in the construction of corresponding LUTs of aerosol retrieval algorithms for par-
ticles with lower n (e.g., due to uptake of water), then the retrieved aerosol optical thick-
ness will be underestimated. The error will be even larger if the degree of polarization
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Fig. 3.8(a). Dependence of the aerosol reflection function on the solar zenith angle for values of AOT
equal to 0.001, 0.1, 0.5, and 1.0, assuming nonabsorbing aerosols with refractive indices 1.43 and 1.53.
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measurements are used assuming the wrong value of the refractive index (see Fig. 3.8(b)).
It also means that the refractive index of particles should be retrieved simultaneously with
the AOT to avoid such biases. Corresponding retrieval algorithms have already been de-
veloped (Zhao et al., 1997). Considerable efforts should be put into their further devel-
opment and application to satellite data. For this, however, one needs data from optical
instruments capable of measuring both polarization and intensity of reflected light (Des-
champs et al., 1994). The possibility of changing the viewing conditions for the same
ground target (see, for example, Moroney et al., 2002, and references therein) is also
of a great importance for this task. The general behavior of the degree of polarization
curves P W0ð Þ is quite different for different refractive indices (Zhao et al., 1997). This
can also be used to find n and constrain corresponding LUTs.

An interesting feature of the degree of polarization shown in Fig. 3.8(b) is that it is
negative for almost all solar angles. This is due to the corresponding behaviour of the
degree of polarization for singly scattered light in the case studied (see Fig. 3.9), which
is negative or partially linearly polarized in the direction parallel to the meridional plane
for all scattering angles. This is in contrast with molecular and cloud scattering (see
Fig. 3.9). We see that the measurements of sign and angular dependence of the degree
of polarization is of a great importance for atmospheric remote sensing. The polarization
characteristics of aerosol media vary considerably depending on the chemical composition
of aerosol particles, their morphology, the shape of particles, and their size (Junge, 1963).
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Fig. 3.8(b). The same as in Fig. 3.8(a) except for the degree of polarization of scattered light, assuming
that the incident light is unpolarized.
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Fig. 3.9. Dependence of the degree of polarization on the scattering angle h for single light scattering of
unpolarized radiation by molecules, water cloud droplets, and the aerosol medium calculated using Mie
theory at the wavelength 550 nm. Water droplets have the effective radius 6 lm and the refractive index
1.333. Aerosol particles have the effective radius 0.6 lm and the refractive index 1.53–0.006i. Particle size
distributions are given by the gamma distribution with the half-width parameter t equal to 6.0 both for
clouds and aerosols.
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Chapter 4. Fourier optics of aerosol media

4.1 Main definitions

The results presented in the previous chapter were aimed at the description of angular,
spectral, and polarization characteristics of multiply scattered light beams both inside
and at the boundaries of an aerosol layer. They are quite general and can be used for
the solution of numerous practical problems ranging from the optimization of a turbid
layer with respect to the characteristics of reflected and transmitted light beams to the
problems of vision in atmosphere. The focus of this chapter is on the image transfer theory.

Let us imagine that there is a distant object observed through a thick layer of haze.
Depending on the microstructure of the haze and also on its optical thickness, one can
see details of the object with a higher or lower contrast with respect to the background.
Let us imagine that we observe a bar chart shown in Fig. 4.1 through an aerosol layer.
Clearly, the increase of the aerosol optical thickness will lead to the loss of contrast defined
as j ¼ Emax � Eminð Þ= Emax þ Eminð Þ, where Emin is the minimal value of the brightness
and Emax is its maximal value in the object plane. This is due to the transversal diffusion of
photons from bright areas in Fig. 4.1 to black areas (as seen by a distant observer) during
light propagation from the object to the eye through an aerosol layer. The effect is demon-

Fig. 4.1. The sequence of bars used in studies of image transfer through scattering media.



strated in Fig. 4.2, where two photographs were taken at the same location but on a clear
and on a hazy day. Clearly, at some critical value of the optical thickness of a scattering
layer, an eye is no longer capable of distinguishing an object against the background. Then
only a uniform distribution is seen and one cannot recognize that there is actually an object
behind the scattering layer (at least with the naked eye). The disappearance of the bar chart

Fig. 4.2. The view of distant objects seen through a heavy aerosol layer (a) and also for a clear day (b).

4.1 Main definitions 85



shown in Fig. 4.1 as seen by a distant object will depend not only on the aerosol optical
thickness and its microstructure but also on the distance x ¼ l=2 between two black bars. It
is obvious that objects with smaller values of the period l will disappear more quickly with
the increase of the aerosol optical thickness as compared to the case with larger values of l.
This is due to the fact that the transversal diffusion of photons washes out the fine details of
the object more quickly then the large-scale details. This statement can be formulated also
in terms of the spatial frequency t ¼ 1=l measured in mm�1. Therefore, a scattering layer
can be considered as a filter of high spatial frequency. Signals with low spatial frequencies
will pass through a layer with little disturbance but high frequencies will be attenuated
considerably.

Therefore, a scattering aerosol layer can be characterized not only by its transmittance t
but also by the modulation transfer function (MTF) TðtÞ, which describes the efficiency of
transfer of a signal of a given spatial frequency through an aerosol layer. This function can
be introduced in the following way.

Any diffused source of light can be considered as a superposition of point light sources.
Thus, in linear optical systems the image of such an object (e.g., a wall illuminated by the
Sun) with the irradiance a0 ~rr 0ð Þ is a linear superposition of images of point sources. This
can be represented as

a ~rrð Þ ¼
Z1
�1

Z1
�1

S ~rr;~rr 0ð Þa0~rr 0ð Þ d~rr 0; ð4:1Þ

where the point spread function (PSF) S ~rr;~rr 0ð Þ describes the process of the transformation
of the object irradiance a0 ~rr 0ð Þ in the initial object plane to the image irradiance a ~rrð Þ in the
image plane. The point spread function is a main notion of the image transfer theory (ITT)
(Zege et al., 1991). Let us assume that the PSF depends only on the difference~rr �~rr 0. This
means that the image of the point-source object changes only in location, not in functional
form, as the point source explores the object field. Therefore, we can write Eq. (4.1) in the
following form:

a ~rrð Þ ¼
Z1
�1

Z1
�1

S ~rr �~rr0ð Þa0~rr 0ð Þd~rr 0 : ð4:2Þ

Let us introduce the Fourier transforms of the correspondent functions:

a ~ttð Þ ¼
Z1
�1

Z1
�1

a ~rr 0ð Þ e�i2p~tt r 0 d~rr 0; ð4:3Þ

a0 ~ttð Þ ¼
Z1
�1

Z1
�1

a0 ~rr
0ð Þ e�i2p~tt~rr 0 d~rr 0; ð4:4Þ

S ~ttð Þ ¼
Z1
�1

Z1
�1

S ~rr 0ð Þ e�i2p~tt~rr 0 d~rr 0: ð4:5Þ
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For the bar chart shown in Fig. 4.1, one can use just one spatial frequency tx along the axis
OX. There is no changes in the brightness in the direction of the axis OY. In reality, how-
ever, the brightness can change in the direction of the axis OYand, therefore, we need to
introduce the spatial frequency ty for the description of this process and the vector~tt for the
arbitrary distribution of the brightness in the image plane.

It follows from Eq. (4.2) after its multiplication by e�i2p~tt r from both sides and integ-
ration with respect to ~rr:

a ~ttð Þ ¼
Z1
�1

Z1
�1

d~rr

Z1
�1

Z1
�1

d~rr 0S ~rr �~rr 0ð Þa0~rr 0ð Þ e�i2p~tt~rr: ð4:6Þ

Let us introduce a new variable ~qq ¼~rr �~rr 0 instead of ~rr. Then it follows:

a ~ttð Þ ¼
Z1
�1

Z1
�1

d~qq
Z1
�1

Z1
�1

d~rr 0S ~qqð Þa0~rr 0ð Þ e�i2pð~tt~rr 0þ~tt~qqÞ ð4:7Þ

or

a ~ttð Þ ¼ S ~ttð Þa0 ~ttð Þ: ð4:8Þ
Therefore, the integration procedure as shown in Eq. (4.2) is substituted by the multiplica-
tion operation in Fourier space. This makes all calculations much simpler. The function
S ~ttð Þ is called the optical transfer function (OTF). This is a central notion of Fourier optics
of aerosol media. In particular, it can be proven that for the cases of several aerosol layers
and also to account for the OTF of other atmospheric processes like turbulence and the
OTF of imaging instruments, one must use the simple product of all relevant OTFs to have
the total OTF of the whole propagation channel from the object to the image space.

The knowledge of the OTF of a given aerosol layer enables an immediate calculation of
the PSF using the inverse Fourier transform of Eq. (4.5):

S ~qqð Þ ¼
Z1
�1

Z1
�1

S ~ttð Þ ei2p~tt~qq d~tt; ð4:9Þ

which differs just by sign of the exponent appearing in the integrand from the Fourier
transform defined by Eq. (4.5). For the simplicity of notation here and also later in the
text, we use the same symbol for the function and its Fourier transform (e.g., S).

One concludes that the determination of the irradiance distribution in the image plane
for an arbitrary distribution of the irradiance a0 ~rr 0ð Þ in the object plane is reduced just to a
simple integration as shown in Eq. (4.2). All physics of the problem including the depend-
ence of the image properties on the size, shape, and chemical composition of aerosol par-
ticles in a medium between an object and a receiver is contained in just one function S ~ttð Þ.
This explains the background behind extensive studies of OTFs for different scattering
media including clouds, aerosols, and ocean (Zege et al., 1991). The OTF is a complex
function, which can be presented in the following form:

S ~ttð Þ ¼ a ~ttð Þ exp iu ~ttð Þ½ �: ð4:10Þ
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The modulus a ~ttð Þ normalized to its value at zero frequency is known as the modulation
transfer function (MTF):

T ~ttð Þ ¼ a ~ttð Þ
a 0ð Þ : ð4:11Þ

The function u ~ttð Þ is called the phase transfer function (PTF). The MTF describes the
change of contrast with the spatial frequency due to light scattering, diffraction and pro-
pagation effects.

Let us assume that the PSF is a symmetric function with respect to the azimuth f. In this
case PSF can be described just by the modulus r � ~rrj j. Also the OTF will depend only on
t � ~ttj j and has a circular symmetry with respect to the azimuth w in the image plane.
Therefore, introducing polar coordinates (r cosf; r sinfÞ and ðt cosw; t sin nÞin the ob-
ject and image planes, respectively, one derives:

a tð Þ ¼
Z2p
0

df
Z1
0

dr ra rð Þ exp �i2ptr cos w� fð Þ½ � ð4:12Þ

and taking into account the integral representation of the Bessel function

J0 xð Þ ¼ 1

2p

Z2p
0

expð�ix cos w� fð ÞÞ df; ð4:13Þ

it follows for the azimuthally symmetric OTF that

a tð Þ ¼ 2p
Z1
0

J0 trð Þa rð Þr dr: ð4:14Þ

Clearly, the OTF is a real function and the PTF is equal to zero in this case. It also means
that the MTF coincides with the normalized OTF for the case under consideration. Sym-
metric PSFs occur in many atmospheric optics applications.

In a similar way one can show that

a rð Þ ¼ 2p
Z1
0

J0 trð Þa tð Þt dt: ð4:15Þ

So the distribution of irradiance in the image plane can be presented as a single integral
(Fourier–Bessel transform) of the OTF for the case under consideration. There is no dif-
ference between the transform and inverse-transform operations for circularly symmetric
functions. Denoting the Fourier–Bessel transform of the function aðrÞ as BðaðrÞÞ, one ea-
sily derives:

BðaðnrÞÞ ¼ n�2a
t
n

� �
: ð4:16Þ

This means that a narrowing of the point spread function n times will lead to the broad-
ening of the OTF n times and vice versa. Clearly, narrower PSFs will enable a better image
transfer from an object to an image plane. In particular, it follows from Eq. (4.2) that, if the
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PSF can be substituted by the delta function d ~rr �~rr 0ð Þ, the object will be seen in the image
plane without any disturbance a rð Þ � a0 rð Þð Þ. Therefore, if an aerosol layer has a broad
optical transfer function, this will lead to better imaging of the fine details of an object
through this layer. The important problem is, therefore, to study the influence of sizes of
particles, their refractive indices and also aerosol optical thickness on the OTF and its half-
width. This problem is addressed in the next section assuming that particles in an aerosol
layer are characterized by phase functions highly extended in the forward direction, which
is the case, for example, for coarse aerosols.

4.2 Image transfer through aerosol media with large particles

4.2.1 Theory

Let us assume that the scattering layer is illuminated along normal by a light source with
the intensity distribution I0 ~rr;~ssð Þ. Unlike most of the problems considered above, we need
to account for the horizontal inhomogeneity of multiply scattered light field. This inho-
mogeneity arises solely due to boundary conditions. Instead of uniform illumination of the
aerosol upper boundary (e.g., by solar light) , we will consider the case of an arbitrary
illumination by the light field I0 ~rr;~ssð Þ dependent both on the position ~rr and the direction
~ss (e.g., for incident laser beam).

The main equation describing the problem can be written in the following form:

~ss ~rr
� �

I ~rr;~ssð Þ þ kextI ~rr;~ssð Þ � ksca
4p

Z
4p

I ~rr;~ss 0ð Þp ~ss 0;~ssð Þ dX0 ¼ 0; ð4:17Þ

where we neglect the vector nature of light for the simplification of derivations. The task is
to find the angular distribution of the light field I ~rr;~ssð Þ at a given point~rr in the direction
specified by the vector ~ss. An important approximate solution can be derived, if one is
interested in the distribution I ~rr;~ssð Þ close to the axis of the incident narrow light beam
for vectors ~ss directed along OZ or in the directions almost parallel to OZ. We present
vectors ~rr and ~ss as

~rr ¼ x~eex þ y~eey þ z~eez; ð4:18Þ

~ss ¼ sx~eex þ sy~eey þ sz~eez; ð4:19Þ
where ~eex;~eey;~eez

� �
are unity vectors directed along the axes OX, OY, OZ. Axes OX and OY

specify the plane perpendicular to OZ. We can write in the spherical coordinate system:

sx ¼ sin h cos u; sy ¼ sin h sin u; sz ¼ cos h: ð4:20Þ
Here u is the azimuthal angle and h is the angle between the axis OZ and the observation
direction. Wewill assume that h! 0 in our derivations. Hence, the corresponding approx-
imation is called the small-angle approximation. Let us introduce the vector

~rr? � ~eex
@

@x
þ~eey

@

@y
: ð4:21Þ
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Then it follows that

~ss ~rr?
� �

I z;~qq;~ssð Þ þ @I z;~qq;~ssð Þ
@z

þ kextI z;~qq;~ssð Þ � ksca
4p

Z1
�1

dsx

Z1
�1

dsyI z;~qq;~ss0ð Þp ~ss0 �~ssð Þ ¼ 0;

ð4:22Þ
where we used the fact that dsx dsy ¼ cos h sin h dh du ¼ cos h dX � dX and sz � 1 as
h! 0: Also we assumed that the phase function depends only on the difference vector
~dd ¼~ss�~ss 0 and introduces the transverse vector ~qq ¼ x~eex þ y~eey. We use infinite limits
of integration because the contribution of photons located at large distances from the
axis OZ is low. Clearly, our assumptions are valid only if light scattering occurs predo-
minantly in the forward direction and this is really the case for coarse aerosols. The ap-
proximation considered is not valid in deep layers of a scattering medium (e.g., at s � 5Þ
because then light deviates from the axis OZ considerably.

Instead solving Eq. (4.22) and then performing the Fourier transform to derive the OTF,
we will first apply the Fourier transform to Eq. (4.22) and then solve the corresponding
equation in the Fourier space. This will enable us to derive the analytical equation for the
double Fourier transform of light intensity ~II z;~tt;~qqð Þ defined as

~II z;~tt;~qqð Þ ¼
Z1
�1

Z1
�1

d~ss

Z1
�1

Z1
�1

d~qqI z;~qq;~ssð Þ e�i2pð~tt~qqþ~qq~ssÞ: ð4:23Þ

Because the irradiance E is determined as

E ¼
Z1
�1

Z1
�1

d~ssI z;~qq;~ssð Þ; ð4:24Þ

it follows for OTF that

S ~ttð Þ ¼ I z;~tt; 0ð Þ: ð4:25Þ
Therefore, to calculate the OTF, one needs to find ~II z;~tt;~qqð Þ and substitute ~qq by zero. Ap-
plying the Fourier transform with respect to ~qq to Eq. (4.22), we have, using definitions
specified in Table 4.1:

K̂KI z;~tt;~ssð Þ � ksca
4p

Z1
�1

Z1
�1

d~ss 0I z;~tt;~ss 0ð Þp ~ss�~ss 0ð Þ¼ 0; ð4:26Þ

where K̂K � ð@=@zÞ þ rext � i~ss~tt. This equation can be simplified using the substitution:

I z;~tt;~ssð Þ ¼ D z;~tt;~ssð Þ expði2pz~qq~ss� sÞ; ð4:27Þ
where s ¼ rextz. Thus, one obtains:

dD z;~tt;~ssð Þ
dz

� ksca
4p

Z1
�1

Z1
�1

D z; t;~ss 0ð ÞG z;~tt;~ss�~ss 0ð Þ d~ss 0 ¼ 0; ð4:28Þ
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where

G ~ss�~ss 0ð Þ ¼ p ~ss�~ss0ð Þ expðit z ~ss�~ss 0ð ÞÞ: ð4:29Þ
Let us apply the Fourier transform with respect to~ss to the just-derived equation. The in-
tegral in Eq. (4.28) can be transformed using the convolution property 5 in Table 4.1. Then
it follows that

d ~DD z;~tt;~qqð Þ
dz

� ksca
4p

~DD z;~tt;~qqð Þ ~GG z;~tt;~qqð Þ ¼ 0: ð4:30Þ
The tilde above a symbol means the double Fourier transform operation (both with respect
to~qq and~ssÞ of the corresponding function similar to that shown in Eq. (4.23). In particular,
it follows that

~DD z;~tt;~qqð Þ ¼
Z1
�1

Z1
�1

D z;~tt;~ssð Þ e�i2p~qq

~

s d~ss ð4:31Þ

and, therefore,

D z;~tt;~ssð Þ ¼
Z1
�1

Z1
�1

~DD z;~tt;~qqð Þ ei2p~qq

~

s d~qq : ð4:32Þ

Table 4.1. Fourier transforms

No. Fourier transform Definition

1 ~IIðz;~vv;~ssÞ
Z1
�1

Z1
�1

Iðz;~qq;~ssÞ ei~vv~qq d~qq

2 Iðz;~qq;~ssÞ 1

4p2

Z1
�1

Z1
�1

~IIðz;~vv;~ssÞ e�i~vv~qq d~ss

3 �i~ss~vv~IIðz;~vv;~ssÞ
Z1
�1

Z1
�1

~ss ~rr?
� �

Iðz;~qq;~ssÞ ei~vv~qq d~qq

4 ~ppð~qqÞ
Z1
�1

Z1
�1

pð~ssÞ ei~qq~ss d~ss

5 ~hhð~vvÞ ¼ ~ff ð~vvÞ~ggð~vvÞ hð~bbÞ ¼
Z1
�1

Z1
�1

f ð~aaÞgð~bb �~aaÞ d~aa

6 ~~GGðz;~vv;~qqÞ
Z1
�1

Z1
�1

pð~ssÞeið~qq�z~vvÞ~ss d~ss

7 ~DDðz;~vv;~ssÞ 1

4p2

Z1
�1

Z1
�1

~~DDðz;~vv;~qqÞ e�i~qq~ss d~qq

8 1

Z1
�1

Z1
�1

dð~ssÞe�i~vv~ss d~ss
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The expression for ~GG is given in Table 4.1. Comparing lines 3 and 5 in Table 4.1, we derive:
~GG � p ~qq�~ttzð Þ. Therefore, it follows that

~DD z;~tt;~qqð Þ ¼ ~DD 0;~tt;~qqð Þ exp ksca
4p

Zz
0

p ~qq�~ttzð Þ dz
8<
:

9=
; ð4:33Þ

and also

~DD z;~tt; 0ð Þ ¼ ~DD 0;~tt; 0ð Þ exp ksca
4p

Zz
0

p ~ttzð Þ dz
8<
:

9=
;: ð4:34Þ

This solves the problem at hand. Indeed, the value of D z;~mm;~ssð Þ in Eq. (4.27) can be found
using the inverse Fourier transform

D z;~tt;~ssð Þ ¼
Z1
�1

Z1
�1

~DD z;~tt;~qqð Þ ei2p~qq

~

s: ð4:35Þ

Therefore, it follows that

I z;~tt;~ssð Þ ¼ D z;~tt;~ssð Þ expði2pz~tt~ss� sÞ
Assuming that I 0;~qq;~ssð Þ ¼ d ~qqð Þd ~ssð Þ and using property 8 in Table 4.1, we derive:

~II z;~mm;~qqð Þ ¼ exp �kscazþ ksca
4p

Zz
0

~pp ~qq�~mm z0 � zð Þð Þ dz0
8<
:

9=
;: ð4:36Þ

Calculations of ~pp can be simplified assuming the circular symmetry of the phase function:
p ~ssð Þ � p ~ss?j jð Þ ¼ pðsÞ. Then one obtains:

p jð Þ ¼ 2p
Z1
0

p sð ÞJ0 jsð Þs ds: ð4:37Þ

Therefore, we can write:

~II z;~mm;~qqð Þ ¼ exp �kscazþ ksca
2

Zz
0

dz0
Z1
0

dhp hð ÞJ0 ðq� mz0Þhð Þh
8<
:

9=
;: ð4:38Þ

It follows from this equation at~mm ¼ ~qq ¼~00 that

~II z;~00;~00
� �

¼ exp �kscazþ ksca
2

Zz
0

dz0
Z1
0

dhp hð Þh
8<
:

9=
; ð4:39Þ

or ~~II~II z;~00;~00
� �

¼ 1, where we accounted for the phase function normalization condition:

1

2

Z1
0

p hð Þh dh ¼ 1: ð4:40Þ
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The small-angle approximation for the OTF follows from Eq. (4.38) at~qq ¼ 0. Namely, one
derives:

S z; tð Þ ¼ exp �kscazþ ksca
2

Zz
0

dz0
Z1
0

dhp hð ÞJ0 tz0hð Þh
8<
:

9=
;: ð4:41Þ

or

S z; mð Þ ¼ exp �s 1� x0B m; zð Þ½ �f g; ð4:42Þ
where

B m; zð Þ ¼ 1

z

Zz
0

dz0p m z� z0ð Þð Þ: ð4:43Þ

Let us introduce a new variable y ¼ 1� z0=z. Then it follows that

B m; zð Þ ¼
Z1
0

dyp mzyð Þ: ð4:44Þ

We see that B m; zð Þ depends on the dimensionless frequency x ¼ mz. The same is true for
the OTF. Therefore, it follows that

S xð Þ ¼ exp �s 1� x0B xð Þ½ �f g; ð4:45Þ
where

B xð Þ ¼
Z1
0

p xyð Þ dy ð4:46Þ

or

B xð Þ ¼ 1

2

Z1
0

dy
Z1
0

dhp hð ÞJ0 xyhð Þh ð4:47Þ

Eq. (4.45) makes it possible to derive the irradiance in the image plane (see Eqs (4.2),
(4.9)) if one knows the irradiance in the object plane. Also it follows that

a0 xð Þ ¼ S�1 xð Þa xð Þ: ð4:48Þ
Therefore, the initial image can be reconstructed, if the OTF is known.

It follows at x ¼ 0: S 0ð Þ ¼ expð�kabszÞ. Therefore, only absorption processes are re-
sponsible for the OTF reduction at zero frequency. This is the consequence of the approx-
imation used, which does not account for backscattering effects.

Let us approximate the phase function of a cloud medium as

p hð Þ ¼ 4a2 expð�a2h2Þ: ð4:49Þ
Then it follows that

p yxð Þ ¼ exp � y2x2

4a2

� �
ð4:50Þ
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and, therefore:

B jð Þ ¼ a
ffiffiffi
p
p
j

erf
x

2a

h i
; ð4:51Þ

where the error function

erf uð Þ ¼ 2ffiffiffi
p
p
Zu
0

expð�f2Þ df ð4:52Þ

is introduced. So we obtain the following analytical expression for the OTF:

S jð Þ ¼ exp �s 1� ax0
ffiffiffi
p
p
j

erf
x
2a

� �� �� �
: ð4:53Þ

In particular, it follows as j! 0 that

erf
x
2a

h i
� x

a
ffiffiffi
p
p 1� x2

12a2

� �
ð4:54Þ

and, therefore,

S xð Þ ¼ exp �s 1� x0 1� x2

12a2

� 	� �� �
: ð4:55Þ

It follows for nonabsorbing media that S xð Þ ¼ exp �Nx2
� �

, where N ¼ s=12a2. We see
that the distribution S jð Þ has the Gaussian shape at small dimensionless frequencies x.
Larger particles in aerosol media are characterized by more extended phase functions.
Therefore, a must be larger for larger particles (see Eq. (4.49)). This also means that
the OTF is larger for larger particles. This will lead to a better image quality for media
having larger particles.

The Gaussian shape of the OTF as x! 0 is characteristic for the small-angle approx-
imation in general. The result does not depend on the assumption on the phase function. It
can be demonstrated in the following way. It is known that the Bessel function can be
written in series with respect to its argument as follows:

J0 xð Þ ¼
X1
n¼0

anx
2n; ð4:56Þ

where

a0 ¼ 1; a1 ¼ � 1

4
; a2 ¼ 1

42 2!ð Þ2 ; a3 ¼ � 1

43 3!ð Þ2 ; etc:

The substitution of Eq. (4.56) enables to evaluate the double integral in Eq. (4.47) analy-
tically. The answer is

B xð Þ ¼
X1
n¼0

anx2n

2nþ 1
h2nh i; ð4:57Þ
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where

h2nh i ¼ 1

2

Z1
0

h2nþ1p hð Þ dh: ð4:58Þ

The moments h2nh i can be easily found if the phase function is known. In particular it
follows that h0h i ¼ 1 and

h2h i ¼ 1

2

Z1
0

h3p hð Þ dh: ð4:59Þ

The value of h2h i can be related to the average cosine of the scattering angle g for phase
functions highly peaked in the forward direction. Indeed, it follows that

g ¼ 1

2

Z1
0

cos hp hð Þh dh: ð4:60Þ

Using the approximation valid at small scattering angles:cos h � 1� ðh2=2Þ, one derives:

g ¼ 1� h2h i
2

: ð4:61Þ

This means that h2 � 2ð1� gÞ for phase functions highly extended in the forward direc-
tion.

Therefore, it follows at small spatial frequencies that

B xð Þ ¼ 1� x2 h2h i
12

ð4:62Þ

and, therefore,

S xð Þ ¼ exp �sabs � x2ssca
12

h2h i
� �

; ð4:63Þ

where sabs ¼ kabsz, ssca ¼ kscaz. So the Gaussian shape of S xð Þ at small spatial frequencies
is a general feature of small scattering approximation irrelevant to a particular angular
behavior of a given highly extended in the forward direction phase function. Also it follows
for the MTF as x! 0 in the framework of SAA that

T xð Þ ¼ exp �x2ssca
12

h2h i
� �

: ð4:64Þ

The real aerosol phase functions can be modeled by the approximation given in Eq. (4.49)
in theoretical studies of image transfer through aerosol media. Clearly, the elongation of
phase functions in the forward direction depends on the size of scatterers. The analysis of
Mie computations shows that 1� p hð Þ=p 0ð Þ is proportional to ðkaef Þ�2 at small scattering
angle and, therefore, a is the inversely proportional to the square root of the effective radius
of particles. Clearly, Eq. (4.49) does not allow us to study effects of the complex refractive
index on the image transfer. Then exact Mie computations of the phase functions or mo-
ments (4.58) are needed.
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4.2.2 Geometrical optics approximation

The general behavior of the OTF with respect to the complex refractive index of particles
and also their sizes can be obtained using the geometrical optics approximation valid for
particles having sizes much larger than the wavelength of the incident light (e.g., image
transfer in fogs). Then the angular scattering coefficient

ksca hð Þ ¼ 4pNI hð Þ
k2

ð4:65Þ

in the forward direction can be represented by the sum of three components, namely, dif-
fracted, transmitted, and reflected light components. Here, N is the number of particles in a
unit volume and k ¼ 2p=k, k is the wavelength. It follows (van de Hulst, 1957, Kokha-
novsky, 2006) that the function I hð Þ for monodispersed spherical particles much larger
than the wavelength (the radius a� kÞ can be represented as the sum of three components
in the small-angle region:

I ¼ Id þ I t þ I r; ð4:66Þ
where the interference between different components is neglected and

Id hð Þ ¼ x2J21 hxð Þ
h2

; ð4:67Þ

I r hð Þ ¼ x2

4

X2
j¼1

N2
j 1� q2ð Þ1=2� n2 � q2ð Þ1=2

N2
j 1� q2ð Þ1=2þ n2 � q2ð Þ1=2

" #2
; ð4:68Þ

I t hð Þ ¼ 2n

n2 � 1

� 	4 nq� 1ð Þ3ðn� qÞ3ð1þ q4Þx2
8q5 1þ n2 � 2nqð Þ2 exp �hc xð Þð Þ; ð4:69Þ

where x ¼ 2pa=k, q ¼ cosðh=2Þ; h ¼ ðn� qÞð1þ n2 � 2nqÞ�1=2, N1 ¼ 1, N2 ¼ n2,
c ¼ 4vx and it is assumed that v	 n.

Now we note that the expression for the OTF can be written in the following form:

S xð Þ ¼ exp j xð Þ � kextð ÞLf g; ð4:70Þ
where

j xð Þ ¼ 1

2

Z1
0

dy
Z1
0

dhksca hð ÞJ0 xyhð Þh: ð4:71Þ

It follows that the function j xð Þcan be presented as the sum of three components for dif-
fracted, refracted and reflected light:

j xð Þ ¼ jd xð Þ þ jt xð Þ þ jr xð Þ; ð4:72Þ
where

jd;t;r xð Þ ¼ 2pN
k2

Z1
0

dy
Z1
0

dhId;t;r hð ÞJ0 xyhð Þh: ð4:73Þ
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The integral for the diffraction component can be found analytically using the fact that

2

Zh
0

J21 hxð ÞJ0 hbð Þh dh ¼ arccos
b

2x

� 	
� b

2x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b

2x

� 	2
s0

@
1
Au

b

2x

� 	
; ð4:74Þ

where uðb=2xÞ equals to zero at b � 2x and one, otherwise. Then it follows after simple
derivations:

jd xð Þ ¼ pNa2qd xð Þ; qd xð Þ ¼ 4

3pb
þ 2

p
arccos b� 2ð2þ b2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2
p

3pb

 !
u bð Þ; ð4:75Þ

where b ¼ x=2x. Corresponding integrals for the transmitted and reflected component
cannot be evaluated analytically in the general case. However, the approximate calculation
is possible. The analysis of correspondent functions show that they can be substituted by
exponents as follows (Zege and Kokhanovsky, 1994):

I r hð Þ ¼ x2

4
expð�ahÞ; ð4:76Þ

I t hð Þ ¼ Ax2 exp �c� bh2
� �

=4; ð4:77Þ
where

A ¼ 16n4

nþ 1ð Þ4 n� 1ð Þ2 : ð4:78Þ

The values of a and b are tabulated by Zege and Kokhanovsky (1994). In particular they
found that a ¼ b ¼ 2:4 at n ¼ 1:53. Then one derives:

jr xð Þ ¼ pNa2qr xð Þ; jt xð Þ ¼ pNa2qt xð Þ; ð4:79Þ
where

qr xð Þ ¼ 1

2a2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2

a2

q ; qt xð Þ ¼ A expð�cÞ
4x

ffiffiffi
p
b

r
erf

x

2
ffiffiffi
b

p
 !

ð4:80Þ

and

erf sð Þ ¼ 2ffiffiffi
p
p
Zs
0

e�t
2=2 dt ð4:81Þ

is the error function. This function has the following behavior as s! 0:

erf sð Þ ¼ 2sffiffiffi
p
p : ð4:82Þ

This means that it follows at x ¼ 0 that

qt 0ð Þ ¼ A expð�cÞ
4b

: ð4:83Þ
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Also one easily derives:

qd 0ð Þ ¼ 1; qr 0ð Þ ¼ 1

2a2
: ð4:84Þ

This means that

Sð0Þ ¼ expð�s 1�$ð ÞÞ; ð4:85Þ
where

$ ¼ 1

2
þ 1

4a2
þ A e�c

8b
ð4:86Þ

and we accounted for the fact that it follows for the optical thickness of aerosols layers with
large scatterers:

s ¼ 2Npa2: ð4:87Þ
Note that S 0ð Þ coincides with the diffuse transmission coefficient of a scattering layer
under normal illumination conditions (Zege et al., 1991; Zege and Kokhanovsky,
1994). We can derive using Eq. (4.70) and also formulae given above:

S xð Þ ¼ exp �s 1� 1

2
qd xð Þ þ qr xð Þ þ qt xð Þð Þ

� 	� �
: ð4:88Þ

Therefore, it follows for the modulation transfer function that

T xð Þ ¼ exp �s $� 1

2
qd xð Þ þ qr xð Þ þ qt xð Þð Þ

� 	� �
: ð4:89Þ

The results of calculations of the OTF at s ¼ 1 using Eq. (4.87) are shown in Fig. 4.3 for
size parameters of 100, 500, and 1000 and a refractive index equal to 1.53. The following
approximation of the error function was used:

Fig. 4.3. The optical transfer function for size parameters equal to 100, 500, and 1000. It is assumed that n
= 1.53 and s = 1.
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erfðsÞ ¼ 1� a1eþ a2e
2 þ a3e

3
� �

expð�s2Þ; ð4:90Þ
where e ¼ ð1þ wsÞ�1,w ¼ 0:470 47,a1 ¼ 0:348 024 2, a2 ¼ �0:095 879 8, a3 ¼ 0:747 855 6.
It follows that for larger particles values of the OTF are larger. This means that aerosol
media with larger particles make smaller distortions of images of distant objects. This
coincides with earlier findings reported above. Clearly, it follows that as x!1:
S ! expð�sÞ independently of the size of particles (at a given optical thickness).
Then the OTF is determined mostly by the attenuated direct light beam.
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Chapter 5. Optical remote sensing of
atmospheric aerosol

5.1 Ground-based remote sensing of aerosols

5.1.1 Spectral attenuation of solar light

Aerosol optical and microphysical characteristics can be deduced from the analysis of
solar light scattered or attenuated by the atmosphere using instruments placed on the
ground, a ship, an aircraft or a satellite. In this section we will consider the ground-based
passive techniques. Active remote sensing techniques based on the analysis not solar light
(like it is the case for passive techniques) but on the study of lidar signals transmitted or
reflected by aerosol media are considered in the next section.

The most common passive technique involves the measurement of the transmitted di-
rect solar light beam. It is known that the solar beam intensity I attenuates in the atmo-
sphere exponentially:

I ¼ I0 expð�s= cos W0Þ;
where W0 is the solar zenith angle and I0 is the top-of-atmosphere (TOA) irradiance. It
follows from this equation for the atmospheric optical thickness:

s ¼ cos W0 lnðI0=IÞ
The value of I0 can be estimated from measurements of I at several solar zenith angles.
Then it follows that

ln I ¼ ln I0 �Ms;

whereM is the air mass factor equal to 1= cos W0. It is supposed that the value of s does not
change during measurements and, therefore, the plot of ln I as the function of M(Langley
plot) will enable the determination of ln I0 by the extrapolation of the measurements to the
case M ¼ 0: Therefore, measurements at low solar elevation angles (counted from the
horizon) are needed to find the TOA irradiance. For correct measurements especially
at high latitudes the corrections to the value of M due to the sphericity of atmosphere
and refraction effects must be taken into account. The measured value of s contains
also contributions from gaseous absorbers. Therefore, usually one selects channels less
effected by gaseous absorption to perform measurements. Then correspondent correction
algorithms are applied to derive the aerosol optical thickness as the difference of measured
optical thickness with that due to Rayleigh scattering (see Appendix Table A1) and gas-
eous absorbers like ozone, nitrous oxide, and water vapor, always present in the atmo-
sphere in varying quantities.



The instruments measuring the spectral atmospheric transmittance are called sun photo-
meters. Sun photometers are commercially available. For instance the network of Sun
photometers called AERONET (Holben et al., 1998) consists of a number (about 200)
identical Sun photometers placed at different locations worldwide. AERONET provides
not only spectral AOT but also derived aerosol properties such as single-scattering albedo,
asymmetry parameter, phase function, and size distributions of aerosol particles at a given
location. Vertically integrated quantities are given. The results are accessible in real time
via website www.gsfc.aeronet.com. Such a comprehensive list of retrieved parameters is
due to the fact that the spectral diffuse scattered light is also measured by a Sun photometer
in the almucantar and principal plane. The principle plane contains the normal to the sur-
face and also the direction to the sun. The almucantar measurements are performed in the
following way: The Sun photometer is directed to the Sun and then the measurement is
performed using the azimuthal scan of the sky without changing the observation zenith
angle of the instrument. The network hardware consists of identical automatic Sun–sky
scanning spectral radiometers (CIMEL Electronique 318A; see Fig. 5.1) owned by natio-
nal agencies and universities. Data from this collaboration provides globally distributed,
near real time observations of aerosol spectral optical depths, aerosol size distributions,
and precipitable water in diverse aerosol regimes. The data undergo preliminary proces-
sing (real-time data), reprocessing, quality assurance, archiving and distribution from NA-
SA’s Goddard Space Flight Center master archive and several other data bases (see http://
aeronet.gsfc.nasa.gov/). A full list of the sites where AERONET instruments are posi-
tioned is given at http://aeronet.gsfc.nasa.gov/photo db/site index.html (see Fig. 5.2)

The CIMEL Electronique 318A spectral radiometer is a solar-powered, weather-hardy,
robotically pointed Sun and sky spectral radiometer. The radiometer makes two basic mea-
surements, either direct Sun or sky, both within several programmed sequences. The direct
Sun measurements are made in eight spectral bands requiring approximately 10 seconds.
Eight interference filters at wavelengths of 340, 380, 440, 500, 670, 870, 940 and 1020 nm
are located in a filter wheel which is rotated by a direct drive stepping motor. The 940-nm
channel is used for column water abundance determination. A pre-programmed sequence
of measurements is taken by these instruments starting at an airmass,M , of 7 in the morn-
ing and ending at an airmass of 7 in the evening. Optical thickness is calculated from the
spectral extinction of direct beam radiation at each wavelength based on the Beer–Bouguer
law. Attenuation due to Rayleigh scattering, absorption by ozone (from interpolated ozone
climatology atlas), and gaseous pollutants (e.g., NO2) is estimated and removed to isolate
the aerosol optical thickness. A sequence of three such measurements, taken 30 seconds
apart, creates a triplet observation per wavelength. During the large airmass periods direct
Sun measurements are made at 0.25 airmass intervals, while at smaller airmasses the inter-
val between measurements is typically 15 minutes. The time variation of clouds is usually
greater than that of aerosols causing an observable variation in the triplets that can be used
to screen clouds in many cases. Additionally, the 15-minute interval allows for a longer
temporal frequency check for cloud contamination.

In addition to the direct solar irradiance measurements that are made with a field of
viewof 1.2 degrees (approximately twice the value of the solar disk angle as observed from
ground), these instruments measure the sky radiance in four spectral bands (440, 670, 870
and 1020 nm) along the solar principal plane (i.e., at constant azimuth angle, with varied
scattering angles) up to nine times a day and along the solar almucantar (i.e., at constant
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Fig. 5.1. CIMEL Sun photometer performing measurements in the vicinity of the North Pole (courtesy
G. Heygster).

Fig. 5.2. The distribution of CIMEL Sun photometers operating in the framework of AERONET (Holben
et al., 1998).
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elevation angle, with varied azimuth angles) up to six times a day. The approach is to
acquire aureole and sky radiance observations through a large range of scattering angles
from the Sun through a constant aerosol profile to retrieve size distribution, phase function
and aerosol optical thickness. For cloud-free conditions, eight almucantar sequences are
made daily at an optical airmass of 4, 3, 2 and 1.7, both morning and afternoon. The details
of phase function retrieval using almucantar measurements are given byWendisch and von
Hoyningen-Huene (1994) and also by von Hoyningen-Huene and Posse (1997) .

One important point of the extinction measurement is the correction for the scattered
light. Clearly, some portion of the diffuse sky light will also enter an instrument leading to
possible biases in the retrieved AOT. This is why the instruments are constructed in such a
way that their FOV is comparable with the solar disk angular dimension. This minimizes
the aureole scattering effects. Large particles such as dust are characterized by narrow
scattering diagrams. Therefore, corrections of measurements must be performed to insure
that the measured signal is due to extinction alone and the scattering contribution is re-
moved. The corresponding technique for both single and multiple scattering regimes is
described below.

The power as received by a ground photometer looking in the direction of the Sun can be
expressed as:

F ¼
Z
X0

AI dX; ð5:1Þ

where A is the receiving cross-section, dX ¼ sin W dW df is the elementary solid angle, W is
the zenith angle, f is the azimuth, and I is the light intensity in the field of view of the
instrument defined by the solid angle X0. It follows from Eq. (5.1) that

F ¼ R

Z
X0

I dX; ð5:2Þ

where the area R is a characteristic of a given instrument. The intensity as received by a
photometer can be presented as a sum of the direct light component Idir and the diffused
intensity Idif. One can easily derive the following expression for the direct light intensity:

Idir ¼ E0 exp �xð Þd X0 �Xð Þ; ð5:3Þ
where d X0 �Xð Þ is the delta function, x ¼ s=l0, l0 is the cosine of the incidence angle, s
is the optical depth along the local vertical, and E0 is the top-of-atmosphere solar irradi-
ance. It follows for the diffused light component in the framework of the single scattering
approximation assuming that the zenith observation and incidence angles coincide:

Idif ¼ x0E0p hð Þx expð�xÞ
4p

; ð5:4Þ

wherex0 ¼ ksca=kext is the single-scattering albedo, ksca is the scattering coefficient, kext is
the extinction coefficient, p hð Þ is the phase function, and h is the scattering angle. We
obtain from Eqs (5.2)–(5.4):

F ¼ RE0 expð�xÞð1þ fxÞ; ð5:5Þ
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where

T ¼ x0

2

Zh0
0

p hð Þ sin h dh ð5:6Þ

and h0 is the half FOVangle. Taking into account that fx! 0 for singly scattering media,
we have approximately from Eq. (5.5):

F ¼ RE0 expð�ð1�TÞxÞ ð5:7Þ
and, therefore, x ¼ 1�Tð Þ�1x0, where x0 ¼ lnðRE0=PÞ � s0=l0 and s0 is the so-called
apparent optical thickness. Also we can write:

s ¼ Cs0; ð5:8Þ
where

C ¼ 1

1�T
ð5:9Þ

is the correction factor (CF). Eqs (5.8) and (5.9) were derived by Shiobara and Asano
(1994) in a way similar to that shown above. They are often used for studies of diffuse
light corrections to Sun photometry and pyrheliometry.

Clearly, it follows that T ¼ 0 at h0 ¼ 0 (see Eq. (5.6)) and s ¼ s0 then. In reality,
h0 6¼ 0, 0 < T < 1 and the true value of s is larger than the apparent optical thickness
s0. The value ofC takes values between close to 1 and 2 for most practical cases, depending
on the size of particles and the actual value of the FOVangle. Even larger values of C are
possible, if h0 is not small.

Let us estimate T for large spherical particles with the radius r much larger than the
wavelength k. Because h0 ! 0 for modern spectrophotometers, we can use the following
approximation (Shifrin, 1951) for the normalized Mie intensity i hð Þ in the small-angle
scattering region (h! 0Þ for a spherical particle with the radius aand arbitrary complex
refractive index m:

i hð Þ ¼ q4

4
U2 hqð Þ; ð5:10Þ

where q ¼ ka, k ¼ 2p=k, and

U hqð Þ ¼ 2J1 hqð Þ
hq

; ð5:11Þ

where J1 hqð Þ is the Bessel function. Eq. (5.10) has a high accuracy as h! 0, q!1, and
p � 2 m� 1j jq!1.

The phase function of the spherical polydispersion is defined as:

p hð Þ ¼
2pN

R1
0
f ðaÞði1 þ i2Þ da
k2ksca

; ð5:12Þ

where f ðaÞ is the particle size distribution (PSD) and
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ksca ¼ N

Z1
0

pa2f ðaÞQsca að Þ da: ð5:13Þ

Here Qsca is the scattering efficiency factor determined from the Mie theory. The simple
analytical expression for the scaled phase function p_ hð Þ ¼ x0p hð Þ can be derived at small
angles h using Eqs (5.10)–(5.12) and also the fact that i1 ’ i2 ’ i at small angles. So it
follows that

p_ hð Þ ¼ 2 J21 khrð Þ� 
h2

; ð5:14Þ

where we used the fact that kext ¼ 2pNM2 (M2is the second moment of PSD) for large
particles and angular brackets mean

y khað Þh i ¼

R1
0
y khað Þa2f ðaÞ da
R1
0
a2f ðaÞ da

ð5:15Þ

for arbitrary function y khað Þ. One obtains from Eq. (5.14) at h ¼ 0:

p_ 0ð Þ ¼ k2M42

2
; ð5:16Þ

where M42 � M4=M2 and

Mn ¼
Z1
0

anf ðaÞ da ð5:17Þ

is the n-th moment of PSD.
The accuracy of calculations according to Eq. (5.14) is demonstrated in Fig. 5.3 for the

gamma PSD f að Þ ¼ Bal expð�la=a0Þ, where B is the normalization constant (see
Table 5.1), l ¼ 6; and a0 is the mode radius related to the effective radius ref � M32

Table 5.1. Selected ratios of moments for gamma and lognormal PSDs (Kokhanovsky, 2007)

Parameter Gamma PSD

Bal exp �l a

a0

� � Lognormal PSD

Ba�1 exp � 1

2r2
ln2

a

am

� �

B
llþ1

alþ10 Cðlþ 1Þ
1

r
ffiffiffiffiffiffi
2p
p

aef � M32 a0 1þ 3

l

� �
am exp

5

2
r2

� �

M42
lþ 4

lþ 3
a2ef a2ef exp �

1

4
r2

� �

M64
ðlþ 5Þðlþ 6Þ
ðlþ 3Þ2 r2ef exp

15

4
r2

� �
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with the following analytical equation aef ¼ a0 1þ ð3=lÞð Þ. The values M32 and M42 (see
Eq. (5.16)) are given in Table 5.1 both for gamma and lognormal PSDs. The value ofM62

shown in Table 5.1 appears in the asymptotic analysis of Eq. (5.14) as h! 0. Namely it
follows then that

p_ hð Þ ¼ k2M42

2
1� k2M64h

2

4

� 	
: ð5:18Þ

We conclude from the analysis of Fig. 5.3 that Eq. (5.14) can be used instead of tedious
Mie calculations at qef � kaef � 1 and small scattering angles. It follows from this figure
that the accuracy of Eq. (5.14) increases with the radius at small scattering angles h! 0ð Þ
as one might expect. We also see that Eq. (5.14) works well for all angles relevant to the
performance of Sun photometers with a narrow field of view. Therefore, we can use
Eq. (5.14) to perform the integration as shown in Eq. (5.6). The answer is:

T ¼ 1

2
1� J20 kh0að Þ� � J22 kh0að Þ� � �

; ð5:19Þ

where the meaning of angle brackets is explained above. Bessel functions J0 and J2 ap-
proach zero at large values of the argument z ¼ kh0a. This means that it follows for very
large value of z: T ¼ 1=2 and C ¼ 2 (see Eq. (5.9)).

We obtain using Eqs (5.8), (5.9), and (5.19):

s ¼ s0
1� 1

2 1� J20 kh0að Þ� � J22 kh0að Þ� � � ð5:20Þ

Fig. 5.3 Phase function of spherical polydispersions with the effective radius equal to 4, 6, 8, 10, and
12 lm (lower lines as h! 0 correspond to smaller particles starting from aef = 4 lm). Results obtained
using Mie theory are shown by solid lines and the approximation is given by dotted lines. Calculations
have been performed for the gamma PSD with the half-width parameter l = 6 and k = 0.5 lm. The com-
plex refractive index m = 1.52–0.008i was used in exact numerical calculations (Kokhanovsky, 2007).
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and, therefore, finally

C ¼ 2

1þ J20 kh0að Þ� þ J22 kh0að Þ�  : ð5:21Þ

This gives an analytical solution for the correction factor depending on both FOVand PSD
in the case of large scatterers. The results of calculations using Eq. (5.21) are shown in
Fig. 5.4 both as functions of the effective radius aef (Fig. 5.4(a)) and the scaling parameter
zef ¼ kaefh0 (Fig. 5.4(b)): Data shown in Fig. 5.2(a) have been obtained using h0 ¼ 0:6�,
which coincides with the half-FOV angle of AERONET Cimel Sun–sky photometers.

Fig. 5.4. Dependence of correction factor on effective radius (h0 = 0.6�) (a) and scaling parameter (b).
The input for calculations is the same as in Fig. 5.3 (Kokhanovsky, 2007).
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One concludes from this figure that C is smaller than 1.2 for most of aerosol particles
aef < 10 lmð Þ. However, for the case of desert dust close to its origin the values of C can
be much larger due to generally larger sizes of suspended dust grains. Yet another problem
is due to thin cirrus clouds. Particles in these clouds are of the order 100–1000 lm and the
correction factor is close to 2. This means that the apparent optical thickness as detected at
the ground for the case of a thin cirrus cloud must be multiplied by 2. The physical analysis
of the problem shows that the value of h0 does not effect the condition C ¼ 2 as far as the
whole diffraction peak is contained inside FOVof the instrument. This is the case for prac-
tically all Sun photometers. In particular, we estimate that h0 must be larger than 0:2� to
hold the whole diffraction peak in the FOVof the instrument for the case of monodispersed
spherical particles with r ¼ 100 lm:

Aerosol media with large particles can also have a large optical thickness. Then the
single scattering approximation considered in the previous section is not valid. Let us de-
rive the correction factor for the case of a homogeneous plane-parallel layer with account
for multiple light scattering. For this the integro-differential radiative transfer equation
must be solved. This equation has the following form for the case of the nadir illumination
of a scattering layer (Zege et al., 1991):

l
dI l; sð Þ

ds
¼ �I l; sð Þ þ x0

2

Z1
�1

I s; gð Þp g; lð Þ dg; ð5:22Þ

where I is the total light intensity including the diffused and direct components and

p l; gð Þ ¼
X1
j¼0

hjPj lð ÞPj gð Þ ð5:23Þ

is the azimuthally averaged phase function, Pj lð Þ is the Legendre polynomial, and hj are
coefficients in the expansion of the phase function as shown below:

p hð Þ ¼
X1
j¼0

hjPj cos hð Þ: ð5:24Þ

The value of l in Eq. (5.22) is the cosine of the observation angle, which is assumed to be
close to one in this work because we consider directions l � l0 ¼ 1 important for Sun
photometry. Then it follows from Eq. (5.22)

dI l; sð Þ
ds

¼ �I l; sð Þ þ x0

2

Z1
�1

I g; sð Þp g; lð Þ dg: ð5:25Þ

This equation can be solved using the following substitution:

I l; sð Þ ¼
X1
j¼0

mj sð ÞPj lð Þ ð5:26Þ

and also the expansion given by Eq. (5.23). One easily derives then:

dmj
ds
¼ �mj þ x0hj

2jþ 1
mj; ð5:27Þ
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where we use the normalization condition:

Z1
�1

Pi gð ÞPj gð Þ dg ¼ 2

2jþ 1
dij: ð5:28Þ

Here dij is equal to one at i ¼ j and zero otherwise. It follows after integration of Eq. (5.27):

mj ¼ Aj exp �cjs
� �

; ð5:29Þ
where

cj ¼ 1� x0hj
2jþ 1

ð5:30Þ

and Aj are constants, which can be determined from boundary conditions. In particular, we
will assume that

I l; 0ð Þ ¼ E0d 1� lð Þ: ð5:31Þ
Then using the expansion

d 1� lð Þ ¼ 1

4p

X1
j¼0

2jþ 1ð ÞPj lð Þ; ð5:32Þ

we derive:

Aj ¼ E0

4p
2jþ 1ð Þ: ð5:33Þ

Therefore, it follows finally for the total transmitted light intensity:

I lð Þ ¼ E0

4p

X1
j¼0

2jþ 1ð Þ expð�cjsÞPj lð Þ : ð5:34Þ

One obtains from Eq. (5.34) for the diffused light intensity:

Idif lð Þ ¼ E0

4p

X1
j¼0

2jþ 1ð Þðexpð�cjsÞ � expð�sÞÞPj lð Þ; ð5:35Þ

where we have subtracted the direct beam component (see Eqs (5.3), (5.31), and (5.32)):

Idir lð Þ ¼ E0 expð�sÞ
4p

X1
j¼0

2jþ 1ð ÞPj lð Þ: ð5:36Þ

Eq. (5.35) coincides with Eq. (5.4) as s! 0, as one can expect. That is to say, it follows in
this case that

Idif lð Þ ¼ E0s
4p

X1
j¼0

2jþ 1ð Þð1� cjÞPj lð Þ ð5:37Þ

or after using Eqs (5.24) and (5.30):

5.1 Ground-based remote sensing of aerosols 109



Idif lð Þ ¼ x0E0p hð Þs
4p

; ð5:38Þ

which is equivalent to Eq. (5.4) as s! 0, l0 ! 1. Therefore, we conclude that Eq. (5.35)
has a correct limit at small optical thicknesses.

Now we take into account that we are interested in the region of very small observation
angles W ¼ arccos lð Þ � h. Then the following asymptotical relationship holds:
Pj cos hð Þ ¼ J0 ajh

� �
, where aj ¼ jþ ð1=2Þ and J0 is the Bessel function. Therefore,

Eq. (5.35) can be rewritten as:

Idif hð Þ ¼ E0 expð�sÞ
2p

X1
j¼0

ajðexpðjjsÞ � 1ÞJ0 ajh
� �

; ð5:39Þ

where

jj ¼ x0hj
2jþ 1

: ð5:40Þ
Let us introduce the transmission function:

T ¼ pIdif
l0E0

: ð5:41Þ
Then it follows that

T ¼ expð�sÞ
2

X1
j¼0

ajðexpðjjsÞ � 1ÞJ0 ajh
� �

: ð5:42Þ

This function does not depend on the azimuth due to the symmetry of the problem. The
comparison of calculations of the transmission function according to Eq. (5.42) with exact
radiative transfer numerical simulations using the vector code SCIAPOL (www.iup.
physik.uni-bremen.de/�alexk) is shown in Fig. 5.5 at h ¼ 1�. It follows that both methods

Fig. 5.5. Dependence of the transmission function at h = 1� on optical thickness according to the approx-
imation (line) and exact calculations (symbols) at aef = 4 lm. Other input parameters as in Fig. 5.3 (Ko-
khanovsky, 2007).
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give the same results for all practical purposes related to Sun photometry. Therefore,
Eq. (5.39) can be used instead of tedious numerical solution of the exact radiative transfer
equation. It follows from Fig. 5.6 that the approximate theory described here holds up to
s ¼ 25 for the case considered above.

Summing up, we conclude that Eq. (5.39) can be used for the analysis of scattered light
in the FOVof Sun photometers at any s of practical interest. However, the angular range of
applicability is generally reduced with optical thickness. This is studied in Figs 5.7–5.9. It

Fig. 5.6. The same as in Fig. 5.5 except in a broader range of s (Kokhanovsky, 2007).

Fig. 5.7. The comparison of the exact theory (solid line) and approximation (broken line) for different
values of optical thickness (0.1, 0.3, 0.5, 1.0) and aef = 4 lm. Other input parameters as in Fig. 5.5 (Ko-
khanovsky, 2007).
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follows that Eq. (5.42) can be used at h < 10� and any s relevant to observations of the
direct light with a high accuracy. As a matter of fact the numerical solutions of the radiative
transfer equation can benefit from the use of Eq. (5.42) because this formula considerably
increases the speed of calculations without considerable loss of accuracy at small angles.

We have proved that Eq. (5.39) is very accurate as far as its applications to Sun photo-
metry are of concern. Therefore, it can be used to find the diffused light power Fdif in the
FOV of the instrument (see Eq. (5.2)). It follows after the azimuthal integration that

Fig. 5.8 The same as in Fig. 5.5 except at s = 2, 5, 10 (Kokhanovsky, 2007).

Fig. 5.9 The error of the approximation at different values of s shown in the legend and aef = 4 lm (Ko-
khanovsky, 2007).
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Fdif ¼ RE0 exp �sð Þ
X1
j¼0

aj expðjjsÞ � 1
� �

Dj h0ð Þ; ð5:43Þ

where

Dj h0ð Þ ¼
Zh0
0

J0 ajh
� �

sin h dh: ð5:44Þ

This integral can be evaluated analytically taking into account that h0 	 1. Then it follows
that

Dj h0ð Þ ¼
h0J1 ajh0

� �
aj

; ð5:45Þ

where we used the following integral:Z
J0 sð Þs ds ¼ sJ1ðsÞ ð5:46Þ

and the fact that sin h � h at small angles.
Finally, one obtains from Eqs (5.43) and (5.45):

Fdif ¼ RE0h0w sð Þ expð�sÞ; ð5:47Þ
where

w sð Þ ¼
X1
j¼0

expðjjsÞ � 1
� �

J1 ajh0
� �

: ð5:48Þ

Therefore, the problem of the evaluation of the diffused light power as observed by a Sun
photometer is reduced to the calculation of simple series. It follows from Eq. (5.47) that
Fdif ¼ 0 at h0 ¼ 0, the result one can expect from the general consideration of the problem
at hand. Clearly, it follows for the total power:

F ¼ RE0ð1þ h0w sð ÞÞ expð�sÞ; ð5:49Þ
wherewe added the direct light contribution. Eq. (5.49) can be alsowritten in the following
form:

F ¼ RE0 expð�s0Þ; ð5:50Þ
where

s0 ¼ s 1� c sð Þf g ð5:51Þ
and

c sð Þ ¼ 1

s
lnð1þ h0w sÞð Þ: ð5:52Þ

Therefore, finally, we obtain the following expression for the correction factor C � s=s0
(see Eq. (5.51)):

C ¼ 1

1� c sð Þ : ð5:53Þ
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This factor depends not only on the size of particles as in the case of the single scattering
approximation (see Eq. (5.21)) but also on the value of s. Also Eq. (5.51) is more general as
compared to Eq. (5.21) because instead of approximation (5.14), coefficients hj obtained
from the Mie theory are used.

It follows from Eq. (5.48) at s	 1:

w sð Þ ¼ s
X1
j¼0

jjJ1 ajh0
� � ð5:54Þ

and, therefore,

c ¼ h0
X1
j¼0

jjJ1 ajh0
� �

; ð5:55Þ

wherewe used an approximate equality ln 1þ xð Þ � x valid at small x. Eq. (5.55) can be re-
written in the following form (see Eq. (5.40)):

c ¼ x0

2
h0
X1
j¼0

hjJ1 ajh0
� �
aj

ð5:56Þ

or taking into account Eqs (5.44), (5.45), (5.24), and (5.6), it follows: c! f as s! 0,
where we also substituted the Bessel function by the Legendre polynomial, which is a
valid operation at small scattering angles. Therefore, Eq. (5.9) is a particular case of
Eq. (5.53) valid at small optical thicknesses. This confirms our calculations.

The dependence of C on s (see Eqs (5.53), (5.52), and (5.48) ) is shown in Fig. 5.10.
Coefficients hj (see Fig. 5.11) and also x0 have been calculated for the gamma PSD at
k ¼ 0:5 lm,the dust refraction index m ¼ 1:52� 0:008i, l ¼ 6 and several values of aef

Fig. 5.10 Dependence of the correction factor on the optical thickness at h0 = 0.6 and aef = 2, 4, 6, 8, 10,
12, 15, 20, and 30 lm. The coefficients jj have been calculated using Mie theory for the same conditions
as in Fig. 5.3. They are shown in Fig. 5.10. Lower lines correspond to smaller sizes starting from aef = 2 lm
(Kokhanovsky, 2007).
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usingMie theory. The computed values of the single-scattering albedox0 varied from 0.55
aef ¼ 30 lmð Þ to 0.75 aef ¼ 2 lmð Þ.
We conclude from this figure that correction factors are not significantly affected by the

value of s. This means that simple Eq. (5.21) can be used for the estimation of correction
factors in the case of aerosol media with large scatterers at arbitrary values of s relevant to
observation of attenuation of the direct light.

Results, as shown in Fig. 5.10, are difficult to obtain from numerical calculations using
the exact radiative transfer equation because it involves the study of light intensity at small
angles, where many hundreds of Legendre polynomials are needed to represent the small-
angle peak in a correct way (see Fig. 5.11). The use of simple series given by Eq. (5.48)
allows us to perform such calculations accurately and in a short time for an arbitrary num-
ber of Legendre polynomials relevant to aerosol optics problems. The shortcoming is due
to the fact that only the normal illumination conditions can be analyzed using Eqs. (5.42)
and (5.48). Consideration of the case of a slant illumination relevant for most cases re-
quires numerical calculations using the exact radiative transfer equation. However, the low
sensitivity of C to s shown in Fig. 5.10 means that C is also weakly influenced by the solar
zenith angle. Therefore, Eq. (5.21) can also be used for values of l0 different from one also
at comparatively large s. The reason for this is quite clear: the contribution of scattered
light to the FOVof photometers having small value of h0 is mostly due to the single scat-
tering and not to multiple light scattering.

5.1.2 Measurements of scattered light

Aerosol media not only modify the spectral composition of the direct solar beam but also
they influence scattered light intensity and polarization and also they degrade image char-
acteristics (e.g., the contrast of an object observed against a background). This means that

Fig. 5.11. Coefficients hj for the cases shown in Fig. 5.9. Lower lines correspond to smaller sizes starting
from aef = 2 lm (Kokhanovsky, 2007).
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properties of aerosol layers such as sizes of particles, and also their chemical composition
and concentration, can be derived from different types of optical measurements (O’Neill
andMiller, 1984;Wang and Gordon, 1993, 1994; King et al., 1999). The underlying reason
for this is the fact that the average size of aerosol particles is close to the wavelength of
visible light. Therefore, light characteristics are influenced by particles considerably. This
is not the case in the microwave region, where the wavelength is too large for waves to be
influenced by aerosols.

The determination of aerosol properties from light scattering and extinction measure-
ments belongs to the broad class of inverse problems (Phillips, 1962; Tikhonov, 1963,
Tikhonov and Arsenin, 1977; Twomey, 1963, 1977; Chahine, 1968; Turchin et al.,
1970; Rodgers, 1976, 2000; Tarantola, 1987). The forward problem is aimed at calcula-
tions of light characteristics for a given ensemble of scatterers. The inverse problem is
aimed at the determination of characteristics of particles from measured light extinction,
scattering or polarization as functions of wavelength and corresponding angles. Clearly,
the inverse problem cannot be solved in all cases, which is different from the forward
problem, which always has a particular solution. Let us imagine that one measures spectral
light extinction by a medium with spherical particles much larger than the wavelength for
the case of thin aerosol layers. Then the extinction is determined by the average geome-
trical cross-section of particles independently of their particular size distribution and also
refractive index. This also means that PSD and the chemical composition of particles can-
not be determined from the corresponding experiment. Another difficulty is due to the fact
that the dependence of the signal from the required parameter can be very weak and, there-
fore, if it is at a level below the experimental noise, the corresponding characteristic cannot
be derived. Therefore, before actually solving the inverse problem, one must check the
information content of corresponding measurements with respect to the required parame-
ter. This can be done using either runs of the forward model for different vales of the
parameter or studies of corresponding derivatives. The general strategy of solving an in-
verse problem is described by Twomey (1977), Tarantola (1987), and Rodgers (2000)
among others.

Usually the linearization procedures are applied. For instance, let us consider the de-
termination of the aerosol optical thickness from reflectance measurements. Clearly, the
reflectance is heavily influenced by the aerosol optical thickness. Generally, it increases
with the thickness of the layer. To solve this problem, the reflectance of an aerosol layer R
can be presented in the Taylor series with respect to the parameter to be found (e.g., aerosol
optical thickness s0):

R sð Þ ¼ R s0ð Þ þ s� s0ð ÞR0 þ . . . ;

where s0 is the assumed value of AOT, which can be taken equal to the average value for a
given location (e.g., 0.2 for AOT (0:55 lm) over Europe at 0:55 lm). The derivative of the
reflectance function with respect to the optical thickness R0 is taken at the value of s ¼ s0.
Therefore, neglecting quadratic and higher-order terms, one can derive:

s ¼ s0 þ ðR sð Þ � R s0ð ÞÞ=R0:
This enables the calculation of AOT from the values of reflectance and its derivative with
respect to the aerosol optical thickness. The calculated value of AOT is substituted in the
forward problem and the deviation of the calculated reflectance from the measured one is
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derived. If this deviation is considerable, the next iteration is performed assuming just the
derived value of AOT instead of initially assumed value s0. The procedure is repeated until
convergence is reached. Simultaneously the errors of the inverse problem solution can be
estimated as specified by Rodgers (2000). The approach described above reduces the so-
lution of a given inverse problem to the multiple runs of forward models. The technique
can be applied to the solution of a great number of inverse problems except those where
nonlinear terms cannot be ignored. The formulation given above is valid for the reflectance
measured at a single wavelength. One can also pose the question of the determination of a
given parameter using spectral measurements. It is essential that the parameter to be re-
trieved does not depend on the wavelength. Take, for example, the problem of aerosol
height h (e.g., dust outbreak from a desert) determination from a satellite using spectral
measurements in the region where reflectance depends on h: For instance, such a depend-
ence exists in the absorption band of oxygen. This is due to the fact that an aerosol layer
screens a part of tropospheric oxygen, thereby reducing the depth of the corresponding
molecular absorption line in the reflectance spectrum (e.g., around the wavelength
760 nm). Then one obtains:

R h; kð Þ ¼ R h0; kð Þ þ h� h0ð ÞR0 kð Þ þ . . . :

Measurements are taken at discrete wavelengths k1; k2; . . . ; kn. Therefore, one can intro-
duce the n-dimensional vector ~RR with components equal to measured reflectances at each
wavelength. Then it follows:

~RR hð Þ ¼ ~RR h0ð Þ þ h� h0ð Þ~R0R0 þ . . . ;

where the same notation is used for the derivative. This equation can be used for the de-
termination of h minimizing the following cost function:

N ¼ ~HH� ~WWf
��� ���;

where k k means the norm in the Euclid space of the corresponding dimension, and
f ¼ h� h0, ~HH ¼ ~RR� ~RR h0ð Þ, ~WW ¼ ~RR 0 h0ð Þ. The next step is to check whether the deviation
of the calculated reflectance spectrum in the gaseous absorption band from the measured
one is acceptable. If the standard deviation of two spectra is not small, then the next ite-
ration must be performed until convergence is reached.

The corresponding derivatives can be calculated either using the finite different tech-
nique running the forward radiative transfer model for a given and a disturbed atmospheric
state or applying the adjoint radiative transfer equation (ARTE) (Rozanov, 2006). The ap-
plication of ARTE has the advantage that the speed of computation increases considerably.
Although the approach based on the adjoint formulation of the radiative transfer problem is
more involved from the mathematical point of view, as compared with the use of finite
difference technique, which is a straightforward procedure.

The techniques described above require quite powerful computers. Yet another ap-
proach is to use so-called look-up tables. Then the reflectance is calculated for different
values of the solar incidence angle, the observation angle, and the relative azimuth (e.g.,
for a given single-scattering albedo and the phase function). LUTs are searched until the
deviation of measured reflectance and that in the LUT is no larger than a prescribed num-
ber. Also multidimensional LUTs, when several parameters are retrieved, can also be used.
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The radiative transfer problems can be solved analytically in some cases. Then one can
try to invert the corresponding solution analytically with respect to the required parameter.
This is rarely possible; but if the problem can be solved in this way, then the solution of the
inverse problem is simplified to a great extent.

A flexible inversion algorithm for the retrieval of the optical properties of atmospheric
aerosol from Sun and sky radiance measurements was developed by Dubovik and King
(2000). The technique is based on the previous works of King et al. (1978) and Nakajima et
al. (1983, 1996). The method of King et al. (1978) is used to invert spectral aerosol optical
thickness with respect to the size distribution and the method of Nakajima et al. (1983,
1996) is used to invert the angular distribution of sky radiance with account for multiple
light scattering. Dubovik and King (2000) proposed an inversion technique for the simul-
taneous determination of the particle size distribution and the complex refractive index.
The technique is currently applied to the interpretation of the AERONET Sun and sky
radiance measurements (http://aeronet.gsfc.nasa.gov:8080). It is based on the analysis
of the intensity of scattered light. The technique can be extended to the measurements
of the degree of polarization of skylight. This will make it possible to enhance the accuracy
of retrievals (e.g., with respect to the complex refractive index of particles).

The inversion technique for the determination of aerosol size distribution and the com-
plex refractive index was also earlier proposed by Wendisch and von Hoyningen-Huene
(1994). However, these authors followed a somewhat different strategy in the retrieval
procedure. They first determined the aerosol particle size distribution for the assumed
typical value of the aerosol complex refractive index from spectral extinction measure-
ments. This made it possible to calculate the aerosol phase function and the single-scatter-
ing albedo, which are used together with measured aerosol optical thickness to simulate the
brightness of skylight. The comparison of the measured and calculated sky brightness al-
lows one to make a decision whether one needs to proceed to the next iteration with a new
value of the refractive index or can stop iterations. In particular, the refractive index n
corresponding to the minimum of the function d nð Þ, where d is the root-mean-square de-
viation of the simulated and measured brightness of skylight, is taken as a result of in-
version. The authors also elaborated an approach to deal with the case of nonspherical
aerosol particles.

5.1.3 Lidar measurements

The passive measurements described above cannot be used to determine the vertical struc-
ture of aerosol. They refer to the average aerosol properties along extended vertical col-
umns (usually from the ground to a height of several kilometers). However, in many cases
information on the vertical aerosol structure is needed. This is provided by lidars. Lidar
emits a monochromatic beam in the direction from which aerosol properties are required.
The backscattered photons can be classified with respect to their arrival times, which also
give the distance to the observation volume. This makes it possible to study the aerosol
vertical or horizontal structure and its time evaluation (see, for example, http://www.awi-
potsdam.de/www-pot/koldewey/tropo archive/tropo index.html). The receiver and emit-
ter are usually placed almost at the same place and the scattering angle is about 180 degrees
(monostatic lidars). Bistatic lidars are also used. Emitter and receiver are well-separated
then.
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The lidar equation can written as (Klett, 1981):

PðrÞ ¼ P0
cDt

2
A
b rð Þ
r2

exp �2
Z r

0

kext r
0ð Þ dr0

2
4

3
5;

where P rð Þ is the instantaneous received power at time t in the single scattering approx-
imation, P0 is the transmitted power at time t0, c is the velocity of light, Dt is the pulse
duration, A is the effective system receiver area, r ¼ cðt � t0Þ=2 is the range, b rð Þ is the
volume backscatter coefficient, kext rð Þ is the extinction coefficient. An important quantity
in atmospheric studies is the extinction coefficient profile kext rð Þ. This profile can be re-
trieved from the lidar equation assuming that b rð Þ is known. Usually it is assumed that
b ¼ const kqext, where q depends on the lidar wavelength and various properties of obscur-
ing aerosol. Reported values of q are usually in the interval 0:67; 1:0½ �. Klett (1981) derived
assuming that q ¼ const:

kext rð Þ ¼ B rð Þ expððs rð Þ � s r0ð ÞÞ=qÞ;
where

s rð Þ ¼ lnðr2PðrÞÞ;

B r; r0ð Þ ¼ k�1ext r0ð Þ � 2

q

Z r

r0

expððs r0ð Þ � sðr0ÞÞ=qÞ dr0
2
4

3
5

and r0 � r.
This equation for the extinction profile is ill-constrained. Therefore, Klett (1981) pro-

posed to use the modified form of this equation:

kext rð Þ ¼ B r; rmð Þ expððs rð Þ � s rmð ÞÞ=qÞ;
where rm � r is the reference range.

Lidar measurements can be performed at several wavelengths. This enables the deter-
mination of the aerosol size distributions. The depolarization D ¼ b?=bk of backscattered
laser light is used to characterize the degree of nonsphericity of aerosol particles. Here k
and?mean the light-detection system with the polarizer oriented along the polarization of
the incident light and perpendicular to it, respectively. The value of D vanishes for sphe-
rical scatterers but is considerably different from zero for nonspherical aerosols. This is
illustrated in Fig. 5.12, where temporal distributions of vertical profiles of the backscat-
tering coefficient and the depolarization ratio are given for a single location in Sawon
(South Korea). The dust layer was observed over the place on November 6–8, 2005, which
is confirmed by the depolarization ratio measurements both at 532 and 1064 nm. The
values of D are larger for the wavelength 1064 nm as compared to the wavelength
532 nm, which is related to the diminished contributions of background aerosol composed
of small spherical particles for the larger wavelength.
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Fig. 5.12. Time–height color maps of the backscattering coefficient at b (532 nm) (a), D (532 nm) (b),
b (1064 nm) (c), D (1064 nm) (d) (Sugimoto and Lee, 2006).
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5.2 Satellite remote sensing of atmospheric aerosol

5.2.1 Introduction

Atmospheric aerosol forcing is one of the greatest uncertainties in our understanding of the
climate system (see, for example, IPCC (2001) and also http://www.ipcc.ch/). To address
this issue, many scientists are using Earth observations from satellites because the infor-
mation provided is both timely and global in coverage (see, for example, Bovensmann et al.,
1999; King et al., 1999; Breon et al., 2002; Kinne et al., 2006). Clearly, the interpretation of
the signals detected on a satellite is much more difficult as compared to ground measure-
ments discussed in the previous sections. Let us take the determination of the aerosol op-
tical thickness over a snow field. The observation of the direct solar beam spectral trans-
formation due to scattering by aerosol particles is little affected by a snow field underneath
whereas the top-of-atmosphere reflectance is determinedmostly by the snow properties but
not the thin aerosol layer above the highly reflective surface. This underlines the problems
related to the interpretation of satellite remote sensing data especially over land, where the
surface contribution cannot be neglected. Therefore, the surface reflectance must be re-
trieved simultaneously with aerosol properties. For this advanced surface reflectance mod-
els are needed (Mishchenko et al., 1999; Kimmel and Baranoski, 2007). The matter is
somewhat simpler over ocean, where the contribution from the surface in IR is very small
and the signal detected on satellite is mostly due to molecular and aerosol scattering. How-
ever, this is not true for high windspeed (Koepke, 1984; Kokhanovsky, 2004c; Monahan,
2006), when foam is formed. Because the contribution of molecular atmosphere is well
understood and also small, it can be subtracted from the top-of-atmosphere reflectance in
IR. The aerosol reflectance obtained in such a way can be compared with pre-calculated
look-up tables. This enables the determination of the aerosol optical thickness (e.g., as-
suming the single-scattering albedo and aerosol phase function characteristic for a given
region). The results for the smaller wavelengths (e.g., in the visible) can be obtained, using
the Angstrom law by extrapolation. It is desirable to derive not only the aerosol optical
thickness but also the single scattering-albedo and the phase function using satellite aerosol
retrieval algorithms. This is possible, however, only for spectro-photopolarimetric multi-
angular measurements (Hasekamp and Landgraf, 2007; Mishchenko et al., 2007; Lebsock
et al., 2007). Such measurements are rarely performed at the moment although they are
highly desirable, if one needs to meet requirements on the accuracy of retrievals needed for
the monitoring of aerosol forcing from space (Mishchenko et al., 2004).

Aerosol properties over land and ocean have mainly been retrieved using passive spec-
tral reflectance measurements in the past. Some instruments like Advanced Along-Track
Scanning Radiometer (AATSR) onboard Environmental Satellite (ENVISAT) have the
capability of a dual-view of the same scene (http://envisat.esa.int/instruments/aatsr/).
This constrains the solution of the inverse solution in a much better way than just spectral
reflectance measurements. In particular, the forward view of AATSR (55 degrees from
normal) senses the atmospheric aerosols on much higher paths than nadir observations,
making retrievals more sensitive to small aerosol loads. The POLDER instrument (Des-
champs et al., 1994) has the capability of measuring the Stokes vector of reflected light in
addition to multiple views of the same ground scene. This enhances retrievals considerably,
especially over land. This is because the surface reflection in the polarized light changes

5.2 Satellite remote sensing of atmospheric aerosol 121



little. Therefore, it can be estimated using IR measurements, where the aerosol contribu-
tion is usually low. It was found by Lebsock et al. (2007) that polarization observations in
retrievals over land not only constrain microphysical properties but also reduce the error in
the retrieved aerosol optical thickness.

Several algorithms have been applied to satellite datasets to solve the inverse problem of
separating the surface and atmospheric scattering contributions. For instance, MODIS re-
trievals of aerosol over land (Kaufman et al., 1997; Remer et al., 2005) are based on the
correlation of reflectances in the visible and shortwave infrared (SWIR). In essence, the
algorithm assumes that the influence of aerosols on the top-of-atmosphere (TOA) reflec-
tance in the SWIR is negligible. Therefore, the ground surface reflectance can be found at
these wavelengths, (e.g., at 2.1 lm for MODIS) by only correcting for Rayleigh scattering
and gaseous absorption in the atmosphere. One can then exploit the correlation between
the SWIR ground reflectances with those in the visible channels where aerosol scattering is
significant. The derived surface reflectance is used for constraining the aerosol retrievals.
Another possibility is to use multi-angle observations of the same ground scene, as is done
with MISR and AATSR (Diner et al., 2005; Grey et al., 2006a,b; North et al., 1999, 2002).
This makes it possible to accurately account for directional surface scattering in the re-
trieval procedure. Some studies use polarized light for aerosol retrieval, e.g., from
POLDER, employing the fact that atmospheric scattering is much more polarized than
surface reflection (Deuze et al., 2001). The BAER-MERIS algorithm (von Hoyningen-
Huene et al., 2003) is based on studies of TOA reflectances in the blue region, where
most surface types are only weakly reflective and the scattering from the atmosphere con-
tributes more to the observed signal (Hsu et al., 2004, 2006).

However, these diverse algorithms and approaches do not always give consistent values
of the aerosol properties for a given ground scene. The problem is further complicated by
the fact that the information content of satellite measurements is underconstrained as far as
aerosol measurements are concerned. It is not always possible to constrain the phase func-
tion and the single-scattering albedo from measurements themselves. Therefore, a priori
assumptions are used that are typically based on prescribed aerosol models. Depending on
the aerosol properties employed, and on the performance of the algorithms and accuracy of
the underlying assumptions, different values of aerosol optical thickness may be retrieved.

5.2.2 Passive satellite instruments: an overview

Currently, satellite-based AOT retrieval techniques are developed by different research
teams. A range of algorithms has been designed because the satellite sensors have different
characteristics in terms of temporal, spatial, polarization, angular and spectral information
content. Although these retrieval algorithms are different, they should ideally produce con-
sistent values for the aerosol properties for a given scene. The characteristics of selected
satellite instruments are shown in Table 5.2. MERIS, AATSR, and SCIAMACHYare on
ENVISAT, MISR and MODIS are installed on TERRA, and POLDER is onboard PARA-
SOL. AATSR, MERIS, and SCIAMACHY can be compared directly because they mea-
sure at the same place and time, so in theory retrievals of AOT should be consistent across
these three instruments. AOTs derived from instruments onboard different platforms may
differ because there is a time difference between the observations. For instance, TERRA
flies by approximately 30 minutes later than ENVISAT, and PARASOL approximately 90
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minutes after ENVISAT. Therefore, AOTs derived from MISR, MODIS, and especially
POLDER may not be identical to those obtained from instruments on ENVISAT. In ad-
dition, the standard POLDER algorithm derives only the fine fraction contribution and not
the total AOT.

One problem arises due to different the spatial resolutions of different instruments (see
Table 5.2). MODIS performs measurements with the spatial resolution of 0.5� 0.5 km2 at
0.55 lm, which is somewhat larger than those of MERIS (0.3� 0.3 km2). MISR radiance
data are acquired at 0.275� 0.275 km2 and 1.1� 1.1 km2, depending on channel, and
aerosol products are derived at 17.6� 17.6 km2 resolution. AATSR has a resolution of
1� 1km2 and POLDER has the spatial resolution 5.3� 6.2 km2. The time of acquisition
of the instruments is given in Table 5.2.

Table 5.2. The characteristics of selected satellite instruments

Instrument Satellite/
time of
measure-
ment

Swath Channels Spatial
resolution

Multi-angle
observation

MERIS ENVISAT
10:00UTC

1150 km 15 bands
0.4–1.05 lm
(0.41, 0.44, 0.49, 0.51,
0.56, 0.62, 0.665, 0.681,
0.705, 0.754, 0.76, 0.775,
0.865, 0.89, 0.9 lm)

0.3� 0.3 km2 no

AATSR ENVISAT
10:00UTC

512 km 7 bands
0.55, 0.66, 0.87, 1.6, 3.7,
10.85, 12.0 lm

1� 1 km2 yes, two angles
from the ranges
0–21.732 and
55.587–53.009
degrees

SCIAMA-
CHY

ENVISAT
10:00UTC

916 km 8000 spectral points
0.24–2.4 lm

30� 60 km2 no

MISR TERRA
10:32UTC

400 km 4 bands
0.446, 0.558, 0.672,
0.866 lm

0.25� 0.25 km2

at nadir and at
0.672 lm
1.1� 1.1 km2 in the
remaining channels

yes, nine angles
0, 26.1, 45.6,
60.0, 70.5
degrees

MODIS TERRA
10:32UTC

AQUA
13:30UTC

2300 km 36 bands
0.4–14.4 lm
(1): 0.659, 0.865
(2): 0.47, 0.555, 1.24,
1.64, 2.13
(3): 0.412, 0.443, 0.488,
0.531, 0.551, 0.667, 0.678,
0.748, 0.869, 0.905, 0.936,
0.94, 1.375
+ MWIR (6)/LWIR (10)
channels

(1): 0.25� 0.25 km2

(2): 0.5� 0.5 km2

(3): 1� 1 km2

no

POLDER PARASOL
13:33UTC

1700 km 8 bands
0.443, 0.490*, 0.565,
0.670*, 0.865*, 0.763,
0.765, 0.91

5.3� 6.2 km2 yes
(for channels
denoted by ‘*’)
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5.2.3 Determination of aerosol optical thickness from space

Because the characteristics of the satellite instruments differ, algorithms for aerosol re-
trieval have tended to be sensor-specific. For some instruments several algorithms have
been developed. In this section an overview of the different algorithms is given. The char-
acteristics of the datasets are summarized in Table 5.3.

MERIS
TwoMERIS algorithms are available and incorporated in the standard software distributed
by the European Space Agency. The first algorithm was developed by Santer et al. (1999,
2000) specifically for aerosol retrievals from the MERIS instrument. The results of these
retrievals are routinely distributed by ESA as a standard product. The ESA MERIS algo-
rithm is based on the look-up table (LUT) approach for selected aerosol size distributions
with given refractive indices. It is assumed that particles have a spherical shape and the
reflection from the ground is low. The algorithm fails in the cases of bright ground or
nonspherical scatterers (e.g., desert dust aerosols). A detailed description is given in
the MERIS Algorithm Theoretical Basis Document (ATBD) 2.15 (Santer et al., 2000).
In practice, the ESA MERIS algorithm consists of two different routines, depending
on the underlying surface. In both cases the retrieval relies on the knowledge of the under-
lying surface. Over water, two bands in the near-infrared (NIR) (0.779 lm and 0.865 lm)
and in the green (0.51 lm) are used. Over land, two bands in the blue (0.412 lm and
0.443 lm) and one in the red (0.665 lm) are used. Starting from the top-of-atmosphere
reflectance, first a gaseous correction is performed with ozone as auxiliary data. The sur-

Table 5.3. Instruments and aerosol retrieval algorithms

No. Instrument Algorithm Reference Spatial
resolution of
reported AOT

Remarks

1. MERIS ESA Santer et al. (1999) 1� 1 km2 Standard ESA product

2. MERIS BAER von Hoyningen-Huene
et al. (2003)

1� 1 km2 NDVI-based retrievals

3. AATSR AATSR-1 Grey et al. (2006b) 10� 10 km2 Dual-view technique

4. AATSR AATSR-2 Thomas et al. (2007) 3� 3 km2 Dual-view technique

5. AATSR AATSR-3 Thomas et al. (2007) 3� 3 km2 Single-view technique

6. SCIAMACHY ASP Di Nicolantonio et al.
(2006)

30� 30 km2 Single view hyperspectral
measurements

7. MISR JPL Diner et al. (2005) 17.6� 17.6
km2

Multiple view technique

8. MODIS NASA Kaufman et al. (1997) 10� 10 km2 Spectral correlation tech-
nique

9. MODIS MBAER Lee et al. (2005) 1� 1 km2 AFRI-based retrievals

10. POLDER CNES Deuze et al. (2001) 5.3� 6.2 km2 Multiple-angle polarized
light measurements
(16 angles, up to 50� cross-
track and up to 60� along-
track)
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face pressure is determined from the oxygen absorption. Auxiliary data are the surface
pressure at sea level and a digital elevation model. The apparent reflectance is then cor-
rected for Rayleigh scattering. In the algorithm, aerosol parameters are retrieved based on
comparisons of measured radiances with pre-calculated look-up tables for a representative
set of aerosol models. Details on the aerosol models are given by Santer et al. (1999, 2000).
The atmospherically resistant vegetation index (Kaufman and Tanre, 1992) is then used to
detect the dark dense vegetation pixels for land aerosol remote sensing. An auxiliary da-
taset, which is provided by POLDER, gives bi-directional reflectance versus time and lo-
cation. The last module retrieves the aerosol optical thickness at 0.443 lm and the Ang-
strom exponent. The MERIS standard aerosol product is also processed by the French
company ACRI-ST, and supported by the ESA GSE project PROMOTE.

The second algorithm used for MERIS is BAER (Bremen AErosol Retrieval) which was
developed by von Hoyningen-Huene et al. (2003). The algorithm is used by ESA for atmo-
spheric correction of the MERIS land surface product. The algorithm is incorporated in
ESA BEAMToolbox (http://www.brockmann-consult.de/beam/). BEAM is the Basic ERS
& Envisat (A)ATSR and Meris Toolbox and is a collection of executable tools and an
application programming interface, which have been developed to facilitate the utilization,
viewing and processing of ESAMERIS, (A)ATSR and ASAR data. The purpose of BEAM
is not to duplicate existing commercial packages, but to complement them with functions
dedicated to the handling of Envisat MERIS and AATSR products.

Although BAER is similar to the algorithm developed by Santer et al. (1999), it has
special LUTs based on the experimentally measured phase function valid for central Eur-
ope. The main steps for the determination of the aerosol reflectance in the framework of
BAER are:
* the determination of the spectral TOA reflectance for the selected bands using satellite

data;
* the subtraction of the Rayleigh path reflectance for the geometric conditions of illu-

mination and observation within the pixel;
* the estimation of the spectral surface reflectance for land and ocean surfaces by linear

mixing of different basic spectra (von Hoyningen-Huene et al., 2003) with the coeffi-
cient of mixing determined in the NDVI-type approach using wavelengths 0.665 and
0.865 lm;

* smoothing the retrieved spectral AOT, using an Angstrom power law, by means of the
iterative modification of the apparent surface reflectance. The retrieved aerosol reflec-
tance is then used to derive the aerosol optical thickness applying corresponding LUTs
obtained by radiative transfer modeling.

AATSR
North et al. (1999) developed a simple physical model of light scattering that is pertinent to
the dual-angle sampling of the AATSR instrument and can be used to separate the surface
bi-directional reflectance from the atmospheric aerosol properties without recourse to
a priori information on the land surface properties (AATSR-1 algorithm in Table 5.3).
Studies have shown that the angular variation of bi-directional reflectance at the different
optical bands of the ATSR-2 and AATSR instruments are similar (e.g. Veefkind et al.,
1998, 2000). North et al. (1999) add to this work by considering the variation of the diffuse
fraction of light with wavelength, where scattering by atmospheric aerosols tends to be
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greater at shorter wavelengths. This is important because the fraction of diffuse to direct
radiation influences the anisotropy of light reflectance from the surface. Considering these
contributions results in a physical model of spectral change with view angle (North et al.,
1999). To constrain the inverse problem so that AOT is the only unknown atmospheric
parameter, assumptions are made concerning the other aerosol optical properties (e.g. pha-
se function and single-scattering albedo). The algorithm uses pre-calculated look-up tables
derived from the 6S (Second Simulation of the Satellite Signal in the Solar Spectrum)
radiative transfer model of Vermote et al. (1997) to allow for rapid inversion. A numerical
iteration is used to search through different atmospheric profiles to find the AOT that
results in the optimal set of surface reflectances.

The retrieved properties include a set of eight surface bi-directional reflectance factors
at four wavelengths and two angles, AOT at 0.55 lm and an estimate of the tropospheric
aerosol model that falls into one of five compositional categories including continental
(predominantly composed of dust-like particles), urban, sea-salts, biomass (smoke) and
desert-dust aerosols.

Yet another retrieval algorithm for AATSR was developed at Oxford University (UK).
The Oxford-RAL retrieval of Aerosol and Cloud properties, known as ORAC (Thomas et
al., 2005) is an optimal estimation (OE) scheme designed for retrievals from near-nadir
satellite radiometers. ORAC can be used for dual-view retrievals and also for single-view
(in nadir or forward observation mode) retrievals. The AATSR onboard ENVISAT and
SEVIRI on board METEOSAT aerosol data obtained with this ORAC algorithm, together
with the ESA MERIS product, are supported by the ESA DUE Project GLOBAEROSOL
(Carboni et al., 2006), and both individual and merged AOT data are available. The ac-
quisition time of SEVIRI is quite high. Therefore, one is able to follow pollution plumes in
a way similar to that known for many years from TV broadcasts of cloud fields. This is not
possible with the use of polar orbiting satellites such as ENVISAT (ESA) or TERRA
(NASA).

ORAC currently retrieves aerosol optical depth at 0.55 lm, effective radius of aerosol
particles and surface albedo. The algorithm uses the Levenberg–Marquardt method to fit
the simulated radiance to the measurements, minimizing a cost function based on OE tech-
niques (Rodgers, 2000).

The forward model takes into account scattering and absorption by aerosol, gases and
Rayleigh scattering. The radiative transfer equation is solved, at each wavelength, with
DISORT (Stamnes et al., 1998), using 60 streams with the delta-M approximation (Le-
noble, 1985) stored in LUTs.

The atmosphere is modelled with 32 layers as described by the United States standard
atmosphere model (McCartney, 1977). Each layer is a mixture of molecules and aerosol
and is characterized by a value of optical depth and single-scattering albedo and phase
function (expressed in terms of Legendre moments). Aerosol is placed only at height levels
appropriate for the aerosol type. Aerosol optical properties are obtained using Mie theory
(Grainger et al., 2004). Every aerosol type considered is a combination of different aerosol
components (from the OPAC database; Hess et al., 1998) and the mixing ratio is changed in
order to obtain different effective radii.

Gas absorption optical depth for the local gases are obtained from MODTRAN (Mod-
erate Resolution Transmittance code) v3.5 and convolved with the instrumental channel
spectral shape.
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An optimal estimation approach to the retrieval of parameters enables the extraction of
information from all channels simultaneously. This method also allows characterization of
the error in each parameter in each individual observation (or ‘pixel’) under the assump-
tion that the aerosol observed is consistent with the modeled aerosol (i.e. reasonably plane-
parallel in nature). A second diagnostic (the solution cost) indicates whether in fact this
assumption is true. The OE framework also enables the use of any prior information on the
pixel observed. In particular, a priori information on the surface albedo is used. The
scheme uses surface reflectances based on the MODIS BRDF product (Jin et al.,
2003) over land and a model based on Cox and Munk (1954) wave slope statistics
over ocean. The surface albedo is retrieved by first assuming an albedo spectral shape
for the 0.55, 0.67, 0.87 and 1.6 lm channels. The retrieval searches for the solution
with the lowest cost by varying the albedo in the 0.55 lm channel and keeping the respec-
tive ratios of all other channels to this channel constant.

The dual-view aerosol retrieval is an extension of the scheme described above. Instead
of using data from one viewing geometry it uses both forward and nadir measurements
simultaneously, and retrieves a pair of surface albedo values instead of one. The treatment
of aerosol is the same as in the single-view algorithm. The AATSR dual-view retrieval
algorithm is only carried out on pixels where both forward and nadir data is not flagged
as cloud-contaminated (using a ratio threshold test).

Avariable resolution of AOT product is possible by averaging nearby data points. Often
the retrieval is performed at 3� 3 km2 resolution, this ‘superpixelling’ of data decreases
the effective noise of the measurements by a factor of up to 3 for a completely cloud-free
superpixel.

MISR
The MISR retrieval technique uses measurements at nine angles and four spectral bands to
constrain the aerosol retrievals. The MISR algorithm makes use of a prescribed set of
aerosol models considered to be representative of the types to be found over the globe,
and determines for which models, and at what optical depth for each model, a set of ac-
ceptance criteria is satisfied. The models are bimodal or trimodal mixtures of fine mode
aerosols of various size distributions and single-scattering albedo, coarse-mode aerosols,
and nonspherical dust. Air mass factors ranging from 1 to 3 (owing to the view angle range
from nadir to 70�) provide considerable sensitivity to aerosol optical depth, especially for
thin haze. MISR’s nine near-simultaneous views also cover a broad range of scattering
angles, between about 60� and 160� in mid-latitudes. Over land, the principal problem
is separating the surface and atmospheric contributions to the observed top-of-atmosphere
radiances. MISR takes advantage of the increasing ratio of atmospheric to surface con-
tributions to the top-of-atmosphere signal with increasing view zenith angle. The MISR
algorithm models the shape of the surface bi-directional reflectance as a linear sum of
angular empirical orthogonal functions derived directly from the image data, making
use of spatial contrast and angular variation in the observed signal to separate the surface
and atmospheric signals, even in situations where bright, dusty aerosols overlie a bright,
dusty surface (Martonchik et al., 2002; Diner et al., 2005). A constraint imposing spectral
invariance in the angular shape of the surface directional reflectance is also employed in
the retrievals (Diner et al., 2005). Globally, MISR optical depths have been validated
against AERONET and other Sun photometers over a wide variety of surface types
(e.g., Martonchick et al., 2004; Abdou et al., 2004; Kahn et al., 2005).
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MODIS
Two MODIS AOT retrieval techniques have been published. One is based on the NASA
near IR-visible surface albedo correlation approach (Kaufman et al., 1997; Levy et al.,
2007a,b) and the other is the modified BAER (MBAER) algorithm described by Lee
et al. (2005, 2006).

Operational aerosol product of MODIS level 2 aerosol datasets (MOD04 L2; MODIS
aerosol product, Version 4.1.3) obtained using the technique described by Kaufman et al.
(1997b) can be collected from National Aeronautics and Space Administration Distributed
Active Archive Center (http://eosdata.gsfc.nasa.gov/). The retrieval is based on the fact
that the aerosol contribution is low at 2.1 lm. This enables an accurate determination
of the surface contribution at this wavelength. The information on the surface reflectance
in the near-infrared is used to estimate the surface reflectance in the visible (Kaufman et
al., 1997b). The MOD04 data has various aerosol physical and optical parameters with
10� 10 km2 spatial resolution. The MODIS AOT has been validated with ground-based
Sun photometer AOT by a spatio-temporal approach (Ichoku et al:, 2002). It has been
shown that the MODIS aerosol retrievals over land surface, except in coastal zones,
are found within retrieval errors DAOT ¼ 0:05 0:2AOT (Chu et al., 2002).

MBAER (Lee et al., 2005, 2006) uses a so-called Aerosol Free Vegetation Index (AFRI;
Karnieli et al., 2001) coupled with LUTs constructed using SBDART code (Ricchiazzi et
al., 1998) for 1-km resolution MODIS AOT retrieval. The clouds and Sun glint pixels are
masked using the MODIS clear sky discriminating method (MOD35; Ackerman et al.,
1998). The Rayleigh optical thickness is obtained (Buchholtz, 1995) from the surface pres-
sure determined by the height of the ground for the pixel analyzed. The separation of sur-
face reflectance from TOA reflectance over land involves the use of a linear mixing model
of the spectral reflection of green vegetation and soil. The spectra used are given by von
Hoyningen-Huene et al. (2003). This enables the estimation of the land surface reflectance
for a given pixel. For the contribution of vegetation spectra, the aerosol-free vegetation
index (Karnieli et al., 2001) is used. Since this index can minimize aerosol effect, the
vegetation fraction can be determined quite accurately. Surface reflectance determined
by the linear mixing model tuned by the corrected aerosol-free vegetation index is
then used to determine AOT.

POLDER
POLDER (POLarization and Directionality of Earth Reflectances; Deschamps et al.,
1994) performs multi-angle measurements of the sunlight reflected by the Earth surface
and atmosphere at eight spectral bands in the visible and near-infrared spectral domain
(0.443 to 1.02 lm). There is the third version of the instrument onboard the micro-satellite
PARASOL, while the two previous versions were onboard ADEOS 1 and 2. Multi-direc-
tional and polarization measurements provide additional information to retrieve aerosol
load in the atmosphere. Indeed, the reflectance from the surface shows little polarization
while that of fine aerosol is highly polarized. As a consequence, the relative contribution of
the aerosols to the top-of-the-atmosphere reflectance is much higher for the polarized com-
ponent than that for the total component, which makes it easier to identify aerosol sig-
natures than with the other instruments discussed here. On the other hand, coarse aerosols
generate little polarized light so that the POLDER retrieval focuses on the fine fraction of
the aerosols. Aerosol generated by pollution and biomass burning are mostly in the fine

128 5 Optical remote sensing of atmospheric aerosol



mode and are therefore well captured by the retrieval method (Deuze et al., 2001). On the
other hand, dust is mostly in the coarse mode. The retrieval algorithm assumes spherical
scatterers, which is valid for fine aerosols. The contribution from the surface to the po-
larized reflectance is based on a priori values (as a function of observation geometry and
surface type) derived from a statistical analysis of POLDER data (Nadal et al., 1999). The
aerosol load and type is obtained through a classical LUT algorithm based on the multi-
directional polarized reflectance measurements at 0.67 and 0.865 lm.

5.2.4 Spatial distribution of aerosol optical thickness

The browse image of the cloudless scene over Germany on October 13, 2005, is shown in
Fig. 5.13. Results of AOT retrievals for this scene using MODIS Collection 5 data are
given in Fig. 5.14(a) and retrievals using MISR are shown in Fig. 5.14(b). Both retrievals
are consistent and indicate pollution (green colour) seen on the general pattern of back-
ground aerosol (blue color). The latitude range of retrievals is from 49N to 53N and the
longitude range is from 7E to 12 E. The surface is mostly covered by dense vegetation with
some areas of bare soil. The surface is not as bright as compared, for example, to dry
regions such as those in southern Europe and the Sahara. This makes aerosol retrievals
less dependent on surface reflective characteristics (e.g., bi-directional reflection distri-
bution function).

There is some indication of small clouds in some parts of the study area which is, how-
ever, mostly cloud-free (see Fig. 5.13). The humidity was low (below 40% for most of
area) and the boundary layer height was about 1 km, as indicated by ECMWF analysis.
The analysis of relevant meteorological data suggests that the situation was characterized

Fig. 5.13. The MODIS browse image (courtesy K.-H. Lee).

5.2 Satellite remote sensing of atmospheric aerosol 129



Fig. 5.14. The spatial distribution of AOT derived fromMODIS (a) and MISR (b) observations (courtesy
K.-H. Lee).
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by high-pressure conditions with the average temperature of 14 �C at 10:00UTC and 17 �C
at 13:00UTC.

Several AERONET (Holben et al., 1998) instruments operated at the time of the sa-
tellite measurements. Their locations, the time of measurements, and the values of aerosol
optical thickness at wavelengths 0.44, 0.55, and 0.67 lm are given in Table 5.4. It follows
from this table that the average AOTat 0.55 lm for most Sun photometers was close to 0.2
on October 13, 2005, for central Europe. It is close to the value derived from satellite
measurements given in Figs 5.13 and 5.14 and also in Table 5.5. In Fig. 5.15, we compare
AERONETAOT measurements with those retrieved using different algorithms described
above. It follows that most algorithms perform quite well for the area studied, where the
cloud contamination was very small or absent. In practice, however, the identification of
cloudy pixels is not trivial, especially for very thin cirrus clouds. Currently, comprehensive
cloud-screening algorithms are under development. They include temporal and spatial
variability tests, the screening of most dark (cloud shadows) and most bright pixels in
a given area, spectral ratios (e.g., UV/visible), thermal infrared measurements, and
also measurements at spectral intervals, where atmospheric gases (e.g., water vapor, oxy-
gen) have absorption bands.

Table 5.4. The AERONETaerosol optical thickness at 0.44 lm and 0.67 lm obtained at several locations
in Europe on September 13, 2005 (Bremen is not an official AERONET site). The value of aerosol optical
thickness s at 0.55 lm was obtained using corresponding Angstrom coefficients (Kokhanovsky et al.,
2007)

Station Position Time s(0.44 lm) s(0.55 lm) s(0.67 lm)

Hamburg 53.568N, 9.973 E 09:52 0.21 0.15 0.11

Helgoland 54.178N, 7.887 E 09:45 0.27 0.20 0.15

Cabauw 51.971N, 4.927 E 09:57 0.25 0.19 0.15

Den Haag 52.110N, 4.327 E 09:44 0.31 0.22 0.16

Leipzig 51.354N, 12.435 E 10:06 0.24 0.17 0.13

Mainz 49.999N, 8.300 E 09:58 0.42 0.31 0.24

Karlsruhe 49.093N, 8.428 E 09:43 0.31 0.22 0.16

ISGDM_CNR 45.437N, 12.332 E 09:59 0.57 0.41 0.31

Venice 45.314N, 12.508 E 09:29 0.47 0.41 0.24

Bremen 53.05N, 8.78 E 10:06 0.35 0.26 0.20

Table 5.5. Statistical characteristics of retrieved AOT at 0.55 lm for the area 9–11.5 E, 52–52.5N
(October 13, 2005) (Kokhanovsky et al., 2007)

Instrument/algorithm Average AOT Standard deviation

MODIS/NASA 0.15 0.03

MISR/JPL 0.16 0.02

POLDER 0.16 0.04

MERIS/BAER 0.20 0.02

MODIS/BAER 0.20 0.01

MERIS/ESA 0.21 0.05

AATSR/ORAC 0.22 0.06
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5.2.5 Lidar sounding from space

Passive measurements do not provide accurate information on the detailed aerosol vertical
distribution. But some results can be obtained using aerosol profiling in the gaseous ab-
sorption bands and also with stereoscopy for thick aerosol layers. Lidar measurements
from space are ideal for such investigations especially for cloud-free conditions, when
there is no disturbance due to overlying clouds.

The type of information, which can be obtained is demonstrated in Fig. 5.16, where data
of the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard CALIPSO
spacecraft are presented. CALIOP measures at 532 nm (parallel and perpendicular polar-
izations) and also at 1064 nm. The pulse repetition rate is 20.16 Hz, pulse length is 20 ns,
and the pulse energy is 110 mJ. The receiver FOV is 130 lrad. The vertical resolution of
CALIOP is in the range 30–300 m with a horizontal resolution of 330–5000 m depending
on the altitude range.

Fig. 5.16 confirms that CALIOP allows for an easy identification of dust plumes and
biomass smoke. Particles in smoke are roughly spheres and also they are quite small, there-
fore, they give almost no signal in the 532-nm perpendicular attenuated backscatter. This is
not the case for desert dust nor for cirrus clouds, where particles are large and irregularly
shaped.
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Fig. 5.15. The comparison of satellite and ground measurements of the aerosol optical thickness at the
wavelength 0.55 lm (Kokhanovsky et al., 2007). AATSR-1 retrievals correspond to the ORAC algorithm.
AATSR-2 retrievals correspond to the North et al. (1999) algorithm. SCIAMACHYAOT is obtained using
the di Nicolantonio et al. (2006) algorithm (Kokhanovsky et al., 2007).
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Fig. 5.16. CALIOP observations from June 9, 2006 (Winker and Hunt, 2006).
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Appendix: Spectral dependence of Rayleigh optical
thickness and depolarization factor

Table A1. The dependence of Rayleigh optical thickness on the wavelength k (the first column, in lm for
different atmospheric models: A, tropical (15N); B, midlatitude summer (45N, July); C, midlatitude win-
ter (45N, January); D, subarctic summer (60N, July); E, subarctic winter (60N, January); F, 1962 US
standard model (Bucholtz, 1995)

k A B C D E F

0.20 7.819 7.807 7.826 7.761 7.783 7.788
0.21 6.139 6.129 6.145 6.093 6.111 6.114
0.22 4.912 4.904 4.917 4.876 4.890 4.892
0.23 3.986 3.979 3.990 3.956 3.968 3.970
0.24 3.279 3.274 3.282 3.255 3.264 3.266
0.25 2.725 2.721 2.728 2.705 2.713 2.714
0.26 2.286 2.282 2.288 2.269 2.276 2.277
0.27 1.935 1.932 1.937 1.920 1.926 1.927
0.28 1.648 1.645 1.650 1.636 1.640 1.641
0.29 1.414 1.412 1.416 1.404 1.408 1.409
0.30 1.221 1.219 1.222 1.212 1.216 1.216
0.31 1.061 1.060 1.062 1.053 1.056 1.057
0.32 9.262 9.247 9.271 9.193 9.220 9.225*(� 10–1)
0.33 8.121 8.108 8.129 8.061 8.084 8.088
0.34 7.158 7.147 7.165 7.105 7.126 7.130
0.35 6.330 6.320 6.336 6.283 6.301 6.304
0.36 5.624 5.615 5.629 5.582 5.598 5.601
0.37 5.014 5.006 5.019 4.977 4.991 4.994
0.38 4.482 4.475 4.486 4.449 4.461 4.464
0.39 4.022 4.016 4.026 3.992 4.004 4.006
0.40 3.620 3.615 3.624 3.594 3.604 3.606
0.41 3.267 3.262 3.270 3.243 3.252 3.254
0.42 2.956 2.952 2.959 2.935 2.943 2.945
0.43 2.682 2.678 2.684 2.662 2.670 2.671
0.44 2.439 2.435 2.441 2.421 2.428 2.429
0.45 2.223 2.219 2.225 2.206 2.212 2.214
0.46 2.030 2.027 2.032 2.015 2.021 2.022
0.47 1.858 1.855 1.860 1.844 1.849 1.850
0.48 1.704 1.701 1.705 1.691 1.696 1.697
0.49 1.565 1.563 1.567 1.554 1.558 1.559
0.50 1.441 1.438 1.442 1.430 1.434 1.435
0.51 1.329 1.326 1.330 1.319 1.322 1.323
0.52 1.227 1.225 1.228 1.218 1.222 1.222
0.53 1.135 1.133 1.136 1.127 1.130 1.131
0.54 1.052 1.050 1.053 1.044 1.047 1.048
0.55 9.760 9.745 9.769 9.688 9.761 9.721**(� 10–2)
0.56 9.067 9.053 9.076 9.000 9.026 9.031



Table A1. (cont.)

k A B C D E F

0.57 8.435 8.422 8.443 8.373 8.396 8.401
0.58 7.857 7.845 7.865 7.799 7.821 7.826
0.59 7.328 7.316 7.335 7.274 7.294 7.298
0.60 6.842 6.832 6.849 6.792 6.811 6.815
0.61 6.398 6.388 6.404 6.351 6.369 6.372
0.62 5.989 5.980 5.995 5.945 5.962 5.965
0.63 5.612 5.604 5.618 5.571 5.587 5.590
0.64 5.265 5.257 5.270 5.226 5.241 5.244
0.65 4.944 4.936 4.949 4.908 4.922 4.924
0.66 4.647 4.640 4.652 4.613 4.626 4.629
0.67 4.373 4.366 4.377 4.340 4.353 4.355
0.68 4.118 4.112 4.122 4.088 4.099 4.102
0.69 3.882 3.876 3.885 3.853 3.864 3.866
0.70 3.662 3.656 3.666 3.635 3.645 3.647
0.71 3.458 3.452 3.461 3.432 3.442 3.444
0.72 3.268 3.262 3.271 3.243 3.253 3.254
0.73 3.090 3.085 3.093 3.067 3.076 3.078
0.74 2.925 2.920 2.928 2.903 2.912 2.913
0.75 2.770 2.766 2.773 2.750 2.758 2.759
0.76 2.626 2.621 2.628 2.606 2.614 2.615
0.77 2.490 2.486 2.492 2.472 2.479 2.480
0.78 2.363 2.359 2.365 2.346 2.352 2.354
0.79 2.244 2.241 2.246 2.228 2.234 2.235
0.80 2.133 2.129 2.135 2.117 2.123 2.124
0.90 1.326 1.324 1.328 1.317 1.320 1.321
1.0 8.680 8.666 8.688 8.616 8.640 8.645***(� 10–3)
1.10 5.917 5.908 5.923 5.873 5.890 5.893
1.20 4.171 4.165 4.175 4.141 4.152 4.155
1.30 3.025 3.020 3.028 3.003 3.011 3.013
1.40 2.247 2.243 2.249 2.230 2.237 2.238
1.50 1.704 1.701 1.705 1.691 1.696 1.697
1.60 1.315 1.313 1.317 1.306 1.309 1.310
1.70 1.032 1.030 1.033 1.024 1.027 1.027
1.80 8.204 8.191 8.212 8.143 8.167 8.171****(� 10–4)
1.90 6.606 6.596 6.613 6.557 6.576 6.580
2.00 5.379 5.371 5.384 5.339 5.355 5.358
2.20 3.672 3.666 3.676 3.645 3.655 3.658
2.40 2.592 2.588 2.594 2.573 2.580 2.581
2.60 1.881 1.878 1.883 1.867 1.873 1.874
2.80 1.398 1.396 1.400 1.388 1.392 1.393
3.00 1.061 1.059 1.062 1.053 1.056 1.057
3.50 5.724 5.715 5.730 5.682 5.698 5.702*****(� 10–5)
4.00 3.355 3.350 3.358 3.330 3.340 3.341
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Table A2. The spectral dependence of the depolarization
factor q (Bucholtz, 1995). The phase function of Rayleigh
scattering is given by the following expression:

pðhÞ ¼ 3 1þ 3cþ ð1� cÞ cos2 hð Þ
4ð2þ 2cÞ ; c ¼ q

2� q

k, lm 100 q

0.2
0.205
0.21
0.215
0.22
0.225
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.3
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1

4.545
4.384
4.221
4.113
4.004
3.895
3.785
3.675
3.565
3.455
3.4
3.289
3.233
3.178
3.178
3.122
3.066
3.066
3.01
3.01
3.01
2.955
2.955
2.955
2.899
2.842
2.842
2.786
2.786
2.786
2.786
2.73
2.73
2.73
2.73
2.73
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