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1 INTRODUCTION

Aerosols play an important role in the Earth’s atmosphere. They affect, for example, ra-
diation budget, cloud processes and air quality. The direct effect of aerosols on climate
involves both scattering and absorption of radiation, while the indirect effect of aerosols
is related to their ability to modify the optical properties and lifetimes of clouds. Im-
mense amounts of work has been done to study aerosol’s climate effects (e.g. Charlson
et al. (1992); Penner (1992); Dickerson et al. (1997); Bréon et al. (2002); Chung et al.
(2010); Chen W.-T. et al. (2010); Quaas et al. (2010); Lubin and Vogelmann (2010)).
However, aerosols still have the largest uncertainty in the climate change modeling
(IPCC (2007); Schwartz et al. (2010)). In addition to the radiative effects, aerosols
influence air quality and visibility which also have significant effects on people’s daily
life. Several studies have shown that exposure to high concentrations of particulate mat-
ter contributes to public morbidity, mortality of respiratory and cardiovascular diseases
(e.g., Pope (2000); Wallace (2000); Kan and Chen (2002); Li et al. (2006)).

Due to these effects it is important to monitor, model and forecast aerosol amounts
and properties. In-situ measurements from all atmospheric aerosol layers are difficult
to make because the layers are typically lofted and there can be multiple layers with
different properties. Only instruments situated in towers and airplanes can measure off
the ground aerosol layers. However, these kind of measurements are available only
from specific sites and times. With remote sensing instruments aerosol properties can
be derived for troposphere and stratosphere. Moreover, instruments aboard satellites
provide data from all over the globe.

Remote sensing methods have a huge potential in aerosol science. In addition to
climate studies, they can be used in air quality monitoring and plume tracking. For
example, satellite and lidar measurements provided valuable data on the ash plume
from the Eyjafjällajökull volcano eruption (e.g. de Leeuw et al. (2010); Ansmann et al.
(2010)). In climate change research, remote sensing data is ideal for model validation
and assimilation (e.g. Quaas et al. (2009)).

The aim of this research was to evaluate and apply various optical remote sensing
methods for the measurement of atmospheric aerosols over land. The main objectives
of this thesis were to

1. evaluate the aerosol properties (e.g. amount of aerosols and their size) derived
from the studied remote sensing instruments and study the restrictions of these
measurements, especially over land

2. find ways to improve the aerosol retrievals done with the remote sensing instru-
ments under study

3. use satellite and lidar measurements to study regional aerosol properties (e.g.
amount of aerosols and their vertical profiles)



10

The thesis consists of 5 original papers, which will be referred by roman numerals
(I-V). The major contributions of the papers are as follows.

In Paper I aerosol extinction coefficients measured with a transmissometer and
modeled with a radiative transfer code (MODTRAN4) are studied as a function of
weather parameters (visibility, relative humidity and temperature). In addition, mea-
sured size distributions are investigated and they are compared with the size distribu-
tion assumed in the radiative transfer code. The effect of aerosols on radiative transfer
depends on their size distribution and optical properties. Typically, the algorithms used
in remote sensing retrievals have to assume these properties and the errors in the as-
sumptions affect the quality of the retrieved products.

In Paper II Aerosol Optical Depth (AOD) and Ångström exponent (AE) values
derived with the Moderate Resolution Imaging Spectroradiometer (MODIS) retrieval
algorithm over land are compared with ground based sun photometer measurements
in Europe, Asia, Africa North America and South America. Furthermore, the possible
reasons (assumptions in the retrieval algorithm) for the discrepancies between the satel-
lite and ground based measurements are analyzed and a method to improve MODIS AE
retrieval is presented.

In Paper III the aerosol subtypes of space borne lidar (CALIOP) measurements
are compared with daily aerosol types derived from sun photometer inversion data. A
method to evaluate the quality of the CALIOP aerosol type classification is presented.
The simplified aerosol typing with the sun photometer data is based on AE and Single
Scattering Albedo (SSA) values. Identification of aerosol types (in terms of their source
origin and main composition) is important because of the effects that different aerosols
have on health, visibility and Earth’s climate.

In Paper IV MODIS AODmeasurements are compared with ground based particle
mass (PM2.5) measurements done at four sites near each other in Helsinki, Finland.
Three of the sites represent urban environment while one is from a rural area. The effect
of temporal PM2.5 averaging on the correlation between AOD and PM2.5 is investigated.
In addition, the seasonality of the correlation is studied. Moreover, conversion factors
which could be used to estimate PM2.5 from AOD in this region are presented.

In Paper V one year (March 2008 to March 2009) of ground-based Raman lidar
measurements done in Gual Pahari, India are analyzed. This is the longest lidar data
set available from New Delhi. Close to 500 one-hour profiles are averaged from 183
measurement days. From them, seasonal profiles of aerosol backscattering, extinction,
lidar ratios and AE are calculated and compared with results from other studies.
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2 THEORETICAL CONCEPTS

Electromagnetic radiation is the most important process responsible for energy trans-
fer in the atmosphere. This radiation travels in wave form, and all electromagnetic
waves travel at the speed of light (2.99793 × 108 m/s) in a vacuum. In the air, the
speed is nearly the same. Visible light, gamma rays, x-rays, ultraviolet radiation, in-
frared radiation, microwaves, and radio waves constitute the electromagnetic spectrum.
These types can be separated based on their wavelength, which is the distance over
which the wave’s shape repeats. The human eye is sensitive to electromagnetic radia-
tion whose wavelength is between 390 nm and 750 nm. Electromagnetic radiation with
shorter wavelengths (10 nm – 400 nm) is called ultraviolet radiation, while radiation
with longer wavelengths (0.7 μm – 10 μm) is called infrared radiation (Liou, 2002).
We can feel infrared radiation as heat but ultraviolet radiation is beyond our senses.

In remote sensing, information (spectral, spatial, temporal) about objects is ac-
quired without coming into physical contact with the objects under investigation. In-

Figure 2.1. Measurement principles for ground-based (A and B) and spaceborne remote sens-
ing (C and D) instruments. A and C are passive instruments which measure radiation
coming from the sun, while B and D are active instruments which have their own
signal source, e.g. laser.
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formation transfer is accomplished by the use of electromagnetic radiation. The in-
terpretation and inversion of the measurements require the use of fundamental light
scattering and radiative transfer theories (Liou, 2002). In this thesis, only optical meth-
ods are considered because the studied objects, aerosols, have the strongest impact on
the electromagnetic radiation at these wavelengths. In optical remote sensing, despite
the somewhat misleading name, ultraviolet, visible and infrared wavelengths are used,
thus the available electromagnetic radiation spectrum for aerosol measurements ranges
from circa 300 nm to circa 10 μm. These methods can be divided into four classes
based on the location of the instruments and on the type of the instrument. The basic
measurement concepts are shown in Figure 2.1. Ground-based instruments (A and B
in Figure 2.1) are on the ground while spaceborne are aboard satellites (C and D in
Figure 2.1). Passive instruments (A and C in Figure 2.1) measure radiation emitted by
the sun and the Earth while active instruments (B and D in Figure 2.1) have their own
radiation source, for example black body radiator or a laser. More detailed informa-
tion on the measurement principles can be found in Chapter 3. These instruments can
also be mounted onto airplanes. Although airborne measurements are widely used (e.g.
Stone et al. (2010)), they are not discussed further in this thesis.

Unfortunately, not all the required radiative properties for aerosol studies can be
measured remotely. For example, the angular and spectral ranges of remote sensing
are always limited. Correspondingly, a core aspect of remote sensing is the inversion
procedure, whereby aerosol optical and radiative properties are derived from the remote
sensing measurements (Dubovik and King, 2000).

As can be seen from Figure 2.1, remote sensing instruments do not measure only
aerosol signals. Clouds, atmospheric gases and the Earth’s surface also affect the mea-
sured radiation signal and often their signal is larger than the aerosol signal. Therefore,
the signals coming from these other sources have to be removed from the measured
total signal before aerosol properties can be analyzed. The separation of the aerosol
signal is done with inversion procedures.

There are several ways to do the inversion and all the methods have their strengths
and weaknesses. Atmospheric gases absorb radiation at specific wavelengths, thus their
measurement is quite straightforward and they can be taken into account in the retrieval
quite easily. The surface, on the other, hand is more variable and the signal caused
by it is relatively large at all wavelengths. Thus, separating aerosol signal from the
surface signal is a demanding task. Therefore, aerosol retrievals from passive satellite
measurements are more reliable over dark surfaces.

Inversion procedures for passive ground-based measurements are simpler because
they do not have to take into account the surface effect. With active instruments, the
measurement signal from the surface can be separated from the atmospheric signals
based on the measurement time.
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2.1 RADIATIVE TRANSFER

Remote sensing is based on the measurement of electromagnetic radiation, thus the
understanding of radiative transfer in the atmosphere is essential when using data from
these instruments. Radiative transfer is simply the physical phenomenon of energy
transfer in the form of electromagnetic radiation. The propagation of radiation through
a medium, which in our case is the atmosphere, is affected by absoption, emission and
scattering processes. Radiative transfer theories and models describe these interactions
mathematically. The main quantities associated with radiate transfer in the atmosphere
and used in this work are introduced below.

Zenith angle, θ, measures the angle from some reference direction which in our
case is the local vertical. Therefore, directly overhead corresponds to θ = 0 and horizon
to π/2 radians (90 degrees). Azimuth angle, φ, measures the angle counterclockwise
from a reference point on the horizon, so that 0 < φ < 2π. In satellite applications,
the reference point is usually the direction of the sun. Another important, although
somewhat different, angle is the solid angle which is a measure of how much of your
visual field is occupied by an object. It is expressed in units of steradian, sr (Petty,
2006).

Optical air mass, m, refers to the optical path length through the Earth’s atmo-
sphere. When the solar zenith angle is zero (sun directly overhead), the air mass factor
is 1. The air mass factor increases as the solar zenith angle increases (Liou, 2002).

Flux (or more precisely flux density), F , refers to the rate at which radiation is
incident on, or passes through a flat surface. It is expressed in units of watts per square
meter and it includes energy contributions from all wavelengths between specified lim-
its λ1 and λ2 (Petty, 2006).

Radiance (or radiant intensity), ρ, includes both the strength and direction of var-
ious sources contributing to the incident flux on a surface In other words, radiance is
the flux per unit solid angle traveling in a particular direction [Wm−2sr−1]. Within
a vacuum or other transparent medium, radiance is conserved along any optical path
(Petty, 2006).

Irradiance is the incident flux density, while radiant exitance is the exitent flux
density. The ratio of these results in the so-called reflectance. The value of the re-
flectance is in the inclusive interval 0 to 1. This quantity can be further defined into
more specific conceptual and measurable quantities. One of the most widely used quan-
tities is the bihemispherical reflectance, commonly known as albedo, which is the ratio
of the radiant flux reflected from a unit surface area into the whole hemisphere to the
incident radiant flux of hemispherical angular extent. Another important quantity is the
bidirectional reflectance distribution function (BRDF) which describes the scattering
of parallel beam of incident radiation from one direction in the hemisphere into another
direction in the hemisphere. Being expressed in as the ratio of infinitesimal quantities,
it cannot be directly measured (Schaepman-Strub et al., 2006).
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Transmission, T , is a term used when discussing the propagation of electromag-
netic waves through a medium. Transmittance, τ , on the other hand, is the fraction of
radiation that survives the trip over a specified optical path (Petty, 2006).

The rate of power attenuation per unit distance is given by the extinction coeffi-
cient, βe, which is the sum of scattering (βs) and absorbing (βa) coefficients. The total
optical depth, OD, (also known as optical thickness) can be calculated by integrating
the extinction coefficients within a vertical column. Each (dimensionless) unit of op-
tical depth corresponds to a reduction of intensity to e−1

≈ 37 % of its original value
(Petty, 2006).

Index of refraction (N=nr+ni) within a nonabsorbing medium (ni=0) is the ratio
of the speed of light in vacuum and the medium. For most materials, N> 1, which indi-
cates a reduced speed of light relative to that in vacuum. When the imaginary part of the
index is nonzero, the medium absorbs energy from the electromagnetic wave passing
through. The relationship between the imaginary part (ni) and absorption coefficient
(βa) is

βa =
4πni

λ
(2.1)

where λ is the wavelength in a vacuum. Index of refraction depends strongly on the
wavelength of the radiation (Petty, 2006).

When the scattering is caused by small particles compared to the wavelength of the
incident radiation, it is called Rayleigh scattering. It is also called molecular scattering
because in the atmosphere these scatterers are typically molecules (gases). Lorenz-Mie
scattering, on the other hand, refers to scattering by particles which are in the same size
range as the wavelength of the radiation (Liou, 2002).

Scattering phase function, Pa, defined for a specific aerosol type tells how the
incident radiation is scattered by these particles. It can be considered as a probability
density: If a photon arrives from direction y and is scattered, what is the probability
that its new direction will be x. The phase functions of real atmospheric particles can
be complex and require sophisticated mathematical descriptions. Often, however, it is
sufficient to know the relative proportion of photons that are scattered in the forward
versus backward directions. This information is contained in the scattering asymmetry
parameter, g (Petty, 2006).

Backscattering refers to radiation that is scattered back into the direction of the
incident radiation beam (Petty, 2006).

The scattering of incident radiation by atmospheric molecules involves elastic and
inelastic processes. In the case of elastic or Rayleigh scattering the wavelength of
the scattered photon is the same as the wavelength of the incident photon. Thereby,
the molecule preserves its vibration-rotation energy level during the scattering process.
Inelastic or Raman scattering processes, on the other hand, lead to a change of the
molecule’s quantum state, and the wavelength of the scattered photon is shifted. If the
molecule absorbs energy, the wavelength of the scattered photon is increased. This is
called Stokes Raman scattering. If the molecule transfers energy to the scattered photon
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by decreasing its energy level, the wavelength of the scattered photon is decreased. This
is called anti-Stokes Raman scattering (Wandinger, 2005b).

A fundamental principle of electromagnetic radiation is that it at any instant of
time displays some orientation in space. This orientation can be fixed, yielding linearly
polarized radiation, or rotating with time to yield circularly or elliptically polarized
radiation. Random polarization is a state in which a beam of radiation has such a
diversity of individual wave polarizations that no single state can be discerned with
optical analyzers. Importantly, any state of polarization can be converted to any other
state with the help of optical devices (Sassen, 2005).

The basic polarization applications involve the transmission of a linearly polarized
radiation pulse and the detection of the orthogonal and parallel planes of polarization
of the backscattered radiation. The ratio of these two signals is referred to as the linear
depolarization ratio, δ. According to the exact Lorenz-Mie theory, spherical particles
that are homogeneous in content always backscatter linearly polarized electromagnetic
radiation in the same (incident) plane of polarization. A variety of approximate theories
predict that nonspherical or inhomogeneous particles will introduce a depolarized com-
ponent in to the backscattering. The strength of the depolarization process in nonspher-
ical particles depends on the amount and complexity of the particles’ deviation from
spherically symmetrical shape, but also on the particle size relative to the wavelength
of the radiation and the particle refractive index at that wavelength. Consequently, little
or no depolarization can be expected from spherical particles (e.g. deliquesced aerosols
and volcanic sulfuric acid droplets) as long as they are reasonably homogeneous. For
irregularly shaped particles (e.g volcanic and desert dust), the depolarization ratio can
be up to 0.25 (Sassen, 2005).

Incident radiation can be divided into diffuse and direct components. Direct com-
ponent refers to radiation that is coming directly from the source while diffuse radiation
is scattered by the medium between the source and the sensor and the direction of the
radiation coming to the sensor is from everywhere else but not directly from the source.

Figure 2.2 shows the main processes that can occur when radiation at different
wavelengths interacts with particles. The radiation can be scattered at different di-
rections or absorbed by the particles. The direction and amount of scattering (and
absorption) depends on the wavelength of the radiation and on the size and chemical
composition of the particles.

2.2 MEASURED AEROSOL PROPERTIES

Aerosols are defined as a mixture of solid and/or liquid particles suspended in a gas.
(e.g. Hinds (1998)). The size (diameter) of the aerosol particles ranges from circa
2 nm to approximately 10 μm. Aerosols in the atmosphere have a number of sources.
Typically the sources are divided into natural (e.g. wind blown dust, sea spray, volcanic
ash and plant emissions) and anthropogenic (e.g. fuel combustion) sources (Seinfeld
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Figure 2.2. Interaction between incident radiation and particles.

and Pandis, 2006). Furthermore, the aerosols can be divided into primary and secondary
aerosols. Primary aerosols are formed within a source and emitted directly into the
atmosphere while secondary aerosols are formed in the atmosphere by gas-to-particle
conversion (Fuzzi et al., 2006). The actual aerosol population in the atmosphere is a
mixture of primary and secondary aerosols originating from natural and anthropogenic
sources.

Aerosols are also important in air quality monitoring, where particulate matter
(PM) describes the aerosol mass concentration. It can be further classified with size:
PM2.5 and PM10 contain aerosols with aerodynamic diameters less than 2.5 μm and
10 μm, respectively. Combustion processes are the most important source of PM2.5.
PM10 contains coarser components, for instance from natural sources (e.g. dust) ele-
vated by wind (Pope and Dockery, 2006). A number of studies have been made where
the usability of satellite measurements in air quality monitoring has been evaluated (e.g
Christopher and Gupta (2010); Sano et al. (2010); Weber et al. (2010)). Since PM
describes mass concentration and parameters from satellite measurements are optical
quantities, it is not straightforward to compare them directly. Furthermore, the meth-
ods for the measurements are completely different. PM is a ground-based point mea-
surement whereas satellite based aerosol properties are derived from remotely sensed
radiance signals, which cover relatively large areas.

In remote sensing the retrieved aerosol parameters are a bit different than the tra-
ditional parameters (e.g. aerosol number concentrations, size distributions, mass, scat-
tering and absorption coefficients) from in-situ measurements. The most widely used
aerosol properties derived from remote sensing measurements are:
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• aerosol optical depth (AOD) which is a measure of how much light airborne
particles prevent from passing through a column of atmosphere. It describes the
total aerosol extinction (scattering + absorption, Figure 2.2) (Liou, 2002).

• Ångström Exponent (AE) describes the dependency of AOD (or extinction) on
wavelength. AE can be calculated from spectral AOD data using the Ångström’s
power law (Ångström, 1929):

AE = −
log(AOD1

AOD2

)

log(λ1

λ2

)
(2.2)

The smaller the particles are, the larger is the exponent. Typically values larger
than 1 are associated with fine dominated aerosols (e.g. smoke, sulphates) while
the values smaller than 1 indicate the presence of coarse particles (e.g. dust,
marine aerosols) (Eck et al. (1999); Schuster et al. (2006)).

• Single Scattering Albedo (SSA) is the ratio of scattering to total extinction. The
smaller the ratio, the more the aerosols absorb (Liou, 2002).

Effects of atmospheric aerosols on radiative transfer are complex to model, as dis-
cussed in Paper I, because aerosol size distributions vary strongly both temporally and
spatially. Moreover, the optical properties of atmospheric aerosols are not fully known
(Bond and Bergstrom, 2006). Patchy sources, sinks, and the short atmospheric lifetime
(days) of tropospheric aerosols result in local effects and regional differences in aerosol
properties (Delene and Ogren, 2002). According to Anderson et al. (2003) aerosol con-
centrations are typically coherent for timescales and space scales less than 10 h and
200 km, respectively. Algorithms used in retrieving satellite data assume that aerosol
properties are constant and therefore the actual variability in aerosol optical properties
can cause uncertainties in satellite-retrieved parameters.

In this work, the term aerosol model refers to assumed aerosol size distributions
and optical properties (e.g. phase function and SSA) used in radiative transfer calcula-
tions.
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3 OPTICAL REMOTE SENSING INSTRUMENTS

3.1 GROUND-BASED

3.1.1 Passive

The most widely used remote sensing instruments in aerosol studies are radiometers,
historically known as sun photometers (instrument A in Figure 2.1). The method for
ground-based atmospheric aerosol measurements using sun photometry was introduced
by Volz in the end of 1950’s (Volz et al., 1959). The first sun photometer was a handheld
analog instrument. Nowadays, the instruments are digital with onboard processing and
automatic data transfer. However, the measurement method has remained the same; a
filtered detector measures the spectral extinction of direct beam radiation according to
the Beer-Lambert-Bouguer law:

Vλ = V0λd
2exp(ODλm) × Ty (3.1)

where V = digital voltage,
V0 = extraterrestrial voltage
d = ratio of the average to the actual Earth-Sun distance
ODλ = total optical depth
m = optical air mass
Ty = transmission of absorbing gases
The measured voltage (V ) at a specific wavelength (λ) is a function of the ex-

traterrestrial voltage (V0) as modified by the relative Earth-Sun distance (d), and the
exponent of the total optical depth (ODλ) and optical air mass (m). The total optical
depth is the sum of the Rayleigh and aerosol optical depth (AOD) after correction for
gaseous absorption (Holben et al., 1998).

Basic sun photometers, e.g. Precision Filter Radiometers (PFR), measure only
spectral OD. Sky scanning spectral radiometers, e.g. Cimel sun photometers, are more
sophisticated and measure the spectral sky radiance at known angular distances from
the Sun. With an inversion algorithm, aerosol microphysical properties such as size
distribution and optical properties such as phase function, can be retrieved from these
measurements (Holben et al., 1998). The inversion algorithm is designed as a search for
the best fit of all input data by a theoretical model that takes into account the different
levels of accuracy of the fitted data (Dubovik and King, 2000).

In addition to sun photometry, AOD can be derived from other instruments. For
example, rotating shadowband radiometers measure spectral total and diffuse radia-
tion to obtain the direct component from which the AOD can be calculated with the
Equation 3.1 (Holben et al., 1998). Moreover, aerosol measurements can be done with
Differential Optical Absorption Spectroscopy (DOAS) which was developed for the
measurement of atmospheric constituents. The amount of the constituents can be re-
trieved from the measurements of direct solar radiation transmitted through the atmo-
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sphere as well as of the solar radiation scattered in the atmosphere or reflected from the
surface (Rozanov and Rozanov, 2010). The key constituents monitored with this in-
strument are ozone (O3), nitrogen dioxide (NO2), formaldehyde (HCHO), the halogen
oxides (e.g. BrO), Chlorine dioxide (OClO), iodine monoxide (IO), and the oxygen
diomer (O4). Information about the atmospheric aerosol profile can be retrieved from
the O4 measurements (Whyte et al., 2009). In addition, Multi-Axis-DOAS (MAX-
DOAS) provides information on the aerosols based on the Ring effect. The Ring effect
describes the so-called "filling-in" of solar Frauenhofer lines in the spectra of scattered
light compared to direct sun light observations. The effect is caused by the rotational
Raman scattering by atmospheric molecules and aerosols (Wagner et al., 2009).

In Paper II we used Precision Filter Radiometer (PFR) measurements (Wehrli
(2000); Kim et al. (2008a). PFR measures direct solar irradiance in four narrow spec-
tral bands (368, 412, 500, and 862 nm). The bandwidth of the instrument is 5 nm and
the full field of view angle is 2.5 degrees. Derived products from the measurements are
AOD for the four wavelengths and AE. The time resolution of the products is 1 minute.
The uncertainty of the PFR instrument is between 0.01 and 0.02 (Carlund et al., 2003).

In Papers II, III, IV we used data from Cimel sun photometer measurements.
Cimel is the instrument selected for the Aerosol Monitoring Network (AERONET;
Holben et al. (1998)), which has almost a global coverage. Cimels measure AOD at
340, 380, 440, 500, 675, 870 and 1020 nm. Measurements are provided every 15 min-
utes during daytime. Once every hour in clear sky conditions AERONET also provides
the angular distribution of sky radiances at four wavelengths (440, 670, 870 and 1020
nm), from which aerosol properties such as aerosol size distribution, complex refractive
index, and SSA can be retrieved. The spectral AOD from AERONET are accurate to
within ±0.01 for wavelengths larger than 400 nm and ±0.02 for shorter wavelengths
(Holben et al. (1998); Eck et al. (1999)).

3.1.2 Active

In contrast to passive remote sensing methods, active instruments have their own radi-
ation source. Depending on the wavelength(s) of the radiation emitted by the source,
the instrument can be used to study different atmospheric phenomena.

Transmissometers are instruments designed to measure the atmospheric extinction
coefficient and determine visibility. The instrument has typically a blackbody radiation
source or a laser, which transmits a beam of optical radiation into the atmosphere.
The beam is attenuated by scattering and absorption in molecules and aerosol parti-
cles. After a designated distance, the signal is measured with a detector. The extinc-
tion coefficient can be calculated based on the amount of attenuation in the signal and
the propagation length in the atmosphere (Hågård and Persson, 1992). Visibility and
atmospheric extinction can also be measured with scatterometers. These instruments
measure the amount of light scattered by aerosols in an optical volume, observed within
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a small solid angle. The extinction coefficient can be derived on the basis of the light
scattering functions of aerosols (van der Meulen, 1992).

A more sophisticated active instrument is the lidar (light detection and ranging; in-
strument B in Figure 2.1). The history of lidars begins in the 1930’s when first attempts
to measure air density profiles were done with searchlight beams. In 1938, cloud base
heights were measured for the first time with pulses of light. In these early years, elec-
tric sparks and flashlights were used as light sources. In the beginning of the 1960’s
the laser was invented and it enabled the development of modern lidar technologies.
Already in the 1970’s, all basic lidar techniques had been suggested and demonstrated
(Wandinger, 2005a).

Just like the transmissometers, a lidar consists of transmitter and a receiver. The
laser generates short light pulses with lengths of a few to several nanoseconds at spe-
cific wavelengths. The light pulses go through a beam expander before entering the
atmosphere, in order to reduce the divergence of the light pulses. The receiver has a
telescope that collects the photons backscattered from the atmosphere. After the tele-
scope, the photons enter an optical analyzing system which selects specific wavelengths
out of the collected light. Then the selected radiation is directed onto a detector, where
the photons are transformed into an electrical signal. The intensity of the signal and its
dependence on the time elapsed after the transmission of the light pulse are determined
electronically and stored (Wandinger, 2005a).

The detected lidar signal can simply be written as

P (R) = KG(R)β(R)T (R) (3.2)

where P is the power received from a distance R. It consists of four factors. The first
factor, K, summarizes the performance of the lidar system, while the second, G(R),
describes the range-dependent measurement geometry. These two factors depend only
on the lidar setup. The last two factors contain the information on the atmosphere, and
all the measurable quantities. The factor β(R) is the backscatter coefficient at distance
R and T (R) is the transmission term. This simplified equation shows the basic principle
of lidar measurement. However, for actual measurements the lidar equation has to be
more detailed:

P (R, λ) = P0

ct

2
Aν

O(R)

R2
β(R, λ)exp[−2SR

0
α(r, λ)dr] (3.3)

where P0 is the average power of a single laser pulse, t is the temporal pulse length
and, consequently, ct is the length of the volume illuminated by the laser pulse at a
fixed time. The term is divided by 2 because of an apparent "folding" of the laser
pulse through the backscatter process. A is the area of the primary receiver optics
and ν is the overall system efficiency. These five parameters correspond to the term
K in Equation 3.2. The term O(R) describes the laser-beam receiver field-of-view
overlap function and with R2 they are included in the term G(R) of Equation 3.2.
The term β(R, λ) describes the backscatter of the laser light caused by air molecules
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and particulate matter at wavelength λ. The final part of the lidar equation (T (R) in
Equation 3.2) takes into account the fraction of light that gets lost on the way from the
lidar to the scattering volume and back. This exponental term comes from the specific
form of the Lambert-Beer-Bouguer law for lidars and it can have values between 0 and
1. The integral contains the path from the lidar to distance R and due to the two-way
transmission it is multiplied by 2. The sum of all transmission losses is referred as light
extinction, and α(R, λ) is called the extinction coefficient (Wandinger, 2005a).

At the moment, there are some networks for lidars. For example, EARLINET
(A European Aerosol Research Lidar Network to Establish an Aerosol Climatology)
(Wiegner et al., 1999) has 27 ground-based lidars, but only in Europe. Another widely
recognized lidar network is the Micropulse Lidar network (MPLNET) (Welton et al.,
2001), which has 31 sites collocated with AERONET sun photometers around the
globe.

In Paper I we made continuous aerosol attenuation measurements with an mod-
ernized OLAF-transmissometer which was constructed by Swedish Defence Research
Agency (Hågård and Persson, 1992). The OLAF-transmissometer measures attenua-
tion of infrared radiation in three bands: 0.96-1.08 μm, 3.4-4.3 μm and 7.7-16.5 μm.
It includes a transmitter-receiver unit, a reflector, control electronics and a computer.
A measurement beam through the atmosphere and a reference beam inside the device
are generated from a 1500 K Globar radiation source. The measurement beam travels
495 m to the reflector and back, thus the total path length in the atmosphere is 990 m.
The path distance to the ground varies between 2 to 5 meters. By comparing electroni-
cally the detected power values of these two beams, the value for the attenuation in the
atmosphere can be determined. Since OLAF measures the total attenuation in the at-
mosphere, the attenuation caused by aerosols is obtained by subtracting the part caused
by atmospheric gases. Only carbon dioxide and water vapor have a significant impact
on the radiative transfer at the OLAF wavelength bands. The effect of these gases is
calculated with a radiative transfer code (MODTRAN4). The extinction coefficient βe

can be estimated from the transmittance τ according to Beer-Lambert’s equation

τ = e−βeL (3.4)

where L is the path length of the radiation in the atmosphere.
OLAF’s relative error has a parabolic dependence on measured extinction coef-

ficient in all wavelength bands. For the longest wavelength band (7.7–16.5 μm) the
relative error is less than 10 % when the measured extinction coefficient is between
0.23-3.5 km−1. When the measured extinction coefficient is between 0.11-0.23 km−1

or between 3.5-4.4 km−1 the relative error is less than 20 %. The accuracy of the
OLAF-transmissometer is confined especially by Globar’s quite low radiant exitance
as wavelength increases, by the noise in the pyroelectric detector and by the deviation
of the system transmission (Kaurila et al., 2006).

In Paper V, we made measurements with a seven-channel Raman lidar called
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"PollyXT -POrtabLe Lidar sYstem eXTended" (Althausen et al., 2009). The lidar sys-
tem is completely remotely controlled and all measurements and data transfer are per-
formed automatically. The instrument is equipped with an uninterruptible power sup-
ply (UPS) and an air conditioning system (A/C) to allow a safe and smooth continuous
measurements. A rain sensor is connected to the roof cover to assure a proper shutdown
of the instrument during rain. In addition the system is equipped with an airplane radar,
which shuts down the laser in case an airplane is detected.

The type of the laser used in the lidar is Inlite III from Continuum. It emits energy
simultaneously approximately 180 mJ, 110 mJ, and 60 mJ at 1064 nm, 532 nm, and
355 nm, respectively. The emitted radiation is linearly polarized at 355 nm. A beam
expander is used to enlarge the beam from approximately 6 mm to about 45 mm before
it enters the atmosphere. The backscattered signal is collected by a Newtonian telescope
which has a main mirror with a diameter of 300 mm and a focal length of 900 mm. The
receiver’s field of view is 1 mrad.

The output of the instrument includes vertical profiles of the particle backscatter-
ing coefficient at three wavelengths (355, 532 and 1064 nm) and of the particle extinc-
tion coefficient at two wavelengths (355 and 532 nm). AOD can be calculated by ver-
tically integrating the extinction coefficient profile. In addition, such size/composition-
dependent, intensive particle quantities as the AEs for backscatter and extinction, extinction-
to-backscatter ratio and depolarization ratio can be determined. The depolarization
channel (355 nm) of the lidar enables us to separate spherical particles from non-
spherical and hence ice-containing fromwater clouds. In addition, dust and ash aerosols
can be separated from other aerosol types. The vertical resolution of the system is 30
meters. Depending on the cloudiness, the whole troposphere can be monitored.

3.2 SPACEBORNE

The history of satellites began in 1957 when the Russians launched Sputnik 1 into
an Earth orbit. Only four months later, the Americans launched their first satellite,
Explorer 1, which was the first satellite to carry scientific instrumentation. The first
visual observations of the atmospheric aerosols were made from manned spacecrafts.
In 1961, cosmonaut Yuri Gagarin observed clouds and optical phenomena due to the
presence of aerosols during the first manned space flight. In the following space flights
photography was used to study the vertical distribution of aerosols. In the 1970’s astro-
nauts/cosmonauts made aerosol measurements with spectrophotometers and sun pho-
tometers. The first aerosol measurements from an un-manned spacecraft were also
made in the end of the 1970’s. These instruments, although not solely designed for
aerosol measurements, started the era of satellite-based aerosol remote sensing (Lee et
al., 2009).

Spaceborne instruments have the same measurement principles as the ground-
based devices. However, the measurement environment is much more demanding. The
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instrument design has to be robust to survive the launch to space and to be able to
operate years without proper maintenance.

3.2.1 Passive

Retrieving aerosol properties over land and ocean is a very complex task for passive
optical satellite techniques. The observed signal at the satellite level is a combination of
surface and atmospheric contributions (see Figure 2.1, instrument C). In addition, the
aerosol contribution has to be separated from the atmospheric signal (molecular and
cloud scattering). Typically the surface signal is substantially larger than the aerosol
contribution, especially over land. The most challenging surfaces are deserts and snow
due to their high reflectivity. Moreover, clouds prevent the measurement of aerosols
entirely (Kokhanovsky et al., 2007).

At the time of writing the thesis, a wide range of passive instruments used for
aerosol retrievals are orbiting the Earth. The most widely used instruments are: AATSR
(Grey et al. (2006); Thomas et al. (2009)), MERIS (Santer et al. (1999);Santer et al.
(2000); von Hoyningen-Huene et al. (2003)), MISR (Kahn et al. (2001); Diner et al.
(2005); Keller et al. (2007)), MODIS (Levy et al. (2007); Remer et al. (2005); Hsu et
al. (2006); Lee et al. (2006)), OMI (Torres et al., 2007), POLDER (Deuze et al. (2001);
Dubovik and King (2010)), and SCIAMACHY (Di Nicolantonio et al., 2006). Further-
more, measurements done with a single instrument can be processed with a number
of different retrieval algorithms. However, due to the diversity of the algorithms and
approaches, the aerosol properties for a specific ground pixel from these instruments
are not always consistent with each other. The issue is further complicated by the fact
that the information content of the aerosol measurement done with a satellite instru-
ments is underconstrained. Usually, it is not possible to constrain the phase function
and the SSA of the aerosols from the measurements themselves. Therefore, a-priori
assumptions based on prescribed aerosol models are used. Depending on the accuracy
of the aerosol properties assumed, and the performance of the algorithms, different val-
ues of AOD may be retrieved for the same measurement (Kokhanovsky et al. (2007);
Kokhanovsky et al. (2010)).

In Papers II and IV we used data from the Moderate Resolution Imaging Spec-
troradiometers (MODIS; Salomonson et al. (1989)). These instruments are aboard the
Terra and Aqua satellites. Terra MODIS and AquaMODIS cover the Earth’s surface ev-
ery 1 to 2 days. These instruments have 36 spectral bands and they measure near-nadir
(directly below the instrument) radiance over a 2300-km wide swath. The resolution of
the measurements varies between 0.25 to 1 km (Anderson et al., 2005). By aggregat-
ing the finer resolution pixels, MODIS can separate cloudy and clear sky pixels so that
there is enough signal to consistently and accurately retrieve aerosol properties on 10
km x 10 km resolution (Levy et al., 2007). Remote sensing of aerosols with MODIS is
based on the relationship between the measured radiance at the top of the atmosphere
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ρ∗ and the surface bidirectional reflectance properties ρ(θ, θ0, φ):

ρ∗(θ, θ0, φ) = ρa(θ, θ0, φ) + Fd(θ0)T (θ)ρ(θ, θ0, φ)/(1 − sρ
′

) (3.5)

where θ is the view zenith angle, θ0 is the solar zenith angle and φ is the azimuth angle
of the scattered radiation from the solar beam; ρa(θ, θ0, φ) is the path radiance, and
Fd(θ0) is the normalized downward flux for zero surface reflectance, equivalent to the
total downward transmission. T (θ) is the upward total transmission into the satellite
field of view, s is the atmospheric backscattering ratio and ρ′ is the angular spectral
surface reflectance (Kaufman et al., 1997). The path radiance (ρa) is proportional to the
AOD, the aerosol scattering phase function Pa(θ, θ0, φ) and SSA:

ρa(θ, θ0, φ) = ρm(θ, θ0, φ) + SSA ∗ AOD ∗ Pa(θ, θ0, φ)/(4μμ0) (3.6)

where ρm(θ, θ0, φ) is the path radiance due to molecular scattering, μ and μ0 are cosines
of the view and illumination directions, respectively. The functions Fd, T and s are also
dependent on aerosol type and loading (SSA, AOD, Pa(θ, θ0, φ)). However, for small
surface reflectance they are less important (Kaufman et al., 1997). The Equation 3.6 is
valid for single scattering approximation of aerosols and it does not include interaction
of aerosols with molecules and surface. Therefore, it can only be applied when AOD,
Rayleigh scattering and surface reflectance are low. For situations with high AOD and
high Rayleigh scattering multiple scattering needs to be considered.

The MODIS second-generation operational algorithm performs a simultaneous
inversion of two visible (0.47 and 0.66 μm) and one shortwave-IR (2.12 μm) chan-
nel, making use of the coarse aerosol information content contained in the 2.12 μm
channel (Levy et al., 2007). The expected error over land in the MODIS AOD is
±0.05±0.15*AOD. This total uncertainty includes the uncertainties in assumed aerosol
and land surface optical properties, radiative transfer computations, as well as, issues of
cloud masking, pixel selection, instrument calibration and precision (Levy, 2009). Levy
et al. (2010) reported that the only accurate aerosol parameter in the current retrieval is
AOD. Other parameters, e.g. AE, can have unphysical values.

3.2.2 Active

Currently, there is only one active remote sensing instrument designed for the mea-
surement of aerosols (instrument D in Figure 2.1) on the orbit . The Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite (Winker et al.
(2003); Vaughan et al. (2004)) was launched successfully in April 2006, and measure-
ment data has been available from June 2006 onward. CALIPSO carries the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument, which can measure
the vertical structure of the atmosphere at three channels, from the intensity of that
part of the (pulsed) laser light that is scattered back to the lidar receiver. Two of these
channels, at 532 nm, are orthogonally polarized and one channel measures the total
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backscattered signal at 1064 nm. The diameter of the laser pulse at ground level is
about 70 m. CALIOP has a spatial resolution of 333 m along the orbital path and a
high vertical resolution (30-60 m). The satellite repeat cycle is 16 days (Winker et al.,
2007). Due to the small footprint, CALIPSO covers only 0.2 % of the Earth’s surface
during one repeat cycle (Kahn et al., 2008). CALIOP delivers important information on
the vertical structure of the atmosphere globally. This information is complementary
to ground-based lidars which provide detailed time-series representative for specific
locations.

CALIOP is an elastic backscatter lidar which can not measure extinction in the at-
mosphere. Therefore, both the particulate backscatter coefficient and particulate extinc-
tion coefficient at a given range are unknown variables. They have to be retrieved with a
single equation, thus the retrieval is underdetermined. However, the two unknowns can
be related to each other by the aerosol extinction-to-backscatter ratio, which is com-
monly known as the lidar ratio, Sa. The lidar ratio has to be either assumed or inferred
from additional measurements in order to solve the lidar equation (Klett, 1981). The
actual value of the aerosol lidar ratio depends on three parameters: particle composi-
tion, size distribution, and morphology. Consequently, the variation in the ratio is large
(10 < Sa < 110) (e.g., Ferrare et al. (2001)). The operational CALIOP algorithm must
infer a value of Sa for each aerosol layer in order to retrieve aerosol backscatter and
extinction coefficients from the measurements. The goal of the CALIOP algorithm is
to define Sa to within 30 % (Omar et al., 2009). This requirement can often be reached
without complete knowledge of the aerosol type. However, error in the assumed value
of Sa creates errors in both the backscatter and extinction profiles (Sasano et al. (1985);
Fernald et al. (1984)). In CALIOP processing, furthermore, errors due to incorrect li-
dar ratios propagate downward as the attenuation by upper layers is corrected in the
retrieval of lower layers (Young and Vaughan (2009); Winker et al. (2009)), thus errors
are of particular concern for near-surface applications, e.g. air quality studies (Burton
et al., 2010). Moreover, the operational CALIOP algorithm assigns the Sa for each
aerosol layer based on the inferred aerosol type of the layer. If the aerosol typing of the
layer fails, so will the more sophisticated parameters, e.g. AOD. Therefore, the quality
of this aerosol typing was evaluated in Paper IV

The basic characteristics of all the discussed remote sensing methods are summa-
rized in Table 3.1.
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Table 3.1 Remote sensing methods: basic characteristics. + signs indicate the advantages of
the methods, while - signs refer to the disadvantages.

Ground based Spaceborne
PASSIVE • measures direct and diffuse radia-

tion from the sun
• measures radiation reflected and
emitted by the Earth-Atmosphere sys-
tem

• point measurement • areal average
+ no surface effects + global data from a single instrument
- clouds prevent measurements - clouds, ice and snow prevent mea-

surements
ACTIVE • measures radiation emitted by in-

strument’s own source
• measures radiation emitted by in-
strument’s own source

• temporal average • areal average
+ vertical profile + vertical profile
+ clouds and aerosols with a single
measurement

+ clouds and aerosols with a single
measurement

- scarce network - narrow swath



27

4 MAIN RESULTS

4.1 EVALUATION OF THE DERIVED AEROSOL PRODUCTS

In order to to evaluate the quality of the aerosol products derived from optical remote
sensing measurements, we studied different methods and compared the retrieved pa-
rameters with results from other instruments. Typically, AERONET measurements
were used as a "ground truth" due to their robust and extensively quality controlled
data products.

The fundamental difficulty in remote sensing is discussed in Paper I where mea-
sured and modeled aerosol extinction coefficients were studied as a function of different
weather parameters (visibility, relative humidity and temperature). These ground-based
measurements were done in Lakiala, Finland. In addition, measured size distributions
were investigated and compared with the size distribution assumed in MODTRAN4 ra-
diative transfer model. MODTRAN4 has several default size distributions from which
the rural distribution was found most suitable for the area under study. Clear differences
between the measured size distributions and model size distribution were found. The
measurements indicated 2200 particles per cm3 on average for the studied weather con-
ditions, while the model distribution assumed 13289 particles per cm3. Moreover, there
was no clear relationship between the measured attenuation values and the weather pa-
rameters (relative humidity, visibility and temperature), thus weather parameters do not
offer the most feasible input data to model the aerosol extinction. In addition, the errors
in weather parameter measurements can cause a cumulative error up to 130 % in the
calculated aerosol extinction in the worst case. Finally, aerosol extinction coefficients
calculated from the measured size distributions were much lower than the values mea-
sured with OLAF transmissometer or modeled with MODTRAN4. This indicates that
the assumed optical properties (e.g. refractive index) and growth factors (ratio of the
aerosol diameter at ambient relative humidity to the diameter at dry air) of the aerosols
were not suitable for the location under study. This underlines the fact that in order to
transform microphysical properties (size distribution, chemical composition and parti-
cle shape) into optical properties (spectral extinction, aerosol phase function and SSA)
some assumptions have to be made. By utilizing Mie theory in the calculation of light
scattering we assume that the particles are spherical which is not valid for all aerosol
types. Furthermore, we have to assume how the particle size varies with relative humid-
ity because we do not know how much moisture the particles absorb from the air due
to our limited knowledge of their chemical composition. Therefore, the use of aerosol
models based on microphysical properties can lead to uncertainties in radiative transfer
calculations.

As a next step, we evaluated the performance of an operational satellite algorithm
designed for aerosol retrieval. In paper II, AOD and AE values derived with the MODIS
retrieval algorithm over land (Collection 5) were compared with ground based sun pho-
tometer measurements in Europe, Asia, Africa North America and South America. In
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Finland (Jokioinen and Sodankylä) the measurements were done with Precision Filter
Radiometers (PFR), while in Estonia (Tõravere), Italy (Ispra, Rome Tor Vergata), India
(Kanpur), China (Xianghe), USA (GSFC, Greenbelt), Mexico (Mexico City), Zam-
bia (Mongu) and Brazil (Alta Floresta) Cimel (AERONET) measurements were used.
Comparison results for AOD were generally good, although there seems to be room
for improvement in the MODIS aerosol model selection, particularly how dust is taken
into account. At all studied sites, the MODIS algorithm often selects the dust aerosol
model even when dust does not seem to be present and the air masses are not coming
from arid regions. This happens especially when AOD values are relatively small (<
0.3). The selection of the dust model reduces the correlation between ground based
and MODIS AOD measurements in dust-free situations. Moreover, the current aerosol
model selection scheme produces unphysical AE values (Levy et al., 2010).

To evaluate the quality of the aerosol measurement done with a spaceborne lidar,
we compared the aerosol subtypes of CALIOP measurements with daily aerosol types
derived from AERONET level 2.0 inversion data, as presented in Paper III. AERONET
aerosol types were categorized by SSA and AE values. The comparison showed that
70% of the CALIOP and AERONET aerosol types were in agreement. Best agreement
was achieved near desert regions for dust and polluted dust types. In the areas influ-
enced by fine aerosols the level is lower, about 57 %. Classification of dust is more
reliable than classification of fine aerosols because depolarization ratio can be used to
distinguish non-spherical aerosols from spherical ones. The quality of the aerosol type
classification is extremely important because aerosol properties assigned for the layers
depend on the selected types.

4.2 IMPROVEMENTS FOR AEROSOL REMOTE SENSING METHODS

Retrieval of aerosol properties from optical remote sensing measurements is typically
underdetermined and some a-priori assumptions are required. Usually, these assump-
tions concern aerosol models (size distribution, SSA, g) and surface properties. As
Paper I showed, for accurate aerosol extinction modeling, the assumed aerosol size
distributions, refractive indices and growth factors have to coincide with the reality.

In Paper II, our study suggested that the aerosol model combining in the re-
trieval algorithm is sensitive to the ratio of 660 nm and 2130 nm surface reflectances
(slope(660/2130)). Furthermore, the value of the slope used is mainly dependent on the
Normalized Difference Vegetation Index (NDVI). NDVI describes the "greenness" of
vegetation and it can be used for determining the surface type. Usually, it is defined as a
function of the red and near-infrared radiation. In this work, however, NDVI is defined
as

NDV I =
ρ1.24 − ρ2.12

ρ1.24 + ρ2.12

(4.1)

where ρ1.24 and ρ2.12 are measured reflectances at the top of the atmosphere (Levy
et al., 2007).
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Figure 4.1. Dependence of slope(660/2130) on NDVI for forest ecotypes based on MODIS
surface albedo data. The solid black line indicates the relationship of the parameters
used in the MODIS retrieval while the dashed line is the inverse version of it.

Figure 4.2. Dependence of slope(660/2130) on NDVI for savanna ecotypes based on MODIS
surface albedo data. The solid black line indicates the relationship of the parameters
used in the MODIS retrieval while the dashed line is the inverse version of it.
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Figure 4.3. Dependence of slope(660/2130) on NDVI for different ecotypes based on MODIS
surface albedo data. The solid black line indicates the relationship of the parameters
used in the MODIS retrieval while the dashed line is the inverse version of it.

The current relationship of the slope and NDVI in the algorithm is not supported
by the surface albedo climatology derived from MODIS surface measurements. In ad-
dition, the albedo data show that the slope-NDVI relationship depends strongly on the
underlying ecotype, as can be seen from Figures 4.1- 4.3. The use of a more physical re-
lationship improves the AE retrieval at the studied sites (Alta Floresta, Kanpur, Mexico
City, Mongu, Rome, and Xianghe). However, at some sites (e.g. Mongu and Xianghe)
the AOD correspondence deteriorates when the new relationship is used. Nonetheless,
the possibility to take this into account in the future MODIS aerosol retrievals should be
studied further. In addition, AOD retrievals could be improved at some of the studied
sites (e.g. Alta Floresta and Mongu) by changing the assigned fine dominated aerosol
model.

During the research presented in Paper III we assessed whether the CALIOP clas-
sification scheme for aerosol subtypes could be improved by adding color ratio data (the
ratio of the layer-integrated attenuated backscatter at 1064 nm by the layer-integrated
attenuated backscatter at 532 nm) to the scheme in order to give additional information
on the size of the aerosols in a similar manner as AE. While AE is based on measure-
ments of total attenuation (scattering and absorption) of radiation, color ratio is based
on backscattering. In order to compare as similar parameters as possible, we calcu-
lated the scattering induced AOD from the AERONET inversion data by reducing the
absorption induced AOD from the total AOD at two wavelengths, 440 nm and 1020
nm. Then, we compared the ratio of the scattering AODs (AODScat1020/AODScat440)
to the color ratios for the comparison days. In addition, we checked if the instruments
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Figure 4.4. Comparison of color ratio from CALIOP and ratio of scattering AOD at 1020 nm
and 440 nm (AODScat ratio) from AERONET for different aerosol types. Aerosol
types 1 (Large absorbing, magenta), 2 (Mixed absorbing, black), 3 (Small absorbing,
red) and 6 (Small non-absorbing, blue) are shown. Crosses refer to measurements
where CALIOP and AERONET aerosol types agree (match) and circles where they
disagree (miss).

had agreed on the aerosol type for that day. Figure 4.4 shows the daily mean AODScat
ratio and color ratio values for different aerosol types. The color of the point indicates
the aerosol type of the measurement. Crosses refer to measurements where CALIOP
and AERONET aerosol types agree (match) and circles where they disagree (miss).
Although color ratio correlates to some extent with AODScat ratio (R = 0.59), the vari-
ation of the parameter is large for each aerosol type and the values are all in the same
range. Moreover, the matched and missed measurements are mixed evenly. Thus, color
ratio does not seem to introduce additional information about the aerosol types to the
classification scheme. In addition, the largest difficulties in the CALIOP aerosol typing
occur with small aerosols. CALIOP is not able to distinguish absorbing aerosols from
non-absorbing because it has no measurements on the absorptivity of the aerosols.

4.3 APPLICATIONS OF REMOTE SENSING MEASUREMENTS

As discussed in the previous sections, remote sensing of the atmospheric aerosols is
not a trivial task. A number of assumptions have to be made before aerosol retrieval is
feasible. However, some of the current remote sensing products are robust enough for
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more extensive analysis.
Despite the difficulties in the AE retrieval with the MODIS aerosol algorithm (dis-

cussed in section 4.1 and Paper II), the AOD product is substantially more reliable.
Thus, it can be used for air quality studies as shown in Paper IV, where the relationship
between satellite-based AOD and particulate matter (PM2.5) was studied. PM2.5 was
measured at four sites (Kallio, Mannerheimintie, Vallila and Luukki) near each other
within Helsinki region, Finland. We investigated how temporal PM2.5 averaging af-
fected the correlation between PM2.5 and AOD. In addition, we studied the seasonality
of the correlation. The time averaging increased the correlation coefficient compared
to one-hour PM2.5 measurements. The best correlation coefficients were achieved with
5 to 24 h averaging, depending on the site. In Luukki, the largest correlation coefficient
was 0.82 with 24 h averaging, while in Vallila the largest correlation coefficient was
only 0.55 with 5 h averaging. Regarding the monthly averages of PM2.5 and AOD, the
correlation coefficients were between 0.57 and 0.91, slightly better than the best tem-
poral average at each site. We also studied PM2.5 and AOD gradients between an urban
and a rural site. Monthly averages at the urban site were regularly higher than those
at the rural site. However, the seasonal behavior was similar. Moreover, we studied
the urban influence on AOD-PM association. This analysis resulted in better corre-
lation at the rural site (0.87) than for the averaged urban data (0.73). The slopes of
our PM2.5 and AOD relationships were between 0.013 μmg−1m3 and 0.017 μmg−1m3,
which are in agreement with other studies. Based on these results, long-term PM2.5 can
be estimated from AOD data for the Helsinki region. Furthermore, the correspondence
between PM2.5 and AOD measurements could be improved by taking into account the
effects of boundary layer height and relative humidity (Glantz et al., 2009).

For the active remote sensing, the first results from a one year campaign of li-
dar measurements of aerosol vertical profiles in Gual Pahari, India are presented in
Paper V. Measurements were done with a seven-channel Raman lidar called PollyXT .
PollyXT measured on 183 days for almost 2500 hours in total. From these measure-
ments we calculated close to 500 one-hour average profiles. Our aim was to calculate
an averaged profile every three hours. However, this requirement was limited by rain,
low level clouds/fog and technical issues. The data was split into four seasons: spring
(Mar-May), summer (Jun-Aug), autumn (Sep-Nov) and winter (Dec-Feb). The verti-
cal profiles of backscatter, extinction, and lidar ratio and their variability during each
season were calculated. The measurements revealed that the aerosol layer thickness
followed mainly the seasonal pattern of temperature and, on average, the aerosol layer
was at its highest in spring (5.5 km). In summer, the vertically averaged backscatter
and extinction coefficients had the highest values (3.3 Mm−1sr−1 and 142 Mm−1 at 532
nm, respectively) when averaged over the 1-3 km height. Aerosol concentrations were
slightly higher in summer compared with other seasons, and particles were larger in
size. The autumn showed the highest lidar ratio (60 sr at 532 nm) and high extinction-
related AE, indicating the presence of smaller probably absorbing particles. The winter
had the lowest backscatter and extinction coefficients, but extinction-related AE was
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the highest (1.03), suggesting still a large amount of small particles. These results are
in good agreement with previous studies from the same region.
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5 CONCLUSIONS

Optical remote sensing methods offer a wide range of instruments which can be used
in the measurement of atmospheric aerosols. The aim of this research was to evaluate
and use a number of these instruments over land.

The actual objectives of this research were listed in Chapter 1. The first objec-
tive was to evaluate the quality of the aerosol properties derived from the studied re-
mote sensing instruments and to study the restrictions of these measurements over land.
As presented in Paper I, accurate aerosol extinction retrievals can be done only if the
assumed aerosol model is suitable for the studied area. However, satellite retrieval
algorithms are global, thus aerosol models can only be indicative. This can lead to
large discrepancies in the AOD at specific areas. Even though satellite retrievals suffer
from these uncertainties, the MODIS AOD is a reliable parameter as shown in Paper II.
Moreover, Paper IV indicated that MODIS AOD could be used as an estimate for PM2.5

in Finland. For the active instruments, Paper III showed that aerosol model typing in
the CALIOP retrieval works reliably only for dust aerosols. This indicates that all the
more sophisticated aerosol parameters, e.g. AOD, have large uncertainties. However,
based on recent studies (e.g. Kim et al. (2008b)), the location of the aerosol layers is re-
liably retrieved. In addition to aerosol model assumptions, the surface assumptions are
vital. Paper II showed that the flawed surface reflectance assumptions in the MODIS
retrieval are the reason for the failing of the AE retrieval.

The second objective was to find ways to improve the aerosol measurements done
with the studied remote sensing instruments. Before realistic aerosol models can be
applied into the aerosol retrieval algorithms, they have to be measured. Despite our
extensive measurement campaign in Lakiala (Paper I) we were not able to calculate the
observed aerosol extinction based on the measured aerosol size distributions because
too many parameters were still unknown. As Paper I showed, for accurate aerosol ex-
tinction modeling, the assumed aerosol size distributions, refractive indices and growth
factors have to coincide with the reality. In order to develop aerosol models more suit-
able for Finland, more measurements are needed. Overall, the correct aerosol model
selection in satellite algorithms improves the aerosol retrievals, as discussed in Pa-
per II. In the MODIS retrieval the improvement of the surface reflectance assumptions
improved AE retrievals, as shown in Paper II. However, this improvement did not nec-
essarily improve AOD retrieval. Actually, the AOD retrieval even deteriorated at some
studied sites when AE retrieval was improved.

As for the active instruments, Paper III showed that CALIOP aerosol selection
scheme had difficulties with almost all aerosol types, except dust. We studied if the
scheme could be improved by introducing additional parameters into it. For this, we
considered color ratio, which provides some information on the size of the aerosols.
However, the variability of the parameter was large, thus the utilization of color ratio
did not add more univocal information. Unfortunately, CALIOP does not have Raman
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channels which would give information on the absorption properties of the aerosols. In
the future missions, this should be taken into account.

The third objective was to use remote sensing measurements in the study of re-
gional aerosol properties. This was achieved by studying the usability of AOD as
an estimate for PM2.5 in Helsinki, Finland (Paper IV). We found conversion factors
which could be used to estimate PM2.5 level from AOD measurements in this region.
Our conversion factors were in line with results from other studies. In addition, we
analyzed vertical aerosol profiles from lidar measurement done in Gual Pahari, India
(Paper V). The seasonally averaged aerosol profiles showed how the height and prop-
erties of aerosols changed during the year. This information can be used to evaluate
climate model parametrizations in this region.

With relation to the objectives of this thesis, there are several areas that require
further work and research. Firstly, the identification of aerosol types is important be-
cause different aerosol types have different effects on health, visibility and climate
change. When aerosol types are known, their sources can be identified more precisely
and actions can be better targeted to reduce harmful aerosol emissions. Consequently,
methods for aerosol type classification should be studied further. For example, the
combination of remote sensing measurements and aerosol dispersion models could give
valuable information on different aerosols.

Secondly, the possibility to improve the MODIS AE retrieval with better surface
reflectance assumptions should be studied further. The surface assumptions could be
evaluated in more detail with MODIS surface albedo data. These results could then also
be utilized with other satellite instruments. Furthermore, the suitability of the assumed
aerosol models for different locations should be studied globally.

Thirdly, the relationship of PM2.5 and AOD in Northern Europe should be studied
further with a longer time series. In addition, ground based AOD instruments could be
used side by side with the satellite measurements. Moreover, vertical profiles of the
aerosols should be added to the analysis. The profiles can be from lidar measurements
or from global chemical transport models (van Donkelaar et al., 2010).

Fourthly, the development of aerosol models better suited for Finland could be
based on the measurements presented in Paper I. However, more measurements of
aerosol optical properties and vertical profiles should be done in parallel with size dis-
tribution measurements. Derived aerosol models could be utilized in the forecasting of
"aerosol weather".

Fifthly, PollyXT has been measuring constantly, thus more data is available for
analysis. In addition, the retrieval of aerosol microphysics can be done from the best
measurements. It will add invaluable information to the analysis. Furthermore, a
method for aerosol type classification in a similar manner as in CALIOP but with in-
formation on extinction, could be developed for the instrument.

Lastly, one way to gather more information from the remote sensing instruments
is to combine data from simultaneous measurement done with different instruments.
Encouraging examples of these synergistic methods have been published by Satheesh
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et al. (2009), Lee et al. (2007), Jeong and Hsu (2008), Torres et al. (2010) and Chatterjee
et al. (2010). In addition, proxies, e.g. trace gases, can be used to locate specific types
of aerosols. For example, SO2 measurements can be used to locate volcanic ash plumes
(Krueger et al. (2009); Heue et al. (2010); Karangulian et al. (2010)). Chen, B. et
al. (2010) showed that CALIOP dust detection method misclassifies 43 % of the dust
layers as clouds over Taklamakan desert. With the synergistic use of a passive Infrared
Image Radiometer (IIR) they could reduce the misclassification rate to as low as∼7%.
As these examples show, limitations of a single instrument can be compensated for by
combining data from several instruments.

Two satellites carrying advanced instruments for aerosol measurements will be
launched in the near future. In February 2011 NASA (National Aeronautics and Space
Administration) will launch Glory satellite which will carry several instruments includ-
ing Aerosol Polarimetry Sensor (APS). APS will measure the amount, size, refractive
index, and shape of aerosols. It will be the first spaceborne instrument which is able
to identify different aerosol types and discriminate between anthropogenic and natu-
ral aerosols (NASA (2010); Mischenko (2004)). ESA (European Space Agency), on
the other hand, is planning to launch EarthCARE (Earth Clouds, Aerosols, and Radi-
ation Explorer) satellite in 2013. This satellite will carry a backscatter lidar (ATLID)
and a Multi spectral imager (MSI) among other instruments. The lidar and the imager
will provide information on the occurrence of aerosols layers, their extinction coeffi-
cient profiles and boundary layer height. In addition, the instruments will be able to
distinguish between absorbing and non-absorbing aerosols (ESA (2010); Hélière et al.
(2007)). These missions will take spaceborne remote sensing a step further by provid-
ing more detailed information on the absorption, vertical location and size of aerosols.
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