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Abstract

We present our combined Raman/elastic backscatter lidar observations which were
carried out at the EARLINET station of Thessaloniki, Greece, during the period 2001–
2007. The largest optical depths are observed for Saharan dust and smoke aerosol
loads. For “local” and “continental polluted” aerosols the measurements indicate mod-5

erate aerosol loads. However, measurements associated with the “local” path show
lower values of free tropospheric contribution (37% versus 46% for “continental pol-
luted”) and thus, enhanced aerosol load within the Planetary Boundary Layer. The
lowest value of aerosol optical depth is observed for “continental clean” aerosols. The
largest lidar ratios, of the order of 70 sr are found for biomass burning aerosols. A sig-10

nificant and distinct correlation between lidar ratio and backscatter related Ångström
exponent values was estimated for well defined aerosol categories, which provides a
statistical measure of the lidar ratio’s dependency on aerosol-size, which is a useful
tool for elastic lidar systems. Scatter plot between lidar ratio values and Ångström ex-
ponent values for “local” and “continental polluted” aerosols does not show a significant15

correlation, with a large variation in both parameters possibly due to variable absorp-
tion characteristics of these aerosols. Finally for “clean continental” aerosols we found
constantly low lidar ratios almost independent of size.

1 Introduction

Aerosols play an important role in the atmospheric radiation budget (IPCC, 2007). De-20

pending on the aerosol type, they can absorb or scatter the incoming and outgoing
radiation, warming or cooling the atmosphere and, depending on their size and com-
position, they can act as condensation nuclei, modifying cloud physical and radiative
properties (Kaufman et al., 2002). However, climate forcing by tropospheric aerosols
remains one of the largest uncertainties in climate variability and climate change stud-25

ies (IPCC, 2007). Moreover, radiative forcing of natural and anthropogenic aerosols
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exhibits a strong seasonal and geographical variability and locally can even be higher
than that of greenhouse gases (Ramanhatan et al., 2001). This variability in time and
space is caused mainly by non-uniform source distributions and the strong influence
of meteorological conditions on aerosol concentration and characteristics. The types
of aerosols depend on their sources and can be categorized roughly as mineral dust,5

sea salt, volcanic, carbonaceous, or sulfate aerosols coming from various natural and
anthropogenic origins.

Aerosol optical depth derived from the Advanced Very High Resolution Radiometer
(AVHRR) classified the Mediterranean Sea as one of the areas with the highest aerosol
optical depths on the world (Husar et al., 1997). Within the eastern Mediterranean, the10

Aegean sea and the coastal part of continental Greece, Thessaloniki is in a “key” ge-
ographical position where aerosols from different sources converge, namely maritime
aerosols from sea spray, mineral dust from North Africa, anthropogenic aerosols from
the highly populated urban centers and industrial areas, as well as biomass burning
aerosols coexist (Balis et al., 2003; Amiridis et al., 2005, 2009; Kazadzis et al., 2007;15

Formenti et al., 2002).
Lidar measurements of particle optical properties with high spatial and temporal res-

olution give detailed information on the occurrence, extend and development of aerosol
structures. Lidar measurements provide vertical profiling of aerosols with high reso-
lution and permit a clear separation of optical properties of boundary layer particles20

and of free tropospheric particles. The determination of the extinction-to-backscatter
ratio (the so-called lidar ratio) profile is possible using Raman-lidar technique for the
independent determination of the particle extinction and backscatter vertical profiles
(Ansmann et al., 2002). The lidar ratio contains information on the aerosol type, since
it depends on the index of refraction and on the size of particles (Ackerman, 1998).25

Many studies (Ansmann et al., 2002; Müller et al., 2002, 2003, 2005; Mattis et al.,
2004; Amiridis et al., 2005) have demonstrated that the lidar ratio is a quantity valuable
for aerosol characterization. Vertical profiles of the lidar ratio revealed with Raman li-
dar can be used to separate between the impact of natural and anthropogenic aerosols
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on climate. Moreover, a good knowledge of the lidar ratio of key aerosol types such
as urban haze, marine, desert dust particles and biomass burning smoke is essential
to properly retrieve backscatter coefficient profiles, obtained with elastic backscatter
ground or/and satellite lidars, and convert them into extinction profiles. In this paper,
we discuss the aerosol optical properties observed with a combined Raman/elastic5

backscatter lidar at Thessaloniki, Greece, from January 2001 to December 2007. In
Sect. 2.1 we briefly describe the lidar system and we summarize the data analysis
methodology. The tools used to identify the source distribution of aerosols with dif-
ferent optical properties are presented in Sect. 2.2. Mean aerosols optical properties
are given in Sect. 3.1. The identification of sources with different optical properties is10

made via air mass trajectory analysis, DREAM model predictions and world fire atlas
hot spot detection in Sect. 3.2. Mean vertical profiles of extinction and backscatter
coefficients, lidar ratio, backscatter-related Ångström exponent are shown along with
their dependence on different aerosol sources in Sect. 3.3. Section 3.4 focuses on the
characteristic signatures of different aerosol types in terms of correlation plots of lidar15

ratio and Ångström exponent. In Sect. 4 we close our contribution with a summary and
our conclusions.

2 Instrumentation and method

2.1 Description of the lidar system and lidar data processing

The data presented in this study were acquired with a lidar system located at the20

Laboratory of Atmospheric Physics (LAP) (40.5◦ N, 22.9◦ E, 50 m above sea level) in
Aristotle University of Thessaloniki (AUTH) during the period 2001–2007. LAP-AUTH
lidar system is a 355 nm Raman/elastic lidar system operational since May 2000 in
the framework of the European Aerosol Research Lidar Network (EARLINET), the first
lidar network for tropospheric aerosol research in continental scale (Bösenberg et al.,25

2003). The LAP-AUTH lidar is based on the second and third harmonic frequency of
a compact, pulsed Nd:YAG laser, which emits pulses of 300 and 120 mJ at 532 nm
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and 355 nm, respectively, with a 10 Hz repetition rate (Balis et al., 2000). Elastically
backscatter signals at both 355 and 532 nm and N2 Raman shifted signal at 387 nm are
collected with a Newtonian telescope of 500 mm diameter with 0.7–3 mrad adjustable
field-of-view. Three Hamamatsu R7400P-06 photomultipliers are used to detect the
lidar signals at 532, 355 and 387 nm with 15 m height resolution and 2 min time resolu-5

tion (Amiridis et al., 2005).
Using the methodology proposed by Ansmann et al. (1992), the measurement of

the elastic-backscatter signal at 355 nm and of nitrogen inelastic-backscatter signal at
387 nm permits the determination of the extinction and backscatter coefficients inde-
pendently of each other and thus, the lidar ratio. The Raman technique also requires10

measurements of the atmospheric density, which is computed from pressure and tem-
perature profiles measured by radiosondes, launched at Thessaloniki airport. An esti-
mation of the backscatter related Ångström exponent can be retrieved from the aerosol
backscatter coefficient profiles at 355 and 532 nm assuming a power law wavelength
dependence of the aerosol backscatter coefficient, this parameter primarily depends15

on the size of the particles and takes lower values for larger particles. An overlap
correction is applied on the basis of a simple technique proposed by Wandinger and
Ansmann (2002) down to the height where the overlap function is equal to 0.7. This
correction allows extending the profile in most cases down to approximately 1000 m
above sea level.20

The lidar system of LAP and the algorithms implemented were successfully inter-
compared in the frame of the EARLINET (Matthias et al., 2004a; Böckmann et al.,
2004; Pappalardo et al., 2004). According to these studies the mean deviation of the
backscatter coefficient with the Klett method was 5.5% at 355 nm and 2.9% at 532 nm,
while the mean deviations from the solution for the extinction and backscatter calcula-25

tions at 355 nm with the Raman method was of the order of 10% and 7% respectively.
For the height range between 2 and 4 km, the overall estimated error in the measure-
ment is up to 10% for the extinction coefficient and up to 30% for the backscatter
coefficient and the lidar ratio.

3031

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/3027/2009/amtd-2-3027-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/3027/2009/amtd-2-3027-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
2, 3027–3054, 2009

Optical properties of
different aerosol

types

E. Giannakaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

2.2 Tools to identify different aerosol sources

In order to identify the source of aerosol particles over Thessaloniki, a number of syn-
ergistic measurements and model estimations are used in this study. Firstly, four-day
backward trajectories are calculated for Thessaloniki lidar site using the Hybrid Single-
Particle Lagrangian Integrated Trajectory model (HYSPLIT) to gather information about5

the origin of the observed aerosols and the synoptic patterns corresponding to the
measurements. The HYSPLIT 4 model is a complete system for computing simple
trajectories to complex dispersion and deposition simulations using either puff or par-
ticle approaches. A discussion of the model is given by Draxler and Hess (1997) and
Draxler and Hess (1998). The atmospheric trajectories are calculated for Thessaloniki10

at the altitude of 1500 m, which is assumed to be the most representative height for
the main air transport in the upper part of the atmospheric boundary layer, and for
the arrival time of 19:00 UTC, which corresponds approximately to the time of the rou-
tine Raman lidar measurement. In addition, the cluster analysis method described by
Dorling et al. (1992) was used to objectively separate the computed trajectories into15

groups, the so-called clusters.
An integrating modelling system, the Dust Regional Atmospheric Modelling

(DREAM) model was used to verify the presence of Saharan dust, indicated from the
trajectory analysis. DREAM (Nickovic et al., 2001) is a regional model designed to
simulate and/or predict the atmospheric cycle of mineral dust aerosol. During model20

integration, calculation of the surface dust injection fluxes is made over the model grid
points declared as deserts. Once injected into the air, dust aerosol is driven by the
atmospheric model variables: by turbulent parameters in the early stage of the process
when dust is lifted from the ground to the upper levels; by model winds in the later
phases of the process when dust travels away from the sources; finally, by thermody-25

namic processes (atmospheric water phase changes producing clouds, rain and dust
wet scavenging) of the atmospheric model and land cover features which provide wet
and dry deposition of dust over the Earth surface. The main general features of the last
version of the model can be found in Perez et al. (2006).
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Finally, the World Fire Atlas (WFA) global active fire product is used to identify the
presence of smoke over Thessaloniki. The data are available at http://dup.esrin.esa.
int/ionia/wfa/index.asp. This product has been developed using data acquired by the
Along-Track Scanning Radiometer (ATSR-2) and the Advanced Along-Track Scanning
Radiometer (AATSR), on board the second European Remote Sensing Satellite (ERS-5

2) and the Environment Satellite (ENVISAT), respectively. The spatial resolution of
ATSR-2 and AATSR is 1 km at nadir and the 512 km swath width allows for an equatorial
revisiting period of 3 days. Data for the WFA are acquired at night (around 10 p.m. local
time). The positions of fires (hot-spots) are superimposed on the trajectory analysis to
identify those cases that smoke from biomass burning is advected over Thessaloniki.10

3 Results and discussion

Raman aerosol lidar observations are systematically performed in Thessaloniki two
times per week (on Monday and Thursday evening), following EARLINET’s schedule
(Matthias et al., 2004b), in order to build a climatology of the aerosol optical properties.
Additionally, lidar measurements are performed during Saharan dust outbreaks and15

smoke advection from biomass burning over Thessaloniki. Within the period between
January 2001 and December 2007, 142 Raman lidar observations were collected and
processed for Thessaloniki’s station. Missing data within this seven-year time frame are
due to bad weather conditions (mainly presence of low clouds) and system’s hardware
maintenance.20

3.1 Mean aerosol optical properties

In Fig. 1 we present timeseries (left panel) and frequency distributions (right panel) of
the vertical averaged mean values of the extinction coefficient at 355 nm (a) along with
the mean backscatter coefficients at 355 (b) and 532 nm (c) for the time period under
study. Mean vertical extinction coefficient at 355 nm ranges between 25 and 475 Mm−1.25
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This parameter ranged between 50 and 150 Mm−1 for the 62% of our dataset. With re-
spect to the backscatter coefficients, 45% of the measurements showed that the mean
vertical backscatter coefficient at 355 nm ranged between 1.25 and 3 Mm−1 sr−1, while
54% of the measurements showed that the mean vertical backscatter coefficient at
532 nm ranged between 0.5 and 2 Mm−1 sr−1. We have to mention here that backscat-5

ter coefficients at 532 nm have been calculated by the use of Klett inversion method
(Klett, 1981) and thus, larger uncertainties may influence the results due to the lidar
ratio assumption as well as to a known backscatter coefficient at a calibration range.

For each of the lidar measurement analyzed, aerosol optical depth estimates have
been made by integrating the aerosol extinction coefficient derived from Raman lidar at10

355 nm. For the incomplete overlap region, we assume that the lowest extinction value
is representative down to the surface. This is a very reasonable assumption, since
the Planetary Boundary Layer (PBL) is still fully developed at sunset and is common
approach in lidar studies (e.g. Mattis et al., 2004; Amiridis et al., 2005). The mean
aerosol optical depth was found to be equal to 0.6±0.2 for the entire period. As a15

result of the seasonal variability of the aerosol extinction coefficient demonstrated in
Fig. 1, the aerosol optical depth at 355 nm exhibits a seasonal variability, with max-
imum values of the order of 1.6 during summer months and minimum values of the
order of 0.15 during winter months consistent with the one found in earlier studies
for the area (e.g. Kazadzis et al., 2005). However, we should notice that lidar de-20

rived aerosol optical depth does not represent equally the winter and autumn months,
since the measurements performed on that months are limited and biased to clearer
days (considering the number of the measurements) due to weather conditions. We
have compared the calculated aerosol optical depth with aerosol optical depth derived
from a collocated Brewer spectroradiometer MKIII #86. Details on the operation and25

calibration procedures of Brewer measurements can be found on Bais et al. (1996).
Specifically, we have used the mean value of the last three hours before sunset to
calculate an aerosol optical depth that is near in time with the Raman nighttime mea-
surement. The two datasets of independently derived optical depth are in relative good
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agreement with a correlation coefficient of 0.6, which is consistent with the study by
Amiridis et al. (2005) based however on more years of data. It has to be mentioned
here that a lidar is unable to resolve accurately the lowest several hundred meters of
the atmospheric column, because of the large uncertainties that are involved in the
correction of the incomplete laser-beam receiver field-of-view overlap. The time differ-5

ence of the two measurements in relation to the strong daily variability of the aerosol
loading can also explain the moderate correlation coefficient found. The agreement is
better for cases with lower optical depth, since in such cases the variability of aerosol
optical depth during the day is also lower and smaller differences between daytime and
nighttime measurements are expected. On the contrary, in days with high aerosol load10

the variability of optical depth is larger and this lead to larger disagreements between
Raman-lidar and Brewer measurements.

From the ratio of the extinction to backscatter coefficient at 355 nm we retrieve the
vertical profile of the lidar ratio, and the vertically averaged mean lidar ratio correspond-
ing to each measurement. The mean value of the lidar ratio at 355 nm derived for the15

period under study, was 46 sr with a standard deviation of 22 sr. Lidar ratio values
which range from 15 sr to 95 sr, showed a weak seasonal behavior, with higher values
during summer months (not shown here). The variability of 22 sr in the lidar ratio could
be considered as an indicator of the presence of different aerosol types in Thessaloniki,
since lidar ratio is a parameter that depends on the refraction index and on the size of20

the particles. Moreover, we calculate the vertical profile of Ångström exponent related
to backscatter from the profiles of backscatter coefficients at 355 and 532 nm. Mean
value of Ångström exponent ranges from −0.3 during strong Saharan dust events to 3.4
for clear atmospheric conditions. The mean value for the entire period was found to be
1.78±0.99. However, we should mention the large uncertainties on the determination25

of the backscatter-related Ångström exponent in lower heights due to the fact that the
incomplete overlap between the laser beam and the receiver field of view significantly
affects the determination of backscatter coefficient at 532 nm, while the determination
of backscatter coefficient at 355 nm through Raman method cancels the overlap effect.
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Moreover, the backscatter coefficient at 532 nm is calculated through Klett technique
and thus involves large uncertainties due to the lidar ratio assumption.

3.2 Source regions

To investigate the dependence of aerosol optical depth, lidar ratio and backscatter-
related Ångström exponent to the origin of air mass we have grouped our data using5

back-trajectories. A cluster analysis algorithm (Dorling et al., 1992) has been applied
to the computed back-trajectories to separate them into groups, the so-called clusters.
The 4-day back-trajectories used in our analysis were calculated for the arrival height
of 1500 m, which according to the mean backscatter profile for Thessaloniki represents
the height with the maximum aerosol loading (Amiridis et al., 2005). The atmospheric10

trajectories were calculated for the arrival time of 19:00 UTC, which correspond ap-
proximately to the time of the routine Raman lidar observations at sunset in the frame
of EARLINET. Applying the cluster analysis algorithm for the computed trajectories,
the optimum number of clusters was found to be five. The first cluster corresponds
to North/North-eastern flows, indicating aerosol advection from Balkans and Eastern15

Europe, as well as smoke advection from biomass burning regions in Russian agricul-
tural area. The second cluster, from Northwest direction, indicates aerosol advection
from Central Europe. The third cluster is referring to aerosol advection from South and
Southwest directions indicating the presence of mineral aerosols from the Saharan
desert over Thessaloniki. The fourth cluster is referring to air masses advected from20

West directions and carries aerosols from West Europe, and in certain cases smoke
from biomass burning in Portugal and Italy, especially during summer months. Finally,
the last trajectory cluster represents the so called “Local” cluster, indicating stagnant
conditions and locally emitted aerosol pollution recirculation in the area, since it is char-
acterized by short transport paths.25

Mean aerosol optical properties has been calculated for each of the above men-
tioned clusters. The largest optical depths of the order of 0.82±0.55, 0.83±0.50 and
0.83±0.29 were found for the North/Northeast, South/Southwest and Local clusters
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(first, third and fifth cluster) respectively. The lowest mean aerosol optical depth val-
ues were found for the second and fourth cluster, which represent air mass advec-
tion from the Southwest and West directions, and are 0.66±0.39 and 0.56±0.33 re-
spectively. The mean free tropospheric contribution to the total optical depth ranged
from 28% for Southwest cluster to 37% for South cluster. Nevertheless, lidar ratio and5

backscatter-related Ångström exponent mean values are little fluctuating through the
clusters. Specifically, lidar ratio takes minimum values of 37 sr for West direction, while
for the rest clusters range between 42 and 51 sr. Backscatter-related Ångström expo-
nent takes the lowest value of 1.3±1.1 for South directions, indicating the larger mineral
particles from Saharan, while for the remaining clusters the exponent ranged between10

1.6 and 2.0.
It is rather obvious that the separation of backward trajectories into clusters is not

enough to discriminate aerosol optical properties, since major aerosol sources may
be involved into more than one clusters. For better aerosol characterization we have
used additional tools to categorize our measurements in respect to the aerosol source15

region. One of the major natural sources of tropospheric aerosol load over Greece is
the Saharan desert (e.g. Balis et al., 2004; Papayannis et al., 2008). A large amount of
mineral dust is injected under favorable weather conditions into the free troposphere,
where medium and long-range transport takes place. DREAM model (Perez et al.,
2006) was used to identify the cases where dust from “Saharan” desert is transported20

in the free troposphere of Thessaloniki. Smoke aerosols from biomass burning are
also one major source of air pollution in Greece (Balis et al., 2003; Amiridis et al.,
2009). Smoke released from biomass burning activities is frequently transported over
Thessaloniki either from the northern coast of Black sea or West directions (Portugal
and Italy) or even from local sources. To identify smoke presence in our lidar profiles,25

we used the ATSR/AATSR hot spot detection product. The location of the burning
regions from ATSR was verified also by the MODIS fire product. Excluding special
cases of mineral and smoke aerosol presence over Thessaloniki, we assumed for the
remaining dataset that the aerosols probed were of continental-type and related with
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advection patterns from Western, Northern, and Eastern Europe. In fact, air mass flows
from these directions have the common property to travel across several industrialized
European areas before reaching Thessaloniki. Measurements associated with short
paths on trajectories are categorized as “local” source, while air masses that associ-
ated with anticyclonic synoptic features, thus higher wind speeds and katabatic vertical5

motions, are categorized as “clean continental”. The katabatic vertical motion of the air
masses in their advection to Thessaloniki indicates that the aerosol load was not mod-
ified significantly by anthropogenic activities across Europe. The remaining dataset is
categorized as “continental polluted” cases. Note that, due to the fact that Thessaloniki
is an urban area located near the sea, the dataset is in certain cases “contaminated”10

by marine aerosols.
From the total of 142 lidar profiles examined in this study, 45 cases were character-

ized from the Saharan dust presence, 21 cases were associated with smoke presence
from biomass burning, 17 were categorized as “local” cases, 14 were characterized
as “clean continental” while the remaining 45 profiles were categorized as “continental15

polluted”. However, we should keep in mind that such a categorization may be affected
by strong uncertainties, since each lidar measurement may be affected by more than
one source regions. The segregation of measurements into different sources is par-
ticularly difficult in our region due to the mixing state of different aerosol types that is
usually observed in the free troposphere of Thessaloniki. However, this study is ren-20

dered important since a good knowledge of the lidar ratio of key aerosol types such
as continental polluted, continental clean, desert dust particles and biomass burning
smoke is essential to properly convert a retrieved backscatter coefficient profiles ob-
tained with elastic backscatter space-borne lidars, into extinction profiles. In the future,
a detailed analysis will follow in terms of different aerosol layers, concerning both geo-25

metrical and aerosol optical properties.
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3.3 Mean vertical profiles for each aerosol types

For each of the sources identified we have calculated the mean vertical profiles of
aerosol extinction coefficient at 355 nm, backscatter coefficient at 355 and 532 nm, lidar
ratio at 355 nm and backscatter-related Ångström exponent between 355 and 532 nm,
and the results are presented in Fig. 2. Lidar ratio values are given up to 3 km, while5

Ångström exponent values are cut to 3.5 km, due to large errors in higher altitudes
related with the signal to noise ratio of the lidar signal. However, we should mention
that Saharan dust layers, as well as layers of smoke from biomass burning, are often
observed in larger heights.

From Fig. 2 it is evident that the maximum values of the aerosol extinction coefficient10

in the free troposphere of Thessaloniki are observed for smoke particles advected from
biomass burning regions. This leads to the largest lidar ratios, of the order of 70 sr, for
this type of aerosols, since backscatter coefficient at 355 nm is almost independent to
the aerosol source for heights larger than 2 km. The mean vertical profiles of conti-
nental polluted and Saharan dust particles seem to have the same characteristics for15

extinction and backscatter coefficients at 355 nm. This fact reveals the difficulty to dis-
criminate anthropogenic particles from Saharan dust aerosols, since Thessaloniki is
an urban center with large contribution of anthropogenic pollution. We have to mention
here that high extinction coefficient values for continental polluted aerosols in the free
troposphere of Thessaloniki may be attributed to transportation of anthropogenic parti-20

cles from Northeast directions where many power plants exist. On the other hand, and
due to the distance from the Saharan desert, large mineral particles do not reach our
site in many dust outbreak cases. However, from the vertical profiles of the backscatter-
related Ångström exponent it is evident that larger particles are observed in the case of
Saharan dust particles for heights above 2 km, while for lower heights, larger particles25

are observed for continental polluted aerosols. Moreover, Ångström exponent values
indicate that “local” and “biomass burning” aerosols are approximately of the same size
through the atmospheric column. Clean continental aerosols, that are associated with

3039

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/3027/2009/amtd-2-3027-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/3027/2009/amtd-2-3027-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
2, 3027–3054, 2009

Optical properties of
different aerosol

types

E. Giannakaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

katabatic vertical motion of air masses, are characterized by the lowest lidar ratios and
the largest Ångström exponents, indicating rather small particles.

In Table 1, a summary of the mean aerosol optical properties for each of the aerosol
source studied is presented. Larger optical depths of 0.88 and 0.95 are observed for
Saharan dust and smoke aerosols, respectively. For these aerosols types the mean5

free tropospheric contribution is also maximum with values of 52% and 53% respec-
tively. For “local” and “continental polluted” aerosols we found similar aerosol opti-
cal depths, of 0.75 and 0.6, respectively. These two sources which reveal moderate
aerosol load are most probably associated with the same aerosol type. The main dif-
ference is that the measurements associated with the “local” path show lower values of10

free tropospheric contribution (37% versus 46% for “continental polluted”) and thus, en-
hanced aerosol load within the planetary boundary layer. The lowest values of aerosol
optical depths of the order of 0.52 are observed for “continental clean” aerosols, which
are associated with clean air masses that, according to the trajectories, depart above
the Atlantic Ocean and arrive with katabatic motions few hours before reaching Thes-15

saloniki.

3.4 Characteristics signatures of different aerosol types

Scatter plots of the mean vertical lidar ratios against the mean vertical backscatter-
related Ångström exponents are presented in Fig. 3, based on the preceding classifi-
cation of the aerosol types. Error bars stand for the standard deviations of the vertical20

averaging. Figure 3a presents the scatter plot for Saharan dust aerosols. The correla-
tion coefficient between the Ångström exponent and the lidar ratio is −0.61, indicating
a significant anti-correlation between the two parameters. A larger anti-correlation, of
−0.8, was found by Balis et al. (2004) for 12 Saharan dust layers. Beyond the fact that
in this study we analyzed 45 Saharan dust cases instead of 12, the difference between25

the two correlation coefficients can be attributed also to the fact that Balis et al. (2004)
focused on the Saharan dust layers, while in this study we present mean values for the
entire free tropospheric region. The anti-correlation is attributed to the age of the air
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mass. For fresh Saharan dust air masses, the advected large mineral particles which
are usually non-spherical in shape are associated with large lidar ratio values (Mattis
et al., 2002). According to Balis et al. (2004) smaller lidar ratio values are associated
with aged Saharan dust air masses from which most of the large mineral particles were
already removed. Additional reason for the small lidar ratios could be the mixing state5

of the aerosol burden with anthropogenic and mariime aerosols. Results presented
here are in agreement with lidar literature on Saharan dust aerosols. A multiyear cli-
matological study of Saharan dust intrusions over Italy by Mona et al. (2006) shown
that lidar ratio values ranged between 6 and 126 sr, following a 3-model Gaussian dis-
tribution centered at 22, 37 and 57 sr. A mean value of 37 sr has been found around10

the center of mass of the Saharan dust layer, with values of 57 sr in cases where dust
particles were penetrated within the PBL. Lower lidar ratio values of the order of 22 sr
were observed when large amount of dust was transported at low altitudes over the
Mediterranean Sea. Similar results were found from 2-year systematic observations
of Saharan dust over Europe by Papayannis et al. (2008), with mean lidar ratio of 2015

to 90 sr for lofted aerosol layers. Our results on the large standard deviations of lidar
ratios and backscatter-related Ångström exponents are again in agreement with the
previous referred studies.

In Fig. 3b, the scatter plot between the two parameters is presented for smoke par-
ticles detected over Thessaloniki. An anti-correlation of −0.79 is found for this aerosol20

type, indicating that the lidar ratio values is depended on the particle size. Amiridis et
al. (2009) studied in detail the optical properties of smoke particles over Thessaloniki
for 10 days and found an anti-correlation of about −0.84. The two correlation coeffi-
cients are in agreement although the fact that we are not dealing with “clear” biomass
burning layers. This is probably due to the lack of significant vertical variability of the25

lidar ratios and Ångström exponents which suggests the presence of the smoke to the
entire atmospheric column. Thus, the well mixed layers studied here give a “clear”
signature of smoke particles. Amiridis et al. (2009) have shown that particle size is
likely to increase with the relative age of the advected air masses by calculating the
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weighted averages of the CO age over Thessaloniki from FLEXPART model estima-
tions, s based on fire emissions. Thus, we consider that larger values of lidar ratios
are associated with larger particles possible due to aging of smoke. Processes that
lead to the increase of particle size are gas-to-particle conversion of inorganic and or-
ganic vapours (Reid and Hobbs, 1998; Reid et al., 1998), condensation of large organic5

molecules from their gas phase in the first few hours of ageing (Reid and Hobbs, 1998;
P’osfai et al., 2004), particle growth due to coagulation (Westphal and Toon, 1991;
Fiebig et al., 2003), and photochemical and cloud-processing mechanisms. Liousse
et al. (1995) found a significant increase of particle size with age of plumes that origi-
nated from savannah fires in Ivory Coast in Africa. A decrease of the Ångström expo-10

nent (450–550 nm wavelength), which is equivalent to an increase of particle size that
was observed for fires in tropical forest and cerrado during SCAR-B campaign (Reid et
al., 1998). In situ observations showed that Ångström exponents were on the order of
2.2±0.2 for fresh smoke and 1.2±0.2 for aged smoke. The values for aged smoke are
very similar to the values reported here for the backscatter-related Ångström exponent15

(355–532 nm) calculated from lidar observations.
Figure 3c presents the scatter plot of lidar ratio and Ångström exponent for both

“continental polluted” (black squares) and “local” (blue triangles) aerosols. We have
merged these two aerosol types since we believe that they represent the same kind of
particles which are mainly related with anthropogenic aerosols. The two parameters20

in the scatter plot do not have a significant correlation. Large variation of both lidar
ratio and Ångström exponent values is probably attributed to different aerosol sources
with significant variability in absorption characteristics. Observations of anthropogenic
pollution (urban/industrial aerosol type) report lidar ratio values between 60 and 70 sr
and backscatter-related Ångström exponents between 1.5 and 2.2 (Catrall et al., 2005).25

Lower values of lidar ratio that are calculated in this paper may reveal the co-existence
of anthropogenic particles with marine aerosols.

The scatter plot between lidar ratio values and Ångström exponent (Fig. 4d) shows
a distinct signature for “clean continental” aerosols. These measurements are mainly
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associated with Westerly and Northwesterly flows that are characterized by high wind
speeds and show a katabatic motion in the vertical. The katabatic vertical motion of
these air masses over Thessaloniki indicates that these were not modified significantly
by anthropogenic activities while traveling across Europe. The Ångström exponent
values are indicating smaller particles with larger backscatter coefficients that lead to5

smaller values of the lidar ratio.

4 Conclusions

Seven years of aerosol extinction at 355 nm, backscatter at 355 and 532 nm, lidar ratio
at 355 nm and backscatter-related Ångström exponent between 355 and 532 nm mea-
surements have been performed with a combined Raman/elastic-backscatter lidar and10

have been used for statistical investigations of the aerosol properties over Thessaloniki,
Greece. The calculated aerosol optical depth has shown a seasonally dependence
with two distinct maxima, during summer and spring months. A less pronounced sea-
sonality was observed for the lidar ratio. To investigate this seasonality, we grouped
our measurements in regard to air mass flows using a cluster analysis algorithm on15

pre-calculated 4-day backward trajectories. However, this separation is not enough to
discriminate aerosol optical properties, since major aerosol sources may be involved
into more than one clusters. For that reason we have grouped our measurements into
5 aerosol sources using backward trajectories, DREAM model dust predictions and fire
hot-spot detections from AATSR.20

It was found that larger optical depths have been observed for Saharan dust and
smoke particles. For these aerosols types the mean free tropospheric contribution was
also maximum. For “local” and “continental polluted” aerosols we calculated moderate
aerosol optical depths of the order of 0.6 to 0.75 for both cases. Following the simi-
larity to other parameters as the lidar ratio and the Ångström exponents we concluded25

that these two categories refer to the same aerosol type of anthropogenic origin. The
lowest value of aerosol optical depths was observed for “continental clean” aerosols.
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The largest lidar ratios, of the order of 70 sr, were found for smoke. The larger particles
were detected in the case of Saharan dust particles for heights above 2 km, while for
lower heights larger particles were detected for “continental polluted” aerosols. More-
over, Ångström exponents indicated that “local” and “biomass burning” aerosols are
approximately of the same size through the atmospheric column. The results indicate5

that mean lidar ratio and Ångström exponent at the dust and smoke aerosol layers may
be unexpectedly variable mainly due to mixing processes of the advected air masses
with locally/anthropogenically emitted pollution-related aerosols. Our results are well
compared with other studies for Saharan dust, biomass burning and urban/industrial
aerosol.10

Scatter plots between lidar ratio values and Ångström exponent values have been
additionally presented for each aerosol type. The correlation coefficient between the
two parameters was −0.61 for Saharan dust aerosols and −0.79 for smoke indicat-
ing that the lidar ratio is aerosol-size dependent. For Saharan dust particles the large
variability of the two parameters is associated with their mixing with maritime and an-15

thropogenic aerosol and the removal of large particles with time due to gravity. For
smoke, larger values of lidar ratios are associated with larger particles possible due to
aging of smoke along their trajectory from the source region to Thessaloniki. The scat-
ter plot between the lidar ratio and the Ångström exponent values for and “continental
polluted” aerosols do not show a significant correlation, with a large variation in both20

parameters possibly due to different absorption characteristics of aerosols. For “clean
continental” aerosols we have found small particles with lower lidar ratios, as expected.

We mention here that CALIOP lidar instrument on board of CALIPSO satellite aims to
provide backscatter-related Ångström exponent values in a global scale operating with
2 backscatter channels. In this paper, we have demonstrated the potential of a ground-25

based lidar to provide lidar ratio values to be used by the space-borne lidar. Providing
possible relationships between lidar ratio and Ångström exponent values for specific
aerosol types, CALIPSO’s algorithms could improve their retrievals by choosing an ap-
propriate lidar ratio from such studies based on its own CALIPSO estimations of the
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backscatter-related Ångström exponent. Finally, we would like to emphasize the fact
that our study is not dealing with lofted non-mixed aerosol layers. The co-existence
of lofted layers over urban areas, such as Thessaloniki, with significant amounts of
aerosols of anthropogenic origin in the boundary layer, does not allow an accurate
separation. A detailed analysis will follow in terms of different aerosol layers, concern-5

ing both geometrical and aerosol optical properties.
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Table 1. Lidar-derived mean aerosol optical properties at Thessaloniki, Greece averaged for
each aerosol type for the time period between 2001 and 2007

Parameter Local Saharan dust Biomass burning Continental polluted Continental clean

AOD, column 0.75±0.18 0.88±0.42 0.95±0.34 0.60±0.54 0.52±0.19
AOD, FT 0.28±0.09 0.46±0.28 0.5±0.22 0.28±0.17 0.21±0.12
LR355, sr 53±19 52±18 69±17 56±23 29±7
Åb355/b532 2.0±0.9 1.47±1.0 1.71±0.7 1.42±1.0 2.31±0.5
FT contribution, % 37±15 52±24 53±14 46±20 40±13
Nobs, % 12 30 15 33 10
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Figure 1. (a) Mean extinction coefficient at 355 nm, (b) mean backscatter coefficient at 355 638 

nm, (c) mean backscatter coefficient at 532 nm and the corresponding frequencies of 639 

occurrence of observations. 640 

641 

Fig. 1. (a) Mean extinction coefficient at 355 nm, (b) mean backscatter coefficient at 355 nm,
(c) mean backscatter coefficient at 532 nm and the corresponding frequencies of occurrence of
observations.
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Figure 2. Vertical profiles of aerosol optical properties at Thessaloniki, Greece for each 646 

aerosol type for the period under study (2001-2007). 647 

648 

Fig. 2. Vertical profiles of aerosol optical properties at Thessaloniki, Greece for each aerosol
type for the period under study (2001–2007).
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Figure 3. Vertical mean values of the lidar ratio at 355 nm versus the backscatter-related 653 

Ångström exponent, for different aerosol categories: (a) Saharan dust, (b) biomass burning, 654 

(c) local and continental-polluted and (d) clean-continental. 655 

Fig. 3. Vertical mean values of the lidar ratio at 355 nm versus the backscatter-related Ångström
exponent, for different aerosol categories: (a) Saharan dust, (b) biomass burning, (c) local and
continental-polluted and (d) clean-continental.
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