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Abstract. A novel procedure has been developed to retrieve,
simultaneously, the optical, microphysical and chemical
properties of tropospheric aerosols with a multi-wavelength
Raman lidar system in the troposphere over an urban site
(Athens, Greece: 37.9◦ N, 23.6◦ E, 200 m a.s.l.) using data
obtained during the European Space Agency (ESA) THER-
MOPOLIS project, which took place between 15–31 July
2009 over the Greater Athens Area (GAA). We selected to
apply our procedure for a case study of intense aerosol lay-
ers that occurred on 20–21 July 2009. The National Technical
University of Athens (NTUA) EOLE 6-wavelength Raman
lidar system has been used to provide the vertical profiles of
the optical properties of aerosols (extinction and backscatter
coefficients, lidar ratio) and the water vapor mixing ratio. An
inversion algorithm was used to derive the mean aerosol mi-
crophysical properties (mean effective radius (reff), single-
scattering albedo (ω) and mean complex refractive index
(m)) at selected heights in the 2–3 km height region. We

found thatreff was 0.14–0.4 (±0.14) µm,ω was 0.63–0.88
(±0.08) (at 532 nm) andm ranged from 1.44 (±0.10) + 0.01
(±0.01)i to 1.55 (±0.12) + 0.06 (±0.02)i, in good agreement
(only for thereff values) with in situ aircraft measurements.
The water vapor and temperature profiles were incorporated
into the ISORROPIA II model to propose a possible in situ
aerosol composition consistent with the retrievedm andω

values. The retrieved aerosol chemical composition in the
2–3 km height region gave a variable range of sulfate (0–
60 %) and organic carbon (OC) content (0–50 %), although
the OC content increased (up to 50 %) and the sulfate con-
tent dropped (up to 30 %) around 3 km height; the retrieved
low ω value (0.63), indicates the presence of absorbing
biomass burning smoke mixed with urban haze. Finally, the
retrieved aerosol microphysical properties were compared
with column-integrated sun photometer CIMEL data.
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1 Introduction

Atmospheric aerosols have large influence on Earth’s radi-
ation budget. Recent estimations on the possible impact of
aerosols (both direct and indirect effects) on the radiative
forcing (cooling effect) in a global average show that they
may be of the same order of magnitude as the CO2 effect
(warming effect) (Kirkevag et al., 2008; Quaas et al., 2009;
Ramanathan and Feng, 2009; Lohmann et al., 2010; Kelek-
tsoglou et al., 2011, 2012; Kelektsoglou and Rapsomanikis,
2011), in addition to having direct impact on precipitation
(Levin and Cotton, 2009; Lee, 2011; Wulfmeyer et al., 2011).
However, medium to high uncertainties still exist concern-
ing the indirect and direct effects, which are connected with
the aerosol influence on climate. Moreover, the total direct
aerosol radiative forcing combined across all aerosol types is
−0.5 Wm−2, with a 5 to 95 % confidence range of−0.1 to
−0.9 Wm−2 (IPCC, 2007) and with a medium-low level of
scientific understanding. This is especially true for the East-
ern Mediterranean region (Stock et al., 2011), where insuf-
ficient knowledge of the microphysical properties of aerosol
particles as well as their spatial distribution remains a key
issue to evaluate their effect on global climate.

Therefore, experimental data in our area are strongly
needed as input parameters for global climate models, which
assess the role of aerosols in future scenarios of global
change. Currently, very little is known about the vertical dis-
tribution of the aerosol microphysical properties in the East-
ern Mediterranean region in connection to the air quality im-
pairment (Formenti et al., 2002; Dulac and Chazette, 2003;
Papayannis et al., 2012). Furthermore, knowledge on the
combined optical-microphysical-chemical properties of free-
tropospheric aerosol particles of different origin (i.e. Saharan
dust, forest fires and urban activities, long-range transported,
etc.) over Greece is particularly sparse, at least in the vertical
scale (Papayannis et al., 2010, 2012). However, several in situ
aerosol samplings in urban areas of Greece have revealed that
coarse aerosols in the city of Athens usually contain predom-
inant ions such as Ca2, NO3, Na and Cl, while SO4, Ca2 and
NH4 were the major ionic components of the fine fraction
(Mihalopoulos et al., 1997; Karageorgos and Rapsomanikis,
2007), and aluminosilicates and also calcium, which was dis-
tributed between calcite, dolomite, gypsum and Ca-Si parti-
cles, were mostly observed during Saharan dust outbreaks
(Remoundaki et al., 2011).

The Raman laser remote sensing technique is a unique tool
able to provide the vertical distribution of the aerosol opti-
cal properties (aerosol backscattering and extinction coeffi-
cients, lidar ratio-LR and̊Angstr̈om exponent (̊a)) and the
water vapor content, expressed in terms of mixing ratio of
water vapor in dry air (B̈osenberg et al., 2003; Böckmann et
al., 2004; Weitkmap, 2005; Mamouri et al., 2007; Papayannis
et al., 2005). It is well known that, when multi-wavelength
lidar data are used, the main microphysical aerosol proper-
ties can be obtained using inversion techniques (Müller et

al., 1999a, b; Veselovskii et al., 2001; Osterloh et al., 2011).
Our work goes a step further, which is the main goal of this
paper: using a novel procedure, we combine 6-wavelength
Raman lidar data, inversion models and an aerosol thermody-
namic model to retrieve simultaneously the vertical profiles
of optical, microphysical and (propose) chemical properties
of aerosol particles, consistent with the retrieved refractive
index and single scattering albedo values. Our results (shown
for selected days) are then compared to airborne in situ data
obtained in the frame of the European Space Agency (ESA)
THERMOPOLIS research project carried out between 15
and 31 July 2009.

Measurements results of the properties of highly absorbing
smoke/urban particles have been reported in previous stud-
ies. A summary for different regions on the globe (South
America, South India) is given by M̈uller et al. (2000, 2003
and 2005), where real parts ofm ranged from 1.5 to 1.66 at
visible wavelengths and imaginary parts ranged from 0.01i

to 0.07i. However, the imaginary part values ofm reported
in these references do not show a clear pattern relative to
the aerosol transport time. Murayama et al. (2004) reported
values ofω of the order of 0.95± 0.06 at 532 nm around
the peak of a Siberian forest-fire smoke event over Japan,
while O’Neill et al. (2002) retrieved values ofω in the rang-
ing 0.97 to 0.99, a distance of 32 km from biomass burning
aerosol sources. Wandinger et al. (2002) found values ofω of
0.76± 0.06 and 0.81± 0.05 at 355 and 532 nm, respectively,
for transport of forest-fire smoke from western Canada, in ac-
cordance with M̈uller et al. (2006). Later, Alados Arboledas
et al. (2007) obtained values ofω ranging from 0.80–0.87
(440–1020 nm) for a lofted smoke plume monitored at a high
mountain station with sun photometer. Recently, Alados Ar-
boledas et al. (2011) measured values ofω (0.76–0.9) de-
pending on the measurement wavelength for the case of fresh
smoke pollution over Granada. M̈uller et al. (2005, 2006) and
Noh et al. (2007, 2011) reported onreff values of the order
of 0.3-0.4 µm for the case of mixed biomass burning and ur-
ban haze particles over Germany and Korea. Finally, Müller
et al. (2007) reported on̊a and LR values of 1.35–1.51 and
65–78 sr, respectively, for the case of biomass burning and
urban haze particles based on a 10-yr database of Raman li-
dar observations carried out in Europe, Asia and Africa.

Section 2 of this paper presents the methodology applied
and the instrumentation involved; we first provide a short
description of the National Technical University of Athens
(NTUA) Raman lidar system (range-resolved measurements)
and the CIMEL sun photometer (columnar measurements)
used for the retrieval of the aerosol optical and microphys-
ical properties. The third part of this section provides the
characteristics of the in situ (airborne) instrumentation used
to measure the aerosol optical and microphysical properties.
The fourth part of this section gives a short description of the
inversion models to retrieve the aerosol microphysical and
chemical properties. Section 3 gives a short description of
the THERMOPOLIS campaign, while Sect. 4 presents a case
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Plate 1.Methodology procedure diagram (input data and output
results).

study analysis where we compare the retrieved with the in
situ measured aerosol optical and microphysical properties,
as well as the estimated aerosol chemical composition aloft,
for a 2-day period (20–21 June 2009). Section 5 presents
columnar retrievals of the aerosol properties using Raman
lidar and sun photometer data. Finally, Sect. 6 presents a
summary and our concluding remarks. The procedure and
methodology described and followed in the present study is
illustrated in Plate 1.

2 Methodology and experimental set up

2.1 Raman lidar system for the retrieval of the
aerosol optical properties

At NTUA a compact 6-wavelength Raman lidar system
(EOLE) is used to perform continuous measurements of sus-
pended aerosol particles in the Planetary Boundary Layer
(PBL) and the lower troposphere. The system is based on
a pulsed Nd:YAG laser emitting simultaneously at 355, 532
and 1064 nm. The respective emitted output energies per
pulse are 75, 130 and 140 mJ, with a 10 Hz repetition rate.
The optical receiver is a Cassegrainian reflecting telescope
with a primary mirror of 300 mm diameter and a focal length
of f = 600 mm directly coupled, through an optical fiber, to
the lidar signal six-channel filter spectrometer. The full over-
lap of the system is of the order of 500 m. The elastically
backscattered lidar signals (at 355, 532 and 1064 nm), as well
as those generated by Raman scattering by atmospheric N2
and H20 (at 387, 607 and 407 nm, respectively) are simulta-
neously recorded by photomultipliers (PMTs) and avalanche
photodiode systems (APD), after the spectral separation of

the returned lidar signals. The lidar signals detected at 355,
387, 532, 607 and 1064 nm were used to derive the aerosol
backscatter (at 355, 532 and 1064 nm), the extinction (at 355
and 532 nm) coefficient and the̊Angstr̈om exponent profiles,
while the 407 nm channel was used to derive the water va-
por mixing ratio (Mamouri et al., 2007; Papayannis et al.,
2012) (Plate 1). The NTUA lidar system has been quality-
assured by performing direct inter-comparisons, both at hard-
ware (Matthias et al., 2004a) and software levels (Böckmann
et al., 2004; Pappalardo et al., 2004).

More precisely, to obtain reliable and quantitative lidar
aerosol retrievals, several techniques and methods have to be
combined. The standard backscatter lidar technique is appro-
priate to retrieve aerosol parameters mostly for small aerosol
optical depths (AOD) (AOD< 0.2–0.3 in the visible), assum-
ing a reference height in an aerosol-free region (e.g. the up-
per troposphere). Under such conditions, the Klett inversion
technique (Klett, 1985) is used to retrieve the vertical pro-
file of the aerosol backscatter coefficient (baer) at the respec-
tive wavelengths. The resulting average uncertainty on the
retrievedbaer values (including both statistical and system-
atic errors corresponding to a 30–60 min averaging time) in
the troposphere is of the order of 20–30 % (Bösenberg et al.,
1997). To overcome the large uncertainty associated with this
technique, the Raman N2 lidar technique was adopted using
the methodology of Ansmann et al. (1992). Since the Ra-
man lidar signals are quite weak, the Raman technique is
mostly used during nighttime when the atmospheric back-
ground is rather low. In the case of the Raman technique,
the measurement of the elastic backscatter signals at 355 and
532 nm, as well as that of the N2 inelastic-backscatter sig-
nals at 387 and 607 nm, respectively, permits the determina-
tion of the aerosol extinction (aaer) andbaercoefficients inde-
pendently of each other (Ansmann et al., 1992), and thus of
the extinction-to-backscatter ratio (the so-called LR) at both
wavelengths (355 and 532 nm).

In the case of the Raman technique, the uncertainties as-
sociated with the retrievedaaer andbaer vertical profiles are
of the order of 10–15 % and 10–20 %, respectively (Ans-
mann et al., 1992; Mattis et al., 2002). The vertical profiles
of baer referring to measurements performed before the local
sunset time (around 19:00 UT) were retrieved by using the
Klett technique, using a LR value derived for the aerosols
by the Raman technique (Ansmann et al., 1992) from the
same day’s nighttime lidar measurements, in case of homo-
geneous atmospheric conditions during daytime and night-
time measurements. In case of a large aerosol variability be-
tween the daytime and nighttime measurements, air mass
back-trajectory analysis is used for the proper characteriza-
tion of the aerosol type and finally for the selection of repre-
sentative LR values (usually provided by the literature and/or
by a climatological database available by long-term Raman
lidar observations over Athens).
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2.2 The CIMEL sun photometer

The sun photometric observations reported in this paper
were performed by a CIMEL sun-sky radiometer (Holben
et al., 1998), which is part of the Aerosol Robotic Network
(AERONET) Global Network (http://aeronet.gsfc.nasa.gov).
The instrument is located on the roof of the Research Center
for Atmospheric Physics and Climatology of the Academy
of Athens (37.99◦ N, 23.78◦ E, elevation: 130 m). The site
is located in the city center and 10 km from the sea. This
sun-photometric station is operated by the Institute for Space
Applications and Remote Sensing (ISARS) of the National
Observatory of Athens (NOA). The CIMEL sky-sun pho-
tometer is an automatic ground based radiometer measuring
both direct solar irradiance and diffuse sky radiance for al-
mucantar and principal solar planes with a 1.2 degrees field
of view. The standard measuring schedule for this instru-
ment broadly consists of direct sun triplets every 15 min,
and sky diffuse almucantar or principal plane scenarios ev-
ery 30 min. The channel wavelength configuration depends
on the instrument version, but filters at 440, 675, 870, 940
and 1020 nm wavelengths are always present. The CIMEL
data used in this study are level 2.0 and will provide infor-
mation about the columnar AOD, aerosol size distribution,
aerosol microphysical properties, and the Angström expo-
nent (Holben et al., 1998). The AERONET data products
along with the technical specifications and the uncertain-
ties of the CIMEL instrument are given in detail in Holben
et al. (1998). More specifically, the total uncertainty of the
AOD and theÅngstr̈om exponent is influenced by various in-
strumental, calibration, atmospheric and methodological fac-
tors; for an AERONET field instrument, the AOD uncertainty
is< ±0.01 for wavelengths higher than 440 nm and< ±0.02
for UV wavelengths (Eck et al., 1999), or about 10 % for a
nominal aerosol optical depth of 0.1. The uncertainty of the
sky radiance data and the resulting aerosol size distributions
are determined based on the calibration uncertainty that is
assumed< ±5 % at all four wavelength channels (Holben et
al., 1998).

2.3 In situ (airborne) aerosol measurements:
instrumentation and methodology

The airborne measurements of the THERMOPOLIS cam-
paign were carried out with the modified “Cessna 310” air-
craft of the Democritus University of Thrace during three
flights: 20 July (14:00:19 UTC), 21 July (04:03:15 UTC), and
21 July (23:00:17 UTC), which has an aerosol inlet with a
cut-off of 5 µm diameter. Because instrumentation, method-
ology and measurements’ uncertainties are described in de-
tail elsewhere (Kelektsoglou et al., 2011), only a short de-
scription will be provided below. The size-distribution of the
aerosols was determined using an optical particle counter
(hereafter referred to as OPC, PMS Systems, Lasair 5295) in
8 diameter ranges (bins) corresponding to the aerodynamic

diameters of 0.3–0.5, 0.5–1, 1–2, 2–3, 3–5, 5–10, 10–25, and
> 25 µm. Aerosol scattering coefficient measurements were
carried out using a model M903 integrating nephelometer
(Radiance Research Operation, Seattle, USA) measuring at
530 nm and at 1 Hz. The aerosol light absorption coefficient
was also determined at 1 Hz and at 565 nm by means of a Ra-
diance Research filter-based Particle Soot/Absorption Pho-
tometer. The data from the PSAP were corrected according
to Bond et al. (1999). A GPSMAP 195 (Garmin International
Inv, USA) was used in order to provide 3-dimensional loca-
tion information (latitude, longitude, altitude, World Geode-
tic System 84) of the aircraft at 1 Hz sampling frequency.
The aerosol refractive index values were retrieved using the
methodology described by Kelektsoglou et al. (2011). The
OPC and all other instruments aboard the aircraft sampled
sub isokinetically from the same onboard plenum. The tried
and tested (wind tunnel) inlet had a 50 % cut off of 5 µm ge-
ometric (optical equivalent to spherical) diameter, which at
the altitude of the measurements is equivalent to the aerosol
aerodynamic diameters (density taken as 1 g cm−3). A source
of error here may arise from the fact that the relative effi-
ciency of the OPC connected to the inlet, in particle counting,
only becomes ca. 100 % at around 3–2.5 µm.

The particlereff values (Wyser, 1998) were calculated us-
ing the particle size-distribution obtained with the above-
mentioned OPC data taking into account only data for aero-
dynamic diameters (dae) < 5 µm. The corresponding value
of reff was calculated using the particle size-distribution ob-
tained via an OPC (Wyser, 1998) (LASAIR II 525, Particle
Measuring Systems, USA). The instrument counts particles
separated into five bins with diameters ranging from 0.5 µm
to above 25 µm. The “fine” fractionreff corresponds to the
smallest size bin, while the “total” refers to particles up to
5 µm in diameter. The values of the single-scattering albedo
(ω) (Goody, 1996) were derived using from in situ measure-
ments with a Particle Soot/Absorption Photometer (PSAP)
measuring the optical extinction coefficient for absorption
(commonly referred to asσ ap) and an M903 nephelometer
(both by Radiance Research) measuring the light scattering
extinction coefficient (commonly referred to asσ sp). Both
instruments measure on a continuous basis; the PSAP mea-
sures at 565 nm and the nephelometer at 530 nm.

2.4 Retrieval of the microphysical and chemical aerosol
properties profiles using models

The microphysical particle properties of the spherical
aerosols inside various layers in the lower free troposphere
were retrieved using inversion with regularization. A detailed
description of the original version of the algorithm which as-
sumes spherical shape of the investigated particles in the re-
trieval procedure is given by M̈uller et al. (1999a, b). Modi-
fications concerning the optimum solution space were made
by Veselovskii et al. (2001, 2002, 2005). Changes concerning
the minimum number of the needed measured wavelengths
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http://aeronet.gsfc.nasa.gov


R. E. Mamouri et al.: Multi-wavelength Raman lidar, sun photometric and aircraft measurements 1797

can be found in M̈uller et al. (2001). These models use
as input the mean values of the optical properties of the
aerosols calculated from the vertical profiles of elastic and
Raman backscattered lidar signals (obtained at 5 different
wavelengths: 355-387-532-607-1064 nm). The aerosol mi-
crophysical properties which were derived are thereff, as well
as ω and the mean complex refractive index (m) which is
given as wavelength independent quantity (Plate 1). In our
case the uncertainty on the retrieved real and imaginary parts
of m are of the order of±0.07 and±50 %, respectively; the
corresponding uncertainty of the retrieved values ofreff and
ω are of the order of±10–20 % and±10 %, respectively. We
mention here that the uncertainties of the retrievedω values
arise from the uncertainties of the retrieved particle size dis-
tributions and the complex refractive indices.

The inversion algorithm requires a predefined set of mini-
mum and maximum values of particle radius (rmin andrmax)

within which the data inversion is carried out. A set ofrmin
and rmax defines a so-called inversion window. Values that
were used in the data analysis presented here are 10 nm for
rmin and 5 µm forrmax. Furthermore, we tested a grid of com-
plex refractive indices (real part and imaginary part) in data
inversion. This means that, for each value of the complex
refractive index and each inversion window (as defined by
the combination of values ofrmin andrmax) we invert each
optical data set. The respective values used in the present
data analysis are given in the first paragraph of Sects. 4.3
and 5. In this way we obtain a set of mathematical inversion
results (particle size distributions and complex refractive in-
dices) which then can be constrained to a set of physically
acceptable solutions. Each solution space that we obtain for
each lidar data set consists of a set of individual mathematical
solutions. In the present case we obtained up to 10 000 indi-
vidual solutions. The use of constraints results in a strongly
reduced set of individual physical solutions. The procedure
of reducing the mathematical solution space to the physical
solution space can be found in, e.g. Müller et al. (1999a, b).
Note that the aerosol number concentration is not yet a stan-
dard output of the inversion algorithm, as error for this pa-
rameter still may exceed 100 %. This set of individual micro-
physical solutions then is averaged, which then provides us
with the final solution space. This means we obtain for each
optical data set given the following microphysical parame-
ters: mean particle size distribution including standard devia-
tion, mean values and standard deviation of particle effective
radius, number, surface-area and volume concentration that
describe the particle size distribution, as well as mean value
and standard deviation of the real and imaginary part of the
complex refractive index for each particle size distribution.

The water vapor profiles obtained by Raman lidar over
Athens and the temperature (T ) and relative humidity (RH)
profiles obtained by radiosonde were incorporated into
the thermodynamic model ISORROPIA II (Fountoukis and
Nenes, 2007) to provide a possible the particle chemical
composition (Plate 1). The model treats the thermodynamics

of aerosol containing K, Ca, Mg, NH3/NH4, Na, SO4/HSO4,
HNO3/NO3, HCl/Cl and H2O. ISORROPIA-II can predict
composition for the “stable” (or deliquescent path) solution
where salts precipitate once the aqueous phase becomes sat-
urated with respect to a salt, and a “metastable” solution
where the aerosol is composed only of an aqueous phase
regardless of its saturation state. ISORROPIA-II was ex-
ecuted in “reverse” mode where known quantities areT ,
RH and the concentrations of aerosol K, Ca, Mg, NH4, Na,
SO4, NO3 and Cl. The output provided by ISORROPIA-
II is the aerosol phase state (solid only, solid/aqueous mix-
ture or aqueous only) and the speciation in the gas and
aerosol phases. The model has been evaluated with ambi-
ent data from a wide range of environments (Moya et al.,
2001; Zhang et al., 2003; San Martini et al., 2006; Nowak
et al., 2006; Metzger et al., 2006; Fountoukis et al., 2009),
while its computational rigor and performance makes it suit-
able for use in large scale air quality and chemical trans-
port models. Some examples of such 3-D models that have
implemented ISORROPIA-II are GISS, CMAQ, PMCAMx,
GEOS-Chem, and ECHAM/MESSy (Adams and Seinfeld,
2002; Yu et al., 2005; Pye et al., 2009; Karydis et al., 2010;
Pringle et al., 2010).

In order to use ISORROPIA II in combination with the Ra-
man lidar data, an assumption concerning the aerosol compo-
sition has to be done, mainly due to the absence of air mass
sample within the under study layers. In our procedure, Ini-
tially a typical composition of sulfate, ammonium sulfate and
mineral dust aerosols was considered. ISORROPIA II was
then run forward for the computation of complex refractive
index for each aerosol composition, using as input the rel-
ative humidity and the temperature within an aerosol layer
(Plate 1). Finally, a possible aerosol composition (a mixture
of sulfate, ammonium and mineral dust) with the closest re-
fractive index (both real and imaginary part) value to the one
estimated by the inversion model is provided as the most
plausible composition value.

3 The THERMOPOLIS campaign

In the framework of its Earth Observation Programs, the Eu-
ropean Space Agency (ESA) carries out a number of ground-
based and airborne campaigns to support the geophysical
algorithm development, calibration/validation and the sim-
ulation of future space-borne Earth observation missions for
applications development related to land, oceans and atmo-
sphere. The THERMOPOLIS 2009 campaign (Daglis et al.,
2010) was part of the framework of proposed activities for
the “Urban Heat islands (UHI) and Urban Thermography
(UT) Project” for Athens, Greece. This campaign combined
the collection of quality and coordinated airborne hyper-
spectral, space-borne and in situ measurements to generate
spectrally, geometrically and radiometrically representative
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 Fig. 1. Upper panel: AOD (crosses) and̊Angsẗom exponent
(triangles) derived by sun photometer over Athens from 15–
27 July 2009; Lower panel: AOD below (squares) and above (open
dots) 2 km height derived by Raman lidar measurements in the pe-
riod 17–25 July 2009 (except on 19 July 2009) and the correspond-
ing percentage of free troposphere (FT) aerosol contribution to the
total aerosol optical depth (AOD).

datasets to address observational requirements of UHI for the
assessment of an operational system.

The period 15 to 31 July 2009 was an optimal time win-
dow with fair weather conditions prevailing over Athens,
where the campaign was carried out. The core measure-
ment period for the ground-based instrumentation was in
15–27 July 2009. During the campaign the aerosol load pre-
sented a large variation connected with different meteorolog-
ical conditions due to advected air masses from different ori-
gins. More precisely, the mean value of AOD (crosses) mea-
sured by the CIMEL varied between 0.07 and 0.35 at 500 nm,
while that of theÅngstr̈om exponent (̊a-380/550 nm) (trian-
gles) was found between 0.75 and 1.75 (Fig. 1-upper panel).

In order to estimate the free tropospheric contribution of
the particles, the AODs at 532 nm obtained by the lidar pro-
files for 17–25 July 2009 (Fig. 1-bottom) were calculated in
the height range below (squares) and above 2 km (open dots),
which is the mean PBL height for July over Athens (Matthias
et al., 2004b). For the calculation of the integrated aerosol ex-
tinction from daily profiles of the particle backscatter coeffi-
cient, we calculated the column integrated particle backscat-
ter coefficient above and below 2 km, and multiplied, when
available, with the LR values estimated by the Raman lidar
nighttime measurements of the same day or with LR values
estimated from a climatological database obtained from Ra-
man lidar data over Athens, which mainly depended on the
origin of the air masses observed. From this figure we can
see that the free tropospheric contribution was quite variable,
ranging from 0.01to 0.21, while those within the PBL (al-
titudes< 2 km) ranged between 0.06 and 0.11. The varia-
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Fig. 2. Top: Single scattering albedo (ω); middle and lower panels,
respectively: real and imaginary part of refractive index (m) mea-
sured by sun photometer at 440 nm over Athens for the time period
15–27 July 2009.

tions of the AOD and the columnarå retrieved by sun pho-
tometer measurements are mainly attributed to the different
mixed aerosol types arriving over Athens. Furthermore, from
the analysis of the back-trajectories of the air masses end-
ing over Athens (not shown here) based on the HYSPLIT
code (Draxler and Rolph, 2003), we could identify variable
aerosol sources for each day of July, which could play a sig-
nificant role in the values of the AOD and the columnarå
observed. For instance, the period 15–20 July was character-
ized mainly by the presence of anthropogenically produced
aerosols over the Balkan Peninsula, whereas the period 20–
22 July was characterized by a mixture of anthropogenic and
smoke aerosols which originated from the Balkan and the
Black Sea greater areas, according to HYSPLIT simulations
and ATSR satellite data. Finally, on 24–25 July Saharan dust
aerosols were advected over the Mediterranean Sea toward
Greece.

In Fig. 2 we present the mean columnar daily values of
ω and the real and imaginary part ofm for 14–28 July, as
retrieved by CIMEL. Columnar values ofω (0.87–0.9) and
of the imaginary part ofm (0.01–0.02) measured on 21–
23 July show the presence of absorptive particles. During
THERMOPOLIS concurrent Raman lidar and in situ air-
borne measurements of aerosol properties were performed
between 20 and 25 July (except on 23 July) 2009 over the
GAA. In this paper we focus only on the analysis of a case
study of nighttime measurements performed in the period
20–21 July, which corresponds, as discussed previously, to
a mixture of anthropogenic and biomass burning aerosols.
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4 Case study 20–21 July 2009

4.1 Lidar aerosol profiling

During the day of 20 July up to early morning hours of 21
July, several distinct aerosol layers were observed over the
GAA area, as shown in Fig. 3, where the temporal evolu-
tion of the vertical profile of the range-corrected lidar signal
(in arbitrary units-AU) obtained by EOLE at 1064 nm in the
0.3–7-km height range above sea level (asl.) from 08:02 UTC
(20 July) to 02:42 UTC (21 July) is presented. We observe
that the aerosols are mainly confined from ground up to 3.5–
4 km height, while the PBL reaches 2.3 km height during
daytime on 20 July (around 12:45 UTC). The yellow parts of
Fig. 3 (e.g. from 1 km at 08:02 UTC to 2.3 km at 12:45 UTC
down to 1.4 km height between 16:30–20:00 UTC; and also
aloft from 2.5 to 3.5 km height from 20:00 UTC on 20 July
to 02:00 UTC on 21 July) delineate the atmospheric regions
with high aerosol backscatter (and hence high aerosol con-
centrations). Filaments of aerosols are also seen over the day-
time PBL on 20 July and over the nocturnal PBL during the
late evening hours of 20 July and early morning hours of
21 July, from 2 to 3.5 km height. The two coincident time
windows of the Raman lidar and the airborne in situ aerosol
measurements obtained over Athens were: 11:00–13:00 UTC
and 01:00–03:00 UTC (delineated by the two grey rectangles
in Fig. 3).

4.2 Aerosol optical properties

We selected to focus on the lidar data obtained within the
above mentioned two time windows, not only due to the co-
incidence with the airborne in situ measurements, but also
due to the aerosols homogeneous mixing, thus delineating
two distinct and intense aerosol layers (one between 2.5 and
3.1 km height a.s.l. at the first time window and the other
between 2.2 and 3.2 km height a.s.l. at the second time win-
dow). Since the second time window is referring to Raman
lidar nighttime measurements, this period has been selected
for the retrieval of the aerosol optical and microphysical
properties, such asaaer, baer, LR, å, m, reff andω, using the
inversion algorithm of M̈uller et al. (1999a), as well as for
the application of the ISORROPIA model to propose a pos-
sible aerosol chemical composition that is consistent with the
retrievedm andω values.

Thus, in Fig. 4 we show the nighttime (01:00–02:42 UTC)
retrieved vertical profiles of the aerosol optical properties
(aaer, baer, LR and å-extinction- andå-backscatter-related)
obtained by EOLE on 21 July. The error bars in Fig. 4 rep-
resent the uncertainty at the optical properties values due to
the statistical error on lidar measurements. For the retrieval
of the backscatter and extinction coefficients, the lidar sig-
nals were smoothed with a window length of 275 m. Based
on theaaer profiles, the retrieved AOD values at 355 nm and
532 nm were 0.82 and 0.43, respectively, while the LR val-

ues at 355 and 532 nm ranged between 60 and 90 sr, from
1.5 to 3.5 km height. As previously discussed, the air mass
back-trajectory analysis based on the HYSPLIT model (not
shown here) indicated that the aerosol-rich air masses sam-
pled between 2 and 3 km height stagnated over the Balkan
and the Black Sea areas for the last 2 days prior to our obser-
vations and overpassed biomass burning areas (identified as
hot spot areas by ATSR data, not shown here) where they
were probably enriched by locally produced and biomass
burning aerosols. This is corroborated by the rather high LR
(∼58–75 sr) and̊a values (between 1 and 1.6) found between
2–3 km height (cf. Fig. 4), indicating the presence of mixed
rather polluted and small urban-like particles, as similarly
observed by Wandinger et al. (2002), Müller et al. (2007),
Noh et al. (2007, 2008), Amiridis et al. (2009), and Tesche et
al. (2009, 2011).

4.3 Aerosol microphysical inversion results

Furthermore, the optical data obtained from the Raman li-
dar measurements were used to retrieve the aerosol micro-
physical properties by using an inversion algorithm (Müller
et al., 1999a, 2001; Veselovskii et al., 2002, 2005). The
aerosol profiles were separated into five layers of about
200 m thickness (in the height range between 1.9 and 3.2 km)
based on the relatively stable optical properties within each
height range. In our case the required homogeneity of the
aerosol layer is corroborated by the stability of the LR and
the å values within each selected layer. For the retrieval
of the aerosol microphysical properties, we used the mean
aerosol backscatter and extinction coefficients within the
five layers (layer 1: 1.9± 0.10 km, layer 2: 2.1± 0.06 km,
layer 3: 2.4± 0.16 km, layer 4: 2.8± 0.12 km andlayer
5= 3.1± 0.10 km). The derived particle size andm val-
ues have been used for the computation ofω with a Mie-
scattering algorithm, assuming that the mixed smoke and an-
thropogenic particles can be described as equivalent spheres.
The uncertainty of the aerosol microphysical properties re-
trieved arises from the errors of the optical input data used
as input, as well as those generated by the inversion algo-
rithm used. A search grid of complex refractive indices was
applied (ranging from 1.2–1.8 in real part and 0i–0.08i in
imaginary part) and particle size parameters (ranging from
10 nm to 5 µm particle radius), which automatically cause ap-
proximation errors (M̈uller et al., 1999a, b, 2001; Veselovskii
et al., 2002, 2005).

For each layer, we applied the inversion algorithm to the
mean values of our optical data to estimate the effective ra-
dius from the whole size distribution, the effective radius
for the fine mode (particles smaller than 1 mm in radius),
the real and imaginary part of the refractive index, and the
single scattering albedo at 532 nm. The retrieved profiles are
shown in Fig. 5. In that figure (second panel) the mean cal-
culated values of the̊a-extinction-related are given together
with the mean water vapor mixing ratio retrieved by Raman

www.atmos-meas-tech.net/5/1793/2012/ Atmos. Meas. Tech., 5, 1793–1808, 2012



1800 R. E. Mamouri et al.: Multi-wavelength Raman lidar, sun photometric and aircraft measurements

EOLE Raman lidar System
Range corrected signal, 10 , 64nm temporal - spatial resolution: 90s , 7.5m

 
 Fig. 3. Temporal evolution of the range-corrected lidar signal (RCS) in arbitrary units (AU) obtained over Athens at 1064 nm, between
08:02 UTC (20 July 2009) and 02:42 UTC (21 July 2009). The grey panels refer to the aircraft flight periods.
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Fig. 4. Vertical profiles of the aerosol optical parameters (extinction and backscatter coefficients, lidar ratio,Ångstr̈om exponent) retrieved
from Raman lidar measurements on 21 July 2009 (01:20–02:42 UTC).
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Fig. 5. Vertical profiles of the aerosol backscatter (at 355, 532 and 1064 nm), the extinction-relatedÅngstr̈om exponent (355/532 nm), and
the mean water vapor mixing ratio, as estimated from Raman lidar measurements; the corresponding vertical profiles of the aerosol effective
radius, refractive index, and the single scattering albedo, as estimated by the inversion algorithm using the aerosol optical properties derived
from Raman lidar measurements at 532 nm on 21 July 2009 (01:00–02:42 UTC).

lidar. Figure 5 (third panel, left) indicates vertical homoge-
neous conditions concerning the effective radius of the fine
mode and the absence of a coarse mode in the inversion es-
timates at 1 and 2.5 km around 2 km (first, second and third
layers, respectively). However, there are two above 2.3 km
layers at around 1.5 and 3 km where the inversion estimates
a significant contribution from coarse mode particles.

The main aerosol microphysical properties (reff, m andω)
are derived at the five specific layers on 21 July and presented
in Fig. 5 (third, fourth and fifth panels). In this figure we see
thatreff remains below 0.40± 0.14 µm. The retrieved refrac-
tive indexm values ranging from 1.44 (± 0.10)–1.55 (± 0.12)
(real part) and from 0.01 (± 0.01)i–0.06 (± 0.02)i (imag-
inary part) indicate the presence of strongly absorbing
particles, in full accordance with the retrieved values
of ω (ranging between 0.85± 0.10 at 2.1 km down to
0.63± 0.11 at 2.8 km height). Taking into account the de-
rived aerosol microphysical properties of the air masses
ending around 3 km height between 01:00-02:42 UTC
(reff = 0.14± 0.02 µm,m = 1.43 (± 0.07) + 0.03 (± 0.02)i and
ω = 0.87± 0.08), the available ATSR data and the air mass
origin based on the HYSPLIT model, we have strong indi-
cations of mixing of biomass burning aerosols with anthro-
pogenic ones, resulting in strong absorbing particles, which
is in accordance with similar findings observed by Formenti

et al. (2002), M̈uller et al. (2000, 2003, 2007), Murayama
et al. (2004), O’Neill et al. (2002), Wandinger et al. (2002),
Alados Arboledas et al. (2007, 2011), and Papayannis et
al. (2012).

4.4 Airborne in situ measurements

As discussed previously, a detailed description of the air-
borne in situ instrumentation and methodology used in air-
borne aerosol measurements is provided by Kelektsoglou et
al. (2011). Two simple mixing rules were used to infer the
real and imaginary part of the aerosol refractive index. Cal-
culation of the refractive indices by both mixing rules en-
tailed a simple “closure” approach. Some ionic ratios were
used as “diagnostic” tests aiding in assumptions of the most
likely origin or the chemical forms of most salts. The mo-
lar ratio of Na+/Cl− was used as an indication of whether
chloride depletion occurs and the respective NH+

4 /SO2−

4 ra-
tio as an indication of whether secondary NH4NO3 exists
(Seinfeld and Pandis, 1998, and references therein). Ionic
Cl− was considered to be primarily associated to Na+ as
NaCl, while when in excess it was considered to be associ-
ated with Mg2+, as MgCl2. Both these salts have maritime air
origin. All ammonium was “consumed” for sulfate forming
salts [e.g. (NH4)2SO4] and only potential excesses were at-
tributed to NH4NO3. Additional nitrate, where existent, was
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attributed to Na+ as NaNO3 and Mg(NO3)2, while similarly,
additional sulfate was attributed to MgSO4. Based on this
simple approach, the following classes of aerosol were as-
sumed: “marine”, “secondary”, “crustal/dust” (with Ca2+,
where existent attributed to this class). Only major compo-
nents with mass fractions exceeding 0.5 % were used in the
calculations.

Elemental carbon is assumed to have a refractive index
of 1.91 + 0.52i at 550 nm (Schkolnik et al., 2007), ammo-
nium sulfate 1.53 + 10−7i (Seinfeld and Pandis 1998), while
a value of 1.4 + 0i was used for organic carbon (Schkolnik
et al., 2007), 1.53 + 5.5× 10−3i for dust, 1.5 + 10−8i for sea
salt (Erlick, 2005), 1.55 + 0i for ammonium nitrate, 1.51 + 0i
for sodium nitrate, and 1.34 + 0i for magnesium sulfate (Stel-
son, 1990). The following values were assumed for the densi-
ties in the calculations in order to convert the measured mass
fraction into a volume fraction for each aerosol type: ammo-
nium sulfate 1.77 g cm−3, ammonium nitrate 1.72 g cm−3,
magnesium sulfate 1.7 g cm−3, sodium nitrate 2.3 g cm−3,
OC 1.1 g cm−3, EC 1.8 g cm−3, sea-salt 2.2 g cm−3 and min-
eral dust 2.5 g cm−3.

Concerning the in situ aircraft measurements used in our
analysis, the extinction coefficients were calculated for the
flight altitude by integrating data 1 km around the NTUA co-
ordinates of 37.97◦ N and 23.78◦ E. All particle size distribu-
tion measurements of the OPC were corrected for refractive
indexes and shape, following the calibration method of PMS
Ltd (the instrument’s manufacturing company). The trunca-
tion and Lambert error correction was incorporated automat-
ically in the given results. No humidity correction was nec-
essary because of the low measured RH during the flights
(RH< 35 %). An initial assumption for sea-salt being the
major origin of aerosols during the flights was not verified
by the chemical composition data, excluding one case where
marine influence is evident: 21 July at 2.62 km. Secondary
salts and organics seem to play a fundamental role in the
other cases. All calculations have been made on the assump-
tion of homogeneity of the atmosphere over short periods
of time. An error for scattering coefficientσ scat of the or-
der of±17 % and for extinction coefficientσ ext of the order
of ±22 % calculated for the sampling condition of all flights.
The error ofω was of the order of±28 % and is calculated
from error propagation theory. An error of the order of 12 %
for m arises from combined errors of the analyses of filters
concerning the ionic composition.

The in situ aircraft measurements of the aerosol micro-
physical properties obtained during THERMOPOLIS, to-
gether with the corresponding mean optical and microphysi-
cal properties of aerosols derived from the Raman lidar and
the inversion algorithm data, at selected heights, are shown
in Table 1. Missing in situ data are denoted by (–). If we
compare the in situ with the retrieved values of the aerosol
microphysical properties around 2.8 km height, we observe
that: the measured value ofreff (0.37 µm) was very close
to the retrieved mean value (0.40± 0.14 µm) in the aerosol
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Fig. 6. Potential temperature (K) and relative humidity-RH (%)
vertical profiles obtained from radiosonde data on 21 July 2009
(00:00 UTC) (left) and water vapor mixing ratio derived from Ra-
man lidar measurements on 21 July 2009 (01:20–02:42 UTC).

layer (within the error bar uncertainty); and the value of
ω (0.43± 0.12 at 500 nm) from the in situ measurements
demonstrates the presence of highly absorbing aerosols. The
corresponding retrieved mean value within the aerosol layer
from the Raman lidar data was of the order of 0.63± 0.11
at 532 nm, which is quite different from the Raman li-
dar derived values. This could be attributed to the slightly
different wavelengths used and the possibility of different
air masses sampled. Moreover, refractive indexes measure-
ments from the in situ airborne measurements are only avail-
able in the height range of 3.2 km. The measured value of
m (1.39 (± 0.07) + 0.01 (± 0.001)i) is in quite good agree-
ment with the retrieved mean value within the aerosol layer
(1.43 (± 0.07) + 0.03 (± 0.02)i) (Table 1).

4.5 Aerosol dry chemical composition using
ISPORROPIA II model

The corresponding potential temperature and RH values de-
rived from local radiosounding at 00:00 UTC (Fig. 6-left) and
water vapor mixing ratio values obtained by the EOLE Ra-
man lidar (01:00–02:42 UTC) (Fig. 6-right) on 21 July 2009,
were incorporated into the ISORROPIA II model (Foun-
toukis and Nenes, 2007) to propose the dry chemical com-
position of aerosols that is consistent with the retrievedm

andω values from the Raman lidar data (Table 1). The wa-
ter vapor Raman lidar measurements could not be extended
above 4 km because of low signal-to-noise ratios values. RH
values of the order of 45–50 % were found between 1 and
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Table 1.Mean aerosol optical, microphysical and chemical properties derived from a synergy of Raman lidar and in situ aircraft data, as well
as inversion and thermodynamic models.

Chemical composition –
Relative humidity [%]

Height
a.s.l.
[km]

å [α355/
α532]
lidar

LR355
[sr]
lidar

LR532
[sr]
lidar

reff [µm]
lidar
Total-
Fine

reff [µm]
in situ
Total-
Fine

ω532
lidar

ω500
in situ

m
lidar

m
in situ

Sulfate Organic
Car-
bon

Dust RH

1.9± 0.1 1.51± 0.05 78± 2 72± 1 0.30± 0.15
0.20± 0.04

– 0.88±0.08 – 1.44 (± 0.10) + 0.012 (± 0.01)i – 38-60 0–20 0–10 60

2.1± 0.06 1.38± 0.01 72± 1 66± 1 0.33± 0.15
0.20± 0.04

– 0.85± 0.1 – 1.46 (± 0.15) + 0.01 (± 0.01)i – 15–50 0–40 0–15 68

2.5± 0.16 1.57± 0.03 72± 1 58± 1 0.3± 0.1
0.20± 0.02

– 0.78± 0.14 – 1.51 (± 0.12) + 0.03 (± 0.01)i – – – – 72

2.8± 0.12 1.35± 0.02 69± 1 65± 1 0.40± 0.14
0.19± 0.04

0.37
0.25

0.63± 0.11 0.43± 0.12 1.55 (± 0.12) + 0.06 (± 0.02)i – 0–30 0–50 0–10 95

3.2± 0.1 1.46± 0.02 74± 1 70± 1 0.14±0.02
0.14± 0.02

0.33
0.25

0.87± 0.08 – 1.43 (± 0.07) + 0.03 (± 0.02)i 1.39 (± 0.16)
+ 0.01 (± 0.001)i

– – – 92

2 km height (Fig. 6-left), while at the upper boundary of
the aerosol layer (around 3 km height) RH values raised up
to 92 %. The vertical profile of the potential temperature
(Fig. 6-left) indicates a stable well mixed atmosphere up
to 3 km height. In Table 1 we also present the mean chem-
ical composition of aerosols proposed by the ISOROPIA
II model at three selected layers on 21 July 2009 (01:00–
02:42 UTC).

For layer 1 (1.9± 0.1 km), we propose a chemical compo-
sition of about 38–60 % sulfate, 0–20 % organic carbon (OC)
and very low content of mineral dust (0–10 %). For layer 2
(2.1± 0.06 km), we propose a quite smaller concentration of
sulfates (15–50 %), an important increase of OC (0–40 %)
and similar levels of the mineral dust content (0–15 %) in
comparison to layer 1. Finally, for layer 4 (2.8± 0.12 km) we
propose a quite smaller concentration of sulfates (0–30 %), a
further increase of OC (0–50 %) and similar levels of min-
eral dust (0–10 %). Indeed, at this layer we found the biggest
concentration values of the OC particles, which correlates
well with the high values of the aerosol refractive index
(1.55 (± 0.12) + 0.05 (± 0.02)i), which reflect the tendency
of OC to partition to the aerosols phase under the cooler con-
ditions at higher altitudes (Seinfeld and Pandis, 2006).

Our findings for layer 4 are in full accordance with sim-
ilar m values corresponding to nearly pure biomass burning
particles (Wandinger et al., 2002; Schkolnik et al., 2007) or
even better, biomass burning particles mixed with urban haze
(Müller et al., 2000, 2006; Noh et al., 2011; Weinzierl et al.,
2011). This is corroborated even more by the smallω values
(0.63± 0.11), the high LR values (65–69 sr) and the presence
of sulfate particles, as well as the fact that air masses from the
lower part of the PBL (around 20:00 UTC in Fig. 3) are found
convected up to 2–3 km height (around 01:00 UTC).

5 Intercomparison of aerosol columnar retrievals

For a direct comparison of the “columnar”reff values re-
trieved from our inversion algorithm (for 18, 20 and 21 July)

with those derived from the sun photometer inversion, we
have to assure that the aerosol variability between the af-
ternoon sun photometer data and the Raman lidar measure-
ments during sunset is not significant. Four days air mass
back-trajectories ending over Athens at 12:00, 19:00 and
24:00 UTC were used complementary with the RCS lidar
data in order to conclude about the homogeneous mixing of
aerosols throughout each day. On 18, 20 and 21 July the
air mass back-trajectories followed the some paths during
daytime (sun photometer measurements) and nighttime (Ra-
man lidar measurements). Thus, in Fig. 7-bottom we present
the å exponent values derived by the sun photometer during
daytime, together with the̊a extinction-related exponent re-
trieved by the Raman nighttime measurements at 355 nm and
532 nm. Figure 8-top shows the AOD obtained by the Raman
lidar measurements at 532 nm and the AOD obtained by the
sun photometer at 550 nm. For the three days studied, ac-
cording to the latest sun photometer measurements (around
16:00 UT), both parameters are in agreement with the lidar
estimations after sunset. AOD Raman lidar-derived data were
calculated by integrating the aerosol extinction coefficient at
532 nm over the atmospheric column, assuming that the cal-
culated extinction value at the lowest height of the complete
overlap is representative for the incomplete overlap region
(from ground up to 500 m height).

Furthermore, for selected days (18, 20 and 21 July 2009)
during the THERMOPOLIS project we retrieved the mean
column values ofreff (Fig. 8, open dots) over the GAA based
on the CIMEL data. We observe that the mean value ofreff
during the selected period ranges from 0.25 to 0.35 µm (with
a standard deviation of the order of 0.07). To compare the sun
photometer-derived mean column values ofreff with those
retrieved from the Raman lidar data for each of the three se-
lected days, we followed the same methodology as described
for 21 July concerning the retrieval ofreff values at selected
aerosol layers from near ground up to the free troposphere.
For these retrievals, model runs with a grid of complex re-
fractive indices [1.2 to 1.8 (real part) with a step size of 0.025
and from 0i to 0.08i(imaginary part) with a step width of
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Fig. 7. Aerosol optical depth (AOD) at 550 nm and extinction-
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Fig. 8. Total effective radius retrieved from sun photometer and
Raman lidar signal inversions.

0.003i] were performed. For these inversion runs we used all
acceptable values for the retrieval of the final solutions. To
obtain an equivalent “columnar”reff value from ground up
to the free troposphere, we averaged the retrievedreff values
with respect to the volume concentration within the aerosol
layer.

Thus, for the three days selected when both EOLE and
CIMEL inversions were concurrently available, the agree-
ment between the fine mode effective radii is very good,
and the observed differences stay within 10 % for all 3 days,
independently of our assumptions for the homogeneity of
aerosols throughout the day. As the lidar inversion algorithm
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Fig. 9. Mean daily size distribution derived from sun photometer
data obtained over Athens for the period 18–27 July 2009. The cross
mark denotes the studied day (21 July 2009).

cannot arithmetically retrieve the aerosol coarse modes based
on the Raman lidar data, it underestimates the retrievedreff
values by about 40 %.

Finally, in Fig. 9 we present the corresponding colum-
nar mean size distribution as retrieved by sun-photometric
measurements over Athens for the period 16–27 July 2009.
We clearly see a bi-modal size distribution of particles hav-
ing radii around 0.15 µm (small particles) and around 1.5 µm
(large particles which are the dominant ones). In any case,
the columnar mean size distribution of particles on 20 July
gives a large predominance of the large particles (centered on
1.5 µm) versus the smaller ones (centered around 0.15 µm); in
between we find the lidar-derived particles diameters which
are of the order of 0.6–0.8 µm in the 2–3 km height region.
We also see that the retrieved aerosol extinction-relatedå-
355/532 nm values ranging from 1.35 to 1.57 (Table 1) are in
good agreement with the column mean values (1.45–1.51)
derived from the CIMEL data during 20–21 July (Fig. 1-
upper panel).

6 Summary and concluding remarks

During THERMOPOLIS concurrent ground-based and air-
craft measurements of the aerosol optical and microphysi-
cal properties were performed over GAA during July 2009.
A novel procedure has been developed to retrieve, simul-
taneously, the optical and microphysical properties and
to propose the chemical composition of aerosols, based
on the vertical profiles of three aerosol backscatter, two
aerosol extinction coefficients and water vapor mixing ra-
tio, all obtained from a 6-wavelength Raman lidar system
in conjunction with inversion and thermodynamic models.
Our approach was applied during a case study of selected
ground-based Raman lidar data (biomass burning particles
mixed with haze) and was successfully compared, on a
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preliminary basis, to in situ aircraft and sun photometric
data, concerning basic aerosol microphysical properties (reff,
ω and m). We found that inside selected aerosol layers,
reff was 0.14–0.4 (± 0.14) µm,ω was 0.63–0.88 (± 0.08) (at
532 nm) andm ranged from 1.44 (± 0.10) + 0.01 (± 0.01)i
to 1.55 (± 0.12) + 0.06 (± 0.02)i. The analysis was based
mainly to the cases of mixtures of anthropogenic and smoke
aerosols observations, as concluded from air mass back-
trajectory analysis. This considerable spread in the observed
optical and physical properties of smoke aerosols is related to
the transport time and additionally to the type of the biomass
burning sources. The type of burned vegetation as well as
the flaming power have influence on the SSA values. The
missing information of the fire condition does not always al-
low a direct comparison or a clear conclusion. As previously
stated, our derived aerosol microphysical properties are in
very good agreement with previous observations (Formenti
et al., 2002; M̈uller et al., 2000, 2003, 2005, 2007; Murayama
et al., 2004; O’Neill et al., 2002; Wandinger et al., 2002; Al-
ados Arboledas et al., 2007, 2011; Papayannis et al., 2012)
concerning mixing of biomass burning and anthropogenic
polluted particles.

The thermodynamic model ISORROPIA II was used to
propose the chemical composition of the aerosols. Thus, the
retrieved aerosol chemical composition in the 2–3 km height
region, which is consistent with the retrievedm andω val-
ues, gave a variable range of sulfate (0–60 %) and organic
carbon (OC) content (0–50 %), although the OC content in-
creased (up to 50 %) and the sulfate content dropped (up to
30 %) around 3 km height; in connection with the retrieved
low ω value (0.63± 0.11), this would indicate the presence
of absorbing biomass burning smoke mixed with urban haze.
Finally, the retrieved aerosol microphysical properties (å and
reff) were compared with column-integrated sun photome-
ter data, showing a good agreement. Our procedure needs
to be further tested with in situ aerosol microphysical and
chemical aircraft data in the lower troposphere to improve its
methodology and further minimize the concurrent retrieval
uncertainties.
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T., Seland, Ø., Easter, R., Ghan, S. J., Rasch, P. J., Morrison,
H., Lamarque, J.-F., Iacono, M. J., Kinne, S., and Schulz, M.:
Aerosol indirect effects – general circulation model intercom-
parison and evaluation with satellite data, Atmos. Chem. Phys.,
9, 8697–8717,doi:10.5194/acp-9-8697-2009, 2009.

Ramanathan, V. and Feng, Y.: Air pollution, greenhouse gases and
climate change: Global and regional perspectives, Atmos. Envi-
ron., 43, 37–50, 2009.

Remoundaki, E., Bourliva, A., Kokkalis, P., Mamouri, R. E., Pa-
payannis, A., Grigoratos, T., Samara, C., and Tsezos, M.: Com-
position of PM10 during a Saharan dust transport event over
Athens, Greece, Science Total Environ., 409, 4361–4372, 2011.

San Martini, F. M., Dunlea, E. J., Volkamer, R., Onasch, T. B.,
Jayne, J. T., Canagaratna, M. R., Worsnop, D. R., Kolb, C.
E., Shorter, J. H., Herndon, S. C., Zahniser, M. S., Salcedo,
D., Dzepina, K., Jimenez, J. L., Ortega, J. M., Johnson, K. S.,
McRae, G. J., Molina, L. T., and Molina, M. J.: Implementation
of a Markov Chain Monte Carlo method to inorganic aerosol
modeling of observations from the MCMA-2003 campaign –
Part II: Model application to the CENICA, Pedregal and Santa
Ana sites, Atmos. Chem. Phys., 6, 4889–4904,doi:10.5194/acp-
6-4889-2006, 2006.

Schkolnik, G., Chand, D., Hoffer, A., Andreae, M. O., Erlick, C.,
Swietlicki, E., and Rudic, Y.: Constraining the density and com-
plex refractive index of elemental and organic carbon in biomass
burning aerosol using optical and chemical measurements, At-
mos. Environ., 41, 1107–1118, 2007.

Seinfeld J. H. and Pandis S. N.: Atmospheric Chemistry and
Physics: From Air Pollution to Climate Change, 1st Edn., J. Wi-
ley, New York, 1998.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and
Physics : From Air Pollution to Climate Change, 2nd Edn., J.
Wiley, New York, 2006.

Stelson, A. W.: Urban aerosol refractive index prediction by par-
tial molar refraction approach, Environ. Sci. Technol., 24, 1676–
1679, 1990.

Stock, M., Cheng, Y. F., Birmili, W., Massling, A., Wehner,
B., Müller, T., Leinert, S., Kalivitis, N., Mihalopoulos, N.,
and Wiedensohler, A.: Hygroscopic properties of atmospheric
aerosol particles over the Eastern Mediterranean: implications
for regional direct radiative forcing under clean and polluted con-
ditions, Atmos. Chem. Phys., 11, 4251–4271,doi:10.5194/acp-
11-4251-2011, 2011.

Tesche, M., Ansmann, A., M̈uller, D., Althausen, D., Engelmann,
R., Freudenthaler, V., and Groß, S.: Vertically resolved sepa-
ration of dust and smoke over Cape Verde using multiwave-
length Raman and polarization lidars during Saharan Min-
eral Dust Experiment 2008, J. Geophys. Res., 114, D13202,
doi:10.1029/2009JD011862, 2009.

Tesche, M., Gross, S., Ansmnann, A., Müller, D., Althausen, D.,
Freudenthaler, V., and Esselborn, M.: Profiling of Saharan dust
and biomass-burning smoke with multiwavelength polarization
Raman lidar at Cape Verde, Tellus, 63B, 649–676, 2011.

Veselovskii, I., Kolgotin, A., Griaznov, V., M̈uller, D., Wandinger,
U., and Whiteman, D. N.: Inversion with regularization for the re-
trieval of tropospheric aerosol parameters from multiwavelength
lidar sounding, Appl. Opt., 41, 3685–3699, 2002.

Veselovskii, I., Kolgotin, A., M̈uller, D., and Whiteman, D. N.: In-
formation content of multiwavelength lidar data with respect to
microphysical particle properties derived from eigenvalue analy-
sis, Appl. Opt., 44, 5292–5303, 2005.

Volkert, H., Weckwerth, T., Wernli, H., Wieser, A., and Wirth,
M.: The Convective and Orographically-induced Precipitation
Study (COPS): The scientific strategy, the field phase, and
research highlights, Q. J. Roy. Meteorol. Soc., 137, 3–30,
doi:10.1002/qj.752, 2011.
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