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Abstract

A novel procedure has been developed to retrieve, simultaneously, the optical, mi-
crophysical 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)5

THERMOPOLIS 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 layers 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 coeffi-10

cients, lidar ratio) and the water vapor mixing ratio. An inversion algorithm was used to
derive the mean aerosol microphysical 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 that reff was 0.3–0.4 µm, ω at 532 nm ranged from 0.63
to 0.88 and m ranged from 1.45+0.015i to 1.56+0.05i , in good accordance with in15

situ aircraft measurements. The final data set of the aerosol microphysical properties
along with the water vapor and temperature profiles were incorporated into the ISOR-
ROPIA model to infer an in situ aerosol composition consistent with the retrieved m
and ω 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 %),20

although the OC content increased (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), 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 data.25
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1 Introduction

Atmospheric aerosols have large influence on Earth’s radiation budget. Recent es-
timations 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; Quaas5

et al., 2009; Ramanathan and Feng, 2009; Lohmann et al., 2010; Rapsomanikis et
al., 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
concerning the indirect and direct effects, which are connected with the aerosol influ-
ence on climate. Moreover, the total direct aerosol radiative forcing combined across all10

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 espe-
cially true for the Eastern Mediterranean region (Stock et al., 2011), where a sufficient
knowledge of the microphysical properties of aerosol particles as well as their spatial
distribution remains a unknown key-issue to evaluate their effect on global climate.15

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 distribution of the
aerosol microphysical properties in the Eastern Mediterranean region in connection to
the air quality impairment (Formenti et al., 2002; Dulac and Chazette, 2003; Papayan-20

nis et al., 2011). Furthermore, knowledge on the combined optical-microphysical-
chemical properties of free-tropospheric aerosol particles of different origin (i.e. Sa-
haran 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, 2011).
However, several in situ aerosol sampling in urban areas of Greece has revealed that25

coarse aerosols in the city of Athens usually contain predominant ions such as Ca+
2 ,

NO−
3 , Na+ and Cl− while SO2−

4 , Ca+
2 and NH+

4 were the major ionic components of
the fine fraction (Karageorgos and Rapsomanikis, 2007), aluminosilicates, and also
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calcium which was distributed between calcite, dolomite, gypsum and Ca-Si particles
mostly observed during Saharan dust outbreaks (Remoundaki et al., 2011).

The Raman laser remote sensing technique is a unique tool able to provide the ver-
tical distribution of the aerosol optical properties (aerosol backscattering and extinction
coefficients, lidar ratio-LR) and the water vapor content, expressed in terms of mix-5

ing ratio of water vapor in dry air (Bösenberg 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 properties
can be obtained using inversion techniques (Müller et al., 1999a,b; Veselovskii et al.,
2001; Osterloh et al., 2011). Our work goes a further step on: using a novel procedure10

it combines 6-wavelength Raman lidar data, inversion models and an aerosol thermo-
dynamic model to retrieve simultaneously the vertical profiles of optical, microphysical
and chemical properties of aerosol particles, consistent with the retrieved refractive in-
dex and single scattering albedo values. These results are then compared to airborne
in situ data obtained in the frame of the European Space Agency (ESA) THERMOPO-15

LIS research project carried out between 15 and 31 July 2009.
Section 2 of this paper presents the methodology applied and the instrumentation

involved; we first give a short description of the National Technical University of Athens
(NTUA) Raman lidar system (range-resolved measurements) and the CIMEL sun pho-
tometer (columnar measurements) used for the retrieval of the aerosol optical and mi-20

crophysical properties. The third part of this section provides the characteristics of the
in situ (airborne) instrumentation used to measure the aerosol optical and microphysi-
cal 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 study25

analysis where we compare the retrieved with the in situ measured aerosol optical and
microphysical properties, as well as the estimated aerosol chemical composition a loft.
Finally, Sect. 5 presents summary and concluding remarks.
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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 suspended aerosols particles in the Planetary Boundary
Layer (PBL) and the lower troposphere. The system is based on a pulsed Nd:YAG5

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 di-
ameter and a focal length of f =600 mm, directly coupled, through an optical fiber, to
the lidar signal six-channel filter spectrometer. The full overlap of the system is of the10

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 H2O (at 387,
607 and 407 nm, respectively) are simultaneously 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 used15

to derive the aerosol backscatter (at 355, 532 and 1064 nm), the extinction (at 355 and
532 nm) coefficient and the Ångström exponent profiles, while the 407 nm channel was
used to derive the water vapor mixing ratio (Mamouri et al., 2007). 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; Pappalardo20

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 tech-
nique is appropriate to retrieve aerosol parameters mostly for small aerosol opti-
cal depths (AOD) (AOD<0.2–0.3 in the visible), assuming a reference height in an25

aerosol-free region (e.g. the upper troposphere). Under such conditions, the Klett in-
version technique (Klett, 1985) is used to retrieve the vertical profile of the aerosol
backscatter coefficient (baer) at the respective wavelengths. The resulting average
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uncertainty on the retrieved baer values (including both statistical and systematic er-
rors 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 Raman lidar signals are quite weak, the Raman5

technique is mostly used during nighttime, when the atmospheric background 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 signals at
387 and 607 nm, respectively, permits the determination of the aerosol extinction (aaer)
and baer coefficients independently of each other (Ansmann et al., 1992) and, thus,10

of the extinction-to-backscatter ratio, the so-called lidar ratio (LR) at both wavelengths
(355 and 532 nm). The uncertainties associated with the retrieved aaer and baer vertical
profiles are of the order of 10–25 % and 5–15 %, respectively (Ansmann 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 tech-15

nique, using a LR value derived for dust aerosols by the Raman technique (Ansmann
et al., 1992) from the same day’s nighttime lidar measurements.

2.2 The CIMEL sunphotometer

The sunphotometric observations reported in this paper were performed by a CIMEL
sun-sky radiometer (Holben et al., 1998), which is part of the Aerosol Robotic Network20

(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
outskirts of Athens, 1.5 km from the NTUA Raman lidar and about 10 km from the sea.
This sunphotometric station is operated by the Institute for Space Applications and25

Remote Sensing (ISARS) of the National Observatory of Athens (NOA). The CIMEL
data used in this study will provide information about the columnar AOD, the aerosol
size distribution (ASD), and finally, the Ångström exponent (å). The AERONET data
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products along with the technical specifications of the CIMEL instrument are given in
detail in Holben et al. (1998).

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

The airborne measurements of the THERMOPOLIS campaign were carried out with
the modified “Cessna 310” aircraft of the Democritus University of Thrace. Both the5

instrumentation and methodology are described in detail elsewhere (Rapsomanikis
et al., 2011), therefore only a short description will be provided below. The size-
distribution of the aerosols was determined using an Optical Particle Counter (here-
after 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

10–25, >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 Radiance Research filter-based Par-
ticle Soot/Absorption Photometer. The data from the PSAP were corrected according15

to Bond et al. (1999). A GPSMAP 195 (Garmin International Inv, USA) was used in
order to provide 3-dimensional location information (latitude, longitude, altitude, World
Geodetic System 84) of the aircraft at 1 Hz sampling frequency. The particle mean
effective radius (reff) (Wyser, 1998) was calculated using the particle size-distribution
obtained with the above-mentioned OPC. The “fine” fraction reff corresponds to the20

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 concurrently ob-
tained values for the optical extinction coefficient for absorption and the light scattering
extinction coefficient, obtained with the PSAP and the nephelometer, respectively.
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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 the hybrid regularization technique.
A detailed description of the original version of the algorithm which assumes spher-5

ical shape of the investigated particles in the retrieval procedures given by Müller et
al. (1999a,b). Modifications concerning the optimum solution space were made by
Veselovskii et al. (2001, 2002, 2005). Changes concerning the minimum number of
the needed measured wavelengths can be found in Müller et al. (2001). These models
use as input the mean values of the optical properties of the aerosols calculated from10

the vertical profiles of elastic and Raman backscattered lidar signals (obtained at 5 dif-
ferent wavelengths: 355-387-532-607-1064 nm). The aerosol microphysical properties
which were derived are the reff, as well as ω and the mean complex refractive index
(m).

The inverted refractive index along with the water vapor profiles obtained by Raman15

lidar over Athens and the temperature and relative humidity profiles obtained by ra-
diosonde, were incorporated in the thermodynamic model ISORROPIA II (Fountoukis
and Nenes, 2007) to infer the particle chemical composition. The model treats the ther-
modynamics 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 deliques-20

cent path) solution where salts precipitate once the aqueous phase becomes saturated
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 executed in
“reverse” mode, where known quantities are T , RH and the concentrations of aerosol
K, Ca, Mg, NH4, Na, SO4, NO3 and Cl. The output provided by ISORROPIA-II is25

the aerosol phase state (solid only, solid/aqueous mixture 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;
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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 suitable for use in large
scale air quality and chemical transport 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; Karydis5

et al., 2010; Pringle et al., 2010).
In order to use ISORROPIA in combination with the Raman lidar data, an assumption

concerning the aerosol composition has to be done, mainly due to the absence of
air mass sample within the under study layers. In our procedure, at first a typical
composition of sulfate, ammonium sulfate and mineral dust aerosols was considered.10

ISORROPIA was run forward for the computation of complex refractive index for each
aerosol composition, using as input the relative humidity and the temperature within
an aerosol layer. Finally, the aerosol composition (a mixture of sulfate, ammonium and
mineral dust) with the closest refractive index (both real and imaginary part) value to the
one estimated by the inversion model is provided as the most acceptable composition15

value.

3 The THERMOPOLIS campaign

In the framework of its Earth Observation Programs, the European Space Agency
(ESA) carries out a number of ground-based and airborne campaigns to support the
geophysical algorithm development, calibration/validation and the simulation of future20

space-borne earth observation missions for applications development related to land,
oceans and atmosphere. 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-situ25

measurements to generate spectrally, geometrically and radiometrically representative
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datasets to address observational requirements of UHI for the assessment of an oper-
ational system.

The period 15 to 31 July 2009 was an optimal time window with fair weather con-
ditions prevailing over Athens, where the campaign was carried out. The core mea-
surement period for the ground-based instrumentation was in 15–27 July 2009. During5

the campaign the aerosol load presented a large variation connected with different me-
teorological conditions, due to advected air masses from different origins. More pre-
cisely, the mean value of AOD (crosses) measured by the CIMEL varied between 0.07
and 0.35 at 500 nm, while that of the Ångström exponent (å−440/870 nm) (triangles)
was found between 0.75 and 1.75 (Fig. 1, upper panel).10

In order to estimate the free tropospheric contribution of the particles, the AODs at
532 nm obtained by the Raman lidar extinction profiles for 17–25 July 2009 (Fig. 1, bot-
tom panel), 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). From
this figure we see that the free tropospheric contribution was quite variable, ranging15

from 0.05 to 0.21, while those within the PBL (altitudes<2 km) ranged between 0.06
and 0.11. The variations of the AOD and the columnar å are mainly attributed to the dif-
ferent mixed aerosol types arriving over Athens. Furthermore, from the analysis of the
back-trajectories of the air masses ending over Athens (not shown here) based on the
HYSPLIT code (Draxler and Rolph, 2003), we could identify variable aerosol sources20

for each day of July, which could play a significant role in the values of the AOD and the
columnar å observed. For instance the period 15–20 July was characterized 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 area,25

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, the mean columnar daily values of ω and the real and imaginary part of m
are given for 14–28 July, as retrieved by CIMEL. Columnar values of ω (0.87–0.9) and
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of the imaginary part of m (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 cor-5

respond, as discussed previously, on a mixture of anthropogenic and biomass burning
aerosols.

4 Case study 20–21 July 2009

4.1 Measurement situation

During the day of 20 up to early morning hours of 21 July several distinct aerosol layers10

were observed over the GAA area. Figure 3 shows the temporal evolution of the ver-
tical profile of the range-corrected lidar signal (in arbitrary units) obtained by EOLE at
1064 nm in the 0.3–7-km height range above sea level (a.s.l.) from 08:02 UTC (20 July)
to 02:42 UTC (21 July). We see 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 July15

(around 12:45 UTC). The red 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 concentra-
tions). Filaments of aerosols are also seen over the daytime PBL on 20 July and over20

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 vertical lines in Fig. 3 delineate the coincident time
windows of the Raman lidar and the airborne in situ aerosol measurements obtained
over Athens (11:00–13:00 UTC and 01:00–03:00 UTC).
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4.2 Spectral aerosol optical properties

We selected to focus on the lidar data obtained within these two time windows, not
only due to the coincidence 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 other5

between 2.2 and 3.2 km height a.s.l. at the second time window). 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 as
aaer, baer, LR, å, m, reff and ω, using the inversion algorithm of Müller et al. (1999a), as
well as for the application of the ISORROPIA model to retrieve the aerosols chemical10

composition, which is consistent with the retrieved m and ω 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- and å-backscatter-
related) obtained by EOLE on 21 July. Based on the aaer profiles the retrieved AOD
values at 355 nm and 532 nm were 0.82 and 0.43, respectively, while the LR values15

at 355 and 532 nm ranged between 60 and 90 sr, from 1.5 to 3.5 km height. As previ-
ously discussed, the air mass back-trajectory analysis based on the HYSPLIT model
(not shown here) indicated that the aerosol-rich air masses sampled between 2 and
3 km height stagnated over the Balkan and the Black Sea areas for the last 2 days
prior to our observations and overpassed biomass burning areas (identified as hot20

spot areas by ATSR data) where they were probably enriched by locally produced and
biomass burning aerosols. This is corroborated by the rather high LR (∼58–75 sr) and
å 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 et25

al. (2009) and Tesche et al. (2009, 2011).
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4.3 Microphysical inversion results

Furthermore, the optical data obtained from the Raman lidar measurements were used
to retrieve the aerosol microphysical properties by using an inversion algorithm (Müller
et al., 1999a, 2001; Veselovskii et al., 2002; Veselovskii et al., 2005). The aerosol
profiles were separated into four layers of about 200 m thickness (in the height range5

between 1.9 and 2.8 km) based on the relatively stable optical properties within each
height range. In our case the required homogeneity of the aerosol layer is corrob-
orated 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 three of the four layers (layer 1: 1.9±0.1 km, layer 2:10

2.1±0.1 km, layer 3: 2.4±0.1 km and layer 4: 2.8±0.1 km). The derived particle size
and m values have been used for the computation of the ω with a Mie-scattering algo-
rithm, assuming that the mixed smoke and anthropogenic particles can be described
as equivalent spheres. The uncertainty of the aerosol microphysical properties re-
trieved, arise from the errors of the optical input data used as input, as well as those15

generated by the inversion algorithm 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 mm particle radius) which automati-
cally cause approximation errors (Müller et al., 1999a,b, 2001; Veselovskii et al., 2002,
2005). The uncertainties of the retrieved ω values arise from the uncertainties of the20

retrieved particle size distributions and the complex refractive indices.
The main aerosol microphysical properties (reff, m and ω) are derived at the four

specific layers on 21 July and presented in Fig. 5. In this figure we see that reff re-
mained lower than 0.4±0.15 µm. The retrieved refractive index values ranging from
1.45–1.55 (real part) and from 0.015i–0.05i (imaginary part) indicate the presence of25

strongly absorbing particles, in full accordance with the retrieved values of ω (ranging
between 0.88 at 1.9 km down to 0.63 at 2.8 km height). Taking into account the de-
rived aerosol microphysical properties of the air masses ending around 3 km height
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between 01:00–02:42 UTC (reff =0.4±0.14 µm, m=1.557 (±0.125)+0.05 (±0.022)i
and ω=0.63±0.11), the available ATSR data and the air mass origin based on the
HYSPLIT model, we have strong indications of mixing of biomass burning aerosols
with anthropogenic ones (Wandinger et al., 2002; Müller et al., 2007; Noh et al., 2007,
2008).5

The in situ aircraft measurements of the aerosol microphysical properties obtained
during THERMOPOLIS, together with the corresponding mean optical and microphys-
ical properties of aerosols derived from the Raman lidar 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 km10

height, we see that: the measured value of reff (0.37 µm) was very close to the re-
trieved mean value within the aerosol layer (0.4±0.14 µm); the measured value of ω
(0.69 at 500 nm) was very close to the retrieved mean value within the aerosol layer
(0.63±0.11 at 532 nm), while, the measured value of m (1.31+0.01i ) was quite dif-
ferent from the retrieved mean value within the aerosol layer (1.557+0.05i ) (Table 1).15

However, we have to take into account that no change of the value of m with humidity
growth was considered in our inversion algorithm which could explain the difference
found between the two m values (in situ and lidar-derived).

4.4 Chemical inversion results

The final data set of the aerosol optical and microphysical properties for each selected20

aerosol layer along with the corresponding potential temperature-relative humidity val-
ues derived from local radiosounding at 00:00 UTC (Fig. 6, left panel) and water va-
por mixing ratio values obtained by the EOLE Raman lidar (01:00–02:42 UTC) (Fig. 6,
right panel) on 21 July 2009, were incorporated into the ISORROPIA II model (Foun-
toukis and Nenes, 2007) to infer the chemical parameters of the aerosols (e.g. dry25

chemical composition) that are consistent with the retrieved m and ω values (Table 1).
More specifically Table 1 summarizes the mean optical, microphysical and chemical
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properties of aerosols derived from a synergy of lidar and in situ aircraft data, as well
as inversion models at three selected layers for 21 July 2009 (01:00–02:42 UTC).

For layer 1 (1.9±0.1 km), we derived a chemical composition of about 38–60 % sul-
fate, 0–20 % organic carbon (OC) and very low content of mineral dust (0–10 %). For
layer 2 (2.1±0.1 km), we derived a quite smaller concentration of sulfates (15–50 %),5

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 we derived a quite smaller con-
centration of sulfates (0–30 %), a further increase of OC (0–50 %) and similar levels of
mineral dust (0–10 %). Indeed, at this layer we found the biggest concentration values
of the OC particles which correlate well with the high values of the aerosol refractive10

index (1.56+0.05i ) which reflect the tendency of OC to partition to the aerosols phase,
under the cooler conditions at higher altitudes (Seinfeld and Pandis, 2008).

Our findings for layer 4 are in full accordance with similar 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., 2000,15

2006; Noh et al., 2011; Weinzierl et al., 2011). This is corroborated even more by the
small ω 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 on Fig. 3) are found convected up to 2–3 km height (around 01:00 UTC).

5 Inversion columnar comparisons with sunphotometer data (18–21 July 2009)20

For selected days (15–27 July 2009) during of the THERMOPOLIS project we retrieved
the mean column values of reff (Fig. 7, open dots) over the GAA, based on the sunpho-
tometer data. In this figure we see that the mean value of reff during the selected period
ranges from 0.25–0.35 µm (with a standard deviation of the order of 0.07). Additionally,
we wanted to compare the mean column values of reff with those retrieved from Raman25

lidar data. Therefore, at first, for each of three selected days (18, 20, and 21 July) us-
ing EOLE Raman lidar data, we followed the same methodology as described for the

604



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

case of 21 July 2009, concerning the retrieval of reff values at five selected layers from
near ground to 3 km height. For these retrieval model runs a grid of complex refractive
indices from 1.2 to 1.8 (real part) with a step size of 0.025, and from 0i to 0.08i (imagi-
nary part) with a step width of 0.003i , was applied. For these inversions runs we used
all the acceptable solutions for the retrieval of the final solutions. To obtain an equiva-5

lent “columnar” reff value from ground up to 3 km height, we averaged the retrieved reff
values at the five layers.

The comparison of the “columnar” reff values retrieved from our inversion algorithm
(for 18, 20 and 21 July) with those derived from the sunphotometer inversion, is pre-
sented in Fig. 7. We can clearly see in this figure the very good agreement (within10

8–10 %) between the sunphotometer- and the lidar-derived reff values, which can be
mainly attributed to the homogeneous mixing of the particles in the lower troposphere
(0–3 km). Finally, in Fig. 8, we present the corresponding columnar mean size distri-
bution as retrieved by sunphotometric measurements over Athens for the period 16–
27 July 2009 (the mean size distribution curve is given by the black bold line). We15

clearly see a bi-modal size distribution of particles having diameters 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 around 1.5 µm) versus the smaller ones
(centered around 0.15 µm), in between we find the lidar-derived particles diameters20

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-related å−355/532 nm values ranged from 1.35 to 1.51
(Table 1) are in good accordance with the column mean values (1.45–1.51) derived
from the CIMEL data during 20–21 July (Fig. 1, upper panel).
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6 Summary and concluding remarks

During THERMOPOLIS concurrent ground-based and aircraft measurements of
the aerosol optical and microphysical properties were performed over GAA during
July 2009. A novel procedure has been developed to retrieve, simultaneously, the op-
tical, microphysical and chemical properties of aerosols based on the vertical profiles5

of three aerosol backscatter, two aerosol extinction coefficients and water vapor mixing
ratio, all obtained from a 6-wavelength Raman lidar system. Our approach was applied
during a case study of selected ground-based Raman lidar data (biomass burning par-
ticles mixed with haze) and was successfully compared, on a preliminary basis, to in
situ aircraft and sun photometric data, concerning basic aerosol microphysical proper-10

ties (reff, ω and m). We found that reff was 0.3–0.4 µm, ω at 532 nm ranged from 0.63
to 0.88 (decreasing with height) and m ranged from 1.45+0.015i to 1.56+0.05i , in
good accordance with in situ aircraft measurements.

For comparison highly absorbing smoke/urban particles have been reported in pre-
vious studies. A summary for different regions on the globe (South America, South In-15

dia) is given by Müller et al. (2000, 2003, 2005), where real parts of m ranged from 1.5
to 1.66 at visible wavelengths and imaginary parts ranged from 0.01i to 0.07i , in good
accordance (within the statistical error) with our retrievals. The imaginary part values
of m reported in these references do not show a clear pattern of change of imaginary
part with transport time. Murayama et al. (2004) reported values of ω of the order of20

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 of ω in the ranging 0.97 to 0.99, a distance
of 32 km from the biomass burning aerosol sources. Wandinger et al. (2002) found
values of ω of 0.76±0.06 and 0.81±0.05 at 355 and 532 nm, respectively, for trans-
port of forest-fire smoke from western Canada, in accordance with Müller et al. (2006).25

Later, Alados Arboledas et al. (2007) obtained values of ω 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 Arboledas et al. (2011) measured values of ω (0.76–0.9)
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depending on the measurement wavelength for the case of fresh smoke pollution over
Granada. Müller et al. (2005, 2006) and Noh et al. (2007, 2011) reported on reff values
very close to ours (0.3–0.4 µm) in case of mixed biomass burning and urban haze parti-
cles over Germany and Korea. Finally, Müller et al. (2007) reported on å and LR values
very close to ours (1.35–1.51 and 65–78 sr, respectively) in case of biomass burning5

and urban haze particles, based on a 10-years database of Raman lidar observations
carried out in Europe, Asia and Africa.

The retrieved aerosol chemical composition in the 2–3 km height region, which is
consistent with the retrieved m and ω values, gave a variable range of sulfate (0–
60 %) and organic carbon (OC) content (0-50%), although the OC content increased10

(up to 50 %) and the sulfate content dropped (up to 30 %) around 3 km height; in con-
nection with the retrieved low ω value (0.63), it indicates the presence of absorbing
biomass burning smoke mixed with urban haze. Finally, the retrieved aerosol micro-
physical properties (å and reff) were compared with column-integrated sunphotometer
data, presenting a good accordance. Our procedure needs to be further tested with15

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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Table 1. Mean aerosol optical, microphysical and chemical properties derived from a synergy
of lidar and in situ aircraft data, as well as inversion models.

Height å [α355/α532] LR355 LR532 reff reff ω532 ω500 m m Chemical composition – Relative
a.s.l. lidar [sr] [sr] [µm] [µm] lidar in situ lidar in situ humidity [%]

[km] lidar lidar lidar in situ Sulfate Organic Dust RH
carbon

1.9±0.1 1.51±0.05 78±2 72±1 0.3±0.15 – 0.88±0.08 – 1.45+0.015i – 38–60 0–20 0–10 60
2.1±0.1 1.38±0.01 72±1 66±1 0.33±0.14 – 0.85±0.1 – 1.47+0.019i – 15–50 0–40 0–15 68
2.8±0.1 1.35±0.02 69±0.7 65±1 0.4±0.14 0.37 0.63±0.11 0.698 1.56+0.051i 1.31+0.01i 0–30 0–50 0–10 91

617

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
0.0

0.1

0.2

0.3

0.4

0.50.0

0.1

0.2

0.3

0.4

0.5
THERMOPOLIS CAMPAIGN, G.A.A,  15‐28 JULY 2009

A
O
D
 @

 5
00

nm

0.50

0.75

1.00

1.25

1.50

1.75

2.00

A
N
G
ST
O
EM

 E
XP

 <2km
 >2 km

A
O
D
  @

 5
32

nm
 

DAY OF JULY 2009  

Fig. 1. Upper panel: AOD (crosses) and Ångstöm exponent (triangles) derived by sunpho-
tometer 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 period 17–27 July 2009
(except on 19 July 2009).
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Fig. 2. Top panel: single scattering albedo (ω); middle and lower panel, respectively: real and
imaginary part of refractive Index (m) measured by sunphotometer at 440 nm over Athens for
the time period 15–27 July 2009.
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Fig. 3. Temporal evolution of the range-corrected lidar signal (RCS) 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, backscatter, lidar ra-
tio, Ångström exponent) retrieved by the EOLE Raman lidar measurements on 21 July 2009
(01:20–02:42 UTC).
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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 panel) and water vapor mixing ratio derived
from the EOLE Raman lidar measurements on 21 July 2009 (01:20–02:42 UTC).
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Fig. 7. Total effective radius retrieved from sunphotometer and Raman lidar signal inversions.
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Fig. 8. Mean daily size distribution derived from sunphotometer data over Athens for the period
18–27 July 2009. The cross mark denotes the studied day (21 July 2009).
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