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ABSTRACT 

The EOLE multi-wavelength aerosol Raman-
depolarization lidar, and the AIAS depolarization lidar, 
in synergy with a sun photometer (CIMEL), were used, 
in the period 2007-2016, to provide the vertical profiles 
of the aerosol optical properties over Athens, Greece. 
More than 30 biomass burning events (fresh and aged 
smoke particles) were observed, with smoke layers 
between 1.5 up to 4-5 km height, while their duration 
ranged from 1-3 days. Lidar ratio (LR) values ranged 
from 40-105 sr (at 355 nm) and from 40-100 sr (at 532 
nm), while the linear particle depolarization ratio 
(LPDR) at both 355 and 532 nm, remained <7%. The 
extinction-related Ångström exponent (AEa) at 355 
nm/532 nm) ranged from 0.3 to 2.1. Additionally, a 
case of a near-range transport of biomass burning 
aerosols arriving over Athens up to 4 km height, 
between 27 and 28 June 2016, was studied. For this 
case, we found LRs of the order of 70±5 sr (355 nm) 
and 65±15 sr (532 nm) and AEa(355 nm/532 nm) 
around 1. 

1. INTRODUCTION 

Wildfires play a substantial role in terrestrial 
ecosystems and have severe atmospheric and climatic 
effects (e.g. emission/production of global warming 
gases/aerosols: CO2, O3, aerosol particles, etc.) due to 
the emission of huge quantities of gases. Recent 
estimations of the global annual burned areas are of the 
order of more than 350 Mha per year [1-2], while the 
annual emissions of CO2 are estimated to be of the 
order of 2.1 Pg C per year [1]. For the period 1979-
2013 large wildfires caused a doubling of global 
burnable area strongly affected by the prolonged fire 
weather seasons in conjunction with an increased 
frequency of long fire weather seasons after 1996 [2]. 

In Europe, during the summer and early autumn 
period’s large wildfires and agricultural biomass 
burning (BB) events, for several days, occur quite 
frequently, mainly in Southern Russia, Ukraine, 

Southern Europe and the Balkans, thus affecting large 
areas of Eastern-South-Eastern Europe through long-
range transport of air masses [2-6]. 

Moreover, during the recent years (2010-today) of 
economic recession, in many European countries 
(Greece, Poland, UK, Spain, Ukraine, etc.), during the 
winter period, people have switched their domestic 
heating from oil to uncontrolled wood and biomass 
combustion [7]. This has caused a detrimental air 
quality deterioration by augmenting the ambient 
particulate matter (PM), exceeding by far the EU daily 
limit values, especially in Athens, Greece [8]. For 
instance, actually Athens is considered as the 4th most 
air polluted city in the European Union due to wood 
burning activities during winter time [7]. 

Wildfire and wood burning atmospheric emissions 
contain/produce greenhouse gases like CO2, CH4, NOx, 
NMHCs, N2O, O3, and other toxic ones, like CO, 
VOCs, Hg, PAHs, as well as biomass burning aerosols, 
which strongly affect air quality up to several thousands 
of kilometers [3]. As these aerosols play a substantial 
role in Earth’s climate (e.g. direct and indirect effect) 
[3] and human health, it becomes very important to 
measure their optical, microphysical and chemical 
properties in a global scale on a long-term basis. 

Although intensive campaigns have been performed 
worldwide to measure and characterize the biomass 
burning aerosols, long-term measurements are still 
missing, especially in areas like the Mediterranean 
region, which is largely affected by long-range 
transport of BB particles from Southern Russia and 
Ukraine [5], and by numerous forest fires and biomass 
burning events occur on an annual basis [6, 8-10]. 

Raman lidars have proven to be an appropriate tool in 
aerosol characterization of biomass burning aerosols, 
since they can provide the vertical profiles of the 
aerosol optical (βaer, αaer, LR, LPDR) and microphysical 
properties with high spatial and temporal resolution 
during many BB events observed mainly over Europe 
[10-16]. Besides, their chemical properties can be 
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estimated aloft, using thermodynamic models and 
relative humidity observations [17]. 

2. METHODOLOGY 

A synergy of instruments (Raman and elastic 
depolarization lidars and sun photometer) and tools 
(HYSPLIT model and satellite data from MODIS 
sensor) were used to derive the aerosol optical 
properties aloft, during biomass burning events 
observed over Athens, for a 10-year period (2007-
2016). The Athens Raman depolarization lidar system 
(EOLE) was run in parallel with the AIAS 
depolarization lidar, in the frame of ARIADNE, the 
Greek lidar network [18]. Both systems are based in the 
Laser Remote Sensing Unit (LRSU) of the National 
Technical University of Athens (NTUA) (37.9oN, 
23.6oE, 200 m a.s.l.).  

EOLE (Fig. 1-left) is able to perform independent and 
simultaneous measurements of the vertical profiles of 
extensive aerosol parameters, βaer (at 355, 532 and 1064 
nm), αaer (at 355 and 532 nm), as well as of the water 
vapor mixing ratio in the troposphere (using the H2O 
Raman channel at 407 nm). AIAS (Fig. 1-right) 
provides the aerosol backscatter coefficient and the 
linear particle depolarization ratio at 532 nm. The 
AERONET CIMEL sun photometer (Fig. 1-middle) is 
operating at the National Observatory of Athens (NOA) 
(www.aeronet.gsfc.nasa.gov).  

 
Figure 1. EOLE lidar system (left), NOA CIMEL sun 
photometer (middle), AIAS mobile aerosol depolarization 
lidar system (right). 

In addition, HYSPLIT model and MODIS sensor data 
were used for the characterization of the air masses 
arriving over our site. 

Moreover, the EOLE multi-wavelength Raman lidar 
data were used to derive the vertical profiles of the 
aerosol intensive properties: LR (at 355 and 532 nm), 
AEa and backscatter-related Ångström exponent (AEb) 
of the aerosols at 355-532-1064 nm, and LPDR at 355 
nm. Due to the weak Raman signals, the complete set of 
aerosol products can be derived for tropospheric layers 
only during nighttime. The data processing was based 
on the Single Calculus Chain (SCC) developed within 
EARLINET [19] and on manual retrievals. Sun 
photometry data were provided by the AERONET 
CIMEL sun photometer.  

For this study, based on the combined data from the 
EOLE and AIAS lidars, we compared our results (LR 
and LPDR at 355 and 532 nm, AEa at 355 nm/532 nm), 
with those reported in the literature [12-16]. 

3. RESULTS  

In the period under study we sampled more than 30 
clear biomass burning events, with fresh and aged 
smoke particles over Athens, Greece with smoke layers 
between 1.5 up to 4-5 km height, and duration of 1-3 
days. Fig. 2 shows LR versus LDR (left), LR versus 
AEa (middle), as well as LPDR versus AEa (right), all at 
532 nm, except for AEa(355 nm/532 nm), for fresh (≤ 3 
days) and aged (> 3 days) BB aerosols. The data are 
taken from [10-16] (denoted with squares) and from our 
measurements (denoted with stars). We can see that our 
data are, mostly, in good accordance with literature data 
obtained in Europe. 

 

 

 

 

 

 

 

 

 

Figure 2. LR (532 nm) versus LPDR (532 nm) (left), LR (532 
nm) versus AEa (middle), LPDR (532 nm) versus AEa (right) 
(355nm/532 nm) for fresh and aged BB particles [literature 
data (squares) and current study data (stars)].  

 

 

 

 

 

 

 

 

Figure 3. Frequency of occurrence (%) of LPDR (532 
nm), LR (532 nm) and AEa(355nm/532nm) for fresh 
and aged BB particles (our study). 
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estimated aloft, using thermodynamic models and 
relative humidity observations [17]. 
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Figure 1. EOLE lidar system (left), NOA CIMEL sun 
photometer (middle), AIAS mobile aerosol depolarization 
lidar system (right). 

In addition, HYSPLIT model and MODIS sensor data 
were used for the characterization of the air masses 
arriving over our site. 
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photometry data were provided by the AERONET 
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For this study, based on the combined data from the 
EOLE and AIAS lidars, we compared our results (LR 
and LPDR at 355 and 532 nm, AEa at 355 nm/532 nm), 
with those reported in the literature [12-16]. 
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In the period under study we sampled more than 30 
clear biomass burning events, with fresh and aged 
smoke particles over Athens, Greece with smoke layers 
between 1.5 up to 4-5 km height, and duration of 1-3 
days. Fig. 2 shows LR versus LDR (left), LR versus 
AEa (middle), as well as LPDR versus AEa (right), all at 
532 nm, except for AEa(355 nm/532 nm), for fresh (≤ 3 
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Figure 2. LR (532 nm) versus LPDR (532 nm) (left), LR (532 
nm) versus AEa (middle), LPDR (532 nm) versus AEa (right) 
(355nm/532 nm) for fresh and aged BB particles [literature 
data (squares) and current study data (stars)].  

 

 

 

 

 

 

 

 

Figure 3. Frequency of occurrence (%) of LPDR (532 
nm), LR (532 nm) and AEa(355nm/532nm) for fresh 
and aged BB particles (our study). 
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Figure 4. Spatio-temporal evolution of the range-corrected (RCS) backscattered lidar signals at 1064 nm obtained by EOLE over 
Athens for 27 June (day and night) and 28 June (day) 2016. 
 

 

 

 

 

 

 

 

 

 

Figure 5. Vertical profiles of βaer, αaer, LR, AEb at 355, 532, 1064 nm, obtained by the EOLE system on 27 June (day and night) 
and 28 June (day) 2016. 

In Fig. 3 we present the frequency of occurrence (%) of 
LPDR, LR and AEa(355 nm/532 nm) for fresh and aged 
BB particles at 532 nm, as measured over our station. 
We see that in more than 80% of the cases we studied, 
LPDR<7% (aged), 40 sr<LR<105 sr (fresh and aged), 
while 1.2<AEa<1.6 (aged) and 0.4<AEa<1.4 (fresh). 
Based on observations we found that LR(355nm)= 
73±13sr (fresh) and 60±22 sr (aged); LR(532nm) 
=71±15sr (fresh) and 60±18 sr (aged). These values are 
in good agreement with relevant published ones [10-
16]. 

4. CASE STUDY 

A case study of fresh BB particles from a wildfire 
occurred about 20 km from NTUA, in Parnis (Attika) 
mountain, between 27-28 June 2016 will be analyzed, 
regarding the aerosol optical properties: βaer (355, 532, 
1064 nm), αaer(355, 532 nm), LR(355, 532 nm), 
AEa(355nm/532nm) and AEb(355nm/532nm) and 
AEb(532nm/1064nm). 

In Fig. 4 we present the spatio-temporal evolution of the 
range-corrected (RCS) lidar signal at 1064 nm obtained 
by EOLE for 27 June (08:49-20:40 UTC, day and night) 
and 28 June (06:37-10.00 UTC, day) 2016. Smoke 
layers are seen between 2.5 and 4.5 km height (in light 
blue-green color) over the locally produced particles 
within the PBL (from ground up to 2-2.5 km height, in 
yellow-red color). Scattered clouds are formed at the 

top of the PBL or above it at 1.5-3.5 km height (i.e., 
between 14:30-17:00 UTC), on 27 June 2016. 

In Fig. 5 we show the vertical profiles of βaer, αaer, LR, 
AEb obtained by the EOLE system at 355, 532, 1064 
nm, on 27 (10:45-12:00 UTC & 18:23-20:23 UTC) and 
28 June (06:37-07:40 UTC) 2016. We found LRs of the 
order of 70±5 sr (355 nm) and 65±15 sr (532 nm) and 
AEa(355 nm/532 nm) around 1. 

5. CONCLUSIONS 

Multi-wavelength aerosol Raman lidar and sun 
photometer data were used, over a 10-year period 
(2007-2016), to provide the vertical profiles of the 
aerosol optical properties over Athens, Greece. We 
studied more than 30 intense biomass burning events 
originating from forest and agricultural fires mainly 
over Europe (Russian Federation, Ukraine, Romania, 
Italy, Greece, etc.). These events comprised fresh and 
aged smoke particles, with layers between 1.5 up to 4-5 
km height and of duration of ~1-3 days. The statistical 
analysis of the aerosol optical properties derived by 
EOLE and AIAS [LR(355-532 nm, LPDR(532 nm), 
AEa(355 nm/532nm)] showed that: 40 sr<LR<105 sr 
(355 nm) and 40 sr<LR<100 sr (532 nm), LPDR<7%, 
in most cases and 0.3<AEa(355 nm/532 nm)<2.1. Our 
observations, when compared with those reported in the 
literature concerning various biomass burning events 
(fresh and aged) observed by Raman lidars, showed 
good agreement. A case study (27-28 June 2016) of 
near-range transport of biomass burning aerosols over 
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Athens showed smoke layers up to 4-4.5  km a.s.l., with 
LR≈70±5 sr (355 nm), LR≈65±15 sr (532 nm) and AEa 
(355 nm/532 nm)≈1. 
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