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ABSTRACT  

Limassol region in Cyprus, located in the Eastern Mediterranean, represents a major crossroads for various air masses, 

making the place a hub for mixing particles from both local and remote aerosol sources. The unique atmospheric conditions 

of the area offer an ideal place to study the vertical atmospheric structure. This study utilizes active and passive remote 

sensing techniques, such as the sun-photometer AERONET CUT-TEPAK station (Aerosol Robotic Network) and the Polly 

XT Raman LIDAR depolarization system available in Limassol (34.7oN, 33oE). An extended analysis of long-term 

ground-based measurements using AERONET Level 2.0 solar products is presented. The study focuses on the 

classification method proposed by Toledano et al. (2007) [1] for different aerosol types. Aerosol optical depth at 440 nm 

(AOD) and Ångström Exponent at 440-870 nm (AE) are examined for 14 years (2010 - 2023). The results show a strong 

contribution of dust particles in spring months and continental particles in summer periods. Marine particles were found 

to be extremely dominant according to the classification. Subsequently, to examine the presence of dust particles in the 

marine’s classification, the study incorporates the particle depolarization ratio (PDR) from the LIDAR vertical profiles at 

532 nm using the Klett method. Thus, a new aerosol scheme has been developed concluding in four aerosol categories 

(dominating conditions of marine aerosol (M), mineral dust (D), anthropogenic haze/ biomass burning (H+S), mixed 

aerosol). 
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1. INTRODUCTION  

Atmospheric aerosols originating from both natural sources and anthropogenic activities have a significant role in 

impacting human health, shaping the environment, and influencing climate change patterns [2]. Owing to the diversity of 

the aerosol sources and their complex optical properties, aerosols continue to be a major uncertainty in the climate system 

[3]. Depending on the region, different types or mixtures of aerosols can cause a positive or negative effect on radiation 

forcing [4], [5]. To better understand the impact of aerosols on radiation and climate, it is necessary to study the aerosols’ 

optical and microphysical characteristics and examine the various types in different sites around the globe.  

In the present study, the region that is examined is the Eastern Mediterranean, Limassol city in Cyprus. Due to its 

geographical location, the Eastern Mediterranean receives particles of various kinds due to their diverse areas of origin. 

Dust particles from the Sahara Desert and Middle Eastern regions, marine aerosols, anthropogenic particles from 

urban/industrial areas from North Africa, Eastern and Central Europe, and biomass burning particles from neighboring 

regions (e.g., Turkey) [6], [7], [8], [9], [10] are some of the dominant particles in the atmosphere of Mediterranean region. 

It is therefore a suitable point for studying the vertical distribution of suspended particles. 
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Figure 1. MODIS Satellite Image (10/10/2022, https://worldview.earthdata.nasa.gov) showing the regions of the Eastern 
Mediterranean, North Africa, and Middle East. 

Classification of different types and mixtures of aerosols has been a major concern of the scientific community and for 

this reason various classification methods have been proposed in literature. Numerous studies focus on the characterization 
of aerosols utilizing in-situ measurements, either remote sensing techniques as ground-based, airborne or satellite to 

retrieve the optical properties of the aerosols [11], [12], [13], [14]. Considering the sparse nature of ground-based optical 

measurement networks, estimates of the time variation and spatial distribution of aerosols often rely on satellite remote 

sensing [15], [16], [17]. However, due to the high uncertainty of the satellite products, the calibration and validation of 

these instruments measurements is performed either from ground-based remote sensing techniques or in-situ 

measurements. Remote sensing techniques are utilized for retrieving data of optical properties of aerosols [1], [18], [19], 

[20], [21], [22], [23], [24]. The identification of suspended particle types utilizing remote sensing techniques, mostly 

studies the relationship between aerosol load and aerosol size. The main aerosol types characterized by remote sensing 

optical properties retrievals are dust, marine, particles from biomass burning (BB: biomass burning), urban / anthropogenic 

haze and continental particles [1], [25].Τhe global AERONET network (Aerosol Robotic Network) is the base of remote 

sensing techniques for the aerosol characterization studies, worldwide  [18], [19], [20], [22], [26], [27]. However the 
synergic use of remote sensing techniques, in particular depolarization LIDAR and sun-photometer can be effectively 

conduct the exploration of optical and microphysical properties of diverse aerosol types [9], [10], [28], [29], [30], [31], 

[32]. Aerosol Optical Depth (AOD) and the Ångström Exponent (AE) are used to define aerosols [1], [25], [26], [35]. 

AOD is the amount of aerosols in the vertical column of the atmosphere and the Ångström Exponent is an index that 

indicates the size of particles [33] and classifies them into fine and coarse mode [34], [35]. In the literature the most 

common categorization of aerosol using these properties is into dust, marine particles/sea salt, urban/industrial/continental 

particles produced by fossil fuel combustion, particles from biomass burning/coal combustion/fire smoke and mixed 

aerosols [20], [26], [36]. Aerosols can be classified based on their shape (spherical, non-spherical), by particle 

depolarization ratio at various wavelengths with depolarization and Raman LIDAR. Depolarization ratio is a valuable 

property for studying aerosols and clouds [37], as it effectively distinguishes spherical particles from non-spherical 

particles, providing insights into mixed-phase clouds by discriminating water layers from ice layers [38]. Distinct values 

of particle depolarization ratio [PDR] have been delved into by numerous studies. Relevant examples of PDR at 355, 532 
nm for desert dust are for Sahara and Middle East 25 ± 3, 30 ± 1 respectively. For biomass burning / smoke at 532 nm, 5 

± 1 [28]. Marine aerosols have minimum values of PDR at 355, 532 nm, 2 ± 2 and 2 ± 1 respectively [39], [40] and the 

values of PDR of volcanic ash is between 0.30 - 0.35 [41].   
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2. DATA & METHODOLOGY 

2.1 Instrumentation  

This study was conducted using data from Cimel sun-photometer of AERONET (Aerosol Robotic Network) that has been 

operated at Limassol (CUT-TEPAK station) since 2010 [42], [43]. The instrument allows measurements of direct and 

diffuse solar radiation directly from the sun and sky respectively, at wavelengths 340, 380, 440, 500, 670, 870, 1020 and 

1640 nm [4. Microphysical and optical properties of the aerosols can be retrieved from the sun-photometer, thus in this 

study the products that used are Aerosol Optical Depth (AOD) and Ångström Exponent 440-870 nm (α ή ΑΕ). Also, at the 

Cyprus Atmospheric Remote Sensing Observatory (CARO) of the Eratosthenes Centre of Excellence at Limassol (34.7oN,

33oE, 2.8 m a.s.l.), a multiwavelength polarization Raman lidar, Polly (POrtabLe Lidar sYstem) [45], utilized to monitor 

aerosol layers and clouds. CARO is part of the ACTRIS (Aerosols, Clouds and Trace gases Research InfraStructure) 

National Facility of the Republic of Cyprus for the remote sensing of aerosols and clouds [46]. The retrievals of the 

polarization Raman Lidar are the vertical profiles of backscatter coefficient (β) of the particles at 355, 532 and 1064 nm, 

the particle extinction coefficient (a) at 355 and 532 nm, the lidar ratios (S) as well as the volume (VDR) and particle 

linear depolarization ratio (PLDR) at 355 and 532 nm. In this study, the vertical distributions of the particle depolarization 

ratio at 532 nm by the Klett method [47] were used.  
 

2.2 Aerosol classification for Limassol area 

An aerosol classification method proposed by Toledano et al. (2007) [1] is performed for the Limassol area. The 

categorization is carried out by delimitation of optical properties of aerosols, the aerosol optical depth (AOD) at 440 nm 

and the Ångström Exponent (AE) at 440-870 nm. The aerosol classification is performed at CUT-TEPAK site in Limassol 

for the period 2010-2023 (14 years), using the level 2.0 products of the Cimel, sun-photometer of the AERONET network. 

According to this classification, particulate matter is divided into five (5) categories, desert dust, marine, continental, 
biomass burning particles and mixed aerosols (desert dust and biomass burning). The thresholds for each category are 

presented in Table 1. 

Table 1. Aerosol classification thresholds by Toledano et al. (2007) [1]. 

Aerosol type AOD (440 nm) AE (440-870 nm) 

Desert dust - ≤ 1.05 

Marine ≤ 0.2  0-2 

Continental 0.2 - 0.35 ≥ 1.05 

Biomass burning  ≥ 0.35  ≥ 1.4 

Mixed aerosol ≥ 0.35  1.05 - 1.4 

 

2.3 Study of marine aerosol classification area with Particle Depolarization ratio 

According to the classification method proposed by Toledano et al. (2007) [1], marine particles were found to be extremely 

dominant in the coastal city of Limassol. Marine aerosol often is a mixture of anthropogenic haze, continental and marine 

particles posing challenges to explain the pure marine aerosol. The characterization of marine aerosol for the 

Mediterranean Sea becomes crucial because of the influence of nearby areas and the restricted basin dimension [48]. 

Subsequently, a study utilizing the particle depolarization ratio (PDR) was performed in the marine area of the aerosol 

classification according to Toledano’s et al. (2007) method [1]. This approach was used to investigate the presence of dust 

in the marine particles area categorizing particles into spherical and non-spherical. The information is derived from the 

LIDAR vertical profiles at 532 nm using the Klett method, conducted in the range of AOD ≤ 0.2 and AE ≤ 1 (marine area) 

for the period 2016-2018 & 2020-2023 (available LIDAR data). In this study the criteria for pure marine by Smirnov et 
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al. (2003) [49] AOD < 0.2 and AE ≤ 1 are used, including also the 0.2 values of AOD. Particle depolarization values are 

the average value of the depolarization ratio of the aerosol layer for the date and time of each measurement, calculated. 

The vertical profiles of PDR of the aerosol layers were retrieved from the PollyNET LIDAR page (https://polly.tropos.de/) 

for Limassol LIDAR site which is operated at CARO station, of Eratosthenes Centre of Excellence. For the characterization 

of aerosols, the thresholds of particle depolarization ratio at 532 nm for six aerosol types from a study conducted for the 

Limassol region by (PhD Argyro Nisantzi, 2015) [50] were used. 

Table 2. Particle depolarization ratio per aerosol type at 532 nm, thresholds for Limassol region (PhD Argyro Nisantzi, 2015). 

Aerosol type Particle depolarization ratio 

(PDR – δ at 532 nm) 

Biomass burning 0.121 ± 0.021 

Urban haze 0.067 ± 0.032 

Continental particles 0.083 ± 0.021 

Marine particles 0.032 ± 0.021 

Saharan dust 0.239 ± 0.07 

Middle east dust 0.237 ± 0.049 

 

2.4 Aerosol classification based on Limassol atmospheric (aerosol optical properties) observations. 

A new aerosol typing scheme based on spectrally resolved long-term LIDAR and sun-photometer observations at Limassol 

has been implemented. The scheme draws on clean marine aerosol conditions observations and on two decades of 

AERONET-based observations of heavy dust pollution around the world. An analysis to characterize the dominant 

aerosols observed in Limassol atmosphere is conducted. Clear sectors are defined based on observed patterns to understand 

the local atmospheric dynamics. The aerosols are categorized into dominating marine aerosol conditions (M), dominating 
mineral dust conditions (D), dominating anthropogenic haze / biomass burning conditions (H+S) and mixed aerosol. The 

categorization is carried out by delimitation of optical properties of aerosols, the aerosol optical depth (AOD) at 440 nm 

and the Ångström Exponent (AE) at 440-870 nm. The aerosol classification is performed at CUT-TEPAK station in 

Limassol site for the period 2016-2018 & 2020-2023 (available Lidar data), using the level 2.0 products of the Cimel, sun-

photometer of the AERONET network. The thresholds of each category are presented in Table 3. 

 
Table 3. Aerosol classification thresholds based on observations of aerosol properties at Limassol. 

 

 

 

 

 

 

 
 

 

 

Aerosol type AOD (440 nm) AE (440-870 nm) 

Dominating marine aerosol conditions < 0.08 < 0.75 

Dominating mineral dust conditions > 0.12 < 0.6 

Dominating anthropogenic haze / 

biomass burning conditions 
> 0 > 1.2 

Mixed aerosol All the other parts All the other parts 
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3. RESULTS & DISCUSSION  

3.1 Aerosol classification method proposed in literature. 

This aerosol characterization method is based on two microphysical aerosol optical properties: the Aerosol Optical Depth 
(AOD) and the Ångström Exponent (AE). Therefore, the AOD 440 nm vs AE 440-870 nm diagram qualitatively illustrates 

the quantity and size of particles observed in atmosphere (Figure 2). 

 

 
Figure 2. Scatterplot of AOD (440 nm) vs. AE (440-870 nm) distinguishing between five aerosol types for Limassol site, for 
period 2010 – 2023 with the percentages of each aerosol type using the classification method proposed by Toledano et al. 
(2007) [1].  

 

Table 4. Aerosol type counts and percentages [%] per season for period [2010-2023]. 

Aerosol 

type 

 Counts per 

aerosol 

type 

[2010-2023] 

Aerosol type 

percentages 

[%] 

Spring 

(M.A.M.) 

[2010-2023] 

Aerosol type 

percentages 

[%] 

 Summer 

(J.J.A.) 

[2010-2023] 

Aerosol type 

percentages 

[%] 

Fall  

(S.O.N.) 

[2010-2023] 

Aerosol type 

percentages 

[%] 

 Winter  

(D.J.F.) 

[2010-2023] 
Desert dust 23,870 29.3 8.4 13 9.5 

Marine 82,638 56.5 41.2 58.9 78.1 

Continental 33,361 11.7 33.1 21.9 12.4 

Biomass 

burning  

5,976 0.7 7.9 3.3 0.9 

Mixed 

aerosol 

7,203 1.8 9.4 3 1.1 

 

The total measurements of AOD-AE optical properties of particles for the CUT-TEPAK station (34.7oN, 33oE) in 

Limassol, for the period 2010-2023, retrieved from the sun-photometer were 153,048. Aerosols represented in the marine 

category were the highest percentage of 54% and biomass burning category had the lowest percentage of 3.9%. The Table 
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4 demonstrates the counts per aerosol type and the seasonally dominant aerosol categories for Limassol area were desert 

dust (29.3%) in spring, continental (33.1%) and biomass burning (7.9%) particles in summer and marine dominance 

(58.9%, 78.1%) in fall and winter respectively. 

 

3.2 Study of marine aerosol classification area with Particle Depolarization ratio 

Aerosol characterization of particulate matter is conducted in the range of AOD ≤ 0.2 and AE ≤ 1 with the Particle 

Depolarization ratio at 532 nm. Therefore, the AOD (440 nm) vs AE (440 - 870 nm) diagram provides a qualitative 

representation of the quantity and size of the particles. The PDR 532 nm represents the sphericity of the aerosols observed 

in the selected range with the values shown in the graph in color, where blue is the minimum value and red the maximum 

of PDR (Figure 3). 

 

 
Figure 3. Scatterplot of AOD (440 nm) vs. AE (440-870 nm) in range AOD ≤ 0.2, AE ≤ 1, for the period 2016-2018 & 2020-
2023. The color of each measurement indicates the value of PDR at 532 nm. 

 
Table 5. Counts and percentages [%] of Particle Depolarization ratio. 

Particle Depolarization 

ratio (PDR) 

Counts PDR Percentage of 

PDR [%] 

≤ 0.05 1,841 17.47 

> 0.05 & ≤ 0.1 2,255 21.39 

> 0.1 & ≤ 0.15 2,767 26.25 

> 0.15 & ≤ 0.2 2,697 25.59 

> 0.2 & ≤ 0.25 900 8.54 

 
According to the study conducted for the Limassol region for six aerosol types by (PhD Argyro Nisantzi, 2015) [50], 

aerosols were characterized using particle depolarization ratio thresholds at 532 nm. Pure marine particles with PDR values 

below 0.05 accounting for 17,5% of the measurements. The existence of non-marine particles was observed in the range 

of AOD ≤ 0.2 and AE ≤ 1 due to the relatively high particle depolarization ratio values, with 60% percent of the 

measurements having PDR values above 0.1. The diversity in PDR values highlights the varied aerosol types in the marine 

aerosol area. Additionally, desert dust particles constituted 9% of the measurements, suggests that particles other than 

marine may be in the range of AOD ≤ 0.2 and AE ≤ 1. 
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3.3 Aerosol classification based on observations of dominating aerosols in Limassol. 

This new aerosol typing scheme is based on spectrally resolved long-period LIDAR and sun-photometer observations of 

the aerosol optical properties: the Aerosol Optical Depth (AOD) and the Ångström Exponent (AE) at Limassol. Therefore, 

the AOD 440 nm vs AE 440-870 nm diagram describes the quantity and size of particles qualitatively in the aerosols 
observed at CUT-TEPAK site in Limassol region for the period 2016-2018 & 2020-2023. In the range of AOD ≤ 0.2 and 

AE ≤ 1 the aerosol characterization of particulate matter with the PDR at 532 nm is also presented (Figure 4). 

 
Figure 4. Scatterplot of AOD (440 nm) vs. AE (440-870 nm) distinguishing between four aerosol types using a new aerosol 
typing scheme for Limassol site, for period 2016-2018 & 2020-2023. Crosses indicate the different aerosol types, dominating 
conditions of mineral dust (orange), anthropogenic haze/ biomass burning particles (purple), marine aerosol (blue) and mixed 

aerosol (grey). Different color circles indicate the different PDR values of each measurement. 

 

Table 6. Aerosol type counts and percentages [%] per season for period [2016-2018 & 2020-2023]. 

Aerosol 

type 

Counts per 

Aerosol type. 

[2016-2018 & 

2020-2023] 

Aerosol type 

percentages 

[%] 

Spring 

(M.A.M.) 

[2016-2018 & 

2020-2023] 

Aerosol type 

percentages 

[%] 

Summer 

(J.J.A.) 

[2016-2018 & 

2020-2023] 

Aerosol type 

percentages 

[%] 

Fall  

(S.O.N.) 

[2016-2018 & 

2020-2023] 

Aerosol type 

percentages 

[%] 

Winter 

(D.J.F.) 

[2016-2018 & 

2020-2023] 
Dominating 

marine 

aerosol  

561 1.08 0.05 0.44 3.20 

Dominating 

mineral dust  

6,512 27.28 1.98 5.08 7.64 

Dominating 

anthropogenic 
haze/biomass 

burning  

28,763 26.04 74.64 52.89 53.70 

Mixed aerosol 20,807 45.61 23.33 41.59 35.47 
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Figure 5. Stacked bar chart showing the seasonal percentages of four aerosol types based on the new aerosol typing scheme 

for Limassol site, for period 2016-2018 & 2020-2023. Seasons are categorized as spring [M.A.M.], summer [J.J.A.], fall 
[S.O.N.] and winter [D.J.F.]. Each color indicates the different aerosol types, dominating mineral dust conditions (orange), 
dominating anthropogenic haze/ biomass burning conditions (purple), dominating marine aerosol conditions (blue), mixed 
aerosol (grey). 

 

The total measurements of AOD, AE optical properties of particles for the CUT-TEPAK station (34.7oN, 33oE) in 

Limassol, for the period 2016-2018 & 2020-2023, retrieved from the sun-photometer were 56,643. Aerosols represented 

in the dominating anthropogenic haze / biomass burning conditions were the highest percentage of 50.78% and dominating 

marine aerosol conditions category had the lowest percentage of almost 1%. The Table 6 and Figure 5 demonstrates that 
the seasonally dominant aerosol categories for Limassol area were mixed aerosol (45.61%) and dominating mineral dust 

conditions (27.28%) in spring, dominating anthropogenic haze / biomass burning conditions (74.64%) in summer and 

mixed aerosol (41.59%, 35.47%) and dominating anthropogenic haze / biomass burning conditions (52.89%, 53.7%) in 

fall and winter respectively. During the summer months, especially in August, the atmosphere over Limassol showed a 

remarkable predominance of anthropogenic haze and biomass burning. A significant presence of mineral dust was 

observed during Aprils. In contrast, marine particulate matter was present at relatively lower concentrations compared to 

other pollutants in the atmosphere. 

 

4. CONCLUSIONS  

 

This paper aimed to analyze Limassol’s atmospheric composition using remote sensing techniques. A classification 

method proposed by Toledano et al. (2007) [1] implemented for 14 years (2010-2023) observations of optical properties 

of aerosol from AERONET products for Limassol (34.7oN, 33oE). The findings revealed that the marine aerosols 

category was the highest percentage of 54% and biomass burning category had the lowest percentage of 3.9%. Seasonal 

variations pointed to the dominance of desert dust (29.3%) in spring, continental (33.1%) and biomass burning (7.9%) 

particles in summer and marine dominance (58.9%, 78.1%) in fall and winter respectively. Further investigation 

incorporating the particle depolarization ratio (PDR) from the LIDAR vertical profiles at 532 nm using the Klett method, 

conducted in the range of AOD ≤ 0.2 and AE ≤ 1 (marine area) for the period 2016-2018 & 2020-2023 revealed nuances. 

Pure marine particles with PDR values below 0.05 accounting for 17,5% of the measurements. The existence of non-

marine particles was observed in the range of AOD ≤ 0.2 and AE ≤ 1 due to the relatively high PDR values, with 60% of 
the measurements having values above 0.1 indicating the presence of non-marine particles. Additionally, desert dust 

particles constituted 9% of the measurements, suggests that particles other than marine may be in the range of AOD ≤ 0.2 
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and AE ≤ 1. Therefore, the classification proposed by Toledano et al. (2007) [1] is not applicable for the Limassol area. 

The new aerosol typing scheme, based on spectrally resolved extended-term LIDAR and sun-photometer observations at 

Limassol, portrayed dominating anthropogenic haze / biomass burning conditions were the highest percentage of 50.78% 

and dominating marine aerosol conditions category had the lowest percentage of almost 1%. Seasonally, in Limassol area 

mixed aerosol (45.61%) and dominating mineral dust conditions (27.28%) were dominant in spring, dominating 
anthropogenic haze / biomass burning conditions (74.64%) in summer and mixed aerosol (41.59%, 35.47%) and 

dominating anthropogenic haze / biomass burning conditions (52.89%, 53.7%) in fall and winter respectively. During the 

summer months, especially in August, the atmosphere over Limassol showed a remarkable predominance of anthropogenic 

haze and biomass burning. A significant presence of mineral dust was observed during Aprils. In contrast, marine 

particulate matter was present at relatively lower concentrations compared to other pollutants in the atmosphere. This 

integrating approach of aerosol type classification provides insight into the complex aerosol dynamics of Limassol region, 

contributing knowledge for both atmospheric science and environmental monitoring. 
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