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Abstract

Vertically resolved aerosol characterization is crucial for assessing the impact of aerosols on radiation,
cloud formation, and climate. Atmospheric aerosol particles exhibit significant spatial and temporal
variability, making long–term observations essential for understanding these variations and developing
an aerosol climatology. We conducted, for the first time, long–term lidar measurements in Albania
during 2022–2023 using a ground–based Raman lidar. In this study, we evaluate aerosol extinction
profiles and aerosol optical depth (AOD) using 15 years of Cloud–Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) data and one year of ground-based Raman lidar measurements.
We present seasonal patterns of total, dust, and non-dust aerosol extinction coefficients along with
air mass cluster backward trajectories. Additionally, we analyze monthly AOD variations over a
15–year period from CALIPSO and a one–year period from POLLY (POrtabLe Lidar sYstem). The
maximum extinction coefficient retrieved by CALIPSO in the near-surface layer ranges from 80 to
100 Mm−1. In comparison, POLLY observations at 300m altitude indicate maximum extinction values
between 75 and 125 Mm−1. The maximum height of the aerosol layer is detected between 8 and 10 km.
Wildfire smoke layers were identified up to 10 km height during the summer season. The highest AOD
values are observed during summer, specifically in August, reaching approximately 0.26 for CALIPSO
and 0.19 for POLLY. In contrast, the lowest values occur in winter. For POLLY, the minimum AOD
is recorded in December at 0.053, while for CALIOP, the lowest values are around 0.1, observed in
December and January. HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) backward
cluster analysis indicates regional aerosol transport primarily from the Balkans and Italy, along with
long-range transport from Western Europe and North America.

Keywords: CALIPSO, Raman lidar, extinction coefficient, AOD, Hysplit

1. Introduction
Aerosols significantly impact Earth’s climate, air quality, and human health. They interact with

radiation and clouds, thus influencing Earth’s radiation budget, cloud properties, and precipitation
[1]. These effects strongly depend on aerosol vertical distribution [2,3]. Aerosols exhibit high spatial
and temporal variability, making large–scale and long–term observations essential for understanding
their effects [4]. Vertically resolved aerosol observations are essential for assessing aerosol impacts on
cloud formation and radiation [5,6]. Monitoring the vertical distribution of aerosol extinction provides
insights into pollutant transport, seasonal variations, and atmospheric processes. A comprehensive
approach, combining in situ, satellite, and surface–based observations, is vital for assessing global
aerosol models and improving surface measurement interpretation [7]. Due to the lack of in-situ
observations in Albania and the wider Western Balkans, we base our analysis on satellite and ground–
based lidar measurements.
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The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) mission
enables multi-year aerosol profiling, offering long-term, global-scale measurements of aerosols and
clouds. These data provide a unique opportunity to evaluate aerosol climatology and its spatiotemporal
variability. Ground-based lidar systems, such as Raman lidars, complement these observations by
delivering high temporal resolution aerosol profiles. Unlike CALIPSO, Raman lidars independently
measure backscatter and extinction coefficients, allowing direct retrieval of the lidar ratio [8]. Since
the lidar ratio is a key input for CALIPSO retrievals and aerosol classification, ground-based lidar
observations are crucial for validating and enhancing the accuracy of aerosol optical properties
retrieved by CALIPSO.

The Western Balkan region is a black spot regarding atmospheric observations, especially in
studying aerosol vertical distribution and their properties. While numerous European Aerosol Research
Lidar Network (EARLINET) stations across Europe support ground-based aerosol monitoring, the
Western Balkans region lacks extensive coverage, with Belgrade, Serbia, being the only established
site. The Belgrade station has not been operational for years now. Notably, Albania, located near the
Adriatic Sea, has had no prior atmospheric observations. To address this gap, we deployed, for the
first time, a Raman lidar in Tirana, Albania, conducting a one-year measurement campaign. This effort
provides a unique and invaluable dataset for aerosol characterization. During this campaign, various
aerosol events were observed, including Canadian and Greek wildfire smoke and Saharan dust, in
addition to anthropogenic pollution. This region is particularly loaded with residential wood-burning
smoke during the heating season. These residential wood combustion emissions impact the air quality
and health by significantly enhancing the PM2.5 levels. Furthermore, these black carbon–rich emissions
contribute to elevated lidar ratio values throughout the heating season [9]. The continuous one-year
Raman lidar observations provided a comprehensive dataset for aerosol climatology over this region.

This study investigates seasonal variations in the vertical distribution of aerosol extinction and
aerosol optical depth (AOD) using both ground-based POrtabLe Lidar sYstem POLLY) and satellite-
based lidar (CALIPSO) observations. By comparing these datasets, we aim to identify local and
regional contributions to aerosol climatology. Ground-based lidar measurements not only enhance the
accuracy of CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) retrievals but also serve as
essential validation tools. One year of POLLY lidar observations from Tirana, Albania, alongside 15
years of CALIOP measurements, are incorporated.

The paper is structured as follows: Section 2 provides an overview of aerosol products retrieved
from CALIOPO and POLLY lidars. Section 3 presents seasonal variations in aerosol extinction profiles,
including AOD values, and compares CALIPSO and POLLY observations. Additionally, seasonally
resolved HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) cluster analysis offers
insights into airflow patterns and aerosol transport. Moreover, two case studies are analyzed in detail
and presented. Concluding remarks are given in Section 4.

2. Methodology
This study employs a comprehensive dataset, including satellite and ground-based lidar measure-

ments. POLLY lidar was deployed in Tirana, Albania, from 8 November 2022 until 7 October 2023.
Calipso delivers aerosol data from June 2006 to August 2023.

Table 1. Overview of the dataset employed in this study.

Dataset Parameters Time Constraints

CALIOP Extinction coefficient, AOD 2006-2021

POLLY Extinction coefficient, AOD Nov 2022-Oct 2023

HYSPLIT Cluster air mass trajectories 2012-2022
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Ground–based lidars are characterized by high temporal resolution, while satellite–based ones are
characterized by high spatial resolution. Although ground–based lidars are affected by an incomplete
overlap between the laser beam and the receiver field–of–view, they still provide very accurate insights
on the aerosol load and dynamics within the planetary boundary layer, allowing for estimating local
contributions. Table 1 and Figure 1 provide details on the methodology followed in this study and the
dataset employed.

Figure 1. Flowchart illustrating the overall methodology followed in this study.

2.1. Study Area

CALIPSO data products belong to the map area indicated by a blue square. POLLY’s observations
were performed in the capital city of Albania, Tirana (41.36 N, 19.76 E), indicated by the red star in
Figure 2. HYSPLIT air mass cluster analysis was conducted for three different locations over the
Adriatic Sea, the POLLY site in Tirana, and North Macedonia. Due to insignificant changes among
these locations, we present in this paper only the air mass cluster analysis for the POLLY site.

Figure 2. The CALIPSO data grid (lat. 40◦–42◦ (left panel) and lon. 17.5◦–22.5◦). POLLY_1v2 (right panel)
instrument deployed at the Agricultural University of Tirana in Tirana.

2.2. CALIPSO Observations

CALIOP is a two-wavelength (532 and 1064 nm) elastic backscatter lidar onboard CALIPSO that
provides high-resolution vertical profiles of aerosols and clouds [10,11]. CALIOP is equipped with a
three-channel receiver unit at 1064 nm, 532 nm parallel-polarized, and 532 nm cross-polarized. Calipso
products are delivered as Level 1B (attenuated backscatter coefficient and depolarization ratio), Level
2 (backscatter coefficient and depolarization ratio), and Level 3 (monthly extinction coefficient globally
gridded). A monthly global gridded dataset of daytime and nighttime aerosol extinction profiles
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and AOD has been developed and is available as a Level 3 aerosol product [2]. CALIPSO Level 3
data downloaded products are distributed as globally gridded means with 5◦ x 2◦ spatial resolution.
The Level 3 products are available as: CALIPSO Lidar Level 3 Tropospheric Aerosol Profiles, Cloudy
Sky Opaque Data; CALIPSO Lidar Level 3 Tropospheric Aerosol Profiles, Cloudy Sky Transparent
Data; CALIPSO Lidar Level 3; CALIPSO Lidar Level 3 Tropospheric Aerosol Profiles, All Sky Data;
Tropospheric Aerosol Profiles, Cloud Free Data. The dataset used in our study is CALIOP cloud-free
Level 3, where averages are constructed from columns where no clouds are detected at 5 km horizontal
resolution [12]. This study involves only nighttime observations.

• We make use of CALIPSO Level 3 data files, cloud-free data (V4.20 and V4.21)
• Spatial resolution 5◦ x 2◦ (horizontal), 60 m vertical
• Analysed 185 data files (total) for extinction σ(z) for the time period June 2006 - December 2021
• Cal L2 data analysis for Albania, which has a small geographical area, is not easy to perform due

to the low number of profiles and cloud occurrence

Table 2. Overview of the data analysis from CALIPSO-derived aerosol extinction coefficients and AOD values.

Step Description

1
Downloading CALIPSO Level 3 cloud-free

(V4.20 and V4.21) nighttime data from
Earthdata Search homepage

2

Generating monthly mean profiles of total and
dust extinction coefficients for the geographical

area ((lat. 40◦- 42◦ and lon.17.5◦- 22.5◦)) from
June 2006 to December 2021

3 Removing peaks of the extinction profile,
indicative of clouds, after visual inspection

4
Computing non-dust extinction profiles by

subtracting the dust extinction coefficient from
the total extinction coefficient

5 Generating monthly AOD values from June
2006 to December 2021 using Python

6
Computing multi-year monthly means of total
and dust extinction profiles and AOD values

from June 2006 to December 2021

7 Computing seasonal means and standard
deviations

2.3. POLLY Lidar observations

The POLLY lidar is a single–wavelength polarization Raman lidar operated in Tirana, Albania.
The instrument integrates a laser, power supply and heat exchanger, receiver telescope, data acquisition,
computer, UPS, sensors for outdoor temperature and rain, roof cover, and the cabinet (see Figure 2
right panel). The laser head generates pulses at 532 nm wavelength, and the receiver unit is equipped
with a far–range telescope and five photomultipliers operating in photon-detection mode [13–15]. The
optical profiles are retrieved using the Raman method [16–18]. The particle backscatter coefficient,
extinction coefficient, depolarization ratio, and lidar ratio profiles at 532 nm can be retrieved with
the respective 10%, 20%, 10%, and 25%, respectively. The particle backscatter coefficient is retrieved
with the Raman lidar method, so the overlap effect cancels out and is trustworthy down to 100–150 m
[9,19]. The backscatter profiles are processed automatically by the POLLYNET processing chain
(https://polly.tropos.de/) as described in Baars et al. [20]. The extinction coefficient and lidar ratio are
impacted by incomplete overlap between the receiver and the laser. Full overlap is reached at about
600 m. To derive the extinction profiles down to the ground, we multiplied the particle backscatter
coefficient by the lidar ratio. In the case of dust extinction, the lidar ratio was set to 40 sr, and for
non–dust, a lidar ratio of 50 sr was implied.
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Table 3. Overview of the data analysis from POLLY-derived aerosol extinction coefficients and AOD values.

Step Description

1

Profiles are automatically calculated by the
POLLYNET processing chain; the profile

"quicklooks" are available at
https://POLLY.tropos.de

2 Downloading nighttime profiles automatically
processed from TROPOS POLLYNET chain

3

Generating hourly backscatter coefficient
profiles for total, dust, and non–dust

components as measured by POLLY (lat. 41◦

and lon.18.2◦) from November 2022 to October
2023, selecting only nighttime cloud–free

profiles

4

Computing extinction coefficient profiles for
total, dust, and non-dust contributions by

multiplying the total particle backscatter profile
with the corresponding lidar ratio [17]

5
Computing daily and afterwards monthly

aerosol extinction means along with standard
deviations

6
Integrating the aerosol extinction profiles for

different height ranges to obtain the AOD
values for each month

7 Computing aerosol extinction seasonal means
and standard deviations

3. Results
3.1. Aerosol Optical Depth

Figure 3a shows the total AOD time series from CALIOP observations for the given study area
(see Fig. 2 a), averaged from 2006 to 2021. The AOD dust contribution is presented in addition. The
POLLY AOD values were retrieved after integrating the backscatter-derived extinction coefficient
measured by POLLY from 8 November 2022 to 7 October 2023. The profiles are integrated for three
different layers: 0.13–2 km, 2–5 km, 5–10 km, and from 0.13 to 10 km. In Figure 3b) we exclude the
AOD values for October due to the low number of observations.

The Calipso AOD values vary between 0.01 to 0.26, while POLLY’s AOD ranges from 0.005 to
0.20. In both cases, the maximum AOD value is observed in August, and the minimum values are
measured in winter. The main dust season appears to happen from April to September, culminating in
May, according to Calipso observations. Referring to POLLY observations, we have two dust peaks, in
May and July, but these peaks are comparably smaller than the Calipso one. One contributing factor to
this difference is the high frequency of cloud occurrence during the POLLY campaign, particularly in
winter and spring. Moreover, between 2006 and 2021, the Balkan region experienced significantly more
intense Saharan dust outbreaks compared to the period 2022–2023. Additionally, the spatial averaging
over a broader region in the case of CALIPSO data introduces further discrepancies. According to
POLLY’s measurements, most of the aerosol is found at the first 2 km. From 2 to 5 km, there is a
significant presence of aerosols, mainly from June to September. A slight difference in the value of dust
AOD is noted between the 0.13–2 km and 2–5 km altitude ranges. This indicates that the dust layer is
usually extended from the ground up to 5 km in height. AOD values for dust at altitudes between
5 and 10 km are negligible. An increasing trend in total aerosol is observed in the 0.13—2 km and
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2-–5 km layers, particularly pronounced from July to September. In general, the AOD values measured
with POLLY are comparably smaller than the CALIPSO ones.

Figure 3. a) Monthly mean AOD values for total aerosols (solid line) and dust (dashed line) derived from CALIPSO
observations over the period 2006—2021. Each data point represents the average of all AOD measurements for the
corresponding month across the entire 16–year dataset. b) Monthly mean AOD values, derived from integrating
the extinction coefficient, for total (solid line) and dust (dashed line) aerosols from POLLY observations at different
altitude ranges: 0.13—2 km (green), 2-–5 km (orange), 5-–10 km (blue), and 0.13–10 km (black) covering the period
from November 2022 to September 2023.

3.2. Air Mass Cluster Analysis

Ten years (2012–2022) air mass 120–hour back–trajectories seasonal cluster analysis using HYSPLIT
for three distinct locations within the grid area and for different height levels (1, 1.5, 2, 3, 5, 7.5 km) were
performed to identify the aerosol main sources and investigate their transport. Backward trajectories
arriving at the POLLY site, the Adriatic Sea, and North Macedonia. Due to insignificant differences
among them, we present in this paper only the 5–day clusters for the POLLY site and heights of 1 km
and 7.5 km (see Figure 4. The remaining figures are provided in the supplementary material.

Figure 4. (a) Results of the seasonally resolved HYSPLIT cluster analysis of daily 120 h backward trajectories
arriving above Tirana at 1 km height a.g.l. (upper panel) and 7.5 km height (lower panel) for winter (DJF),
spring (MAM), summer (JJA), and autumn (SON). A period of 10 years (2012-2022) of daily HYSPLIT backward
trajectories are considered, about 900 trajectories per season. The relative frequency of occurrence of air mass
transport belonging to a specific cluster is given in percent at the beginning of the cluster trajectory, together with
the cluster number.

The highest cluster trajectory frequency in winter at 1 km height originated from Italy, with a
frequency of 65%. Meanwhile, in spring and summer, the predominant air mass transport originates
from the Balkans region. Source regions are nearby countries, such as Croatia and Bosnia and Herze-
govina. In autumn, there is also a significant contribution from the Mediterranean Sea (cluster 1) and
Bulgaria (cluster 2) (Fig. 4 d). At 7.5 km height, long-range air mass transport prevails throughout all
seasons. The aerosol originates mainly from North America (around 50%).
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3.3. Aerosol Extinction Climatology

Aerosol extinction vertical profiles up to 10 km height are retrieved using 15–year CALIPSO
observations and one-year POLLY observations. Along with the total extinction coefficient at 532
nm (solid line), the contributions from dust (dashed line) and non-dust (dotted line) are computed
and visualized as shown in Figure 5. The extinction profiles are seasonally averaged, with 15-year
means shown for CALIPSO and one-year means for POLLY. The POLLY extinction profiles are plotted
starting from 300 m.

Figure 5. Seasonal mean profiles of the extinction coefficient at 532 nm computed for summer (JJA), winter
(DJF), spring (MAM), and autumn (SON) rom POLLY signal profiles. One year of POLLY measurements (lines in
green)(November 2022-October 2023) are considered. In contrast, 15 years of CALIOP observations (orange lines)
(June 2006-December 2022), are seasonally averaged in the case of the total, dust, and non-dust extinction profiles.
The standard deviations are shown by the error bars.

It is generally observed that the main aerosol layer extends from the ground up to 2 km altitude.
The maximum extinction coefficient is about 110 Mm−1 in the case of Calipso and was observed in
spring. In spring, POLLY measures a maximum mean extinction coefficient of approximately 100
Mm−1. During winter, the maximum height of the aerosol layer observed is around 3 km. In contrast,
in summer, the aerosol layer is extended up to 8 km in height. During spring and autumn, the aerosol
layer reaches a height of 5 km, and sometimes the presence of aerosol can be observed from 8 to
10 km height, as shown in the spring plot. Aerosols measured at such altitudes are related to the
long-range transport of dust particles and wildfire smoke. Calipso extinction coefficient profiles are
larger than those derived from POLLY, except for autumn, where they are almost the same. The
differences are more pronounced among the dust components. Calipso extinction products involve
a greater geographical area and a longer period than POLLY, covering more than 15 Saharan dust
seasons. Although the vertical aerosol development is very similar in both cases throughout the
seasons, unique observations were taken with Polly during the 2023 spring season. Between 8 and
10 km height wildfire smoke layers were detected originating from Canadian forest fires, especially
in the second half of May and in June. Ground-based lidars operate 24 hours a day and have a high
temporal resolution, allowing this method to capture aerosol transported from distant regions not
often present at the observation site. In contrast, CALIPSO has a low temporal resolution, and the
magnitude of aerosol extinction retrieved in the upper troposphere may be underestimated due to the
detection limits of the CALIOP Level 2 retrieval algorithm [2].
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According to the 15-year means, dust is present every season and dominates in spring. In summer,
the dust layer extended higher up. In summer, dust measured with POLLY is 50% less than dust
measured with Calipso, and in autumn they are almost similar. There is a noticeable difference between
dust profiles measured in spring. Frequently occurring cloudy and rainy conditions in the summer
half–year 2023 are probably the reason for the low Saharan dust impact on the aerosol conditions
measured with POLLY at Tirana in 2023.

3.4. Case Study

In the following subsections, we present two case studies, one dust case and a dust–smoke
case. In both cases we apply the POLIPHON (Polarization Lidar Photometer Networking) method to
separate the dust and non–dust fractions of the total aerosol backscatter coefficient [17]. The two cases
demonstrate the full potential of the single-wavelength POLLY instrument. The Raman lidar method
enables us to retrieve the lidar ratio profile, which contains information about the measured aerosol
types.

3.4.1. Case Study: Dust

A dust layer that extended from 1 to 3 km, with a vertical depth of 2 km, was observed on the
14th of July 2023 in Tirana, Albania. The optical profiles are averaged from 19:00 to 20:00 UTC with a
vertical smoothing window of 292 m (39 bins) for the backscatter coefficient and depolarization ratio
and 1042 m (139 bins) in the case of the extinction coefficient and lidar ratio. A maximum backscatter
of about 3 Mm−1sr−1 was measured at around 2.2 km height. The depolarization ratio at the main
layer is 30% and the lidar ratio ranges between 40 and 50 sr, indicative of dust [21]. The extinction
coefficient varies between 100 and 150 Mm−1 (see Figure 6 b). The POLIPHON method is applied in
order to separate dust and non–dust contributions. As shown by the blue line, indicating the non–dust
backscatter profile, from the ground up to approximately 1 km, dominates the non–dust component
(anthropogenic pollution). While between 3 and 3.5 km (the depolarization ratio <15%), a mixture of
mineral dust and pollution is observed.

Figure 6. Vertical profiles of aerosol optical properties retrieved for 14 July 2023, averaged from 19:00 to 20:00 UTC,
in Tirana, Albania. a) Total backscatter coefficient at 532 nm (green solid line), particle linear depolarization ratio
at 532 nm (black solid line), dust backscatter coefficient (orange dashed line), and non-dust backscatter coefficient
(blue dashed line). b) Extinction coefficient (green line), and lidar ratio (black line). Uncertainties are shown as
error bars.

3.4.2. Case Study: Dust and Smoke

This case reveals a multi-layered aerosol structure, underscoring the complexity of aerosol condi-
tions encountered in 2023.
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Figure 7. Vertical profiles of aerosol optical properties retrieved for 27 August 2023, averaged from 21:00 to 24:00
UTC, in Tirana, Albania. a) Total backscatter coefficient at 532 nm (green solid line), particle linear depolarization
ratio at 532 nm (black solid line), dust backscatter coefficient (orange dashed line), and non-dust backscatter
coefficient (blue dashed line). b) Extinction coefficient (green line), and lidar ratio (black line). Uncertainties are
shown as error bars.

From ground up to 1 km height, the non–dust component predominates. At 1.2 km and 2 km
two peaks of 17% and 22% are shown in the depolarization ratio profile. In these two heights, mineral
dust conditions prevail. The maximum backscatter coefficient within the dust layer, 1–2.5 km, is about
1.8 Mm−1sr−1. The lidar ratio ranges below 40 and 50 sr below 2.5 km, and between 50 and 70 sr
above 2.6 km height. Another aerosol layer extended from 2.8 to 4.4 km with a peak at 3.2 km altitude
is observed. The dust contribution in this layer is negligible (zero above 3 km), and the maximum
extinction coefficient is about 70 Mm−1. The low depolarization ratio, less than 5%, and the lidar ratio
greater than 55 sr stand for smoke presence.

4. Conclusions
This study examines the spatiotemporal and vertical distribution of the aerosol extinction coeffi-

cient and AOD across the Adriatic Sea, Albania, and North Macedonia, using the latest Level-3 Version
4.20 and 4.21 Standard Cloud-Free CALIOP datasets from 2006 to 2021. High-temporal-resolution
extinction coefficient and AOD data are further supplemented by complementary observations con-
ducted in Tirana, Albania, using a POLLY ground-based Raman lidar operating continuously for 24
hours during 2022–2023. Extinction profiles are shown up to 10 km height and demonstrate different
aerosol layers, where the main layer is observed at first 2 kilometers, reaching a maximum of 110 Mm−

in the case of Calipso and 125 Mm− in the case of POLLY. The aerosol layer is extended higher up dur-
ing spring, summer, and autumn. In winter, most of the aerosol is found below 2.5 km. The CALIPSO
mission was terminated at the end of July 2023, leaving behind a comprehensive aerosol dataset. Its
multi-year measurements and broader spatial coverage result in differences in the extinction profiles
when compared to POLLY, which is based on only one year of observations. The differences are more
pronounced when it comes to the dust component. The AOD values, computed and visualized on
a monthly basis, also exhibit notable differences. CALIPSO AODs range from 0.02 to 0.26, whereas
those from POLLY vary between 0.001 and 0.19. To better characterize the aerosol variations over
Albania, longer ground-based lidar observations of particle backscatter, extinction, lidar ratio, and
depolarization ratio at several wavelengths would be desirable. Air mass cluster analysis underlines
the regional, continental, and intercontinental aerosol transport.
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