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• Even rapid Saharan mineral dust inflow 
can be affected by transport pathways. 

• Local peatland decreases polarizing 
properties of transported mineral dust. 

• NMMB/BSC-Dust model underrates the 
extent of mineral dust over Eastern 
Europe;  
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A B S T R A C T   

An exceptionally strong and very fast (120h) mineral dust inflow from North Africa to Poland was predicted by 
NMMB/BSC-Dust and NAAPS models on 10–11 June 2019. Simultaneous measurements with two complex lidar 
systems at the EARLINET-ACTRIS urban site in Warsaw (Central Poland) and the PolWET peatland site in Rzecin 
(Western Poland) captured the evolution of this dust event. The advected air masses had different source areas in 
North Africa, they were reaching each station via independent pathways, and thus, were unlikely mixed with 
each other. The excellent capabilities of the next generation PollyXT lidar and the mobile EMORAL lidar allowed 
for the derivation of full datasets of aerosol optical properties profiles that enabled comparative study of the 
advected dust properties evolution. Within a mere 350 km distance between Warsaw and Rzecin, distinctly 
different dust properties were measured, respectively: dry mineral dust composed mainly of coarse mode dust 
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particles (50 ± 5 % of the total particle backscattering profile) versus the wet mineral dust dominated by fine 
dust particles (58 ± 4 %). A new parameter fine-to-coarse dust ratio (FCDR) is proposed to describe more 
intuitively mineral dust composition.   

1. Introduction 

Airborne mineral dust particles influence climate and environmental 
conditions due to the direct aerosol effect (e.g. Kok et al., 2017; Di Biagio 
et al., 2020) and the indirect aerosol-cloud effect (e.g. McCoy et al., 
2017). Mineral dust particles are efficient cloud condensation nuclei 
(Marinou et al., 2019) that lead to changes in the optical properties and 
lifetime of clouds and influence precipitation (Karydis et al., 2011). 
Consequently, radiative forcing is influenced (Seinfeld et al., 2016), and 
therefore, dust-climate feedback is a relevant process to study. To make 
correct assessments of this phenomenon one needs both a) knowledge of 
the possible source and pathway of mineral dust, and b) its optical and 
microphysical properties. In this paper, we try to answer the question of 
to what extent it is important and worth the effort to study the vertical, 
horizontal, and temporal variability of long-range transport of aerosol at 
the same time, at two different places separated within the mesoscale? 

The Sahara desert is the main source of mineral dust transported over 
long-range distances over the entire Europe. Dust observations are 
frequent over Southern Europe, e.g. Spain (Mandija et al., 2017), Italy 
(Calidonna et al., 2020), Greece (Marinou et al., 2019), central Europe, 
e.g. Switzerland (Navas-Guzmán et al., 2019), Poland (Janicka et al., 
2017; Szczepanik et al., 2021), Eastern Europe, e.g. Romania 
(Mărmureanu et al., 2019; Ajtai et al., 2020) or as high north as Norway, 
e.g. Groot Zwaaftink et al. (2022). Such dust intrusions can be tracked 
(for finding the origin or destination) with the HYSPLIT (Draxler and 
Rolph, 2012, Stein et al., 2015) and FLEXPART (Pisso et al., 2019) 
transport models. Source analysis can be done using a combination of 
those transport models and the prediction models such us NMMB/BSC- 
Dust (Pérez et al., 2011), NAAPS (Hogan and Rosmond, 1991). For this, 
knowledge on the physical and chemical properties of mineral dust is 
required (Formenti et al., 2011), along with identification of dust 
sources and appropriate deposition schemes that are crucial for dust- 
emission models (Feuerstein and Schepanski, 2019) and weather fore-
cast models (Tsarpalis et al., 2018). 

For biogeochemistry and climate modelling, different properties of 
the dust particles must be taken into consideration, i.e. size distribution 
(Mahowald et al., 2010, 2014), which is mainly described as a ratio of 
fine and coarse aerosol particles. The dust fine mode particles are 
composed of particles with sizes below 2.5 μm. The dust coarse mode 
covers the particle size spectrum with a diameter higher or equal to 2.5 
μm (Seinfeld and Pandis, 2006). Several lidar studies showed that coarse 
and giant particles are ubiquitous in Saharan dust export regions and are 
radiatively significant over the Sahara (Ryder et al., 2019). Moreover, 
hygroscopicity in relation to dust is of great importance (Hara et al., 
2018; Navas-Guzmán et al., 2019; Wu et al., 2020). Finally, real-time 
lidar measurements of the dust-cloud interaction (Huang et al., 2018, 
Wang et al., 2020), especially the impact of mineral dust on cloud for-
mation (Weger et al., 2018) and new particle formation (Miffre et al., 
2019) are important. 

In this work we want to stress the possibilities of linking the capa-
bilities of automatic complex lidar measurements and retrieval with the 
use of the Single Calculus Chain, which can lead to the near real-time 
studies in the future. One of the crucial tasks of the ACTRIS is estab-
lishing the optimal distance between stations within the measuring 
network of existing and to be developed in the future research per-
forming organizations infrastructures. The question is: how should the 
stations be deployed? Which localizations are the best for conducting 
relevant studies? What are the footprints of the stations? Is it worth 
adding new stations? The current paper aims at investigating the lidar- 
derived optical properties of long-range transported mineral dust with 

source areas over different parts over Northern Africa. So far, this has 
never been studied/reported for East-Central Europe. Additionally, we 
try to give the answer to this question in the case of additional lidar site 
in East-Central Europe. 

The paper is structured as follows. In Section 2, the measuring sites 
and instrumentation are described. Section 3 is dedicated to the meth-
odology applied to lidar data analysis and interpretation. Section 4 
discusses the obtained optical properties of mineral dust, as well as the 
separation of mineral dust with the multi-aspect interpretation of the 
results. In Conclusions (Section 5), the main findings are summarized. 

2. Measuring sites and instrumentation 

The dust event was observed independently at two sites in Poland 
operated within the Aerosol Research Network PolandAOD (http://pol 
andaod.pl; last access on 12.05.2023) located in Warsaw agglomera-
tion and over the Rzecin peatland. The sites were equipped with 
advanced lidar systems regarded as core instruments, measuring 
simultaneously in an approximate straight-line distance of 350 km. The 
auxiliary observations were used as well, such as co-located sun- 
photometer in Warsaw and cloud radar and microwave radiometer in 
Rzecin. For the interpretation of measurements and derived data prod-
ucts, the air-mass dispersion, aerosol source, composition, and type were 
provided by the means of the prediction, re-analysis, and transport 
model runs. 

2.1. PollyXT lidar at the Remote Sensing Laboratory in Warsaw 

2.1.1. The Remote Sensing Laboratory (RS-Lab) 
The Remote Sensing Laboratory (RS-Lab) of the Faculty of Physics, 

University of Warsaw is situated close to the city centre of Warsaw 
(52.21 N, 20.98E, 112 m a.s.l.) – the capital of Poland. Warsaw has an 
area of 517 km2 with 1,744,000 inhabitants. As for a land use it is 
characterized by a significant amount of green areas (43 % of the city 
space) with a comparable area of residential sites (44 %), whole trans-
port and infrastructural areas cover only 13 % of the city (Żmudzka 
et al., 2019). The city is characterized by a warm temperate climate, 
with warm summers (mean annual temperature of 18.1–19.1 ◦C), 
thermally specific winters (a mean annual temperature from -0.6 to -1.2 
◦C), and an annual mean precipitation sum of 530–580 mm (the refer-
ence period of 1981–2014, Żmudzka et al., 2019). Increasingly, the 
urban heat island effect is observed (rising number of days with tem-
peratures >30 ◦C in the city centre measurements; Żmudzka, 2016), 
sometimes lasting up to several days (the heat waves episodes; Sta-
chlewska et al., 2018). 

The RS-Lab station has been operating since July 2013 and is a 
recognizable measuring site within the ACTRIS-EARLINET and AERO-
NET NASA networks (Fig. 1). Among other instrumentation, it is 
equipped with the PollyXT lidar (core) and CIMEL 318CE sun photom-
eter, operated in an automatic 24/7 mode. 

2.1.2. The automated multi-wavelength Raman polarization and water- 
vapour PollyXT lidar 

The automated multi-wavelength Raman polarization and water- 
vapour PollyXT lidar, comprises of the 20 Hz Nd-YAG laser, emitting 
three laser beams (1064, 532 and 355 nm). Light pulses are simulta-
neously and co-axially sent into the atmosphere, after being expanded to 
a 45 mm diameter to decrease the beam divergence (0.2 mrad) and 
lower the output power (180/110/60 mJ), respectively. The backward 
scattered light is collected with a Newtonian reflector of 300 mm 
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primary mirror, 0.9 mm pinhole (1 mrad narrow field of view; the 
PollyXT lidar; Engelmann et al., 2016). It is used to determine the elastic 
scattering at 1064, 532, and 355 nm, the elastic cross-polarized scat-
tering at 532 and 355 nm, the vibrational Raman scattering for N2 at 607 
and 387 nm and for H2O at 407 nm. The vertical profiles of three particle 
backscattering coefficients (β), two particle extinction coefficients (α), 
two particle and volume linear depolarization ratios (δp and δv), and a 
water vapour mixing ratio (WV), are provided (so-called sets of 3β + 2α 
+ 2δ + WV). For all channels, solely photon-counting detection is done 
with the Hamamatsu H10721P-110 photomultipliers (dead time of ~2 
ns), except for the 1064 nm wavelength where the extra-cooled Hama-
matsu R3236 is used. The signals are acquired with 600 MHz photon 
counters (providing 7.5 m height and 30 s time resolutions) and are 
recorded up to 48 km with 250 range bins pre-trigger length. For all 
detection channels, narrow-bandwidth interference filters of 1 nm and 
0.3 nm (N2 Raman channels) are used to achieve at least 8 times 
suppression. 

2.2. EMORAL lidar at the PolWet PULS site in Rzecin peatland 

The PolWET station of the Poznan University of Life Sciences in 
Rzecin (52.76 N, 16.31 E, 56 m a.s.l., Fig. 1) is located over a large 
peatland area in the Puszcza Notecka forest (Western Poland), which is 
protected within the Natura 2000 Network (PLH300019) under the 
Habitats Directive (Harenda et al., 2021). The peatland is classified as 
fen with three main phytocoenosis (Chojnicki et al., 2007). The southern 
part is dominated by Carex spp., and the northern part by Phragmites 
australis (Cav.) Trin. Ex Steud and Sphagnum spp. The central part of the 
peatland with a 70 cm thick floating peat carpet is more biodiverse, 
covered by Carex rostrata L., Carex limosa L., Oxycoccus palustris L., 
Typha latifolia L., Typha angustifolia L. and Sphangum spp. The drought 
periods of past years have caused the appearance of pine trees and 
bushes on the surface of the peatland. The site climate is typical for 
Central Europe and it is the result of both oceanic (more often) and 
continental air masses, with the mean annual air temperature in the 
Rzecin region of 8.63 ◦C (the reference period of 1981–2010), with 
January and July means of − 0.93 ◦C and 18.88 ◦C, respectively (IMGW- 
PIB, 2021). The average annual precipitation is 551 ± 25 mm (Woś, 
2010), with the highest precipitation in July. 

Standard operation at PolWET station contains measurements of 
CO2/H2O fluxes exchange between the ecosystem and the atmosphere 
(using eddy covariance technique), as well as a set of meteorological 
parameters: air and soil temperature, relative humidity, precipitation, 
shortwave radiation (total, diffused and reflected), longwave radiation, 
photosynthetic photon flux density, and water table depth (Harenda 

et al., 2021). These data were not used in our study. However, within 
POLIMOS activity an extensive field campaign was conducted in June-
–August 2019 in Rzecin. A unique set of instruments was deployed: the 
EMORAL lidar (core), the BASTA cloud radar provided by LATMOS and 
the Microwave radiometer MWR provided by INOE. Cloud radar and 
radiometer data were used in this work as auxiliary information. 

2.2.1. The ESA Mobile Raman Lidar (EMORAL) 
The ESA Mobile Raman Lidar (EMORAL) was installed at the Rzecin 

peatland in 2018–2019 in the framework of the POLIMOS activity. The 
lidar is installed in a van. This allows for taking the measurements in a 
chosen place where it is possible to drive. In the case of this campaign, 
no observations while driving were taken. The van was located on the 
dedicated platform at the measuring site, since the peatland is a pro-
tected area. It comprises an Nd:YAG laser head, the 300 mm diameter 
Cassegrain telescope with an adjustable field of view of 2–3.6 mrad, and 
fast high-resolution transient recorders (TR40–160, 16 bits, Licel GmbH, 
Germany). The laser beams are emitted simultaneously, collinearly, and 
vertically with a pulse length of 5–7 ns and repetition rate of 10 Hz at 
three wavelengths 1064/532/355 nm with a pulse energy of 112/103/ 
128 mJ respectively. Collected backward scattered radiation is detected 
at 8 channels: 3 elastic (1064/532/355 nm), 3 vibrational Raman (607/ 
387 nm for N2 molecules and 408 nm for H2O particles) and 2 depola-
rizing channels (532/355 nm) and simultaneously recorded with an 
analog and photon-counting mode – except for 1064 nm (only analog). 
Lidar is providing the sets of 3β + 2α + 2δ + WV. Raw spatial resolution 
is 3.75 m and the height of the full overlap is about 300 m a.g.l. Data 
acquisition for the studied days was set up at 30 s. 

Both lidars are fulfilling the strict requirements of the Quality 
Assurance (QA) instrumental procedures of ACTRIS-EARLINET (Freu-
denthaler et al., 2018). Lidar raw data files and the lidar-derived high- 
quality profiles are stored and are publicly available via the PolandAOD 
Archive. The Warsaw data are also stored in the ACTRIS-EARLINET Data 
Base after passing Quality Control (QC) procedures (Amato et al., 2018). 
More details about requirements that are fulfilled can be found at the 
European Aerosol Research Lidar NETwork EARLINET website (http: 
//www.earlinet.org/, last access 20.04.2023). 

3. Data analysis and interpretation methodology 

The methodology for lidar data evaluation comprised of several steps 
depicted in the work-flow diagram in Fig. 2, i.e. selection of the mineral 
dust case study, calculation of the sets of optical and microphysical 
properties, estimation of the fine and coarse mode dust contributions, 
interpretation of the results with model data in terms of aerosol source. 

3.1. Optical properties retrieval from lidar data 

The data collected with PollyXT lidar in Warsaw (photoncounting 
signals, 30 s and 7.5 m resolution), were evaluated to obtain the vertical 
profiles of the aerosol optical properties using automated procedures 
implemented in the Single Calculus Chain (SCC, version 5.2.3; D’Amico 
et al., 2015). The SCC is an automated tool, recommended by EAR-
LINET/ACTRIS, for lidar data evaluation, available online to any user 
via the password-protected user account (D’Amico et al., 2016, https 
://scc.imaa.cnr.it/, last access 12.07.2023). It allows for data retrieval 
using a method selected by the user (e.g., Klett, Raman, polarization 
calibration). Additionally, all data products have user-selected proper-
ties (e.g., calibration values and range, error calculation method and 
thresholds, altitude range of the profile). The evaluation process is 
automatic and connected to a specified lidar configuration, consisting of 
both emission and detection system properties. The raw PollyXT signals 
were processed with the raw vertical resolution for integration time in 
the range of 45–60 min and error threshold of 50 % and 50–100 % for 
altitudes <2 km and > 2 km, respectively (D’Amico et al., 2016). The 
particle backscatter coefficients (β) at 355, 532 and 1064 nm, the 

Fig. 1. Hypsometric map of Poland with the location of measuring sites: the 
rural site over Rzecin peatland, the urban site in agglomeration of Warsaw, 
capital of Poland (350 km apart); diagram courtesy of Olga Zawadzka- 
Mańko (FUW). 
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particle extinction coefficients (α) at 355 and 532 nm, and the particle 
linear depolarization ratios (δp) at 532 nm were evaluated using the 
Raman method (for day and night-time) by means of the so-called 
Raman Backscatter, Lidar ratio and extinction, and Raman backscatter 
and linear depolarization ratio SCC data products (Mattis et al., 2016). 
Note that in case of Warsaw, only the δp at 532 nm is being discussed 
since cross-polarization channel at 355 nm was not working in July 
2019. The calibration of backscatter coefficients was done with the at-
mospheric profiles of the rawinsonde RS92 (Vaisala) launched at the 
World Meteorological Organization station WMO 12374 in Legionowo 
(52.40 N, 20.96 E, 96 m a.s.l, 25 km north of Warsaw. A value of a 
backscattering ratio of 1.00 for all wavelengths was used. The calibra-
tion Angstrom Exponent value for the extinction coefficient profiles 
calculation was set to 1 (Ansmann et al., 1990). For the night-time 
measurements the water vapour mixing ratio (WV) was obtained 
manually, as the ratio of the Raman H2O and N2 channels, using method 
described in Stachlewska et al., 2017. The linear polarization calibration 
was done using the ±45◦ method applied on automated calibration 
measurements conducted twice a day (each lasting 10 min, starting at 
2:30 UTC and 17:30 UTC) as in Engelmann et al. (2016). 

The data from EMORAL lidar in Rzecin (analog and photoncounting 
signals, 30s and 3.75 m resolution) were also evaluated using SCC 
procedures (SCC version 5.1.4; D’Amico et al., 2015). The profiles pre-
sented in this work were obtained from signals detected only in analogue 
mode, with the raw vertical resolution for integration time in the range 
of 14–60 min and with an error threshold of 5 % and 10–30 % for 
altitude <2 km and > 2 km respectively (D’Amico et al., 2016). The β, α 
and δp profiles were calculated at the same wavelengths as for PollyXT, 
using the Raman method (at day and night-time) with SCC products as 
for PollyXT (Mattis et al., 2016). The exception was the molecular 
contribution of the β profiles that was done using a standard atmosphere 
model profiles and a backscatter ratio of 1.03 for 355 and 1.05 for 532 
and 1064 nm. The Angstrom Exponent for α profiles calculation was also 
1 (Ansmann et al., 1990). The δp profiles were calibrated using the ±45◦

method (in manual mode) as in Engelmann et al. (2016). The WV pro-
files were obtained using the method by Stachlewska et al., 2017. 

More detailed information about SCC products is provided in Ap-
pendix A, Table A1. 

3.2. Separation of fine and coarse dust 

The extended POlarization-LIdar PHOtometer Networking (POLI-
PHON) method (Mamouri and Ansmann, 2014) was applied for the 
separation of dust (fine and coarse mode) and non-dust particles 
contribution to the backscattering coefficient. Szczepanik et al., 2021, 
showed that application of this code is feasible for Warsaw, thus in the 
current work the separation algorithm was applied with high confidence 
on both sites. For easier interpretation of the results in a comparative 
approach, we introduce here a new parameter, called Fine to Coarse 
Dust Ratio (FCDR), which is defined as follows: 

FCDR =
βdf

βdf + βdc
, (1)  

where βdf and βdc denotes the backscatter coefficient on fine and coarse 
dust particles, respectively. The values of this parameter is of the range 
(0; 1]. Values close to 0 are corresponding to the coarse dust dominance, 
while 1 stays for the fine dust only. The values in between correspond to 
the mineral dust fractions mixtures, whereby fractions are the same 
when the FCDR is equal to 0.5. Note that this is not the Fine Mode 
Fraction 500 nm given by the AERONET. 

3.3. Microphysical parameters inversion from lidar data 

3.3.1. The spheroidal inversion experiments (SphInX) 
The spheroidal inversion experiments (SphInX) model has been 

developed at the University of Potsdam (Böckmann and Osterloh, 2014; 
Samaras, 2016; Samaras et al., 2022). A SphInX software tool was 
created to handle non-spherical particles using a two-dimensional 
extended Mie model and considering non-spherical, e.g. mineral dust 
particles, with a spheroidal-particle approximation. 

Such non-spherical approximation was also used, e.g., by (Vese-
lovskii et al., 2016; Dubovik et al., 2006; Soupiona et al., 2019). 
Denoting the semi-minor axis of the rotating ellipse with c and the semi- 
major axis with b, the aspect ratio (a = c/b) gives three particle shapes: 
oblate, sphere, and prolate. After retrieving the two-dimensional volume 
size distribution one can calculate the following microphysical 
parameters: 

the total volume concentration: vt =
∫ amax

amin

∫ rmax
rmin

v(r, a)drda, 
the total surface-area concentration: at =
∫ amax

amin

∫ rmax
rmin

3
πr3 G(r, a)v(r, a)drda, 

the effective radius reff = 3 vt
at

, and 

the effective aspect ratio aeff =

∫ amax

amin
a
∫ rmax

rmin
v(r,a)drda

vt
. 

The function G(r,a) denotes the spheroidal geometrical cross section 
of the particle, which can be computed by: 

G(r, a) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

2π
[

c2 +
b2

e
tanh− 1(e)

]

, where e =

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
b2

c2

√

, if a < 1

4πr2, if a = 1

2π
[

c2 +
cb
e

sinh− 1e
]

, where e =

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
c2

b2

√

, if a > 1

(2) 

Note that r plays the role of a radius of a fictitious spherical particle 
with equal volume to the actual spheroidal one. SphInX operates with 
expendable pre-calculated discretization databases based on a spline 
collocation and on look-up tables of scattering efficiencies using T-ma-
trix theory (Rother and Kahnert, 2009). Concerning the available reg-
ularization methods and the parameter choice rules that the algorithm 
requires to use for the ill-posed model, a selection of the following is 
possible, see e.g. Hansen (2010) for the first four and Böckmann and 
Kirsche (2006) and Böckmann and Osterloh (2014) for last two: 

Fig. 2. Methodology work-flow diagram applied for analysis at both 
measuring sites. 
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i. Truncated singular value decomposition (TSVD) with the 
discrepancy principle (DP),  

ii. Tikhonov regularization with the L-curve method (LC),  
iii. Tikhonov regularization with the generalized cross validation 

method (GCV),  
iv. Tikhonov regularization with DP,  
v. Padé iteration (Generalized Runge–Kutta Regularizers) with LC, 

and  
vi. Padé iteration with DP or fixed iteration number, e.g. empirical 

value 30. 

The spheroidal scattering efficiencies depend on the complex 
refractive index (CRI). SphInX is using a CRI grid, which should be given 
in separate real and imaginary parts. Ideally, this grid can be further 
confined if there is sufficient knowledge on aerosol composition (or the 
exact CRI). 

The optical data profiles obtained from averaged vertical profiles of 
the aerosol optical properties of Raman lidar observations should be 
available at least for 3 backscatter, 2 extinction coefficients and 2 par-
ticle linear depolarization ratios since the model is ill-posed as well as 
limited to dust fine mode particles below 2.2 μm. In case of the non- 
spherical model the contributions from the cross and parallel back-
scattering channels to a total backscatter is needed. This is here only 
fulfilled for case Rzecin especially for G2 group. To achieve the 
mentioned contributions there was a need of manual data evaluation for 
this special case. Next, a homogeneous layer of interest (here two layers 
2.0–2.4 km and 3.0–3.725 km) has to be selected where the LR and AE 
values are constant or quite constant showing homogeneity inside the 
plume. The microphysical parameters given below are the mean values 
of the methods (ii), (v) and (vi) with standard deviation. 

3.4. Models used for data interpretation 

3.4.1. The Hybrid Single Particle Lagrangian Integrated Trajectory model 
(HYSPLIT) 

The Hybrid Single Particle Lagrangian Integrated Trajectory model 
(HYSPLIT) is a numeric model for air-mass movement trajectories dedi-
cated to reconstructing their origins. It is a commonly used model for the 
estimation of transport and dispersion of aerosol. The calculation method 
is a mixture of the Lagrangian and Eulerian approaches, described in detail 
by Stein et al., 2015. In this study, the HYSPLIT model was used with the 
reanalysis meteorological data (Reanalysis 1 Jun 2019, CDC1 Meteoro-
logical Data). Calculated backward trajectories of the air-masses move-
ment were used to assess the possible type of aerosol, based on its source. 
Trajectories were calculated mainly in the free troposphere at the altitudes 
within the observed aerosol plume (at 3.5, 4.0, and 4.5 km), lasting 120 h. 
Backward trajectories were calculated for every 6 h starting from 12:00 
UTC on 10.06.2019 and ending at 12:00 UTC on 11.06.2019. Additional 
trajectories were calculated at 18:00 UTC and 22:00 UTC on 10.06.2019, 
which are selected periods for comparison in observations provided from 
two measuring sites; for brevity, not shown. 

3.4.2. The Flexible Particle Dispersion model (FLEXPART) 
The Flexible Particle Dispersion model (FLEXPART) is a particle 

dispersion model designed to compute long-range transport, taking into 
account the diffusion, the dry and the wet deposition of particles. 
FLEXPART produces an output suitable for inverse determination of 
emission aerosol sources, e.g. of greenhouse gases, dust or volcanic ash. 
The model ingests ECMWF (European Centre for Medium Range 
Weather Forecasts) and GFS (Global Forecast System) 3-D meteorolog-
ical fields and solves the equations for transport, turbulent diffusions, 
and other relevant processes in a Lagrangian framework (Stohl et al., 
2005). FLEXPART can be run in forward and backward modes. In for-
ward mode, it simulates the transport and dispersion of emissions from 
given sources towards receptor points, producing gridded output con-
centration and deposition. In backward mode, it produces the source- 

receptor relationship with respect to a point source or gridded sources 
for given receptors (Seibert and Frank, 2004). The FLEXPART use the 
plume of the trajectories, which is the centroid of the trajectories clus-
ters (all possible trajectories using the input conditions). So, basically 
this is the uncertainty assessment of the trajectory. Also the meteoro-
logical input parameters do not have uncertainties, the ERA 5 provides 
only the average values (wind field average). The difference between the 
models is that FLEXPART uses a Lagrangian particle approach, while 
HYSPLIT uses a hybrid approach that combines Lagrangian and Eulerian 
methods. The relative error computed as distance between points of 
FLEXPART trajectory and HYSPLIT trajectory was lower than 10 %. For 
our study, we do not identify a precise location of the dust source, but a 
large source (e.g. Sahara desert). 

For this study, the FLEXPART version 10 was used (Pisso et al., 2019). 
The meteorological data used as input are obtained from the ECMWF 
global meteorological fields with a horizontal resolution of 1.0 × 1.0, a 
temporal resolution of 3 h, using the lowest 70 vertical levels (corre-
sponding to pressure levels from surface to 150 hPa) out of the 137 vertical 
levels. The transport of aerosols for each lidar station is simulated taking 
into account all atmospheric processes (clouds, wet and dry deposition, 
aging, etc.) starting with 10,000 particles tracked backward for 5 days (120 
h), with the particle positions being stored every hour. These simulations 
are run every hour for the whole period of interest. The model output is 
gridded to height steps of 500 m, starting from the ground up to 10 km. 

To classify the potential source regions of the long-range transported 
mineral dust, an automated time-height-resolved air mass source attri-
bution software (TRACE), based on FLEXPART, was used (Radenz et al., 
2021). TRACE uses two methods to classify the regions with potential 
sources of aerosols. The first method, based on a simplified version of the 
MODIS land cover classification (Broxton et al., 2014), defines 7 regions: 
“water”, “forest”, “savanna/shrub-land”, “grassland/cropland”, 
“urban”, “snow” and “barren”. The second method defines areas as 
custom polygons, named according to their geographical context. For 
this method, eight regions were defined: “cont_europe”, “sahara_desert”, 
“arabian_peninsula”, “far_east_deserts”, “persia”, “india”, “north_-
sahara_cropland” and “sahel”. The different location times obtained 
from FLEXPART at each time and height step are summed for each re-
gion (land cover class and polygon), where the air parcel was below 1 
km. The air mass source contributions are done by selecting only the air 
mass source profiles that are temporally close to lidar measurements 
selected. A time threshold less than one hour is used for these statistics. 

3.4.3. The non-hydrostatic multiscale model of the Barcelona 
Supercomputing Center 

The Non-hydrostatic Multiscale Model of the Barcelona Super-
computing Center (NMMB/BSC-Dust; Pérez et al., 2006, Pérez et al., 
2011, Haustein et al., 2012) is a multi-scale atmospheric dust model 
embedded into the Non-hydrostatic Multiscale Model (NMMB) devel-
oped by the National Center for Environmental Prediction (NCEP, Janjic 
et al., 2011). It provides mineral dust forecasts for both regional and 
global domains. At a regional scale, the model reproduces the daily 
variability and seasonal spatial distribution of the dust optical depth 
over Northern Africa, the Middle East, and Europe. The maps of the 
aerosol optical depth caused by mineral dust are prepared in 0.1 × 0.1- 
degree resolution, covering a square geographical region from 0◦ to 
65◦N and 25◦ W to 65◦E. The model is run daily at 12:00 UTC and gives a 
72 h forecast with a separate map valid for every 3 h. The dust forecast 
archive (available via https://dust.aemet.es/products/daily-dust-prod 
ucts; last access on 12.05.2023), was examined using forecasts runs on 
10–11.06.2019, to assess the likeliness of the mineral dust occurrence 
over Poland. 

3.4.4. The Navy Aerosol Analysis and Prediction System (NAAPS) 
The Navy Aerosol Analysis and Prediction System (NAAPS) rean-

alysis at 1 × 1-degree resolution and six-hourly maps that include 
aerosol mass concentration and optical properties (Lynch et al., 2016) is 
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used to analyse the temporal variability of aerosol properties. This 
reanalysis utilizes a modified version of the NAAPS, as its core and the 1- 
D module assimilates quality-controlled retrievals of AOD at 550 nm 
from the Moderate-Resolution Imaging Spectroradiometer (MODIS) 
onboard Terra/Aqua land and sea satellites, and the Multi-angle Imag-
ing SpectroRadiometer (MISR) onboard a Terra satellite (Zhang et al., 
2014). The NAAPS maps of the total aerosol optical depth (AOD at 550 
nm) were used for the Europe domain with different tracers: mineral 
dust, sulfates, and smoke. For our research, the maps for 10–11.06.2019 
were analysed (website: https://www.nrlmry.navy.mil/aeroso 
l/index_frame.html; last access 12.05.2023). 

4. Results and discussion 

In terms of lidar data, mineral dust aerosol inflow is likely when 
strong particle backscattering is accompanied by increased particle de-
polarization at a certain layer (e.g. Shin et al., 2018; Szczepanik et al., 

2021, 2022). Such type of aerosol was documented as measured in a 
very complicated meteorological situation with collocated lidar, cloud 
radar, and radiometer by Wang et al., 2020. By doing this, a newly 
developed aerosol-cloud typing algorithm revealed unambiguously an 
occurrence of mineral dust over Rzecin, which triggered the selection of 
a case study for our research. The lidar quick-look plots in Warsaw and 
Rzecin, available via the PolandAOD website, revealed the possible 
occurrence of mineral dust observed simultaneously on 10–11.06.2019. 
The overview plots at both sites in Figs. 3 and 4, respectively, show the 
entire event and the periods used for direct comparisons (red boxes). The 
mineral dust layer observed over Rzecin was much stronger and wider 
(2.5–5 km, δV = 15–20 %) than the one observed in Warsaw (3.0–4.5 
km, δV = 10–15 %). 

The list of full sets of profiles of optical properties of atmospheric 
aerosol that were obtained using the SCC algorithms for Warsaw and 
Rzecin is given in Table 1. In Warsaw (Fig. 3), during the entire period 
clear sky conditions with some cirrus clouds above 9 km prevailed and a 
depolarizing layer of the aerosol was captured between 3 and 5 km. In 
such meteorological conditions it was possible to obtain 12 full sets of 
profiles in Warsaw. In Rzecin (Fig. 4), the weather situation was more 
complex and dynamic with clouds at different levels and stronger 
aerosol load, and therefore here data evaluation was more challenging. 
The SCC cloud mask did not improve results in terms of low cloud 
filtering, which is consistent with issues reported during the Near Real- 
Time COVID-19 EARLINET – ACTRIS campaign (Nicolae et al., 2020). 
These meteorological conditions in Rzecin lead to 8 full sets of profiles of 
optical properties of atmospheric aerosol (Table 1). 

The SCC provides for each set of profiles the data products with 
different vertical resolutions, depending on the signal-to-noise ratio. 
Therefore, to perform comparative analyses the obtained sets of profiles 
were smoothed using the running mean, so as to get comparable vertical 
resolution. For the PollyXT lidar, the smoothing window was of 367.5 m 
for the β, δp, WV and Angstrom exponent related to backscattering AEβ 
and 757.5 m for α, LR and Angstrom Exponent related to extinction AEα. 
In case of the EMORAL lidar, the smoothing applied was the same for 
every profile and equal 367.5 m. This enabled, on the one hand, a direct 
comparison of the properties between two almost identical time spans 
selected for the two sites, and on the other hand, an analysis focused on 
spatio-temporal tracking of changes during the evolution of the mineral 
dust inflow event at each site. This was done with a strong emphasis on 

Fig. 3. Quick look plots for PollyXT lidar of range corrected signal PR2 at 1064 
nm (upper panel) and linear volume depolarization δV at 532 nm (lower panel) 
measured by PollyXT lidar at the RS-Lab site in Warsaw. Red boxes define the 
periods of interest (G1 and G2). Layer of mineral dust aerosol is marked by 
increased δV at 3–5 km, high-level cirrus clouds >9 km were observed only in 
the evening, then clear sky conditions are captured over the night. 

Fig. 4. Quick look plots of range corrected signal PR2 at 1064 nm (upper panel) and linear volume depolarization δV at 532 nm (lower panel) measured with 
EMORAL lidar at the PolWET site in Rzecin. Red boxes mark G1 and G2 periods. Dynamic meteorological situation with a wide layer of depolarizing aerosol at 2–6 
km and cirrus clouds in the upper free troposphere. 
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the aerosol properties derived within the observed dust layers at both 
sites. 

The two-step POLIPHON separation algorithm applied on the pro-
files of both lidars listed in Table 1 revealed significant differences in 
terms of the fine and coarse mode dust presence at both sites depicted in 
Figs. 9 and 10. The mineral dust layer in Warsaw (Fig. 5) was at first 
appearing as a thin layer having <1.7 km thickness (profiles 1–3), then it 
was becoming more spread out, reaching >2.5 km in the vertical di-
rection. As for the observed mineral dust composition, at the first stage, 
the fine mode fraction of mineral dust particles dominates over the 
coarse mode. After 20:50 UTC at 10.06.2019 (Fig. 5, profile no. 8), both 
modes were in balance (mainly in the lower part of the observed layer). 
The fraction contribution changed after the 01:05 (Fig. 5, profile no.12), 
when amount of coarse mode particles started to decline. The dust layer 
evolution over Rzecin (Fig. 6) was significantly different with the 
aerosol layer very wide in a vertical direction for every profile. The 
coarse mineral dust fraction was dominating over fine mode fraction, 
after 21:45 UTC, 10.06.2019 (Fig. 6, profile no. 6), in the upper part of 
dust layer (above 3.5 km). Moreover, there was a contribution of the fine 
mode mineral dust particles even within boundary layer (BL) – not 
investigated in this study. In the free troposphere (FT) fine mode 
dominated initially, and then gradually decreased starting from 21:00 
UTC 10.06.2019 (Fig. 6, profile no. 5). 

4.1. Comparative analyses of mineral dust properties in G1 and G2 
groups 

Within this section we discussed all available parameters of the op-
tical properties of aerosol within the mineral dust layers. In case the 
optical property was not derived it is explicitly given. 

The mineral dust inflow observed simultaneously over the Warsaw 
and Rzecin sites on 10–11.06.2019 was analysed with reference to two 
selected periods chosen when the obtained vertical profiles of the at-
mosphere for those two sites had similar time averaging and started 
almost at the same time of a day, denoted as G1 and G2 (Figs. 3-10, 
Table 1). Note that we will discuss sets of optical properties for both 
groups but we show the profiles only for G2 for brevity. 

The aerosol optical properties obtained for the Warsaw site for the 
first period of interest (G1: 18:05–18:50 UTC on 10.06.2019) were 
characterized with a strongly depolarizing, inhomogeneous aerosol 
layer at 3.0–5.3 km with two local maxima at 3.6 km with δp of 16 ± 0.5 

% and at 4.5 km, where δp was of 15 ± 1 %. The backscattering β values 
in the dust layer increased to (0.64 ± 0.10) × 10- 6m- 1sr − 1 at 1064 nm, 
(1.10 ± 0.15) × 10- 6m- 1sr − 1 at 532 nm and (2.85 ± 0.32) × 10− 6m- 1 

sr− 1 at 355 nm. The particle extinction coefficient α at 532 nm reached 
(0.45 ± 0.15) × 10− 4 m− 1, while the lidar ratio LR at 532 nm was 40 ±
8 sr. The α at 355 nm was not derived at the height of the dust layer, so 
the lidar ratio LR at 355 and extinction Angstrom Exponent AEα are only 
available within the boundary layer. In the dust layer, the backscatter 
Angstrom Exponent AEβ for each combination of wavelengths was 
similar (0.90 + 0.10) and lower than within the boundary layer, and 
thus, the layer was likely to contain large particles. Values of optical 
properties within the given uncertainties are in agreement with those 
reported for mineral dust (Nisantzi et al., 2015; Shin et al., 2018; 
Szczepanik et al., 2020; Szczepanik et al., 2021). 

Table 1 
Time periods used for calculation of the full sets of profiles of optical properties of atmospheric 
aerosol using EARLINET-ACTRIS Single Calculus Chain obtained for the Warsaw and Rzecin sites 
during mineral dust inflow on 10–11.06.2019. Profiles in grey (G1) and green (G2) indicate times 
used for direct comparisons. 

Fig. 5. Evolution of the mineral dust event in terms of the fine and coarse mode 
dust obtained using the POLIPHON two-step separation for the particle back-
scatter coefficient derived from PollyXT lidar with Raman method on 
10–11.06.2019 in Warsaw. Profile numbers correspond to times given in 
Table 1, as well as G1 and G2, which indicate profiles used for direct 
comparisons. 
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For the corresponding period, the optical properties of mineral dust 
observed over Rzecin (G1: 18:15–19:14 on 10.06.2019) show a strongly 
depolarizing layer of aerosol observed between 2.5 and 5.8 km altitude 
that is wider in the vertical direction and more homogenous than in 
Warsaw, with a slightly higher δp at 532 nm of 17 ± 2 %. Between 
1.5–2.1 km and 4.9–5.4 km values of δp at 532 nm are lower 10 ± 1 % 
and 13 ± 1 %, respectively. Within the depolarizing layer the β co-
efficients show raised values of (1.8 ± 0.25) × 10− 6 m− 1sr − 1 at 1064 
nm, (1.4 ± 0.20) × 10− 6 m− 1sr − 1 at 532 nm and (1.6 ± 0.40) × 10− 6 

m− 1sr − 1 at 355 nm. The highest values of β at 1064 nm suggest the 
occurrence of large particles, which is in agreement with very low values 

of AEβ (oscillating around 0). The α at 355 nm within the dust layer 
reaches (0.75 ± 0.2) × 10− 4 m− 1 (α at 532 nm is available only within 
the boundary layer). LR at 355 nm is reaching 32 ± 7 sr being in 
agreement with values reported for mineral dust over Warsaw (e.g. 
Szczepanik et al., 2021). 

As for the second period in Warsaw (G2: 21:50–22:50 UTC on 
10.06.2019; sets of profiles depicted in Fig. 7) the layer of enhanced δp 
between 3.1 and 5.6 km became more homogenous than for the G1 
period. The δp reached maximum with 21 ± 1 % at 4.0 km and above 
4.5 km decreased to 15 ± 2 %. The values of δp within the boundary 
layer were low (3.5 ± 0.5 %) and typical for the Warsaw station (Wang 
et al., 2019). Similarly as for G1, the dust layer was visible in β. Between 
3.5 and 4.3 km larger particles occurred - β at 1064 nm increased to 
(0.85 ± 0.10) × 10− 6 m− 1 sr− 1, which were captured by lower AEβ 
(oscillating around 0). Within this layer β at 532 and 355 nm remain 
almost the same (1.30 ± 0.10) × 10− 6 m− 1 sr− 1 and (1.32 ± 0.30) ×
10− 6 m− 1 sr− 1, respectively. The α at 355 nm had two maxima at 3.7 km 
(0.77 ± 0.10) × 10− 4 m− 1 and at 4.4 km (1.00 ± 0.12) × 10− 4 m− 1, but 
α at 532 nm only one at 4.0 km of (0.83 ± 0.10) × 10− 4 m− 1. Within the 
dust layer LRs are of 48 ± 18 sr and 49 ± 10 sr at 355 and 532 nm, 
respectively. Such values (within an error) are in agreement with values 
reported for mineral dust (Soupiona et al., 2020; Szczepanik et al., 2020; 
Szczepanik et al., 2021). 

During this period, the optical properties in Rzecin (G2: 21:45 to 
22:52 UTC on 10.06.2019; Fig. 8) were similar as in group G1 with the 
wide and homogeneous dust layer (see the profile of δp in Fig. 8, central 
panel), and still much wider than dust layer over Warsaw (Fig. 7). The 
core of the dust layer was at 2.2–6.0 km with a slightly higher particle 
depolarization than in G1 for Rzecin and almost the same as in G2 for 
Warsaw (δp of 22 ± 3 % at 532 nm). Within the dust layer, all β show 
raised values of (1.1 ± 0.2) × 10− 6 m− 1 sr− 1 at 1064 nm, (1.8 ± 0.20) ×
10− 6 m− 1 sr− 1 at 532 nm and (1.5 ± 0.10) × 10− 6 m− 1 sr− 1 at 355 nm. 
The highest β at 532 nm may suggest the occurrence of larger particles, 
which is confirmed with mean AEβ(532/1064) of 0.3 ± 0.1 and AEβ(355/ 

1064) of 0.8 ± 0.15. The α at 355 nm within the dust layer was reaching 
(0.4 ± 0.1) × 10− 4 m− 1 (α at 532 nm covered altitudes <4.0 km only). 

Fig. 7. Group 2 (G2) optical properties from 
PollyXT lidar in Warsaw – measurements 
from 21:50–22:50 UTC on 10.06.2019. The 
first panel (starting from left) shows the 
particle backscattering β at 355 (blue), 532 
(green) and 1064 nm (red), then particle 
extinction profiles α at 355 (blue) and 532 
nm (green). The central panel shows the 
particle linear depolarization ratio δp at 532 
nm and water vapour mixing ratio WV at 
407 nm (light blue). Lidar Ratios LR at 355 
and 532 nm and Angstrom Exponent 
(extinction – AEα, and backscattering - AEβ- 
related) are depicted on the last two panels. 
Profiles with 60 min time averaging, 367.5 
m vertical smoothing for β and β-related 
profiles, and 757.5 m vertical smoothing for 
α and α-related profiles.   

Fig. 6. Evolution of the mineral dust event in terms of the fine and coarse mode 
dust obtained using the POLIPHON two-step separation for the particle back-
scatter coefficient derived from EMORAL lidar with Raman method on 
10–11.06.2019 in Rzecin. Profile numbers correspond to times given in Table 1. 
G1 and G2 indicate profiles used for direct comparisons. 
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Obtained mean AEα < 2.5 km and at 2.8–4.0 km decreased from almost 
1.2 ± 0.2 to − 0.5 ± 0.2 respectively, which indicates the larger particles 
in the dust layer than those observed within the boundary layer. LR at 
532 nm and at 355 nm was oscillating at 39 ± 6 sr. 

In the case of Warsaw, there is a significant difference between the 
properties of observed aerosol layers and within discussed groups. The 
aerosol layer became more homogenous and was characterized by 
higher values of δp (increase from 15 to 16 % up to 21 %). This might be 
caused by the changes in the intensity of the transport and the rising 
amount of aerosol suspended in the air. Note that the G1 group is in the 
initial phase of the event, while G2 stays for the fully developed inflow 
(similar to the case described by Szczepanik et al., 2021). Interestingly, 
the αp coefficient at 355 nm shows two local maxima – one slightly 
above the layer bottom, while the second in the so-called core of the 

mineral dust layer. The lower maxima might be caused by the admixture 
of local pollution, while the second one is strongly connected to the 
observed mineral dust. Peaks in αp at both wavelengths within the 
boundary layer occur at the exact same height, notable that it is not the 
case for the dust layer. It cannot be excluded that this is partly due to 
averaging aspect. 

The main scope of our work is on the long-range transported mineral 
dust in the free troposphere. However, obviously for both sites, the βp 
and αp coefficients take the highest values within boundary layer (below 
2 km), than within discussed layers (Figs. 7 and 8). A large amounts of 
aerosol of different types suspended within the atmospheric boundary 
layer is typical. 

Fig. 8. Group 2 (G2) optical properties from EMORAL lidar in Rzecin – mean of 2 measurements from 21:45 UTC to 22:52 UTC on 10.06.2019. Panels same as in 
Fig. 7. Profiles with 59 min time averaging and 367.5 m vertical smoothing. To facilitate easy comparison with Fig. 7, the graphs are kept on the same scale of 
parameter variability. 

Fig. 9. The NAAPS model forecast of the aerosol optical depth of mineral dust (green/yellow), sulfates (orange/red), and smoke (blue) for a) 18:00 UTC 10 June 
2019, and b) 00:00 UTC 11 June 2019, valid for the next 6 hours. 
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4.1.1. Models 
For G1 and G2 aerosol source and type was interpreted with the use 

of HYSPLIT, FLEXPART, NAAPS (Fig. 9), and NMMB/BSC-Dust (shown 
in Figs. 10-11) models. 

For both groups the NAAPS model (Fig. 9), https://www.nrlmry.na 
vy.mil/aerosol/#aerosolobservations; last access 11.07.2023, shows 
significant AOD due to mineral dust (AODdust of 0.2–0.8), formed as a 
plume covering the central part of Europe on the transport pathway 
from North Africa (covering Italy, Austria, the Czech Republic, almost 
the whole of Germany, and more than half of Poland (including the 
western part and in particular Rzecin). AOD over Warsaw seems not 
being affected by mineral dust, but it is lying close to the dust plume 
border. There is no evidence of smoke aerosol, only some sulfates 
contribution over Europe (AODsulfates of 0.1–0.2). 

Similar results were obtained as an output of the NMMB\BSC-Dust 
model (Figs. 10-11); https://dust.aemet.es/forecast; last access on 
10.05.2023). AOD caused by mineral dust was predicted over Central 
Europe, covering Western Poland (in particular over Rzecin), but not 
over Warsaw. We observe that both models (NAAPS and NMMB\BSC- 
Dust) underestimate the extent of this dust event over Central Poland, 
as it was measured over Warsaw with lidar but is not captured by the 
models. This problem of models underestimation of mineral dust 
occurrence was brought up in e.g. Adebiyi and Kok (2020) and by Huang 
et al., 2021. On the other hand, the results obtained from both models 
can partly explain observed differences between the size of dust plume 
over Poland. The layer detected over Rzecin is stronger than in Warsaw 
due to dust transport, which was more vivid over Western Poland and 
only residual over Central Poland. 

Fig. 10. Aerosol optical depth at 550 nm 
(AOD; grey shadow) of mineral dust forecast 
with superimposed backward trajectories for 
the G1 period for both sites on 10.06.2019. 
NMMB/BSC-Dust model run at 12:00 UTC 
valid for 18:00 UTC. HYSPLIT model calcula-
tions for 120 h, starting at 18:00 UTC at 3.0, 
3.5, and 4.0 km a.g.l. Triangles/bluish lines for 
Rzecin (52.76 N, 16.31 E). Squares/reddish 
lines for Warsaw (52.21 N, 20.98 E). The 
forecast shows that the obtained air masses 
from North Africa likely contained mineral 
dust, whereby both were unlikely to mix.   

Fig. 11. AOD at 550 nm of mineral dust forecast with backward trajectories for 
the G2 group for both sites. NMMB/BSC-Dust model valid for 00:00 UTC on 
11.06.2019. HYSPLIT model calculations for 120 h, starting at 22:00 UTC on 
10.06.2019 (markers/colours as in Fig. 10). The forecast shows that the air 
masses from North Africa likely contained mineral dust. Backward trajectories 
indicate clearly different origins and no mixing. 
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Concerning the aerosol sources, relevant results were obtained from 
HYSPLIT backward trajectories analysis and TRACE statistics based on 
FLEXPART particle positions. The HYSPLIT analysis shows that the air- 
masses of North African origin were advecting to both sites indepen-
dently, from different sources and without mixing (Figs. 10 and 11). Air- 
masses at the same altitude and time were separated from each other, 
which is the main reason for the differences in observed dust layers. 
Trajectory analysis also shows that the air was advancing the faster the 
closer to each station. Air mass source estimates, based on FLEXPART 
particles positions for the G1 and G2 periods for Warsaw and Rzecin are 
presented in Fig. 12 and in Fig. 13 respectively. 

Note that for G2 the distinct aerosol source origin is even more 
confined to the different areas (Fig. 11). The only difference between G1 
and G2 is that the sources of aerosol origins are even more separated, but 
still lying on the area of the Sahara desert. The sources estimation based 
on HYSPLIT backward trajectories analysis and TRACE analysis based 
on FLEXPART particle positions show considerable agreement. In all 
cases, both sites were highly influenced by the dust particles with a 
substantial fraction attributed to barren areas from the Sahara desert. 

According to TRACE results for the G1 group presented in Fig. 12 
(left panels), the aerosol layer above the 4 km height observed at War-
saw and the aerosol layer above the 3 km height observed at Rzecin are 
rich in mineral dust particles due to barren-ground-influenced air from 
the Sahara desert region. A small contribution from marine sources is 
also identified for the G1 group (Fig. 13, left panels). 

For the layer between 2.8 and 3.9 km observed over Warsaw, marked 
with orange in the upper left panel of the Figs. 12 and 13, the marine 
source is dominant, with small contributions from the European and the 
African grass/cropland and savanna. For the G2 group, there is only one 
aerosol layer above 3.1 km height observed over the Warsaw site due to 
the change in wind direction. For this layer, barren regions from Africa 
are the main source; small fractions are attributed to water surface and 
African grass/cropland and savanna (upper right panel of the Figs. 12 
and 13). The aerosol layer observed over Rzecin in the G1 and G2 pe-
riods is almost homogeneous, with air mass originating from the Sahara 
desert (bottom panels of the Figs. 12 and 13). 

The optical parameters computed for these layers for the G1 and the 
G2 groups for both sites are typical for aerosol mixtures with a high dust 
fraction. The additional sulphate particles existing in the layers are 
associated with marine and continental sources contributions to long- 
range transported aerosols. This finding supports the observations pre-
sented by Talianu and Seibert (2019). 

The difference in the aerosol optical properties observed are mostly 
linked to the history of the air masses sampled over station, being related 
to the mixing of dust (non-spherical) particles with continental pollution 
and/or biomass burning during transport - on the pathway of the air 
masses, MODIS spotted several fires in north Italy, Austria, and along the 
Polish-German border (based on the NASA World View maps (https:// 
worldview.earthdata.nasa.gov/ last access 11.07.2023). Different air 
masses path ways to Rzecin and to Warsaw suggest that Rzecin was more 

Fig. 12. Air mass source estimate for the land surface classification for FLEXPART simulations for the G1 group (left) and G2 group (right) for Warsaw (top) and 
Rzecin (bottom). Using the orangish and beige we marked the aerosol layer. 
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affected by the dust aerosol particles above the 3 km height. 

4.2. Separation of mineral dust components 

As the HYSPLIT and FLEXPART-TRACE results indicated more sim-
ilarities between dust aerosol at both sites at the beginning (G1) and 
more discrepancies towards full development (G2) of the event we gave 
a closer look to see if the separation results are consistent with those 
results. 

In Fig. 14, for G1 Warsaw (left plot, upper panel), the mineral dust 
accounts to 55 ± 5 % of βtot, while for G1 Rzecin, it is slightly higher (63 
± 5 %). Also in terms of dust vertical distribution we see similarities, as 
the plum is only slightly wider in Rzecin. For G2 Warsaw and Rzecin 
separation results exhibits much more differences i.e. 63.5 % of βtot stays 
for dust in Warsaw but in case of Rzecin it increases up to 74.5 %. 
Moreover the dust plum in Warsaw is becoming thinner while in Rzecin 
it widens even more. 

For the G1 Warsaw the whole layer is clearly dominated by the fine 
dust particles (FCDR>0.55), with two minima (3.2–3.7 km and 4.4 km). 
Over G1 Rzecin the dust layer is also composed mainly of fine mode dust 
except for the minima at 4.0 km where fine and coarse dust contribute 
equally (FCDR~0.50). The increasing fine dust towards the bottom of 
the layer stays in agreement with aerosol typing results by Wang et al., 
2020 (not shown for brevity, Fig. 5 therein). Moreover this result is 
consistent with the columnar sunphotometer retrievals (available only 

Fig. 13. Air mass source estimate for the land surface classification geographical areas (right) for FLEXPART simulations for the G1 (left) and G2 (right) groups for 
Warsaw (top) and Rzecin (bottom). 

Fig. 14. Separation results for the G1 and G2 groups for both sites with FCDR 
marked. The upper panel presents results obtained for Warsaw while the lower 
one stays for Rzecin. The left side column represents the G1 results and the right 
one for G2. Information about dust (βd - light brown line) and non-dust (βnd - 
green line) contributions to the β profile at 532 nm (dotted green line) is given, 
as well as the FCDR (black line). 
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for G1 Warsaw). The mean daytime AODs was 0.40 at 340 nm and 0.095 
at 1020 nm, with the values oscillating around average, with a tendency 
of rising during the day. The Ångström exponent started decreasing after 
12 UTC from 1.47 to 0.9 – due to the mineral dust inflow. The aerosol 
size distribution obtained for a scan at 14:42 UTC (closest to G1 time) 
was bimodal, with a clear mode related to dust occurrence. 

For the G2 Warsaw the aerosol layer is composed of fine and coarse 
dust particles between 3.4 and 4.0 km (FCDR of 0.50 ± 0.05). This stays 
in agreement with lower values of AEβ and increased β (Fig. 10). In 
contrast, more differences are seen for the G2 Rzecin, where the dust 
composition is with a stronger domination of coarse over fine dust 
particles. In the middle of the dust layer even more coarse particles were 
observed between 4.6 and 5.6 km, where the FCDR reaches a value of 
0.37 ± 0.05. 

For G2 Rzecin it was possible to invert the microphysical properties 
within two different altitude ranges, one within dust layer between 3.0 
and 3.75 km, while the second (slightly below, from 2.0 to 2.4 km), 
consisting mainly of the spherical particles (low δp). The Pade-Iteration 
method (vi) with 30 iteration steps is almost always the most stable one 
which is known from extensive simulations. The results of the retrievals 
for both layers are on Fig. 15. 

In case of the layer chosen with the mineral dust inflow, character-
ized with high particle depolarization (δp = 19.48 ± 1.94 % at 355 nm 
and 20.81 ± 1.14 % at 532 nm) the microphysical retrieval was made 
with the assumption of the nonspherical paricles. The distribution was 
bimodal with respect to the radius with the effective radius of 0.41 ±
0.13 μm. The particle radius was varying from 0.01 to 0.06 μm (aspect 
ratios 0.7–0.9 and >1.2) and 1.4–2.2 μm (aspect ratios >1.0), i.e., the 
distribution was bimodal with respect to the aspect ratio, too. Those 
results are in a good agreement with the separation results - the FCDR 
was 0.45, which indicates the domination of coarse mode particles but 
with the significant presence of fine mode fraction. The mean complex 
refractive index of (1.5 + 0.028i) ± (0 + 0.02i) and mean single scat-
tering albedo of 0.81 ± 0.12 and 0.83 ± 0.11 at 355 and 532 nm 
respectively, indicate absorption with a significant standard deviation. 
Mean surface and volume concentration of 206.50 ± 26.36 μm2cm− 3 

and 32.75 ± 5.31 μm3cm− 3 was obtained. 
In the second layer (with low δp of 5.27 ± 0.69 % and 6.45 ± 0.83 % 

for 355 and 532 nm respectively) the microphysical retrieval made with 
the assumption of mostly spherical particles, revealed that the distri-
bution was single mode with the effective radius of 0.25 ± 0.02 μm. The 
particle radius was varying from 0.009 to 0.3 μm (aspect ratios 0.8–1.4). 
Within this layer the FCDR was decreasing with height (from 1 to 0.75 
within the discussed layer), which is in agreement with the obtained 
microphysical results. The mean complex refractive index of (1.47 +
0.04i) ± (0.05 + 0.012i) and mean single scattering albedo of 0.78 ±
0.04 and 0.79 ± 0.04 at 355 and 532 nm respectively, indicate some 
absorption slightly higher than for the previously discussed mineral dust 
layer, but still standard deviation was sizable. Mean surface and volume 
concentration of 499.50 ± 34.31 μm2cm− 3 and 41.85 ± 1.00 μm3cm− 3 

was obtained. 

5. Conclusions 

A comparative study of the mineral dust inflow over two measuring 
sites in Poland showed several significant differences, leading to the 
conclusion that aerosol influx can have different properties even on a 
small geographical scale (350 km). Such results support the necessity of 
extending the measuring infrastructure to a larger number of research 
stations, which can help to recognize the boundaries of events or the 
extent of their disappearance. 

Aerosol prediction models (NAAPS, NMMB\BSC-Dust) underesti-
mate or do not indicate at all the presence of mineral dust over some 
parts of Poland (and thus likely other areas of Central-Eastern Europe), 
as our lidar measurements gave undeniable evidence of the mineral dust 
presence over Poland during the analysed dust intrusion episode. It 
might be due to the different intensity of the mineral dust transport, that 
was significantly lower for Central than Western Poland. Consequently 
the size of the layer might have also played a role here. Thus the lidar 
data – if assimilated into the model – have strong potential to improve 
mineral dust occurrence predictions. 

Additionally, the upcoming Earth Cloud Aerosol and Radiation 

Fig. 15. Microphysical parameters for two layers from the G2 Rzecin group. The volume size distribution (left plots) and aspect ratio (right ones) inverted for a) layer 
at 2.0–2.4 km (lower δp, more spherical particles), and b) layer at 3.0–3.75 km (high δp, characteristic for mineral dust). 
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Explorer (EarthCARE) satellite mission of the European Space Agency 
(ESA, https://www.esa.int/Applications/Observing_the_Earth/Fut 
ureEO/EarthCARE, last access 22.05.2023) may both complete the 
models and be supplemented by the ground-based lidar measurements, 
so establishing a more dense network of lidar stations have many 
advantages. 

A difference between obtained linear particle depolarization ratios δp 
(13 ± 3 % G1 Warsaw versus 17 ± 2 % G1 Rzecin, and 13 ± 1 % G2 
Warsaw and 25 ± 3 % G2 Rzecin) is consistent with dust comparisons 
(more fine dust particles in Warsaw) and aerosol type (FLEXPART- 
TRACE) due to different aerosol origins (HYSPLIT) because air-masses 
were advected from different regions of North Africa. One has to keep 
in mind that dust suspended over Rzecin and Warsaw was to some extent 
hydrated differently at each site. In Warsaw WV ~ 3.0 g/kg-1 was 
consistent in the entire dust layer, while in Rzecin, it decreased with the 
height from 7.5 to 2.5 gkg-1, which resulted in lower depolarization and 
increasing fine fraction of mineral dust towards the bottom of the layer 
(Fig. 14, G1 Rzecin). The differences between particle depolarization 
and the dust particle fraction within observed aerosol layers would be 
even higher, if the moisture profile in Rzecin was more similar (drier) to 
what it was in Warsaw. The differences between humidity profiles are 
related to different climate conditions. Dry air over Warsaw is likely 
caused by the heat island conditions in an urban area. In contrast, the 
overgrowing lake with floating peat carpet causes a more humid envi-
ronment over Rzecin. 

Other extensive and intensive optical parameters such as particle 
backscattering β, particle extinction α coefficients, Angstrom Exponents 
- backscattering AEβ and extinction AEα related, and lidar ratios LR are 
taking similar values, agreeing with values reported for mineral dust 
over Warsaw (Szczepanik et al., 2020, 2021, 2022) and other locations 
(Soupiona et al., 2020; Shin et al., 2018; Nisantzi et al., 2015). What has 
to be stressed, both lidar data analysis results contain coherent infor-
mation on the dust particle sizes. AEα close to the 0 and AEβ < 1 for both 
stations and groups of interest corresponds with higher values of β at 
higher detection wavelengths - for Warsaw β of (1.30 ± 0.10) × 10− 6 

m− 1 sr− 1 and (1.32 ± 0.30) × 10− 6 m− 1 sr− 1 while for Rzecin (1.8 ±
0.20) × 10− 6 m− 1 sr− 1 and (1.5 ± 0.10) × 10− 6 m− 1 sr− 1 at 532 and 355 
nm respectively. 

Fine-to-coarse dust mode separation results showed an interesting 
evolution of the mineral dust layer observed over Warsaw and Rzecin, 
with more homogenous results in Warsaw. The G1 and G2 groups for 
both locations show differences in the case of the mineral dust fine and 
coarse particle fractions. At first (G1 group), the aerosol is composed 
mainly of fine particles with some contamination of coarse ones for both 
locations. For the G2 group in Warsaw, the layer is still dominated by 
fine particles but with a slightly higher amount of coarse ones than in the 
case of G1. For G2 Rzecin, the aerosol layer consists of a comparable 
amount of both fractions, with a rising amount of coarse particles in the 
upper part of the layer. This might be explained by the changes in the 
WV profile (discussed above). 

The higher amount of fine particles observed over Warsaw than over 
Rzecin might be caused by the aerosol transport pathway. The backward 
trajectories calculated for Warsaw show that the air masses moved faster 
and from higher altitudes over the source area than the ones calculated 
for Rzecin (Figs. 10 and 11). Therefore the air masses over Warsaw are 
more likely to transport the fine dust, which could have been uplifted to 
higher altitudes. The source region of the Sahara desert may play a 
significant role here – the air masses observed over Warsaw originate 
from the western Sahara region, while over Rzecin is more from its 
central part. Additionally, small spherical pollution particles over 
Warsaw may decrease the values of δp.” 

The strongly visible fine dust aerosol layer suspended at the top of 
the boundary layer for the Rzecin station was also detected in the in-
dependent study of Wang et al., 2020. The detected aspherical particles 
within the boundary layer marked by POLIPHON algorithm as mineral 
dust are more likely related to pollination aerosol, which was well 

captured by the TRACE - trajectories analysis tool. 
The microphysical retrieval for the lower layer (considered as con-

taining more spherical particles) is dominated by the particle from the 
accumulation mode with a small contributions from both giant and 
Aitken modes (particles of radius below 0.1 μm). It was possible that 
both giant and Aitken modes were present within the layer (good 
agreement between spherical and non-spherical models retrievals). 
Domination of the accumulation mode was expected since already the 
particle depolarization values indicates that presence of the aerosol 
mixture (mainly European aerosol background and a bit of mineral 
dust). Nevertheless the dust occurrence play significant role – it in-
creases the effective radius and the imaginary part of the refractive 
index, and hence reduces the single scattering albedo values. In higher 
altitudes typically the wind speed is larger, hence an air advection from 
desert regions to central Europe quicker and more efficient. Here the 
giant mode is more prominent than in the lower layer and clearly pro-
late. The accumulation mode is slightly larger, than for previously dis-
cussed layer and may not be a uniform group of aerosol but consist both 
of prolate and oblate particles at the same time. Slightly surprisingly 
(despite of the more important giant mode, which of course probably is 
our dust component), the imaginary part of the refractive index is 
slightly lower, but still high. As the particles are even larger than before 
the single scattering albedo is slightly larger, but still remarkable low. 

Our study revealed that both discussed aerosol prediction models 
failed to predict the mineral dust occurrence over Warsaw, while lidar 
measurements clearly indicated its presence. It was possible only thanks 
to the simultaneous observations at the two sites located in a distance of 
~350 km. Moreover, this allowed to find the distinct pathways of air 
masses of different aerosol origin even on a such small scale (comparing 
to the distance from the source to the observation points). Therefore it is 
recommended to increase the number of high-quality multiwavelength 
lidar sites in Eastern Europe. 

The lidar signals from both stations were evaluated using the clas-
sical Raman approach (Ansmann et al., 1990) for both night-time and 
daytime retrievals. Retrieval at daytime profiles is generally challenging 
due to sky-background radiation but feasible for ADR PollyXT lidar that 
was developed in a non-commercial collaboration of TROPOS and FUW 
(e.g. Janicka et al., 2017; Stachlewska et al., 2018; Wang et al., 2019). In 
this work we show that daytime Raman retrieval is achieved also for the 
EMORAL lidar built at Raymetrics in collaboration with research part-
ners form LMU, UW, and NOA. 
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Appendix A  

Table A1 
Single calculus chain settings for PollyXT and EMORAL lidar systems used for the optical products retrieval.  

Optical property PollyXT – Warsaw EMORAL – Rzecin 

Particle backscattering coefficient at 1064 nm 

Raman backscatter (000); 
Usecase: 7 
Calibration range: 3.0–12.0 km 
Calibration value: 1.0 s0 
Error: 50 % 

Raman backscatter (000); 
Usecase: 0 
Calibration range: 3.0–10.0 km 
Calibration value: 1.05 
Error for G1&G2: 5 % (<2 km), 20 % (>2 km) 

Particle backscattering coefficient at 532 nm 

Lidar ratio and extinction (002); 
Usecase: 7 
Calibration range: 3.0–12.0 km 
Calibration value: 1.00 
Error: 50 % (<2 km), 100 % (>2 km) 

Raman backscatter and linear depolarization ratio (007); 
Usecase: 0 
Calibration range: 3.0–10.0 km 
Calibration value: 1.05 
Error for G1: 5 % (<2 km), 10 % (>2 km) 
Error for G2: 5 % (<2 km), 30 % (>2 km) 

Particle backscattering coefficient at 355 nm 

Lidar ratio and extinction (002); 
Usecase: 7 
Calibration range: 3.0–12.0 km 
Calibration value: 1.00 
Error: 50 % (<2 km), 100 % (>2 km) 

Raman backscatter and linear depolarization ratio (007); 
Usecase: 0 
Calibration range: 3.0–10.0 km 
Calibration value: 1.03 
Error for G1&G2: 5 % (<2 km), 10 % (>2 km) 

Particle extinction coefficient at 532 nm 

Lidar ratio and extinction (002); 
Usecase: 7 
Calibration range: 3.0–12.0 km 
Calibration value: 1.00 
Error: 50 % (<2 km), 100 % (>2 km) 

Lidar ratio and extinction (002); Usecase: 7 
Calibration range: 3.0–10.0 km 
Calibration value: 1.05 
Error for G1: 5 % (<2 km), 10 % (>2 km) 
Error for G2: 5 % (<2 km), 30 % (>2 km) 

Particle extinction coefficient at 355 nm 

Lidar ratio and extinction (002); 
Usecase: 7 
Calibration range: 3.0–12.0 km 
Calibration value: 1.00 
Error: 50 % (<2 km), 100 % (>2 km) 

Lidar ratio and extinction (002); 
Usecase: 7 
Calibration range: 3.0–10.0 km 
Calibration value: 1.03 
Error for G1&G2: 5 % (<2 km), 10 % (>2 km) 

Particle linear depolarization ratio at 532 nm 

Raman backscatter and linear depolarization ratio (007); 
Usecase: 0 
Calibration range: 1.0–12.0 km 
Calibration value: 1.00 
Error: 50 % 

Raman backscatter and linear depolarization ratio (007); 
Usecase: 0 
Calibration range: 3.0–10.0 km 
Calibration value: 1.05 
Error for G1: 5 % (<2 km), 10 % (>2 km) 
Error for G2: 5 % (<2 km), 30 % (>2 km) 

Particle linear depolarization ratio at 355 nm 

Raman backscatter and linear depolarization ratio (007); 
Usecase: 0 
Calibration range: 1.0–12.0 km 
Calibration value: 1.00 
Error: 50 % 

Raman backscatter and linear depolarization ratio (007); 
Usecase: 0; 
Calibration range: 3.0–10.0 km 
Calibration value: 1.03 
Error for G1&G2: 5 % (<2 km), 10 % (>2 km)  
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Böckmann, C., Kirsche, A., 2006. Iterative regularization method for lidar remote 
sensing. Comput. Phys. Commun. 174, 607–615. https://doi.org/10.1016/j. 
cpc.2005.12.019. 
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