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Abstract. We present ground-based remote sensing observations of Saharan dust over the Bavarian Alps during three events
on 29 February, 29 March, and 29 April 2024, with emphasis on aerosol particle size distribution (APSD) retrieval from
multiwavelength lidar measurements. Raman—depolarization lidar observations from Garmisch-Partenkirchen were combined
with sun-photometer data from the summit of Zugspitze. Long-range transport from North Africa was confirmed using back-
trajectory analysis and aerosol forecasts. Elevated dust layers extending up to 6—7 km a.s.l. were observed, frequently
structured into multiple layers.

APSDs were retrieved by applying an inversion method that directly substitutes predefined (bi-modal log-normal) size
distributions into the lidar equations, reducing the inversion to the estimation of a limited set of microphysical parameters.
This approach enables range-resolved retrievals of effective particle radius, yielding values up to 3—4 pum within dust layers
and decreasing with altitude. Comparison with column-integrated sun-photometer retrievals shows consistent coarse-mode
effective radii (1.2-1.4 um). The results highlight both the strengths and limitations of APSD retrieval from lidar, particularly

regarding assumptions on particle shape and refractive index.

1 Introduction

Aerosol particles significantly influence both the climate system and air quality. Their impact on climate can manifest in either
a warming or cooling effect, contingent upon their distinctive physical and chemical attributes and their capacity to alter the
reflectance of the Earth’s surface. Hence, the interplay between aerosols and climate can yield disparate outcomes on a regional
scale compared to the global context. Moreover, the regional ramifications of aerosols on climate and weather tend to surpass
their global average effects, due to their relatively brief atmospheric persistence and the non-uniformity in their sources,
dispersion, and deposition patterns. Aerosols can also significantly affect the climate on the regional scale, primarily due to
heightened concentrations of particles and their interaction with specific weather conditions and local topography. Therefore,

it's important to recognize the critical role of long-range transport in the dynamics of aerosol distribution. The transport of
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aerosols over extensive distances can substantially affect their dispersion patterns, introducing complexities in both regional
climate dynamics and air quality regulation. (Carslaw et al., 2010, Seinfeld et al., 2016, Zhang, B., 2020)

Deserts are the primary global source of mineral aerosols, most importantly the Sahara. It is estimated that each year, several
hundred million to billions of tons of desert dust from the Sahara are transported over the tropical regions of the Atlantic Ocean
and the Mediterranean Sea (Balis et al., 2004). The particles of desert aerosol are nonspherical, and their shape and size
distribution are strongly influenced by wind speed (Seinfeld and Pandis, 1997). Higher wind speeds facilitate the suspension
of larger particles into the atmosphere. Generally, three modes of particle size distribution can be distinguished by radius:
0.005 pum or less, approximately 0.02 um, and 5 um. During desert storms, dust is frequently lifted into the upper tropospheric
layers. The smallest particles (r <5 pm) can remain in the atmosphere for up to two weeks and can be transported over distances
of several thousand kilometers. However, very large particles with radii larger than 50 um do not extend beyond the source
regions (Seinfeld and Pandis, 1997).

In this study, we investigate the optical properties of mineral dust transported in the middle troposphere from the Sahara Desert
to the Bavarian Alps. The analysis is based on lidar observations performed during distinct dust episodes in February, March,
and April 2024. These Saharan dust plumes were advected by persistent southerly flows and transported over central Europe,
reaching sites such as Garmisch-Partenkirchen (47°N, 11°E). Such events are common in springtime and have been extensively
reported (Papayannis et al., 2008; Papanikolaou et al., 2024). While numerous studies exist on Saharan dust in southern Europe
(e.g., Balis et al., 2004; Papayannis et al., 2005; Mylonaki et al., 2021), reports from Central and Northern Europe remain
relatively scarce (e.g., Ansmann et al., 2003; Papanikolaou et al., 2024). Systematic observations of desert dust using lidar
have been conducted in the Zugspitze area since the 1980s (Jager et al., 1988). Lidar observations from Garmisch-
Partenkirchen revealed elevated aerosol layers indicative of desert dust transport and stratosphere-to-troposphere intrusion
over the northern Alps (Trickl et al., 2020). Therefore, detailed characterization of desert aerosol properties at higher latitudes
continues to be of high scientific interest.

The observations presented here contribute to the broader goals of the Aerosol, Clouds and Trace Gases Research Infrastructure
(ACTRIS), which aims to provide long-term, high-quality atmospheric profiling across Europe. Our measurements were
performed within the framework of the European Aerosol Research Lidar Network (EARLINET, Pappalardo et al., 2014), a
key component of ACTRIS, which has been operational since 2000. Garmisch-Partenkirchen has a long and established
tradition in lidar-based aerosol remote sensing and has been an active EARLINET site from the very beginning (Pappalardo
etal., 2008). The site has played a central role in advancing ground-based aerosol profiling in Europe and remains a cornerstone
for harmonized observations and intercomparisons (Sicard et al., 2015).

To enhance our understanding of aerosol optical and microphysical properties (Liu et al., 2014), researchers have utilized both
remote sensing techniques and in situ methods through various atmospheric probing platforms (Devara, 1998). Ground-based
remote sensing techniques rely on instruments like sun photometers and lidars. Sun photometers facilitate the determination
of columnar aerosol properties, including aerosol optical depth (AOD) and single scattering albedo, while lidars offer vertical

profiles of aerosol optical properties, such as backscatter and extinction coefficients (Speidel and VVogelmann, 2023), as well
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as depolarization ratio. From the latter, information about the particle shape (spherical/nonspherical) can be concluded. Lidar
measurements provide data with high temporal resolution, typically in the range of seconds to minutes, and a spatial resolution
of the order of 10 meters.

Optical remote sensing of aerosols is one of the essential methods when it comes to the investigation of aerosol concentrations
and their composition. Photometers and lidars, working simultaneously at several wavelengths, are nowadays widely used for
such observations. Active remote sensing using lidar technology serves as a crucial method for studying atmospheric aerosols
(Mylonaki et al., 2024). The particle backscatter coefficient at a single wavelength is commonly retrieved with the Klett
inversion algorithm (Klett, 1985), improved by Speidel and Vogelmann (2023). In contrast, the capabilities offered by
multiwavelength lidars (e.g., 3p+20+28) are particularly advantageous, as they allow for the determination of range-resolved
Aerosol Particle Size Distribution (APSD). This function is essential for assessing aerosol optical properties. The simultaneous
operation of a photometer and a lidar, located side by side or close to each other, provides the opportunity to retrieve vertical
profiles of optical and microphysical properties of aerosol from almost the same air volume.

Bdckmann (2001) introduces a specialized method for retrieving aerosol particle volume distribution, mean refractive index,
and other critical physical parameters from multiwavelength lidar measurements. This technique addresses the challenges
associated with the ill-posed nature of inverting lidar data, enhancing the accuracy and reliability of aerosol characterization.
The methodological advancement in lidar aerosol retrieval, demonstrating that the use of longer (over 1064 nm) infrared
wavelengths improves the detection and characterization of coarse aerosol modes, was presented in Bockmann (2024).
Software like Generalized Retrieval of Aerosol and Surface Properties (GRASP, Dubovik et al., 2021) allows for providing
not only the detailed retrieval of columnar aerosol properties but also the information about aerosol vertical distribution. The
synergy of radiometer and lidar data provides information that is not available if only radiometer or lidar data were used. This
software allows for the retrieval of concentration profiles of fine and coarse modes of aerosol particles. (Lopatin et al., 2021).
In this paper, we will present the application of an APSD retrieval by a software for retrieving the effective radius of aerosol
particles from multiwavelength lidar returns (Jagodnicka et al, 2009; Sitarek et al., 2016). In this method, a predefined APSD
function with a few free parameters is directly substituted into the lidar equations. While this software was originally developed
for aerosol observation under cumulus clouds (Stacewicz et al., 2014) and studies of aerosol over the Baltic Sea (Makuch et
al., 2021), we now apply it for the characterization of mineral dust outbreaks from the Sahara, reaching Central Europe after

being transported over longer distances, which came along with a certain ageing of the aerosol load.

2 Mineral dust events

In the first half of 2024, intensive Saharan dust events occurred over Western Europe. Observations in Garmisch-Partenkirchen
were possible during several days from February to June. In this paper, the authors will focus only on three cases from 29
February, 29 March, and 29 April 2024. These days (except 29 March) were selected due to clear-sky conditions, which

allowed parallel lidar and sun photometric measurements. The choice of 29 March was driven by an unusually intense influx
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of desert dust. Despite the cloud cover and the lack of photometric data, it was decided to include this day in the analysis as
well.

On 29 February 2024, the Azores high ridge merged with a high-pressure system over Russia, separating the prevailing low-
pressure system over the northern Atlantic from the Mediterranean low. The backward trajectories of the air masses from
HYSPLIT (Stein et al., 2015) indicate that a warm air mass from North Africa was transported over Germany to the observation
region (Fig 1a) following a direct cyclonic path. This resulted in a high dust load, which was also predicted as AOD calculated
with the ICAP-MME (in Fig. 2a, International Cooperative for Aerosol Prediction) model (Xian et al., 2019).
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Figure 1: HYSPLIT back-trajectories obtained for Garmisch-Partenkirchen for (a) 29 February 2024, (b) 29 March 2024, and (c)
29 April 2024. The HYSPLIT model was run for 72 h with meteorological data from the Global Data Assimilation System (GDAS).
Trajectories altitude is shown in meters above ground level (in the model), which corresponds to 2000, 4000, and 6000 m above sea
level.

In the second case (29 March 2024), the weather in Western Europe was shaped by a low-pressure system centered around
Ireland and central England, as well as a high-pressure system centered over Libya. A warm front was moving north from
northern Italy, bringing high-level cloud cover. Air from the Morocco region was directly flowing over the Alps into southern
Germany (Fig. 1b). Along with this pronounced fast airstream, a rapid transport of desert dust was predicted by ICAP-MME
(Fig. 2b). The trajectory ending at ~4000 m indicates that the air masses travelled approximately 1300 km in 18 hours, over
twice the speed seen in the other two cases.

On April 29, 2024, a high-pressure system with two centers, one over northern Russia and another over eastern Belarus, was
present. In Western Europe, a large multi-centered low-pressure system was situated over the British Isles and the Faroe
Islands. A shallow trough of low pressure over the Alps with an undulating cold front associated with this system extended
from Scandinavia through the Danish Straits, Germany, and down to the Mediterranean Sea, slightly brushing the southern

edges of Germany. This synoptic situation resulted in Saharan dust advection on a rather direct path (Fig. 1c and Fig. 2c).
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Figure 2: Forecast of AOD of the dust component from the ICAP-MME model for (a) 29 February 2024, (b) 29 March 2024, and (c)
29 April 2024 (in all cases for 18 UTC).

In all cases, the dominant aerosol fraction was mineral dust. Figure 3 presents time-dependent profiles of dust mixing ratios
125 from the CAMS model (Inness et al., 2019) to show that the dust was partially uplifted far into the free troposphere in all three
cases. The concentration of dust particles of sizes from 0.9 to 20 pm on 29 February 2024 reaches values about 0.3-1 10-4g/kg,
and the layer starts at the surface and reaches an altitude of 6 km. On 29 March 2024, we observed a layer of dust starting at 2
km and growing with time to ~6 km. The maximum mixing ratio of dust was prognosed as ~2 10-4g/kg. On 29 April 2024,

the concentration was reaching 3.7 10-4 g/kg, and the maximum altitude of the layer was less than 6 km.
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Figure 3: Forecast of dust particles (sizes from 0.9 to 20 um) from the CAMS model for (left) 29 February 2024, (center) 29 March
2024, and (right) 29 April 2024.
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Saharan dust advection led to notably reduced visibility. This can be observed in the photographs taken on 29 February, 29
March, and 29 April 2024 (Fig. 4 a, b, and ¢) from the summit of Zugspitze looking south. These images are compared with a

photograph taken under very good visibility conditions (Fig. 4 d).
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Figure 4: Photographs taken on (a) 29 February 2024 (13:30 CET), (b) 29 March 2024 (15:40 CET), and (c) 29 April 2024 (15:30
CET) from the summit of Zugspitze looking south. These images are compared with a photograph taken under good visibility
conditions (d) on 1 December 2024 (15:50 CET). Image source: www.foto-webcam.eu.

2 Instrumentation and data processing technique
2.1 Equipment

The remote sensing equipment is located in the valley of Garmisch-Partenkirchen (734 m a.s.l.) at Karlsruhe Institute of
Technology (KIT) Campus Alpin and on the top of Mount Zugspitze (2962 m a.s.l.). The horizontal distance between the two
sites is approximately 7 km. This infrastructure belongs to ACTRIS-D national facilities (Laj et al., 2024)

The Cimel CE318-T sun/sky/lunar photometer is installed at the summit of Mount Zugspitze. This atmospheric observation
facility is a part of the AERONET network (Giles et al., 2015) and can be seen as representative of the atmospheric conditions
at high altitudes over central Europe. It is assumed that the top of Zugspitze is usually above the planetary boundary layer
(PBL) during most of the year, but certainly during the winter season. On the other hand, in summer, the PBL occasionally

reaches up to 4 kma.g.l. (e.g., Vogelmann et al., 2015), So it is over 2/3 of its height. This renders Zugspitze a suitable site for
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observing long-range transport of aerosol layers in the free troposphere, because measurements are not affected by ground
emissions and low-level advection.

The lidar station located in Garmisch-Partenkirchen is a part of EARLINET. However, after 2015, aerosol measurements with
lidar were only operated at Schneefernerhaus on Zugspitze (Trickl et al., 2024). At the beginning of 2024, the aerosol lidar
“TONI”, as part of ACTRIS, was implemented at KIT Campus Alpin. The lidar system manufactured by Raymetrics is based
on a diode-pumped Nd: YAG laser, transmitting 3 wavelengths: 1064, 532, and 355 nm. Energies of light pulses are 90, 90,
and 50 mJ, respectively, while the repetition rate is 100 Hz. The lidar receiver is equipped with seven detection channels,
including three for measuring elastic backscatter (B), two for Raman signals used to retrieve aerosol extinction profiles (o),
and two depolarization channels (8) designed to assess particle nonsphericity and infer aerosol type. The usage of a 300 mm
diameter mirror together with an off-axis laser beam geometry results in a full overlap near 250 m, making this device suitable

for observations of aerosols in the Planetary Boundary Layer (PBL) and the free troposphere.

2.2 Software description

In order to retrieve APSD from multiwavelength lidar signals, the software described in Sitarek et al. (2016) was applied.
APSD Software is a stand-alone desktop application designed for the retrieval of aerosol particle size distributions from
multiwavelength lidar measurements. The software is based on a direct-fitting approach, in which synthetic lidar signals
generated from an assumed aerosol particle size distribution are compared with experimentally measured lidar returns. The
optimal aerosol parameters are determined through minimization of a cost function describing the difference between modeled
and measured signals.

Before the inversion, the user specifies the wavelengths of the analyzed lidar channels, the particle radius range used in Mie
calculations, and the complex refractive index of the investigated aerosol. The refractive index can be selected from predefined
aerosol types or supplied as an external wavelength-dependent file. Measured lidar signals are provided in ASCII format, with
the first column containing altitude and subsequent columns containing signals corresponding to individual wavelengths. The
software can process both raw and range-corrected lidar signals. For raw measurements, several pre-processing options are
available, including signal sign correction, offset removal, smoothing, and generation of range-corrected signals.

The retrieval is constrained to a predefined bimodal lognormal aerosol model. The number of modes and their widths are fixed
a priori, while the modal radii and concentrations are optimized during the inversion procedure. As a result, the retrieved APSD
represents the best-fitting bimodal approximation of the observed aerosol population. The software provides altitude-resolved

aerosol particle size distributions together with profiles of effective radius calculated from the retrieved APSD.

2.2.1 Method for the APSD retrieval

In this approach, it is assumed that the backscattering lidar provides distance (z) dependent range corrected signals L1(z), L2(z),

..., L4(z) corresponding to various wavelengths (1 =1, 2, ... 4). The following set of equations can represent these signals:
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L2(2) = A (@exp (=2 [ a0 dy), (1)
where zq corresponds to lidar position, A, are the wavelength-dependent apparatus constants, while a,(z) and S;(z)denote the
spatial distributions of total atmospheric extinction and backscattering coefficients, respectively. Each distribution can be
expressed as a sum of constituents (Seinfeld and Pandis, 1997):

#)(2) = aga(2) + as2(2) = aga(2) + [ QF (N r?n(z,r)dr, @)

Br(2) = Bra(2) + Bar(2) = Bral2) + [, QF (r)mr?n(z,r)dr. ®3)

The first constituents of (2) or (3) correspond to Rayleigh scattering. For a standard atmosphere, az.(z) and Sri(z) can be
evaluated using the approach of Bodhaine et al. (1999). Second constituents in Eq. (2) and (3), i. e., a.42(z) and B.4:(z), correspond
to aerosol scattering. The aerosol is assumed to consist of spherical particles of known refractive index. Then a.4:(z) and S4(2)
are described by relevant integrals. Function n(z,r) is the distance-dependent aerosol particle size distribution (APSD). Here r
describes the particle radius, while Q;E(r) and Q;B(r) are the extinction and backscattering efficiencies, respectively. Both were
evaluated using Mie theory (Bohren and Huffman, 1999).

The presented approach consists of the direct substitution of «; and 3, coefficients in form (2, 3) into equations (1). As a result,
only one unknown function remains: the APSD, which is the matter of investigation.

In this approach, the APSD was assumed in a predefined form of a log-normal function:

Cj(2) 1 {—[logr—logRj(z)]z}

ni(z,r) =——=+-—"——---ex
]( ) V2mlogaj(z) 2-log?o(z)

(4)

or a linear combination of log-normal modes:

n(z,r) = Zle n;(z, 7). (5)
Here, R; denotes the modal radius, Cj— the concentration of aerosol in a given mode, and ¢j — the mode width. Then the
inversion reduces to determining the optimal parameters of these modes.

The lidar returns, which are provided by the apparatus, are quantified in space with the interval Az resulting from the
digitization rate and smoothing procedure. At a distance z, for each wavelength, the signals can be expressed by:

Ly(z) = ABa(z)exp{—4z Tiplar(zi-1) + aa (2]} (6)

The integral from Eqg. (1) was approximated by use of the trapezoidal approach. For further analysis, the ratio of the signals at

distances zj and zi+1 = z1 + 4z is taken:

La(zi+1) _ Ba(zird) _
Len = gy epidzlan(z) + e (2 )1 -

This allows the omission of the apparatus constants A,, which are usually unknown, and of the lidar ratio.

The left-hand side of formula (7) describes the ratio of the experimental signals, while the extinction and backscattering
coefficients in formulas (2) and (3) are substituted for the right side of the equations. Since both coefficients depend on the
aerosol distribution in equation (7), only one unknown function (i.e., APSD) remains. Therefore:

La@14y) _ Jo r2QE n(ziga
La(zp) o r2QB (mn(zyryar

exp{—Az[foOo mr2QE (rn(z, r)dr + fom nr2Qf (rn(z4q,m)dr|}. 8)

8
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The distribution n(z,r) in a predefined form of a two-mode lognormal function (5) with several free parameters
{C1, Ry, a1, C2, Ry, 02} is used in our approach. The solution of Eq. (8) is performed with a minimization technique. For this

purpose, we construct a cost function based on Eqg. (8):

L )
X2(z) = ¥y (B _ BOD o pgfay(2) + ap(zian)]})

2
Lp(zp) Ba(zp '

9)

The function n™"(r,z) with the set of parameters that corresponded to the minimal value of the cost function (9) should be
accepted as the solution. However, the bimodal lognormal function found by such a minimization procedure is not unique.
Quite satisfactory results (i.e., the comparable values of »?> parameter) were achieved for several different
{C1, Ry, 61, C2, Ry, 02} sets. Therefore, a group of 300 of the results with the smallest x?> was chosen. The values of y?
(i =1 + 300) for each set of such parameters did not differ by more than about several tens of percent.

Bimodal lognormal function n/®™ was generated for each set of such parameters. As a final result of APSD retrieval, the

weighted average of these functions was accepted.
300 ,—2_min
Nope(r, 7) = BT (10)
=140
The values of y; 2were taken as weights for this averaging.
Finally, such APSD function was used for the calculation of the effective radius (resr)of aerosol particles by means of the
formula:

)
fo r3nopt(rrz)d7‘

Ter(2) = (11)

Jo. r2nope(r,z)ar’
As mentioned above, in our work, we assume that the aerosol particles are spherical. It is well known that in reality their shape
is highly irregular, especially the desert dust particles. Some authors (Hoshiarpur et al., 2019; Huang et al., 2023) try to improve
the agreement of theoretical models with measurement results by assuming an ellipsoidal shape of particles with different
parameters. The non-sphericity of the particles leads to strong depolarization of the scattered light. Volume depolarization
measurements were available and were used for aerosol typing. However, particle depolarization ratios required for
quantitative correction of particle nonsphericity in the APSD retrieval were not available. We cannot state whether such an
approach would lead to a better interpretation of our results. For example, the analysis carried out by Bi et al. (2019) for
ellipsoidal salt particles with different degrees of hydration - and therefore different degrees of asymmetry - did not show
differences greater than 20% in the radiation scattering efficiencies.

3 Results
3.1 Characterization of Saharan Dust Events

Curtain plot of the dust event from 29 February 2024 is shown in Fig. 5 a. On that day, multiple dust layers reaching up to 7

km a.s.l. were observed. The first layer extends from 3 to 3.5 km a.s.l. The second layer, containing sublayers, is present above
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~4 km. On 29 March 2024, the dust layer was present up to 4 km (Fig. 5 b). During Saharan dust advection on 29 April 2024,
two layers of dust were also present. The lower layer reached up to approximately 2 km, later decreasing its height to 1km.
The second layer was present between 3 and 5 km. Until 13:05 UTC, over the Garmisch lidar site, clouds were present (Fig. 5
C).

The enhanced values of volume depolarization ratio observed within the identified layers (Fig. 5 d-f) indicate the presence of
non-spherical particles and are consistent with the expected depolarization signature of Saharan dust reported in previous lidar
studies (e.g., Freudenthaler et al., 2009; Tesche et al., 2009; Grof et al., 2011).
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Figure 5: Curtain plots of the logarithm of the range-corrected signal at 1064 nm measured with the TONI lidar on (a) 29 February
2024, (b) 29 March 2024, and (c) 29 April 2024. The regions highlighted by red rectangles indicate the signal intervals selected for
further analysis. The panel on the right-hand side shows the mean volume depolarization ratio (at 532 nm) profiles corresponding
to the selected periods.

The evolution of the changes of AOD at 500 nm and an Angstrom exponent (AE) of 440-870 nm measured on Zugspitze

during the measurement days is presented in Fig. 6. On 29 February 2024, values of AOD were decreasing from ~0.2 at noon

10
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to ~0.1 in the afternoon. The higher AOD values were related to dust advection, which is clearly visible on the AE plot. The
values of AE are getting smaller with the growth of AOD, which corresponds to the presence of big particles - dust. On 29
April 2024, we observed growth of AOD during the day, but in this case, the values were almost twice as high and varied from
~0.15 to ~0.25, and the AE values were higher than in February. This indicates the presence of smaller particles than on 29
February around noon, but still, AE values indicated the presence of large particles. It is worth mentioning that on 29 March

2024, there were no photometric measurements due to cloud cover.
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Figure 6: Diurnal changes of a) aerosol optical depth at 500 nm and b) 440-870 Angstrom exponent measured at Zugspitze on 29
February 2024 (green) and 29 April 2024 (orange).
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Figure 7: Mean values of single scattering retrieved from photometric measurements at Zugspitze on 29 February 2024 (green) and
29 April 2024 (orange).

Single scattering albedo (SSA) retrieved from photometric measurements at Zugspitze (Fig. 7) shows that the aerosol present
in the layers is likely to be mineral dust (Shin et al., 2019), especially on 29 April 2024. On the other hand, SSA on 29 February

2024 points out that it is a mixture of anthropogenic and dust aerosol (Shin et al., 2019).
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3.2 Effective radius of dust particles

Three cases were chosen for 7., retrieval. For the first and second cases, two signals from 29 February 2024 registered
between 14:00 and 14:30 and between 16:00 and 16:30 were selected. For the third case, the measurements from 29 April
2024 taken between 13:07 and 13:27 (when the measurements ended) were chosen. When selecting windows for the analysis,
the primary selection criterion was the absence of cloud cover, as it significantly affects signal retrieval.

To determine the aerosol properties, mean lidar profiles were calculated for cloudless conditions. The profiles were also
spatially averaged over 150 m thick layers. For the effective radius retrieval, the analysis used an average value of the refractive
index derived from AERONET measurements, approximately 1.46 at 532 nm.

To obtain those profiles, lidar signals had to be prepared first. APSD software is designed to operate on so-called “total”
signals. In the case of our lidar at wavelengths 355 and 532 nm, we have parallel and cross-polarized channels. Thus, to obtain
the total signal, the returns from cross and parallel polarization channels were summed up. The method by Freudenthaler
(2016) was used for this purpose. Moreover, the Automated Lidar Quality Analysis Software (ATLAS, Freudenthaler et al.,

2018) software was used for the calculation of gain ratios and the crosstalk between the channels.
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Figure 8: Profiles of effective radius of aerosol particles taken at (a, b) 29 February 2024, (c) 29 March 2024, and (d) 29 April 2024.
Examples of averaged 7, profiles retrieved using APSD software are shown in Fig. 8. In the first two cases from 29 February

2024 (14 UTC and 16 UTC), the value of the effective radius up to 4 km reaches 3-4 um, the second layer with approx. max.
3 um is present between 5 and 6 km. The third example from 29 March 2024 shows the presence of a layer with particles of

effective radius up to 3.5 um reaching an altitude of 3 km. From 5.5 km up to 8 km, several aerosol layers are present with
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particles 7, up to 2 um. Fourth example from 29 April 2024 shows a layer of higher values of 7, present up to 3 km, and
the second layer at about 3.5 km, where the values of 7, are between 2.5 and 3 um. In all cases, the size of particles of the
“background” aerosol load is around 0.2-0.3 um.

Fig. 9 presents the temporal evolution of the effective radius retrieved from the Cimel sun photometer located at Zugspitze.
The successful retrieval was possible on 29 February 2024 between 7:37 and 14:39 UTC and on 29 April 2024 between 13:23
and 16:31 UTC. The figure shows the effective radii of the fine and coarse aerosol modes.
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Figure 9: Diurnal variation of the effective radius retrieved from the AERONET Cimel sun photometer at Zugspitze on 29 February
2024 (green) and 29 April 2024 (orange). Circles and diamonds represent the effective radii of the coarse and fine aerosol modes,
respectively.

On both days, the effective radius of fine particles varies from 0.1 to 0.2 um, but the effective radius of coarse particles changes
from 1.1 to 1.3 um on 29 February 2024 and from 1.2 to over 1.4 um on 29 April 2024.

The larger values (up to 3—4 pum) observed locally within individual dust layers should not be directly compared with the
column-integrated AERONET product, which represents an optical average over the entire atmospheric column above the
photometer. To compare the range-resolved lidar retrievals with the column-integrated AERONET product, an optically
weighted effective radius was calculated from the lidar-derived profiles. The vertically resolved effective radius was weighted
by the aerosol extinction coefficient profile:

_ Jrepr @a(z)dz

Teff a = [ a(z)dz ’ (12)

where 7 (2) is the lidar-derived effective radius profile and a(z) is the aerosol extinction coefficient profile. This approach

assigns greater weight to aerosol layers contributing most strongly to the atmospheric optical depth and therefore provides a

more meaningful comparison with the column-integrated sun-photometer retrievals. Since the AERONET sun photometer is
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located at the summit of Zugspitze (2962 m a.s.l.), whereas the lidar is operated in Garmisch-Partenkirchen (734 m a.s.l.), only
the part of the lidar profile above the altitude of the photometer was considered in the integration.

The aerosol extinction coefficient profile was retrieved from the 532 nm elastic backscatter signal using the Klett—Fernald
inversion (Klett, 1985; Speidel and Vogelmann, 2023). A constant lidar ratio of 50 sr was assumed, which is representative of
transported Saharan dust observed over Europe (Tesche et al., 2009; Freudenthaler et al., 2009).

The resulting optically weighted effective radii were 1.1 um for 29 February 2024 and 1.4 pm for 29 April 2024 in good
agreement with the AERONET coarse-mode effective radii of approximately 1.1-1.3 um and 1.2-1.4 pm, respectively. For
29 March 2024, the optically weighted lidar-derived effective radius was 0.9 um; however, no AERONET retrieval was
available because of cloud cover.

4 Conclusions

This study presents detailed observations of Saharan dust intrusions over the Bavarian Alps during three events in February,
March, and April 2024. The unique geographical setup of the Garmisch-Partenkirchen (Loisach valley) and the summit of
Zugspitze, coupled with advanced ground-based remote sensing instrumentation (including a multi-wavelength lidar system
and a Cimel sun photometer), enabled comprehensive characterization of the vertical distribution and microphysical properties
of mineral dust transported over the Alps towards Central Europe.

Synoptic analyses revealed that each event was driven by distinct meteorological patterns enabling northward dust advection
from North Africa. Despite differences in cloud cover and transport speed, all three cases showed clear evidence of elevated
dust layers extending up to 6—7 km altitude, with multiple stratified layers identified particularly on 29 February and 29 April.
On 29 March, although hindered by cloud cover, the rapid long-range transport of dust was inferred from HYSPLIT trajectory
modelling and elevated model-predicted AODs. The dust layers observed with lidar could clearly be assigned to rapid long-
range transport of dust from the Sahara. This was supported by HYSPLIT trajectory modelling and elevated model-predicted
AOD:s.

Aerosol optical depth (AOD) and Angstrém exponent (AE) measurements indicated a dominance of coarse-mode particles
during dust episodes, with decreasing AE values corresponding to increased dust loading. Effective radius profiles retrieved
using an inversion algorithm applied to multi-wavelength lidar signals consistently showed large particle sizes (up to 3—4 pum)
within elevated dust layers. To enable a direct comparison with the column-integrated AERONET product, an optically
weighted effective radius was calculated from the lidar-derived profiles. The resulting values of 1.1 um (29 February 2024)
and 1.4 pum (29 April 2024) were in good agreement with the coarse-mode effective radii retrieved from the Zugspitze sun
photometer (approximately 1.2-1.4 um). Vertical profiles of effective radius further confirmed the presence of well-defined
dust layers with particle sizes generally decreasing with altitude. The observed single scattering albedo (SSA) values,
particularly on 29 April, were characteristic of pure mineral dust. In contrast, those on 29 February suggested a mixture of

mineral dust and anthropogenic aerosols, presumably from residential wood-burning emissions.
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The use of the APSD inversion software, incorporating a bimodal log-normal distribution and Mie theory, proved effective in
deriving detailed microphysical parameters of the aerosol plumes. The synergy between lidar and photometric observations
significantly enhanced the reliability of aerosol classification and quantification. The results underline the value of high-
resolution, range-resolved remote sensing data in identifying the structure and evolution of aerosol layers, especially in
complex mountainous terrain.

In summary, these observations provide compelling evidence for the frequent and significant impact of Saharan dust on
atmospheric composition over Central Europe, even outside the Mediterranean basin. The findings contribute to the
understanding of dust transport dynamics, vertical distribution, and radiative properties in the mid-latitudes. Continued
monitoring using integrated remote sensing platforms is essential for improving dust forecasting, assessing its climatic impacts,

and quantifying aerosol-radiation-cloud interactions in regional climate models.
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