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Abstract. The radiative forcing of atmospheric dust remains highly uncertain due to the significant spatial and temporal vari-

ability of dust particles, as well as their complex interactions with atmospheric constituents, radiation, and clouds. To investi-

gate Saharan dust plumes in Western Europe, we collected comprehensive datasets from remote sensing observations (lidars

& photometers), in-situ measurements (aerosol particle size & number), and model claculations (ICON-ART) for 4 different

time periods with strong Saharan dust influence in southwest Germany. We determined Saharan dust proprieties and transport5

pattern employing these comprehensive datasets. Comparison between lidar measurements, sun photometer data, and ICON-

ART predictions shows a relative good agreement for dust plume arrival times (± 20 min), dust layer heights and structures (±
50 m), backscatter coefficients (± 0.16 Mm−1sr−1 at 355 nm), aerosol optical depths (± 0.05 at 500 nm), demonstrating the

capabilities of ICON-ART in predicting Saharan dust transport. The deviation observed for different meteorological conditions

and at different locations are discussed in this paper to substantiate the model validation and to facilitate potential improvement10

of processes like dust emission, transport, aging, removal, as well as dust properties (size distribution, optics, micro-physics)

in transport models like ICON-ART. This study contributes to better understand dust properties in Western Europe and helps

to improve model capabilities in predicting Saharan dust plumes as well as their potential impact on clouds and weather.

1 Introduction

The Saharan desert is the largest source of aeolian dust in the world, with annual production rates of about 4 - 7 x 108 tons/year,15

which is almost half of all aeolian dust inputs to the oceans (Middleton and Goudie, 2001). Saharan dust is mainly produced

by natural processes such as wind storms and doesn’t appear to be heavily impacted by human activities (Kandler et al., 2007).

Saharan dust has been found to be transported in the free troposphere over long distances reaching e.g.the Amazon basin,

middle and north America, Europe (Guerzoni and Chester, 1996), even Japan (Tanaka et al., 2005), and other regions. The

Saharan dust impacts ecosystems and human life in the following ways. Firstly, dust impacts ecosystems in various regions20

like the Atlantic Ocean, the Amazon basin, the southeastern United States, or the Caribbean by providing limiting nutrients

such as phosphorus or iron, and in some cases promoting soil development (Molinaroli et al., 1993). Secondly, Saharan dust
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has also impact on power supply by changing photovoltaic output. When it comes to Saharan dust outbreaks, the photovoltaic

output is reduced not only through a significant increase in aerosol optical thickness, but also through dust deposition on the

photovoltaic modules on subsequent days (Conceição et al., 2018; Rieger et al., 2017a). Thirdly, Saharan dust particles can25

also act as cloud condensation nuclei (CCN) or ice-nucleating particles (INP), influencing cloud formation and thereby al-

tering radiative forcing through aerosol indirect effects (Seifert et al., 2023). Finally, Saharan dust outbreaks has impact on

short-range weather forecast errors as current weather prediction models still struggle to reproduce cloudiness and radiative

effects during dust events, largely because of missing or simplified representations of aerosol–cloud interactions, especially the

indirect effects of dust (Hermes et al., 2024).30

Changes in circulation patterns associated with climate change have led to an increase in frequency and intensity of Saharan

dust events in the Carpathian Basin (Varga, 2020). The annual number of dust events was 4.2 on average between 1979 and

2010, while in the period of 2011–2018, it has increased to 10.3. And an average of about 33,000 tons of atmospheric dust

was transported to Central Europe each year from 2002–2017 (Rostási et al., 2022). The increased frequency and amount of

Saharan dust plumes have caused larger uncertainties in global radiative forcing (Saidou Chaibou et al., 2020; Diop et al., 2020;35

Mallet et al., 2009).

The predictions of Saharan dust plume regarding dust arrival time, dust height and structure, as well as dust impact on clouds,

precipitation, and convective systems is meaningful. In past decades, different transport models were developed to simulate the

distribution and evolution of aerosol over the globe. For example, the general circulation model the ECHAM-HAMMOZ (Poz-

zoli et al., 2008a, b), the ECHAM/MESSy Atmospheric Chemistry (EMAC) (Roeckner et al., 2006; Jöckel et al., 2006, 2010),40

the Whole Atmosphere Community Climate Model (WACCM) (Kunz et al., 2011; Smith et al., 2011), the Weather Research

and Forecasting (WRF) model coupled with Chemistry (WRF/Chem) (Chapman et al., 2009), the CONsortium for small-scale

MOdeling (COSMO) and its extension on Aerosol and Reactive Trace gases (ART) (Vogel et al., 2014), and its successor

the ICOsahedral Nonhydrostatic (ICON) and its extension on Aerosol and Reactive Trace gases (ART) (Rieger et al., 2015;

Weimer et al., 2017). A multi-model forecast comparison is now also available by the Sand and Dust Storm Warning Advisory45

and Assessment System (Benincasa, 2023), a program of the World Meteorological Organization (WMO). The Dust-DN (Dust

Doctoral Network) project, an EU-funded initiative under the Horizon Europe program, seeks to advance the scientific under-

standing of mineral dust processes and improve the predictive capabilities of dust transport models (https://dust-dn.cyi.ac.cy/,

last access: 26 December 2024).

Different dust transport models need to be evaluated against a range of measurement methods, including both remote sensing50

and in-situ observations. This comparison is essential for validating model performance, assessing the validity of parameter-

izations used in the models, and improving our understanding of aerosol properties and processes during dust events (Zhang

et al., 2022; Hoshyaripour et al., 2019). For example, aerosol lidar is a useful tool to validate Saharan dust model simulations

as it can provide high-resolution vertical profiles of dust plumes (Chouza et al., 2016; Zhang et al., 2022). Ground-based lidar

networks including the European Aerosol Research Lidar Network (EARLINET) (Mona et al., 2014), the Micro-Pulse Lidar55

Network (MPLNET) (Misra et al., 2012), and the Asian Dust and Aerosol Lidar Observation Network (AD-Net) (Sugimoto

et al., 2016) have conducted long-term dust observation in last decades to investigate dust transport and optical proprieties.
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Also the sun photometers deployed by the Aerosol Robotic Network (AERONET) (Kim et al., 2011) provides rich information

on column integrated dust optical parameters (e.g. Aerosol optical depth (AOD), Ångström Exponent (AE), single scattering

albedo (SSA)). Finally, satellite data can also be also used to study Saharan dust proprieties and validate Saharan dust trans-60

port model. For example, the MODIS instrument aboard the Terra & Aqua satellites can provide column integrated aerosol

optical properties (Merdji et al., 2023; Barnaba and Gobbi, 2004) and the Cloud-Aerosol Lidar with Orthogonal Polarization

(CALIOP) aboard of the CALIPSO satellite can provide vertical profiles of aerosol information (Hoshyaripour et al., 2019; Liu

et al., 2008). The valuable satellite data provided by these active or passive remote sensing sensors aboard different satellites

help to understand the dust proprieties over the globe (Song et al., 2022; Wu et al., 2020).65

Southwest Germany provides an excellent location for investigating Saharan dust plumes. Firstly, this region is frequently

affected by long-range transported Saharan dust events, especially during spring and summer seasons (Ansmann et al., 2003;

Gasteiger et al., 2011). Second, the typical transport time for dust particles—ranging from 2 to 5 days—makes it ideal for ex-

amining long-range dust transport and its interactions with local atmospheric conditions (Ansmann et al., 2003). Additionally,

the region’s diverse meteorological patterns, including extreme weather events such as storms and prolonged dry periods, play70

a significant role in dust movement and deposition, offering a wide range of scenarios for analysis (Kunz et al., 2022a). These

factors make southwest Germany a key site for validating global transport models, with insights gained here being broadly

applicable to other regions with similar characteristics.

Zhang et al. (2022) investigated the properties and transport of Saharan dust during the period from April 7 to 9, 2018, through

a synergistic approach combining modeling and observational data. They demonstrated that a novel method for retrieving the75

lidar ratio from scanning aerosol lidar measurements could be effectively applied to this dust plume, yielding optical parame-

ters (e.g., lidar ratio and particle depolarization ratio) consistent with values reported in the literature. Their study also showed

that the modeled backscatter coefficients agreed well with lidar observations when non-spherical particles were assumed, with

a slope of 0.9 ± 0.1 (R2 = 0.68). In contrast, assuming spherical particles led to a significant overestimation, with a slope of

2.3 ± 0.3 (R2 = 0.74). In the present study, we utilize a more comprehensive dataset to investigate the evolution and optical80

properties of dust in southwest Germany, extending the analysis to a broader set of dust events and characteristics. A scanning

aerosol lidar systems, a sun photometer, different ground-level in situ aerosol characterisation instruments (e.g. Optical Particle

counter (OPC)), the MODIS satellite (Remer et al., 2005), and a Saharan dust transport model, ICON-ART model Zängl et al.

(2015), were employed in 4 Saharan dust cases to investigate these dust events employing different retrieval methods. The

MODIS satellite provides spatial distribution of AOD, aiding in the study of Saharan dust transport, while ground-based mea-85

surements offer continuous data for southwest Germany. The major objective was to assess the performance of dust prediction

for ICON-ART, to indentify model improvements, and to better understand dust properties during these dust events benefiting

from the advanced instruments.

This paper is organised as follows. Section 2 describes the remote sensing and in situ methods as well as the model simula-

tions. Details of the dust observations and dust properties are discussed in section 3 including a comparison of the different90

remote sensing and in situ methods as well as how they compare to the model predictions. In the final section, we provide some

conclusions.
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2 Method

Four Saharan dust events were investigated combining remote sensing, ground-level in situ measurements, and a transport

model over western Europe. The four selected cases were chosen to address different scientific objectives and to sample a95

broad range of aerosol and cloud conditions. Case 1 is designed to evaluate the added value of scanning lidar relative to

vertically pointing lidar observations, with a particular focus on additional information provided by scanning measurements

that cannot be captured by single-column observations. Case 2 corresponds to the longest cloud-free Saharan dust episode,

lasting approximately six days, and serves as a reference case for examining the temporal evolution and vertical structure

of dust plumes under clear-sky conditions. Case 3 documents the interaction between Saharan dust and clouds, allowing an100

investigation of dust–cloud coupling processes and their influence on observed vertical structures. Case 4 represents the most

intense dust outbreak, with aerosol optical depth (AOD) approaching 2, and is used to assess the vertical distribution and

optical characteristics of extremely dense dust layers. Together, these cases provide a comprehensive framework for evaluating

lidar observation strategies and for characterizing Saharan dust under diverse atmospheric conditions. A scanning aerosol lidar

(Zhang et al., 2022) provided spatial-temporal distributions of Saharan dust plumes and optical proprieties of dust particles.105

Also, a sun photometer (Giles et al., 2019) provided wavelength-dependent aerosol optical depth (AOD), Angstrom exponent

(AE), and under clear sky conditions the aerosol size distributions (ASD), and single scattering albedo (SSA). Besides, ground-

level in situ aerosol characterisation instruments (e.g. OPC, APS, SMPS, and CPC) provided aerosol number concentration and

mass concentration as well as aerosol size distribution. Finally, these observational data were compared with predictions from

the online coupled model system ICON-ART (Rieger et al., 2015). The model system is running in operational mode by110

Deutscher Wetterdienst (DWD). The main methods used to characterize the four different Saharan dust events are summarized

in table 1.

Table 1. List of main methods used for 4 Saharan dust cases (SPHa: Sun photometer; KIT-CNb: KIT campus north). *Please note that the

dust particles didn’t reach ground level during events 1 & 4 so that no in situ measurements could be conducted.

ID Date Observation site lidar OPC APS SPHa MODIS
ICON-

ART

1
April 7th-9th,

2018

KIT-CN b, (8.4298◦ E,

49.0953◦ N)
X X X X

2
February 22th -

27th, 2021

KIT-CN, (8.4298◦ E,

49.0953◦ N)
X X X X X X

3
June 19th-20th,

2021

Rottenburg, (8.95452◦

E, 48.4892◦ N)
X X X X X X

4
March

16th-22th, 2022

KIT-CN, (8.4298◦ E,

49.0953◦ N)
X X X X
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2.1 Remote sensing methods

A scanning aerosol lidar called Karlsruhe scanning aerosol lidar (KASCAL (LR111-ESS-D200, Raymetrics Inc.)) was de-

ployed at the campus north of the Karlsruhe Institute of Technology (8.4298◦ E, 49.0953◦ N, 119 m above sea level) for dust115

events occurred in April 2018, February 2021, and March 2022 and was deployed in Rottenburg am Neckar (8.95452◦ E,

48.4892◦ N, 339 m above sea level) for dust events occurred on June 2021 (Kunz et al., 2022b). The KASCAL lidar system is a

mobile scanning system with an emission wavelength of 355 nm. The laser head, 200 mm telescope, and lidar signal detection

units are mounted on a rotating platform. The overlap range of the lidar system is 255 m and the overlap correction for the

KASCAL lidar has been done with horizontal measurements assuming horizontal homogeneous conditions. This KASCAL120

lidar works automatically, time-controlled, and continuously via a software developed by Raymetrics Inc. (Avdikos, 2015).

For the data analysis and calibration of the system, we followed the quality standards of the European Aerosol Research Lidar

Network (EARLINET) (Freudenthaler, 2016; Zhang et al., 2022).

The sun photometer (CE-318, CIMEL, Holben et al. (1998)) which measures solar radiance at nine different wavelengths

ranging from 339 nm to 1638 nm was also deployed in these four Saharan dust events. The sun photometer data enables cal-125

culation of AOD at specific wavelengths. Additionally, the data can be used to determine other important aerosol parameters

such as SSA, AE, ASD, and complex refractive index (CRI) (Vermeulen et al., 2000; Sinyuk et al., 2020; Dubovik and King,

2000). SSA measures the ratio of scattering coefficient to extinction coefficient, which is inversely proportional to the aerosol

absorption ability. AE describes the wavelength dependency of AOD, which is influenced by particle size. Smaller particles

exhibit a stronger wavelength dependency, resulting in a higher AE value. Additionally, clear sky measurements from the sun130

photometer can be used to derive ASD (between 0.05 – 15 µm), complex refractive index (between 1.33 – 1.6 and 0.0005i –

0.5i), and other parameters (Dubovik and King, 2000; Müller et al., 2010). The sun photometer is part of the Aerosol Robotic

Network (AERONET) and level 2.0 data was utilized in this study (Giles et al., 2019).

The Moderate Resolution Imaging Spectroradiometer (MODIS) is an imaging sensor onboard the NASA Terra and Aqua satel-

lites, launched in 2000 and 2002, respectively (Remer et al., 2005). It provides continuous global observations with a wide135

range of products, including atmospheric, land, and ocean data, at spatial resolutions ranging from 250 m to 1 km. MODIS

is widely used for studying aerosol properties, including Aerosol Optical Depth (AOD), which is crucial for monitoring dust

transport, climate change, and air quality. The data is available from the NASA LAADS DAAC and has been a key resource in

atmospheric and environmental research (Justice et al., 2002; Salomonson et al., 1989).

2.2 Ground-level in situ instruments140

The ground-level in situ instruments were deployed in a mobile container for the field campaign at Rottenburg am Neckar and

were installed in the laboratory of building 322 on campus north of the KIT near the village of Eggebstein-Leopoldshafen.

Aerosol particle size distributions were determined using scanning mobility particle sizer (SMPS; DMA: TSI 3080, CPC

3022A, TSI Inc., 14-760 nm), aerodynamic particle sizer (APS; TSI 3321, TSI Inc, 0.5 - 20 µm), and optical particle counter

(OPC; Fidas200, Palas, GmbH, 0.18 - 18 µm). Additionally, two condensation particle counters (CPC3776, 3025, TSI Inc.)145
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counted particle numbers (>2.5 nm) with a time resolution of 1 second. These instruments operated with a flow rate of 5 L/min

and a time resolution of 1-5 minutes during Saharan dust events 2 and 3. Additionally, two condensation particle counters

(CPC3776, 3025, TSI Inc.) counted particle numbers with a time resolution of 1 second. Meteorological parameters were

measured with a compact sensor (WS7000, Luff) (Jiang et al., 2025).

2.3 ICON-ART150

To predict the transport and distribution of dust in these four Saharan dust events, the ICON-ART model system was used,

which is an online-coupled model that integrates weather and climate modeling with the life cycle and feedback of aerosols

and trace gases. ICON is a comprehensive model that solves the full three-dimensional non-hydrostatic and compressible

Navier-Stokes equations on an icosahedral grid (Zängl et al., 2015), while the ART module extends the model to include

aerosols and trace gases. In ART, mineral dust is represented by three lognormal modes, with mass median diameters of 1.5,155

6.7, and 14.2 µm, and standard deviations of 1.7, 1.6, and 1.5, respectively. The dust emission scheme is based on (Vogel et al.,

2006) and (Rieger et al., 2017b), which consider soil properties, soil dispersion state, and soil type heterogeneity. The model

accounts for dust removal processes such as sedimentation, dry, and wet deposition. The simulations were conducted on a

global domain with a regional nest over North Africa and Europe, using horizontal resolutions of 40 and 20 km, respectively.

The vertical resolution ranges from tens of meters to several kilometers from low to high altitudes with total of 65 layers, with160

a resolution of 200 to 400 m in the altitude range of 2-6 km, where dust layers from long-range transport are often present.

3 Results and Discussion

3.1 Case 1

The properties and transport of Saharan dust from April 7 to 9, 2018, in case 1 have already been described by Zhang et al.

(2022). They demonstrated that a novel method for retrieving the lidar ratio from scanning aerosol lidar data could be applied165

to this dust plume to determine optical parameters (e.g., lidar ratio and particle depolarization ratio) consistent with values

reported in the literature.

3.2 Case 2

Saharan dust case 2 was characterized in February 2021 at the KIT campus north near the city of Karlsruhe by combining

remote sensing, ground in situ aerosol characterization instruments, and ICON-ART simulations. For these measurements170

during February 2021, actually three different dust plumes were observed. In this section, we will focus on the period with

the longest duration of nearly 5 days from 22nd to 26th, of February 2021. This period was almost free of clouds. Figure S2

displays the horizontal distributions of daily averaged aerosol optical depth (AOD) from MODIS satellite measurements with

a spatial resolution of 0.4° × 0.4°, for the period from February 22 to 26, 2021. The data reveal that during this period, Saharan

dust originating from North Africa was transported to Karlsruhe, Germany, showing distinct signatures of dust plumes in the175
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Figure 1. Time series of backscatter coefficients from KASCAL measurements (a), predicted backscatter coefficients by ICON-ART (b),

Linear Volume Depolarization Ratio (LVDR) (c) Linear Particle Depolarization Ratio (LPDR) (d) from KASCAL measurements, particle

number size distribution from Fidas 200 and particle number concentration from two CPCs (e), particle mass size distribution from Fidas

200 (f) and particulate matter concentrations (PM10 & PM2.5 ) from the Fidas 200 and the lowest model level (150 m) of the ICON-ART

simulation (g) from February 22th to 26th, 2021 for case 2. Please note that the model data shown only includes the Saharan dust while

the lidar data shows also other aerosol particles and clouds. The profiles of backscatter coefficients measured by the lidar and predicted by

ICON-ART model for case C1 (Averaged profiles from 00:30 to 1:30 for lidar measurement and profile at 01:00 for ICON-ART prediction

on 24th, February 2021) and for a selected time C2 (Averaged profiles from 02:30 to 03:30 for lidar measurement and profile at 03:00 for

ICON-ART prediction on 25th, February 2021) are shown on the right side of this figure. The vertical dashed lines in the contour plots

indicate dust arrival (T1), dust touched to the ground (T2), an increase of PM concentration at ground level (T3 & T4) and a low-level cloud

appeared (T5). C1 and C2 represent time periods used for a more detailed data analysis as shown in the right side of this figure.
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atmosphere. Figure 1 shows the time series of backscatter coefficients from KASCAL measurements, ICON-ART predicted

backscatter coefficients, Linear Volume Depolarization Ratio (LVDR) and Linear Particle Depolarization Ratio (LPDR) from

KASCAL measurements, particle number size distributions and particle number concentration from two CPCs, particle mass

size distributions and particle matter concentrations from OPC (Fidas200) measurements from 22nd to 26th, February 2021.

The KASCAL was operated at two observation angles similar as for case 1 (Zhang et al., 2022) but the lidar data shown in this180

figure is averaged for each observation angle with an integration time of 300 s. The missing lidar data from 22:15 on 22nd,

February to 10:25 on 23rd, February 2021 was due to a technical problems (loss of laser cooling). As can be seen from this

figure, the dust arrived at the observation site at 04:00 on 22nd, February 2021 (dashed line T1) and lasted for about 5 days.

Initially, the dust plume had a maximum backscatter at around 2.0 km altitude, and then the Saharan dust plume started sinking

and reached ground level at 10:00 on 23rd, February 2021 (dashed line T2), and these ground level particles were characterized185

by an in situ aerosol sizer (Fidas200). Subsequently, the ground level aerosol concentration increased stepwise as can be seen

from the mass size distributions (Figure 1f) and particle mass concentrations (Figure 1g) from 12:00 of 24th, February 2021 to

12:00 of 26th, February 2021. However, the increase in particle number concentration is not obvious in Figure 1e, because the

aerosol number concentration is dominated by smaller particles. Finally, a sharp decrease of ground level aerosol dust particles

and dust concentration at high altitudes can be seen from both, ground level in situ and lidar measurements at 12:00 on 26th,190

February 2021 (dashed line T5) due to increasing wind speeds advecting clean air masses.

The evolution of the dust plume over Karlsruhe for dust case 2 predicted by the ICON-ART model is shown in Figure 1b.

According to the model simulation, the dust plume arrived in Karlsruhe at 04:00 on 22nd, February 2021, and lasted for

about five days. Initially, the ICON-ART predicted dust backscatter ranged between 1.0 and 8.0 km. Subsequently, the higher-

altitude dust plume disappeared at 18:00 on 24th, February 2021 and the main dust layer reached ground level. The time195

series of particulate mass concentrations (PM10) from Fidas measurements and dust mass concentration from the ICON-ART

simulation, shown in Figure 1g, reveal a good correlation of PM10 between Fidas 200 measurement and ICON-ART prediction,

with a slope of 0.754 ± 0.041 and a Pearson correlation coefficient of 0.862, indicating the a relative good performance of the

ICON-ART prediction. The dust layer heights predicted by ICON-ART did not agree well with lidar measurements in terms

of dust layer height and structure before 18:00 on 24th, February 2021 while it shows consistency after this time. The dust200

layer heights and their peak heights for both lidar measurement and ICON-ART prediction are shown in Figure 10b. The dust

peak heights are not shown after 18:00 on 24th, February 2021 for lidar measurement due to the influence of boundary layer

aerosol loading during this time and boundary layer aerosol having maximum values near ground level. The vertical profiles

of backscatter coefficients from lidar measurements and ICON-ART calculations are shown at the right of Figure 1 for two

selected periods indicated as C1 and C2 in Figure 1. For case C1, the backscatter coefficients are given for lidar measurements205

from 00:30 to 01:30 and ICON-ART calculations for 01:00 on 24th, February and for case C2, the backscatter coefficients are

given as average of lidar measurements between 02:30 to 03:30 and ICON-ART calculations for 03:00 on 25th, February 2021.

As can be seen in the vertical profiles for the C2 period, the boundary layer aerosol and dust particles are mixed below 2.0 km

and this mixing requires additional analysis to determine dust peak heights from lidar measurements. In addition, the vertical

profiles of the backscatter coefficients for period C1 show inconsistencies for dust layer heights and backscatter coefficients210
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while profiles in case C2 show consistencies in dust layer height but inconsistencies in backscatter coefficients. As discussed

for Saharan dust case 1, the predicted backscatter coefficients can agree well with values retrieved from lidar measurements if

non-spherical particles are assumed (Zhang et al., 2022). However, during period C2 of Saharan dust case 2, the ICON-ART

predicted backscatter coefficients for non-spherical particles were systematically lower than those from lidar retrievals. The

main reason for this difference to the backscatter coefficients retrieved from lidar measurements is the contribution of non-dust215

particles to the total backscatter coefficient in this mixing layer.

Tesche et al. (2009) proposed a method to separate the total backscatter coefficient into a dust part and a non-dust part using

the following equation:

βλ,d = βλ,p
(δλ,p − δλ,nd)(1 + δλ,d)
(δλ,d − δλ,nd)(1 + δλ,p)

(1)

Where βλ,d is the pure dust backscatter coefficient, βλ,p is the total particle backscatter coefficient, δλ,p is the total particle220

depolarization ratio, δλ,nd is the particle depolarization ratio of non-dust particles, δλ,d is the particle depolarization ratio of the

pure dust plume. In this equation, βλ,p and δλ,p can be retrieved from lidar measurement. The particle depolarization ratio of

pure dust plume, δλ,d, is estimated from the high-altitude dust layer which is not mixed with non-dust particles and the particle

depolarization ratio of non-dust particles, δλ,nd, is the average value of particle depolarization measured on 1st, March 2021

when there was no dust layer over Karlsruhe. For this Saharan dust case, a value of 0.3 for δλ,d and a value of 0.046 for δλ,nd225

were used.

Figure 2. Vertical profile of total backscatter coefficients and dust backscatter coefficients from KASCAL and the predicted backscatter

coefficient for non-spherical (NSP) from ICON-ART for period C2 of case 2 (Averaged profiles from 02:30 to 03:30 for lidar measurement

and profile at 03:00 for ICON-ART prediction on 25th, February 2021) as indicated in Figure 1.

Figure 2 shows vertical profiles of total backscatter coefficients and pure dust backscatter coefficients from KASCAL mea-

surement and ICON-ART predicted backscatter coefficients for non-spherical particles. This figure shows that backscatter

9
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Figure 3. Correlation of backscatter coefficients predicted by ICON-ART for non-spherical (NSP) particles and those retrieved from KAS-

CAL for both total aerosol particles (left) and dust particles only (right) (from 20:00 on 24th to 12:00 to 26th, February 2021 for Case 2).

coefficients predicted by ICON-ART for non-spherical particles are smaller than the total backscatter coefficients measured by

KASCAL by a factor of 2.12 ± 0.66 while it agrees well with the pure dust backscatter coefficient by a factor of 1.06 ± 0.22.230

Figure 3 shows the correlation of the backscatter coefficient predicted by ICON-ART for non-spherical particles and those

retrieved from KASCAL measurements for both total aerosol particles (left) and dust particles only (right). This correlation

only shows the data from 20:00 on 24th to 12:00 on 26th, February 2021 as the dust layer heights are inconsistent between lidar

and ICON-ART model before this time. The backscatter coefficients predicted by ICON-ART for dust are systematically lower

than the total backscatter coefficient retrieved from lidar data by a factor of 1.94 ± 0.65. However, the pure dust backscatter235

coefficients retrieved from KASCAL agrees well with the backscatter coefficients predicted by ICON-ART for non-spherical

particles with the a slop of 0.974 ± 0.01 and a Pearson correlation coefficient of 0.543 as shown in Figure 3. From these

comparisons, we can see that the signal from non-dust aerosol particles can successfully be separated from total backscatter

coefficients, allowing for a comparison between lidar measurements and ICON-ART simulations for the Saharan dust also

at lower altitudes. The contribution of non-dust aerosol particles can also be seen from comparison of AOD values from sun240

photometer measurements with ICON-ART results (cf. Figure 5).

Sun photometer data from the Karlsruhe AERONET station were also used to investigate this Saharan dust case. Figure 4

shows the time series of AOD (a), AE (b), SSA (c) measured by the sun photometer for different wavelengths as well as

column-averaged aerosol volume size distributions retrieved from the sun photometer (d) and aerosol mass size distributions245
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Figure 4. Time series of Aeosol Optical Depth (AOD) (a), Ångström Exponent (AE) (b), Single Scattering Albedo (SSA) (c) at different

wavelengths, and column-averaged aerosol volume size distribution (d) measured and retrieved from sun photometer (AERONET, Karlsruhe

station) as well as particle mass size distributions (e) measured by Fidas 200 from February 22th to 26th, 2021 for case 2.

measured by Fidas200 at ground level (e). From this figure, we can see a relatively small trend of AOD for different wavelengths

caused by large Saharan dust particles over Karlsruhe. These large particles have only very little wavelength dependence in

light scattering, thus causing a low value of AE which is below 0.3 most of the time. In addition, the AOD at the wavelength

of 340 nm increased from 0.41 at 07:22 of 23nd, February to 0.66 at 15:57 on 24th, February 2021 and then decreased to 0.42

at 16:00 on 25th, February 2021. The SSA shown in panel (c) of this figure indicates that the SSA is wavelength dependent250

and has the lowest value at a wavelength of 439 nm. This phenomenon is due to the strong absorption of Saharan dust at short

wavelengths and this strong absorption caused a low value of SSA. The column-averaged aerosol volume size distribution re-

trieved from sun photometer and mass size distributions measured by Fidas200 shown in panel (d) and panel (e) show relatively

large particles (dp > 1 µm) dominating during this Saharan dust period as expected. In addition, the column-averaged volume

size distribution retrieved from sun photometer and the mass size distributions from Fidas200 do not show a similar trend. The255

volume size distribution retrieved from sun photometer has the highest concentration on 24th, February 2021 while the mass

size distribution measured by Fidas200 has the highest concentration on 25th, February 2021. The reason for this inconsistency
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can be explained as follow: (1) The sun photometer measures the column integral aerosol from ground level to the tropopause

while the Fidas200 measured ground level aerosols. (2) the Saharan dust has the strongest intensity on 24th, February 2021

(as can be seen from AOD value at panel(a)) but most dust particles are aloft (can be seen from lidar measurement shown in260

the 1a) which cannot be measured by Fidas200 but can be measured by sun photometer. However, on 25th, February, most

of the dust particles were sunken to the ground level (as can also be seen from lidar measurement shown in Figure 1a) which

were measured by Fidas200. In addition, as the dust plume mass loading on 25th, February 2021 is weaker than that on 24th,

February 2021, the column-averaged volume size distribution retrieved by sun photometer for the column aveage is lower on

25th, February 2021.

Figure 5. Case 2 time series of AODs at three wavelengths from the sun photometer and ICON-ART model simulations from 22nd, February

2022 to 26th, February 2021 for 1-hour temporal resolution.

265

The time series of AODs at three wavelengths from sun photometer measurements and ICON-ART model simulations from

22nd, February 2022 to 26th, February 2021 are shown in Figure 5. This time series was divided into three periods (A, B, C)

as shown in figure 5. This division is based on the relationship of AOD from model simulations and sun photometer data. This

figure shows that the AOD measured by the sun photometer is systematically larger than that predicted from ICON-ART by

a factor of 2.78 ± 1.60 mainly due to the contribution of non-dust particles as evident for the periods A and C . However,270

during period B, the AOD from ICON-ART is larger than that measured by the sun photometer by a factor of 1.41 ± 0.18.

The reasons for this discrepancy can be explained as following according to the synoptics of this event. During Period A
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(22nd–23rd, February), a strong dust surge associated with a cold front and warm conveyor belt transport led to a rapid AOD

increase. ICON-ART underestimates the AOD peak observed by the sun photometer, particularly at 340 nm, suggesting lower

simulated dust loading during the initial uplift and long-range transport phase. In Period B (23rd–25th, February), continued275

dust advection into Central Europe under a stationary Omega block resulted in sustained elevated AOD levels. ICON-ART

overestimates AOD across all wavelengths during this period, indicating differences in vertical mixing and removal processes

in the model compared to observations under dry, clear-sky conditions. By Period C (25th–27th February), the dust event

gradually subsided. Model and observational AOD values show better agreement, though ICON-ART slightly overestimates

AOD during some peak periods. Overall, ICON-ART reproduces the general temporal evolution of the dust event but shows280

discrepancies in magnitude during initial transport and removal phases.

3.3 Case 3

The Saharan dust case 3 was characterized during the Swabian MOSES campaign from June to August 2021 near the city of

Rottenburg in western Germany (Kunz et al., 2022b). During this field campaign, several intensive observation periods (IOPs)

were conducted and this Saharan dust case was measured during IOP4. Figure S3 presents the horizontal distribution of daily285

averaged aerosol optical depth (AOD) derived from MODIS satellite observations at a spatial resolution of 0.4° × 0.4°, for the

period of June 19–20, 2021 (Case 2). During this time, Saharan dust originating from North Africa was transported toward

Rottenburg, Germany. Figure 6 shows the time series of range corrected lidar signals (RCS) for the cross-polarized channel

and LVDR from KASCAL measurements. The backscatter coefficient and particle depolarizations are not shown in this figure

as the retrievals of the backscatter coefficients by the Klett-Fernald method were largely affected by the presence of clouds290

and this effect would bring large uncertainties in calculating the backscatter coefficients and LPDR. Figure 6 also shows the

time series of ICON-ART predicted backscatter coefficients for NSP particles, the particle number and mass size distribution

and particulate matter concentrations from OPC, and meteorological parameters from 19th to 20th, June 2021. The KASCAL

conducted zenith scans from 90◦ to 5◦ elevation angle with the step of 5◦ at two azimuth angles. The lidar measurements shown

in this figure are based only on the vertical profiles extracted from for each scanning plane. As can be seen from this figure, this295

dust plume arrived in Rottenburg at 11:00 on 19th, June 2021 (dashed line T1) and lasted for nearly 2 days. Initially, the dust

layer showed a maximum in volume depolarization ratio at an altitude of 4.0 km which subsequently sunk to an altitude of 2.0

km. At 22:00 on 19th, June 2021, another dust layer with an initial altitude between 2.0 km to 4.0 km arrived at the observation

station then subsequently touched ground level at 00:30 on 20th, June 2021 (dashed line T2). Those particles reaching ground

level were characterized by the OPC Fidas200 showing an increase in aerosol concentrations until 03:30 (dashed line T3) on300

20th, June 2021. At 03:00 on 20th, June 2021, drizzle occurred as shown in panel (g) of this figure and washed the particles

out. This caused a decrease of aerosol concentrations measured at ground level. At 11:30 on 20th, June 2021 (dashed line T4),

the aerosol particles reached ground level again and caused an increase of aerosol concentrations at ground level from 11:30

on 20th, June 2021 to 19:00 on 20th, June 2021 (dashed line T5). Finally, a moderate rain occurred at around 17:00 on 20th,

June 2021 causing a sharp decrease of aerosol particles (T5) due to wet removal.305

The evolution of the dust plume over Rottenburg for dust case 3 predicted by the ICON-ART model is shown in Figure 6 c.

13

https://doi.org/10.5194/egusphere-2025-5980
Preprint. Discussion started: 3 February 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 6. Time series of range corrected lidar signal for the cross-polarized channel (a), and Linear Volume Depolarization Ratio (LVDR)

from KASCAL measurements (b), backscatter coefficients predicted by ICON-ART for non-spherical (NSP) particles (c), particle number

size distributions from Fidas 200 and particle number concentration from two CPCs (d), particle mass size distributions from Fidas 200

(e) and particulate matter concentrations (PM10) from the Fidas 200 and the lowest model level (150 m) of the ICON-ART simulation (f),

and ground level meteorological parameters (e.g. wind, precipitation, WS700) (f) from June 19th to 20th, 2021 for case 3. Please note that

the model data shown only includes the Saharan dust while the lidar data shows also other aerosol particles and clouds. The profiles of

backscatter coefficients measured by the lidar and predicted by the ICON-ART model for case C1 (averaged profiles from 13:30 to 14:30

for lidar measurements and profile at 14:00 for ICON-ART prediction on 19th, June 2021) and for case C2 (averaged profiles from 22:30 to

23:30 for lidar measurements and profile at 23:00 for ICON-ART prediction on 19th, June 2021) are shown on the right side of this figure.

The vertical dashed lines in the contour plots indicate dust arrival (T1), dust touched to the ground (T2 & T4), and dust particle removal due

to precipitation (T3 & T5). C1 and C2 represent time periods used for a more detailed data analysis as shown in the right side of this figure.
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Figure 7. Vertical profile of total backscatter coefficients and dust backscatter coefficients from KASCAL and the predicted backscatter

coefficient for non-spherical (NSP) particles from ICON-ART for period C3 (averaged profiles from 22:30 to 23:30 for lidar measurements

and profile at 21:00 for ICON-ART prediction on 19th, June 2021) as indicated in Figure 6.

This plot shows a dust plume arrival at Rottenburg at 11:00 (± 20 min) on 19th, June 2021 with an initial dust layer height

between 4.0 - 5.0 km and lasting for nearly two days. Since 23:30 on 19th, June 2021, a relative thick dust layer between

ground level and up to 6.0 km was over Rottenburg. The dust layer heights and their peak heights for both lidar measurements

and ICON-ART predictions for this Saharan dust case are shown in Figure 10c. The dust peak heights from KASCAL after310

02:00, 20th, June 2021 are not shown in this panel as low clouds and precipitation impeded the retrieval of dust peak heights

from lidar measurement. This figure shows that the dust layer heights from ICON-ART predictions and lidar measurements

show similar trends but still show some discrepancies. The ICON-ART predicted dust layer heights are 900 ± 693 m higher

than those retrieved from lidar measurements between 13:00 on June 19th and 02:00 on June 20th, 2021. The time series of

particulate mass concentrations (PM2.5 and PM10) from Fidas measurements and dust mass concentration from the ICON-ART315

simulation, shown in Figure 6f, do not a good correlation, with a slope of 0.56± 0.106 and a Pearson correlation coefficient

of 0.383. This discrepancy may be caused by the model sample location is different from measurement location with distance

of 40 km. The vertical profiles of the backscatter coefficients from lidar retrievals and ICON-ART predictions for two selected
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periods indicated as C1 and C2 in Figure 6 are shown on the right side of Figure 6. For case C1, the backscatter coefficients

predicted by ICON-ART for non-sherical particles is systematically lower than those retrieved from lidar measurements by320

a factor of 3.91 ± 1.66 between 2.6 - 4.4 km. There are two possible reasons for this underestimation of the backscatter

coefficients. One is that ICON-ART underestimated the dust loading in this case and the second explanation is that the Saharan

dust particles acted as ice-nucleating particles at this altitude, promoting the formation or growth of ice crystals, which increases

the particle size and enhances the lidar backscatter. For period C2, the backscatter coefficients predicted by ICON-ART were

lower by a factor of 7.48 ± 1.9 below 3.2 km. The first reason for this difference of the backscatter coefficients is because325

of the additional presence of non-dust particles which are not included in this specific model calculation. So we separated

the backscatter coefficients into the dust part and non-dust part as was done also for Saharan dust case 2. The results are

shown in Figure 7, which shows that the presence of non-dust particles cannot explain the complete difference as the pure dust

backscatter coefficients are still higher than those calculated by ICON-ART. The second possible reason for this remaining

difference is that ICON-ART may underestimate the dust loading in the lower layer in this case. Although the ICON-ART330

results doesn’t seem to agree with lidar measurements for this lower altitude, some consistency between model simulations

and lidar measurement can also be seen for the dust layer above. The dust layer between 3.2 - 6.0 km for period C2 is also

shown on the right side of Figure 6 with a good agreement between model simulation and lidar measurement.

3.4 Case 4

The Saharan dust case 4 was measured at the KIT campus north from 16th, March 2022 to 21th, March 2022. This Saharan335

dust plume was the most dense dust outbreak among all 4 cases with an AOD reaching values of 1.8 ± 0.07 at a wavelength

of 550 nm in Karlsruhe. Figure S4 shows the horizontal distribution of daily averaged aerosol optical depth (AOD) from

MODIS satellite observations at a spatial resolution of 0.4° × 0.4°, for the period of March 16–21, 2021. During this time,

Saharan dust originating in North Africa was transported toward Karlsruhe, Germany. The MODIS retrieval clearly depicts the

presence of atmospheric dust plumes, exhibiting notably consistent spatial patterns. In particular, high AOD values over North340

Africa and the Middle East correspond well with established dust source regions. Figure 8 shows the time series of RCS for the

polarized channel, cross-polarized channel, and LVDR from KASCAL measurements. The backscatter coefficients and particle

depolarizations are not shown in this figure since their retrieval was impeded due to the presence of clouds from time to time.

Figure 8 also shows the time series of ICON-ART predicted backscatter coefficients, particle number distributions, particulate

matter concentrations, and ground level meteorological parameters (e.g. wind, precipitation, WS700). The KASCAL conducted345

two-angle fixed pointed measurements during this field campaign in a similar way as for Saharan dust cases 1 and 2. As can

be seen from this figure, the Saharan dust arrived in Karlsruhe at 12:00 on 16th, March 2022 at an altitude between 2.0-3.5

km, and a cloud began to appear at 00:00 on 17th, March 2022 at an altitude above 2.0 km. From 12:00 of 17th March to

12:00 of 18th March 2022, the presence of low level clouds and intermittent drizzle prevented the observation of the dust

plume by KASCAL. On midday of 18th, March 2022, another dust plume arrived in Karlsruhe at an altitude of 2.0 - 3.0 km350

and subsequently sunk to lower altitudes. This latter dust plume was less intensive than that observed on 16th March 2022 as

can be seen from the lower LVDR shown in panel (b) of this figure. The large particles observed at the surface by the Fidas
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Figure 8. Time series of range corrected lidar signal for cross-polarized channel (a), and Linear Volume Depolarization Ratio (LVDR) (b)

from KASCAL measurements, backscatter coefficients predicted by ICON-ART (c), particle number concentration (d), particle mass size

distribution from Fidas 200 (e), and particulate matter concentrations PM2.5 & PM10 from the Fidas 200 and the lowest model level (150

m) of the ICON-ART simulation (f) from March 16th to 21th, 2022 for case 4. Please note that the model data shown only includes the

Saharan dust while the lidar data shows also other aerosol particles and clouds. The profiles of backscatter coefficients measured by the two

lidars and predicted by ICON-ART model for C1 case (Averaged profiles from 20:30 to 21:30 for lidar measurement and profile at 21:00 for

ICON-ART prediction on 16th, March 2022) and for C2 case (Averaged profiles from 00:30 to 01:30 for lidar measurement and profile at

01:00 for ICON-ART prediction on 20 th, March 2022) are shown on the right side of this figure. C1 and C2 represent time periods used for

a more detailed data analysis as shown in the right side of this figure.
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200 were not reproduced by the ICON-ART model, as shown in Figure 8f. In addition, two special periods (C1 and C2) are

highlighted in this figure. These periods were used to further investigate dust properties measured by lidar and predicted by the

ICON-ART model for different dust mass loadings.355

Figure 9. Linear Particle Depolarization Ratio (LPDR) versus lidar ratio retrieved from KASCAL for aerosol layers observed on different

days across three Saharan dust cases. The lidar ratio for Case 3 is not available due to the absence of reliable lidar measurements during

cloud-free nighttime periods.

Figure 9 presents the Linear Particle Depolarization Ratio (LPDR) versus lidar ratio retrieved from KASCAL for aerosol layers

observed on different days for Saharan dust cases 1,2, and 4. The lidar ratio for Case 3 is not included due to the lack of reliable

lidar data during cloud-free nighttime periods. For Cases 1 and 2, depolarization ratios of 0.28± 0.03 and 0.27± 0.02, and lidar

ratios of 55 ± 10 and 57 ± 13, respectively, were retrieved—values that are consistent with previous studies (Freudenthaler360

et al., 2009; Schuster et al., 2012; Cao et al., 2014). Case 4 reveals the presence of Saharan dust, biomass burning aerosols, and

their mixtures. On March 16, 2022, a dense dust layer was observed, characterized by a high depolarization ratio (0.32 ± 0.06)

and a lidar ratio of 56 ± 11. On March 18, two distinct layers were identified: an upper dust layer (LPDR: 0.32 ± 0.04, lidar

ratio: 38± 8) and a lower biomass burning aerosol layer (LPDR: 0.02± 0.003, lidar ratio: 36± 7). On March 19, a mixed layer

of Saharan dust and biomass burning aerosols (LPDR: 0.11 ± 0.019, lidar ratio: 27 ± 7) was observed below a pure biomass365

burning aerosol layer (LPDR: 0.05± 0.004, lidar ratio: 49± 3). By March 20, the layers had mixed more uniformly, with LPDR

and lidar ratio values of 0.1 ± 0.02 and 33 ± 13, respectively. The temporal evolution of LPDR and lidar ratios throughout
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Case 4 highlights the progressive mixing between Saharan dust and biomass burning particles, particularly black carbon-rich

aerosols (BLA). Early in the event (e.g., March 16), the presence of a distinct dust layer with high LPDR and lidar ratio values

reflects the dominance of non-spherical, coarse-mode mineral particles. As the episode progresses (e.g., March 18–20), the370

observed decrease in LPDR and variation in lidar ratios indicate increasing influence from biomass burning aerosols, which

are primarily composed of fine-mode, spherical particles with strong light-absorbing properties due to the presence of black

carbon. This mixing results in intermediate depolarization values and variable lidar ratios, depending on the relative abundance

of dust and BLA in the column. The vertical layering—such as biomass burning aerosols overlaying dust—further suggests

long-range transport of smoke from regions affected by biomass combustion. These findings underscore the complexity of375

aerosol interactions and their evolving optical properties during long-range transport events involving multiple sources.

The evolution of the dust plume over Karlsruhe for dust case 4 predicted by the ICON-ART model is shown in panel (d) of

Figure 8. This plot shows that two dust plumes arrived at Karlsruhe during these six days. The first dust plume arrived at

Karlsruhe at 00:00 on 16th, March 2022 with an initial dust layer height between 2.0 - 4.0 km and lasted nearly 3 days. This

dust plume was relatively dense until 00:00 on 18th, March 2022 and was washed out by precipitation on 00:00 on 18th,380

March 2022. Another less dense dust plume arrived at Karlsruhe at 06:00 on 21th, March 2022 at an altitude of 2.0-3.0 km.

The dust layer heights and their peak heights for both lidar measurement and ICON-ART prediction for this Saharan dust case

are shown in Figure 10d. The dust layer heights from ICON-ART prediction and lidar measurement show good agreement

with each other. The vertical profiles of the backscatter coefficient from lidar retrieval and ICON-ART prediction for two

selected periods indicated as C1 and C2 in Figure 8 are shown on the right side of Figure 8. For case C1, the vertical profile385

of backscatter coefficients predicted by ICON-ART for non-spherical particles agrees well with those retrieved from lidar

measurements except for peak of backscatter coefficients at altitudes between 1.6 km and 2.4 km. One possible reason for

this phenomenon is that the ICON-ART model cannot resolve this small scale vertical aerosol distributions. For case C2, the

backscatter coefficients predicted by ICON-ART are significantly lower than those observed below 3.2 km. One reason for

this difference is the contribution of non-dust particles. Another possible reason is that ICON-ART overestimates the washout390

effect by precipitation in this case. Figure S5 shows that the contribution of non-dust aerosol particles cannot explain the

complete difference as the pure dust backscatter coefficients are still higher by a factor of 5.41 ± 2.27 than those predicted by

ICON-ART. Hence, further reasons for this difference should be investigated.

3.5 Dust modelling vs. observations for all cases

Table 2 summarizes the key optical parameters of Saharan dust retrieved from lidar and sun-photometer observations for395

all four investigated cases. As noted earlier, the lidar ratio for Case 3 is not reported because no reliable lidar signals were

available during cloud-free nighttime periods, and the single-scattering albedo (SSA) for this case is also excluded due to

persistent cloud contamination. Overall, the retrieved optical properties exhibit values that are consistent with well-established

characteristics of transported Saharan dust. In particular, the lidar ratios (LR), depolarization ratios, and SSA values fall within

the range of previously reported measurements over North Africa and downwind regions (Freudenthaler et al., 2009; Schuster400

et al., 2012; Cao et al., 2014). This agreement suggests that our retrieval procedure accurately captures the microphysical
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Table 2. Overview of optical parameters of Saharan dust determined from lidar data, sun photometer measurements, and ICON-ART simu-

lations for all four Saharan dust cases.

Parameter λ [nm] Case 1 Case 2 Case 3 Case 4 Average Reference

BSC.

(Mm−1sr−1)
355 0.95 ± 0.23 0.91 ± 0.43 1.52 ± 0.31 3.17 ± 2.48 1.64 ± 0.70

this work

(lidar)

BSC.

(Mm−1sr−1)
355 0.71 ± 0.37 1.15 ± 0.41 0.73 ± 0.30 0.77 ± 0.73 0.84 ± 0.47

this work

(ICON-ART)

LPDR 355 0.28 ± 0.03 0.27 ± 0.02 0.31 ± 0.04 0.30±0.03 0.29 ± 0.03

0.252 ± 0.03

(Haarig et al.

2017)

LR (sr) 355 46 ± 10 57 ± 13 55 ± 10 53 ± 11
48 ± 8 (Haarig

et al. 2022)

AOD 340 0.21 ± 0.12 0.33 ± 0.12 0.52 ± 0.14 0.80 ± 0.42 0.47 ± 0.20
this work (sun

photometer)

AOD 500 0.25 ± 0.11 0.39 ± 0.12 0.57 ± 0.12 0.91 ± 0.42 0.53 ± 0.19
this work (sun

photometer)

AOD 500 0.17 ± 0.09 0.36 ± 0.22 0.24 ± 0.10 0.18 ± 0.06 0.24 ± 0.12
this work

(ICON-ART)

AOD 1020 0.30 ± 0.11 0.41 ± 0.14 0.69 ± 0.12 1.01 ± 0.43 0.60 ± 0.20
this work (sun

photometer)

SSA 439 0.92 ± 0.03 0.90 ± 0.27 0.93± 0.01 0.91 ± 0.10
0.91 (Müller et

al., 2011)

SSA 870 0.93 ± 0.04 0.95 ± 0.23 0.95± 0.01 0.94 ± 0.09

0.86 - 0.98

(Cachorro

et.al., 2018)

BSC: backscatter coefficient; Exc: extinction coefficient; LR: lidar ratio; LPDR: linear particle depolariization ratio.

AOD: Aerosol optical depth, SSA: single scatter albedo

and radiative signatures of mineral dust. Taken together, the close agreement with established climatological values and the

physically consistent variability across cases provide confidence in the robustness of our observational dataset and support its

relevance for evaluating dust representations in radiative transfer models and numerical simulations.

Figure 10 shows the time series of dust base height, dust top height, and dust peak height for both lidar measurements and405

ICON-ART simulations. The plume boundaries were determined using the backscatter coefficient, applying a threshold of 1

Mm. This figure shows that the dust arrival times predicted by the ICON-ART model agrees well with lidar measurements (±
20 minutes) for all 4 cases. This plot also shows that the dust layer heights predicted by ICON-ART and measured by lidar show

good agreements for most of the time. However, some inconsistencies are visible for certain time periods (e.g. the first half of
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Figure 10. Time series of Saharan dust layer heights (vertical extend) and their peak heights (heights of maximum backscatter coefficients,

indicated as red (lidar) and blue (ICON-ART) solid line) from both lidar measurements (red bars) and ICON-ART predictions (light blue

area) for cases 1 - 4.

case 2 as shown in Figure 10b). The remaining discrepancies between observations and ICON-ART predictions may be related410

to the following reasons: 1) The ICON-ART model simulation used a relatively coarse horizontal resolution (20 km), which

means that ICON-ART simulation results can’t reflect structural details of Saharan dust plumes in such detail as possible e.g.

by lidar measurements. Therefore, larger differences are to be expected especially for inhomogenously structured dust plumes

e.g. within thin filaments. In the future, this may be improved with higher-resolution ICON-ART calculations. 2) Depending

on the different meteorological conditions during transport of the dust plumes from Africa to Germany, especially the washout415

of dust particles may need improved parameterizations. This may be improved also using remote sensing technologies like

lidar, satellite data, online data assimilation in model, etc.. 3). The inappropriate meteorological background information used

in ICON-ART may also cause the discrepancy between model simulation and observation data.

Figure 11 shows the correlation of dust base heights, dust peak heights, and dust top heights from lidar measurements and420

ICON-ART predictions for the four Saharan dust cases. The blue-shaded area in these plots indicates slopes between 0.75 and

1.25 and the number shown in the left upper corner of each plot is the percentage of data points within this blue-shaded area.

These plots show that there are 51%, 61%, and 61% of all data points within this blue-shaded area for dust base heights, dust

peak heights, and dust top heights, respectively. To be clear, good agreement in dust layer heights can be seen for case 1, case

3, and case 4 but not for case 2 as discussed before. In general, the ICON-ART model predicts dust arrival times and dust layer425
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Figure 11. Correlation of dust base heights (left), dust peak heights (middle), and dust top heights (right) from lidar measurements and

ICON-ART simulations for all 4 Saharan dust cases.The blue-shaded area indicates slopes between 0.75 and 1.25 and the number shown in

the left upper corner is the percentage of data points within this blue-shaded area.

heights very well if considering the spatial resolution of the ICON-ART model (20.0 km horizontally).

Figure 12. Distribution (left) and correlation (right) of coarse model aerosol optical depths (AODs) both from sun photometer measurement

for total aerosol and ICON-ART predictions for Saharan dust only for all four Saharan dust cases at wavelength of 500 nm.

Figure 12 shows the distribution and correlation of coarse model AOD values at a wavelength of 500 nm from sun photometer

measurements and ICON-ART predictions for all 4 Saharan dust cases. The boxplots display the interquartile range (box),

median (horizontal line), and mean (filled triangle), with whiskers extending to 1.5 times the IQR and outliers shown as open430

22

https://doi.org/10.5194/egusphere-2025-5980
Preprint. Discussion started: 3 February 2026
c© Author(s) 2026. CC BY 4.0 License.



circles. Green and blue indicate the Sun-photometer observations and ICON-ART simulations, respectively. The AOD values

given on the left side of this figure show that Saharan dust case 4 had the largest AOD with a value of 0.30 ± 0.39, which

indicates that the Saharan dust case 4 had the highest dust loading among these four cases. In addition, the AOD predicted by

the ICON-ART model is systematically lower than the values measured by the sun photometer, except for Case 3, in which

the model partially overestimates AOD, possibly due to precipitation, as shown in Figure 6. This overestimation may indicate435

that ICON-ART underestimates the washout efficiency in its simulation, leading to an excess of Saharan dust particles. The

correlation of the coarse-resolution model AOD values shown on the right side of the figure also indicates that ICON-ART

systematically underestimates AOD. The AOD values exhibit a reasonable correlation, with a slope of 0.57 and a Pearson

correlation coefficient of 0.24 when AOD is less than 1.0. However, both the slope and the correlation coefficient become

negative when AOD exceeds 1.0. Most of the data points with AOD greater than 1.0 correspond to Case 4, during which a440

strong haze event occurred over Karlsruhe as shown in Figure 8. This haze event was captured by the sun photometer but not

represented in the ICON-ART model simulation. Overall, the ICON-ART model tends to underestimate AOD compared with

sun photometer observations, except for Case 3, where precipitation may have led to an overestimation due to underestimated

washout efficiency. The correlation analysis further confirms this systematic underestimation, with reasonable agreement (slope

= 0.57, r = 0.24) for AOD < 1.0, while negative correlations occur for AOD > 1.0, mainly influenced by the unmodeled strong445

haze event in Case 4.

3.6 Discussion of the consistency and discrepancies between observations and simulations

ICON-ART demonstrates skill in capturing the synoptic timing and vertical extent of major dust plumes. However, its coarse

resolution limits the representation of small-scale mixing processes, and its simplified aerosol microphysics constrains the

variability of optical properties. The discrepancies between the model and obsecration are thus a result of four interconnected450

factors:

1- Unresolved turbulent and convective mixing processes: A primary factor is the model’s horizontal resolution of 20 km.

This coarse scale limits ICON-ART’s ability to resolve small-scale turbulent eddies and local convective motions that are

critical for vertical mixing. Consequently, the model struggles with boundary layer entrainment processes, where dust from the

free troposphere is incorporated into the growing mixed layer, and with plume–boundary layer interactions. The lidars directly455

observe the results of this mixing (sharp gradients and filamentary structures) which are parameterized rather than explicitly

resolved in the model. These limitations are most pronounced in cases where plume-boundary layer interaction and aerosol

mixing play a dominant role (e.g. case 4).

2- Simplifications in aerosol microphysical and optical properties: ICON-ART treats dust using a modal scheme with

prescribed particle size distributions and fixed optical properties assuming non-spherical particles. This approach constrains460

the natural variability of the aerosol population. In reality, dust microphysical properties such as size, shape, and composition

evolve through processes during transport (e.g., aging and coating with other aerosol species). These processes modify the

aerosol’s hygroscopicity and single-scattering properties, directly impacting the backscatter coefficient.

3- Aerosol type mismatch: An important limitation arises from the different fundamental representations of aerosols in the
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lidar observations and the ICON-ART simulations. The lidar backscatter coefficient is an observable that is sensitive to all465

aerosol types and mixtures present in the atmospheric column, including mineral dust, sea salt, biomass burning aerosols,

and anthropogenic pollution. In contrast, the ICON-ART setup used here only represents mineral dust aerosols. Therefore, the

observed backscatter values can be significantly higher than the modeled values, particularly in layers influenced by background

aerosols or by co-transported species such as smoke or pollution that are not accounted for in the model.

4- Assumptions of the Lidar measurements: The lidar retrievals themselves are subject to assumptions, such as the use of470

a fixed lidar ratio (extinction-to-backscatter ratio) and calibration uncertainties, which can introduce biases in the absolute

values of backscatter. While the relative vertical structures are robust, quantitative comparisons of backscatter magnitude must

therefore be interpreted with caution.

5- Improvement: To mitigate these issues in future modeling studies, two pivotal advancements are recommended. First,

employing convection-permitting resolutions (< 5 km) is essential to better resolve turbulent eddies and convective mixing,475

which would yield a more realistic representation of entrainment processes and plume-boundary-layer interactions. Second,

transitioning to a more sophisticated aerosol scheme that explicitly represents processes like the formation of secondary organic

aerosols and internal mixing (e.g., dust coating) would allow particle composition and size distributions to evolve dynamically,

thereby significantly improving the simulation of aerosol optical properties and providing a more robust comparison with lidar

observations.480

4 Conclusions

A comprehensive set of data was collected from remote sensing, in-situ measurements, and transport modelling to investi-

gate Saharan dust transport, optical properties, and microphysical properties over Europe. This comprehensive dataset allowed

characterization of Saharan dust plumes from multiple perspectives, providing a robust foundation for model validation and

physical interpretation.485

The comparison between lidar and sun photometer measurements proved effective in capturing key optical properties such as

aerosol optical depth (AOD), which showed consistency with previous studies. Additionally, ICON-ART model simulations

showed good agreement with observational data in terms of dust arrival time (±20 minutes), dust layer heights (±50 m), plume

structure, and backscatter coefficients (±0.16 Mm-1 sr-1 at 355 nm), validating its predictive capability for Saharan dust events

over Western Europe. However, notable deviations were observed in certain periods, particularly regarding underestimated or490

overestimated dust loadings and discrepancies in vertical structure during complex meteorological conditions. These devia-

tions highlight areas for model improvement, particularly in the representation of dust microphysical properties and removal

processes. This study also highlights the significant role of wet removal in reducing atmospheric dust concentrations. In Case 3

and Case 4, a moderate rainfall event with an intensity of approximately 0.6 mm/h led to a substantial decrease in ground-level

dust concentrations, as observed in both in situ measurements and lidar profiles. This observation underscores the efficiency495

of even light precipitation in removing dust particles from the atmosphere and the necessity of accurately parameterizing wet

deposition processes in dust transport models. The timing and magnitude of these reductions also suggest that wet scavenging
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should be more explicitly represented, especially for events with persistent rainfall or drizzle that can effectively cleanse the

boundary layer.

The systematic comparisons under different meteorological conditions and at various locations support model validation ef-500

forts and point toward future improvements in simulating dust emission, transport, aging, and removal mechanisms. Such

enhancements are essential for better prediction of the climatic and air quality impacts of mineral dust across Europe.

Code availability. The code used to analyse the lidar data is property of Raymetrics Inc, but we have shown that it generates the same results

as the code single calculus chain (SCC) provided by EARLIENT https://www.earlinet.org/index.php?id=earlinet_homepage, last access: 8

March 2021). ICON-ART code are available upon request from the data originator (DWD; datenservice@dwd.de).505
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