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Abstract

:

The evolution and the properties of a Saharan dust plume were studied near the city of Karlsruhe in southwest Germany (8.4298°E, 49.0953°N) from 7 to 9 April 2018, combining a scanning LiDAR (90°, 30°), a vertically pointing LiDAR (90°), a sun photometer, and the transport model ICON-ART. Based on this Saharan dust case, we discuss the advantages of a scanning aerosol LiDAR and validate a method to determine LiDAR ratios independently. The LiDAR measurements at 355 nm showed that the dust particles had backscatter coefficients of 0.86 ± 0.14 Mm    − 1    sr    − 1   , extinction coefficients of 40 ± 0.8 Mm    − 1   , a LiDAR ratio of 46 ± 5 sr, and a linear particle depolarisation ratio of 0.27 ± 0.023. These values are in good agreement with those obtained in previous studies of Saharan dust plumes in Western Europe. Compared to the remote sensing measurements, the transport model predicted the plume arrival time, its layer height, and its structure quite well. The comparison of dust plume backscatter values from the ICON-ART model and observations for two days showed a correlation with a slope of 0.9 ± 0.1 at 355 nm. This work will be useful for future studies to characterise aerosol particles employing scanning LiDARs.
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1. Introduction


Atmospheric dust has a significant impact on the Earth’s climate system, but the impacts remain highly uncertain [1]. These uncertainties are attributed to the larger spatial–temporal variability of aerosol dust and its complex interaction with atmosphere constituents, radiation, and clouds [2]. Besides, dust particles can participate in cloud formation as Cloud Condensation Nuclei (CCNs) and Ice-Nucleating Particles (INPs), and these clouds can redistribute solar radiation [3,4,5,6,7,8]. Furthermore, dust plumes can modify cloud microphysics and may even change precipitation distributions [9,10]. Hence, simultaneous observation of clouds and dust plumes can help unravel the details of dust–cloud interaction processes.



Understanding the distribution and the properties of dust is the key to quantifying radiative forcing [11]. For decades, satellites have been used to study the properties and transportation of dust around the globe. However, their data still have limitations, especially concerning the characterisation of the vertical structure at a high resolution of dust plumes for passive sensors aboard satellites (e.g., Meteosat, Terra and Aqua) and cannot not obtain continuous datasets at one place for polar orbit satellites (e.g., Terra and Aqua, CALIPSO). In addition, satellite data still have limitations compared to ground-based active remote sensing methods, e.g., concerning the characterisation of the structures of dust plumes especially for low aerosol particle concentrations [12].



Various studies characterised Saharan dust near the sources, as well as during and after long-range transport. Freudenthaler et al. [13] reported pure Saharan dust depolarisation ratio profiling at several wavelengths during the Saharan Mineral Dust Experiment (SAMUM) 2006. Kanitz et al. [14] observed Saharan dust with shipborne LiDAR from 60° to 20°W along 14.5°N. Soupiona et al. [15] studied dust properties and their impact on radiative forcing over the northern Mediterranean region based on EARLINET observations. The three-dimensional evolution of Saharan dust transport toward Europe was studied based on a nine-year EARLINET-optimised CALIPSO dataset [16]. The Copernicus Atmosphere Monitoring Service (CAMS) forecast systems simulated the aerosol transport events over Europe during the 2017 storm Ophelia and validated these results with passive (MODIS: Moderate Resolution Imaging Spectroradiometer aboard Terra and Aqua) and active (CALIOP/CALIPSO: Cloud-Aerosol LIDAR with Orthogonal Polarization aboard Cloud-Aerosol LiDAR and Infrared Pathfinder Satellite Observations) satellite sensors, as well as ground-based measurements (EMEP: European Monitoring and Evaluation Programme) [17]. Osborne et al. [18] compared model simulations with ground-based remote sensing measurements (LiDAR and sun photometer network). A comparison of dust observations by LiDAR and the BSC-DREAM8b model results was studied by Mona et al. [19]. In addition, intensive field campaigns such as SAMUM investigated the relation among the chemical composition, shape, morphology, size distribution, and optical effects of dust particles with emphasis on vertical profiling of dust optical properties. The SAMUM experiment consisted of two campaigns—SAMUM-1 and SAMUM-2. SAMUM-1 was mostly conducted at Ouarzazate (30.9°N, 6.9°W, 1133 m a.s.l.) and Tinfou near Zagora (30.24°N and 5.61°W about 730m a.s.l.) in 2006 and SAMUM-2 was conducted at Praia (Sao Vicente island, Cape Verde, 14.9°N, 23.5°W, 75 m a.s.l.) in 2008 [13,20,21,22,23,24]. By these field campaigns, the chemical/mineralogical composition, microphysical characteristics, and optical properties of Saharan dust were studied. The chemical composition is beyond the scope of this paper. Here, we briefly summarise the latter two characteristics. On the African continent, particles with diameters significantly larger than 10  μ m were observed, e.g., during the SAMUM-1 study. However, in 80% of the cases, the measured particle diameters were below 40  μ m. During SAMUM-2, the mean dust particle diameter was significantly smaller than during SAMUM-1 [24,25,26]. This phenomenon is related to large particles falling out of the plume during long transportation and the observation station of SAMUM-2 being further from the dust source region [27]. The authors also found that Saharan dust particles observed during SAMUM-1 and SAMUM-2 were almost non-hygroscopic [28]. In addition, the complex refractive index of pure dust, the Single Scattering Albedo (SSA) at different wavelengths, and the Angstrom Exponents (AE) were obtained with remote sensing and airborne measurements [20,23,29]. Recently, synergistic methods including ground-based, airborne, remote sensing, and numerical modelling have become important ways to better understand dust plume evolutions [30,31,32].



Aerosol elastic scattering LiDAR is widely used for aerosol and cloud research [33] as it can provide detailed information with high spatial and temporal resolution. However, retrieving the backscatter coefficient from this kind of LiDAR data requires assumptions of LiDAR ratios and reference values [34,35]. The LiDAR ratio is an import parameter for LiDAR research as it can not only help to determine extinction coefficients, but also can be used in other aspects such as aerosol typing [36,37,38]. However, determining LiDAR ratios is not easy. One of the most widely used technologies is the Raman LiDAR [39]. However, this technology is mainly limited to night time measurements due to the weak intensities of Raman scattering. Another widely used technology is the High-Spectral-Resolution LiDAR (HSRL) [40], which uses a narrow-band filter (e.g., atom or molecule filter) to separate signals from molecule and particle backscatter. However, this kind of filter can only work at specific wavelengths. For example, the most commonly used filter is the iodine cell, which only works at 532 nm [41]. Recently, an HSRL that uses an interferometer as a filter was deployed at other wavelengths. The recently launched Doppler wind LiDAR, ALADIN, uses this technology to measure tropospheric wind profiles on a global scale, but can also obtain vertical aerosol profiles [42]. However, this technology is still not widely used due to the complex configurations of this kind of system. The aerosol optical depth measured by a sun photometer can also be used to constrain the LiDAR retrieval, thus helping us obtain column-averaged LiDAR ratios [43].



Scanning aerosol LiDARs have been used to determine three-dimensional aerosol distributions [44,45,46,47] and particle orientations [48]. Furthermore, a method using multiple angles, e.g., based on scanning aerosol LiDAR measurements, was proposed to retrieve extinction coefficients independently in horizontal homogeneous atmospheres [49,50]. The uncertainties of this method applied for inhomogeneous atmospheres and an improved method for poorly stratified atmospheres were also discussed [51,52,53]. This method has the advantage of retrieving extinction coefficients from elastic LiDAR measurements without assumptions of LiDAR ratios for the elastic LiDAR. Another better way to obtain extinction coefficients from elastic LiDAR measurements is via the Klett–Fernald method with a known LiDAR ratio. However, to the best of our knowledge, there is no method to retrieve LiDAR ratios directly from elastic LiDAR measurements.



Sun photometers can also be used to infer wavelength-dependent optical and microphysical properties of aerosols from observing direct and diffuse solar radiation [54,55]. The ground-based sun photometer aerosol network AERONET (AErosol RObotic NETwork) provides a long-term, continuous, and readily accessible public domain database for aerosol research [54].



Various global and regional transport models have been developed, and many of them can simulate the transport, transformation, and properties of aerosol particles. Examples of such models are the general circulation model, ECHAM-HAMMOZ [56,57], ECHAM/MESSy Atmospheric Chemistry (EMAC) [58,59,60], the Whole Atmosphere Community Climate Model (WACCM) [61,62], the Weather Research and Forecasting (WRF) model coupled with Chemistry (WRF/Chem) [63], the CONsortium for small-scale MOdeling (COSMO) and its extension Aerosol and Reactive Trace gases (ART) [64], and its successor, ICOsahedral Nonhydrostatic (ICON), and its extension Aerosol and Reactive Trace gases (ART) [65,66]. Special focus has been on mineral dust due to its strong impact on atmospheric radiative forcing [1]. A three-dimensional mineral dust model has been developed to study its impact on the radiative balance of the atmosphere [67]. Recently, various models such as CAMS [68], WRF/Chem [69], EMAC [70], COSMO-ART [64,71], and ICON-ART [65,72,73] have been used to predict mineral dust plumes. A multi-model forecast comparison is available by the Sand and Dust Storm Warning Advisory and Assessment System [74], a program of the World Meteorological Organisation (WMO).



For the dust event that occurred in April 2018, we collected a comprehensive set of data and compared it with a global transport model simulation to understand the distribution and evolution of dust near the city of Karlsruhe, in southwest Germany. Two LiDAR systems and a sun photometer were used to investigate the dust event employing different retrieval methods. The major objective was to quantify the uncertainties of different measurement and retrieval methods including a demonstration of how useful scanning LiDAR measurements can be in addition to vertical LiDAR and sun photometer data and what kind of understanding of the aerosol properties can be achieved by combining the different measurement techniques. Furthermore, we compared these observational data with predictions calculated by the state-of-the-art transport model, the ICON-ART model, to understand the distribution and evolution of dust near the city of Karlsruhe, in southwest Germany.



This paper is organised as follows. Section 2 describes the remote sensing methods and the model simulations. Details of the dust observations and dust properties are discussed in Section 3 including a comparison of the different remote sensing methods, as well as how they compare to the model predictions. In the final section, we provide some conclusions.




2. Methods


Two LiDAR systems were used in this study, a vertically pointing system called the Deutscher Wetterdienst-Depolarization Raman LiDAR (DWD-DELiRA (LR111-D200, Raymetrics Inc.)) and a spatially scanning system called the Karlsruhe scanning aerosol LiDAR (KASCAL (LR111-ESS-D200, Raymetrics Inc. Athens, Greece)). Both have an emission wavelength of 355 nm and are equipped with elastic, depolarisation, and Raman channels, hence providing profiles of extinction coefficients, particle backscatter coefficients, and depolarisation ratios. Besides, a sun photometer (CE-318, CIMEL, Holben et al. [54]) provides the wavelength-dependent AOD, Angstrom exponent, under clear sky via inversion, Aerosol Size Distributions (ASDs), and SSA. To predict the dust transport and distribution, the online coupled model system ICON-ART [65] was used. The model system is running in quasi-operational mode by Deutscher Wetterdienst (DWD).



2.1. Remote Sensing Instruments


For this observation campaign, the KASCAL and DWD-DELiRA LiDAR systems were deployed on the campus north of the Karlsruhe Institute of Technology (8.4298° E, 49.0953° N, 119 m above sea level). The KASCAL is operated by the Institute of Meteorology and Climate Research (IMK-AAF) at the Karlsruhe Institute of Technology and the DWD-DELIRA by the Deutscher Wetterdienst (DWD). The horizontal distance of the two LiDAR systems was 500 m. The sun photometer was installed at a roof between both LiDARs. The KASCAL LiDAR system is a mobile scanning system with an emission wavelength of 355 nm. The laser pulse energy and repetition frequency are 32 mJ and 20 Hz, respectively. The laser head, a 200 mm telescope, and LiDAR signal detection units are mounted on a rotating platform allowing zenith angles from −7º to 90º and azimuth angles from 0º to 360º. The overlap range of both LiDAR systems is 255 m, and the overlap correction for the KASCAL LiDAR was performed with horizontal measurements assuming horizontal homogeneous conditions. The overlap correction for the DWD-DELIRA was performed by comparing with scanning aerosol LiDAR. This KASCAL LiDAR works automatically, time-controlled, and continuously via software developed by Raymetrics Inc. [75,76]. The fixed vertically pointing LiDAR (DWD-DELiRA) has a laser energy power of 50–55 mJ at an emission wavelength of 355 nm and a 300 mm telescope area, as well as the same detection channels as the scanning LiDAR system.



For the data analysis and calibration of the system, we followed the quality standards of the European Aerosol Research LiDAR Network (EARLINET) [77]. The quality of the retrieval method was studied by EARLINET. The developed calculus modules, EARLINET Single Calculus Chain (SCC), show that the mean relative deviation is 10% (15%) for the Raman (Klett–Fernald) backscatter coefficient method and 15 % for Raman extinction coefficient retrieval [78]. Further, for optical depths  τ  ≤ 5 and SNR = 10, the estimated relative error is below 10%; for optical depths  τ  ≤ 5 and LiDAR ratio errors of 10%, the estimated error is below approximately 4% [79]. The uncertainties given in this paper include standard deviations from repeated profile measurements, which include both systematic LiDAR uncertainties and the variability of the atmosphere. For the data analysis in this Saharan dust case, Hamming window filters whose window length is 75 m (10 bins) were applied to raw LiDAR signals firstly. Then, extinction and backscatter coefficients at 355 nm were both calculated from the elastic channel using the Klett–Fernald method [34,35] and were also calculated from the elastic and Raman channels [80]. For extinction coefficients calculated with the Raman method, Hamming window filters with window lengths of 300 m (40 bins) were applied to the Raman signals, and subsequently, the retrievals were performed with an average vertical resolution of 150 m. Please note that the Raman data are only available for night time measurements. We compared our data analysis algorithm with the Single Calculus Chain (SCC) code (EARLINET) and the Raymeterics code and obtained consistent results. For the backscatter coefficients retrieved based on the Klett–Fernald method, we only show the results for periods free of clouds as the presence of clouds makes it very difficult to choose reasonable reference values for the retrieval methods. Particle depolarisation was calculated as suggested by Freudenthaler et al. [13]:


   δ p  =    ( 1 +  δ m  )   δ v  R −  ( 1 +  δ v  )   δ m     ( 1 +  δ m  )  R −  ( 1 +  δ v  )     



(1)







Here,   δ m   is the depolarisation ratio of gas molecules, which was assumed to be 0.004 in this paper according to Behrendt and Nakamura [81],   δ v   is the volume depolarisation ratio, and R is the backscatter ratio:


  R =    β p  +  β m    β m    



(2)







Here,   β p   is the backscatter coefficient of particles and   β m   is the backscatter coefficient of molecules.



The extinction coefficients and LiDAR ratios can also be retrieved using a multiangle method [49,50]. Additionally, we found that LiDAR ratios can be retrieved from elastic LiDAR signals independently. Although retrieval of LiDAR ratios is straightforward with known extinction coefficients based on the LiDAR equation, to the best of our knowledge, there is no report about retrieving LiDAR ratios from single elastic LiDAR measurements. Hence, finding a stable method to determine LiDAR ratios is important for further application of elastic LiDARs. Therefore, we propose a method employing the backscatter coefficients measured at different LiDAR viewing angles to determine the LiDAR ratios. This method works due to the fact that backscatter coefficients retrieved using the Klett–Fernald method for different LiDAR viewing angles show a difference even in horizontally homogeneous atmospheres. This difference varies with the LiDAR ratios assumed.



This method was tested by simulations, proven mathematically, and validated using this Saharan dust case. Firstly, we constructed LiDAR signals based on the LiDAR equation at two elevation angles with the same aerosol backscatter coefficient profile. Then, we retrieved backscatter coefficients at these two angles with different values of the LiDAR ratio using the Klett–Fernald method. Figure 1 shows the input (dashed line) and retrieved (red and green line) backscatter coefficient profiles for different values of the LiDAR ratios. The input LiDAR ratio used in the LiDAR equation for this simulation was 55 sr. The differences between the input and retrieved profiles increased with LiDAR ratios deviating from the input LiDAR ratio (55 sr). More importantly, we found increasing differences between the profiles retrieved for different viewing angles for LiDAR ratios deviating from the input LiDAR ratio (55 sr). This implies that we can use the difference of two retrieved profiles at different view angles to determine the LiDAR ratios.



In conclusion, this method allows for retrieving the LiDAR ratio if assuming a horizontal homogeneous atmosphere based on elastic LiDAR measurements at two different observation angles. A mathematical derivation for this method is given in the Supplementarty Materials.



To test how sensitive this difference in backscatter coefficients of different viewing angles depends on the LiDAR ratio, we performed a series of simulations. Figure 2 shows the ratio between vertical and slant backscatter coefficients for different LiDAR ratios with the input LiDAR ratios being 55 sr and 30 sr, respectively. From this figure, we can identify the ratio equal to unity when the retrieval LiDAR ratio is equal to the correct LiDAR ratio. Besides, a smaller value of a chosen LiDAR ratio caused the backscatter coefficient from the vertical retrieval being smaller than that from the slant retrieval, and vice versa.



A sun photometer (CE-318, CIMEL, Holben et al. [54]), located between the two LiDAR systems on a roof top 25 m above the ground level, measures solar radiance at 339 nm, 379 nm, 441 nm, 501 nm, 675 nm, 869 nm, 940 nm, 1021 nm, and 1638 nm. This allows the calculation of wavelength-dependent AOD. The sun photometer data can also be used to calculate other aerosol parameters (e.g., SSA, AE, ASD, and Complex Refractive Index (CRI) [82,83,84]. The SSA is the ratio of the scattering coefficient to the extinction coefficient, which has a negative correlation with the absorption ability of the aerosol particles. Hence, this parameter can be used to characterise the scattering and absorption capability of the particles. The AE is a parameter that describes the wavelength dependency of AOD. A stronger wavelength dependence occurs when the sizes of particles are smaller than or equivalent to the incident wavelength. Hence, AE has a negative correlation with particle size. From clear-sky measurements with the sun photometer, ASD between 0.05 and 15 µm and complex refractive index in the range 1.33–1.6 and 0.0005i–0.5i [20,84] can be derived. The sun photometer is part of AERONET, and for this work, we used the level 2.0 data [85].




2.2. Aerosol Transport Modelling


To predict the dust transport and distribution, the online-coupled model system ICON-ART was used. ICON is a weather and climate model that solves the full three-dimensional non-hydrostatic and compressible Navier–Stokes equations on an icosahedral grid [86]. The ART module is an extension of ICON to include the life cycle and cloud/radiation feedback of aerosols and trace gases. Mineral dust in ART is represented by three lognormal modes with mass median diameters of 1.5  μ m, 6.7  μ m, and 14.2  μ m and standard deviations of 1.7, 1.6 and 1.5, respectively. The dust emission scheme is based on Vogel et al. [87] and Rieger et al. [65], which considers the soil properties (size distribution, residual soil moisture), the soil dispersion state, and soil type heterogeneity. The dust removal processes include sedimentation, dry, and wet deposition. The simulations were performed on a global domain including a regional nest (over North Africa and Europe) with horizontal resolutions of 40 km and 20 km, respectively. The vertical resolution of the model ranged from tens of meters to several kilometres from low to high altitudes. At altitudes that often contain dust layers from long-range transport (2–6 km), the vertical resolution ranged from 200 m to 400 m. The ICON-ART model describes with the above 3 modes desert dust particles and provides the dust particle concentration. The concentrations were used together with the particle mass efficiencies provided by Meng et al. [88] for calculating the particle backscatter coefficient and extinction coefficient.



For this study, the altitude-dependent backscatter coefficients and column AODs were used to compare the ICON-ART calculations to the results from the LiDAR and sun photometer measurements. For the comparison of the ICON-ART model with the LiDAR measurements, the altitude in the y axis means the height above sea level and for the other situation, the height means the height above the ground level.





3. Results and Discussion


Based on measurements near the city of Karlsruhe in southwest Germany during a Saharan dust event in April 2018, we demonstrate the advantages of multiangle LiDAR measurements. Furthermore, we compared the LiDAR and sun photometer data to characterise the dust aerosol, and finally, we validated the transport model predictions for this single dust event.



3.1. Application of Two-Angle LiDAR Measurements for a Saharan Dust Case


The method to retrieve LiDAR ratios discussed in the Methods Section was applied for a Saharan dust event from 19:21 to 22:54 (UTC) on 8 April 2018 with the dust layer at an altitude between 2.5 km and 6.0 km. We chose this time period since we had a well-stratified dust layer and also Raman data available. Figure 3 shows backscatter coefficients from vertical and slant LiDAR measurements for different values of assumed LiDAR ratios ranging from 20 sr to 80 sr. Consistent backscatter values for vertical and slant profiles in the dust layer are only available for a LiDAR ratio of 50 sr. This means that a LiDAR ratio of around 50 sr at the Saharan dust layer can be derived from this case, which is a typical value for Saharan dust over Europe [89].



Figure 3a shows that the backscatter coefficients for vertical and slant measurements were consistent for Saharan dust particles (2.5–6.0 km), but inconsistent for boundary layer aerosol particles (below 1 km) when the LiDAR ratio was assumed to be 50 sr. This is because a LiDAR ratio of 50 sr is not suitable for boundary layer aerosol particles at this location [21]. Therefore, we calculated LiDAR ratios based on our Raman signals for boundary layer aerosol particles and the Saharan dust particles. The results are shown in the right panel of Figure 4. The LiDAR ratio for the dust particles was 46 ± 5 sr and for the boundary layer aerosol particles 31 ± 3 sr as the average of both vertical and slant measurements. We parameterised these LiDAR ratios of 46 sr and 31 sr, respectively, as a function of altitude with a single step at 2 km and then used this as the LiDAR ratio for the elastic LiDAR signal retrieval. The results are shown in the left of Figure 4. These backscatter coefficients are consistent for vertical and slant measurements for both dust and boundary layer aerosol. A LiDAR ratio of 31 sr below a 2 km altitude led to much better agreement of the backscatter coefficient profiles from the elastic channel and Raman channel compared to Figure 3c. However, there remain small differences at low altitudes for backscatter coefficients from elastic data for two elevation angles. This inconsistency may be related to an inhomogeneous atmosphere in the boundary layer, as can also be seen in the backscatter coefficients calculated from the Raman data.



The application of this multiangle method for this Saharan dust case proved that this method is useful to retrieve LiDAR ratios from scanning elastic LiDAR measurements. Compared with other methods such as Raman or HSRL LiDAR, the multiangle method provides an applicable solution for both day and night as the elastic LiDAR can obtain reliable measurements for both periods. Furthermore, this method can also be used in multi-wavelength scanning LiDAR systems to determine wavelength-dependent LiDAR ratios.




3.2. Characteristic Properties of the Saharan Dust Determined by Remote Sensing


In early April 2018, a far southward-reaching upper-level trough associated with a large low-pressure complex in the western North Atlantic led to a cold front with strong surface winds and dust emission in the Northern Sahara in Morocco and Algeria. The dust was transported northward into the western Mediterranean, where it entered a warm conveyor belt that effectively lifted the dust and transported it towards central Europe. This Saharan dust plume was characterised by the methods described above for nearly three days in April 2018 near the city of Karlsruhe in southwest Germany. The ICON-ART model predicted the arrival of the dust plume and its spatial–temporal evolution as was characterised by LiDAR and sun photometer measurements. Figure 5 shows the corresponding backscatter coefficients from the scanning LiDAR (a), the vertical pointing LiDAR (b), and the ICON-ART model simulation (c), as well as with the linear depolarisation values of the KASCAL (d) for 7–9 April 2018. The scanning LiDAR was operated by performing vertical and slant measurements at 90   ∘   and 30   ∘   elevation angles alternatingly with integration times for each observation angle of 250 s. The data shown for KASCAL were averaged over two of these measurement periods. The data shown for the DWD-DELiRA were averaged for 30 min. As can be seen in these figures, the plume arrived in Karlsruhe at 11:00 on 7 April (dashed line T1) and lasted about 3 d. Initially, this dust layer showed a maximum of the backscatter at an altitude of 2.5 km, which subsequently also reached lower altitudes. At 12:00 UTC, 8 April, another dust layer between 5.0 km and 11.0 km arrived at the observation station (dashed line T2). Then, the dust layer started sinking and overlapped with the lower dust layer at around 3:00 am of 9 April (dashed line T3). A cloud with a base at 4.5 km appearing at 11:00 (UTC) of 9 April made it difficult to retrieve the backscatter coefficients for the aerosol particles below. Hence, the backscatter coefficients of the LiDAR measurements are not shown for this period. In addition, two periods (C1 and C2) are highlighted for which we performed a more detailed analysis.



All four panels in Figure 5 show a good agreement among dust layer height, dust plume arrival times, and dust plume structures. In particular, ICON-ART predicted the arrival time of the dust plume precisely (±20 min difference with the observations). This indicates that the model reproduced the synoptic scale processes very well, which led to the precise prediction of dust transport. Thus, the general good agreement between LiDAR measurements and ICON-ART partially validated the model’s capabilities to predict dust transport. Please note that this special model run only included desert dust aerosols. Hence, the difference due to boundary layer aerosol particles was expected in this case. Furthermore, there were dust layers predicted by the model for higher altitudes (e.g., a dust plume at around 8 km on 7 April and 8 April), which were not detected by the LiDAR measurements. Potential reasons for the agreement and differences between LiDAR observations and model predictions are discussed in Section 3.3.



During this dust event, the LiDARs used three optical measurement paths (two vertical measurements and one slant measurement with an elevation angle at 30°). The comparison of these three profiles can be used to test different LiDAR retrieval methods and to characterise the properties of the dust plume (e.g., horizontal homogeneity of the dust plume). Figure 6 shows the extinction and backscatter coefficients obtained for different retrieval methods and different optical paths for the measurement time from 19:21 to 22:54 (UTC) of 8 April (period C2 in Figure 5) and averaged over 66 min for scanning LiDAR measurements and 213 min for vertical LiDAR measurements. Please note that the scanning LiDAR measured alternated at two angles (90° and 30°). A LiDAR ratio of 50 sr, which is a typical value observed for Saharan dust [89], was used in the Klett–Fernald method to retrieve the elastic backscatter coefficients and extinction coefficients. Figure 6a,b shows the extinction coefficients from different retrieval methods (elastic, Raman, and multiangle methods) and from different optical paths, respectively. Figure 6c,d shows the backscatter coefficients from different retrieval methods (elastic, Raman, and multiangle methods) and from different optical paths, respectively. The extinction coefficients and backscatter coefficients calculated using the above methods as shown in Figure 6a,c were consistent, but the extinction coefficients calculated from the Raman measurements had larger variations. In addition to the classical methods to retrieve extinction coefficients, we also calculated the extinction coefficients from the elastic channels with a multiangle method, which also agreed with the other methods. The denoising methods can have a substantial impact on the remaining variability of the extinction coefficients retrieved from Raman data. In Figure S1, we provide extinction coefficients retrieved from Raman data for different filters and different filter lengths. In addition, the average extinction coefficients and their standard deviations averaging from 4.0 km to 6.0 km altitude are listed in Table S1. These data show that the mean values of the extinction coefficients for different filter types and filter lengths remained almost constant. In contrast, their uncertainties varied from around 35 Mm    − 1    to 5 Mm    − 1    with window lengths from 82.5 m to 1207.5 m for different types of filters. Hence, the Raman extinction coefficients were affected more by the filter window lengths than the filter type, which was in agreement with the observations by Shen and Cao [90]. The backscatter coefficients and extinction coefficients for different optical paths are shown in Figure 6b and Figure 6d, respectively. The consistency of these profiles reflects the high quality of measurements and retrieval algorithms.



A comparison between the active LiDARs and the passive sun photometer can help to understand the properties of the dust aerosol particles employing dust aerosol scattering information from different scattering angles to retrieve dust particles’ microphysical properties. During this dust event, we compared the AOD from DWD-DELiRA measurements and a sun photometer for two continuous days (7–8 April). The AOD from the sun photometer was the AERONET Version 3 level 2.0 product [83], while that of LiDAR measurement was corrected in the following ways. Firstly, as discussed above, two aerosol layers existed with different LiDAR ratios. Hence, we used two different LiDAR ratios at different altitudes to retrieve the backscatter coefficients, which are shown in Figure S2. We used a LiDAR ratio of 50 sr for the upper layer (above 2 km, red line) and 30 sr for the lower layer (below 2 km, green line), typical values for Saharan dust and boundary layer aerosol [89]. Secondly, constant backscatter coefficients were assumed in the LiDAR overlap region, and these constant values were set to be the backscatter coefficients at a range of 255 m (the overlap region of DWD-DELiRA). Finally, the AOD in the far range (e.g., stratosphere) was assumed to be zero. The hourly AODs from the sun photometer, the vertical LiDAR (DWD-DELiRA), and the ICON-ART model are shown in Figure 7. Please note that the model result is discussed in detail in Section 3.3. As the signal-to-noise ratio of the LiDAR is low for KASCAL in the daytime, the AODs were not calculated by this LiDAR. All these three methods showed a similar trend with AODs increasing from around 0.13 to 0.45 during these two days. However, the average AOD retrieved from the LiDAR data for the two days was systematically lower by 0.053 ± 0.031 than that from the sun photometer after wavelength conversion to 340 nm. The AE used for this wavelength conversion was 0.471, which was calculated from the sun photometer data at wavelengths of 340 nm and 380 nm. The average stratospheric AOD for the years 2018-2019 in the Northern Hemisphere was 0.01 at 340 nm [91]. Hence, the averaged AOD measured by the sun photometer was still larger by 0.043 ± 0.031 than the AOD from the LiDAR measurement even considering stratospheric AOD. This bias may be due to an inappropriate assumption of constant backscatter coefficients in the overlap region of the LiDAR. Such an uncertainty of the AOD corresponds to an uncertainty in backscatter coefficients of 5.6 ± 4.1 Mm    − 1    sr    − 1    in the overlap region, which is reasonable for typical boundary layer aerosol variations [92,93,94]. On 8 April, clouds led to increased uncertainties in AOD retrievals from the LiDAR measurements and also some data gaps in the sun photometer. Hence, the AOD from LiDAR measurements can be given only for some selected clear sky periods while the sun photometer has still enough valid data points to calculate hourly averages.



For this dust event, vertical and slant volume (  δ v  ) and particle (  δ p  ) depolarisation ratios were measured by the two different LiDAR systems, and the volume depolarisation ratios for these two elevation angles are shown in Figure 8. No obvious difference between vertical and slant measurements was found for volume depolarisation ratios and particle depolarisation ratios. This may mean that the dust particle had no specific orientation [95,96]. The particle depolarisation ratio of this dust plume was 0.27 ± 0.023, which is very similar to, but slightly larger than the depolarisation ratios determined at 532 nm for Saharan dust particles [13,97]. However, this is still within the combined uncertainty limits. Furthermore, the day-to-day variability of the values given by Freudenthaler et al. [13] ranged from about 0.22 to 0.31.



Figure 9 shows the SSA, AE, and ASD calculated based on the sun photometer measurements on 7 and 8 April. The AE at wavelengths of 440/880 nm decreased from 1.38 to 0.08 during these two days, as shown in Figure 9a,b. This may be related to a smaller wavelength dependence of the AOD, which may be caused by larger particles. Particle size distributions provided by sun photometer retrievals are shown in Figure 9c,d. They indeed showed increasing amounts of larger particles. The maximum column-integrated volume concentration of coarse mode particles increased from around 0.007  μ m   3  / μ m   2   in the early morning of 7 April (before Saharan dust arrival) to 0.093  μ m   3  / μ m   2   in the afternoon of 8 April. The Single Scattering Albedos (SSAs) determined for the wavelengths between 439 nm and 1018 nm ranged between 0.88 and 0.96 and agreed quite well with the data from previous observations (cf. Table S2).




3.3. Model–Observation Comparison


Model simulations and LiDAR observations were used to study the spatial and temporal evolution of a dust plume in this study. The comparison between the model and LiDAR results can be used to evaluate the performance of the model simulation including dust layer height, dust arrival time, dust layer structure, and dust optical parameters. The evolution of the dust plume over Karlsruhe predicted by the ICON-ART model is shown in Panel (c) of Figure 5. According to the model simulation, the dust layer arrived in Karlsruhe at 11:00 of 7 April, and this plume passed over that location for nearly two and a half days. Two dust layers were observed from time 12:00 (UTC) of 8 April to the morning of 9 April, then they merged. A comparison between the model prediction and LiDAR measurement is shown in Panel (b) of Figure 5, where the black contour line is the modelled backscatter coefficient and the contour fill is the LiDAR (DWD-DELiRA) observation. The white line in Panel (b) is the cloud base height from the LiDAR measurements. The dust layer heights (vertical extend) and their peak heights (the heights for the maximum backscatter coefficients) for both the LiDAR measurements and ICON-ART prediction are shown in Figure S3. The criteria for an aloft dust layer are as follows: (i) the   δ p   value is larger than 0.1 throughout the layer; (ii) the layer thickness exceeds 0.3 km; (iii) the layer base is above the planetary boundary layer [98]. This figure shows a very good agreement in dust layer heights for these two measurements and the ICON-ART prediction. The comparison showed that the dust plume arrival time, layer height, structure, and backscatter coefficients were consistent between the LiDAR measurement and model simulation for this event. Although the LiDAR data showed more details of the dust plume structures, the agreement with the model was quite good considering the relatively coarse spatial resolution used in this model run. On the other hand, in the presence of clouds, aerosol properties cannot be retrieved from LiDAR data. Therefore, a comparison for thin dust layers is not always meaningful. The dust layer height range was based on the dust layer heights shown in Figure S3, which does not include the boundary layer aerosol for LiDAR measurements. All comparisons between LiDAR measurements and ICON-ART model results followed these criteria. A comparison of the vertical backscatter coefficient profiles between LiDARs and ICON-ART model predictions is shown in the right of Figure 5. The backscatter coefficients are given for LiDAR measurements from 15:30 to 16:30 and ICON-ART calculations for 16:00 on 7 April. This figure shows a good agreement in the dust layer vertical extent of the backscatter coefficients from the model calculation for this time period. The comparison between the LiDAR and ICON-ART model showed that the ICON-ART predictions agreed very well with the measurements, although some variability can be observed as well.



Besides, the AODs for three wavelengths from the sun photometer and model calculation are shown in Figure 10. This figure shows that the AODs from the sun photometer and model showed a similar trend. However, the modelled AODs were systematically lower than those from the sun photometer. Figure S4 shows the time series of coarse particle mode AOD for the sun photometer and modelled AOD, which showed that the modelled AOD values agreed well with the coarse mode AOD of the sun photometer at a wavelength of 550 nm. Hence, the reason for underestimating the AOD by the model shown in Figure 10 is partially due to the fact that the modelled AOD only included the Saharan dust plume and the sun photometer also included the boundary layer aerosol. After the arrival of the dust plume, the AOD from model calculation was systematically lower than the sun photometer measurement, and the bias between the model and sun photometer increased with decreasing wavelength towards the ultraviolet (UV) spectral region. In other words, the discrepancy was wavelength dependent with a bigger difference in the UV.



Figure 11 shows the correlation of the backscatter coefficients from LiDAR measurements and ICON-ART simulations for the dust plume, assuming both Non-Spherical (NSP) (left panel) and Spherical (SPH) (right panel) particles. The colour of the scatter points in this figure indicates the normalised density of the backscatter coefficients, which indicates the frequency of the occurrence of these values. These data points were selected for the dust layers shown in Figure S3, which does not include the boundary layer aerosol for the LiDAR measurements. The parameterisations for the NSP and SPH are given in Hoshyaripour et al. [73] and were based on the work by Meng et al. [88]. For the whole dust episode, there was a remarkable agreement between the model simulation and observations, although individual profiles might differ significantly. The regression fitting was performed for both the NSP and SPH data points, which had a normalised density greater than 0.4. The corresponding results of a regression analysis for the NSP showed a slope of 0.9 ± 0.1 and a R   2   of 0.68. This is an excellent result taking into account all uncertainties and assumptions for measurements and model simulations. However, the regression fitting for the SPH had a slope of 2.3 ± 0.3 and an R   2   of 0.68. This means that assuming spherical particles led to overestimated backscatter coefficients. This is confirmed in Figure S5, which shows the backscatter coefficients of two LiDAR measurements and two model simulations using SPH and NSP parameterisations, respectively. This figure shows that the ICON-ART model overestimated the backscatter coefficients at a wavelength of 355 nm by assuming spherical particles to calculate the backscatter coefficients. The mean value and standard derivation of the backscatter coefficient from the LiDAR measurement and ICON-ART simulation are shown in Table S3, which also confirmed that an inappropriate parameterisation would overestimate the predicted backscatter coefficient. The reason for the overestimation was that the spherical particles have larger backscatter coefficients (at 180   ∘  ) than non-spherical particles [73,99]. The physical meaning behind this phenomenon is that for spherical particles, surface waves can contribute to the backscatter, hence causing larger backscatter coefficients for spherical particles [100]. The vertical profiles of the backscatter coefficient from two LiDAR measurements and two ICON-ART modes are shown in Figure S6 for two selected periods, indicated as C1 and C2 in Figure 5. Comparing Figure S5 and Figure S6, we found that ICON-ART could predict dust layer structures quite well for most of the time of this event, but also showed substantial differences from the LiDAR measurements, e.g., for the time period C2 (cf. Figure S6 right). The coarse mode AOD of the sun photometer and ICON-ART results for spherical and non-spherical particle models are shown in Figure S4. All AOD values followed a similar trend, but the model results were higher by a factor of 1.25 ± 0.21 for NSP particles and 1.14 ± 0.18 at a wavelength of 550 nm for SPH particles at a wavelength of 550 nm.





4. Conclusions


The objectives of this work were to compare different measurements and retrieval methods including scanning LiDAR measurements and sun photometer data and to demonstrate which aerosol properties can be determined by combining the different measurement techniques. Furthermore, we wanted to understand the quality of the dust plume predictions with the ICON-ART model by comparison with the observations. The evolution and the properties of a Saharan dust plume were characterised for two and a half days combining data from a scanning LiDAR, a vertical LiDAR, and a sun photometer. The comprehensive dataset from different methods could characterise the dust plume in different ways, thus providing additional information for further analysis. The scanning angle LiDAR measurements enabled us to retrieve LiDAR ratios and extinction coefficients independently and during day and night, which were comparable to the Raman-based retrievals. The comparison of extinction and backscatter coefficients for different retrieval methods was used to quantify the uncertainties of the different methods and the impact of different denoising filters on the extinction coefficients from Raman scattering LiDAR signals. The consistency among three different LiDAR laser beam paths reflected the high quality of the measurements, as well as the retrieval algorithms. Vertical and slant volume and particle depolarisation ratio measurements contained information on the shape and partially the orientation of dust particles. The comparison between LiDAR and sun photometer measurements proved useful to study the dust optical properties such as aerosol optical depth and to obtain information about LiDAR parameters such as the LiDAR ratio. Wavelength-dependent optical parameters and the microphysics of dust particles provided by the sun photometer indicated larger particles over the observation station for this dust event. The comparison between LiDAR measurements, the sun photometer, and ICON-ART predictions showed a quite good agreement for the dust arrival time, dust layer height and structure, backscatter coefficients, and AODs. The average AOD from the model was larger by a factor of 1.25 ± 0.21 compared to the sun photometer at a wavelength of 550 nm. The modelled backscatter coefficients for dust showed a correlation with a slope of 0.9 ± 0.1 (R   2  =0.68) for a wavelength of 355 nm with LiDAR observations. However, the model can overestimate the observed backscatter coefficients if assuming spherical particles. The corresponding correlation between the model and LiDAR data showed a slope of 2.3 ± 0.3 (R   2   = 0.74). This demonstrates how crucial it is to use an appropriate parameterisation for the dust particle optics. This has implications for the particle assimilation scheme of the models. Despite the good agreement between model predictions and observations for this Saharan dust plume at one location, we cannot generalise this result. Systematic comparisons for different meteorological conditions and at different locations are needed to substantiate the model validation and to facilitate a potential improvement of the dust processes (emission, transport, removal, and microphysics) and properties (size distribution and optics) in the models.
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Figure 1. The input (dashed line) and retrieved (red and green line) backscatter coefficient profiles for different values of the LiDAR ratio with an input LiDAR ratio of 55 sr for the simulation result. 
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Figure 2. The ratio between the vertical and slant backscatter coefficient for different values of the LiDAR ratio with the input LiDAR ratio being 55 sr (upper panel) and 30 (bottom panel) sr, respectively. 
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Figure 3. Vertical and slant backscatter coefficients from LiDAR measurements from 19:21 to 22:54 (UTC) on 8 April 2018 for LiDAR ratios ranging from 20 sr to 80 sr. 
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Figure 4. Backscatter coefficients from elastic and Raman methods for different optical paths (left) and LiDAR ratios retrieved (right) from 19:21 to 22:54 (UTC) on 8 April 2018. The retrieval for the elastic channel data uses two different LiDAR ratios at different altitudes. Elastic and Raman represent the channels of LiDAR data used in retrieval; vertical and slant represent the laser beam direction; low represents data retrieval for a low altitude (below 2 km), e.g., ElasticVerticalLow means the backscatter coefficient is retrieved from the elastic channel in the vertical direction for altitudes below 2 km. 






Figure 4. Backscatter coefficients from elastic and Raman methods for different optical paths (left) and LiDAR ratios retrieved (right) from 19:21 to 22:54 (UTC) on 8 April 2018. The retrieval for the elastic channel data uses two different LiDAR ratios at different altitudes. Elastic and Raman represent the channels of LiDAR data used in retrieval; vertical and slant represent the laser beam direction; low represents data retrieval for a low altitude (below 2 km), e.g., ElasticVerticalLow means the backscatter coefficient is retrieved from the elastic channel in the vertical direction for altitudes below 2 km.



[image: Remotesensing 14 01693 g004]







[image: Remotesensing 14 01693 g005 550] 





Figure 5. Time series of backscatter coefficients from KASCAL measurements (a) and from DWD-DELiRA measurements with ICON-ART results shown as black contour lines (b), as well as ICON-ART backscatter coefficients (c) and linear volume depolarisation ratios from KASCAL measurements (d) from 7 to 9 April 2018. Please note that the model data shown only include the Saharan dust, while the LiDAR data show also other aerosol particles and clouds. The profiles of backscatter coefficients measured by the two LiDARs from 15:30 to 16:30 and predicted by ICON-ART for 16:00 on 7 April 2018 (indicated as C1 in the contour plots) are shown on the right side of this figure. The vertical dashed lines in the contour plots indicate dust arrival (T1), the appearance of the second dust layer (T2), and the two dust layers merging (T3). C1 and C2 represent the time periods used for a more detailed data analysis. 
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Figure 6. Extinction coefficients (a) and backscatter coefficients (c) from the elastic and Raman retrieval methods are shown on the left (KASCAL). On the right, the Raman extinction coefficients (b) and elastic backscatter coefficients (d) are given for different optical paths for measurements in the time from 19:21 to 22:54 (UTC) on 8 April 2018. Two vertical paths are from DWD-DELiRA and KASCAL, and one slant path is from KASCAL. 






Figure 6. Extinction coefficients (a) and backscatter coefficients (c) from the elastic and Raman retrieval methods are shown on the left (KASCAL). On the right, the Raman extinction coefficients (b) and elastic backscatter coefficients (d) are given for different optical paths for measurements in the time from 19:21 to 22:54 (UTC) on 8 April 2018. Two vertical paths are from DWD-DELiRA and KASCAL, and one slant path is from KASCAL.



[image: Remotesensing 14 01693 g006]







[image: Remotesensing 14 01693 g007 550] 





Figure 7. AOD from the LiDARs (blue circles) and sun photometer (black squares) on 7 and 8 April for a 1 h temporal resolution. ICON-ART results are shown for comparison (dashed green line) and are discussed in Section 3.3. 
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Figure 8. Volume and particle depolarisation ratio in the vertical and slant observation direction from the scanning LiDAR (KASCAL) from 19:21 to 22:54 (UTC) on 8 April 2018. 
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Figure 9. Single scattering albedo and Angstrom exponents (a,b) and aerosol size distribution (c,d) from sun photometer measurements for 7 April (left) and 8 April (right), 2018. 
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Figure 10. AOD from the sun photometer and ICON-ART model simulation on 7 and 8 April for a 1 h temporal resolution. 
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Figure 11. Correlation of Saharan dust backscatter coefficients measured by LiDAR and simulated by ICON-ART for both spherical and non-spherical parameters. SPH = spherical; NSP = non-spherical. 
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