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Abstract. 
We provide an overview of light detection and ranging (lidar) capability for describing and characterizing desert dust. This paper summarizes lidar techniques, observations, and fallouts of desert dust lidar measurements. The main objective is to provide the scientific community, including nonpractitioners of lidar observations with a reference paper on dust lidar measurements. In particular, it will fill the current gap of communication between research-oriented lidar community and potential desert dust data users, such as air quality monitoring agencies and aviation advisory centers. The current capability of the different lidar techniques for the characterization of aerosol in general and desert dust in particular is presented. Technical aspects and required assumptions of these techniques are discussed, providing readers with the pros and cons of each technique. Information about desert dust collected up to date using lidar techniques is reviewed. Lidar techniques for aerosol characterization have a maturity level appropriate for addressing air quality and transportation issues, as demonstrated by some first results reported in this paper.


1. Introduction 
Dust is one of the main components of the atmospheric aerosol loading. It is estimated that dust particles account for about 75% of the global atmospheric aerosol load [1] with an annual rate of about 1-2 Tg of dust lofted into the atmosphere [2]. The main sources of dust are the large arid areas of the world: the African continent, especially the Sahara desert, the Arabian Peninsula, and the Asian continent (eastern areas) [3–8]. Dust particles that originated in these arid areas can be transported over long distances by strong winds and convective processes [9]. Saharan dust particles, for example, can cross the North Atlantic Ocean and reach the southeastern United States [7, 10].
Desert dust particles have many effects. They can impact climate, the precipitation cycle, and human health. Like all aerosol types, desert dust particles have direct and indirect effects on the radiation budget. The direct effect is the mechanism by which aerosols scatter and absorb short-wave and long-wave radiations and change the radiative balance of the Earth-atmosphere system. The latest report of the Intergovernmental Panel on Climate Change (IPCC) reports a range of the total direct radiative effect of dust from −0.56 to +0.1 W/m2, with a medium-low level of scientific understanding [11]. Large uncertainties still remain about indirect effects of aerosols on radiation budget. The indirect effect is the mechanism by which aerosols modify clouds properties. Mineral dust particles can act as cloud condensation nuclei (CCN) and thereby determine the concentration of the initial droplets, albedo, precipitation formation, and lifetime of clouds [12–14]. All these parameters impact on the clouds ability to reflect and/or absorb radiation and thus alter the Earth’s radiation budget. In particular, mineral aerosols interact with liquid clouds by suppressing precipitation [15] and changing the ice content of clouds [16, 17]. A cause of the uncertainties on the influence of mineral aerosols on radiative forcing is the high variability both in time and space of dust concentration, shape, size distribution, refractive index, and vertical distribution [18]. The incomplete understanding of the processes responsible for the production, transport, physical and chemical evolution, and removal of mineral aerosols at various space and time scales is a further source of uncertainties of dust impact on the radiation budget [18, 19].
Dust particles present serious risks to the environment and human health for countries in dust source regions and surrounding areas [20]. Cardiovascular, respiratory, and lung diseases can be caused by the inhalation of submicron radii particles since these can be ingested deep in the human body [20–24]. Cases of eye infections and diseases such as meningitis and valley fever have been recorded during and after strong dust event in some regions [23, 25–27]. At larger distances from arid regions, elevated dust concentrations in air masses transported by the wind can exceed the limits established for air pollution by the air quality management authorities [28–30]. Such exceedances due to dust can lead to regulations limiting vehicular transportation and industrial activity. Studies have found evidence of adverse health effects of small particles with diameters less than 10 μm and 2.5 μm, referred to as PM10 and PM2.5, respectively, during Saharan dust outbreaks [31–33] and suggest an association between respiratory mortality in the elderly and Saharan dust outbreaks [34].
In addition, sudden and severe dust storms can affect air and highway safety by reducing the visibility [20]. Desert dust can also cause significant problems in aviation by affecting aircraft engines and visibility [20, 35]. Such phenomena lead to rerouting aircraft due to poor visibility, disturbances in airport operations due to delays and massive cancellation of scheduled flights, and mechanical problems such as erosion and corrosion of aircraft engines.
Because of the manifold impacts of dust, there is a high interest in coordinating both observations and efforts for dust investigations at the international level. In 2007, the World Meteorological Organization (WMO) established the Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS) (http://www.wmo.int/pages/prog/arep/wwrp/new/Sand_and_Dust_Storm.html) in response to the desire of 40 WMO member countries to improve capabilities for more reliable sand and dust storm forecasts [20]. SDS-WAS is a federation of partners organized around two regional nodes: the Northern Africa-Middle East-Europe Node (hosted by Spain) and the Asian Node (hosted by China). The SDS-WAS integrates research and user communities (e.g., medical, aeronautical, and agricultural users). The SDS-WAS’s mission is to achieve comprehensive, coordinated, and sustained observations and modeling capabilities of sand and dust storms in order to improve their monitoring, to increase the understanding of the dust processes, and to enhance dust prediction capabilities. In particular, real-time data from atmospheric dust models may strongly contribute to risk reduction of different impacts. Because of this reason, SDS-WAS main objective is to enhance operational dust models through assessment/validation and assimilation of observational data. 
From the observational point of view, satellite observations by passive sensors such as the Moderate Resolution Imaging Spectroradiometer (MODIS), the Spinning Enhanced Visible Infrared Imager (SEVIRI), the Multiangle Imaging Spectrometer (MISR), the Ozone Monitoring Instrument (OMI), and, during the past, the Total Ozone Mapping Spectrometer (TOMS) [7, 36–43] are very important tools for tracking dust plumes and identifying dust sources. The advanced retrieval algorithms developed for these sensors now provide highly reliable information about aerosol optical depth (AOD) and its fine/coarse mode fraction (e.g., [44]). Observations from satellite-borne passive sensors extend over large horizontal distances, facilitating the identification of dust occurrence and transport. Though some passive sensors are capable of identifying multiple layers in the atmospheric column, lidar (light detection and ranging) provides the highest vertical resolution (on the order of tens of meters) for the investigation of interaction with clouds, layering, and a number of other related application possibilities. In this context, lidar technique has the unique capability of providing information about the vertical distribution of the particles required to address these topics. Lidar is an active remote sensing technique based on the principle that information from the atmospheric structure and constituents can be obtained from how the laser light transmitted into the atmosphere interacts with the atmosphere and is backscattered by various targets (gases, particles, and cloud droplets) before being collected by an appropriately designed optical receiving system. The rapid evolution of laser and detector technologies was the main driver of the quick progress in lidar techniques starting from the first lidar application for atmospheric studies in 1963 when scattering layers between 69 and 140 km were detected [45]. In the beginning, lidar applications for aerosol were mainly limited to research activities with the development of the first ground-based aerosol lidars (e.g., [46–50]) and related inversion procedures (e.g., [46, 47, 51–57]). The first lidar observations of dust from space were recorded during the LITE experiment [58, 59] and, after that, by the GLAS satellite [60], making clear the promising capability of lidar for dust observations from space. Nowadays lidars have attained a high degree of reliability and have been used by regional networks to produce long-term, self-consistent, and well-calibrated measurements of aerosol properties. These include the European Aerosol Research Lidar Network (EARLINET) (http://www.earlinet.org/) [61], a federation of several European research groups established to produce a self-consistent aerosol climatology; the Asian Dust Network (AD-Net) (http://www-lidar.nies.go.jp/AsiaNet/),established in 1998 to obtain 4D perspectives of Asian dust transportation using distributed lidar sites in Asian countries [62]; the Micropulse Lidar Network (MPL-Net) (http://mplnet.gsfc.nasa.gov/), a federated network of Micro Pulse Lidar (MPL) systems designed to measure aerosol and cloud vertical structure [63]. All these networks participate in the Global Atmosphere Watch (GAW) Aerosol Lidar Observation Network (GALION) promoted by the WMO with the main long-term objective of providing the vertical component of aerosol distributions through advanced laser remote sensing in a network of ground-based stations [64]. 
Besides these research-oriented networks, there are a large number of ceilometers distributed worldwide. Ceilometers (often called low-power lidars) are very robust systems for continuous operation that can provide useful information about the aerosol layers. Particularly interesting in this field is the over 40-networked ceilometers of the German Weather Service (DWD) [65]. The widely distributed ceilometers could also contribute to the characterization of aerosol horizontal distribution. 
Global information on vertical profiles of both aerosol and clouds optical properties and layering is provided by CALIOP (Cloud-Aerosol lidar with Orthogonal Polarization), the lidar on board CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) satellite, which has been making measurements nearly continuously since June 2006 [66].
The potential applications of lidar techniques to measure desert dust are numerous. The intrusion into the Planetary Boundary Layer (PBL) of desert dust and mixing processes of dust with other aerosol types can be investigated in detail using the vertical profiling capability of lidars (e.g., [67–75]). Long-range transport of dust can be monitored and tracked by ground-based lidar networks or spaceborne lidars [76–81]. Lidar measurements in combination with other techniques are ideal to investigate certain aspects of atmospheric composition, transport, and deposition of dust. Furthermore, lidar measurements can be used to investigate both aerosol and cloud properties (e.g., [17, 47, 60, 82–89]): the profiling capability permits the simultaneous detection of aerosol and cloud layers. This aspect in conjunction with the high temporal resolution typical of lidars is optimal for aerosol/cloud interaction studies, particularly for investigating cloud formation processes as a function of aerosol content. Therefore, the aerosol indirect, and in particular secondary indirect, forcing effect on the radiation budget can be studied by taking advantage of the lidar profiling capability [90, 91]. The lidar/radar synergistic approach is a novel and promising research field in this context [92]. 
Lidar techniques can be an important tool not only for dust investigation and study but also for practical applications concerning, for example, air quality and transportation (e.g., [20, 28, 30, 35]). Nevertheless, lidar capability and potential in dust monitoring and investigation are not well known to the wider community of non-practitioners of lidar observations and data analyses. This paper aims to provide the reader with a useful reference in which lidar capabilities and results for dust investigation are presented to the wider user community beyond lidar specialists. The different lidar techniques for dust investigation are described in Section 2. This paper documents lidar capabilities to measure temporally and vertically resolved aerosol properties and attributes such as aerosol layering and typing, aerosol sources and seasonal variation, long-range transport, and intrusion into the boundary layer. These capabilities are shown through the description of the value added by lidars during the measurement campaigns (Section 3). Dust information provided by ground-based lidars, networks, and satellite-borne lidars is reported focusing on the most advanced observations currently available (Sections 4 and 5). In particular, coordinated measurements performed within networks permit the investigation of differences due to the dust transport through the network. Climatological analyses are possible thanks to long-term measurements as those available within well-established networks and satellite-based measurements. First examples of evaluation of models and assimilation in dust models of lidar systematic observations of dust are reported in Section 6. In Section 7, we review potential applications of lidar dust measurements relevant to air quality and transportation. Finally, concluding remarks and future perspectives are given in Section 8.
2. Lidar Techniques
First developed in 1963 [45], lidar techniques for atmospheric studies are nowadays recognized as the most powerful tools for investigating the vertical structure and composition of the atmosphere at high resolution. Lidar techniques permit range-resolved investigation of atmospheric water vapour [48, 93, 94], temperature [95, 96], wind [97, 98], ozone [96], pollutants [99], hydrocarbons [100], aerosols [47, 49, 53, 66], and clouds [47, 66, 101] with important applications to air quality assessment (e.g., [30]), climate change [11], and meteorological fields [102]. Lidar techniques provide vertical profiles of aerosol optical properties with high resolution both in time and space and are very effective for aerosol source identification [75, 85, 103–105] and detection of the intrusion of long-range-transported aerosol into the Planetary Boundary Layer (PBL) (e.g., [74, 75]). 
It is worth noting that there are different techniques for the investigation of aerosol properties using lidar from the easiest and widely distributed simple elastic backscatter lidar, to complex and advanced multiwavelength Raman lidar and High Spectral Resolution Lidar (HSRL). In the following section, the common scheme and the differences among the lidar techniques most widely applied for aerosol investigation are briefly described. A complete review of lidar techniques and their applications is reported in [106]. Here, after a short reference to basic single-scattering lidar equation, attention is focused on the diversity of quantitative data retrieved from the various techniques.
The basic equation describing the lidar detected signal 
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					consisting of two main parts. The first part consists of the following constants and instrumental factors:(i)
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All information regarding the state of the atmosphere is instead embedded into the last three factors of (1). In particular:(i)
	
		
			
				𝛽
				(
				𝜆
				,
				𝜆
			

			

				𝐿
			

			
				,
				𝑅
				)
			

		
	
 is the backscatter coefficient and represents the light scattered at the 
	
		
			

				𝜆
			

		
	
 wavelength by the atmosphere at a distance 
	
		
			

				𝑅
			

		
	
 from the receiver when a laser pulse at 
	
		
			

				𝜆
			

			

				𝐿
			

		
	
 wavelength is injected into the atmosphere itself;(ii)the exponential term. 
	
		
			
				∫
				e
				x
				p
				(
				−
			

			
				𝑅
				0
			

			
				𝛼
				(
				𝜆
				,
				𝑅
			

			

				
			

			
				)
				𝑑
				𝑅
			

			

				
			

			

				)
			

		
	
 is the transmissivity between the detector and the distance 
	
		
			

				𝑅
			

		
	
 at the wavelength 
	
		
			

				𝜆
			

		
	
. In this expression 
	
		
			
				𝛼
				(
				𝜆
				,
				𝑅
			

			

				
			

			

				)
			

		
	
 is the extinction coefficient at wavelength 
	
		
			

				𝜆
			

		
	
 and indicates the loss or attenuation of light at wavelength 
	
		
			

				𝜆
			

		
	
 at distance 
	
		
			

				𝑅
			

			

				
			

		
	
.
The product 
	
		
			
				𝛽
				(
				𝜆
				,
				𝜆
			

			

				𝐿
			

			
				∫
				,
				𝑅
				)
				e
				x
				p
				(
				−
			

			
				𝑅
				0
			

			
				𝛼
				(
				𝜆
				,
				𝑅
			

			

				
			

			
				)
				𝑑
				𝑅
			

			

				
			

			
				∫
				)
				⋅
				e
				x
				p
				(
				−
			

			
				𝑅
				0
			

			
				𝛼
				(
				𝜆
			

			

				𝐿
			

			
				,
				𝑅
			

			

				
			

			
				)
				𝑑
				𝑅
			

			

				
			

			

				)
			

		
	
  is referred to as the attenuated backscatter and is directly measured by backscatter lidars.
This is the basic equation for all the lidar techniques. Particular variations of it are applied for each one of the specific techniques discussed in the following. 
The basic product of aerosol lidar technique is the aerosol backscatter, 
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 depends on the lidar technique used. Figure 1 shows the growing complexity of lidar techniques and, correspondingly, the increasing number of direct products. 
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Figure 1: Aerosol lidar techniques pyramidal diagrams: complexity/distribution (a) and corresponding top level products (b).


The simplest lidar for aerosol study is the elastic backscatter lidar. Its simplicity and relatively low cost makes it the most common ground-based lidar worldwide. On the other hand, CALIOP, the first satellite-borne lidar specifically designed for aerosol and cloud studies, is an elastic backscatter lidar and has been continuously providing aerosol extinction, backscatter, and depolarization ratio profiles nearly continuously since June 2006 around the globe. As a result, the most common profile measurements for aerosol studies are presently provided by elastic backscatter lidars. These are shown at the base of the pyramidal structure on the left of Figure 1. The shadow of the base of this structure is the ceilometer, a low power elastic backscatter lidar device that uses a laser source to determine the height of the base of clouds, or the so-called “cloud ceiling.” Ceilometers can also be used to measure the aerosol layer heights in the atmosphere, as briefly discussed below.
In the simple elastic configuration, (1) can be solved using retrieval methods (e.g., [51–54, 107]), through two main assumptions: the backscatter profile needs to be calibrated, and a linear relationship between aerosol extinction and backscatter is assumed. For the backscatter calibration, typically it is calibrated to zero value in an altitude range where the aerosol content can be neglected. Systematic error associated with this assumption depends on the aerosol load and can reach 60% in the free troposphere [108]. Typically, one assumes certain extinction to backscatter ratio, hereafter lidar ratio (
	
		
			

				𝑆
			

		
	
), based on values reported in the literature to enable retrieval since (1) is underdetermined. Lidar ratio is an important optical parameter in aerosol characterization, because it depends on intensive aerosol properties such as chemical composition, size distribution of the particles, and particle shape [109–111]. A constant, altitude independent, value is often assumed. This assumption results in an uncertainty in the primary product of this technique, the aerosol backscatter coefficient profiles. This uncertainty can reach up to 150% [108] and can be reduced by constraining the derived total column aerosol optical depth (AOD) to the values obtained by independent sensors such as sunphotometers (e.g., [112]). However, it should be noted that lidar profiles typically do not reach the ground because of the incomplete overlap between the field of view of lidar telescope and the laser beam in the lowest altitude ranges. Even if some methods exist for evaluating the overlap correction function aspect (e.g., [113, 114]), an assumption about the lowest altitudes of the atmosphere is needed for the AOD evaluation from lidar profiles. The uncertainty resulting from these assumptions is strongly dependent on the overlap correction of each lidar system and on the atmospheric conditions. In this regard, a low overlap and a stable well-mixed PBL conditions reduce the error on lidar evaluated AOD [113].
In any case, different values of lidar ratio are expected in layers of different aerosol types (e.g., [109, 111, 115, 116]). In some cases, the lidar ratios can be different for the same kind of aerosol if the aerosol and/or atmospheric properties (e.g., dimension, refractive index, shape, chemical composition, and humidity content) vary within layers [115]. Besides first attempts to improve the backscatter retrieval through integration with sunphotometer measurements (e.g., [117]), the most common procedure applied, for example, in the CALIOP retrieval, is to associate a certain lidar ratio value with each aerosol layer after the aerosol type has been identified. Simulation and theoretical studies provide some reference values for different aerosol types also as a function of relative humidity (e.g., [111, 115, 116, 118]). So far, there have been very few attempts to derive aerosol-type-dependent lidar parameters in a systematic way. Cattrall et al. [119] have published lidar parameters of five key aerosol types (marine, urban, biomass-burning, dust, and Southeast Asian aerosol) derived from AERONET sunphotometer measurements. However, the reliability of these values is limited because the sunphotometer cannot measure the particle backscatter coefficient, but estimates it from products of inversions. This leads to not negligible uncertainty especially in cases of nonspherical particles, as large dust particles. In addition, the AERONET climatological study is based on column measurements and therefore assumes that a single type of aerosol is present in the column, which in most cases is unlikely. Furthermore, the study assumes that a single aerosol species dominates the atmospheric column based on geographic location, time of year, and seasonal events. All these assumptions lead to significant yet unquantified uncertainties in the aerosol lidar ratios reported. 
Directly measured 
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 values, as those obtained by using more complex lidar techniques described below, are more suitable as reference values for the different aerosol types and subtypes (e.g., [120]). However, direct measurements of 
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 show that this parameter is highly variable for the same type of aerosol and even considering just one measurement site (e.g., [79, 121–123]). This means that reasonable assumptions should be made about the 
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 profile to reduce the error in the backscatter profile. In the end, the uncertainty affecting backscatter cannot be disregarded as it can reach 50% for a difference in 
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 variation in the ultraviolet wavelengths (e.g., 355 nm) than for longer wavelengths. 
Aerosol extinction profiles retrieved by simple elastic backscatter lidars are often reported in literature and historically Klett’s method provides solution in terms of extinction [53]. However, it is practically hard to retrieve the extinction profiles through this method [51, 53, 64] and typical extinction errors can be a factor five over backscatter errors [64]. Therefore, when Klett’s (or similar) method is used for inverting lidar equation, the method is used in the backscatter form. On the base of these considerations, the aerosol extinction coefficient is not reported as a measured parameter for the simple backscatter lidar techniques in Table 1.
Table 1: Products for each specific lidar technique. Quantities obtained by directly measured parameters, (
	
		
			

				𝑆
			

		
	
 is the lidar ratio, Å(
	
		
			

				𝛼
			

		
	
) is the Angstrom extinction related exponent, and Å(
	
		
			

				𝛽
			

		
	
) is the Angstrom backscatter related exponent), are also reported. Finally, critical assumptions/points for each technique are reported too. 
	

	Lidar techniques	Aerosol layering	Extensive properties	Intensive properties	Critical aspects	Systematic errors
	

	Ceilometer	- PBL top- FT layers* (top, base, center of mass)	Aerosol backscatter*	n.a.	- S assumption- Calibration often not     possible	Calibration: up to 60% in free troposphere (larger at longer 
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	Backscatter lidar	- PBL top- FT layers (top, base, center of mass)	Aerosol backscatter	
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†	S assumption	Calibration: up to 60% in free troposphere (larger at longer 
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) S assumption:also 150% in the free troposphere (larger at shorter λ) 
	

	Raman lidar 	- PBL top- FT layers (top, base, center of mass)	- Aerosol backscatter- Aerosol extinction	
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	Low SNR in daytime 	Density: <15% for backscatter<5% for extinctionAngstrom assumption   <1% for backscatter<4% for extinction
	

	HSRL	- PBL top- FT layers (top, base, center of mass)	- Aerosol backscatter- Aerosol extinction	
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	Instrumental complexity 	Calibration: about 2.5% (backscatter and extinction)Density  <5% for extinction
	

	Multi-wavelength HSRL/Raman lidar	- PBL top- FT layers (top, base, center of mass)	- Aerosol backscatter at 3     wavelengths- Aerosol extinction at 2     wavelengths	1 
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  1 Å(ext)  2 Å(back) 	Low SNR in daytime (Raman)Instrumental complexity (HSRL)	Typical total systematic errors:<5% for backscatter<10% for extinction
	



							 The symbol † indicates that S can be retrieved for specific cases with clean air below and above identified intense aerosol layer. Depolarization capability could be added to each one of these techniques resulting in the additional aerosol linear depolarization ratio measurement capability. The symbol * denotes products that could be not available because of the low signal-to-noise ratio.


Ceilometers that often referred to as low-power backscatter lidars are shown as the shadow base of the lidar technique pyramid reported in Figure 1. Originally designed for cloud top and base identification, ceilometers proved to be an efficient instrument for identifying and following long-range transport of volcanic emissions during the Eyjafjallajökull volcanic eruption in 2010 [124]. The automatic and 24-hour 7-day operation of these instruments together with the large number of ceilometers available worldwide makes them suitable candidates for an operational low-cost monitoring system. Little has been done until now on the quantitative evaluation and assessment of ceilometer efficiency in aerosol layer detection and characterization [65, 125–128]. Since ceilometers are based on the principle of a simple backscatter lidar, the same discussion of the aerosol backscatter coefficient retrieval applies to ceilometers where the low signal-to-noise ratio poses additional challenges in the application of the retrieval techniques. In particular, the calibration of infrared signals is often not possible because of the low signal-to-noise ratio (SNR) and in some cases thick aerosol layers in the low atmosphere attenuate the low-intensity ceilometers signal in such a way that upper layers are not detectable [126]. Therefore, the standard product of ceilometers suitable for aerosol studies is the time-altitude evolution plot of normalized range-corrected (background subtracted) signals. These plots, available for each kind of lidar system, provide a snapshot of the aerosol vertical distribution, and albeit, at a qualitative level, provide valuable information not available from passive sensors. 
The only elastic lidar method that makes it possible to obtain extinction profiles from elastically scattered signals without the assumption on lidar ratio profile is the method proposed by Kano [56] and Hamilton [57] for the inversion of data obtained with scanning lidar. 
For multiangle lidar, (1) slightly changes: the 
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 term is related to the specific observation angle used in each scan and the transmissivity term is angle dependent. With observations performed at different angles, extinction profile can be retrieved assuming that the backscatter term is invariant in horizontal layers. Unfortunately, multiangle methods can yield poor inversion results (e.g., [50]), mainly because of the homogeneity assumption [129]. For this reason, multiangle methods are rarely used in lidar measurements. The recently developed data-processing technique proposed by Kovalev et al. [130] is highly innovative in this context: this technique rejects the signals that do not obey the condition of atmospheric homogeneity or have significant systematic distortions. The new technique enables discrimination of thin-stratified layers [130].
Two types of lidar techniques, namely, Raman lidar and HSRL, are available for independent retrieval of the extinction profile. Both of these directly measure the aerosol extinction profile, which can be inserted in (1) to calculate aerosol backscatter coefficient sans assumptions. 
In the combined elastic/Raman lidar, the inelastically (Raman) backscattered lidar signal is measured besides the elastically backscattered one [46, 47]. In particular, the Raman signal due to molecules whose density in the atmosphere is well known, such as nitrogen or oxygen, permits the determination of the aerosol extinction profile. In these cases, the backscatter term in (1) is known and the only unknown is the extinction profile. The retrieval of aerosol extinction coefficient requires an assumption about the wavelength dependence of the aerosol extinction (referred to as the Ångström exponent), because (1) contains in this case a transmissivity term at laser wavelength and one at wavelength corresponding to the Raman shift. Whiteman [131] showed that the differential transmissivity varies by about 4% for an Ångström exponent varying between 0.8 and 1.2 for an optical depth of 1.0. The systematic error due to the assumption of the extinction dependence on wavelength is lower than 4% for Ångström exponent variation of 100% and than 1% for Ångström exponent varying between 0 and 1, for aerosol extinction and backscatter retrieval, respectively [46]. This systematic error can be further reduced if Angstrom exponent measurements are available from independent source (e.g., Sun-photometer). Another source of possible systematic error is the assumption of the atmospheric density profile in (1). However, the density error is less than 5% for both aerosol extinction and backscatter profiles when standard atmosphere profiles are used [46]. This error can be reduced using collocated simultaneous radiosounding when available.
Elastic/Raman lidars were rare until the 1990s when the advances in both detector and interferential filter devices allowed for a progressive spread of this kind of systems for aerosol characterization. The low signal-to-noise ratio (SNR) compared to elastically backscattered signal typically limited the application of elastic/Raman technique to nighttime conditions in the past. Nowadays, Raman lidar measurements are possible in daytime conditions with appropriate temporal and spatial signal averaging [132]. 

The combined elastic/Raman lidar technique has the great advantage of allowing the determination of aerosol extinction profiles without any significant assumptions and consequently the determination of the aerosol backscatter profile with uncertainty significantly lower than the simple backscatter lidar [47]. Moreover, the independent measurement of aerosol extinction and backscatter profiles permits the direct measurement of lidar ratio profile. Measurements of this parameter are important because it is required for the retrieval of optical properties from the aforementioned widely used standard elastic-backscatter lidar. In addition, lidar ratio is a very important parameter for the characterization and typing of aerosols. This kind of measurements with the support of transport models permits a detailed investigation of aerosol typing and mixing processes (e.g., [85, 121, 133, 134]). 
The principle of the High Spectral Resolution Lidar is, as for Raman technique, to use two independent lidar equations instead of the single one of backscatter lidars [55]. In this case, the difference in the Doppler frequency shifts produced by photons scattered by molecules (random motion) and by particulate (motion determined by wind and turbulence) is utilized. The difference in velocity of these two classes of scattering particles produces significantly different Doppler shifts for molecules and particles. Particles in the atmosphere generate a narrow spike near the frequency transmitted by the laser. On the contrary, atmospheric molecules produce a much broader distribution.
HSRL utilizes very narrow bandwidth filters to select signal backscattered from molecules. Particular attention has to be paid to the stability and purity of the laser transmitting frequency. In this way, two distinct equations of analogous to (1) are obtained: one for the molecular backscatter and the other for the particulate backscatter. In both, the integral factor contains the aerosol and molecular contributions to the extinction. Therefore, as for the elastic/Raman technique, the availability of two equations for two unknowns (i.e., aerosol extinction and backscatter coefficient) permits the independent measurements of these parameters and consequently of the lidar ratio. The systematic error in the aerosol backscatter coefficient is derived from the internal calibration and is estimated to be typically less than 2.5% [135]. As in the Raman lidar technique, the aerosol extinction coefficient retrieval needs for assumption about the air density profile. As such, the systematic error in extinction associated with uncertainties in the density profile is the same found for Raman lidar systems [135].
In comparison with the Raman technique, the HSRL has the advantage of providing molecular signal with an SNR much higher than Raman signal SNR. HSRL is therefore more suitable for both daytime and airborne/satellite-borne applications. On the other hand, the HSRL technique required high stability and a small line width of transmitted laser frequency making HSRL more difficult to implement than Raman lidars. The Raman lidar technique is more often utilized by ground-based lidars resulting in a more extensive geographical distribution of Raman lidar sites at least in the Northern Hemisphere. The HSRL is typically implemented on airborne platforms for measurement campaigns and will be the lidar technique implemented both on ESA the Atmospheric Dynamics Mission (ADM-Aeolus) [98] and on the Earth Clouds Aerosols and Radiation Explorer (EarthCARE) mission of ESA and JAXA [136], to be launched on 2013 and 2015, respectively.
The most advanced state-of-the-art ground-based lidars make use of a multiwavelength approach. In a typical configuration, three laser beams are transmitted into the atmosphere and the corresponding three elastically backscattered signals are detected along with two Raman-shifted signals due to atmospheric nitrogen. These advanced systems, hereafter multiwavelength Raman system, provide a suitable dataset of aerosol optical properties profiles (3 backscatter + 2 extinction, 3 + 2 hereafter) for the aerosol typing (e.g., [75, 121]) and the retrieval of aerosol microphysical optical properties by the application of specific inversion algorithms [137–139]. Multiwavelength Raman aerosol lidar techniques have been demonstrated to have the unique ability of providing range-resolved aerosol microphysical properties, as effective radius and complex refractive index (e.g., [140]). Finally, this kind of measurements combined with sunphotometer observations could permit the determination of the aerosol mass concentration profile and of its fine and course components [141, 142].
Information about the shape of the particles is provided by measurements of the depolarization of the light into the atmosphere. The depolarization measurement in lidar applications is based on the transmission into the atmosphere of a linearly polarized laser pulse and the detection of components of backscattered light polarized perpendicular and parallel to the direction of the transmitted laser beam. Little or no linear depolarization is expected for small, spherical particles, while large linear depolarization ratio values are found for irregularly shaped aerosols and ice crystals with values depending on the size, shape, and orientation of the particles [101]. The linear particle depolarization ratio measurement is possible when polarization channels are also implemented, in the various lidar systems described above. The linear particle depolarization ratio 
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 is defined as the ratio of cross-polarized component of the backscatter from particles to the parallel component [143]. This adds a further intensive property (i.e., independent on the quantity of aerosol particles), which has the potential of aiding aerosol typing. At the present, lidar systems in general only employ one wavelength to infer the linear particle depolarization ratio and this capability is implemented on simple one-wavelength backscatter lidars (economic solution) or on multiwavelength Raman lidar (expensive solution). The multiwavelength Raman lidar systems equipped with depolarization channel (so-called 
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 lidar systems) are nowadays the most advanced systems providing the most extended dataset of aerosol optical parameters for aerosol characterization. 
Recently, a new type of lidar has been developed, in which Raman return signals from silicon dioxide can be used as a tracer of mineral dust. Showing the general applicability of using such Raman return signals for inferring the mineral dust concentration in East Asian dust plumes [144], a major advance was made by combining this technique with a 
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 lidar system [145, 146]. 
Table 1 reports the measurable quantities for the lidar technique described above. In addition, an indication of the systematic errors related to each one of the retrieval techniques is reported. Systematic errors are errors related to the physical assumptions needed for the retrieval procedures; therefore, they do not depend on the specifics of the lidar system. These systematic errors provide an indication of the intrinsic limits of each lidar technique. A common product of all lidar techniques is the profiling capability, that is, the aerosol layering. The provision of detailed aerosol layering is limited by the signal-to-noise ratio that in low-power lidars such as ceilometers does not always permit the aerosol layering in the free troposphere [126]. Base, top, and thickness of the aerosol layers can be determined with the high range resolution typical of the lidar techniques using different algorithms (e.g., [128, 147–149]). Once top and base of desert dust layer are identified, the center of mass of the aerosol layer can be also estimated from lidar profiles [123]. Information about the aerosol layer center of mass is useful because the dynamics of the whole layer can be discernible at this location. Under the hypotheses of a homogenous aerosol layer with respect to aerosol microphysical properties, the center of mass can be estimated as the mean altitude of the identified desert dust layer weighted by the altitude-dependent aerosol backscatter coefficient. 
The top of the PBL can be determined with lidar, as long as the overlap of telescope’s field of view and laser beam permits it [128, 147]. 
The common aerosol optical property to all techniques is the aerosol backscatter coefficient that can be retrieved with all techniques, with some limitations for ceilometers related to the SNR and calibration. Raman and HSRL techniques permit the addition of extinction as an extensive aerosol property and lidar ratio as intensive. Here, intensive refers to a property that is independent from the amount of aerosol. Adding channels, in elastic or Raman lidar systems, increases the number of aerosol optical properties that can be retrieved. It increases the number of aerosol extinction and backscatter profiles, and more wavelengths allow measurement of Ångström extinction and backscatter exponents, and 
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 in ultraviolet and visible wavelengths. In the particular situation of an aerosol layer surrounded by clean air layers below and above it (as stratospheric layers), the lidar ratio can be determined by the simple elastic backscatter lidar with the assumption of a homogenous aerosol layer in terms of microphysical properties (e.g., [150]).
For each technique reported in Table 1, additional channels for the detection of depolarized and/or unpolarized backscattered signals permit to retrieve the particle linear depolarization ratio profile.
Starting from this dataset of optical properties and geometrical layering, columnar quantities, such as AOD, can be retrieved. This also allows the PBL and free troposphere contribution to be evaluated. Each aerosol layer can be characterized in terms of available optical extensive and intensive properties. These quantities are the basis for the determination of aerosol microphysical properties using appropriate numerical methods.
In that regard significant progress has just recently been made. Veselovskii et al. [151] used a modified data inversion algorithm [152] for the retrieval of dust microphysical parameters (particle size distribution from which effective radius can be inferred, and the complex refractive index) from a set of lidar optical data that consisted of backscatter coefficients at 3 wavelengths, extinction coefficients at 2 wavelengths, and the depolarization ratio at one wavelength. The data set described a mixed Saharan dust/continental haze plume observed over Southwest Germany in summer 2007. The authors show that a retrieval of the aforementioned microphysical parameters is possible on a vertically resolved scale. The authors also showed the utility of depolarization ratio in the retrievals. 
One drawback of the study by Veselovskii et al. [151] is that only a limited optical data set of a complicated aerosol situation (mixture of dust with a second aerosol type) was available. The large dataset collected during the SAMUM campaigns (see Section 3) provides instead the opportunity to investigate complex aerosol situations. A set of optical data of high quality (high signal-to-noise ratio) was collected with three ground-based Raman and airborne high-spectral-resolution lidar systems under various conditions of pure mineral dust (Morocco) [153] and mixtures of mineral dust, marine, and biomass burning aerosols at Cape Verde [154]. These studies produced a dataset of particle backscatter and extinction coefficients and lidar ratios at visible (532 nm) and ultraviolet wavelengths (355 nm) and profiles of Ångström exponents. In addition, profiles of depolarization ratios for four wavelengths (355, 532, 710, and 1064 nm) were also determined [143, 155]. Several case studies of pure dust and mixed dust/biomass-burning plumes were used for inferring dust microphysical properties [156]. Lidar data inversion results for the first time were validated using airborne observations of particle size distributions of dust. The complex refractive index was inferred from mineralogical analysis of particles collected aboard the aircraft. These data are critical for the validation of the complex refractive index inferred from the inversion of the multiwavelength lidar data. 
Figure 1 and Table 1 show that increasing the complexity of the lidar technique could in principle reduce uncertainty on lidar data products and increase the number of available aerosol properties. However, statistical errors are not considered in this discussion, because they strictly depend on the specific design of each individual lidar system. Besides the used lidar technique, the practical implementation of the lidar system and data processing are fundamental factors driving the quality of the lidar data products. This is the reason why a rigorous check of the instrument and proper data processing and analysis techniques are fundamental for the investigation of dust at global scale. A globally coordinated action about this issue is foreseen by the implementation plan of GALION, the global lidar network promoted by the WMO [64]. 
3. Desert Dust Measurement Campaigns
Several international coordinated experimental campaigns for dust (and aerosol) particle characterization using mainly ground-based and airborne lidar systems have been conducted so far, at the regional or continental level in or near dominant source regions of mineral dust particles: North Africa (Sahara), Arabian Peninsula, Central Asia, China (Gobi), Australia, North America, and South Africa. In the following the most important measurement campaigns for dust characterization (Table 2 and Figure 2) are briefly described focusing on the value added by lidar observations.
Table 2: Synthesis of the most important measurement campaigns for dust characterization involving lidar measurements. 
	

	Measurement campaign	Location	Period	Mainreferences	Instruments	Lidar added value
	

	 INDOEX (Indian Ocean Experiment) http://www-indoex.ucsd.edu/	Indian subcontinent and Indian Ocean (8°N–8°S, 70°E–80°E)	January–March 1999	[69, 158]	Ground-based: - Gas samplers/Proton Transfer Reaction; Mass  Spectrometer (PTR-MS)/Atmospheric Pressure  Chemical Ionization Mass Spectrometer  (AP-CIMS)  - micro pulse lidar/multi-wavelength lidar	First vertical resolved microphysical properties:
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	PRIDE (Puerto Rico Dust Experiment) http://modis-atmos.gsfc.nasa.gov/PRIDE	Puerto Rico (18.21°N–65.60°W)	28 June–24 July 2000	[67, 159–161]	Ground-based - surface station/2 AERONET  Sun-photometers/MICROTOPS sunphotometer- micro pulse lidarAirborne: - AATS-6 Sun-photometer/radiometers /2optical  countersResearch vessel:  - in situ sensors	Highly variable layering:Dust up to 5 km Dust intrusion in the marine boundary layer
	

	SHADE(Saharan Dust Experiment) 	Sal Island (Capo Verde) and M’Buor (Senegal)	9–29 September 2000	[68, 162]	Ground-based:  - CIMEL Sun-photometersAirborne: - in situ sensors/radiometers /POLDER  radiometer-backscatter lidar	Lidar/in situ measurements integrationDust in the PBL and up to 4.5 kmSmaller radius in the PBL
	

	 ACE-Asia (Asian Pacific Regional Aerosol Characterization Experiment) http://saga.pmel.noaa.gov/aceasia	SE China, Korea, Japan(22–50°N, 100–150°E)	Spring 2001	[163, 164]	Ground-based: - Backscatter/Raman lidars- Sun photometer/Radiometers/Absorption  PhotometerAirborne: - AERONET Sun photometers/Radiometers/ PSAP/4 Nephelometer/In situ sensors Shipborne:  Micro pulse lidarSpaceborne: - Aerosol and species retrievals	Depolarization measurements for discriminating spherical and no spherical particlesDust extinction coefficient at 532 nm up to 0.3 km−1
	

	MINATROC (Mineral dust and Tropospheric Chemistry) 	Mount Cimone, Italy (44.2°N, 10.7°E, 1870 m a.s.l.)Izana, Tenerife, Spain (28.30°N, 16.48°W 2367 m asl)	June–July 2000July –August 2002	[165]	- Differential mobility analyzer (DMA)/optical  particle counter (OPC)- Single backscatter depolarization lidar	Dust layering 2–8 km a.s.l.Dust extinction coefficient 0.2 km−1 (532 nm)Particle linear depolarization ratio ~15% (532 nm)
	

	CRYSTAL-FACE (Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus) http://cloud1.arc.nasa.gov/crystalface	SW and SE Florida, USA(24°–26°N  83°–80°W)	July 2002	[17, 166, 167]	Ground-based: - CIMEL Sun-photometers/Surface flux  measurements/UV/IR/Broadband radiometers- Ceilometer- Backscatter lidarsAirborne: - Sun-photometers/Radiometers/Nephelometer/In  situ sensors Spaceborne: Aerosol and species retrievals	Dust particles are effective Ice Condensation Nuclei in mildly supercooled (−5.2/−8.8°C) altocumulus
	

	UAE2(Unified Aerosol Experiment) http://uae2.gsfc.nasa.gov/	United Arab Emirates, Arabian Gulf and Gulf of Oman.	August–September 2004	[168, 169]	Ground-based: - 15 sun-photometers/AERI interferometer/particle  sizer/NRL Mobile Atmospheric Aerosol And  Radiation Characterization (MAARCO)/NASA’s  Surface-sensing Measurements for Atmospheric  Radiative Transfer (SMART)/radiosonde- Micro pulse lidarsAirborne:  - Aerosol, clouds and water droplet probes/Cloud  Absorption Radiometer/Polar Nephelometer- Lidar	Micro Pulse Lidar/Sun-photometer synergy:dust /clouds separation AOD at 550 nm AOD in IR in daytimeLarge AOD variability(range 0.4–0.53) Larger variability at coastal and island sites
	

	 AMMA (African Monsoon Multidisciplinary Analysis) http://www.amma-international.org/spip.php?rubrique1	Africa (Mali-Niger-Nigeria-Senegal-Benin-Algeria, Mauritania) (8°–19°N, 2°–8°E)	2002–2010	[71, 170–172]	Ground-based: - SW-LW broadband  radiometers/AERONET/Microtops II  Sun-photometers/TEOMs/Particle/CCN  Counters/Aerosol filter sampling/Nephelometers/ Aethalometers/Pyranometers/Pyrgeometers/ Scatterometers/Pyrheliometers/Shadow band  radiometers/Gas samplers (O3, CO, SO2, 
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, COV)- Ceilometers/Elastic/Raman  lidars/Depolarization/Raman lidarsAirborne:  - PSAP-PMS- FFSSP/Nephelometer/Q-AMS/ Shortwave Spectrometer (SWS)/Eppley  radiometers/Solar Hemispheric Integrating Measurement System (SHIMS)/Gas samplers (O3, CO, SO2, 
	
		
			
				N
				O
			

			

				𝑥
			

		
	
)/Aerosol filter sampling	Mixing of dust with biomass burning particles (2–5 km)Dust extinction coefficient 0.2–0.4 km−1, but also up to 1.5 km−1 (355 nm)Particle linear depolarization ratio 25% (355 nm)
	
		
			
				𝑆
				=
				5
				5
				±
				5
			

		
	
 sr−1 (355 nm)
	

	SAMUM -1(Saharan Mineral Dust Experiment) http://samum.tropos.de/	South Morocco Ouarzazate (30.9°N, 6.9°W, 1133 m a.s.l.) and Tinfou (30.2°N, 5.6°W, 680 m asl)	May–June 2006	([175] andreferences therein)	Ground-based:  - in situ physical–chemical and optical  sensors/AERONET Sun-photometers/ Radiometers/Radiosonde/Surface-sensing  Measurements for Atmospheric Radiative  Transfer (SMART)/Compact radiation  measurement system (CORAS)- Raman lidars/Doppler lidar Airborne: - in situ sensors- HSRL	S (355 nm, 532 nm, 1064 nm) = 50–60 srParticle linear depolarization ratio: ~30% (532 nm)Å(
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mCALIPSO underestimates the dust optical depth by about 25%.Lidar-AERONET comparison:- Good agreement for pure dust  AOD and Å(
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).-at near ultraviolet wavelengths  differences in complex refractive  index, lidar ratio and single  scattering albedo
	

	SAMUM 2(Saharan Mineral Dust Experiment)http://samum.tropos.de/	Cape Verde, Africa ~15°N, 23.5°W	Winter 2008	[143, 155, 176]	Ground-based  - in situ physical–chemical and optical sensors/ 3 AERONET Sun-photometers/radiometers/1  radiosonde- 3 Raman lidars/1 Doppler lidar Airborne - in situ sensors- HSRL	Dust layers depth (
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 km)Dust S (355 nm, 532 nm, 1064 nm): 50–60 srDust particles significantly aged
	









	






	



	
	
	
	
	


	
	
	
	
	


	
	
	
	
	
	
	


	
	
	


	


	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	


	
	
	




	
	
	
	
	
	
	


	
	
	
	
	
	
	
	



	
	


	

Figure 2: Location of the special measurements campaigns reported in Table 2. 


Some systematic lidar measurements were performed during the Mediterranean Dust Experiment (MEDUSE) in two sites: Southern France (Observatoire de Haute Provence) and Northern Greece (city of Thessaloniki) during 1996-1997 [157]. These measurements were dedicated to the characterization of the vertical structure of Saharan dust export to the Mediterranean area, confined between 1.5 and 5 km height. In two cases, AOD of the order of 0.3-0.4 (at 532 nm) derived from lidar and sunphotometer measurements was reported.
During the Indian Ocean Experiment (INDOEX) lidar measurements were made on the Indian subcontinent and at locations in the Indian Ocean between February 15 and March 25, 1999 [158], and during the three follow-up campaigns in July/October 1999 and March 2000. Müller et al. [69] presented for the first time a comprehensive data set of vertically resolved microphysical particle properties: effective particle radii were 
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 μm mostly from pollution plumes above 1 km height, the range of single-scattering albedo was between 0.75 and 1.00 at 532 nm, and the aerosol volume concentrations ranged from 6 to 44 μm3 cm−3. All of these properties were derived from multiwavelength lidar observations of pollution plumes mixed with dust particles advected from India and Southeast Asia out over the tropical Indian Ocean during the northeast monsoon.
The Puerto Rico Dust Experiment (PRIDE) took place in Puerto Rico between June 28 and  July 24, 2000 and focused on improving the characterization of the optical, microphysical, composition, radiative, and transport properties of African dust (http://modis-atmos.gsfc.nasa.gov/PRIDE/). The main results of PRIDE [159, 160] showed that dust aerosols in the Puerto Rico region during the summer months result in a shortwave radiative cooling effect. In particular, diurnal means of 
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 Wm−2 at the surface [161] were measured during PRIDE, showing that the Saharan dust aerosols have an important impact on large-scale shortwave radiation budget, and regional climate, also at thousands of kilometers from the source region. Moreover, the mid-visible AOD varied from clean marine conditions (0.07) to high dust loading periods (AOD > 0.5), while the average mid-visible AOD was 0.24. The NASA-GSFC micropulse lidar (MPL) available in Puerto Rico during PRIDE provided information about the vertical distribution of dust. Additional information was provided by airborne sunphotometers available during the campaign. The main output from the lidar measurements was that the dust vertical distribution in the Caribbean was found to be highly variable with both typical Saharan Air Layer (SAL) and lower level transport of dust being observed [67]. The SAL is a layer of warm, dry, dusty air, which normally overlays the cooler, more humid surface air of the Atlantic Ocean formed from late spring to early fall. According to the lidar measurements, dust frequently reached altitudes of 5 km. The presence of dust in the marine boundary layer was not correlated with any ‘‘typical’’ atmospheric sounding profile. In particular it did not correlate with the strength of the trade inversion in the Caribbean [67]. 
The Saharan Dust Experiment (SHADE) took place in the west coast of North Africa between 9 and 29 September 2000 and focused on improving the determination of the parameters that are relevant for computing the direct radiative effect due to dust particles. The airborne LEANDRE lidar [68] was used to derive the altitude of the aerosol layers. Vertical profiles derived from lidar measurements on September 25 highlighted the presence of the SAL located between 2.2 and 4.5 km with particle effective radii of 
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 μm. Other dust layers within the sub-Saharan transition layer over the marine boundary layer were also observed, with particle radii significantly smaller than sizes within the SAL. The lidar technique provided local information about the geometrical height of the dust layers as well as about the size of the mineral dust particles. Observations collected during SHADE indicate a net cooling effect of dust particles in agreement with the model estimation of −0.4 Wm−2 as global Saharan dust net direct radiative effect [162]. However, it has to be kept in mind that this estimation took into account only unpolluted dust, while dust particles are often mixed with biomass burning aerosols (the mixture is often referred to as polluted dust) occurring in Africa in the warm season. 
Another very important international field campaign, involving multiple aircraft, ships, satellites, and surface sites, was the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia), which generated the most comprehensive measurements ever collected of hemispheric aerosol emission and transport during springtime in 2001 [163]. The data acquired during ACE-Asia allowed a first-time assessment of the regional climatic and atmospheric chemical effects of a continental-scale mixture of dust and pollution in the whole region (http://saga.pmel.noaa.gov/Field/aceasia/). Lidar images of the normalized aerosol backscatter, extinction coefficient, and depolarization ratio at Beijing showed the advance of the dust storm over April 6–15, 2001, while automated Mie scattering lidar [164] was used to determine vertical profiles of backscattering intensities and depolarization ratios from near ground up to the two to six km height region. Lidar measurements of atmospheric depolarization were used to distinguish between spherical and nonspherical particles. Aerosol extinction at 532 nm reached values of up to 0.3 km−1.
Another important dust experiment, the Mineral dust and Tropospheric Chemistry (MINATROC) campaign, involving single wavelength polarization lidar observations took place at Mount Cimone in central Italy (44.2°N, 10.7°E, 1870 m above sea level (a.s.l.)) during June-July 2000 [165] and Izana, Tenerife (Spain) in 2002. In MINATROC lidar data were analyzed to derive tropospheric profiles of aerosol extinction, depolarization, surface area, and volume. Lidar retrievals for the 2170–2245 m level were compared to the same variables as computed from in situ measurements of particles size distributions, performed at the mountain top station (2165 m a.s.l.) by a differential mobility analyzer (DMA) and an optical particle counter (OPC). Lidar depolarization was observed to minimize mainly in air masses proceeding from Western Europe. Conversely, African, Mediterranean, and East Europe aerosol showed a larger depolarizing fraction, mainly due to coexisting refractory and soluble fractions. The data analysis showed average relative differences between lidar and in situ observations of 5% for backscatter, 36% for extinction, 41% for surface area, and 37% for volume, within the expected combined uncertainties of the lidar and in situ retrievals. Average differences further decreased during the Saharan dust transport event, when a lidar signal inversion model considering nonspherical scatterers was employed.
The Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE) campaign took place in July 2002 and was designed to investigate the physical properties and formation processes of tropical cirrus cloud (http://cloud1.arc.nasa.gov/crystalface/), including the potential of cloud-altering properties of transported Saharan dust. A new technique was developed within CRYSTAL-FACE to classify ice particles into different shape categories, based on lidar depolarization ratio. The data collected, using aircraft and ground-based polarization lidar [17, 166], showed that long-range-transported Saharan dust particles can act as ice condensation nuclei. In particular, glaciation was observed in relatively warm altocumulus cloud (−5.2 to −8.8°C) close to the top of the desert dust layer [17]. The efficiency of dust particles as ice condensation nuclei was also observed for particles originated from Asian dust storm and transported towards western US [17, 166, 167], suggesting that major dust storms can affect the climate through indirect desert dust effect on cloud properties.
In the summer of 2004 (primarily August and September) the Unified Aerosol Experiment (UAE2) field campaign was conducted in the United Arab Emirates and over the adjacent Arabian Gulf and Gulf of Oman. The focus areas of this field campaign included the characterization of fundamental physical and optical properties of atmospheric aerosol particles, the interaction of the regional/local meteorology with the aerosol radiative impacts, and the remote sensing of heterogeneous aerosol properties over the water and bright desert surfaces. During UAE2 it was observed that the average diurnal variability of the AOD at 500 nm varied between sites (from 0.4 to 0.53), with the largest diurnal changes (from values lower than 0.2 to higher than 1) occurring at some coastal and island sites (probably associated with land breeze/sea breeze circulation). The 2-month average of the Ångström exponent (
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) increased moving from the desert region: 0.50–0.57 at inland desert sites, 0.64 at coastal sites, and 0.77 over Arabian Gulf island sites [168]. This indicated that the observed dust particles are on larger average close to the source region. Correspondingly, the average fine mode fraction increased from ~35% in the inland desert sites up to ~48% in the Gulf island sites [168]. Lidars of the Micropulse Lidar Network (MPL-Net) provided the dust optical depths at 550 nm during this campaign, after calibration and using special software [169]. By comparing atmospheric emitted radiance interferometer (AERI) detection/retrieval results with collocated AERONET Sun photometer/MPLNET micropulse lidar measurements, it was thus shown that the synergy of AERI and lidar instruments could be used to separate dust from cloud and retrieve dust IR optical depths during daytime conditions.
The international multiyear African Monsoon Multidisciplinary Analysis (AMMA) program is an international research project involving field campaigns focused on improving the understanding of the West African Monsoon system [170]. Within this project, specific campaigns involving lidars were carried out: the Dust and Biomass-Burning Experiment (DABEX) [171] and the Dust Outflow and Deposition to the Ocean (DODO) one [172]. One of the results, related to lidar measurements [71], was that the vertical distribution of dust within the convective boundary layer was nonuniform and the occurrence of dust updrafts and cloud downdrafts intensified vertical recirculation within the Saharan atmospheric boundary layer (BL). Additionally, a strong dependence of the diurnal Saharan BL development on the season was observed ranging from 0.5 km in the wintertime up to 5-6 km height during the summer [71]. This was ascribed to the seasonality of several key features of the Saharan layer such as the amount of lofted dust, the humidity content, the large-scale subsidence, and the proximity of the Saharan Heat Low. Throughout 2006, the aerosol vertical distribution within the BL was nonuniform, with the majority of coarse particles being located near the surface. The aerosol content was influenced by dust transport from a variety of source regions after being lifted by different mechanisms (low-level jets; cold pools or topographic flows). 
Combined ground-based and airborne lidars campaigns conducted during DABEX [70, 72] found thick layers of mineral dust aerosol in the local PBL (up to about 2 km). Elevated layers of biomass burning aerosol, mixed to a variable degree with dust, were found at altitudes of 2–5 km. Additional lidar experiments performed during AMMA [73] showed that the extinction coefficient within the dust layer ranged between 0.2 and 0.4 km−1 at 355 nm, and the linear particle depolarization ratio was around 25%. For some days when there was direct import of dust-loaded air masses from the Saharan desert, the extinction coefficient exceeded 1.5 km−1. However, the vertical extent of such layers is only a few hundred meters. They also found layers of mixed dust and biomass burning aerosols with extinction coefficient within the same range of values. In their paper Heese and Wiegner [73] showed the importance of linear particle depolarization ratio measurements for discriminating between dust and biomass burning aerosols. This capability allowed them to characterize dust within biomass burning aerosol layers using the lidar ratio as an additional discriminator. In particular, a lidar ratio 
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 sr was typically observed in a Saharan pure dust layer during the dry season. 
Yet, another dust campaign initiated in Asia as a joint Japan-China project, the Aeolian Dust Experiment on Climate impact (ADEC), took place from 2000 to 2006 in north-western China [173]. However, the aerosol dust profiles obtained by lidars were limited to the derivation the aerosol backscatter coefficient and the structure of the lower troposphere during intensive observational campaigns. 
Some recent data on Saharan dust observations over the Caribbean basin during the summer 2007 NASA Tropical Composition, Cloud, and Climate Coupling (TC4) field experiment are reported by Nowottnick et al. [174] involving the CALIOP lidar and the airborne Cloud Physics Lidar (CPL). In TC4 airborne the CPL and satellite observations from MODIS suggested a barrier to dust transport across Central America into the eastern Pacific. This barrier could be due to the dust transport dynamics, loss processes, or a combination of them. The NASA GEOS-5 aerosol transport model was used for investigating and defining the causes of the dust transport barrier. In these simulations, the best agreement with observations is obtained if it is assumed that dust particles are hydrophilic aerosols and act as cloud condensation nuclei. As a main result, it was found that loss processes by wet removal of dust are about twice as important as transport in producing the dust transport barrier [174]. 
Recently, the experimental campaigns of the Saharan Mineral Dust Experiment (SAMUM 1 and 2) [175] were conducted in summer 2006 and in winter 2008, respectively. The two campaigns were planned for investigating dust very close to the source region (SAMUM-1, southern Morocco) and in the outflow region (SAMUM-2, Cape Verde). These campaigns focused on the comprehensive characterization of pure mineral dust properties on the basis of a sophisticated interplay between airborne and ground-based lidar/in situ instrumentation, augmented by ground-based sun photometers. For the first time, multiwavelength Raman/polarization lidars and an airborne high spectral resolution lidar were involved in major dust field campaigns and provided profiles of the volume extinction coefficient of the particles at ambient conditions (for the full dust size distribution), of particle-shape-sensitive optical properties at several wavelengths, and a clear separation of dust and smoke profiles. 
Optical profiles of pure mineral dust were collected during a one-month measurement period in Morocco in 2006. Moderate optical depths of up to 0.8 at visible wavelengths characterized this period. Most interestingly, these cases describe pure mineral dust from ground level to heights of approximately 6 km. In situ ground and airborne observations show that the contribution of anthropogenic pollution, which mainly comes from traffic and agricultural activities in the field site area, is negligible. The profiles of Ångström exponents (355/532 nm) are around 0, which indicated the large fraction of coarse mode dust particles. Lidar ratios are mainly between 50 and 55 sr at 355 and 532 nm. Linear dust depolarization ratios are as large as 30% at visible wavelengths.
For the case of SAMUM-2, the aerosol layers were classified on the basis of HSRL and in situ measurements in 65 biomass burning and mineral dust layers [176]. Mineral dust layers typically were confined below 2 km of altitudes while biomass burning plumes were located at higher altitudes. Desert dust layers had a typical depth of 
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 km. In situ measurements showed a median effective diameter 
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 of 2.5 μm for the dust layers over Cape Verde. This value is significantly lower than the corresponding 5.9 μm obtained during SAMUM-1. The comparison between mineral dust size distributions as measured during SAMUM-1 and SAMUM-2 showed the aging of desert dust particles in SAMUM-2, with the removal of large particles and the increase of the center of the accumulation mode diameter as a result of coagulation. 
During SAMUM-2, 31 tropical biomass layers were observed. These layers had a mean depth of 
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 km and were characterized by a median Å of 1.34. The related aerosol size distributions showed a significant amount of particles larger than 10 μm, that are mineral dust particles [176]. 
In terms of aerosol optical depth, the dust layers are responsible of a median AOD around 500 nm of 0.23 against the 0.09 AOD due to the biomass burning layers. Although the dust layers are thinner than biomass burning layers, their median contribution to the columnar AOD (below 10 km) is 75%, while 37% is the median contribution of biomass burning layers.
With regard to lidar measurement/techniques, observations performed during SAMUM showed that aerosol typing is possible based on depolarization and lidar ratios [155], and in situ measured absorption Ångström exponents [176]. The observations also showed that an improved characterization of nonspherical mineral dust particles is possible, if we use at least two measurement wavelengths [143]. 
4. Systematic Ground-Based Desert Dust Observations by Lidar
One of the main outputs of the last measurement campaigns related to dust is that lidar techniques are fundamental for aerosol typing, even if challenges still exist. This issue is even more complex away from the source region because mixing and modification processes affect aerosol optical and microphysical properties in a very complex way. Dust particles are typically transported thousands of kilometers from their source [10, 36, 38]. One of the more impressive and recent examples of long-range transport occurred in spring 2011, when an intense Saharan dust outbreak mobilized large amounts of dust from Northern Africa and was transported as far north as Norway over a weeklong period between April 3 and 10, 2011 [177]. 
As reported above, special measurement campaigns in the field are essential for characterizing the dust because of the large number of instruments and measurements which are deployed to support the field campaigns and are typically unavailable for routine measurements. Systematic observations performed far away from desert area are important for the assessment of the desert dust impact over large distances. In particular, systematic observations are important for quantifying the number of dust events, the typical altitudes, optical and microphysical properties, and finally the radiative impact. 
According to the latest report of the Intergovernmental Panel on Climate Change (IPCC) [11], there is still a large uncertainty in the estimate of the effect on climate forcing of anthropogenic and natural aerosol. Previous studies demonstrated that a main cause of large uncertainties is the lack of an extensive climatology based on dust observations [18].
In the following sections, results based on long-term observations of dust are reviewed, distinguishing between two main regions of interest: Mediterranean-Europe and Asia. Lidar measurements of dust elsewhere are limited to few cases because of the low occurrence of dust intrusions (as in the case of continental US) and the paucity of lidar instruments (e.g., in Southern Hemisphere). Ferrare et al. [178] found that over 2 years of measurements by the operational Raman lidar in north central Oklahoma, only few cases may have been associated with the rapid transport of soil dust from the west and are characterized by low lidar ratio and high linear particle depolarization ratio. On the other hand, ceilometer measurements in east Australia, the largest dust source in the Southern Hemisphere, show that the large uncertainty of dust load in east Australian dust storms is mainly due to the absence of information about the vertical structure of dust plume [179]. 
4.1. Mediterranean-Europe
Many studies of Saharan dust intrusions over Mediterranean area are based on systematic measurements performed by passive satellite-borne sensors and ground-based sun photometers [37, 39–42, 180, 181], without information about the aerosol vertical distribution. Studies about the desert dust vertical distribution over the Mediterranean Basin are often based on episodic measurements and case studies (e.g., [182–184]). Even if sporadic, these measurement studies showed the importance of lidar profiling capability for describing the complex dust vertical structure, with superposition of turbid layers from the surface to the free troposphere [183], significant changes in their vertical distribution within few hours [184], and an important horizontal variability [183]. The importance of low-level transport of dust was highlighted also for Middle East region where the availability of ground-based lidar measurements during two case studies combined with spaceborne measurements and modelling tools, providing a new insight of the dust vertical distribution [185]. Tafuro et al. [184] also show that during strong events, the high values of the AODs dust particles are characterized by lidar ratios at 355 nm in the 50–70 sr range. 
Measurements performed at individual lidar stations located in particularly interesting geographical site provide a better insight of the dust transport across the Mediterranean region (e.g., [86, 182, 186–188]). In some cases, systematic measurements are available allowing for long-term analysis (e.g., [86, 187]). For example, measurements performed from 1999 on the island of Lampedusa, in the central Mediterranean, at the Station for Climate Observations (SCO), showed the large presence of Saharan dust in the aerosol vertical distribution throughout the year, with a strong annual cycle both in aerosol vertical extension and optical depth [187]. Di Iorio et al. [187] find that over Lampedusa the desert dust generally reaches higher altitudes than other aerosol types, with a maximum monthly altitude of 8 km observed in spring. 
Similarly to Lampedusa, the Azores are an optimal geographical location for dust observation during the transportation from Sahara toward American continent through the Atlantic Ocean, where airborne lidar measurements allowed the separation of the dust contribution from that of other aerosols [188]. Moreover, Chazette et al. [188] showed that a combined lidar and radiometry analysis is promising for retrieving the optical thickness of elevated dust layers as well as their spatial extent outside the source region even under cloudy conditions. 
Finally, it was also found that in a big metropolitan area as Rome the dust particles advected in 30% of the days from Sahara over Rome strongly affect the typical aerosol load causing the exceedance of PM10 limits as established by the legislation for air quality [28]. 
Lidar measurements performed in the Mediterranean region show that the vertical struc