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Abstract

:

The Lidar on the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) mission, makes robust measurements of dust and has generated a record that is significant both seasonally and interannually. We exploit this record to determine the properties of dust emanating from different source types during sand and dust storms (SDS). We use the relevant browsed images to describe the characteristics of the SDS layers qualitatively and the average properties quantitatively. In particular, we examine dust optical depths, dust layer frequencies, and layer heights during three sandstorms. The data are screened by using standard CALIPSO quality-assurance flags, cloud aerosol discrimination (CAD) scores, overlying features, and layer properties. To evaluate the effects of the SDS origin, phenomena such as morphology, vertical extent, and size of the dust layers, we compare probability distribution functions of the layer integrated volume depolarization ratios, geometric depths, and integrated attenuated color ratios as a function of source type. This study includes 17 individual dust storm cases observed near the city of Kuwait from three categories of sources: single source, combined sources, and unspecified sources. The strongest dust storms occurred in the summer months. The dust layers reached the highest altitudes for the combined cases. The layer top altitudes were approximately 3 km for the SDS from unspecified and single sources whereas the layer top altitudes averaged 4.1 km for the SDS from combined sources. Particles from single and combined sources recorded depolarization ratios of 0.22 and 0.23, respectively, whereas the depolarization ratios of SDS particles from unspecified sources were noticeably lower at 0.17. SDS from single sources resulted in the highest average AOD (0.66) whereas the SDS from combined sources and unspecified sources resulted in AODs of 0.41 and 0.28, respectively. Winter dust layers were disorganized, especially at night when the boundary layer was weak. The most well-organized layers close to the ground were observed in the daytime during the summer months.
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1. Introduction


CALIPSO is a collaboration between NASA and the Centre National d’Études Spatiales (CNES), which was launched in April 2006 to provide vertically resolved measurements of cloud and aerosol distributions [1]. The primary instrument on the CALIPSO satellite is the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), a near-nadir viewing two-wavelength polarization-sensitive instrument [2]. CALIOP is particularly well suited to the identification and observation of mineral dust due to its sensitivity to nonspherical particles, which is manifested in the depolarization measurements. A depolarized profile is returned when light interacts with a nonspherical particle [3,4,5,6,7,8,9,10]. Arabian desert dust shows depolarizations of 15–25% with typical values of 23% during dust storms [11]. CALIPSO uses a 20% threshold to identify pure dust particles and a 7.5% threshold for polluted dust particles [12].



The CALIOP aerosol optical depths used in this study are obtained by integrating the 532-nm aerosol extinction profile, reported in the profile products at both 532- and 1064-nm wavelengths. In addition to the column aerosol optical depth uncertainties, other parameters that may be useful for indicating the quality of column aerosol optical depth retrievals include the extinction quality control (ExtQC) flag, and the cloud fraction. Retrieval uncertainties propagate downward and impact the quality of the column optical depths. Users are referred to the CALIPSO data quality summaries and the CALIPSO user’s guide for a detailed discussion of accuracy, uncertainty, and data-quality flags (http://www-calipso.larc.nasa.gov/resources/calipso_users_guide/) (accessed on 20 November 2022).



Mineral dust affects the Earth’s radiative balance and its distribution, and has important consequences in both past, current, and future climate systems. Dust directly forces the radiative balance by absorbing and scattering radiation, and indirectly by acting as cloud condensation nuclei and ice nuclei. It also alters the atmospheric heating profiles in such a way that it impacts cloud distributions. To effectively study dust and its impact, global distribution of dust and its vertical resolution is needed. An instrument that provides such data is a light detection and ranging (Lidar) profiler based on a free-flying orbiter. The CALIOP instrument on the CALIPSO satellite is just such an instrument.



Lidar is a powerful tool for studying the vertical distribution of aerosols and clouds in the atmosphere. The deployment of CALIPSO has enabled vertically resolved measurements of dust and provides significant insights into properties of dust aerosols [13]. CALIOP is designed to acquire vertical profiles of elastic backscatter at two wavelengths (1064 nm and 532 nm) from a near nadir-viewing geometry during both day and night phases of the orbit. In addition to the total backscatter at the two wavelengths, CALIOP also provides profiles of linear depolarization at 532 nm. Accurate aerosol and cloud heights and retrievals of extinction coefficient profiles are derived from the total backscatter measurements [14]. The depolarization measurements enable the discrimination between ice clouds and water clouds [15]. and the identification of nonspherical aerosol particles [12,16]. Additional information, such as estimates of particle size for the purpose of discriminating between clouds and aerosols, are obtained from the ratios of the signals obtained at the two wavelengths. On 28 April 2006, the CALIPSO satellite was launched into a low Earth–Sun synchronous orbit at a 705-km altitude, and an inclination of 98.2 degrees. CALIPSO’s measurements of dust properties are robust, and the length of the record is significant both seasonally and interannually.



Sustainable development within desert areas such as Kuwait faces many environmental challenges, as it is severely affected by sand and dust storms (SDS) [17]. The sandblasting due to SDS acts as a major factor in shaping desert morphology [18,19]. SDS may cause direct and indirect adverse effects on fauna, flora, and human health on the regional scale [20]. It has a socioeconomic impact on health [20], the oil sector [21], marine biochemistry [22,23,24], and sustainable energy efficiency [25]. Francis et al. [26] found the Arabian dust reaches an altitude of up to 5 km and leads to warming during night and cooling during day. This might explain why the dust formation is consistent with a stable boundary layer in the daytime whereas the nighttime layers are relatively disorganized.




2. Kuwait Dust Distributions—Region of Study


The location where sand and dust storms originate is referred to as an SDS hotspot [27,28]. Two major SDS hotspots were detected in the southern part of the Mesopotamian Flood Plain (Figure 1), where both SDS hotspots encompass roughly 5356 km2 and contribute 11% in 2005 to 85% in 2021, respectively, of the total SDS in the region [27].



For the purpose of this study, the region of regard is a 220-km radius from Kuwait City center. The CALIPSO 16-day repeat ground tracks are shown in Figure 2 below. This region was expanded to 440 km and the analyses repeated to estimate the change in the properties over the larger domain and estimate a scale length of the SDS for this region.



In Figure 2, the tracks traversing northwest (top) to southeast (bottom) are the nighttime orbits and the ones from northeast to southwest are daytime orbits. Every 16 days, there is a daytime and nighttime track that passes within 5 km of Kuwait City center. Table 1 shows the average number of SDS days averaged for area for up- and downwind cases with respect to the sources. It shows the SDS days for the region over the period (years) shown in column 2. Most of the SDS days in Kuwait City were in the summer.




3. Case Studies—Dust Storm Days Observed by CALIPSO—Browse Images


This study is focused on the two hotspot areas shown in Figure 1. The SDS affecting Kuwait in this study were classified into three forms:




	(a)

	
The single source cases in which the SDS originates only from either one/both SDS hotspots in Figure 1.




	(b)

	
Combined source SDS cases in which the SDS originates from one or both SDS hotspots, but combined with other sources downwind of the SDS hotspots.




	(c)

	
Other sources SDS cases in which the SDS originates from sources different from the ones shown in Figure 1.









Table 2 shows the 17 SDS cases discussed in Section 3. Nine cases are from single or combined sources, and the remainder are from unspecified sources.



The CALIPSO aerosol parameters used for this study include the depolarization ratio used for identifying the dust and the extinction coefficient which provides the optical depth of the layer when integrated from the base to the top of the layer. Figure 3 below shows profiles of these properties for one of the SDS cases studied.



The figure shows the depolarization ratio (left side) and the extinction profile (right side) of the SDS from a single source in the summer of 2009. These are typical profiles of dust layers during these SDS events. The figure to the left shows a large depolarization close to the surface of 25 to 40%, and the layer above it has a depolarization of about 15%. These profiles are for dust features shown in the image in Figure 4. The extinction profile shows a large extinction near the surface influenced by the surface return and an extinction of about 1.0 km−1 at the top of the first layer. The extinction reduces considerably at the top of the layer.



The dust storms were also observed by the the aerosol robotic network (AERONET) [29] measurements. AERONET is an automatic robotic Sun- and sky-scanning measurement network that has grown rapidly to over 200 sites worldwide. AERONET uses multiangle radiance measurements to retrieve the discrete aerosol size distributions in 22 size bins ranging from 0.05 to 15 µm and the complex refractive index. AERONET provides a database with a fine temporal resolution, albeit for column rather than vertically resolved measurements The network has the important features of uniform data collection, calibration, and data processing procedures. Figure 4 below shows the onset of the dust storm on 22 June 2018. The aerosol optical depth (AOD) measurements show low optical depths from 3:00 to 6:00 UTC (6:00 a.m. to 9:00 a.m. local time). The AOD measurements increase by a factor of 3 from 0.1 to 0.3 in one hour between 9:00 a.m. and 10:00 a.m. local time. The onset of the SDS is around 10:00 a.m. (6:00 UTC). This is further confirmed by the precipitous drop in the Ångström Exponent (AE), the normalized logarithmic ratio of the optical depths at 500 nm and 870 nm. The AE is small for large particles and large for small particles. Figure 4 shows that there was a rapid increase in the number of large particles (dust) at 9:00 a.m. local time in Kuwait City on 22 June 2018 as will be shown in Section 3 of this paper from CALIPSO observations.



3.1. Single-Source Cases


The images show the days when the dust storms around Kuwait City were caused by transport of dust emanating from a single source. The data used for these studies are the version 4.0 CALIPSO Lidar level 2 attenuated backscatter returns at the 532 nm perpendicular and parallel channels. The volume depolarization ratio is determined from the perpendicular and parallel channels and used to identify dust aerosols [12,16]. In these studies, we examine the location of the dust in the column (how high is the layer), the horizontal extent (the distance over which the layer is stable), and the magnitude of the attenuated backscatter coefficient determined by the color key below Figure 5a. The most intense attenuated backscatter coefficient is about 0.1 m−1 sr−1 corresponding to an opaque dust layer. Attenuated backscatter coefficients ≤ 0.0007 m−1 sr−1 denote clear air molecules. The figures below show CALIPSO plots of the 532-nm attenuated backscatter coefficient profiles for the case study days when Kuwait City (denoted by a vertical white line) was impacted by a single source during a dust storm for dates indicated in plates (a–f). The color key for the magnitude of the backscatter coefficient is shown below plate (a). In the image, colors above the surface denoted by a red line, are coded as follows: blue indicates clear sky, white indicates clouds, and warm colors (green, yellow, orange, and red) indicate aerosols. Blue colors below clouds indicated fully attenuated signal, i.e., the Lidar signal did not penetrate the cloud.



The highest concentration of dust is near the center of the city (denoted by the white line) and extends southward to approximately latitude 25 deg N. It meets another layer that sits on top of this layer that extends up to 5 km just south of the city. To the north of the city, we also see another layer that seems to be descending around an orographic formation with a stable layer of dust just off the elevated region near latitude 31 deg N. There is very little activity above the dust layers at this time, and it is a relatively clear night with no clouds. The layer seems to be quite stable in this region and extends over 1350 km in the horizontal. However, the highest concentration of the dust is around the city as denoted by the gray regions where the attenuated backscatter coefficient is near 0.1 m−1 sr−1.



This is a daytime observation of the dust backscatter. Because of the low SNR at daytime of the CALIPSO Lidar data, the image does not look as sharp as the nighttime image shown in Figure 5a. However, one can still see many features of the dust layer from that daytime pass. Again, there is a very thick layer with high attenuated backscatter coefficient values near Kuwait City denoted by the gray color to the bottom right of the image. This layer is about 3 km above the ground. To the south of this layer is another strong layer also close to the ground. This layer is just below a much thinner layer riding on top of it, which may be an indication of the layers separating after transport from the single source. This daytime pass shows the dust layer is intense enough to result in significant air quality concerns near the ground.



The image shows that the layer reaches a height of about 5 km and stays at this height for approximately 500 km before it starts to descend over the orographic region. By the time the layer is over the city of Kuwait the top height is about 3 km. It holds steady and then gradually rises again as it travels south. The image shows a very stable layer on a relatively clear day. The only clouds visible in the top right-hand corner around an altitude 15 km are high cirrus clouds. Note that the layer is very stable as it is transported over the orographic formation near Kuwait City. It is relatively unchanged as it goes over the southern edge of the formation. The layer extends for about 3 km directly above the city and could potentially pose quite deleterious effects on air quality.



Figure 5d is a daytime image of a dust layer in the early summer that shows the relatively weak system to the south of Kuwait City. The system starts off at about 5 km and extends to the ground interspersed with a few sublayers of high dust concentration shown by the red colors. It descends to about 2 km as it gets closer to the city and does intensify right over the city as shown by the gray color that indicates high attenuated backscatter coefficients of nearly 0.1 m−1 sr−1. This is a daytime image with poor SNR compared to the nighttime image in (c) with very few clouds near and around the city.



Figure 5c,d show interesting contrasts between the daytime and nighttime dust formations near the surface. The nighttime systems seem to be quite well organized and rise to relatively higher altitudes over a longer spatial extent in the horizontal than daytime formations. However, we also see that the daytime dynamics confine the most intense layers with high backscatter coefficients near 0.1 km−1 sr−1 within 1 km of the surface. This may be an effect of a much better organized boundary layer system at daytime than at nighttime.



In Figure 5e, the dust layer is quite intense south of Kuwait as one approaches strong source regions in northern Saudi Arabia. Directly over Kuwait City the dust layer is dispersed to a height of about 5 km. Compared to the case in Figure 5c, the system is not well organized and seems to disintegrate around the orographic formation. Figure 5e shows that the stability of the layer can vary considerably from day to day regardless of surface characteristics.



Figure 5f shows a dust layer capped by strong boundary layer near 5 km altitude and extending for approximately 1500 km in the horizontal. There are two very strong cloud formations, each extending for approximately 200 km. One of these is directly over Kuwait City and strongly attenuates the Lidar signal though the surface is still visible below the cloud. The dust layer cannot be seen below the cloud as most of the signal has been attenuated by the cloud.




3.2. Combined Source SDS Cases


Figure 6a shows a well-organized system that extends for about 1000 km. The top of the layer is at an altitude of nearly 5 km around Kuwait City. As one follows the orbit to the north is a region of high dust intensity with attenuated backscatter coefficient values approaching 0.1 km−1 sr−1. On this day, there is very little cloud activity, and the dust seems to have been trapped in a relatively stable boundary layer. Figure 6b is the daytime image of dust from a combined source in the springtime. Because of the active convective activity shown by the presence of clouds between 5 and 10 km, the dust layer structure is quite disorganized. This may be because of an unstable boundary layer or the nature of the origin of the dust from different sources. However, there is still a quite significant dust layer near and around Kuwait City. The region of intense high attenuated backscatter coefficient values around 5 km is due to clouds mixed with dust particles. To the south is a region of intense dust concentration very close to the surface in northern parts of Saudi Arabia and close to the dust sources.



The CALIPSO nighttime overpass shows a number of unstable layers lifting the dust around Kuwait City. Just to the south of Kuwait City, the CALIPSO images suggest that the strong features are cloud formations, most likely remnants of convective activity. These have completely attenuated the signal. The CALIPSO subtyping algorithms [12,30] show that a significant portion of these layers are pure dust aerosols with some polluted dust interspersed within the layers. To the south of Kuwait latitude 25 and further southward is another significant dust layer. This is near the main source of dust in this region toward the northeastern corridor of Saudi Arabia. The dust storm on this day is the result of transport from multiple sources which may account for the relatively disorganized nature of the layer. It is very likely that this layer extends to the surface although the images do not show it because the signal is highly attenuated by the large optical depths of the layer. The structure of the layer is consistent with the images we have seen of aerosol layers when the source is more than one.




3.3. Unspecified Source Dust Storm Cases


There are several cases in which the dust source origin is unspecified, but the dust storm effects were manifested as high dust loading over the city. The dust storm shown in Figure 7a is an example showing a daytime image of a dust storm extending from 29 degrees north to about 37 degrees north and at an altitude of about 4.5 km above the ground near Kuwait City. Similarly, Figure 7b is a dust storm observed in the daytime in the autumn over Kuwait City originating from unspecified sources with a peak concentration at 2.5 km but extending above 5 km. The dust storm is not uniform in the vertical or horizontal dimension but is characterized by strong variations in both dimensions. There are interesting features at about 20° N–22° N where there is diagonally sloping region of heavy dust that gets stratified at approximately 3 km as one approaches Kuwait City (white line). The dust layer is extensive and stretches for more than 2000 km horizontally.



Figure 7c,d are nighttime images of days when there was a dust storm on record from unspecified sources. Because of the active convective storm activity over Kuwait City on 15 May 2009, the opaque clouds completely attenuate the Lidar signal and the dust below the cloud is not visible from above. Similarly, clouds above Kuwait City obscure the thin dust layers resulting from the dust storm recorded on 15 December 2011 (Figure 7d). However, a thin dust layer is visible to the south of Kuwait City. Both images show the limitations of the Lidar in observing thin aerosol layers below strong clouds. However, in each case we can see the aerosol layer extending over cloud free areas.



Figure 7e shows a daytime image of an intense dust storm from an unspecified source observed in the summer of 2009 that is mostly close to the ground at approximately 2.5 km above the city of Kuwait. The layer extends northwards for a horizontal distance of 1500 km. The dust layer breaks up in the mountain ranges in south Iran. The highest optical depths are realized as the dust is lifted over the southernmost mountains shown by the gray color code corresponding to an attenuated backscatter coefficient of 0.1 km−1 sr−1.



Figure 7f is a nighttime image of dust layers of a dust storm from an unspecified source during the winter of 2013. The image shows several small dust layers close to the surface. These layers are fragmented and relatively disorganized. Regions of strong dust optical depth are interspersed with clear air. The layers seem to be more contiguous closer to the surface. Few clouds can be seen throughout the vicinity. Dust storms are less frequent during the winter and do not seem to be as organized as summer dust storms. The dispersion of the dust could also be explained by the lack of a stable boundary layer at night. A similarly weak dust formation was also observed in Figure 7d, another winter storm case.



Figure 7g shows a daytime distribution of dust from a dust storm emanating from an unspecified source. This case has a strong boundary layer close to the surface that confines the bulk of the dust below 2 km. The vicinity of Kuwait City, depicted by the white line, is under a strong high cloud at about 12 km that obscures the signal such that the dust layer is not visible. This is a wintertime layer, but the difference between this layer and the previously observed wintertime layers is that this layer is confined close to the surface and seems to be quite well organized because of the strong daytime boundary layer.



Figure 7h is a nighttime image of a dust layer resulting from a dust storm originating from unspecified sources. This dust storm is transported across very strong convective systems on this spring night. There are high clouds to the north obscuring the dust layer near the city. Some dust is visible south of Kuwait City, but these are interspersed with low clouds, and the dust system does not seem to be organized at all.



Table 3 shows the volume depolarization ratios of the dust storms from the three sources. The dust storms from unspecified sources show the lowest depolarization ratios (0.17), which is expected because these dust storms are likely mixed with different aerosol types including pollution particles which tend to be spherical and therefore depress the overall volume depolarization ratio. The depolarization ratios from single and combined sources are comparable (0.22 and 0.23, respectively) and suggest layers with significant fractions of nonspherical particles. The color ratio, defined as the ratio of the backscatter at 1064 nm (red channel) to the backscatter at 532 nm (green channel) can be used to infer the size. Small color ratios (0–0.7) denote small particles (<1.0 µm), whereas color ratios of closer to 1 are associated with larger particles (˃1.0 µm in diameter) The color ratio is quite similar between the three dust types indicating that the particle sizes do not vary with the source of the dust. The aerosol optical depths show that the highest values are associated with dust layers originating from a single source. The aerosol optical depths of layers from unspecified sources are the smallest (0.3) compared to the specified sources and combined sources with AODs of 0.63 and 0.47, respectively. The layers from unspecified sources lack organization, are relatively dispersed in the column and are characterized by lower aerosol loading. Aerosols from a single source and those from unspecified sources are generally lower in altitude by almost 1 km compared to aerosols from combined sources. Table 4 shows the same characteristics centered around Kuwait City but averaged for 440 km from the city center. These two tables compare the dust properties (depolarization ratio, color ratio, AOD, and layer height) in two concentric areas with radii of 220 km and 440 km centered at Kuwait City. Notice how similar the properties are, which indicates that the dust does not change appreciably over the wider area, and is consistent for up to 440 km.





4. Conclusions


CALIPSO data has been used to study 17 individual dust storm cases observed near the city of Kuwait occurring during all seasons. The sources were classified as single source, combined sources, or unspecified sources. The largest number of cases were from unspecified sources, and the smallest number were from combined sources. The strongest dust storms occurred in the summer months, and the aerosol layers seem to be well organized for the daytime cases. The dust layers reached the highest altitudes (3.67 km) for the combined cases. In many cases, the winter dust layers are relatively more disorganized, especially at night when the boundary layer was weak. The most well-organized layers close to the ground were observed at daytime during the summer months. Dust layers from unspecified sources had lower volume depolarization ratios. This is most likely due to mixing with other aerosol types, thereby reducing the fraction of nonspherical particles. In general aerosols from single sources exhibited the highest aerosol optical depth ratios. The lowest aerosol optical depth ratios were associated with dust storms from unspecified sources. The color ratios of the aerosols from the three sources do not show significant variation, suggesting that the dust particles from these dust sources are similar in size.



The dust storms observed in this region are extensive and can be contiguous for hundreds of kilometers. The daytime system seemed to be well organized, and the dust layer top altitudes are seldom higher than 5 km. The characteristics of the data of the dust layers were determined by analyzing the averages in a region of a 220-km radius around the city center of Kuwait. Of the characteristics studied, the clearest differences are recorded for the aerosol optical depths and the layer top altitude. The highest optical depths are about 0.7, and the highest layer top altitudes are on average 4 km. These two characteristics are important for estimating the impact of the dust layers on air quality around Kuwait City. The largest impact on air quality is likely to be from aerosols originating from a single source because of the high optical depths and low layer top altitudes which means the dust is closer to the ground while at the same time of higher aerosol loading. Finally, the dust layer properties of depolarization, color ratio, optical depth, and layer height are consistent for up to 440 km for these SDS events.
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Figure 1. MODIS image of a typical SDS around Kuwait City. The SDS originated from the hotspots A and B shown in the image. The top right corner shows the mean wind rose for Kuwait City (2000–2020). 
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Figure 2. CALIPSO 16-day repeat ground tracks near Kuwait City. The orange box denotes the region of study centered near Kuwait City center. 
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Figure 3. Depolarization and extinction profiles of the SDS on 2 July 2009 corresponding to the image in Figure 4. 
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Figure 4. The aerosol optical depth (AOD) and Ångström Exponent (AE) measured on 22 June 2018 at the AERONET site at Kuwait University. Note the rapid increase (decrease) in the AOD (AE) between 6:00–9:00 UTC corresponding to the onset of the SDS at 9:00 a.m.–10:00 a.m. on Kuwait local time. 
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Figure 5. (a–f) show the effect on Kuwait City of the dust from a single source. (a) A nighttime image of the 532 nm showing an extensive layer of dust right around Kuwait City. (b) A daytime concentration of dust over Kuwait City from a single source at the end of the spring or early summer of 2011. (c) A nighttime orbit that passes over Kuwait City (denoted by the white line) at about midnight in the summer of 2012 observing a layer of dust emanating from a single source. (d) A summer daytime observation of SDS in Kuwait City. (e,f) Nighttime dust distributions in the early and midsummer periods, respectively, both emanating from a single source. 






Figure 5. (a–f) show the effect on Kuwait City of the dust from a single source. (a) A nighttime image of the 532 nm showing an extensive layer of dust right around Kuwait City. (b) A daytime concentration of dust over Kuwait City from a single source at the end of the spring or early summer of 2011. (c) A nighttime orbit that passes over Kuwait City (denoted by the white line) at about midnight in the summer of 2012 observing a layer of dust emanating from a single source. (d) A summer daytime observation of SDS in Kuwait City. (e,f) Nighttime dust distributions in the early and midsummer periods, respectively, both emanating from a single source.



[image: Atmosphere 13 01946 g005a][image: Atmosphere 13 01946 g005b]







[image: Atmosphere 13 01946 g006a 550][image: Atmosphere 13 01946 g006b 550] 





Figure 6. (a,b) Dust from combined sources at daytime in clear and cloudy sky conditions. In the image on 6 June 2013, clouds, denoted by the white features are prominent. (c) Nighttime image showing significant convective activity near Kuwait City. 
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Figure 7. (a,c) Daytime images of SDS near Kuwait City in late spring and early fall, respectively. (a) Mostly to the north of the city. (b) Mostly to the south of the city. (c,d) Images in the late spring and winter, respectively, of SDS observed in Kuwait City and its surroundings. The images show dust layers in intense convective activity in the springtime image (c) and remnants of convection in the winter (d). (e,f) Backscatter images of dust storms in daytime summer and nighttime winter, respectively. (g,h) Daytime winter and nighttime spring dust storms, respectively, near Kuwait City. On both occasions, there is considerable cloudiness near Kuwait City. 
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Table 1. The SDS days average number in the study area for up- and downwind cases with respect to the sources.
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	Cities
	Years
	Winter
	Spring
	Summer
	Autumn
	Mean

Annual





	Mosul (Far upwind)
	36
	1.1
	3.6
	6.2
	3.6
	2.1



	Baghdad (Upwind)
	36
	3.7
	7.8
	10.6
	5.5
	27.5



	Nasiriya (Within hotspot A)
	36
	3.3
	8.8
	13.7
	5.7
	31.5



	Kuwait (Downwind)
	53
	6.0
	8.0
	11.5
	8.4
	16.0



	Manama (Bahrain)
	33
	0.5
	1.6
	3.1
	2.0
	5.6



	Doha (Qatar)
	15
	1.0
	1.8
	3.5
	2.2
	7.6



	Abu Dhabi–UAE (Far downwind)
	6
	1.4
	1.1
	1.1
	0.7
	3.9
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Table 2. The SDS cases studied: dates and their classifications.
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	Date
	Single Source
	Combined Source
	Unspecified Source





	25 May 2008
	
	
	X



	14 September 2008
	
	
	X



	15 May 2009
	
	
	X



	2 July 2009
	X
	
	



	31 July 2009
	
	
	X



	19 June 2011
	X
	
	



	15 December 2011
	
	
	X



	20 March 2012
	
	X
	



	10 July 2012
	X
	
	



	18 January 2013
	
	
	X



	5 April 2013
	
	X
	



	16 June 2016
	
	X
	



	25 December 2016
	
	
	X



	22 April 2018
	
	
	X



	22 June 2018
	X
	
	



	25 June 2018
	X
	
	



	11 July 2018
	X
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Table 3. Characteristics of dust layers observed within 220 km of Kuwait City analyzed from the CALIPSO images.
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	Unspecified Source
	Single Source
	Combined Sources





	Volume depolarization
	0.168
	0.215
	0.227



	Color ratio
	0.602
	0.622
	0.548



	AOD
	0.275
	0.661
	0.413



	Layer top altitude (km)
	3.048
	3.099
	4.143



	Number of events
	9
	6
	3
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Table 4. Characteristics of dust layers observed within 440 km of Kuwait City analyzed from the CALIPSO images.
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	Unspecified Source
	Single Source
	Combined Sources





	Volume depolarization
	0.178
	0.207
	0.251



	Color ratio
	0.600
	0.641
	0.579



	AOD
	0.328
	0.630
	0.469



	Layer top altitude (km)
	3.062
	3.087
	3.706



	Number of events
	9
	6
	3
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