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Abstract

:

Ground-based lidars and ceilometers are widely used for dust and volcanic ash observation around the world. This is particularly interesting in Iceland where high-altitude dust events occur frequently during strong wind conditions and volcanic eruptions. To explore the possible application of such technologies in Iceland for monitoring dust events, we used a combination of Doppler wind lidars with depolarization channels, ceilometers, and other instruments, to monitor two dust events that occurred in Iceland during summer 2019. We applied a verified ceilometer data processing procedure with customized local corrections and developed a new procedure to process Doppler lidar data for aerosols measurements. Both lidar and ceilometer observations can be used to detect the dust layer and reveal the temporal and vertical distribution of dust aerosols in Iceland. The depolarization ratio measurements indicate that the weather conditions, e.g., relative humidity, could have a significant impact on lidar measurements. We conclude that using Doppler wind lidar and ceilometer measurements to monitor volcanic and sedimentary aerosols is possible and may be used to provide important information to the scientific community.
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1. Introduction


A lidar (light detection and ranging) system is an active remote sensing technology, which is used in different sectors, from auto-driven cars’ sensor [1] to civil engineering structure monitoring [2]. It is also used in meteorology, mainly focused on wind detection [3,4,5,6] and aerosol and cloud detection [7,8], depending on the type of lidar.



The lidar is emitting a laser beam and receives the backscattered signals, which could be airborne aerosols, cloud droplets, or other particles in the atmosphere. In principle, we can retrieve the properties of the scatterers from the lidar backscatter signals. The most commonly used variable is the backscatter coefficient, which is available for elastic-backscatter lidars. With Raman lidars or high spectral resolution lidars (HSRL), the extinction coefficient profiles, which are related to the absorbed lidar signals, can be measured directly, and the lidar ratio can be calculated based on the backscatter and extinction coefficient [7]. With a depolarization channel, lidars can measure the depolarization ratio and estimate the particles’ shape [9]. A combination of the lidar ratio and the depolarization ratio is commonly used for aerosol classification and volcanic ash discrimination [8,10].



A Doppler wind lidar is mainly used for wind measurements, including wind field/profiles retrieval [3], low-level jet detection [11], and atmospheric turbulence detection [12]. Lidar systems have been used widely for enhancing aviation safety around the world [13,14,15]. In Iceland, two Doppler wind lidars have been deployed for volcanic ash detection.



Besides Doppler lidar, another remote sensing instrument used in Iceland for aerosol detection is the ceilometer, i.e., eye-safe single-wavelength backscatter lidar. The ceilometer is designed for cloud base detection but also used for aerosol observations, such as dust layer [16] and volcanic ash detection [17]. A significant advantage of ceilometers is that they can run unattended and continuously, resulting in unique data to monitor aerosol distributions. Moreover, as they are inexpensive compared to other lidars, networks can be installed.



Iceland comprises a large sandy desert in the central plateau, covering 22,000 km2 or almost 20% of the country [18]. The subarctic weather in Iceland is characterized by strong wind events [19] due to the frequent passing of low-pressure systems and associated weather fronts. This results in wind erosion leading to frequent dust storms. Furthermore, volcanic eruptions occur on average every three to five years [20]. Dust from a desert as well as volcanic ash from eruptions could have a significant impact locally and globally on radiation balance, economics, and human health [21,22,23,24,25,26]. According to observations at 30 Icelandic weather stations between 1949 and 2010, on average, there are 34 days of dust events annually. If the re-suspension of volcanic materials is considered as well, the number increases to 135 days [27]. In 2010, the explosive eruption of Eyjafjallajokull, and the subsequent ash cloud disrupted air traffic generating great economic loss [28,29]. Accordingly, an adequate method to monitor the ash dispersion continuously could improve aviation safety significantly.



The volcanic ash can be transported all over Europe and has been studied with satellite [30], airborne [31], and ground-based remote sensing technologies [32,33,34], including lidar, in different countries other than Iceland. However, aerosol monitoring in Iceland has only been investigated in a few studies. Prospero et al. [35] assessed Icelandic dust over the North Atlantic using aerosol concentration measurements in South Iceland. Dagsson-Waldhauserova et al. [36] measured the vertical profiles of aerosols in Iceland using airborne measurements. But the ground-based remote sensing measurements of aerosols in Iceland, close to the source of Icelandic dust and volcanoes, is still needed.



In Iceland, there are two WindCube Scan 200S Doppler wind lidars (Leosphere, Inc., Saclay, France) equipped with depolarization modules. One is installed at Keflavik International Airport and one on a mobile trailer. The WindCube is a commercial lidar widely used in the wind energy sector and for meteorological research [37,38]. It is the first time a depolarization module has been installed in a WindCube lidar for aerosol observation. In conjunction with the mobile lidar a ceilometer (CL31, Vaisala, Vantaa, Finland) and a sun-photometer (CE318–T, Cimel, Paris, France) were installed in Reykjavik. With these instruments, we now have the possibility of using ground-based remote sensing technologies to monitor aerosols in Iceland. We investigated two dust events that occurred in Southwest-Iceland in the summer of 2019. These measurements are supplemented by observations from webcams and PM concentration measurements, which are described in detail in Section 2. The results of these two events are presented in Section 3. The difference between instruments and events are discussed in Section 4, and the study concludes in Section 5. Details of the data processing procedure and data availability can be found in the Supplementary Materials.




2. Research Sites, and Data Processing


South Iceland is not only the region with most observed dust events [27], but it is also the most populated area of the country. The capital city Reykjavik, the largest city in the country, is located in the region with two-thirds of the total population, i.e., more than 230,000 [39]. We selected two dust episodes observed in Reykjavik in the summer of 2019. This summer was very dry and occasionally strong winds were observed [40]. To demonstrate how lidar and ceilometer measurements can be used to characterize and monitor aerosols, various instruments are used at two observation sites. In this section, we will describe the observation sites, the instruments, and the processing methodology.



2.1. Observation Sites and Dust Events


Two observation sites are used in this study: Reykjavik (RVK) and Keflavik (KEF). The locations of these sites are displayed in Figure 1. RVK (Figure 1, location A) has the most varied instrumentation. KEF (Figure 1, location B) is the Keflavik International Airport, the main international airport in Iceland. RVK site is 52 m above sea level (asl) and KEF is 51 m asl.



The first selected dust event was observed on 14 and 15 June at RVK, and the second was observed on 31 July and 1 August, at both RVK and KEF. The two dust episodes are named as the June case and the July case accordingly throughout the text. The coordinates and the instruments installed at both sites can be found in Table 1.




2.2. Instruments


The two Leosphere WindCube Scan 200S Doppler lidars used in this study are both equipped with a depolarization module. The emitted wavelength is 1.54 μm, and the selected spatial resolution is 100 m. The lidar can be operated in various modes, according to the observation purpose: it can measure vertical profiles of the horizontal wind components and vertical velocity with conically shaped velocity-azimuth-display (VAD) scans [15]. Furthermore, the lidars are equipped with a depolarization module for aerosol measurements. In this study, we use the vertical stare for the backscatter coefficient and depolarization ratio measurements and VAD scans for calibration and wind measurements. One system is located at KEF, and the other is installed on a mobile trailer located at RVK. The mobile lidar offers the capability to move the instrument in case of a special event, e.g., a volcanic eruption. During this study, the lidar trailer was stationary at RVK, next to the headquarters of the Icelandic Meteorological Office (IMO).



IMO operates a ceilometer network in Iceland, including seven Vaisala CL31 and two CL51 ceilometers. In addition, two CL51 ceilometers are located at KEF, as part of the Automated Weather Observing System (AWOS) and operated by the airport. Here, we use one CL31 ceilometer that is installed in the mobile trailer, along with the lidar, and one CL51 ceilometer at KEF. Table 2 summarizes the basic specifications of the lidars and the ceilometers. The main difference between the CL31 and CL51 ceilometers is the different laser pulse energy resulting in a maximum detection range of 7.6 and 15 km, respectively.



Lidars and ceilometers are the main instruments utilized in this study, and the data processing of each will be described in Section 2.3. The wind retrieval of lidar data is described by Yang et al. [6].



In addition to the data from the Doppler lidars and ceilometers, several complementary datasets are applied in this study, depending on the availability at the locations. A Cimel CE-318 sun-photometer, provided by Ludwig Maximilian University of Munich (LMU), Germany, was deployed from July 2018 to September 2019 at IMO headquarters at Reykjavik. From the measured data aerosol optical properties, primarily the aerosol optical depth (AOD) and the Angstrom exponent, can be retrieved.



The Environment Agency of Iceland measures air quality indicators around the country, mostly in urban areas. Here we use the ground-level PM10 (particle matter with a diameter of less than 10 μm) and PM2.5 (particle matter with a diameter of 2.5 μm or less, also known as fine particles) mass concentrations. They are commonly used as an indicator of air quality around the world. We use the hourly data collected in Njorvasund, Reykjavik, which is about 3.5 km from IMO. The instrument used at this station is a BAM 1020 Continuous Particulate Monitor (MET One Instruments. Inc., Grants Pass, OR, USA).



There are several webcams mounted on the IMO headquarters’ building, taking pictures automatically on an hourly basis. These webcams are used for visibility examination.



The mobile lidar trailer was placed close to IMO’s measurement field which has an automatic weather station (AWS). An AWS is also located at KEF. From both AWS we use the 10 min relative humidity measurements. These measurements have an up to ±5% uncertainty, the highest when relative humidity above 95%, which means that the recorded relative humidity may exceed 100%.



At KEF, IMO operates a radio sounding station where a radiosonde is launched twice per day, at noon and midnight. NOAA’s HYSPLIT [41] model is used to calculate the backward trajectory of the dust events to estimate its possible origin. The availability of the dataset for online download can be found in Section 7 of Supplementary Materials.




2.3. Lidar and Ceilometer Data Processing


The primary output of Leosphere WindCube lidar is the carrier to noise ratio (CNR), which is directly related to the received backscatter signal [42]. Besides CNR, the output also includes radial wind speed, relative backscatter coefficient (β), and depolarization ratio (δ). To obtain the relative backscatter, an automatic calibration can be applied. However, this automatic calibration is not always reliable due to the change of calibration parameters with atmospheric conditions. In addition, the automatic retrieval of the depolarization ratio sometimes has large gaps, due to the mechanical problems of the polarizer. This can cause issues in the retrieval. Thus, we calculate the backscatter coefficient and the depolarization ratio from the raw output CNR. Here an overview of the processing is given. For the ceilometer, we followed a relatively mature path to calibrate the data, with some correction made by us. We also used Klett inversion to retrieve particle backscatter coefficient profiles. In the Supplementary Materials, we present the calculation and lidar data screening in detail.



2.3.1. Lidar Data Processing: Backscatter Coefficient


Leosphere WindCube scanning lidars usually focus the emitted beam at a specific range to maximize the detection distance. This has little impact on wind measurements, but it will cause an artificial peak in the attenuated backscatter coefficient profiles—this is referred to as the focal effect. With a known telescope function, the focal effect can be corrected. The telescope function varies little for the solid-state WindCube scanning lidars. However, strong atmospheric turbulence or moving a lidar can change the focus distance. The lidar can be scheduled to calibrate the backscatter profile automatically. This works under the assumption of homogeneous aerosol load during the calibration scan, along with time and range. Typically, low elevation scans over a homogeneous surface are programmed to calculate the telescope function. Fit parameters of this function are then stored in the lidar database and used to calibrate any subsequent backscatter profile. However, the automatic calibration is not always accurate, especially if the homogeneity criterium is not met during a pre-scheduled calibration scan.



Here we used a manual approach [43] to calibrate lidar data and retrieve the relative backscatter coefficient from CNR. The advantage is, that the scan used to calculate the telescope function is verified for homogeneity. The CNR value is a direct lidar output, which depends on the concentration of aerosols in the atmosphere which backscatter the emitted laser light. The retrieval of the relative backscatter coefficient is described in detail in Section S2 of Supplementary Materials.



The uncertainties of CNR measurements have been estimated by calculating the power spectrum density (PSD) for each range. The calculated uncertainties are within 1 dB in the June case and 0.5 dB in the July case. More detailed information can be found in the Supplementary Materials.




2.3.2. Lidar Data Processing: Depolarization Ratio


The detection of depolarization ratio is widely used by advanced lidar systems to classify aerosol types. Typically, linearly polarized radiation is emitted and two detection channels are implemented: one perpendicular to the plane of the laser, and one parallel or one total (parallel and perpendicular). With calibrated two channel observations [44] the particle linear depolarization ratio    δ p    can be determined and used. Together with the lidar ratio and/or the color ratio, one can distinguish different aerosol types, e.g., Saharan dust, marine aerosols, biomass burning aerosol, and volcanic ash [8,10,45,46].



While the ceilometers do not provide depolarization information, a depolarization ratio is measured by the Doppler lidar. Using the co-polar and cross-polar CNR signals, the depolarization ratio profiles [47] can be computed from lidar measurements. However, as the main application of the WindCube lidar is the monitoring of the wind field [15], the depolarization ratio provided has not undergone extensive validation, so that the obtained numbers can only be treated as a qualitative approximation: discrimination between spherical and non-spherical particles is feasible but discrimination between different types of non-spherical particles is not possible. The detailed procedure of depolarization ratio retrieval is presented in Section S3 of Supplementary Materials.



Without a correct calibration of the depolarization channel, it is difficult to provide a quantitative measurement of aerosols. Instead, the measured δ can be treated as a reference: higher δ value means the scatterers are more likely to be non-spherical particles. The background value within the boundary layer and cloud layer is predominantly below 0.2 on a relatively clear day. An example is displayed on data acquired on 28 July 2019 (Figure S2 (Supplementary Materials)). The wavelength of lidar also needs to be taken into account. The wavelength of the Doppler wind lidars we use in Iceland is 1.54 µm, while most other aerosol studies use lidars measuring in the wavelength range from 355 nm to 1064 nm [8,10]. The strength of the polarization process partly depends on the particle size relative to the wavelength, as well as the particles’ deviation from the spherically symmetrical shape [9]. The measured depolarization ratio is mostly wavelength-independent, but a few studies (e.g., [10,14]) found a dependency in the boundary layer.



Although there are a lot of studies using lidar to classify aerosols with depolarization ratio measurements (some combined with lidar ratio and/or colour ratio), other studies (e.g., [48,49]) suggest that the relative humidity (RH) could have a large impact on the depolarization ratio and analyzing results without considering the relative humidity could introduce uncertainties. The reason for this is that hygroscopic, non-spherical particles can absorb water vapour when relative humidity increases and changes to more spherical shape. In addition, the size of the particle may also increase, resulting in a higher backscatter coefficient and also altering the lidar ratio. The visibility, or the extinction term of lidar measurements, may also be highly sensitive to the change in relative humidity [14,15,50]. These studies suggest that relative humidity can have a significant impact on lidar backscatter and depolarization measurements.



In this study, we occasionally identify vertical stripes from the cross-section plot of retrieved lidar backscatter coefficients and depolarization ratios, which are caused by missing profiles. These can be fixed by filtering the data and averaging. Detailed information can be found in Section S4 of the Supplementary Materials.




2.3.3. Ceilometer Data Processing


According to the manual [51] of CL31, the output of the ceilometer is attenuated backscatter coefficient    β *   . Considering the lidar constant in lidar equation is unknown, it would make sense to treat the attenuated backscatter output as “reported range corrected signal (RCS)” (  P  ( r )   r 2   ). The CL31 ceilometer data processing procedure has been studied and here we mainly follow the method of Kotthaus et al. [52]. A dark measurement has been applied to remove the instrument related background signals    P  b g i    ( r )   . The details of dark measurements can be found in Section 5 of Supplementary Materials. The corrected profile    P ^   r 2    is found to be negative in certain ranges, which is unrealistic. We observed this in several cases, e.g., the June case. According to the communication with the manufacturer, this is instrument-related and can be corrected by adding a constant. Here we use a cosmetic shift constant    F  C S    :


  R C  S  c o r r e c t e d   =  P ^   r 2  +  F  C S    



(1)







Without an elevated aerosol layer, the atmosphere above the boundary layer is considered to be nearly aerosol free. We can estimate    F  C S     based on this assumption. In this study, we use    F  C S   = 1 ×   10   − 3       km   − 1        sr    − 1     for the data in the June case, but    F  C S   = 0     km   − 1        sr    − 1     in the July case, while the signal at altitudes in the aerosol-free atmosphere is close to zero as expected. We also compare the ceilometer data with data of a sun-photometer, which is co-located to the ceilometer/lidar trailer and calibrated and validated by AERONET. The sun-photometer provides the aerosol optical depth (AOD) at wavelength 1020 nm which can be used to calibrate the ceilometer measurement. AOD is the integration of the particle extinction coefficient    α p   , as the molecular backscatter coefficient    β m    and the extinction coefficient    α m    are time-independent. With a fixed lidar ratio    S p   , we can assume the integration of    β *     is proportional to AOD, and AOD retrieved from the ceilometer should agree with sun-photometer measurements. Here we use a factor C to scale ceilometer and sun-photometer measurement:


  A O  D  s u n − p h o t o m e t e r   1020    nm    =    S p   C   ∫   β *   ( r )   



(2)




when there are no clouds, factor C is quite stable (Figure S4 (Supplementary Materials)). Excluding points when there are clouds, averaging the results we have factor C = 1.09.



In summary, here we correct the ceilometer data from the original RCS using:


  R C  S  c o r r e c t e d   =  1 C   (  P  ( r )  −  P  b g i    ( r )   )   r 2  +  F  C S    



(3)







The whole correction procedure is demonstrated in Figure 2.



With the corrected RCS profile, we can use the Klett inversion method [53] to retrieve    β p    profile and the result should agree with sun-photometer (Figure 2, right). We use the backward Klett inversion method, with the aerosol-free reference height, where    β p  = 0   and determined by Rayleigh calibration [54]. Figure 2 is an example where the reference height is determined at around 3.7 km. The green line in Figure 2 shows the molecular signal, which is generated by calculating the molecular extinction coefficient    α m    based on the radiosonde measurement made at Keflavik, which is 45 km southwest of Reykjavik. The corrected RCS profile (orange line) agrees well with the molecular contribution at high altitudes, i.e., aerosol free conditions.






3. Results


Several dust events were observed in the summer of 2019, and they can be identified from the PM concentration measurements (Figure 3). We selected two events observed in the middle of June and at the end of July 2019. On 14 June, a dust storm was observed in the Reykjavik area. The weather observations recorded low visibility and hazy weather. We compared the backscatter coefficients and depolarization ratios from the ceilometer and wind lidar at RVK. On 31 July, another dust storm was observed in Reykjavik, as well as in Keflavik. In this case, we studied both the ceilometer and lidar observations at RVK and KEF.



3.1. The June Case (14 June and 15 June)


On 14 June 2019, the weather in Reykjavik was dry with winds from the north-east. Figure 4 shows the 1-h forecast made at 12:00 UTC by IMO, which illustrates the weather conditions. A dust storm passed through Reykjavik in the afternoon, moving from the northeast. According to the HYSPLIT trajectory simulation and weather conditions, the origin of the dust is considered to be at Lake Hagavatn, a dry lake on the south of Langjokull glacier (Figure 1, location C). The dust storm could be seen clearly via the web cameras at IMO. From the camera at IMO pointing north (Figure 5), Mt. Esja, in ~10 km distance was visible in the morning. During the dust event, the visibility decreased and Mt. Esja disappeared. Weather observations showed dust from 15:00 UTC to 21:00 UTC (one report every three hours). The air quality dropped at the same time. PM10 and PM2.5 concentration (Figure 6e) started to increase at 14:00 UTC and reached a peak value at 17:00 UTC. The surface wind direction changed from easterly to northerly and finally to westerly in the afternoon of the next day, 15 June. At around 12:00 UTC, 14 June, the dry air from northeast arrived in Reykjavik and PM concentration increased sharply, as well as the AOD and particle size measured from the sun-photometer (Figure 6f). Sun-photometer needs to track the sunlight, which is probably the reason why when the visibility dropped considerably the sun-photometer only acquired two measurements during the dust episode (high PM concentration period) at around 21:20 UTC, 14 June. The atmosphere stayed dry during the whole dust event, from 12:00 UTC on 14 June to 12:00 UTC on 15 June, but was then cleaned by a shower in the afternoon of 15 June.



Figure 7 shows the backscatter coefficient measured by the ceilometer (a) and the lidar (b) as well as the lidar depolarization ratio (c). The lidar data were averaged over 15 min. A strong backscatter signal corresponds to more scatterers in the atmosphere. The regions of very high backscatter coefficient shown in dark purple in Figure 7a,b, found on the morning of 14 June (00:00 to 07:00 UTC) and the evening of 15 June (12:00 to 24:00 UTC) are considered to represent low clouds. The low depolarization ratio in these regions indicates spherical scatterers, such as liquid cloud droplets. Both the lidar and the ceilometer detected an aerosol layer starting from around 12:00 UTC on 14 June. In the evening of 14 June, around 22:00 UTC, the aerosol layer was elevated to around 1 km above the surface and it persists until 15 June around 05:00 UTC, when it subsided again. This aerosol layer represents a layer of suspended dust. In the afternoon of 15 June, showers were observed from 13:00 UTC onwards. The ceilometer is more sensitive to precipitation than the lidar, which is the reason that the showers are not as easily seen in Figure 7b. The washout effect of precipitation is significant, both the backscatter coefficient and the depolarization ratio decreased rapidly after the shower.



Figure 8 shows the 30 min averaged backscatter coefficient (β) and depolarization ratio (δ) during the dust event on 14 June, around 21:20 UTC, when there is sun-photometer measurement available.



The shaded areas show the standard deviation. The blue curve shows the βp from the ceilometer, which is also retrieved from 30-min-average and 100 m smoothed measurements. The lidar data were validated using the CNR filter, and the signal above 2 km were considered as noise. The β profiles from both instruments show a similar vertical structure, with an elevated layer from 0.7 to 2 km, and the peak value at around 1.4 km. The absolute β value is different between lidar and ceilometer, one reason is the wavelength difference of these two instruments, and more importantly, βp from ceilometer is the retrieved particle backscatter coefficient while β from lidar is the relative backscatter coefficient, which was not calibrated using AOD. The mean depolarization ratio value for the aerosol layer was around 0.35 in this case, and it was nearly height independent, which means the particle type is constant throughout the profile, and the depolarization ratio is independent of the backscatter coefficient or aerosol concentration. There are two small peaks at around 0.6 km and 1.8 km, which can also be found in the cross-section Figure 6. The peaks can be attributed to the focal effect caused by profile-to-profile changes in the lidar focus.




3.2. July Case (31 July and 1 August)


On 31 July 2019, a dust storm reached both Reykjavik and Keflavik airport. The data processing method is the same as in the June case, described in Section 2, but the main difference is that the ceilometer at Keflavik airport was not calibrated. The weather observation registered decreased visibility at 06:00 UTC, 31 July. From 15:00 UTC 31 July to 12:00 UTC 1 August, the 3 hourly weather observation reported haze. The visibility change due to the dust event can be seen in Figure 9, which shows the photos taken by the north-looking webcam installed at IMO headquarters, on 31 July and 1 August, at 05:50 UTC.



As in the June case, Mt. Esja was obscured during this episode. Figure 10 shows the wind conditions on 31 July. Unlike the June case, the wind in the morning of 31 July was easterly (Figure 10), and combining the HYSPLIT and weather conditions, the origin of the dust is considered to be from the west of the Icelandic highlands, on the west of Vatnajokull glacier, the largest ice cap in Iceland (Figure 1, location D). The western highlands are also a common source of Icelandic dust [18,27,55]. PM10 and PM2.5 concentration in Reykjavik were high from the afternoon of 31 July. They stayed at an elevated level in the afternoon of 31 July (see Figure 11e) and peaked around 05:00 UTC on 1 August. However, compared to the June case, the PM10 concentration is lower. The wind field (Figure 11a,b) changed around 13:00 UTC, 31 July, when the wind direction at low levels (below 700 m) turned from easterly to southerly, and the wind speed decreased as well. At the same time, relative humidity (Figure 11d) increased from below 50% to around 70%. There was no sun-photometer measurement during the peak pollution period, possibly the sun light was blocked by clouds or an aerosol layer (07:00 UTC 31 July to 06:00 UTC 1 August).



However, both AOD and Angstrom exponent was relatively high, which means the particle size was smaller than during the June case. This was in agreement with the PM measurement, as the PM2.5 concentration was similar, but the PM10 concentration was considerably lower in the July case. The weather at Keflavik (Figure 12) was similar to Reykjavik (Figure 13), except for the wind direction which kept stable on 1 August at KEF, and the relative humidity was higher.



Figure 13 and Figure 14 show the measurements of the ceilometer and lidar backscatter coefficient as well as the lidar depolarization ratio at Reykjavik and Keflavik airport, respectively. The PM concentration increased slightly at around 05:00 UTC on 31 July and then increased more in the afternoon, not decreasing until the end of 1 August. Both ceilometer and lidar backscatter coefficients revealed similar trends; close to the ground, a strong backscatter signal was detected after 13:00 UTC 31 July until the end of 1 August. Precipitation was observed by ceilometer measurements at both sites around 03:00 UTC, 31 July, while the lidar depolarization ratio was low. A layer with a high depolarization ratio was elevated untill 17:00 UTC and decreased slightly after that. Similar observations can be found in Keflavik, where the depolarization ratio was higher in the morning of 1 August, but the backscatter coefficient was low. The horizontal stripes in Figure 12a are instrument related [52], and this ceilometer was not calibrated.



There is no sun-photometer measurement when PM concentration reaches a peak value, so we choose the measurement at around 06:20 1 August, when the AOD is around 0.1, still higher than in clean air (around 0.02), and present the backscatter coefficients and depolarization ratio profiles at the same time (Figure 15). Similar to the June case, lidar  β  and ceilometer    β p    did not fully agree with each other, but here    β p    was higher than  β  at the assumed depolarizing aerosol layer height (<1 km). It can be explained by different particle sizes: as noted, the origin of the two events varies, and the Angstrom exponent, in this case, was much higher than during the June case. The Angstrom exponent value was similar to the one at no-dust level in the June case, which means the size of the particles, in this case, is much smaller. The wavelength of the ceilometer is shorter than lidar, which means the ceilometer is more sensitive to smaller particles than lidar. What should also be noted is that the depolarization ratio profile has a different shape than the backscatter coefficient, which will be discussed in Section 4.





4. Discussion


From the results section, two main topics are discussed: (1) The different results obtained from the June and July case; (2) The differences between the lidar and ceilometer measurements.



4.1. The Difference Between June and July Case


In both cases, dust events occurred during the summertime, but the lidar and ceilometer measurements differ. Firstly, in the June case, the ceilometer    β p    value is lower than the lidar β value, at the level of the dust layer (Figure 8), while in the July case (Figure 15) it is the opposite. Secondly, in the June case, β and δ observations show a similar vertical distribution and temporal evolution (Figure 7), while in the July case they are more varied (Figure 13 and Figure 14). There are several possible explanations: the different dust origins, which may lead to the different physical properties of dust particles, such as shapes and particle size distribution. The origins of both dust event, Lake Hagavatn (June case) and the Western Highlands (July case) are severe erosional areas and common source locations for dust in Iceland [18]. Lake Hagavatn is a dry glacial lake, characterized by more crystalline materials than the volcanic glass that makes up most other Icelandic dust, while the Western Highlands area is covered with silty sediments as well as volcanic materials, and the particles are more spherical than other volcanic ash [18,55]. Figure 16 shows the size distribution measured by the sun-photometer. We used a different sky scenario based on data availability. The particle size in the June case (blue curve) was larger than in the July case (orange curve), and PM concentration measurements gave similar results. As mentioned above, the wavelength of the ceilometer is shorter than that of the lidar, thus the ceilometer is more sensitive to smaller particles, and accordingly, the ceilometer    β p    value in July case is larger.



The different weather conditions should also be considered. With the help of the HYSPLIT model, the dust origins of two cases remained unchanged during the episode accordingly, but in the July case, there was a clear advection of another air mass around 14:00 31 July, when wind field changes and relative humidity increased sharply, and again around 10:00 1 August, while relative humidity in the June case remained low. Figure 17 shows β and δ versus relative humidity in the June and July case. The relative humidity is recorded at the weather station next to the lidar trailer every 10 min, 2 m above the surface; β and δ only use the first range gate (200 m) measurements, averaged every 10 min. The colour indicates the PM10 concentration. If we assume PM10 concentration is high during the dust event, dust and non-dust observations in the June case can be easily distinguished in Figure 17c. In general, there is a clear negative correlation between δ and RH, but high PM10 measurements associated with high δ (>0.25) have a different pattern, compared to low PM10 observations. The low PM10 dots are considered as a non-dust group and have a similar trend with [48] observation. In the July case, the measurements can be divided into three groups: (1) low PM group, which is similar to the non-dust group in the June case, also shows a negative correlation between δ and RH; (2) the relative high RH (>60%) high δ (>0.25) group, which is similar to the dust group in the June case, but the PM10 concentration is lower, corresponding to the high δ, low β measurement in the morning of 31 July (Figure 13); (3) the relative high RH, mid δ (0.1–0.2) group, which has no significant correlation between RH and δ, could represent the particles that absorbed water vapour. The AOD measurements are around 0.07, which is still higher than the background value (i.e., 0.02), but much lower than the peak value during the June case (0.3). The PM concentration increased in the morning when weather observation reported decreased visibility and the high depolarization ratio suggested a layer of non-spherical particles. A possible explanation is that the depolarization ratio measurements are only sensitive to the shape but not the concentration of aerosols. Thus, in some cases, if the particles are non-spherical with a low concentration, it will be easier to detect them by depolarization ratio than backscatter coefficient. In the morning of 31 July, the aerosol concentration was relatively low, compared to the peak value, so the dust aerosols can easily be observed by the depolarization ratio but not by backscatter coefficient. In the afternoon of 31 July, with increased relative humidity, the particles absorbed water vapour and became more spherical, so the depolarization ratio decreased. However PM concentration increased, which could be a result of transported aerosols accumulation, and naturally, the observed backscatter coefficient increased. To examine the specific relation between RH and lidar measurement, a more advanced lidar can be used which also measures humidity profiles [48,56].




4.2. The Difference Between Lidar and Ceilometer Measurements


As is shown in Figure 8 and Figure 15, the ceilometer    β p    and lidar β profiles do not fully agree with each other but were similar in trend. First, there are two facts we need to keep in mind: (1) the lidars and ceilometers have different wavelengths (1540 nm vs. 910 nm), therefore the results of measuring scatterers with different size distributions are expected to be different; (2) The ceilometer profile is calibrated by Rayleigh curve and retrieved by Klett inversion. In other words, it has removed the effect of Rayleigh scattering from atmospheric molecular and extinction. While the lidar, on the other hand, was calibrated by the focus function, which neglects the impact of extinction. In short,    β p    (for the ceilometer) and β (for the lidar) are different physical variables, with different measuring wavelengths, and accordingly, only their relative distribution can be compared.



Furthermore, an unexpected cosmetic shift of ceilometer profiles occurs in some cases. The   C N  R ⊥    profiles may occasionally not perform as expected. It is difficult to have a quantitative comparison between these two instruments, but they both detected the aerosol layer similarly and showed similar patterns in the cross-sections and vertical profiles.





5. Conclusions


In this study, two types of active remote sensing systems were used to detect atmospheric aerosols in Iceland. Two Doppler wind lidars (WindCube 200S, Leosphere) with depolarization channels and ceilometers (CL31 and CL51, Vaisala) were deployed in southwest Iceland. The data were supplemented by a sun-photometer (CE318-T, Cimel), webcams, radiosonde measurements, and weather observations, as well as PM concentration measurements, to allow calibration and validation of the remotely sensed aerosols monitoring. The study explores the procedures to process lidar and ceilometer data, which is the first to explore the use of WindCube 200S with depolarization module for aerosol detection and demonstrates the application of the procedure to two dust events that occurred during the summer of 2019. The data are analyzed and compared with observations from the sun-photometer and the PM measurements.



The results reveal that both lidar and ceilometer observations can detect airborne dust particles. The main findings from this study can be summarized as follows:




	(1)

	
The two instruments consistently reveal similar vertical distributions of aerosols during both dust events. However, the absolute backscatter coefficient profiles are challenging to derive and compare, due to the different nature of the two instruments. Nevertheless, spatial and temporal distributions observed in lidar and ceilometer data are confirmed by observations from other measurements like PM concentration.




	(2)

	
During the processing of lidar and ceilometer data, unrealistic signals have been identified. The    F  C S     factor as an empirical constant has been introduced to correct the unrealistic ceilometer data, which could also be a key source of uncertainty. With the backward Klett inversion method, the particle backscatter coefficients can be retrieved from ceilometer measurements. The lidar data has been calibrated for the focal effect to retrieve the correct relative backscatter coefficient profiles. The difference between lidar and ceilometer can be explained as (i) differences in calibration and data processing procedure, and (ii) different laser wavelengths.




	(3)

	
Distinct differences between two dust events have been identified: during the June case, the lidar backscatter coefficient was larger while the ceilometer derived backscatter coefficient was larger during the July case. Particle size distribution retrieved from the sun-photometer revealed that the particle size was larger in the June case, which explains why lidar backscatter coefficients were larger than ceilometers’ in the June case, since the wavelength of Doppler lidar is longer.




	(4)

	
Dust particles are expected to be non-spherical, with the detection of high depolarization ratio and high backscatter coefficients during a dust event. The depolarization ratio observed in this study is distinctively different during the two dust events. In the June case, the depolarization ratio revealed a similar temporal and vertical distribution as the backscatter coefficient, as expected. In the July case, depolarization ratio was high in the morning of 31 July while the backscatter coefficients were relatively low. The backscatter coefficients increased from the afternoon of 31 July but the depolarization ratio was, on the contrary, relatively low. The backscatter coefficients are directly related to the aerosols concentration while the depolarization ratio is less dependent on aerosol concentration. It is determined by the shape of the scatterers, which can be affected by relative humidity. The air remained dry in the June case and both backscatter coefficient and depolarization ratio measurements show a similar pattern. In the July case, relative humidity varied a lot during the two-day observation period. Consequently, we can conclude that when the air is dry and the particle concentration relatively high, the dust can be observed from both backscatter coefficient and depolarization ratio measurements; when the air is dry but particle concentration is low, the aerosols layer may be observed by depolarization ratio but not backscatter coefficients; when air is humid and the particles condense, the aerosols are more obvious from backscatter coefficient compared to depolarization ratio measurements. In general, the relative humidity may have a significant impact on lidar measurements, including backscatter coefficients, depolarization ratio, and also extinction coefficients, which is critical to aviation meteorology [14].









Finally, based on our results we conclude that Doppler wind lidars and ceilometers can provide accurate monitoring of the vertical distribution and temporal evolution of aerosols in Iceland. By installing the instruments on a mobile trailer, the presented data processing approach can be used to alert the local population of severe wind erosions events or ash clouds during volcanic eruptions. Such monitoring of volcanic and sedimentary aerosols can provide important information to decision makers, including an increase in aviation safety in Iceland.
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Figure 1. Observation sites (A and B) used in this study. Detailed coordinates and instruments can be found in Table 1. C and D indicate the location of Langjokull and Vatnajokull glaciers. 






Figure 1. Observation sites (A and B) used in this study. Detailed coordinates and instruments can be found in Table 1. C and D indicate the location of Langjokull and Vatnajokull glaciers.



[image: Atmosphere 11 01294 g001]







[image: Atmosphere 11 01294 g002 550] 





Figure 2. Left: Original ceilometer RCS profile (blue) at 21:20, 14 June, an average of 30 min measurements. The profile was vertically smoothed by a moving average filter of 100 m. This profile was further corrected by the dark measurement, factor C, and cosmetic shift FCS, and the corrected profile is the orange curve. The green line demonstrates the Rayleigh atmosphere. Right: Particle extinction coefficient derived from ceilometer observations, with a calculated AOD of 0.269, which agrees with sun-photometer measurement. The detailed calculation can be found in Section S8 of Supplementary Materials. 
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Figure 3. Hourly PM10 (blue) and PM2.5 (orange) concentration ([μm m−3]) measured at Njorvasund, Reykjavik, by the Environment Agency of Iceland, from June 1 to 15 August 2019. 
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Figure 4. Wind conditions during the June case. This is a HARMONIE-AROME model forecast of 10 m wind at 13 UTC, 14 June 2019. The arrows indicate the wind direction while the colours indicate the wind speed [m s−1]. The black dot and square indicate the locations of RVK and KEF, respectively. 
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Figure 5. Photos taken by the web camera at IMO at 08:00 UTC (a) and 17:00 UTC (b), 14 June 2019, looking northward. The distant mountain on the right-hand side is Mt. Esja. 
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Figure 6. Wind speed (a, [m s−1]), wind direction (b, [°]), vertical wind velocity (c, [m s−1]), relative humidity (d, [%]), PM10 (e, blue) and PM2.5 (e, orange) concentration ([μm m−3]), and sun-photometer observations (f) on 14 and 15 June, 2019. The wind speeds were retrieved from lidar VAD scans. PM concentrations are measured at Njorvasund, Reykjavik. The relative humidity was measured at the weather station at IMO headquarters. The blue dots in (e) are AOD at 1020 nm, and the orange asterisk markers are the Angstrom exponent (44–870 nm). The time axis starts from 00:00 UTC 14 June, 2019, covering two days. 
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Figure 7. Time height cross-section of the backscatter coefficient from the ceilometer (a) and the Doppler lidar (b) as well as the lidar depolarization ratio (c) in Reykjavík, for 48 h, from 00:00 UTC, 14 June to 24:00 UTC, 15 June, 2019. The lidar data is an average of 15 min, and the ceilometer data is not averaged. Note that the lidar measurements start at 200 m above the surface. 
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Figure 8. Left panel: 30-min-average (solid black line) of lidar β [km−1 sr−1] and ceilometer (blue line) retrieved    β p    [km−1 sr−1] at 21:20 on 14 June, 2019, Reykjavik. The shaded area shows the standard deviation. Right panel: lidar δ from the same period. The lidar data is filtered by CNR. 
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Figure 9. Photos taken by a web camera at IMO on 31 July (a) and 1 August (b), 2019, both dates at 05:00 UTC. The camera is looking northward and the view is the same as in Figure 5. 
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Figure 10. Wind conditions of the July case. The HARMONIE-AROME model forecast of 10 m wind at 07:00 UTC, 31 July 2019. The arrows indicate the wind direction while the colours indicate wind speed [m s−1]. The black dot and square indicate the locations of RVK and KEF, respectively. 
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Figure 11. Wind speed (a, [m s−1]), wind direction (b, [°]), vertical wind velocity (c, [m s−1]), relative humidity (d, [%]), PM10 (e, blue) and PM2.5 (e, orange) concentration ([μm m–3]), and sun-photometer observations (e) on 31 July and 1 August, 2019, at RVK. The wind velocities are retrieved from lidar VAD scan. PM concentrations are measured at Njorvasund, Reykjavik. The relative humidity is measured at the weather station at IMO headquarters. The blue dots in (f) are AOD at 1020 nm, and the orange asterisk markers are Angstrom exponent (440–870 nm). The time axis starts from 00:00 UTC, 31 July 2019. 
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Figure 12. Wind speed (a, [m s−1]), wind direction (b, [°]), vertical wind velocity (c, [m s−1]), relative humidity (d, [%]) on 31 July and 1 August 2019, at KEF. The wind velocities are retrieved from lidar VAD scan. The relative humidity is measured at the weather station at Keflavik International airport. The time axis starts from 00:00 UTC, 31 July 2019. 
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Figure 13. Time height cross-section of the backscatter coefficient from the ceilometer (a) and the Doppler lidar (b) as well as the lidar depolarization ratio (c) in Reykjavik, for 48 h, from 00:00 UTC, 31 July to 24:00 UTC, 1 August 2019. The lidar data is an average of 15 min. Note that the lidar measurements start at 200 m above the surface. 
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Figure 14. Time height cross-section of the backscatter coefficient from the ceilometer (a) and the Doppler lidar (b) as well as the lidar depolarization ratio (c) in Keflavik, for 48 h, from 00:00 UTC, 31 July to 24:00 UTC, 1 August 2019. The lidar data is an average of 15 min. Note that the lidar measurements start at 200 m above the surface. 
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Figure 15. 30–min-average (solid black line) of lidar β [km−1 sr−1] and ceilometer (blue line) retrieved    β p    [km−1 sr−1] at 6:20 on 1 August 2019, Reykjavik. The shaded area shows the standard deviation. Right panel: lidar δ for the same period. The lidar data is filtered by CNR. 
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Figure 16. Particle volume size distribution for 14 June 12:00 UTC (blue) and 1 August, 12:35 UTC (red), measured by the sun-photometer. The observation is retrieved from AERONET level 1.5 production, with Almucantar (June, blue) and Hybrid (red, July) sky scenario accordingly, which is available online (see in Section S7 of Supplementary Materials). 
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Figure 17. Backscatter coefficient (β) and depolarization ratio (δ) from lidar v.s. relative humidity (RH). RH is measured by the weather station every 10 min, and lidar data is averaged with the same temporal resolution. RH is measured 2 m above the surface, lidar data only use the first range gate (200 m). The colour indicates the PM10 concentration. 
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Table 1. The dates, locations and instrumentation available during the two events described in this study.
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Start Date

	
End Date

	
Location

	
Latitude (°N)

	
Longitude (°W)

	
Lidar

	
Ceilometer

	
Other Measurements






	
2019-06-14

	
2019-06-15

	
RVK

	
64.1275

	
21.9027

	
WindCube

	
CL31

	
PM10, sun-photometer,




	
2019-07-31

	
2019-08-01

	
RVK

	
64.1275

	
21.9027

	
WindCube

	
CL31

	
PM10, sun-photometer




	
KEF

	
63.9829

	
22.6005

	
WindCube

	
CL51

	
Radio sounding
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Table 2. The main specifications of the lidars and ceilometers operated in Iceland.
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Feature

	
Lidar

	
Ceilometer






	
Model

	
Windcube 200S

	
CL31

	
CL51




	
Manufacturer

	
Leosphere

	
Vaisala

	
Vaisala




	
Wavelength (μm)

	
1.54

	
0.91

	
0.91




	
Maximum detection range (km)

	
14

	
7.6

	
15




	
Range resolution (m)

	
100

	
10

	
10




	
Elevation angle (°)

	
−10–90

	
90

	
90




	
Azimuth angle (°)

	
0–360

	
N/A

	
N/A
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