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Abstract

:

Two polarization-sensitive lidars were operated continuously to monitor the three-dimensional distribution of small volcanic ash particles around Sakurajima volcano, Kagoshima, Japan. Here, we estimated monthly averaged extinction coefficients of particles between the lidar equipment and the vent and compared our results with monthly records of volcanic activity reported by the Japan Meteorological Agency, namely the numbers of eruptions and explosions, the density of ash fall, and the number of days on which ash fall was observed at the Kagoshima observatory. Elevated extinction coefficients were observed when the surface wind direction was toward the lidar. Peaks in extinction coefficient did not always coincide with peaks in ash fall density, and these differences likely indicate differences in particle size.
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1. Introduction


Volcanic eruptions are a natural source of atmospheric aerosols [1]. In the troposphere and stratosphere, gaseous SO   2   is converted to sulfate or sulfuric acid within several days, which can remain in the atmosphere for more than a week. Furthermore, volcanic ash directly impacts atmospheric turbulence and harms airplane engines if the pilots are unaware that such particles are present on their flight path. For example, the 2010 eruption of Eyjafjallajökull, Iceland, infamously hindered aviation in Europe [2,3,4]. For populations near volcanoes, the impacts of volcanic ash are more severe than those of atmospheric sulfate because the conversion of SO   2   to sulfate occurs more remotely due to its atmospheric processing time (0.1–1.5%/h) [5]. In addition, fine ash is detrimental to human health because it is effectively captured by the lungs. Thus, monitoring equipment around volcanoes target volcanic ash, not sulfate, an indispensable task for mitigating the impacts of eruptions. The optical properties of volcanic ash also affect solar radiation at the surface. For solar power stations, aerosol optical depth (AOD) is important to estimate the effectiveness of solar power generation. Although AOD can be retrieved over broad areas from satellite-borne passive sensors such as the Advance Himawari Imager onboard Himawari-8 [6], optical properties observed by active lidar sensing are more accurate because horizontal variations are non-negligible in individual pixels of satellite data. Volcanic ash can be detected remotely at various electromagnetic wavelengths. Although particles larger than ∼1 mm are readily detected at very high spatiotemporal resolution in the atmosphere by longer wavelength radar (>1 cm) [7], those systems are not sensitive to smaller advected particles. In contrast, lidar is very sensitive to smaller particles such as fine ash because it utilizes visible to infrared light [8,9,10,11]. Here, we describe volcanic ash observations using two lidars near Sakurajima volcano, Japan. We compare the monthly averaged ash distributions obtained using the two lidars. Finally, we discuss the relationships among extinction coefficient, volcanic activity at Sakurajima, and horizontal wind direction.




2. Lidar Observation and Supplemental Information


Lidar instruments are installed at the Observatory of Sakurajima Volcano Research Center, Disaster Prevention Research Institute (DPRI), Kyoto University (SVO, 31.590   ∘   N, 130.601   ∘   E), and the Kurokami observation facility (KUR, 31.584   ∘   N, 130.702   ∘   E). Although both lidars have horizontal and vertical scanning capabilities, this study targeted ash distributions along the lines of sight from the observation points to the Minamidake vent and excluded scanning data. We note that the SVO lidar line of sight was fixed on Minamidake during 2017–2019. Although eruptions in 2017 occurred at the Showa vent, ∼0.5 km east of Minamidake, they were thus captured within the line of sight of that lidar. The locations of the SVO and KUR lidars and their observation directions are shown in Figure 1.



Lidar specifications are similar to those of the instrument used in the Asian dust and aerosol lidar observation network, AD-Net [12]. The lidar emits the fundamental (1064 nm) and second-order harmonics (532 nm) of a Nd:YAG laser at a 20 Hz pulse rate. Backscattered light from the atmosphere is detected through a 20-cm-diameter telescope by photo-multiplier tubes (532 nm) or an avalanche photodiode (1064 nm). The polarization of the 532-nm light is also recorded. A single profile is obtained by averaging signals for 2 s (40 pulses), and then the system waits 8 s before obtaining another profile. Thus, the time resolution of the system is 10 s and the range resolution is set to 6 m; a typical observation sequence obtained using the SVO lidar during an eruption at Sakurajima is shown in Figure 2. Backscatter intensity is a fundamental quantity that is proportional to the total surface area of particles in the observed volume. In the example of Figure 2, a strong signal at 532 nm appeared at 07:20 JST near the vent (5 km range) and approached the lidar at a velocity of 2 km/7 min (17 km/h). Note that this apparent (radial) velocity does not directly indicate the advection velocity of the ash because it is not necessarily parallel to the instrument’s line of sight. Within 2.5 km of the lidar, the thickness of the strong signal increased to more than 0.5 km when it merged with a pre-existing moderate signal. The depolarization ratio of this strong signal was greater than 0.3, indicating the dominance of non-spherical particles, and the coinciding strong signal at 1064 nm implies that the particles were large enough (>1  μ m) to be detected at infrared wavelengths.



The good correspondence between the strong backscattering and high depolarization ratio of the signal (Figure 2) indicates that the particles detected near the vent were non-spherical and solid—i.e., volcanic ash. Therefore, we hereafter use the total backscatter at 532 nm to indicate volcanic aerosols. The backscatter intensity at range R, I(R), is the product of the backscatter coefficient of the particles and the two-way attenuation over the optical depth between the lidar and the target.


  I  ( R )  = C β  ( R )  exp ( − 2  ∫  0  R  σ  ( r )  d r )  



(1)




where C is a constant and  β  and  σ  are the backscatter coefficient and extinction coefficient of particles, respectively. Thus, the lidar signal is strongly attenuated by dense ash volumes. In Figure 2, the signal before 07:30 was very strongly attenuated beyond the peak intensity, indicating that lidar cannot provide any information on areas beyond the near edge of the ash cloud. To compensate for this attenuation, we used Fernald’s [13] method to calculate the extinction coefficient of the aerosol at 532 nm, assuming that backscatter and extinction are proportional (  σ = 50  sr × β ). Because the lidars were directed just above the vent, the backscatter from the atmosphere beyond the vent was treated as the reference area in Fernald’s inversion. Profiles in which the maximum attenuated backscatter coefficient exceeded approximately   4 ×  10  − 5    /sr/km were excluded because they most likely indicate typical clouds of water droplet.



Sakurajima typically produces vulcanian eruptions [14], and four major eruptions occurred during the study period: an eruption at Showa vent on 2 May 2017 and three eruptions at the Minamidake vent on 16 June 2018, 16 July 2018, and 8 November 2019. Monthly information on volcanic activity at Sakurajima is published by the Kagoshima observatory (31.554   ∘   N, 130.549   ∘   E) of the Japan Meteorological Agency (JMA) [15], including the numbers of eruptions and explosions, the density of ash fall on the ground (g/m   2  ) and the number of days on which ash fall was observed at the Kagoshima observatory (hereafter, “ash fall days”). In addition, the monthly mass of volcanic ash erupted from Sakurajima volcano is estimated by DPRI using ash fall deposits at 62 sampling points within 50 km from the volcano [16]. In the following section, we compare these parameters to the results of our lidar observations. We also analyzed the hourly dominant wind direction at the Kagoshima observatory to better understand the lidar results.




3. Results and Discussion


3.1. Seasonal and Annual Variations of Aerosols Detected by SVO Lidar


Range profiles of the extinction coefficient along the line of sight of the SVO lidar were averaged each month to describe temporal variations of aerosols around Sakurajima at seasonal to annual timescales. In 2017, aerosol extinction coefficients were elevated at ranges of 5.5 km, i.e., near Minamidake vent, during May, June, and October–December (Figure 3). Extinction coefficients were also slightly elevated at closer ranges in May and October, although they were markedly lower than those during the following two years (discussed below). The five indices of volcanic activity at Sakurajima reported by JMA and DPRI during 2017 are broadly consistent with our lidar results, although, during the later part of the year, all indices except ash fall days peaked in September. Whereas the most eruptions and explosions occurred in September, extinction coefficients around the vent were not greatly elevated that month.



The monthly mean aerosol extinction coefficient profiles at SVO in 2018 (Figure 4) were more closely related to volcanic activities than those in 2017, especially in terms of ash-related indices (density of ash fall and ash fall days). Notably, the extinction coefficient between the vent and the lidar was continuously large, especially in July and August, indicating the effective transport of ash toward SVO. The lidar profiles also correspond well with the number of ash fall days at Kagoshima observatory. However, the density of ash fall shows a distinct peak in June, whereas the lidar did not detect an increase in extinction coefficient at close range during that time. This may indicate that the ash particles transported westward were larger than during other periods: in this case, the density of ash fall at Kagoshima observatory should be large and the extinction coefficient near the lidar should be small because ash volume and surface area are related to the cube and square of particle size, respectively. We note that, during the large eruption on 16 June 2018 (Figure 2), the wind was blowing from the northeast, which may have resulted in the differential transport of ash to SVO (west-northwest of the bent) and JMA’s Kagoshima observatory (west-southwest). In other months, more statistical relationship between extinction and ash deposition are expected.



In 2019, the extinction coefficient around the vent was not obviously related to volcanic activity, which peaked mainly around November (Figure 5). The extinction coefficient near the vent noes not simply depend on the total amount of ash emitted from the vent, but also on the meteorological conditions such as the horizontal wind speed or the effectiveness of sedimentation processes around the vent. Nonetheless, extinction coefficients were elevated at 0.5–3 km from the lidar in September and October, in agreement with the density of ash fall.



Seasonal peaks in the density of ash fall and the extinction coefficient near the lidar roughly corresponded in 2019, whereas the extinction coefficient near the lidar was not elevated in September and November 2017 despite a moderate peak in ash fall density. This difference implies that the size distribution of ash/aerosols in 2017 differed from that in 2019. Because larger particles contribute more to ash volume than extinction density, the peak in ash fall density in 2017 may reflect the eruption of larger particles in 2017 than in 2019. Actual measurements of airborne particle size distributions are difficult, especially by remote sensing techniques, but combined lidar and cloud-drop radar (mm scale wavelength) measurements [17] might be useful to estimate the size distributions of particles in the air.



Figure 6 summarizes the relationships between extinction coefficient and surface and near-vent indices of volcanic activity. Whereas extinction coefficients near the surface vary widely at very low (2–3 g/m   2  ) or relatively high ash fall densities (60–200 g/m   2  ), extinction coefficients near the vent are less varied when compared to the mass of ash emitted. To better interpret these scattered relations in the lower atmosphere, lidar observations combined with radar reflectivity analysis [7] or particle size information from disdrometers [18] should prove useful.




3.2. Comparison of SVO and KUR Lidars, Relation with Surface wind Direction


Because the KUR lidar was deployed on the opposite side of Sakurajima from the SVO lidar (Figure 1), it is useful for comparing the transport path of small particles in other directions. However, the operational hours of the KUR lidar were limited in 2017 and 2018, so only results from 2019 (Figure 7) can be compared to those from the SVO lidar. In contrast to the seasonal variation observed using the SVO lidar (Figure 5), higher extinction coefficients were detected near the vent (4.5 km range) during January–March and October–December. Extinction coefficients closer to the KUR lidar (0–3 km) were small throughout the year.



To interpret the different seasonal variations of the extinction coefficient detected by the two lidars, we analyzed the direction of surface winds at the Kagoshima observatory in 2019 (Figure 8). The dominant wind direction was northwesterly in colder seasons and easterly in the summer. Because the two lidars were deployed at down-wind regions to the west (SVO) and east (KUR) of the vent, the zonal wind direction is important to the transport of volcanic ash aerosols from the vent to the lidars. Easterly winds did not occur during January–April and November–December in 2019, and the extinction coefficients within 4 km of the SVO lidar were small during those periods (Figure 5). In contrast, extinction coefficients near the SVO lidar were notably elevated during May–October, when easterly winds dominated. Thus, the horizontal wind direction is one of the factors controlling aerosol loading below the altitude of the vent around Sakurajima.





4. Concluding Remarks


We analyzed monthly mean extinction coefficient profiles obtained from the SVO and KUR lidars deployed around Sakurajima. Annual variations of the extinction coefficient near the vent partly corresponded to the number of eruptions that occurred during 2017–2019. However, the horizontal wind direction strongly affects the extinction coefficient near the lidar, namely within 4 km. Indeed, seasonal variations observed using the KUR lidar, deployed on the opposite side of the vent from SVO, were very different from those observed at SVO, reflecting seasonal variations in the horizontal wind direction. Differences between the peaks in the extinction coefficient near the SVO lidar and the density of ash fall at Kagoshima observatory imply differences in the size distribution of ash particles erupted during the study period. The results of our analysis of the optical properties of transported particulates around Sakurajima could be combined with estimates of the amount of tephra emitted during each eruption to simulate the advection and sedimentation of aerosols by using the transport model of Poulidis et al. [19]. Extinction coefficients observed by lidar can thus be used to validate such future numerical modeling results.
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Figure 1. Lidar instruments installed at SVO (green) and KUR (blue). Lines indicate their lines of sight, and the Kagoshima observatory is shown for reference (red). The satellite image was obtained from the Geospatial Information Authority of Japan (https://maps.gsi.go.jp/vector/, accessed on 25 January 2021). 
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Figure 2. Time-range plots of backscatter intensity (arbitrary units, A.U.) observed by the SVO lidar during 07:00–08:00 JST on 16 June 2018 at: 532 nm (top); depolarization ratio at 532 nm (middle); and backscatter intensity at 1064 nm (bottom). The vertical axes correspond to the distance along the line of sight from the lidar equipment to the vent. 
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Figure 3. Time-range plot of monthly averaged aerosol extinction coefficients at 532 nm detected by the SVO lidar in 2017 (top); and the monthly numbers of eruptions and explosions at Sakurajima, the density of ash fall on the ground, the number of confirmed ash fall days at the Kagoshima observatory, and the estimated mass of ash erupted (bottom). The number of confirmed ash fall days is rescaled by a factor of 5 to facilitate comparison. 
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Figure 4. Time-range plot of aerosol extinction coefficients (top, SVO lidar, 532 nm) and eruptive activity at Sakurajima in 2018 (bottom, see Figure 3 for details). Ash fall density and the number of ash fall days are rescaled by factors of 0.2 and 5, respectively. 
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Figure 5. Time-range plot of aerosol extinction coefficients (top, SVO lidar, 532 nm) and eruptive activity at Sakurajima in 2019 (bottom, see Figure 3 for details). The number of ash fall days is rescaled by a factor of 5. 
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Figure 6. Scatter diagrams between the monthly means of: (left) the integrated extinction coefficient within 0.24–2 km of the lidar and ash fall density at JMA’s Kagoshima observatory; and (right) the integrated extinction coefficient within 4.5–6 km of the lidar and estimated mass of ash emitted. 
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Figure 7. Time-range plot of aerosol extinction coefficients (top, determined by the KUR lidar, 532 nm) and eruptive activity at Sakurajima in 2019 (bottom, see Figure 3 for details). The number of ash fall days is rescaled by a factor of 5. 
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Figure 8. Monthly distributions of the dominant hourly wind direction at JMA’s Kagoshima observatory in 2019. 
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