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Abstract

:

Volcanic plumes can be transported across vast distances and can have an impact on solar ultraviolet radiation (UVR) reaching the surface due to the scattering and absorption caused by aerosols. The dispersion of the volcanic plume from the Puyehue-Cordón Caulle volcanic complex (PCCVC) eruption was investigated to determine the effect on aerosol loading at Cape Point, South Africa. The eruption occurred on 4 June 2011 and resulted in a plume reaching a height of between 9 and 12 km and was dispersed across the Southern Hemisphere. Satellite sulphur dioxide (SO2) observations and a dispersion model showed low concentrations of SO2 at the secondary site. However, satellite observations of volcanic ash and ground-based aerosol measurements did show increases between 10 and 20 June 2011 at the secondary site. Furthermore, there was good agreement with the dispersion model results and observations from satellites with most of the plume located between latitudes 40°–60° South.
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1. Introduction


Volcanic eruptions can eject a highly reactive mix of aerosols and gases into the atmosphere [1]. Some of the main gases associated with volcanic activity are water vapour (H2O), carbon dioxide (CO2), sulphur dioxide (SO2), hydrogen sulphide (H2S) and hydrochloric acid (HCl) [2]. Volcanic emissions are the largest natural sources of SO2 in the atmosphere. Volcanic eruptions occur with various levels of intensity. Larger eruptions can inject volcanic aerosols into the stratosphere, while smaller, less intense eruptions only inject aerosols into the troposphere. SO2 is suspended in the troposphere for only a short period of time, but SO2 injected into the stratosphere through volcanic eruptions can remain there for up to three years as sulphuric acid aerosols [3,4]. The injection of ash and SO2 from volcanic eruptions affects the climate, aviation and human health due to the deposition of ejected matter [5].



SO2 injected into the stratosphere can be dispersed around the globe and can have an important climatic effect. Sulphur species react with hydroxide (OH) and water vapour (H2O) to form sulfuric acid (H2SO4). These H2SO4 aerosols have a radiative effect during eruptions [6]. Furthermore, solar ultraviolet radiation (UVR) passing through the atmosphere is affected by the aerosol loading. During volcanic eruptions the aerosol loading and size distribution are modified by injected ash particles [7]. UV-absorbing aerosols such as volcanic ash affect surface UVR flux which impact public health and some photochemical reactions. The effect of UV-absorbing aerosols on UVR is dependent on the altitude, particle size distribution and single scattering albedo of the ash particles [8].



The Puyehue-Cordón Caulle volcanic complex (PCCVC) is located in the Andes Mountains in southern Chile (40.58° S, 72.13° W) at 2 240 m above sea level [9]. After 41 years of inactivity, an eruption started on 4 June 2011 at approximately 18:30 UTC. The resulting plume reached the stratosphere with maximum heights between ~9–12 km [4,7] with a peak mean flow rate (MFR) in the order of 107 kg·s−1. On 13 June 2011, the plume reached a height of ~7–9 km [10]. Due to the westerly winds in the mid-latitudes, widespread dispersion of aerosols and fine particles occurred across the Southern Hemisphere [11].



By 14 June 2011, the plume had circumnavigated the Southern Hemisphere and reached the original eruption site [4]. The plume was subjected to cross-wind and down-wind spreading, with most of the velocity as a result of the wind. The umbrella cloud and the rising plume were both affected by the prevailing westerly winds, showing the significant effect that the wind had on the dispersion of the aerosols and ash, although some of the spreading was due to physical processes in the plume such as density-driven mechanisms [10]. Following the initial eruption, the volcano continued to produce low-intensity plumes for several months [10].



In this study, SO2 anomalies were identified at the eruption site as well as at a secondary site, Cape Point, South Africa was selected as the secondary site because air traffic was reportedly restricted on 18–19 June 2011 due to ‘ash’ from the eruption being visible at Cape Town International Airport. The secondary site was included to consider the extent of the impact of PCCVC 2011 eruption over a distance. Furthermore, the trajectory and dispersion of the plume was investigated using satellite observations and model output to determine whether the plume did reach the secondary site and whether or not SO2 anomalies at the secondary site could be attributed to the volcanic eruption.




2. Data and Methods


2.1. Data


The eruption site, PCCVC (40.58° S; 72.11° W), and the secondary site, Cape Point (34.35° S; 18.50° E) (Figure 1) were selected to investigate the dispersion of the plume and the effect on a secondary site.



The Cape Point station is part of the Global Atmosphere Watch (GAW) network and equipment at the station is used to monitor trace gases. The station is situated 230 m above sea level and is mainly influenced by air masses from the South Atlantic Ocean due to the prevailing southeasterly winds throughout the year. During the austral winter the station may be influenced by anthropogenic emissions from local and regional biomass burning, transported by northerly winds as a result of changes in circulation patterns caused by frontal systems [12].



Daily noon ultraviolet index (UVI) data (2007–2016, inclusive) from the Ozone Monitoring Instrument (OMI) were used to determine if the volcanic plume had any impact on surface solar UVR. The OMI data has a 1° × 1° spatial resolution [13] and OMI has a spectral resolution of 0.45 nm [14]. The UVI is a scale used to represent erythemal radiation levels [15]. During the time that the plume was likely to impact surface solar UVR levels, ground-based observations of solar UVR levels at Cape Point were not available but there is known to be good agreement between the Cape Point ground-based observations and OMI data [16]. Previous studies have shown that OMI estimations of surface UVR are above the ground-based observations indicating a positive bias which is decreased under clear-sky conditions [14].



Aerosol optical depth (AOD) data (2011 to 2018, inclusive) from a precision filter radiometer (PFR) located at Cape Point were used to identify any anomalies in AOD as a result of the volcanic plume. The data for the PFR were obtained from the World Data Centre for Aerosols (WDCA) website (http://ebas.nilu.no/). The PFR sun photometer measures AOD at four wavelengths (λ = 368, 412, 500, 862 nm) and started operation in February 2008 but only data from 2011 were available. From calibration tests, the PFR located at Cape Point had an uncertainty of less than ± 1%. Hourly average AOD values were determined from 1-minute data using GAW-PFR algorithms [17,18] and cloud screening routines [19].



Hourly reanalysis data from Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) spatial resolution of 0.5° × 0.65° [21] was used to identify anomalies in SO2 column mass density (kg·m−2) (2007–2016). MERRA-2 uses observations from the Earth Observing System (EOS). The Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) and Goddard Earth Observing System 5 (GEOS-5) models simulate atmospheric processes [22].



SO2 vertical column density and volcanic ash observations were obtained from the Infrared Atmospheric Sounding Interferometer (IASI) instrument on board the MetOp-A satellite. The SO2 is given in Dobson Units (DU) and computed using the algorithm outlined which calculates the total column SO2 using the assumed height of the SO2 layer and is dependent on factors from data retrieved from the instrument [23]. Volcanic ash absorbs and scatters radiation with wavelengths between 7 μm and 15 μm [24,25,26]. In [27] a volcanic ash identification algorithm was presented, that determines for each IASI spectral band whether a spectral signature is present that is compatible with the presence of ash. In the same study, the algorithm was illustrated on the observations of Puyehue to estimate the fraction of spectra with detectable quantities of ash. It is this dataset that is also used here.




2.2. Methods


The monthly mean UVI for June was calculated using nine-years (2007–2010, inclusive and 2012–2016, inclusive) and 2011 data were excluded to remove the possible influence of the volcanic eruption. To identify UVI anomalies during June 2011, the calculated mean UVI for June was subtracted from the mean UVI for June 2011.



Similarly, daily mean and standard deviation (SD) values were calculated for the MERRA-2 SO2 column data at both sites. Using the PFR AOD data for 2011, the daily mean was calculated. The remaining seven years of data (2012–2018, inclusive) were used to calculate the monthly mean and SD values of the PFR AOD data at Cape Point. The mean and SD values of UVI, MERRA-2 and PFR data were compared to the 2011 observations to identify any outliers.



The flexible particle (FLEXPART) model is a Lagrangian particle dispersion model which was used to model the dispersion of the volcanic plume. The model simulates the transport, diffusion, wet and dry deposition and first order chemical reactions of tracer particles released from a point source or area source [28]. In this study, forecast meteorological data from the European Centre for Medium Range Forecasts (ECMWF) was used as input for the model. The meteorological data has a 3-hour temporal resolution, 1° × 1° spatial resolution and 138 vertical levels. In this study, no a priori information was used in the FLEXPART model simulation. Using SO2 as a proxy for volcanic ash [29] has been done in several previous studies [4,30] and is dependent on environmental conditions [27]. A similar model setup was used as described by Klüser et al. (2013) [4], where a large number of particles of unit mass were released from 4–13 June 2011, between 2–14 km above the eruption site at 6-hour intervals [4]. The simulation was run from 1–30 June 2011 to observe the dispersion of the plume across the Southern Hemisphere. An output grid of 1° × 1° was produced every 12 h at 1 km intervals from 4–14 km and the SO2 column given in ng·m−3 was converted to Dobson units.





3. Results and Discussion


3.1. Surface Ultraviolet Radiation (UVR)


The UVI anomalies for June 2011 (Figure 2) indicated changes of ± 0.5 UVI. The region between 20° S and 35° S was dominated by decreases in UVR. In the region between 40° S and 60° S, small increases and decreases in UVI were observed.




3.2. Aerosol Optical Depth (AOD) and SO2 Anomalies


The monthly mean and ± 1 standard deviation (SD) of PFR AOD at 368 and 412 nm (Figure 3) showed that there was no clear seasonal cycle evident at these two wavelengths which can be due to the low aerosol concentrations present in air masses from the Southern Ocean [31]. The 500 and 862 nm wavelengths were excluded due to missing data in the data set. The largest daily variability occurred during the austral summer which could be due to biomass burning in the surrounding areas [32].



The daily mean of PFR AOD at 368 and 412 nm (Figure 4) showed an increase in AOD between 9 June and 13 June 2011 as well as on 27 June 2011. These values were above their respective monthly mean.



At the eruption site, the mean monthly and mean daily MERRA-2 SO2 columns (Figure 5a) indicated a seasonal peak which occurred between February and April. During June and July 2011, the highest SO2 level (3.7 × 10−5 kg·m−2) was recorded on 5 June 2011 (Figure 5b), the day after the eruption started. The monthly mean for 2011 was above the climatological mean and there was increased variability during June and July 2011.



At the secondary site, the SO2 columns (Figure 6) were one order of magnitude smaller compared to the eruption site. The mean monthly and ± 1 SD error bars of SO2 column (Figure 6a) showed a peak and increased variability during June to August. At Cape Point, SO2 columns showed an increase from autumn months and reached a maximum during winter. The maximum was followed by a decrease during the spring months. In June and July 2011 (Figure 6b), the daily mean values were below the monthly mean values. However, between 10 and 20 June 2011 there was large variability in daily mean values. Between 12 June to 20 June 2011, the daily mean was above the climatological mean except for 15 June. During July 2011, there was a large increase in SO2. The climatological seasonal variations of SO2 were found to be as expected for a Southern Hemisphere site [33]. The increase during autumn, peaking in winter, and decreasing from spring into summer months may be due to the typical, prevailing synoptic circulation patterns [31].




3.3. Infrared Atmospheric Sounding Interferometer (IASI) and Flexible Particle Model (FLEXPART)


The composite images of IASI SO2 column (Figure 7), IASI ash (Figure 8) and FLEXPART SO2 column (Figure 9) for 4–30 June 2011 shows the trajectory of the plume across the Southern Hemisphere. The SO2 column from IASI and FLEXPART indicated that the highest concentrations of SO2 were found closest to the eruption site and decreased eastward. FLEXPART shows higher dispersion near the release point. The IASI ash observations showed a similar result compared to the SO2 column observations but showed more longitudinal dispersion.



The composite image of IASI SO2 column (Figure 7a), IASI ash (Figure 8a) and FLEXPART SO2 column (Figure 9a) for 4–10 June 2011 indicated that most of the plume was located between 20° S and 60° S. The SO2 column from IASI and FLEXPART showed that the plume did not pass over Cape Point, but the IASI ash observations showed a low percentage ash near Cape Point. The composite image of the IASI SO2 column (Figure 7b), IASI ash (Figure 8b) and FLEXPART SO2 column (Figure 9b) for 11–20 June 2011 indicated that the plume had circumnavigated the Southern Hemisphere. During this period, the IASI and FLEXPART showed low levels of SO2 and ash near Cape Point. This was more evident in the FLEXPART and IASI ash observations. The composite image of the IASI SO2 column (Figure 7c), IASI ash (Figure 8c) and FLEXPART SO2 column (Figure 9c) for 21–30 June 2011 each showed more dispersion and lower levels of SO2 and ash compared to the period between 11–20 June 2011.



Comparing the plume from IASI observations and FLEXPART simulations showed similarities with this and other studies in the trajectory of the plume. A similar eastward transport was seen from the eruption site towards the Indian Ocean while most of the plume was distributed between 40°–60° S. From both IASI and FLEXPART a north-eastwards trajectory was seen on 4–10 June 2011 which resulted in the volcanic ash transport over Buenos Aires [9]. The dominant eastward trajectory and location of the plume south of Cape Point as indicated by the IASI and FLEXPART results agreed with results from other studies [23,26,27].



There were differences in dispersion results produced by IASI and FLEXPART, which were likely due to several factors. Lower volcanic emission after 10 June 2011 meant that IASI was not able to detect the eruption after this date [26]. In FLEXPART, the resolution of the meteorological data, number of particles released, mass, atmospheric lifetime of chemical species and changes in emissions would have had an impact on the FLEXPART simulation [4]. Furthermore, in high wind-shear environments ash and SO2 follow different trajectories due to the deposition of ash [29].



The dispersion of the volcanic plume across the Southern Hemisphere did not have a large impact on surface UVR between 20° S and 60° S. This could be due to factors such as cloud cover and stratospheric ozone [34]. Furthermore, the eruption occurred during the austral winter when UVR are low. Although an increase in AOD was observed between 9–13 June 2011 at Cape Point. It is likely that the increase in AOD was due to the dispersion of volcanic ash (Figure 8) and not SO2 as the dispersion of these particles vary depending on prevailing weather conditions. Furthermore, due to the danger that volcanic ash poses to aircraft, flights to and from Cape Town International Airport were affected between 9–19 June 2011 [35].





4. Conclusions


The dispersion of the volcanic plume from the PCCVC eruption on 4 June 2011 was investigated using satellite observations as well as a dispersion model. The observations and simulations were used to determine whether changes in surface solar UVR levels, AOD and SO2 at the eruption site and a secondary, mid-latitude site could be attributed to the volcanic plume.



Over South America, the volcanic aerosols had an impact on surface solar UVR levels which was largely dependent on the wavelength. At the secondary site, Cape Point, increases in SO2 column and AOD at 368 and 412 nm occurred between 10 June 2011 and 20 June 2011. The increase in AOD was likely due to the dispersion of volcanic ash. Satellite observations showed low levels of SO2 near Cape Point, the secondary site. Future research should investigate the effect of volcanic aerosols using radiative transfer models.
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Figure 1. Map showing the location of the eruption site, Puyehue-Cordón Caulle volcanic complex in South America and the secondary site, Cape Point in South Africa [20]. 
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Figure 2. Ultraviolet index (UVI) anomalies for June 2011 where positive values indicate an increase in UVI and vice versa. 
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Figure 3. Monthly mean and ± 1 standard deviation (SD) error bars of aerosol optical depth (AOD) from precision filter radiometer (PFR) measurements for 368 and 412 nm at Cape Point. 
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Figure 4. Daily mean and monthly mean of PFR measurements during May–July 2011 at 368 and 412 nm at Cape Point. 
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Figure 5. Monthly mean and ± 1 SD for each month (2007–2016) (a) and daily mean and ± 1 SD error bars during May–July 2011 (b) for SO2 column from Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) at the Puyehue-Cordón Caulle volcanic complex (PCCVC). 
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Figure 6. Monthly mean and ± 1 SD for each month (2007−2016) (a) and daily mean and ± 1 SD error bars during May–July 2011, with 10−20 June 2011 indicated in the rectangle (b) for SO2 column from MERRA-2 at Cape Point. 
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Figure 7. Composite image of Infrared Atmospheric Sounding Interferometer (IASI) SO2 column for 4–10 June 2011 (a), 11–20 June 2011 (b) and 21-30 June 2011 (c). 






Figure 7. Composite image of Infrared Atmospheric Sounding Interferometer (IASI) SO2 column for 4–10 June 2011 (a), 11–20 June 2011 (b) and 21-30 June 2011 (c).



[image: Atmosphere 11 00548 g007]







[image: Atmosphere 11 00548 g008 550] 





Figure 8. Composite image of IASI ash for 4–10 June 2011 (a), 11–20 June 2011 (b) and 21–30 June 2011 (c). 
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Figure 9. Composite image of flexible particle model (FLEXPART) SO2 column for 4–10 June 2011 (a), 11–20 June 2011 (b) and 21–30 June 2011 (c). 
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