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Abstract

:

During a volcanic eruption, copious amounts of volcanic gas, aerosol droplets, and ash are released into the stratosphere, potentially impacting radiative feedback. One of the most significant volcanic gases emitted is sulphur dioxide, which can travel long distances and impact regions far from the source. This study aimed to investigate the transport of sulphur dioxide and sulphate aerosols from the Tonga volcanic eruption event, which occurred from the 13th to the 15th of January 2022. Various datasets, including Sentinel-5 Precursor (TROPOMI), the Ozone Monitoring Instrument (OMI), and the Ozone Mapping and Profiler Suite (OMPS), were utilized to observe the transport of these constituents. The TROPOMI data revealed westward-traveling SO2 plumes over Australia and the Indian Ocean towards Africa, eventually reaching the Republic of South Africa (RSA), as confirmed by ground-based monitoring stations of the South African Air Quality Information System (SAAQIS). Moreover, the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) demonstrated sulphate aerosols at heights ranging from 18 to 28 km with a plume thickness of 1 to 4 km. The results of this study demonstrate that multiple remote sensing datasets can effectively investigate the dispersion and long-range transport of volcanic constituents.






Keywords:


volcanic emission; Sentinel-5P; aerosols; SO2; transport












1. Introduction


Volcanic eruptions are natural phenomena that can have significant impacts on climate, environment, and human health. With approximately 1500 potentially active volcanoes worldwide, understanding the transport of volcanic emissions is crucial for assessing their impact. Volcanic eruptions release a variety of gases and aerosols, including sulfur dioxide (SO2) and volcanic carbon dioxide (CO2), which can affect climate by promoting global warming and cooling, respectively [1]. These emissions can also cause secondary events, such as floods, landslides (if accompanied by precipitation), and wildfires, which further exacerbate their impact. Health impacts of volcanic eruption include suffocation, traumatic injuries, infectious diseases, and respiratory diseases. In particular, volcanic acid rain dominated by hydrochloric and sulfuric acid can harm aquatic environments, agricultural products, and wildlife. To fully comprehend the impact of volcanic emissions, remote sensing datasets and reanalysis data have been utilized to observe the transport and distribution of volcanic materials.



Several studies have assessed the transport and distribution of volcanic emissions. Recently, Vernier et al. [2] studied the distribution of volcanic materials in the lower stratosphere after the Mount Kelud (7.96° S, 112.31° E) eruption that occurred in 2014, where approximately 0.15 Tg of SO2 was measured. Stone et al. [3], Lopes et al. [4], Sangeetha et al. [5], Shikwambana and Sivakumar [6], and Bègue et al. [7] observed the transport of volcanic constituents from the Calbuco (41.2° S, 72.4° W; Chile) volcanic eruption in 2015, where approximately 0.36 Tg of SO2 was measured. Kloss et al. [8] investigated the Raikoke (48.29° N, 153.25° E; Kuril Islands) and Ulawun (5.05° S, 151.33° E; Papua New Guinea) eruptions in 2019, where approximately 0.36 Tg and 1.5 Tg of SO2 were measured for Ulawun and Raikoke, respectively. Recently, Kloss et al. [8] utilized in situ observations (using a light optical aerosol counter (LOAC) on two balloon flights and ground-based (lidar) measurements) of aerosol concentration and size distribution, the optical and micro-physical properties of the aerosols, and satellite data to investigate the stratospheric Hunga Tonga plume. According to Shin et al. [9], volcanic eruptions emit SO2, which is known to increase optical thickness at stratospheric altitudes. Explosive volcanic eruptions directly inject the largest source of sulphate aerosol quantities into the stratosphere. Depending on various factors such as injection height, total mass loading, latitudes, and dispersion pattern, these sulphate aerosols can travel over long distances and persist for extended periods of time [10].



Various satellite sensors have been utilized to examine the distribution and transport of volcanic emissions. Some of the commonly used satellite sensors are Sentinel-5P [11,12], the Ozone Monitoring Instrument (OMI) [13,14], Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) [15,16], and MODIS [17,18]. However, few studies have used reanalysis data to investigate the distribution of SO2 from volcanic eruptions. Reanalysis data enhance our knowledge of how the factors that impact our climate have changed over time. One advantage of reanalysis is that it can fill gaps in observations in both time and space.



This paper aimed to investigate the transport of SO2 and volcanic aerosols emitted from the Tonga eruption site to South Africa using different remote sensing datasets. To our knowledge, no such studies have been conducted. Specifically, the objectives were to study (1) the length of time the SO2 and the aerosols took to travel to South Africa, (2) the altitudes at which volcanic aerosols were detected over southern Africa, and (3) the impact of the volcanic aerosols and SO2 over southern Africa. By analyzing the distribution of volcanic constituents, we can gain a better understanding of their transport across different altitudes and distances and their potential impact on climate and the environment.




2. Description of the Tonga Volcano Eruption


Hunga Tonga–Hunga Ha‘apai (Tonga) (20.54° S, 175.38° E) is a submarine volcano in the South Pacific located about 30 km south of the submarine volcano of Fonuafo‘ou and 65 km north of Tonga’s main island (see Figure 1). Tonga has 21 Holocene volcanoes including volcanoes that have erupted within the past 20 years. More recently, the Tonga volcano erupted on 13 and 14 January 2022 with the largest and explosive eruption occurring on 15 January 2022 at 17:30 local time (4:30 UTC) [19]. It is estimated that the eruption column from the 15 January 2022 eruption may have risen as much as 55–58 km into the Mesosphere [19]. The eruption released tons of ash, dust, and toxic gases into the atmosphere. A detailed description and the impact of the eruption were published in the Global Volcanism Program [19]. In summary, the report showed that ashfall and tsunami had damaged all the islands; dozens of earthquakes, M 4.5–5, were centered in the vicinity of the volcano after the eruption; and, as a result of the ashfall and earthquakes, domestic flights were suspended. It is estimated that ~ 0.4 megatons of SO2 were released into the stratosphere and this was unlikely to have any global cooling effect. Furthermore, Xu et al. [20] showed that a total amount of 139 ± 8 Tg of water vapor was injected into the stratosphere and resulted in an increase of 8.9 ± 0.5% in global stratospheric water vapor.




3. Data


3.1. Sentinel-5P/TROPOMI


Sentinel-5 Precursor (Sentinel-5P) is a Copernicus mission launched in 2017 to monitor the Earth’s atmosphere with high spatio-temporal resolution, using the Tropospheric Monitoring Instrument (TROPOMI) near-nadir imaging spectrometer. The mission’s objective is to perform atmospheric measurements for air quality, ozone, and UV radiation, and climate monitoring and forecasting. The TROPOMI instrument operates in a push-broom configuration, covering wavelength bands between the ultraviolet and the shortwave infrared, with a swath width of ~2600 km on the Earth’s surface. The typical pixel size (near nadir) is 7 × 3.5 km2 for all spectral bands, with the exception of the UV1 band (7 × 28 km2) and SWIR bands (7 × 7 km2). The TROPOMI SO2 column density data from 1 January to 5 February 2022 were used in this study. Detailed SO2 retrievals from the TROPOMI are discussed by Theys et al. [11]. Data processing was carried out using Google Earth Engine and Quantum Geographic Information System (QGIS). More information on Sentinel-5P and the TROPOMI can be found in Theys et al. [11], Tilstra et al. [21], and Verhoelst et al. [22].




3.2. OMI


The OMI (Ozone Monitoring Instrument) is an imaging spectrometer launched in 2004 as part of the EOS (Earth Observing System) Aura spacecraft. It measures solar radiation backscattered by the Earth’s atmosphere and surface in the wavelength range of 270–500 nm with a spectral resolution of approximately 0.5 nm. The OMI has a nadir viewing configuration and measures 60 cross-track positions or pixels, with varying pixel sizes depending on the track position. The pixel sizes range from 13 × 24 km2 at nadir to about 28 × 150 km2 at the outermost swath angle.



The OMI provides near-global coverage of solar backscatter radiances in one day (14 orbits), with a revisit time of 1–2 days. It is capable of measuring key air quality components such as nitrogen dioxide (NO2), SO2, and aerosols. It can also map ozone profiles at 36 × 48 km and distinguish between different aerosol types, including smoke, dust, and sulphates. In this study, the OMI SO2 column amount data from 1 January to 5 February 2022 were used. The data were obtained through the Giovanni platform, which facilitates access to Earth science data from NASA satellites. More details on the OMI can be found in Boersma et al. [23], Bucsela et al. [24], Levelt et al. [25], and Levelt et al. [26].




3.3. OMPS


The Ozone Mapping and Profiler Suite (OMPS) was launched in October 2011. It is aboard the joint NASA/NOAA Suomi National Polar-orbiting Partnership (Suomi NPP) satellite. Near-real-time OMPS products include the total column ozone, vertical ozone profile swath, aerosol index, and SO2. More details on the OMPS are given by Flynn et al. [27] and Yang et al. [28].




3.4. CALIPSO


CALIPSO is a satellite mission launched in April 2006, aimed at understanding the impact of aerosols and clouds on the Earth’s radiation budget and climate. The mission uses a light detection and ranging (lidar) and imaging system, which includes three co-aligned nadir-viewing payloads: the Imaging Infrared Radiometer (IIR), the Wide-Field Camera (WFC), and the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP). CALIOP is a two-wavelength polarization-sensitive lidar that provides high-resolution vertical profiles of aerosols and clouds. The algorithms used to retrieve a variety of optical and microphysical properties from CALIOP data are discussed in detail by Winker et al. [29], while further details on the CALIPSO mission can be found in Winker et al. [30] and Winker et al. [31].




3.5. SAAQIS


The South African Air Quality Information System (SAAQIS) is a platform for managing air quality information in South Africa. The SAAQIS aims to ensure that accurate, current, complete, and relevant air quality information is available to stakeholders and the public. The South African Weather Service (SAWS) is the custodian of the SAAQIS. More details on the SAAQIS are given by Gwaze and Mashele [32]. SAAQIS data can be accessed at https://saaqis.environment.gov.za/ (accessed on 26 July 2023). In this study, we have used the SO2 measurements.





4. Results


4.1. SO2 Observations and SO2 Time Series by TROPOMI


TROPOMI SO2 imagery for the 0–40° S and 10–180° E region, with a spatial resolution of 3.5 × 5.5 km, is shown in Figure 2. In the period 6–12 January 2022, a low SO2 column density, less than 1.14 × 10−4 mol/m2, was observed by the TROPOMI over the study region. This was prior to the volcanic eruption. However, during the 13–21 January 2022 period, a large plume of SO2 (4 × 10−4 mol/m2) was observed by the TROPOMI travelling from the eruption site and travelling over Australia. During the period of 21–27 January 2022, a large SO2 plume was observed travelling over the Indian Ocean and Madagascar towards southern Africa. Specifically, SO2 reached southern Africa and travelled over the Atlantic Ocean. Most interestingly, sudden SO2 plumes were observed over some parts of the Republic of South Africa (RSA) during the 28 January–5 February 2022 period, which is something generally not seen in those areas.



Figure 3 shows SO2 time series from the volcanic eruption over four sites: Tonga, Australia, the Indian Ocean, and central South Africa. Before 12 January 2022, low SO2 column densities (<0.0005 mol/m2) were observed (see Figure 3a). A strong SO2 peak (0.0037 mol/m2) was suddenly observed on 13 January over the Tonga site due to the eruption. Moderate SO2 peaks (0.00115 mol/m2 and 0.0007 mol/m2) around 22–24 January and 28 January 2022 were also observed. The two peaks imply that two SO2 plumes traveled at different times from the origin site. Low SO2 peaks (<0.00055 mol/m2) were observed between 21–26 January 2022 over the Indian Ocean (see Figure 3c). The low-density column values imply that the SO2 was dissipating as it travelled away from the origin site. On 1 February 2022, a moderate SO2 peak (0.0007 mol/m2) was observed over central South Africa (see Figure 3d), which could have had contributions from surrounding coal power stations, but the major contributor was the volcanic eruption.




4.2. SO2 Observation and Time Series over RSA Using OMI and Ground-Based Monitors


The columnar TROPOMI SO2 imagery over the RSA region (20–35° S and 15–35° E) is shown in Figure 4a. The known SO2 hotspots [33,34] are clearly visible in the 01–12 January and 13–26 January 2022 periods. These SO2 hotspots originate from the coal power stations situated in the Highveld of Mpumalanga Province and in Limpopo Province in the RSA. A noticeable dispersion of SO2 (red blocks) in the interior of the RSA and in the eastern part of the RSA is also observed. This unusual SO2 emanated from the Tonga volcanic eruption. Figure 4b shows the OMI SO2 column density time series from 1 January to 10 February 2022 over the RSA region. Generally, low daily SO2 column density (less than 0.04 mol/m2) values were observed from 1–31 January 2022. A temporary increase in SO2 loading (~0.06 mol/m2) was observed on 2 February 2022. This was the SO2 emitted from the volcanic eruption. It is estimated that the SO2 took ~18 days to travel from Tonga to the RSA. Figure 4c shows the SO2 time profiles measured from the ground monitoring stations in the RSA. The SO2 ground monitoring stations in the RSA agreed with the OMI SO2 observations. SO2 peaks at the Balfour station in Mpumalanga showed the highest SO2 concentration (~90 ppbV) during the overpass of the SO2 on 5 February 2022. Other ground monitoring stations showed a high SO2 concentration, such as the Alexandra station in Gauteng Province at ~40 ppbV on 3 February 2022; Middleburg in Mpumalanga Province and Zamdela in Free State Province both showed SO2 concentrations of ~20 ppbV on 5 February 2022. These results complement each other and give a detailed picture of the transport of SO2 from Tonga.




4.3. OMPS SO2 Observation and OMI SO2 Time Series


Figure 5a,b show the lower stratospheric (STL) SO2 column on 18 January and on 23 January 2022, respectively. On 18 January 2022 (see Figure 5a), a high SO2 loading in the lower stratosphere was observed over northern Australia. The SO2 mass was measured at 352.5 kt and the maximum column density was measured at 9.68 DU. In general, air mass is responsible for the transport of gases and aerosols in the atmosphere. In this study, it took the air masses three days to transport the large amount of SO2 from the eruption site to Australia. One of the disadvantages of stratospheric SO2 is its ability to convert into sulfate aerosol which interacts with the long-lived Junge layer [35]. Disappointingly, the dynamics of the Junge layer are still not well understood [35]. Moreover, it is known that stratospheric aerosols are an important climate forcing factor because they modify both the shortwave and longwave radiation in the atmosphere and reaching the Earth’s surface [36]. It is speculated that the SO2 plume did not have a major impact over Australia. On 23 January 2022, the OMPS shows that the SO2 plume dissipated to a SO2 mass of 140 kt and a SO2 max column density of 2.79 DU. The dissipation of SO2 in the atmosphere can be caused by several factors such as conversion of SO2 to sulphate and chemical reactions with other atmospheric compounds and/or elements to form new species and chemical reactions with water vapor to form acid rain. Figure 5b further shows SO2 travelling in a westward direction over southern Africa towards the Atlantic Ocean. The observation of moderate SO2 column STL (~1.2 DU) in Africa was observed over Angola and Zambia. A time series of the SO2 daily column over the 0–40° S and 10–180° E region retrieved from the OMI is shown in Figure 5c. A background SO2 column density of ~0.025 DU was present from 1–12 January 2022. The SO2 background is the “normal” SO2 concentration in the absence of an event. However, a sharp increase in SO2 column density (0.31 DU) was observed from 15 to 16 January 2022. This sudden rise in the SO2 loading was due to the large Tonga volcanic eruption that occurred on the 15th of January 2022. The broad peak implies that the SO2 dissipated slowly over time until it reached its background SO2 column density of ~0.025 DU around 28 January 2022. From 28 January to 5 February 2022, a temporary slight increase in SO2 was observed in the RSA (see Figure 3, TROPOMI).




4.4. Trend Analysis of AOD and Angstrom Parameter


Aerosol optical depth (AOD) is an indicator of the aerosol loading in the vertical column of the atmosphere and constitutes the main parameter to assess the aerosol radiative forcing and its effects on climate. The Angstrom parameter (AP) gives information on the predominant size of suspended particles, and it is also an indicator of the relative fine mode strength. Figure 6 represents the daily MODIS AOD and aerosol Angstrom parameter over a period from 1 January to 28 February 2022. In general, the results show that higher AOD values were associated with relatively lower AP values. The higher AOD peak of 0.166 on 18 January 2022 was associated with a thick volcanic aerosol plume over Australia (see Figure 2). This was accompanied by a low AP value of 1.061, which implied the presence of coarse mode aerosols. On the other hand, higher values of AP between 1.2 and 1.4 could imply the presence of mixed aerosols [37].




4.5. CALIPSO Volcanic Aerosol Observations


The CALIPSO vertical feature mask (VFM) classifies aerosols and clouds based on their physical feature [38]. Figure 7 shows the VFM with a daily consistent stratospheric feature at altitudes between 18 and 28 km classified as volcanic sulfate aerosol originating from the Tonga volcanic eruption. The eruption released matter into the stratosphere, thus increasing the volcanic sulfate aerosol loading. Furthermore, Figure 7 shows the transport of the volcanic sulphate aerosol over Australia on 19 January 2022 in a westward direction, over the Indian Ocean on 26 January 2022, and finally travelling over the RSA on 29 January and 3 February 2022. This observation agrees with the TROPOMI, which also observed the transport of SO2 in the same manner. The largest volcanic sulfate aerosol plume thickness, of ~4 km, was observed on 19 January 2022 (4 days post-eruption). The thick volcanic sulphate aerosol layer in the stratosphere can affect the Earth’s radiative balance by increasing the scattering of incoming solar radiation and enhancing the infrared absorption, and thus can temporarily cool the Earth’s surface and troposphere [39]. Sellitto et al. [40] showed that, immediately after the eruption at the top-of-the-atmosphere and surface, volcanic aerosol cooling dominated the radiative forcing. They further showed that water vapor radiative cooling dominated the local stratospheric heating/cooling rates [40]. A moderate plume thickness of ~1 km was also observed over the RSA on 29 January 2022. This thin volcanic sulfate aerosol layer also likely had a cooling effect on the Earth’s surface and the troposphere.





5. Discussion and Summary


Various studies on the Tonga volcanic eruption have been conducted. For example, Kloss et al. [21] used the balloon-borne characterization method over La Réunion Island (21.1° S, 55.3° E) to observe the stratospheric aerosol plume one week after the volcanic eruption. Their observations showed sampled plumes between 19 and 25 km consisting of very small particles with radii between 0.5 and 1 µm. Li et al. [41] investigated the total electron content (TEC) variation over China due to the volcanic eruption. They observed the TEC perturbations passing over China four times after the Tonga volcano eruption. The travelling speed of the four signals were 340, 310, 301, and 264 m s−1.



To our knowledge, no studies on the transport of SO2 and volcanic aerosols have been conducted over South Africa. Therefore, this study intends to address that gap. The results clearly show that SO2 and volcanic aerosols plume did indeed travel over the Indian Ocean to reach South Africa by the general circulation. The TROPOMI as well as ground-based instruments (SAAQIS) in South Africa showed abnormally higher amounts of SO2 in the northeastern and central parts of South Africa emanating from the volcanic eruption. Volcanic aerosols as high as 22 km in altitude were observed. Xu et al. [20] reported that large amounts of water vapor were injected into the stratosphere and were likely transported with the volcanic aerosols. The increase in water vapor in the upper troposphere and lower stratosphere (UTLS) would lead to radiative cooling and induce warming at the surface. Charlesworth et al. [42] also showed that the abundance of water vapor in the UTLS levels are sensitivity of the atmospheric circulation.



From the TROPOMI measurements, the SO2 column density (mol/m2) values were at 0.0040 (Tonga), 0.0012 (Australia), 0.0055 (Indian Ocean), and 0.0007 (South Africa). The observed SO2 values over South Africa were around 5.7 times weaker than those observed over Tonga and 1.7 times weaker than those observed over the Indian Ocean. The decrease in the SO2 column density was due to the oxidation of SO2 to gaseous sulfuric acid which further condensed into H2SO4–H2O liquid aerosol, which is expected [43].



The conversion of SO2 to H2SO4, which condenses rapidly in the stratosphere to form fine sulfate aerosols, is the most significant climate impact from volcanic injections into the stratosphere. This process increases the reflection of radiation from the sun back into space, which reduces the impact of global warming by cooling the Earth’s lower atmosphere [44]. Thus, monitoring the distribution of SO2 and sulfate aerosols after a volcanic eruption is vital. High spatial and temporal resolution observations are key to enabling the observation of SO2 and sulphate aerosols and providing better concentration estimates that can be used as inputs into climatic models. TROPOMI datasets are good at determining the transport and total column density of SO2. In conjunction with CALIPSO data, they provide a more accurate scenario of the direction and height of the volcanic constituents’ travel. The transport of the volcanic constituents analyzed for this study was limited to the RSA; however, the time scale could be extended to observe how far the SO2 and sulfate aerosols travelled.
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Figure 1. Hunga Tonga–Hunga Ha‘apai submarine volcano (image retrieved from Google Earth Pro). 
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Figure 2. Transport of SO2 from the Tonga volcanic eruption observed using TROPOMI. 
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Figure 3. Time series of SO2 (mol/m2) retrieved from TROPOMI over (a) Tonga volcanic site, (b) Australia, (c) Indian Ocean, and (d) central South Africa. 
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Figure 4. (a) Spatial distribution of SO2 column density over RSA from 1 January to 5 February 2020. (b) OMI SO2 column density time series from 1 January to 5 February 2022 over RSA. (c) SO2 concentration from various ground monitoring stations in RSA. 
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Figure 5. Transport of SO2 observed from OMPS on (a) 18 January 2022 and (b) 23 January 2022. (c) OMI SO2 column density time series from 1 January to 10 February 2022 over 0–40° S and 10–180° E region. 
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Figure 6. Daily evolution of MODIS AOD and aerosol Angstrom parameter during the period 1 January to 28 February 2022 from the Tonga volcanic eruption site to the southern Atlantic Ocean. 
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Figure 7. CALIPSO vertical feature mask profiles showing a consistent stratospheric layer (volcanic/sulphate aerosols) from 19 January to 3 February 2022. 
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