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Abstract

:

The effusive eruption at Mt. Fagradalsfjall began on 19 March 2021 and it ended a period of about 800 years of volcano dormancy on the Reykjanes Peninsula. To monitor and evaluate power output of the eruption, we compiled in total 254 freely available satellite images from Terra MODIS and Landsat 8 OLI-TIRS via the Google Earth Engine platform over a six-month period. This cloud computing platform offers unique opportunities for remote sensing data collection, processing, analysis, and visualizations at a regional scale with direct access to a multi-petabyte analysis-ready data catalogue. The average radiant power from the lava during this time was 437 MW, with a maximum flux of 3253 MW. The intensity thermal power output of the 2021 Fagradalsfjall (3253 MW) is in marked contrast to radiant power observed at the 2014–2015 Holuhraun Iceland (11956 MW) where, while both eruptions also hosted active lava pools and channel, Holuhraun exhibited a much greater variability in radiant power over the same period of time. We performed Spearman correlation coefficient (SCC). Our results show a positive correlation (0.64) with radiative power from the MODVOLC system, which suggests that both results follow the same general trend. The results provide a unique temporal data set of heat flux, hosted, and processed by a cloud computing platform. This enabled the rapid assessment of eruption evolution via a cloud computing platform which can collect and process time series data within minutes.
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1. Introduction


On 19 March 2021, the Fagradalsfjall volcano began to erupt, ending a period of 781 years of dormancy on the Reykjanes Peninsula, Iceland [1,2]. The eruption of Geldingadalir within the Mt. Fagradalsfjall volcanic complex (Figure 1) was preceded by an intensive earthquake swarm lasting one month in the Fagradalsfjall region [3]. The lava field was created by basaltic fissure eruptions and formed a lava flow field covering 4.8 km2, with a bulk volume of 0.15 km3 [4]. This eruption presents an opportunity to use satellite-based remote sensing to improve our understanding of the basaltic effusive eruption. Here, we present an application of freely available satellite imagery in combination with recent cloud computing technology for inferring eruptive activity based on power output from the eruption. We show how real-time satellite monitoring of the Fagradalsfjall eruption can provide the rapid information needed related to volcano power output.



Background


Volcanic activity involves processes that can change in a short time, such as an explosive activity, fumarole emissions associated with lava ascent, or the opening of an effusive vent. These processes are often related to eruption pattern or style or the timing of their transition [6]. An eruption is the ejection of high-temperature materials such as magma or gas to the surface; therefore, the ejection of these materials may be detectable as a thermal energy by using infrared observations [6]. The thermal energy emitted by erupting volcanoes is a proxy for temporal variations in the intensity of those eruptions [7], which is an important part of analyzing the eruption pattern or state and an efficient method of characterizing eruption sequences. The thermal energy has also been shown to correlate with the mass of lava required to produce that energy [7,8,9]. While this flux is difficult to measure in situ, satellite remote sensing is presently an essential part for monitoring eruption activity of most active volcanoes. Thus, many studies have correlated spectral radiance on satellites (or parameters derived from such measurements) related to volcanic processes, including volcanic gas emissions [10], effusion rates [11,12,13,14,15], dome growth cycle and explosive failure [13,16], temperature estimation [17,18], volume estimation [19,20], and heat flux [7,21,22,23]. Radiant power is one of the most straightforward heat fluxes to estimate by satellite remote sensing [24]. It requires a measurement of the target temperature, the temperature of the area surrounding the target or ambient temperature, and the area of the target. These main parameters can be extracted from remote sensing data collected by satellite-borne sensors. Radiant power has also been shown to act as a reliable proxy for general levels of volcanic eruption activity around the world, particularly when these temporal coverages are of a long duration [22].



Recent improvements in remote sensing data management and cloud computing have opened opportunities to develop a cloud-based platform for automated processing of time series remote sensing data for volcanic applications [25]. Google Earth Engine (GEE) is one of the tools that offers possibilities for remote sensing data access, processing, analysis, and visualizations at a global scale [25,26]. GEE consists of a high-performance computing service with direct access to a multi-petabyte analysis-ready data catalogue. This cloud-based platform has the advantage of straightforward and efficient processing of large volumes of remote sensing data [26] and an ability to derive temporal maps and other GIS-based products without the time investment and cost intensive resources required for traditional methods. In this letter, we focus on using freely available space-based remote sensing data hosted by the GEE platform. By building up a high-density temporal time series of the power output during the effusive eruption, this study will analyze the effusive eruption that occurred in Fagradalsfjall from 19 March 2021 to 18 September 2021 (referred as the “The 2021 Fagradalsfjall eruption”) using the Terra Moderate Resolution Imaging Spectroradiometer (MODIS) and Landsat-8 Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS) sensors. We show the radiant power from the 2021 Fagradafjall eruption varied over this six-month period. Although the 2021 Fagradalsfjall eruption was one of the most well monitored eruptions in Iceland (in-situ) [4], the method of using freely available satellite data with the GEE platform is expected to offer a novel approach for near real-time eruption monitoring without expensive computational resources, time, and data management.





2. Data and Methods


2.1. High Temporal-Low Spatial Resolution Satellite


We used analysis ready data from Terra MODIS level 3 fire radiative power (FRP) to estimate radiative power from the active lava. This product is tile based, with each product file spanning one of the 460 MODIS tiles, 326 of which contain land pixels [27]. All available acquisitions of MODIS FRP were obtained from the GEE [28] as a stack or sequence of images that are being used for time series analysis. The time series product of MODIS FRP provides daily fire mask composites at 1 km resolution derived from the MODIS 4 μm and 11 μm radiances band. Anomaly detection for this product is performed using a contextual algorithm that exploits the strong emission of mid-infrared radiation from thermal anomalies [27]. Although the main aim of this product is detecting fire, other thermal anomalies, such as volcanic eruptions, can also be identified. The nature of the relationship between temperature and spectral radiance means that although the spatial resolution of MODIS is coarse (1 km × 1 km), eruption activity much smaller than this can be detected and quantified [7]. The algorithm examines each pixel of the MODIS swath, and assigns to each pixel one of the following classes: missing data, cloud, water, non-thermal anomaly, and thermal anomaly. For each thermal anomaly pixel detected, the fire radiative power (FRP) within the pixel is estimated using the empirical relationship [29]:


  F R P =  (  4.34 ×   10   − 19       MWK   − 8       km  2   )   (   T 4 8  −      T 4 8   ¯      )  A  



(1)




where    T 4    is the 4-μm brightness temperature of the fire pixel,     T ¯  4    is the mean 4-μm brightness temperature of the non-fire background, and  A  is the total area of the MODIS pixel (1 km2) in which the thermal anomaly was detected. The resulting value of the FRP unit is expressed in MW.




2.2. Low Temporal-Medium Spatial Resolution Satellite


As a second step, a thermal and visual analysis of the multispectral data of the sensors Landsat 8 OLI/TIRS was performed regarding detectable volcanic activity: (1) volcanic ash and water vapor plumes and/or (2) thermal anomaly in the shortwave infrared (SWIR) and TIRS band, respectively. As with MODIS FRP, all available acquisitions of Landsat 8 OLI/TIRS were obtained from GEE as a stack or sequence of images for time series analysis. This dataset has 30 m spatial resolution with 16 days temporal resolution and had been calibrated for sensor radiance. The visual inspection of Landsat 8 OLI was performed using the band combination 7/6/5 (SWIR-2 λ = 2.20 μm/SWIR-1 λ = 1.60 μm/near-infrared (NIR) = 0.86 μm). Furthermore, for detection of thermal anomalies and area analysis we used the thermal eruption index (TEI) algorithm described in detail by [18]. The TEI algorithm combines radiances in band 6 (SWIR-1 = 1.60 μm) and band 10 (TIR-1 = 10.60 μm), respectively. This index uses the square of the TIR-1 spectral radiance and the maximum of the SWIR-1 spectral radiance to differentiate between the thermal domains, expressed as:


  TEI =   B 6 −      (  B 10  )   2    10 ×    B   6  max       B 6 +      (  B 10  )   2    10 ×    B   6  max            (  B 10  )   2       (    B  6  max    3   )   2     



(2)




where   B  6  max      is the maximum value of spectral radiances detected in band 6 for each scene. A pixel is classified as a hotspot with a strong thermal anomaly if TEI > 0.51 or as a less intensive thermal anomaly if 0.1 < TEI < 0.51. In addition, we computed the total TEI of each detected thermal anomaly for each scene. Furthermore, by combining the thermal anomaly for each pixel detected by Landsat-8 OLI, we estimated the total hotspot area that correspond with TEI > 0.51. All the data collection and processing was performed under GEE.




2.3. Data Comparison


In this work, we refer to radiant power of the 2021 Fagradalsfjall eruption provided by MODIS Volcano alert (MODVOLC, http://modis.higp.hawaii.edu/ (accessed on 6 May 2022), [30]) for comparison. MODVOLC use two MODIS sensors, the Terra satellite and one on the Aqua satellite, to monitor the thermal anomaly on a daily basis. To detect thermal anomalies, MODVOLC implements the normalized thermal index (NTI), which is a ratio of the radiances measured by MODIS at 3.959 μm (MODIS Band 21/22) and 12.02 μm (Band 32) [31]. For each thermal anomaly pixel detected, radiative power within the pixel is estimated using a similar approach to Equation (1). We use the Spearman correlation Ccoefficient (SCC) to determine the strength of a relationship between these two sets of radiant power data.



Comparisons of radiant power were also made between the 2021 Fagradalsfjall and the 2014–2015 Holuhraun eruptions. These comparisons were made considering that the eruption had the same duration and basaltic effusive activity. We compare how these eruptions differ with regards to the amount of energy they radiate and how the total amount of energy released varies during the eruption.





3. Results


3.1. Radiant Power Pattern


Here, we identify long-term variations in this eruptive activity by focusing on the cumulative radiant power measured during each day. Figure 2 shows the temporal radiant power calculated for the 2021 Fagradalsfjall eruption constructed using 208 individual MODIS FRP images acquired between 19 March and 13 October 2021. The total amount of radiant power during the eruption was ca. 86,000 MW with a maximum of 3253 MW and an average of 454 MW. The time series shows the fluctuating level of heat flux that mostly was caused by partial cloud cover and volcanic plume. This period of eruptive pattern was divided into four stages (initial, peaks, decrease, and pause stages) based on the time-series analysis (Figure 2). The first thermal signature of volcanic activity in the area was detected on 23 March 2021 (day 5 of the eruption), this initial activity stabilized during the first 31 days of the eruption with a maximum of 947 MW and average of ca. 199 MW. Long-term minor fluctuations in these variations reflect long-term fluctuations in the radiant power of this lava. During the initial stage, the power output was constant and nearly flat, which suggests that the effusion of lava was constant during this stage. The first peak (Peak I) occurred on the day 67 (24 May 2021) with a maximum radiant power of 3091 MW. The average radiant power over these periods was ca. 614 MW. Then, on day 68 to 130, the radiant power decreased from Peak I. The average radiant power during this period was ca. 302 MW. Subsequently, the value decreased to low levels and infrequently stopped between days 131 and 138. This was caused by the volcanic plume and intense cloud cover during this stage. The second peak (Peak II) occurred on day 147 with a maximum peak of 3253 MW and an average of ca. 1564 MW. This period had the most intensive radiant power during the eruption. During the last few days of this period, the value decreased to low levels when a week-long pause in activity occurred from day 166 to 177, which was then followed by a week-long period of the third peak (Peak III) from day 178 to 189 with a maximum radiant power of 2000 MW and an average of 533 MW. Finally, the radiant power discontinuously dropped for the last thermal signature, which marks the point when the effusion of lava finally ceased.



The analysis of the higher spatial resolution images (hotspot detection based on Landsat 8 OLI-TIRS using 46 constructed datasets) showed eruption activity from this period featured a hotspot area ranging from 0.2 to 2 km2 (Figure 2). These values provide a rough estimate of the total hotspot area, because of the plume affecting the number of detected hotspot areas. Figure 3 shows temporal activity of the lava flow. The area of strong SWIR signature from Landsat 8 OLI corresponds well with the radiant power derived from MODIS FRP but has less frequent observations. During the initial stage of the eruption between 22 March and 29 March 2021 (day 4 and 10 of the eruption) the vents maintained a steady area of active lava flow which demonstrate that the effusion of lava was constant during this week-long period, although only two data points available from the Landsat 8, however field observation shows agreement that lava flow was constant and occupied area ca. 0.2 km2. On 9 May 2021 (day 52) the active lava migrated and formed a channel with an area coverage of 1 km2. In this period (9 May and 10 June 2021) the vent activity stabilized at one location with an average active lava area of ca. 0.83 km2. The 26 June 2021 (day 99) to 3 July (day 106) was characterized by the maximum areal coverage by active lava. The maximum active lava coverage during this period was 2 km2 with an average of ca. 1.5 km2. Based on hotspot detection, the 13 August (day 148) was the last hotspot detected by Landsat 8 due to significant cloud cover and less frequent datasets prior to the eruption ending.




3.2. Comparison with MODVOLC Radiant Power


The MODIS FRP and MODVOLC derived radiant powers follow the same general trend, but the magnitudes of the values differ (Figure 4). When averaged over the duration of the eruption, MODVOLC exhibited the higher radiant flux (797 MW) compared with MODIS FRP (437 MW) over its 191 days duration. On the other hand, the total amount of radiant power detected by MODVOLC during the eruption was ca. 81,000 MW with a maximum of ca. 3297 MW. Because we are primarily interested in analyzing the correlation in pattern, the overall radiant power patterns are more important than their absolute values. We calculated the Spearman correlation coefficient between MODIS FRP and MODVOLC for the entire eruption and each of the eruption stages (Table 1). The strongest correlation, with a Spearman correlation coefficient of 0.72, is for Peak I (day 40 to 67 of eruption). The lowest Spearman correlation coefficient (0.34) is from the period of decrease prior to Peak II when MODIS FRP had periods of underestimate and overestimate of hot spot anomalies (days 125 to 150). This was caused by the different detection algorithms of MODIS FRP and MODVOLC which have different sensitivities towards the volcanic plume and intense cloud (discussed more in Section 5). The overall eruption exhibited a relatively positive correlation (0.64) between MODIS FRP and MODVOLC.




3.3. Comparison with the 2014–2015 Holuhraun Eruption


The radiant flux time series of the 2014–2015 Holuhraun eruption constructed using 211 individual MODIS FRP images acquired between 31 August 2014 and 30 March 2015. The 2021 Fagradalsfjall thermal power output is in marked contrast to the power output observed at the 2014–2015 Holuhraun eruption, Iceland (Figure 5), which also hosted active lava ponds and channels. We performed mean normalization to calculate variance for both time series. Holuhraun exhibited much larger variance in radiant power (0.048) compare with Fagradalsfjall (0.024) over the same period (Figure 5b). In the first 15 days of the eruption, the 2021 Fagradalsfjall eruption started with low and stable radiant power in the range of ca. 100 to 940 MW. Meanwhile, the 2014–2015 Holuhraun started with radiant power in the range of ca. 1100 to 7900 MW, meaning the 2021 Fagradalsfjall eruption has only ca. 10% of Holuhraun’s radiant power during the initial stage. By contrast, Holuhraun has a total radiant power of ca. 350,000 MW with a maximum radiant power of 11,956 MW and an average of 2071 MW over the course of the eruption.





4. Discussion


There are some limitations to the interpretation of satellite-derived thermal time series. MODIS FRP has not been tested for cloud effects. Therefore, a large decline in radiative power from one observation time to the next does not necessarily mean that the energy of the eruptive radiation has decreased. According to Wright and Pilger [22], complete occlusion by thick clouds does not have this effect, because in this case MODIS records the temperature of the cloud, not the eruption, so no hotspot would be detected. Instead, partial cloud cover (or the presence of cirrus clouds) suppresses the satellite’s spectral radiance. Similar results can be expected due to the presence of subpixel-sized clouds or volcanic plumes above the detection target. An advantage of the dense temporal coverage from MODIS that we use here for eruption monitoring is that the substantial number of images analyzed mitigates these effects. Instead of analyzing each image, we can describe general trends depicted by the radiant power time-series we present.



The 2021 Fagradalsfjall eruption started with low and stable radiant power in the first 31 days which corresponds well with a low initial effusion rate from a recent study based on airborne observation [4]. This indicates a thermal anomaly of the 2021 Fagradalsfjall eruption generated from small total area during this first initial stage. Our results from Landsat-8 OLI/TIRS also indicate, during this initial stage, that the 2021 Fagradalsfjall eruption covered an area up to 0.9 km2, in contrast with the 2014–2015 Holuhraun eruption, which covered an area of ca. 58.3 km2 during the first phase of the eruption with a much higher radiant power and effusion rate [18,32]. On 26 June to 13 August 2022 (day 99 to 147), the eruption reached a maximum areal coverage (up to 2 km2) and radiant power (up to 3253 MW) detected by both MODIS and OLI/TIRS. This period corresponds to episodic activity with intense lava emplacement according to the observation during the phase 4 of the eruption [4]. The undetected thermal anomaly during day 166 to 177 (pause stages) corresponds well with a observed week-long pause in activity which was then followed by a week-long period of activity [4] which also corresponds well with Peak III (day 178 to 189) before the eruption ended. It is clear that our results indicate that the 2021 Fagradalsfjall eruption is considered as a low-intensity basalt eruption in terms of power output and areal coverage compared with the other recent Icelandic basalt eruption, the 2014–2015 Holuhraun eruption [7,32]. Holuhraun hosted an active lava lake and a 20 km long lava flow channel [18,32] which also made the radiant power much greater than Fagradalsfjall.



Furthermore, the variation and magnitude of radiant power for thermally anomalous pixels gathered by MODIS FRP and MODVOLC show a marked difference (i.e., overestimation and underestimation), which may be driven by the different algorithm sensitivity capabilities between MODIS FRP and MODVOLC. In this case, MODVOLC performs better in term of number of images which were analyzed, since the algorithm use both Terra and Aqua satellites [33], compared to our study which uses only Terra. However, the advantage of using GEE for such processing is flexibility to include other freely available remote sensing datasets such as VIIRS, Aqua MODIS FRP, ASTER and Sentinel-2 MSI to increase temporal coverage of multi-platform time series [25] and derive radiant power. The platform also can produce time series charts and visualizations in under 5 min, making this platform simple to utilize and efficient to process large volumes of data to monitor future eruption.




5. Conclusions


In this letter, we explored the potential of a cloud computing platform in analyzing the radiant power from the 2021 Fagradalsfjall. Our results indicate that this eruption is a low-intensity basalt eruption in term of power output. The total amount of radiant power during the eruption was ca. 86,000 MW with maximum of 3253 MW and an average of 454 MW. The thermal output of the 2021 Fagradalsfjall contrasts with the output observed in the 2014–2015 Holuhraun, which also had active lava pools and channels. During the same period, Holuhraun showed a greater variation in radiated power. In comparison with radiative power measured from the MODVOLC system, our study shows a positive correlation (0.64) indicating that both results follow the same general trend. This radiant power time-series have been shown to act as a reliable proxy for variations in the intensity of an eruption, determining stages of eruption from the initial stage to the end of eruption. Radiant power of the 2021 Fagradalsfjall eruption has been divided into four types of stages; an initial stage, peak stages, a decrease stage, and a pause stage. These stages correspond well with field observation of other volcanological parameter such as effusion rate [4]. The use of Google Earth Engine allows for the compilation of a multi-platform satellite dataset of the thermal power from Earth’s volcanoes. Such a database will allow us to analyze both past and ongoing eruptions, with an increased temporal coverage. The platform also can produce time series charts and visualizations within minutes, making this platform simple to utilize and efficient to process large volumes of data to monitor future eruption.
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Figure 1. The 2021 Fagradalsfjall lava flow field map (red polygon). Green box indicates the image subset location. The shading in the image is the hill shade, created from ArcticDEM. The 2021 Fagradalsfjall lava flow field is situated at Mt. Fagradalsfjall Reykjanes Peninsula, Iceland. (Source of base map from Esri World Imagery [5]). 
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Figure 2. The time series of radiant power detected (red) during the 2021 Fagradalsfjall eruption derived from MODIS FRP; eruption stages (dashed line) in the 2021 Fagradalsfjall eruption based on the radiant power pattern. This period of eruptive pattern was divided into four stages (initial, peaks, decrease and pause stages). Temporal area covered by detected active lava hotspot (green) derived from Landsat-8 OLI-TIRS. 
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Figure 3. The images from Landsat 8-OLI (band combination 7/6/5) show the temporal evolution of the 2021 Fagradalsfjall eruption. The active lava flows were detected by the satellite from 22 March 2021 until 13 August 2021. 
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Figure 4. Plot shows the radiant power of the 2021 Fagradalsfjall eruption from MODIS FRP in red and from MODVOLC in light blue. The Spearman correlation coefficient of these two datasets is 0.64 over the entire duration of the eruption. 
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Figure 5. (a) Radiant flux comparison from the 2021 Fagradalsfjall (red) and the 2014–2015 Holuhraun eruption (black); (b) mean normalization and variance of radiant flux comparison from the 2021 Fagradalsfjall (red) and the 2014–2015 Holuhraun eruption (black). 
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Table 1. Spearman correlation coefficient showing the degree of correlation between MODIS FRP and MODVOLC during the 2021 Fagradalsfjall eruption.
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	Initial Phase
	Peak I
	Decrease
	Peak II
	Pause
	Peak III
	Overall Eruption





	Spearman correlation
	0.52
	0.72
	0.55
	0.34
	0.44
	0.62
	0.64
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