Earth, Planets and Space© The Author(s) 2021
https://doi.org/10.1186/s40623-021-01372-w

Express Letter

Simple empirical method for estimating lava-effusion rate using nighttime Himawari-8 1.6-µm infrared images

Takayuki Kaneko1  , Atsushi Yasuda1   and Toshitsugu Fujii2  
(1)Earthquake Research Institute, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan

(2)Mount Fuji Research Institute, 5597-1 Kenmarubi, Kamiyoshida, Fujiyoshida Yamanashi, 403-0005, Japan

 

 
Takayuki Kaneko (Corresponding author)
Email: kaneko@eri.u-tokyo.ac.jp

 
Atsushi Yasuda
Email: yasuda@eri.u-tokyo.ac.jp

 
Toshitsugu Fujii
Email: fujii@eri.u-tokyo.ac.jp



Received: 4 October 2020Accepted: 28 January 2021Published online: 7 February 2021
Abstract
The effusion rate of lava is one of the most important eruption parameters, as it is closely related to the migration process of magma underground and on the surface, such as changes in lava flow direction or formation of new effusing vents. Establishment of a continuous and rapid estimation method has been an issue in volcano research as well as disaster prevention planning. For effusive eruptions of low-viscosity lava, we examined the relationship between the nighttime spectral radiance in the 1.6-µm band of the Himawari-8 satellite (R1.6Mx: the pixel value showing the maximum radiance in the heat source area) and the effusion rate using data from the 2017 Nishinoshima activity. Our analysis confirmed that there was a high positive correlation between these two parameters. Based on the linear-regression equation obtained here (Y = 0.47X, where Y is an effusion rate of 106 m3 day−1 and X is an R1.6Mx of 106 W m−2 sr−1 m−1), we can estimate the lava-effusion rate from the observation data of Himawari-8 via a simple calculation. Data from the 2015 Raung activity—an effusive eruption of low-viscosity lava—were arranged along the extension of this regression line, which suggests that the relationship is applicable up to a level of ~ 2 × 106 m3 day−1. We applied this method to the December 2019 Nishinoshima activity and obtained an effusion rate of 0.50 × 106 m3 day−1 for the initial stage. We also calculated the effusion rate for the same period based on a topographic method, and verified that the obtained value, 0.48 × 106 m3 day−1, agreed with the estimation using the Himawari-8 data. Further, for Nishinoshima, we simulated the extent of hazard areas from the initial lava flow and compared cases using the effusion rate obtained here and the value corresponding to the average effusion rate for the 2013–2015 eruptions. The former distribution was close to the actual distribution, while the latter was much smaller. By combining this effusion-rate estimation method with real-time observations by Himawari-8 and lava-flow simulation software, we can build a rapid and precise prediction system for volcano hazard areas.[image: ../images/40623_2021_1372_Figa_HTML.png]
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Introduction
It has been a vital issue to develop a method for continuous and quick estimation of the discharge rate of lava, to promote volcano research and disaster prevention planning. The discharge rate is one of the prime parameters that affects various aspects of eruptive activities. In effusive eruptions, the discharge rate is closely related to the length of lava flows (Walker 1973) and is also a critical input parameter that influences the results of lava-flow simulations (e.g., Ishihara et al. 1990; Miyamoto and Sasaki 1998). There are two ways to describe the discharge rate for effusive eruptions (Wadge 1981): the “eruption rate” is the average discharge rate throughout the activity period, and the “effusion rate” is the instantaneous discharge rate, which changes over the course of the activity. Notably, knowing the effusion rate is essential because it is closely related to the migration process of magma underground (Wadge 1981), as well as surface phenomena, including short-term events such as the growth pattern of lava domes (e.g., exogenous versus endogenous growth; Nakada et al. 1995), in addition to changes in the flow direction of lava or the formation of new effusing vents (Kaneko et al. 2019b).
Despite the importance of the effusion rate, its measurement is not straightforward. To obtain precise information on variations in the effusion rate, we need to make very complex topographic measurements over short intervals (e.g., Harris et al. 2007; Maeno et al. 2016; Nakada et al. 1999; Swanson et al. 1987). One method estimates the discharge rate based on a heat budget between heat supplied to the active flow unit by advection of lava and the heat loss from the flow surfaces (Coppola et al. 2013, 2019; Harris et al. 1997, 2007; Harris and Bologa 2009; Pieri and Bologa 1986; Wright et al. 2001). The problems with these methods are that various assumptions are required to estimate the discharge rate from low-resolution thermal infrared (TIR, e.g., 11 µm) or mid-wave infrared (MIR, e.g., 4.0 µm) satellite images, as discussed below, and the obtained discharge rate is a time-averaged value over a given period (time-averaged discharge rate) rather than an instantaneous value, that is, the effusion rate (Coppola et al. 2013, 2019; Harris et al. 2007; Harris and Bologa 2009; Wright et al. 2001). In the method proposed by Harris et al. (1997, 2007), Harris and Bologa (2009), and Wright et al. (2001), surface temperature of the active lava is regarded as uniform (Te effective radiation temperature). As Te is unknown, given a reasonable minimum–maximum temperature range (e.g., 100–500 °C), for several values of Te within this range, areas of active lava are calculated from the radiance values in the TIR images. Then, time-averaged discharge rates are calculated from the relationship between time-averaged discharge rates and the area of active lava (Pieri and Bologa 1986). In this method, however, the surface temperature (Te) of the active lava is assumed to be uniform, which is unrealistic for typical lava flows (Dragoni and Tallarico 2009). The assumption of a range of Te values also produces a wide range of volume fluxes (time-averaged discharge rates). Further, the empirical parameters relating to the rheological properties, the magma temperature, and the slope inclination need to be considered on a case-by-case basis (Harris et al. 2007; Harris and Bologa2009; Wright et al. 2001). These terms can be possible error factors. In contrast, Coppola et al. (2013, 2019) estimated the time-averaged discharge rate from the volcanic radiative power using MIR images by adopting the method for calculation of fire radiative energy used in the studies of wildfires (Wooster et al. 2003), coupled with an empirical parameter—radiant density. Calculation of the fire radiative energy is based on the fact that the ratio of total power emitted over all wavelengths to the power emitted at ~ 4.0 µm is almost constant in a temperature range of ~ 330–1230 °C. Unlike wildfires, however, a certain amount of the area of an active lava surface is considered to be below 330 °C, which can potentially cause some errors (Harris 2013).
We focused on the thermal anomaly in the 1.6-µm shortwave infrared (SWIR) images from the Himawari-8 satellite for the estimation. It is reported that in the effusive activity, thermal anomalies in the 1.6-µm satellite images show a temporal variation similar to that for the lava-effusion rate estimated by the topographic method—a positive correlation— in the 1991–1994 Unzen (Kaneko et al. 2002; Kaneko and Wooster 1999; Wooster and Kaneko 1998), the 2015 Raung (Kaneko et al. 2019a), and the 2017 Nishinoshima (Kaneko et al. 2019b) activities. If we can obtain a regression equation with sufficient accuracy between these two parameters, the effusion rate can be estimated by the satellite observation.
The method using a regression equation can simply calculate effusion rates without assuming particular temperatures or unconfirmed relationships. Especially, when similar activities continue in a volcano, once that activity’s regression equation is obtained, we can estimate effusion rate from the spectral radiance showing a thermal anomaly rather accurately, because differences in various factors, such as the magma temperature, the rheological properties, the content of crystals, the content and shape of bubbles (Llewellin and Manga 2005), or the emissivity (Rogic et al. 2019) are considered to be minimized.
As the 1.6-µm band is preferentially sensitive to high-temperature materials, such as incandescent lava (Wooster and Kaneko 1998; Wooster and Rothery 1997), the anomaly is thought to reflect the effusion of high-temperature lava near the vent, which is closely related to the instantaneous effusion rate (Kaneko et al. 2002, 2019a). By using the 1.6-µm band of Himawari-8, thus, we can obtain high-density temporal variations in the lava-effusion rate, including short-term events, by taking advantage of the high repetition rate of Himawari-8 observations. Such observational data cannot be obtained by other methods and are essential for understanding eruptive processes. The time-averaged discharge rate, determined by the method using TIR or MIR images, is not ideal for observing short-term phenomena (~ 1 h).
In this study, to estimate the effusion rate for low-viscosity lava, we developed a simple empirical method based on the relationship between the lava-effusion rate and the thermal anomaly in the 1.6-µm band measured by Himawari-8. We collected pairs of these parameters for the 2017 Nishinoshima activity and used them to obtain a regression equation. Then, this method was applied to the initial stage of the December 2019 Nishinoshima activity as a test case. The estimated effusion rate was verified by comparison with the value determined by the topographic method. Further, we used simulation software for lava flows to evaluate how the estimated effusion rate could improve the prediction of the location of hazardous areas.
Methodology
Himawari-8 satellite
Himawari-8, a meteorological satellite operated by the Japan Meteorological Agency (JMA), is in a geostationary orbit about 35,786 km above the equator at a longitude of 140.7°E (JMA 2017). The satellite can perform measurements in 16 wavebands from the visible to the thermal infrared regions. It can observe a full disk at 10-min intervals. The pixel size in the SWIR to the TIR bands is about 2 km × 2 km in the equatorial region (JMA 2017). Because of the large pixel size, an eruption center—an effusing vent and the adjacent region—is usually contained within a single pixel. In this study, we used nighttime images in the 1.6-µm band to avoid the effects of reflected sunlight. A vast number of active volcanoes, such as those in the Asia–Pacific region, are located within the observation area of Himawari-8, and some of these occasionally undergo disastrous eruptions.
Characteristics of the 1.6-µm band
In the relationship between the temperature and the spectral radiance specified by the Planck equation, although the spectral radiance at 1.6 µm is low (close to the background) in the temperature range below ~ 300–400 °C, it becomes orders of magnitude greater at higher temperatures (Fig. 1a). Therefore, the 1.6-µm band provides a sensitive indication of the temperature and size of high-temperature areas within a pixel, such as those due to incandescent lava, but is insensitive to medium and low-temperature areas (Wooster and Kaneko 1998; Wooster and Rothery 1997). This is in contrast to other bands, such as the 4.0- and 11-µm bands in the MIR and TIR regions.[image: ../images/40623_2021_1372_Fig1_HTML.png]
Fig. 1a Relationship between temperature and spectral radiance based on Planck equation. b Schematic illustration showing relationship between effusion rate for lava and size of 1.6-µm thermal anomaly at surface (upper: low effusion rate; lower: high effusion rate)


Assumed processes for lava effusion
In an effusive eruption of low-viscosity lava, a thermal anomaly extends over the lava surface from the effusing vent. The surface temperature is close to the magmatic temperature (up to ~ 1200 °C) at the effusion point. However, immediately after effusion, heat radiation at the surface quickly reduces the temperature (Kilburn et al. 1995; Miyamoto and Sasaki 1998; Pieri and Bologa 1986). At this time, a solidified layer begins to form on the surface of the lava flow (Kilburn et al. 1995; Miyamoto and Sasaki 1998; Pieri and Bologa 1986). Due to its low thermal conductivity, the solidified surface temperature decreases exponentially with time (Harris and Bologa 2009), even when the molten lava underneath is much hotter. It is estimated that the surface temperature of lava flow falls below 300–400 °C within a few hours after effusion (Yamashita and Miyamoto 2009). If the effusion temperature (i.e., magmatic temperature) and the lava-flow thickness adjacent to the effusing vent are considered nearly constant throughout the activity regardless of the effusion rate, the size of the high-temperature area (> ~ 300–400 °C) varies in proportion to the effusion rate; thus, the 1.6-µm spectral radiance also changes in the same manner (Fig. 1b). Compared with the short time scale for cooling of the high-temperature area observed at 1.6 µm (a few hours), the time scale for changes in the effusion rate is generally long (greater than a day). Therefore, the effusion rate we obtain from observations with the 1.6-µm band images is considered mostly to reflect the effusion rate at the time of observation, except just after an acute change. Lava effusion is basically assumed to be quasi-steady, as with the methods using the TIR and MIR images (e.g., Dragoni and Tallarico 2009). Although extra cooling is expected in eruptions with discharge rates higher than 100 m3 s−1, due to self-induced convection currents (Garel et al. 2013), we do not deal with such large discharge rates here.
Data preparation
Data for the lava-effusion rate and the thermal anomaly at 1.6 µm were carefully selected for two events: the 2017 Nishinoshima activity (Kaneko et al. 2019b) and the 2015 Raung activity (Kaneko et al. 2019a). Both activities were dominated by effusion of low-viscosity lava accompanied by Strombolian eruptions. The effusion temperature of the lava was estimated to be 1060–1090 °C for the 2013–2015 Nishinoshima activity (Maeno et al. 2016), while no data have been reported for the 2015 Raung activity. In these analyses, the volume of the pyroclastic cone was taken as the dense-rock equivalent (DRE), and as an indicator of the thermal anomaly, R1.6Mx—the pixel value showing the highest spectral radiance at 1.6 µm (Kaneko et al. 2018a)—was used. Further, corrections for atmospheric effects, emissivity and stray solar light (Kaneko et al. 2018b) were also made. To obtain reliable data, we selected the values of R1.6Mx and effusion rate during periods when topographic measurement points were dense, or variations in these parameters were nearly constant. In this process, the maximum value of R1.6Mx each night was adopted to avoid or minimize the influence of partial coverage by small clouds and/or plumes over the high-temperature areas within the pixel, and when the high-temperature area was occasionally located on the boundary of multiple pixels in the images.
Analytical methods for initial stage of December 2019 Nishinoshima activity
In the analysis of the December 2019 Nishinoshima activity using this simple empirical method, the same processing procedures and corrections described above were applied. Atmospheric correction was performed with MODTRAN 3.7 (Berk et al. 1989), for which a subtropical model (winter, altitude of 50 m) was adopted; the transmittance at 1.6 µm, ε1.6, was estimated to be 0.89. The emissivity at 1.6 µm, τ1.6, was assumed to be 0.95 with reference to that in the TIR region (Harris 2013; Walter and Salisbury 1989). The atmospherically and emissivity-corrected radiance (e.g., Harris 2013), R1.6Mx, was calculated based on the following equation from the stray solar light-corrected radiance (Kaneko et al. 2018b), R1.6Mx_vg_obs:[image: $${\text{R}}1.6{\text{Mx}} = {\text{ R}}1.6{\text{Mx}}_{{ \, \_{\text{vg}}\_{\text{ obs}}}} \, / \, (\tau_{1.6} \varepsilon_{1.6} ).$$]

 (1)



Results: relationship between lava-effusion rate and spectral radiance at 1.6 µm
The obtained values for the effusion rate and spectral radiance at 1.6 µm (R1.6Mx) are given in Table 1, and their relationship is shown in Fig. 2. The plots for the 2017 Nishinoshima activity show a nearly linear relationship (Fig. 2a). The correlation between R1.6Mx and the effusion rate is very high (R2 = 0.99). This relationship shows that although they were different in magnitude, the eruption mechanism was similar, that is, effusive eruption of similar low-viscosity lava on a gentle topography. The linear relationship suggests that the size of the high-temperature area near the effusing vent changed in proportion to the increase in the effusion rate as expected. The linearity also shows that the thickness of the lava flow was roughly unchanged regardless of the effusion rate. The data from the 2017 Nishinoshima activity were used to apply a regression line through the origin and obtain the following equation (Fig. 2a):[image: $$Y = 0.47X$$]

 (2)


where Y is the effusion rate (106 m3 day−1) and X is R1.6 Mx (106 W m−2 sr−1 m−1). Strictly speaking, spattering of incandescent lava fragments in the Strombolian fountaining, incandescent lava partially exposed through cracks in surficial crust layers (Crisp and Bologa 1990), and effusion of new lobes at the front of lava flows (Maeno et al. 2016; Kaneko et al. 2019b) might affect the thermal anomaly at 1.6 µm. However, the high correlation seen in Fig. 2a suggests that these contributions were either relatively small, that they changed in harmony with changes in the effusion rate, or both.Table 1Extracted values for effusion rate for lava and spectral radiance at 1.6 µm (R1.6Mx) for 2017 Nishinoshima activity (Kaneko et al., 2019b) and 2015 Raung activity (Kaneko et al., 2019a)


	Observation date
	1.6-μm radiance
(106 W m−2sr−1 m−1)
	Effusion rate of lava
(106 m3 day−1)

	2015 Raung / 23 Jun*
	1.18
	0.5

	2015 Raung / 27 Jul*
	2.51
	0.79

	2015 Raung / 4 Jul*
	3.31
	1.47

	2015 Raung / 15 Jul*
	3.18
	1.63

	2017 Nishinoshima / 23 Apr**
	0.71
	0.35

	2017 Nishinoshima / 8 May**
	0.50
	0.23

	2017 Nishinoshima /30 Jun**
	0.26
	0.094

	2017 Nishinoshima / 25 Jul**
	0.10
	0.014


*Kaneko et al., 2019a, **Kaneko et al., 2019b


[image: ../images/40623_2021_1372_Fig2_HTML.png]
Fig. 2Relationship between effusion rate for lava and 1.6-µm radiance. a 2017 Nishinoshima activity. b 2017 Nishinoshima and 2015 Raung activities. The regression line was obtained from the 2017 Nishinoshima data


Data from the 2015 Raung activity are plotted together with those from the 2017 Nishinoshima activity in Fig. 2b. The data points for the 2015 Raung activity are arranged along the extension of the regression line obtained from the 2017 Nishinoshima data (Fig. 2b). Based on this relationship and the eruptive characteristics (an effusive eruption with low-viscosity lava), the lava-effusion temperature and viscosity during the 2015 Raung activity are broadly similar to those for the 2017 Nishinoshima activity. Further, these observations suggest that the linear relationship expressed by Eq. (2) is applicable up to an effusion rate of ~ 2 × 106 m3 day−1 for lava with physical properties similar to those of the 2017 Nishinoshima activity. If we calculate the regression equation for both plots, the equation Y’ = 0.44X can be obtained.
When the regression equation obtained here is applied to an eruption at a different eruptive stage or volcano, we need to check the similarities of the magma temperature, the rheological properties, and the slope inclination to those in the base equation—that is, that for the 2017 Nishinoshima activity—not just the eruption style. For example, when using Eq. (2), compared to the 2017 Nishinoshima activity, if the magma temperature is higher, the viscosity is lower, or the slope inclination is steeper, then the effusion rate can be over-estimated to be higher than the actual value.
It should be noted that it is not appropriate to apply Eq. (2) in its present form to volcanoes located in marginal regions of the Himawari-8 coverage area (e.g., areas where the satellite zenith angle is larger than 35–45°). In these regions, the pixel size is larger than 2 km × 2 km (e.g., NASA 2019), so the radiance value will be lower than that in the central region for the same heat source. In addition, due to the low elevation angle of Himawari-8, topographic influences become significant in these areas, and in some rare cases, part of the heat source might be shadowed by the terrain.
Due to the limited amount of data at this stage of the research, it is difficult to evaluate the error range. It might be necessary to allow for an estimated error range of several tens of percent (Fig. 2b) when we apply Eq. (2) to an arbitrary effusive eruption with low-viscosity lava.
Test case: application to initial stage of December 2019 Nishinoshima activity
The proposed method was applied to Nishinoshima to estimate the effusion rate of the activity that resumed on 4 December 2019. Nishinoshima is an uninhabited remote island in the Pacific Ocean about 1,000 km south of Tokyo. The eruption style was basically similar to that for the 2013–2015, 2017, and 2018 Nishinoshima activities—effusion of low-viscosity lava (Kaneko et al. 2019b; Maeno et al. 2016, 2018). The eruption that started in 2019 continued for approximately 9 months.
Figure 3 shows the observation results by Himawari-8 from 4 to 6 December, the initial stage of the activity. After 5 December, a constant level of R1.6Mx can be seen, except for during a period of cloud cover. A nearly constant thermal anomaly is one of the characteristics of effusive eruption of low-viscosity lava (Kaneko et al. 2018a).[image: ../images/40623_2021_1372_Fig3_HTML.png]
Fig. 3a. Time-series variation of 1.6-µm radiance at Nishinoshima between 4 and 6 December 2019. Details of the correction method are described in the main text (and also in Kaneko et al. 2019b). b. Time-series variations of 3.9-µm and 11-µm pixel-integrated temperature at Nishinoshima between 4 and 6 December 2019. The same correction method as that used in Kaneko et al. (2019b) was adopted for the 3.9-µm and 11-µm pixel-integrated temperature (ε3.9, 0.95; τ3.9, 0.89; ε11, 0.95; τ11, 0.96; upwelling atmospheric radiance at 11 µm, 142,000 W m−2 sr−1 m−1)


The highest value of the nighttime R1.6Mx between 5 and 6 December was 1.07 × 106 W m−2 sr−1 m−1 at about 5:00 JST on the 6th. Substituting this value into Eq. (2) yields 0.50 × 106 m3 day−1 as the effusion rate. This effusion rate is more than two times higher than the average value for the 2013–2015 Nishinoshima activity (~ 0.20 × 106 m3 day−1; Maeno et al. 2016). If we use the equation Y’ = 0.44X, then 0.47 × 106 m3 day−1 is obtained as the effusion rate—the difference from the value using Eq. (2) is very small (several per cent).
Through the method presented here, in December 2019, we could identify a high effusion rate at Nishinoshima (0.50 × 106 m3 day−1), and could determine that this activity was not just a short-term event, but rather a full-scale activity that actually continued until August 2020. Based on this information, we could plan the following observation projects, even when very little observation data had been obtained.
Verification using topographic measurement
Figure 4a shows an Advanced Land Observing Satellite 2 (ALOS-2) image obtained at 11:18 JST on 6 December. We can recognize a broad lava flow consisting of a single flow unit flowing to the east from the eastern base of the pyroclastic cone, which is the first lava flow in this activity. These topographic features are similar to those observed during the periods of high lava-effusion rate in the 2013–2015 and 2017 Nishinoshima activities (Kaneko et al. 2019b; Maeno et al. 2016). The distribution area of this lava flow was measured to be about 130,000 m2. According to a landing and survey conducted in 2016, the thickness of the new lava flow on the flat plain of the basement (Old Nishinoshima) was reported to be 3–5 m at the tip (Maeno et al. 2017); the average thickness of the entire lava flow would be slightly below the middle of this range. Here, we assumed that the thickness was 3.5 m, which resulted in a volume estimate of 455,000 m3. Assuming that the volume of spattered material around the pyroclastic cone accounted for 7% of the total as DRE (this is the same percentage as that in the 2017 Nishinoshima activity; Kaneko et al. 2019b), the total volume was estimated to be 469,000 m3. The effusion of this lava flow was assumed to have started around 12:00 JST on 5 December, and continued for 23.3 h (0.97 days) until the observation time for the ALOS-2 image. In fact, we could not specify the exact timing of the start of lava effusion from the thermal anomaly because of clouds (Fig. 3). Small thermal anomalies were observed around 15:00 in the time-series variation of the 3.9 µm images (“P” in Fig. 3b), which suggested that lava effusion had started at least by this time. In addition, it was reported that infrasound waves and earthquakes detected in the island increased around 12:00 on the same day (Ohminato 2020). We used these observations to assume that lava effusion had started at 12:00 on 5 December. Thus, the effusion rate was calculated to be 0.48 × 106 m3 day−1. This value agrees with the effusion-rate estimate based on the Himawari-8 observations (0.50 × 106 m3 day−1).[image: ../images/40623_2021_1372_Fig4_HTML.png]
Fig. 4a ALOS-2 image of central to eastern part of Nishinoshima (11:18 JST on 6 December 2019). b Simulation results with assumed effusion rate of 0.47 × 106 m3 day−1 (equivalent to lava-effusion rate at Nishinoshima on 6 December 2019 minus portion consumed by pyroclastic cone building). c Simulation results with assumed effusion rate of 0.20 × 106 m3 day−1 (corresponding to average value for 2013–2015 Nishinoshima activity)


Evaluation of improvement in simulation results
To evaluate how the “onsite effusion rate” obtained by Himawari-8 imaging could improve the prediction of the location of hazardous areas, we compared the simulation results for the lava-flow distribution with two different input parameters: a case with an estimated “onsite effusion rate” of 0.47 × 106 m3 day−1 (93% of 0.50 × 106 m3 day−1; here we assumed that 7% of the total effusion rate was consumed by pyroclastic cone building) and a case with the average value of the 2013–2015 eruption. We used the simulation algorithm developed by Ishihara et al. (1990) and the digital elevation model built by the Geospatial Information Authority of Japan (GSI) (based on aerial photographs taken in December 2018; GSI Website). The eruption duration was set to 23.3 h, which was the same period between the start of effusion and the acquisition time of the ALOS-2 image (Fig. 3a). The viscosity, a temperature-dependent factor, was assumed to change with a decrease in temperature as 13,200 Pa s at 1080 °C and 100,000 Pa s at 1000 °C in the lava-flow process. These viscosity values are within the range of those estimated in the 2013–2015 Nishinoshima activity (104–106 Pa s) based on the morphological method (Maeno et al. 2016). We do not know the composition of the lava effused in the initial stage of the December 2019 activity because the subsequent lava flows buried it. The 1973 lava at Nishinoshima (with the lowest SiO2 content among the previous activities on this island) was chosen as a reference for the simulation, considering the decreasing trend of SiO2 content in the lava over time since 2013 (Maeno et al. 2018). The former viscosity (13,200 Pa s) matches the value at the same temperature inferred from the composition of the 1973 lava based on the magma model of Giordano et al. (2008). The temperature (1080 °C) was assumed with reference to that of the lava in the 2013–2015 (1060–1090 °C; Maeno et al. 2016) and 2017 Nishinoshima activities, and agrees with the median temperature estimated from volcanic ash from the 2020 Nishinoshima activity. Although the latter viscosity (100,000 Pa s) is slightly lower than the value estimated by the same model, it is considered realistic because lava samples from the 2013–2015 and 2017 Nishinoshima eruptions contain a certain amount of relatively large deformed bubbles (~ 2–3 mm) caused by degassing of magma. These bubbles could have reduced the viscosity, and the same thing probably occurred during this activity. The effusing vent was placed at the eastern base of the pyroclastic cone (Fig. 4a).
The results are shown in Fig. 4b. About 23 h after the effusion, the lava flowed eastwards about 720–730 m from the effusing vent, and the simulated distribution is almost in agreement with the actual lava flow (Fig. 4a), suggesting that using the estimated effusion rate as the input parameter is appropriate. Figure 4c shows the results of simulations assuming the effusion rate is 0.20 × 106 m3 day−1—the average effusion rate for the 2013–2015 activity (Maeno et al. 2016). The distribution of the lava flow is much smaller than the actual distribution. These results reconfirm the importance of using the value estimated based on actual observations for better hazard area mapping.
Concluding remarks
To estimate the effusion rate for eruptions of low-viscosity lava, we examined its relationship with the thermal anomaly observed at 1.6 µm by Himawari-8 in the 2017 Nishinoshima activity and confirmed that there was a very high positive correlation between these two parameters. We proposed a simple empirical method for estimating the lava-effusion rate based on a linear-regression equation obtained here. Data from the 2015 Raung activity (a large-scale effusive eruption of low-viscosity lava) suggested that the relationship was applicable up to a level of ~ 2 × 106 m3 day−1, as these data were arranged along the extension of this regression line. We applied this method to the initial stage of the December 2019 Nishinoshima activity and estimated the lava-effusion rate to be 0.50 × 106 m3 day−1. This estimated value was concordant with the value obtained with the topographic method using an ALOS-2 image (0.48 × 106 m3 day−1). Further, we simulated the extent of hazard areas from the initial lava flow and compared cases using the effusion rate obtained here and the average effusion rate for the 2013–2015 eruptions. The former distribution was close to the actual distribution, while the latter was much smaller. These results showed the importance of using the value estimated based on actual observations.
For enhancing the application of this method, it is desirable to collect and examine the magma temperature, the rheological properties, the composition, and the slope inclination for various types of effusive eruptions, such as an activity with highly viscous lava forming a lava dome, and not just the low-viscosity lava flows discussed here (e.g., Coppola et al. 2013; Harris et al. 2007). In that process, in addition to the actual data, investigation using simulation software for lava flows will be useful for a systematic understanding of the relationship between the eruption rate and thermal anomalies under various conditions.
It is possible to apply the technique developed here to observations using different satellite instruments. Images with a pixel size smaller than that of Himawari-8 may need to use multiple pixels for observation. Further, we can also use MIR images instead of the 1.6-µm images; however, in that case, we should note that the values obtained are time-averaged discharge rates, and also, ambient variation needs to be considered. When using images from polar-orbiting satellites, such as the Moderate-resolution Imaging Spectroradiometer (MODIS), it will be difficult to obtain the high-density temporal variation of effusion rate, as the observation frequency is much lower (every 1–2 days) than that of Himawari-8.
The simple empirical method for estimating the lava-effusion rate that we developed here can be a key element for establishing a real-time monitoring and simulation system to precisely predict hazardous areas created by lava flows. Usually, we can obtain the latest Himawari-8 image about 2 h after observation by the satellite using the real-time observation system we developed (http://​vrsserv.​eri.​u-tokyo.​ac.​jp/​realvolc). The calculation time for the lava-flow simulation for the examples shown in Fig. 4b, c was about 3 h on a standard-performance PC (Mac mini Core i7, 3.2 GHz). The simple empirical method we developed enabled rapid estimation of the onsite lava-effusion rate by simply using a regression equation, such as Eq. (2). If we can build a real-time processing system linking Himawari-8 observations to the rapid effusion-rate estimation and lava-flow simulation using a high-performance PC, we will be able to precisely predict the hazardous areas using the onsite lava-effusion rate within several hours or less after the satellite observation. When an effusive eruption occurs at a volcano near residential areas, rapid estimation of the effusion rate using the data from Himawari-8 will be extremely useful for hazard management, such as considering evacuation plans.
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