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1. INTRODUCTION 
 

Pyroclastic materials (or tephra) are grouped into 
three categories, based on size: volcanic ash (≦2 mm, 
lapilli (2 mm- 64 mm), and volcanic blocks (≧64 mm). 
Following volcanic eruptions, volcanic ash particles 
suspended in the atmosphere can cause aviation 
accidents and force airports to shut down, and volcanic 
ash deposited on the ground can cause traffic 
disturbances. Larger tephra, such as lapilli and 
volcanic blocks (hereinafter referred to as ‘large 
tephra’), which are ejected from volcanic vents just 
after explosive volcanic eruptions, can directly cause 
injury to humans and damage to property. For example, 
in the eruption that occurred at Mt. Ontake, Japan on 
September 27, 2014, sixty-three hikers were killed or 
went missing as a direct result of the large tephra 
ejected during the eruption (Tsunematsu et al., 2016; 
Yamaoka et al., 2016). In the area surrounding the 
active volcano Sakurajima, pupils are required to wear 
helmets on their way to and from school. In anticipation 
of future large eruptions, the Kagoshima City 
government has provided helmets and evacuation 
manuals to all residents in Sakurajima. Shelters are 
also set up alongside the city’s main streets for 
emergency use during eruptions. To make the above-
mentioned countermeasures more effective, 
monitoring and the prompt communication of 
information are required.  

The methods available for monitoring large tephra 
have basically been limited to camera and naked eye 
observations, which are ineffective in cloudy or rainy 
conditions. Although recent studies demonstrate the 
usefulness of weather radars for monitoring volcanic 
ash and estimating quantitative ash falls, their use for 
large tephra monitoring has not been successful. One 
of main reasons for the lack of success is that most of 
the weather radars in those studies used pencil beams 
transmitted from a parabolic antenna, rotating at 2 to 6 
rpm; the possibility of a pencil beam illuminating a 
moving large tephra is extremely low. The present 
study tries to solve this problem by utilizing a marine 
radar, which utilizes a fan beam and has fast scanning 
capabilities. 

From the volcanology perspective, information on 
tephra fall from vents is one of the key factors in 
eruption dynamics (e.g., Bursik et al., 1992; Sparks et 

al., 1992) and magma dynamics (e.g., Kaminski and 
Jaupart, 1998). Several studies, using high speed 
cameras and meteorological instruments, have been 
performed based on geological methods such as size 
distribution measurements of tephra deposits (Kozono 
et al. 2019). Although the present study tries to 
estimate trajectories of tephra ejected from a vent, the 
main purpose is to assess the potential of marine radar 
for monitoring tephra and for the mitigation of volcanic 
hazards.  
 
2. OBSERVATIONS 
 
2.1 Marine radar 
 

Table 1 shows the main specification of the marine 
radar used in the present study. The marine radar is an 
X-band non-Doppler radar, which has a slot antenna 
with a vertical beam width of 22° and a horizontal beam 
width of 1.2°, a minimum range resolution of 8 m, and 
a PPI scanning speed of 48 rpm. We manually 
changed the rotational axis of the slot antenna, from 
vertical to horizontal, to achieve an elevation angle 
resolution of 1.2°. The resulting image data files, 
recorded at 1.25-second intervals, make it possible to 
detect both an eruption and the large tephra being 
ejected above the vent. 

 
Table 1 Main specification of marine radar. 

 
 

The marine radar was installed at the Kyoto 
University Kurokami observatory (N 31 ˚  35’ 00.5“, 
E130˚ 42’ 06.2“, 68 m), indicated by the letter ‘B’ in Fig. 
1. The distance from the radar to the Minamidake vent 
(N 31˚ 34’ 47.0”, E130˚ 39′, 39.30”, 1040 m) is 
approximately 4 km.  
 
2.2 Free fall experiments 
 

Before utilizing the marina radar to carry out 
observations of actual volcanic eruptions, we 
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examined its capabilities by performing a simulation 

where artificial particles were dropped from a small 
airplane (Cessna 172P), flying at an altitude of 
approximately 1000 m at a speed of 185 km h-1. Figure 
2 shows the vertical cross section of the free fall 
experimental area. The direction of the vertical cross 
section corresponds to the radar beam azimuth 
direction which was determined considering the 
vertical wind direction and the topographical features 
of Sakurajima. 

Three different kinds of artificial particles were 
examined: water droplets (hereinafter Sample 1), 
‘tamakonnyaku’ particles (hereinafter Sample 2) which 
consist mainly of water, with some glucomannan, and 
‘fu’ particles (hereafter Sample 3) which are sponge-
like processed foods made from wheat gluten. The size 
of each artificial particle was around 3 cm in diameter, 
except for the water droplets. A 5- liter bucketful of the 
artificial particles and water droplets was ejected from 
the airplane into the air. The drops were done in such 
a way that the released particles fell through the radar 
beam, which is shown as a broken white circular sector 

in Fig, 1. The dropping of particles was done twice for 
each type of sample. 
 
2.3 Observations of volcanic eruptions 
 

The target of the radar observations of actual 
volcanic eruptions is pyroclastic material, which are 
divide into three main categories according to size: 
volcanic blocks (> 64 mm), lapilli (64 mm - 2 mm), and 
volcanic ash (< 2 mm). In order to detect actual 
pyroclastic materials, the X-band marine radar antenna 
direction was fixed in the azimuth direction, looking at 
the Minamidake vent (Fig. 1), and observations with 
RHI antenna scanning were carried out. The 
geometrical radar beam is shown as a solid white 
circular sector in Fig. 2. The observation period was 
approximately from April 11 to May 31 (a total of 51 
days). The collected data was for a total of 57 eruptions, 
of which 49 eruptions were explosive. 
 
3. RESULTS 
 
3.1 Free fall experiments 
 
3.1.1 Detection of water droplets (Sample 1) 
 The airplane used in the simulations is itself a good 
reflector because it is made of metals. The marine 
radar could detect the airplane while it was flying in the 
radar illuminated area. From a series of observed RHI 
images, it was possible to estimate the height at which 
the airplane was flying. Water droplets are also good 
reflectors of electric waves and we expected that the 
marine radar would be able to detect them. However, 
the radar detected no echo from the water droplets. 
This is probably due to the water turning into mist sized 

 
Fig. 1 Map showing radar observation area for the 
free fall experiments and Minamidake volcanic 
eruption column observations. A: Ku-band Doppler 
radar (Maki et al., 2019) site. B: X-band marine 
radar site. 
 

Fig. 2 Vertical cross section along the radar beam 
azimuth direction, which is determined from the 
environmental wind field. Free fall experimental 
area. 

 
 
Fig. 3 A series of RHI images showing the 
descending echoes of ejections (Sample 2). 



particles immediately following its ejection from the 
airplane. 
 
3.1.2 Detection of ‘tamakonnyaku’ (Sample 2) 
 The marine radar successfully detected falling 
‘Sample 2’ particles, as shown by a time series of RHI 
images of radar data (Fig.3). One can recognize as the 
airplane, which was traveling from left to right at around 
1000 m above sea level. It can also be seen in Fig. 3 

that the echoes of Sample 2 particles are descending 
from the airplane to the ground. It should be noticed 
that the echoes are stretching vertically during their 
descent. By identifying sample 1 echoes on a series of 
radar images, which has a spatial resolution of 4.34 m 
and temporal resolution of 1.25 s, we can analyze their 
trajectories and estimate their terminal velocities. 
Figure 4 shows the result of this analysis. The 
estimated terminal velocities at the upper boundary 
and the lower boundary of echoes are 14.6 m s-1 and 
24.3 m s-1, respectively. This speed difference is 
considered to be caused by the group effect of falling 
particles, i.e., decreases in the drag force (e.g., Harada 
et al., 1964). 
 
3.1.3 Detection of wet ‘fu’ (Sample 3) 
 The marine radar also succeeded in detecting 
released ‘Sample 3’ particles all the way to the ground 
(Fig. 5). However, the echo patterns of Sample 3 
particles are more vertically stretched compared to 
‘Sample 2’ particles, which is due to ‘Sample 3’ 
particles being easily segmentalized by air resistance. 
The segmentation of particles causes a decrease in 
their terminal velocities in addition to vertically 
stretching their echoes. The terminal velocities at the 
upper and lower boundaries of echoes is estimated as 
4.7 m s-1 and 12.6 m s-1, respectively (Fig. 6). 
 
3.2 Tephra from Minamidake eruptions 

 
3.2.1  Statistics of tephra detection with marine radar 
 According to the Japan Meteorological Agency 
(JMA), a total of 57 eruptions occurred at the 
Sakurajima Minamidake vent during our radar 
observation periods. The marine radar could detect 
large tephra in 40 of those eruptions (70 % of all 
eruptions), while JMA, based on visual observations, 
reported the ejected the large tephra in 35 of the same 
eruptions. It therefore follows that the marine radar 
detection of large tephra is consistent with JMA visual 
observations. As far as we know, this study presents 
the first successful detection of a volcanic eruption and 
the simultaneous detection of falling large tephra. The 
radar also revealed the fine structure of an ascending 

 

 
Fig. 5 Same as Fig. 3 except for the echoes of 
ejections (Sample 3). 
 

Fig. 4 Trajectories of upper and lower boundaries 
of Sample 2 echoes. 
 

Fig. 6 Same as Fig. 4 except for Sample 3 echoes. 
 



eruption column, which implied another advantage of 
marine radar for the monitoring of volcanic eruption 
columns.  
 
3.2.2  Ballistic trajectories of volcanic blocks 
 Several models are available for the calculation of 
the ballistic trajectories of volcanic blocks (e.g., Wilson 
1972; Fagents and Wilson 1993; Bower and Woods 
1996; Tsunematsu et al., 2014; 2019). The main forces 
acting on the volcanic blocks are gravity and air drag 
force. The value of the air drag coefficient (Cd) 
assumed by most of the available models ranges from 
0.65 to 1.21, as reported by Alatorre-Ibargu¨engoitia 
and Delgado-Granados (2006). However, it is quite 
difficult to detect the ballistic trajectories of volcanic 
blocks while working in the field and to observationally 
determine the value of Cd. 
 Figure 6 shows radar images of an eruption column 
and volcanic blocks from 22h10m41s to 22h10m47s on 
4 May, 2018. The horizontal speeds of the two blocks 
were almost constant, that is, UA= 38 and UB= 41 m s-

1, respectively. Volcanic block height is approximated 
well by the following parabolic equation: 
 2( )H t t t         

The values of α for block-A and block-B are -4.93 and 
-4.79, respectively, and not far from -1/2 g=-4.90 m s-2. 
We also analyzed radar images obtained from 
10h14m30s to 10h30m38s on 17 May, 2018 (block-C). 
 We can estimate the initial velocities (V0) and 
ejection angles (θ) of three blocks if we interpolate the 
trajectories to the place of the vent where blocks are 
ejected; that is, (V0, θ) = (121 m s-1, 70.9°) (block-A), 
(141 m s-1, 70.5°) (block-B) and (108 m s-1, 69.4°) 
(block-C) respectively. Figure 7 shows the ballistic 
trajectories of three blocks based on the radar 
observation. We also calculate ballistic trajectories of 
three blocks using the program “Eject !” provided by U. 
S. geological Survey (Mastin, 2001). We assume the 
block to be a 1 m diameter sphere with a density of 
2500 kg/m3, and use the default values for parameters 
except for air drag coefficient (Cd). As shown in Fig. 7, 
the calculated ballistic trajectories represent the ones 

observed when the air drag coefficients (Cd) are 0.1 
(block-A), 0.5 (block-B) and 0.2 (block-C). 
 
5. SUMMARY 
 
 Up to the present, some researchers have studied 
volcanic activity using high speed movies/videos 
(Chouet et al. 1974; Taddeucci et al. 2012), still camera 
images (Iguchi et al. 1983), infrared film cameras 
(Ripepe et al. 1993), a Forward Looking Infrared 
Radiometer (FLIR) camera (Patrick et al. 2007), and an 
FM-CW Doppler K-band radar (Hort and Syfired 1998; 
Hort et al. 2003). In the present work, we estimated the 
ballistic trajectories of volcanic blocks by utilizing a 
vertically scanning X-band marine-radar. As far as the 
authors are aware, the present paper reports the first 
successful detection by radar of volcanic blocks.  
 

 
 
Fig. 6 Range-height radar images of an eruption column and volcanic blocks from 22h10m41s to 22h10m47s on 4 May, 2018. 
 

 
Fig. 7 Observed and simulated ballistic trajectories of three 
volcanic blocks 
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