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Abstract 

This study describes the dispersal and grain size characteristics of the May 14, 2018 Shinmoedake eruption deposits 
of Kirishima Volcano in southern Kyushu, southwestern Japan. We discuss the eruption sequence, including the tem-
poral variations in the behavior of the plume, by combining field and meteorological datasets. Following a magmatic 
activity in 2011 characterized by a substantial change in the eruption style (from subplinian eruptions to lava effusion) 
and subsequent vulcanian explosions, the Shinmoedake crater experienced intermittent eruptions in 2018. The May 
14, 2018 eruption began at 14:44 with a vulcanian eruption, with the eruption plume rising 4500 m above the crater 
rim. Thereafter, it transitioned to an ash eruption; the plume height decreased gradually until the eruption ceased 
at 16:10. The tephra fall deposits were distributed more than 27 km to the southeast of the source crater; the mass 
of the tephra fall deposit was approximately 2.1 ×  107 kg, calculated based on an isomass map. The deposit incidence 
differed between the east and west sides of the major dispersal axis. The deposits found east of the main dispersal 
axis were primarily composed of coarse to medium sand-sized particles with no fine fraction (fine sand to silt in size). 
In contrast, the deposits west of the axis were finer-grained than those east of the axis. We analyzed photographs 
of the eruption plume, along with the regional meteorological data and the dispersal and grain-size characteris-
tics of the deposits, and reached the following conclusion: during the May 14, 2018 eruption, the wind directions 
above the Shinmoedake crater fluctuated across altitudes. The westerly winds dispersed the eruption plume that rose 
to a higher altitude, containing coarser tephra associated with the initial vulcanian eruption, further to the east rather 
than along the main axis. In contrast, a lower-altitude ash eruption plume that was rich in fine materials was dispersed 
westward rather than along the main axis, which was influenced by northerly winds. The findings of this study can 
support the analysis of similar volcanic events.
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Graphical Abstract

Introduction
In addition to the eruption style, column height, and 
duration, meteorological conditions, such as wind 
direction and speed, as well as the differences in the 
characteristics of the plume at different altitudes, have 
a substantial impact on the dispersal of fallout tephra 
(Poulidis et  al. 2018). Tephra falls pose threats to the 
local population and could damage the surrounding 
infrastructure and agricultural land. Therefore, one of 
the most crucial challenges in volcanology is antici-
pating tephra dispersion during volcanic eruptions to 
clarify their influence and mitigate the related disasters. 
In recent years, weather radar data have been used to 
evaluate the behavior of eruption plumes and tephra 
dispersal (Hashimoto et al. 2012; Shimbori et al. 2013; 
Sato et  al. 2018; Sato 2021). To validate such method-
ologies, the tephra fall distribution and grain-size data 
obtained in the field should be compared with mete-
orological data; however, the studies that have applied 
this process are limited.

On May 14, 2018, the Japan Meteorological Agency 
(JMA) captured web-camera photographs of the erup-
tion plumes, along with the meteorological data, 
including the wind directions and speeds at different 
altitudes of the Shinmoedake eruption at Kirishima 
Volcano (southern Kyushu, southwestern Japan). We 
conducted fieldwork immediately after the eruption 
to sample and examine the tephra fall deposits. In this 
report, we present the distribution, discharged mass, 

and grain-size characteristics of the related deposits. In 
addition, we discuss the eruption sequence, including 
the temporal variations in the behavior of the eruption 
plume, using a combination of field and meteorological 
datasets.

Shinmoedake Volcano and the eruption in 2018
Kirishima Volcano is a Quaternary composite volcano 
located in southern Kyushu, southwestern Japan. It 
spans approximately 30 km from east to west and 25 km 
from north to south and includes a cluster of more than 
25 small andesitic stratovolcanoes and two calderas 
(Imura 1994; Imura and Kobayashi 2001). Shinmoedake 
(1420.8  m above the sea level: ASL), located near the 
center of the Kirishima Volcano, is an andesitic strato-
volcano consisting of a crater (approximately 800  m in 
diameter) at the summit. It became active with the Setao 
pumice fall (Inoue 1988) that occurred in 10.4 cal ka BP 
(calibrated 14C date from Imura and Koga (1992)) and 
has continuously experienced intermittent small erup-
tive episodes (5.6  cal  ka BP; AD 1716-1717; AD 1959). 
The 1716-1717 Kyoho eruption was the largest eruption 
of the Shinmoedake Volcano, consisting of large pumice-
fall and pyroclastic flow deposits. The majority of the 
current volcanic edifices of the Shinmoedake Volcano are 
believed to have been formed by the Kyoho eruption.

A series of eruptions at Shinmoedake Volcano in 2011 
was characterized by a significant change in the erup-
tion style (from subplinian eruptions to lava effusion) 
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in the summit crater, followed by vulcanian eruptions 
(Kozono et al. 2013; Nakada et al. 2013; Miyabuchi et al. 
2013). Small eruptions that produced ash falls followed 
in October 2017 (Fukuoka Regional Headquarters and 
Kagoshima Meteorological Office 2018). The 2018 erup-
tions from the Shinmoedake crater began on March 1, 
and the ash emissions lasted until March 9. New lava 
flows continued to discharge in the summit crater during 
March 6–9 and then, on March 9, the effusive eruptions 
flowed northwest outside the crater. The 34 vulcanian 
eruptions occurred on March 6 and 7, 2018. Several vul-
canian eruptions occurred on March 10 and 25 and April 
5, 2018, and slow lava flows (flow width: ~ 200  m) were 
observed after March 9, 2018. Ballistic clasts (found at 
a distance of 800–1000 m from the center of the crater) 
and minor pyroclastic density currents (PDCs) (found 
at a distance of < 400  m from the center of the crater) 
were produced by the eruptions that occurred on March 
10 and April 5 (Fukuoka Regional Headquarters and 
Kagoshima Meteorological Office 2019).

On May 14, 2018, the eruption began at 14:44 (Japan 
Standard Time: JST; GMT + 9  h) and ceased at 16:10. 

The eruptive event can be divided into two stages. The 
event initially began with a vulcanian eruption and 
quickly transitioned to the ash-emission stage, continu-
ing until 16:10. The plume of the vulcanian eruption rose 
to an altitude of at least 4500  m above the crater rim 
(approximately 5900 m ASL) at 14:50 and then dispersed 
to the southeast. Although no ballistic clasts or PDCs 
were found near the crater, ash fall on the road surface 
and small lapilli (< 7  mm in long-axis diameter) were 
observed approximately 7 km southeast of the crater. The 
distal ash extended to the Nichinan (60 km SE) and Shi-
bushi (50 km SSE) cities along the Pacific coast (Fukuoka 
Regional Headquarters and Kagoshima Meteorological 
Office 2019). The JMA observed an infrasound of ampli-
tude 3.3 Pa at the Yunono site located 2.7 km southwest 
of the Shinmoedake crater (Fig. 1). The JMA defines the 
explosions at Kirishima Volcano as eruptions accom-
panied by explosion earthquakes having an infrasound 
amplitude of at least 20  Pa at the Yunono observation 
site; therefore, the May 14, 2018 eruption was not consid-
ered to be explosive.

Fig. 1 Location of observation sites (cameras and infrasonic microphone) installed by the Japan Meteorological Agency (JMA) in Kirishima Volcano. 
The relief map was produced by the Kashmir 3D software, using the 10-m-mesh digital elevation model (DEM) data published by the Geospatial 
Information Authority of Japan
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On June 22, there was a vulcanian explosion consisting 
of ballistics (found more than 1100  m from the crater), 
followed by a minor eruption with an ash plume rising 
2200 m above the crater rim (~ 3600 m ASL) on June 27. 
No other eruptions occurred until the end of 2018. The 
eruptions that occurred from October 2017–June 2018 at 
Shinmoedake Volcano can be divided into three phases: 
phreatic/phreatomagmatic explosion (October 11, 2017–
March 5, 2018), lava dome formation with weak explo-
sion (March 6–8, 2018), and vulcanian explosion (March 
8–June 27, 2018) (Maeno et al. 2023).

Methods
First, we carried out fieldwork and surveys in and around 
Kirishima Volcano on May 15–16 and June 13, 2018, to 
examine the tephra deposits associated with the May 14, 
2018 eruption of Shinmoedake Volcano. We observed 
tephra deposits at 58 locations southeast of the Shin-
moedake crater, extracted tephra samples at 50 sites from 
the surfaces of manufactured constructions, including 
roadways and concrete floors, and measured the area 
from which the samples were collected (Additional file 1: 
Table S1). In addition, we recorded the maximum size of 
the lithic fragments (ML; average long-axis diameter of 

the three largest lithic clasts) at each locality. The most 
proximal site was located approximately 3  km south-
east of the Shinmoedake crater, and the most distant 
site was located approximately 26  km southeast of the 
crater (Fig. 2). We dried the samples and measured their 
masses, and then calculated the mass loading/m2 (g/m2) 
for each sampling point. An isomass distribution map 
was drawn based on the mass loading/m2 data at each 
sampling point. The discharged mass for the May 14, 
2018 eruption deposit was calculated using the method 
described in the following section.

Deposits from the eruption on May 14, 2018, were 
mechanically sieved for grain size analysis. The samples 
were dried and sieved from − 3 to 5 φ (8–1/32 mm), at 1 
φ intervals. The median diameters  (Mdφ),  Inman’s (1952) 
sorting coefficients (σφ) and the Walker (1983) param-
eters of F1 (weight percentage finer than 1 mm) and F2 
(weight percentage finer than 1/16 mm) were calculated 
(Additional file 2: Table S2). Because the most predomi-
nant grain size fractions in the majority of tephra sam-
ples were 1–2 φ or 0–1 φ (1/2–1  mm), we studied the 
ash grains in the fractions 1–2 φ (1/2–1/4 mm, generally 
washed ultrasonically) using a digital microscope (Leica 
DMS1000), to determine their components.

Fig. 2 Distribution map of the May 14, 2018, tephra fall deposit from the Shinmoedake crater, Kirishima Volcano. The relief map was produced 
by the Kashmir 3D software, using the 10-m-mesh digital elevation model (DEM) data published by the Geospatial Information Authority of Japan
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The JMA installed several cameras to monitor the 
activity at Kirishima Volcano. Figure 1 portrays the lay-
out of the surveillance cameras installed around the 
Shinmoedake crater. The May 14, 2018 eruption was 
captured using the cameras installed at Inokoishi and 
Karakunidake. In the photographs captured by the cam-
era installed at Inokoishi (Fig. 3), a part of the plume was 
framed most of the time, but the entire plume was not 
captured. The camera installed at Karakunidake captured 
the entire plume from the upwind side of Shinmoedake 
(Fig. 4). Therefore, the camera at Karakunidake was pre-
dominantly used for photogrammetric analyses.

The JMA uses multiple numerical models to forecast 
daily atmospheric conditions and issue weather forecasts 
and warnings. In general, JMA uses the global spectral 
model (GSM) in their numerical models for global fore-
casts, meso-scale model (MSM) for forecasts for Japan, 
and local forecast model (LFM) for local forecasts. In 
this study, the vertical profile of the atmosphere over 

Shinmoedake was analyzed using meso-analysis (MA), 
which is the initial step of the MSM. As the horizontal 
resolution of the MA was 5 km, the wind data for the alti-
tude directly above Shinmoedake were interpolated using 
the data from the surrounding grid.

Results
Distribution of tephra fall deposit and mass calculation
We created an isomass distribution map based on the 
field data (Fig.  2). The May 14, 2018 tephra-fall deposit 
was distributed southeast of the Shinmoedake crater. 
The dispersal axis extended approximately 16 km to the 
southeast and then, the direction changed slightly toward 
the east–southeast (Fig.  2). The northeastern dispersal 
limit was located near the line between the Shinmoe-
dake crater and the Yamada office in Miyakonojo City. In 
contrast, our field survey revealed that the southwestern 
limit was located near the line between the Nishidake 
and Sekinoo. However, a road patrol company reported 

Fig. 3 Photographs of the May 14, 2018 eruption plume captured by the Japan Meteorological Agency (JMA) using camera installed at Inokoishi
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seeing ash fall in more westerly locations, close to the 
Miyazaki and Kagoshima prefecture borders (such as 
Takachiho Farm in Fig. 2), suggesting that the ash fall was 
more widespread than estimated. The distal ash extended 
to Nichinan City (60  km SE) and Shibushi City (50  km 
SSE), along the Pacific coast following the southeast dis-
persal axis (Fig. 2) (Fukuoka Regional Headquarters and 
Kagoshima Meteorological Office 2019).

During our fieldwork on May 15 and 16, 2018, a maxi-
mum deposit mass of 559  g/m2 was observed at a site 
approximately 7.3 km southeast of the source crater (Loc. 
M1; Fig.  5a); at this site, the ML was 7  mm. A deposit 
mass of more than 100 g/m2 was observed approximately 
20 km southeast of the crater. At the most distant obser-
vation site, approximately 26.1 km southeast of the cra-
ter (Loc. M5), the ash mass was 68  g/m2, substantially 
greater than those observed at the adjacent observation 
sites (< 11 g/m2). This was because the ash was well-pre-
served in the concave parts of the washboards (Fig. 5d). 
In contrast, 2  days after the eruption, most ash-fall 
deposits at other adjacent sites were blown.

We could not approach closer than 3 km to the Shin-
moedake crater, owing to the risk of volcanic eruptions. 
On June 13, 2018, we conducted fieldwork in the area of 
Takachihogawara (~ 3 km S–SE of Shinmoedake), which 
is the base camp for the mountaineering expeditions to 
Kirishima Volcano. Although some of the tephra that 
erupted on May 14 was washed away by rain for almost 
a month after the eruption, a deposit mass greater than 
2600  g/m2 was observed at this site. The ML measured 
around Takachihogawara was 5–18  mm. The dispersal 
axis of ML was slightly more northeasterly than that of 
the isomass (Fig. 6).

By plotting the values of ten isomasses (2000, 1000, 
500, 400, 300, 200, 100, 50, 20, and 0 g/m2) on a distri-
bution map (Fig. 2) we were able to calculate the entire 
eruptive mass of the May 14, 2018 tephra fall deposit. 
Figure  7 illustrates the relationship between each iso-
mass’ area and the deposit mass. In the proximal area, 
where the tephra deposit was more than 2000  g/m2, 
we extrapolated a straight line connecting the isomass 
of 2000  g/m2 with that of 1000  g/m2 to the area of the 

Fig. 4 Photographs of the May 14, 2018 eruption plume captured by the Japan Meteorological Agency (JMA) using camera installed 
at Karakunidake
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source vent (approximately 20 m in diameter). The mass–
area relationship was divided into ten sections, and the 
mass in each section was calculated using integration. 
According to this method, the total mass of the May 14 
tephra fall deposit was approximately 2.1 ×  107 kg. Using 
the same isomass data and applying the two straight-line 
segments method proposed by Fierstein and Nathenson 
(1992), the total mass estimate is 2.1 ×  107  kg, which is 
consistent with our result calculated by the trapezoidal-
rule integration.

Characteristics of tephra fall deposits
The tephra fall deposits formed by the May 14, 2018 
eruption were mainly gray lithic fragments found in the 
regions southeast of Shinmoedake Volcano. The deposit 
incidence varied with the dispersal direction (east–south-
east to southeast and southeast to south–southeast of the 
source). The tephra deposits close to the main dispersal 
axis and east of the main axis were composed of coarse to 
medium sand-sized gray particles devoid of fine sand-to-
silty grains (Fig. 5a, b). In contrast, the deposits west of 

the main dispersal axis were finer-grained (Fig. 5c) than 
the eastern deposits.

Digital microscopy observations revealed that the 
tephra fall deposits from the Shinmoedake crater that 
erupted on May 14, 2018, were predominantly lithic 
fragments with small amounts of free crystal grains 
(plagioclase, clinopyroxene, and orthopyroxene; typi-
cally < 2  mm in size) (Fig.  8). The lithic fragments were 
gray to dark gray, and most appeared fresh and glassy. 
These glassy lithic grains were thought to have originated 
from the fragments of dome lava that fill the Shinmoe-
dake crater. There were no differences in the components 
of the tephra fall deposits along the different dispersal 
directions.

Grain size characteristics of deposits
The grain size distributions for all the samples were uni-
modal, with peaks observed at 1–2 φ (1/2–1/4  mm) 
or 0–1 φ (1–1/2 mm), irrespective of the distance from 
the crater or the dispersal direction (Fig.  9). The tephra 
deposits obtained within 8 km and 10 km were composed 
of particles finer than − 3 φ (< 8 mm) and − 2 φ (< 4 mm), 

Fig. 5 Photographs of the May 14, 2018 tephra fall deposit from the Shinmoedake crater. a Coarse tephra fall deposit located 7.3 km southeast 
of the Shinmoedake crater (Loc. M1); image was captured at 16:20 on May 15, 2018. b Coarse tephra fall deposit located 8.6 km east–southeast 
of Shinmoedake crater (Loc. E2; image was captured at 11:55 on May 16, 2018). c Fine ash-fall deposit west of the main dispersal axis (Loc. W2; 
8.2 km south–southeast of the crater); the photo was captured at 18:10 on May 15, 2018. d Ash-fall deposit at the most distant site located 26.1 km 
southeast of the crater (Loc. M5; image was captured at 19:30 on May 16, 2018). The scale is in centimeters. The locations of photographed sites are 
shown in Figs. 2 and 6



Page 8 of 14Miyabuchi and Sato  Earth, Planets and Space          (2023) 75:182 

respectively. The distal deposit samples (> 15  km) were 
finer than 0 φ (< 1 mm). The  Mdφ values increased with 
the distance from the crater (Figs. 9, 10), indicating that 
the tephra fall deposits that erupted on May 14 had 
increasingly finer grains at greater distances. The  Mdφ 
values were substantially higher in the samples obtained 
from the west of the main dispersal axis than those 

obtained from the east of the axis. This indicates that the 
tephra samples obtained from the west of the main axis 
were finer grained than those obtained from the east of 
the axis. Overall, the tephra deposits were well-sorted 
(σφ: mostly < 0.8 φ). The sorting coefficients (σφ) did not 
vary over different distances or dispersal directions 
(Fig. 10).

Plume photogrammetry and meteorological data
Figure 4 portrays the temporal fluctuation of the eruption 
plume, as captured by the camera installed at Karaku-
nidake; the top of the plume was out of frame immedi-
ately after the first vulcanian eruption. However, the 
plume’s altitude dropped gradually; therefore, the entire 
plume remained in the frame. During the eruption, the 
plume flowed southeast (approximately 150°). The upper 
part of the plume flowed slightly eastward, while the 
lower part flowed slightly westward. These flow direc-
tions were constant throughout the eruption, as seen in 
the photographs shown in Fig. 4. The wind profile above 
the Shinmoedake crater (obtained from the metrological 
data) explains the difference in the flow direction.

Fig. 6 Isopleth map of the May 14, 2018 deposit, with the maximum size of lithic fragments (ML; average long-axis diameter of the three largest 
lithic clasts at each locality) contained in the deposit. The relief map was produced by the Kashmir 3D software using the 10-m-mesh digital 
elevation model (DEM) data published by the Geospatial Information Authority of Japan
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Figures  11 and 12 portray the wind direction profiles 
above Shinmoedake at 15:00 JST. The illustration shown 
in Fig.  12 is called a “hodograph” in meteorology. In a 
hodograph, a line connects the end points of the wind 
vector at each altitude. The wind vector’s east–west com-
ponent U [m/s] is on the X axis, while the north–south 
component V [m/s] is on the Y-axis. The curve displayed 
on the hodograph can be interpreted as the direction of 
elongation of a cumulonimbus cloud or volcanic plume 
as seen directly from above. The satellite image shown in 
Fig. 13 confirms this elongation direction.

The wind direction was 300°–315° in the upper part 
of the plume (2400–6000 m ASL), and 315°–325° in the 
lower part (below 2400  m ASL). As a result, the upper 
part advected east of the main axis, and the lower part 
advected west, as shown in the camera images. The 
Himawari meteorological satellite infrared image shown 
in Fig. 13 further demonstrates that the initial vulcanian 
eruption and the subsequent ash eruption were clearly 
separated. Furthermore, the ash eruption cloud can 
be divided into bright (east side) and dark (west side) 
regions, which correspond to the high and low regions of 
the plume, respectively.

Discussion
Estimation of total erupted mass
To estimate the total mass of the May 14, 2018 eruption 
deposit from Shinmoedake Volcano, we conducted a field 
survey immediately after the eruption (May 14–15, 2018), 
covering the area beyond 7 km southeast from the crater. 
We also carried out fieldwork in the proximal area (ca. 
3–4 km southeast of the crater) on June 13, about 1 month 
after the eruption. In this section, we compare between 
erupted mass calculated using only distal data and calcula-
tions using both proximal and distal data (Table 1).

During the 2-day field survey after the May 14, 2018 
eruption (May 15, 13:00–May 16, 19:30), we observed 
tephra fall deposits in areas located more than 7  km 
from the Shinmoedake crater. The largest deposit mass 
(559 g/m2) was observed 7.3 km to the southeast of the 
crater, and the maximum isomass line that could be 
drawn was 500 g/m2. Based on the relationship between 
the area enclosed by each isomass line and the mass of 
the deposit, the total erupted mass was estimated to be 
approximately 1.6 ×  107 kg (Case 1 in Table 1). This value 
is about 80% of the total mass of 2.1 ×  107  kg (Case 2), 
which was calculated using both the proximal (3–4  km 
southeast of the crater; obtained on June 13, 2018) and 
distal data (> 7  km). Extrapolating a straight line con-
necting 500 g/m2 with 400 g/m2 to the area of the source 
vent (approximately 20  m in diameter), we estimated a 
tephra mass of 590 g/m2 near the vent (Table 1), which 
was about one-fifth the tephra mass calculated from 
the survey results by including the proximal area (mass 
of approximately 2700  g/m2; maximum isomass line: 
2000 g/m2).

The addition of the proximal data produced a differ-
ence in how the isomass lines were drawn, which pro-
duced differences in the areas enclosed by the isomass 
lines smaller than 500 g/m2 (Table 1). The case in which 
the total mass of tephra fall deposits estimated for the 
distal area data was much smaller than that estimated for 
both proximal and distal area data was also reported in 
ash-fall surveys during the 2014–2015 eruptive activity 
that occurred at the Nakadake first crater, Aso Volcano 
(Miyabuchi and Hara 2019). Therefore, the tephra data 
for proximal areas is important to accurately estimate the 
mass of tephra fall deposits.

Fig. 8 Microphotographs of the ash grains (fraction 1–2 φ) of the May 14, 2018 tephra fall deposits sampled 8.2 km SSE (a; Loc. W2) and 8.6 km ESE 
(b; Loc. E2) of the Shinmoedake crater. The scale bar in the lower right of each photo is 500 μm
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Sequence of the May 14, 2018 eruption
The May 14, 2018 eruption at the Shinmoedake cra-
ter, Kirishima Volcano, produced tephra fall deposits 
that were distributed more than 27 km southeast of the 
source crater; these deposits have a mass of approxi-
mately 2.1 ×  107 kg. The deposits are mainly composed of 
fresh glassy lithic fragments, probably derived from the 

dome lava inside the crater. The component characteris-
tics of the deposits are comparable to those of the vul-
canian eruptions of March 2011 (Miyabuchi et al. 2013). 
Therefore, the May 14, 2018 Shinmoedake eruption was 
accompanied by a vulcanian explosion. This is consist-
ent with the photographic records obtained by the JMA 
(Figs. 3, 4).
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Fig. 9 Grain-size histograms for grains coarser than 5 φ (1/32 mm) of the representative samples of the tephra deposits. The locations 
of the sampling sites are shown in Figs. 2 and 6
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The grain size characteristics of the tephra fall depos-
its on the east and west sides of the main axis differed 
significantly. The deposits on the east side of the main 
axis consisted of relatively coarser particles and had 
larger ML values. In contrast, the deposits on the west 
side were composed of finer grains and had smaller ML 
values. These features can be explained by the eruption 
stage and the vertical wind profile over the Shinmoedake 
crater (Figs. 11, 12, 14).

A vulcanian eruption occurred during the first stage 
of the May 14, 2018 eruption, transporting relatively 
coarse particles to the upper part of the plume. These 
particles were advected by the wind blowing at approxi-
mately 2400–6000  m ASL. The wind direction at this 
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Fig. 12 Hodograph portraying the wind direction 
above the Shinmoedake crater at 15:00 JST on May 14, 2018. U (> 0) 
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Fig. 13 Infrared image captured by the Himawari-8 meteorological 
satellite at 16:30 JST on May 14, 2018. Lower brightness temperature 
indicates higher altitude
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height was 300°–315°; below 2400  m ASL, the wind 
direction was 315°–325°. Because of this variation in 
the wind direction, the coarse particles from the upper 
part of the plume were deposited only on the east side 
of the main axis, and the fine particles from the lower 
part of the plume were deposited on the west side of 
the main axis. Consequently, the percentage of rela-
tively coarse particles was high on the east side.

During the later phase, the particles from the ash emis-
sion plume were primarily deposited on the west side of 

the main axis because in this phase, the plume’s height 
was lower than 2400  m. The tephra segregation height 
decreased with the plume altitude; however, the sort-
ing coefficients of the deposits sampled from the east 
and west of the main axis did not portray remarkable 
differences.

The satellite image (Fig.  13) also shows that parts of 
the ash emission and initial vulcanian eruption plumes 
rose to a high altitude, although the particles inside the 
ash emission plume were considered to be fine-grained. 
Consequently, on the east side of the main axis, only 
the coarse-grained particles associated with the vul-
canian eruption were deposited in the proximal area 
(< 15–20 km from the crater).

To the best of our knowledge, this study is the first to 
explore vertical wind shear and its influence on volcanic 
eruption plumes. Previous plume modeling studies rarely 
consider vertical wind shear. However, as plume dynam-
ics models will be extended to three dimensions in the 
future, the consideration of vertical wind shear is una-
voidable. Few previous ash-fall simulations considered 
the influence of vertical wind shear (for example, Man-
nen et  al. 2020). Incorporating the influence of verti-
cal shear to current ash fall simulations can allow for 
more accurate reconstructions of tephra distributions, 
although this would require extensive discussions using 
real-world cases, as in this study. An accurate recon-
struction of the vertical profile of volcanic ash inside the 
plume, as considered in previous studies (Mannen 2014; 
Connor et al. 2019; Mannen et al. 2020), involves resolv-
ing an inverse issue. The findings of this study can be 

Table 1 Mass of tephra discharged and isomass area for each survey case for the May 14, 2018 eruption deposit analyzed in this study

The mass in the source vent area was estimated by extrapolating the straight line that connects the maximum isomass with the second maximum isomass to the area 
of the source vent (approximately 20 m in diameter)

Case Case 1 Case 2

Used data Distal (> 7 km) data Proximal (3–4 km) and distal (> 7 km) 
data

Mass (g/m2) Area  (km2) Mass (g/m2) Area  (km2)

Mass in vent area 592 0.0003 2683 0.0003

Drawn isomass and area 2000 1.0301

1000 2.5383

500 2.5288 500 4.7316

400 5.2835 400 7.0755

300 10.8938 300 12.3822

200 19.5572 200 20.8152

100 38.6822 100 39.4625

50 72.7971 50 73.9510

20 141.3119 20 143.1269

0 296.4031 0 297.1475

Calculated mass (kg) 1.6 ×  107 2.1 ×  107

Fig. 14 Schematic illustration of the relationship between the May 
14, 2018 eruptions and the properties of ash-fall, based on the photo 
captured by the Japan Meteorological Agency (JMA), using 
the camera installed at Karakunidake, and the ambient wind field 
data
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combined with earlier works to yield useful information 
regarding the vertical profile of volcanic ash particles in 
the atmosphere.

Conclusions
For this study, the spatial distribution and grain-size 
characteristics of the tephra fallout deposits that erupted 
from the Shinmoedake crater (Kirishima Volcano) on 
May 14, 2018 were investigated immediately after the 
eruption. The tephra fall deposits were dispersed more 
than 27  km southeast of the crater, and the total mass 
was estimated to be approximately 2.1 ×  107  kg, based 
on an isomass map. We noted differences between the 
deposits on the east and west sides of the main dispersal 
axis. The deposits observed on the east side were com-
posed mainly of coarse to medium sand-sized particles, 
whereas the deposits on the west side were finer grained 
than those on the east side. Based on the photographs 
of the eruption plume and the meteorological data, we 
theorized the cause of these differences. According to 
meteorological data, the wind direction over the Shin-
moedake crater during the eruption varied with altitude. 
The upper part of the plume associated with the first vul-
canian eruption spread east of the main axis, catching the 
westerly winds. As a result, the relatively coarse-grained 
tephra was deposited on the east side of the axis. In con-
trast, the subsequent ash emission plume dispersed west 
of the main axis, due to northerly winds, and the ash 
(consisting of relatively finer particles) was deposited on 
the west side of the axis. As the plume altitude of the ash 
eruption decreased gradually, there was a change in the 
segregation altitude of the fine-grained particles, result-
ing in finer-grained tephra being deposited on the west-
ern side of the main axis.

This study demonstrates that the spatial and grain-size 
distributions of the tephra fall deposits associated with an 
eruption can generally be explained by the eruption style and 
vertical wind profile over the source volcano. However, it is 
necessary to solve the inverse problem to accurately recon-
struct the vertical profile of the volcanic ash plume in the 
atmosphere. Such analyses can provide useful information 
regarding the vertical profiles of ash particles inside volcanic 
plumes. This information can improve the current plume 
analysis methods carried out using weather radars and dis-
persion forecasts carried out using numerical models.
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