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DATABASE

Creating a digital database of tephra fallout 
distribution and frequency in Japan
Shimpei Uesawa1*, Kiyoshi Toshida1, Shingo Takeuchi1 and Daisuke Miura1,2 

Abstract 

Tephra fallout is a potential hazard to livelihoods, critical infrastructure, and health, even in areas that are far from 
volcanoes. Therefore, it is important to quantitatively evaluate tephra fall hazards for both residents and infrastructure 
around hazardous volcanoes. Modern probabilistic volcanic hazard assessments of tephra fallout strongly rely on 
computer modeling; however, assessments based on isopach maps can also be also helpful in assisting decision-
makers. To assess the tephra fall hazards in Japan, we created a digital database “Isopach map-Based Tephra fall Hazard 
Analysis (IB-THA)” and a tool to draw the cumulative number of tephra fallout events exceeding a specific thickness 
at a particular location. The database was re-digitized using an existing catalog of 551 tephra fall deposit distribution 
maps. The re-digitized datasets were utilized here to estimate the cumulative number of tephra fallout events exceed-
ing a specific thickness at 47 prefectural offices for the last 150 kyr. This allowed the characterization of regional tephra 
fall hazards in Japan for the first time. High cumulative numbers (20) of tephra fall deposits > 0 mm were identified in 
the NE-E region (e.g., Maebashi), whereas low numbers (2) were recognized in the SW and W regions of Japan (e.g., 
Naha). The thickest tephra fall deposit (2850 mm) was observed at Kagoshima. We used IB-THA to create a hazard 
curve for Tokyo. This hazard curve provides the minimum frequency needed to exceed the tephra fall thickness at any 
location. To refine the digital database presented here, further studies are required to incorporate recent (i.e., 2003 or 
younger) tephra distributions, review questionable isopach maps, and improve the interpolation method for digitiz-
ing tephra fall distributions.
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Introduction
Tephra fallout is a potential hazard to densely populated 
areas in modern global communities. Tephra fallout may 
cause roof collapses due to tephra mass load, short cir-
cuits due to the adhesion of fine ash particles to insula-
tors (e.g., Wilson et  al., 2014), and mechanical failures 
due to the intrusion and accumulation of ash particles, 
resulting in the disruption of public transportation ser-
vices and electricity networks (e.g., Wardman et al., 2012; 
Blong et al., 2017; Mueller et al., 2020). To plan measures 

to mitigate these potential risks, a quantitative assess-
ment of tephra fall hazards and their potential impacts 
need to be conducted first.

Quantitative tephra fall hazard assessment has been 
performed using two major approaches: determinis-
tic and probabilistic. Deterministic approaches using 
eruption scenarios based on historical literature and 
observation records have been adopted worldwide, 
particularly for producing volcanic hazard maps (e.g., 
Waythomas et  al., 1998; Nakasuji and Satake, 2004; 
Becker et al., 2010; Takarada, 2017; Fujita et al., 2019). 
Probabilistic approaches can be divided into “objective” 
(e.g.,  frequentist; Cox and Lewis, 1966) and “subjec-
tive” (e.g., expert elicitation; Budnitz et al., 1997). There 
are two methods of objective probabilistic approach: 

Open Access

*Correspondence:  uesawa@criepi.denken.or.jp

1 Nuclear Risk Research Center, Central Research Institute of Electric Power 
Industry (CRIEPI), 1646 Abiko, Abiko City, Chiba Pref 270‑1194, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13617-022-00126-x&domain=pdf


Page 2 of 12Uesawa et al. Journal of Applied Volcanology           (2022) 11:14 

1) a stochastic approach and 2) a statistical empiri-
cal approach (Marzocchi and Bebbington, 2012). The 
stochastic approach considers the frequency of erup-
tions and the distributions of eruption size and wind 
direction. This approach has been used to simulate, 
via computer modeling: a) tephra fallout from one vol-
cano on a local scale (e.g. Barberi et al., 1990; Connor 
et  al., 2001; Bonadonna et  al., 2005; Bebbington et  al., 
2008; Costa et  al., 2009; Yamano et  al., 2018; Mastin 
et al., 2020); and b) tephra fallout from multiple volca-
noes on a regional to global scale (e.g. Yokoyama et al., 
1984; Hoblitt et al., 1987; Hurst and Smith, 2004, 2010; 
Jenkins et al., 2012a; Jenkins et al., 2012b; Bear-Crozier 
et  al., 2016; Miller et  al., 2016; Jenkins et  al., 2018). 
The stochastic approach can account for uncertainties 
stemming from various sources (e.g., simplified physi-
cal model of tephra fallout; Suzuki, 1983) and eruption 
source parameters (e.g., erupted mass, plume dimen-
sions, wind profiles, eruption duration; Bonadonna 
et  al., 2005) through a large number of calculations. 
The output from such models is a probability curve 
of exceeding a specific tephra mass load (i.e., hazard 
curve).

The statistical empirical approach calculates the fre-
quencies of tephra fallout events based on tephra fall 
records (i.e., tephra fall deposits). This method relies 
only on the tephra fall record, although a large catalog 
of tephra fall deposits is required (Marzocchi and Beb-
bington, 2012). For catalogs we refer to a compilation of 
well-preserved tephra layers (ideally from several out-
crops or drilled borehole cores) (e.g., Cioni et al., 2003; 
Hurst and Smith, 2004, 2010 Magill et al., 2006).

Herein, we propose a new statistical empirical 
method based on a large collection of isopach maps 
produced across Japan. By constructing a raster data set 
of tephra fallout distribution maps, we determine the 
frequency of regional tephra fallout, which can be used 
to refine hazard assessment strategies. We have named 
the method “Isopach map-Based Tephra fall Hazard 
Analysis (IB-THA)”.

Firstly, we re-digitized the database of Suto et  al. 
(2007) to obtain the geological record-based num-
ber of tephra fallout events. Then, we analyzed it at 47 
locations (prefectural offices) to recognize some key 
regional characteristics, such as frequencies of tephra 
fall deposits exceeding 0 mm and the maximum thick-
ness of such deposits. Furthermore, we compared 
tephra fall records with borehole cores at two specific 
locations where many tephra fall deposits are well pre-
served. Herein, we also propose a method to illustrate 
the hazard curve based on the mean annual frequency 
of exceedance. We believe that this method and its suc-
cessive iterations will provide a low-cost, empirical 

statistical assessment of regional tephra fall hazards in 
Japan.

Tephra fallout isopach map database in Japan
Isopach maps of tephra fall deposits have been published 
in Japan over the past 60 years (e.g., Machida, 1964a, 
1964b; Hayakawa, 1985; Miyabuchi, 2009; Uesawa et al., 
2016). The first systematic compilation of these maps 
was a pioneering work by Machida and Arai (1992). 
The revised version was published in 2003 as an atlas 
of eruptions from ca. 400 ka to AD 2003 in and around 
Japan (Machida and Arai, 2003). Later, Suto et al. (2007) 
compiled maps from Machida and Arai (2003) and other 
sources prior to 2003, digitized them, and then draw 
isopachs by interpolating thicknesses  via geometric 
techniques. In addition to compiling the isopach map 
database, Suto et  al. (2007) determined the cumulative 
thickness of tephra fall deposits and obtained the maxi-
mum and minimum thicknesses of the expected deposit 
for each city and town in Japan for the past 1, 10, and 100 
kyr. However, their database cannot be directly applied 
to obtain tephra fall information at an arbitrary locality 
because the isopachs are provided in a portable docu-
ment format (PDF) file, so they lack digitized georefer-
enced data (e.g., shapefile format).

To analyze the tephra fallout events within the catalog 
of Suto et  al. (2007), we georeferenced, and re-digitized 
their 551 isopach maps by means of geographic infor-
mation system (GIS) analysis  (here we used ArcGIS 
10.5). The details of the method are provided in the next 
section.

Methods
IB-THA (Fig. 1), which includes a dataset of digital tephra 
distribution maps and a tool to determine the number of 
tephra fallout events exceeding a specific thickness, was 
conducted using the procedures presented in this section.

Data preparation
Firstly (Fig.  1a), we georeferenced and digitized the 
maps (551) from Suto et al. (2007) in GIS to construct a 
digital database of tephra fall distributions. These digi-
tal distribution maps were obtained using the following 
methods: (1) the original isopach maps were georefer-
enced; (2) for each map, the isopachs were digitized; (3) 
each isopach was assigned a specific thickness; and (4) 
the digitized isopachs were transformed into raster data. 
The raster dataset is available in Uesawa (2020). The grid 
size of the raster was defined as the third standard mesh 
grid (mesh size of 30″ latitude and 45″ longitude, which 
equals 1 km × 1 km). The mesh grid was defined following 
the standards of Ministry of Land, Infrastructure, Trans-
port, and Tourism of Japan.
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Forty maps out of the 551 available were not included 
in our new database for the following reasons. (1) Six 
maps were not included in the original database of 
Suto et  al. (2007). (2) One record of the Sambe–Uki-
nuno tephra (U2, Katoh et al., 1996) was found here to 
have significant thickness value errors, in addition to 
being a duplicate of the Suk tephra in Machida and Arai 
(2003). (3) A duplicate of the 1979 Aso volcano erup-
tion was included in the Hayakawa and Imura (1991) 
and Ono et  al. (1995) databases. (4) In the Older Fuji 
Volcano (~ 100 ka) record (Machida, 1964b), Suto et al. 
(2007) included the thickness of the Kanto Loam layer. 
We excluded these data because Kanto Loam comprises 
multiple eruption products derived from the Hakone 
and Older Fuji volcanoes, as well as aeolian dust depos-
its (loess; Hayakawa, 1995; Suzuki, 1995). (5) Thirty-
one maps showing sub-units were excluded and maps 
showing the summed (cumulative) thickness of those 

sub-units were adopted as representative of each erup-
tion instead. For instance, 3 subunits—Aira Tn-I, Tn-II, 
and Tn-III (Nagaoka, 1988)—were not included here. 
Instead, we included the isopach map of “AT” (Machida 
and Arai, 1992) as a representative tephra fall deposit 
for the Aira–Tanzawa eruption. All events are listed in 
Table ST1 in Supplementary Material 1.

Furthermore, the following four eruptions include 
multiple tephra fall sub-units: Kikai–Akahoya tephra 
(K-Ah; ~ 73 ka), Aira–Tanzawa tephra (AT; 26–29 ka), 
Numazawa caldera (Nm-N; 5 ka), and Suwanose Island 
(AD 1813) (Shimano and Koyaguchi, 2001). The cumu-
lative thicknesses of the following sub-units were 
implemented in our dataset: Koya pumice fall for K-Ah; 
Osumi pumice fall for AT; sub-units IV, III, and II for 
Nm-N; and units A, B, C–E, F, and G for Suwanose AD 
1813. Hence, twelve subunits were summarized into 
4 units. After these corrections, the total number of 
events in our database was 503.

Fig. 1  Workflow for IB-THA. (a) Re-digitization of isopach maps and sampling at arbitrary localities limited by the third standard mesh grid (see 
text), (b) preparation of a tephra fall record for a specific location, and (c) calculation of the cumulative number of tephra fallout events exceeding a 
specific thickness
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Calculation of tephra fallout records and cumulative 
number of tephra fallout events exceeding specific 
thicknesses
The aforementioned re-digitized database was used to 
calculate the cumulative number of tephra fallout events 
exceeding a specific thickness curve (Fig.  1c), by imple-
menting the following methods.

For the second step (Fig.  1b), tephra fallout events 
were counted at arbitrary sampling points limited by 
the grid. Subsequent tests of tephra fallout events and 
their respective thicknesses were sampled for all prefec-
tural offices and two specific drilling sites (Lake Suigetsu, 
Albert et al., 2019, and Uwa basin, Tsuji et al., 2018). The 
code used for sampling is available at https://​github.​com/
s-​uesawa/​Proto​type-​Tephr​aDB-​Japan.

For the last step (Fig. 1c), cumulative numbers of events 
exceeding specific tephra fall thicknesses were calculated 
and graphs were created. Specific thicknesses were 0 mm, 
0.1 mm, 1 mm, and 10 mm, the latter ranging from 10 

to 3000 mm at 10 mm steps. Suto et al. (2007) reported 
thicknesses in centimeters; therefore, the accuracy of 
their tephra fall deposit thicknesses is 10 mm. The inter-
polation method implemented here allow for thicknesses 
< 1 mm to be estimated by using our database.

Results
Characteristics of the database
Using the criteria described above, 503 tephra fallout 
records in our new database were selected to inspect 
tephra fall hazards  in Japan (Fig.  2). We present the 
results after analyzing the data in terms of the number 
of events at 10 ka steps for the past 330 kyr, grouped by 
Volcanic Explosivity Index (VEI: Newhall and Self, 1982) 
estimated by Suto et  al. (2007) (Table  1; Figs.  3 and 4). 
In addition, the  relationship between VEIs and tephra 
fallout events greater than 0 mm thickness at 47 prefec-
tural offices  (Fig.  2), and the  examination of the  domi-
nant period of tephra fallout events greater than 0 mm 

Fig. 2  (a) Location map of the 47 prefectural offices and 82 Quaternary volcanoes considered in this study, grouped into four regions (NE–W, NE–E, 
W, and SW) based on the geographical distribution of volcanoes. (b) Cumulative tephra fall thickness (mm) distribution map for the past ca. 330 kyr. 
Names in (b) show representative locations of prefectural offices. Bold Italic names show the two drill core sites. Orange dashed lines in (a) show the 
“volcanic front” after Sugimura and Ueda (1973)

Table 1  Number of eruptive events for different VEI and time periods. VEIs estimated by Suto et al. (2007)

VEI 1 2 3 4 5 6 ≥7 Total

Holocene (younger than 10 ka) 21 25 121 47 18 2 1 235

Younger than 50 ka 21 25 152 112 60 9 2 381

Younger than 100 ka 21 25 161 137 87 13 4 448

Younger than 150 ka 21 25 165 148 100 16 6 481

Total number of events 21 25 167 162 106 16 6 503

https://github.com/s-uesawa/Prototype-TephraDB-Japan
https://github.com/s-uesawa/Prototype-TephraDB-Japan
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thickness at 47 prefectural offices, are shown in Figs.  5 
and 6.

The size of our dataset is smaller than that used by 
Kiyosugi et  al. (2015), which are 700 eruption records, 
because tephra fallout events lacking distribution maps 
were not included in our study. The frequency of erup-
tion events declines with increasing age for all VEI values 
(Fig. 3). This is the case for both the Japanese and global 
databases (e.g., Deligne et al., 2010; Kiyosugi et al., 2015; 
Nakada, 2015; Bear-Crozier et al., 2016), and it was also 
observed by Suto et al. (2007). This may have been caused 
by the under-recording of eruptions in the pre-historic 
era and a lack of preservation, as suggested by Kiyosugi 
et al. (2015). Generally, the number of smaller VEI events 
geologically observed rapidly decreases with an increase 
in eruption age. For instance, all the VEI 1–2 events 

and ~ 73% of the VEI 3 events were recorded during the 
Holocene (Figs. 3 and 4; Table 1).

The cumulative number of tephra fallout events over 
time, and the corresponding survivor function (Klein-
baum and Klein, 2012) (normalized to the cumulative 
number of tephra fallout events) at 47 prefectural offices, 
based on an evaluation of tephra fall deposits > 0 mm, are 
shown in Fig.  6. Most exhibit a linear decrease with an 
increase in age over the last 150 kyr. This suggests that 
tephra fallout events > 0 mm occurred constantly during 
this time interval. Approximately 90% of the recorded 
events for every prefectural office occurred over the last 
150 kyr. Therefore, we used a subset of eruptive events 
younger than 150 ka for the subsequent analysis.

Cumulative number of tephra fallout events exceeding 
a specific thickness during the last 150 kyr at 47 prefectural 
offices
The number of tephra fallout events exceeding a specific 
thickness for the last 150 kyr at 47 prefectural offices was 
calculated using IB-THA. Here, we describe the patterns 
of the number of tephra fallout events exceeding a spe-
cific thickness at specific key locations. The correspond-
ing graphs are shown in Fig. 7.

In general, the localities with a relatively low cumu-
lative number of thicker events do not vary consider-
ably with an  exceeding specific thickness (Fig.  7b, ii 
to iv), whereas those with a higher cumulative num-
ber of thinner events do  vary (Fig.  7b, i). Cumula-
tive number of events higher than 10 for thicknesses 
> 0 mm are recognized in every region of Japan. Espe-
cially in NE–E Japan (see Figs.  7b-i and 8a), located 
to the east of the central to northeastern volcanic 
zone. Regions that have experienced tephra fallout 

Fig. 3  Histogram of the number of eruptions at 10 ka steps for each 
VEI in our new database

Fig. 4  Time-cumulative number of eruption events (a), and survivor function (Kleinbaum and Klein, 2012) (normalized to cumulative number of 
events) (b), for different VEI values
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events with thickness > 1000 mm are recognized in 
SW and W Japan (e.g., Kagoshima, Tottori, Fig.  7b, 
iii-iv; Fig. 8b). The most common thicknesses for the 
47 prefectural offices ranged from 200 to 300 mm 
(Fig. 8b).

Discussion
Evaluation of regional characteristics of tephra fall hazard 
in Japan
The cumulative number of tephra fallout events over 
the last 150 kyr can be used to analyze the characteris-
tics of the tephra fall hazards in Japan. These character-
istics are dependent on the relationships between the 
locations of the sampling points and the locations of 
the volcanoes that produce tephra fallout.

For instance, the high cumulative number of tephra 
fallout events represented in the NE-E region (Figs.  7 
and 8a) indicates tephras sourced from many volca-
noes in Japan, which includes proximal volcanoes, and 
even distant calderas in the SW region. Tephra sourced 
from caldera-forming eruptions can be dispersed over 
long distances (500–1000 km) by westerly stratospheric 
winds in Japan. The cumulative number of tephra 
fallout events are similar for the SW, W, and NW-E 
regions (Figs. 7 and 8a) because many large tephra-pro-
ducing eruptions occurred in the SW region. In fact, 
the thickest tephra fall deposits were observed in the 
SW region because caldera-forming eruptions occurred 
close to the cities considered in this study in that region 
(e.g.,  Kyushu Island). For the rest of the prefectural 

Fig. 5  Relationship between tephra fallout events and VEI. (a) Number of prefectural offices where tephra fallout events of > 0 mm were observed 
with different VEIs for the past ca 330 ka. (b) Percentage of eruptions where tephra fallout events of > 0 mm were observed anywhere in the 47 
prefectural offices with different VEIs for the past ca 330 ka (Nobs) compared to the total number of eruptions in each VEI (Ntotal)

Fig. 6  Time-cumulative number of tephra fallout events (a), and survivor function (normalized to cumulative number of tephra fallout events) (b), 
for 47 prefectural offices Each black line represents a tephra fallout event curve at a prefectural office
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offices, the maximum thicknesses range from 100 to 
1000 mm (Fig. 8b).

Comparison of the database with drill core data
Well preserved drill core datasets with precise carbon 
dating have been obtained for tephra fall deposits and 
fluvio-lacustrine sediments in Japan (e.g., Tsuji et  al., 
2018; Albert et al., 2019). We compared two such drill 
core datasets with our database at the same locations 
using the cumulative number of tephra fall thicknesses 
for the last 150 kyr. The localities chosen for the cal-
culations were Lake Suigetsu (Suigetsu SG06 drill core, 
< 135 ka; Albert et  al., 2019) and the Uwa basin (UT 
drill core, < 600 ka; Tsuji et  al., 2018) (Figs.  2b and 9). 
Those two sites were chosen because they contain the 
best-preserved deposits and are well documented for 
accurate tephra correlation (e.g., thicknesses, composi-
tions, ages) published in the literature.

A comparison of drill core SG06 with our database 
(Fig.  9a) revealed two differences: (1) the core displays 
a higher cumulative number of tephra fall thicknesses 
> 0 mm (Fig.  9, green lines) compared with that of the 
database (Fig.  9, orange lines); and (2) there is a slight 
discrepancy in the thickest event documented in the 
core (Fig. 9, green lines) and that in the database (Fig. 9, 
orange lines). The lower cumulative number of tephra 
fall thicknesses exceeding 0 mm in the database may be 

due to: (1) a lack of preservation of some tephra fall-
out events (e.g., thin tephra fall deposits derived from 
small-magnitude eruptions or distal thin deposits from 
large events), or (2) a lack of isopach maps (e.g., unpub-
lished data or tephra thicknesses only reported at a few 
localities, so the distribution of the deposit has not been 
determined). The small discrepancies between the events 
with greater tephra thicknesses may be attributed to the 
interpolation method of Suto et al. (2007) and that used 
here for the new database, or to erosion and/or compac-
tion of the drill core deposits. We assumed that compac-
tion was due to weathering of the tephra fall deposit and 
loading by subsequent deposits. For example, fresh thin 
tephra fall deposit densities range from 230 to 1600 kg/
m3 (e.g., Blong et al., 2017; Osman et al., 2022), whereas 
compacted thin tephra fall deposit densities range from 
approximately 1300 to 1800 kg/m3 (Blong et  al., 2017). 
Weathered compacted tephra fall deposits are consid-
ered to have densities of up to 2500 kg/m3 (e.g., Wohletz 
and Heiken, 1992). Thus, tephra fall deposit thicknesses 
reported in literature may include some uncertainty. 
Although the database has limitations (interpolation of 
isopach maps, preservation degree of tephra fall depos-
its), comparisons with borehole data suggest that the 
database can be useful for evaluating tephra fall hazards, 
especially for large-magnitude eruptions and/or eruptions 
affecting several regions.

Fig. 7  Location map of prefectural offices and regions defined in our study (a). (b) Cumulative number of events versus tephra fall thickness 
exceeding a specific threshold for the last 150 kyr at the prefectural offices in the four regions of Japan: (i) NE-E, (ii) NE-W, (iii) W, and (iv) SW. The 
colored curves in the plots show the specific key locations. The grey dotted curves in the plots show other locations
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Proposal of an isopach map‑based hazard curve
Hazard curves are useful for evaluating hazards during 
the risk assessment of artificial objects (e.g., INTERNA-
TIONAL ATOMIC ENERGY AGENCY, 2016). Here, we 
propose a hazard curve based on the mean annual fre-
quency of exceedance using IB-THA with the following 
calculations.

The mean annual frequency of exceedance (λan) for a 
specific tephra fall thickness t (in mm) at a specific loca-
tion was calculated as:

where N is the number of tephra fallout events exceed-
ing a specific thickness for a specific time interval T (in 
years).

Here, 1/λan denotes the mean return period. To dis-
play the mean annual frequency for different exceeding 
specific thicknesses and for different time intervals, the 
frequencies (λan) were calculated at 10 kyr time inter-
vals for the last 150 kyr. Table  2 shows an example of 
the mean annual frequencies of exceedance in Tokyo for 
representative tephra fall thicknesses. We observe that 
the mean annual frequencies in Table 2 mostly decrease 
with extended periods. This implies that the number of 
recorded events decreases with time. Therefore, the vari-
ations are shown with the 95% confidence interval using 
the t-distribution (e.g., Altman et  al., 2013) (Table  2). 
Finally, the hazard curve was obtained by incorporating 
the tephra fall deposit thickness in the horizontal axis 
and λan in the vertical axis (Fig. 10). It needs to be empha-
sized, however, that this hazard curve represents the 
minimum annual frequency of tephra fall events, because 
the database excludes the tephra fall deposits that may 
have been eroded or not reported yet. Furthermore, to 

(1)�an =

N

T

Fig. 8  Histograms for cumulative number of tephra fallout events, 
irrespective of VEI, during the last 150 kyr (a), and maximum 
tephra fall thickness (mm) (b) at 47 prefectural offices grouped by 
geographic location

Fig. 9  Cumulative number of tephra fallout events exceeding a specific thickness for the last 150 kyr, with a comparison of the core record (green 
lines) and the database at the drilling site locations (orange lines). (a) Lake Suigetsu and (b) Uwa basin



Page 9 of 12Uesawa et al. Journal of Applied Volcanology           (2022) 11:14 	

obtain the tephra fall load it is necessary to convert the 
thickness data into loads using various deposit densities 
(e.g., Blong et al., 2017).

Future work
The database generated by Suto et  al. (2007) can be 
improved in several ways:

	(i)	 Firstly, the data consist of tephra distribution maps 
for the period between ca. 330 ka and AD 2003. 
Therefore, isopach data for more recent erup-
tions (e.g., Asama 2004 eruption; Yoshimoto et al., 
2005; Kirishimayama–Shinmoedake 2011 erup-
tion; Maeno et  al., 2014; Ontake 2014 eruption; 
Takarada et al., 2016) should also be included.

	(ii)	 Secondly, some records in the database (e.g., Yotei 
tephras, SW Hokkaido; Kashiwabara et  al., 1976) 
should be refined to integrate recent revisions (e.g., 
Uesawa et al., 2016; Tsuji et al., 2018; Albert et al., 
2019).

	(iii)	 There are numerous problems associated with the 
interpolation methods. For example, the geomet-
ric method used to reproduce the isopachs of Suto 
et  al. (2007) includes imprecisions caused by iso-
topic and/or isometric extensions of isopach lines. 
The ArcGIS-based interpolation tool implemented 

Table 2  Variation in the mean annual frequency of tephra fall (λan) events exceeding 0 mm and equal to or greater than 10, 100, 200, 
and 500 mm for every 10 kyr period extended from present to 150 kyr at Tokyo. t: tephra fall deposit thickness (mm); Conf_95_max and 
Conf_95_min: maximum and minimum values of the 95% confidence interval, respectively. ND: not defined

Age (ka) t > 0 (× 10− 4) t ≥ 10 (× 10− 4) t ≥ 100 (× 10− 4) t ≥ 200 (× 10− 4) t ≥ 500 (× 10− 4)

0–10 5.00 3.00 0.00 0.00 0.00

0–20 4.00 2.00 0.50 0.00 0.00

0–30 3.00 1.67 0.67 0.00 0.00

0–40 2.25 1.25 0.50 0.00 0.00

0–50 1.80 1.00 0.40 0.00 0.00

0–60 1.50 0.83 0.33 0.00 0.00

0–70 1.43 0.86 0.43 0.00 0.00

0–80 1.25 0.75 0.38 0.00 0.00

0–90 1.33 0.89 0.44 0.11 0.00

0–100 1.30 0.90 0.40 0.10 0.00

0–110 1.27 0.91 0.36 0.09 0.00

0–120 1.25 0.92 0.33 0.08 0.00

0–130 1.31 1.00 0.38 0.08 0.00

0–140 1.21 0.93 0.36 0.07 0.00

0–150 1.13 0.87 0.33 0.07 0.00

Mean 1.94 1.18 0.39 0.04 0.00

Conf_95_max 2.58 1.52 0.47 0.07 ND

Conf_95_min 1.29 0.85 0.31 0.02 ND

Fig. 10  Hazard curve for Tokyo based on the tephra fallout record for 
the last 150 kyr. The black solid line shows the average value of the 
mean frequency of exceedance (λan). Black dotted lines represent the 
95% confidence interval for the hazard curve. Data extracted from 
Table 2
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here is widely used in hydrology, but its applica-
tion for tephra fall deposits is yet to be well tested. 
Therefore, volcanological methods able to system-
atically and confidently reproduce and interpolate 
tephra fall distributions should be tested in future 
applications. For instance, stochastic empirical 
methods (e.g., Kawabata et  al., 2013; Green et  al., 
2016; Yang and Bursik, 2016) and inversion algo-
rithms based on the advection–diffusion equations 
(e.g., Mannen, 2014; Yang et  al., 2021) have been 
successfully applied to reproduce and interpolate 
tephra fall deposit distributions.

Taking into account these areas of potential future 
improvements, the method presented here can be uti-
lized to evaluate the distribution of tephra fall hazards. 
This is particularly useful for sites where tephra depos-
its are eroded, or for remote, isolated sites where tephra 
sampling is difficult. Using the method developed in 
this study, a better view of the distribution of tephra fall 
deposits in urbanized, highly vegetated, mountainous, 
and offshore areas can be obtained.

Continuous improvements in the database will lead to 
a better understanding of the explosive eruption record 
and tephra distribution patterns in Japan. This informa-
tion can be used to develop better mitigation measures 
for the impacts of tephra fall on critical infrastructure 
and facilities, as well as its effects on human health, agri-
culture, and other activities (e.g., Wilson et  al., 2014; 
Yamamoto and Nakada, 2014).

Conclusions
We created a digital geospatial database to evaluate tephra 
fall hazards in Japan (IB-THA). Our main findings are:

1)	 VEI 3–7 explosive eruptions dominate in our data-
base for the < 150 ka period. Smaller (VEI < 3) events 
may be missing from our record because of erosion.

2)	 Our database enabled us to evaluate tephra fall haz-
ards for various localities in Japan. The cumulative 
number of tephra fallout events calculated for 47 pre-
fectural offices indicates regional variations in tephra 
fall distributions and characteristics.

3)	 There were two major differences between the cumu-
lative number of tephra fallout events from the drill 
core data and those from the digitized tephra data-
base. The first was a significantly smaller number of 
high-frequency events in the tephra database com-
pared to the drill core data (e.g., 8 versus 20 at the 
Suigetsu SG06 drill core for > 0 mm thick tephra 
deposits), which can be explained due to the lack of 
records for smaller tephra fallout events in the data-
base. The second was a minor difference in the thick-

ness of the thickest tephra fall deposits when our 
database was compared to the drill core data. This 
difference might be due to the coarse interpolation 
methodology used by Suto et al. (2007), and erosion 
and/or compaction of the drill core deposits.

4)	 Our database can be used to generate a hazard curve 
for any specific location by using IB-THA. For exam-
ple, in Tokyo, the mean annual frequency of exceed-
ance is ~ 1.18 × 10− 4 for 10 mm thickness tephra 
fallout.

5)	 The current database is incomplete as it includes 
events only prior to AD 2003. We therefore suggest 
the inclusion of more recent explosive eruptions with 
the aim of refining future analyses for shorter time 
periods and/or thinner fallout thicknesses.

6)	 Well-tested computer-based interpolation methods 
(e.g., inversion analyses using the advection–diffu-
sion model, statistical empirical approaches) should 
be more frequently conducted for tephra fall deposits 
in Japan. This will help refine the distribution of some 
tephra fallout events, especially of those with very 
uncertain hand drawn isopachs.

Abbreviations
IB-THA: Isopach map-Based Tephra fall Hazard Assessment; GIS: Geographic 
Information System; GMT: Generic Mapping Tool; VEI: Volcanic Explosivity Index..

Glossary
Shapefile	� A shapefile is a digital format that stores nontopological geom-

etry and attributes information (in an attribute table) for the spa-
tial features in a dataset. The geometry of a feature is stored in 
a shape comprising a set of vector coordinates. Shapefiles can 
support point, line, and area features, such as polygons (ESRI, 
1998).

Raster	� A raster consists of a matrix of cells (or pixels) organized into 
rows and columns (a grid), wherein each cell contains a value 
that represents a specific attribute (e.g., thickness, temperature). 
Rasters are images that include digital aerial photographs, satel-
lite imagery, digital pictures, or even scanned maps (ESRI, 2016).
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