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ABSTRACT

The interplay between volcanic ash and extreme weather events creates a complex scenario that necessitates further investigation to under-
stand the potential risks and devise strategies to reduce them. Volcanic ash deposition in river catchments carries the risk of triggering debris
flows when mixed with heavy rainfall. To mitigate such risk, we proposed the creation of comprehensive evacuation zones encompassing
both direct and cascading effects of volcanic ash hazards. This research incorporates ash dispersal simulations during severe weather to
emphasize the need of the creation of such evacuation zones. The study revealed that the number of people at risk increases significantly,
particularly in unaddressed areas vulnerable to debris flow, when a rainfall event promptly follows a large eruption. Therefore, it is essen-
tial to incorporate the entire population at risk by implementing additional evacuation zones in areas prone to debris flow to mitigate the

impacts effectively.

INTRODUCTION

The pervasive and multi-faceted impacts of volcanic ash hazards during large eruptions are a critical area of study. Despite the evident
risks and previous instances of large-scale eruptions, there is a paucity of comprehensive studies addressing the full extent of volcanic ash
hazards. Ashfall deposition can lead to a multitude of cascading effects, impacting not just the immediate vicinity of the volcano but also
regions far beyond it with indirect effects that can affect environmental and economic activity (Bonadonna et al., 2021). Therefore, it is
imperative to evaluate the effects beyond the immediate damage (e.g., roof collapse, pollution) and concentrate on the cascading effect
that can be evolved rapidly shortly after the eruption and triggered by extreme weather events (Iguchi, 2020; Bonadonna et al., 2021). The
extreme weather conditions - such as heavy rain or extratropical cyclones (also known as typhoons, hurricanes, etc.) - may exacerbate the
impact of volcanic ash deposition. When mixed with rain, ashfall can form destructive debris flows that can flow rapidly down valleys and
rivers, capable of reshaping landscapes and obliterating everything in their path (Naranjo et al., 1986). These flows are rapid, down-slope
movements of water-saturated, volcanic material that can be triggered when heavy rainfall remobilizes the freshly fallen ash. Mountainous
terrain is particularly susceptible to these flows, which can occur with little warning and have devastating consequences for communities
living near the prone areas. Such interactions between ash plumes and the prevailing weather patterns presents a unique challenge for
disaster preparedness and emergency management.

This research focus on the case of the upcoming large eruption of Sakurajima volcano, which is expected in the next 25 to 30 years (Hick-
ey et al., 2016). An eruption of this kind is likely to cause widespread ashfall deposition. It is crucial to minimize potential casualties by
identifying all the possible hazards arising from such a process. Furthermore, this study investigates secondary hazards arising from massive
ash fallout, which can occur during a large eruption. Currently, evacuation policies that anticipate massive ash fallout from Sakurajima only
consider the accumulated ash deposit that can damage roofs (Kagoshima City, 2021). However, as those who reside in areas susceptible to
debris flows will also experience an impact when ashfall accumulates swiftly along the upper streams of the river basin, particularly during
sudden precipitation events, it is imperative to recognise them as a population at risk and assign their locations as additional evacuation

zones.

Adopting the proposal by Iguchi (2019), we analyse the potential hazard zones by including both direct effect (i.e., roof collapse) and
cascading effects (e.g., debris flow) of ashfall deposition from a hypothetical large eruption case. Previously, Iguchi (2019) concluded that
continuous accumulation of ashfall from recurrent small-to-moderate vulcanian eruptions in Sakurajima volcano combined with rainfall trig-
gered several debris flow events in surrounding areas of the volcano. Those debris flow events occurred in the rivers in Sakurajima where
the mitigation measures already in place (e.g., Sabo dam). In case of a large eruption where ash can travel to distal areas, the debris flow
can occur in areas with no mitigation measure, especially if the rapid accumulation of ashfall followed shortly by a high precipitation event.
To further lessen the fatalities, this study proposed all areas with debris flow potential should also be included in the evacuation zones as

part of countermeasure actions.

METHODS
This study utilized the dataset of volcanic ash distribution of synthetic large eruption of Sakurajima volcano (Rahadianto and Tatano, 2020).

This dataset encompasses long eruption scenarios from 1958 to 2021. The Taisho eruption (1914) is selected as the eruption scenario of this
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dataset to demonstrate the potential impact of the strongest eruption in the 20th century on modern Japan. The eruption resulted in a plume
height of 18 km and 0.6 km3 tephra, which brought volcanic ash to almost all of Japan. Each date is treated as an individual scenario with
its own unique ash distribution, including both airborne concentrations and ground deposits. The ground deposits in this consist only of
collections of particles on the ground at the final simulation time (Rahadianto et al., 2022).We selected some hypothetical eruption incidenc-
es that coincided with extreme weather phenomena including heavy rainfall and typhoons. Then from such cases, we projected all hazard
zones based on roof collapse risk (primary evacuation zones) and debris flow risk (secondary evacuation zones) as evacuation zones. The
designation of places at risk of roof collapse is straightforward selecting all location covered by a 30 cm ash blanket, following the current
policy (Cabinet Office, 2020). For the designation of secondary evacuation zones, we limit the areas that are potentially affected by debris

flows during precipitation events taking place within seven days following the eruption start time.

Following Iguchi (2019), debris flow potential is analogous to magmatic reservoir where the expansion and contraction of the magmatic
reservoir serve as a predictive tool for forecasting volcanic eruptions. Similar mechanism can be applied in debris flow case, where the ash
deposits that accumulate in the upper streams of rivers are considered to have both a chamber and debris flow source. Then, the role of
precipitation along the upper streams is to act as a valve for discharging debris flows. When there is a large amount of precipitation, the
volume of debris flows can be significantly large. When large volcanic eruptions occur within the upper stream, it results in the accumu-
lation of volcanic ash, which ultimately leads to an increase in volume of the debris flow source (Iguchi, 2019). Therefore, the debris flow
potential (DFP) can be determined by ash deposit's input and discharge balance, dictating the amount of debris flow originating from the

source, as follows:

w, = kw, —wy

EQu1

where w_p is the DFP, w_a and w_d are the weight of accumulated ashfall from a large eruption and weight of discharged debris flows,
respectively, and k is the assumed proportion of ashfall accumulation on the river to the total volume of ejected ash in a large eruption. It is
currently proposed that w_p is at least 0.4 Mton, which results in the minimum value of k required to discharge w_d debris flows (Iguchi,

2019). As simplification, we used 10 cm ash blanket as the hazardous limit for areas with debris flow risk.

Here, as illustration, we show how the evacuation zones developed when a large eruption of Sakurajima volcano coincides with a heavy rain
event occurring close to the volcano. We highlighted two evacuation zones: the original which only considering ash deposit on the roofs at
least 30 cm thick, and the additional zones that includes all areas with DFP. We used 2018 heavy rain disaster (JMA, 2018) that devastated
most of West Japan region occurring from 28 June 2018 to 8 July 2018 as a case study. Japan experienced the highest precipitation in 10-day
period since 1982 where several rain gauge stations recording a record-high rainfall, resulting in some of the worst landslides and floods
in the recent years (JMA, 2018). Similar event also occurred in subsequent years such as in 2020 and 2021 (JMA, 2021), although on lower
intensity. If a large eruption occurred at Sakurajima volcano simultaneously with such extreme weather events, which are expected to occur

more frequently in the future as a result of climate change, the unexpected fatalities will be very large.

RESULTS AND DISCUSSION

Figure 1 displays the anticipated areas to be evacuated following a hypothetical eruption commencing on 30 June 2018, at the beginning of
the heavy rain events. This date was chosen to highlight how to the evacuation zones developed when heavy rain occurs after the eruption
finished. The original evacuation zones (primary) are mainly situated to the northwest of the volcano. We found that a considerable popu-
lation residing in debris flow prone areas around the southern (Kagoshima) and eastern edge (Kirishima) of the primary evacuation zones

must also be evacuated.
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Figure 1. The evacuation zones anticipating the direct and indirect effects of massive ash fallout during a large eruption event coincides with a heavy rain event on 30 June 2018. The areas

3N

with the risk of debris flow due to ashfall accumulation were drawn in transparent orange colour, while the areas at risk of roof collapse are in transparent red colour. Areas with debris
flow risk drawn in brown. Population density (km2) marked as dotted colours, between all population (green) and population that live in debris flow prone areas (blue). Topographic basemap
(ESRI, 2023) provides the basemap for this figure.
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Figure 2. The evacuation zones anticipating the direct and indirect effects of massive ash fallout during a large eruption event coincides with a heavy rain event on 3 July 2018. Description

of the legends of the map in the figure follows Figure 1.
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In this case, urban metropolitan centres like Kagoshima City and Kirishima City, though not directly affected by massive ash fallout from
the eruption, still received a considerable amount of ash deposits. Thus, emergency measures need to be implemented. Several plateau
locations were also observed where evacuation will become necessary due to the torrential rains in several days' time. Figure 2 illustrates
a case where the eruption coincided with a high precipitation event as a typhoon passed through the Japanese landscape on 3 July 2018.
Multiple densely populated areas were observed to be at risk of debris flow, requiring evacuation even prior to the eruption's onset, due to

the accompanying heavy rains.

Original population at risk Additional population at risk

30 June 2018 144,002

3 July 2018 124,853 22,468

Table 1. Number of populations at risk following massive ash fallout from a large eruption of Sakurajima followed by heavy rains event.

It is essential to incorporate the regions at risk of debris flow into the evacuation plans, as the growing number of at risk communities during
such cases is alarming, according to Table 1. By accounting for all populations at risk from the cascading effects of volcanic ash hazards,
fatalities can be reduced, and the damage can be kept to a minimum. Even in instances where only eruptions have taken place, the dense
accumulation of ash deposits in mountainous and upstream rivers still presents a considerable risk of debris flow for up to a decade. The
preceding significant eruption of Sakurajima (1914) also incited numerous debris flow occurrences years after the eruption ended (Iguchi,
2020). The cascading dimension when manage the volcanic ash risk should be integrated to provide an effective and efficient disaster risk

reduction process.

CONCLUSIONS

This study clarifies the construction of secondary evacuation zones addressing the cascading effects of massive ash fallout during a large
eruption. We employed the concept of debris flow potentials to identify and evaluate areas at heightened risk, given the chance of rapid
ash accumulation on waterways, followed by precipitation events. Heavy rainfall events are examined as a case study to demonstrate the
need for expanding evacuation zones in anticipation of significant ash fallout caused by the cascading effects brought on by exceptionally

high levels of precipitation.
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