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Abstract 1 

Numerical results of a two-layer depth-averaged model of pyroclastic density currents (PDCs) were 2 

compared with an experimental PDC generated at the international eruption simulator facility (the 3 

Pyroclastic flow Eruption Large-scale Experiment; PELE) to establish a minimal dynamical model of PDCs 4 

with stratification of particle concentrations. In the present two-layer model, the stratification in PDCs is 5 

modeled as a voluminous dilute turbulent suspension layer with low particle volume fractions (≲ 10−3) 6 

and a thin basal bedload layer with high particle volume fractions (~10−2 ) on the basis of the source 7 

condition in the experiment. Numerical results for the dilute layer quantitatively reproduce the time 8 

evolutions of the front position and body thickness of the dilute part in the experimental PDC. The 9 

numerical results of the bedload thickness and deposit mass depend on an assumed value of mean deposition 10 

speed at the bottom of the bedload (𝐷 ). We show that the thicknesses of bedload and deposit in the 11 

simulations agree well with the experimental data, when 𝐷 is set to about 3.5 × 10−4 m/s. This value of 12 

the deposition speed is two orders of magnitude smaller than that predicted by a hindered-settling model. 13 

The small value of 𝐷 suggests that the erosion process accompanied by saltating/rolling of particles plays 14 

a role in the sedimentation in the bedload. 15 

 16 

 17 

Keywords: Pyroclastic density current; Two-layer model; Experimental validation; Pyroclastic surge; 18 

Bedload; Fluidized granular flow 19 

 20 

 21 

 22 

1 Introduction 23 

Pyroclastic density currents (PDCs) are a frequent and hazardous process during volcanic eruptions. 24 

They occur when a hot mixture of volcanic particles and gas is ejected from the vent, but fails to 25 

become buoyant and instead propagates outwards as a ground-hugging gravity current (see the reviews 26 

by Branney and Kokelaar 2002; Sulpizio et al. 2014; Dufek 2016; Lube et al. 2020). The flow 27 

dynamics of PDCs depends on various factors: eruption conditions such as magma discharge rate (e.g., 28 

Bursik and Woods 1996; Dufek and Bergantz 2007; Shimizu et al. 2019), physical processes of PDCs 29 

such as ambient air entrainment, particle sedimentation, and basal friction (e.g., Roche et al. 2008; 30 

Andrews and Manga 2012; Lube et al. 2019), and topography (e.g., Esposti Ongaro et al. 2008; 31 

Andrews and Manga 2011; Kelfoun 2017). Because of the interplay between these different factors, 32 

the fluid dynamical features of PDCs are highly variable and form a wide range of pyroclastic deposit 33 

characteristics (e.g., Fisher and Schmincke 1984; Cas and Wright 1987; Branney and Kokelaar 2002). 34 

 35 

One major reason behind the wide range of PDC dynamics arises due to strong vertical stratification 36 
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of PDCs with respect to particle concentration (Valentine 1987; Branney and Kokelaar 2002; 37 

Burgisser and Bergantz 2002; Breard et al. 2016). PDCs are composed mainly of an upper voluminous 38 

dilute turbulent suspension region with low particle volume fractions (≲ 10−3) and a thinner basal 39 

region with high particle volume fractions (~10−2–10−1). As the particle volume fractions change, 40 

the controlling factors of the flow dynamics also change. The flow dynamics of the upper dilute part 41 

is controlled mainly by the settling of particles in the current, entrainment of ambient air into the 42 

current, thermal expansion of the entrained air, and resistance of ambient air at the flow front (e.g., 43 

Sparks et al. 1993; Andrews and Manga 2012; Benage et al. 2016). On the other hand, the flow 44 

dynamics of the basal part is controlled mainly by friction and deposition at the bottom of the current 45 

(e.g., Roche et al. 2008; Girolami et al. 2010; Lube et al. 2019; Brosch and Lube 2020). The behavior 46 

of the whole stratified current is determined by the dynamics of both the dilute and basal parts, and 47 

the interactions between them (i.e., transfers of mass, momentum, and energy from one to the other). 48 

The effects of these physical processes on the flow dynamics depend on the source conditions and 49 

topography. In particular, the basal part has various characteristics depending on the source conditions 50 

(for instance the particle concentration at the source; Lube et al. 2015; Breard et al. 2018); the basal 51 

current flows as a dense gas-pore pressure-modified (i.e., fluidized) granular flow with very high 52 

particle volume fractions (~0.4; referred to as a “dense underflow”) or as a flow of saltating/rolling 53 

particles with relatively low particle volume fractions (∼ 10−2; referred to as a “bedload”). 54 

 55 

Numerical two-layer depth-averaged models have been developed as a minimal dynamical model to 56 

describe global features of stratified PDCs (e.g., Doyle et al. 2008; Kelfoun 2017; Shimizu et al. 2019). 57 

In the two-layer models, the stratification of particle concentration and density in PDCs is modeled as 58 

dilute and basal layers on the basis of the idea that the dilute- and basal-part flows in stratified PDCs 59 

are controlled by different physical processes. In dilute layers, the effects of particle settling, air 60 

entrainment, thermal expansion, and frontal air resistance on flow dynamics are mainly taken into 61 

account on the basis of experiments of particle-water dilute turbulent suspension flows (e.g., Parker 62 

et al. 1987; Bonnecaze et al. 1993; Shimizu et al. 2019). In basal layers, the effects of basal friction 63 

and deposition on flow dynamics are mainly considered on the basis of experiments of particle-air 64 

dense fluidized granular flows (e.g., Girolami et al. 2008, 2010; Roche et al. 2008; Shimizu et al. 65 

2019). The two layers are coupled through mass and momentum exchanges such as inter-layer particle 66 

transfer. Although the concept of two-layer model is useful for systematically assessing the effects of 67 

the various physical processes on flow dynamics and the resulting deposits of stratified PDCs, the 68 

quantitative agreement of its numerical results with experimental observations needs to be tested. 69 

 70 

Currently, a community-driven effort is underway to compare numerical PDC models with 71 

experimental data for the purposes of validation (assessing how well a numerical model represents the 72 
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physical problem) and benchmarking (comparison of different numerical models with one another) 73 

(Valentine 2019; Esposti Ongaro et al. 2020). As a part of the effort, a large-scale experiment was 74 

conducted at the international eruption simulator facility (the Pyroclastic flow Eruption Large-scale 75 

Experiment, PELE; Lube et al. 2015). This experiment involved the controlled gravitational collapse 76 

of a hot suspension of natural volcanic particles and air into an instrumented run-out section. The 77 

resulting stratified density current simulated a fully dilute, fully turbulent PDC (i.e., a pyroclastic 78 

surge) comprising a thick upper turbulent region and a thin basal bedload region. The detailed 79 

conditions of the experiment and the characteristics of the spatially and temporally evolving flow 80 

structure and deposit are described in Brosch and Lube (2020). The benchmark conditions are 81 

described in Supplementary Information S1 in Electronic Supplementary Material (ESM) 1. By 82 

comparison of numerical PDC models with the experimental PDC at PELE, we can further advance 83 

our understanding of the physical processes controlling PDCs and the resulting deposits. 84 

 85 

This paper compares a numerical two-layer PDC model (Shimizu et al. 2019) with the experimental 86 

data from PELE for the community-driven benchmarking and validation in order to establish a 87 

minimal dynamical model of stratified PDCs. We assess how well the two-layer model reproduces the 88 

experimental stratified PDC to clarify its limitations. To reproduce the features of the basal bedload 89 

observed at PELE, we modify the model for the basal layer in the original two-layer model of Shimizu 90 

et al. (2019). We discuss the sedimentation process in the experimental bedload on the basis of 91 

numerical simulations of the modified two-layer model. 92 

 93 

 94 

2 Method 95 

We conducted a series of numerical simulations of a two-layer PDC model (see Appendix 1 for the 96 

basic equations) under the conditions defined in the benchmark. A two-layer PDC flows into run-out 97 

sections comprising proximal 6∘ inclined and distal horizontal channels at 𝑥 = 0–9.68 m and 𝑥 >98 9.68 m, respectively, where 𝑥 represents the distance in a direction parallel to the basal surface (Fig. 99 

1). We set the source conditions using the experimental data at 𝑥 = 0 (Profile 1), and compare the 100 

numerical results with the experimental data at the distal areas (𝑥 > 0) particularly at 𝑥 = 2.65 and 101 7.78  m (Profiles 2 and 3, respectively). The source conditions in the simulations and the input 102 

parameters for the dilute and basal layers are as follows. 103 

 104 

2.1 Dilute layer 105 

The source of the upper dilute layer in the simulations is modeled as a supply of homogeneous 106 

dilute current at a constant mass flow rate from the inlet boundary 𝑥 = 0 (Fig. 1). The values 107 

of the inlet boundary conditions for the dilute layer (i.e., thickness ℎ1, velocity 𝑢1, solid mass 108 
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fraction 𝑛s1, volcanic gas mass fraction 𝑛v1, temperature 𝑇1, and mean solid density 𝜌s) are 109 

obtained from the experimental data at Profile 1 (𝑥 = 0) (see Table 1). The values of ℎ1, 𝑢1, 110 𝑛s1 , 𝑛v1 , and 𝑇1  are estimated by depth- and time-averaging experimental data of flow 111 

velocity, temperature, and particle volume fraction as a function of time 𝑡 and height 𝑧 at 112 

Profile 1 (see Supplementary Information S1 in ESM 1). As the densities of solid particles in 113 

the experiment depend on their particle sizes, the value of 𝜌s  is estimated by 114 (∑(𝑛s,𝑖/𝜌s,𝑖  ))−1, where 𝑛s,𝑖 and 𝜌s,𝑖 are the depth- and time-averaged solid mass fraction 115 

and solid density of the 𝑖-th particle class obtained from the experimental data at Profile 1 (see 116 

ESM 2 for details of the estimation). The inlet mass flow rate of the dilute current is given as 117 𝜌1𝑢1ℎ1 for time 𝑡 = 0–4 s and as 0 for 𝑡 > 4 s (Fig. 1c), where 𝜌1 represents the density 118 

of the dilute current at 𝑥 = 0 and is estimated by the equation of state (Eq. (6)). 119 

 120 

The flow dynamics of the dilute current is dependent on three factors: the mean settling speed 121 

of solid particles at the bottom of the current (𝑊s), the imposed frontal Froude number (𝐹𝑟N), 122 

and the basal drag coefficient (𝐶dc ). The values of 𝑊s , 𝐹𝑟N , and 𝐶dc  are estimated from 123 

existing models (see Table 1). The value of 𝑊s is estimated by ∑(𝑛s,𝑖𝑊s,𝑖), where the settling 124 

speed of each 𝑖-th particle class (𝑊s,𝑖) is formulated by a terminal-velocity model (Eq. (A.4) 125 

of Shimizu et al. 2019; see ESM 2 for details of the estimation). The value of 𝐹𝑟N is based on 126 

the theoretical model for steady-state inviscid gravity currents (Benjamin 1968). The value of 127 𝐶dc is estimated on the basis of the empirical formula of Hager (1988) (cf. Hogg and Pritchard 128 

2004). The values of 𝑊s, 𝐹𝑟N, and 𝐶dc are assessed by comparison of the numerical results 129 

of the dilute layer with the experimental data at 𝑥 > 0. 130 

 131 

2.2 Basal layer 132 

To reproduce the experimentally observed fluid dynamical features of the basal-part flow with 133 

relatively low particle volume fractions ~10−2 (i.e., the bedload), we modified the model for 134 

the basal layer in the original two-layer model of Shimizu et al. (2019), which assumed that 135 

the solid volume fraction in the basal layer (𝜙sH) is equal to that in the deposit (𝜙sD). The 136 

present two-layer model, on the other hand, considers a more generalized situation where 137 𝜙sH < 𝜙sD(= 0.6). 138 

 139 

In the simulations, a basal current (i.e., bedload) is supplied at the inlet boundary 𝑥 = 0 at a 140 

constant mass flow rate (Fig. 1). The inlet boundary conditions of the basal current (i.e., 141 

thickness ℎH1 , velocity 𝑢H1 , and mean solid volume fraction 𝜙sH ) are obtained from the 142 

experimental data (see Table 1 and Supplementary Information S1 in ESM 1). The value of 143 ℎH1 is based on the time-series of the bedload thickness at Profile 1 (𝑥 = 0). The value of 𝑢H1 144 
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is estimated by depth averaging the time-averaged height-dependent fitting function of flow 145 

velocity at Profile 1 between heights 0 and ℎH1. The value of 𝜙sH is based on the observation 146 

that the bedload has solid volume fractions of ∼ 10−2 (Brosch and Lube 2020). The inlet 147 

mass flow rate of the basal current is given as 𝜌H𝑢H1ℎH1 for time 𝑡 = 0–4 s and as 0 for 148 𝑡 > 4 s (Fig. 1c), where 𝜌H represents the mean density of the basal current (see Appendix 1 149 

for the estimation of 𝜌H). 150 

 151 

The flow dynamics of the basal current is controlled by two major factors: the basal drag 152 

coefficient (𝐶db) and the mean deposition speed (𝐷). The value of 𝐶db (see Table 1) is based 153 

on the empirical formula of Hager (1988) (i.e., 𝐶db = 0.025𝑅𝑒H1−0.2; cf. Hogg and Pritchard 154 

2004), where 𝑅𝑒H1(≡ 𝜌H𝑢H1ℎH1/𝜂H) represents the Reynolds number of the basal layer at 155 𝑥 = 0, and the bulk dynamic viscosity of the basal layer (𝜂H) is set to 10−5 Pa s. The mean 156 

deposition speed 𝐷, on the other hand, depends strongly on unknown physical processes in 157 

the basal current. For this reason, we set 𝐷 as a tuning parameter and estimate its value on the 158 

basis of fitting the numerical results to the experimental data at 𝑥 > 0  (see Table 1) and 159 

discuss the sedimentation process in the experimental bedload. 160 

 161 

 162 

3 Results 163 

3.1 Dilute layer 164 

In the numerical simulations for a wide range of 𝐷, a dilute current is generated from the inlet 165 

boundary (𝑥 = 0) and flows into the run-out sections (𝑥 > 0) (see Supplementary Movie 1 166 

(ESM 3) for 𝐷 = 3.5 × 10−4 m/s). The results of the dilute currents in the simulations are 167 

almost unaffected by the characteristics of the basal current, because the basal layers have a 168 

negligible effect on the dynamics of the dilute layer (e.g., the interfacial drag between the two 169 

layers). Here we describe the flow dynamical features of the dilute current in the results 170 

reproducing the behavior of the experimental bedload (i.e., Table 1; Supplementary Movie 1 171 

(ESM 3)). 172 

 173 

The numerical results successfully reproduce the qualitative features of the dilute-part flow 174 

observed in the experiment. They develop a typical gravity current structure comprising a 175 

leading thick gravity current “head” and a trailing gravity current “body” (see Supplementary 176 

Movie 1 (ESM 3); cf. Brosch and Lube 2020). The results also agree well quantitatively with 177 

the main components of the experimental data. They reproduce the time evolution of the front 178 

position in the experiment (Fig. 2a). The flow thickness in the simulations ( ℎ(𝑥, 𝑡) ) is 179 

consistent with the time evolution of the body thickness at Profiles 2 and 3 (𝑥 = 2.65 and 180 
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7.78 m) in the experiment (Fig. 2b and c). 181 

 182 

We performed a parametric study for a wide range of input parameters (i.e., 𝑊s = 0.3–3 m/s, 183 𝐹𝑟N = 1–√2, and 𝐶dc = 10−4–10−2) to assess the values of 𝑊s, 𝐹𝑟N, and 𝐶dc in Table 1. 184 

The results of the parametric study indicate that the dynamical features of the dilute current are 185 

insensitive to 𝐶dc. On the other hand, they sensitively depend on 𝑊s and 𝐹𝑟N. The evolution 186 

of the body thickness is primarily affected by the flow density, which in turn depends on 𝑊s. 187 

The front position strongly depends not only on 𝑊s but also on 𝐹𝑟N. This is because the time 188 

evolution of the flow front, as well as the head and body structure, is controlled primarily by 189 

the resistance pressure caused by the acceleration of the ambient air at the flow front (i.e., the 190 

front condition (Eq. (7)); Shimizu et al. 2017). The above good agreement of the body thickness 191 

between the numerical and experimental results (Fig. 2b and c) implies that the mass weighted 192 

average of terminal velocities (i.e., ∑(𝑛s,𝑖𝑊s,𝑖)) used in the present model can explain the 193 

effective value of 𝑊s in the experiment. The agreement for the front position (Fig. 2a) implies 194 

that the theoretical model of 𝐹𝑟N for steady-state inviscid gravity currents (Benjamin 1968) 195 

used in the present model explains the mechanical balance at the flow front in the experiment. 196 

 197 

3.2 Basal layer and deposit 198 

In the simulations, a basal current (i.e., bedload) is generated from the inlet boundary (𝑥 = 0) 199 

and flows into the run-out sections (𝑥 > 0) (see Supplementary Movie 1 (ESM 3) for the values 200 

of the input parameters in Table 1). The basal current obtains the mass and momentum of 201 

particles settling from the upper dilute current. The basal current evolves downstream until its 202 

frontal parallel mass flux becomes zero owing to basal deposition (cf. Shimizu et al. 2019). 203 

The deposits progressively aggrade upward from the bottom of the basal current in the proximal 204 

area and directly from the bottom of the dilute current in the distal area where the basal current 205 

is absent (cf. Regime 2a of Shimizu et al. 2019). 206 

 207 

When the mean deposition speed at the bottom of the basal current (𝐷) is set to 3.5 × 10−4 208 

m/s (Table 1), the numerical results agree quantitatively with the experimental data of the 209 

bedload and deposit. They reproduce the time-series of the bedload thickness at Profiles 2 and 210 

3 ( 𝑥 = 2.65  and 7.78  m) in the experiment (Fig. 3a and b). The deposit mass in the 211 

simulation is consistent with the profile of the final deposit mass per unit area in the experiment 212 

(Fig. 3c). The fact that the numerical results do not reproduce the exponential decay of the 213 

experimental deposit mass with distance (see Fig. 3c) is due to that the deposition speed at the 214 

bottom of the basal current is given by a constant value (i.e., 𝐷 cos 𝜃) in the present model 215 

(see Eq. (10)). 216 
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 217 

The results of the numerical simulations for a wide range of 𝐷 indicate that, as 𝐷 increases, 218 

the slope of the bedload thickness decreases, and the deposit mass derived from the bedload 219 

increases. These results allow us to estimate the value of 𝐷 from the following experimental 220 

observations: (1) the bedload thickness has almost the same value (i.e., 0.005–0.02 m) at 221 

Profiles 1–3 (see Fig. 3a and b; see Fig. S1a in Supplementary Information S1 in ESM 1) and 222 

(2) the deposit derived from the bedload has a mass of 0.8–5 kg/m2 at Profiles 1–3 (see Fig. 223 

3c). The estimated value of 𝐷 depends on the uncertainties of other parameters for the bedload 224 

such as ℎH1, 𝑢H1, 𝜙sH, and 𝐶db; these uncertainties are caused mainly by depth- and/or time-225 

averaging procedures for the experimental data at Profile 1 (see Supplementary Information 226 

S1 in ESM 1 for details of the estimations of these uncertainties). To assess the effects of these 227 

uncertainties, we performed sensitivity analyses for ℎH1 = 0.005–0.02 m, 𝑢H1 = 2.36–3.27 228 

m/s, 𝜙sH = 0.01–0.05, and 𝐶db = 1.0 × 10−3–4.0 × 10−4. 229 

 230 

The results of the sensitivity analyses indicate that the bedload thickness is dependent on these 231 

parameters, whereas the final deposit mass is insensitive to them. When the uncertainties of 232 ℎH1 , 𝑢H1 , 𝜙sH , and 𝐶db  are taken into account, the results of our model with 𝐷 = 0 –233 9.1 × 10−4 m/s agrees with the experimental data of the bedload thickness at Profiles 1–3 (i.e., 234 0.005–0.02 m). On the other hand, our two-layer model indicates that the final deposit mass 235 

derived from the basal layer is given by 𝜙sD𝜌s𝐷Δ𝑡 cos 𝜃 (see Eq. (10)), where Δ𝑡 is the time 236 

interval within which the bedload exists at 𝑥 (i.e., Δ𝑡(𝑥 = 0–7.78) = 3.30–3.77 s; see Figs. 237 

3a, 3b, and S1a). Accordingly, the experimental deposit mass at 𝑥 = 0 – 7.78  m (i.e., 238 𝜙sD𝜌s𝐷Δ𝑡 cos 𝜃 = 0.8 – 5  kg/m2) is explained by 𝐷 = 1.9 × 10−4 – 1.0 × 10−3  m/s. We 239 

conclude that the range of 𝐷  best explaining the experimental data of both the bedload 240 

thickness and deposit mass is 1.9 × 10−4–9.1 × 10−4 m/s. 241 

 242 

 243 

4 Discussion 244 

In the foregoing section, we have obtained the result that our numerical model can quantitatively 245 

reproduce the evolutions of the basal bedload and deposit in the experiment when the mean deposition 246 

speed at the bottom of the bedload is set to 𝐷 = 1.9 × 10−4–9.1 × 10−4 m/s. We discuss below the 247 

sedimentation process in the experimental bedload on the basis of these estimated values of 𝐷. 248 

 249 

Previously, the sedimentation process in basal parts of PDCs has been explained by the hindered-250 

settling model on the basis of experiments of initially fluidized granular flows (Girolami et al. 2010); 251 

we have confirmed in Appendix 2 that the numerical results of a basal-layer model with the hindered-252 
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settling model agree well with the experimental data of an initially fluidized granular flow reported 253 

by Girolami et al. (2008). On the other hand, the estimated values of 𝐷 for the bedload (i.e., the circle 254 

with error bars in Fig. 4) deviate significantly from those predicted by the hindered-settling model 255 

(i.e., the gray region in Fig. 4; Eqs. (11) and (12)). The circle with error bars in Fig. 4 shows the 256 

relationship between the ratio of the estimated values of 𝐷 for the bedload to the value of 𝑊s (i.e., 257 𝐷/𝑊s = 2.6 × 10−4–1.2 × 10−3) and the experimental observation of the solid volume fractions in 258 

the bedload (i.e., 𝜙sH = 0.01–0.05). The estimated values of 𝐷/𝑊s for the bedload are two orders 259 

of magnitude smaller than that predicted by the hindered-settling model for 𝜙sH = 0.01–0.05 (i.e., 260 𝐷/𝑊s = 1.5 × 10−2–8.2 × 10−2; see Fig. 4). Setting 𝐷 to a value predicted by the hindered-settling 261 

model (𝐷 = 1.2 × 10−2 m/s) gives a run-out distance of the basal current that is too short (~0.1 m) 262 

to explain the experimental observations for the bedload (see Supplementary Movie 2 (ESM 4)). These 263 

results suggest that the sedimentation process in the experimental bedload is governed by a mechanism 264 

other than hindered settling. 265 

 266 

The small estimated values of the mean deposition speed 𝐷 for the bedload can be explained by the 267 

combination of deposition and erosion processes (cf. Parker et al. 1986; Cao et al. 2004; Trinh et al. 268 

2017; Rauter and Köhler 2020). The experimental observations showed that saltating/rolling of 269 

particles occurred in the bedload (Brosch and Lube 2020); the saltating/rolling of particles accompany 270 

a complicated combination of deposition and erosion processes. These processes may reduce the 271 

effective value of the deposition speed (i.e., 𝐷). 272 

 273 

In this paper, we have focused on the dynamics of stratified PDCs with a bedload generated at the 274 

base. As mentioned in the introduction section, the basal current in a stratified PDC flows as either 275 

bedload (𝜙sH~10−2) or dense underflow (𝜙sH~0.4), and this difference in the basal current changes 276 

the flow and sedimentation of PDCs (e.g., Lube et al. 2015; Breard et al. 2018; Lube et al. 2020). Our 277 

two-layer model can predict the behavior of stratified PDCs only when the inlet source conditions of 278 

the basal current (i.e., ℎH1, 𝑢H1, and 𝜙sH) as well as the effective vertical mass fluxes of particles 279 

(i.e., 𝑊s and 𝐷) and the effective basal friction (i.e., 𝐶db) are provided. Future works will attempt 280 

to develop additional models to determine these parameters for cases where dense underflow or 281 

bedload develops at the source (e.g., Breard et al. 2018; Lube et al. 2019; Valentine 2020). 282 

 283 

 284 

5 Summary 285 

Numerical results of a two-layer depth-averaged model of PDCs with stratification of particle 286 

concentrations were compared with an experimental dilute PDC generated at PELE. In numerical 287 

simulations of the present two-layer model, the stratification in PDCs is modeled as a voluminous 288 
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dilute turbulent suspension layer with low particle volume fractions (≲ 10−3)  and a thin basal 289 

bedload layer with high particle volume fractions (~10−2) on the basis of the experimental source 290 

conditions. By fitting the numerical results to the experimental data for the bedload, the mean 291 

deposition speed at the bottom of the bedload (𝐷) has been estimated to be about 3.5 × 10−4 m/s. 292 

This value is two orders of magnitude smaller than that predicted by the hindered-settling model. The 293 

small value of 𝐷 suggests that the erosion process accompanied by saltating/rolling of particles plays 294 

a role in the sedimentation in the bedload. Further understanding of PDC dynamics based on the two-295 

layer model would require similar comparisons under various source conditions (e.g., those where a 296 

dense underflow develops). 297 

 298 

 299 
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Appendices 306 

Appendix 1. Basic equations of the two-layer model for pyroclastic density currents 307 

This appendix provides details of a two-layer depth-averaged model for pyroclastic density currents (PDCs) 308 

with stratification of particle concentrations. The present two-layer model is based on that of Shimizu et al. 309 

(2019); the two layers (i.e., the dilute and basal currents) are coupled through mass and momentum 310 

exchanges as suspended particles in the dilute current settle into the basal current, and a deposit 311 

progressively aggrades upward from the bottom of the basal (or dilute) current (see Fig. 1b). Shimizu et al. 312 

(2019) assumed an axisymmetric PDC spreading radially from the source along the horizontal ground 313 

surface, whereas this paper designs a PDC flowing into an inclined one-dimensional channel on the basis 314 

of the experimental setting of PELE (see Fig. 1a). The basic equations of the dilute and basal currents and 315 

the deposit are described below (see Shimizu et al. 2019 for the numerical procedures). 316 

 317 

The dilute current is modeled as a highly turbulent suspension flow consisting of solid particles, volcanic 318 

gas, and entrained ambient air. When the current flows into a one-dimensional channel with a slope angle 319 𝜃  (Fig. 1), the basic equations of the dilute current with thickness ℎ(𝑥, 𝑡) , velocity 𝑢(𝑥, 𝑡) , density 320 𝜌(𝑥, 𝑡) , solid mass fraction 𝑛s(𝑥, 𝑡) , volcanic gas mass fraction 𝑛v(𝑥, 𝑡) , air mass fraction 𝑛a(𝑥, 𝑡) , 321 

temperature 𝑇(𝑥, 𝑡), and specific heat at constant pressure 𝐶p(𝑥, 𝑡) are as follows. 322 

Conservation of flow mass: 323 
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𝜕𝜕𝑡 (𝜌ℎ) + 𝜕𝜕𝑥 (𝜌𝑢ℎ) = 𝜌a𝐸|𝑢| − 𝑛s𝜌𝑊s cos 𝜃 , (1) 324 

Conservation of entrained air mass: 325 𝜕𝜕𝑡 (𝑛a𝜌ℎ) + 𝜕𝜕𝑥 (𝑛a𝜌𝑢ℎ) = 𝜌a𝐸|𝑢|, (2) 326 

Conservation of solid particle mass: 327 𝜕𝜕𝑡 (𝑛s𝜌ℎ) + 𝜕𝜕𝑥 (𝑛s𝜌𝑢ℎ) = − 𝑛s𝜌𝑊s cos 𝜃 , (3) 328 

Conservation of flow momentum: 329 𝜕𝜕𝑡 (𝜌𝑢ℎ) + 𝜕𝜕𝑥 (𝜌𝑢2ℎ + 𝜌 − 𝜌a2 𝑔ℎ2 cos 𝜃)= (𝜌 − 𝜌a)𝑔ℎ sin 𝜃 − (𝜌 − 𝜌a)𝑔ℎ cos 𝜃 𝜕𝑧c𝜕𝑥−𝑛s𝜌𝑢𝑊s cos 𝜃 − 𝜏c, (4) 330 

Conservation of flow enthalpy: 331 𝜕𝜕𝑡 (𝜌𝐶p𝑇ℎ) + 𝜕𝜕𝑥 (𝜌𝐶p𝑇𝑢ℎ)= 𝜌a𝐸|𝑢| (𝐶pa𝑇a + 𝑢22 + 𝑔ℎ2 cos 𝜃)−𝑛s𝜌𝑊s cos 𝜃 (𝐶s𝑇 − 𝑔ℎ2 cos 𝜃) , (5) 332 

Equation of state: 333 1𝜌 = 𝑛s𝜌s + 𝑇𝑝 (𝑛a𝑅a + 𝑛v𝑅v), (6) 334 

where 𝑡 is the time, 𝑥 is the distance in the direction parallel to the basal surface, 𝜌a(≡ 𝑝/(𝑅a𝑇a)) is the 335 

density of ambient air, 𝐸 is the entrainment coefficient (see Eq. (A.1) of Shimizu et al. 2019), 𝑊s is the 336 

mean settling speed of solid particles at the bottom of the dilute current, 𝑔 is the gravitational acceleration, 337 𝑧c is the height of the basal contact, 𝜏c is the basal drag (see Eq. (A.2) of Shimizu et al. 2019), 𝐶pa is the 338 

specific heat of air at constant pressure, 𝑇a is the temperature of ambient air, 𝐶s is the spesific heat of 339 

solid particles, 𝜌s  is the mean density of solid particles, 𝑅a  is the gas constant of air, 𝑅v  is the gas 340 

constant of volcanic gas, and 𝑝 is the pressure. The mass fractions satisfy the condition of 𝑛s + 𝑛v + 𝑛a =341 1. The specific heat of the dilute current at constant pressure is given by 𝐶p = 𝑛s𝐶s + 𝑛a𝐶pa + 𝑛v𝐶pv. To 342 

describe realistic dilute current dynamics, a balance between the buoyancy pressure driving the flow front 343 

and the resistance pressure caused by the acceleration of the ambient air at the front (i.e., the front 344 

condition): 345 d𝑥Nd𝑡 = 𝑢N = 𝐹𝑟N√𝜌N − 𝜌a𝜌a 𝑔ℎN cos 𝜃           at     𝑥 = 𝑥N(𝑡) (7) 346 

is taken into account, where the subscript N denotes the front, and 𝐹𝑟N is the imposed frontal Froude 347 
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number. 348 

 349 

The basal current is modeled as a homogeneous high particle concentration flow consisting of solid particles 350 

and air. The basic equations of the one-dimensional channelized basal current with thickness ℎH(𝑥, 𝑡) and 351 

velocity 𝑢H(𝑥, 𝑡) are as follows. 352 

Conservation of solid particle mass: 353 𝜕ℎH𝜕𝑡 + 𝜕𝜕𝑥 (𝑢HℎH)  = 𝑛s𝜌𝜙sH𝜌s 𝑊s cos 𝜃 − 𝜙sD𝜙sH 𝐷 cos 𝜃 , (8) 354 

Conservation of solid particle momentum: 355 𝜕𝜕𝑡 (𝑢HℎH) + 𝜕𝜕𝑥 ( 𝑢H2 ℎH + 12 𝜌H  − 𝜌a𝜌H 𝑔ℎH2 cos 𝜃)= 𝜌H − 𝜌a𝜌H 𝑔ℎH sin 𝜃 − 𝜌H − 𝜌a𝜌H 𝑔ℎH cos 𝜃 𝜕𝑧b𝜕𝑥− ℎH𝜌H 𝜕𝜕𝑥 ((𝜌 − 𝜌a)𝑔ℎ cos 𝜃)+ 𝑛s𝜌𝜙sH𝜌s 𝑢𝑊s cos 𝜃 − 𝜙sD𝜙sH 𝑢H𝐷 cos 𝜃+ 𝜏c𝜌H − 𝜏b𝜌H , (9)
 356 

where the subscript H  denotes the basal high particle concentration current, 𝜙sH  is the mean volume 357 

fraction of solid particles in the basal current, 𝜙sD is the volume fraction of solid particles in the deposit, 358 𝐷 is the mean deposition speed at the bottom of the basal current, 𝑧b is the height of the contact between 359 

the basal current and the deposit, and 𝜏b is the basal drag (see Eq. (A.3) of Shimizu et al. 2019). The basal 360 

current is assumed to have a constant bulk density 𝜌H = 𝜙sH𝜌s + (1 − 𝜙sH)𝜌gH, where 𝜌gH(≡ 𝑝/(𝑅a𝑇1)) 361 

is the density of the gas phase in the basal current, and 𝑇1 is the initial temperature of the upper dilute 362 

current (see the method section). 363 

 364 

The deposit progressively aggrades upward from the bottom of the basal or dilute current. The aggradation 365 

rate of material in the deposit is as follows. 366 

𝜕𝑧b𝜕𝑡 = {𝐷 cos 𝜃              (Aggradation from basal current),𝑛s𝜌𝜙sD𝜌s 𝑊s cos 𝜃 (Aggradation from dilute current). (10) 367 

The aggradation for the dilute current occurs when the particle-settling rate at the bottom of the dilute 368 

current is lower than the deposition rate of the basal current at the position where the basal current is absent 369 

(i.e., the two conditions that the right-hand side of Eq. (8) < 0 and ℎH = 0 are satisfied). In this study, 370 

we determined the value of 𝐷 for the bedload on the basis of comparison with the PELE experiment. 371 

 372 

When the basal current flows as a dense fluidized granular flow (e.g., Girolami et al. 2008, 2010; Roche et 373 
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al. 2008), the mean deposition speed 𝐷 can be obtained using the hindered-settling model (Druitt et al. 374 

2007; Girolami et al. 2008, 2010): 375 𝐷 = 𝜙sH𝜙sD − 𝜙sH 𝑊sH,    (11) 376 𝑊sH = (1 − 𝜙sH)𝑚𝑊s, (12) 377 

where 𝑊sH is the hindered settling speed of solid particles, and 𝑚 is an empirical exponent (typically 2 378 

to 6 for very fine and well sorted materials with volcanic particles up to 0.25 mm, and 7 to 12 for poorly 379 

sorted materials with particles up to 4 mm; Druitt et al. 2007). These formulae allow us to apply the 380 

hindered-settling model for the case of 𝜙sH < 𝜙sD such as the bedloads (𝜙sH~10−2; see Fig. 4). 381 

 382 

 383 

Appendix 2. Validation of the hindered-settling model for a dense underflow 384 

In previous two-layer PDC models (Doyle et al. 2008; Kelfoun 2017; Shimizu et al. 2019), the basal layer 385 

of the stratified PDC is modeled as a dense underflow. The sedimentation process in dense underflow has 386 

been explained by the hindered-settling model on the basis of experiments of initially fluidized granular 387 

flows (Girolami et al. 2010). In this appendix, the results of a numerical simulation using the hindered-388 

settling model (i.e., Eqs. (11) and (12)) are compared with the experimental results of an initially fluidized 389 

granular flow (Girolami et al. 2008). 390 

 391 

In the numerical simulation, on the basis of the experimental setting, a stationary dense mixture in a 392 

rectangular-lock domain of length 𝑥0 and height ℎH0 is released at time 𝑡 = 0 and it flows into a one-393 

dimensional horizontal channel (i.e., slope angle 𝜃 = 0∘) at 𝑡 > 0. The dynamics of the dense current with 394 

thickness ℎH(𝑥, 𝑡) and velocity 𝑢H(𝑥, 𝑡) is described by the conservation equation of solid particle mass 395 

(i.e., Eq. (8) where the first term on the right-hand side is set to 0) and that of solid particle momentum (i.e., 396 

Eq. (9) where the third, fourth, and sixth terms on the right-hand side are set to 0). The aggradation rate of 397 

material in the deposits is given by Eq. (10) where only the case of the aggradation from the basal current 398 

is taken into account. 399 

 400 

The values of input parameters (i.e., 𝑥0, ℎH0, 𝜙sH, 𝜌s, 𝐶db, and 𝐷) are determined by the experimental 401 

data at 𝑡 = 0 and existing models (see Table 2). The length and thickness of the initial dense mixture (𝑥0 402 

and ℎH0) and the mean solid volume fraction in the dense current (𝜙sH) are obtained from Table 2 of 403 

Girolami et al. (2015) under the additional assumption of 𝜙sD = 0.6 . The mean solid density (𝜌s ) is 404 

estimated by (∑(𝑛s,𝑖/𝜌s,𝑖  ))−1, where 𝑛s,𝑖 and 𝜌s,𝑖  are the solid mass fraction and solid density for each 405 𝑖-th particle class obtained from the experimental data (Table 1 of Girolami et al. 2008 and Table 1 of Druitt 406 

et al. 2007). The basal drag coefficient (𝐶db) is estimated on the basis of the empirical formula of Hager 407 

(1988). The mean deposition speed (𝐷) is estimated on the basis of the hindered-settling model (i.e., Eqs. 408 
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(11) and (12)). The values of the other input parameters are the same as those used in the numerical 409 

simulations of the two-layer PDC model (see Table 1). 410 

 411 

In the numerical simulation, a dense current flows into the horizontal channel, and it produces the deposits 412 

by progressive aggradation at a constant speed 𝐷 during flowing (see Supplementary Movie 3 (ESM 5)); 413 

the dense current eventually stops its further propagation at the distal point where the horizontal mass flux 414 

of the current at the front becomes zero owing to basal deposition (cf. Shimizu et al. 2019). These features 415 

are consistent with the sedimentation process observed in the experiments (Girolami et al. 2008). The 416 

numerical results also quantitatively reproduce the experimental data of the time-series of the flow front 417 

position (Fig. 5a) and that of the profile of the final deposit height (Fig. 5b). Details of this experimental 418 

validation will be reported in future work. 419 

 420 

 421 

Appendix 3. Notation 422 

We provide the list of the mathematical symbols used in this paper (Table 3). 423 

 424 

 425 
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 527 

 528 

Captions 529 

Fig. 1 Schematic illustration of a series of numerical simulations of the two-layer PDC model. (a) A two-530 

layer PDC is generated from the inlet boundary (𝑥 = 0) and flows into a proximal inclined channel with 531 

length 9.68 m (slope angle 𝜃 = 6∘) and into a distal horizontal channel (𝜃 = 0∘). (b) There are three 532 

interfaces, between the dilute current with thickness ℎ and the ambient air (𝑧 = 𝑧f), between the basal 533 

current with thickness ℎH and the dilute current (𝑧 = 𝑧c), and between the deposit and the basal current 534 

(𝑧 = 𝑧b). (c) The inlet mass flow rates of the dilute and basal currents are given as constant values for 535 

time 𝑡 = 0–4 s and as 0 for 𝑡 > 4 s 536 

 537 

Table 1 Input parameters and constants for simulation of the two-layer PDC model 538 

 539 

Fig. 2 Comparison of the numerical results for the dilute layer with the experimental data for the dilute-540 

part flow at PELE. (a) Front position of the dilute current as a function of time 𝑡 (𝑥N(𝑡)). Solid curve 541 

represents the numerical result. Circles represent the experimental data. (b and c) Thicknesses of the 542 

dilute current at 𝑥 = 2.65 and 7.78 m as a function of time 𝑡 (ℎ(𝑥 = 2.65, 𝑡) and ℎ(𝑥 = 7.78, 𝑡)). 543 

Black solid curves represent the numerical results, where the thick head passes initially and the body 544 

passes subsequently at 𝑥 = 2.65  and 7.78  m. Gray solid lines represent the time-dependent fitting 545 

functions of body thickness of the experimental dilute-part flow ((b) 4.6(0.3215 − 0.01421𝑡) m; (c) 546 4.6(0.2721 + 0.003674𝑡) m) 547 

 548 

Fig. 3 Comparison of the numerical results for the basal layer and deposit with the experimental data for 549 

the bedload and deposit at PELE. Solid curves represent the numerical results. Circles represent the 550 

experimental data. (a and b) Thicknesses of the bedload at 𝑥 = 2.65 and 7.78 as a function of time 𝑡 551 

(ℎH(𝑥 = 2.65, 𝑡) and ℎH(𝑥 = 7.78, 𝑡)). (c) Final deposit mass per unit area as a function of distance 𝑥 552 
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(𝜙sD𝜌s𝑧b(𝑥, 𝑡 = ∞)) 553 

 554 

Fig. 4 Ratio of mean deposition speed (𝐷) to terminal velocity (𝑊s) as a function of volume fraction of 555 

solid particles (𝜙sH). Gray region represents the prediction by the hindered-settling model (i.e., Eqs. (11) 556 

and (12) with the empirical exponent 𝑚 =2–12 (Druitt et al. 2007)). Circle with error bars represents 557 

the relationship between the estimated values of 𝐷/𝑊s for the bedload and the experimental observation 558 

of 𝜙sH for the bedload 559 

 560 

Table 2 Input parameters and constants for simulation of the basal-layer model for initially fluidized 561 

granular flow 562 

 563 

Fig. 5 Comparison of numerical results for the basal-layer model based on the hindered-settling model 564 

(black curves) with experimental data for an initially fluidized granular flow (gray curves; Girolami et 565 

al. 2008). (a) Front position of the dense current as a function of time 𝑡 (𝑥NH(𝑡) − 𝑥0). The magnitude 566 

of typical errors in the experimental data is expressed by the thickness of the gray curve. (b) Final deposit 567 

height as a function of distance 𝑥 − 𝑥0 (𝑧b(𝑥, 𝑡 = ∞)) 568 

 569 

Table 3 List of symbols 570 

 571 



Figures

Figure 1

Schematic illustration of a series of numerical simulations of the two-layer PDC model.



Figure 2

Comparison of the numerical results for the dilute layer with the experimental data for the dilute-part �ow
at PELE.



Figure 3

Comparison of the numerical results for the basal layer and deposit with the experimental data for the
bedload and deposit at PELE. Solid curves represent the numerical results. Circles represent the
experimental data



Figure 4

Ratio of mean deposition speed



Figure 5

Comparison of numerical results for the basal-layer model based

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.



Table.pdf

ESM1.pdf

ESM2.xlsx

ESM3.mov

ESM4.mov

ESM5.mov

https://assets.researchsquare.com/files/rs-674704/v1/d12bc2b427a5dc4f3bba0e01.pdf
https://assets.researchsquare.com/files/rs-674704/v1/a6fd13ac9e399f983cac5323.pdf
https://assets.researchsquare.com/files/rs-674704/v1/a43c9c2969fc0d6c99e0df62.xlsx
https://assets.researchsquare.com/files/rs-674704/v1/b1ddbec41030fbb662ce3963.mov
https://assets.researchsquare.com/files/rs-674704/v1/d27d2fc82425c5c2d6d3745f.mov
https://assets.researchsquare.com/files/rs-674704/v1/fcfd450ce3c5523bf1f36fe4.mov

