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Abstract We present three‐dimensional numerical simulations of eruption clouds from circular to linear
fissure vents to investigate the control of vent shape on the height and stability of volcanic plumes during
large explosive eruptions. Our results show that clouds ejected from circular or low‐aspect‐ratio (nearly
square‐like) fissure vents can be associated with radially suspended flow (RSF) at the top of the jet region,
whereas those emitted from narrow‐fissure vents are not. Non‐RSF plumes are more stable than those
associated with RSF because the highly concentrated parts of the ejected mixture are easily dissipated and
mixed with air near the vent. Plume height in the RSF regime decreases while that in the non‐RSF regime
increases with increasing aspect ratio, even for a fixed magma flow rate. These observations suggest that
the efficiency of air entrainment is influenced by the vent shape, which in turn controls the dynamics of
eruption plumes.

Plain Language Summary Explosive volcanic eruptions eject hot mixtures of gas and ash,
forming eruption clouds. Eruption clouds can either become buoyant and rise upward as kilometer‐scale
volcanic plumes, from which they release ash and gas into the atmosphere, or flow downward along the
ground, resulting in devastating pyroclastic flows. Understanding the dynamics of eruption clouds and the
critical conditions for generating pyroclastic flows versus volcanic plumes is an important focus of modern
volcanology research. We present numerical simulations of eruption clouds using a three‐dimensional
numerical model to investigate the effects of volcanic vent geometry on plume stability and height. Our
simulation results indicate that plume height depends on the shape of the volcanic vent and can have
different dynamics even for the same eruption intensity. These effects of vent shape are caused by the
complex mechanism of mixing between the eruption cloud and the ambient air. The efficiency of such
mixing inside the cloud largely controls the critical conditions for the generation of pyroclastic flows; above a
critical mass flow rate, clouds ejected from circular vents can generate pyroclastic flows, whereas those
ejected from thin fissure vents develop stable volcanic plumes.

1. Introduction

Large explosive volcanic eruptions can produce Plinian‐type buoyant plumes and/or pyroclastic flows. The
hot mixture of volcanic gas and solid pyroclasts that is ejected from the vent entrains ambient air owing to
turbulent mixing, significantly reducing its density because the mixed air is heated and expands. When the
erupted mixture entrains a small amount of air, the eruption cloud (i.e., the mixture of the fragmented
magma, lithics, gas, and entrained air) remains heavier than the ambient air and therefore collapses, result-
ing in pyroclastic flows. In contrast, when the erupted mixture entrains a large amount of ambient air, the
eruption cloud becomes lighter than the surrounding atmosphere and rises, thereby developing a buoyant
plume. In the latter scenario, the height of Plinian‐type plumes is controlled by the balance between its ther-
mal flux at the vent and the work for lifting up the eruption mixture (and the air from lower altitudes).
Therefore, whether the eruption produces buoyant plumes and/or pyroclastic flows, as well as the maximum
height of the plume, are strongly controlled by the amount of air entrained by turbulent mixing (e.g.,
Cerminara, Esposti Ongaro, & Neri, 2016; Costa et al., 2016; Jessop & Jellinek, 2014; Jessop et al., 2016;
Trolese et al., 2019; Woods, 1988).

Some previous studies (Glaze et al., 2011, 2017; Stothers, 1989; Woods, 1993) investigated the effects of vent
shape (i.e., circular and linear fissure vents) using simple one‐dimensional (1D) models for buoyant plumes
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(e.g., Morton et al., 1956; Woods, 1988), suggesting that the critical conditions to sustain buoyant plumes is
controlled by fissure width. Such studies assume that the amount of entrained air is proportional to charac-
teristic plume velocity at each height and that the efficiency of entrainment (i.e., the entrainment coefficient)
has the same constant value for plumes from both circular and fissure vents. However, the entrainment coef-
ficient can be affected by the different turbulent features originated from the different shape of source (Deo
et al., 2007a, 2007b; Jessop et al., 2016; Mi et al., 2005; Quinn, 1992; Zaman, 1999) and the local buoyancy at
each plume height (Carazzo et al., 2006; Kaminski et al., 2005; Paillat & Kaminski, 2014). In the case of vol-
canic plumes, the flow features and the local buoyancy are expected to depend on each other. The flow struc-
tures, their turbulent features, and the resultant plume heights are controlled by the reversing buoyancy (i.e.,
from negative to positive buoyancy; e.g., Suzuki, Costa, & Koyaguchi, 2016), whereas themagnitude of buoy-
ancy is determined by three‐dimensional (3D) structures of volcanic plume. In particular, when the vent
radius is large, the dense unmixed part of eruption cloud can generate “fountain‐like structure,” known
as radially suspended flow (RSF; Neri & Dobran, 1994; Suzuki & Koyaguchi, 2012; Suzuki, Costa,
Cerminara, et al., 2016), and its flow structure largely changes stability of eruption column (Suzuki &
Koyaguchi, 2012). In order to understand the effects of vent shape on plume dynamics, therefore, it is
required to reproduce both of the reversing buoyancy and the 3D flow structures of volcanic plumes.

Examples of large explosive eruptions from linear fissure vents vary from the 1886 eruption from a
17‐km‐long fissure in Tarawera, New Zealand (Sable et al., 2006; Walker et al., 1984) to the ~100‐km‐long
fissure estimated for the Youngest Toba Tuff supereruption (Costa & Marti, 2016). In this study, we extend
our previous studies (Costa et al., 2018; Suzuki & Koyaguchi, 2012) that investigated the dynamics of plumes
from circular vent for large eruptions and reproduce the fluid dynamics of large eruption clouds from circu-
lar to fissure vents using 3D numerical models. We particularly focus on the effects of vent geometry on
plume height and on the conditions for column collapse. We show that the amount of entrained air depends
on vent shape, which affects both the peripheral surface of the plume that is first in contact with the ambient
air (i.e., the “entrainment area”) and the effective value of the entrainment coefficient (i.e., the “entrainment
efficiency”) associated with different flow structures. The combination of these two effects have a fundamen-
tal control on the eruption column dynamics.

2. Methods and Model Parameters

To investigate the effects of vent shape on eruption cloud dynamics, we numerically simulated circular and
fissure vents with different aspect ratios. To quantify the effects of vent shape, we introduced two dimension-
less parameters. The first is the aspect ratio of the maximum and minimum dimensions of the vent,
AR= Lmax/Lmin, where Lmax and Lmin are the fissure length and width, respectively (following the definition
in Mi et al., 2005). The second reflects the deviation of the vent shape from a true circle, γ= 4πA/P2, where A
and P are the vent area and perimeter, respectively. For a given shape (circular or rectangular), γ is a function
of AR; γ and AR have a maximum and minimum value, respectively, for γ = AR = 1 (circular vents), and, for
fissure vents, γ decreases as AR increases.

For simplicity, the effects of topography were neglected, assuming the volcanic vent to be located on a flat
surface. Furthermore, we assumed that the solid pyroclasts were dynamically and thermodynamically well
coupled with the gas phases (i.e., volcanic gas and entrained air), ignoring particle sedimentation and decou-
pling (see Cerminara, Esposti Ongaro, & Berselli, 2016, Cerminara, Esposti Ongaro, & Neri, 2016). In the
presented models, the transport equations that describe the mass, momentum, and energy conservation as
well as the equations of state were solved numerically. The numerical pseudo gas model was based on the
time‐dependent solution of the compressible flow Navier‐Stokes equations. The model used implicit
large‐eddy simulation (ILES) approach where the inherent numerical dissipation act as an implicit subgrid
model. We confirmed that when spatial resolution is sufficiently high, both the numerical results with and
without the LES approach correctly reproduce the spreading rate of jets observed in the experiments (Suzuki
et al., 2005). The simulation results, obtained by the present model, were compared with the other models
that used the LES approach (see also the intercomparison of 3D models in Suzuki, Costa, Cerminara,
et al., 2016). For the detail of the model, see Suzuki et al. (2005) and Suzuki and Koyaguchi (2013).

The computational domain had a horizontal extent of ~100 km and a vertical extent of ~60 km. Non‐uniform
structured grids covered the physical domain. The minimum grid cell size was used for the vent and ground
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surface; it was smaller than Lmin/6, where Lmin is the minimum length scale of the vent (Table 1). The grid
cell size increases with increasing horizontal distance from the crater and with increasing vertical distance
from the ground surface. The grid cell size was increased at constant rates of 0.005 and 0.02 units
horizontally and vertically, respectively.

A representative tropical atmosphere was used for the initial atmospheric conditions. Atmospheric density
and pressure were stratified for a given temperature gradient, and, for simplicity, we assumed calm (i.e., no
wind) conditions. We applied no‐slip conditions at the ground boundary and free outflow/inflow conditions
at the other boundaries. We focused on two eruption intensities with parameters close to the critical condi-
tion required for column collapse (Costa et al., 2018). The first eruption type had a mass flow rate (MFR) of
109 kg s−1, and the second had an MFR of 109.5 kg s−1. The vent exit velocity, temperature, water fraction,
and density were set at 256 m s−1, 1,053 K, 0.06, and 3.5 kg m−3, respectively (see Costa et al., 2018).
Circular and fissure (i.e., rectangular) vent geometries of different dimensions were considered, and the
length of the fissure was varied (3.4, 10, and 15 km for MFR = 109.0 kg s−1; 10 and 20 km for
MFR = 109.5 kg s−1). For fixed vent geometry, exit velocity, and magmatic properties, the vent radii and fis-
sure widths can be determined for a given MFR. The input parameters are listed in Table 1.

3. Simulation Results

The simulation results show that the flow patterns of volcanic plumes are controlled by the volcanic vent
geometry. Here, we describe the simulation results as a function of the AR (see Table 1).

For the magmatic properties considered in this study, when the MFR was set at 109 kg s−1, the eruption
clouds developed stable columns and did not produce clearly recognizable pyroclastic flows (Figure 1),
regardless of the vent shape. The plumes from circular vents (γ = AR = 1) were associated with highly con-
centrated flow of the erupted mixture above the vent (at a height about four times the vent diameter), termed
“radially suspended flow”. When the vent radius is large, the erosion by the outer shear layer of the flow does
not reach the central axis at the height where the initial momentum is exhausted (defined as Hmmt). The
dense unmixed cloud stops to rise and spreads radially at this height, resulting in the formation of the
RSF. The large vortices at the top of the RSF entrain a significant amount of ambient air, and the mass frac-
tion of the erupted mixture was significantly reduced in this region (see supporting information, Movies 1a–
1c). For a 3.4‐km‐long fissure vent (AR = 10), the eruption cloud also exhibited RSF structures (Figure 1b).
For high‐aspect‐ratio fissure vents (AR = 91 and 200), a sheet‐like buoyant flow (i.e., a quasi‐2D vertical
flow) developed, and no RSFwas observed (Figures 1c and 1d; Movies 3a–3c and 4a–4c). In these latter cases,
the mass fraction of the erupted mixture gradually decreased with height in contrast to the sudden decrease
at the top of RSF. Among our simulations, the cases having AR from 1 (circular vent) to 22 belong to the RSF
regime, while the cases with high aspect ratios (AR = 91 or 200) belong to the non‐RSF regime.

Changes in plume height over time can reflect the type of flow pattern (Figure 2a). In Runs 1–4 (see Table 1),
the height of the plume increased until ~400 s. This period is considered to represent the initial stage of
plume development. In the RSF regime (Runs 1 and 2), the speed at which the plume increased in height
slowed at ~5–10 km at ~100 s but subsequently recovered to the initial rising speeds. These observations

Table 1
Input Parameters for the Simulations

Run MFR (kg s−1) Vent geometry Lmax (km) Lmin (km) ARLmax/Lmin γ 4πA/P2 ΔXmin (km) ΔXmax (km)

1 109 Circle 1.2 1.2 1 1.00 0.060 0.30
1hr 109 Circle 1.2 1.2 1 1.00 0.030 0.15
2 109 Fissure 3.4 0.33 10 0.26 0.033 0.30
3 109 Fissure 10 0.11 91 0.034 0.014 0.11
4 109 Fissure 15 0.075 200 0.016 0.013 0.15
5 109.5 Circle 2.2 2.2 1 1.00 0.11 0.30
6 109.5 Fissure 10 0.36 28 0.10 0.044 0.30
7 109.5 Fissure 20 0.18 111 0.028 0.030 0.18

Note. γ = the deviation of the vent shape from a true circle; ΔXmax =maximum grid size; ΔXmin = minimum grid size; AR = the aspect ratio; Lmax = maximum
length scale; Lmin = minimum length scale; MFR = mass flow rate.

10.1029/2020GL087038Geophysical Research Letters

SUZUKI ET AL. 3 of 9



Figure 1. Simulation results for plumes with two mass flow rates (a–d: 109 kg s−1; e–g: 109.5 kg s−1) and varied vent geometry (a, e: circular vent; b–d, f, g: fissure
vent). The panels show vertical cross‐sections (y = 0 km) of the mass fraction of the erupted mixture (mfmgm) at t = 800 s. The initial conditions of the vent in each
run are listed in Table 1.
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reflect the development of RSF and a rising buoyant plume from the top of the RSF. The height of the plume
after 400 s increased as the aspect ratio of the vent increased. The plume height was greater for the fissure
vent with a high aspect ratio (Run 2; AR = 22; H = 39–48 km) than for the circular vent (Run 1; AR = 1;
H = 35–40 km). In the non‐RSF regime (Runs 3 and 4), during the developing stage, the rising speed of
the plume remained approximately constant. In contrast to the RSF regime, the final height of the plume
was observed to decrease as AR increases. The plume height was lower when AR = 200 (H = 38–41 km,
Run 4) than when AR = 91 (H = 40–45 km, Run 3).

Figure 2b illustrates the vertical distribution of mass fraction of the erupted mixture for the series of simula-
tions with MFR = 109 kg s−1. In the RSF regime (Runs 1 and 2), the average mass fraction of the erupted
mixture was high near the vent (0.9–1.0 in Run 1, 0.8–0.9 in Run 2). Above the RSF, the mass fraction sig-
nificantly decreased. The mass concentration in the buoyant region increased as AR increased (see also
Figures 1a and 1b). In the non‐RSF regime (Runs 3 and 4), the erosion by the outer shear layer reaches
the central axis, and the unmixed core disappears at a height (defined asHcore) less thanHmmt. In this regime
the mass concentration decreased gradually with increasing height, but the average mass fraction within the
buoyant region remained high (~0.6 for Run 3, ~0.3 for Run 4). In contrast to the RSF regime, the average
mass concentration in the buoyant region was observed to decrease as AR increases (Figure 2b). The obser-
vation that plume height increased with increasing mass concentration within the buoyant plume (Figure 2
and Table 2) is consistent with previous results from 1D models (e.g., Morton et al., 1956).

Figure 2. (a) Maximum height as a function of time. (b) Vertical profiles of the mass fraction of the erupted mixture
around the central axis of the vent for the different simulations, using the filter for horizontal averaging (f3 in Suzuki,
Costa, Cerminara, et al., 2016). The heights in (a) were estimated using the maximum levels where the mass fraction
of the erupted mixture is 0.01. The solid curves represent the results for 109 kg s−1, whereas the dashed ones represent
those for 109.5 kg s−1. The simulation results of Run 1hr (high resolution) with high spatial resolutions show
qualitatively similar features as that of Run 1. The time window used to compute averages in (b) is 600–800 s. The black
curve represents the result of the 1D model (Woods, 1988).

Table 2
Summary of Simulation Results

Run Ri(L0) Ri(Lmin) RSF/non‐RSF Stable/Collapse Hmax (km) Hcore (km)

1 0.18 0.18 RSF Stable 33–40 5.2
2 0.18 0.049 RSF Stable 40–46 7.2
3 0.18 0.017 non‐RSF Stable 50–55 1.2
4 0.18 0.011 non‐RSF Stable 48–51 0.9
5 0.31 0.31 RSF Collapse 40–46 5.2
6 0.31 0.052 RSF Stable 42–45 7.0
7 0.31 0.026 non‐RSF Stable 45–49 3.0

Note. Ri(L0), Ri(Lmin) = Richardson number based on L0 and Lmin, respectively. Hmax is the maximum plume height
estimated from time average for 600–800 s in Figure 2a.Hcore was estimated from the highest level where the mass frac-
tion of the erupted mixture is 0.9 in Figure S3.
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When the MFR is set at 109.5 kg s−1, the volcanic plumes were less stable than those with an MFR value of
109 kg s−1 (Figure 1e). For the circular vent scenario (Run 5), a small portion of the ejected mixture was seen
to collapse from the top of the RSF, falling to the ground, but the majority of the ejected mixture became
buoyant (Figure 1e; Movies 5a–5c). This scenario is indicative of an incipient collapsing regime whereby
the collapsing mixture spread on the ground, entrained ambient air, and rose upward where it coalesced
with the main buoyant plume (see Costa et al., 2018). For the 10‐km‐long fissure (Run 6; AR= 28), the simu-
lated cloud also showed a partial column collapse from the top of the RSF (Figure 1f; Movies 6a–6c). In con-
trast, the volcanic plumes from vents with higher aspect ratios (i.e., the 20‐km‐long fissure, Run 7;AR= 111)
were more stable and did not develop RSF structures or pyroclastic flows (Figure 1g; Movies 7a–7c). In this
scenario, the plume showed a gradual decrease in mass fraction with increasing height, whereas the plumes
in the RSF regime showed the sudden decrease (Figure 2b).

4. Discussion

In this section, we discuss how vent geometry affects the dynamics of volcanic plumes. Our simulation
results indicate that the aspect ratio of the vent (AR) significantly affects volcanic plume flow patterns, which
in turn controls maximum height and plume stability.

One of the most important controls on the dynamics of volcanic plumes is how the erupted mixture entrains
ambient air. The amount of entrained air depends on the entrainment velocity and the peripheral surface
area of the plume; the latter directly depends on vent geometry only near the vent, say below the buoyant
region. Morton et al. (1956) proposed that the entrainment velocity is proportional to the velocity of a turbu-
lent jet or plume in a uniform environment (i.e., entrainment hypothesis). Some studies have modeled fis-
sure eruptions (Glaze et al., 2011, 2017; Stothers, 1989; Woods, 1993) based on the entrainment
hypothesis assuming that the proportionality constant (i.e., entrainment coefficient) itself is independent
of vent geometry. In this case, the amount of entrained air depends only on the entrainment area (hence
on γ). A small value of γ represents a large entrainment area and γ = 1 represents the minimum value of
the entrainment area. As mentioned above, γ decreases with increasing AR (see Table 1).

The fact that for the non‐RSF regime, averaged mass concentration in the buoyant region decreases as AR
increases (Figure 2b), leading to a decrease in the maximum plume height (Figure 2a) is consistent with
the above assumption that the amount of entrained air below the buoyant region increases as the entrain-
ment area increases. In the RSF regime, however, the mass concentration increases as AR increases
(Figures 1a, 1b, and 2b) even though the entrainment area increases (i.e., γ decreases). This is the opposite
effect of that observed in the non‐RSF regime, suggesting that the entrainment coefficient itself is strongly
dependent on the flow pattern and, particularly, the presence of RSF (cf. Koyaguchi et al., 2018).

The critical condition that separates the RSF and non‐RSF regimes is determined by the flow geometry near
the vent. This condition is the balance between two length scales: (1) the height where the unmixed core dis-
appears, Hcore, and (2) the level where the initial momentum is exhausted, Hmmt (Koyaguchi et al., 2018;
Suzuki & Koyaguchi, 2012). When Hcore < Hmmt, the highly concentrated core disappears before the initial
momentum is exhausted, and the flow is associated with a non‐RSF regime. On the other hand, when
Hcore > Hmmt, the highly concentrated core develops RSF at Hmmt. It is important to highlight that Hmmt

is a function of velocity and density of the erupted mixture (i.e., magmatic properties) at the vent and is inde-
pendent of vent geometry. For our simulations,Hmmt is estimated to be 5 km (Figure S4). In contrast,Hcore is
strongly dependent on vent geometry and is proportional to the vent radius for a circular vent or the mini-
mum length scale of the vent (Lmin) for a fissure; the value of Hcore/Hmmt decreases as AR increases (see
Figure S3 and the value of Hcore in Table 2). As a result, for the high‐aspect‐ratio scenario (Run 7 with
AR = 111), Hcore/Hmmt is so small that a well‐mixed buoyant plume, belonging to the non‐RSF regime,
is generated.

Our results also suggest that column collapse depends on whether the plume belongs to the RSF or non‐RSF
regime. According to previous studies (e.g., Koyaguchi & Suzuki, 2018; Woods, 1988), column collapse is
controlled by the balance of momentum and buoyancy fluxes at the source (i.e., the source Richardson num-
ber), and, when the magma properties and exit velocity are fixed as in the present cases, its critical condition
is primarily determined by the amount of air entrained in the plume. In the RSF regime, in which a highly
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concentrated core remains up to Hmmt (Runs 1 and 2; see Figure 2b), column collapse is determined by the
amount of air entrained within the RSF. In this regime, as the amount of entrained air in the RSF decreases
as AR increases, the plume is expected to be less stable with increasing AR. As AR further increases, a transi-
tion from an RSF to a non‐RSF regime occurs. In the non‐RSF regime (Runs 5–7; Figures 1e–1g), the erupted
mixture around the central axis of the vent is well mixed with ambient air, resulting in a steady decrease in
density with increasing height, which enhances the stability of the volcanic plume. Unlike the case of the
RSF regime, the plume is expected to be more stable with increasing AR within this regime. The observed
transition from an RSF to non‐RSF regime with increasing AR provides evidence for a newly identified con-
trol of vent geometry on the requirements for column collapse.

The above features associated with the RSF structures cannot be described by 1D models based on the
entrainment hypothesis (Morton et al., 1956), since the flow pattern around the RSF is highly complex with
a multidimensional structure (Cerminara, Esposti Ongaro, & Neri, 2016; Koyaguchi et al., 2018). However,
1D models are still useful for predicting the stability and height of volcanic plumes if the critical condition
between the RSF and non‐RSF regimes and the changes in the entrainment efficiency associated with the
transition between the two regimes are considered. Suzuki and Koyaguchi (2012) showed that, for circular
vents, the critical condition separating the RSF and non‐RSF regimes is given by a formula that uses the
source Richardson number (equation 6 in their paper). To apply this formula to fissure eruptions, the effect
caused by reducedHcore/Hmmt due to theminimum length of the vent, Lmin, should be taken into account; in
practice, the vent radius used in the calculation of Richardson number should be replaced with Lmin (Table 2
). Once this Richardson number is introduced, we can discuss the critical condition between the RSF and
non‐RSF regimes for a wide range of MFR. Our study reveals the opposite dependency of plume height on
vent aspect ratio between the RSF and non‐RSF regimes. To calculate plume height, future studies need
to estimate the effective value of the entrainment coefficient for both the RSF and non‐RSF regimes.

The critical condition separating the RSF and non‐RSF regimes and that for column collapse can be affected
by other factors. The particle decoupling from gas phase can alter the entrainment properties of plumes (e.g.,
Cerminara, Esposti Ongaro, & Neri, 2016; Jessop & Jellinek, 2014; Jessop et al., 2016). The crater geometry,
such as the opening angle of crater, controls the decompression‐compression processes and the exit velocity
at the crater top (Carcano et al., 2014; Cigala et al., 2017; Kieffer, 1989; Koyaguchi & Suzuki, 2018; Ogden
et al., 2008; Woods & Bower, 1995) and the entrainment properties (e.g., Cerminara, Esposti Ongaro, &
Neri, 2016; Jessop & Jellinek, 2014). Although these factors may quantitatively change the critical conditions
of RSF/non‐RSF and stable/collapse regimes, the present results that column collapse depends on whether
the plume belongs to the RFS or non‐RSF regime as function of the vent shape is considered to be robust
because the difference of these regimes is caused by the fundamental features that the clouds are ejected
from finite length‐scale vent and their buoyancy changes from negative to positive. Finally, further studies
should consider how plume dynamics change when magma properties (e.g., temperature, water content)
and vent geometries are varied together.

5. Conclusions

Our study showed that vent geometry has two different effects on entrainment process: the peripheral sur-
face of the plume and the flow structure (e.g., the formation of RSF). The combination of these two effects
have a fundamental control on the stability and height of volcanic plumes. Volcanic plumes of high mass
flow rate from circular or low‐aspect‐ratio vents are associated with RSF in the lower parts of the plume, near
the vent, and are less stable than plumes from high‐aspect‐ratio vents. For the RSF‐type plume, the amount
of air within the plume is controlled mainly by the entrainment efficiency around the RSF. The entrainment
efficiency decreases and the plume height increases as the aspect ratio increases. In contrast, the amount of
ambient air entrained into non‐RSF plumes depends on the entrainment area. In this regime, the entrain-
ment area increases and the plume height decreases as the aspect ratio increases. Column collapse is also
critically dependent on whether or not the plumes are associated with RSF.

References
Carazzo, G., Kaminski, E., & Tait, S. (2006). The route to self‐similarity in turbulent jets and plumes. Journal of Fluid Mechanics, 547,

137–148. https://doi.org/10.1017/S002211200500683X

10.1029/2020GL087038Geophysical Research Letters

SUZUKI ET AL. 7 of 9

Acknowledgments
The computations were undertaken
mostly using the computer facilities at
the Research Institute for Information
Technology, Kyushu University, and
the Earth Simulator at the Japan
Agency for Marine‐Earth Science and
Technology. Y.J.S. was partially sup-
ported by KAKENHI (Grants 25750142
and 17K01323) and MEXT “Integrated
Program for Next Generation Volcano
Research and Human Resource
Development”. A.C. was supported by a
grant of the International Research
Promotion Office Earthquake Research
Institute, the University of Tokyo, and
also acknowledge the European project
EUROVOLC (Grant 731070) and the
MIUR project Premiale
Ash‐RESILIENCE. Figure 1 was cre-
ated using the Generic Mapping Tools
software package. All data for this work
are available in Zenodo (doi:10.5281/
zenodo.3603586). The manuscript was
improved by comments from Rebecca
Carey, David Jessop, Christian Huber,
Matteo Cerminara, and two anon-
ymous reviewers.

https://doi.org/10.1017/S002211200500683X


Carcano, S., Esposti Ongaro, T., Bonaventura, L., & Neri, A. (2014). Influence of grain‐size distribution on the dynamics of underexpanded
volcanic jets. Journal of Volcanology and Geothermal Research, 285, 60–80. https://doi.org/10.1016/j.jvolgeores.2014.08.003

Cerminara, M., Esposti Ongaro, T., & Berselli, L. C. (2016). ASHEE‐1.0: A compressible, equilibrium‐Eulerian model for volcanic ash
plumes. Geoscientific Model Development, 9, 697–730. https://doi.org/10.5194/gmd‐9‐697‐2016

Cerminara, M., Esposti Ongaro, T., & Neri, A. (2016). Large eddy simulation of gas‐particle kinematic decoupling and turbulent entrain-
ment in volcanic plumes. Journal of Volcanology and Geothermal Research, 326, 143–171. https://doi.org/10.1016/j.
jvolgeores.2016.06.018

Cigala, V., Kueppers, U., Peña Fernández, J. J., Taddeucci, J., Sesterhenn, J., & Dingwell, D. B. (2017). The dynamics of volcanic jets:
Temporal evolution of particles exit velocity from shock‐tube experiments. Journal of Geophysical Research: Solid Earth, 122, 6031–6045.
https://doi.org/10.1002/2017JB014149

Costa, A., & Marti, J. (2016). Stress field control during large caldera‐forming eruptions. Frontiers in Earth Science, 4, 92. https://doi.org/
10.3389/feart.2016.00092

Costa, A., Suzuki, Y. J., Cerminara, M., Devenish, B. J., Esposti Ongaro, T., Herzog, M., et al. (2016). Results of the eruptive column model
inter‐comparison study. Journal of Volcanology and Geothermal Research, 326, 2–25. https://doi.org/10.1016/j.jvolgeores.2016.01.017

Costa, A., Suzuki, Y. J., & Koyaguchi, T. (2018). Understanding the plume dynamics of explosive super‐eruptions. Nature Communications,
9(1), 654. https://doi.org/10.1038/s41467‐018‐02901‐0

Deo, R. C., Mi, J., & Nathan, G. J. (2007a). The influence of nozzle aspect ratio on plane jets. Experimental Thermal and Fluid Science, 31,
825–838. https://doi.org/10.1016/j.expthermflusci.2006.08.009

Deo, R. C., Mi, J., & Nathan, G. J. (2007b). The influence of nozzle‐exit geometric profile on statistical properties of a turbulent plane jet.
Experimental Thermal and Fluid Science, 32, 545–559. https://doi.org/10.1016/j.expthermflusci.2007.06.004

Glaze, L. S., Baloga, S. M., & Wimert, J. (2011). Explosive volcanic eruptions from linear vents on Earth, Venus, and Mars: Comparisons
with circular vent eruptions. Journal of Geophysical Research, 116, E01011. https://doi.org/10.1029/2010JE003577

Glaze, L. S., Self, S., Schmidt, A., & Hunter, S. J. (2017). Assessing eruption column height in ancient flood basalt eruptions. Earth and
Planetary Science Letters, 457, 263–270. https://doi.org/10.1016/j.epsl.2014.07.043

Jessop, D. E., Gilchrist, J., Jellinek, A. M., & Roche, O. (2016). Are eruptions from linear fissures and caldera ring dykes more likely to
produce pyroclastic flows? Earth and Planetary Science Letters, 454, 142–153. https://doi.org/10.1016/j.epsl.2016.09.005

Jessop, D. E., & Jellinek, A. M. (2014). Effects of particle mixtures and nozzle geometry on entrainment into volcanic jets. Geophysical
Research Letters, 41, 3858–3863. https://doi.org/10.1002/2014GL060059

Kaminski, E., Tait, S., & Carazzo, G. (2005). Turbulent entrainment in jets with arbitrary buoyancy. Journal of Fluid Mechanics, 526,
361–376. https://doi.org/10.1017/S0022112004003209

Kieffer, S. W. (1989). Geologic nozzles. Reviews of Geophysics, 27, 3–38. https://doi.org/10.1029/RG027i001p00003
Koyaguchi, T., & Suzuki, Y. J. (2018). The condition of eruption column collapse: 1. A reference model based on analytical solutions.

Journal of Geophysical Research: Solid Earth, 123, 7461–7482. https://doi.org/10.1029/2017JB015308
Koyaguchi, T., Suzuki, Y. J., Takeda, K., & Inagawa, S. (2018). The condition of eruption column collapse: 2. Three‐dimensional numerical

simulations of eruption column dynamics. Journal of Geophysical Research: Solid Earth, 123, 7483–7508. https://doi.org/10.1029/
2017JB015259

Mi, J., Deo, R. C., & Nathan, G. J. (2005). Characterization of turbulent jets from high‐aspect‐ratio rectangular nozzles. Physics of Fluids, 17,
068102. https://doi.org/10.1063/1.1928667

Morton, B. R., Taylor, G., & Turner, J. S. (1956). Turbulent gravitational convection from maintained and instantaneous sources.
Proceedings of the Royal Society of London A, 234, 1–23. https://doi.org/10.1098/rspa.1956.0011

Neri, A., & Dobran, F. (1994). Influence of eruption parameters on the thermofluid dynamics of collapsing volcanic columns. Journal of
Geophysical Research, 99(B6), 11,833–11,857. https://doi.org/10.1029/94JB00471

Ogden, D. E., Wohletz, K. H., Glatzmaier, G. A., & Brodsky, E. E. (2008). Numerical simulations of volcanic jets: Importance of vent
overpressure. Journal of Geophysical Research, 113, B02204. https://doi.org/10.1029/2007JB005133

Paillat, S., & Kaminski, E. (2014). Entrainment in plane turbulent pure plumes. Journal of Fluid Mechanics, 775, R2. https://doi.org/
10.1017/jfm.2014.424

Quinn, W. R. (1992). Turbulent free jet flows issuing from sharp‐edges rectangular slots: The influence of slot aspect ratio. Experimental
Thermal and Fluid Science, 5, 203–215. https://doi.org/10.1016/0894‐1777(92)90007‐R

Sable, J. E., Houghton, B. F., Wilson, C. J. N., & Carey, R. J. (2006). Complex proximal sedimentation from Plinian plumes: The example of
Tarawera 1886. Bulletin of Volcanology, 69, 89–103. https://doi.org/10.1007/s00445‐006‐0057‐6

Stothers, R. B. (1989). Turbulent atmospheric plumes above line sources with an application to volcanic fissure eruptions on the terrestrial
planets. Journal of the Atmospheric Sciences, 46(17), 2662–2670. https://doi.org/10.1175/1520‐0469(1989)046<2662:TAPALS>2.0.CO;2

Suzuki, Y. J., Costa, A., Cerminara, M., Esposti Ongaro, T., Herzog, M., Van Eaton, A. R., & Denby, L. C. (2016). Inter‐comparison of
three‐dimensional models of volcanic plumes. Journal of Volcanology and Geothermal Research, 326, 26–42. https://doi.org/10.1016/j.
jvolgeores.2016.06.011

Suzuki, Y. J., Costa, A., & Koyaguchi, T. (2016). On the relationship between eruption intensity and volcanic plume height: Insights from
three‐dimensional numerical simulations. Journal of Volcanology and Geothermal Research, 326, 120–126. https://doi.org/10.1016/j.
jvolgeores.2016.04.016

Suzuki, Y. J., & Koyaguchi, T. (2012). 3‐D numerical simulations of eruption column collapse: Effects of vent size on pressure‐balanced
jet/plumes. Journal of Volcanology and Geothermal Research, 221–222, 1–13. https://doi.org/10.1016/j.jvolgeores.2012.01.013

Suzuki, Y. J., & Koyaguchi, T. (2013). 3D numerical simulation of volcanic eruption clouds during the 2011 Shinmoe‐dake eruptions. Earth,
Planets and Space, 65, 581–589. https://doi.org/10.5047/eps.2013.03.009

Suzuki, Y. J., Koyaguchi, T., Ogawa, M., & Hachisu, I. (2005). A numerical study of turbulent mixing in eruption clouds using a
three‐dimensional fluid dynamics model. Journal of Geophysical Research, 110, B08201. https://doi.org/10.1029/2004JB003460

Trolese, M., Cerminara, M., Esposti Ongaro, T., & Giordano, G. (2019). The footprint of column collapse regimes on pyroclastic flow
temperatures and plume heights. Nature Communications, 10, 2476. https://doi.org/10.1038/s41467‐019‐10337‐3

Walker, G. P. L., Self, S., &Wilson, L. (1984). Tarawera 1886, New Zealand – A basaltic Plinian fissure eruption. Journal of Volcanology and
Geothermal Research, 21, 61–78. https://doi.org/10.1016/0377‐0273(84)90016‐7

Woods, A. W. (1988). The fluid dynamics and thermodynamics of eruption columns. Bulletin of Volcanology, 50(3), 169–193. https://doi.
org/10.1007/BF01079681

Woods, A. W. (1993). A model of the plumes above basaltic fissure eruptions. Geophysical Research Letters, 20(12), 1115–1118. https://doi.
org/10.1029/93GL01215

10.1029/2020GL087038Geophysical Research Letters

SUZUKI ET AL. 8 of 9

https://doi.org/10.1016/j.jvolgeores.2014.08.003
https://doi.org/10.5194/gmd-9-697-2016
https://doi.org/10.1016/j.jvolgeores.2016.06.018
https://doi.org/10.1016/j.jvolgeores.2016.06.018
https://doi.org/10.1002/2017JB014149
https://doi.org/10.3389/feart.2016.00092
https://doi.org/10.3389/feart.2016.00092
https://doi.org/10.1016/j.jvolgeores.2016.01.017
https://doi.org/10.1038/s41467-018-02901-0
https://doi.org/10.1016/j.expthermflusci.2006.08.009
https://doi.org/10.1016/j.expthermflusci.2007.06.004
https://doi.org/10.1029/2010JE003577
https://doi.org/10.1016/j.epsl.2014.07.043
https://doi.org/10.1016/j.epsl.2016.09.005
https://doi.org/10.1002/2014GL060059
https://doi.org/10.1017/S0022112004003209
https://doi.org/10.1029/RG027i001p00003
https://doi.org/10.1029/2017JB015308
https://doi.org/10.1029/2017JB015259
https://doi.org/10.1029/2017JB015259
https://doi.org/10.1063/1.1928667
https://doi.org/10.1098/rspa.1956.0011
https://doi.org/10.1029/94JB00471
https://doi.org/10.1029/2007JB005133
https://doi.org/10.1017/jfm.2014.424
https://doi.org/10.1017/jfm.2014.424
https://doi.org/10.1016/0894-1777(92)90007-R
https://doi.org/10.1007/s00445-006-0057-6
https://doi.org/10.1175/1520-0469(1989)046%3c2662:TAPALS%3e2.0.CO;2
https://doi.org/10.1016/j.jvolgeores.2016.06.011
https://doi.org/10.1016/j.jvolgeores.2016.06.011
https://doi.org/10.1016/j.jvolgeores.2016.04.016
https://doi.org/10.1016/j.jvolgeores.2016.04.016
https://doi.org/10.1016/j.jvolgeores.2012.01.013
https://doi.org/10.5047/eps.2013.03.009
https://doi.org/10.1029/2004JB003460
https://doi.org/10.1038/s41467-019-10337-3
https://doi.org/10.1016/0377-0273(84)90016-7
https://doi.org/10.1007/BF01079681
https://doi.org/10.1007/BF01079681
https://doi.org/10.1029/93GL01215
https://doi.org/10.1029/93GL01215


Woods, A. W., & Bower, S. M. (1995). The decompression of volcanic jets in a crater during explosive volcanic eruptions. Earth and
Planetary Science Letters, 131, 189–205. https://doi.org/10.1016/0012‐821X(95)00012‐2

Zaman, K. B. M. Q. (1999). Spreading characteristics of compressible jets from nozzles of various geometries. Journal Fluids of Mechanics,
383, 197–228. https://doi.org/10.1017/S0022112099003833

10.1029/2020GL087038Geophysical Research Letters

SUZUKI ET AL. 9 of 9

https://doi.org/10.1016/0012-821X(95)00012-2
https://doi.org/10.1017/S0022112099003833


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


