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ABSTRACT
Volcanic plumes are important because they spread volcanic material, can impact climate, and pose hazards to aviation.
Among eruption processes, column collapse is arguably the most consequential in terms of direct impacts, as it marks the
onset of ground-hugging pyroclastic density currents that pose the greatest immediate threat to life and infrastructure. This
study investigates how external water, such as is incorporated during subaqueous eruptions, affects the critical condition
(including mass eruption rate, temperature, and gas fraction) at which column collapse occurs in the atmosphere, referred to
as “the column collapse condition”. We use the 1-D plume model, Plumeria, to explore how variations in external water (0 − 60
wt.%), vent exit velocity (75 − 125m s−1), and initial magma temperature (700 − 1100 °C) affect the column collapse condition.
We find that the occurrence of column collapse is highly sensitive to the amount of external water. Small amounts of external
water (⪅ 25 wt.%) suppress column collapse, whereas higher amounts of water encourage collapse. Using more than 150, 000
simulations, we map out the highly non-linear shape of the column collapse condition as a function of mass eruption rates and
external water contents. The Richardson number, the ratio of buoyancy to shear forces, offers a useful framework for defining
the column collapse condition for eruptions involving external water. This work enhances our understanding of how external
water ingestion affects volcanic plume dynamics, including height and column collapse conditions. Recent shallow submarine
eruptions that produced very tall atmospheric plumes and partial column collapse (e.g., the 2021 Fukutoku-Oka-no-Ba eruption
in Japan and the 2022 Hunga eruption in Tonga) demonstrate the importance of understanding how external water influences
the collapse of eruption columns.
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1 INTRODUCTION
Volcanic eruption columns are turbulent mixtures of tephra,
water, and gas that are formed during explosive eruptions.
The height of volcanic columns is crucial to determine envi-
ronmental impacts, such as ash dispersal patterns that affect
air travel and the fate of volcanic aerosols that have globally
significant climate impacts [McCormick et al. 1995; Carey and
Bursik 2015; Vömel et al. 2022]. However, volcanic eruption
columns do not always become buoyant and can collapse to
form hazardous pyroclastic currents [Koyaguchi and Woods
1996; Sparks et al. 1997; Kaminski and Jaupart 2001; Fagents
et al. 2012; Carey and Bursik 2015]. The condition that defines
the transition between buoyant plume formation and column
collapse is therefore of great importance and is referred to
as the “column collapse condition” [Sparks and Wilson 1976;
Suzuki and Koyaguchi 2012].
In this study, we focus on the effect of external water intro-
duced near the vent, such as from the ocean, lake, or ground-
water, on the column collapse condition and, to a lesser de-
gree, the maximum height of volcanic eruption columns. Dur-
ing an eruption, ejected mixtures of volcanic gas and pyro-
clasts are generally denser than the surrounding atmosphere
(Figure 1a). The mixture is driven upwards by momentum.
Once the initial momentum is exhausted, the mixture will
∗Q elcar@uoregon.edu

only continue to rise and form a buoyant plume if entrainment
and heating of air have made the mixture less dense than the
atmosphere. Otherwise, the column will collapse. Incorpo-
rating external water near the vent may influence the above
processes partly because external water changes the column’s
initial ratio of thermodynamic phases (rock and fluid) and tem-
perature.

Plume height generally increases with mass eruption rate
(MER) until column collapse occurs (Figure 1b). A partial
collapse occurs when a jet splits into a buoyant plume and
a denser component, leading to the formation of pyroclastic
density currents [Carazzo et al. 2015]. Three-dimensional (3-
D) simulations have further shown that partial collapse can
represent a distinct dynamical regime between sustained and
fully collapsing columns [Koyaguchi et al. 2018; Trolese et
al. 2019]. Eruption columns are more likely to undergo full
collapse at high mass eruption rates, as their large diame-
ters inhibit adequate air entrainment into the column interior
[Kaminski and Jaupart 2001]. We focus on the influence of
external water on the full-collapse transition because the full-
collapse threshold governs whether eruptions produce sus-
tained buoyant plumes or collapse into pyroclastic density cur-
rents, and it is the regime most appropriately represented by
a one-dimensional (1-D) steady-state model.

https://orcid.org/0009-0006-4140-8637
https://orcid.org/0000-0002-9065-6147
https://orcid.org/0000-0002-8026-0018
https://orcid.org/0000-0002-4795-1992
mailto:elcar@uoregon.edu


un
co
rr
ec
te
d
pr
oo
f

VOLC

V

NIC

V

(): –11. https://doi.org/10.30909/vol/

The ratio of shear to buoyancy forces at the source of the
volcanic column, a quantity referred to as the Richardson
number, is defined as

Ri = 𝑔′𝑟𝑣
𝑢2

, (1)

where 𝑟𝑣 is initial vent radius, 𝑢 is vent exit velocity, 𝑔′ =

𝑔
ρ𝑚𝑖𝑥−ρ0
ρ𝑚𝑖𝑥

is reduced gravity, ρ𝑚𝑖𝑥 is bulk mixture density at
the vent (which is dependent on the magma temperature, gas
mass fraction, and external water fraction), ρ0 is the ambient
air density, and 𝑔 is gravitational acceleration. The Richardson
number (Equation 1) has previously been demonstrated to be
critical for determining the column collapse condition [Valen-
tine and Wohletz 1989; Suzuki and Koyaguchi 2012]. Several
studies support a critical Richardson number of O(1) defin-
ing the column collapse condition [Woods and Caulfield 1992;
Suzuki and Koyaguchi 2012]. Values of Ri ≳ 1 favor column
collapse, whereas Ri ≲ 1 favor transition to buoyant plume
rise. A collapse criterion based on a critical erupted mass frac-
tion has also been proposed [Koyaguchi and Suzuki 2018], but
because it is derived for eruption mixtures without external
water, the Richardson-number framework is adopted here.
Alternatively, the condition for column collapse has been
defined [Degruyter and Bonadonna 2013] by modifying the
Richardson number with an entrainment coefficient, α, such
that

γ =
Ri
α
. (2)

Entrainment of ambient fluid into the column can be param-
eterized as proportional to the plume velocity through the co-
efficient α. The nondimensional parameter γ (Equation 2)
compares the characteristic length scale over which jet mo-
mentum decays (∼1/Ri) with the length scale for entrainment
of ambient air into the column (∼1/α) [Woods and Caulfield
1992; Degruyter and Bonadonna 2013]. When γ > 1, mo-
mentum decays before sufficient entrainment occurs, leading
to column collapse; when γ < 1, entrainment dominates,
allowing the column to transition to a buoyant plume. In
momentum-dominated regions, entrainment can be expressed
as 𝑢𝑒 = α 𝑢𝑧

√︁
ρ/ρamb, where 𝑢𝑧 is the mean vertical column

velocity, 𝑢𝑒 is the entrainment velocity normal to the plume,
ρ is the column density, and ρamb is the ambient atmospheric
density (Figure 1a). In buoyancy-dominated regions, this rela-
tion simplifies to 𝑢𝑒 = α 𝑢𝑧 [Woods 1988; Mastin 2007].
Quantitative consideration of the column collapse condition
largely neglects the role of external water, which matters be-
cause a significant fraction of eruptions occur through water
[White et al. 2003]. Large amounts of external water can pro-
mote column collapse by reducing the efficiency of ambient
fluid entrainment necessary for maintaining buoyant plume
ascent [Sheridan and Wohletz 1983]. Modeling work in Koy-
aguchi and Woods [1996] demonstrated that external water
fractions above ≈20 wt.% promote column collapse and the
formation of dense, wet, and cold mixtures. Mastin [2007]
generally agreed with these findings, although he predicted
column collapse at lower MER for given water contents. Two-
dimensional (2-D) simulations have built upon this 1-D work
and demonstrated that column collapse is a complicated dy-

namical process and that partial collapse is possible [Van Eaton
et al. 2012a].
To date, the variation in column collapse with external wa-
ter content has only been qualitatively known [Koyaguchi and
Woods 1996]. In this study, we conduct over 150,000 simu-
lations with the 1-D model Plumeria (U.S. Geological Survey
software; Mastin 2007; 2014; 2024) to systematically define the
column collapse condition as a function of external water con-
tent, mass eruption rate, magma temperature, and exit veloc-
ity. Because Plumeria is a 1-D steady-state model, we cannot
investigate the mechanics of partial collapse and pyroclastic
current formation, which have been explored using 3-D ap-
proaches [Koyaguchi et al. 2018; Trolese et al. 2019]. Instead,
our large ensemble of simulations enables us to systematically
examine how external water influences the conditions for full
column collapse. We also compare our plume height results
to scaling-based models for plume height, 𝐻 ∝ 𝑄0.25, where
𝐻 is plume height and 𝑄 is eruption mass flux [Morton et al.
1956; Sparks et al. 1997], (Figure 1b). This comparison reveals
that external water primarily influences the column collapse
condition, with only a minimal impact on maximum plume
heights. Overall, we clarify how external water interacts with
eruption parameters to influence the likelihood of column col-
lapse.

2 METHODS
2.1 Plume Model

We used Plumeria, a 1-D steady-state volcanic plume model,
to examine the effects of external water on the column collapse
condition and maximum height of sustained eruption columns
(Figure 2 and Figure 3a). Plumeria calculates the column’s ve-
locity, entrainment, temperature, density, mass fraction of air,
volcanic particles, and water (in vapor, liquid, and ice forms)
as functions of height, while conserving momentum, mass,
and total energy along the vertical path of the column. Im-
portantly, Plumeria accounts for the thermodynamic effects
of phase changes, including the impact of water condensa-
tion and ice formation, on column dynamics. The governing
equations for these processes are presented in detail by Mastin
[2007, 2014], and we refer readers there for the full formula-
tion.
To further examine column stability, we track the evolution
of column velocity (𝑢𝑧 ), mixture temperature (𝑇𝑚𝑖𝑥 ), and mix-
ture density (ρ𝑚) to understand the mechanisms influencing
column collapse and column height (Figure 3b-g). Although
Plumeria allows for atmospheric moisture entrainment, we
assume that magma, magmatic gas, and external water are
well-mixed at the vent (blue box in Figure 1a) and neglect
atmospheric humidity. Additionally, we do not consider the
effects of wind, tephra fallout, and ash aggregation.

2.2 Initial conditions

To clarify how Plumeria is initialized, we define the starting lo-
cation and thermodynamic state of the erupting mixture prior
to entry into the atmospheric column. FollowingWoods [1995]
and the assumptions described in Supplementary Section 2,
we initialize the model at the point just above the vent where
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Figure 1: (a) Conceptual model of a volcanic plume. The maximum height of the volcanic plume is 𝐻𝑚𝑎𝑥 (includes overshoot
region), the neutral buoyancy height is 𝐻𝐵 (height of umbrella region), the plume velocity is categorized by a single value, 𝑢𝑧
(but varies along the plume axis), and the entrainment velocity is 𝑢ϵ. The blue box at the vent indicates an external water source.
The inset illustrates the near-vent region, showing jet expansion, external water entrainment along the margins, and the level
at which the plume model is initialized (“start of plume model”). Note that the “start of plume model” in the inset marks the
pressure-equilibrated initialization level and is not the same as the jet–plume transition height indicated in the main schematic.
(b) Mass eruption rate (MER) versus plume height (𝐻). We plot observational eruption data from the Independent Volcanic
Eruption Source Parameter Archive (IVESPA)[Aubry et al. 2021] and for the 15 Jan 2022 Hunga eruption [Carr et al. 2022; Proud
et al. 2022; Van Eaton et al. 2023]. We show empirical relations between 𝐻 (km) and erupted mass flux (𝑀 , kg s−1) from Sparks
et al. [1997] (𝐻 = 0.22𝑀0.259) and Mastin et al. [2009] (𝐻 = 0.30𝑀0.241), both converted to mass flux from volume flux using
Equations 1 and 2 from Mastin [2014]. We also show model maximum plume heights (𝐻max) from a dry Plumeria model run (no
external water) for a range of MERs (103−1010 kg s−1) with an initial exit velocity of 100 m s−1. Uncertainties in MER estimates
are described in the supplementary material (Data Sources and Uncertainty Calculations).

the decompressing jet has fully equilibrated to atmospheric
pressure (schematized in Figure 1a inset). At this location,
magma and magmatic gas have undergone rapid expansion
from a narrow near-vent constriction into a wider jet. The
model initiation point is not the same as the jet to convective
column transition (Figure 1a).
For dry simulations, the initial mixture properties (velocity,
temperature, density, and composition) are computed directly
from the chosen magma temperature, magmatic gas content,
and exit velocity. For wet simulations, external water that en-
ters the jet below the initialization point is assumed to be fully
mixed before the plume model begins; its thermodynamic ef-
fects (heating, vaporization, condensation) are internally com-
puted by Plumeria.

2.3 External Water Addition

External water is assumed to enter the jet along its margins in-
side the crater or conduit, at atmospheric pressure, before mix-
ing with the erupting material (Supplementary Figure 1). Once
added, the water thermally equilibrates with the hot mixture
and the bulk density decreases. Additionally, we calculate the
“dry equivalent” mass flux, 𝑀𝑑 = 𝑀𝑇 (1 − 𝑤), where 𝑀𝑑 is
the mass flux (magma+gas) without external water, and 𝑀𝑇

includes the mass flux with magma, gas, and external water
(Section 1 in the supplementary file).
Holding this flux constant requires adjusting the initial jet
geometry: adding water reduces mixture density, so the jet
cross-section must increase to maintain the same mass flux.
Thus, in wet simulations, we retain the dry-plume exit velocity
and increase the effective jet diameter to match the prescribed
MER. This choice has a clear physical basis in the near-vent
expansion geometry and avoids artificially increasing entrain-
ment by raising velocity. This approach preserves dynamical
consistency and allows the wet-dry comparison to isolate the
thermodynamic effects of external water.

2.4 Model Parameters

We used values of external water content (𝑤) from 0–60 wt.%,
initial magma temperatures (𝑇𝑚) of 700, 900, and 1100 °C, and
vent exit velocities (𝑢) of 75, 100, and 125 m s−1 to assess
their impacts on maximum column height and to determine
the column collapse conditions for MERs (𝑀𝑑 ) of 102–1012 kg
s−1 (Figure 2).
For variables held constant, we selected values consistent
with Mastin [2007] and Koyaguchi and Woods [1996], repre-
senting realistic atmospheric, magmatic, and vent initial condi-
tions for volcanic columns (Table 1). The upper bound of 1012
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kg s−1 corresponds to eruption intensities approaching those
inferred for the largest known explosive eruptions (VEI 8; Ma-
son et al. [2004]). Although a single vent could not physically
sustain such fluxes, such rates are plausible for broad, fissure-
fed, or multi-vent systems whose individual plumes merge to
form a single, coherent column at the base of the atmosphere.
Accordingly, the vent “diameter” used in the scaling should be
interpreted as an effective source width, corresponding to the
diameter of the mixed jet at atmospheric equilibration, rather
than the physical diameter of any individual vent.

We note that approximately 0.16% of the simulations did
not converge and were excluded from the final dataset. These
non-convergent cases are confined to a very small region of
parameter space and reflect numerical difficulties in a subset
of stiff regimes of the governing equations. Their exclusion
does not affect the large-scale trends discussed here. For visu-
alization purposes only, the remaining data were interpolated
in Figures 2 and 3a.

3 MODEL RESULTS

3.1 Effects of External Water on Bulk Mixture Dynamics

Our simulations show that adding external water alters the
eruptive mixture’s initial density and temperature. At low
water fractions, bulk density decreases as water vaporizes,
enhancing buoyancy. However, once ∼25 wt.% of water is
added, mixture temperatures fall to ∼100 °C, producing liq-
uid water in the mixture. This increases bulk density and
promotes column collapse. These thresholds reflect simple
energy-balance arguments (see Supplementary Section 3 and
Figure S3 for full derivations and compositional evolution) and
help explain the transition between collapse suppression and
promotion observed in Figure 2.

3.2 Effects of External Water on the Column Collapse Condi-
tion

We find that external water exerts a strong influence on the
column collapse condition. Figure 2 shows maximum col-
umn height as a function of external water content, vent exit
velocity, initial magma temperature, and MER. The column
collapse condition is delineated by the dashed black line and
exhibits a consistent form across all nine subplots.

Dry columns collapse at MER values near 108 kg s−1
[Carey and Bursik 2015], and small amounts of external water
(< 25 ± 4 wt.%) shift the collapse condition to higher MERs.
In contrast, external water fractions exceeding ∼ 20% pro-
mote column collapse [e.g., Koyaguchi and Woods 1996]. Ini-
tial magma temperature and vent exit velocity also modify
the collapse condition: higher values of either parameter shift
the threshold to higher MERs, meaning that buoyant plumes
form more readily under hotter or faster initial conditions. Al-
together, Figure 2 shows that the column collapse condition
can span three orders of magnitude in MER, is affected by the
combined effects of exit velocity and magma temperature, and
strongly depends on external water content.

3.3 Effects of External Water on Column Height

To explore how external water impacts the column collapse
condition, we plot the difference in maximum column height
between wet and dry eruptions (Figure 3a),

Δ𝑧 = 𝐻𝑤𝑒𝑡 − 𝐻𝑑𝑟𝑦, (3)

where 𝐻𝑤𝑒𝑡 is the modeled maximum column height for an
eruption involving external water and 𝐻𝑑𝑟𝑦 is the maximum
column height for an eruption with the same MER, 𝑀𝑑 , and
exit velocity but without external water. We find from Fig-
ure 3a, that this differencing clearly highlights the column col-
lapse condition as a function of MER and external water (for
𝑇𝑚 = 900 °C and 𝑢 = 100 m s−1 and with other variables set
according to Table 1 parameters).
By plotting Δ𝑧 (Equation 3), we can visualize the water con-
tent conditions that allow columns that otherwise would have
become buoyant to collapse (we call this Region 2 in Figure 3a).
We also see, in what we label Region 4, that under certain
circumstances, buoyant plumes can form due to the incorpo-
ration of external water, whereas dry columns would have
collapsed. In Region 1, buoyant plumes form, and there is lit-
tle difference between the height of wet and dry plumes. In
Region 3, collapsing columns form because the mixture is too
dense to become buoyant, regardless of the amount of water
added.
We find that external water has only a limited effect on the
height of large, buoyant plumes when they form (Region 1).
Across all simulations in this regime, the average change in
maximum plume height is a decrease of approximately 48%
relative to the dry cases, with the largest fractional decreases
occurring for the smallest plumes. In contrast, the tallest
plumes show more modest reductions of approximately 25%,
corresponding to absolute differences on the order of 10 km
(e.g., from 40 km to 30 km). Consistent with Koyaguchi and
Woods [1996], this limited sensitivity arises because (1) plume
height is primarily controlled by thermal energy within the
plume, and (2) external water contributes relatively little heat
compared to the magma (Supplementary Section 5 and Equa-
tion 19). Simplified scaling relations such as 𝐻 ∝ 𝑄0.25 there-
fore remain reasonable for wet eruptions that produce buoyant
(non-collapsing) plumes. This conclusion specifically applies
to vent-sourced external water; background atmospheric hu-
midity, which can enhance plume height through latent-heat
release during condensation (see Supplementary Section 5), is
not included here.
Instead, external water has the primary effect of strongly
shifting the column collapse condition. In Figure 3, we show
a select number of vertical profiles of column behavior. These
profiles help to illustrate how large fractions of additional wa-
ter can cause column collapse (Region 2, Figure 3b-d) while
modest fractions of water promote buoyant plume formation
(Region 4, Figure 3e-g).

3.4 Effects of Ice Formation on Plume Height and Collapse

We evaluated the influence of ice formation by comparing oth-
erwise identical model runs (using the same input values as
in Figure 2e) in which ice formation was either allowed or
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Table 1: Input parameters used for Plumeria model runs.

Parameter Description Value
𝑇amb0 Atmospheric temperature at vent (K) 273
𝑑𝑇

𝑑𝑧
Tropospheric lapse rate (K m−1) −0.065

𝑑𝑇 strat

𝑑𝑧
Stratospheric lapse rate (K m−1) 0.0016

𝑧trop Tropopause elevation (m) 11,000

𝐻trop Tropopause thickness𝑎 (m) 9,000

φ Relative humidity (%) 0

𝑚0 Initial magmatic gas mass fraction 0.03

𝑇𝑚 Magma temperature (°C) 700, 900, 1100

𝐶𝑚 Magma specific heat (J kg−1 K−1) 1,000

ρ𝑚 Magma density (DRE𝑏) (kg m−3) 2,500

𝑧0 Vent elevation above sea level (m) 0

𝑢 Vent exit velocity (m s−1) 75, 100, 125

𝑤 External water mass fraction (wt.%) 0–60

𝑑𝑣 Effective vent diameter (m) 1–∼66,000𝑐
𝑎Isothermal layer at base of the stratosphere.
𝑏DRE: dense rock equivalent.
𝑐Maximum equivalent source diameter required to achieve a mass eruption rate on the order of 1012 kg s−1.

suppressed (see Supplementary Section 6 and Supplementary
Figure 6). Although latent heat release from freezing has been
proposed to enhance plume height [Herzog et al. 1998], we find
that its impact is minimal. Allowing ice formation changes the
modeled difference in maximum column height between wet
and dry eruptions by only approximately 9% (from −2.90 km
to −2.63 km). Moreover, ice does not form at the altitudes
where column collapse occurs, and thus has no influence on
the collapse threshold itself.
Within the constraints of this model, column buoyancy
is therefore controlled primarily by magmatic thermal en-
ergy and by latent heat released during condensation of wa-
ter vapor to liquid, with freezing playing a negligible role in
plume dynamics and collapse. However, ice formation can
still strongly influence ash aggregation and fallout processes
[Van Eaton et al. 2012b], which may indirectly affect plume
behavior in ways not captured by this steady-state framework.

4 DISCUSSION
Figures 2 and 3 show that external water has two different im-
pacts on the column collapse condition. At low water content
(< 25± 4 wt.%), water acts to promote buoyant plume forma-
tion (suppress collapse), while higher water content promotes
collapse. The specific amount of external water that defines
the trade-off between column collapse suppression and pro-
motion depends on initial magma temperature and exit veloc-
ity. The 25 ± 4 wt.% value is consistent with previous work
[Koyaguchi and Woods 1996]. In addition, 25 ± 4 wt.% is the

water content at which liquid water starts to form in a mixture
between magma and external water (Supplementary Section
3.5-3.6, Supplementary Figure 3).

4.1 Suppression of Column Collapse With Low Fractions of
External Water

Low (< 25± 4 wt.%) amounts of external water are known to
suppress column collapse [Koyaguchi and Woods 1996; Carey
and Bursik 2015; Rowell et al. 2022]. In Region 4 of our sim-
ulations (Figure 3), high-MER eruptions (≳ 108 kg s−1) yield
wet columns that extend up to 40 km higher than dry ana-
logues that collapse, while the maximum increase across all
simulations reaches ∼55 km.
The promotion of buoyant plume formation at low external
water fractions arises because small to moderate amounts of
added water do not cool the eruptive mixture below the boil-
ing temperature. As a result, the mixture remains hot enough
that all entrained external water is vaporized, increasing the
vapor mass fraction and decreasing bulk density. This addi-
tional vapor allows the column to become buoyant with less
air entrainment during the jet phase than in the dry case (Fig-
ure 3g).
In the context of Equation 2, the addition of external water
effectively reduces the characteristic length scale over which
ambient fluid must be entrained for the mixture to become
buoyant, because the entrained fluid now includes both air
and vaporized external water.
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Figure 2: Plumeria results for maximum column height (𝐻, km) as a function of mass fraction of external water (𝑤) and mass
eruption rate (𝑀𝑑 , kg s−1). Panels (a-i) show the results of the varying vent exit velocities (𝑢) and initial magma temperatures
(𝑇𝑚) (see panel annotations). The black dashed lines identify a distinct boundary indicating a mass flux threshold at which
buoyant plumes cease to form under varying external water contents (column collapse condition). The columns’ initial magma
temperature and vent exit velocity affect the column collapse condition’s location.

Region 4 is thus a “sweet spot” where external water de-
creases initial mixture density and increases plume height by
making an otherwise collapsing column buoyant. This behav-
ior reflects the bifurcation-like nature of the column collapse
condition: near the critical point (defined here as the combi-
nation of mixture density, momentum, and entrainment effi-
ciency at which the column transitions between buoyant rise
and collapse), small changes in initial conditions can produce
disproportionately large changes in eruptive outcome.

4.2 Promotion of Column Collapse With Large Fractions of
External Water

Column collapse occurs when large fractions of water are
added (Region 2) because a large amount of external water
makes the initial mixture too cold and too dense to become
buoyant. Figure 3c shows that in the dry case, the initial tem-
perature is close to the magmatic temperature, while in the
case where 30 wt.% external water is added, the temperature is
close to 100 °C (as expected from Supplementary Section 3.2).
As the mixture temperature approaches the boiling point, wa-
ter exists in both vapor and liquid states within the column.
The liquid water is denser than ambient air, thus reducing
the column buoyancy. Furthermore, since the column’s ther-
mal energy is used up to heat/vaporize external water, the en-

trained ambient air is not heated and expanded as effectively.
Therefore, relative to the dry case, we see column collapse be-
cause external water heating consumes a substantial portion
of the thermal energy available, preventing buoyant plume
formation. The mixture thus forms a wet collapsing column.

4.3 Comparison to Previous Findings

Our results build upon those of Koyaguchi and Woods [1996]
who found that: 1) small amounts of water decrease mixture
density and thus allow Plinian eruption columns to develop
more easily (i.e., at lower initial velocities); 2) large amounts
of external water prevent eruption columns from becoming
buoyant; and 3) that columns are not significantly affected by
external water at low eruption rates (MER ≲ 108 kg s−1). Our
contribution adds, through an extensive parametric study, a
comprehensive assessment and visualization of the complex
shape of the column collapse condition (Figure 2). In con-
trast to Koyaguchi and Woods [1996], we hold exit velocity
constant as we increase MER by increasing vent diameter.
By increasing MER without increasing exit velocity, the erup-
tion columns collapse at lower MER values compared to [Koy-
aguchi and Woods 1996].
Mastin et al. [2024] explored the effects of external water on
plume heights at large mass fluxes. They find that at very high
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Figure 3: (a) Effect of external water, 𝑤, on column height difference relative to the dry case (Δ𝑧, km) for various initial mass
eruption rates (𝑀𝑑 , kg s−1) and for the initial conditions corresponding to Figure 2e. The numbers in the squares represent the
four collapse-response regimes describing how external water modifies the column collapse condition. The column collapse
condition marks the point at which buoyant plumes cease to form. Black symbols denote the initial conditions of the runs shown
in panels (b–g): the triangle corresponds to regime 4 (panels e–g); the circle and diamond correspond to regime 2 (panels b–c);
and the square and star represent the no-water equivalents of regimes 2 and 4. Panels (b–g) show results from individual
Plumeria simulations with initial mass eruption rate values of ∼ 107 and ∼ 108 kg s−1 in panels (b–d) and (e–g), respectively.
The ambient air density profile is shown for reference in panels (d) and (g).

Figure 4: (a) Mixing diagram adapted from Figure 10 in Koyaguchi and Woods [1996] showing the qualitative relation between the
mass flux of magma, external water added, and maximum column height. (b) Depiction of the non-dimensional column collapse
condition where a wet buoyant plume can form as external water is added to the initial bulk mixture. Based on thresholds from
Figure 2.
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mass fluxes, both wet (⪅ 20 wt.%) and dry buoyant plumes
can form; however, the wet plumes were lower by up to 40
km (e.g., purple diamonds in Fig.4a of Mastin et al. [2024]). We
do not clearly see this behavior in our results. However, we
used initial velocities lower than those used by Mastin et al.
[2024] (up to 125 m s−1 versus 100–300 m s−1), which we
attribute to the discrepancy. Instead, we find that, at lower
initial velocities and MERs, the addition of water does not sig-
nificantly change plume height; it only affects it by promoting
or suppressing column collapse.

4.4 Non-dimensional Scaling of Column Collapse

The Richardson number (Equation 1) has previously been
demonstrated to provide an important control on column col-
lapse, partly because 1Ri expresses the length scale over which
the initial jet momentum goes to zero for collapsing columns,
whereas in sustained plumes momentum is carried higher into
the atmosphere [Woods and Caulfield 1992]. Previously, the
column collapse condition has been depicted qualitatively and
we expand upon that work by illustrating a quantitative de-
pendence of column collapse on MER and water content (Koy-
aguchi and Woods 1996; Figure 4a). In Figure 4b, we cast the
column collapse conditions from Figure 2 in terms of both
Ri and water content (𝑤). Large Ri indicates that the plume
is initially dominated by negative buoyancy forces, small Ri
indicates that momentum (shear) is dominant, and Ri ≈ 1
suggests both matter. Figure 4b also shows that positively
buoyant plumes form only for Ri ⪅ 1. This threshold is con-
sistent with the concept that, for buoyant plumes to form,
enough shear must occur to produce significant air entrain-
ment, which makes the column buoyant. That said, a Ri ⪅ 1
threshold is not sufficient to determine the column collapse
condition because the dependence of Ri on external water con-
tent (𝑤) is strongly non-linear.
Figure 4b shows that the dependence of the column collapse
condition on velocity goes away when plotted as a function of
Ri. We find the magma temperature (and hence 𝑔′) affects
the column collapse condition since it controls the available
thermal energy for heating the entrained air. This scaling also
suggests that there is a strong tradeoff between the effects of 𝑢
and 𝑟𝑣 in the Richardson Number. That is, as vent exit veloc-
ity increases, the critical vent diameter at which column col-
lapse occurs also increases according to 𝑟𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑣 ∝ 𝑢2𝑅𝑖𝑐𝑟𝑖𝑡
for a given magma temperature. Since MER ∝ 𝑢𝑟2𝑣 , the Ri
scaling implies that the critical MER at which a column col-
lapses scales as MER𝑐𝑟𝑖𝑡 ∝ 𝑢5 (shown non-dimensionally by
Equation 5 in Koyaguchi and Suzuki 2018). This analysis is
consistent with the results from our parameter space wherein
a change of vent velocity from 75 m s−1 to 125 m s−1 leads to
about an order of magnitude increase in the MER associated
with the column collapse and rightward shift in the column
collapse condition.
An alternative framework to describe column collapse was
proposed by Koyaguchi and Suzuki [2018]. In their formula-
tion, the collapse condition is expressed in terms of a critical
mass fraction of entrained air required for the mixture to be-
come buoyant; collapse occurs if the eruptive mixture cannot
entrain sufficient ambient air before its initial momentum is

exhausted. However, the Koyaguchi and Suzuki [2018] criti-
cal mass fraction does not incorporate effects from external
water. In Supplementary Section 8, we expand upon Koy-
aguchi and Suzuki’s critical mass fraction derivation to incor-
porate external water (Supplemental Equation 24). However,
our derivation does not fully account for effects from phase
changes (liquid to vapor), and thus we compare our results to
the Richardson number (Equation 1).
Overall, Figure 4 shows how variable amounts of external
water shift the column collapse condition and how the col-
umn collapse condition relates to general eruptive behavior.
Although we show that the column collapse condition is a
complex function of w, MER, and initial temperature, Ri ⪅ 1
and 𝑤 < 25±4 wt.% water delineate the phase space in which
buoyant plumes most readily form.

4.5 Model Limitations

One-dimensional models like Plumeria can determine the con-
ditions that produce column collapse in a sustained eruption,
but do not detail the collapse process, partial collapses, or the
complex instabilities within a volcanic plume. These models
often rely on empirical parameters, such as entrainment co-
efficients, to parameterize complex small-scale fluid instabili-
ties, and this can limit their accuracy [Mastin 2007]. However,
they have proven effective in predicting column height rela-
tively well and offer the advantage of reduced computational
demands, enabling numerous simulations [Costa et al. 2016].
In contrast, three-dimensional models capture the spatial
and temporal variations within the volcanic column, including
changes in concentration, temperature, pressure, and velocity,
all of which can influence buoyancy [Costa et al. 2016; Suzuki
et al. 2016]. These models can directly simulate air entrain-
ment dynamics and account for umbrella-region effects, par-
tial column collapse scenarios, plume-ash microphysics, and
the formation of pyroclastic density currents [Van Eaton et al.
2012a; Suzuki et al. 2016]. However, simulating fully sustained
columns with 3D models is computationally demanding: high
near-vent velocities often require small time steps, grid spac-
ing can be large relative to the eruption column, and sub-grid
turbulence must be parameterized. Thus, while 3D models
provide critical insight into processes not captured in 1D, ex-
ploring how these dynamics influence the collapse condition
remains a challenge, particularly during large eruptions, es-
pecially when additional complexities such as phase changes
between water vapor, liquid, and ice further alter entrainment
and buoyancy [Van Eaton et al. 2012a; Ichihara et al. 2023].
Additionally, we treat the external water mass fraction
(𝑤) as a free parameter in this study and focus only on the
eruption column after the jet has decompressed to atmo-
spheric pressure. The model does not resolve the dynamics
of magma-water heat transfer, fragmentation, or near-vent en-
trainment, all of which are known to influence 𝑤 [Fagents et
al. 2012; Rowell et al. 2022]. These processes are important
because magma–water interaction modifies jet properties and
enhances ash fragmentation [Wohletz 1986; Fagents et al. 2012;
Cahalan and Dufek 2021; Rowell et al. 2022].
Rowell et al. [2022] used a coupled magma-water interac-
tion model to examine water entrainment and quench frag-
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mentation processes as a jet rises through the water column.
Their results highlight the complexity of wet eruptions prior
to column formation in air. In particular, they show that the
mass fraction of external water entrained into the mixture is
strongly dependent on vent water depth. Although the col-
lapse regime they investigate applies to the jet within the wa-
ter column, their findings provide useful constraints on the
range of 𝑤 values that may feed the subaerial column; in their
simulations, external water contents can exceed 30 wt.% at
shallow water depths.

4.6 Recent Examples of Water-Rich Eruptions

Recent large and shallow submarine eruptions highlight both
the importance and challenges associated with wet volcanic
eruption column dynamics. The January 15, 2022, Hunga
eruption produced a record-breaking 55 km atmospheric
plume [Proud et al. 2022] and increased stratospheric water
load by 10% in 2022 [Vömel et al. 2022]. The height of the
water-rich Hunga plume may have been impacted by the
phreatomagmatic nature of the eruption [Gupta et al. 2022;
Vömel et al. 2022; Xu et al. 2022]; simulations by Mastin et al.
[2024] suggesting that 90 wt.% of the total erupted mass con-
sisted of entrained external water vapor in order to reproduce
the observed max height (with an MER of 7−14×107 kg s−1,
see Supplementary Section 10).
The Fukutoku-Oka-no-Ba (FOB) eruption of August 13,
2021, was explosive and generated a 16 km (above sea level)
water-rich plume while simultaneously creating a 0.1 km3
pumice raft [Maeno et al. 2022; Chang et al. 2023; Fauria et
al. 2023]. It was estimated that the FOB had mass flux values
of 105 − 107 kg s−1 [Maeno et al. 2022; Fauria et al. 2023].
Both eruptions exhibited partial collapse of the eruption col-
umn [Clare et al. 2023; Fauria et al. 2023; Kelly et al. 2024]. Par-
tial collapse of the Hunga eruption column is thought to have
generated devastating submarine volcaniclastic currents [Clare
et al. 2023; Seabrook et al. 2023]. The raft from the FOB erup-
tion is also suspected to have formed by near-field collapse
of particles from the eruption column [Fauria et al. 2023]. Be-
cause 1-D models such as Plumeria do not simulate partial
collapse, these recent eruptions, therefore, highlight one of the
major limitations associated with the application of 1-D mod-
els. That said, the 1-D modeling results in Figure 2 make plain
how external water can shift the column collapse condition
in both directions (towards higher and lower MERs). In the
case of Hunga 2022, one might envision the effects of external
water on column collapse shifting through time as variable
amounts of water may have been entrained above the vent.

5 SUMMARY
We investigated the impact of external water on plume for-
mation, height, and column collapse using Plumeria, a 1-D
plume model. We conducted over 150,000 simulations where
we varied MER, external water content, initial velocity, and
initial magma temperature to understand how external water
affected maximum column height and the column collapse
condition. Our analysis included the examination of upward
velocity, bulk mixture temperature, and bulk density at the
vent, as well as their evolution along the column’s vertical

trajectory to clarify the mechanisms governing maximum col-
umn collapse. We show quantitatively that:

1. External water mainly affects column dynamics by shift-
ing the column collapse condition.

2. Small to moderate amounts of external water (below
25 ± 4 wt.%) reduce the likelihood of column collapse in
large mass flux eruptions by lowering the initial mixture
density and enhancing buoyancy (Region 4). In contrast,
external water contents above 25 ± 4 wt.% decrease net
column temperature, promoting collapse and reducing
maximum column height.

3. For low to moderate mass eruption rates (≲ 106 kg s
−1), external water has only a modest effect on plume
height (Region 1), though reductions in plume height of
up to ≈30% occur at higher water fractions. For large
mass eruption rates, the erupted mixture is too dense to
become buoyant and thus plume height is unaffected by
external water (Region 3).

4. Our results refine the classic view that Ri ≲ 1 defines the
collapse threshold by showing that external water and
magma temperature can shift the column collapse con-
dition to lower Richardson numbers. Indeed, the MER at
which column collapse occurs can vary by three orders
of magnitude.

By conducting numerous simulations, we illuminate how
the column collapse condition depends on water content,
magma temperature, vent velocity, and mass flux. We show
that the primary impact of external water is shifting the col-
umn collapse condition.
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