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Abstract We present a coflowing integral plume model for the transition from an eruption column to
an umbrella cloud. This transition occurs above the level of neutral buoyancy where the rising plume is
surrounded by a descending annulus. We model this transition by extending the coflowing integral
plume model of Bloomfield and Kerr (2000, https://doi.org/10.1029/2018JB015841), which was originally
developed for Boussinesq fountains, to volcanic plumes. In addition to the transition region, the new model
includes the part of the eruption column below the level of neutral buoyancy. The eruption column and
the transition to an umbrella cloud are treated as a continuous process from the vent upward. Equations for
the variation with height of the mass, momentum, enthalpy, and moisture fluxes are presented for both the
upward and downward plumes. The interaction between the upward and downward plumes is accounted
for by two entrainment relations: from the upward to the downward plume and vice versa; entrainment
from the environment into the downward plume (or the upward plume in the absence of a downward
plume) is also accounted for. The model is applied to the two eruptions considered by Costa et al. (2016,
https://doi.org/10.1016/j.jvolgeores.2016.01.017) for the volcanic-plume intercomparison study. Profiles
of the mass and momentum fluxes are compared with those from an equivalent large-eddy simulation.
The new model captures the order of magnitude of the fluxes, the relative magnitudes of the upward and
downward fluxes and aspects of the profiles’ shape. In particular, the upward plume reaches a maximum
before decreasing toward the top of the plume consistent with the large-eddy simulation plume.

Plain Language Summary Powerful volcanic eruptions typically produce a laterally spreading
umbrella cloud at the top of plume (eruption column). The dynamics of the transition from eruption column
to umbrella cloud are characterized by complex interacting upward and downward plumes as the material
all tries to reach the same level of neutral buoyancy. This article concerns the development of a relatively
simple model to represent this transition. The model is applied to two cases considered by a recent volcanic
plume-model intercomparison study and the results compared with equivalent results from large-eddy
simulations (LESs). The LES results provide detailed information on the flow field and are presented and
discussed in some detail: they clearly show the complexity of the flow in the transition region. The simple
model is compared with the LES results and captures many aspects of the more complicated flow. A
potential practical application of our new model is that it could provide an estimate of the outflow of ash
from the eruption column to the umbrella cloud which could be used to initialize a simple intrusion model.

1. Introduction

Powerful volcanic eruptions typically form umbrella clouds toward the top of the eruption column (e.g., Sparks
et al., 1997, section 11.2). This region is characterized by complex interacting upward and downward plumes
and rapid sideways motion as the material in the plume all tries to reach the same level of neutral buoyancy
and which eventually gives rise to a lateral intrusion (gravity current). This complex picture emerges from the
initial overshoot by the rising plume of the first level of neutral buoyancy, zeq (which is not necessarily the
same as the final level of neutral buoyancy, zfinal), due to its upward momentum. The work done by the nega-
tive buoyancy of the rising plume above this first level of neutral buoyancy acts to retard the plume, bringing
it to rest at the point where the vertical momentum vanishes (the maximum rise height of the plume, zmax).
What follows is the overturning and collapse of the plume which now descends but continues to interact
with upwardly moving material. The downward plume also continues to entrain ambient air albeit weakly at
this stage. The schematic picture of this motion, as shown in Figure 1, is that of an upwardly moving core sur-
rounded by a descending annulus. Vertical oscillations continue radially away from the plume centerline but
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Key Points:
• We present a coflowing integral

plume model to describe both the
eruption column and the downward
annulus commonly observed toward
the top

• The model produces a mass flux
which reaches a peak at about the
level of neutral buoyancy and then
decreases in contrast to standard
models

• The model is compared with
equivalent results from a large-eddy
simulation and captures aspects of
the complicated flow patterns
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