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[1] This paper presents a user-friendly graphically based numerical model of one-dimensional steady state
homogeneous volcanic plumes that calculates and plots profiles of upward velocity, plume density, radius,
temperature, and other parameters as a function of height. The model considers effects of water
condensation and ice formation on plume dynamics as well as the effect of water added to the plume at the
vent. Atmospheric conditions may be specified through input parameters of constant lapse rates and
relative humidity, or by loading profiles of actual atmospheric soundings. To illustrate the utility of the
model, we compare calculations with field-based estimates of plume height (~9 km) and eruption rate
(>~4 x 10’ kg/s) during a brief tephra eruption at Mount St. Helens on 8 March 2005. Results show that
the atmospheric conditions on that day boosted plume height by 1-3 km over that in a standard dry
atmosphere. Although the eruption temperature was unknown, model calculations most closely match the
observations for a temperature that is below magmatic but above 100°C.
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the surrounding atmosphere. Once it becomes
buoyant, such a jet develops into a plinian or
subplinian plume, rising kilometers to tens of kilo-
meters until its heat is diluted enough that buoy-
ancy is lost. Jets that lose their momentum before
becoming buoyant collapse back onto the Earth’s

1. Introduction

[2] During a pyroclastic eruption, a volcanic jet
shoots out of an eruptive vent at several tens to
more than 150 meters per second, driven by
expanding gas. The jet is initially denser than the

surrounding atmosphere and begins to decelerate
through negative buoyancy and turbulent interac-
tion with surrounding air. Along jet margins these
processes generate cauliflower-like vortices that
entrain air and heat it, reducing the bulk density
of the entire jet, in many cases, to less than that of

This paper is not subject to U.S. copyright.
Published in 2007 by the American Geophysical Union.

surface and transform into pyroclastic flows, surges
and ignimbrites.

[3] The factors that affect plume rise and collapse can
be dominated by the presence of water and the
thermodynamics of condensation and evaporation.
Liquid water can become entrained in pyroclastic jets
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during some Surtseyan eruptions [7horarinsson,
1967]; water and steam at boiling-point temper-
atures can drive phreatic and hydrothermal eruptions
[Mastin, 1995]; and entrainment of water-saturated
air can turn buoyant volcanic plumes into ash-laden
thunderheads.

[4] The basic physics behind the ascent and col-
lapse of volcanic columns has been understood for
nearly half a century [Morton et al., 1956a; Settle,
1978; Wilson et al., 1978]. Within the past two
decades the effects of magma type and vent con-
ditions [Woods, 1988; Woods and Bower, 1995];
atmospheric conditions [Sparks et al., 1997,
Woods, 1993]; external surface water [Koyaguchi
and Woods, 1996], thermal disequilibrium, and
particle fallout [Woods and Bursik, 1991] have
been assessed in increasing detail through numer-
ical calculations.

[s] Despite its apparent complexity, a steady 1-D
plume model can run on standard desktop computers,
hence exploration of the factors that affect volcanic
plume height or collapse need not be limited to
investigators who develop these models. In this
paper I present a user-friendly one-dimensional,
steady volcanic plume model that considers atmo-
spheric condensation, ice formation, and energetics
of added external water. The model (“Plumeria”) is
intended for students, researchers, and educators, is
freely downloadable as an executable file (http:/
vulcan.wr.usgs.gov/Projects/Mastin or GERM Web
site) and runs on Microsoft (use of trade names
does not imply endorsement of these products)
Windows™ -based computers through a graphical
user interface (Figure 1; instructions are provided in
Appendix A). The model’s utility is illustrated in a
sample application to a brief tephra eruption at
Mount St. Helens, Washington. For brevity, the
constitutive relations and assumptions are summa-
rized here; full equations and solution procedures
are detailed in Appendix B.

2. Conservation Equations

[¢] Plumeria computes plume properties by divid-
ing the plume into a series of control volumes
(Figure 2) having horizontal upper and lower
boundaries and thickness dz. Within each control
volume the flux in mass (M), momentum (Mu) and
energy (E) are conserved by equating the vertical
gradient in these properties to lateral inputs from
entrained air, using the formulation given by
Woods [1988, 1993]. Following this formulation,
the plume is divided into a momentum-dominated

gas-thrust region immediately above the vent, and
an overlying buoyancy-dominated convective re-
gion. Effects of particle fallout and thermal dis-
equilibrium are ignored. In both regions the inward
velocity u™™” of entrained air is assumed to be a
constant fraction € of plume velocity u, based on
the observed linear rate of widening of laboratory
plumes in similar fluids (e.g., air plumes in air or
water plumes in water) [Batchelor, 1954; Morton et
al., 1956b] (see Turner [1973] for a discussion).
Within the gas-thrust region the entrainment rate is
adjusted by the factor /p/p“t [Woods, 1988] to
account for density differences between the jet and
ambient fluid, following results of Thring and
Newby [1953] and Hinze [1975]. In the near-vent
region, effects of vent geometry, pressure waves
and jet inhomogeneity on entrainment are all
ignored. These considerations lead to the following
conservation equations:

Mass

Gas-thrust region

M d(mr?
— = (mr”pu) = 2mreun/ ppmt (1)
dz dz

Convective region

am d(mr? pu)

pE A 27rp™ eu (2)
Momentum
d(Zu) = (p™ —p)g (3)
Energy
dE _ d dM

2

=== {M(%—i—gZ—O—h)} = (gZ+h") == (&)
where 7 is the plume radius; p and p“*” are the
densities of the jet and the ambient atmosphere,
respectively, g is gravitational acceleration, Z is the
height of the center of the control volume above
the vent, and & and A“"" are the enthalpies per
unit mass of the plume mixture and of the
ambient atmosphere, respectively. The entrainment
rate ¢ is assumed constant with a value of
0.09 [Woods, 1988, 1993]. Values of p* and
h“" are calculated assuming ideal gas relations
(Appendix B).

[7] Following Woods [1988], the gas thrust region
is assumed to extend to an elevation at which the
plume density is less than that of the ambient atmo-
sphere (Glaze and Baloga [1996] use a slightly
different formula in which entrainment rate is con-
tinuous between these regions). The momentum
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Figure 1. Graphical user interface of Plumeria.

equation assumes that the plume ascent is driven by
the density difference between the plume and the
ambient atmosphere. The energy equation assumes
that no work or heat is transferred into or out of the
control volume other than that advected by the plume
itself and by entrained air.

[8] Equations (1) through (4) are numerically inte-
grated from the vent upward until the vertical
velocity drops below 0.1 m/s. At each step, veloc-
ity u and enthalpy / are obtained by combining
integrated terms (e.g., u = Mu/M; h = E/IM —
u?/2 — g7). The density, temperature (7), and mass
fraction of pyroclasts, air, and water in its various
phases are computed assuming that these phases are
homogeneously distributed, are in thermal equilib-
rium, and, at 7> 0°C, that condensed liquid water is
in chemical equilibrium with water vapor. I follow
meteorological models [e.g., Khairoutdinov
and Randall, 2003] in assuming that all condensed
water is liquid at 7> —10°, ice at T< —40°, and, at
T=—10°to —40°C, is a coexisting mixture of both
phases with the relative proportions of each phase

1
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Figure 2. Illustration of the main parts of a volcanic

plume.
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Figure 3. Meteorological data dialog box, illustrating the atmospheric conditions at Mount St. Helens used in
modeling the 8 March 2005 plume. This dialog box is used to import and plot meteorological data.

varying linearly with temperature. Solving for the  calculating equilibrium phases at that temperature,
temperature and the mass fractions of liquid water, = summing their constituent enthalpies to obtain a
water vapor, and ice at each step requires an  total enthalpy, comparing that enthalpy with that
iterative procedure of picking a temperature,

Figure 4. Photograph of the 8 March 2005 tephra eruption from Mount St. Helens, Washington (USA), taken from
the SSW at approximately 5:45 PM (PST). Note that the plume is not anvil-shaped as is typical of strong plumes
[Bonadonna and Phillips, 2003] but appears to bend over above the vent and rise more steeply a few kilometers
downwind. The plume shape is partly related to temporal changes in eruption intensity, which, on the basis of seismic
records, began to wane about ten minutes before this photo was taken. The plume shape may also result from particle
fallout near the vent increasing the plume buoyancy. Particle fallout is not considered in the current plume model.
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obtained by integrating (4), adjusting temperature,
and recalculating until these two enthalpies agree.

3. Model Input

[o] Input parameters are entered in text boxes on
the left-hand side of the user window (Figure 1).
Specified vent properties include the vent diameter
(do = 2ry), velocity (1), magma temperature (7,,),
mass fraction of gas in the magma (n,), and mass
fraction external water (m$,") added to the eruptive
plume (see Appendix A for important caveats on
adjusting these parameters). The fluxes in mass
(mrgpug), momentum (7wrgpug), and energy
(mrgpug(h + u3/2)) at the vent are calculated from
these terms and from the mixture density (p) and
enthalpy (%,.,), which are determined by combin-
ing the mass fractions, enthalpies, and densities of
the various phases assuming the gas components to
be ideal, the magmatic gas to consist entirely
of H,O, and the mixture to be at ambient
atmospheric pressure (Appendix B). When external
water is present, Plumeria calculates equilibrium
mass fractions of liquid and vapor assuming that
the mixture has thermally equilibrated at atmo-
spheric pressure before rising out of the vent and
that the enthalpy of the mixture does not change
during equilibration.

[10] Input atmospheric properties include profiles
of temperature and relative humidity (r;,), which
can be specified in either of two ways: (1) by
entering a troposphere thermal lapse rate (d7/dz),
basal tropopause elevation, tropopause thickness,
stratospheric thermal lapse rate, and constant rela-
tive humidity (r,) into text boxes in the upper left
part of the interface window (Figure 1), or (2) by
opening a second window (Figure 3) that loads and
plots ASCII data containing profiles of temperature
and dew point temperature (7p) obtained from
soundings posted by the National Oceanic and
Atmospheric Administration (http://www.arl.noaa.
gov/ready/amet.html) (see Appendix A for specific
instructions). These data are used to calculate p"*
and 4" for use in (1) through (4).

[11] Equations (2)—(4) are integrated using a mod-
ified form of routine rkqs.f from Press et al.
[1992], which employs a fifth-order Runge-Kutta
scheme with automatic adjustment of step size. The
integration is carried out from the vent to the
elevation at which the upward velocity is less than
0.1 m/s. A comparison of Plumeria model output
with that of published one-dimensional steady state
model results [Koyaguchi and Woods, 1996;

Sparks et al., 1997; Woods, 1988, 1993] is pre-
sented in Appendix C. The Plumeria results gen-
erally compare well with published works;
differences of up to 15% in, for example, plume
height, are thought to result primarily from slightly
different methods of calculating enthalpy and water
saturation in the atmosphere.

4. Application: The 8 March 2005
Tephra Eruption of Mount St. Helens

[12] The utility of Plumeria can be illustrated in a
study of a brief tephra-forming eruption that took
place at Mount St. Helens, Washington (USA) on
8 March 2005 [Houlié et al., 2005; Scott et al.,
2007]. The eruption began at 17:25 PST after about
an hour and a half of gradually increasing seismic-
ity [Moran et al., 2007]. Aerial observers (C. D.
Miller and J. Pallister, USGS, written communica-
tion, 2005) noted a continuous column fed by
spurts at intervals of one to three minutes, sending
a light-colored plume to several kilometers height
within a few minutes (Figure 4). Commercial pilots
estimated the maximum plume height to be about
11000 m above sea level (8900 m above the vent).
A high level of seismicity continued until about
17:35, followed by somewhat lower seismicity that
lasted until about 17:50, and low-level ash emis-
sion that continued well after 18:00 [Moran et al.,
2007]. During the following six hours, satellite
images tracked the eruptive cloud as far east as
western Montana (500 km eastward; Figure 5b).

[13] Tephra sampled along three traverses down-
wind of Mount St. Helens (Figure 5a) suggested an
approximate volume within 5 km? of the vent of
~5 x 10* m® (dense-rock equivalent, DRE); but
trace amounts reported at least to Ellensburg, WA
(150 km NE, Figure 5b), suggest a total areal
coverage >5,000 km?, and total volume greater
than 10° m’. Assuming that most of this material
was expelled in the first ten minutes and particle
density is ~2500 kg/m>, the mass flow rate during
the vigorous phase probably exceeded about 4 x
10° kg/s.

[14] The facts surrounding this eruption make it
difficult to categorize as either juvenile or phreatic.
Blocks ejected during the event were distributed in
a pattern that suggested a source vent on the north
or northwest margin of the active lava dome
(Figure 5a). Tephra is composed of crushed, nearly
holocrystalline, poorly vesicular fragments that
resemble fault gouge on the dome and conduit
margin [Pallister et al., 2005]. Thus an origin
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Figure 5. (a) Sampling localities of tephra from the 8 March 2005 eruption downwind from Mount St. Helens,
along with very approximate isopach contours (purple) and the approximate limit of ballistic blocks during the
eruption (red). Ash thicknesses are in millimeters. One additional traverse lies east of the mapped area. (b) Air Force
Weather Agency visible satellite image of the eruptive cloud (outlined), taken at 7:45 PM PST. MSH, Mount

St. Helens.

along the dome margin is deemed likely, with a
driving fluid that could have been either magmatic
gas, heated groundwater, or some combination of
these. The high plume, however, suggests signifi-
cant buoyancy, perhaps driven by magmatic heat.
An important question was whether a plume of this
height, with the mass flow rate inferred from the
duration and minimum deposit volume, could have
been generated by a steam-driven eruption.

[15] In order to address this question I calculate
plume height for a range of mass eruption rate,
eruptive temperature, and gas content; and com-
pare the results with the observed height. The 20-
to 40-minute eruption lasted several times longer
than the time required for a plume to ascend 9 km
(about 5 minutes as calculated by Plumeria). Thus
it appears that this eruption can be reasonably

modeled using a steady state model such as Plu-
meria. Atmospheric sounding data from above
Mount St. Helens at the time of the eruption were
downloaded from the NOAA Web site (http:/
www.arl.noaa.gov/ready/amet.html) and used as
input atmospheric conditions (Figure 3). The plots
in Figure 1 illustrate model results using an erup-
tive temperature of 7= 500°C, a mass fraction of
magmatic gas ny equal to 0.03 (a reasonable first
guess), an ejection velocity ug of 100 m/s, no
added water, and vent diameters of 10, 25, 50,
100, and 150 m for runs 1, 2, 3, 4, and 5,
respectively. Each model run took 2-4 seconds
to calculate and plot. In the final run (the dark
green lines, run #5), the eruptive column collapsed
after reaching about 1 km height. In runs 1 through
4, water can be seen to condense out of the plume
starting at elevations of 3—8 km (solid lines on the
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right-hand plot), and ice (dashed lines) begins to
form at ~5—8 km height.

[16] A similar series of runs was then made for
T=100-900°C, ny=0.02—0.35, and uo = 100 m/s.
(Because the origin of the driving fluid is un-
known, the term n, used here does not necessarily
imply gas of magmatic origin but rather the amount
of gas (as specified in the “wt% gas” text box) at
the initial specified temperature.) For each run, the
plume height (shown on the bottom right-hand side
of the Figure 1 window) and the mass flux (shown
in the “vent properties” box of Figure 1) were
written into a spreadsheet and the results plotted as
height versus mass eruption rate (Figure 6). Exter-
nal water was not explicitly added in these runs;
rather, the eruption temperature and the mass
fraction of magmatic gas were adjusted to represent
a driving fluid that was cooler than magmatic. In
the case where the eruption temperature equaled
100°C, the enthalpy was sufficient to vaporize all
water in the plume at the vent.

[17] A one-dimensional steady state model such as
Plumeria is ideally suited for strong plumes in
which the ascent velocity is significantly greater
than the horizontal wind velocity. Such plumes
form vertical columns with anvil-shaped heads
and a cloud of tephra extending downwind at the
elevation of neutral buoyancy [Bonadonna and
Phillips, 2003]. Easterly winds on 8§ March at
Mount St. Helens were about 15—-20 m/s, compa-
rable to the ascent velocity of the plume (Figure 1),
and thus produced a plume that translated eastward
with height (Figure 4). Following previous ash
plume models [e.g., Carey and Sparks, 1986],
I assume that the wind did not significantly affect
plume height. This should be the case so long as
most of the plume extended above the turbulent
boundary layer created by topography and no
layers of significant wind shear exist as represented
by discontinuities in wind speed or direction.
NOAA sounding data suggest that no such shears
existed on this date.

[18] Results in Figure 6 illustrate several points.
First, all of the plume heights calculated for the
atmospheric conditions at Mount St. Helens on that
day (blue lines) exceed those predicted (red lines)
for a standard atmosphere [United States Commit-
tee on Extemsion to the Standard Atmosphere,
1976] having a sea level temperature of 0°C, a
thermal lapse rate in the troposphere of 6.5°C/km,
a troposphere thickness of 11 km, a 9-km-thick
tropopause, and no atmospheric humidity. At a
given mass flow rate the calculated plume heights

also exceed that given (black dotted lines) by the
empirical best-fit relation through compiled obser-
vations of plume height and eruption rate [Sparks
et al., 1997, p. 118]:

H = 1.670%%° (5)

where H is column height in kilometers and Q is
the dense rock equivalent discharge rate in cubic
meters per second (calculated from mass flow rate
using a magma density of 2500 kg m ). The
discrepancy is greatest for the blue curves, which
use the local atmospheric conditions, though some
discrepancy still exists for the red curves, which
use a standard dry atmosphere.

[19] The blue curves exceed the height of the black
empirical curves mostly because of atmospheric
moisture and the small size of this eruption. Twenty-
eight of the 31 plume-height observations on which
(5) is based are larger than the 8 March event; and
larger eruptions tend to be buoyed less by atmo-
spheric moisture than small eruptions [Sparks et
al., 1997, Figure 4.11] (Appendix C, Figure C2).
At T'=100°C, the height of the red curve exceeds
the empirical curve height mostly due to the high
gas content (1o = 0.25) used in the red-curve model
runs. The greater height of the 900°C red curve in
Figure 6d relative to the 500°C in Figure 6¢ reflects
the effect of temperature on plume height, which is
not considered in the empirical relation. At 7 =
900°C (Figure 6d) and ny = 0.03, the red curve lies
above the empirical black dashed curve by 1 or
2 km, which is similar to the discrepancy between
this curve and the Woods [1988] model [Sparks et
al., 1997, Figure 5.2] at this temperature and mass
flow rate. At Plinian mass flow rates (~107 kg/s),
Plumeria and the model of Woods [1988] roughly
agree with the empirical relation at ny = 0.03 and
T = 800-900°C.

[20] Figure 6a shows that, under the 8 March 2005
atmospheric conditions at Mount St. Helens, erup-
tions as cool as 100°C could generate plumes as
high as the one observed (Figure 6a), but only
when ny > ~0.25 and at significantly lower erup-
tion rates than the minimum estimated (~4 X
10° kg/s; red vertical dotted line). At T =
~900°C, the observed plume height can be reached
with ng = 0.02—0.03, but the mass eruption rate
required to generate the observed height is less
than the inferred minimum value (Figure 6d).
Eruption temperatures of roughly 500°C (Figure 6c)
generate the observed plume height at mass erup-
tion rates that are above the estimated minimum
value.
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