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[1] Imaging volcanic plumes is essential to provide an observational basis for
understanding and modeling plume dynamics. During June–July 2004, �150 Strombolian
ash plumes were imaged at Stromboli volcano, Italy, with a forward looking infrared
radiometer (FLIR) thermal video camera (30 Hz). Of these, 25–80 plumes were suited for
different levels of quantitative analyses. In this study some simple analyses are applied to
constrain basic parameters for the dynamics of Strombolian plumes during their initial
ascent (�130 m). Plume rise rates covered both gas thrust (>15 m s�1) and buoyant
regimes (<15 m s�1), which in turn controlled lateral spreading rates and air entrainment
rates. The half angle of lateral spreading of the plume front averaged 7.3(±1.6)� for gas
thrust regimes and 13.5(±1.6)� for buoyant regimes, equating to mean air entrainment
coefficients of 0.06–0.12 for gas thrust regimes and 0.22(±0.03) for buoyant regimes.
These factors were also linked to plume morphologies, which included jets, starting
plumes and thermals. A ‘‘rooted thermal’’ form was observed and presumed as an
intermediary between starting plumes and discrete thermals. Plume rise could be
approximated by a power law dependence with time. Rooted thermals spread and
entrained air at rates approaching those of a discrete thermal but rose at a rate similar to
that of a starting plume. Phenomena including helical motion and sedimentation were
visible in the FLIR imagery. These results demonstrate that emergent plume behavior is
progressive and highly transient. Furthermore, this study offers empirical reinforcement
that entrainment dynamics are intrinsically different in (1) gas thrust versus buoyantly
driven regimes and (2) plume fronts versus steady plumes.
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1. Introduction

[2] Imaging eruption plumes is an essential component of
understanding plume dynamics and hazards, the latter of
which includes derivative pyroclastic flows and ash fall.
Previous imaging studies of volcanic plumes include those
at Stromboli and Heimaey [Blackburn et al., 1976], Fuego
[Wilson and Self, 1980], Soufrière [Sparks and Wilson,
1982], Sakurajima [Ishihara, 1985], Mount St. Helens
[Sparks, 1986; Sparks et al., 1986; Calder et al., 1997],
Redoubt [Woods and Kienle, 1994], and Soufrière Hills
[Clarke et al., 2002; Formenti et al., 2003] volcanoes.
Overall, however, relatively few eruption plumes have been
imaged with the original intention of making scientific
measurements [Sparks et al., 1997]. Furthermore, very

few of these have been acquired at a frame rate sufficient
to capture dynamic processes in the plume [Clarke et al.,
2002; Formenti et al., 2003]. In particular, emergent plume
behavior and small-scale motions have generally eluded a
thorough description in the volcanological literature, aggra-
vated by the difficulty of capturing plumes in their first
moments of ascent.
[3] New technology, specifically the handheld forward

looking infrared radiometer (FLIR) camera, now allows
direct measurement of plume motions and temperatures at
a high frame rate. In this study a FLIR is utilized to
measure, map and track ash plume dimensions at Stromboli
volcano, Italy. The FLIR data were acquired at a rate of
30 Hz (30 frames per second) from a distance of 450 m,
allowing characterization of small-scale dynamic behavior
at a fine timescale. Furthermore, the camera was run
continuously and captured the onset of each eruption. Using
a data set of 344 Strombolian eruptions acquired over four
years (2001–2004), Patrick et al. [2007] determined that
eruptions at Stromboli can be either ballistic-dominated
(type 1) or ash-dominated (type 2). This study uses a
selection of type 2 eruptions from that data set to analyze
the morphology, rise speed, lateral spreading rates and air
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entrainment rates of the plumes. The thermal characteristics
of the plumes will be explored in a subsequent study.

2. Background

2.1. Strombolian Eruptions

[4] Stromboli volcano, in the Aeolian Islands of Italy,
has been experiencing small, intermittent explosions for
hundreds of years [Washington, 1912; Rosi et al., 2000].
These originate from several major (Southwest, SW;
Central, C; and Northeast, NE) and minor (e.g., NE-1,
NE-2) craters within a 300 m long crater terrace near the
summit (Figure 1). The common perception of Strombolian
eruptions is often limited to fountains of incandescent
ballistic ejecta, with an absence of significant ash-sized
particles [e.g., Chouet et al., 1974]. Patrick et al. [2007],
however, showed that ash-rich eruptions were quite common
among a data set of 344 eruptions and, in fact, many
eruptions involved fine particles exclusively. Eruptions were
either ballistic-rich, with no significant ash plume (type 1) or
ash-rich, with a significant plume (type 2). Type 2 eruptions
were further subdivided into ash-rich eruptions with a
distinct gas thrust phase (>15 m s�1) and typically many
ballistics (type 2a) and those characterized by convective
velocities (<15 m s�1) and a minor amount of ballistics
(type 2b). Ash plumes would generally rise to a few hundred
meters height before drifting away or dissipating. The largest
subset of the 344 eruption dataset comprises 240 eruptions
captured in June–July 2004 (Figure 1). During that time,
NE crater exhibited the highest activity levels and most
variability in eruption style. The main vent, NE-1, exhibited
a sustained period of type 2 eruptions from approximately
7 June to at least 27 June, followed by another type 2 period
during 20–25 July. This study explores the plume behavior
in type 2 eruptions, and specifically the distinction between
gas thrust and convective behaviors plumes.

2.2. Plume Morphology and Types

[5] A primary distinction in plume behavior is that
between steady state, sustained plumes (where the influence
of the rising plume front is insignificant) and plumes which
have just begun their ascent (where the motions at the plume
front are important). Most modeling of Plinian-scale plumes
has focused on steady state plumes [e.g., Woods, 1988;
Glaze and Baloga, 1996], though a few studies have
addressed the starting case [e.g., Wilson and Self, 1980;
Sparks and Wilson, 1982]. This study examines plumes in
their initial ascent stages (Figure 2) but nevertheless relies
on insights from steady state plume studies.
[6] Plume morphologies include (1) jets, (2) steady buoy-

ant plumes, (3) starting plumes and (4) discrete thermals.
The first two forms have been studied extensively in a
steady state context, while the latter two are necessarily
initial plume forms. A jet is a high-velocity plume driven by
high initial momentum [Morton, 1959; Crapper, 1977],
while a steady buoyant plume rises solely due to its buoy-
ancy. The term ‘‘forced plume’’ has been used to refer to a
plume which behaves like a jet at the outset but later
transitions into a buoyant plume [Morton, 1959]. A discrete
thermal is a detached fluid vortex (resembling a rising torus)
powered solely by buoyancy. The total excess heat content
of a discrete thermal remains constant because the thermal is
detached from any source and no further excess heat is
introduced. A starting plume is a buoyant plume where the
circulating plume front emulates a thermal. This thermal at
the plume front is continuously fed by the steady plume
below it. The starting plume does not, however, develop a
vigorous entrainment vortex at the base of the thermal,
based upon photos of Turner [1962]. Another plume form
was observed commonly in this study, that of a starting

Figure 1. FLIR setup at Stromboli. The FLIR was used
from the Rocette station (ROC), �450 m from the NE
crater. SW crater was mostly obscured. ROC is at an
elevation of �750 m, approximately level with the crater
terrace. Inset shows a view from ROC of NE-1 crater, with
FLIR connected to notebook computer in Pelican case.

Figure 2. Plume forms resulting from discrete explosions
and the conceptual progression proposed by this study. The
rooted thermal form is proposed as an intermediate between
starting plumes and discrete thermals. Discrete thermals
were not observed in our data set because of the limited
field of view. Figure is partially adapted from Turner [1969]
(with permission from Annual Reviews of Fluid Mechanics).
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plume whose thermal exhibits a strong vortex ring. These
are termed rooted thermals here, in being distinct from
discrete thermals in that their excess heat content should
increase with time (as they remain fed from below), and yet
different from a starting plume in that they display a
vigorous vortex ring. As will be shown, the rooted thermals
exhibit dynamic aspects similar to both starting plumes and
discrete thermals.
[7] Another important distinction relates to plume struc-

ture. Following Turner [1962], the basic conceptual model
for the plumes observed here comprises two parts: the
plume front and the steady plume (Figure 3). The plume

front forms the leading portion of the plume. In jet mor-
phologies observed here, the plume front is simply the
uppermost head of the plume. In starting plumes and rooted
thermals, the plume front is a discrete circulating mass,
emulating a thermal, fed continuously by the steady plume.
[8] Figure 2 shows a proposed system of morphologies

based upon the plume forms observed in this study, being
partly adapted from Turner [1973]. The velocity spectrum
on which the plumes fall is explored in later sections. Note
that the jet form has been modified as a starting case here.

2.3. Rise Rates

[9] As Turner [1962] noted, the rise of plumes can be
approximated by a power law dependence with time, h / tc,
where h is the height of the leading portion of the plume
front. Jets and discrete thermals follow a dependence with
c = 0.5 and buoyant plumes (such as starting plumes)
exhibit c = 0.75. Note that with c = 0.5, the velocity is
higher at the beginning of the eruption and decays to a
lower velocity with time (more so than with c = 0.75). This
drop in velocity is common to both jets and thermals
because both begin with a limited source of initial energy.
In the case of a jet, the excess momentum decreases with
time, while with a discrete thermal the buoyancy decreases
as the bulk temperature drops due to air entrainment. With
c = 0.75 the trend is almost linear, and initial velocities do
not vary greatly from later stage velocities. A buoyant plume
exhibits this dependence because it remains fed from below
with new material, and thus the buoyancy (and consequently
rise velocity) decreases at a slower rate. According to Turner
[1962], Sakuma and Nagata [1957] determined from photo-
graphs that c = 0.6 for several volcanic plumes, suggesting
initial behavior much like that of a jet followed by behavior
which is similar to a buoyant plume.
[10] Most dynamic models of volcanic plumes consider a

control volume, or slice, of the steady plume, which is
independent of the plume front. However, parameters such
as rise rate and spreading rate are most easily measured for
the plume front. In order to compare dynamic models with
plume observations, there must be some way to link plume
front behavior with that of the steady plume. Sparks and
Wilson [1982] used the Turner [1962] results in which the
plume front velocity was measured as 0.61 (±0.05) of the
steady plume velocity, and Formenti et al. [2003] used a
value from computational modeling to determine a ratio of
0.85 for dense vulcanian jets. As this ratio is the key to
relating existing dynamic models to observations, observ-
able steady plume velocities (on the plume exterior) were
measured to attempt to provide some insight on the ratio.
One complication, however, is that unambiguous observa-
tion of the inner core (centerline) of the steady plume is not
possible outside of the laboratory. Because of shearing,
velocities on the outer edge of the steady plume can be
much smaller than centerline velocities of the steady plume.
Sparks and Wilson [1982] inferred exterior steady plume
velocities of just a few percent (equivalent to 2.5 m s�1) of
the centerline velocity. Thus exterior steady plume veloci-
ties are a minimum estimate for centerline velocities.

2.4. Air Entrainment

[11] The morphological distinctions are important for
understanding plume dynamics. Of prime importance is

Figure 3. Examples of type 2 Strombolian plumes. (a) A
high-velocity jet, (b) a starting plume and (c) what we call a
rooted thermal. RV denotes the base of the ring vortex, whose
motion is clear in the video.Many quantitative parameters were
calculated by measuring the dimensions of the plume front,
whichwas continually fed by the steady plume. Note that the jet
(Figure 3a) and starting plume (Figure 3b) happen to be
accompanied by additional ballistic particles.
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the relation between plume form and the air entrainment
coefficient, which controls the rate of air influx into the
plume. Air influx plays a major role in determining internal
plume temperature and bulk density [Woods, 1988] and
therefore collapse potential [Woods, 1995; Sparks and
Wilson, 1976]. Plume models calculate the air entrainment
rate with a formula of the general form

dma

dt
¼ Auvea ð1Þ

where dma/dt is air mass flux into the plume, A is the
entrainment surface area, uv is the bulk upward velocity, e is
the entrainment coefficient and a is the density of air. The
value shown for e depends on the simplifying model used
for the plume. The Gaussian model assumes velocity is
highest near the center of the plume and decays in a
Gaussian fashion to the plume edge, where the velocity at
the ‘‘Gaussian radius’’ is a factor of e�1 that of the centerline
value [Turner, 1973] and the velocity at the visible plume
edge may be just a few percent of the centerline value
[Sparks and Wilson, 1982]. The ‘‘top hat’’ model assumes
that all properties (i.e., upward velocity, density, and
temperature) are some constant bulk value within the plume
and another value immediately outside. Although the
Gaussian model usually more accurately depicts the radial
profiles of plume properties [Dai et al., 1995], top hat
models have nevertheless been effective at producing
realistic comparisons with observed plumes [Sparks et al.,
1997] and are more commonly used in the volcanological
literature, and so the top hat model is the focus of the
following analyses.
[12] In the review by Sparks et al. [1997] the top hat

entrainment coefficient for a jet is given as approximately
0.06, the value for steady buoyant plumes is 0.09, while that
for discrete thermals is 0.25. The jet and steady plume
values are low because they entrain air through many small
disorganized eddies along their exterior, while the discrete
thermal value is high due to its large, organized vortex ring
[Sparks et al., 1997]. These published air entrainment
coefficients are used widely in the volcanological literature
[e.g., Sparks and Wilson, 1982; Woods, 1988; Glaze and
Baloga, 1996] but were derived from saline plumes within
laboratory water tanks several decimeters in scale [e.g.,
Turner, 1962]. Thus a part of this study is devoted to
inferring the air entrainment coefficient directly from the
observed plume dynamics to gain insight this parameter in a
volcanic context.
[13] The air entrainment coefficient directly controls the

lateral spreading rate of a plume, and thus affects plume
shape [Turner, 1973]. Starting plumes have a spreading half
angle of the visible edge of their plume front of 10.2� (or a
spreading rate of tan 10.2� = 0.18), whereas discrete
thermals have a visible edge spreading half angle of 16.7�
(or 0.30) [Turner, 1962]. The visible edge spreading half
angles of jets and steady plumes were not found in the
literature (their top hat radius spreading half angles are 7.1�
(or 0.125) and 6.3� (or 0.11), respectively [Turner, 1973]),
but Turner [1962] showed that the steady plumes in starting
plumes spread at 83% of the rate of the plume front,
suggesting a visible edge spreading half angle of 8.5� (or
0.15) for steady plumes. In other studies, the spreading rates

of steady buoyant plumes and jets have been shown to be
essentially identical [Fischer et al., 1979; Turner, 1986;
Papanicolaou and List, 1988], suggesting that the visible
edge spreading half angle of jets may also be around 8–9�.
[14] Morton et al. [1956] and Turner [1962, 1973] out-

lined how the spreading rate relates to the air entrainment
coefficient, depending on plume form:

Jet
db

dh
¼ 2e ð2Þ

Steady bouyant plume
db

dh
¼ 6

5
e ð3Þ

Discrete thermal
db

dh
¼ e ð4Þ

where b is the top hat radius, h is the corresponding height
of the radius measurement. The actual plume radius visible
in the imagery, however, will not be equivalent to the top
hat radius. To link these two, we must first estimate the
Gaussian radius. The visible radius (r) has been related to
the Gaussian radius (R) by Turner [1962] and Sparks and
Wilson [1982]. For thermals, R = 0.63r [Turner, 1962], and
for steady plumes within large-scale eruptive plumes Sparks
and Wilson [1982] determined that R = 0.5r (this ratio for
the steady plume is also supported by Turner [1962]). The
Gaussian radius, in turn, can be converted to top hat radius
by b =

ffiffiffi

2
p

R [Turner, 1973; Sparks et al., 1997]. The end
result of these two steps is that b = 0.9r for thermals and
starting plume fronts, and b = 0.71r for steady plumes.
[15] Recent laboratory studies tend not to use the spread-

ing rate to measure entrainment coefficient [Kaminski et al.,
2005], instead favoring methods, such as laser-induced
fluorescence, which directly measure velocity and density
profiles [Papanicolaou and List, 1988; Dai et al., 1995].
Because of the inability to measure within the plume, and
the basic lack of knowledge regarding the density flux
(primarily due to uncertainty in the gas mass fraction), the
spreading rate is viewed here as the only means to garner
the entrainment coefficient. While complications such as
plume form ambiguity contribute uncertainty to the end
calculation, it will be shown that the difference among the
parameters of interest is sufficiently great (a factor of�2� 3)
that rough calculations are acceptable and these uncertain-
ties are not prohibitive.

3. Equipment and Measurement Setup

[16] A thorough description of the basic methods and
setup of the experiment are described in Patrick et al.
[2007], and a short summary of that methodology is
provided here. The FLIR measures longwave radiation
(7.5–13 mm), producing a calibrated thermal image of
240 � 320 pixels with a field of view of 18� � 24�
(instantaneous field of view is 1.3 mrad). Temperatures
between �40 and 1200�C can be measured. At the observa-
tion distance in this study (�450 m), the pixel size is�60 cm
and the field of view is 145 m� 190 m. Several FLIR camera
models were used in the original experiment [Patrick et al.,
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2007], but only data from the ThermaCAMTM S40 were
used in this particular study. The S40 model acquires at
30 Hz via a notebook computer, and thus provides charac-
terization of the plume dynamics at an extremely fine
timescale. The camera was run continuously in order to
capture eruption onsets. Each daily session typically lasted
3–5 hours, being first limited by hard-drive space (data rate
was 1 Gb every 3–4 min).
[17] The data used in this study originate from the June–

July 2004 field season at Stromboli, which covered both the
SW and NE craters from the Rocette site, approximately
450 m from the NE crater (Figure 1). The vertical field of
view of the FLIR was 145 or 190 m, depending on camera
orientation (horizontal or vertical). The SW crater was
partially obscured in this setup, so quantitative eruption
characteristics could only be measured for the NE crater. Of
the 240 eruptions imaged in 2004, 146 were from the NE
crater. Of these, 53 were type 1 eruptions (which lack a
robust ash plume), leaving 93 eruptions with a conspicuous
ash plume. All of these eruptions were from the NE-1 vent.

4. Methods of Analysis

4.1. Image Viewing and Plume Tracking

[18] Several levels of analysis were applied to the plumes,
with higher level analyses being more limited in their
application and thus utilizing fewer eruptions. The lowest
level analysis was qualitative. The ThermaCAM Researcher
software was used to repeatedly view the eruptions at
various speeds, in forward and reverse, to gain a conceptual
sense of the dynamics. This was applied to all 93 eruptions.
The midlevel analysis entailed tracking only the position of
the topmost portion of the plume (ht) through time. This was
applied to 80 eruptions, as the remaining 13 suffered from
data gaps or similar acquisition shortcomings. The highest
level analysis required detailed tracking of numerous
parameters of the plume front and steady plume throughout
their rise. This could only be applied to 20–25 ‘‘ideal’’
plumes which behaved in a simple manner. Most of the
quantitative analyses were applied to the plume front. The
plume front is the only coherent portion of the plume,
allowing it to be tracked through the course of the eruption
and throughout the evolution of the plume. The remainder
of the plume, i.e., the steady plume, was continuously
emerging from the vent at its base while being incorporated
into the plume front at its top.
[19] The midlevel analysis was performed using the

ThermaCAM Researcher software. The extracted parame-
ters include the position of the leading edge (top) of the
plume front (ht) through time (t, recorded by the camera
with a precision of 0.001 s). The dimensions were deter-
mined by eye through pixel coordinate measurements,
followed by conversion to meters using the known pixel
size. Pixel size (L) is calculated from L = 2(d tan(q/2)),
where d is the distance to target (450 m) and q is the
instantaneous field of view (1.3 mrad). The height values
were then corrected for minor vertical distortions (<3%) due
to camera viewing angle. Velocity and acceleration were
measured by fitting a fifth-order polynomial to the height
data (with respect to time) and taking the first and second
derivatives. The fifth-order polynomial was chosen as a
balance between minimizing residuals and avoiding artifacts

present in higher-order polynomial fits. Even with the fifth-
order fit, ‘‘wavy’’ artifacts were often present at the start and
end of the trends. To remove these, the data were extrap-
olated linearly at both ends by a minor amount (5–10%)
and this extended trend was fit by the polynomial. This
reduced both the wavy artifacts and the residuals. These
extrapolations, however, are not shown; the polynomial fit
is shown only over the range of data collected.
[20] The high-level analysis built upon the midlevel

analysis by adding the position of the plume front center
(hc), the horizontal radius (rh) of the plume front (typically
at the level of hc), and radius of the steady plume (rf). The
volume of the plume front was determined by approximat-
ing it as an ellipsoid with two horizontal radii (rh) and a
vertical radius (rv = ht � hc) (Figure 3). The radius of the
steady plume (rf) was measured just below the bottom of the
plume front. These measurements were made for 25 ideal
plumes. The velocity of the steady plume was then calcu-
lated by measuring the distance traveled by coherent por-
tions of the steady plume over a small time interval, and
only 20 of the 25 ideal plumes maintained sufficient steady
plume coherence for velocity measurement. Velocities were
measured in the upper part of the steady plume, while
avoiding the sheared material accelerating into the vortex
ring at the very top of the steady plume. Measurements
further tended to emphasize the highest velocity portion of
the plume at a given height, as this was often the most
conspicuous and easily tracked, and thus these values can be
considered maximum exterior velocity estimates. Note that
these measurements reflect only the velocity of the steady
plume exterior, and would be substantially lower than the
interior centerline velocity of the steady plume in a Gauss-
ian plume model [Dai et al., 1995; Sparks and Wilson,
1982]. Also note this measurement differs from that of
Turner [1962], who measured centerline velocities of the
steady plumes by injecting dye into the center of transparent
salt solution plumes.
[21] In the gas thrust region where velocities were high

(>15 m s�1) the measurements were made every 3–5
frames (or every 0.1–0.17 s), and in the convective region
where velocities were low (generally <10 m s�1) measure-
ments were made every 10–30 frames (or every 0.3–1.0 s),
depending on velocity and plume front evolution. The one
exception to this routine was measurement of the steady
plume velocity, which was performed less regularly but
generally 10–20 times through a plume’s rise in the field of
view.

4.2. Discriminating Gas Thrust and Buoyant Phases

[22] Following Patrick et al. [2007], type 2 eruptions
were classified into those having a visible gas thrust phase
(type 2a) and those with only buoyant velocities (type 2b)
visible above the crater rim. To discriminate these types, the
velocity of the plume at the crater rim was measured. Note
that the measurement of crater rim velocity was independent
of the plume tracking measurements described above. The
major difference between the plume tracking and the crater
rim velocity measurements hinges on the fact that the crater
rim velocity measurement was necessarily taken immedi-
ately above the crater rim (always within the first 20 m, and
most commonly within the first 10 m), while the plume
tracking measurements began wherever the main plume
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