Bulletin of Volcanology (2024) 86:17
https://doi.org/10.1007/500445-024-01703-1

RESEARCH ARTICLE q

Check for
updates

Three-dimensional turbulent velocity field and air entrainment
of the 22 March 1944 Vesuvius eruption plume

Benjamin J. Andrews'® - Allie N. Coonin?

Received: 4 October 2021 / Accepted: 5 January 2024 / Published online: 27 January 2024
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2024

Abstract

Turbulent air entrainment into explosive volcanic jets determines whether an eruption will produce buoyant plumes, pyro-
clastic density currents, or both. Most previous studies of entrainment consist of numerical models and analog laboratory
experiments, with relatively few observations of natural eruptions. The existing observations of entrainment are generally
time- and space-averaged measurements, which do not provide information regarding the mechanisms of entrainment. We
investigate spatial and temporal variations in entrainment of the March 22 Plinian phase of the 1944 eruption of Mt. Vesuvius
using a feature tracking velocimetry (FT'V) algorithm applied to film collected by the U.S. Navy and digitized by the U.S.
National Archives. We describe a novel technique to estimate the 3D plume morphology from normalized brightness. Pro-
jection of the 2D velocity fields from the FTV algorithm onto those 3D surfaces provides 3D velocity fields. The divergence
of the velocity fields quantifies local expansion and entrainment and shows that although kilometer scale eddies are present
in the plume, entrainment and expansion occur over length scales on the order of hundreds of meters. Integrating the inward
directed velocities over the entraining regions quantifies local air entrainment rates. We find that entrainment of 5.4-6.1 X
107 m*s™! air occurs over about one-third of the observed plume margins, yielding an average entrainment velocity of ~ 2.8
ms™!. Extrapolation of those rates to the entire plume indicates total entrainment of 1-3 X 10® m’s!. The entrainment veloc-
ity has a magnitude ~ 6% of the magnitude of the turbulence intensity along the plume margins, indicating that the latter
may approximate the centerline plume velocity and suggesting use of entrainment coefficient of 0.06 for this and similar
eruptions, i.e., strong plumes with a relatively high momentum-dominated region.
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Introduction

Volcanic eruption columns are turbulent, multiphase, non-
isothermal mixtures of gas, pyroclasts, water vapor, aero-
sols, and +/- ice. Whether these mixtures rise as buoyant
plumes or collapse as pyroclastic density currents (PDCs)
depends upon the spatial and temporal evolution of column
density (e.g., Neri et al. 2003; Sparks 1986; Wilson et al.
1978). The initial mixture of gas and pyroclasts is denser
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than the ambient atmosphere, but is significantly hotter
and erupted at high velocity. As a result, shear between
the erupting jet and atmosphere results in turbulent mixing
(“entrainment”) of air. Incorporation, heating, and expan-
sion of that air leads to a reduction in column density. If
upward momentum of the erupting jet is exhausted before
the mixture density becomes less than that of the ambient
air, the column will collapse to form PDCs, whereas if the
column becomes buoyant, it will form a convecting plume
that rises through the atmosphere to its height of neutral
buoyancy. Importantly, eruption columns can also simul-
taneously generate buoyant plumes and non-buoyant PDCs
(e.g., Andrews et al. 2007; Andrews and Gardner 2009;
Christiansen and Peterson 1981; Criswell 1987; Scott et al.
1996). Turbulent entrainment controls density evolution and
thus column behavior. Improved knowledge of entrainment
processes has implications for interpretation of natural vol-
canic eruptions as well as plume models used to forecast
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ash dispersal (e.g., Mastin 2007; Mastin et al. 2013; Mastin
et al. 2022). Although columns are often treated as hav-
ing uniform cross-sectional densities and temperatures as a
function of height (e.g., Ishimine 2007; Mastin 2007; Sparks
1986; Wilson et al. 1978; Woods 1988), column properties
can vary substantially at a given height because turbulence
entrains and mixes air throughout the column stochastically.
This is shown in experimental and numerical studies indicat-
ing substantial radial and/or azimuthal variations in column
properties (Carazzo and Jellinek 2012; Esposti Ongaro and
Cerminara 2016; Jessop et al. 2016; Neri et al. 2003; Neri
and Dobran 1994; Suzuki et al. 2005; Suzuki and Koyaguchi
2015) and by observations of natural eruptions and their
deposits showing simultaneous eruption of buoyant plumes
and non-buoyant pyroclastic density currents (e.g., Andrews
et al. 2007; Andrews and Gardner 2009; Christiansen and
Peterson 1981; Criswell 1987; Scott et al. 1996).

Here, we describe the velocity field and entrainment
for the 22 March 1944 eruption of Mt. Vesuvius, Italy. We
apply a new technique to digitized film of the eruption to
obtain the 3D turbulent velocity field of the plume surface.
We integrate those results through space and time to obtain
measurements of the bulk volumetric air entrainment rate
as well as the time and length scales of local variation in
entrainment.

Background
Entrainment

The mixture of particles and gas emitted at high velocity
during explosive volcanic eruptions is initially denser than
air, but explosive eruptions commonly generate buoyant
plumes with heights exceeding 5 km above the vent (e.g.,
Wilson et al. 1978; Sparks 1986; Carey and Sparks 1986;
Woods 1988; Mastin et al. 2009; Mastin 2014; Pouget
et al. 2016; Aubry and Jellinek 2018). This is the result
of the eruption columns (or portions thereof) becoming
buoyant prior to reaching the top of the momentum jet,
hj. Entrainment, heating, and expansion of air can reduce
column density such that all or part of the column rises
buoyantly. Numerous investigations have examined air
entrainment in jets and plumes (e.g., Aubry et al. 2017a;
Cerminara et al. 2016; Esposti Ongaro and Cerminara
2016; Jessop and Jellinek 2014; Kaminski et al. 2005;
Saffaraval et al. 2012; Suzuki et al. 2005; Suzuki and
Koyaguchi 2015). It should be noted here that most of the
non-volcanological literature examining entrainment by
turbulent jets focuses on the behavior in the self-similar
region, which is > 20-100 vent diameters downstream of
the inlet (e.g., Pope 2000; Bernard and Wallace 2002);
for Plinian eruptions with vent radii > 25 m (e.g. Aubry
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et al. 2021; Mastin and Ghiorso 2000), self-similarity may
not be established until well above £; (e.g., Carazzo et al.
2006; Saffaraval et al. 2012); thus, entrainment may be
unsteady and highly variable within the region most criti-
cal for determining column buoyancy.

Although entrainment is driven by turbulent processes
that fluctuate through space and time, entrainment is gen-
erally treated as a bulk property. This commonly takes the
form of the entrainment velocity, U,

U, = Xe =aU 1)
where the quotient of volumetric rate of entrainment (V,) and
plume surface area (A) is equal to the product of the radial
entrainment coefficient (@) and the characteristic plume
velocity (U). Experimental and numerical studies have dem-
onstrated that a for turbulent self-similar jets and plumes
in the absence of wind is predictable and ranges between
~ 0.05 and ~ 0.17, with jets having lower values of entrain-
ment than buoyancy-driven plumes (Aubry et al. 2017a). In
the presence of wind, a becomes an “effective entrainment”
coefficient and can have values that are higher than the
above range, although the specific value will depend on the
wind speed and will vary over different sectors of the plume
(Aubry et al. 2017b). Although the entrainment coefficient
is often assumed to be constant, various studies have shown
that it changes as the plume rises, and the bulk entrainment
can be predicted based upon the Richardson number of the
plume (Aubry et al. 2017a; Carazzo et al. 2008a; Carazzo
and Jellinek 2012; Esposti Ongaro and Cerminara 2016; Jes-
sop and Jellinek 2014; Kaminski et al. 2005). The relation-
ship between plume and entrainment velocities informs our
understanding of volcanic eruption dynamics. For example,
top-hat plume models can predict buoyant or collapsing col-
umn behavior as functions of various eruption parameters
and established entrainment coefficients (Degruyter and
Bonadonna 2013; Mastin 2007; Mastin 2014; Sparks 1986;
Wilson et al. 1978). But treating an inherently unsteady pro-
cess with spatiotemporal variation as a bulk property masks
potentially important eruption processes that can manifest
as lateral or temporal variations in column density. Those
mechanisms may ultimately result in partial column collapse
and the simultaneous eruption of pyroclastic density currents
and a buoyant plume (e.g., Andrews et al. 2007; Christiansen
and Peterson 1981; Criswell 1987; Gilchrist and Jellinek
2021; Neri et al. 2003; Neri and Dobran 1994; Scott et al.
1996; Suzuki et al. 2005). Various studies have shown that
crosswinds can enhance entrainment on different sectors of
the plume (e.g., Aubry et al. 2017b; Bursik 2001; Mastin
2014; Muppidi and Mahesh 2008; Suzuki and Koyaguchi
2015), causing lateral variations in entrainment that must
produce lateral variations in other plume parameters.
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Volcanological studies have used numerical, experimen-
tal, and natural observations to examine entrainment; each
of these approaches presents distinct advantages as well
as limitations. As volcanic eruption plumes are very ener-
getic, multiphase mixtures, computational studies of their
turbulent dynamics require modelling at high spatiotempo-
ral resolution, with either a large eddy simulation approach
that can allow for modelling of the entire plume, or direct
numerical simulation of some subregion (e.g., Cerminara
et al. 2016; Esposti Ongaro and Cerminara 2016; Neri et al.
2003; Suzuki et al. 2005). Such models can describe the
timescales, length scales, and magnitudes of variation in
velocity, momentum, mass or density, and temperature.
Numerical simulations by Benage et al. (2016) show that
entrainment and expansion in PDCs occur through transient,
short wavelength features. This behavior should also occur
in jets and plumes as eddy motion (mixing and expansion)
occurs over a range of scales.

Foundational and more recent studies rely upon experi-
ments to provide insight into plume dynamics (e.g., Carazzo
and Jellinek 2012; Chen and Rodi 1980; Hewett et al. 1971;
Jessop and Jellinek 2014; Morton et al. 1956). Achieving
experimental scaling applicable to volcanic eruptions is
often challenging as eruption plumes have very high Reyn-
olds numbers (Re > 4 X 107; Burgisser et al. 2005) and com-
prise turbulent suspensions of hot particles in air; laboratory
constraints typically limit Re to << 10°, with many experi-
ments conducted in aqueous apparatus (e.g., Aubry et al.
2017a; Aubry et al. 2017b; Carazzo et al. 2014; Carazzo
and Jellinek 2012; Jessop et al. 2016; Veitch and Woods
2000), although a more limited number of investigations
have used particle laden experiments with air as the ambi-
ent fluid (e.g., Benage et al. 2019; Saffaraval et al. 2012). At
the grossest scale, these experiments have demonstrated dif-
ferent regimes of activity from weak to strong plumes (e.g.,
Aubry et al. 2017b), and collapsing, partially collapsed,
or buoyant columns (e.g., Carazzo and Jellinek 2012; Gil-
christ and Jellinek 2021). Experiments have described the
entrainment coefficient (e.g., Jessop and Jellinek 2014; Mor-
ton et al. 1956), effects of overpressure on that coefficient
(Saffaraval et al. 2012), and the potential for crosswinds to
enhance entrainment (Devenish et al. 2010; Degruyter and
Bonadonna 2013; Carazzo et al. 2014; Aubry et al. 2017b).
Other studies have explored particle sedimentation from dif-
ferent portions of the plume, reentrainment of these particles
back into the column (Carazzo and Jellinek 2012; Veitch and
Woods 2000), and vent geometry (Jessop et al. 2016).

Natural eruptions pose physical hazards that limit safe
observation, and large eruptions do not often occur with suf-
ficient lead times to allow for systematic filming and instru-
mental observations of eruption columns. Acknowledging
those limitations, various studies have used photographic or
motion picture observations of plumes to describe eruption

behavior and entrainment (e.g., Andrews and Gardner 2009;
Sparks and Wilson 1982; Woods and Kienle 1994). As an
example, Sparks and Wilson (1982) used observations of the
1979 Soufriere St. Vincent eruption to describe rise speeds,
acceleration, and spreading angle of the plumes, which can
describe an average entrainment coefficient. Further, only
the exteriors of real eruption columns can generally be
observed. Sparks and Wilson (1982) used the rise speed of
the plume front to estimate the interior velocity structure fol-
lowing the scaling relationships of Turner (1962). Andrews
and Gardner (2009) used the turbulent velocity field of the
18 May 1980 Mount St. Helens plume to infer the interior
plume structure and lateral variations in entrainment and
mixing; they did not, however, measure entrainment. More
recently, Aubry and Jellinek (2018) have estimated entrain-
ment values by tuning entrainment parameters of numeri-
cal models to observations of natural eruption rate, plume
height, and atmospheric conditions, and Bombrun et al.
(2018) have used thermal camera observations of natural
eruption plumes to estimate entrainment. To date, no esti-
mates of entrainment in natural eruption columns have been
made using turbulent 3D geometries.

March 1944 eruption of Vesuvius

Mt. Vesuvius has 26 confirmed eruptive intervals between
1631 and 1944, with VEIS5 and VEI4 eruptions in 1631 and
1874, respectively (GVP 2013). The most recent interval of
eruption began on 5 July 1913 and ended on 7 April 1944.
Vesuvius has not since erupted.

Cole and Scarpatti (2010) use the contemporary descrip-
tions of the eruption made by Giuseppe Imbo and more
recent field data to develop a detailed reconstruction of the
explosive activity that occurred between 18 March and 4
April 1944. Following Imbo, they divide the eruption into
four phases. Phase 1 began when lava effusion destroyed
and rebuilt a small cone within the summit crater several
times before ultimately filling the crater and sending lava
flows to the N and SSE. Phase 2 initiated at 1715 (local
time) on 21 March with the eruption of lava fountains to
heights of ~ 1 km. Eight successive lava fountains erupted
over the next ~ 19 h, with the final one finishing before
1240 on 22 March. Phase 3 of the eruption began shortly
after 1200 on 22 March with eruption of an ash column.
Explosive activity continued until ~ 1755, when it paused
for ~3 h before resuming ash eruption from two vents at
2100 and then continuing until ~ 1400 on 23 March. Phase
4 of the eruption was characterized by discontinuous erup-
tion of an ash column; the intensity of the eruption waned
during this phase and became more intermittent. Imbo’s
historical records report that the paroxysmal activity ended
on 31 March. Pyroclastic density currents were generated
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at various times during Phases 3 and 4, with some reaching
more than 2 km from the vent.

This study focuses on Phase 3 of the eruption. During
this phase, Cole and Scarpatti (2010) report that aviators at
the nearby Capodichino airport estimated a column height
exceeding 5000 m above sea level during the afternoon of 22
March. Using the method of Carey and Sparks (1986), they
report an umbrella cloud height > 10 km above sea level
based upon their own clast isopleth maps, and they estimate
a crosswind speed of ~ 20-50 m/s acting to disperse the
eruption plume at altitude. In contrast, Cubellis et al. (2016)
assess column height using ash dispersal maps and meas-
ured crosswind speeds of 2—18 m/s to inform a numerical
model of plume rise and ash dispersal. Cubellis et al. report
that ashfall < 100 km from Vesuvius is best explained by a
~ 5-km column but more distal deposits require an 8—10-
km tall eruption column. They suggest that bimodality may
reflect a rapid increase in the height of the eruption column
during Phase 3. The discrepancy between the contemporary
estimates of column height made by aviators (with experi-
ence estimating altitude) and those made using clast disper-
sal illustrates the uncertainties that often exist in values for
even more easily attainable plume parameters like column
height.

Methods

Film for this study was obtained from the United States
National Archives. The 35-mm, 24 frame per second film
was collected by the U.S. Department of the Navy in 1944,
and then transferred to the Archives. The film was digitized
at the highest resolution possible in 2017, resulting in 10-bit
grayscale 3112 x 4096 pixel images in .DPX format. We
processed those images using MATLAB to

1) identify separate sequences within the film

2) remove or compensate for camera movement

3) estimate the three-dimensional surface structure of the
plumes

4) quantify the two-dimensional velocity field

5) determine the 3D velocity and entrainment fields of the
plume surface

6) quantify turbulent time and length scales

7) determine the image scaling

The following subsections present these methods in a cur-
sory manner, Supplement 1 presents them in detail.

Identification of image sequences

As the film comprises a series of sequences collected from
different vantage points, we identified contiguous clips to
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facilitate image processing and analysis. Once each sequence
was identified, we then focused our analyses on two of the
longest-duration clips capturing the entire eruption plume.
These two clips, Clips 57 and 58, have durations of 13.6 and
41.45 s, respectively. Based upon the orientation of the sun-
light in the two clips, they were collected at approximately
1500 (local time) on 23 March 1944,

Image registration

Camera motion is apparent in most clips (Supplement 2).
To stabilize images, we selected 10 stationary features in
the first image of each sequence that would be visible in all
images within a clip. The images were then zero-padded on
all sides with 200 pixels. We then used a 2D cross correla-
tion script operating on a 101 X 101 pixel domain to register
those features in subsequent images.

Scaling of images

We determine image scaling as a function of film size (35
mm), assumed lens focal length, identification of geographic
features in the foreground, and measurement of the distance
between those features and the vent. The film was most
likely collected using an Eyemo camera with a 35-mm lens.
We estimate an approximate vent width of ~ 605 m, in good
agreement with the modern ~ 610 m size; this results in a
scaling of 3.2 m/pixel at the plume position. Based upon
focal length calculations and identification of features in the
somma wall, Clips 57 and 58 were collected from ~ 13.1
km WNW of the Vesuvius vent at or near the 1944 Capodi-
chino airport (site of the modern Aeroporto Internazionale
di Napoli); the camera was oriented towards the volcano
with a bearing of ~ 121°. We note that whereas assuming
a 25- or 50-mm lens changes the scaling of vent width to
647 or 573 m, respectively, (both of which are within ~ 6%
agreement with modern measurements of the rim), changing
to longer focal lengths results in vent sizes that are > 10%
too small. Further, focal lengths of 75- or 152-mm suggest
camera positions ~ 25 or ~ 50 km from Vesuvius, both of
which are unlikely. Scaling values are presented in Table 1.

Table 1 Surface reconstruction and feature-tracking velocimetry
parameters. Sun angle and camera azimuth is given with in degrees
from north and above the horizon (sun only). FTV parameters are
reported in pixels for the smaller window size, R, and grid spacing
used to assess small turbulent structures as well as the larger sizes
used for examining bulk behavior. The durations of Clips 57 and 58
are 327 and 996 frames, respectively (equivalent at 24 frames per sec-
ond to ~ 13.6 and ~ 41.5 s)

Sun angle  Camera FTV Turb  FTVlarge  Scale (m/pix)
(Az./Elev.)  azimuth (R/Grid) (R/Grid)
249°/24° 121° 25/6 181/45 32
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3D plume surface morphology

The 3D surface morphology of the plume is estimated using
a novel technique that assumes the grayscale brightness of
the plume is a function of the orientation of the plume sur-
face to the incident light; portions of the plume normal to
the incident sunlight are white, whereas those oriented away
from the sun are dark. The method is conceptually similar
to the gradient method for surface reconstruction described
by Harker and O’Leary (2013), but as the plume geometry
is more poorly defined a priori than the industrial surfaces
examined by those authors, we require a different approach.
Our technique assumes that the plume has a uniform color
and is Lambertian (i.e., brightness is not dependent on view-
ing angle, but only on the angle between the surface and
incident light). Required inputs are the camera orientation
and sun orientation; we estimate the former through com-
parison of the images with topographic maps and the latter
through the NOAA Solar Position Calculator using inputs of
1500 local time and 22 March 1944. This time is estimated
from inspection of the relative angle between the camera
view and lighting, and consideration of eruption chronology
(Cole and Scarpatti 2010); the angles of the sun and camera
are reported in Table 1. Together those angles define the unit
vector of the incident sunlight with respect to the imaging
plane. The program then assumes an initial surface Z normal
to the camera viewing angle and calculates the normal vec-
tors to that surface at all positions; the dot product of those
vectors and the incident light is the calculated image bright-
ness at each point within the pixel grid. The program uses
the difference between this calculated image and the original
image to change the positions of surface Z with respect to
the camera: regions that are too bright are moved away from
the camera and those not bright enough are moved towards
the camera (thereby increasing or decreasing, respectively,
the angle between the incident light and the surface). That
process is repeated for each frame starting with a surface Z
= (0. We evaluated the precision of this technique by apply-
ing it to a sphere of known radius (Fig. 1); we find that the
method is accurate to within < 5% of the actual radius and
~10° of the surface angle, provided the angle between the
incident light and surface normal is < 45°; about 70% of the
imaged plume surface meets the <45° condition, but we note
that we only observe one side of the plume. Supplement 1
contains additional detail of surface geometry calculations
and shows examples of final surfaces.

2D feature-tracking-velocimetry

We obtain 2D velocity fields of the plumes using a feature-
tracking-velocimetry (FTV) program written for Matlab
(Andrews 2014; Andrews 2019). Briefly, we used window
sizes of 25 and 181 pixels for studying turbulent and bulk
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behaviors, respectively; those window sizes were chosen
by calculating velocity fields for window sizes ranging
from 11 to 251 pixels for nine positions (one grid point
and eight nearest-neighbors) for the entire time series,
and then determining the smallest window size at which
anomalously large vectors are no longer present, and a
larger size at which low-frequency variations in velocity
first appear. Velocity fields are calculated for each pair of
frames. The resulting velocities were filtered using a near-
est neighbor scheme, and any velocities > 210 m/s were
discarded; this threshold corresponds to motion exceeds
3 pixels per frame, and inspection of the film sequences
shows that any detected motion exceeding that threshold is
not real. The program is described in more detail in Sup-
plement 1. All parameters used in the FTV analyses are
reported in Table 1.

3D velocity and entrainment fields

The 3D velocity field is determined by projecting the 2D
velocity field onto the 3D surface morphology. Specifi-
cally, the gradient of the surface, VZ, is evaluated at each
point for which a velocity exists. The magnitude of the
component of velocity parallel to the camera view (w) is
given as

w=[u,vleVZ )

Uncertainty in w scales with uncertainty in the slope of
the calculated surface Z.

The divergence of the 2D velocity field indicates
regions of expansion (positive divergence) or entrain-
ment (negative divergence). The integral of the velocity
component perpendicular to the surface over each entrain-
ing region provides the volumetric entrainment rate into
the plume for that region. The sum of those fluxes is the
entrainment rate for the entire plume, and the ratio of that
rate to the plume surface area is the average entrainment
velocity. An approximation of the local entrainment rates

Fig.2 Representative images
of 22 March 1944 Vesuvius
eruption from A Clip 57 and B
Clip 58
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can be made by integrating the 2D divergence over each
entraining region.

Turbulent timescales and length scales

We examined the turbulent integral timescales and length
scales of the plume through standard autocorrelation tech-
niques to describe the largest turbulent structures (e.g.,
Pope 2000; Bernard and Wallace 2002; Andrews et al.
2011; Andrews and Manga 2012; Andrews 2014), which
have length scales on the order of 1000 m. Importantly,
even in analyzing the longest contiguous clip (41.45 s dura-
tion) the timescales calculated routinely vary as a function
of the duration over which they are calculated, indicating
that the integral turbulent timescales of the plume margins
have durations > 20 s. That is, large turbulent structures can
persist for 20 s or longer.

Turbulent length scales were calculated by conducting
autocorrelation analysis of approximately vertical profiles
from the vent to the top of the plume. The profiles of velocity
or surface geometry were detrended to remove linear shifts
as a function of height. Length scales were then determined
as both integrals of the autocorrelation and as the distance
to zero correlation (Andrews et al. 2011).

Results
Plume descriptions and surface morphologies

The two clips analyzed in this study show the plume in its
entirety (Clips 57 and 58). Figure 2 shows representative
frames from each clip, and the registered films are presented
in Supplemental Material 2. Clips 57 and 58 show unob-
structed views of the northwest side of the rising eruption
column. The plume rises to a maximum height ~ 7000 + 250
m above the vent (about 8000 m above sea level), and the
downwind ash plume seems to spread at 5000—6000 m above
the vent (although this latter estimate is highly uncertain,
as the plume spreads away from the camera and is mostly
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obscured). These estimates are closer to those of Cubellis
et al. (2016) than those of Cole and Scarpati (2010). The
largest turbulent structures on the plume surface have length
scales exceeding 500 m; these features contain a cascade of
smaller scale eddies. Clip 58 captures a small PDC traveling
down the south flank, and a diffuse plume rising from the
same region in Clip 57 likely indicates a previous PDC. Clip
58 also shows the rise of a new, small plume from the vent;
over the > 40 s clip, this new plume rises ~ 2000 m above
the vent.

Figure 3 shows representative 3D plume surface recon-
structions from Clip 57. Reconstructions of both clips are
presented in Supplemental Material 3. Both plumes expand
~ 1000 m toward the camera as they rise from the vent to
their neutral buoyancy heights at 5000-6000 m above the
vent; this expansion represents a plume opening angle of ~
10° towards the camera (in the upwind direction).

Profiles from the vent to the top of the plume surface
show large-scale relief occurring at two dominant length
scales (Fig. 3 and Supplement 4). In both clips, there is a
noticeable shift in the plume surface away from the camera
about 2000-3000 m above the vent. This shift may indicate
the superposition of a subsequent plume in front of an ear-
lier plume or one generated by pyroclastic density currents

6000 -
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=}
=}
o
/

3000 -

Height above vent (m)

N
=1
38
/

1000

Position (m)

Fig.3 Representative surface reconstruction from Clip 57 (frame 25).
The surface color is set by the original image grayscale values

erupted down the SE flanks (away from the camera). Clip
58 supports this explanation as a vent-sourced plume rises
in the foreground. Eddies on the surface of the plume have
relief on the order of ~ 100 m and length scales of 400—600
m. Most of the eddies present on the plume surface do not
rise rapidly, but instead remain at relatively constant vertical
position with “topographic” expressions that emerge from
and then recede back into the plume surface.

Turbulent velocity fields and plume rise speed

Figure 4 shows representative velocity fields from both clips.
Turbulent structures occur in the velocity fields at a range of
timescales and length scales, from high frequency or short
wavelength features that vary over only a few frames or 10
s of pixels, to kilometer-scale features that persist for 15 s
or longer.

Velocity fields calculated using the large subregions (181
pixel square) track large scale motions of the plume surface.
The time-averaged vertical component of velocity is between
— 5 and 5 m/s for most heights in both clips (Fig. 5). The
time-averaged velocity magnitudes are much greater that the
vertical components of velocity, with values of ~ 50 m/s
(Fig. 5). Manual tracking of the fronts of individual rising
eddies, however, shows speeds of ~ 10 m/s for eddies rising
in the main portion of the plume, and up to 50 m/s for the
plume in the Clip 58 foreground. Together, these observa-
tions indicate that most of the large eddies visible on the
plume surface are relatively stationary, but have high rota-
tional velocities. The faster rise speeds measured for some
eddies likely coincide with rise of a new plume or turbulent
structures moving from the column interior to exterior; this
will be discussed in greater detail in “Plume structure and
entrainment coefficient.” Note that surface velocity fields
described here do not perfectly reflect the interior velocity
structure of the jet; as a result, the region near the vent shows
a low vertical surface velocity whereas the interior jet veloc-
ity is likely many 10s of m/s.

Figure 6 shows profiles of turbulence intensity, U’,
through the plumes in Clip 57 and 58 as calculated using
the small subregion (25 pixel square). The turbulent velocity
U any point can be described as

U=U+U 3)

where U is the time averaged component of velocity and U’
is the fluctuating component of velocity or turbulence inten-
sity. In both clips, U’ is ~ 50 m/s, with a 1-o range between
35 and 70 m/s. There does not appear to be any systematic
variation in U’ with height; Clip 58 shows a slight increase
in the mean with height, but the 1-0 bounds are relatively
stable over the observed plume.
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Fig.4 A 3D velocity field of Clip 57 (frame 25). Small vector at posi-
tion [2000, 0, 1000] indicates 100 m/s. B Close up view of portion
panel A illustrating turbulent velocity field. Note vertical vector indi-
cating 100 m/s scale

Turbulent length scales and timescales

The streamwise turbulent integral and zero-correlation
length scales of the plumes are approximately 200-400
and 450-650 m, respectively, in both Clips 57 and 58.
These length scales are comparable to the length scales
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of surface roughness in the reconstructions and profiles
shown in Fig. 3.

As noted in “Turbulent timescales and length scales,” the
integral timescales of the plumes are longer than 20 s and
therefore the durations of the clips are too short to deter-
mine the timescales through autocorrelation calculations.
These timescales can, however, be estimated from the ratio
of length scale and characteristic velocity. That velocity is
usually considered to be the centerline velocity of the erup-
tion column, but as that velocity cannot be observed, we use
the time-averaged velocity magnitudes as a proxy for the
characteristic velocity. Turbulence on the column margins
is the result of shear between the column interior and the
atmosphere, and the magnitude of velocity on the plume
margins should not exceed the interior velocity. We are thus
confident that the marginal velocities are approximately rep-
resentative of the characteristic velocity, although they may
be an underestimate. The mean velocity magnitudes (~ 50
m/s) result in integral timescales on the order of approxi-
mately 4-15 s. These timescales indicate the characteristic
overturn time for the largest eddies on the plume margins.

Entrainment fields, rates, and velocities

Entrainment varies substantially through space and time.
Entraining features generally have wavelengths < 100 m
(Fig. 7) and occur on the plume surface with no recogniz-
able pattern. These features do not usually persist for more
than a few frames (<< 1 s).

Volumetric entrainment rates and velocities are shown
in Fig. 8 and time series animations of those plots are
presented in Supplement 5. Clips 57 and 58 show sub-
stantial variation in entrainment rate through time and
space, with the volume entrained per m of plume height
ranging locally from ~ 0 to > 10° m?/s in Clips 57 and
58 (Fig. 8A, E). The time averages of entrainment with
height for both Clips 57 and 58 show a general increase
from ~0 just above the vent to a maximum of ~ 5 x 10*
m3/s at a height of ~ 5000 m; entrainment returns to ~ 0
by 6500-m height. The increase with height is expected,
as the plume surface area increases with height. The low
value of entrainment near the vent is likely the result of
uncertainties in our calculation of entrainment from the
velocity field, challenges with shadows and potentially
non-uniform eruption column color nearer the vent, and
the small size of the vent region compared to the rest
of the column; disambiguating those contributions is
not possible with this dataset. The total time averaged
entrainment measured in Clip 57 is ~ 5.4 x 10" m*/s and
in Clip 58 is ~ 6.1 x 107 m%/s. The fraction of the plume
surface area entraining ranges from < 0.1 to ~ 0.7 in both
Clips 57 and 58 (Fig. 8C, G), but the time average and
1-0 bounds show entraining fractions of 0.15-0.5 (Clip
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Fig.5 A Average vertical veloc-
ity for Clip 57 as calculated
using the large FTV window
size is typically < 5 m/s. B
Average velocity magnitude, in
contrast, is an order of magni-
tude greater. Note that the high
velocity magnitudes between
2500 and 3500 are an artifact of
a lower plume in the superpo-
sitioned in front of the higher
plume in the background

Fig.6 Turbulence intensity as
a function of height for A Clip
57 and B Clip 58. Grayscale
indicates the frequency of a
particular intensity at a given
height. Bold line indicates the
average intensity and thin lines
show +1 standard deviation
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Fig.7 A Divergence of 2D
velocity field for Clip 57 (frame
25) for the same region shown
in Fig. 4B. Red regions are
entraining and blue regions are
expanding. B Entrainment for
the region shown in panel A

Height above vent (m)

Height above vent (m)

57) and 0.15-0.4 (Clip 58) over most of the plume, with
full-plume averages of 0.32 for both clips. Measurements
of entrainment calculated from only the divergence of the
2D velocity fields show similar patterns, but are approxi-
mately half the magnitude in both clips; a slightly higher
fraction of the plume appears to be entraining in the 2D
measurements (0.37 for both Clip 57 and 58).

Dividing the entrainment at each height by the unit
width of the region of interest at that height (i.e., a
1500-m wide portion of the plume 1 m tall) provides the
entrainment velocity as a function of height (Fig. 8B, F).
Entrainment velocity ranges from ~ 0 to > 10 m/s in Clip

@ Springer
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Position (m)

57, but time averaging those profiles shows a relatively
constant value of ~ 2.9 m/s until a height of > 5500 m
above the vent. Clip 58 shows a very similar pattern,
with local variation in entrainment velocity from 0 to 10
m/s, but a near constant time-averaged value of 2.8 m/s.
Calculating the average entrainment velocity U, through
time and space as the quotient of the average entrainment
volume flux and plume surface area yields values of U, of
2.94/-0.7 and 2.8+/—0.7 m/s for Clips 57 and 58, respec-
tively. The 2D measurements of entrainment velocity are
approximately half the magnitude of the 3D measure-
ments (1.4 and 1.3 m/s for Clips 57 and 58, respectively).
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Fig.8 A Entrainment into Clip 57 as a function of height. B Entrain-
ment velocity for Clip 57. C Entraining fraction of imaged Clip 57
plume surface. D Entrainment coefficient (¢ = U/U’) for Clip 57.
E Entrainment into Clip 58. F Entrainment velocity for Clip 58. G
Entraining fraction of imaged Clip 58 plume surface. H Entrainment

Discussion
Bulk entrainment volume flux

The bulk entrainment rates for Clips 57 and 58 range from
~4x 107 to ~ 9 x 107 m%/s, with time-averaged values of ~
5.4 x 107 and ~ 6.1 x 107 m%/s, respectively. Those values
only measure entrainment through the ~ 90° sector of plume
oriented toward the camera. Assuming that all sides of the
plume entrain equally, then the total entrainment is four
times the measured values, or ~ 2.2 to ~ 2.4 x 108 m%/s; this,
of course, assumes a radially symmetrical plume. But we
know that the plume was not perfectly symmetrical, as winds
blowing subparallel to the camera orientation dispersed the
plume downwind and away from the camera. Depending on
the strength of the wind relative to the plume rise speed,
a crosswind can enhance entrainment on some portions of
a plume, particularly on the downwind side (Aubry et al.
2017a; Muppidi and Mahesh 2008). Although we do not
know the wind profile, lower or higher bounds may be esti-
mated by incorporating the effects of wind on entrainment
(Aubry et al. 2017a; Carazzo et al. 2014; Degruyter and
Bonadonna 2013; Devenish et al. 2010; Suzuki and Koyagu-
chi 2015). Cole and Scarpatti (2010) estimate a wind speed
of 20-50 m/s based upon tephra dispersal, whereas Cubellis

Entrainment velocity (m/s)

Fraction entraining Entrainment Coefficient

coefficient (o = U, /U’) for Clip 58. In all panels, the gray body is the
stack of individual frames, the bold black line is the time average, and
the thin black lines show + 1 ¢ bounds. Animated versions of panels
A, B, D, and E are presented in Supplement 5

et al. (2016) estimate a wind speed of 2—18 m/s. The uncer-
tainties resulting from wind and the observational geometry
suggest a range in total entrainment of ~ 1.5-3.5 x 10® m%/s.

Plume structure and entrainment coefficient

Spatiotemporal variations in entrainment (e.g., Figs. 7
and 8) reflect the length scales, timescales, and intensities
of turbulent eddies within the plume. Because the larg-
est eddies advect mass from the plume center to its mar-
gins and back again, these are the structures that produce
variation in density, and ultimately influence which por-
tions of a plume may collapse. Although large turbulent
structures efficiently transfer momentum from the inte-
rior to the margins and return entrained air to the interior
most effectively (e.g., Pope 2000; Bernard and Wallace
2002), the entrainment field does not resolve large-scale
structures but rather displays entrainment and expansion
over very short length scales and timescales (Fig. 7). This
high-frequency variation is not surprising, as the largest
turbulent structures comprise a cascade of ever smaller
features, and those smaller eddies accomplish the entrain-
ment. The largest eddies do not manifest coherent or eas-
ily recognizable velocity fields on the plume surface, but
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the turbulent intensities measured on the surface may be
a proxy for the centerline velocity of the plume interior.

The eddies visible in the video footage do not gener-
ally rise along the column margins, but instead turnover
and re-enter the plume at relatively constant height. The
rise of a plume head (as seen in Clip 58) is different than
motion along the margins of the plume. Similar observa-
tions of quasi-steady eddies on the plume margins were
made by Sparks and Wilson (1982) and is supported by
recent jet experiments (Benage et al. 2019) where eddies
rotate on the plume margins but have effectively zero rise
velocity.

Entrainment velocity is assumed to be proportional
to the characteristic plume (or jet) center-line veloc-
ity (Eq. 2). In plume models, this relationship can be
exploited to calculate the time-averaged rate at which the
plume entrains fluid as a function of velocity, which is
in turn a function of height. Our measurements do not
show significant variation in entrainment velocity with
height (Fig. 8B, F), but are instead relatively constant.
We may infer from this that the characteristic velocity of
the plume was also relatively constant until a height of
~ 5000-6000 m. The effectively constant velocity sug-
gests that buoyancy flux increased linearly with height
(Ishimine 2007).

Assuming a typical volcanic plume entrainment coef-
ficient @ = 0.1, entrainment velocities of ~ 3 m/s suggest
a plume centerline velocity of ~ 30 m/s, a reasonable
value based upon plume models (Suzuki and Koyaguchi
2015). As the turbulence intensity should scale with but
not exceed the centerline velocity, the turbulence intensity
should indicate a minimum value for the interior velocity
(e.g., the eddy rotation speed of the margins is comparable
to the interior centerline velocity; Fig. 6). Our values of
U’ = ~ 50 m/s thus suggest characteristic plume velocities
U of ~ 50 m/s. Assuming that U’ is representative of the
centerline velocity, the ratio of entrainment velocity to U’
as a function of height provides an estimate of the entrain-
ment coefficient @ as a function of height (Fig. 8D, H).
Interestingly the profiles of a for both clips are on the order
of 0.06 and are lower than most values for buoyant plumes;
indeed, they are in closer agreement with the values for jets
(e.g., Aubry et al. 2017a; Kaminski et al. 2005). That is,
the value of a for negatively buoyant jets (Kaminski et al.
2005) is a better estimate of the entrainment coefficient, at
least for the plume studied here, than the value typically
used in volcanological studies (e.g., Aubry et al. 2017a).
Two possible reasons for this very low value are that the
measurement of volumetric entrainment rate (and thus
entrainment velocity) is too low and that the measured tur-
bulence intensity is too high; investigating why the appar-
ent entrainment coefficient is low warrants future study.
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Importance of 3D measurements of entrainment
and application to plume modeling

The measurements presented in this study provide pre-
viously unavailable quantitative insights into plume
behavior. These include measurements of the 4D (3 spa-
tial dimensions and time) surface morphology of the
plume, its 3D turbulent velocity field, entrainment into
the plume, and the time- and length scales over which
entrainment varies. These parameters can be used for
model validation or assessment; for example, matching
the characteristic surface “roughness” of the observed
plume with a 3D model would help validate the mod-
el’s calculation of turbulent length and timescales (e.g.,
Suzuki et al. 2005; Esposti Ongaro and Cerminara 2016).
Similarly, the results could be compared against a 1D
model such as Plumeria (Mastin 2007) to better con-
strain eruption source parameters including vent size and
eruption rate. In addition, comparison of measured and
modeled entrainment rates can be used to develop more
sophisticated conceptual or quantitative insights into the
interior velocity structures of eruption columns; these
regions cannot be observed directly, but they ultimately
determine buoyant or non-buoyant plume behavior (e.g.,
Carazzo et al. 2008b; Andrews and Gardner 2009; Jes-
sop et al. 2016). Estimates of entrainment (or entrainment
velocity) made using only the 2D velocity fields are sys-
tematically about half those made using the 3D technique.
This difference is a result of the 2D calculation effectively
being the sum of the 2D velocity field within regions of
negative divergence. By excluding the velocity component
parallel to the viewing angle, this method minimizes the
contribution of the vectors that most actively entrain in
the 3D measurement. Further work is required to deter-
mine if the factor of 2 difference between the 2D and 3D
measurements is specific to these particular film clips,
or if it is general.

The analytical techniques described in this paper can
be applied to long duration video observations of explo-
sive volcanic eruptions. Although we focused on a vent-
sourced buoyant plume, our method could be applied to
coignimbrite plumes or pyroclastic density currents. Nei-
ther total file size nor required processing time preclude
conducting this type of analysis for multiple hours of
eruption footage. This is particularly true when consid-
ered in the context of numerical models requiring 100s
or 1000 s of hours of high-performance computing time.
Video acquired in recent years, particularly 4K high-
definition video, should be well-suited to this method
as these new data sources have lens data encoded within
their constituent files and are frequently geolocated and
time-stamped.
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Conclusions

Air entrainment into explosive eruption plumes modulates
the dynamic transition between the buoyant and collapsing
endmember regimes of eruption behavior. Consequently,
understanding entrainment rate, together with the turbulent
timescales and length scales over which that rate varies,
is required for improved models and forecasts of eruption
dynamics. We demonstrate that 3D measurements of turbu-
lent air entrainment can be made from film or video obser-
vations of eruption columns using a combination of feature
tracking velocimetry and single-camera surface reconstruc-
tion; this technique can be applied to recent as well as his-
toric film of eruptions. We show that the 22 March 1944
Vesuvius eruption column entrained air at a rate of 1-3 X
108 m3s™! during the filmed portions of the afternoon. That
range corresponds to an entrainment velocity of 2.8-2.9 m/s,
with about one-third of the plume surface actively entrain-
ing at any given time. Entrainment velocity does not vary
systematically with height, suggesting that the characteristic
velocity of the plume interior is roughly constant from the
vent to a height of 5000-5500 m. Interestingly, the entrain-
ment velocity has a magnitude on the order of 6% of the
magnitude of the turbulent intensity. This may indicate that
the turbulent intensity as measured on the plume surface is
a proxy for the characteristic velocity of the unobservable
plume interior.
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tary material available at https://doi.org/10.1007/s00445-024-01703-1.
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