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ABSTRACT

Assessing hazard associated to volcanic ballistic projectiles is essential to limit fatal incidents close to erupting
vents. Current state-of-the-art methods using high-speed visual and thermal images and volcanic radars permit to
obtain high resolution information during explosive events but are limited to few laboratory volcanoes. Nowadays,
long-exposure photographs at erupting volcanoes have become common and can be used to obtain meaningful in-
formation. In this paper I present a method to extract volcano-physical data from the projectile parabolic trajectory
after adequate scaling and projection. The results, obtained from the analysis of 28 photographs from three eruptive
phases at Tungurahua volcano in 2010, allowed to constrain the geometry of the vent (20 m-diameter upper conduit
and 70 m-diameter inner crater), the diameter of the ballistic projectiles (up to 4.3 m), their launching angle (50 to
90°), their minimum launching velocity (40 to 145ms~!), and their maximum range (up to 1400 m from the vent)
for low to moderate explosive activity, outside paroxysms. This turnkey method can help to characterize eruptive
dynamics as well as to perform rapid hazard assessment at dangerously explosive erupting volcanoes.

Keywords: Volcanic ballistic projectile; Long-exposure photography;
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1 INTRODUCTION

Ballistic projectiles constitute a major volcanic hazard,
being the most common cause of fatal incidents within
a 5 km radius of a volcanic vent [Brown et al. 2017].
During the 2014 Mount Ontake eruption, 55 of the
58 fatalities were caused by projectile impacts (Tsune-
matsu et al. 2016). In Ecuador, two volcanologists
from the Instituto Geofisico de la Escuela Politécnica
Nacional, Victor Hugo Pérez and Alvaro Sanchez, died
from a phreatic explosion in March 12th 1993. This
hazard is mainly studied through field work on im-
pact craters and deposits [Alatorre-Ibargiiengoitia et al.
2012; Maeno et al. 2013] and/or monitoring (punctual
or continuous) at currently active volcanoes [Chouet
et al. 1974; Ripepe et al. 1993; Hort and Seyfried
1998; Dubosclard et al. 2003; Andronico et al. 2008;
Gouhier and Donnadieu 2011; Taddeucci et al. 2012b;
Durig et al. 2015]. Hazard assessment is generally com-
pleted with numerical simulations that require a large
number of eruptive source parameters: the projectiles
properties (size, density and shape), the atmospheric
conditions (temperature and pressure at different al-
titude, speed of tailwind), the explosion characteris-
tics (launching velocity and angle, extent of reduced
drag zone), and the local topography [Mastin 2001].
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This information is used to produce deterministic or
probabilistic hazard maps [Alatorre-Ibargliengoitia et
al. 2016; Biass et al. 2016]. Despite a relatively straight-
forward approach, ballistic projectile hazard assess-
ment is not systematic, one of the main issue being
the acquisition of field data [Taddeucci et al. 2017].
High-speed cameras (visible and infrared) and volcanic
radars provide new insights on projectiles and gas es-
cape velocity at the vent as well as in flight dynamics
[Gouhier and Donnadieu 2008; Taddeucci et al. 2012a;
Bombrun et al. 2015]. Nevertheless most of these stud-
ies are realized on a limited number of laboratory vol-
canoes with mostly low-explosive dynamics. In re-
cent years, long-exposure night photographs at volca-
noes have flourished, in particular since the revolution
of digital cameras. Long-exposures night photographs
can be used to record the trajectories of the incandes-
cent projectiles. In this paper I present a new method
to extract physical data on the ballistic projectiles such
as minimum launching velocity, maximum launching
angle, apparent maximum size and maximum distance
reach using the trajectory characteristics. This infor-
mation is used to perform the first assessment of this
hazard at Tungurahua volcano using photographs from
the 2010 eruptions. A better knowledge and under-
standing of how these parameters work together at dif-
ferent volcanoes with diverse eruptive dynamics will
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greatly improve our hazard assessment approach and
ultimately help reduce fatalities at active volcanoes.

2 METHODOLOGY

2.1 Camera settings

Some general rules should be followed in order to
record the trajectories of ballistic projectiles. A stable
tripod is necessary to avoid vibration during the long-
exposure shots. The center of the frame should be set
on the vent to avoid border deformations and geomet-
rical complications. The roll of the camera should be
null (Figure 2). If the vent is hidden within a crater, the
camera tilt and azimuth can be accurately (within 0.5°)
set using an inclinometer and a compass (with adequate
correction of the magnetic north). Any error in the cam-
era positioning will have an effect on the final calcula-
tion depending on the distance between the camera and
the vent. The focal length must be chosen in order to: 1)
optimize the Ground Sample Distance (GSD: pixel size-
equivalent in the target area); 2) include all the ballistic
projectiles trajectories; 3) minimize lens distortion (fo-
cal length > 50 mm). ISO should be set to the maximum
recommended by the manufacturer (depending on the
camera model) and focal aperture (F-stop) should be set
to the largest (depending on the lens model) in order
to enable the visualization of the projectiles incandes-
cence without gaining too much noise nor overexposing
the picture. The exposure time must be set in order to
record most of the trajectories during a single explosive
event which will be typically from 15 s to 60 s. Figure 1
is an example of 30 s-exposure photographs at Tungu-
rahua volcano. Camera settings for this study are in-
cluded in the Supplementary Material 1.

2.2 Image processing

2.2.1 Scaling the photograph

The first step in a photogrammetric study is to correctly
scale the images. Even if this step is well known, it
is generally not detailed in volcanic ballistic projectile
analyses. It is necessary to know the geographic posi-
tion of the camera (xy, y1, z1) and the vent (x;, v;, z5) to
calculate the horizontal (dy) and vertical (dy) distances
between the camera and the vent (Equation 1 and 2),
the straight distance (dg) camera-vent (Equation 3), and
the inclination angle (a) of the camera (Equation 4)
(Figure 2). This can be done using GPS coordinates and
digital elevation models.

dy = \/(Xl —x2)? = (v1 —¥2)?

dy = |z — 25|

ds = +[(d} +d3)
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dy
. (4)
The angles of view (g, and f,) of the camera are cal-
culated using the sensor characteristics (S, and S;) and
the focal length (I/g) (Equation 5: same equation using
Sy). The straight distance (ds) is then used to calcu-
late the coverage (c) of the picture at the vent (Equa-
tion 6). Finally, dividing the coverage by the number of
pixels of the photograph (width wp and height hp) we
obtain the ground sample distance (GSD) at the vent
on a plane perpendicular to the camera’s line of sight
(Equation 7). If the pixel aspect ratio of the camera is
1, the GSD should be equal horizontally and vertically.
Nonetheless I found variations of the pixel aspect ratio
from 0.99 to 1.0094 using three different cameras.

tan, =

Sx
tang, :2X(—(2le)] (5)

Cy =2xdg xtan[%] (6)
Cx

GSD, = —. (7)
wp

2.2.2 Data acquisition

The GSD is used to set the scale of the picture us-
ing Image], a free image processing software developed
by Rasband [1997-2016]. The next step is to obtain
the precise coordinates of the vent (crater bottom) that
should coincide with the site where all the ballistic tra-
jectories converge. Coordinates can be extracted with
Image] using the point tool. If there is not a direct view
inside the crater due to the crater rim, it is necessary
to look for the convergence zone of the most vertical
trajectories and record the coordinates of the intersec-
tion between the vertical trajectories and the crater rim.
Then the rim-vent height difference, extracted from the
DEM, is subtracted to correct the y coordinates.
Long-exposure night photographs such as that
shown in Figure 1 typically have hundreds of projec-
tile trajectories, therefore a selection is required when
doing the analysis manually. The main objective of this
study is to assess the ballistic projectile hazard. On one
hand, assuming that the gas jet is directed mostly ver-
tically (which is adequate for Tungurahua), the launch-
ing velocity is theoretically maximum for the most ver-
tical trajectories that reach the highest altitude. On the
other hand, based on the same hypothesis, the flattest
trajectories allow one to estimate the minimum launch-
ing angle with lower launching velocity. In between,
intermediate launching velocity and angle will provide
the maximum reach. The photograph is a 2D projec-
tion of a 3D scene, therefore it is important to choose
the trajectories that are close to the plane of projection
in order to avoid geometrical errors. It is almost impos-
sible to estimate the angle between the trajectory plane
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Figure 1: Explosion at Tungurahua volcano, 31 May 2010 (focal length 250 mm, F/5.3, 30 s, ISO 200). Note the
parabolic trajectories followed by the ballistic projectiles, their fragmentation when they hit the ground and the
subsequent rolling on the steep slopes of the volcano.

and the photograph plane on a single picture without
inducing large errors on the launching velocity and an-
gle estimates [Gaudin et al. 2016]. Nonetheless, using a
mostly vertically directed gas jet model and an axisym-
metric distribution of the ballistic trajectories, it is rea-
sonable to assume that the most external trajectories on
the photograph will be probably on planes almost par-
allel to the projection plane, although there is no way
to assess this uncertainty. This error will affect mostly
the launching angle, that will be lower in reality, and,
to a lower degree, the maximum height of the projec-
tile, that will be lower in reality if the projectile is mov-
ing toward the camera and higher if it is moving away
from it. The coordinates of five points from each trajec-
tory are extracted using the point tool on Image]J. This
information is completed with the width of the trajec-
tories, measured with the segment tool, that allows to
estimate the apparent maximum diameter of the pro-
jectiles [Chouet et al. 1974]. The position of the lowest
projectile impact and rolling block can also be extracted
from the photograph.
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2.2.3 Data processing

Chouet et al. [1974] used two synchronized cameras
in order to resolve the jet orientation and project the
trajectories in a 3-dimensional frame. The problem is
that this resolution is feasible only if the vent is close
enough to measure angle difference between the two
cameras or if the cameras are located far away which
is logistically difficult. In order to calculate the ballis-
tic velocities Chouet et al. [1974] use the length of the
ballistic traces on very short exposures. In the present
study I use the characteristics of the ballistic trajecto-
ries and resolve their polynomial equations in order to
extract the volcano-physical data. The coordinates of
each point are recalculated taking the vent as the origin
of the x —y coordinate system. The projectile trajectory
coordinates (x;, y;) are projected on a vertical plane per-
pendicular to the line of sight of the camera that pass
through the vent in order to correct from the camera
tilt using Equations 8 and 9 (Figure 2). The real vent
position on the picture is used to correct additional tilt
in case the vent was not precisely set to the center of
the frame. It is important to note that the error in the
projection is directly linked to the angle between the
vertical plane and the trajectory plane so the projected
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Figure 2: Sketch of the acquisition settings (plane view [A] and cross section [B]) with parameters for the photo-
graph scaling and projection of the trajectory and impact block. Acronyms defined in the text. Note the impor-
tance of setting up the most accurately possible the camera position (azimuth and inclination) in order to avoid

geometrical errors.

coordinates should be considered as maximum values
and the error will be minimized by using the most ex-
ternal trajectories in the picture.

(8)

X .
xX; =% +tan(d—t)><yt x sina
S

Y, = y; X cosa +tan [a +arctan(§—t)] xpyxsina.  (9)
S

The trajectories follow almost perfect second-degree
polynomials (y = ax? + bx + ¢; Figure 3), so deriving the
polynomials at the vent altitude will give the maximum
launching angle (MLA) (Equation 10).

tan(MLA) = 2xaxx,—q+b. (10)

The top of the ballistic trajectory can be retrieved di-
rectly with Image]J or calculated solving the polynomial
equation when the derivative (Equation 10) is equal to
0. The x coordinate at the vent for each trajectory is ob-
tained solving the polynomial equation for y = 0, which
will have one solution if the trajectory is to the right of
the vent on the picture (Equation 11) and a different
solution if the trajectory is to the left of the vent on the
picture (Equation 12).

_ —b+Vb%—-4ac

Xy=0 = 2a (11)
—-b—Vb? - 4ac
Xymp = (12)
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The maximum height above the vent is used to calculate
the minimum launching velocity (mLV) without tak-
ing into account the drag that corresponds to a free-fall
model (Equation 13).

v? = 2gh. (13)

The trajectory is extrapolated until it intersects the
topographic profile parallel to the projection plane in
order to obtain the horizontal distance and the altitude
that the ballistic projectile should reach without drag
(Figure 3). Then the trajectory parameters can be used
on any topographic profile to obtain a realistic assess-
ment of the ballistic reach and synthesize it in a hazard
map. The projectile impact and rolling block coordi-
nates (x;, y;) are projected using Equations 14 and 15
(Figure 2). They are not projected on the volcano to-
pography due to geometrical complications so the val-
ues obtained should be considered as maximum for x;
and minimum for y;. As for the projectile trajectories,
using projectile impacts close to the edge of the volcano
profile will help minimizing this error. The theoretical
horizontal distance reached by the block can be esti-
mated using y; and topographic profiles.

xf:xi+tan(§)xyt><sina (14)
S

v/ =y; xcosa +tan

a+arctan(%)} xy;xsina. (15)
S
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Figure 3: Processing ([A] and [B]) and results [C] of
the ballistic trajectory analysis at Tungurahua (picture
2271, 29 May 2010). In order to highlight some trajec-
tories it is possible to invert brightness values or color
values [B] in the original picture [A]. Some trajectories
like #8 [C] do not appear to come directly from the vent
and are possibly associated with near-vent processes
such as fragmentation or collisions.
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3 Resurts AND DiscussioN

3.1 Scaling and data acquisition at Tungurahua

In this study, the position of the camera was obtained
with a hand GPS (Garmin Oregon 450) with a horizon-
tal precision of £3 m. The position of the vent was ex-
tracted from a 4-m-resolution DEM (source SIGTIER-
RAS, published in 2014, images acquired for Tungu-
rahua between 2010 and 2011). Both the camera and
the vent heights were extracted from the DEM that has
a vertical accuracy estimated at £1 m. Distances be-
tween the camera and the vent can also be extracted
from the DEM using a profile tool. Accordingly, the
straight distance from the Tungurahua Volcano Obser-
vatory to the vent is 13,507 m with an inclination angle
of 11.74°. I measured Tungurahua’s outer crater width
using 5 focal length (120 to 300 mm), with results be-
tween 481 and 489 m. It was also measured on the
DEM, on a line orthogonal to the camera’s line of sight,
at 487 m (+4 m), thus supporting the scaling method.
On the Tungurahua DEM the crater bottom is ~82 m
below the crater rim in the line of sight of the camera
so this value is used to correct the vent y coordinate.

In order to test the method I scanned rapidly over
2000 long-exposure night photographs and selected 28
photographs with apparent maximum ballistic height
and reach from three eruptive phases from 2010 (Jan-
uary, May—-June, and November) that correspond to a
total of 8 nights of observations. In January (29, 30)
and November (27, 28 and 29), the activity was charac-
terized by an almost constant ash emission with contin-
uous pyroclastic fountaining punctuated by relatively
frequent (every 30-60 min) explosions [IGEPN 2018c;
IGEPN 2018b]. The May-June activity (29 and 31
May, 03 June) was characterized by more frequent (ev-
ery 5-10 min) explosions without continuous pyroclas-
tic fountaining [IGEPN 2018a]. Six photographs were
used to obtain a large range of minimum launching ve-
locities and maximum launching angle using 15 to 25
trajectories in each photograph (Figure 3). Three of
these photographs corresponds to discrete explosions
and the others corresponds to continuous pyroclastic
fountaining. The rest of the pictures (22) were analyzed
for the hazard assessment using between 1 and 4 trajec-
tories for each photograph in order to obtain maximum
velocity, maximum trajectory reach, lowest impact and
lowest rolling block for each day. The 28 pictures have
been processed using Image] and a spreadsheet that in-
cludes the formulas presented in Image processing but
also allows to include the topographic profiles in order
to estimate the maximum reach (Supplementary mate-
rial 2).
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3.2 Projectile maximum size, trajectory quality, vent
geometry and possible collisions

The size of the projectiles obtained from 157 trajecto-
ries was measured between 0.82 and 4.28 m (all re-
sults in the Supplementary Material 1). This range is
not unexpected as the minimum size would be close
to the GSD (about 0.4 m/px in this case). At Tungu-
rahua, videos have shown larger projectiles more than
7 m long. During the 18 October 2013 eruption, a 3-m-
wide projectile was found in a PDC deposit [Hall et al.
2015].

The polynomial determination coefficient is ex-
tremely good for all the trajectories (R?> > 0.96) with
maximum launching angle (MLA) < 85° (Figure 4A).
Most vertical trajectories have x coordinates ranges
close to the GSD that can produce some error. In gen-
eral these results confirm that a simple ballistic model
that do not take into account atmospheric drag can re-
produce the projectile trajectories. Although a free-fall
ballistic model is physically wrong and will minimize
the launch velocity, it is useful as it will slightly max-
imize the distance reach, adding an empirical safety
buffer, which is adequate in hazard assessment.

The histogram distribution of the horizontal distance
between the vent and the trajectories’ coordinates at
the vent altitude (Figure 4B) gives a good idea about
the vent geometry. The median of the distribution
is calculated at -1.7 m (1.5 to 4 pixels depending on
the focal length) supporting the accuracy of the vent
location picking in the photographs even from a dis-
tance of about 13.5 km. It is possible to observe a nar-
row mode that account for ~30% of all trajectories and
could correspond to a ~20-m-diameter upper conduit.
This estimation is coherent with the 10 m radius ob-
served by Ruiz et al. [2005] and slightly larger than the
3.7-6.7-m-radius calculated by Arellano et al. [2008].
There is also a much wider and flatter mode that ac-
counts for ~60% of all trajectories and could corre-
spond to a ~70-m-diameter source area. According to
the 2014 DEM (with images taken between 2010 and
2011) the crater floor in this period was ~43.6 + 4-m-
wide, but the poor resolution and smoothing of the 4-
m-resolution DEM can induce some additional error.
A recent 5-cm-resolution digital surface model and or-
thophoto obtained during a drone overflight in January
2018 [Bernard et al. 2018] reveal a 77 x 58-m-diameter
inner crater with two sub-circular internal depression
(4.8- and 3.1-m-diameter). During the 2010-2016 time
span, March 2016 being the last eruptive activity at
Tungurahua [Bernard et al. 2017], the vent morphol-
ogy changed, but according to the three DEM or DSM
available taken between 2008 and 2018 the vent loca-
tion did not moved more than few meters [Bernard et
al. 2018] and I presume that the upper conduit diame-
ter did not change significantly. The coherence between
the vent geometry extracted from the trajectory analy-
ses and the 2018 drone survey results suggest that com-
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plete ballistic trajectories could be as useful as the near-
vent straight segments method [Diurig et al. 2015] to re-
construct vent geometry. An advantage of the method
presented here is that is also works in case the near-vent
straight segments are hidden by the crater rim and can
be perform from a much larger and safer distance (13.5
km compared to 850 m in Diurig et al. [2015]. A dis-
advantage is that it requires information on the crater
floor altitude although that can be easily obtained from
a DEM.

In the distribution histogram, the outer values (<-
30 m and >+40 m) represents only 11.5% of all tra-
jectories and could be associated to trajectories modi-
fied by processes such as block fragmentation and colli-
sion processes during flight [Vanderkluysen et al. 2012;
Tsunematsu et al. 2014; Taddeucci et al. 2017]. This
amount of abnormal trajectories is significantly higher
than the value obtained by Dirig et al. [2015] for the
Eyjafjallajokull 2010 eruption (97 clast-clast collisions
over thousands of ejecta) but it is consistent when tak-
ing into account the metric-size of the projectiles for
Tungurahua’s case. Tsunematsu et al. [2014] show that
larger particles have higher probability to experience
one or more collisions.

3.3 Launching velocity and angle

In general, launching velocities are maximum for the
highest trajectories that are also the most vertical ones
(Supplementary Material 1). When analyzing the indi-
vidual datasets (Figure 5A), the range of velocities ob-
tained from the discrete explosion datasets (5197, 2271,
2274) is wider and reach higher values (>130ms™!)
compared to those from the continuous pyroclastic
fountaining ones (5194, 0131, 0132; <100 ms’l). It
is interesting to note that even from a limited dataset
our results tend to confirm the observations made on
Stromboli on the relationship between height of the
ejecta and frequency of explosions [Taddeucci et al.
2013] that are both maximum for the May-June activ-
ity and minimum for the January activity. For a given
MLA, there is a corresponding maximum mLV that can
be reached and it appears a linear relationship between
this MLA and the maximum mLV (Figure 5A). The ex-
plosion datasets show systematically slopes higher than
1.5 while continuous fountaining have slopes under
1.5. The absence of MLA <50° for the explosions and
<60° for the fountaining can be related to the crater rim
that hide the lower trajectories. The lowest launching
angle is measured in the picture 2271 (29 May 2010)
that also accounts for the highest launching velocity.
Therefore explosive events with higher velocities are
more susceptible to exhibit lower minimum angle if the
vent is hidden by the crater rim.
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coordinates at the vent altitude. Note the excellent R?> for MLA <85°. Note also the narrow mode between -10
and +10 m, interpreted as the conduit, and wider flatter mode between -30 and +40 m, interpreted as the vent
(inner crater).

Ss

Presses universitaires de Strasbourg Page 55


https://doi.org/10.30909/vol.01.01.4961

Hazard assessment of volcanic ballistic projectiles

BernarD, 2018

3.4 Free-fall vs drag modeling

In order to assess the validity of the results presented
previously I used the ballistic simulator Eject! [Mastin
2001] to include the effect of the drag on the velocity
of the ballistic projectiles. I choose two different set-
tings in Eject! to reproduce an expected drag scenario
(EDS) and a maximum drag scenario (MDS). The EDS
includes: variable drag coefficient Cd; a cube shape
in aerodynamic position (high); pyroclast density of
1400kgm=> that corresponds to the average density
of 2046 clasts from the 2006, 2013 and 2014 pyro-
clastic density currents deposits at Tungurahua [Garcia
Moreno 2016], and a 100 m zone of reduced drag that
corresponds to the superior crater radius. The MDS in-
cludes: variable Cd; a cube shape facing the movement
direction of the projectile (low); pyroclast density of
640 kgm~3 that corresponds to the minimum density in
Garcia Moreno [2016]; no reduced drag zone. For both
scenarios, thermal lapse rate was set at 6.2°Ckm™! and
25°C at sea level, that is adequate for Ecuador. Block
diameter and ejection angle was used according to the
trajectory analysis.

The difference between the mLV and the EDS velocity
varies from less than 1 % to ~32 % while the difference
between the mLV and the MDS velocity varies from ~2
% to ~34.5 %. For launch angles lower than 60° the
free-fall model underestimate the projectile initial ve-
locity by about 15 %, and up to 30 % for angles lower
than 50°. There is an excellent correlation (R? = 0.98)
between the maximum launching angle (MLA) and the
difference between mLV and EDS velocity (Figure 5B).
This correlation is probably due to the difference be-
tween the distance traveled by the block in the atmo-
sphere compared to the vertical distance taken into ac-
count in the free fall model. For a vertical trajectory
the distance traveled by the block to reach its maxi-
mum height is close to the maximum height while for
an oblique trajectory, the distance traveled by the block
to reach its maximum height is much larger than the
maximum height. There is more scattering (R? = 0.82)
when comparing MLA to the difference between mLV
and the MDS. This scattering is probably associated
with the block diameter variability that will have sig-
nificantly more influence in the MDS, with the lowest
block density, than in the EDS, with an average block
density. This might indicate that, as expected, the EDS
model is more realistic than the MDS. Both correlations
can be used at Tungurahua volcano to make an empir-
ical correction of the mLV based on the MLA to obtain
drag model velocities. Using mLV, EDS and MDS ve-
locities allows to have an evaluation of the projectiles’
velocity that include a minimum-maximum range.

3.5 Eruptive style and hazard assessment

Eruptive styles at Tungurahua are often characterized
as Strombolian, Vulcanian and Sub-Plinian [Eychenne
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et al. 2013; Hidalgo et al. 2015; Hall et al. 2015]. Com-
paring with other studies, metric-size ballistic projec-
tiles are not typical of Strombolian and Sub-Plinian ac-
tivity and are more common during Vulcanian explo-
sions [Maeno et al. 2013; Bombrun et al. 2015; Tad-
deucci et al. 2017]. Based on the size/velocity in-
verse relationship [Bombrun et al. 2015], the maximum
launching velocities observed for metric-size projec-
tiles at Tungurahua are higher than those expected for
Strombolian activity (<100ms~! for >0.6-m-diameter
blocks) with velocities up to 117-135 ms!, 143-162
ms~! and 144-153 ms~! for January, May-June and
November eruptions respectively. The launching ve-
locities are also similar to literature data on Vulcanian
eruption (100-400 ms~!) [Druitt et al. 2002; Maeno et
al. 2013]. These velocities are significantly lower com-
pared to Sub-Plinian eruptions [Robertson et al. 1998].
In Hidalgo et al. [2015], the January, May-June and
November eruptions are named phases IV, V and VI
and our photographs fall in the high-explosive activ-
ity (HEA) field that is interpreted as Vulcanian activity,
supporting the seismo-acoustic analysis from Kim et al.
[2014]. Although the Vulcanian classification fit closely
the May activity that exhibits discontinuous explosive
activity, the January and November activities are char-
acterized by continuous ash venting and pyroclastic
fountaining. This activity might be better described as
Violent Strombolian eruptive dynamics, also observed
at the beginning of Paricutin eruption in 1943 [Blong
1984; Pioli et al. 2008].

In order to compare the apparent reach given by bal-
listic impacts in the photographs and the theoretical
reach obtained extrapolating the ballistic trajectory I
projected both on the same topographic profile parallel
to the line-of-sight. The maximum theoretical reach for
each observation night is in average 30% farther than
the maximum apparent reach. This could be explained
by an observation bias due to various factors such as the
cooling of the projectiles in the atmosphere or because
impacts might be hidden by the topography. Also, part
of this difference could be attributed to the atmospheric
drag. These results show that the external projectile
trajectories can be used in order to estimate the max-
imum reach including a safety buffer. The maximum
reach for metric-size projectiles is generally obtained
during the Vulcanian explosions (May—June 2010) but
there is significant rolling also for periods with mostly
Violent Strombolian activity (28 and 29 Nov 2010).
This is probably associated with the continuous accu-
mulation of blocks on the high slopes of the cone dur-
ing the November eruption producing small avalanches
driven by gravity. Therefore the rolling blocks should
also be considered in the hazard assessment. It is inter-
esting to note that the maximum reach (03 Jun 2010) is
not obtained for the photograph with highest launch-
ing velocity (29 May 2010), that could be due to either
projectile collision or a less-than-vertical directed ex-
plosion. It is important to note that none of the obser-
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Figure 5: [A] Minimum launching velocity (mLV) compared to maximum launching angle (MLA) for individual
datasets and [B] difference between the drag model and the free-fall velocities compared to maximum launching
angle (MLA). Note the almost linear relationship between mLV and MLA [A]. Also note the excellent correlation
between the difference between the expected drag scenario (EDS) and the free-fall model [B]. The scattering for
the maximum drag scenario (MDS) is probably due to the influence of the block size and density.
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Table 1 — Maximum values (launching velocity, reach and rolling) from the hazard assessment associated with

volcanic ballistic projectiles at Tungurahua in 2010.

Date
29-Jan 30-Jan 29-May 31-May 03-Jun 27-Nov 28-Nov 29-Nov
Minimum launching velocity (ms™!) 117 101 143 141 135 135 144 133
EDS velocity (m s71) 123 103 149 145 141 139 148 137
MDS velocity (ms™) 135 107 162 152 152 148 153 147
Theoretical reach (m) 780 244 903 1103 1360 1216 628 911
Apparent reach (m) 375 331 881 785 994 942 427 733
Apparent rolling (m) 449 571 981 872 1278 981 1278 1103
EDS = expected drag scenario; MDS = maximum drag scenario. All values are maxima.
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Figure 6: Hazard map for metric-size volcanic ballistic projectiles for low to moderate explosive events (outside

paroxysms) at Tungurahua volcano. Coordinates in WGS84 (zone 17 M).
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vation nights includes a paroxysm phase so the hazard
assessment is only valid for low to moderate but fre-
quent explosive activity at Tungurahua. Using the poly-
nomial equation for the maximum theoretical reach (03
June 2010) and its projection on 8 topographic pro-
files I present the first ballistic projectile hazard map
for such activity at Tungurahua (Figure 6). Depending
on the topography metric-size ballistic blocks can reach
1030-1389 m from the crater, the highest reach being
in the NW quadrant while the shortest reach is in the
SE quadrant. This asymmetry is due to the structure
of the volcanic edifice and location of the current vent.
Decimetric-size, still potentially lethal, ballistic blocks
could have significantly higher initial velocities and
higher reach. Nonetheless, it is interesting to note that
Tungurahua refuges, located 2 km north of the vent,
have been impacted by decimetric-size ballistic projec-
tiles only during Vulcanian and Sub-Plinian paroxysms
such as July 14th 2013 and August 16th 2006 eruptions.

4 CONCLUDING REMARKS

Using trigonometry and long-exposure night pho-
tographs it is possible to obtain some relevant vol-
canological information on the volcanic ballistic pro-
jectiles such as size, launching angle and velocity, and
reach. At Tungurahua, using 28 photographs from the
2010 eruptions, it is possible to characterize discrete
Vulcanian explosions and continuous Violent Strombo-
lian activity. This approach should be applied to other
periods of activity at Tungurahua with different erup-
tive dynamics in order to perform a full hazard assess-
ment. The method presented in this paper can be used
as a new monitoring tool for volcanic observatories,
even from large distance, knowing the local topogra-
phy and the camera settings. Even if it has been devel-
oped for long-exposure night photography, it can also
be used for different set-ups (i.e. videos and thermal
imaging). This method can be particularly useful at
poorly-accessible and highly-explosive volcanoes, giv-
ing the opportunity to perform ballistic projectiles haz-
ard assessment at a significantly larger number of vol-
canoes without putting scientists in hazardous zones.
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