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Highlights

What are the main findings?

• Inadequate calibration of visible cameras can induce significant effects on our estimates
of column height or the position of ballistic products and, therefore, on any derived
volcanological parameter.

• PhixCam is a user-friendly program that allows volcanologists to georeference in the 3D
space the position of objects tracked in visible camera frames, when a given transport
plane is assumed.

What is the implication of the main findings?

• We have shown the operative potential of Phixcam, which provides data to volcano
observatories that can be used to interpret the height of volcanic products when they
are dispersed in specific directions, as well as the associated uncertainty.

• This program can be adopted to analyze historical pictures of volcanic events and
estimate their eruption source parameters.

Abstract

Visible cameras are widely adopted low-cost instruments for volcano monitoring. Images
can be used to characterize volcanic activity of variable intensity and style and to estimate
key eruption source parameters that are essential for assessing volcanic hazards. Nev-
ertheless, the analysis of images from visible cameras is subject to significant sources of
uncertainty and operational limitations. In addition to visibility issues caused by meteo-
rological phenomena and variable illumination, assigning the pixel position of an object
of interest (e.g., volcanic plumes, ballistic projectiles) to a specific geographic location
and elevation is not straightforward, introducing substantial uncertainty in the estima-
tion of eruption parameters. We present PhixCam, a Python tool that allows the user to
georeference in the 3D space the visual field of surveillance cameras from minimal input
data: a DEM, the camera position, and a reference image where the framed relief can be
outlined. The software includes functions to construct conversion matrices that can be
adopted to translate the position of pixels into elevation above sea level when different
emission directions of volcanic products are considered, thereby allowing users to assess
the confidence of the results. This code was tested on a series of cameras of the Chilean
Volcanic Surveillance Network, showing its operative potential in volcanic observatories,
and on historical pictures, allowing us to estimate data of interest in volcanology for poorly
monitored volcanic events.
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1. Introduction

Visible cameras are an essential part of any network of volcano monitoring around
the world [1–6]. They are fundamental tools to characterize volcanic activity and inter-
pret geophysical signals in terms of surface processes [2,7,8]. Visible cameras can also be
adopted to estimate crucial parameters of explosive volcanism [9,10], such as column height
and launch conditions of ballistic projectiles [6,11], of great relevance to inform numerical
models of different volcanic processes and to improve hazard assessments [12–16], comple-
menting the information derived from the increasing number of remote sensing techniques
that are routinely applied in monitoring of volcanic and other natural systems [17–22]. In
addition, they have been coupled with thermal cameras to quantitatively describe volcanic
explosions [23] and have also been proven to be useful for tracking the advance of lava
flows [8].

However, despite their apparent simplicity, the analysis of images from visible cameras
is subject to multiple sources of uncertainty [2,9–11,24]. For instance, the frequent lack
of knowledge about the direction towards which volcanic products are emitted during
an eruption introduces substantial uncertainty in computing the actual position of an
object tracked in the atmosphere (e.g., ballistic bombs or a volcanic plume) when projected
on a 2D image. Moreover, the exact orientation of surveillance cameras is often unclear
and subjected to changes in time due to different meteorological phenomena or during
maintenance operations that cannot be correctly performed in remotely way. Moreover,
the installation site of these cameras is by itself strongly conditioned by the feasibility of
data transmission, power supply or access. As a consequence, volcanic surveillance visible
cameras are frequently unleveled, with significant effects on any derived estimation of
volcanological parameters.

Some authors have addressed the problem of volcanic surveillance camera calibration
and the assignment of a position in the space to the different pixels that make up the
frames [9,10,24]. Scollo et al. [9] calibrated the ECV camera of Etna volcano based on the
analysis of a series of captures framing a chessboard pattern with different orientations,
and considering geographically known features [25,26]. Ospina et al. [24] presented a
field calibration methodology of visible cameras and applied it to a series of Colombian
monitoring instruments. Barnie et al. [10] compared the performance of camera calibrations
based on chessboard patterns, the position of stars, and terrain features, which include
horizon matching, for the analysis of the 2021 Fagradalsfjall eruption, in Iceland. Despite
these recent efforts, open-source computational tools to assist volcanologists in all the
stages of this process in a standardized and reproducible manner are not available in
the literature, and the use of equidistant horizontal isolines to compute plume height is
still frequent in volcano observatories. All these conditions create the need to develop
a reproducible procedure to georeference (or calibrate) the images captured by visible
cameras that is simple and fast enough to allow for the calibration of the high number of
cameras that volcano observatories usually manage, with highly variable characteristics
in terms of star visibility at night, characteristic topographic features and topography
irregularity. In this paper, we present a user-friendly, open-source and freely-downloadable
Python-based tool that allows the user to delimit, using a reproducible approach, the visual
field of visible cameras with minimal input information: a DEM, the camera position and
a reference image where the framed relief can be outlined. From this, the code permits
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to estimate the position in the space associated with each pixel of the captured images
when different emission directions of volcanic products are considered. This code was
tested on a series of cameras of the Red Nacional de Vigilancia Volcánica (National Volcanic
Surveillance Network) in Chile, managed by Sernageomin (National Service of Geology
and Mining), showing its operative potential in volcanic observatories to improve our
quantification, standardization and interpretation capacity of the information provided
by visible cameras and its uncertainty. In this work, we also show the application of this
tool to analyze historical pictures of volcanic eruptions, taking as an illustrative example a
photo of the 1961 eruption of Calbuco volcano, in Chile.

2. Methods

2.1. Visible Cameras And Topography Data

The Chilean volcano monitoring network, managed by Sernageomin, involves 43 active
volcanoes distributed along more than 3000 km. Most of them are part of the Central and
Southern Volcanic Zones of the Andes [27,28]. The erupted products range in composition from
basaltic to rhyolitic, with a wide variety of eruption styles [29]. The instrumentation of this
volcano monitoring network includes geophysical ground-based sensors (seismicity, deforma-
tion through GNSS and tiltmeters, infrasound), facilities for geochemical analysis (DOAS, IR
camera, Multi-Gas) and visible and thermal cameras, which are typically complemented with
satellite-derived information [29–31]. The characterization of surface activity largely relies on
visible cameras and remote sensing, as well as the estimation of some critical eruption source
parameters. Thus, any application aimed to improve the ability to analyze images produced by
visible cameras is particularly critical in this scenario.

In this study, we developed the PhixCam software and tested its performance by
applying it to visible cameras belonging in the monitoring network of three Chilean volcanic
systems: Villarrica volcano, Láscar volcano, and Nevados de Chillán volcanic complex
(Figure 1 and Table 1). All of them present recent volcanic activity [19,30,32], and they
are included in the highest risk volcanoes category, defined by Sernageomin [33] on the
basis of hazard and exposure considerations. Villarrica volcano is monitored with 7 visible
cameras located on different flanks of the edifice and at variable distances from the vent,
while Láscar volcano and Nevados de Chillán volcanic complex present 3 visible cameras
each (Figure 1 and Table 1).

Table 1. Set of visible cameras analyzed in this study. We include information of the angular range
considered to compute the different horizon profiles in the software PhixCam (see Section 2.2).

Camera ID Volcano Distance to Vent (km) Image Dimensions Angular Range of the Computed Horizon Profile
1

CON Villarrica 19.7 1280 → 720 10–25º
CVV 22.8 1920 → 1080 115–130º
LLA 16.2 1280 → 720 220–240º
NEV 9.8 1280 → 720 250–265º
PCV 5.2 800 → 450 150–200º
PUC 16.3 1280 → 720 160–175º
VN2 3.2 1280 → 720 100–160º

ALM 2 Lascar 52.3 1280 → 720 100–160º
COR 2 3.3 1280 → 720 ↑30–50º
TUM 2 6.9 1280 → 720 130–210º

AND Nevados de Chillán 2.8 800 → 450 25–55º
ARA 2 25.9 480 → 270 60–100º
POR 1.4 800 → 450 170–220º

1 Horizon profiles were constructed considering 2000 equidistant points. 2 Elevation data from SRTM-30 m [34].
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Figure 1. Geographic position of the studied volcanoes in South America (panel (a)) and visible
cameras (panels (b–d)) considered in this work (see Figure 2). Red triangles indicate volcanic vents,
and green circles represent the positions of visible cameras.

For Villarrica and Nevados de Chillán, we dispose of high-resolution DEMs of their
crater areas elaborated with Pleiades images, framed on the collaborative program Geo-
HazSA Supersite CNES. In most of the studied visible cameras, a significant portion of the
volcanic edifice framed in the images (Figure 2) is contained in our high-resolution DEMs.
The only exception was the ARA camera of the Nevados de Chillán volcanic system; for
this camera, as well as for the cameras of the Láscar volcano, we used elevation data from
SRTM-30 m [34] to perform the analysis described below.

2.2. The Software

PhixCam (Figure 3 and Table 2) is a software that allows the user to analyze DEMs in
order to characterize the volcano topography observed from a given position and compare
it with images captured by visible cameras, allowing their georeferentiation, including tilt
and roll rotation (Figure 4a). The software also allows estimation of the height associated
with each pixel of the images when different emission directions of volcanic products are
considered. Please note that PhixCam is not intended to be used in real time but applied
after significant changes in camera orientation (e.g., due to maintenance tasks) to calibrate
this device and obtain a set of operative matrices that will allow to interpret the position
of each pixel of the images in terms of elevation above sea level. PhixCam includes four
modules, each one hosted in a different tab (Figure 3):
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(a) Horizon Profile Module allows the user to set the camera position, a range for the
observation direction and a few terms to define the required resolution of the horizon
profile. Based on this data, the tool is able to import or download the topography and
compute the horizon profile when an observer looks from the camera position in the
range of directions defined by the user (Figure 4b). This information is recorded in
two vectors with Nh elements,ωθhp andωθht , which represent the pan and tilt angles of
the horizon profile, respectively (see Figure 4b; Nh is defined by the user, being equal
to 2000 in all the calibrations presented here). The algorithm is simply an iterative
procedure that computes, for variable observation angles from the camera position, the
largest tilt inclination (Figure 4a) that intersect the imported/downloaded topography.
The code also includes functions to load a previously computed horizon profile and
to plot these data (Table 2).

(b) Reference Profile Module allows the user to import a reference image of the visible
camera under examination and trace manually, by means of a user-friendly, interactive
graphical interface, the observed profile at the horizon (Figure 4c). The reference
profile is saved in two vectors with Nr elements, called ωprx and ωpry , that represent
the horizontal and vertical coordinates in pixel units of the points outlined by the
user in the reference image (see Figure 4c; Nr ranges from 16 to 49 in the calibrations
presented here). The code includes functions to load and plot this information as well
(Table 2).

(c) Georeference Image Module permits the user to iterate over the horizon profile,
considering different positions, zooms and rotations of the camera (tilt and roll), in
order to fit these data to the reference profile. Thereby, the camera visual field is
georeferenced, allowing assignation of a vector to each pixel of the captured images
(Table 2 and Figure 4d). The algorithm consists of two stages.
First, the code iterates over the observation direction (φp) and the angle of view (φv).
For each geometric configuration, the code recognizes the portion of the horizon pro-
file actually framed, which is the subset of (ωθhp , ωθht) containing all the elements ofωθhp

in the interval [φp ↑ φv/2, φp + φv/2]. A third iteration parameter is then introduced:
the tilt angle (φt), which is used to rotate the framed horizon profile with respect
to a horizontal line, giving rise to a set of rotated, framed points (ωθ

f r
hp

, ωθ f r
ht
) that are

controlled by three iteration variables: (φp, φv, φt). Note that the iteration limits and
steps are defined by the user; for the calibrations presented here, we adopted the
default setup of the code. For each iteration cycle, we have two sets of points: the
reference profile (ωprx ,ωpry) and the rotated, framed horizon profile (ωθ

f r
hp

, ωθ f r
ht
). After the

application of a normalization routine to set the same horizontal distance between the
first and the last components of ωprx andωθ

f r
hp

, the software computes a series of simple
statistical parameters that are sequentially analyzed to discard the geometric configu-
rations that fit poorly the reference data. These statistical parameters, extracted from
the normalized vectors ωpn

ry and ωθ
f rn
ht

are: (1) ratio of total vertical variation to total
horizontal variation in the framed profile, (2) linear term in a first-order polynomial fit,
and (3) quadratic term in a second-order polynomial fit. From this iteration process,
the code extracts a series of geometric configurations (φp, φv, φt) that are candidates
to fit the reference profile.
In the second stage, the algorithm iterates on the vicinity of these geometric con-
figurations, reanalyzes the described statistical parameters and, for the geometric
configurations that are not a priori discarded, the code minimizes the mean squared
distance to recognizes the one that best fits the reference profile. Thereby, the code is
able to extract the optimal set (φo

p, φo
v, φo

t ) and thus identify issues related to camera
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leveling, which must be considered when these images are processed and used to
quantify eruption parameters.

(d) Pixel-Height Conversion Module permits to compute the height associated with
each pixel of the captured image when a given vertical plane is intersected. This
plane is expected to represent the emission plane of volcanic products. When volcanic
plumes are analyzed, it is expected to be consistent with the wind field. When ballistic
fragments are studied, this plane is related to the launch direction. Because this
information is frequently unclear, this module allows the user to define a variation
range for the azimuth of this plane and to statistically analyze the height of each pixel
of the image in terms of different percentiles, average value and standard deviation
(Table 2).

Figure 2. Reference frames of the visible cameras considered in this work.
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Figure 3. User-friendly interface of the program PhixCam.
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Table 2. Functions included in the program PhixCam.

Module Function Description

Horizon Profile Load Topography This function allows the user to download topographic data (SRTM
30 m) or load a DEM file in ascii format. The downloaded topogra-
phies are saved in the folder Topographies.

Plot Topography This function permits the user to plot a previously loaded topography,
where information about the camera position and an angular range
for the field of view can be included.

Create Horizon Profile This function allows the user to compute the horizon profile when
an observer looks from the camera position in a defined range of
directions. Data is saved in the folder Horizons.

Load Horizon Profile It permits the user to load an already created horizon profile.
Plot Horizon Profile This function allows the user to plot data of an already created hori-

zon profile.

Reference Profile Load Image This function is used to import a reference image of the visible camera
under study. The more common extensions of images are supported
by PhixCam (jpg, jpeg, png, tiff).

Show Image It allows the user to display a previously imported image of the
visible camera under study.

Create Profile This function displays a previously imported image of the visible
camera under study and allows the user to trace manually the ob-
served topographic profile at the horizon. Data is saved in the folder
ReferenceProfiles.

Load Profile It permits the user to load a previously created reference profile and
the associated image.

Plot Profile This function permits the user to plot a previously created reference
profile and the associated image.

Georeference
Image

Load Comparison This function allows the user to import a file containing the informa-
tion needed to georeference a visible camera. It includes rotation (tilt
and roll) and angular range of the view field.

Compare Profiles Based on a previously imported horizon profile and a reference pro-
file, this function launches an iterative algorithm able to identify the
portion of the horizon profile that fits better the reference information.
Data is saved in the folder CameraOrientations.

Plot Comparison This function allows the user to plot both the horizon profile and the
reference profile, projected on the reference image. It allows the user
to evaluate the performance of the comparison procedure.

Set Input To Improve
Comparison

This function resets the input parameters displayed in this tab to
improve a previously computed fit by iterating in its vicinity.

Pixel Height Con-
version

Load Matrices This function allows the user to import the results of a set of pixel
position-to-height conversion matrices.

Create Matrices Based on a georeferenced camera, vent coordinates and a range of
variation for the emission direction of volcanic products, the code
computes the pixel position-to-height conversion matrices and saves
them in the folder PixelHeightConversion. Average height, its standard
deviation and different percentiles are also computed and saved. All
these products have the same dimensions of the reference image. The
output format is compatible with the program PHA [11].

Plot Matrices It allows the user to plot a set of previously created pixel position-to-
height conversion matrices.
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Figure 4. (a) Scheme of the tilt and roll rotation directions of a camera. (b) Example of a horizon
profile computed by PhixCam (yellow dots). (c) Example of a reference profile traced in PhixCam
(green dashed line). (d) Fit between the reference and horizon profiles (see Table 3). (e,f) Illustrative
examples of the results produced by PhixCam, including the average height of each pixel for a range
of directions of emission of volcanic products (N60E to N120E; panel (e)) and the associated standard
deviation (panel (f)). All the example images presented here are associated with the camera CON of
Villarrica volcano.

Table 3. Results of the PhixCam-based georeferentiation of the view field of visible cameras.

Camera ID Volcano Roll Angle (º)
1

View Field (º)
2

Tilt Angle (º)
3

Error Measure
4

CON Villarrica 1.64 12.44–20.02 8.31 0.00132
CVV 5 ↑1.28 112.72–128.48 6.83 0.00327
LLA ↑0.02 224.21–239.41 10.12 0.00064
NEV 0.04 255.59–258.59 6.07 0.00206
PCV 0.92 165.51–188.56 19.98 0.00111
PUC 4.34 166.28–169.15 9.17 0.00119
VN2 3.98 127.56–150.06 24.73 0.00160

ALM Lascar ↑2.15 118.36–144.62 9.10 0.00100
COR ↑4.43 ↑16.89–37.96 20.86 0.00767
TUM ↑1.60 139.83–199.34 19.01 0.00319

AND 5 Nevados de Chillán ↑3.79 28.56–51.69 14.08 0.00441
ARA 2.96 69.50–88.04 4.77 0.00167

POR 5 ↑2.14 156.40–230.45 25.12 0.00570
1 Positive values indicate anticlockwise rotation, while negative values are related to clockwise rotation (see
Figure 4a). 2 Calculated in the middle of the left and right margins of the photos. 3 Calculated with respect to the
center of the photos (see Figure 4a). 4 Root of the mean squared distance (in pixel units) between the horizon
profile and the points of the profile outlined by the user, normalized to the horizontal extent (in pixel units) of the
reference profile. 5 Since the high-resolution DEM does not cover completely the zone framed by the camera, the
reference profile was outlined in the summit region of the volcano and in proximal domains. Note that the use of
less points to calibrate these cameras is manifested in error measures larger than that observed for the other cases.
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3. Results

The described calibration strategy, implemented in the program PhixCam, was applied
independently to 13 visible cameras, whose results are included in Table 3. Roll rotations
(Figure 4a) of the studied visible cameras range between <↑3º (i.e., anticlockwise rotation;
AND camera of Nevados de Chillán volcanic complex and COR camera of Láscar volcano)
and >3º (i.e., clockwise rotation; PUC and VN2 cameras of Villarrica volcano). Only three
of the used cameras present a roll rotation smaller than 1º (LLA, NEV and PCV; Villarrica
volcano), while the mean deviation from horizontality is about 2.25º (median value of
2.14º). Tilts (Figure 4a) vary between <5º (ARA camera of Nevados de Chillán volcanic
complex) and ↓25º (VN2 camera of Villarrica volcano and POR camera of Nevados de
Chillán volcanic complex). As expected, the largest values of tilt rotation are typically
associated with proximal cameras, while distal cameras present tilt rotations lower than
10º. The largest error measures are linked to low-resolution elevation data (e.g., those at
Láscar volcano) or calibrations for which the high-resolution DEM only covers a limited
part of the volcanic edifice framed by the camera (e.g., CVV camera of Villarrica volcano
and AND and POR cameras of Nevados de Chillán volcanic complex; see Table 3).

In Figure 5, for the studied visible cameras, we present the results of height above sea
level for each pixel of the images if it were assumed that the detectable volcanic products
are emitted perpendicularly to the observation angle. In all cases, the computed height at
the vent zone is consistent with the altitude of the studied volcanoes, which can be used
as a first-order validation of our calibration, exclusively based on a shape comparison of
the relief observed at the horizon (in other words, vent elevation is not an input of the
calibration routine). The studied captures of surveillance cameras of Villarrica volcano are
able to track plumes of heights lower than 5 km a.s.l. (↓2 km above the crater; Figure 5).
Note, however, that these cameras are set up to take zoomed-out photos regularly and can
be manipulated remotely in the case of eruptions with higher volcanic plumes. On the
other hand, the studied visible cameras at Láscar volcano and Nevados de Chillán volcanic
complex are able to track column heights of up to 20 km a.s.l. (↓15 km above the crater)
and 6 km a.s.l. (↓3 km above the crater), respectively (Figure 5).

The effect of roll rotation is evident in the pixel-to-height conversion matrices, some of
which are highly asymmetrical (e.g., COR camera of Láscar volcano and PUC camera of
Villarrica volcano; Figure 5). On the other hand, the high curvature of some of the height
isolines is related to proximal location and/or high tilt of the monitoring instruments (COR
camera of Láscar volcano and POR camera of Nevados de Chillán volcanic complex). Note
that high curvatures are not evident in the height isolines of Villarrica cameras because of
their limited view fields (Table 3), which are smaller than 25º in all the cases, in contrast to
the other analyzed volcanoes (e.g., POR camera of Nevados de Chillán volcano; TUM and
COR cameras of Láscar volcano).

In order to highlight the critical influence of wind direction in video monitoring
of eruption parameters, Figure 6 presents the isolines of height above sea level for the
studied instruments of Villarrica volcano, considering different planes of propagation of
pyroclastic material: N-S (left-hand panels), NE-SW (center panels) and W-E (right-hand
panels). As can be inferred from Figure 6, the effect of wind field in height isolines is
able to generate significant differences in the estimates of column height. Propagation
of volcanic products almost parallel to the observation direction significantly reduces
the applicability of surveillance cameras in volcano monitoring, as is observed under
specific wind conditions for LLA (Figure 6h) and PCV (Figure 6m) cameras of Villarrica
volcano, stressing the critical need to install and integrate surveillance cameras on different
flanks of volcanoes considering the orientation of dominant winds. The critical effect of
wind is also observed in Figure 7, where we present the record of a low-intensity event



Remote Sens. 2025, 17, 3643 11 of 20

that occurred on 21 July 2024 at Villarrica volcano (17:53 local time, visible camera PCV;
Figure 7a–h). We present the comparison between height estimates derived from the
application of a PhixCam-based calibration (Figure 7i,j, considering winds blowing in the
range N300E–N330E) and a calibration based on regularly spaced horizontal isolines, which
is the approach currently adopted by Sernageomin. Results show comparable heights in
the vicinity of the vent, while a clear and increasing bias in height estimates emerges when
the plume approaches the margins of the image, with a height difference above the crater
of more than 70%. These discrepancies may induce significant differences in any derived
estimate of volcanological interest, such as the mass eruption rate [35,36].

Figure 5. Height above sea level of each pixel of the visible cameras considered in this study when
volcanic products are emitted perpendicular to the observation direction.
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Figure 6. Height above sea level of each pixel of the georeferenced Villarrica visible cameras when
different directions of emission of volcanic products are considered. Please note that two of these
images present isolines that do not span over the entire frames because estimates of column height or
horizontal distance from the vent are unrealistically high in these portions of the images. This occurs
when products are emitted nearly parallel to the camera orientation (see Figure 1).
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Figure 7. (a–h) Frames of a low-intensity emission of pyroclasts at Villarrica volcano (21 July 2024;
PCV camera). (i,j) Average and standard deviation of the height above the vent (2847 m a.s.l.)
associated with products dispersed towards N300E–N330E. (k) Comparison of the estimates of height
computed using regularly spaced horizontal isolines and those obtained by means of a PhixCam-
based calibration of the camera orientation.

4. Discussion

4.1. Operative Potential Of PhixCam

Modern volcano monitoring involves the collection of geophysical and geochemical
signals and their interpretation in terms of subsurface and surficial processes [37,38]. Direct
observation of the eruption of volcanic products is one of the most important constraints
that permits linking geophysical signals and atmospheric processes. In this context, visible
cameras are particularly useful instruments. These monitoring devices are frequently
adopted to quantify column height in explosive eruptions [9,11], describe the kinematics of
ballistic projectiles [39,40] and recognize morphology changes in effusive activity. Through
conceptual and numerical models, these parameters can be adopted to quantify first-order
variables of volcanic eruptions from a hazard perspective, such as mass discharge rate
or launch velocity of pyroclasts [16,41–43]. In addition, visible cameras are essential for
dimensioning intempestive eruptive activity or unrest of fast triggering. However, the
complexity of data collection from visible cameras is often underestimated in the literature
when compared to other monitoring techniques. The main sources of uncertainty are
related to the frequently unclear camera orientation and the direction of emission of
volcanic products [9,10]. In view of this, here we presented PhixCam, an open-source
Python tool that facilitates a series of tasks needed to take advantage of and improve our
interpretation capacity of results provided by visible cameras in the context of volcano
monitoring. This code allows volcanologists to perform the following tasks:

(a) Recognize the exact position of the image framed by a visible camera, including
camera orientation and rotation angles (roll and tilt, Figure 4a).

(b) Use this information to interpret each pixel of the images in terms of position above
the crater when a given emission direction of volcanic products is considered.
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(c) Propagate the uncertainty in the emission direction of volcanic products to our esti-
mates of eruption parameters such as plume height or distance reached by ballistic
projectiles.

The PhixCam calibration approach is based on the horizon matching strategy. When
compared to other procedures, such as the chessboard approach or calibrations based on
the position of stars or the analysis of terrain features [9,10], horizon matching places fewer
requirements on the analyzed captures, favoring reproducibility and applicability of this
approach to both cameras recording complex topographies (e.g., ALM camera of Láscar
volcano) and cameras that capture exclusively the summit part of an almost perfectly
conical stratovolcano, i.e., in absence of clear topographic markers able to guide calibration
(see Figure 2). Thereby, even if some additional guide elements have revealed to be useful
to improve the precision of visible cameras calibrations [10], which can be considered a
limitation of PhixCam, our strategy is more versatile and, thus, a reasonable alternative for
volcano observatories dealing with large sets of visible cameras characterized by strongly
variable features in terms of the topography present in the frames. Further limitations of
PhixCam are related to the user-controlled definition of the reference profile, which may
affect reproducibility of results, the assumption of pyroclast dispersion on a vertical plane
centered in the volcano vent, and intrinsic limitations related to the frequently unknown
propagation direction of volcanic products.

Analysis of a set of visible cameras from the Chilean volcano monitoring system
shows the operative potential of PhixCam to georeference them and improve any derived
quantitative measure. Note that the studied frames include a wide variety of topography
profiles and can be used for both systems of central (e.g., Villarrica volcano) and distributed
volcanism (e.g., Laguna del Maule Volcanic Field). From our results, we clearly observe
the critical effect of adequately considering leveling issues of instruments when taking
eruption estimates in order to avoid biases in results. In fact, non-negligible roll rotations
(Figure 4a) have revealed to be frequent, with deviation from horizontality of up to about
5º in the set of visible cameras analyzed.

The interplay between camera orientation and propagation direction of volcanic
material is also crucial in controlling the amount and quality of the data a visible camera
is able to provide, which must be considered properly when a network of surveillance
instruments is installed and processed. This aspect is also addressed in this software by
comparing the calibrated camera orientation with planes that represent possible transport
directions of volcanic products. From an operative point of view, PhixCam provides
matrices of pixel-to-height conversion for different planes of propagation of pyroclasts,
with the same dimensions of the analyzed captures. These products can be selected as a
function of the atmospheric conditions in volcanic observatories in order to improve data
collection in terms of precision and uncertainty quantification. PhixCam also allows us
to address in advance the full range of coverage of a camera and the quality of its data,
helping to decide the needs of new instruments or installation sites.

Although the DEM resolution requirements of PhixCam for a specific volcano depends
on the complexity of the topography observed from the camera, as a testing exercise, we
recalibrated all the cameras using SRTM-30 m [34] elevation data to compute the hori-
zon profile and compare them with calibrations derived from the use of high-resolution
DEMs. Recalibration results are presented in Table 4, where we can observe that the error
measures tend to be significantly larger for low-resolution elevation data, as expected,
and that slight to moderate differences in the roll angle and view field are introduced,
as well as small changes in the tilt angle. Reduction in fit quality is particularly relevant
for cameras located near the vent (AND and POR cameras of Nevados de Chillán vol-
canic complex) and cameras with a limited view field (NEV camera of Villarrica volcano).
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However, even if discrepancies are, in general, not negligible, the orientation differences
translate into remarkably limited discrepancies in the pixel-to-height matrices produced by
PhixCam (Figure 8), with values of the order of a few tens of meters, much smaller than the
uncertainty derived from the typically poorly-constrained direction of pyroclast emission.

Figure 8. Height difference between the pixel-to-height matrices computed using high-resolution
DEMs and SRTM-30 m elevation data.
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Table 4. Results of the PhixCam-based georeferentiation of the view field of visible cameras using
exclusively SRTM-30 m topography data.

Camera ID Volcano Roll Angle (º)
1

View Field (º)
2

Tilt Angle (º)
3

Error Measure
4

CON Villarrica 2.56 12.68–19.71 8.19 0.00444
CVV ↑1.40 112.46–128.89 6.66 0.00278
LLA 0.58 224.07–239.72 10.09 0.00282
NEV 1.50 255.23–258.92 8.07 0.00548
PCV 1.50 165.59–189.33 19.79 0.00583
PUC 4.68 166.18–169.40 9.07 0.00742
VN2 3.78 128.35–149.74 24.45 0.00560

AND Nevados de Chillán ↑1.40 26.74–54.04 12.92 0.00683
POR ↑1.56 155.99–232.73 23.92 0.00737

1 Positive values indicate anticlockwise rotation, while negative values are related to clockwise rotation (see
Figure 4a). 2 Calculated in the middle of the left and right margins of the photos. 3 Calculated with respect to the
center of the photos (see Figure 4a). 4 Root of the mean squared distance (in pixels) between the horizon profile
and the points of the profile traced by the user, normalized to the horizontal extent (in pixels) of the profile traced
by the user.

4.2. Analysis of Historical Data

In addition to the calibration of static surveillance cameras, PhixCam has been tested to
reanalyze historical images of volcanic eruptions. In the absence of significant modifications
of the surrounding topography, historical images can be georeferenced, and, thus, relevant
eruptive parameters can be retrieved from them. In Figure 9b we present a photo of the
1961 eruption of Calbuco volcano, taken somewhere along the Correntoso route towards
Chepo Lake, in Southern Chile. By iterating along the above mentioned route, it was
possible to recognize a zone where the topography is consistent with the photo (Figure 9a),
and, thus, it was possible to georeference it and estimate the plume height (Figure 9c). By
assuming that winds blow towards the east, which is the most frequent wind scenario in
the study area at heights between 5 and 10 km, we calculated a plume height of about
7.5 km a.s.l. (Figure 9d). This value is much higher than that described in the available
reports of this eruption for February 1961 [44,45]. In fact, although a ↓12 km height plume
was reported for 10 March 1961, during the period that the photo was taken, the activity
was described as only characterized by columns of water steam. If we assume that the date
presented in the photo is correct (i.e., 21 February 1961), this application of PhixCam serves
as an illustrative example of the relevant information that we can retrieve from the analysis
and georeferentiation of the archive of volcanic eruptions, allowing improvement of our
characterization of the behavior of active volcanoes during recent events and thus of our
assessments of volcanic hazard.
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Figure 9. Application of PhixCam to the analysis of the historical archive: (a) Shaded relief map of
Calbuco volcano, with indications of the position from which we interpret the picture presented in
panel b was taken. (b) Photo of the Calbuco volcano eruption of 21 February 1961 [46]. This photo is
part of the Chilean National archive and is labeled with the following text: “Calbuco volcano eruption,
21 February 1961. Correntoso route to Chapo lake”. (c) Comparison of topography traced in the
image (red markers) and the observed relief from the position from which, according to our results,
this photo was taken (blue, dashed line). Results indicate that the image presents a roll rotation
of 2.36° (anticlockwise). (d) Average height of each pixel of the image when volcanic products are
assumed to have been emitted from the active vent towards the east (between N70E and N110E),
while the standard deviation is presented in panel (e).

5. Conclusions

A new open-source, freely downloadable and user-friendly Python tool named Phix-
Cam is presented here, which has been designed to facilitate a series of tasks that will
allow volcanologists in observatories to improve their estimates of eruption parameters
based on the record of visible cameras. This program allows to deal with issues related
to camera leveling and the uncertainty in the propagation direction of volcanic products,
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offering a framework to track the height of volcanic products recognized in captures of
visible cameras.
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