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Abstract—Explosive volcanic eruptions threaten people’s
lives, destroy infrastructure and crops in fields and threaten the
safety of air traffic even at large distances from the volcano.
Existing approaches lack the required spatial and temporal
resolution to properly monitor transport and dispersion of
volcanic ash clouds. This contribution introduces a
photogrammetry-based mission concept using a formation of
small satellites. This new approach will make it possible to
observe clouds’ height at higher frequency and with accuracy
comparable with lidar observations.
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I. INTRODUCTION
Worldwide, about 50–70 volcanoes erupt each year. On
average, at least one large eruption where material reaches the
stratosphere occurs annually [1]. Volcanic ash, which is
generated by fragmentation processes of the magma [2] and the
surrounding rock material of a volcanic vent, represents a
major product of volcanic eruptions. Short-term and regionally
restricted effects during volcanic eruptions are reduced
visibility and solar irradiation reaching the Earth’s surface,
influencing air temperature, cloud reflectivity, precipitation
formation, phytoplankton bloom in ocean, etc.
For the estimate of the above mentioned impacts of
volcanic ash, the importance of remote sensing of volcanic ash
distributions in the atmosphere has received increasing
attention over the last 30 years. The progress was triggered in
particular by a few prominent volcanic eruptions either due to
the magnitude of the eruption and worldwide climate impacts
(e.g. Mt. St. Helens, USA 1980; El Chichon, Mexico 1982;
Pinatubo, Philippines 1991), or the attention received by the
media, e.g. due to flight cancellation (Galunggung, Indonesia
1982, Soputan, Indonesia 1985 and Redoubt, USA 1989
Eyjafjallajökull, Iceland 2010).
The 2010 Eyjafjallajökull volcanic eruption on Iceland
totally paralyzed the air traffic in Europe because of our
inability to make an exact prediction of volcanic ash
dispersion. Although this eruption is considered a “small”
eruption (erupted rock equivalent of 0.18 km3; for comparison
1991 Pinatubo 3–5 km3, 1815 Tambora ~90 km3), it clearly
demonstrated that the available information on the vertical
extent of the ash cloud was insufficient [3]: “The largest
uncertainty in the ability of numerical models to predict the

spread of volcanic ash, and hence to advise aviation regulators,
is in the observations of the eruption itself. Specifically, more
accurate information on how high the ash is being emplaced at
the source, the mass eruption rate and near source plume
dynamics leads to better constraints on downstream ash
locations.”
The ash vertical extent can be estimated from pilot reports,
ground based, air-borne, and space-borne measurements. All
ground based measurements are, however, restricted to their
exceptional spatial and temporal availability. Compared to
ground or airborne based observations, satellite remote sensing
provides global observations. An overview of the available
satellite observations of the ash vertical distribution is given by
Zakšek et al. [4]. The exact accuracy of the different methods
depends on the spatial resolution of the sensors and the height
of a cloud. Best estimates are based on satellite lidar
observations, which have an accuracy better than 200 m, but
they are available only every 16 days and only for the
satellite’s nadir [5]. Operational height estimates based on CO2
absorption are available several times a day but with a much
higher uncertainty (2.9 km [5]). Therefore, state of the art
satellite measurements of the ash cloud top height do not
provide adequate accuracy and temporal availability at the
same time.
Emerging miniature satellite technology can provide the
key technology to close this gap by introducing larger
constellations of small spacecrafts in low Earth orbit, thus
increasing temporal and spatial coverage at reasonable cost. In
particular, autonomous cooperation of multiple spacecrafts in
close formation allows the effective combination of
measurements from multiple perspectives and provides the
base for novel remote cloud sensing approaches [6].
II. MISSION OBJECTIVES AND REQUIREMENTS
The main objective of the proposed mission is the
monitoring of explosive volcanic eruptions that impact our
daily life in various ways (health, crops in fields, or the safety
of air traffic). We focus on monitoring the vertical extent of
volcanic plumes and clouds using simultaneous stereoscopic
observations from a formation of small satellites. In particular,
this mission aims to:
• Estimate cloud spatial distribution and its temporal
evolution.

• Estimate cloud top height with an accuracy comparable
to lidar for all visible layers.

angle for photogrammetry), the spatial resolution of the sensor
should not be coarser than 35 m.

• Increase the temporal resolution of the observations to
at least once per day.

It is essential that the camera sensor is not a push-broom
sensor but a full frame sensor. Only the use of a full frame
sensor on a formation of satellites makes it possible to retrieve
a sequence of images from several observing points. Such a
sequence is required to distinguish several layers of clouds
during post-processing. In addition to the camera operating in
the visible spectrum, the leading satellite should be equipped
with a bolometer (may be only a line sensor) with two narrow
band spectral filters of max 1 µm width, centered at 11 and
12 µm wavelength. These two filters will provide BTD used
for initial detection of the target area with volcanic ash. The
lens in front of the bolometer should cover a field of view of at
least 30°. The spatial resolution of the bolometer may be coarse
(1–3 km).

Clouds can move at 100 km/h or more, which imposes two
relevant challenges for space borne photogrammetry. First,
there might be a significant time delay between satellite
commanding and the actual observation, such that the actual
target area might have moved. Second, cloud movement
between two asynchronous measurements can be
misinterpreted as a parallax, resulting in false altitude
estimations. Thus, observations need to be carefully
synchronized between the satellites in the formation. Given the
dynamic nature of the event, the mission shall be able to:
•

Simultaneously capture high-resolution images of the
same target area in the visible (VIS) range from at least
two viewpoints (mandatory).

•

Autonomously detect and track an ash cloud within a
specified region of interest (mandatory). Note: this
could potentially be achieved with an extra thermal
infrared (TIR) sensor (optional).

•

Adapt the observation baseline to different operation
and observation scenarios (optional).
III. APPROACH

A. Cloud Detection and Height Reconstruction
Fig. 1 (top image) shows that satellite observations in the
visible spectrum are not optimal for a reliable estimation of
volcanic ash. Because of an absorption band of silica at
~10 µm, the most effective detection is based on the
observations in the thermal infrared spectrum. Brightness
temperatures difference (BTD) (Fig. 1) at two appropriate
wavelengths can in most cases effectively distinguish between
meteorological (in blue) and ash clouds (in red) [7]. However,
here we can see that the positive BTD plume, which extends
from Iceland in dark blue, has a volcanic origin as well,
although it looks like a meteorological cloud. This is because
in the beginning of eruption, a lot of water was injected into
atmosphere as well.
The most effective tool for ash detection, also in complex
situations like the one shown in Fig. 1, is a thermal
spectrometer. A good example for such an instrument being
also suitable for small satellites has been developed at the
University of Hawaii [8]. Although quite light, this instrument
is still too heavy for a nanosatellite, though. Thus, another
objective of this mission is the development of an on-board
recognition system for detecting ash clouds by combining BTD
and visible observations.
To reach this goal (results based on photogrammetry should
have the same accuracy as lidar – 200 m), high resolution
images are required. These can be acquired with an off-shelf
full-frame sensor operating in the visible spectrum. Assuming
the satellite formation will fly at the height of 600 km and that
the viewing angle between two satellites is 10° (an appropriate

Fig. 1. Eyjafjallajökull ash cloud from (15th April, 2010); above an image
from a geostaionary orbit (SEVIRI instrument) in visible spectrum (11:30
UTC) over UK; BTD for whole Europe (20:00 UTC) in the middle; below
photogrammetrically estimated height (11:30 UTC) over UK [4].

B. Operations Concept
The mission foresees the use of at least one formation of
four pico and/or nanosatellites flying in a “string of pearls”
(SoP) configuration at 600 km altitude in a near-polar orbit.
Such formations are relatively easy to establish for small
satellites, and have the added advantage of providing a fairly
constant observation baseline. A single formation can provide
at least one observation window per day in daylight. To
increase the revisit time the number of formations can be
increased, to form a global constellation of multiple sets of
cooperating small satellites. We note that although near-polar
orbits are not necessarily optimal for ash cloud observation,
they are easily and cheaply accessible for pico and
nanosatellites. This makes such orbits very attractive for our
application, as it is easy and relatively quick to extend the
system by adding extra formations as required.
For a formation of four satellites (S1, S2, S3, S4) we consider
three different SoP configurations:
1.

Homogeneous SoP, with all four satellites equally
spaced by 50 to 100 km. This configuration has the
added advantage of providing three consecutive
redundant observations of the same target area from
the same orbital locations. This can be particularly
useful for estimating the temporal evolution.

2.

Heterogeneous SoP, where all four satellites have
different inter-satellite distances: S1–S2: 50 km; S2–S3:
150 km; S3–S4: 100 km. Such a configuration allows to
switch in real-time between different baselines (50,
100, 150, 200, 250, 300 km) to adapt to different
observation scenarios.

3.

Two-by-two, where the four satellites are separated in
two groups of two, flying 1–5 min (400–2000 km)
apart. This type of formation could be particularly
useful to capture temporal evolutions at a wider range.

For any of the above configurations, and in the event of an
eruption, a typical observation cycle would proceed as follows:
1.

Ground control defines and uplinks one or more areas
of interest (AOI) for observations.

2.

The first satellite to enter an AOI continuously scans
the AOI in the VIS and, optionally, in the TIR range
until it detects the observation target.

3.

Once the target is located an observation plan is
generated and distributed. The observation plan
specifies the target, the observation timing and sensor
settings.

4.

To maximize the overlap between simultaneously
acquired images with the limited navigation and
control capabilities of miniature satellites, a
coordinated fixed target observation loop is then
established. As input the control algorithm uses meta
information extracted from the optical sensors and
distributed among the formation.

5.

Once the formation exits the AOI the observations are
pre-processed and archived for efficient downlink at
the next opportunity.

6.

Once available on the ground, cloud height, location
and temporal evolution are estimated using
photogrammetric methods [4].

The highly dynamic nature of the phenomenon being
observed, the required fast response time, and the limitations
inherent to using pico and nanosatellite platforms places new
requirements on the onboard systems and operations concepts.
This push for more onboard autonomy is particularly pertinent
for the areas of intelligent sensing, continuous planningscheduling and distributed control.
C. Small Satellite Formation
The proposed mission is an application of the ongoing
NetSat research project [6]. NetSat will demonstrate in orbit
the technologies required to establish autonomous formations
of picosatellites. In the process it will validate many of the
technologies required to implement the mission here proposed,
including: inter-satellite communications, distributed planningscheduling approaches and formation control based on
miniaturized electrical propulsion [9]. The underlying modular
picosatellite bus has already been demonstrated in the scope of
the UWE-3 mission [10].
The sensor suit includes a camera in the visible range with
5 megapixel resolution. The required spatial resolution will be
achieved using a lens with 35 mm focal length, which – given
the pixel size of 14µm – will result in a horizontal swath width
of 62 km or 24 m per pixel (6° horizontal field-of-view).
However, according to experience the real resolution is
considerably inferior to the theoretical one, thus choosing
superoptimal optics is a necessity. Optionally, an extra thermal
infrared camera (microbolometer) could also be included.
Achieving the required attitude determination and control
accuracy at the pico and nanosatellite scales remains to this day
a challenge. Commercially available miniaturized start-trackers
exist that can provide the required absolute attitude accuracy.
However, their typically large sun exclusion angle, due to the
inherent size constraints, renders them impractical to provide
continuous precise attitude knowledge during target tracking.
Given these constraints, and to meet the relative attitude
determination and control requirements, it is intended to
implement a distributed relative attitude control using the
payload images in the loop.

Fig. 2. UWE-3 pico-satellite as precursor to the UWE-4 and NetSat missions.

Starting with an absolute attitude knowledge of ~1°, as
typical for coarse miniature Attitude Determination and
Control Systems (ADCS), relevant features are extracted from
the visible images (optionally also from the thermal infrared)
and exchanged between the satellites as input to the control
algorithms. This would improve the relative attitude knowledge
and control, allowing to maximize the overlap of multiple
simultaneously captured images from different viewpoints.
IV. EVALUATION
A. Feature Detection and Distributed Target Tracking
The Speeded-Up Robust Features (SURF) detector,
descriptor and matching algorithm, introduced in [11], was
chosen for this analysis. SURF is notably faster and more
robust than its predecessors, like SIFT. A feature-based
matching (FBM) method was selected over an area-based
method (ABM) due to its higher robustness and reliability,
which is paramount for onboard implementation.

Fig. 3. Average repeatability score as a function of the change in viewpoint
measured as the elapsed time between the two images being compared.
Computed using a SURF descriptor of length 64. At an altitude of 337 km, 1
second equates to approximatelly 7.6 km/s.

For robust autonomous onboard execution, two properties
are paramount [12][13]:
•

Repeatability, measuring the consistency with which
the detector finds the same physical interest points in
two different images shot from different angles, i.e. the
geometric stability. Its score is given by the ratio
between the number of matches between the two
images and the minimum number of interest points
detected in both images.

•

Distinctiveness, measuring the uniqueness of the
descriptors, as evaluated by their information content.
The probability of correct matching increases with
higher information content. The entropy of a set of
descriptors is a measure of the average information
content of the corresponding set of interest points. The
larger the entropy the more distinctive are the
descriptors.

When discussing repeatability it needs to be noted that
since we are dealing with a 3D scene, additional interest points
will inevitably show up between the scenes due to occlusions
and shadows. This implicitly imposes a limit on the maximum
inter-satellite distance for which matching with a given
reliability is still possible. The two biggest factors that affect
repeatability in our scenario are the changes in viewpoint and
the rotations perpendicular to the image plan.
The algorithms were run against a set of sample images
taken from the International Space Station (ISS) of an eruption
of the Sarychev volcano in the Matua island on the 12th of June
2009. The images were taken by an astronaut with a Nikon
D2Xs camera with a 400 mm focal length, and from an height
of approximately 337 km [14]. For this analysis 25 visible
images were used. Thermal-infrared images were not
considered. The average repeatability score in percentage is
displayed in Fig. 3 showing, as expected, relatively low
repeatability values for a such a complex 3D scene. This is
exacerbated by the fact that, for this particular set, the images
are not taken simultaneously, and that the scene being observed
is highly dynamic. In the real formation scenario, with near-

Fig. 4. Average information content. Estimated as the average entropy within
a local region around the set of interest point.

simultaneous observations, the values are expected to improve
considerably. In Fig. 4, and as reference, the average
information content for the sample dataset is plotted against the
average information content of a cloud free dataset. The lower
values are expected, and reflect the high percentage of cloud
cover in the analyzed images.
Once the leading satellite A has detected and extracted the
features, both the descriptors and the points’ coordinates are
forwarded to satellite B. The features are then matched and the
relative rotation and translation between the two cameras
computed using the method introduced by Hartley in [15]. This
information is then used as input to B’s ADCS control,
guaranteeing that both satellites track the same target area with
the highest image overlap possible. This process is then
repeated for satellites C and D. In average, and in order to
maximize the probability of a match, around 400 features need
to be initially transferred between the spacecrafts. For a SURF
descriptor of length 64, and being the points’ coordinates
encoded in 32 bits, this amounts to about 100kB of data that
need to be transmitted initially. To minimize the bandwidth
requirements on the inter-satellite link, and after the first match
has been confirmed, only new features are transmitted between
the satellites. A catalogue of known features is maintained by
all satellites and synchronized incrementally.

Future work will consider the use of multi-spectral images
and their effect on the robustness of the onboard algorithm.
B. Example Scenario
The proposed algorithms were evaluated against a sample
time series of images taken on 12th June 2009 from the ISS of
an eruption of the Sarychev volcano in the Matua island. The
plume (Fig. 6) appears to be a combination of brown ash and
white steam. The ash clouds drifted primarily to the southeast
causing extensive disruption to air traffic on routes across the
North Pacific [16]. Using a time series of 25 photographs we
simulated the images acquired by a four satellite SoP formation
with inter-satellite separations between 50 and 100 km (Fig. 5).
This is not the perfect case study as there is a 21 s interval
between the first and the last of the four images. In this period
the plume has evolved, and perfect results cannot be achieved.
Therefore, we focus only on the areas having high contrast,
where features don't change significantly during both retrievals.
So in the presented case this is the edge of the lower clouds.
We have computed image correlation for different vertical
shifts and the best results are achieved when shifting the
rectified second image for 7 pixels upwards. Since after the
coordinate transformation the parallax is only expected in the
horizontal direction (i.e. aligned with the epipolar line), the
vertical alignment should be perfect. So this difference of 7
pixels can be considered to be an estimate of the matching
accuracy. Assuming that the accuracy is similar also in the
orthogonal (horizontal) direction, the estimated accuracy of the
proposed procedure is approximately 10 pixels.
C. Plume and Cloud Model
The plume/cloud height is not estimated on board but
during post-processing. Fig. 7 shows a visualization of the
point cloud retrieved using Structure from Motion (SfM) [19].
The top height of the plume reached 7 km. It is not optimally
reconstructed because of a relatively large time difference
between the images and the low texture on the plume top.
There is an opening in the lower clouds that is very well
reconstructed. The opening is most likely a consequence of the
shock wave giving the possibility to observe this plume [16].
Future work will use a larger dataset to determine the optimal
inter-satellite distance to observe such scenes.

Fig. 5. String of pearls formation showing coordinated fixed target
observations. Simulated observations from 4 different satellites of the
Sarychev volcano on the 12th of June 2009. A (22:16:21 GMT), B (22:16:14
GMT), C (22:16:07 GMT), D (22:16:00 GMT).

Fig. 6. Simulated observations from 4 different satellites of the Sarychev
volcano on the 12th of June 2009. A (22:16:21 GMT – ISS020E009052). B
(22:16:14 GMT – ISS020E009048), C (22:16:07 GMT – ISS020E009046), D
(22:16:00 GMT – ISS020E009041). Credit: Earth Science and Remote
Sensing Unit, NASA Johnson Space Center [14].
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