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Zusammenfassung
Vulkanaschepartikel sind eine Gefahr für die Luftfahrt, da sie in Triebwerken schmelzen
und sich anschließend an kritischen Komponenten ablagern können. Dies kann zu einem
totalen Leistungsverlust führen. Daher werden Satellitenmessungen zur kontinuierlichen,
großräumigen Detektion von Vulkanasche eingesetzt, was durch die hohe Variabilität der
atmosphärischen Bedingungen und der Ascheeigenschaften erschwert wird, etwa der bisher
weitgehend vernachlässigten petrologischen Zusammensetzung.

Diese Arbeit befasst sich mit einem neuen, universell einsetzbaren Verfahren zur Be-
stimmung von Vulkanasche. Die volumengewichtete Mittelung bekannter Brechungsindizes
der Vulkanaschekomponenten (Gläser, Minerale, Hohlräume) gemäß typischer Phasenver-
teilungen ermöglicht die Ableitung eines Effektivwertes. Es zeigt sich, dass Porosität, Silizi-
umdioxidgehalt und das Glas zu Kristall-Verhältnis den Brechungsindex in abnehmendem
Maße beeinflussen. Zusammensetzung und Partikelgröße haben vergleichbare Auswirkun-
gen auf die optischen Eigenschaften, insbesondere auf den Massenextinktionskoeffizienten.
Strahlungstransferrechnungen zeigen, dass geostationäre Satellitenbildgeber gegenüber Va-
riationen der Massensäule (mcol), der Aschewolkenoberkante (ztop) und des Effektivradius
(reff) am empfindlichsten sind. Das vertikale Massenprofil und der Siliziumdioxidgehalt
haben kleinere, aber beobachtbare Auswirkungen.

Basierend auf diesen Erkenntnissen wird der neue Algorithmus VACOS (Volcanic Ash
Cloud properties Obtained from SEVIRI) entwickelt, der sich auf Helligkeitstemperaturen
im thermischen Infrarot des Radiometers SEVIRI an Bord der geostationären Meteosat
Second Generation Satelliten und auf Daten eines numerischen Wettervorhersagemodells
stützt. Es verwendet künstliche neuronale Netze, die mit synthetischen Beobachtungen
trainiert werden, welche ein breites Spektrum an atmosphärischen Bedingungen, typischen
makrophysikalischen Aschewolkeneigenschaften, und insbesondere die Variabilität der op-
tischen Eigenschaften aufgrund verschiedener Aschearten abdecken. VACOS führt eine
pixelweise Klassifizierung durch und ermittelt ztop, reff und die optische Dicke der Asche
bei 10.8 µm (τ10,8, konvertierbar in mcol mit einem fallspezifischen Faktor). Eine Leistungs-
charakterisierung anhand simulierter Daten zeigt einen mittleren absoluten prozentualen
Fehler von ≲ 40 % für mcol für Ascheschichten mit einem wahren τ10,8 von ≥0,1, ≲ 10 %
für ztop für Ascheschichten oberhalb von 5 km, und ≲ 35 % für reff für tatsächliche reff von
0,6–6 µm. Echte mcol von 0,2–1 g m−2 und eine Detektion unter Verwendung des abgelei-
teten τ10,8 mit einem Schwellenwert von 0,04 führt zu einer Erkennungswahrscheinlichkeit
von ~93 % bei einer Fehlalarmrate von ~1 %. Die allgemeine Anwendbarkeit von VACOS
wird durch den Vergleich mit weltraumgestützten Lidar-Messungen sowie Flugzeugmes-
sungen des Deutschen Zentrums für Luft- und Raumfahrt und der Facility for Airborne
Atmospheric Measurements für die Ausbrüche des Puyehue-Cordón Caulle (2011) und des
Eyjafjallajökull (2010) demonstriert. Eine Plausibilitätsprüfung mit einem Modellensemble
des letzteren zeigt eine gute Übereinstimmung in der räumlich-zeitlichen Aschebedeckung,
aber Abweichungen von ≳ 100 km bei Entfernungen ≳ 1000 km vom Vulkan auf Grund von
Modellungenauigkeiten. Aufgrund seiner Anwendbarkeit unter einer Vielzahl von Szenarien
ist VACOS bestens geeignet für Luftverkehrsanwendungen.
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Abstract
Volcanic ash particles are a threat to aviation as they can melt within jet engines and
subsequently resolidify on critical components, potentially leading to a total loss of power.
Thus, satellite measurements are used for the continuous large-scale detection of volcanic
ash, which is complicated by the high variability in the atmospheric conditions and the
ash properties, e.g., the yet mostly neglected petrological composition.

This thesis focuses on a new general-purpose volcanic ash satellite retrieval. Volume-
weighted averaging of known refractive indices of the volcanic ash components (glasses,
minerals, voids) according to generic phase distributions allows to derive an effective value.
It is shown that porosity, silica content and glass-to-crystal ratio affect the refractive index
to a decreasing extent. Composition and particle size have comparable impact on the
optical properties, especially the mass extinction coefficient. Radiative transfer calculations
show that geostationary satellite imagers are most sensitive to variations in the mass load
(mcol), the ash cloud top height (ztop) and the effective radius (reff); the vertical mass
profile and the silica content have smaller, yet a noticeable impact.

Based on these insights, the new algorithm VACOS (Volcanic Ash Cloud properties
Obtained from SEVIRI) is developed, relying on thermal infrared brightness temperatures
from the radiometer SEVIRI aboard the geostationary Meteosat Second Generation satel-
lites and auxiliary data from a numerical weather prediction model. It applies artificial
neural networks trained with synthetic observations covering a wide range of atmospheric
conditions, typical macrophysical ash cloud properties, and in particular the variability of
optical properties due to different ash types. VACOS performs a pixelwise classification
and retrieves ztop, reff and the ash optical depth at 10.8 µm (τ10.8, convertible to mcol using
a case-dependent factor). A performance characterization using simulated data indicates a
mean absolute percentage error of ≲ 40 % for mcol for ash layers with a true τ10.8 of ≥ 0.1,
≲ 10 % for ztop for layers above 5 km, and ≲ 35 % for reff for true reff of 0.6–6 µm. True
mcol of 0.2–1 g m−2 and a detection scheme using the retrieved τ10.8 with a threshold of
0.04 leads to a probability of detection of ~93 % at a false alarm rate of ~1 %. The general
applicability of VACOS is demonstrated by comparing it with spaceborne lidar retrievals as
well as aircraft measurements by Deutsches Zentrum für Luft- und Raumfahrt and the Fa-
cility for Airborne Atmospheric Measurements for the eruptions of Puyehue-Cordón Caulle
(2011) and Eyjafjallajökull (2010). A plausibility check with a model ensemble of the latter
indicates a good agreement in the spatio-temporal ash coverage, but offsets ≳ 100 km at
distances ≳ 1000 km from the volcano caused by model inaccuracies. Overall, VACOS is
ideally suited for aviation applications due to its applicability in a wide range of scenarios.
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Chapter 1

Introduction

1.1 Motivation: Why is remote sensing of volcanic
ash necessary?

The 2010 eruption of the Icelandic volcano Eyjafjallajökull (pronounced as “A-ya-fyat-la-
yœk-utl”, Alexander, 2013) did not come unannounced, as indications for volcanic activity
(e.g., earthquakes and surface deformations) had been observed since the beginning of the
1990s (Gudmundsson et al., 2010, 2012). They intensified in the first months of 2010,
leading to a short effusive fissure at the flank of the volcano on 20 March and producing
lava until 12 April (Sigmundsson et al., 2010). A short intermission followed; then on
14 April at around 01:30 UTC in the night, an explosive eruption started. Unusually
high amounts of fine volcanic ash were produced as the magma had a rather high silica
content (~60 wt.%) and was additionally powered by the glacier on top of the volcano
(Gudmundsson et al., 2012, Watson, 2015). The ash plume (Figure 1.1) reached heights of
up to ~10 km, and strong north-westerly winds drove the ash cloud towards Scandinavia,
the United Kingdom and continental Europe in the following days (Petersen, 2010).

Volcanic ash clouds are a threat to air traffic security due to a reduction of visibil-
ity, ash and volcanic gases in the cockpit and cabin, damaging of instruments (e.g., the
pitot tube), and abrasion of wings and windshields (Casadevall, 1994). Most important,
volcanic ash might melt and resolidify within jet turbines, leading to at least temporary
malfunctioning (Przedpelski and Casadevall, 1994). In December 1989 a KLM Boeing
747-400 aircraft unknowingly entered the ash cloud of Redoubt Volcano in Alaska and
subsequently lost power on all four engines. Although the engines could be restarted, the
damage to the aircraft was totaled to about US$80 million (Casadevall, 1994). Overall,
129 encounters of aircraft with volcanic ash have been reported between 1953 and 2009,
some even at distances >1000 km from the volcano. In 9 cases, temporary loss of at
least one engine occurred, with 2 encounters taking place even at daylight at distances of
about 250 km and 930 km from the vent (Guffanti et al., 2010). This is also caused by the
fact that potentially hazardous ash concentrations might not be visually distinguishable
from harmless concentrations by flight crews (Weinzierl et al., 2012). Thus, nine Volcanic
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Figure 1.1: Moderate Resolution Imaging Spectroradiometer (MODIS) satellite images
of volcanic ash plumes of Eyjafjallajökull on 17 April 2010 (left) and Puyehue-Cordón
Caulle on 6 June 2011 (right); "Eruption of Eyjafjallajökull Volcano, Iceland April 17
[Detail]" (https://www.flickr.com/photos/24662369@N07/4530571303) and "Puyehue-
Cordón Caulle Volcano" (https://www.flickr.com/photos/24662369@N07/5804670439)
by NASA Goddard Space Flight Center, licensed under CC BY 2.0
(https://creativecommons.org/licenses/by/2.0/).

Ash Advisory Centers (VAACs) were founded in the 1990s, each covering a part of the
globe, with the task to perform numerical volcanic ash transport and dispersion model-
ing in the event of an eruption to provide forecasts on the volcanic ash contamination to
the responsible institutions (Bolić and Sivčev, 2011). At the time of the Eyjafjallajökull
eruption, the International Civil Aviation Organization (ICAO) recommended "regardless
of ash concentration—AVOID AVOID AVOID", such that during the first days in April
2010, extensive parts of the European airspace were closed, leading to the cancellation of
> 100 000 flights and lost revenues to the airlines in the order of US$1.7 billion (Bolić and
Sivčev, 2011, Budd et al., 2011). Peaking at 18 April, nearly 80 % of all flights in Europe
were postponed (Alexander, 2013).

The first eruptive phase of Eyjafjallajökull lasted from 14 to 18 April. It was followed
by a calmer phase until 4 May. Then a second explosive phase began and lasted until 17
May, again producing large amounts of volcanic ash contaminating parts of the northern
Atlantic and reaching mainland Europe (Gudmundsson et al., 2012). By then it was decided
to change regulations to not only differentiate ash-contaminated from ash-free zones, but
to establish multiple zones based on the ash volume concentration (Bolić and Sivčev, 2011,
Langmann et al., 2012), although the corresponding threshold values (initially 0.2 mg m−3

and 2 mg m−3, later raised to 2 mg m−3 and 4 mg m−3, ICAO, Schumann et al., 2011) were
decided rather arbitrarily (Alexander, 2013, Watson, 2015). Finally, from 18 to 22 May,
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the volcanic activity decreased and—apart from minor activity in June—finally ceased
(Gudmundsson et al., 2012).

The numerical ash transport and dispersion models as applied by the VAACS are ini-
tialized by a source term, including the vertical mass profile, particle size and compositional
properties of the volcanic ash emitted from the vent. The distribution of the volcanic ash
is then forced by the meteorology as given by numerical weather prediction models, and
various atmospheric processes for removal and alteration of the ash particles (Langmann
et al., 2012, Mackie et al., 2016). However, comparisons of model results with in situ mea-
surements and satellite observations indicated weaknesses of the VAAC predictions, e.g.,
overestimation of the spatial extent of the ash contamination by one order of magnitude
(Eliasson and Yoshitani, 2015, Eliasson et al., 2014), fine-structured ash clouds instead of
large scale coverage for distal locations (Weber et al., 2012), and differences in the order
of 100 km in the horizontal location with respect to the real ash clouds (Schumann et al.,
2011). Numerical dispersion calculations can be improved by better constraining volcanic
emissions. For instance, Stohl et al. (2011) applied a dispersion model-based inversion
scheme to satellite retrievals of volcanic ash loads for the 2010 Eyjafjallajökull eruption
to derive a time and height-dependent eruption source term, leading to improvements in
the agreement of dispersion model results and satellite observations with respect to the
spatial ash contamination. The authors found that ash concentrations over Europe (i.e.,
10° W–30° E, 36° N–60° N) remained below the critical limit of 4 mg m−3 (which triggers
airspace closure) in principle all the time in spring 2010.

Still, dispersion models might loose predictive power with increasing runtime as small
inaccuracies (e.g., in the meteorological forcing fields) might lead to enormous errors (Dacre
et al., 2016), such that satellite retrievals might be preferred to model results. In addition,
numerous volcanoes are situated at remote locations such that they are mainly observable
from space. Depending on the instrument, satellite measurements can provide extensive
spatial coverage in real time and at high temporal resolutions (e.g., the full disc of Earth
every 15 min and less, Schmetz et al., 2002a) , or low/infrequent spatial coverage but with
a high spatial resolution (e.g., horizontal resolutions below 1 km and vertical resolutions
down to 0.03 km, Watson et al., 2004, Winker et al., 2009) or spectral resolution (e.g.,
down to 0.25 cm−1, Hilton et al., 2012). Many volcanic ash detection algorithms rely on its
spectral signature in the thermal infrared spectrum which can produce a negative difference
in the brightness temperatures at 11 µm and 12 µm (Prata, 1989), allowing to discriminate
it from cirrus clouds (Inoue, 1985). However, the volcanic ash detection is complicated,
for example, by the presence of volcanic ash under a very diverse set of geographic and
atmospheric conditions; a large variation in volcanic ash types from different eruptions
(Mackie et al., 2016, Reed et al., 2018); complex vertical ash mass profiles (Marenco et al.,
2011); sulfur dioxide emitted by some volcanoes and influencing the infrared spectrum
(Gray and Bennartz, 2015); mineral dust clouds and arid Earth surfaces which produce a
spectral signal similar to the one of ash (Ackerman, 1997, Watkin, 2003); and water vapor,
liquid and ice water clouds hiding the ash-specific spectral signature (Watkin, 2003). At
the same time, only a very limited number of spectral bands is provided by the satellite
imagers used for real-time monitoring of volcanic ash. Thus, its detection and the retrieval



4 1. Introduction

of its properties becomes a non-trivial inversion problem.
Apart from the direct impact to aircraft in operation, volcanic ash can also affect the

infrastructure in relative proximity to the volcanic source: airports might be affected if
the corresponding airspace is ash contaminated or ash deposits reduce the traction of
runways (Guffanti et al., 2009); power outages, e.g., caused by flashovers due to moist
volcanic ash covering insulators or collapse of transmission poles/lines due to the weight
of the deposited ash (Wilson et al., 2012); disruption of water supply and disposal, e.g., by
interfering the water sources/pumps/distribution systems, changing physical and chemical
water properties or unusually high water demands (Wilson et al., 2012); components relying
on constant air exchange might be damaged, e.g., computers, ventilation and air conditions
(Wilson et al., 2012); tephra deposition can damage buildings, e.g., due to roof collapse
(Spence et al., 2005). In addition, volcanic ash might pose a threat to health, especially if
inhaled (Horwell and Baxter, 2006).

Volcanic eruptions can also influence the global climate on time scales of years. The
main impact comes from the emitted sulfur dioxide and the resulting sulfate in the strato-
sphere. The latter has a cooling effect to the surface as it scatters incoming solar light but
at the same time heats the stratosphere by absorbing thermal and near-infrared radiation.
If this heating takes place at low latitudes, the increased temperature gradient with re-
spect to high latitudes can lead to warmer continental winters on the northern hemisphere
via strengthening of the polar vortex (Langmann, 2014, Robock, 2000, Timmreck, 2012).
With respect to volcanic ash, its direct radiative effect (i.e., the direct interaction with
incoming solar and outgoing thermal radiation), as well as the indirect radiative effect
(i.e., influencing cloud formation, cloud coverage, droplet sizes and precipitation when ash
particles act as cloud condensation or ice nuclei) have in most cases only a spatially and
temporally limited impact (Langmann, 2013), due to the comparably short atmospheric
lifetime on the order of days to weeks (Grainger et al., 2013). However, sedimented ash
might modify the planetary albedo (Langmann, 2013). For instance, Flanner et al. (2014)
indicated that in the case of the 2010 Eyjafjallajökull eruption warming due to volcanic
ash deposited on snow and ice surfaces (especially in Greenland) notably counteracted the
cooling by atmospheric sulfates.

1.2 Scientific topics
As described above, there is a clear need for volcanic ash retrievals via satellite in the
context of aviation safety. Usually, those methods rely on radiative transfer calculations
based on the optical properties of volcanic ash, which in turn are related to its complex
refractive index. Due to a lack of alternatives, the majority of algorithms developed in the
past decades utilized only two laboratory measurements of this quantity in the thermal
infrared by Pollack et al. (1973), Volz (1973) (additional volcanic ash samples were inves-
tigated by Deguine et al. (2020), Grainger et al. (2013), Ishimoto et al. (2016), Reed et al.
(2018) only recently, see Section 2.1.3 for details). However, an accurate assumption of the
complex refractive index is necessary as some studies indicated that it has a non-negligible
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impact on the performance of volcanic ash retrievals in the thermal infrared (Prata et al.,
2019, Western et al., 2015). Thus, the first hypothesis is:

1. For volcanic ash, the petrological composition and the effective particle radius have a
similarly strong impact on its optical properties in the thermal infrared spectrum, such
that both need to be accounted for in radiative transfer.

This contrasts earlier assumptions, e.g., by Wen and Rose (1994), who concluded that the
particle size is of greater importance than the volcanic ash composition with respect to
mass load retrievals. To test the hypothesis, a novel method is developed to derive complex
refractive indices based on typical petrological compositions of volcanic ash (a compara-
ble approach was used for mineral dust by Lee and Park, 2014, Sokolik and Toon, 1999).
With this technique, a set of complex refractive indices is composed for different bulk silica
contents, glass-to-crystal ratios and porosities. Calculating the optical properties for these
refractive indices in combination with different particle sizes and shapes allows to compare
the individual importance.

The retrieval of multiple quantities of volcanic ash clouds is of interest: the mass
load and especially the mass volume concentration; the cloud top height and geometrical
thickness, or more general, the vertical mass profile; the effective particle radius and shape;
and the composition, e.g., the silica content and the glass-to-crystal ratio. The mass load
can be used to quantify the total mass emission of a volcanic eruption (Corradini et al.,
2016, Gudmundsson et al., 2012, Prata and Prata, 2012). Ash mass concentration and
height are needed for the aviation safety evaluation (ICAO, Watson, 2015). Vertical mass
profiles or mass loads are necessary for the comparison with numerical ash transport and
dispersion models (Dacre et al., 2016, Muser et al., 2020). Particle size and shape influence
sedimentation (Grainger et al., 2013, Mackie et al., 2016) and aggregation (Brown et al.,
2012). Mass concentration and size (and, thus, the particle number concentration) can
be used to quantify aerosol–cloud interaction (Langmann, 2013). Unfortunately, not all
quantities are retrievable due to the limited spectral resolution of the used instrument (here
the Spinning Enhanced Visible and Infrared Imager on the Meteosat Second Generation
satellites, MSG/SEVIRI); physical limits in the sensitivity; or mutual cancellation of the
effects of different properties. Hence, it is investigated:
2. What is the information content of typical spaceborne geostationary infrared observa-

tions by passive imagers like MSG/SEVIRI with respect to volcanic ash cloud proper-
ties?

The question is answered by calculating and analyzing corresponding optical properties of
volcanic ash and performing radiative transfer calculations for different ash clouds.

Based on the results related to the first two topics, the new volcanic ash retrieval
Volcanic Ash Cloud properties Obtained from SEVIRI (VACOS) is developed. It utilizes
MSG/SEVIRI and artificial neural networks trained with synthetic observations, and is
intended to be generally applicable to different volcanic eruptions. Thus, the training data
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set builds upon atmospheric data covering its daily, annual and inter-annual variability;
the full MSG/SEVIRI disc including different geographies and realistic scene-dependent
sea and land surface emissivities; volcanic ash clouds with a wide range of typical micro-
and macrophysical properties; and an extensive set of volcanic ash refractive indices rep-
resenting different ash compositions. The last point together with the choice of a radiative
transfer-based training data set constitutes the main novelty of this algorithm compared
to existing artificial neural network-based volcanic ash retrievals, which are limited to only
a few volcanic eruptions due to the choice of their training data (P4, Gray and Bennartz,
2015, Picchiani et al., 2011, 2014, Piscini et al., 2014, Zhu et al., 2020, see Section 2.5 for
details). Thus, the question is:
3. How accurate is the general-purpose volcanic ash satellite retrieval VACOS for

MSG/SEVIRI using artificial neural networks with respect to the detection of volcanic
ash clouds and the derivation of their mass column concentration, cloud top height and
effective particle radius?

The performance of VACOS is analyzed using simulated data, CALIPSO/CALIOP (Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation, Cloud Aerosol Lidar with Or-
thogonal Polarization) retrievals of the Puyehue-Cordón Caulle ash cloud in 2011 as well as
airborne measurements and transport and dispersion model results of the Eyjafjallajökull
eruption in 2010.

The rest of this cumulative thesis is structured as follows: In Section 2, a literature
overview on the most essential topics and tools of this work is given, namely volcanic ash
as the object of interest; radiative transfer theory; geostationary passive imagers and in
particular MSG/SEVIRI; artificial neural networks; and the currently existing volcanic
ash satellite retrievals using artificial neural networks. Note that these summaries are
intended to provide a general introduction, introducing basic facts and figures, concepts
and technical terms; they are not complete reviews of the fields. Furthermore, additional
information is given in the papers included in this work, e.g., the connection of the volcanic
ash’s microphysical properties to the optical properties is investigated in P1 and a more
extensive review of the existing volcanic ash passive satellite remote sensing techniques is
presented in P2; it is not repeated here to avoid redundancy. Section 3 forms the main
part, containing reprints of the papers. Note that they do not necessarily deal with the
scientific topics individually. Thus, in Section 4, the work is summarized, each scientific
topic is addressed again in detail and an outlook is given.



Chapter 2

Fundamentals

2.1 Volcanic eruptions
In the following subsections, the basics of volcanic eruptions, ash cloud formation and vol-
canic ash properties are introduced. Note that further information is provided in Section 3,
e.g., the relation between volcanic ash composition, its microphysical properties and the
resulting optical properties is described in P1, whereas ash cloud properties are reviewed
in P2.

2.1.1 Volcanoes
The majority of the volcanoes currently present on the Earth’s surface are located at the
rims of tectonic plates (Figure 2.1), for instance, around the Pacific Ocean (the so-called
Ring of Fire) with volcanoes at the western coast of the Americas, along the Aleutians,
Kamchatka, Japan, the Philippines, Malaysia, Indonesia, Papua New Guinea and the
surrounding islands; in the Caribbean at the boundary of the Caribbean plate; in and
around the Mediterranean at the boundary of the African and the Eurasian plate. Other
famous examples are the Hawaiian volcanoes in the Pacific or the Icelandic volcanoes in
the Atlantic (Lockwood and Hazlett, 2010, Siebert et al., 2011).

The tectonic plates are able to move relative to each other, leading either to divergent or
convergent behavior. The former happens within the oceanic basins. The weaker/thinner
crust of the Earth allows the rise of material from the interior and subsequently the for-
mation of new crust, which further drives the separation of the plates. The result is the
globally-interconnected Mid-Ocean Ridge. For the most part, it resides underwater (with
Iceland being one of the few exceptions). Convergent movement takes place mainly where
oceans meet continents. As the continental plates generally consist of lower density rocks,
the oceanic plates dive below them. At some depth, water carried by the subducting plate
is released, which lowers the melting temperature of the surrounding rocks and as a conse-
quence triggers their melting. Additionally, intraplate volcanism can take place if mantle
plumes rise from deep below the Earth’s surface (potentially from the boundary of Earth’s
core and its mantle). As the overlying plates move, these plumes form linear chains of
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Figure 2.1: Locations of volcanic eruptions since 2000 as listed by the Smithsonian Global
Volcanism Program (red, Venzke, 2021), with boundaries of continents (black) and tectonic
plates (blue, Bird, 2003).

volcanoes, especially in the Pacific (e.g., the Hawaiian islands). In all cases, melted rock
containing dissolved gases, called magma, can be created. Due to differences in the density
of the crusts material and the melted magma, the latter rises until it reaches some neu-
tral buoyancy level, where it might form a magma chamber or even a complex reservoir,
potentially only a few kilometer beneath the surface (Lockwood and Hazlett, 2010).

Finally, the eruption of a volcano could be initiated by various events. The current
theory is that some initial breaking of the magma chamber slightly reduces the pressure
within the chamber, leading to exsolution of volatiles, which could expand in the cracks of
the chamber walls and lead to further fracturing. This process might repeat and accelerate
and—if the surface is reached—could lead to an eruption. Different events (or combinations
thereof) are speculated to start this process. First, the introduction of magma from deeper
levels might increase the chamber’s pressure. Second, crystals might form in the magma
and sediment to the chamber’s bottom, such that in the chamber’s uppermost part remains
a melt of lower density, together with accumulated exsolved gases. This evolution of the
melt might increase the pressure on the chamber’s ceiling. Third, even minor changes in
the crust due to weather or tides might be enough to bring the magma chamber out of its
equilibrium (Lockwood and Hazlett, 2010).

Explosive eruptions are further driven by gases which exsolve from the magma as the
pressure decreases, forming bubbles and turning the magma into a froth. They continue
to grow and rapidly expand in volume, leading to the explosive behavior and the ejection
of volcanic material. If the magma comes in contact with external water (e.g., sea water,
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glaciers, crater lakes), the water turns into steam explosively, increasing the strength of the
event and leading to a hydromagmatic eruption (Langmann, 2013, Lockwood and Hazlett,
2010).

2.1.2 Volcanic clouds
Magma denotes melted rock under the Earth’s surface, potentially including gas bubbles
and crystals. Above the surface, it is called lava, or tephra if fragmented (Lockwood and
Hazlett, 2010, Mackie et al., 2016). The fragmentation is caused, for instance, by the fast
expansion and the resulting stress of the gas bubbles; by abrupt changes in the overall
pressure (e.g., when the volcanic dome collapses); or by water coming in contact with the
melt which either turns into steam explosively or quickly quenches the melt, potentially
bursting later on (Mackie et al., 2016). The part of the tephra with particle sizes <2 mm
is called volcanic ash (Mackie et al., 2016). Further sub-classifications are relative and
depend on the scientific field, as pointed out by Stevenson et al. (2015). E.g., particles
with sizes ≳ 1 µm are called coarse in atmospheric sciences (Wallace and Hobbs, 2006),
whereas in volcanology sizes of the order 0.1–1 mm are considered coarse (Lockwood and
Hazlett, 2010, Wilson et al., 2012). Here, particles with sizes ≲ 10 µm are in the focus, as
these travel furthest in volcanic ash clouds (Grainger et al., 2013).

Based on observations and analog/numerical experiments, the following simple model
has been established for common eruptions. Above the volcanic vent, the eruption column
rises (Figure 2.2). In the lowermost part, volcanic emissions rise due to gas thrust. This
region constitutes about 10 % of the column. Material is emitted with velocities up to
~700 m s−1 and then slows down to <100 m s−1 due to drag forces. As the column rises,
surrounding air is entrained and heated, thereby reducing the effective density of the col-
umn. If the density is below that of the environment, convective lift starts. The convective
region makes up 50–90 % of the column, with updraft velocities of most eruption styles
varying between a few meters per second and ~80 m s−1. If the effective density is not low
enough, the eruption column collapses, potentially leading to a pyroclastic density current
with the volcanic material rapidly moving downhill. Alternatively, pyroclastic density cur-
rents are also often caused by collapsing volcanic domes. Also in this case, ambient air
might be entrained such that at some point parts of the pyroclastic density current start
to rise convectively. After the convective lift and due to the vertical momentum, the ash
might rise above the neutral buoyancy level, creating an overshooting top. It falls back
and spreads laterally, forming an umbrella cloud. In the presence of wind, ash transport
begins and an ash plume forms (Lockwood and Hazlett, 2010, Mackie et al., 2016, Self and
Walker, 1991).

In general, umbrella clouds and ash plumes form in the upper half of the troposphere
(Self and Walker, 1991), e.g., at altitudes of 3–10 km for Eyjafjallajökull in 2010 (Gud-
mundsson et al., 2012) and up to 15 km for Puyehue-Cordón Caulle in 2011 (Klüser et al.,
2013). Extreme events might reach heights >25 km (Mackie et al., 2016, Siebert et al.,
2011, Sparks et al., 1986, Sparks, 1986) and up to about 50 km (Self and Walker, 1991).
An ash cloud itself can have a geometrical thickness of up to few kilometers, consisting
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Figure 2.2: Sketch of an volcanic eruption column and the consequent ash plume.

of one or more layers (Marenco et al., 2011, Schumann et al., 2011). Typical ash mass
concentrations depend strongly on the lifetime, with concentrations of a few 100 µg m−3 at
distances of 1000–2000 km from the source (Marenco et al., 2011, Schumann et al., 2011)
but concentrations of the order of 1 mg m−3 (Weber et al., 2012) to 1 g m−3 (Przedpelski
and Casadevall, 1994) at distances of a few kilometers from the volcano.

2.1.3 Volcanic ash
Composition and microphysical properties

Chemically, magma contains mainly silica (SiO2) with 40–75 wt.% (Langmann, 2013, Lock-
wood and Hazlett, 2010). Further common oxides are titanium dioxide (TiO2), aluminium
oxide (Al2O3), ferric oxide (Fe2O3), ferrous oxide (FeO), manganese oxide (MnO), magne-
sium oxide (MgO), calcium oxide (CaO), sodium oxide (Na2O), potassium oxide (K2O) and
phosphorus pentoxide (P2O5) (Best, 2003, Nakagawa and Ohba, 2002, Prata et al., 2019).
Compositions with a high silica content (roughly >65 wt.%) are called felsic, whereas low
silica contents (<50 wt.%) are called mafic; otherwise one speaks of intermediate compo-
sitions (Lockwood and Hazlett, 2010). A typical classification scheme utilizes the silica
content versus the summed weight percentage of Na2O and K2O. Based on this classifi-
cation, various volcanic products are named, e.g., basalt, andesite or rhyolite (Lockwood
and Hazlett, 2010, Siebert et al., 2011). As silica forms polymer chains in magmatic melts,
an increasing silica content results in an increasing viscosity of the magma. In addition,
higher silica contents partly correlate with higher amounts of volatiles (i.e., gases dissolved
in magma; typically 0.5–7 wt.%), primarily water vapor (H2O) but also sulfur dioxide (SO2)
and carbon dioxide (CO2) due to a tendency of felsic melts to have a higher volatile sol-
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Figure 2.3: Contribution of typical minerals to the crystalline content of volcanic ash
depending on the silica content; numbers are extracted from Jerram and Petford (2011).

ubility than more mafic ones. Clearly, the viscosity also determines the mobility of the
exsolved volatiles, i.e., the gas bubbles. And as the volatiles drive the eruption, an in-
creased amount of gases trapped in the magma (either in bubbles or dissolved) leads to an
increased explosiveness (Langmann, 2013, Lockwood and Hazlett, 2010, Sigurdsson et al.,
1999).

Within the melt, crystalline minerals are formed both during storage (usually larger
crystals called phenocrysts) and ascent (usually smaller crystals called microlites). Those
have different chemical compositions, melting temperatures and densities, and as a conse-
quence different minerals predominate in magma of different silica contents (Figure 2.3).
For example, quartz, alkali feldspar and sodium-rich plagioclase dominate for felsic magma,
whereas calcium-rich plagioclase, olivine and pyroxene is present in mafic rocks (Jerram
and Petford, 2011, Nakagawa and Ohba, 2002, Rogers, 2015). As not all melt crystallizes
before and during the eruption, the ejected volcanic ash consists of a mixture of crystals
and volcanic glass (Wilson et al., 2012). They are either internally mixed with one or more
crystals embedded in a glassy groundmass, or externally with each particle consisting either
of a mineral or of glass, see Figure 2.4 (Hornby et al., 2019, Shipley and Sarna-Wojcicki,
1982). Note that the minerals (except for quartz) have a lower silica content than the
bulk magma, and consequently the remaining glass has a higher silica content than the
bulk magma (Mackie et al., 2016). The petrological composition itself is not fixed, but
changes with the distance from the the volcanic source, as the (denser) crystals sediment
faster (e.g., at distances of the order of 100 km from the vent) than the glass shards. Thus,
distal ash contains mostly glassy particles and has a higher silica content than the original
magma (Mackie et al., 2016, Shipley and Sarna-Wojcicki, 1982).

Due to the exsolved gases, the volcanic glass might be porous and contains bubbles
(vesicles) and overall porosity can be quite high, e.g., >80 % (Sparks, 1978). However,
when considering fine ash, the actual sizes of the bubbles needs to be considered. Using
backscattered electron images or stereo-scanning electron microscopy, and considering the
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Figure 2.4: Minerals and volcanic glass present in a volcanic ash sample originat-
ing from a vulcanian explosion at the Santiaguito dome complex, Guatemala; the
phases were determined using Quantitative Evaluation of Minerals by Scanning Elec-
tron Microscopy / Particle Mineralogical Analysis (QEMSCAN/PMA) with a resolution
of 1 µm; extracted from a figure of Hornby et al. (2019), licensed under CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).

number density, size distributions with peaks at diameters of the order of 10–20 µm were
measured (Genareau et al., 2012, 2013), but also peak diameters of ~0.5 µm (Colucci et al.,
2013). With respect to the volume, bubbles with diameters of 10–600 µm contribute the
major part (Cioni et al., 2014, Genareau et al., 2013, Klug and Cashman, 1994). Still,
even for particles with effective diameters of 1.5–2.8 µm in the plume of a degassing vol-
cano, Shcherbakov et al. (2016) deduced porosities of 18–35 % from the aerosol refractive
index. Ash densities are <1 g cm−3 in the case of high vesicularity; with decreasing particle
size/decreasing porosity, the density increases (Mackie et al., 2016). Volcanic glasses have
densities of ~2.4 g cm−3, whereas minerals often have ~3 g cm−3 and larger (Shipley and
Sarna-Wojcicki, 1982, Wilson et al., 2012).

The typical volcanic ash particle size decreases with the ash cloud’s lifetime and distance
from the source; a log-normal distribution (see Equation 7 in P1 and Limpert et al., 2001)
is often used to describe size measurements (Farlow et al., 1981, Grainger et al., 2013,
Stevenson et al., 2015). However, definite figures depend heavily on the type of eruption as
well as the measurement technique. For instance, based on deposits, median grain sizes in
the order of 1–10 mm at distances of 25 km from the source have been reported for magmatic
eruptions, whereas sizes of the order of 0.1 mm have been found at the same distance for
hydromagmatic eruptions (Mackie et al., 2016). Airborne in situ measurements indicated
mainly particle diameters of 10–30 µm at distances of around 100 km (Mackie et al., 2016).
For the effective particle radius (i.e., the area-weighted radius) of Eyjafjallajökull ash in
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Figure 2.5: Images of volcanic ash particles created using Scanning Electron Microscopy
(SEM); the samples were collected in situ in the Eyjafjallajökull ash plume above the North
Sea at 2 May 2010; taken without changes from Schumann et al. (2011), licensed under
CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/).

2010, Johnson et al. (2012) found 0.5–2 µm at distances of ~1400 km and Schumann et al.
(2011) 0.65–1.4 µm at ~1760 km; Weber et al. (2012) measured particle radii of roughly
0.2–3 µm about 1950 km from the source (and even smaller particles might have been
present in significant amounts). Satellite-based remote sensing retrievals of volcanic ash of
different volcanoes and under different conditions led to effective radii of 0.5–9 µm (Grainger
et al., 2013), 1.1–2.7 µm (Ishimoto et al., 2016) and 0.16–3.09 µm (Ishimoto et al., 2021).
In the discipline of cryptotephra, median shard diameters of 5–100 µm have been found
even at distances >1000 km (Mackie et al., 2016, Stevenson et al., 2015). The log-normal
distribution’s form is parameterized by two quantities: besides a radius (e.g., the effective
or the median radius), one uses the geometric standard deviation. Typical values for it are
of the order 1.38–1.74 (Farlow et al., 1981, Stevenson et al., 2015).

The shape of the ash particles (e.g., Figures 2.5 and 2.6) is highly variable (Vogel et al.,
2017), including blocky particles, glass shards originating from the hulls of fragmented gas
bubbles and foam like, vesicular ash flakes (Mackie et al., 2016). However, glassy shards
tend to dominate at large distances, i.e., beyond 50–250 km (Genareau et al., 2013, Shipley
and Sarna-Wojcicki, 1982), and smaller particles (i.e., particle diameter ≲ 5 µm) tend to
be more spherical than larger ash particles (Vogel et al., 2017).

Further changes of the volcanic ash with traveled distance are related to atmospheric
processes. Gravitational settling is determined by the terminal velocity which exhibits a
non-negligible dependence on the particle shape, with a factor of ~2 difference between
spherical and highly non-spherical particles. Model calculations for particles of diameters
of 1–10 µm and different shapes resulted in terminal velocities of about 0.05–5 mm s−1,
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Figure 2.6: Images of volcanic ash particles created using SEM; the samples are from the
eruption of Mount St. Helens at 18 May 1980; extracted from a figure of Genareau et al.
(2013), licensed under CC BY 2.0 (https://creativecommons.org/licenses/by/2.0/).

respectively (Mackie et al., 2016). Reduction of small ash particles is further increased due
to aggregation (also coagulation), i.e., fine ash particles may collide and form aggregates
with sizes in the order of 10 µm–10 mm, which again have higher fall-out velocities. In the
presence of water (from the magma, external water bodies or the atmospheric water vapor),
their creation is caused by hydrometeor formation or surface tensions when covered/mixed
with liquids. In the absence of liquid water, ash particles might cling together due to
electrostatic charges (e.g., caused by particle collisions) or their entwined irregular surfaces.
Scavenging from volcanic-emitted gases can lead to the creation of crystals on the surfaces
of ash particles, holding multiple particles together (Brown et al., 2012, Langmann, 2014,
Mackie et al., 2016). The surface of volcanic ash particles might be further altered due
to emitted gases, e.g., sulfuric acid might condensate on the surface and sulfates might be
adsorbed (Langmann, 2013, Rose, 1977, Wilson et al., 2012).

Complex refractive index

The chemical and petrological composition influence the complex refractive index of vol-
canic ash (Kolokolova and Gustafson, 2001). Back in 1973, Pollack et al. (1973) and Volz
(1973) measured the refractive index in the thermal infrared of a handful volcanic ash
samples in the laboratory, which were then heavily used in the following decades (e.g.,
Gangale et al., 2010, Ishimoto et al., 2016, Prata, 1989, Prata and Grant, 2001, Pugnaghi
et al., 2013, Wen and Rose, 1994, Yu et al., 2002). Only in recent years, additional re-
fractive indices in the thermal infrared were derived from various ash samples to cover a
wider range of possible ash types. Deguine et al. (2020), Grainger et al. (2013), Reed et al.
(2018) measured the spectral extinction and the size distribution and assumed specific
shapes to derive the refractive index from the optical properties. Using spaceborne hyper-
spectral brightness temperature measurements, Ishimoto et al. (2016) applied a two-step
retrieval to derive micro- and macrophysical ash cloud properties in a first step under the
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assumption of refractive indices from Pollack et al. (1973), and the actual imaginary part
of the refractive index in a second step by keeping all other previously retrieved quantities
constant. Prata et al. (2019) fitted linear wavelength-dependent functions to both parts
of the ash refractive index (from Reed et al., 2018), using either the silica content or the
ratio of non-bridging oxygens to tetrahedrally coordinated cations as an argument (thus,
both arguments reflect the chemical composition of the volcanic ash). The coefficient of
determination R2 was used to quantify how good the fits reproduce the original measure-
ments; although values >0.5 were found for some parts of the spectrum, it was <0.5 around
wavelengths of 9–10 µm, i.e., around the peak of the imaginary part of the refractive index
of volcanic ash.

The variability of the refractive indices is large: results from Reed et al. (2018) and
Deguine et al. (2020) show large deviations between different ash samples (a factor of 2–3)
and also significant differences between the results of the two studies for the same samples
(up to a factor of 2), potentially due to the different shape assumptions (Deguine et al.,
2020). This variability also influences, for instance, volcanic ash satellite retrievals in a
non-negligible fashion (Prata et al., 2019, Wen and Rose, 1994, Western et al., 2015).

Role as cloud condensation and ice nuclei

Volcanic ash (just as other aerosols) might impact liquid and ice water clouds. Depending
on the temperature, the relative humidity RH and the aerosol properties, ash particles
might act as cloud condensation nuclei (CCN) to produce liquid water clouds or as ice nu-
clei (IN) to form cirrus clouds (Wallace and Hobbs, 2006). A common conception (which
is by no means sufficiently tested in all aspects, Boucher et al., 2013, Fan et al., 2016,
Langmann, 2013) assumes that CCNs together with water vapor under supersaturated
conditions lead to the formation of droplets, and consequently to increases in the cloud
cover, liquid water path, droplet number concentration and finally to precipitation, which
reduces the cloudiness again. However, if the CCN number concentration is sufficiently
high, the available water vapor may be used up to form only small droplets. In this case,
cloud cover, liquid water path and droplet number concentration are again increased, but
average droplet size is decreased with respect to the previous case and, thus, precipitation
is inhibited (e.g., Rosenfeld et al., 2001). As a result, the lifetime of the clouds increases.
As discussed by Durant et al. (2008), there might be a similar situation for INs: a small
number of INs in a supercooled cloud might trigger ice particle growth (by the Wegener-
Bergeron-Findeisen process, Storelvmo and Tan, 2015) leading to precipitation, whereas a
large number of INs (e.g., as might be present after a volcanic eruption) might form many
small ice particles, each of which unable to further grow to become large enough to precipi-
tate. Note that these simple pictures are most probably complicated by further micro- and
macrophysical feedbacks dependent on the atmospheric conditions and geographical loca-
tion, which might weaken or modify the straight-forward relationships (Rosenfeld et al.,
2008, Stevens and Feingold, 2009). The aerosol-cloud interaction also varies with different
cloud types (Fan et al., 2016). Apart from modifying the water cycle, these aerosol–cloud
interactions can also have radiative impacts, e.g., the increased cloud cover increases the
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planetary albedo (Albrecht, 1989), especially for clouds over dark surfaces such as oceans,
whereas the increased droplet number concentration at reduced droplet sizes increases the
reflectivity of the clouds even more (Twomey, 1977). Further, water also influences vol-
canic ash: the formation of hydrometeors is an important process in the wet aggregation of
volcanic ash particles (Brown et al., 2012, Mackie et al., 2016). Due to their larger size, ash
aggregates sediment faster than their constituents. Thus, aggregation has to be properly
incorporated in transport and dispersion models which otherwise overestimate the amount
of fine distal ash.

For INs, different freezing modes exist which are active at different temperatures, which
again depend also on the aerosol properties. In the case of volcanic ash, laboratory exper-
iments show that contact freezing (i.e., an aerosol particle touches the surface of a liquid
water droplet from the inside or from the outside, Durant and Shaw, 2005) takes place
at −11.2 ± 1° C (Fornea et al., 2009) or about −17.5° C (Shaw et al., 2005). Immersion
freezing (i.e., the particle is completely inside the droplet) begins at −12 to −25° C (Jahn
et al., 2019) and −26 to −30° C (Schill et al., 2015), at −18.3 ± 2° C (Fornea et al., 2009)
or approximately −22° C (Shaw et al., 2005). Without differentiation between contact and
immersion mode, Durant et al. (2008) found a mean freezing temperature of −19.9±2.1° C.
Note that Schill et al. (2015) found two of their three ash samples to initiate immersion
freezing only at temperatures just above the onset of homogeneous freezing. Deposition
freezing (i.e., water vapor directly forms ice on the IN’s surface) was observed between −30
and −38° C, with the effectiveness depending on the temperature and the relative humidity
with respect to ice RHice (Kulkarni et al., 2015), and starting between −38 and −48° C
at RHice = 105 % (Schill et al., 2015). Finally, in the absence of any INs, homogeneous
freezing begins—depending on the droplet size—between −35 and −41° C (Wallace and
Hobbs, 2006). Besides the temperature dependence also the particle properties have an
impact. For example, freezing temperature slightly decreases with increasing silica content
(Durant et al., 2008) and particle size (Durant et al., 2008, Jahn et al., 2019). Maters et al.
(2019) compared different ash samples and their remelted and quenched analogs in the lab-
oratory and found increased immersion mode freezing temperatures for the ash compared
to the glass samples; for samples containing certain minerals such as alkali feldspar; and
for lower amounts of certain oxides such as Fe2O3, MgO and CaO. Genareau et al. (2018)
found increased ice nucleation activity in the immersion mode for increasing amounts of
K2O and decreasing amounts of MnO and TiO2. Volcanic gases are capable of increasing
or decreasing the ability of ash to form ice at high temperatures (400–800° C); for ex-
ample, an enhancing effect was observed with a mixture of H2O and SO2 (Maters et al.,
2020). With respect to possible surface coatings, Kulkarni et al. (2015) found reduced
deposition freezing activity if Arizona test dust is covered with H2SO4 which decreased the
crystallinity.

In nature, ice within volcanic clouds has been observed at various occasions (Rose
et al., 2004). Also in the case of the Eyjafjallajökull eruption in 2010, various studies
found signs for IN activity. For example, Steinke et al. (2011) investigated immersion
(starting at −21° C) and deposition freezing (starting at −31° C and RHice = 126 %) due to
Eyjafjallajökull ash experimentally using a cloud chamber and found that frozen fractions
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of the volcanic ash particles of 0.1 % were reached at −24° C for the immersion mode and
at −40° C and RHice = 116 % for the deposition mode. A similar study was executed by
Hoyle et al. (2011); they found the onset of immersion freezing at −10 to −23° C for a
small number of particles. But comparing bulk freezing experiments (sensitive to the most
IN-active particles) with the behavior of the average ash particle showed that the latter
lowered the freezing temperatures only by 3–4° C compared to the homogeneous freezing
mode. In addition, the IN activity was in parts significantly lower than for Arizona test
dust and certain minerals. Note that differences in the measured freezing temperatures in
the studies might also be caused by different ash particle sizes (Jahn et al., 2019, Steinke
et al., 2011), e.g., Kulkarni et al. (2015) considered particles with diameters <1 µm; Hoyle
et al. (2011) had ash particles with mostly diameters of ~1 µm, but very few particles had
even sizes >100 µm; Steinke et al. (2011) used particles with diameters generally <10 µm;
Jahn et al. (2019) focussed on sizes <37 µm; and Schill et al. (2015) had effective particle
diameters <60 µm. However, Shaw et al. (2005), Fornea et al. (2009) and Durant et al.
(2008) investigated particles with diameters of 100–300 µm, 250–300 µm and 1–1000 µm,
respectively. Still, by analyzing ground-based air samples in northern Italy, Belosi et al.
(2011) found increased concentrations of aerosols in the accumulation and and coarse mode
compared to a presumably ash-free situation, as well as increased ratios of IN to aerosol
number concentrations. Evaluating ground-based lidar measurements in Germany, volcanic
ash-induced cirrus clouds were observed (e.g., Rolf et al., 2012, Seifert et al., 2011). Rolf
et al. (2012) deduced increases of the IN number concentration by one order of magnitude
(i.e., 0.1 cm−3) from lidar data, and decreases in the ice particle radius (to around 10 µm)
from accompanying model calculations. Seifert et al. (2011) found ice in aged ash clouds
at higher-than-normal temperatures (i.e., at temperatures below −15° C all ash clouds
formed ice, instead of −25° C for normal clouds) and partly at significantly lower-than-
normal altitudes. Flight campaigns found hints for ice/ice coated ash visually due to the
whitish color of the plume top (Weber et al., 2012); during in situ measurements in form
of collocated high relative humidities, mass concentrations, ice water contents and particle
diameters (Johnson et al., 2012, Marenco et al., 2011); and in lidar results (Schumann et al.,
2011). Using polar-orbiting satellites, Kahn and Limbacher (2012) retrieved ice within the
ash plume close to the vent using the Multi-angle Imaging SpectroRadiometer (MISR) with
four channels at 446–866 nm and nine viewing angles in forward and backward direction.
Waquet et al. (2014) considered the same scene using total and polarized radiances in the
visible and near-infrared spectrum from the instrument Polarization and Directionality of
Earth Reflectance (POLDER); although their method worked in principle, it struggled at
the center of the plume close to vent. The authors assumed that this was caused by ice
which was not incorporated in their retrieval.

There are also satellite-based investigations (all using MODIS products alongside other
retrievals or models) on the impact of volcanic emissions on the meteorological cloud prop-
erties: Gassó (2008) presented mostly qualitative case studies of degassing volcanoes (i.e.,
at the Aleutian Islands and the South Sandwich Islands) and weakly explosive eruptions
and their impact on meteorological clouds in the lower troposphere, finding increases in
the cloudiness and decreased cloud droplet effective radii. Analyzing multiyear data for
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effects on trade cumuli by the degassing of SO2 by the Hawaiian Kı̄lauea volcano, Yuan
et al. (2011) found additionally on average a reduction in precipitation, an increase in
cloud top height, and—as a consequence of the microphysical changes and increased cloud
coverage—an increase in the atmospheric shortwave albedo. Findings of reduced average
effective droplet radius and an increased shortwave upward flux were confirmed by Ebmeier
et al. (2014) by investigating data of multiple years and multiple island volcanoes (Kı̄lauea,
Yasur, Piton de la Fournaise) with satellite images rotated according to the horizontal wind
direction. In contrast, Malavelle et al. (2017) also observed particle size reduction but no
significant changes in cloud cover and liquid water path when comparing satellite retrievals
with results of general circulation models for the Holuhraun eruption 2014–2015. Prata
et al. (2020) reported indications for an ash-poor deep convective eruption cloud in the up-
per troposphere created by the phreatomagmatic eruption of the Anak Krakatau in 2018;
they found significant ice loads and reduced ice particle radii compared to the surrounding
meteorological ice clouds, and assumed—based on extremal updraft velocities and cloud
top temperatures—that mainly homogeneous freezing took place.
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2.2 Radiative transfer theory
In the following, the foundations of the radiative transfer theory are summarized, based
mainly on Liou (2002), Mayer et al. (2019), Thomas and Stamnes (1999), Wallace and
Hobbs (2006), unless otherwise noted. It descibes the propagation of electromagnetic
radiation (e.g., within the atmosphere) and its interaction with matter due to emission,
absorption and scattering.

2.2.1 Electromagnetic radiation
Electromagnetic radiation is an energy form which has wave as well as particle properties.
Due to the wave properties, one considers the wavelength λ (in the context of atmospheric
radiation usually in nm or µm) and the frequency ν̃ (in s−1 or Hz), which are related by

c = λ · ν̃ (2.1)

where c = 2.998 × 108 m s−1 is the constant propagation velocity of the electromagnetic
radiation in vacuum, the speed of light. In the thermal range, the wavenumber ν (often in
cm−1) is also regularly used, with

ν = 1
λ

. (2.2)

Due to its particle properties, electromagnetic radiation is quantized in form of photons
which carry an energy ∆E (in J) with

∆E = hν̃ (2.3)

with Planck’s constant h = 6.626 × 10−34 J s. The descriptions in form of wavelength,
wavenumber, frequency or energy are equivalent; mainly the wavelength is used in this
work.

Depending on the wavelength, electromagnetic radiation is qualitatively categorized
in major spectral ranges (Figure 2.7). The human eye is sensitive to the wavelengths of
circa 400–700 nm, called the visible spectrum. Towards smaller values, ultraviolet denotes
wavelengths of 10–400 nm and X-ray the spectrum of 0.01–10 nm. Photons of even shorter
wavelength are called gamma rays. Longer wavelengths of 0.7–1000 µm define the infrared
spectrum, which which includes the subranges of the near infrared at 0.7–3.5 µm and
the thermal infrared at 3.5–100 µm. For wavelengths > 1000 µm follows the microwave
spectrum. This work focuses on measurements in the thermal infrared spectral range.

A central quantity of the radiative transfer is the radiance Iλ(r, θ, ϕ, t) (also monochro-
matic intensity), defined as energy per time per area per solid angle per wavelength (in
W m−2 sr−1 µm−1). r denotes the positional vector, θ and ϕ the zenith and azimuth angles,
respectively, of the direction into which the radiation propagates in a polar coordinate
system, and t the time. Consider the situation that radiation within the wavelength range
dλ and the time dt is emitted from an area dA into a solid angle dΩ = sin θ dθ dϕ. Let dA
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Figure 2.7: Overview of the electromagnetic spectrum.

define the polar coordinate system such that the zenith angle θ is the angle between the
normal of dA and the direction towards dΩ. In this case, the radiance is corrected by a
factor cos θ to project dA on a plane whose normal vector points in the direction given by
θ and ϕ. Thus, for the radiance holds

Iλ(r, θ, ϕ, t) = dE

cos θ dΩ dA dλ dt
. (2.4)

Integrating the radiance with respect to cos θ dΩ gives the monochromatic irradiance (or
monochromatic flux density). Further integrating with respect to the wavelength leads to
the irradiance (or total flux density of radiant energy). Finally, also integrating over the
area results in the total flux.

2.2.2 Blackbody radiation
All matter absorbs and emits radiation. A blackbody is an idealized body that absorbs all
radiation falling on it, i.e., it has the maximum possible absorption capacity. A cavity with
a small entrance is an approximation of a blackbody: radiation entering the cavity will be
reflected in the inside again and again until it is finally absorbed; thus, from the outside,
the hole appears to be a blackbody. The emission of a blackbody is described by Planck’s
law, with the radiance being

Bλ(T ) = 2hc2

λ5 (ehc/λkBT − 1) (2.5)

with Boltzmann’s constant kB = 1.3806 × 10−23 J K−1. The Sun’s surface has a temper-
ature of ~5800 K, whereas temperatures of 200–300 K prevail at the Earth’s surface and
within the troposphere. The corresponding blackbody radiation (Figure 2.8) has only minor
overlap around 3.5 µm. Thus, solar and thermal radiation can be treated as independent
considering passive remote sensing problems.
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Figure 2.8: Blackbody radiance for temperatures of 200–300 K (blue, in 10 K steps with
the lowermost and uppermost graph corresponding to 200 K and 300 K, respectively) and
5800 K (red, scaled for comparability to the blue graphs), and an example spectrum mea-
sured by the Infrared Atmospheric Sounding Interferometer (IASI, gray) showing that the
top-of-atmosphere radiance emitted from the Earth corresponds to Planck’s function of
different temperatures depending on the wavelength.

To quantify the difference between the theoretical blackbody and real objects (so-called
gray bodies), Planck’s law is used to introduce the emissivity ϵλ as

ϵλ = Iλ(emitted)
Bλ(T ) (2.6)

with ϵλ = 1 for a blackbody but ϵλ < 1 a gray body. Furthermore, the absorptivity
αλ, reflectivity Rλ and transmissvity Tλ are defined as the ratios between the absorbed,
reflected or transmitted radiance, respectively, and the incoming radiance. Under the
condition of a thermodynamic equilibrium (i.e., a system is simultaneously in a thermal,
radiative, mechanical and chemical equilibrium), one can derive Kirchhoff’s law

ϵλ = αλ. (2.7)

In the atmosphere, this condition is not generally satisfied, but a local thermodynamic
equilibrium is given at altitudes up to 60–70 km.

2.2.3 Absorption and scattering
Atmospheric molecular gases can interact with radiation under certain conditions (e.g., to
first order, changes in the electric dipole vector of the molecule must be possible, such
that the electromagnetic field can couple to it). The absorption of a photon by a molecule



22 2. Fundamentals

Figure 2.9: Brightness temperature spectrum measured by the Infrared Atmospheric
Sounding Interferometer (black), indications of main gas features (grey) and the peak-
normalized spectral response functions of Meteosat-9 (red, see Section 2.3.1).

increases its energy, whereas the emission decreases the energy. Molecules can carry energy
in form of translational energy, rotational energy, vibrational energy and electronic energy.
The last three forms are quantum-mechanically quantized, such that interactions can take
place only with photons of a specific energy which equals the difference in the discrete
energy levels. Changing the rotational energy is connected to energies in the microwave and
far-infrared spectrum; vibrational and combinations of vibrational and rotational energy
transitions lead to interactions in the infrared spectrum; electronic energies are related to
the visible and ultraviolet spectrum.

Focusing on the thermal infrared (Figure 2.9), most important atmospheric gases are
water vapor, carbon dioxide and ozone, with water vapor producing a band around 6.25 µm,
carbon dioxide around 4.3 µm and especially 15 µm, and ozone around 9.6 µm. Further-
more, the spectrum is influenced by carbon monoxide, methane, nitrous oxide, nitric oxide
and chlorofluorocarbons, but their impact is comparably small such that they can be ne-
glected when considering a broad-band radiometer as is done in this work. The spectral
region 8.3–12.5 µm is called atmospheric window, as it is mostly transparent except for the
ozone.

Absorption by solids (e.g., aerosol particles) can happen due to electronic excitation,
i.e., an electron is lifted to a higher-energy state. Thus, conductors tend to be highly
absorbing in the visible and infrared, whereas insulators are rather transparent. Energies
in the thermal infrared can cause vibrations in the solid (i.e., vibrations of single molecules
or even of the complete lattice). In the case of liquids, absorption is connected to interac-
tions between the liquid’s molecules. The bulk properties of solids and liquids relevant to
absorption and scattering are given by the complex refractive index m with

m = n + ik. (2.8)
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Liquid and ice water clouds influence radiation in the atmospheric window. Liquid water
clouds and cirrus clouds composed of large ice crystals are similar to blackbodies in the
atmospheric window, whereas thin cirrus clouds of small particles (i.e., effective radii ≲
30 µm) have a size-dependent absorption peak around 12 µm which results in a spectral
signature that can be used for its discrimination and detection (Ackerman et al., 1990,
Smith et al., 1998).

In addition, molecules, droplets, ice crystals and aerosols lead to scattering of radiation.
Light can be scattered out of the viewing direction, such that scattering increases extinc-
tion, but can also be scattered into it, thereby increasing the amount of radiation. The
mathematical description of the scattering process is generally complicated and depends
on the object size, shape and wavelength. The size parameter x is defined as

x = 2πa

λ
(2.9)

with a being the particle radius. For spherical objects and x ≳ 1, the Lorenz-Mie scattering
takes place; the corresponding theory can be derived directly from Maxwell’s equations.
It exhibits strong scattering in forward direction and is roughly wavelength-independent.
Cloud droplets and spherical aerosol particles (with sizes of roughly 1–10 µm) can be treated
with Lorenz-Mie theory. For x ≪ 1, Lorenz-Mie scattering simplifies to Rayleigh scatter-
ing, corresponding to the situation of a single electromagnetically-induced dipole moment
creating the scattered field. Rayleigh scattering leads to a radiance being proportional to
λ−4 and equal scattering in forward and backward direction. This approximation is applied
to gas molecules (a ≈ 1 × 10−4 µm). For x ≫ 1, scattering can be described by geometric
optics, i.e., light can be modeled by parallel rays being refracted according to Snell’s law.
This simplification can be used for raindrops (a ≈ 1 cm).

The situation becomes more complicated for spheroids, non-spherical objects (e.g., ice
crystals) or irregular-shaped particles (e.g., dust particles or volcanic ash). Spheroidal
particles can be treated with the T-matrix method: incoming and scattered electromagnetic
waves are expanded with respect to vector spherical wave functions, with the relation of the
corresponding coefficients (the T-matrix) being derived using boundary conditions at the
scatterer’s surface. For non-spherical particles such as ice crystals, the geometric optics
approach can be utilized as well. The theory might be extended by applying a Monte
Carlo approach, i.e., a large number of light rays is calculated with random initialization,
scattering and absorption. Comparing the initial with the resulting light rays allows to
approximate the object’s scattering properties. Another numerical approach is the finite-
difference time domain method. In this case, space and time are discretized and electric
and magnetic fields for each grid cell are alternately calculated based on the surrounding
fields in the preceding time step, thereby effectively simulating the propagation of an
initial electromagnetic wave. Numerous modifications and variations of all aforementioned
approximations as well as other approaches exist (Kahnert, 2003, Wriedt, 2009, Yang et al.,
2015).

Independent of the method, a set of optical properties parameterizes the scattering
and absorption properties. The absorption and scattering cross sections σabs and σsca



24 2. Fundamentals

are defined as the ratio between the radiance absorbed or scattered (in all directions),
respectively, by the molecule/particle and the incident radiance. They have the unit of a
geometrical area which represents the effective area of the object presented to the incident
beam with respect to scattering and absorption. The extinction cross section σext is the
sum of both, i.e.,

σext = σabs + σsca. (2.10)

The mass extinction coefficient kext is given by

kext = σext

M
(2.11)

with unit mass M . The extinction coefficient βext is defined as

βext = σextn = kextρ (2.12)

with n denoting the particle number density and ρ the mass concentration. Similar relations
hold for the absorption and scattering coefficients βabs and βsca, respectively, with

βext = βabs + βsca. (2.13)

The single scattering albedo ω is given by

ω = βsca

βext
= βsca

βabs + βsca
. (2.14)

The optical depth τ is defined as

τ =
∫

βext ds =
∫

kextρ ds (2.15)

with the integral along the optical path s. For scattering processes, the scattering phase
function P (θ, ϕ; θ′, ϕ′) is a normalized distribution describing the relative intensity of ra-
diation scattered the from incoming angles θ′, ϕ′ to the outgoing direction θ, ϕ. From
the given angles, the scattering angle Θ describing the deflection of the radiation can be
derived as

cos Θ = cos θ′ cos θ + sin θ′ sin θ cos(ϕ′ − ϕ) (2.16)

such that the phase function can be given by this argument as P (cos Θ). Furthermore, to
investigate the dominance of forward or backward scattering, the asymmetry parameter g
can be calculated as

g = 1
2

∫ 1

−1
P (cos Θ) cos Θ d cos Θ (2.17)

with g = 1 for forward scattering, g = 0 for isotropic scattering and g = −1 for backward
scattering.
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2.2.4 Radiative transfer equation
The general, time-independent, monochromatic radiative transfer equation for a plane-
parallel atmosphere is given by

cos θ
dIλ(z, θ, ϕ)

dz
= − βext,λ(z)Iλ(z, θ, ϕ)

+ βemis,λ(z)Bλ (T (z)) (2.18)

+ 1
4π

βsca,λ(z)
∫ 2π

0

∫ π

0
P (z; θ, ϕ; θ′, ϕ′)I(z, θ′, ϕ′) sin θ′ dθ′ dϕ′

with z describing the vertical dimension and T (z) the vertical temperature profile. The
three terms on the right hand side describe the different sources/sinks of the radiance.

The first term in Equation 2.18 describes the extinction of radiation due to absorption
and deflection of photons into another direction. Neglecting the other two terms, the
differential equation is solved by

Iλ(z, θ, ϕ) = Iλ(z = 0, θ, ϕ) exp
(

−
∫ z

0

βext,λ(z)
cos θ

dz

)
(2.19)

which is the Beer–Bouguer–Lambert law. Thus, the radiance decreases exponentially with
increasing optical depth.

The second term in Equation 2.18 describes the emission of radiation according to
Planck’s law. Due to Kirchhoff’s law (Equation 2.7), the emission coefficient βemis,λ can be
substituted by βabs,λ. Neglecting scattering in Equation 2.18, i.e., setting βsca,λ = 0, one
obtains Schwarzschild’s equation. Substituting ds = dz/ cos θ, its solution is

Iλ(s1) = Iλ(0) exp (−τλ(s1, 0)) +
∫ s1

0
Bλ (T (s)) exp (−τλ(s1, s)) βabs,λ(s) ds(2.20)

τλ(s1, s) =
∫ s1

s
βabs,λ(s′) ds′ (2.21)

with s ∈ [0, s1].
The third term in Equation 2.18 describes the scattering of photons from another di-

rection θ′, ϕ′ into the considered direction θ, ϕ. To solve the radiative transfer equation,
temperature profile, densities, cross sections for absorption and scattering, phase func-
tions and boundary conditions are necessary. The atmospheric profiles can be obtained,
e.g., from standard atmospheres, vertical measurements or model calculations. Optical
properties can be calculated according to the approaches mentioned above and under the
assumption of certain microphysical properties. For the calculation of the radiative trans-
fer, the libRadtran framework is used in this work (Emde et al., 2016, Mayer and Kylling,
2005).
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2.3 Geostationary passive imagers

2.3.1 MSG/SEVIRI

The main satellite instrument utilized in this work is the Spinning Enhanced Visible and
InfraRed Imager (SEVIRI), which is a passive imager aboard the geostationary Meteosat
Second Generation (MSG) satellites operated by the European Organisation for the Ex-
ploitation of Meteorological Satellites (EUMETSAT). The MSG spacecraft are spinning
around an axis in north-south direction, thereby measuring radiation coming from the
Earth along lines in the east-west direction. The temporal resolution for full disc cover-
age is 15 min. SEVIRI has 12 channels. Three bands are in the visible and near-infrared
spectrum and are centered at 0.6 µm, 0.8 µm and 1.6 µm. Eight bands are in the thermal
infrared at 3.9 µm, 6.2 µm, 7.3 µm, 8.7 µm, 9.7 µm, 10.8 µm, 12 µm and 13.4 µm. Finally,
one channel is a high resolution visible (HRV) broadband, covering roughly 0.4 to 1.1 µm
and half of the SEVIRI disc at each revolution. The spectral sensitivity of the channels
is characterized by the spectral response functions, shown in Figure 2.10 for Meteosat-9.
Some of the channels cover specific components of the atmosphere, i.e., the channels at
6.2 µm and 7.3 µm are influenced by water vapor, whereas the bands at 9.7 µm and 13.4 µm
are affected by ozone and carbon dioxide, respectively. Other channels, e.g., at 8.7 µm,
10.8 µm and 12 µm are located within the atmospheric window and, thus, are used to ob-
serve meteorological clouds, aerosols or the Earth’s surface. The spatial resolution at the
sub-satellite point is 1 km for the HRV band and 3 km for the other channels (Schmetz
et al., 2002a).

Radiances in the visible channels are converted to reflectances, whereas an equivalent
brightness temperature is derived for the measurements in the thermal channels. The latter
corresponds to a temperature T such that the convolution of Planck’s function B(λ, T ) and
the normalized spectral response function equals the measured radiance (EUMETSAT/2).
Typical measurement noise of the thermal channels is on the order of 0.04 to 0.24 K (EU-
METSAT/3). Examples for a scene on 6 June 2011, 12:00 UTC are given in Figure 2.11.
The observations were made shortly after the eruption of the volcano Puyehue-Cordón
Caulle on 4 June 2011 (Debling et al., 2011), with its ash plume visible in the south-west
of the SEVIRI disc (red rectangle).

As of 16 November 2021, four MSG satellites have been launched, named Meteosat-8
to -11 or alternatively MSG1 to 4. They are deployed at different longitudes (Table 2.1),
with the current main operational satellite (MSG4) located at 0°E with a backup (MSG2)
at 3.5°E. MSG3 operates at 9.5°E in rapid-scan mode, covering only the upper third of
the SEVIRI disc (including Northern Africa and Europe) but at an increased temporal
resolution of 5 min. MSG1 was moved to 41.5°E to cover the Indian Ocean (Indian Ocean
Data Coverage, WMO/MSG1).
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Figure 2.10: Peak-normalized spectral response functions of the currently active, advanced
imagers aboard geostationary satellites; only channels between 5 µm and 15 µm are shown
(data from EUMETSAT/1).

2.3.2 Other imagers in the geostationary ring

Note that there are other geostationary satellites with imagers comparable to the MSG
series, such that methods developed for MSG/SEVIRI are potentially transferable to those
as well. As of 16 November 2021, there are at least 20 satellites in the geostationary orbit
carrying a passive moderate resolution optical imager with channels in the thermal infrared,
operated by the United States, Europe, Japan, South Korea, China, Russia and India (see
Table 2.1 and references therein). They are located at different longitudes and, thus, their
field of views cover most parts of the Earth. Another 18 satellites are currently planned to
be launched within the next two decades. 13 different imagers are carried by the spacecraft
(see Table 2.2 and references therein) of which 10 are already in orbit and 3 are still under
development or need to be launched. The imagers can roughly be divided into two classes.
The older instruments (which are about to fade out) generally have three channels in the
thermal infrared in the range 5–15 µm: one in the water vapor regime around 7 µm, one or
two in the atmospheric window around 11 µm and and one to cover CO2 around 13 µm. The
newer instruments have 6–9 channels in the thermal infrared with smaller bandwidths, and
increased spatial and temporal resolution of around 2 km and 10 to 15 min, respectively.
Besides SEVIRI, this new generation of imagers includes the Advanced Baseline Imager
(ABI, Schmit et al., 2005, 2017), the Advanced Himawari Imager (AHI, Bessho et al., 2016),
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Figure 2.11: Reflectances (R) and brightness temperatures (BT) for the 12 MSG/SEVIRI
channels for a scene at 6 June 2011, 12:00 UTC; the colorbar applies to all channels, with
the extrema given in brackets for each plot; the red rectangle points to the volcanic ash
plume emitted by Puyehue-Cordón Caulle.

the Advanced Meteorological Imager (AMI, KMA), the Advanced Geostationary Radiation
Imager (AGRI, Yang et al., 2017) and the Electro-L imager (MSU-GS, Rublev et al., 2018).
These instruments alone already cover the largest part of the globe (Figure 2.12). Also they
have spectral channels with similar spectral response functions (Figure 2.10). ABI, AHI
and AMI have roughly the same spectral properties as they carry the same instrument
(L3Harris). In comparison to SEVIRI, they have additional bands (3 instead of 2 channels
in the water vapor regime as well as in the atmospheric window) and the bands tend to be
narrower (e.g., the band centered at 13.3 µm). AGRI has similar bandwidths as SEVIRI,
but misses the ozone channel around 9.7 µm, whereas MSU-GS has broader channels and
misses the carbon dioxide channel around 13.4 µm.

Starting from 2022/2023, the new satellite series Meteosat Third Generation (MTG)
should be launched to successively replace MSG (WMO/OSCAR). Those carry the Flexible
Combined Imager (FCI), which has similar thermal channels as SEVIRI but with narrower
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Figure 2.12: Field of view of all currently active advanced moderate resolution optical
imagers aboard geostationary satellites; the colored borders correspond to viewing zenith
angles of 75°.

spectral response functions and a higher temporal and spatial resolution of 10 min and
≤ 2 km, respectively (Durand et al., 2015).
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2.4 Artificial neural networks
Artificial neural networks (ANNs) are a part of the machine learning toolbox. After orig-
inal, biologically-inspired research in the 1940s, the field experienced significant boosts in
the 1980s with the establishment of a training algorithm for neural networks of multiple
layers, and again around 2006, when methods for the training of deep neural networks
were found (Goodfellow et al., 2018). ANNs are quite versatile as they can be used for
classification as well as function approximation (Gardner and Dorling, 1998). Thus, ANNs
are applied in a variety of fields nowadays, e.g., for computer vision, speech recognition or
natural language processing, using specialized structures such as convolutional neural net-
works, recurrent neural networks or auto-encoders (Bengio, 2012, Goodfellow et al., 2018,
Rumelhart et al., 1986a). It has also been applied frequently in the context of atmospheric
sciences (Gardner and Dorling, 1998, Hsieh and Tang, 1998), Earth system sciences (Liu
et al., 2010, Reichstein et al., 2019) and remote sensing (Mas and Flores, 2008). In the
following we focus exclusively on the basic structure, the feedforward multilayer perceptron.

2.4.1 Multilayer perceptron
In principle, multilayer perceptrons can be imagined as advanced fitting methods. In their
basic form they consist of at least three types of layers: one input layer, one or more
intermediate (so-called hidden) layers and one output layer. The input layer consists of
the input data, whereas the output layer contains one or more output quantities that
should be derived from the input features. Each layer is made up of so-called neurons:
they receive the weighted sum of the results of the previous layer’s neurons and use it as
the argument of an activation function; the result is forwarded to the following layer (see
Figure 2.13). More quantitatively: Let us assume a structure with multiple layers, with
the mth layer consisting of Nm neurons. The numerical value forwarded to the subsequent
layer by nth neuron in the mth layer is denoted as xm,n. xm,n itself is calculated from the
previous layers neurons by

xm,n = f

Nm−1∑
i=0

wm,n;i xm−1,i + bm,n

 (2.22)

where wm,n;i and bm,n are tunable parameters of the structure, called weight and bias,
respectively, and f being the chosen activation function (Gardner and Dorling, 1998).

Different functions can and have been used as activation functions (Figure 2.14). Gen-
erally, the perceptron is defined to have a threshold function as activation (Bishop, 1995)

fthrs(x) =
0, x < 0

1, x ≥ 0
. (2.23)

Usually, continuous and differentiable functions are chosen (Bishop, 1995, LeCun et al.,
2012), e.g., the logistic function

flogistic(x) = 1
1 + e−x

(2.24)
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Figure 2.13: Sketch of a multilayer perceptron; black dots indicate that generally an arbi-
trary amount of hidden layers and neurons per layer can be chosen.

or the related hyperbolic tangent

ftanh(x) = ex − e−x

ex + e−x
= 2flogistic(2x) − 1. (2.25)

Linear functions might be applied by single neurons (e.g., in the output layer for the
approximation of a continuous function, Goodfellow et al., 2018), but not generally. If
linear activation functions are used for all neurons, the outputs would be linear in the
input features; only the use of simple, non-linear activation functions enables the modeling
of complex, non-linear functions by the multilayer perceptron (Gardner and Dorling, 1998).
For classification tasks with N categories of which only one should be activated for each
case (i.e., the output layer consists of N neurons of which one should be 1 and the others
0) , the softmax function can be utilized in the output layer, defined for the ith neuron as

fsoftmax(x; i) = exi∑N
j=1 exj

(2.26)

with x = (x1, ..., xN) ∈ IRn describing the weighted sums at all neurons in the output
layer before applying any activation function. Then the outputs are normalized and can
be interpreted as the posterior probabilities of the individual categories (Bishop, 1995,
Goodfellow et al., 2018).

As the sigmoid functions have significant slopes only around x = 0 but behave asymp-
totically for large |x|, such that the result of the neuron changes only insignificantly when
changing x (e.g., due to a modification in the weights), one usually normalizes the input
features to be within [0, 1] or standardizes them by

x 7→ x̄ = x − µx

σx

(2.27)
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Figure 2.14: Common activation functions used for multilayer perceptrons.

with µx and σx being the mean and the standard deviation of the input feature, respectively
(Bishop, 1995). Similarly, target values need to be adjusted if a bounded activation function
is used in the output layer. In particular, the majority of the target values should not be
located at the asymptotes of the sigmoid. The use of normalized/standardized inputs and
outputs also allows them to be treated numerically the same, even if they correspond to
physically very different quantities (e.g., a temperature around 273 K versus the cosine of
an angle between ±1). It is also recommendable to use uncorrelated input features (LeCun
et al., 2012).

Using this setup, a function can be approximated by the multilayer perceptron by
choosing appropriate values for the weights and the biases. For instance, assuming only an
input and an output layer with one neuron each and a linear activation function, applying
the multilayer perceptron would correspond to performing a linear fit. Increasing the
complexity (i.e., number of hidden layers and neurons) of the multilayer perceptron and
applying non-linear activation functions allows also the approximation of a wide range of
non-linear relations (Hecht-Nielsen, 1989, Hornik, 1991, Hornik et al., 1989).

The potential of a multilayer perceptron can be visualized with a simple example
(adapted from Bishop, 1995). Assume a continuous function H(x, y) : IR2 → IR should be
modeled. Discretize the two-dimensional input space. Consider a first grid cell described
by the borders x0, x1, y0, y1. Constructing a multilayer perceptron h such that

h(x0 < x < x1, y0 < y < y1) = H
(

x0 + x1

2 ,
y0 + y1

2

)
(2.28)

allows to approximate the function H for this grid cell. Decreasing the grid size will reduce
the deviation of h with respect to H. To find h, a structure with two input neurons (i.e.,
x and y), two hidden layers and one output neuron is considered. The first hidden layer
contains four neurons describing the limits of the grid cell, i.e.,

z1 = fthrs(x − x0) (2.29)
z2 = fthrs(x1 − x) (2.30)
z3 = fthrs(y − y0) (2.31)
z4 = fthrs(y1 − y) (2.32)



2.4 Artificial neural networks 35

and in the second hidden layer, insert a neuron functioning as a logical AND, i.e., it
forwards 1 when the grid cell is active. It is descibed by

z5 = fthrs(z1 + z2 + z3 + z4 − 3.5). (2.33)

Finally, assume a linear activation function in the output neuron following

h(x, y) = z5 · H
(

x0 + x1

2 ,
y0 + y1

2

)
. (2.34)

Additional grid cells can be modeled by adding corresponding neurons in the hidden layers
and summands to the output neuron. More input dimensions can be introduced by using
more neurons in the first hidden layer analog to the ones shown.

2.4.2 Training
The central step in the creation of an ANN is the iterative training. After setting up
the ANN’s architecture, the weights and biases are randomly initialized. Then one uses a
training data set consisting of samples of input data and the corresponding true output
values for supervised learning; the targets can originate, for instance, from manual labeling,
a simulation or another data set. The ANN is applied to the input data and the resulting
outputs are compared to the target output to calculate the difference in form of a loss
function. All weights and biases are now modified in order to reduce the loss function. The
resulting ANN is again applied to the training input data and this procedure is repeated
until the loss function is sufficiently small, i.e, a point close to the global minimum is
reached (Bishop, 1995, Gardner and Dorling, 1998). In practice, this is complicated, e.g.,
by being trapped in local minima, at saddle points, on plateaus, or being distracted by
exploding gradients (Goodfellow et al., 2018). The loss function E between the N retrieved
values ri and the truth ti can be an arbitrary error function, e.g., the mean squared error

EMSE = 1
N

N∑
i=1

(ri − ti)2 . (2.35)

In the case of a classification task, one might also calculate the cross-entropy

ECE = −
N∑
ii

ti log(ri). (2.36)

If there is only one correct result, i.e., ti = 1 and tj ̸=i = 0, this simplifies to ECE = − log(ri),
such that ri is trained to become 1. The total loss of the training data set is the sum of
the loss for individual samples (Bishop, 1995).

For simplicity, we suppress the indices of wm,n;i from now on, and instead introduce
the incrementing counter t to label different learning steps. All weights wt are combined
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in a vector wt. A gradient descent algorithm is applied to adjust the wt such that the loss
function is reduced. In a simplest form one applies

wt = wt−1 − η
∂E

∂w

∣∣∣∣∣∣
wt−1

(2.37)

where η denotes the learning rate. The derivatives ∂E
∂w

∣∣∣
wt−1

for the connections to the
output layer are easily calculated. Applying the chain rule, one can move stepwise to the
previous layers to calculate the corresponding derivatives; hence the name backpropagation
(LeCun et al., 2012, Rumelhart et al., 1986a,b). The training speed can be increased by
using more elaborate updating rules. Momentum denotes using an average of the previous
gradients such that

mt = µmt−1 + η
∂E

∂w

∣∣∣∣∣∣
wt−1

(2.38)

wt = wt−1 − mt, (2.39)

which allows to accelerate the movement through loss space similar to a ball physically
accelerating when rolling downhill; µ < 1 parameterizes the momentum. Applying the
momentum already to calculate the gradient leads to Nesterov’s accelerated gradient, i.e.,
using ∂E

∂w

∣∣∣
wt−1−µmt−1

in Eq. 2.38 with mt being the vector of all mt (Dozat, 2016, Ruder,
2016). The choice of η is crucial: a value that is too low leads to a slow training, whereas
a value that is too high might prohibit convergence of the loss function altogether, as the
algorithm constantly oscillates around or jumps out of the minima (Bishop, 1995, LeCun
et al., 2012). Instead of a constant value, η can be related to the gradients as done by the
RMSProp algorithm

nt = κnt−1 + (1 − κ)

∂E

∂w

∣∣∣∣∣∣
wt−1


2

(2.40)

wt = wt−1 − η
√

nt + ϵ

∂E

∂w

∣∣∣∣∣∣
wt−1

(2.41)

with ϵ ≪ 1 and κ < 1. It allows to effectively reduce the learning rate for weights that
have already experienced large changes, to find the minimum of the loss function with a
smaller step size. Combining all these elements leads to the Nesterov-accelerated adaptive
moment estimation algorithm (Dozat, 2016, Ruder, 2016).

Instead of evaluating the ANN for the full training data set before updating the pa-
rameters (called batch gradient descent), one can also do so after subsets (mini-batches)
or individual samples (stochastic learning), especially if differences in the samples are not
too large. This speeds up the the training, as the weights are changed more often. It
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might also lead to better training performances, as the use of small numbers of samples
introduces a noise which can allow to explore larger parts of the parameter space (LeCun
et al., 2012, Ruder, 2016).

The initial weights are usually drawn randomly as it is important to initialize the
neurons differently to "break" the internal symmetry of the ANN (Goodfellow et al., 2018).
However, an arbitrary choice of the initial weights potentially leads to large absolute inputs
to the activation functions, letting them operate in the nearly constant regime. Thus, for
the initialization, one might use a distribution which depends on the ANN’s architecture,
i.e., with a standard deviation σw = 1√

N
for N neurons in the preceding layer (LeCun

normal distribution, Bishop, 1995, LeCun et al., 2012). Also it is not clear a priori that
a given initialization leads to a (global) minimum; thus, one might repeat training with
different initializations and compare the resulting configurations (Bishop, 1995, Goodfellow
et al., 2018).

A common phenomenon during training is the occurrence of overfitting, i.e., the ANN
starts to learn the inherent noise of the training data set and, as a result, performs worse for
new unseen samples. Thus, the available data is usually split into a training, a validation
and a test data set. The training data is used for the adjustment of the ANN, whereas
the validation data set is regularly evaluated during the training. After an initial phase
of decreasing loss functions for both training and validation data, overfitting might lead
to a further decay of training loss with a simultaneous increase in validation loss; early
stopping describes a strategy to stop training as soon as this point is reached. However,
as the loss function is usually not monotonically decreasing but might exhibit numerous
local minima, the definition of a stopping criterion is not straightforward. Alternatively,
the process might be terminated manually. Since the validation data set is now part of
this extended training algorithm, the final performance of the ANN is evaluated on the
independent test data set (Prechelt, 2012).

Further regularization strategies to avoid overfitting include the reduction of ANN com-
plexity, either by design or automatically by adding a penalty term to the loss function to
force unimportant weights to become zero/small. Examples are λ

∑ |w| for L1 or λ
∑

w2

for L2 regularization, parameterized by λ (Bengio, 2012, Goodfellow et al., 2018). The
number of training samples can be artificially increased by adding altered versions of the
given samples, for instance, translations or rotations can be applied to images if the final
ANN should internalize the corresponding invariances. A small random noise can be added
to the inputs or weights during training to increase robustness (Goodfellow et al., 2018).
Dropout denotes a technique of randomly deactivating different input and hidden neurons
for parts of the training. This resembles the training of multiple ANNs with subsequent
averaging of their outputs (as explicitly done for the bootstrap aggregating method), but
does so using a single model. Turning off arbitrary neurons also increases the robustness
of the ANN, as each unit must be redundant (Goodfellow et al., 2018).

An overall difficulty in the context of ANN training is the choice of all hyperparameters,
including parameters describing the ANN architecture (e.g., number of hidden layers, num-
ber of neurons) and the training algorithm (e.g., learning rate, momentum, minibatch size,
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regularization) as a rigorous theory for their determination is missing but parameters are
to some degree interdependent as well as problem-dependent. Thus, one needs to search
for efficient settings either manually, or automatically via a random or systematic search
in hyperparameter space. Alternatively, frequently applied default values can be chosen or
at least used as a starting point (Bengio, 2012, Goodfellow et al., 2018).

2.4.3 Interpretation
Interpetation of the trained ANNs, i.e., of their weights, is—except for small and simple
examples—hardly feasible. A common practice is to try to quantify the importance of
single weights. First, one can assume that the absolute value of a weight is related to
its relevance for the model. Second, the impact on the loss function can be considered
when setting a weight to zero, which corresponds to its removal. Third, the change of
the loss function can be investigated when slightly varying the weight, i.e., the analysis
of the derivative of the loss function with respect to the weight. These methods have
been applied for pruning, i.e., the significance of the weights of a large, trained ANN is
calculated and the least important connections are removed to obtain a smaller structure
with similar performance. Alternatively, complete neurons can be removed based on the
impact of their presence on the loss function (Bishop, 1995). In principle, these methods
can also be used to investigate the importance of individual input features of an ANN. For
example, Strandgren et al. (2017b) evaluated the weights connected to an input neuron to
deduce its relevance, whereas Piscini et al. (2014) applied the pruning method to find the
important input quantities.
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2.5 Current volcanic ash satellite retrievals using ar-
tificial neural networks

Satellite retrievals based on ANNs can have various advantages, e.g., they can be quite
robust with respect to signal perturbations (Corradini et al., 2014) or complicated me-
teorological conditions (Zhu et al., 2020) and—after the training and compared to, for
instance, approaches based on optimal estimation (Rodgers, 2000)—they are rather fast
(Picchiani et al., 2011, Strandgren et al., 2017a), such that the operational application
is possible. Thus, multiple volcanic ash retrievals utilize them. Picchiani et al. (2011)
used them for the detection and the retrieval of the mass load of volcanic ash clouds from
MODIS images, and Picchiani et al. (2014) for the classification of MODIS pixels using six
different classes (representing ash above sea, ash above liquid/ice water clouds, liquid/ice
water clouds, sea surface, ice surface, land surface). Piscini et al. (2014) retrieved the
optical depth at 11 µm, the volcanic ash and SO2 column concentrations and the effective
radius from MODIS data using ANNs. Gray and Bennartz (2015) applied them for the
detection of volcanic ash and SO2-rich ash, respectively, from MODIS observations. Zhu
et al. (2020) made use of ANNs to derive the ash cloud top height from MSG/SEVIRI
measurements. Noteworthy is the nature of the used training data sets: In all cases, real
satellite observations were used as training data, from one (Picchiani et al., 2011, Piscini
et al., 2014), two (Picchiani et al., 2014, Zhu et al., 2020) or at most seven (Gray and
Bennartz, 2015) different volcanoes. Thus, those retrievals are mostly tailored for specific
volcanoes, e.g., for Etna (Picchiani et al., 2011) or for Icelandic volcanoes (Picchiani et al.,
2014). In addition, the true values of the ash cloud properties are not known when us-
ing real satellite images as training data. Instead, they are inferred from other retrieval
methods (Picchiani et al., 2011, 2014, Piscini et al., 2014), model calculations (Gray and
Bennartz, 2015) or collocated data from other satellite instruments (Zhu et al., 2020).

A different approach was applied for VADUGS (Volcanic Ash Detection Using Geo-
stationary Satellites, Kox et al., 2013), which runs operationally at the German weather
service since 2015 (DWD). It uses MSG/SEVIRI brightness temperatures in the thermal
infrared spectrum and applies a simple ANN with a single hidden layer of 600 neurons
to derive simultaneously the ash mass load and the ash cloud top height. The ANN was
trained with synthetic observations, simulated with the radiative transfer model libRad-
tran (P4). In contrast to the previously mentioned algorithms, the target values for the
training of VADUGS were exactly known as they were part of the input data for the ra-
diative transfer calculations. Qualitative checks proved that the resulting algorithm is able
to provide convincing results: realistic volcanic ash clouds were detected for the eruptions
of Eyjafjallajökull in 2010 and Puyehue-Cordón Caulle in 2011 with reasonable ash mass
loads and ash cloud top heights (Graf et al., 2015, Kox et al., 2013). This demonstrates that
the approach of VADUGS—combining synthetic observations with ANNs—is in principle
promising. However, VADUGS showed deficits in its generalizability: it produced unsat-
isfying results when applied to a simulated test data set covering a wide range of possible
scenes (P4), and an intercomparison exhibited quite low correlations (≲ 0.2) between the
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mass load retrieval of VADUGS and other satellite-based volcanic ash retrievals. Validation
of cloud top height retrievals against CALIPSO results showed even poorer performances
of VADUGS, with an overestimation of heights around 5 km by a factor of ~2 (WMO,
2015). In addition, VADUGS was again tailored to one specific volcanic eruption (i.e., the
eruption of Eyjafjallajökull in 2010), as only a single refractive index of the corresponding
ash was used and only atmospheric data from the year of the incident.
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Overview Refractive indices and corresponding optical properties are important aerosol
properties for radiative transfer calculations. For volcanic ash, the amount of available data
has been very sparse until recently. In this paper, volcanic ash properties are reviewed—
especially particle size, shape, petrological composition and porositiy—and a novel method
is developed for the calculation of realistic refractive indices in the thermal infrared between
5 µm and 15 µm. It is applied to create a comprehensive set of refractive indices for different
ash types; those are mainly influenced by the silica content and the porosity, and only to a
smaller degree by the glass fraction. In addition, the resulting optical properties exhibit a
significant variability, with a similarly large influence by composition and size distribution.
A simple model is utilized to approximate brightness temperatures for different ash types
and indicates that the ash composition is retrievable to some degree by passive remote
sensing instruments such as MSG/SEVIRI.
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The spaceborne detection of volcanic ash clouds at infrared wavelengths helps to avoid regions with enhanced
volcanic ash concentrations that pose a threat to aviation. Current volcanic ash data retrievals require detailed in-
formation onmicrophysical properties and the refractive index of volcanic ash, which are highly variable. Uncer-
tainties in the latter currently limit the quality of volcanic ash nowcasts. Here, we introduce a novel method to
calculate the complex refractive indices of volcanic ashes at wavelengths from 5 to 15 μm from measurements
of their individual components based on generic petrological ash compositions. Thereby the refractive indices
for volcanic glasses and bulk volcanic ashes of different chemical compositions are derived. The variability of
the latter is mainly influenced by the silica content and the porosity and to a minor degree by the glass-to-
crystals ratio. Calculating optical properties exhibits an equally large impact of bulk composition and grain size
distribution, whereas particle shape is considered less important for particle sizes of the order 1 μm. Using
these optical properties to determine brightness temperature differences between the 11 μmand 12 μmchannels
we show that the effect of ash composition is non-negligible for modern satellite instruments. Particularly, the
dependence of the volcanic ash on the silica content (and to a much smaller extent on the glass-to-crystals
ratio) is observable in its refractive index, its optical properties and the brightness temperature difference,
indicating that composition might be retrievable to some degree by remote sensing methods.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

Volcanic ash emitted during eruptive activity poses a serious threat
to critical infrastructure on the ground (Wilson et al., 2012) and to air-
craft in operation, where contact with a volcanic ash plume or cloud
can lead to damage and engine failure (Casadevall, 1994); here the
term plume is used for volcanic emissions that are still attached to the
vent, and cloud once they are detached. Incidents at distances of
1000 kmandmore have been reported (Guffanti et al., 2010). Therefore,
the eruption of Eyjafjallajökull in 2010 led to the prolonged closure of
large parts of the European air space (Schumann et al., 2011) with esti-
mated economic losses in the aviation industry of $1.7 billion (Budd
et al., 2011).

In order to reduce the impact of future eruptions, satellite remote
sensing methods have been developed and applied to monitor volcanic

ash plumes and clouds, and thereby calibrate/validate volcanic ash
transport and dispersion models (Stohl et al., 2011; Dacre et al., 2016).
For that polar orbiting as well as geostationary passive optical imagers
are used (e.g. Pavolonis et al., 2015), often equipped with channels in
the atmospheric window at 11 to 12 μm (Schmetz et al., 2002a;
Watkin, 2003; Watson et al., 2004; Schmit et al., 2005; Bessho et al.,
2016). Volcanic ash has been commonly detected using the difference
in satellite-measured brightness temperatures at 11 μm and 12 μm
(BTD11−12), which is negative for volcanic ash clouds under certain con-
ditions (e.g. small ash particles, low amounts of water or ice present, see
Prata, 1989; Guéhenneux et al., 2015), but positive for ice clouds (Inoue,
1985) – the latter is another typical application of those channels. More
recent volcanic ash retrieval algorithms (e.g. for mass concentrations or
cloud top heights) make use also of other channels in the thermal infra-
red and visible spectrum (Prata and Grant, 2001; Pavolonis et al., 2006;
Francis et al., 2012), hyperspectral data (Gangale et al., 2010; Clarisse
et al., 2010) or more advanced concepts (Pavolonis et al., 2013;
Pugnaghi et al., 2013; Piscini et al., 2014). Many of those are based on
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radiative transfer calculations, which in turn require the microphysical
properties and the complex refractive index of the volcanic ash,
Eq. (1), for the accurate simulation of brightness temperatures as a func-
tion of optical, micro- and macrophysical properties (e.g. Prata and
Grant, 2001; Yu et al., 2002; Gangale et al., 2010; Pugnaghi et al.,
2013; Ishimoto et al., 2016).

m ¼ nþ ik ð1Þ

Unfortunately, the volcanic ash properties are quite variable
(Langmann, 2013), depending e.g. on the geographic location (Rogers,
2015) and the eruption style of the volcano (Polacci et al., 2019). Atmo-
spheric processes further change the properties of the volcanic ash
plumes and clouds (Langmann, 2013). In this study we focus on fine,
distal ash, i.e. particles of a few micrometers in size which can travel
within volcanic ash clouds thousands of kilometers. The corresponding
typical properties are reviewed in the methods section of this paper.

Themicrophysical properties of volcanic ashes, in particular the par-
ticle size distribution and the particle shape, can have a large impact on
their optical properties. Wen and Rose (1994) compared radiative
transfer calculations for volcanic ash clouds using different refractive in-
dices (from Pollack et al., 1973; Volz, 1973) and different size distribu-
tions (uniform, gamma and log-normal) and found that the size
distribution is more important for a mass retrieval than the refractive
index, and that BTD11−12 is negative for effective radii less than 5 μm
but can be positive for larger particles. Also the form of the brightness
temperature spectrum is sensitive to the particle size (Gangale et al.,
2010). Assuming a log-normal distribution with an uncertainty in the
spread (i.e. geometric standard deviations of 1.8 to 2.5) can lead to un-
certainties of > 20% in the retrieval of mass column loadings (Western
et al., 2015). Newman et al. (2012) compared equal volume spheres
(Mie calculation) with randomly oriented hexagonal columns of aspect
ratio unity (T-matrix calculation) as volcanic ash particles, and found
differences of up to 10% for extinction cross sections in the infrared.
Non-spherical rugged vesicular volcanic ash particles were compared
with mass-equivalent spheres as well as volume-equivalent spheres
with an effective refractive index corrected for the vesicles by Kylling
et al. (2014). Although similar for small sizes, significant differences in
the optical properties were found for larger particles (e.g. for mass-
equivalent radii > 4 μm at the wavelength 12 μm when comparing
non-spherical small vesicle particles with volume-equivalent spherical
small vesicle particles). The volume-equivalent approach generally
modeled reality better.

A limited number ofmeasurements of the refractive indices of volca-
nic ash exist in the ultraviolet, visible and near-infrared part of the spec-
trum (Vogel et al., 2017). In the infrared Pollack et al. (1973) presented
laboratory measurements of obsidian, basaltic glass and andesite, and
Volz (1973) of pumice (all in form of polished rock slabs, KBr or pure
pellets). These data sets have been used for decades in volcanic ash re-
trievals (e.g. Prata, 1989; Wen and Rose, 1994; Prata and Grant, 2001;
Yu et al., 2002; Gangale et al., 2010; Pugnaghi et al., 2013; Ishimoto
et al., 2016). However, it is known that these retrievals are very sensitive
to the refractive index (Wen and Rose, 1994;Western et al., 2015; Prata
et al., 2019), and thus an accurate assumption of the refractive index
could significantly improve them.

Recent studies have attempted to address this shortcoming:
Grainger et al. (2013), Reed et al. (2018) and Deguine et al. (2020) per-
formed laboratorymeasurements to determine the refractive indices for
various volcanic ash samples of different geographical origin, composi-
tion and in suspension. Ishimoto et al. (2016) used hyperspectral data
collected by satellite and established refractive indices (from Pollack
et al., 1973) to constrain the parameters (effective radius, optical
depth, cloud pressure height and the volume fraction for a mixture of
known refractive indices of volcanic ashes) of multiple volcanic ash
clouds. In a second step, those parameterswere fixed and the imaginary
part of the refractive index was retrieved. Wavelength-dependent

variations up to factors of two or three were found for the refractive
index in the infrared, indicating that the accurate knowledge of the re-
fractive index is important.

In case of a future volcanic eruption a consolidated refractive index
model together with the necessary, early, rapid chemical or mineralog-
ical analysis of a sample would be sufficient to predict the refractive
index of the volcanic ash and increase the performance of the satellite
retrievals. To this end, Prata et al. (2019) performed wavelength-
dependent linear regressions for both parts of the complex refractive
index of volcanic ash with respect to either the silica content xs or the
ratio of non-bridging oxygens to tetrahedrally coordinated cations,
using the refractive indices from Reed et al. (2018).

A different approach is to estimate the refractive index for a specific
volcanic ash by calculating the corresponding weighted average of the
known refractive indices of minerals, glasses and gas bubbles based on
their typical abundance in volcanic ashes. It allows the refractive index
to be calculated for different compositions and to consider aging pro-
cesses, e.g. the increase of glass tomineral ratio or the decrease of poros-
ity (Shipley and Sarna-Wojcicki, 1982;Mackie et al., 2016). Thus, amore
accurate estimate of the refractive index for an application can bemade,
and its variability can be investigated by changing the composition
within realistic ranges. The impact on the optical properties of the com-
position in comparison to themicrophysics can be analyzed, as has been
done formineral dust (e.g. Hansell Jr. et al., 2011). The uncertainty of re-
trievals relying on one specific refractive index can be investigated, and
it enables to consider the possibility to retrieve the volcanic ash compo-
sition remotely. Therefore we use this approach, which was previously
implemented for mineral dust in a similar fashion (Sokolik and Toon,
1999; Lee and Park, 2014). For volcanic ash Klüser et al. (2013) achieved
good results using a limited set of refractive indices of minerals in re-
mote sensing applications.

The paper is organized as follows: In themethods section (Sec. 2)we
describe an approach to determine the refractive indices of volanic
ashes based on their composition, discuss the influence of porosity,
the mineral content and a technique to determine the refractive indices
of volcanic glasses. We also compile the microphysical properties (size,
shape) of volcanic ash particles from literature and outline a simple
model to determine BTD11−12. In the results section (Sec. 3) we deter-
mine the refractive indices of volcanic glasses and the bulk refractive in-
dices of generic volcanic ashes. Then we quantify the impact of
composition and microphysical properties on the optical properties. In
the discussions section (Sec. 4) the results are analyzed and thedifferent
parameters are ranked regarding their importance for the determina-
tion of volcanic ash optical properties. The influence of the composition
on the BTD11−12 is quantified as an example. Finally, we give a
conclusion.

2. Methods

In the following we first describe a procedure to calculate the com-
plex refractive index and the bulk density of different volcanic ashes
(Sec. 2.1). Second, we review microphysical properties (size, shape) of
volcanic ash particles (Sec. 2.2). Using all these properties we are then
able to calculate the optical properties and the brightness temperature
difference BTD11−12 of volcanic ashes (Sec. 2.3).

2.1. Model for the refractive index and the bulk density of volcanic ash

Generally, volcanic ash particles are created by the fragmentation of
volcanic rocks (e.g. due to explosion of small bubbles of exsolved vola-
tiles within a magmatic froth, reaction of hot magma with water in
phreatomagmatic eruptions or milling during pyroclastic flows). There-
fore they are highly irregular. Magma typically consists of a suspension
of silicate melt, large minerals grown slowly in deep magma reservoirs
(phenocrysts), small minerals grown duringmagma ascent (microlites)
and exsolved bubbles. After fragmentation, volcanic ash particles
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represent fragments containing these components in different propor-
tions, with the silicatemelt quenched to a volcanic glass, as well as lithic
material collected during the eruption (Langmann, 2013; Jerram and
Petford, 2011; Sen, 2014). The latter category is negligible for many
eruptions, and is neglected for the purposes of this study. In the follow-
ing we parameterize the remaining components and combine the indi-
vidual refractive indices to a single effective refractive index.

2.1.1. Parameterization of the effective refractive index
There are different possible indices available to parameterize the

composition of volcanic rocks. In the followingwe use the silica content
xs (inweight percent, wt.%) of volcanic ashes, which is often determined
and regularly used for their classification (Rogers, 2015). It depends on
the tectonic location of the individual volcano and the magma genesis
conditions, as well as storage, segregation and mixing within a
subvolcanic plumbing system prior to eruption (Rogers, 2015; Freundt
and Schmincke, 1992). Variations have been determined even within
a single eruption event (Gudmundsson et al., 2012).

Other indices have been proposed as well: Prata et al. (2019) inves-
tigated the correlation between the refractive index of volcanic ash and
the silica content as well as the polymerisation of the melt, defined by
the ratio between nonbridging oxygens and tetrahedrally coordinated
cations; the latter was favored due to a wider spectral range with coef-
ficients of determination R2 > 0.5. Cooper et al. (2002) showed that the
ratio of silica and the amount of oxides of Si, Ca, Fe andMgwas superior
to the silica content with respect to the correlation between their index
and the position of specific spectral features (Christiansen and transpar-
ency feature). As these indices reflect not only the silica present in a
rock, but also the abundance of specific elements, they might be able
to better represent the chemical and therefore also mineralogical
composition.

Aerosols can be mixed internally (each particle consists of multiple
components) or externally (each particle consists of a single component
which can differ between particles, Lesins et al., 2002). Except for the
most silicic compositions consisting only of glass shards, volcanic ash
contains both types of mixtures: Crystals surrounded by volcanic glass
(Shipley and Sarna-Wojcicki, 1982; Casadevall, 1994) as well as single
crystals fragments or glass sherds (Hornby et al., 2019). Following ash
emissions, surface brines and salts formed from ash-gas reactions in-
volving sulfur dioxide and other volatiles emitted at the eruption
might be possible (Rose, 1977; Langmann, 2013; Casas et al., 2019),
but are neglected for simplicity in thiswork. The volumeweighted aver-
aging has been used for external mixtures (Ebert et al., 2002; Ball et al.,
2015) aswell as internal mixtures (Sokolik and Toon, 1999; Lesins et al.,
2002; Lee and Park, 2014) and is therefore used here. Note that other
approximations (Bruggeman, Maxwell-Garnet) exist for the calculation
of internal mixtures. Although these might lead to different results,
there are indications that the impact of the mixing formula is mostly
rather small in the infrared (Sokolik and Toon, 1999; Lesins et al.,
2002; Lee and Park, 2014).

The complex refractive index of the different components/mixtures
is denoted mx, with nx the real and kx the imaginary part. Volume
weighted averaging of the components gives the effective refractive in-
dices of the mineral part mmin, of the solid volcanic material mvolc in-
cluding volcanic glass and minerals, and of the volcanic ash mixture
meff including volcanic glass, minerals and voids, Eqs. (2) to (4).

meff ¼ f voidmvoid þ 1− f voidð Þmvolc ð2Þ

mvolc ¼ f glassmglass þ 1− f glass
� �

mmin ð3Þ

mmin ¼ ∑
i
f iminm

i
min ð4Þ

fvoid denotes the volume fraction that is occupied by gas pockets
with respect to the volume of a convex hull covering the complete

porous particle, fglass the volume fraction occupied by volcanic glass

with respect to the solid volume, and f imin the volume fraction of the
ith mineral with respect to the crystalline volume. The bulk rock density
is calculated similarly.

2.1.2. Porosity
One central driver of volcanic eruptions is the nucleation of gas bub-

bles due to supersaturation of the magma by volatile elements. These
might grow with time and finally burst explosively. For ash particles
the volume fraction filled by bubbles can be higher than 80% (Sparks,
1978). However, the actual porosity of the ash particles is size depen-
dent: if the bubble size distribution peaks at sizes smaller than the par-
ticle size distribution, a significant amount of gas pockets might be
present. But when the original bubbles are larger than the particles, po-
rosity should be negligible, and the particles will contain bubble wall
fragments.

Theoretical considerations suggest that the majority of bubbles in
volcanic ash should have a size of a few micrometers or larger
(Sparks, 1978). Measured bubble sizes in volcanic ash show multiple
peaks, indicating multiple bubble nucleation processes (Klug and
Cashman, 1994; Genareau et al., 2012, 2013; Colucci et al., 2013).
Using backscattered electron images (Klug and Cashman, 1994) and
stereo-scanning electron microscopy (Genareau et al., 2012, 2013)
bubble size distributions have been shown to typically peak at diame-
ters of 10 to 20 μm, but also at radii of 0.3 μm (Colucci et al., 2013).
Using nitrogen gas adsorption Delmelle et al. (2005) concluded that
the contribution from bubbles of diameters < 0.05 μm to the porosity
is rather negligible; their pore size distributions showed small peaks
for 0.005 μm. Mills and Rose (2010) found differences in the surface
area estimates of a factor 8 for volcanic ash of size < 130 μm between
nitrogen gas adsorption and three-dimensional scanning electron mi-
croscope stereo-pair analyses (resolution of 0.01 μm), which they con-
tribute at least partially to the occurrence of microporosity. From in-
situ measurements of plumes of degassing volcanoes Shcherbakov
et al. (2016) derived for particles with effective diameter of 1.5 to
2.8 μm a porosity of 18 to 35% based on the measured aerosol refrac-
tive index. Further work to constrain the effect of microporosity on
the refractive index is encouraged, but note that with respect to the
total volume occupied by the gas pockets the main contribution
comes from bubbles with diameters larger than 10 μm (Genareau
et al., 2013; Cioni et al., 2014).

Other factors have an influence on the presence of bubbles as well.
For instance a higher silica content connected to a higher viscosity
might lead to smaller bubbles and a higher porosity (Genareau et al.,
2013). Also the distance from the volcano is an important parameter,
as larger and denser particles will sediment faster. Shipley and Sarna-
Wojcicki (1982) reported that at distances of 50 km and farther the fin-
est ash consists mainly of glass shards of fragmented porous particles.
Also Genareau et al. (2013) showed that for distances farther than
250 km from the eruptive vent/location simple particles (glassy shards
without vesicles, diameter < 30 μm) contribute the major part to the
ash with respect to the mass, whereas more complex particles (larger
with multiple imprints of bubbles and probably internal vesicles) con-
tribute less and less. However, in-plume measurements by Rose et al.
(1980) showed that in crystal-bearing volcanic ash the smallest frac-
tions consist of crystal fragments.

In this work, we consider mainly particles with radii of a fewmicro-
meters. As many measurements indicate that bubbles are of a similar
size or larger, we assume no internal bubbles in most parts of this
work, i.e. fvoid= 0. For particles larger than roughly 10 μm, this assump-
tion does not hold. In this case we follow Kylling et al. (2014) and as-
sume mvoid = 1. Alternatively, pumice (a volcanic glass with a porous
texture) as a component (using Volz, 1973) can be considered. The den-
sity of vesicles filled with air is significantly lower than typical volcanic
ash densities, such that we assume ρvoid = 0 g cm−3.
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2.1.3. Crystals
The presence of typical minerals as well as their relative volume

abundance can be related to the silica content according to the distribu-
tion in Fig. 3.10 (a classification scheme for igneous rocks) in Jerram and
Petford (2011) (see also Rogers, 2015; Sen, 2014; Nakagawa and Ohba,
2002) for typical silica contents xs, Eq. (5).

xs ∈ 45, 50, 55, 60, 65, 70, 75f gwt:% ð5Þ

The corresponding volume fractions with respect to the bulk silica
content are given in Table 1. In reality the composition might slightly
deviate from the distribution in Table 1. Therefore, instead of directly
applying Eq. (4), we use these fractions fmin

i as mean values, assuming
a certain variability in the composition.We add a random normally dis-
tributed value (mean of 0, width of 0.2) to each fraction fmin

i , set
resulting negative values to zero and normalize the distribution. Using
Eq. (4) with this new phase distribution gives us m0

min. The mean of
m0

min, mmin, is determined by repeating the calculation N times and av-
eraging the results. N = 10000 was found to be sufficient to get the
maximum of the wavelength-dependent standard deviation of the
real and imaginary part ofmmin being< 0.03.mmin and a similarly calcu-
lated density are used fromnowon; for simplicitywe drop the bar. Note
that for the refractive index a slightly different composition is used than
for the density, as corresponding data for amphibole are lacking. Thus,
the relative composition for the refractive index is calculated by
dropping amphibole prior to normalization.

The mineral phase distribution of Jerram and Petford (2011) in-
cluded potassium feldspar, plagioclase and pyroxene. The first is here
represented by orthoclase. The type of plagioclase changes depending
on the silica content, being sodium-rich for felsic and calcium-rich for
mafic ashes (Jerram and Petford, 2011). Therefore we use albite, labra-
dorite and anorthite to represent this behavior. For xs=75wt.% the pla-
gioclase is assumed to consist only of albite, for xs = 54 wt.% of
labradorite and for xs=40wt.% of anorthite. In betweenwe apply a lin-
ear interpolation and use amixture of twominerals. The composition of
labradorite equals on average 40% (30 to 50%) albite and 60% (50 to
70%) anorthite (Ralph, 2020a). The pyroxene is assumed to contain
orthopyroxenes (here enstatite) and clinopyroxenes (here diopside)
in equal parts. Furthermore, quartz, muscovite, biotite, amphibole and
olivine are used.

Note that we assume that theminerals with the largest contribution
with respect to the crystalline volume also lead to the major contribu-
tions to the refractive index and the density. However, there are
minor components with respect to the volume, that might still be able
to have non-negligible influence (Best, 2003). Magnetite for instance,

an iron-oxide, has a much higher density than most other components
as well as a different refractive index, see Table 2 and Fig. 1. Therefore,
we assume that 1 vol.% of the ash consists of magnetite as a representa-
tive of all iron- and titanium oxides (already included in Table 1).

The wavelength dependence of the real and imaginary part of the
minerals in Table 1 (taken from different sources, see Table 2) is
shown in Fig. 1. Various refractive indices are calculated using disper-
sion analysis as described in the corresponding papers (anorthite,
clinopyroxene, muscovite, labradorite, obsidian, olivine, orthoclase,
orthopyroxene). Caseswheremultiple indices were given for the differ-
ent orientations of the crystal with respect to the electromagnetic field
or measurement techniques are averaged assuming equal weighting
(biotite, muscovite, labradorite, obsidian, orthoclase). For quartz the or-
dinary and the extraordinary ray are mixed 2:1 (Peterson and
Weinman, 1969). This corresponds to the assumption of random orien-
tation of the particles. Also note that some materials were glassy
(albite). For small wavelengths (< 7 μm) we assume a constant refrac-
tive index m = 1.4 + 0 ⋅ i if missing.

The wavelength dependence of the component refractive indices al-
ready shows some noteworthy features. Fig. 1 (g, h) shows theminerals
typical for felsic rocks, while Fig. 1(c, d) shows minerals of mafic rocks.
The peaks of the imaginary part of the felsic minerals are slightly shifted
towards smaller wavelengths with respect to the mafic minerals, Fig. 1
(h, d). Similarly, the steep rise of the real part is shifted to smaller wave-
lengths for felsic minerals compared to the mafic minerals, Fig. 1 (g, c).
Crystalline quartz has a significantly higher peak in the imaginary part
than all other minerals, Fig. 1 (g). Note that diopside shows besides its
own characteristic features also peaks at the same wavelengths as
quartz, Fig. 1 (c, d). Fig. 1 (a, b) shows volcanic glasses for comparison:
they exhibit the same tendencies and features as the crystals (except for
magnetite) but with peaks at different wavelengths and they appear
smoother. Magnetite has a completely different refractive index than
all other components for 5 to 15 μm without prominent features,
Fig. 1 (e, f); they appear for larger wavelengths (16 to 50 μm) instead
(Glotch and Rossman, 2009).

The densities are taken from other sources than the refractive indi-
ces, see Table 2, and therefore might correspond to slightly different
samples. For instance the refractive index used for albite is taken from
Mutschke et al. (1998). However, their sample was in the glass state
and had a density of only 2.36 g cm−3. As wewant to approximate crys-
tals, we assume ahigher density of 2.625±0.025 g cm−3 corresponding
to crystalline albite (Ralph, 2020b). Inmany cases an interval of possible
densities was given. Then we use the mean and half of the width as the
uncertainty.

2.1.4. Glasses
For felsic compositions volcanic ash often consists mostly of glassy

particles and only to aminor fraction ofminerals. Thus, the glass volume
fraction fglass is often rather high. Vogel et al. (2017) showed that the
glass fraction (analyzed from the areas of glass and minerals in two-
dimensional images of ash particles) is proportional to the silica content
xs. During its lifetime fglass might increase even more due to sedimenta-
tion of the crystals, which have a higher density and a less rugged sur-
face than the glass shards (Shipley and Sarna-Wojcicki, 1982; Mackie
et al., 2016). This can lead to glass fractions of up to 1 (Heiken, 1974;
Rose et al., 2003).

Measurements of the refractive index and the silica content of vari-
ous volcanic glasses have been performed by Pollack et al. (1973). How-
ever, the silica content of the glass might be considerably higher than
the silica content of the bulk magma as a result of the crystals (except
quartz) being less silicic than the bulk material. Therefore, an increase
in crystalization increases the difference in silica content between
glass and bulk, up to 10 wt.% (Mackie et al., 2016). In addition, Reubi
and Blundy (2009) showed that melt inclusions (i.e. melt trapped in
phenocrysts) have a bimodal compositional distribution with a signifi-
cant absence of intermediate compositions (i.e. 59 to 66wt.%), although

Table 1

Rounded volume fractions f imin of mineral phases in volcanic ashwith respect to the crys-
talline part according to Fig. 3.10 in Jerram and Petford (2011) for different bulk silica con-
tents. The minerals are orthoclase (OC), quartz (Q), albite (AL), labradorite (L), anorthite
(AN), enstatite (E), diopside (D), olivine (OL), muscovite (MU), biotite (B), amphibole
(AM) and magnetite (MA). See text for further explanation.

Mineral Silica content xs / wt.%

45 50 55 60 65 70 75

OC 0.00 0.00 0.01 0.06 0.12 0.22 0.45
Q 0.00 0.00 0.06 0.13 0.23 0.33 0.23
AL 0.00 0.00 0.02 0.13 0.17 0.13 0.13
L 0.08 0.27 0.49 0.34 0.15 0.04 0.00
AN 0.15 0.11 0.00 0.00 0.00 0.00 0.00
E 0.29 0.29 0.09 0.00 0.00 0.00 0.00
D 0.29 0.29 0.09 0.00 0.00 0.00 0.00
OL 0.17 0.02 0.00 0.00 0.00 0.00 0.00
MU 0.00 0.00 0.00 0.00 0.00 0.08 0.13
B 0.00 0.00 0.05 0.12 0.14 0.08 0.04
AM 0.00 0.00 0.16 0.21 0.18 0.10 0.00
MA 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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they are widespread. They proposed that intermediate compositions
might be created by magma mixing, and therefore contain volcanic
glasses with a silica content up to about 15 wt.% higher.

To circumvent this problem the refractive indices of volcanic glasses
are derived from bulk ash samples, for which the bulk silica content is
known. We invert Eqs. (2) to (4) to obtain mglass from meff, i.e. the
bulk refractive index, by making assumptions on the remaining

quantities (fvoid, mvoid, fglass and mmin, see details below). The refractive
indices of bulk volcanic ash samples are taken from Reed et al. (2018)
and Deguine et al. (2020), who investigated samples of seven
(Grímsvötn 2011, Aso 1993, Eyjafjallajökull 2010, Tongariro 2012,
Spurr 1992, Nisyros, Askja 1875) and six (Etna 2017, Grímsvötn 2011,
Calbuco 2015, Eyjafjallajökull 2010, Puyehue-Cordón Caulle 2011,
Chaitén 2008) different volcanic eruptions, respectively. The samples
cover silica contents xs from 49.1 to 70.7 wt.% and 46.5 to 74.1 wt.%, re-
spectively; xs of the Spurr sample was not given, and therefore is taken
from Vogel et al. (2017). The particle diameter are mostly < 3 μm. The
silica contents were determined by X-ray fluorescence analysis and
the refractive indices from the extinction spectra of volcanic ash
suspended in nitrogen in the infrared to ultraviolet spectrum. The den-
sities were given neither by Reed et al. (2018) nor by Deguine et al.
(2020); thus, we use the linear relation by Vogel et al. (2017) to calcu-
late the bulk dense rock equivalent density of volcanic ash from the sil-
ica content; an uncertainty of 0.1 g cm−3 is assumed. As the particles are
small we assume that porosity is negligible, i.e. fvoid = 0 (therefore,
mvoid is not needed). For the glass fglass = xs/100 wt.% ± 0.05 is chosen
(Vogel et al., 2017). Themineral composition is based on the rounded xs
(to 45, 50, 55 wt.% etc., see Table 1); the uncertainty is set to 2.5 wt.%.
The potential impact of the adjusted parameters is demonstrated with
an example, then mglass is calculated using the assumptions. Negative
values are set to zero.

We combine our volcanic glass calculations with the laboratorymea-
surements of basaltic glass, obsidian and quartz, see Table 2. For basaltic
glass the silica content (xs = 53.45 wt.%) was given by Pollack et al.
(1973). For obsidian the silica content was not given, but the refractive
index is similar to the obsidian refractive index in Pollack et al. (1973),
with values around xs=75wt.%. Quartz glass as a pure silicate glass (i.e.
xs =100 wt.%) does not appear as a volcanic glass in nature. However,
as the volcanic glasses frommafic to felsic have an increasing silica con-
tent, quartz glass can be considered as an extrapolation of this regime.
Note that for basaltic glass and obsidianwe ignore the possible difference
betweenbulk andglass silica content. The refractive indices of theglasses,
Fig. 1, show a similar behavior as the minerals with respect to the silica
content, but the peaks are generally smaller and overall smoother.

In the next stepwe follow Prata et al. (2019) and perform separately
a wavelength-dependent linear regression for the real (n) and

Table 2
Literature sources for the refractive indices at the given wavelengths λ and their densities ρ.

Component Refractive Index Source λ / μm Remark to sample/meas. Density Source ρ / g cm−3

Quartz glass
(SiO2 100 wt.%)

Kitamura et al. (2007) 0.21 to 50 combination of different measurements Wakaki et al. (2007) 2.202 ± 0.001

Obsidian
(SiO2 75 wt.%)

Koike et al. (1989) 2.5 to 400 KBr pellet (transmission), slab of bulk
(reflection)

Clark (1966) 2.37 ± 0.04

Basaltic glass
(SiO2 53.45 wt.%)

Pollack et al. (1973) 0.2 to 50 slab of bulk (reflection) Clark (1966) 2.78 ± 0.07

Orthoclase Arnold et al. (2014) 2.5 to 40 slab of crystalline material (reflection) Best (2003) 2.59 ± 0.04
Quartz Spitzer and Kleinman (1961), Peterson and

Weinman (1969)
0.768 to
37

slabs of crystalline material (reflection,
transmission)

(Best, 2003) 2.65 ± 0.01

Albite (Plagioclase) Mutschke et al. (1998) 6.7 to 500 slabs of glassy material (reflection) Ralph (2020b) 2.625 ± 0.025
Labradorite
(Plagioclase)

Ye et al. (2019) 5 to 44.4 slab of crystalline material (reflection) 0.6ρanorthite + 0.4ρalbite
(Ralph, 2020a)

2.70 ± 0.05

Anorthite
(Plagioclase)

Aronson and Strong (1975) 6.25 to 40 slab of crystalline material (reflection) Ralph (2020c) 2.75 ± 0.01

Enstsatite
(Orthopyroxene)

Roush et al. (1991) 5 to 25 KBr pellet (reflection) Best (2003) 3.55 ± 0.35

Diopside
(Clinopyroxene)

Aronson and Strong (1975), 5.88 to
43.48

slab of crystalline material (reflection) Best (2003) 3.35 ± 0.15

Olivine Mukai and Koike (1990) 72 to 200 KBr pellet (transmission) Best (2003) 3.8 ± 0.6
Muscovite Aronson and Strong (1975), Vedder (1964) 6.67 to

31.25
slab of crystalline material (reflection) Ralph (2020d) 2.825 ± 0.055

Biotite Querry (1983) 0.25 to
55.56

slab of crystalline material (reflection) Haldar and Tišljar (2014) 3.05 ± 0.35

Amphibole
(Hornblende)

NA NA NA Best (2003) 3.275 ± 0.225

Magnetite Glotch and Rossman (2009) 5 to 100 slab of crystalline material (reflection) Ralph (2020e) 5.175 ± 0.001

Fig. 1.Wavelength dependence of the real and imaginary part of the refractive index of the
minerals and glasses in use.
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imaginary part (k) of the refractive index of volcanic glass, using xs as
the independent variable. For instance the peak of k shifts towards
smaller wavelength with increasing xs for volcanic glasses (see Sec.
2.1.3). Therefore, it is possible that for a specific wavelength k first in-
creases, reaches a maximum, and then decreases again. Thus, we as-
sume for the fit a quadratic function, Eq. (6).

gi ¼ ai þ bixs þ cix2s ð6Þ

gi is n or k of volcanic glass at a wavelength i, and ai, bi, ci are the corre-
sponding fit coefficients. Finally, we use these functions to calculate the
real and the imaginary part of the refractive index of volcanic glasses
from 45 to 100 wt.% with the corresponding 1σ prediction band. Again,
occasional negative values are set to zero. Similarly, we calculate the
density, only using a linear instead of a quadratic function.

2.2. Microphysical properties of volcanic ash

Next we compile typical sizes and shapes of volcanic ash in order to
quantify the impact of these microphysical properties on the optical
properties of volcanic ash. Then we compare these impacts with the ef-
fects of the composition in order to select parameters for the determina-
tion of a representative set of optical properties.

2.2.1. Size distribution of volcanic ash particles
First, we select the type of size distribution for volcanic ash particles.

The Weibull distribution has been reported from measurements
(Stevenson et al., 2015), in addition the modified gamma distribution
(Prata, 1989; Prata and Grant, 2001; Gangale et al., 2010) or more
often the log-normal distribution (Farlow et al., 1981; Prata, 1989;
Prata and Grant, 2001; Yu et al., 2002; Gangale et al., 2010; Grainger
et al., 2013; Lee et al., 2014; Stevenson et al., 2015) has been used to
characterize volcanic ash particles. Also multi-modal distributions
have been reported (e.g. Wohletz et al., 1989; Riley et al., 2003). As
the size of volcanic tephra variees over a large regime, we use log-
normal distributions (Limpert et al., 2001) described by Eq. (7).

n rð Þ ¼
N0 exp − 1

2
ln rð Þ− ln rmð Þ

ln sð Þ
� �2

� �
ffiffiffiffiffiffi
2π

p
ln sð Þ r ð7Þ

N0 denotes the total particle number density, r the radius (see also
Sec. 2.2.2 for non-spherical particles), rm themedian and s the geometric
standard deviation parameterizing thewidth of the distribution. The ef-
fective radius reff, defined as the quotient of the third to the secondmo-
ment of n(r), becomes Eq. (8).

reff ¼ rm exp
5
2
ln sð Þ2

� �
ð8Þ

With respect to remote sensing applications, we are interested in
fine ash particles and consider reff ∈ {0.6, 1.8, 3, 4.5, 6}μm. This regime
has been investigated in the laboratory (Reed et al., 2018; Deguine
et al., 2020), in-situ (Rose et al., 1980; Schumann et al., 2011) and in
many remote sensing applications (Pugnaghi et al., 2013; Grainger
et al., 2013; Ishimoto et al., 2016). However, there is some unsolved dis-
crepancy between the typical sizes in air- and spaceborne investigations
and those found for cryptotephra. The latter shows systematically
higher values, e.g. median number diameters (i.e. long axis length as
used in the field of cryptotephra) of 20 to 70 μm at distances of about
1000 km (Stevenson et al., 2015) or mode diameters (average of 64 di-
ameters) formass density distributions of 90 μmat 1400 km(Rose et al.,
2003). These variations might arise from differences in the measuring
techniques and their sensitivities (Stevenson et al., 2015). Theoretically,
considering only sedimentation for spherical ash particles, those larger
particles are expected to fall out of the atmosphere fast, e.g. particles

with radii around 20 μm should stay in the troposphere less than one
day, whereas particles with radii of 1 μm might remain up to months
(Grainger et al., 2013). However, as volcanic ash particles are not spher-
ical but sometimes highly irregular, their terminal velocitymight be sig-
nificantly lower, and therefore their atmospheric residence time could
be longer (Rose et al., 2003; Riley et al., 2003).

Typical values for the spread s in Eq. (7) are 1.53 to 1.74 (for ash from
Mt. St. Helens, Farlow et al., 1981), 2.1 (for ash from Mt. Redoubt, Wen
and Rose, 1994), 1.38 to 1.66 (from cryptotephra, Stevenson et al., 2015)
or 1.5 to 1.77 (applied in Grainger et al., 2013). Thus, we consider
s ∈ {1.5, 2.0} in the following analysis.

2.2.2. Shape of volcanic ash particles
Second, we consider the shape of volcanic ash particles. These usu-

ally have a very rugged surface. However, for simplicity we confine
our analysis to spheres and pro- and oblate spheroids. Kylling et al.
(2014) showed that the differences in optical properties between
non-spherical rugged vesicular volcanic ash particles and volume-
equivalent spheres with an effective refractive index corrected for the
vesicles is small for the sizes considered here. For larger particles
these differences as well as the variability between different realistic
particle shapes increases.

Typical aspect ratios of volcanic ash are 1.4 (Vogel et al., 2017), 1.38
to 1.81 (Ball et al., 2015), 1.8 to 2.2 (Schumann et al., 2011), 1.4 to 2.5
(Riley et al., 2003). Vogel et al. (2017) suggest that the aspect ratio de-
creases to 1.25 to 1.3 for radii smaller than 5 μm. The density distribu-
tion with respect to the aspect ratio can be parameterized by a
modified log-normal distribution, Eq. (9) (Gasteiger and Wiegner,
2018).

n εð Þ ¼
exp − 1

2
ln ε−1ð Þ− ln ε0−1ð Þ

σar

� �2
� �

ffiffiffiffiffiffi
2π

p
σar ε−1ð Þ ð9Þ

ε denotes the aspect ratio, ε0 its median and σar the spread. Kandler
et al. (2007) described Saharan dust by Eq. (9)with ε0= 1.64 andσar=
0.66. To show that the same distribution can be used for volcanic ashwe
apply it to the aspect ratio distribution of two Sakurajima samples from
Miwa et al. (2015), Fig. 2. Fitting yields ε0=1.7 andσar=0.45. Thus,we
consider ε0 ∈ {1.5, 2.0} and σar ∈ {0.45, 0.66} in the following analysis.

The definition of a radius is ambiguous for non-spherical particles.
We consider the cross-section-equivalent radius in our study (except
when stated otherwise), Eq. (10).

rc ¼
ffiffiffiffiffiffiffiffiffi
Cgeo

π

r
ð10Þ

Cgeo denotes the orientation-averaged cross section of the particles
(Gasteiger and Wiegner, 2018). Other definitions of the radius, e.g. via
the volume (rv) or the volume to cross-section ratio (rvcr), are given in
Gasteiger and Wiegner (2018). As these different definitions result in
different values for the radius for the same particle, and as the size

Fig. 2. Fit of the modified log-normal distribution to the aspect ratio distribution given by
Miwa et al. (2015).

D. Piontek, A.J. Hornby, C. Voigt et al. Journal of Volcanology and Geothermal Research 411 (2021) 107174

6



distribution has a large impact on the optical properties (as will be
shown in Sec. 3.2), the radius definition may introduce a significant un-
certainty in the optical properties. Gasteiger and Wiegner (2018)
pointed out that the appropriate choice depends on the measurement
technique applied to determine the size distribution. However,we com-
bine literature values fromdifferentmeasurement techniques. Thus, the
influence of the radius definition on the optical properties is investi-
gated in a sensitivity study.

2.3. Optical properties of volcanic ash and a simplified model for BTD11−12

The composition (i.e. refractive index) and the microphysical prop-
erties are used to calculate the optical properties (mass extinction coef-
ficient, single scattering albedo and asymmetry parameter). To calculate
these properties we use the tool MOPSMAP version 1.0 (Gasteiger and
Wiegner, 2018). It comprises a precalculated data set of optical proper-
ties for single particles in random orientation, using Mie theory for
spheres and the T-matrix method for spheroids. Then MOPSMAP com-
putes the optical properties for a given ensemble of different single par-
ticles by averaging their properties. The input consists of the particle
size and shape distribution, the refractive index and the bulk density.
Wavelengths between 5 and 15 μm are considered at a resolution of
0.1 μm.

Using the optical properties one can calculate the brightness tem-
perature difference BTD11−12 as measured from satellite. Here we
adapt a simple model of a single homogeneous volcanic ash layer as de-
scribed by Prata andGrant (2001) (and applied in Prata and Prata, 2012;
Prata et al., 2019). Only two wavelengths (11 and 12 μm) at nadir are
considered and scattering effects are neglected. For theses wavelengths
surface emissivities range roughly between 0.95 and and 1, depending
on the surface type and the exact wavelength (Zhou et al., 2013). How-
ever, for simplicity we assume that the Earth's surface behaves like a
black body and that the atmosphere is transparent except for the ash
cloud; thus, we obtain Eqs. (11) and (12).

I11 ¼ 1−t11ð Þ B11 Tcð Þ þ t11 B11 Tsð Þ ð11Þ

I12 ¼ 1−t12ð Þ B12 Tcð Þ þ t12 B12 Tsð Þ ð12Þ

Here Iλ denotes the spectral radiance measured at the top of the at-
mosphere, Bλ the Planck function, Ts and Tc the temperatures of the
Earth's surface and the cloud top, respectively. tλ = exp (−βλρL) is
the transmissivitywith themass extinction coefficientβλ, themass con-
centration ρ and the geometrical cloud thickness L. We consider a test
case with typical values of L = 1000 m and ρ = 0.5 mg m−3 (e.g.
Schumann et al., 2011), Ts = 290 K and Tc = 220 K (about 10 km).

3. Results

3.1. Refractive indices

To begin we consider the potential impact of the parameters fglass,
fvoid and xs on the derivation of volcanic glass refractive indices. Fig. 3
shows example calculations for the refractive index of volcanic glass de-
rived from the the bulk refractive index of Eyjafjallajökull ash by
Deguine et al., 2020, which lies with 58.6 wt.% in the center of the re-
gime of typical silica contents. The corresponding densities are given
in Table 3. A reference calculation is shown (fglass = 0.59, fvoid = 0,
xs=60wt.%) and the results for different variations of the reference set-
tings. A change of fglass by ±0.05% leads only to minor changes of the
volcanic glass refractive index and density. However, for the extreme
case fglass = 1 the imaginary part of the refractive index increases partly
by up to 0.5 and the density by 7%. The variation of xs by ±5 wt.% can
lead to changes of the refractive index up to about ±0.2, whereas the
change in the density is of the order of 1%. fvoid has the largest impact:

for fvoid = 0.3 the real part of the refractive index increases by up to 1
and the imaginary part by about 0.8; also the density exhibits an in-
crease of close to 80%.

Next the refractive indices for volcanic glasses calculated from all
measurements of bulk volcanic ashes by Reed et al. (2018) and
Deguine et al. (2020) are considered in Figs. 4 and 5, respectively; the
latter are extrapolated from 14.49 μm up to 15 μm. Also shown are the
refractive indices for obsidian, basaltic and quartz glass. Noteworthy
are the dips between 9 and 10 μm for both n and k in the calculated re-
fractive indices, Figs. 4 (a, b) and 5 (a, b). For the felsic cases this is prob-
ably due to the high peaks of crystalline quartz, whereas for the mafic
cases a similar (althoughweaker) peakwas visible in the diopside sam-
ple, Fig. 1. Interestingly, these dips are present for themeasured volcanic
glass refractive indices, such that these exhibit more features than the
smoother bulk refractive indices (Reed et al., 2018; Deguine et al.,
2020). In Fig. 4 (b) the imaginary part of the refractive index becomes
negative for the samples of Aso and Tongario for wavelengths of 10 to
12 μm, and therefore is set to zero here. Similarly, the imaginary parts
of some refractive indices are set to zero for wavelengths < 8 μm,
Figs. 4 (b) and 5 (b).

Fig. 3. Wavelength dependence of the real and imaginary part of the refractive index of
volcanic glass derived from the bulk refractive index of Eyjafjallajökull ash by Deguine
et al., 2020; a reference value is given (black), whereas for the other settings the
reference is subtracted, i.e. the difference with respect to this reference is shown (blue,
green, red); the parameters fglass, fvoid and xs are varied.

Table 3
Density of volcanic glass derived from the bulk properties of Eyjafjallajökull ash by
Deguine et al. (2020), varying the parameters fglass, fvoid and xs; the reference calculation
is given in the first line, for the other settings the relative deviation of the density with re-
spect to the reference density is given as well.

xs / wt.% fglass fvoid ρglass / g cm−3

60 0.59 0.00 2.61 (ref.)
60 0.54 0.00 2.56 (−2%)
60 0.64 0.00 2.64 (1%)
60 1.00 0.00 2.79 (7%)
60 0.59 0.10 3.14 (20%)
60 0.59 0.20 3.80 (46%)
60 0.59 0.30 4.65 (78%)
55 0.59 0.00 2.59 (−1%)
65 0.59 0.00 2.61 (0%)
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Figs. 4 (c) and 5 (c) show the coefficient of determination R2 for the
wavelength-dependent linear regression. A perfect fit results in R2 = 1,
whereas a constant fit function returning themean leads to R2 = 0. The

latter might happen if there is no clear functional dependence between
the refractive index and the silica content. In Fig. 4 (c) R2 of the real part
is mostly around 0.7 up to 10 μm, except for a dip between 9 μm and
9.5 μm. Between 11 μm and 15 μm it is mostly < 0.25; this is because
of the missing quadratic relationship between the refractive index and
the silica content (e.g. the real parts of the volcanic glasses of Nisyros
and Tongariro are between those of Grímsvötn and Aso, although the
last two both have lower silica contents than the first two). For the
imaginary part R2 is roughly zero up to 8 μm as the imaginary parts of
the volcanic glasses are mostly zero (or are set to zero if they become
negative). R2 rises to values of approximately 0.8 at wavelengths of 8
to 9.5 μm. Beyond that it remains < 0.25 up to roughly 13.5 μm; this
might be partly due to the vanishing imaginary parts of the refractive in-
dices of the volcanic glasses of Aso and Tongariro. Fig. 5 (c) shows sim-
ilar values for R2 as Fig. 4 (c) up to 9.5 μm. Beyond that R2 decreases for
the real and imaginary part to values mostly between 0.25 and 0.5, ex-
cept for a dip of R2 of the imaginary part to zero at 13 μm, where the
imaginary part of quartz glass intersects all other imaginary parts. Cal-
culating the average R2 of the real and imaginary part between 8 μm
and 12 μm gives 0.41 and 0.4 using Reed et al. (2018), and 0.64 and
0.62 using Deguine et al. (2020). This shows that the linear regression
performs significantly better using the data of Deguine et al. (2020)
compared to Reed et al. (2018). Therefore, we will use only the data de-
rived from Deguine et al. (2020) from now on. In the next step we use
the linear regression results to calculate the wavelength dependence
of the refractive indices of volcanic glasses for bulk silica contents xs be-
tween 45 and 100wt.%, Fig. 6. Fig. 7 shows the calculated glass densities.
The linear regression yields R2 = 0.88.

Mathematically n and k are connected by the Kramers-Kronig rela-
tion (Lucarini et al., 2005). Its singly subtractive version is given as
Eq. (13).

n ωð Þ−n ωað Þ
ω2−ω2

a
¼ 2

π
P
Z ∞

0

ωk ωð Þ
ω2−ω2

� �
ω2−ω2

a

� �dω ð13Þ

ω andωa are twowavenumbers andP denotes the Cauchy principal
value of the integral. To check the consistency of the retrieved volcanic
glass refractive indiceswe evaluate if the Kramers-Kronig relation is still
fulfilled (Deguine et al. (2020) used a similar approach to determine the
real parts of the refractive indices). We extend the imaginary part k of
the refractive index assuming k ∝ λ−1 for wavelengths λ > 15 μm and
k ∝ λ3 for λ < 5 μm (Herbin et al., 2017). The choice of the anchor
point n(ωa) is crucial for the method (Herbin et al., 2017); we choose
ωa = 1000cm−1 such that the integrand in Eq. (13) becomes largest
in the center of the considered spectral regime where also the main

Fig. 4. Wavelength dependence of the real (a) and imaginary part (b) of the refractive
indices of the volcanic glasses calculated from refractive indices of Reed et al. (2018) for
bulk volcanic ash samples of different volcanos; (c) shows the corresponding R2 value
for the linear regression result at each wavelength.

Fig. 5. As Fig. 4 but using refractive indices of Deguine et al. (2020).

Fig. 6. Wavelength dependence of the real and imaginary part of the refractive indices of
the volcanic glasses calculated from the linear regression results for different bulk silica
contents.
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absorption feature is located, Fig. 5 (b). n(ωa) is taken from the individ-
ual regression results. The relative deviation of n by Kramers-Kronig and
linear regression relative to the latter is up to ±10% for 5 to 14 μm. For
wavelengths > 10 μm the deviation increases for larger wavelengths
and lower silica contents. At 15 μm the deviation for xs = 45 wt.% is
−17%. Note that this might be at least partially connected to the fact
that an assumption was used for k for wavelengths > 15 μm instead of
real measurements.

Next we can calculate the refractive indices for different mixtures of
volcanic glasses, minerals and bubbles, Fig. 8. We vary different param-
eters within realistic ranges in order to investigate their impact on the
refractive indices of volcanic ashes, i.e. xs from 45 to 75 wt.%, fglass
from xs/100 wt.% to 1 and fvoid from 0 to 0.75. In pink, the refractive
index for fglass = 0 is shown, i.e. the pure mineral case. The grey shaded
area shows the 68% prediction band for the pure volcanic glass case, i.e.
for fglass=1 and fvoid=0. This band shows a significant spread,which in
many cases is of the same order or even larger than the variability due to
minerals.

3.2. Optical properties

Next we quantify the impact of the different microphysical proper-
ties and the composition on the optical properties. The largest spread
and the corresponding wavelength are given for each property in
Table 4. Considering the size distributions described in Sec. 2.2.1 (lim-
ited within MOPSMAP to r ∈ [0.001, 30]μm) for spherical particles and
using the refractive index of Eyjafjallajökull ash of Deguine et al.
(2020) and a density of 2.79 g cm−3 (calculated from the silica content
and the linear relation of Vogel et al., 2017) we obtain the optical prop-
erties shown in Fig. 9. reff as well as s have a great influence on the opti-
cal properties, with reff dominating over s. The single scattering albedo,

Fig. 9 (b), shows that for small reff (0.6 μm) absorption dominates over
scattering forwavelengths above 8 μm,whereas absorption and scatter-
ing are of similar importance for larger reff (≥ 1.8 μm). The asymmetry
parameter, Fig. 9 (c), increases with increasing reff, i.e. forward scatter-
ing becomes dominant.

Next we consider different particle shapes (spheres, pro- and oblate
spheroids; r ∈ [0.001, 30]μm) and shape distributions (log-normal dis-
tributions of spheroids as described in Sec. 2.2.2; r ∈ [0.001, 13]μm).
For aspect ratio distributions ε is limited to [1,5], split in 10 intervals.
Pro- and oblate spheroids are used in equal parts. Considering different
sizes (log-normal distribution with reff ∈ {0.6, 3, 6}μm, s=1.5) we find
that the shape has small influence on the optical properties with differ-
ences up to 10%, see Fig. 10 and Table 4.

To study the sensitivitywith respect to the radius definition, we con-
sider different possibilities (with r ∈ [0.001, 13/12/9]μm for rc, rv and
rvcr, respectively) for different sizes (log-normal distribution with
reff ∈ {0.6, 3, 6}μm, s= 1.5) and a non-spherical shape (pro- and oblate
spheroids with log-normal aspect ratio distribution with ε0 = 1.5 and
σar = 0.45), Fig. 11. The absolute differences are rather small although

Fig. 7. Density of the volcanic glasses calculated from the bulk samples of different silica
contents, typical densities for basaltic, obsidian and quartz glass, and the linear fit for
these data.

Fig. 8. Wavelength dependence of the real and imaginary part of the refractive indices of
volcanic ash mixtures of glasses, minerals and voids with different compositions. fglass is
indicated by the color, fvoid by the linestyle. xs has values of 45 wt.% (a, b), 55 wt.% (c, d),
65 wt.% (e, f) and 75 wt.% (g, h). Grey shaded is the 68% prediction band for the pure
volcanic glass, i.e. for fglass = 1 and fvoid = 0.
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the relative differences can go up to about 17.5%. Generally, rvcr leads to
larger differences from rc than rv. The differences tend to decrease with
increasing reff.

Finally, we consider the influence of the volcanic ash composi-
tion (i.e. the refractive index and the corresponding bulk density)
on the optical properties. Therefore, we consider spheres of
different sizes (log-normal distribution with reff ∈ {0.6, 3, 6}μm,
s = 1.5; r ∈ [0.001, 20]μm) and the refractive indices from Fig. 8
(but only fvoid = 0 and fglass > 0; 63 compositions in total). Note
that this computation corresponds to assuming an internal mixture,
since we use an effective refractive index for all particles in an en-
semble, instead of different refractive indices of different glasses/
minerals for the single particles. Although the main behavior of

the optical properties is determined by reff, the refractive indices
introduce a significant variability, see Fig. 12 and Table 4.

4. Discussions

Considering the refractive indices of volcanic glasses in Fig. 6, there
are some general features observable. Up to 8 μmthere is relatively little
variation in the imaginary part, Fig. 6 (b), but significant variation for
larger wavelengths. Similar results have been found by Reed et al.
(2018). In the real part there is small variability approximately at
11 μm and 13 μm, Fig. 6 (a). Similar points appeared in the models of
the refractive index of Prata et al. (2019). The peak of the imaginary
part (of the broad feature, neglecting the small troughs due to single
minerals) varies between roughly 10 μm for 75 wt.% and 11 μm for
45 wt.%, Fig. 6 (b). For comparison, in laboratory measurements peaks
were found to be in the range 9 to 10 μm (Reed et al., 2018) or 10 to
10.5 μm (Deguine et al., 2020). The width of the peak varies also de-
pending on the composition. In Prata et al. (2019) and Deguine et al.
(2020), a shift of the peak towards higher wavelengths and an increase
of width was shown to be connected to a lower silica content. Fig. 6
(b) shows a similar behavior for our volcanic glasses. Also the real part
shows a similar dependence on the silica content as in Prata et al.
(2019) and Deguine et al. (2020), e.g. a negative correlation of the re-
fractive index and the silica content for wavelengths 5 to 8.5 μm and
11 to 15 μm, but a positive correlation for 9.5 to 11 μm, Fig. 6 (a). How-
ever, the amplitudes of the refractive indices are much smaller in Reed
et al. (2018) and Prata et al. (2019). The comparison indicates that the
qualitative behavior of volcanic glass and the the bulk volcanic ash are
similar. Note that we calculated the refractive indices of volcanic glasses
using the data of Deguine et al. (2020) instead of the results of Reed
et al. (2018), as R2 using the latter is generally lower, Figs. 4 (c) and 5
(c). Deguine et al. (2020) also showed that their results are in better
agreement with the glass refractive indices from Pollack et al. (1973)
than the results by Reed et al. (2018). As pointed out by Deguine et al.
(2020) different assumptionswith respect to the shape (spheres and el-
lipsoids) might be the reason for the large differences in the refractive
indices.

Fig. 8 allows us to estimate the importance of different composi-
tional properties regarding the refractive indices. For instance the differ-
ence between the pureminerals (pink in Fig. 8) and the pure glass (solid
black) is generally small, except for the typical quartz peaks between 9
and 10 μm. Also the influence of theminerals ismore visible for volcanic
ashes with xs=45wt.%, Fig. 8 (a, b), which can also havemore crystals,
i.e. a lower fglass. However, the porosity is significant, leading to aflatten-
ing of the real part n of the refractive index, Fig. 8 (a, c, e, g), and a low-
ering of the peak amplitude in the imaginary part k, Fig. 8 (b, d, f, h). Also
the silica content xs has a large impact: whereas the imaginary part k of
the refractive index reaches up to about 1 for xs = 45wt.%, Fig. 8 (b), it
increases up to about 1.5 for xs = 75 wt.%, Fig. 8 (h).

We note that these results should be treated with some caution: we
make various assumptions, each of them having a non-negligible im-
pact. For instance the calculations are based on different refractive
index measurements of minerals using different techniques and instru-
ments, and some may be less accurate than others (e.g. anorthite does
not become zero for small wavelengths, diopside exhibits some features
that are very similar to quartz, Fig. 1). Also, all the minerals are investi-
gated in form of KBr pellets or pure crystalline slabs, whereas the volca-
nic ash samples were measured in suspension in nitrogen gas (Reed
et al., 2018; Deguine et al., 2020). Furthermore, we considered only a
subset of all possible minerals in volcanic ash and assumed that all
ashes of the same silica content have the same mineral phase distribu-
tion. Both assumptionsmight fail in specific cases. The volumeweighted
averaging is certainly valid for the density, but might have its limits for
the refractive index. For instance, the refractive index of a particle
consisting of a crystal covered by glass might be stronger influenced
by the glass than by the mineral. Our assumptions for fvoid and fglass

Table 4
Maximal spreads (Δ) in the optical properties mass extinction coefficient (Ext.), single
scattering albedo (SSA) and asymmetry parameter, and the corresponding wavelengths
(λ) for the variation of different properties.

reff / μm Ext. / m2

kg
SSA Asym. param.

Δ λ / μm Δ λ / μm Δ λ / μm

Size
– 301 9.6 0.64 7.9 0.79 8.1

Shape
0.6 39 10.1 0.04 7.6 0.02 11.0
3.0 23 10.6 0.02 7.9 0.02 8.1
6.0 29 5.0 0.03 11.7 0.04 5.0

Radius definition
0.6 10 10.4 0.03 7.6 0.02 5.0
3.0 11 10.3 0.01 7.9 0.02 10.0
6.0 12 6.9 0.01 8.0 0.01 5.1

Composition (Refractive Index)
0.6 564 9.2 0.64 7.2 0.07 10.8
3.0 184 9.3 0.80 7.8 0.20 5.0
6.0 117 7.7 0.73 7.8 0.25 6.3

Fig. 9. Mass extinction coefficient (a), single scattering albedo (b) and asymmetry
parameter (c) for ensembles of spherical particles with a log-normal size distribution
with different reff and s with the refractive index of Eyjafjallajökull ash Deguine et al.
(2020).
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are based on statistical analyses rather than on individual measure-
ments. Especially a non-neglibile porosity might significantly alter the
derived refractive indices of volcanic glasses, Fig. 3 and Table 3. Also
the assumption of bubbles filled with air instead of specific gases
resulting in the approximationsmvoid= 1 and ρvoid= 0 should bemen-
tioned here. For the calculation of the volcanic glasses we relied on the

measurements of Deguine et al. (2020). However, comparing these
with Reed et al. (2018) shows that very similar measurement tech-
niquesmight still result in different refractive indices. Also the refractive
indices from both, Reed et al. (2018) and Deguine et al. (2020), do not
show the large peaks of crystalline quarz, which leads to troughs in
our volcanic glass refractive indices.

Comparing the results in Table 4 for the spreads in optical properties
we see that with respect to the mass extinction coefficient the radius
definition leads to the smallest variability, followed by the shape. Size
and composition have a similar large impact in general, with the impact
of the composition increasing with decreasing reff. Note that the maxi-
mum spread due to the composition is located at a wavelength of 9.2
to 9.3 μm for reff = 0.6 μm and 3.0 μm, respectively, which is where
the major quartz peak is located, Fig. 12 (a, b). Thus, a single crystal
leads to this large impact. Considering the single scattering albedo the
ranking of importance is the same. Heremostmaximum spreads are lo-
cated at 7.3 to 8.0 μm. At this point the single scattering albedo drops
from close to 1 to below 0.5. This drop can be slightly shifted, Fig. 9
(b), such that the maximum spread in this regime can be larger than
the general variability. Finally, with respect to the asymmetry parame-
ter the size leads to the largest spread, followed by the composition,
followedby the shape and the radius definition. Based on these rankings
we decide to incorporate the full variability due to size and composition
to create our representative data set of optical properties for volcanic
ash. Thus, the size distributions for all reff and s are considered, as well
as all refractive indices. For shape and radius definition the impacts
are relatively small such that a single setting is indeed sufficient. Thus,
for the shape a log-normal distribution with ε0 = 1.5 and σar = 0.45
and the radius definition rc are used. The ranking also indicates that

Fig. 10. Mass extinction coefficient (a), single scattering albedo (b) and asymmetry
parameter (c) for particle ensembles with a log-normal size distribution with reff = 0.6
μm and s = 1.5 with the refractive index of the Eyjafjallajökull ash by Deguine et al.
(2020). Different shapes (spheres, spheroids) and aspect ratio distributions are
considered. The latter are modified log-normal distributions consisting of ob- and
prolate particles in equal parts with different ε0 and σar. One case (thick red line) is
shown as reference (left axis), whereas for the others the relative differences are shown
(right axis).

Fig. 11. Mass extinction coefficient (a), single scattering albedo (b) and asymmetry
parameter (c) for ensembles of particles with a log-normal size distribution with
different reff and s = 1.5, a log-normal aspect ratio distribution with ε0 = 1.5, σar = 0.45
of spheroids, with the refractive index of the Eyjafjallajökull ash by Deguine et al.
(2020). For the different reff different definitions of the radius are shown. One case
(thick solid line) is shown as reference (left axis), whereas for the others the relative
differences are shown (right axis).

Fig. 12. Mass extinction coefficient (a, b, c), single scattering albedo (d, e, f) and
asymmetry parameter (g, h, i) for ensembles of spherical particles with a log-normal
size distribution with different reff and s = 1.5 for different refractive indices (see text).
The different silica contents are marked by color.
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mainly size and composition are needed for a fast calculation of the re-
fractive index and the optical properties of a specific volcanic ash.

Regarding satellite remote sensing two further points should be
stressed: First, the dominant peak of the mass extinction coefficient
around 10 μm decreases with increasing reff, Fig. 9 (a), and finally van-
ishes, leading to a strong dependence of BTD11−12 on reff; for reff ≥ 6
μm the signal in BTD11−12 might disappear or even become positive.
This dependence has also been pointed out by Prata (1989); Wen and
Rose (1994); Stevenson et al. (2015). Second, the dependency of the op-
tical properties on the silica content is visible in Fig. 12. For instance for
large particles (reff = 6 μm) the mass extinction coefficient correlates
roughly with the silica content for 8.5 to 12 μm, Fig. 12 (c). However,
for small particles (reff = 0.6 μm) the behavior changes in the regime
10 to 12 μm: here the quantities anti-correlate, Fig. 12 (a). Similar de-
pendencies are visible for the single scattering albedo, Fig. 12 (d, e,
f) and the asymmetry parameter, Fig. 12 (g, h, i). In particular the silica
dependencies of themass extinction coefficient, Fig. 12 (a, b, c), indicate
that there might be a possibility to retrieve the silica content as a proxy
for the composition by satellite.

As noted in the introduction, BTD11−12 can be considered for the de-
tection of volcanic clouds via satellite. Using our representative set of
optical properties (as outlined above and calculated for r ∈ [0.001,
12]μm) we determine BTD11−12 for an example (Sec. 2.3) of small par-
ticles (reff = 0.6 μm, s = 1.5). In this case neglecting scattering effects
(Sec. 2.3) is valid as the single scattering albedo for these particles is
below roughly 0.4, but there is large variability with respect to the com-
position, Fig. 12(a, d, g). BTD11−12 is then−1.9 ± 0.7 K and ranges from
−2.8 to−0.7 K, i.e. all BTD11−12 are negative for the specific size, Fig. 13.
Note that the standard deviation is already larger than for instance the

instrumental uncertainties of the 10.8 μm and 12.0 μm channels of the
radiometer MSG-SEVIRI, which are of the order of 0.06 K and 0.10 to
0.16 K in-flight at 95 K (EUMETSAT, 2019; Schmetz et al., 2002b),
stressing the importance to consider the correct composition in remote
sensing retrieval applications. Fig. 13 shows that in this case different
silica contents (indicated by the color) might be separable up to a cer-
tain degree. The size of the markers also indicates fglass. Within this
model an increase in fglass leads to an increase in BTD11−12. However,
the differences from fglass are much smaller than those due to xs, and
of a similar order as the instrumental noise. Crosses indicate the results
for the refractive indices of Deguine et al. (2020). They are aligned along
the results of our representative data set, but some show large devia-
tions from our calculations of similar silica content, e.g. Grímsvötn. Its
peak in the imaginary part is shifted to larger wavelengths, Fig. 5 and
Deguine et al. (2020), which results in a more negative BTD11−12. This
shows that the variability of the refractive index of volcanic ash might
be even larger than what is covered by our method.

5. Conclusions

Monitoring and initializing of nowcastings for volcanic ash clouds is
regularly performed using satellite-borne passive infrared imagers. As
these retrievals often rely on radiative transfer calculations, a good
knowledge of the microphysical properties and the complex refractive
index of volcanic ash is necessary. In this work we describe a method
to calculate the complex refractive index of volcanic ash in the infrared
(5 to 15 μm). This can be done for different volcanic ash compositions
with respect to volcanic glasses, crystalline minerals and vesicles. The
main parameters are the silica content, the glass fraction and the poros-
ity.We compose a set of complex refractive indices in the infrared of the
individual crystalline components as well as their densities. Combining
these according to a typical silica dependent distribution from the liter-
ature we get effective refractive indices for the mineral part. These are
used to determine the refractive indices of various volcanic glasses
from the refractive indices of correspondingbulk samples from the liter-
ature. Awavelength dependent linear regression between the refractive
indices of the volcanic glasses and the bulk silica content is performed.
Subsequently, the refractive indices of the minerals and the glasses are
combined for different compositions (varying silica content, glass frac-
tion and porosity). Our results indicate that the impact of the glass frac-
tion seems to be rather negligible compared to the impact of the silica
content, which in turn may have less influence than the porosity. How-
ever, a short literature review indicates that the last might be negligible
for particle sizes of the order of 1 μm, although this is not fully settled.
The density of the volcanic ash was determined similar to the refractive
index.

Furthermore, we review typical microphysical properties (size and
shape) of volcanic ash. Calculating the resulting optical properties we
show that the size and the composition lead to the largest variations
with similar impact, whereas the considered shapes and radius defini-
tions play aminor role.We show that the extinctions for 11 to 12 μmex-
hibit a size dependence such that the corresponding brightness
temperature difference BTD11−12 might become non-negative, and
thus the criterion BTD11−12 < 0 regularly applied for volcanic ash detec-
tion by satellite might not be applicable for roughly reff ≥ 6 μm. A small
single scattering albedo is observed for small particles, whereas scatter-
ing and absorption are more balanced for larger particles. Applying a
simple model we estimate the range of BTD11−12 and find a strong de-
pendence on the compositionwhich is non-negligible for modern satel-
lite instruments.

To improve our method further laboratory measurements of bulk
volcanic ashes and volcanic glasses would be needed, preferably to-
gether with measurements of mineral compositions, glass fractions
and porosities. The latter would enable us to further validate our calcu-
lations. But already now our work shows that the composition of volca-
nic ash and, therefore, a proper assumption of the refractive index is

Fig. 13. Brightness temperature at 11 μm vs. brightness temperature difference at 11 μm
and 12 μm for different compositions (as derived in Sec. 3.1), a log-normal size
distribution (reff = 0.6 μm, s = 1.5), and a ob−/prolate spheroidal shape with a
modified log-normal aspect ratio distribution (ε0 = 1.5, σar = 0.45). Also marked are
the results for the refractive indices from Deguine et al. (2020) for the same
microphysical properties.
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necessary for trustworthy satellite retrievals in the infrared. The results
can be used for the development of new retrieval algorithms or to quan-
tify the uncertainties in radiative transfer calculation-based retrievals
due to the usage of a single refractive index for the volcanic ash. Also
noteworthy is the fact that a dependence on the silica content (and to
a much smaller extent on the glass fraction) is observable in the refrac-
tive index, the mass extinction coefficient and BTD11−12, indicating that
composition might be retrievable to some degree by remote sensing
methods.

Data availability

The created complex refractive indices of volcanic ash as well as the
optical properties are available as supplementary data (Piontek et al.,
2021).
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The New Volcanic Ash Satellite Retrieval VACOS Using
MSG/SEVIRI and Artificial Neural Networks:

1. Development

Dennis Piontek, Luca Bugliaro, Marius Schmidl, Daniel K. Zhou, Christiane Voigt
Remote Sensing 2021, 13, 3112.

Overview This paper describes the development of the new volcanic ash retrieval VACOS
using thermal satellite measurements of the passive imager MSG/SEVIRI and applying
artificial neural networks. For the last, a training data set of synthetic observations is
created by composing one-dimensional atmospheric gas, cloud and temperature profiles and
performing radiative transfer simulations for them with and without a single homogeneous
volcanic ash layer. The ash-free simulations are compared to real measurements, showing
a reasonable overall agreement but some deviations for cloudy cases and for land surfaces.
The former can be explained by inaccuracies in the cloud properties or differences in the
cloudiness introduced also by a random element in the method; the latter might be caused
by inaccuracies in the ECMWF skin temperatures as already reported elsewhere. Using
this data set, different artificial neural networks are trained for the retrieval of a pixel
classification, the optical depth at 10.8 µm due to volcanic ash, the top height and the
effective particle radius of an ash cloud.

Author contribution I conceptualized the algorithm development with LB. MS wrote the
original software RTSIM to compile vertical atmospheric profiles based on various input
data sets and to perform radiative transfer calculations using libRadtran. MS prepared the
input data on nitrogen dioxide. DZ provided data on surface emissivities. I collected atmo-
spheric data from ECMWF, prepared the volcanic ash optical properties, adapted RTSIM
for the input data and introduced the dependency of the sea surface emissivity on wind
speed and viewing zenith angle. I applied RTSIM to calculate the training data, validated
the ash-free simulations, investigated the gas absorption parameterization, trained the ar-
tificial neural networks, developed the software VACOS, prepared all figures and wrote the
manuscript. LB and CV supervised the research. All authors reviewed manuscript drafts.
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Abstract: Volcanic ash clouds are a threat to air traffic security and, thus, can have significant societal
and financial impact. Therefore, the detection and monitoring of volcanic ash clouds to enhance the
safety of air traffic is of central importance. This work presents the development of the new retrieval
algorithm VACOS (Volcanic Ash Cloud properties Obtained from SEVIRI) which is based on artificial
neural networks, the thermal channels of the geostationary sensor MSG/SEVIRI and auxiliary data
from a numerical weather prediction model. It derives a pixel classification as well as cloud top height,
effective particle radius and, indirectly, the mass column concentration of volcanic ash clouds during
day and night. A large set of realistic one-dimensional radiative transfer calculations for typical
atmospheric conditions with and without generic volcanic ash clouds is performed to create the
training dataset. The atmospheric states are derived from ECMWF data to cover the typical diurnal,
annual and interannual variability. The dependence of the surface emissivity on surface type and
viewing zenith angle is considered. An extensive dataset of volcanic ash optical properties is used,
derived for a wide range of microphysical properties and refractive indices of various petrological
compositions, including different silica contents and glass-to-crystal ratios; this constitutes a major
innovation of this retrieval. The resulting ash-free radiative transfer calculations at a specific time
compare well with corresponding SEVIRI measurements, considering the individual pixel deviations
as well as the overall brightness temperature distributions. Atmospheric gas profiles and sea surface
emissivities are reproduced with a high agreement, whereas cloudy cases can show large deviations
on a single pixel basis (with 95th percentiles of the absolute deviations >30 K), mostly due to different
cloud properties in model and reality. Land surfaces lead to large deviations for both the single
pixel comparison (with median absolute deviations >3 K) and more importantly the brightness
temperature distributions, most likely due to imprecise skin temperatures. The new method enables
volcanic ash-related scientific investigations as well as aviation security-related applications.

Keywords: volcanic ash cloud; passive satellite remote sensing; artificial neural network; radiative
transfer calculation

1. Introduction

Large, explosive volcanic eruptions might happen relatively infrequently [1], but their
emissions can have massive impacts: volcanic ash can significantly interfere with critical,
ground-based infrastructure [2] and can damage aircraft or even cause engine failure [3].
Aviation incidents have been reported more than 1000 km from the volcanic ash source [4],
as potentially hazardous ash concentrations might not be visually observable by flight
crews [5]. In the case of the eruption of Eyjafjallajökull in 2010, major parts of the European
airspace were closed for extended periods of time [6], leading to estimated economic losses
of US$1.7 billion for the aviation industry [7].

Remote Sens. 2021, 13, 3112. https://doi.org/10.3390/rs13163112 https://www.mdpi.com/journal/remotesensing
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To mitigate the impact of future eruptions, satellite remote-sensing methods have been
developed to monitor volcanic ash clouds, using both polar orbiting and geostationary
passive optical imagers (e.g., [8]). Their results can be used to directly assess whether an
airspace is safe to be traversed by jet planes (according to thresholds stated by the Interna-
tional Civil Aviation Organization (ICAO) [9]), to investigate aerosol–cloud interactions [10]
or to calibrate/validate volcanic ash transport and dispersion models as applied by the
Volcanic Ash Advisory Centers [11–13]. The latter are the main providers of information on
atmospheric contamination by volcanic ash in the case of an eruption [9].

Active remote sensing instruments such as lidars provide highly resolved vertical
profiles of the aerosol load [14]. However, lidars have a limited spatial and temporal
coverage, e.g., the instrument aboard the polar orbiting Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) has a small footprint of 90 m× 335 m and a
16-day repeat cycle [15]. Ground instruments are fixed and airborne measurements are
performed only in exceptions (e.g., [6,16–21]). Therefore, none of those instruments is able
to provide global data as are necessary in the case of volcanic ash monitoring. In this respect,
geostationary radiometers, especially of the second generation, come in handy: such
instruments not only provide near-global coverage, but their infrared channels also allow
operation during day and night. Examples are the Geostationary Operational Environmental
Satellites (GOES) covering North and South America, the Meteosat Second Generation (MSG)
satellites for Europe and Africa and Himawari for Eastern Asia and Australia.

The difference between the brightness temperature at 11 µm (BT11) and 12 µm (BT12),
in short BTD11−12, can be negative for clouds consisting of small volcanic ash particles
(smaller than ~5 µm [22,23]) and mixtures of volcanic ash and sulfuric acid (H2SO4 [24,25]),
whereas for ice clouds BTD11−12 tends to be positive [26]. Therefore, this quantity is often
used for volcanic ash detection. However, volcanic ash can be hidden by water or ice either
within the volcanic ash cloud or as separated clouds, as well as water vapor, especially if
the ash cloud itself is at low altitude [11,27]. Furthermore, large ash particles or opaque
plumes do not lead to a negative BTD11−12 [11,22]. False alarms might be produced by
mineral dust aerosol [28], which has similar spectral properties as volcanic ash [11,29,30],
or by non-vegetated, quartz-rich surfaces due to their emissivity [11,28].

As a consequence, more sophisticated detection schemes have been proposed: to
correct for the presence of water vapor, a BTD11−12 threshold depending on BT11 has
been suggested where the exact function depends on the atmospheric conditions [27]; this
resulted in retrievals of larger contaminated areas. Multiple threshold tests were proposed,
incorporating, for instance, also BT8.7 measurements (e.g., [31,32]) or simulated clear-sky
brightness temperatures BT11 and BT12 from numerical weather predictions (e.g., [31]).
Furthermore, it was shown that reflectances in the visible and the near-infrared as well
as their ratio can further help to separate volcanic ash clouds from water and ice clouds,
especially for optically thick plumes for which BTD11−12 tends to vanish (e.g., [33–35]).

As radiance measurements are affected not only by the volcanic ash cloud but also
by the atmospheric state, other meteorological clouds and the surface properties, it was
suggested to derive quantities that are closer linked to the target cloud’s properties. An
example is the ratio of effective absorption optical depths at different wavelengths, called β
ratio, which can be approximately expressed by single scattering properties (e.g., [8,36,37]).
For the calculation of β ratios, clear sky properties have to be determined by radiative
transfer calculations. The combination of multiple β ratios of different infrared channels is
a good discriminator of volcanic and meteorological clouds [37]. A high spectral resolution
can allow for new detection schemes, either directly based on the functional behavior
of the brightness temperature spectra, thereby also enabling the separation of volcanic
ash from mineral dust (e.g., [29,30]), or by performing singular vector decompositions
with some vectors representing clear sky conditions, whereas others describe the volcanic
ash influence. A linear decomposition of a measurement with respect to these basis
vectors then reveals whether volcanic ash is present or not [38]. An alternative approach
is to detect sulfur dioxide (SO2) as a proxy for volcanic ash as both are often emitted
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simultaneously [39]. Although both detections can show reasonable spatial agreement,
they might differ in some cases [40], sometimes with more than 80% of the volcanic ash
remaining undetected [41]. This might be rooted in the presence of distinct volcanic ash
and SO2 layers that get separated due to vertical wind shear [42].

To retrieve microphysical (especially the effective particle radius reff) and macro-
physical properties (optical depth τ and mass column concentration mcol), brightness
temperatures (usually BT11 and BTD11−12 or similar) have been precalculated for generic
atmospheric settings including only a volcanic ash layer and used as look-up tables
(e.g., [22,33,43]). More complex atmospheres were assumed to correct for water vapor,
based on either measurements of the surrounding of the volcanic ash clouds or radiative
transfer calculations (e.g., [27,43]). The optimal estimation method aims to minimize a cost
function (here principally an uncertainty weighted difference between an atmospheric state
vector and an a priori assumption, as well as an observation vector and corresponding
estimates), usually iteratively for non-linear problems, incorporating radiative transfer cal-
culations [37,44]. For example, Francis et al. [31] applied this approach to retrieve pixelwise
the ash layer pressure, mass loading mcol and effective radius reff based on observations at
10.8 µm, 12 µm and 13.4 µm, whereas Pavolonis et al. [37] used the same observations to
determine different β ratios, emissivities and temperatures, later on converting these to
microphysical properties. Retrievals can also be performed by making use of the surround-
ing ash-free area; e.g., Pugnaghi et al. [45] interpolated the radiances across a volcanic ash
plume between the edges to obtain an ash-free image. Combining the radiances measured
with and without ash, the transmittance of the ash plume could be calculated for different
wavelengths. Finally, the effective radius reff and the optical depth τ were determined from
the transmittances using conversions from radiative transfer calculations. There are further
methods to determine the volcanic ash cloud top height ztop. The brightness temperature
of opaque parts of a cloud can be assumed to approximately correspond to the ambient
temperature. A nearby temperature profile (e.g., using a numerical weather prediction
or a radiosonde measurement) can be applied to convert the brightness temperature into
an altitude [33,43,46]. During daytime, the difference in the cloud position as seen by
the satellite and the sun induced cloud shadow can be used to geometrically calculate
ztop [33,43]. Stereoscopic instruments allow inferring ztop from the spatial shift between
the projection of a cloud in images retrieved under different viewing angles [33,38,43,47].
The carbon dioxide (CO2) slicing method compares multiple channels around the CO2
absorption feature which have weighting functions peaking at different heights [48,49].

A different approach is the application of artificial neural networks (ANNs), which can
be considered as universal approximators for unknown functions [50]. Based on initial re-
search in the 1940s, this method has gained much attention and has significantly advanced
in recent decades [51]. It has been used for prediction, functional approximation and classi-
fication tasks for numerous problems of atmospheric sciences [52]. With respect to satellite
remote sensing, some examples are the retrieval of properties of water clouds [53,54],
ice clouds [55,56], ozone profiles [57], volcanic SO2 [58–60] and surface reflectivity [61].
Often, the utilized training datasets either consist of collocated measurements of different
instruments [54–56] or are created using radiative transfer calculations [53,57,59–61]. One
of the major advantages of ANNs is that, once they are trained, they are fast in application
compared to other methods using time-consuming radiative transfer calculations during
the retrieval. Gray and Bennartz [62] trained two ANNs for the detection of volcanic ash
and SO2-rich ash, respectively, using Moderate Resolution Imaging Spectroradiometer (MODIS,
e.g., [63]) measurements. The training data were composed of MODIS images of different
volcanic eruptions with the target classification performed based on Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) simulations of the volcanic emissions. The input
data consisted of brightness temperature (differences) of channels between 7.3 µm and
12 µm. Picchiani et al. [64] trained separated ANNs for volcanic ash detection and ash
mass loading mcol retrieval from MODIS measurements. The training data consisted of
MODIS images from Etna eruptions with the target classification performed by applying
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the BTD11−12 < 0 criterion, whereas the target mass loading was determined by a look-up
table approach. The channels centered at 7.3 µm, 11 µm and 12 µm were used as input. A
more detailed classification ANN was trained by Picchiani et al. [65], labeling ash above
sea and above meteorological clouds, meteorological clouds themselves and sea, ice and
land surfaces using MODIS data. The training data consisted of MODIS images from the
Eyjafjallajökull 2010 and Grimsvötn 2011 eruptions with the target classes derived from the
BTD11−12 < 0 criterion, the MODIS land/sea mask, cloud products and BT2.13 (band 7) for
detection of ice surfaces. The input features include 14 MODIS channels in the visible and
infrared and a land/sea mask. The method was further developed by Piscini et al. [66],
training individual ANNs for the retrieval of the mass load mcol, the effective radius reff, the
optical depth at 11 µm (τ11) and the SO2 column concentration using MODIS observations.
Training data were MODIS images from the Eyjafjallajökull 2010 eruption with the target
values determined by other retrievals based on radiative transfer calculations, similar
to [64]. Initially, all MODIS channels were used as input features, with a pruning procedure
performed after the training to find the most important inputs. The ANN ansatz by Pic-
chiani et al. [64] and Piscini et al. [66] was compared to the look-up table and the volcanic
plume removal procedure, finding that the look-up table method can be more accurate, but
the ANN approach can be less sensitive to perturbations in the satellite measurements [67].
Zhu et al. [68] developed a method to retrieve volcanic cloud top heights ztop combining
a stacked denoising autoencoder for feature extraction followed by a least squares sup-
port vector regression to derive ztop. The training data consisted of collocated Spinning
Enhanced Visible and Infrared Imager (SEVIRI, aboard MSG [69]) brightness temperatures and
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP, aboard CALIPSO [15]) derived
ztop for volcanic ash clouds from the Eyjafjallajökull 2010 and Puyehue-Cordón Caulle 2011
eruptions. Adding vertical temperature profiles from European Centre for Medium-Range
Weather Forecasts (ECMWF) simulations further improved the retrieval performance.

The aforementioned volcanic ash algorithms used real satellite images as training
data, with target values coming either from other retrievals, other sensors or trajectory
models. In contrast, the algorithm Volcanic Ash Detection Utilizing Geostationary Satellites
(VADUGS), applying a single ANN for the retrieval of mcol and ztop, was based on a fully
simulated training dataset. The input data consisted of the thermal infrared channels
of MSG/SEVIRI and auxiliary data such as a land/sea mask, the skin temperature and
the viewing zenith angle [70,71]. The ANN architecture followed the development of the
cirrus cloud retrieval Cirrus Optical Properties derived from CALIOP and SEVIRI Algorithm
during Day and Night (COCS, [55]), which was trained with collocated CALIOP and SEVIRI
measurements to retrieve cirrus optical depths and cloud top heights. Since 2015, VADUGS
runs operationally at the German weather service [72]. Although it produces reasonable
results upon visual inspection, a validation against simulated samples has shown that
the retrievals are reliable in certain subsets of the test dataset, but not in general [71].
An intercomparison of satellite products exhibited overall low correlations between the
retrieval of mcol by VADUGS and other algorithms and found a strong underestimation
of ztop when compared with CALIOP results [73]. In addition, note that VADUGS was
developed focusing on the Eyjafjallajökull 2010 eruption as only the refractive index of the
corresponding volcanic ash was used for the training data [71]. However, the refractive
index can vary significantly for different volcanic ashes [74,75] and retrievals are sensitive
to it [22,76,77]. Technically, potential improvements can be derived from the development
of Cirrus Properties from SEVIRI (CiPS [78,79]), which is the successor of COCS. It is based
on a similar training dataset but uses a new ANN architecture and training procedure,
additional input features and updated CALIOP data. CiPS exhibited a better performance
compared to COCS and retrieved additional quantities, e.g., the ice water path.

Building upon VADUGS, a new algorithm called Volcanic Ash Cloud properties Obtained
from SEVIRI (VACOS) is developed and described in two papers (Figure 1). In Part 1
(this paper), a training dataset consisting of simulated MSG/SEVIRI measurements is
created using modeled atmospheric profiles and a climatology of the surface emissivity.
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A parameterization of the sea surface emissivity is applied that depends on the viewing
zenith angle and wind speed. To cover the variability of volcanic ash clouds, the extensive
set of volcanic ash refractive indices and optical properties from Piontek et al. [23] is used
together with a wide range of possible ash cloud top heights, geometrical thicknesses
and mass concentrations. This constitutes a major advantage compared to the previously
mentioned ANN-based volcanic ash retrievals, which were trained on satellite images of
only one [64,66], two [65,68] or seven [62] volcanic eruptions or used only a single volcanic
ash type [71]. Methodologically, we train four separated ANNs for the classification and
the retrieval of the optical depth at 10.8 µm (τ10.8), ash cloud top height (ztop) and effective
particle radius (reff) of the volcanic ash clouds. The ANNs have individual input features
and training datasets. Part 2 [80] contains a validation of the retrievals with respect to
simulated test datasets, a sensitivity study of the algorithms with respect to the vertical
mass profile of volcanic ash layers, case studies comparing the results of the new retrievals
with independent lidar and in situ measurements as well as model results and an analysis
of the working principles of the ANNs.

Figure 1. Scheme of the algorithm development and validation: (red) calculation of typical refractive indices (RIs) of
volcanic ashes (VAs) and the corresponding optical properties [23], (yellow) radiative transfer calculations to compose a
training dataset and (blue) training of different ANNs (both in this paper) and (green) validation against simulated test data
and other independent measurements and model results [80].

The rest of this paper is organized as follows. We introduce the observation instrument
MSG/SEVIRI (Section 2) and the predecessor retrieval VADUGS, including a short, general
description of ANNs (Section 3). Next, the training dataset is sketched including its analysis
(Section 4), followed by the description of the new ANNs, their input features and their
training (Section 5) as well as their application (Section 6). Finally, we give a conclusion
and an outlook (Section 7).

2. MSG/SEVIRI

VACOS is tailored for the Spinning Enhanced Visible and Infrared Imager (SEVIRI) carried
by the geostationary Meteosat Second Generation (MSG) satellites. SEVIRI is a passive
12-channel imager, measuring radiation in the visible and infrared part of the spectrum.
The radiances in the different thermal channels are converted to brightness temperatures
(BT). For the retrieval, we consider only the seven infrared channels such that it can be
applied during day and night. Three of them are window channels (centered at 8.7 µm,
10.8 µm and 12 µm), two are strongly sensitive to water vapor (H2O, 6.2 µm and 7.3 µm)
and another two (9.7 µm and 13.4 µm) to ozone (O3) and carbon dioxide (CO2), respectively.
The temporal resolution of SEVIRI is 15 min for the full disc and 5 min in rapid scan mode,
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which covers mainly Europe. The spatial resolution is 3 km at nadir. The channels are
rather broad (spectral bands up to 2 µm) and instrument specific [69]. Figure 2 shows a
red-green-blue composite of the SEVIRI disc. There are multiple MSG satellites deployed at
different coordinates. In the following, we focus on Meteosat-9/MSG2. From 11 April 2007
to 21 January 2013, it was located at 0°E as the primary operational satellite and covered
the prominent eruptions of Eyjafjallajökull 2010, Grimsvötn 2011 and the volcanic ash
clouds of Puyehue-Cordón Caulle 2011. From 9 April 2013 to 20 March 2018, it provided
the rapid scanning service at 9.5°E. As of 29 June 2020, it is located at 3.5°E as a back-up
spacecraft [81,82]. Note that other current or future imagers aboard geostationary satellites
have similar spectral channels, e.g., the Advanced Baseline Imager on GOES-R, the Advanced
Himawari Imager on Himawari-8/9, the Advanced Meteorological Imager on GEO-KOMPSAT-
2A, the Advanced Geosynchronous Radiation Imager on Fengyun-4A or the Flexible Combined
Imager on the Meteosat Third Generation satellites [83–86]. Thus, the method described
here can in principle be extended to those as well.

Figure 2. Overview red-green-blue composite of MSG/SEVIRI measurements for 15 July 2015 at
12:00 UTC.

3. VADUGS

The algorithm VADUGS (Volcanic Ash Detection Utilizing Geostationary Satellites) allows
pixelwise retrieval of volcanic ash cloud properties using SEVIRI measurements and
ANNs [71]. ANNs have been developed based on biological insights on the behavior of
the human brain. The feed-forward configuration is made up of multiple layers, with the
first one (called input layer) consisting of the input features, and the last one the output
layer. In between is an arbitrary number of so-called hidden layers. Hidden and output
layers consist of so-called neurons. Those are (usually non-linear) functions receiving
the weighted sum of the results of the previous layer’s neurons (or input features in the
case of the first hidden layer) as an argument. The weights between all pairs of neurons
of successive layers are different. They are chosen such that the n input features are
(approximately) mapped to the corresponding m target values; thus, an ANN is a function
mapping Rn → Rm. Using the backpropagation algorithm, the weights are determined in
an iterative procedure (called training) by changing their values such that the loss function
(a metric quantifying the difference between the output of the ANN for a set of input data
samples and the associated target outputs) is minimized. Thus, a training dataset is needed
for which the target values are known for all samples. The loss function evaluated on a
separate validation dataset is monitored during training to prevent overfitting, i.e., to avoid
learning the noise of the training dataset [51,52,87].

VADUGS is a single ANN with one hidden layer with 600 neurons. The input data
consist of the infrared brightness temperatures measured by SEVIRI, the skin temperature
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from ECMWF and a land/sea mask and the viewing zenith angle. The output layer gives
mcol and ztop. Radiative transfer simulations were performed to calculate the brightness
temperatures for generic atmospheric settings, leading to a dataset of properly tagged
samples used for the training. For the simulations, realistic atmospheric conditions were
chosen based on ECMWF reanalysis data; to cover seasonal variations, 12 UTC of the 15th
day for the months February 2010 to January 2011 was considered. Meteorological cloud
layers were incorporated based on the layer-resolved cloud fractions given by ECMWF
and parameterized as either liquid or ice water cloud (see also Section 4.1.2). Single
homogeneous volcanic ash layers were simulated using the complex refractive index of
ash from the Eyjafjallajökull eruption 2010, spherical and spheroidal particle shapes and
two different lognormal particle size distributions [71].

4. Training Dataset

This section covers the creation of the new training dataset, including a description
of the input data of the radiative transfer calculations (Section 4.1) and the calculations
themselves (Section 4.2), a validation of the ash-free case (Section 4.3) and the selection of
training, validation and test subsets (Section 4.4).

4.1. Input Data

In the following, we describe different input data for the radiative transfer calculations,
their variability and the settings. More specifically, we discuss the surface emissivity
(Section 4.1.1), the vertical profiles of atmospheric clouds and gases (Section 4.1.2) and the
volcanic ash clouds (Section 4.1.3).

4.1.1. Surface Emissivity

For the surface emissivity, we use data from Zhou et al. [88–90]. Those were calculated
using measurements of the polar-orbiting IASI instrument over ten years (2007-06 to 2017-
05), covering the full globe. The emissivities were averaged over the ten years and for
each month. The final spatial resolution is 0.25° and the spectral resolution is 0.25 cm−1

for 645 to 2760 cm−1 (roughly the wavelength range 3.6 to 15.5 µm). For sea surfaces,
the emissivity exhibits also a strong dependence on the viewing zenith angle θvza and
the wind speed wws: an increase of θvza reduces the emissivity, whereas an increase of
wws reduces the emissivity at small θvza but increases it at large θvza [91–93]. The impact
can be on the order of 10%. Here, θvza is determined from the geographic coordinates
for MSG2, whereas the wind speed wws =

√
U2 + V2 is based on the horizontal wind

speeds at 10 m above the surface, U and V, as given by ECMWF (Section 4.1.2). We use
the calculations by Masuda [94] which incorporate the surface-emitted surface-reflected
radiation into the sea surface emissivity for different wavelengths λ (3.7 µm, 11 µm and
12 µm), θvza (0 to 85°) and wws (0 to 15 m s−1). We divide the calculated emissivities by the
value for θvza = wws = 0. Then, for each wavelength, a function of the form

f (θvza, wws; λ) = g(θvza; λ) · h(θvza, wws; λ) (1)

is fitted, with f describing the reduction of the emissivity relative to the case
θvza = wws = 0 at λ and g and h being polynomials of sixth degree. g describes mainly the
dependence on θvza, h is the correction due to wws and f is interpolated among the three
wavelengths and constantly extrapolated beyond. For sea surfaces, the IASI-measured
emissivities are multiplied by f as the data of Zhou et al. [88–90] do not include the de-
pendence on θvza and wws explicitly. Note that Masuda [94] considered wws at a height
of 12.5 m. However, the difference to wws derived from ECMWF ERA5 data is assumed
to be negligible. During application, θvza > 85° and wws > 15 m s−1 are set to these
limiting values.

Similar to water, the emissivity of land surfaces decreases with increasing θvza. How-
ever, the relations depend strongly on the soil type and the wavelength, and the results
vary between different experiments. For instance, significant decreases of the emissivity
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have been observed for sand: Labed and Stoll [95] found changes of ~6% for wavelengths
of 10.6 µm and 12 µm between θvza = 0° and 80°; Snyder et al. [96] reported differences up
to ~4% for 8 to 10 µm and ~2% for 10 to 14 µm between θvza = 10° and 53°; Sobrino and
Cuenca [97] measured decreases of ~3% between θvza = 0° and 65° for a spectral band at 8
to 14 µm; Cuenca and Sobrino [98] found a reduction of ~5.8% between θvza = 0° and 60°
for a channel covering 8.2 to 9.2 µm; McAtee et al. [99] indicated a decrease by up to ~8%
comparing θvza = 0° to 70° for the spectral range of 8 to 12 µm; García-Santos et al. [100]
got a difference larger than 10% between θvza = 0° and 70° for a spectral band at 8.2 to
8.7 µm. On the other hand, Sobrino and Cuenca [97] did not find a dependency of emissiv-
ity on θvza for grass and Snyder et al. [96] mostly less than 1% for a sample of compost with
grass and leaves. In addition, for θvza up to 30°, the changes in the emissivity are mostly
negligible [97,98,100]. Therefore, we neglect the dependence of the emissivity on θvza for
land surface in the following.

4.1.2. Atmospheric Data

Every radiative transfer calculation needs an atmospheric state as input. We use
ECMWF ERA5 reanalysis data [101], in particular the skin temperature, temperature profile,
logarithm of surface pressure, 10 m U and V wind components, specific humidity, ozone
mass mixing ratio, fraction of cloud cover, specific cloud liquid and ice water contents
and land/sea mask. Additionally, the total column water, water vapor and ozone are
included in the training dataset; those quantities are not needed for the radiative transfer
calculations, but they are used as input features for the ANNs.

Data of three arbitrary, recent years are collected: 2010, 2013 and 2015. For each
year, the 15th day of each month is considered. Compared to the data used for VADUGS,
we have an increased vertical resolution (137 instead of 91 model levels) and temporal
resolution (1 h instead of only 12 UTC [102]).

Figure 3 shows exemplarily the variability of the skin temperature. The daily mean
skin temperature exhibits an annual variability of ~20 K in central Europe, whereas skin
temperature within a single day might vary about 10 K in central Europe but ~40 K in
Northern Africa. This stresses the necessity to cover the full yearly as well as daily vari-
ability of the atmospheric state in a sufficient temporal resolution. Figure 3c shows the
differences in daily mean skin temperature between 2010 and 2015 for a single day. These
can lead to temperature differences of roughly −10 to 10 K, which is why we base our
calculations on data of three different years. Furthermore, the high temporal resolution
allows to capture the full daily cycle of the atmospheric properties. Figure 4 shows that a
coarser resolution of, e.g., 6 h might miss a part of the skin temperature variability. When
considering a location close to a longitude of 0°E, the 6 h resolution can reproduce the
minima and maxima in the daily course of the skin temperature. However, when con-
sidering a larger longitude, this might change as the sun is in zenith at a different time
with respect to UTC. For instance, at 20°N, 30°E, the local minimum is ~3 K lower than the
temperature at 0 UTC, while, at 20°N, 55°E, the local maximum is ~3 K higher than the
temperature at 12 UTC. Thus, the hourly resolution helps to create a training dataset that
enables the resulting retrieval to work at all longitudes at all times of day, as required by a
geostationary sensor.

Based on the ECMWF data, the atmospheric state is composed similarly to the method
of Bugliaro et al. [71], i.e., vertical temperature profile, skin temperature, wind speed at
10 m altitude and densities of gaseous water (H2O) and ozone (O3). Oxygen (O2) and carbon
dioxide (CO2) are derived from the air density using constant mixing ratios of 0.20948 [103]
and 0.0004 [104], respectively, whereas, for nitrogen dioxide (NO2), the mixing ratios stem
from a chemical transport model with 72 model levels and a latitudinal and longitudinal
resolution of 2° and 2.5°, respectively, simulating November 2012 to October 2013; the daily
average of the 15th of each month was used [105,106]. Those five gases are required to
perform corresponding radiative transfer calculations [107]; especially H2O, CO2 and O3
have strong absorption features in the thermal infrared MSG/SEVIRI channels [108].
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Figure 3. Differences in the skin temperature (from ECMWF ERA5): between the maxima and minima of the daily means of
the 15th of each month in 2010, i.e., the annual variability (a); between the maxima and the minima of the 15 May 2010, i.e.,
the daily variability (b); between the daily means of 15 May 2010 and 2015 at 12:00 UTC, i.e., the inter-annual variability (c).
The blue dots mark the locations shown in Figure 4.

Figure 4. Daily course of the skin temperature (from ECMWF ERA5) for five different locations (see marker in Figure 3); the
yellow columns represent the temperatures at 0, 6, 12 and 18 UTC.

Meteorological clouds are extracted from ECMWF data as well; however, the maxi-
mum random overlap rule of ECMWF cannot be implemented in a one-dimensional (1D)
radiative transfer model. Thus, using the cloud fractions for each layer, a random set of 1D
clouds is created. No partial cloudiness is considered and vertically adjacent cloud layers
are assumed to overlap as much as possible (for details, see [71]). For liquid water clouds,
the parameterizations by Bugliaro et al. [109] and Hu and Stamnes [110] are used to create
the reff profiles and the optical properties, respectively. For ice water clouds, the parameter-
ization by Wyser [111] and the rough-aggregate habit [107] with the parameterization by
Heymsfield et al. [112], Yang et al. [113], Baum et al. [114] are applied for reff and the optical
properties, respectively. Note that the composed atmospheres are fully consistent, i.e., the
vertical temperature and gas profiles match the cloud profiles (i.e., humidity saturation
at the correct altitudes). The atmospheres, in turn, match the surface emissivities and the
viewing zenith angles. This distinguishes our approach from radiative transfer calculations
by Krebs et al. [115] or Vázquez-Navarro et al. [116], who also created comprehensive
simulated datasets of MSG/SEVIRI observations, but combined atmospheric profiles with
random cloud layers, constant surface emissivities and arbitrary viewing zenith angles. In
the case of the VADUGS training data, atmospheric profiles and clouds were consistent,
but not the viewing zenith angles [71].

4.1.3. Volcanic Ash Clouds

Volcanic ash clouds exhibit a significant amount of variability. The volcanic ash cloud
top height ztop depends on the intensity of the eruption: whereas weak eruptions emit ash
only up to a few hundred meters [117], affecting mainly the direct surrounding of the vent,
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Eyjafjallajökull 2010 injected volcanic ash at heights of 3 to 10 km above sea level [118],
Puyehue-Cordón Caulle 2011 injected ash up to 15 km high [38,119]. Even heights > 25 km
are possible [120,121], although much rarer [1]. The cloud height also depends on the
atmospheric conditions [122] and changes during the ash cloud’s lifecycle, e.g., the height
decreases due to gravitational settling [10]. Thus, in the following, ztop ∈ [0.3, 18] km
is considered.

The vertical mass profile can be quite complicated, especially for aged clouds, e.g., with
a non-uniform distribution and multiple layers [6,18,123]. As SEVIRI offers only limited
possibilities for sounding, we consider only the simplest profile of a single, homogeneous
layer (as in [71,124]). In addition, the vertical extent zext shows a large variability from
some hundred meters up to some kilometers [6,18]. Marenco et al. [18] proposed zext =√

2 mcol, meas/cmax, meas with mcol, meas being the measured mass load and cmax, meas the
measured peak mass concentration, arguing that this leads (together with the assumption of
a homogeneous layer with the concentration c being cmax, meas/

√
2) to a good representation

of real ash clouds for radiative transfer. Another approach based on plume rise calculations
for stable stratified atmospheres suggests zext = 0.4ztop for the depth [125,126] and has
been applied to volcanic ash cloud retrievals [33,43,127]. The latter relation is also assumed
for VACOS. Thus, after choosing ztop, the vertical extent is zext ∈ [100 m, 0.4ztop].

For the mass volume concentration c, typical values depend again on the eruption
strength and the ash cloud’s lifecycle, as sedimentation and dispersion may lead to a
thinning of the cloud. Przedpelski and Casadevall [128] estimated 2 g m−3 from inspec-
tions of KLM 867’s engines after encountering an ash cloud of Redoubt Volcano in 1989.
Weber et al. [19] reported in situ measured concentrations of the Eyjafjallajökull 2010 ash
plume of 500 to 2000 µg m−3 at distances of 15 to 60 km from the vent. Marenco et al. [18]
found from lidar data mean concentrations of 300 to 650 µg m−3 with maxima of 800 to
1900 µg m−3 above Great Britain on 14–17 May, about 1400 km from the source.
Schumann et al. [6] measured in situ averages of 105 to 283 µg m−3 with maxima (of 10 s
mean values) of 282 to 830 µg m−3 above the North Sea on 17 May, roughly at a distance of
1760 km from the vent. With respect to aviation, three regimes of ash contamination are dif-
ferentiated: low contaminations for concentrations ≤ 2 mg m−3, medium contaminations for
concentrations of 2 to 4 mg m−3 and high contaminations for concentrations ≥ 4 mg m−3 [9].
In the following, mass column concentrations of 0 (no ash) to 30 g m−2 are considered.

Thus, after choosing zext, the mass volume concentration is c ∈ [0 g m−3, 30 g m−2

zext
]; for a

typical cloud thickness of zext = 1 km, this would cover mass volume concentrations up to
30 mg m−3, covering all three contamination regimes according to ICAO.

Volcanic ashes themselves can also differ significantly with respect to chemical com-
position, particle size and shape. Here, we consider the comprehensive set of optical
properties covering the variability of all three properties described by Piontek et al. [23].
The refractive indices of volcanic ashes, as shown in Figure 5, were calculated by averaging
the refractive indices of different components of volcanic ash (i.e., minerals and glasses)
according to typical petrological compositions; the last depends on the silica content xs,
which was varied from 45 to 75 wt.%, and the ratio between volcanic glass and minerals,
fglass, which varied between xs/100 wt.% and 1. Focusing on distal ash, the porosity of
volcanic ash [21] is neglected.

The microphysical properties were chosen based on a literature review: a log-normal
particle size distribution (Equation (7) in [23]) was assumed with reff ∈ {0.6, 1.8, 3, 4.5, 6}
and geometric standard deviations s ∈ {1.5, 2.0}. Pro- and oblate spheroids were assumed
in equal parts, with the aspect ratio following a modified log-normal distribution (Equation
(9) in [23]) with median aspect ratio ε0 = 1.5 and a spread σar = 0.45. Using Mie theory
and the T-matrix method [129], the optical properties were derived for wavelengths of 5 to
15 µm, as shown in Figure 6.
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Figure 5. Real (a) and imaginary (b) parts of the complex refractive indices of the volcanic ash types derived by
Piontek et al. [23]. Different glass fractions fglass are denoted by the color. For visibility reasons, different silica contents xs

are shifted by 0.5 with respect to each other.

Figure 6. Mass extinction coefficient of the volcanic ash types derived by Piontek et al. [23] and (in black) for Eyjafjallajökull
ash [75] as reference. The silica content xs is denoted by the color and the status (included or excluded with respect to
the simulated dataset) by the linestyle. The mass extinction coefficient at 10.8 µm of Eyjafjallajökull ash and the standard
deviation of all mass extinction coefficients at 10.8 µm are given by the red marker. The panels show subsets of different reff

and s.
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To exclude outliers as potentially unphysical volcanic ashes, only a selection of ash
types is used for the training below (see Figure 6). Therefore, the standard deviation
σ(reff, s) of the mass extinction coefficient at 10.8 µm, k10.8, of all volcanic ashes is calculated.
Next, the mass extinction coefficient kEyja(reff, s) at 10.8 µm for Eyjafjallajökull ash from
Deguine et al. [75] is determined for the same microphysical properties reff, s and shape [23].
Finally, we keep only those volcanic ashes that are 1σ close to the Eyjafjallakökull ash, i.e.,
that fulfill

∣∣k10.8 − kEyja(reff, s)
∣∣ ≤ σ(reff, s). Overall, 57% of the ash types pass this test.

Figure 6 shows that for reff = 0.6 µm mostly ashes of low xs are excluded, whereas for
reff = 1.8 µm mainly high xs are dismissed. For the other reff, the selection is relatively
balanced with respect to xs.

4.2. Radiative Transfer Calculations

To create the input files of the radiative transfer calculation, the algorithm RTSIM [71]
randomly picks uniformly distributed times among those covered by the ECMWF data
(Section 4.1.2), coordinates with respect to the SEVIRI disc and compiles the corresponding
surface properties and atmospheric, cloud and ash profiles; meteorological clouds can
be created in ~51% of the cases. For each set of input parameters, four calculations are
performed if possible: clear-sky conditions; only meteorological clouds; only volcanic ash
clouds; meteorological and volcanic ash clouds. The ash cloud parameters (i.e., ztop, c, τ10.8
and reff) and the simulated brightness temperatures together enter the training data.

1D radiative transfer calculations of the thermal infrared brightness temperatures as
measured by SEVIRI are performed using libRadtran version 2.0.3 [130,131] and the C-
version of the Discrete Ordinate Radiative Transfer Solver (DISORT [132,133]) with 16 streams.
The Cluster for Advanced Research in Aerospace (CARA) of the Deutsches Zentrum für Luft-
und Raumfahrt (DLR) is used, allowing the calculation of 1000 samples with 7 simulated
brightness temperatures each on a single node within approximately 100 s.

To account for gas absorption, a method by Buehler et al. [134] is used in the implemen-
tation by Gasteiger et al. [135], called REPTRAN. It performs radiative transfer simulations
at representative wavelengths within a given spectral interval (on average 3 and typically
<10) and calculates a weighted sum of them as an approximation of the integral of the
top of atmosphere radiance over a satellite channel’s spectral response function/a narrow
spectral band. The representative wavelengths and the weights were determined such that
the approximation for the integrated top of atmosphere radiance has an error < 1%, using a
training dataset of simulated top of atmosphere radiances with a high spectral resolution
covering a large variety of atmospheric states. Four different parameterizations are avail-
able: channel (optimized for SEVIRI’s spectral channels), coarse (band width of 15 cm−1),
medium (5 cm−1) and fine (1 cm−1). channel uses the least number of spectral sampling
points and is fastest. However, Gasteiger et al. [135] pointed out that the applicability of the
parameterization might cease if a significant spectral variability is introduced which has
not been considered in their training dataset. For instance, surface emissivity was assumed
wavelength-independent by Gasteiger et al. [135]. In our simulations, surface emissivity
shows a strong spectral variability, especially for sand [88]. Furthermore, the refractive
index of the volcanic ash, which has imaginary values between 0 and about 1.4 (Figure 5),
was assumed wavelength-independent and between 0.001 and 0.1 by Gasteiger et al. [135].

To select accurate parameterizations, we performed test calculations of the brightness
temperatures for the REPTRAN modes channel, coarse, medium and fine. Cases with and
without meteorological clouds/volcanic ash were considered with the ash cloud parameters
as described in Section 4.1.3 and an example ash with the refractive index of Eyjafjallajökull
ash from Deguine et al. [75], a log-normal size distribution with reff = 0.6 µm, s = 1.5
and the previously described shape distribution. In total, for each parameterization,
500 atmospheric states were simulated with each up to four cloud states as described
above. The differences to the fine calculations are shown in Figure 7, assuming that those
represent the most accurate approximation to a line-by-line calculation. This is supported
by the fact that the spread decreases when considering a higher-resolution approximation
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(except for BT9.7). Median differences for channel are the largest for all channels but BT9.7.
This might reflect the fact that BT9.7 is sensitive to ozone, which is mainly present in the
stratosphere and, thus, might hide the impact of the additional spectral variability due
to the surface emissivity and the volcanic ash refractive index. Outliers reach absolute
differences >2 K (not shown). In some cases (e.g., BT6.2 and BT10.8), the differences between
coarse and medium are rather small, such that the lower resolution parameterization is
applied. Overall, we conclude to use the channel parameterization for BT9.7; coarse for BT6.2,
BT10.8 and BT12.0; medium for BT7.3, BT8.7 and BT13.4.

Figure 7. Brightness temperature differences for radiative transfer calculations of different REPTRAN parameterizations.
The considered test dataset is described in the text. The boxplot shows the median, first and third quartile (box) and the 5th
and 95th percentile (whiskers).

4.3. Test of the Ash-Free Training Data

The presented method is not expected to reproduce observations on a single pixel
basis as, for example, spatial resolution is too coarse, averaged surface emissivities are used
and the ECMWF model might not represent reality, especially clouds, accurately enough.
However, the aim of the setup is to create a dataset that statistically approximates the
reality. To validate this, 49,701 simulations without ash for 15 July 2015 at 12:00 UTC were
performed, randomly scattered over the SEVIRI disc and compared with the corresponding
SEVIRI measurements (see Figure 2). If RTSIM created no clouds in the atmosphere,
the cloud-free simulation was used, otherwise the simulation containing clouds. The
distributions of the simulated and the corresponding measured brightness temperatures
should be similar, and thereby would indicate that RTSIM creates atmospheric profiles and
libRadtran derives brightness temperatures that generally approximate reality, although
individual samples might deviate from the measurements. Thus, simulations can then be
viewed as a strong training dataset.

Figure 8 shows a two-dimensional histogram for the full dataset of measured against
simulated BT10.8. Most samples are located close to the identity, with slightly more points
above the identity than below, i.e., the simulation tends to overestimate the brightness
temperature. Single points show large differences up to about 80 K between simulation
and measurements, probably when the simulation is cloud-free and reality shows a high
cold ice cloud. Figure 9 shows the median and the 95th percentile of the absolute difference
between the simulated and the measured brightness temperatures. Different subsets are
considered: (a) all samples as well as land and sea samples for clear conditions; (b) clear
and cloudy samples for sea surfaces; (c) viewing zenith angle θvza separated by 40° and
55° for clear conditions over sea; (d) viewing zenith angle θvza separated by 40° and 55° for
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clear conditions over land. Clear conditions are determined by the fact that no cloud layers
were created by RTSIM and that the total cloud cover by ECMWF is below 25%; of course,
observations might still contain meteorological clouds. The statistical distributions of the
measured and simulated brightness temperatures (and brightness temperature differences
BTD8.7−10.8 and BTD10.8−12.0) are shown as histograms in Figure 10. Figure 11 shows as
an example the distribution of BT10.8 for the subsets of clear sky land/sea samples and
clear/cloudy samples of sea surfaces.

Figure 8. BT10.8 measured by MSG/SEVIRI against corresponding RTSIM and libRadtran results for
the corresponding coordinates.

Figure 9. The 95th percentile (cross) and median (diamond) of the absolute deviation between the simulated brightness
temperatures and the corresponding MSG/SEVIRI measurements; considered is the full dataset (all) (a) as well as subsets,
i.e., (a) land and sea for cloud-free samples (i.e., no cloud layers simulated, total cloud cover ≤ 0.25), (b) clear and cloudy
(i.e., at least one cloud layer simulated and total cloud cover ≥ 0.25) for sea surfaces and (c) different θvza above sea and
(d) land.
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Figure 10. Distributions of the brightness temperature in different MSG/SEVIRI channels as measured from space and as
simulated using RTSIM and libRadtran, separated into 50 bins.

Figure 11. Distributions of BT10.8 as measured by MSG/SEVIRI and as simulated using RTSIM and libRadtran: (a) sea and
land surfaces for clear sky conditions; (b) sea surfaces for clear and cloudy conditions.

Atmospheric gases, meteorological clouds and the surface properties are the main
aspects that determine the quality of the simulations. Water vapor is mainly visible in
BT6.2 and BT7.3, with the latter being sensitive at least down to the mid-troposphere [69].
Their brightness temperature distributions in Figure 10 show a good agreement, and, even
on a single pixel basis, the deviations are small, with median absolute deviations mostly
below 1 K. The effect of H2O on the atmospheric window channels BT8.7, BT10.8 and BT12
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is small [108,136]. However, the single pixel deviations of the window channels are larger
than those of BT6.2 and BT7.3 when considering only clear sky samples, indicating that
other effects dominate the former. O3 and CO2 mainly impact BT9.7 and BT13.4, respectively.
Their distributions in Figure 10 generally agree well up to a small peak on the right side
that is not fully reproduced. However, as this minor peak is also present in the distributions
of the window channels, it can be expected to stem from the surface properties, particularly
from land surfaces that produce multiple peaks. The single pixel median absolute deviation
for all samples is generally around 2 K.

Meteorological clouds impact the atmospheric window channels. Individual pixel
deviations are remarkable: the median absolute deviation of cloudy samples is ~6 K,
with the 95th percentile of the absolute deviation even beyond 30 K. This indicates that
the largest deviations in Figure 8 could be caused by the occurrence of meteorological
clouds, for instance, if they are present in reality but missing in the simulation, or if
the there are significant differences in the cloud top heights. The size of the smaller
deviations might be related to inaccuracies in the cloud properties, e.g., the cloud top
height, the liquid and ice water content derived from the ECMWF model or reff derived
from parameterizations. In addition, clouds are described differently in the 1D radiative
transfer calculations than in nature, which has an impact especially in the case of partial
cloudiness, and a random element is applied for the creation of the cloud layers [71].
However, the resulting brightness temperature distributions in Figures 10 and 11 agree
with the SEVIRI measured distributions.

The surface properties (emissivity and skin temperature) influence the atmospheric
window channels as well. As pointed out above, their brightness temperature distributions
show a good agreement (Figure 10). The distributions of BT10.8 for sea surfaces and clear
sky pixels roughly agree, whereas for land surfaces two peaks of similar height are visible
with the right flank of the simulated distribution shifted towards lower temperatures
(Figure 11a). The single pixel comparison exhibits generally low median absolute devi-
ations (<2 K) for clear sky sea surfaces, but the deviation is larger for land than for sea.
Considering the θvza-dependence for sea surfaces, the median absolute deviation is largest
for 55° < θvza, which might be related to the strong θvza-dependence of the water surface
emissivity for large viewing zenith angles. On the contrary, for land surfaces, the median
absolute deviation is largest for θvza < 40°. This seems reasonable as the θvza-dependence
is smaller for land surfaces than for water surfaces. Furthermore, a higher θvza leads to
a larger gas column along the optical path, thereby effectively hiding deviations due to
inaccurate surface properties.

The surface emissivity is a climatology over 10 years, whereas the actual emissivity
in the present scene might slightly deviate, e.g., due to wetter or dryer surfaces, more
or less vegetation, etc. [89]. Could this cause the deviations observed for land surfaces?
Neglecting all atmospheric effects, we can estimate the deviation of the surface emissivity
corresponding to the deviation in the simulated brightness temperatures using Planck’s
law. For the wavelength λ, let the measured brightness temperature BTλ, m be related to an
emissivity ελ, m and the simulated one BTλ, s to ελ, s. Their ratio r is

r =
ελ, s

ελ, m
=

exp(c/λ/BTλ, m)− 1
exp(c/λ/BTλ, s)− 1

(2)

with c = 0.0145 m K [108]. For BTλ, m between 263 K and 303 K and BTλ, m − BTλ, s = ±4 K,
the difference |1− r| is ca. 0.1, 0.08 and 0.07 for λ of 8.7 µm, 10.8 µm and 12 µm, respectively.
For BT8.7, such deviations are possible, as the spread in emissivities of typical surfaces is
large in the corresponding spectral regime (sand has emissivities down to 0.7, whereas
water and vegetated surfaces have values close to 1). Around 10.8 µm and 12 µm, the
differences in typical surface emissivities are <0.05 [88,89]. Therefore, it seems unlikely that
an error in the surface emissivity is the single cause for the differences in the brightness
temperatures above land surfaces, as their median absolute deviation in the three window
channels are similar.
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Another possible reason might be inaccuracies in the skin temperature. For instance,
it is known that ECMWF underestimates skin temperatures for land at daytime and
overestimates during night: Trigo et al. [137] found errors of the order of 2 to 5 K, especially
for semiarid regions (North Africa, Sahara and Namibia), and Johannsen et al. [138] found
in parts underestimations in the order of 5 K for the Iberian peninsula when comparing
ECMWF data with satellite retrievals. The ECMWF data and the surface emissivity have
a spatial resolution of 0.25°, corresponding to roughly 28 km at the SEVIRI sub-satellite
point. However, SEVIRI itself has a resolution of 3 km at nadir. Due to this difference,
small-scale features and sudden changes in the surface type (e.g., at coastlines) can lead
to inaccuracies.

To sum up, the comparison indicates that gas profiles are reproduced correctly on a
single pixel basis, similar to sea surfaces in the absence of clouds. For cloudy samples, the
measured and simulated brightness temperature distributions agree well, but considering
individual pixels we find notable deviations. Land surfaces lead to deviations for both,
single pixels (<4 K) and the brightness temperature distributions. Especially the good
agreement of the distributions of BTD8.7−10.8 and BTD10.8−12.0 highlights that relative
deviations within single spectra are small, with only a minor positive bias for BTD10.8−12.0.
Thus, we conclude that the simulations can be used as a training dataset.

4.4. Training, Validation and Test Data

We performed simulations for ~30 million samples. Then, two selections are made:
First, for ash-loaded samples, only those that have BTD10.8−12 < 0 are kept. This threshold
criterion is typical for volcanic ash detection and has been used for VADUGS as well [71]. It
reduces the amount of samples with overlapping signals from meteorological and volcanic
ash clouds, thereby effectively making the classification task slightly simpler for the ANNs.
Second, the selection of ash types similar to Eyjafjallajökull ash is applied to reduce the
complexity of the training datasets. From the remaining data, two sets are formed: the
full dataset (Dataset A) and a subset containing only the ash-loaded samples (Dataset
B). Dataset A is used for the ANNs for classification and the retrieval of τ10.8, i.e., the
algorithms that are applied to all satellite measurements. Dataset B is used for the ANNs
of ztop and reff, which are only applied to ash-loaded pixels. Dataset A and B are randomly
grouped into a training (70%), a validation (20%) and a test (10%) dataset, as shown in
Table 1. Training and validation datasets are used for the training of the ANNs; the test
dataset is used to characterize the final algorithms in Piontek et al. [80]. Distributions of
the target values in the training datasets are sketched in Figure 12. Note that they are not
uniformly distributed due to the selections performed as well as the usage of different
volcanic ash types.

Table 1. Information on the different simulated datasets.

Dataset Description Samples Ash Fraction

Training A clear + ash 8,725,531 32.1%
Validation A clear + ash 2,493,719 32.1%

Test A clear + ash 1,252,470 32.3%
Training B only ash 2,798,004 100.0%

Validation B only ash 800,117 100.0%
Test B only ash 405,556 100.0%
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Figure 12. Distributions of: (a) τ10.8 in Training A; (b) ztop in Training B; (c) reff in Training B. In (a), only non-zero values
are shown.

5. Training of the ANNs

For the ANNs, TensorFlow version 1.14.0 [139,140] and Keras version 2.3.1 [141] are
used. Individual ANNs are trained for the classification, the retrieval of volcanic ash-
induced optical depths at 10.8 µm (τ10.8), cloud top heights (ztop, in meters) and effective
particle radii (reff, in micrometers). The classification ANN differentiates four categories:
clear sky; only meteorological clouds; only volcanic ash clouds; both meteorological and
volcanic ash clouds.

VADUGS directly retrieved mcol, whereas VACOS derives τ10.8 as this quantity is more
closely related to the observational data as SEVIRI measures radiances. It can be converted
into mcol using k10.8. The wavelength 10.8 µm was chosen (as in [66]) as it corresponds
to one of the SEVIRI channels, is in the atmospheric window, is less influenced by H2O
and volcanic SO2 emissions (compared to 8.7 µm, see [29]) and experiences relatively large
extinctions (compared to 12 µm). The ANNs for the classification and τ10.8 are trained
with the full training dataset (Dataset A in Table 1), whereas the ANNs for ztop and reff
are trained only with ash-containing samples (Dataset B). The input features (in Table 2)
contain the seven infrared brightness temperatures from SEVIRI, including BT10.8 and
BT12 that are often used for volcanic ash detection [24,25], as well as BT8.7 [31]. Prata and
Grant [33] showed that BTD8.7–12 can be even more negative than BTD10.8–12. As water
vapor can hide the volcanic ash [27,43], BT6.2 and BT7.3 are included, which are sensitive to
water vapor [69]. Similarly, BT9.7 and BT13.4 are included to treat O3 and CO2 [69]. From
ECMWF, the skin temperature is included as a reference for the temperature profile, as well
as estimates of the total column water, water vapor and ozone to account for the influence
of gases and meteorological clouds on the satellite measurements and thereby to extract the
impact of the volcanic ash. Latitude and longitude allow the ANNs to learn the geography
to some extent and latitudinal dependencies of the atmospheric profile. The land/sea-mask
partly encodes the very different emissivities [88,89] as well as differences of the atmosphere
and cloud layers above land and sea. Day of year and hour of day are included to consider
seasonal and diurnal variations in the atmospheric properties, respectively. Their sine
and cosine are used to avoid discontinuities (e.g., between 31 December and 1 January or
24:00 and 0:00) and make the encoding unambiguous [78]. The satellite viewing zenith
angle is included to correct slant observations, leading to longer optical paths through the
atmosphere for higher θvza. τ10.8 is included as an input feature for the ANNs of ztop and
reff to make use of the previously retrieved information. Finally, the “clear” brightness
temperatures BT8.7, clr, BT10.8, clr and BT12, clr are given as input. Those correspond to the
brightness temperatures that would be measured in absence of the volcanic ash clouds (but
with meteorological clouds if present) to quantify the surroundings [27,31,45].
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Table 2. Model settings and input features for the ANNs retrieving the classification, τ10.8, ztop and reff. σ denotes the
standard deviation. The ANN architectures are given as lists of neurons per layer, with the first number giving the amount
of input neurons, the second number the amount of neurons in the first hidden layer and the last number the amount of
output neurons.

Classification τ10.8 ztop reff

Model setting

Input/output standardization × × × ×
LeCun normal distributed initialization × × × ×
Add Gaussian noise to input (σ = 0.1) × ×
Architecture 19-100-100-100-4 19-100-100-100-1 23-100-100-100-1 23-100-100-100-1
Activation function (hidden neurons) tanh tanh tanh tanh
Activation function (output neurons) softmax linear linear linear
Loss function cross entropy mean squared error mean squared error mean squared error
Sample weighting ×
Nadam training algorithm × × × ×
Epochs trained 60,000 2000 2000 2000

Feature (unit/range)

BT6.2 (K) × × × ×
BT7.3 (K) × × × ×
BT8.7 (K) × × × ×
BT9.7 (K) × × × ×
BT10.8 (K) × × × ×
BT12 (K) × × × ×
BT13.4 (K) × × × ×
Skin temperature (K) × × × ×
Binary land/sea mask × × × ×
Total column water vapor (kg m−2) × × × ×
Total column water (kg m−2) × × × ×
Total column ozone (kg m−2) × × × ×
Latitude (−90 to 90°) × × × ×
Longitude (−180 to 180°) × × × ×
Sine of day of year × × × ×
Cosine of day of year × × × ×
Sine of hour of day × × × ×
Cosine of hour of day × × × ×
Cosine of satellite zenith angle × × × ×
τ10.8 (retrieved) × ×
BT8.7, clr (K) × ×
BT10.8, clr (K) × ×
BT12, clr (K) × ×

Input and output data are standardized. As τ10.8 is the result of a previous retrieval
and BTλ, clr is estimated from the surrounding satellite measurements for application
to real data (Section 6), those values are prone to errors. Therefore, the ANNs for ztop
and reff apply a Gaussian noise with standard deviation of 0.1 on the input layer during
training. Each ANN consists of three hidden layers with 100 neurons each. This choice
is motivated by Strandgren et al. [78], who investigated different ANN structures when
developing CiPS, i.e., a retrieval similar to VACOS but for cirrus clouds. They found the
best performance for their most complex ANN, having three hidden layers with 64 neurons
each. The output layers of our ANNs have a single neuron for regressions or four neurons
for the classification. Note that the ANNs now have roughly twice as many trainable
parameters as VADUGS: For example, an ANN with 19 inputs, 3× 100 hidden neurons and
a single output has 22,301 parameters, whereas the VADUGS architecture with 17 inputs,
1 × 600 hidden neurons and 2 outputs has 12,002 free parameters. The hidden layers
use the hyperbolic tangent as activation function, while the output layer uses a linear
function for regressions and a softmax function for classification [142]. The last allows the
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classification ANN to produce a normalized four-dimensional output vector, where each
component can be roughly interpreted as the probability of the corresponding category.
All neurons use bias neurons and are initialized by a LeCun normal distribution [87]. The
mean squared error is utilized as loss function for regressions and the categorical cross
entropy for classifications [142]. For the training of classification, ztop and reff retrievals,
all samples are weighted equally (with 1) when calculating the total loss of a batch of
samples. For the ANN of τ10.8, the following sample weighting with respect to the true
τ10.8 is applied to increase the importance of the few samples with small τ10.8 (e.g., less
than 3% of the samples in the training subset of Dataset A have τ10.8 < 0.6) in comparison
to the many ash-free and very ash-loaded samples:

0 ≤ τ10.8 ≤ 0.001 : 0.3

0.001 < τ10.8 ≤ 0.2 : 5

0.2 < τ10.8 ≤ 0.5 : 3

0.5 < τ10.8 ≤ 1 : 0.01

1 < τ10.8 : 0.001

The weight for τ10.8 ≤ 0.001 is introduced to reduce the focus on very low concentra-
tions that might be hardly retrievable anyway. With the weights for 0.001 < τ10.8 ≤ 0.5 the
focus on usual concentrations is increased. To avoid a general overestimation due to the
many samples with large τ10.8 (see Figure 12), lower weights for τ10.8 > 0.5 are applied.
The numerical values are determined by testing different settings. The Nadam (short for
Nesterov-accelerated Adaptive Moment Estimation) algorithm is applied during the training
with recommended parameters (learning rate = 0.001, β1 = 0.9 and β2 = 0.999 [143,144]),
with batch sizes of 1000. For regressions, the learning rate is reduced by a factor 100 every
500 epochs, with 2000 epochs in total, reaching a minimum of the loss function evaluated
on the validation dataset, with the loss function remaining constant for several hundred
epochs. For the classification ANN, the learning rate is reduced once after 500 epochs
and training is stopped after 60,000 epochs, as accuracy (assuming a threshold of 0.5 for
the four categories) calculated for the validation dataset decreases by <0.065% in the last
10,000 epochs.

Reality (i.e., atmospheric and volcanic ash properties) is very complex and variable
and has only been approximated by the simulated data. A possible pitfall of this approach
is that ANNs might overfit with respect to both the simulated training and the validation
data. For example, some of the first ANNs we created here were trained successfully
considering the simulated datasets, but revealed weaknesses when applied to real satellite
data, such as misinterpretation of meteorological clouds as volcanic ash or wrong retrievals
for thin ash clouds. To overcome these issues, we applied different selections with respect
to the simulated datasets when training the final ANNs and introduced Gaussian noise
layers and sample weightings as outlined above.

6. Notes on the Application

To perform the VACOS retrieval, the ANNs are applied in two steps: First, the
classification ANN is used to detect volcanic ash. Alternatively, τ10.8 is retrieved to find ash
clouds; reasonable thresholds are found in [80]. Second, reff and ztop are retrieved for all
ash-containing pixels. In order to apply the ANNs, the input features as given in Table 2
have to be composed. For the training, τ10.8 and BTλ, clr at wavelength λ are simulated
and, therefore, exact. However, for the application on satellite data, the input feature
τ10.8 is obtained from the retrieval result of the corresponding ANN, whereas BTλ, clr is
estimated from the SEVIRI images. We assume that the ash clouds are spatially limited and
the highest BTλ in the close surrounding of a specific pixel corresponds to the value that
would be measured in absence of the volcanic ash cloud [115]. Therefore, for each pixel, the
maximum BTλ within a radius of 12 pixels is determined, denoted BT12 px

λ ; similar pixel
areas were considered by Krebs et al. [115]. Assuming a pixel size of 3 km, a surrounding
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of at least 36 km would be considered, which is sufficient for ash plumes close to the
volcano [19]. At greater distance, ash clouds can become wider [6]; thus, an additional step
is implemented. The SEVIRI disc is split in 10× 10 boxes and the maximum of BT12 px

λ of
all presumably ash-free pixels, i.e., pixels with

BT12 px
10.8 µm − BT12 px

12.0 µm ≥ 0 (3)

is determined within each box, called BTref
λ . Now, for each pixel in the box, the brightness

temperature difference is checked: if Equation (3) is not fulfilled, which indicates that
volcanic ash still influences the measurement, the replacement

(
BT12 px

λ + BTref
λ

)
/2 −→ BT12 px

λ (4)

is conducted. This last step is repeated twice in case Equation (3) remains unfulfilled. The
final BT12 px

λ is used as an approximation for BTλ, clr. A uniform filter of size 5× 5 pixels is
applied for both BTλ, clr and the retrieved τ10.8 (see [80]). Similarly, the total column water
vapor and total column water are taken from an external source, e.g., a model, and might
be arbitrarily wrong. However, the training dataset includes for a specific atmospheric
profile samples with and without meteorological clouds (if those are theoretically possible
due to the ECMWF data), both with the same total column quantities. Thus, the ANNs
learn a certain robustness with respect to inaccuracies of the total column water and total
column water vapor. This is different for the total column ozone and skin temperature,
which are also obtained externally. The preferred source is ECMWF ERA5 as this was also
used to create the training data.

The results of the ANNs can be treated in different ways. The classification result can
either be used directly or a binary ash flag (i.e., ash or no ash) can be calculated by adding
the probabilities of the two ash-free and the two ash-containing categories, respectively.
Using the retrieved ztop and zext = 0.4ztop [125,126], one can derive an estimate for the
geometrical thickness [127]. The retrieved τ10.8 can be converted into mcol using k10.8;
typical values for different xs and reff are given in Table 3 as derived from all data in
Figure 6. Generally, k10.8 increases with increasing xs when reff = const., except for ashes
with a reff = 0.6 µm, where the opposite is the case. For xs = const., k10.8 is largest in the
case reff = 1.8 µm and decreases with increasing reff. In practice, to determine k10.8, one
needs to know reff and xs. The former can be approximated by satellite retrievals, the age
of an ash cloud or the distance to its source. The latter can be estimated using previous
knowledge about the volcanic source or laboratory analyses of volcanic ash samples when
considering past eruptions. If none of this information is given, one can simply assume
k10.8 = 200 m2 kg−1 which produces roughly the mean mcol considering the extremal values
140 m2 kg−1 and 328 m2 kg−1 of the mean k10.8 in Table 3.

Table 3. Mean mass extinction coefficients at 10.8 µm (k10.8) and their standard deviations for different volcanic ashes
(from [23]) given in m2 kg−1. Subsets of different effective radii reff and silica contents xs are considered.

xs/wt.% reff/µm
0.6 1.8 3.0 4.5 6.0

45 229± 9 279± 23 228± 15 173± 6 140± 10
50 210± 14 290± 25 241± 17 181± 5 146± 10
55 194± 18 305± 28 255± 19 190± 4 152± 11
60 178± 20 310± 31 263± 21 195± 5 155± 12
65 164± 22 314± 33 271± 24 201± 5 159± 12
70 152± 24 321± 34 282± 26 208± 5 164± 13
75 144± 26 328± 35 292± 28 215± 5 169± 13
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For the visible spectrum, mass extinction coefficients of 690 m2 kg−1 at λ = 532 nm [145]
and 637 m2 kg−1 for λ = 355 nm [146] were found for Eyjafjallajökull volcanic ash. As the
refractive index exhibits only a small variability in the visible spectrum with respect to
the chemical composition [75,147], these mass extinction coefficient estimates can also be
assumed to be representative for other types of volcanic ash. Thus, the optical depth of a
volcanic ash cloud is roughly 3.3 times larger in the visible spectrum when comparing to a
typical k10.8 of 200 m2 kg−1 at 10.8 µm. Finally, combining mcol and zext allows estimating
the average mass volume concentration c.

VACOS can be applied quickly: processing a full MSG/SEVIRI image (3712× 3712 pix-
els) on an ordinary desktop personal computer (using a single core of an Intel Core i5-6600
CPU at 3.30 GHz) with an off-the-shelf, uncustomized version of TensorFlow, each ANN
needs ~70 s, excluding input/output processing. Performance could be increased by re-
stricting the retrieval, e.g., only τ10.8 could be retrieved for the full disc to detect volcanic
ash, whereas ztop and reff could be determined for ash-contaminated pixels only. Thus, it is
possible to use VACOS operationally.

7. Conclusions

The new retrieval algorithm VACOS (Volcanic Ash Cloud properties Obtained from SE-
VIRI) is introduced. It derives a pixel classification, cloud top height, effective particle
radius and (indirectly) the mass column concentration, each of which is done individually
by a shallow artificial neural network. The artificial neural networks receive seven bright-
ness temperatures of the infrared channels of the geostationary instrument MSG/SEVIRI
as well as auxiliary data from ECMWF. Using MSG/SEVIRI allows for a comparably high
temporal and spatial resolution of the retrievals. Focusing on the infrared spectrum al-
lows the application at day and night. After the time-consuming creation of a radiative
transfer simulated training dataset and the training itself, artificial neural networks are
fast [64,78], have good generalization skills [52] and a high robustness with respect to
perturbations [67,68]. The training dataset is of main importance for the development of
artificial neural networks. Here, we perform one-dimensional radiative transfer calcula-
tions for a large set of typical atmospheric conditions with and without generic volcanic
ash clouds. The radiative transfer’s input data are described and the central aspects dis-
cussed, in particular pointing out the strong dependence of surface emissivities on the
surface type and the viewing zenith angle, the significant variability of the atmospheric
state between different years and the need for a high temporal resolution to also cover its
diurnal variability. A special focus is put on the representation of the volcanic ash clouds.
Macrophysical properties are reviewed, and microphysical and optical properties are re-
ceived from Piontek et al. [23]. The usage of a large set of refractive indices representing
different volcanic ash types with respect to their silica content and glass-to-crystal ratio
is a major difference to most other artificial neural network-based volcanic ash retrievals
using passive imagers: they either rely on a single or a handful of volcanic ash refractive
indices or use training datasets consisting of only a few different volcanic ash clouds. We
perform a validation of the ash-free radiative transfer calculations by comparing those
with real MSG/SEVIRI measurements for a specific scene. An overall agreement of the
statistical distributions of the brightness temperatures is found, showing that the composed
atmospheric and surface data are representative for the real world. Comparing simulations
and measurements on a single pixel basis, we find indications that atmospheric gas profiles
and sea surface emissivities are reproduced with a high agreement. For cloudy samples,
the measured and simulated brightness temperature distributions agree, but considering
individual pixels significant deviations are found (with 95th percentiles of the absolute
deviations >30 K), most likely introduced by a random element in the implementation
of the maximum-random overlap configuration in a one-dimensional atmosphere and
possible different locations of clouds in the model and reality. Land surfaces lead to large
deviations, for single pixels (with median absolute deviations >3 K) as well as for the
brightness temperature distributions, likely due to inaccurate skin temperatures. Finally,
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we describe the architecture of the different artificial neural networks and their technical
setup, input features, training and application.

Our work can be extended in different directions: the validation of the ash-free
simulations shows that the representation of land surfaces is not fully realistic and could
be improved, e.g., by using other model results or satellite retrieved skin temperatures.
Volcanic ash plumes close to the vent often carry SO2 [39,42] or ice water [148–150], both
of which are neglected for reasons of simplicity. Other aerosols are also noteworthy,
especially mineral dust which has similar refractive indices as volcanic ash due to their silica
contents [11]. Including both in the training data, it might be possible to train an algorithm
to separate volcanic ash from dust. The artificial neural networks could be improved by
using additional input data, e.g., model-based vertical temperature profiles [68] or extremal
or average brightness temperatures of the surrounding of a pixel [78]. The latter would
require the simulation of extended areas, i.e., images of volcanic ash clouds in different
atmospheric and surface settings, which would also enable the use of convolutional neural
networks for image recognition [151]. As other geostationary passive imagers have similar
spectral channels as MSG/SEVIRI [69,83,85,86], the algorithm might be transferable to
these instruments [152]. A thorough validation of VACOS is presented in a companion
paper [80]. An operational application by the German weather service (DWD) is ongoing.

To conclude, the new volcanic ash retrieval allows detecting and monitoring volcanic
ash clouds above Europe, Africa and the Atlantic with high spatial and temporal resolu-
tion, enabling volcanic ash-related scientific investigations as well as aviation security-
related applications.
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Overview In this paper, the volcanic ash retrieval VACOS is validated and characterized
using a simulated test data set, CALIOP retrievals, airborne lidar and in situ measurements
obtained during measurement campaigns of the DLR and the FAAM, and the results of
a volcanic ash transport and dispersion model ensemble. A sensitivity study with respect
to the volcanic ash cloud profile is conducted to quantify the uncertainty related to the
assumption of a single homogeneous ash layer, which was adopted during the algorithm
development. The importance of different input features is investigated and inferences are
drawn about the working principles of the artificial neural networks.

Author contribution I conceptualized the research with LB. JK provided the retrievals
of volcanic ash mass loads and cloud top heights from CALIPSO/CALIOP data. US
provided airborne in situ measurements of volcanic ash mass concentrations. FM provided
airborne lidar-derived volcanic ash mass profiles. MP provided results of a volcanic ash
transport and dispersion model ensemble. LB performed cirrus retrievals for MSG/SEVIRI
observations. I provided the simulated test data, applied VACOS, conducted the validation
of the VACOS retrievals against all available reference data, performed the sensitivity study
for volcanic ash cloud profiles, analyzed the input feature importance and discussed the
working principles of the artificial neural networks, prepared all figures and wrote the
manuscript. LB and CV supervised the research. All authors reviewed manuscript drafts.
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Abstract: Volcanic ash clouds can damage aircrafts during flight and, thus, have the potential to
disrupt air traffic on a large scale, making their detection and monitoring necessary. The new retrieval
algorithm VACOS (Volcanic Ash Cloud properties Obtained from SEVIRI) using the geostationary
instrument MSG/SEVIRI and artificial neural networks is introduced in a companion paper. It
performs pixelwise classifications and retrieves (indirectly) the mass column concentration, the cloud
top height and the effective particle radius. VACOS is comprehensively validated using simulated
test data, CALIOP retrievals, lidar and in situ data from aircraft campaigns of the DLR and the FAAM,
as well as volcanic ash transport and dispersion multi model multi source term ensemble predictions.
Specifically, emissions of the eruptions of Eyjafjallajökull (2010) and Puyehue-Cordón Caulle (2011)
are considered. For ash loads larger than 0.2 g m−2 and a mass column concentration-based detection
procedure, the different evaluations give probabilities of detection between 70% and more than 90%
at false alarm rates of the order of 0.3–3%. For the simulated test data, the retrieval of the mass
load has a mean absolute percentage error of ~40% or less for ash layers with an optical thickness
at 10.8 µm of 0.1 (i.e., a mass load of about 0.3–0.7 g m−2, depending on the ash type) or more, the
ash cloud top height has an error of up to 10% for ash layers above 5 km, and the effective radius
has an error of up to 35% for radii of 0.6–6 µm. The retrieval error increases with decreasing ash
cloud thickness and top height. VACOS is applicable even for overlaying meteorological clouds, for
example, the mean absolute percentage error of the optical depth at 10.8 µm increases by only up to
~30%. Viewing zenith angles >60° increase the mean percentage error by up to ~20%. Desert surfaces
are another source of error. Varying geometrical ash layer thicknesses and the occurrence of multiple
layers can introduce an additional error of about 30% for the mass load and 5% for the cloud top
height. For the CALIOP data, comparisons with its predecessor VADUGS (operationally used by the
DWD) show that VACOS is more robust, with retrieval errors of mass load and ash cloud top height
reduced by >10% and >50%, respectively. Using the model data indicates an increase in detection
rate in the order of 30% and more. The reliability under a wide spectrum of atmospheric conditions
and volcanic ash types make VACOS a suitable tool for scientific studies and air traffic applications
related to volcanic ash clouds.

Keywords: volcanic ash cloud; passive satellite remote sensing; artificial neural network; validation;
Eyjafjallajökull; Puyehue-Cordón Caulle; lidar; in situ; transport and dispersion model
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1. Introduction

A new volcanic ash retrieval using artificial neural networks (ANNs) and the Spinning
Enhanced Visible and Infrared Imager (SEVIRI) aboard the Meteosat Second Generation (MSG)
satellites is developed and presented; this algorithm is called VACOS (Volcanic Ash Cloud
Properties Obtained from SEVIRI) and builds upon its predecessor VADUGS (Volcanic Ash
Detection Using Geostationry Satellites [1]). The companion paper [2] describes the algorithm
development: Using a comprehensive set of volcanic ash optical properties [3], surface
emissivities [4–6] and atmospheric profiles of pressure, temperature, air density, concen-
trations of oxygen, water vapor, ozone, carbon dioxide and nitrogen dioxide, liquid and
ice water clouds, mostly derived from ECMWF model reanalyses, one-dimensional radia-
tive transfer calculations are performed with and without realistic volcanic ash clouds to
create training, validation and test data sets. These three simulated data sets contain the
volcanic ash cloud properties, i.e., geometrical vertical extent, mass volume concentration,
cloud top height, the brightness temperatures (BTs) of the infrared channels of SEVIRI
and various auxiliary quantities. The ash-free simulations are validated by comparing the
results of radiative transfer calculations of a specific date with the corresponding SEVIRI
measurements. Using the simulated data sets, four different ANNs are trained for the
pixelwise retrieval of the optical depth at 10.8 µm due to ash (τ10.8), the ash cloud top height
(in m, ztop), the effective particle radius (in µm, reff) and an overall classification in four
categories (ash-free and cloud-free; only meteorological clouds; only volcanic ash clouds;
both volcanic ash and meteorological clouds present). The ANN for classification returns a
normalized four-dimensional vector, where each component can be roughly interpreted as
the probability of the corresponding category. The four ANNs perform independently of
each other, but the retrievals of ztop and reff receive an estimate of τ10.8 as an input. This
approach allowed to use different training data sets and ANN settings for each retrieval.

This paper contains an analysis of the retrieval performance: A detailed validation
with respect to simulated test data sets is presented (Section 2) and the sensitivity of the
retrievals with respect to the volcanic ash cloud profile is given (Section 3). To demonstrate
the reliability of the new algorithm and to check its performance with respect to its prede-
cessor, various comparisons with other remote and in situ measurements (Section 4) and
model calculations were made (Section 5). The individual features of the final ANNs are
analyzed to make some inferences on the functioning of the algorithms (Section 6). Finally,
we give a conclusion and an outlook.

2. Performance on Simulated Test Data

The development of the VACOS retrieval is described in Piontek et al. [2]. In the
following, we systematically quantify the performance of the retrievals with respect to
volcanic ash cloud properties, presence of meteorological clouds (defined to include liquid
and ice water clouds) and geographic location. Therefore, the ANNs are applied to the test
data sets A (1,252,470 samples) or B (405,556 samples) from Piontek et al. [2], depending
on their training data set. The samples of the test data sets are the results of independent
radiative transfer calculations and can be compared to the situation for single pixels in
a SEVIRI image. The VACOS results are compared with these true values, providing
references for the error of the retrievals; those might be larger in reality due to more
complicated atmospheric conditions (e.g., additional aerosols such as mineral dust), cases
that have not been covered by the training data set (e.g., non-homogeneous ash clouds
or multiple ash layers, emitted sulfur dioxide) or slight differences between our radiative
transfer calculations and the reality (e.g., due to partial cloud covers, inaccuracies due to
the applied parameterizations for meteorological clouds). The error metrics mean absolute
percentage error (MAPE), mean percentage error (MPE), probability of detection (POD), false
alarm rate (FAR) and accuracy are used and described in Appendix A.



Remote Sens. 2021, 13, 3128 3 of 36

2.1. Classification

The classification ANN returns a normalized four-dimensional vector with each com-
ponent interpreted as the probability of the corresponding category, see Table 1. Defining
that a sample is assigned to a given category if the corresponding component is >50%,
the accuracy is 92% with 0.012% of the samples remaining unclassified. These values de-
pend on the composition of the test data set with respect to the different categories, as they
are retrieved with different accuracy, see Table 1. Whereas clear sky, cloudy and ash-loaded
samples are correctly classified with probabilities of more than 90% each, samples with both
meteorological and ash clouds are correctly classified in only 49% of the cases. About 47%
of those samples were classified as ash only. Again, this might depend on the composition
of the test data; samples with thick ash clouds on top of comparably thin meteorological
clouds might be misclassified as ash only. Reducing the amount of these samples in the
test data set would significantly modify the results in Table 1. Nevertheless, VACOS is able
to detect the presence of ash in almost all cases even for this category, with only 4.1% of
the ash remaining undetected. Next, only the samples containing ash and meteorological
clouds are considered and separated according to the location of the meteorological clouds
as above or below the ash layer, where we define that above denotes that no meteorological
clouds are below the volcanic ash cloud bottom and below that no meteorological cloud
is above the ash cloud top. Samples with multiple meteorological clouds located both
above and below the ash layer are not included in either class. Again, note that we do
not differentiate between liquid and ice water clouds, although ice water clouds can be
expected to dominate for altitudes in the upper troposphere and liquid water clouds in
the lower troposphere, and although ice water clouds might damp the ash signal, e.g., in
BTD11–12. Furthermore, the dependence on the optical depth of the meteorological clouds
themselves is not investigated, although expected to be significant. Table 2 shows the
classification of the two subsets. Nearly all samples are classified as ash-containing if the
meteorological cloud is below, and astonishingly still ~85% if it is above. The amount
of correctly classified samples (i.e., both ash and meteorological cloud) is ~15% higher
for meteorological clouds below than above, whereas ~15% of the samples are classified
as containing only meteorological clouds if those are above but less than 1% if they are
below. This represents the well known fact that an optically thick meteorological cloud can
effectively hide a below-cloud volcanic ash layer from the satellite observation. More than
48% of the samples are classified as containing only ash, independently of the position of
the meteorological clouds. Motivated by the fact that the identification of cases with both
ash and meteorological clouds is not very reliable, but that ash is detected in the majority
of the situations, a binary ash flag Pash (i.e., ash or no ash) is introduced by adding the
probabilities of the two categories without ash (clear, clouds) and the two with ash (ash,
both), respectively. Now, if the resulting probability for ash is above 80%, we assume that
ash is present, otherwise not; the threshold is motivated in Section 2.3. The binary ash flag
will be used in the rest of the section. It has an accuracy of 99.5%, a POD of 98.6% and a
FAR of 0.008% for the simulated data.

Table 1. Results of the classification ANN with respect to the simulated test data in percent; four categories are differen-
tiated: ash-free and cloud-free (clear), only meteorological clouds (clouds), only volcanic ash (ash), both volcanic ash and
meteorological clouds (both); the true value is given in the left column, the corresponding number of samples and how they
are classified is given in the other columns.

Retrieval/%
Truth Samples Clear Clouds Ash Both
clear 560,713 99.7 0.3 <0.1 <0.1

clouds 287,740 5.6 94.3 <0.1 <0.1
ash 279,395 <0.1 <0.1 94.6 5.2

both 124,622 <0.1 4.1 46.8 49.2
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Table 2. Results of the classification ANN with respect to the simulated test data in percent; only samples with volcanic ash
and meteorological clouds are considered; above denotes that no meteorological clouds are below the volcanic ash cloud
bottom and below that no meteorological cloud is above the ash cloud top; the retrieval categories are the same as in Table 1.

Retrieval/%
Cloud Location Samples Clear Clouds Ash Both

above 21,833 <0.1 15.1 48.8 36.1
below 81,630 <0.1 0.3 48.0 51.6

2.2. Dependence on Volcanic Ash Cloud Properties, Meteorological Clouds and
Geographic Coordinates

Next we analyze the binary ash flag and the regression retrievals in detail. As met-
rics we calculate the accuracy for the binary ash flag, and MAPE and MPE for the re-
trievals of τ10.8, ztop and reff for simulated samples within certain intervals of the true
values τ′10.8, z′top or r′eff (in the rest of this work, primed quantities will always denote
the reference data, which might be the truth when using simulated data, or in situ mea-
surement/retrieval/model results in the other cases). As discussed in Piontek et al. [2],
τ′10.8 can be converted to a mass column concentration m′col using the mass extinction
coefficient at 10.8 µm, with a mean value of ~200 m2 kg−1. Thus, the investigated range
τ′10.8 ∈ [0.01, 10] corresponds approximately to m′col ∈ [0.05, 50]g m−2. m′col = 0.05 g m−2 is
quite low; typical mass loads are about one order of magnitude larger (Section 4). Figure 1
shows subsets with land and sea surfaces, and with and without meteorological clouds.
Figure 2 shows results for ash-containing samples with meteorological clouds above and
below the ash layer (as defined before). Test data set A is considered for the binary ash
flag when investigating the dependence on τ′10.8, otherwise only the ash-loaded samples
are used. For the retrieval of τ10.8 only the ash-loaded samples of test data set A are used,
and for the retrieval of ztop and reff the test data set B, which also contains only ash-loaded
samples [2]. Note that no prior selection is made based on whether or not ash is detected
in a sample using the binary ash flag or the retrieved τ10.8. The sample distribution for
test data set B is given in Figures 1h and 2h; generally, the distribution is similar for test
data set A with differences of <10%, except for the first bin which contains also the ash-free
samples when considering the accuracy with respect to τ′10.8.

For the binary ash flag, high accuracies of 90–100% are found for usual ash clouds
(τ′10.8 > 0.1) and in absence of volcanic ash (left-most bin in Figure 1a1). The additional
presence of meteorological clouds decreases the accuracy: if they are above the ash layer the
difference is of the order of 20%, whereas the influence is much smaller when they are below.
This demonstrates that ash layers might often be hidden by the meteorological clouds
above. The accuracy is also close to 100% for z′top > 5 km, but decreases with decreasing
z′top. The latter might be partly connected to the impact of water vapor above the ash cloud,
as their column load above the ash layer increases with decreasing z′top. However, as the
accuracy decreases only slightly for z′top < 5 km compared to higher z′top in the absence of
meteorological clouds, the impact of water vapor appears to be limited. The presence of
meteorological clouds leads to a much worse performance, especially for z′top < 5 km and
if the meteorological clouds are above the ash layer, where the accuracy drops well below
50%. The dependence on r′eff is generally small, except when meteorological clouds are
present above, leading to a decreasing accuracy with ~90% for r′eff = 0.6 µm, but less than
60% for r′eff = 6 µm. The dependence on the surface (land/sea) is small.

For the regression ANNs, the MAPE generally decreases from roughly 100% for
τ′10.8 = 0.03 / z′top = 1 km to less than 30% for τ′10.8 = 10 / z′top = 18 km with increasing
τ′10.8 and z′top, and is up to 35% with respect to r′eff. In all cases, the MAPE is smallest
in the absence of meteorological clouds and largest in their presence, with significantly
larger errors for meteorological clouds above with respect to τ′10.8 > 0.3 and r′eff, and for
meteorological clouds below with respect to z′top. The MAPEs for land and sea surfaces are
again rather similar.
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Figure 1. Estimations of the accuracy of the binary ash flag (a), and MAPE and MPE for the retrievals of τ10.8 (b,c), ztop (d,e)
and reff (f,g) based on the simulated test data sets; the columns show the performance for different τ′10.8 (1), z′top (2) and
r′eff (3); for (a–c) the test data set A is used, for (d–g) test data set B [2]; for (b,c) only ash-loaded samples are considered;
the sample distribution of test data set B is shown in (h); different subsets are shown, i.e., only sea (black) or land (green)
surfaces, only samples with meteorological clouds (red) or without meteorological clouds (blue).
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Figure 2. Similar as in Figure 1: Estimations of the accuracy of the binary ash flag (a), and MAPE and MPE for the retrievals
of τ10.8 (b,c), ztop (d,e) and reff (f,g) based on the simulated test data sets; the columns show the performance for different
τ′10.8 (1), z′top (2) and r′eff (3); for (a–c) the test data set A is used, for (d–g) test data set B [2]; for (b,c) only ash-loaded samples
are considered; the sample distribution of test data set B is shown in (h); only samples with meteorological clouds above
(blue) and below (red) the volcanic ash layer are considered.
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On average, the retrieval of τ10.8 is biased towards high values for τ′10.8 < 0.25 (i.e.,
MPE > 0) and towards low values otherwise (MPE < 0); the MPE has values of −20 to
60% for τ′10.8 > 0.025. The MAPE has minima for τ′10.8 around 0.3 and 8; the first minimum
might be explained by the increased sample weights applied during training for τ′10.8 at
corresponding values [2]. For z′top < 10 km, the retrieved τ10.8 is underestimated with the
MPE being −50 to −100% for z′top < 4 km and 0 to −50% for 4 km < z′top < 10 km.

The retrieved ztop is generally overestimated, with MPEs up to 50% but below 20%
for τ′10.8 > 0.5 and below 10% for z′top > 4 km. The bias is larger for optically thin ash
clouds (e.g., τ′10.8 < 0.17) with meteorological clouds above, whereas nearly no bias is
apparent in the presence of meteorological clouds below. For z′top > 15 km, the retrieval
error of ztop slightly increases again; a physical reason might be that at high latitudes the
tropopause is located at similar heights, such that the disappearance or inversion of the
vertical temperature gradient makes the determination of ztop more difficult.

The retrieved reff is overestimated for all values of τ′10.8 and z′top; the MPE becomes >50%
for τ′10.8 < 0.05 and between 10% and more than 140% for z′top < 3 km, strongly depending
on the presence of meteorological clouds. For r′eff < 4 µm, the retrieved reff is overestimated,
and underestimated beyond; the MPE is generally between −20% and 20%.

Our simulated test data sets consist of samples which are calculated for specific geo-
graphical locations. The latitude/longitude coordinates are drawn randomly, but are equally
distributed with respect to the SEVIRI disc [2]; thus, more samples are located around 0°N,
0°E than at larger viewing zenith angles. The georeferenced test data are used to investigate
the dependence of the accuracy, POD and FAR of the binary ash flag on the geographical
position in Figure 3, and the MAPE and MPE of the regression ANNs in Figure 4. In all cases,
four different subsets are investigated: with meteorological clouds, without meteorological
clouds, with meteorological clouds above and below (as defined before). The samples are
arranged in boxes of 10°× 10°, except for the FAR in Figure 3c1,c2, which is given for 45°× 45°
boxes to accumulate enough samples given its small numerical value. The decreasing sample
density towards the edges of the plots can explain the worse retrieval performances at higher
viewing zenith angles. Thus, we focus on the central regions of ±40° around 0°N, 0°E.

The binary ash flag has a high accuracy and POD (both close to 100%) in the absence of
clouds except for the desert regions of Northern Africa and the Arabian peninsula, where both
metrics decrease by 1–2%, whereas the FAR rises to about 0.008%. This might be connected
to the surface emissivity of quartz-rich soils that can lead to a negative BTD10.8–12 [7]. In
the presence of clouds, the accuracy and POD remain close to 100% above Africa, especially
above the tropical forest and in proximity of the equator; otherwise the metrics decrease by
up to 3% and 10%, respectively. The decrease is even more pronounced if meteorological
clouds are above, which might be connected to the fact that the simulated samples are mostly
located above tropical Africa; thus, the ANNs are in this case mainly exposed to samples
of a very specific type. Meteorological clouds below are predominantly above the south
east Atlantic off the coast of Africa, where an extensive marine stratus deck at low altitudes
is usual [8]. The non-uniform distribution of the different sample types resembles reality,
as the occurrence of meteorological clouds in the radiative transfer simulation is based on
their presence in the ECMWF model [2]. To try to improve the performance of the ANNs
for the physically less common cases, one could increase their amount in the training data
set in the future, by specifically selecting those samples during the data set creation, or by
increasing their sample weight during the training. However, this would also distort the
underlying probability distributions, e.g., by artificially increasing the number of samples with
meteorological clouds above the ash layer above the Atlantic, the corresponding probability
would be higher for the training data set than in reality. A priori it is not clear whether this
would improve the overall performance of the algorithm. Note that other retrievals exhibited
similar properties as the binary ash flag, e.g., the ice cloud retrieval CiPS had the highest POD
above forest for cirrus clouds with an optical thickness up to 0.5, and at the same time a high
FAR above equatorial Africa as cirrus clouds often occur in this region (i.e., above tropical
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rainforests) and, thus, corresponding samples made up a significant part of the used training
data set [9,10].

The retrieval of τ10.8 has a MAPE of mostly 20–30%, independently of meteorological
cloud presence. Again there is a high MAPE of more than 60% above the Atlantic west of
southern Africa if meteorological clouds are above the ash. τ10.8 is generally underestimated
with MPEs of 0 to −20%, except if meteorological clouds are below the ash layer, which
leads to MPEs of 0–15%.

Figure 3. Estimations of the accuracy (a), the POD (b) and the FAR (c) for the binary ash flag for different geographical
coordinates and subsets without meteorological clouds (1), with meteorological clouds (2), with meteorological clouds
above (3) and below (4) a volcanic ash layer; the number of samples is given in (d); no metrics are shown if a grid cell
contains <100 (<50,000 for FAR) samples; mind the different color scales.

The retrieval of ztop shows a latitudinal dependence of the MAPE: it is 5–10% at
the equator, but rises towards the poles up to 20% at ±50°N. Similarly, the MPE rises
from ~0% around the equator to about 10%. A reason for the latitudinal dependence
of MAPE and MPE could be that the ANN might learn mainly the vertical temperature
profile at the tropics, as there the sample density in the training data is the highest. Since
the temperatures are generally lower towards the poles [11], the retrieved ztop from the
measured brightness temperatures using the tropical temperature profile is systematically
too high. Theoretically, this issue might be overcome by using a training data set of
samples equally distributed over the complete latitudinal range, again either by accordingly
increasing the amount of samples or the weight of the given samples. Then there should be
comparable focus on all the different temperature profiles. The ANN’s decision on which
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temperature profile to use could be based on the latitude, but also on, for instance, the time
of day and day of year, all of which are used as input data for VACOS. However, another
problem might be the decreasing height of the tropopause and the corresponding vertical
temperature inversion at higher latitudes, which makes it harder to deduce ztop from the
measured brightness temperatures for ash clouds above the tropopause. Differences in the
surface emissivity due to ice and snow surfaces [5] might also introduce errors in the most
poleward regions. The last two issues would not be solved by using a training data set
evenly distributed across latitudes.

Figure 4. As in Figure 3, but given are MAPE and MPE for the retrieval for τ10.8 (a,b), ztop (c,d) and reff (e,f) and the number
of samples (g) according to test data set B.
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The retrieval of reff is generally overestimated, with MAPEs at the equator around
15% if no meteorological clouds are present, and 20% on average in their presence. Again,
the error is higher above the Sahara in the absence of meteorological clouds.

2.3. Detection of Volcanic Ash

Volcanic ash can be detected using the following threshold rules: a sample is classified
as ash-containing if one of BTD12–10.8, τ10.8 or the probability for ash due to the binary ash
flag Pash is larger than a given threshold BTD12–10.8,thrs, τ10.8, thrs or Pash, thrs, respectively.
Notice that the first possibility is independent of VACOS. Figure 5 shows POD and FAR
for all three methods for different thresholds. Generally, by increasing the threshold the
POD as well as the FAR decrease. Thus, it is necessary to find a trade-off between both
properties. In case of doubt a higher POD is favored with regard to the relevance of ash
detection in aviation-security. As thin ash layers are harder to detect (Section 2), two
subsets are considered besides the full test data set: samples with τ′10.8 < 0.2 and τ′10.8 < 0.5.
Using BTD12–10.8 (e.g., [7,12,13]) with BTD12–10.8,thrs = 0 K gives a POD of 100% and a
FAR of about 10%. The former is due to the selection of ash samples in the simulated
data sets, i.e., only ash-loaded samples with BTD10.8–12 < 0 have been considered [2].
For BTD12–10.8,thrs = 1.58, the POD is ca. 70% and the FAR is about 0.25% for the full test
data set. For the subsets of lower τ′10.8, the POD is much lower, whereas the FAR remains
high. Using τ10.8, thrs leads to higher PODs compared to BTD12–10.8,thrs for all three sets of
test data, the curves move towards the upper left corner of Figure 5. Again the PODs are
smaller for lower τ′10.8. For example, τ10.8, thrs = 0.04 leads to a FAR of 1% and a POD of
98.7% (95.4%, 86.8%) for the full test data set (only τ′10.8 < 0.5, <0.2). Using Pash leads to an
even better performance in all subsets: up to roughly Pash, thrs = 0.8, the POD decreases
only slightly, whereas the FAR decreases by multiple orders of magnitude. Only for higher
Pash, thrs, the POD drops as well. For Pash, thrs = 0.8, the FAR is 0.008% and the POD is 98.6%
(95.5%, 88.2%) for the full test data set (only τ′10.8 < 0.5, <0.2).

Figure 5. Estimations of the POD and the FAR for the detection of volcanic ash using BTD12–10.8 (connected by a red line),
τ10.8 (blue line) and the probability of the binary ash flag for ash Pash (green line), and a corresponding threshold (color of
marker, see colorbars); different subsets of the test data set [2] are used and encoded in the marker type, i.e., the full data set
(square), only samples with τ′10.8 < 0.5 (circle) and <0.2 (diamond); the x-axis is linear left of the black, dotted, vertical line
and logarithmic right of it.

Instead of subsets defined by the τ′10.8 as in Figure 5, one can also select sets according
to m′col: For τ10.8, thrs = 0.04, corresponding to 0.2 g m−2 when considering a mean mass
extinction coefficient at 10.8 µm of 200 m2 kg−1[2], and m′col ∈ [0.2, 1] g m−2, a typical
regime for distal volcanic ash clouds (Section 4), the POD is ca. 93% and the MAPE for
mcol roughly 40%, whereas m′col ∈ [1, 10] g m−2 leads to a POD of 99% and a MAPE of 26%.
For the ash-free samples, the FAR is about 1%.
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3. Sensitivity to Volcanic Ash Cloud Profiles

For the training data set, we made the ad hoc assumption of a single, homogeneous
volcanic ash layer with ztop up to 18 km, geometrical thicknesses up to 7.2 km and mcol up
to 30 g m−2 [2]. Here we consider the sensitivity of the brightness temperatures and the
ANNs on the ash cloud profile. In all cases we apply the refractive index of Eyjafjallajökull
ash [14], a log-normal particle size distribution with reff = 0.6 µm, a geometric standard
deviation s = 1.5 and a representative shape distribution of spheroids as considered in
Piontek et al. [3]. A thick ash cloud is assumed with mcol = 10 g m−2, corresponding
to τ10.8 = 2 for a mass extinction coefficient at 10.8 µm of 200 m2 kg−1. This order of
magnitude of mcol can be found in close proximity of a volcano (Section 5); for lower
mcol, the absolute impact of the investigated macrophysical properties on the brightness
temperatures is assumed to be smaller.

Using ECMWF ERA5 data for 2010 and the methods described in Piontek et al. [2],
a random set of 500 atmospheric and geographical conditions is chosen and used for the
calculation of the brightness temperatures for each cloud setting. Only cases without
meteorological but with volcanic ash clouds are investigated as meteorological clouds were
already shown to influence the retrievals significantly.

3.1. Multiple Ash Layers

To quantify the variability in the brightness temperatures due to multiple layers, we
compare a single layer with four different multi-layer structures, Figure 6a. All four setups
keep ztop and mcol fixed (i.e., the parameters that are retrieved by the ANNs). Layers #1
and #2 also keep the mass concentration c fixed and introduce a gap in the volcanic ash
cloud. Layers #3 and #4 keep the cloud bottom height fixed but increase c. The brightness
temperatures of the infrared channels of SEVIRI are simulated and the differences compared
to the single layer are calculated, Figure 6b. Layers #1 and #2 show that the brightness
temperature increases with a decreasing height for the lower ash layer; the differences
are generally positive, as more of the mass is in warmer parts of the atmosphere. For a
gap of 0.5 km the differences can be >0.5 K, but for a gap of 2 km the differences are even
>2 K, with outliers even >3 K. For the more condensed structures #3 and #4, the differences
are mostly between 0 K and −0.5 K and negative as more of the mass is in cooler parts of
the atmosphere. Figure 6c shows the relative differences in the retrievals with respect to
the true values. The median ztop retrieval is overestimated by ca. 3%, the retrieved reff
is underestimated by about 7%. In both cases is the influence of multi-layer structures
compared to single layers on the order of 1%. The median retrieved τ10.8 for a single layer
is about 20% higher than the true value. Again structure #2 leads to the largest difference:
here the median retrieved τ10.8 is about 10% lower than the true value. The structures #3
and #4 lead only to minor differences compared to the single layer.

3.2. Non-Homogeneous Ash Profiles

The assumption of a uniform ash layer [2] is often not fulfilled in reality, where vertical
ash mass profiles do not have discontinuities and might have a clear peak [15–17]; thus, a more
realistic description would be a normal distribution or the Π-sigmoid distribution (Appendix B
and [18]), which has the ability to approximate uniform and normal distributions as limiting
cases, Figure 7a. To quantify the influence of the cloud profile, different assumptions are
compared. A uniform cloud with a typical height of 8–9 km is assumed [2]; thus, the mean
height is 8.5 km and the standard deviation 0.289 km. These values are assumed for the other
distributions as well. For the Π-sigmoid distribution, the variables parameterizing the lower
and upper end of the cloud are varied (Π-sigmoid #1: 8.01 km and 8.99 km, #2: 8.05 km
and 8.95 km, #3: 8.1 km and 8.9 km). The continuous distributions are cut off at 7.5 km and
9.5 km; within this regime they are modeled by 100 sublayers of depth 0.02 km, each having a
mass volume concentration corresponding to mcol times the density of the normalized vertical
mass distribution at the mean height of the sublayer. The brightness temperatures of the
infrared channels of SEVIRI are simulated and the differences of the various profiles compared
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to the uniform distribution are calculated, Figure 7b. The absolute differences are mostly
<0.1 K and, therefore, smaller or of the same order as the instrumental noise [19]. Outliers
are <−0.2 K. In some channels (e.g., BT8.7 or BT9.7) the differences for all profiles are mostly
negative, indicating that a more realistic cloud profile might lead to slightly lower brightness
temperatures. Applying the ANNs to the different profiles leads to negligible differences
(not shown).

Figure 6. Analysis of the impact of different ash layerings with (a) the normalized vertical cloud profiles for multiple layers,
(b) the BTD of different channels between a single mass layer and the layerings in (a), (c) the relative differences in the
retrievals of τ10.8, ztop and reff compared to the true values for the different layerings in (a); for each setup 500 simulations are
averaged (see text); the boxplot shows the median, first and third quartile (box) and the 5th and 95th percentile (whiskers).

3.3. Geometrical Ash Cloud Thickness

Although the geometrical cloud thickness is varied within the training data set, it is
not retrieved explicitly by the ANNs, and it is not clear whether they are able to derive
this information internally as a side product. Here we quantify the impact of this property
with respect to the brightness temperature and the retrieval results. Therefore, layers
with thicknesses of 0.5 km, 1 km, 2 km and 3 km are considered, with ztop = 9 km and
mcol = 10 g m−2 kept constant. The difference compared to the 1 km thick case are
considered, Figure 8a. As expected, thicker clouds have higher brightness temperatures as
more mass is in lower and warmer parts of the troposphere; the thinner layer leads to lower
brightness temperatures. The geometrical cloud thickness introduces a variability of the
brightness temperatures of−1 to 4 K. Figure 8b shows the results of the retrievals. Whereas
the impact of the cloud thickness is generally negligible for reff, an increased thickness
(and, therefore, decreased cloud base height) leads to smaller retrievals for τ10.8 and ztop.
The influence on the latter is only small (between −4% and 8%), but the former can exhibit
differences of more than 20% comparing cloud geometrical thicknesses of 0.5 km and 3 km.
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Figure 7. Analysis of the impact of different ash profiles with the same mean and standard deviation with respect to the
height of the center of the cloud, with (a) the different profiles and (b) the BTD of different channels between a uniform
vertical mass distribution and the other distributions in (a); for each setup 500 simulations are averaged (see text); the
boxplot shows the median, first and third quartile (box) and the 5th and 95th percentile (whiskers).

Figure 8. Analysis of the impact of different geometrical ash layer thicknesses, with (a) the BTD of different channels
between a layer with a thickness of 1 km and the other thicknesses, (b) the relative differences in the retrievals of τ10.8, ztop

and reff compared to the true values for the different layer thicknesses; for each setup 500 simulations are averaged (see
text); the boxplot shows the median, first and third quartile (box) and the 5th and 95th percentile (whiskers).

Comparing different volcanic ash clouds, geometrical layer thickness and multi-
layering represent the largest sources of error. The uncertainties introduced by those
properties with respect to the brightness temperatures are larger than the instrumental
noise [19] and are of the order of 30% for τ10.8, 5% for ztop and negligible for reff. The shape
of a single layer profile is negligible.

4. Comparisons with Independent Measurements

To prove the applicability of the retrievals to real data, we compare our results with
other in situ and remote sensing measurements as well as the outcome of the predecessor
VADUGS for selected scenes.

4.1. Puyehue-Cordón Caulle Eruption (2011)

Lidar measurements represent an excellent source for comparison since they pro-
vide accurate estimates for ztop and the vertical profile. Here we use data from the
CALIPSO/CALIOP [20] version 4.10 level 2 aerosol products, which include informa-
tion about volcanic ash layers in the stratosphere [21]. The extinction profiles of those
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layers were used to calculate their optical depth at 532 nm, which was converted to mcol
using a mass extinction coefficient of 690 m2 kg−1 [22,23]. ztop corresponds to the top of
the uppermost ash layer. Only ash samples with extinction quality control flag zero (initial
lidar ratio resulted in stable extinction retrievals, i.e., “unconstrained” retrievals) or one
(when the lidar ratio could be inferred directly from the data, i.e., “constrained” retrievals)
were used. For the unconstrained retrievals, a lidar ratio of 58 sr (median of the directly
retrieved lidar ratios) was used to update the ash optical depth to correct for the low bias
resulting from the use of the default lidar ratio of 44 sr for ash in CALIPSO version 4.10.
The final data set has a horizontal resolution of 5 km and a vertical resolution of 60 m.

The six scenes in consideration are listed in Table 3 and sketched in Figure 9; data are
plotted in Figure 10 (blue line). They show volcanic ash clouds from the Puyehue-Cordón-
Caulle eruption, starting at 4 June 2011. The flyovers took place above the southern Atlantic
ocean between 15 June 2011 and 18 June 2011 during day and night. ztop was 10–15 km and
mcol reached up to 1.5 g m−2; note that the uncertainty of the latter is roughly a factor of 2, see
Figure 10. reff is not derived from CALIOP data, but Bignami et al. [24] used MODIS data
to retrieve mean values of 4–6 µm within 300 km from the volcano. Due to sedimentation
processes reff should be smaller in the scenes considered here. Ishimoto et al. [25] retrieved
from IASI spectra at distances of ~1000 km for most samples reff < 0.5 µm. The silica content
was around 70 wt.% or slightly below [14,26,27].

Table 3. Investigated CALIPSO flyovers in June 2011 with timespan, coordinates of start and endpoint, number of samples
and track number according to Figure 9.

Day Start Time/UTC End Time/UTC Start Coordinates End Coordinates Samples Track Number

15 June 2011 18:30 18:40 −55.7°N, −59.8°E −40.4°N, −66.0°E 300 1
16 June 2011 15:51 16:05 −48.8°N, −24.4°E −39.3°N, −27.7°E 162 2
16 June 2011 17:29 17:43 −60.9°N, −42.7°E −44.6°N, −50.7°E 187 4
17 June 2011 03:00 03:13 −40.6°N, −27.7°E −62.0°N, −37.8°E 251 5
17 June 2011 14:55 15:10 −44.4°N, −12.1°E −37.3°N, −14.4°E 82 3
18 June 2011 02:04 02:18 −35.4°N, −12.2°E −64.4°N, −25.9°E 199 6

Figure 9. Overview of the CALIPSO transits (green) as described and numbered in Table 3 with the corresponding VACOS
retrievals of τ10.8 (red colors) and the cirrus flag of CiPS (blue); Figure (a,b) are made up of three stripes each, showing the
VACOS and CiPS retrievals at the times of the corresponding CALIPSO transits; thus, the retrievals of the three stripes in
each plot correspond to three different times.

We compare the CALIOP measurements with the results of the ANNs applied to
SEVIRI images at close times. The coordinates given by CALIPSO are corrected such that
the light path of the SEVIRI measurements penetrates the top of the ash cloud (parallax
correction). The regression retrievals are shown on a single pixel basis (faint red), and after
a mean filter of 5× 5 pixels was applied (red); the classification result is shown only on
a single pixel basis. τ10.8 is converted to mcol using a mean mass extinction coefficient at
10.8 µm of 152 m2 kg−1, which holds for silica contents of 70 wt.% and reff = 0.6 µm [2].
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Additionally, the retrievals of volcanic ash by VADUGS and of cirrus clouds by CiPS [9,10]
are shown in Figure 10. The MAPE and MPE for the retrievals of mcol and ztop are given in
Table 4, the PODs using mcol and Pash and different thresholds are given in Figure 11.

Figure 10. Pixel classification (ash) and retrievals of mcol (derived from τ10.8), reff and ztop as determined using CALIOP (blue),
VADUGS (green) and VACOS (red) for volcanic ash clouds of the Puyehue-Cordón Caulle eruption 2011 above the Atlantic on
15–18 June 2011, see Table 3; the times above the plots indicate the start of measurement of the SEVIRI image used; the VACOS
regression results are averaged on 5× 5 pixels with the 1× 1 pixel result shown in faint red, whereas the for the classification
the single pixel result is shown; the upper uncertainty of mcol by CALIOP is indicated in faint blue; the ash classification shows:
clear skies (green), meteorological clouds (blue), volcanic ash (red), ash and meteorological clouds (orange); a cirrus cloud flag
(ice) and, if applicable, the ice water path (IWP) are derived using CiPS (black); the cirrus flag shows: cirrus (black), no cirrus
(white); the latitude refers to the position of CALIPSO; note that vertical axes are scaled differently in the plots.
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Table 4. Comparison of the retrievals VADUGS and VACOS against CALIOP data; different subsets depending on m′col
from CALIOP are considered; the MAPE and MPE for the retrieval of mcol and ztop are calculated; the retrieval is analyzed
after application of a 3× 3 pixels (px) and 5× 5 px uniform filter.

mcol ztop

Algorithm MAPE MPE MAPE MPE
full data set (1181 samples)

VADUGS 123% 70% 75% −74%
VACOS (1 px) 190% 93% 19% −14%
VACOS (9 px) 111% 43% 18% −14%

VACOS (25 px) 112% 49% 18% −14%
only m′col ≥ 0.2 g m−2 (875 samples)

VADUGS 62% 12% 71% −70%
VACOS (1 px) 56% −24% 18% −14%
VACOS (9 px) 47% −20% 18% −14%

VACOS (25 px) 45% −20% 18% −14%

Figure 11. Estimations of the POD of volcanic ash using mcol and Pash of VACOS (connected by red and blue lines,
respectively) and mcol of VADUGS (green line), and a corresponding threshold; different subsets of the test data (Table 3),
are used and encoded in the marker type, i.e., the full data set (square), only samples with target m′col ≥ 0.2 g m−2 (circle).

Again the mass load due to CALIOP (i.e., the “true” value) is denoted m′col. For
m′col ≥ 0.2 g m−2, the retrieval of mcol using VADUGS has a MAPE of 62% and a MPE
of 12%, indicating a slight overestimation; this is visible in Figure 10 for 15 June 2011
at 18:30 UTC or 16 June 2011 at 17:30 UTC, although the VADUGS results are mostly
within the uncertainty interval of the CALIOP data. VACOS has a smaller MAPE of 56%,
but underestimates mcol due to a MPE of −24%. Remember that VACOS is more complex
than VADUGS, consisting of four instead of only one ANN, using more input features,
with each ANN having three compared to just a single hidden layer (although with 100
instead of 600 neurons per hidden layer) [1,2]. As a consequence, VACOS has significantly
more trainable parameters and has the potential to learn more complex functions, such
that their pixelwise application can lead to rather abrupt jumps in the retrievals; this can
be seen, for instance, at 18 June 2011, 02:15 UTC in Figure 10 and the corresponding track
6 in Figure 9b. Thus, the VACOS retrievals are also calculated after the application of a
3× 3 and a 5× 5 pixels uniform averaging, which leads to a further reduction of MAPE
(47% and 45%, respectively) and MPE (−20% each). Note that this MAPE is similar to the
values found for the simulated test data. Whereas the reduction in the errors is of the order
of 10% when comparing the unfiltered results with the results after an averaging over
3× 3 pixels, the further decrease is only on the order of a few percent when considering
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5× 5 pixels. Note that averaging over even larger areas might worsen the retrieval of
fine structured ash clouds, e.g., thin plumes close to the volcanic vent; therefore, this is
not done here. Considering the full CALIOP data set leads to significantly higher errors
than for the subset with m′col ≥ 0.2 g m−2, showing that the retrieval of thin ash layers is
much harder. VADUGS has a MAPE of 123% and a MPE of 70%. VACOS has higher errors
before averaging the results, but performs better after averaging over 3× 3 pixels, with a
MAPE of 111% and a MPE of 43%. Averaging over 5× 5 pixels slightly increases the errors.
The reason might be that small mcol are often located at the edges of ash clouds, where
the averaging over larger areas includes ash-free pixels. The retrieval of ztop is mostly
independent of the subset and the averaging for both VADUGS and VACOS. MAPE and
absolute MPE of VADUGS are 70–75%. Although VADUGS is able to retrieve the correct
heights in some cases (especially when mcol ≥ 1 g m−2), it often strongly underestimates
ztop; compare, for instance, 16 June 2011 at 15:45 UTC in Figure 10. VACOS retrieves ztop
with a MAPE < 20%, but also slightly underestimates the true height as indicated by a
MPE of −14%. The retrieved reff exhibits large variations with values between 0.6 µm (the
lower end of the training data regime [2]) and 4 µm; thus, they are smaller than the values
retrieved by Bignami et al. [24] close to the volcano, but significantly larger than the results
by Ishimoto et al. [25]. Note that the lowest reff are retrieved for the highest mcol (e.g., at
16 June 2011, 17:30 UTC). As the errors of reff decrease with increasing τ10.8 (as shown in
Section 2), the retrieved reff is most reliable for thick clouds. The small reff also supports
the choice of the mass extinction coefficient at 10.8 µm above.

The classification ANN indicates the presence of volcanic ash especially for thick ash
layers, whereas thinner layers are often misclassified as meteorological clouds. The POD
using Pash of the resulting binary ash flag and using mcol of VADUGS and VACOS (compare
Section 2.3) are given for different thresholds in Figure 11. For VACOS, the averages
over 5× 5 pixels are used for mcol and the single pixel result for Pash. VACOS performs
slightly worse than VADUGS with respect to volcanic ash detection using mcol. Setting
mcol, thrs = 0.2 g m−2 leads to a POD of 65–75% for VACOS; for mcol, thrs = 0.1 g m−2, the
POD is around 80%. Both values are significantly smaller than for the simulated test data
set, which indicates that there are differences between the simulated data set and data
collected in reality. However, note that the different performances of VADUGS and VACOS
can be explained in part by the retrievals MPEs: VADUGS overestimates mcol whereas
VACOS underestimates it. Correcting this would lead to a decrease of the POD of VADUGS
and to an increase for VACOS. Furthermore, the assumed mass extinction coefficient at
10.8 µm for the transformation of τ10.8 to mcol has an impact for VACOS: using a smaller
value increases mcol due to VACOS and consequently also the POD. The performance of
the binary ash flag is significantly lower here as compared to the simulated test data and
the results using the retrieved mcol, independently of the threshold; Pash, thrs = 0.5 leads to
a POD around 60%. This indicates that the use of mcol for detection is more reliable than
the classification ANN in this situation. The FAR has not been quantified here, but Figure 9
shows mostly large-scale structures representing the ash clouds, and only in some scenes
are tiny patches with significant τ10.8 which are not connected to the ash clouds and might
be false detections. Thus, we assume the FAR to be reasonably low.

Two scenes, 15 June 2011 at 18:30 UTC and 18 June 2011 at 02:15 UTC, contained
cirrus clouds underneath the ash layer, with ice water paths up to 20 g m−2 and 40 g m−2,
respectively. In both cases the cirrus has a moderate impact on the retrieved ztop, but the
retrieved reff is significantly increased in the presence of the cirrus clouds; meanwhile,
the retrieved τ10.8 drops to zero, especially at 18 June 2011, 02:15 UTC. This shows that it
seems recommendable to always evaluate VACOS results alongside cirrus retrievals.

4.2. Eyjafjallajökull Ash Cloud (17 May 2010)

Following the 2010 eruption of the Eyjafjallajökull, the Deutsches Zentrum für Luft-
und Raumfahrt (DLR, the German aerospace center) and the Facility for Airborne At-
mospheric Measurements, United Kingdom (FAAM) independently performed airborne
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in situ and lidar measurements of the volcanic ash clouds [15,16,28]. Here we consider
measurements from 17 May 2010, when both aircraft simultaneously investigated the
same ash cloud above the North Sea [17]. The VACOS retrieval of τ10.8 and the cirrus
mask of CiPS are given for an example scene, Figure 12b, showing that the ash and
ice clouds are well separated. VACOS can be compared to volcanic ash detections by
Schumann et al. [15] for a scene two hours later, using BTD10.8–12 with a threshold of −1 K
for detection and applying a low-pass filter (Figure 15 in [15]). Both methods exhibit similar
distributions of the optically thickest ash clouds, e.g., patches above the North Sea, west of
Norway and above Iceland. However, VACOS finds additional, extended ash clouds with
τ10.8 ≤ ~0.05 above Germany and Norway. The ash cloud investigated by DLR and FAAM
as well as the flight trajectories of the two aircraft are sketched in Figure 12a.

Figure 12. VACOS retrieval of τ10.8 at 17 May 2010, 16:00 UTC; shown is (a) the North Sea between the Netherlands and
England, and (b) north-western Europe up to Iceland; blue areas are covered by cirrus clouds according to CiPS [9]; panel
(a) also shows the flight tracks of the DLR Falcon aircraft (with different parts of the track in black, yellow, blue and violet)
and the FAAM aircraft (green) [15,16].

Schumann et al. [15] provided in situ measurements with a time resolution of 1 s for
the altitude and 10 s for the mass volume concentration. To derive the latter they made
two different assumptions on the refractive index of the volcanic ash (case L: 1.59 + 0.0 i,
case M: 1.59 + 0.004 i; at 630 nm), leading to an upper and a lower estimate of the mass
concentration. A third case (H: 1.59 + 0.008 i) was evaluated by Schumann et al. [15],
but based on their full analysis they expected the true value to be between case L and M.
Ball et al. [29] measured for the refractive index of Eyjafjallajökull ash at a wavelength
of 650 nm a real part of 1.554± 0.01 and an imaginary part of 0.00085± 0.00069, which
would support case L. Schumann et al. [15] pointed out that the imaginary part of the
refractive index was the major source of uncertainty. The effective radius was estimated to
be 0.65–1.05 µm [15]. Considering altitude and mass concentration shows that the aircraft
enters the ash cloud from above at 15:50 UTC, reaches a minimum altitude around 16:35
UTC (yellow in Figure 12), and rises afterwards until it leaves the ash cloud again at ca.
17:00 UTC (blue in Figure 12), see Figure 13. Data of the two transits (from above and
from below) are treated separately; the corresponding measured vertical mass profiles as
well as their linearly interpolated and over 200 m averaged profiles are shown in Figure 14.
Although different parts of the ash cloud are probed during the two flight legs, the vertical
mass profiles are relatively similar, indicating a horizontally homogeneous ash distribution
(over distances in the order of ~50 km). However, vertically the ash cloud has a highly
variable mass profile. Ash cloud top and bottom height are roughly at 6.3 km and 3.3 km,
respectively. Integrating the vertical mass profiles of Figure 14 and averaging mcol of the
two flight legs gives 0.52 g m−2 and 2.13 g m−2 for the lower (L) and upper (M) estimate,
respectively. The DLR data are shown in the left panel of Figure 13.
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Figure 13. Pixel classification (ash) and retrievals of mcol (derived from τ10.8), reff and ztop as measured in situ by DLR (blue,
left panel [15]), derived using an airborne lidar by FAAM (blue, right panel [16]), VADUGS (green) and VACOS (red) for an
Eyjafjallajökull ash cloud above the North Sea at 17 May 2010; the VACOS regression results are averaged on 5× 5 pixels
with the 1× 1 pixel result plotted in faint red, whereas only the single pixel result is shown for the classification; also
VACOS retrievals of reff and ztop for mcol < 0.1 g m−2 are plotted in faint red; for the in situ data, only mean values or upper
and lower estimates are given; for the lidar-derived data, the upper and lower uncertainty of mcol is indicated in faint blue;
the ash classification shows: clear skies (green), meteorological clouds (blue), volcanic ash (red), ash and meteorological
clouds (orange); the altitudes of the aircrafts are given (grey dashed).

Figure 14. Vertical mass profiles of the volcanic ash cloud as measured by Schumann et al. [15] during two flight legs (see
text) indicated by the color (blue, red); based on different assumptions, there is an upper estimate (M, bold colors) and a
lower estimate (L, faint colors) of the in situ measurements; 10 s averages are given as dots, derived 200 m means are shown
as lines.

From Marenco et al. [16] the lidar-derived mass profiles are used, which have a
vertical resolution of 45 m and a temporal resolution of 60 s, corresponding to a horizontal
resolution of 9 ± 2 km at typical aircraft speeds. The uncertainty of the masses is given
by a factor of two [16]. We calculate mcol by integrating the vertical mass profile, whereas
we define ztop as the height where the mass volume concentration (median over 315 m,
i.e., 7 height levels) exceeds 50 µg m−3; averaging kernel and mass concentration threshold
are based on visual inspection of the mass profiles. In situ measurements performed in
April and May 2010 by the FAAM led to reff of ca. 0.5–2 µm [28]. The FAAM data for
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the flight at 17 May 2010 are shown in the right panel in Figure 13. Just as the DLR,
the FAAM aircraft dipped into the ash cloud several times; to avoid incomplete mass
profiles, measurements of mcol and ztop are discarded if the FAAM aircraft is <500 m above
ztop or if the aircraft is below 5 km.

Apart from different instrumentation and processing for the in situ measurements [17],
the flights by DLR and FAAM followed fundamentally different strategies: the DLR air-
craft remained in an self-contained area well within the ash cloud, hence the relatively
constant mcol, whereas the FAAM entered and left the ash-containing area multiple times,
see Figure 12a. Still, the data from both measurements shows some similarities, Figure 13.
The lower estimate of mcol from DLR is generally in good agreement with the maxi-
mum best estimate mcol due to the FAAM, whereas the upper estimate from DLR and
the maximum of the uncertainty of mcol by the FAAM are both around 2 g m−2. The
lower estimate of reff is similar for DLR and FAAM, but the upper estimate differs by
roughly 1 µm; differences in the ash particle size distributions were also reported by
Turnbull et al. [17]. ztop from DLR agrees with the largest estimate derived from FAAM
data, but the latter varies between roughly 4 km and 7 km, again indicating that a more
diverse area of the ash cloud was sampled.

For the VACOS and VADUGS retrievals, a parallax correction is implemented, i.e., co-
ordinates are considered such that the light path crosses the coordinates of the DLR and
FAAM aircraft at a height of 6 km and 5 km, respectively, and penetrate the observed ash
clouds. The heights correspond roughly to the measured ztop of DLR/FAAM. The SEVIRI
images with a time resolution of 15 min are processed and the temporally closest image is
chosen for each measurement; the SEVIRI line acquisition time is considered. The FAAM’s
mean aircraft velocity of ~146 m s−1 (on ground) and a SEVIRI pixel size of roughly 6.8 km
times 3.2 km (at 54°N, 1.5°E) indicate that it takes the aircraft generally about 47 s to cross a
pixel in north–south direction and 22 s in east–west direction. As the FAAM data has a time
resolution of 60 s, a minimum averaging of 1× 3 SEVIRI pixels is necessary to compare
the satellite retrievals to the FAAM data, assuming the aircraft moves only in east–west
direction. Based on the results of Section 4.1, an averaging over 5× 5 pixels is considered
here. As reff due to DLR and FAAM data is around 1 µm, a mass extinction coefficient at
10.8 µm of 200 m2 kg−1 is assumed [2]; note that this conversion factor is applied in the rest
of this work when dealing with Eyjafjallajökull ash clouds. VACOS retrievals of reff and
ztop are shown in faint red if mcol < 0.1 g m−2, as the former are ill-defined in the absence
of ash clouds. The resulting retrieval data is given in Figure 13.

Considering the DLR case (left panel in Figure 13) we find that the VACOS mcol
lies at the lower end of the uncertainty interval of the DLR measurement with rela-
tively low variability. ztop varies between 5.5 km and 8.5 km, which includes the value
found from the DLR data. For the most parts, reff lies well between the estimates by
Schumann et al. [15]. The classification ANN flags the whole ash cloud correctly.

The FAAM measurements (right panel in Figure 13) and the VACOS retrievals for mcol,
ztop and reff are generally in agreement. VACOS slightly underestimates the mass load
with mcol ≈ 0 g m−2 compared to the FAAM value of ~0.1 g m−2 before 14:00 UTC (and
consequently derives too high estimates for reff and ztop), but retrieves similar mcol around
0.6 g m−2 as the FAAM later on. VACOS retrieved reff and ztop show plateaus around
0.9 µm and 5 km, respectively, at 14:30 to 14:45 UTC as well as 15:45 to 16:30 UTC. At other
times, e.g., around 14:20 or 15:20 UTC, there are coincident increases of reff and ztop, which
can be attributed at least partially to thin ash clouds with mcol < 0.3 g m−2 at the edges of
the ash clouds; thus, these retrievals can be assumed to be unphysical. Other peaks in reff
and ztop, e.g., around 15:00 UTC, appear although there is a significant amount of volcanic
ash (i.e., VACOS retrieves mcol ≥ 0.4 g m−2). The classification correctly classifies the major
parts of the ash encounters.

Although the comparisons of VADUGS retrievals with the CALIOP results in the
case of the Puyehue-Cordón Caulle ash cloud showed a good agreement, VADUGS seems
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hardly applicable in the present case: mcol and ztop are strongly underestimated in both
comparisons and at all times.

4.3. Eyjafjallajökull Ash Plume at Vent (11 May 2010)

The concentrations that have been compared up to now are rather low. Here the
retrieval ability closer to the vent is investigated. Researchers from the University of Iceland
used a piston-driven aircraft to probe the outer parts of the ash plume of Eyjafjallajökull
in 2010 at distances of 45–60 km from the vent [30]. Plume heights of 3–4.3 km have been
reported [30,31], and at 11 May 2010, mass volume concentrations of 0.5–2 mg m−3 [30].
Assuming a geometrical thickness of 1–2 km, this corresponds to mcol being 0.5–4 g m−2

for the fringes of the ash plume; in the center of the plume the values should obviously
be higher. Note that Weber et al. [30] reported the boundary of the ash plume to be
inhomogeneous, with ash cloud puffs of diameter 0.5–2 km. These small scale structures
are not resolvable by SEVIRI [2].

As an example we consider a scene at 11 May 2010, 14:00 UTC, Figure 15. The Eyjafjal-
lajökull ash plume moves southwards from the vent and is surrounded by different cloud
fields (a). The cirrus cloud retrieval CiPS [9,10] shows ice water clouds collocated with the
ash plume up to some hundred kilometers from the vent. With roughly 1–6 g m−2, the ice
water path (b) is rather low (e.g., compared to the retrievals in Figure 10), and the cirrus
clouds are located at 9–11 km height (c), i.e., above the heights given by Weber et al. [30].
Weber et al. [30] also report that the top of the ash plume above the sea appeared white,
whereas it was darker below, and significant ice contents have been found in volcanic ash
plumes before [32–34]. The additional ice content might spoil the volcanic ash retrieval in
this scene (compare Section 4.1). Note that although it was shown that aerosol layers below
cirrus clouds have only a small impact on CiPS [10], the volcanic ash plume in this scene is
by no means negligible (f). Therefore, the CiPS retrievals have to be treated with caution
as well. The ash plume is detected by VADUGS (d), but with mcol ≈ 0.03 g m−2 it under-
estimates the mass load by one to two orders of magnitude compared to Weber et al. [30].
The classification due to VACOS (e) shows the (mostly pure) ash plume moves southwards
and then bends eastwards. A visual comparison of the classification results with (a) in-
dicates that too few pixels might be classified as clear sky (green). The VACOS retrievals
of mcol (f), ztop (g) and reff (h) are shown for pixels with τ10.8 > 0.02. mcol (f) shows the
plume with decreasing values downwind. The upper end and the center of the ash plume
show values around 3 g m−2 and larger, the edges values of the order 1 g m−2; this is in
agreement with the in situ measurements by Weber et al. [30]. Downwind the plume bends
eastwards. The ash has dispersed and mcol is ca. 0.5–1 g m−2. The retrieved ztop (g) has
values of 10–12 km close to the vent, which is much larger than the literature values. When
the plume bends eastward, ztop retrievals drop to 5–6 km. Similarly, we find large reff
(h) around 3 µm close to the volcano and then a sudden drop to values around 1 µm. In
all three cases the sudden change in the retrievals happens at the edge of the retrieved
cirrus cloud, compare (b) and (f), indicating that the presence of the cirrus cloud might
lead to the overestimation of mcol, ztop and reff. Apart from the impact by the cirrus cloud,
the retrievals also have some inherent limitations that might lead to inaccuracies close to
the vent: the ash properties used in the training data correspond rather to those of aged
ash clouds than to fresh ash (e.g., only small particles without porosity are considered) and
typical gas emissions (e.g., water vapor, sulfur dioxide) have not been included [2].
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Figure 15. Retrieval results for the Eyjafjallajökull eruption at 11 May 2010, 14:00 UTC with Iceland outlined in the top of
the plots; (a) false color overview composite from SEVIRI data, from CiPS (b) cirrus ice water path and (c) cloud top height,
(d) mcol from VADUGS, and from VACOS (e) the classification (color code as in Figure 10), (f) mcol, (g) ztop and (h) reff.

5. Comparison with a Model Ensemble

To check the general performance of VACOS on large scales, the retrievals are com-
pared with the results of a volcanic ash transport and dispersion model. Note that the
model is an approximation of the reality as, for instance, inaccuracies in the volcanic ash
source term or the meteorological conditions are transferred to the ash distribution. Thus,
the scope of this section is to quantify the agreement of the spatial distribution of volcanic
ash clouds and to compare the order of magnitude of mcol.

Here the multi model multi source term ensemble by Plu et al. [35] is used. They
simulated the Eyjafjallajökull eruption at 13–19 May 2010 and the area from Iceland in the
north-west to Italy in the south-east. We consider scenes every six hours. Four models
were used: the atmospheric Lagrangian transport model FLEXPART, the Eulerian chemical
transport model MATCH and the chemical transport models MOCAGE and WRF-Chem,
considering in varying ways phenomena such as atmospheric transport and mixing, gravi-
tational settling, wet and dry deposition, and chemical reactions. An a posteriori source
term is used, determined using a FLEXPART-based optimal estimation model and esti-
mates of mcol from satellite data, as well as upper and lower bounds for the source term
based on the uncertainties of the optimal estimation result. All models spin-up for at least
3 days, their results are vertically integrated and averaged on a 0.2°× 0.2° grid, as only the
large-scale distribution of ash is of interest here. The ensemble result m′col is the median of
all simulations.

VACOS and VADUGS retrievals of mcol are averaged on the same grid. Instead of the
simple uniform averaging of the retrieval results performed in Section 4, the following
accumulation rule is applied to alleviate the impact of (a) the different spatial resolutions,
(b) possible temporal and spatial shifts between model and satellite retrieval and (c) false
satellite detections: a grid cell at time t is assumed to be ash-contaminated if at least a
fraction fthrs of all pixels within the cell and within the time [t− 15 min, t + 15 min] exceeds
a threshold of mcol, thrs; then the estimate of mcol is the mean of this fraction of the pixels.
For VADUGS, fthrs = 0.5 and mcol, thrs = 0.1 g m−2 is used. For VACOS, three different
settings are applied: the same as for VADUGS; fthrs = 0.5 and mcol, thrs = 0.2 g m−2;
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fthrs = 0.9 and mcol, thrs = 0.2 g m−2. Grid cells covered by cirrus clouds according to the
retrieval COCS [36] are discarded.

Three example scenes are shown in Figure 16. The model ensemble shows thick
volcanic ash plumes close to the Eyjafjallajökull with m′col ≥ 10 g m−2, and ash clouds
with m′col < 1 g m−2 extending over large parts of Europe. VADUGS detects only very
limited ash clouds, which correspond spatially to the thickest parts of the simulated ash
clouds but with a lower mcol. However, in some cases it does not detect ash directly at the
volcano, although a prominent plume is simulated. VACOS detects more ash contamination,
especially also the plumes in the direct surroundings of the vent, and retrieves higher mcol
for them compared to VADUGS. Still, the model ensemble often produces larger ash-
loaded areas in the surroundings of the volcano than retrieved by VACOS. At greater
distances VADUGS hardly retrieves any ash, whereas VACOS regularly finds ash clouds
above central Europe. For instance, in Figure 16b3 volcanic ash is found above the
Atlantic north of Scotland, south-east England and at the Atlantic coast of France; then,
the ash cloud bends towards north-east and continues over central France and central
Germany with concentrations around 0.2–0.3 g m−2. The model ensemble produces a
similar distribution, but the ash cloud heads further south after the bending, continuing
above the Mediterranean sea (panel a3). Similar offsets between the model and the VACOS
retrieval are also visible comparing the other two scenes; in both cases there are faint ash
clouds that are detected further east by VACOS than they are simulated by the model
ensemble. This indicates that the model is less reliable at large distances, e.g., above central
Europe, which might also influence the following comparisons, but at the same time it
confirms that the satellite retrievals over here are plausible and reliable.

Figure 17 shows the POD and the FAR for the different retrievals and accumulation
rules with respect to different subsets of the model ensemble. Furthermore, offsets up to
100 km are taken into account, i.e., an ash-loaded grid cell of the simulation is considered
detected if the retrievals find ash within the given radius, and a retrieved ash-loaded
cell is considered a false alarm if no ash is modeled within the same radius. VADUGS is
found to have the smallest POD and FAR, whereas both metrics are larger for VACOS but
decrease for more conservative accumulation and threshold rules. Increasing the offset
distance leads to significant increases in POD, whereas the decrease of FAR is mostly
rather small. When increasing m′col, thrs, the POD as well as the FAR increase. The latter is
explained by samples with m′col < m′col, thrs but mcol > mcol, thrs, existing either because of
overestimation by the retrievals, or in the case of the subset with m′col, thrs = 0.2 g m−2 due
to mcol, thrs = 0.1 g m−2, such that samples with correctly retrieved mass loads in between
those two values lead to false alarms. Considering m′col ≥ 0.01 g m−2 and an offset of
100 km leads for VADUGS to a POD of ~30% and a FAR of 0.02%, whereas VACOS (with
mcol, thrs = 0.2 g m−2, fthrs = 0.5) has a POD of close to 60% at a FAR of about 2%. The PODs
increase by ~20% for m′col ≥ 0.1 g m−2 and by 25–30% for m′col ≥ 0.2 g m−2. In the latter
case, the POD of VACOS is nearly 90% and the FAR is 2–3%.



Remote Sens. 2021, 13, 3128 24 of 36

Figure 16. mcol (red) according to the median of a model ensemble (a), VACOS (mcol, thrs = 0.1 g m−2 and 0.2 g m−2,
fthrs = 0.5; b and c) and VADUGS (mcol, thrs = 0.1 g m−2, fthrs = 0.5; d) for three scenes (1: 13 May 2010, 00:00 UTC;
2: 14 May 2010, 00:00 UTC; 3: 15 May 2010, 12:00 UTC); for the model mcol < 0.01 g m−2 is not shown; cirrus presence
according to COCS is indicated (blue).
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Figure 17. Estimations of the POD and the FAR for the detection of volcanic ash using mcol of VACOS (connected by red,
blue and violet lines) and of VADUGS (green line) applying different thresholds and accumulation rules (see text); different
thresholds for the model data are used, e.g., only samples with m′col ≥ 0.01 g m−2 (a), ≥0.1 g m−2 (b) or ≥0.2 g m−2 (c) are
classified as ash-containing; only pixels in absence of cirrus clouds are used, ca. 66,000 in total; different offset distances
between the model and the satellite data are considered and indicated by the marker color (see text).

Table 5 gives the MAPE and MPE for the retrieval of mcol for VADUGS and VACOS,
different accumulation and threshold rules and different subsets of the modeled data, not
considering any distance offsets. For m′col ≥ 0.01 g m−2 the MAPE is around 100% and
the MPE is −96% for VADUGS, whereas for VACOS the MAPE is higher (106–138%) and
the MPE is less negative (−26 to −83%), i.e., the underestimation is smaller compared to
VADUGS. However, considering only grid cells that are classified as ash-contaminated by
the model and the retrieval, i.e., m′col and mcol ≥ 0.2 g m−2, the MAPE and MPE of VADUGS
change to 65% and −60%, respectively. Using the same accumulation and threshold
(mcol, thrs = 0.1 g m−2, fthrs = 0.5) for VACOS leads to a MAPE of only 57% and a MPE of
0%; thus, the retrievals of VACOS are in better agreement with the model results than those
of VADUGS, indicating that VACOS is more reliable for these mass concentrations.

Table 5. Comparison of the mcol retrieval of VADUGS and VACOS against the model ensemble median; MAPE and MPE
of different subsets depending on m′col from the model ensemble and mcol from the satellite retrieval are considered; for
VACOS a mass extinction coefficient at 10.8 µm of 200 m2 kg−1 is considered for the conversion of τ10.8 to mcol; different
accumulation rules and thresholds are used for the satellite retrievals; pixels with cirrus cloud presence are excluded.

Algorithm Accumulation Rule m′col ≥ 0.01 g m−2 m′col ≥ 0.2 g m−2 m′col and mcol ≥ 0.2 g m−2

(mcol, thrs; fthrs) Samples MAPE MPE Samples MAPE MPE samples MAPE MPE

VADUGS 0.1 g m−2; 0.5 222,932 99% −96% 63,595 94% −94% 6201 65% −60%

VACOS 0.1 g m−2; 0.5 221,663 138% −26% 63,363 79% −56% 26,200 57% 0%

VACOS 0.2 g m−2; 0.5 221,633 127% −52% 63,357 87% −62% 21,331 60% 12%

VACOS 0.2 g m−2; 0.9 221,663 106% −83% 63,363 94% −76% 12,006 68% 25%

6. Unraveling the Black Box: How Do the ANNs Work?

In this section, we aim to shed light upon the working principles of our ANNs.
Therefore, we first perform additional radiative transfer calculations for different ash
cloud settings to investigate how the brightness temperatures (differences) depend on
the ash cloud properties and show examples on how to deduce those properties from
different combinations of channels. Second, we analyze the importance of the different
input features of the ANNs with respect to their performance and connect these results
with the conclusions drawn from the simulations.

A single, homogeneous ash layer of geometrical thickness 1 km without meteoro-
logical clouds is assumed; mcol is varied to be 0.1–1000 g m−2 and ztop is 3–12 km above
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ground. The volcanic ash has the refractive index of Eyjafjallajökull ash [14], a log-normal
size distribution with reff =0.6 µm, 3 µm and 6 µm, s = 1.5 and a representative shape
distribution of spheroids as considered by Piontek et al. [3]. The brightness temperatures of
the infrared channels of SEVIRI are simulated for the different ash clouds 500 times for dif-
ferent atmospheric settings and geographical locations in 2010 with the methods outlined
in Piontek et al. [2]; finally, the median is determined. Figure 18 shows the dependence of
the brightness temperatures on mcol. Panel (a) shows (for ztop = 9 km and reff = 0.6 µm)
that the brightness temperature decreases with increasing mcol. Clearly visible are the
atmospheric window channels (BT8.7, BT10.8, BT12), which exhibit a S-curve behavior with
plateaus for mcol < 0.1 g m−2 and mcol > 100 g m−2. The water vapor channels (BT6.2,
BT7.3) reach saturation at higher mcol. The absolute changes in brightness temperature are
largest for the atmospheric window channels, about half as large for BT7.3, BT9.7, BT13.4
and smallest for BT6.2. The reason is that all brightness temperatures are around 240 K
for a thick ash layer (e.g., mcol = 100 g m−2) which dominates over all other atmospheric
constituents, whereas in the absence of an ash layer the brightness temperature depends on
the impact of the atmospheric gases on the different channels. Panel (b) shows the results
for BT10.8 for reff ∈ {0.6, 3, 6}µm and ztop ∈ {3, 6, 9, 12} km. It shows that with increasing
ztop the asymptotic value of BT10.8 at large mcol decreases (from roughly 280 K to 220 K),
as the opaque ash layer completely hides the surface and the top of atmosphere brightness
temperature is mostly determined by the atmospheric temperature at ztop, which decreases
with increasing ztop within the troposphere. The influence of reff is smaller and mainly
visible in the intermediate regime (i.e., for mcol ∈ [1, 30] g m−2), where BT10.8 is smallest
for reff = 3 µm and largest for 6 µm. This can be understood from the size dependence of
the mass extinction coefficient, which is largest for reff = 3 µm and smallest for 6 µm with
respect to the three considered reff [2]. Note that both an increase in ztop and in mcol leads
to a lower BT10.8.

Figure 18. Median brightness temperature of different SEVIRI channels averaged for 500 simulations (see text); (a) brightness
temperatures for an ash cloud with ztop = 9 km and reff = 0.6 µm for different mcol, (b) BT10.8 for different ztop and reff.

Figure 19 shows combinations of different brightness temperatures and brightness
temperature differences for the same simulations. The size of the markers encodes mcol.
Markers of constant ztop and reff but different mcol are connected by black, blue and violet
lines for reff =0.6 µm, 3 µm and 6 µm, respectively, whereas the linestyle denotes ztop.
Additionally, points of constant mcol, reff and variable ztop are connected by red lines,
and points of constant mcol, ztop and variable reff by green lines. Thus, Figure 19 shows
whether the variation of different parameters leads to similar behaviors with respect to
certain brightness temperatures (differences). Panel (a) shows BT10.8 against BTD10.8–12;



Remote Sens. 2021, 13, 3128 27 of 36

this combination has often been studied [37,38]. For mcol < 3 g m−2 an increase in mcol
(along the black lines) reduces BT10.8–12 and BTD10.8–12; the latter is related to the spectral
dependence of the mass extinction coefficient of volcanic ash [3]. An increase in ztop
(along the red line) also reduces BT10.8 and leads overall to a similar change in this two-
dimensional phase space, i.e., the black and the red curves are parallel and lie on top of each
other. However, for mcol > 3 g m−2 the directions of these curves deviate as BTD10.8–12
vanishes if the ash cloud becomes opaque in the thermal infrared; thus, mcol and ztop can
be distinguished. In (c), BT13.4 and BT12−13.4 are combined. Here the black and the red
curve proceed in different directions already for mcol < 1 g m−2 and allow the separation
of the influence of mcol and ztop: Increasing either of the two quantities reduces BT13.4,
but increasing ztop changes BT12 and BT13.4 similarly, thus BTD12−13.4 shows only minor
changes. Yet, increasing mcol leads to a reduction of BTD12−13.4, which is ~20 K in the
absence of volcanic ash due to the impact of carbon dioxide (see Figure 18), but vanishes as
the ash cloud becomes opaque. In principle, the same behavior is visible for reff = 3 µm
in (b) and (d), but the curves corresponding to different ztop are located closer together.
Note that for reff = 6 µm (violet curve) BTD10.8–12 is positive independent of mcol for
ztop = 9 km [3,38].

Figure 19. Combinations of the medians of different brightness temperatures and brightness temperature differences,
calculated from 500 simulations for each volcanic ash cloud (see text); mainly two different reff are used: 0.6 µm (a,c,e,g) and
3 µm (b,d,f,h); mcol is given by the size of the markers; markers with constant ztop and reff but different mcol are connected
by black, blue and violet lines for reff =0.6 µm, 3 µm and 6 µm, respectively; the linestyle encodes ztop; points of constant
mcol, reff and variable ztop are connected by red lines, and points of constant mcol, ztop and variable reff by green lines.

The variation of brightness temperatures (differences) due to reff is shown by the green
lines as an example. In (a) and (c), reff cannot be determined easily as it is entangled with
mcol and ztop. Therefore, we consider BT8.7, BT9.7 and BT10.8, which are located at the typical
absorption peak of volcanic ash and which are influenced differently depending on the
particle size [3]. Panel (e) shows BT10.8 against BTD8.7−10.8. Here reff = 0.6 µm mostly leads
to BTD8.7−10.8 < 0, in contrast to reff =3 µm and 6 µm (except for mcol < 1 g m−2, but even
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there the reff can be separated). Panel (g) shows BTD9.7−13.4 on the y-axis. The blue curve
for reff = 3 µm is convex, whereas the violet curve for reff = 6 µm is concave. A threshold at
roughly −1.5 K with respect to BTD9.7−13.4 would allow to separate the different reff except
for mcol > 30 g m−2. To summarize, it is possible to disentangle the physical quantities
mcol, ztop and reff using the MSG/SEVIRI channels in the thermal infrared and exploiting
the dependence of the mass extinction coefficient of volcanic ash on the wavelength and
the particle size as well as the relatively constant impact of other atmospheric gases (e.g.,
carbon dioxide).

The actual working principles of ANNs are hard to determine. However, one can
try to quantify the importance of the individual input features for each ANN and thereby
deduce which physical principles are exploited and which functions might be implemented
internally. Neglecting those features and retraining the ANNs might also allow to simplify
the algorithms [39,40]. We define two metrics: The first, Mx, is the relative contribution of
the xth input neuron to the total weight between the input layer and the first hidden layer,
defined as

Mx =

√
∑m

j=0 w2
x,j

∑n
i=0

√
∑m

j=0 w2
i,j

(1)

for an input layer of n neurons, a first hidden layer of m neurons and the connecting weights
wi,j [10]. The expectation is that the weights of unimportant features will vanish during
training such that they have no impact on the calculation of the ANNs. However, in case
of multiple hidden layers it might be possible that the impact of a feature significantly
changes in the subsequent layers. Therefore, we consider a second metric: the relative
change in loss, Kx, when a feature is set to zero (simulating wx,j = 0 for all j ∈ [1, m]) for
the complete test data set, i.e.,

Kx =
Lx − L0

L0
(2)

with L0 being the loss (here the mean squared error for regressions and the categorical
cross entropy for the classification) for the full test data set, whereas Lx is the loss for the
test data set when setting the xth input to zero. When dropping an unimportant feature
Lx should not change significantly, no matter whether it has vanishing weights already
between the input and the first hidden layer or deeper in the network. However, dropping
an important feature that is necessary for the calculation of the ANN will lead to a worse
performance and, therefore, a larger loss Lx.

Figure 20 shows Mx and Kx for all four ANNs and their input features. The two
metrics quantitatively lead to different results. Whereas Mx shows for all features always
at least a small value, Kx produces relatively large contrasts; thus, using Kx it becomes
more obvious whether an input is important or not. However, qualitatively both methods
lead to similar pictures: For example, for the classification both metrics (a, b) indicate BT10.8
to be the most important of all brightness temperatures. Compared with the results of the
other ANNs also the total column water and the total column water vapor appear to be
important, and finally the viewing zenith angle.

For the τ10.8 retrieval (c, d) only ash-loaded samples are considered, with BT12 being
the most important channel. Furthermore, BT8.7, BT10.8 and BT13.4 are prominent in both
metrics. This is in agreement with the conclusions drawn from Figure 19. Compared to
the retrievals of ztop and reff also the total column water and water vapor have significant
impact on Kx (d); they might be used to take the corresponding atmospheric constituents
into account. For the ztop retrieval, Mx (e) implies BT8.7, BT9.7, BT10.8 and BT13.4 to be the
most important brightness temperatures, and furthermore τ10.8 and surprisingly the day
of year variables have large metrics. However, generally the contrast is not very large
between the features. Kx (f) however points out BT9.7, BT13.4 and τ10.8. The importance
of BT13.4 is again in agreement with the conclusions from Figure 19. The large values for
τ10.8 show that the performance of the ztop algorithm heavily depends on the accuracy
of the τ10.8 retrieval. For the reff retrieval, Mx (g) slightly highlights BT8.7, BT12, BT13.4.
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From the auxiliary features the latitude, the cosine of the viewing zenith angle, τ10.8 and
the ash-free temperatures BT8.7, clr, BT10.8, clr and BT12, clr stand out. Again, the contrast
between features is overall small. Using Kx (h) leads roughly to the same result but stresses
the leading channels BT8.7, BT12, BT13.4 even more. The importance of these channels for
the derivation of reff was also visible in Figure 19.

Figure 20. Two estimations of the feature importance: the relative contribution to the total weight at the 1st hidden layer
(Mx; a,c,e,g) and the relative change in loss (Kx; b,d,f,h) (see text for definition) for all four ANNs and all input features,
including the viewing zenith angle (θvza), the hour of day (HOD) and the day of year (DOY); the loss function used for Kx is
is the mean squared error for regressions and the categorical cross entropy for classification; bars are alternately colored
blue and light blue for better readability.

Let us focus on Kx (b, d, f, h) now: From the auxiliary input features the total column
water vapor and the total column water play a minor role in the retrieval of τ10.8 and a larger
one for the classification; for height and effective radius retrievals they are unimportant.
The latitude appears to be important mostly for the ztop retrieval and the classification,
and the skin temperature only for the classification. The land/sea mask, the total column
ozone, the longitude, the day of year and the hour of day are rather negligible in all cases.

The metric Mx was also derived for the input features of the cirrus cloud retrieval
CiPS, which also consisted of several ANNs to derive, e.g., the cirrus optical depth or
the cloud top height, trained using collocated SEVIRI and CALIOP measurements [10].
Comparing the results CiPS and VACOS shows similarities, e.g., in both cases the brightness
temperatures play a dominant role, but the day of year and surface classifications are rather
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negligible. A noteworthy difference is that whereas the ztop retrieval of CiPS mainly
depends on latitude (as maximum cirrus cloud top height strongly depends thereon; thus,
a statistical effect), our results show only a smaller dependence on this quantity.

Generally, the metrics support the observations made before in Figure 19, with the
brightness temperatures having the major impact, whereas the auxiliary data seem to be
of minor importance (even the skin temperature). The low values for the geographical
coordinates imply that the ANNs do not learn the geography of the Earth as visible
from SEVIRI. Similarly, the low values for the land/sea mask show that even this rough
classification of the Earth’s surface remains unregarded. The low values for the times (day
of year, hour of day) indicate that the ANNs do also not learn seasonal or diurnal variations.
Reasons why the ANNs do not internalize those more evolved concepts might be a too
small training data set, or they are just not helpful enough as the central physical quantities
are rather obtained in the observations. For example, although the atmospheric state
undergoes a seasonal variation, volcanic ash clouds are independent of them as volcanic
eruptions can take place at any time of year. The hint that the ANNs do not learn the map
indicates that the method might be applicable to other regions of the Earth (e.g., using
GOES or Himawari satellites).

7. Conclusions

In a companion paper, we introduced a new algorithm to retrieve volcanic ash proper-
ties, i.e., a pixel classification, the cloud top height (ztop), the effective particle radius (reff)
and (indirectly from the optical depth at 10.8 µm, τ10.8) the mass column concentration
(mcol) from MSG/SEVIRI data using artificial neural networks; it is called VACOS (Vol-
canic Ash Cloud properties Obtained from SEVIRI [2]). The input data encompass the seven
brightness temperatures of the imager’s channels in the thermal infrared and additional
data from ECMWF. VACOS allows spatially and temporally highly resolved retrievals of
volcanic ash clouds independent of daylight.

For the validation, VACOS is compared to independent measurements. With respect
to CALIOP retrievals of the Puyehue-Cordón Caulle ash clouds (2011), VACOS shows quite
a large variability on a single pixel basis. A regional average over 5× 5 pixels reduces this
variability and leads to lower deviations between mcol of VACOS and the lidar retrieval:
the mean absolute percentage error (MAPE) of mcol decreases to 45% and the MAPE of ztop
is 18% when considering only samples with a lidar retrieval of mcol ≥ 0.2 g m−2. Therefore,
this averaging is recommended for future applications of the new algorithm. The VACOS-
derived mcol is in good agreement with the CALIOP measurements in most, but not all,
cases. Deviations are generally within the uncertainties of the reference data. ztop and reff
by VACOS have the correct order of magnitude but exhibit significant scattering, with ztop
being slightly underestimated (having a mean percentage error of −14%), whereas reff
lies within the regime constrained by literature values. The four category classification of
VACOS detects the volcanic ash clouds with the highest mass loads, but ash layers with
mcol less than ~0.4 g m−2 are often misclassified as meteorological clouds (which includes
liquid and ice water clouds). Similarly, SEVIRI images indicate that clear sky might be too
often misclassified as cloudy, but here dedicated retrievals of meteorological clouds should
provide help. Additionally considering a cirrus retrieval also shows that thick ice clouds
have the potential to completely hide the volcanic ash or distort their retrieval; thus, we
also recommend to consider VACOS results always together with a cirrus cloud retrieval to
avoid misinterpretations.

As another reference, airborne lidar and in situ data of an Eyjafjallajökull ash cloud
(2010) are used as obtained during two different measurement campaigns by FAAM and
DLR, respectively. The various measurement results for mcol, ztop and reff agree well,
considering that different instrumentation was used and different parts of the ash cloud
were probed. Main differences are a higher upper estimate of mcol according to the DLR
(roughly 2 g m−2 compared to mostly around 1 g m−2) and a higher upper limit for reff
in the FAAM data (2 µm compared to 1 µm); ztop estimates are up to ~6 km in both cases.
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For the most part, the VACOS retrievals of mcol and reff lie within the uncertainty intervals
of the airborne measurements, whereas ztop from the new retrieval scatters around the
reference values with deviations in the order of 1–2 km. Concurrent overestimations of ztop
and reff can be explained by low mcol in some cases, but not generally. The classification
algorithm correctly detects the ash cloud.

Results of a volcanic ash transport and dispersion multi model multi source term
ensemble simulating the eruption of Eyjafjallajökull (2010) are used to analyze the per-
formance of VACOS on large scales. Different accumulation rules are investigated when
regridding the satellite retrievals. Example scenes indicate that the model results and
the VACOS retrievals are in good agreement close to the volcano, but that there are dis-
placements of the ash clouds at larger distances, e.g., for ash clouds above continental
Europe; those might be caused by inaccuracies in the model calculations. As a consequence,
distance offsets up to 100 km are considered. The model ensemble covers a larger inter-
val of possible mcol than VACOS: mcol can be an order of magnitude larger in the model
calculations than in the VACOS retrieval in a surrounding of some 100 km around the
vent, whereas it can be more than one order of magnitude smaller at distances of >1000 km.
Considering only samples with mcol ≥ 0.2 g m−2 according to both the model ensemble
and VACOS results in a MAPE of ~60% for mcol of VACOS.

To further quantify the performance of VACOS, a simulated test data set similar to
its training data is used. The four category classification classifies correctly more than
94% of the simulated cases, except when both volcanic ash and meteorological clouds
are present, which reduces the amount of correct classifications to ~50%. Simplifying
classification results to a binary ash flag results in a probability of detection (POD) of close
to 100%. The retrievals of τ10.8, ztop and reff have mostly MAPEs of 10–100%. For τ10.8,
the MAPE is ~40% or less for ash layers with a true τ10.8 of 0.1 (corresponding to mcol of
0.3–0.7 g m−2) or more; the retrieval error of ztop is up to ~10% for ash layers above 5 km;
and reff has an error of up to 35% for true radii of 0.6–6 µm. The performance increases
with increasing τ10.8 and ztop of the ash layers. Thus, the greatest errors occur for the
thinnest and lowest ash clouds, for which the MAPE can even exceed 100%. No significant
differences exist between underlying land and sea surfaces, in contrast to the presence
of meteorological clouds (particularly if they are located above the ash layer), which can
increase the MAPE by up to one order of magnitude and decrease the POD by a factor
of two. Analysis of the geographical dependence shows that deserts lead to a decreased
performance for clear sky cases, e.g., the accuracy of the binary ash flag slightly decreases
(ca. 1%), whereas the MAPE for reff increases. An increased performance of the binary ash
flag is observable in the presence of clouds above areas that are typically cloudy, i.e., where
many cloudy samples are included in the simulated (training and test) data sets. The
retrievals of τ10.8 and reff show increased MAPEs with increasing viewing zenith angle,
whereas the MAPE of ztop increases with the absolute latitude. Using further simulated test
data sets, the dependence of the retrievals with respect to the ash layer(s) is investigated.
The (unretrieved) geometrical layer thickness and the presence of multiple layers might
introduce errors of about 30% for τ10.8, 5% for ztop, but are negligible for reff.

Volcanic ash detection can be performed using the binary ash flag or τ10.8/mcol and
corresponding thresholds. Using the simulated data shows that the detection ability of
the binary ash flag is better than the one using τ10.8, and both outperform the usage of the
brightness temperature difference between the channels centered at 10.8 µm and 12 µm;
using for mcol a threshold of 0.2 g m−2 and considering only ash layers with 0.2–1 g m−2

leads to a POD of more than 90% and a false alarm rate (FAR) of ca. 1%. For the CALIOP
data, higher PODs can be found when using mcol compared to the binary ash flag; a similar
threshold as before leads to a POD of ~70%. Using the model results as reference data, we
find for similar thresholds PODs of 20–85% and FARs of 0.3–3%, which strongly depend on
the accumulation rule and the allowed distance offsets. Note that the model result is not a
perfect representation of reality; therefore, POD and FAR should be regarded as metrics
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quantifying the agreement of model and retrieval results rather than performance metrics
attributed exclusively to VACOS.

VACOS is also compared to its direct predecessor VADUGS. The latter exhibits a
better detection performance on the CALIOP data and has a smaller FAR for the model
data, but it also misses significantly more modeled ash clouds than VACOS, especially also
ash plumes close to the vent. Whereas the mcol retrieval of VADUGS performs similar to
VACOS for the CALIOP data, it underestimates mcol compared to the airborne lidar and in
situ findings. The VADUGS retrieval of ztop is reliable only for ash clouds with mcol of the
order 1 g m−2 or larger. Overall, VADUGS seems much more sensitive to specific cases than
VACOS. In the end, we consider the importance of different input features of the VACOS
retrievals, showing that they are mostly dependent on the SEVIRI brightness temperatures,
and partly also on the viewing zenith angle as well as total column water and water vapor
estimates from ECMWF. Longitude, land/sea-mask and times have negligible impact on
the output.

In the future it would be desirable to further analyze the retrieval performance also
with respect to mineral dust. As volcanic ash and mineral dust share similar optical
properties due to the common high silica content, it is likely that VACOS might misclassify
dust as volcanic ash [7,41,42]. In this case, it would be interesting to see if VACOS could be
used to retrieve dust cloud properties as well. The aviation industry considers similar risks
for volcanic ash and for dust, hence a combined retrieval seems advantageous. Furthermore,
VACOS has been tailored for Meteosat-9/MSG2. The usage of the retrieval algorithm with
the currently operational MSG satellite as well as the satellites in other operation modes (i.e.,
rapid scan mode, Indian Ocean data coverage) should be investigated. As other infrared
imagers aboard geostationary weather satellites such as GOES-R [43], Himawari-8/9 [44]
and Fengyun-4A [45] share similar channels with MSG/SEVIRI one could also investigate
the transferability of VACOS to those instruments. The error of the VACOS retrievals
decreases when a local average is calculated. To expand on this idea, further processing of
the retrieval map seems desirable, e.g., to cluster ash-containing pixels and quantify the
resulting ash patches, or even track them in time. Possible fields of application of VACOS
include the Volcanic Ash Advisory Centers, the intercomparison with other volcanic ash
retrievals (as in [46]), calibrating and validating volcanic ash transport and dispersion
models [35,47–49] and flight planning for future in situ measurements [15]. Due to the high
spatial and temporal resolution, it can be used to track individual ash clouds to investigate
their lifecycle on timespans of days to weeks. In combination with information on liquid
and ice water clouds, aerosol-cloud interaction could be analyzed.

In summary, VACOS is well characterized and shown to be reliably applicable under
different atmospheric conditions and for various kinds of volcanic ash clouds. It can be
utilized for atmospheric research as well as for air space monitoring with respect to volcanic
ash. Operational use by the German weather service (DWD) as a follow-on of VADUGS
is planned.
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Appendix A. Metrics

Different error metrics are used in this work, derived from a set of n pairs of retrieved
values ri and corresponding true values ti. The mean squared error MSE is defined as

MSE =
1
n

n

∑
i=1

(ri − ti)
2. (A1)

The mean absolute percentage error MAPE is calculated by

MAPE =
100
n

n

∑
i=1

∣∣∣∣
ri − ti

ti

∣∣∣∣. (A2)

The mean percentage error MPE is

MPE =
100
n

n

∑
i=1

ri − ti
ti

. (A3)

To quantify the performance of a boolean retrieval we consider the probability of detection
POD and the false alarm rate FAR (also probability of false detection [50])

POD =
Ntp

Ntp + N f n
(A4)

FAR =
N f p

N f p + Ntn
(A5)

with Ntp being the number of true positives (here meaning that the retrieval signals the
presence of volcanic ash, which is really present), N f p the false positives (presence of ash is
signaled although none is present), Ntn the true negatives (absence of of ash is signaled
and none is present) and N f n the false negatives (absence of ash is signaled although it is
present). The performance of multi-category classifications is described by the accuracy
given as the number of correctly classified samples divided by the total number of samples.
For two categories, the accuracy simplifies to

accuracy =
Ntp + Ntn

Ntp + N f p + Ntn + N f n
(A6)

and if no negative samples are present, i.e., Ntn = N f p = 0, the accuracy equals the POD.
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Appendix B. Π-Sigmoid Distribution

The Π-sigmoid distribution was introduced by Alivanoglou and Likas [18] and is
defined as the difference of two sigmoid functions, i.e.,

Π(x) =
1

b− a

(
1

1 + e−λ(x−a)
− 1

1 + e−λ(x−b)

)
(A7)

with a and b > a parameterizing the positions of the rise of the corresponding sigmoid,
and λ > 0 describing their steepness. The expectation value is (a + b)/2 and for the the
standard deviation σ holds

σ2 =
b3 − a3

3(b− a)
− a2 + b2

4
− ab

2
+

π2

3λ2 . (A8)
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Chapter 4

Conclusions and outlook

The focus of this cumulative dissertation is the development of a new method for the
detection of volcanic ash and the retrieval of the corresponding ash cloud properties using
satellite remote sensing with the aim to be applicable to any volcanic eruption and volcanic
ash type as far as possible. This retrieval is called VACOS; it uses brightness temperature
measurements from MSG/SEVIRI and is based on artificial neural networks. VACOS
provides information on no-fly zones for aviation in the event of a future eruption and
reference data for numerical ash transport and dispersion models.

In P1 the microphysical and petrological properties of volcanic ash were considered
and especially their impact on the complex refractive index and the resulting scattering
and absorption optical properties. Building upon these results, P2 described the creation
of an extensive training data set and the development of VACOS. Finally, P3 includes
the validation and characterization of the method as well as further comparisons with
numerical model calculations (which are extended in P5 and P6). In the following, the
main results are summarized in light of the three scientific questions/hypotheses formulated
in Section 1.2 and corresponding outlooks are given. The abbreviations from P3 are used,
with the mass column concentration mcol, the ash optical thickness at 10.8 µm τ10.8 (or
any other wavelength for that matter), the ash cloud top height ztop, the effective ash
particle radius reff , the brightness temperature of the MSG/SEVIRI channel centered at the
wavelength λ being BTλ, and the brightness temperature difference between the channels
centered at the wavelengths α and β denoted as BTDα−β. Primed quantities always denote
the reference data. The retrieval performance is described by the mean absolute percentage
error MAPE, the probability of detection POD, the false alarm rate FAR, and the accuracy
denoting the fraction of correctly classified samples.

1. For volcanic ash, the petrological composition and the effective particle radius have a
similarly strong impact on its optical properties in the thermal infrared spectrum, such
that both need to be accounted for in radiative transfer.

To confirm this hypothesis, a new method for calculating the complex refractive index of
volcanic ash in the thermal infrared based on its petrological composition was outlined
in P1. It assumes a volume-weighted averaging approach of the refractive indices of the
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individual components (including the crystalline minerals, the volcanic glasses and the
voids from exsolved gases) to derive an effective refractive index. The refractive indices of
the minerals as derived from laboratory measurements were collected from the literature.
The mineral phase distribution was related to the bulk silica content. Using the effective
refractive indices of volcanic ash from Deguine et al. (2020), the new method was used to
obtain the refractive indices of different volcanic glasses. Finally, a wavelength-dependent
linear regression of both parts of the refractive index of volcanic glass with respect to the
bulk silica content was performed; the resulting functions were used to derive volcanic glass
refractive indices for various bulk silica contents.

Combining the refractive indices of the minerals with the ones derived for volcanic glass,
the new method allowed to investigate the impact of different petrological compositions on
the effective refractive index (see Figure 8 in P1). Varying the silica content, the glass-to-
crystal ratio and the porosity within typical ranges, it was found that the porosity can have
the largest impact; as the porosity can be in excess of 80 % with respect to the ash particle
volume, the peak in the imaginary part of the refractive index could be reduced by up to
~80 %. Generally, an increased porosity led to a flattened real and a reduced imaginary
part of the refractive index and, thus, reduced its spectral signature in the thermal infrared.
Increasing the silica content from 45 wt.% to 75 wt.% increased the spectral variability; the
peak in the imaginary part of the refractive index rose correspondingly by ~50 %. The
glass-to-crystal ratio had the smallest impact on the refractive index; increasing the glass
fraction with respect to the solid part of the ash particle from 45 % to 100 %, the variations
remained mostly within the uncertainty of the volcanic glass refractive index.

The glass fraction also influenced the bulk density of the volcanic ash, and both the
bulk density and the refractive index impacted the optical properties; only the composi-
tions without porosity but a non-zero glass fraction were considered in the rest of the study.
Still, the single scattering albedo and the asymmetry parameter were mainly affected by
the particle size (for reff being 0.6–6 µm, Figure 9 in P1) and experienced only minor con-
tributions from the composition (Figure 12 in P1) and the shape (different spherical and
spheroidal shape distributions, Figure 10 in P1). Of course, as pointed out in Section 2.1.3,
ash particles are generally neither spherical nor spheroidal and the corresponding approx-
imation loses validity for larger particles (Kylling et al., 2014). Considering the mass
extinction coefficient (Figure 12 in P1), one could see that the glass-to-crystal ratio had a
notable impact and even more so the silica content; the latter could induce a variability
of a factor of 1.5–3 when comparing silica contents of 45 wt.% and 75 wt.%, especially for
small particles (reff = 0.6 µm). Different particle sizes (e.g., reff = 0.6 µm and 6 µm) led
to a variability of a factor of ~4 (Figure 9 in P1). Thus, the influences of composition
and particle size on the mass extinction coefficient are indeed comparable, whereas the
investigated shapes are of subordinate importance (Figure 10 in P1).

The results stress that the volcanic ash composition is of significant importance and
cannot be neglected with respect to the particle sizes. Similar conclusions were also drawn
by Prata et al. (2019) when investigating the dependence of the volcanic ash refractive
index on the chemical composition. The new extensive data set of refractive indices and
optical properties established in P1 can be used to develop new volcanic ash retrievals (as
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was done in this work) or to estimate uncertainties of existing methods.
Future work to better validate the proposed method would be beneficial. The few

laboratory measurements of volcanic ash refractive indices provide analyses of the chemical
composition for the used samples, but petrological compositions are missing in all cases
(Deguine et al., 2020, Pollack et al., 1973, Reed et al., 2018); corresponding studies are
necessary. Generally, the impact of the petrological composition on the refractive index
compared to the impact of the chemical composition needs further attention. Comparing
measurements of the refractive index of real ash samples (i.e., including minerals) with
remelted and then quenched glass samples (i.e., with the same chemical composition but
without crystalline structures) would allow to do so; such approaches have been used before
to investigate the impact of crystallinity in other respects (e.g., Maters et al., 2019). The
same attention must be paid to the effects of microphysical properties on the refractive
index, e.g., the internal porosity or thin layers of water/ice/H2SO4 covering the ash surface.
In this context it might also be worth quantifying the uncertainty due to different effective
medium theories to calculate the effective refractive index (Kolokolova and Gustafson,
2001). A notable problem (discussed also by Deguine et al., 2020) for the experimentally-
determined volcanic ash refractive indices is the assumption of the particle shape: Reed
et al. (2018) assumed the Rayleigh continuous distribution of ellipsoids whereas Deguine
et al. (2020) assumed Mie theory, leading in parts to large differences. Clearly, potential
inaccuracies directly carry over to subsequent studies such as the one presented here or by
Prata et al. (2019).

2. What is the information content of typical spaceborne geostationary infrared observa-
tions by passive imagers like MSG/SEVIRI with respect to volcanic ash cloud proper-
ties?

To answer this question, the refractive indices and the optical properties of volcanic ash
from P1 were used to perform various radiative transfer calculations in P3. As pointed out
in the previous answer, the particle shape had only minor impact on the optical proper-
ties (mass extinction coefficient, single scattering albedo, asymmetry parameter) for small
particles (reff = 0.6 µm) with relative differences of 5–10 % for different shape distribu-
tions (Figure 10 in P1). In the considered particle size range, particle shape was of least
importance compared to composition and size (Table 4 in P1) and, thus, is rather not
retrievable using MSG/SEVIRI. Instead, a representative shape distribution was chosen
for all subsequent calculations.

In the previous answer it was mentioned that the composition had a significant im-
pact on the optical properties (Figure 12 in P1) which is carried over to the top-of-
atmosphere brightness temperatures. A simple model of a thin ash layer (mcol = 0.5 g m−2,
ztop ≈ 10 km, reff = 0.6 µm) as typically observed at distances in the order of 1000 km
was considered (Figure 13 in P1). Decreasing the silica content from 75 wt.% to 45 wt.%
decreased BT11 by ~2.5 K and BTD11−12 by ~2 K. The impact of the glass-to-crystal ra-
tio on the same brightness temperatures was about one order of magnitude smaller, with
variations of 0.2–0.3 K; this is comparable to typical instrumental noise of MSG/SEVIRI
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(EUMETSAT/3, Schmetz et al., 2002b). Thus, the glass-to-crystal ratio might not be re-
trievable from MSG/SEVIRI measurements, but it might be possible to estimate the silica
content from satellite. In fact, Ishimoto et al. (2016) used high-resolution spectra from
the Atmospheric Infrared Sounder (AIRS) to derive the imaginary part of the volcanic ash
refractive index from various ash clouds, and Ishimoto et al. (2021) used IASI spectra to
determine the refractive index of different ash clouds based on a set of 21 different ash
refractive indices.

The effective radius reff was retrieved from moderate resolution radiometers (e.g., Prata,
1989, Wen and Rose, 1994). Calculating corresponding optical properties (for reff of 0.6–
6 µm) confirmed that this is possible (Figure 9 in P1): in the case of Eyjafjallajökull
ash (from Deguine et al., 2020), the peak of the mass extinction coefficient at 9–12 µm
shifted and increased with decreasing reff , whereas the asymmetry parameter decreased by
a factor of ~4. Also the single scattering albedo decreased significantly for the smallest
particles. Consequently, reff had also a notable impact on the brightness temperatures.
E.g., considering an Eyjafjallajökull ash layer with mcol between 1–30 g m−2 and ztop = 9 km
led to variations in BT10.8 of 5–10 K due to reff (Figure 18 in P3). Note that in this
case, there was not a strictly monotonic relation between BT10.8 and reff , i.e., BT10.8 for
reff = 0.6 µm lays between the corresponding values for 3 µm and 6 µm.

The retrieval of mass load mcol or the optical depth τ10.8 (they are equivalent as they
can be converted into each other using the mass extinction coefficient if the ash layer has
constant optical properties) was also performed regularly (e.g., Wen and Rose, 1994, Yu
et al., 2002). For an Eyjafjallajökull ash layer with ztop = 9 km and reff = 0.6 µm, brightness
temperature measurements in the atmospheric window were found to be sensitive to mcol
between ~0.1 g m−2 and 100 g m−2 (Figure 18 in P3), which covers typical mcol of ash layers
even at distances of few kilometers from the vent (see Section 2.1.2). The atmospheric
window brightness temperatures decreased from ~290 K to ~240 K with increasing mcol.
Beyond the mcol thresholds, brightness temperatures remained relatively constant. Note
that some channels (e.g., the water vapor channels) showed variability even in excess of
100 g m−2. Increasing the ztop from 3 to 12 km lowered BT10.8 at the high-mcol plateau
from ~280 K to ~220 K (Figure 18 in P3). This indicates the sensitivity to ztop, and that
also the sensitivity to mcol increases with increasing ztop (this was rediscovered at the
characterization of VACOS with its retrieval errors decreasing with increasing ztop).

Sounding of volcanic ash clouds is usually not performed with radiometers such as
MSG/SEVIRI. The impact of varying geometrical thicknesses (0.5–3 km) on MSG/SEVIRI
brightness temperatures for an Eyjafjallajökull ash layer with mcol = 10 g m−2, ztop = 9 km
and reff = 0.6 µm was simulated (Figure 8 in P3). Comparing with a geometrical thickness
of 1 km, a thinner layer of 0.5 km lowered the brightness temperatures by up to 1 K (as
relatively more ash mass was in higher/colder parts of the atmosphere), whereas thicker
layers of 2 km and 3 km increased the brightness temperatures by up to 2 K and 4 K,
respectively (relatively more ash in lower/warmer parts of the atmosphere). The impact
was smallest in the water vapor channels. More generally, the sensitivity to the vertical
mass profile was investigated by splitting the 1 km thick ash layer into multiple layers with
overall constant mcol and ztop as before (Figure 6 in P3). Lowering the bottom half of the
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layer by 0.5 km or dividing the single layer into two or three layers of higher mass volume
concentrations but with fixed cloud bottom height led to absolute changes in the brightness
temperatures of < 1 K with respect to the single layer configuration. However, lowering
the bottom half by 2 km increased the deviations in the brightness temperatures up to
3 K. Again, the water vapor channels were affected the least. Finally, comparing different
vertical mass profiles for the single layer (i.e., uniform, π-sigmoid and normal distributions)
showed that the resulting impacts on the brightness temperatures are negligible (Figure 7 in
P3). Thus, MSG/SEVIRI is sensitive to typical variations in the geometrical thickness and
multi-layer structures, but much less to more realistic (i.e., continuous) vertical profiles of
single layers. The impact on the MSG/SEVIRI brightness temperatures seems to be caused
by the relocation of ash mass to higher/colder or lower/warmer parts of the atmosphere
and the corresponding changes in the ash layer temperature and emitted radiation.

Overall, the sensitivity of MSG/SEVIRI brightness temperatures to mcol, ztop and reff
was found to be largest; thus, these quantities are retrieved by the new algorithm VACOS.
The vertical mass profile (i.e., geometrical thickness and multiple layers) and the composi-
tion (specifically, the silica content) had comparable, smaller impact on the satellite signal;
their estimation might be possible under certain, favorable conditions (e.g., homogeneous
Earth surface; absence of meteorological clouds; perhaps holding some macrophysical pa-
rameters fixed). The exact vertical profile (i.e., with a continuous mass distribution for
layers of fixed vertical extent), the particle shape and the glass-to-crystal ratio had the
smallest impact in the considered cases. An important issue to be tackled in more detail
in future studies involves the particle size. As confirmed in P1 (e.g., Figure 9), BTD10.8−12
might be non-negative for reff ≥ 6 µm (also Prata, 1989, Wen and Rose, 1994) which can
lead to an underestimation of retrieved reff and mcol (Stevenson et al., 2015). Further-
more, Mackie et al. (2016) point out that the particle size distribution generally needs
more attention, as it is a central input data for remote sensing algorithms and transport
and dispersion models. However, currently available estimations of it (by remote sensing
methods, in situ or in the field) were done with different measurement techniques which
exhibit significant differences in their particle size sensitivity and the resulting particle size
distributions.

3. How accurate is the general-purpose volcanic ash satellite retrieval VACOS for
MSG/SEVIRI using artificial neural networks with respect to the detection of volcanic
ash clouds and the derivation of their mass column concentration, cloud top height and
effective particle radius?

VACOS was developed in P2 with the aim to build a general-purpose volcanic ash retrieval
for MSG/SEVIRI using artificial neural networks. This included mainly three key points:
background atmospheric data were collected from several years and checked to cover daily,
annual and inter-annual variabilities; macrophysical ash layer properties covered the full
range of typical values; and an extensive set of volcanic ash optical properties was utilized
to cover various types of ashes, including variations in the silica content, the crystallinity
and the particle size. Including such a wide range of possible cases constitutes the main
difference to the predecessor VADUGS and other existing ANN-based volcanic ash satel-
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lite retrievals. VACOS retrieves τ10.8 (convertable to mcol), ztop, reff and a four-category
classification (clear sky, only liquid and ice water clouds, only volcanic ash clouds, both
volcanic ash and liquid/ice water clouds); based on the latter, a binary ash flag was de-
rived. To answer the question on the performance of VACOS, a comprehensive validation
was performed in P3 with respect to different eruptions; different ash clouds; different
geographical locations; and ash in the presence of ice water clouds.

VACOS was applied to ash clouds of the Eyjafjallajökull eruption in 2010 and the
Puyehue-Cordón Caulle eruption in 2011. The former was investigated in situ and using
an airborne lidar by the Deutsches Zentrum für Luft- und Raumfahrt (DLR) and the Facil-
ity for Airborne Atmospheric Measurements (FAAM), whereas the latter was observed by
the spaceborne lidar CALIOP. The two cases were quite different: the Icelandic Eyjafjalla-
jökull, located in the northern Hemisphere, emitted ash with a silica content of ~59 wt.%
and the considered ash cloud was located in the mid-troposphere with a ztop ≈ 6 km. The
Chilean Puyehue-Cordón Caulle emitted ash with a silica content of ~70 wt.% up to ztop
of 10–15 km, i.e., up to the tropopause/lower stratosphere. However, mcol ≲ 1.5 g m−2 was
similar. In both cases, VACOS retrievals of mcol were in good agreement with the reference
data (Figure 10 and 13 in P3). With respect to the CALIOP retrieval, mcol of VACOS
had a MAPE of ~50 % for m′

col ≥ 0.2 g m−2 (Table 4 in P3). VACOS retrievals for ztop
were of the same order of magnitude as the reference values, although underestimations
of few kilometers appeared sporadically; compared to the CALIOP results, the MAPE of
ztop was 18 % for m′

col ≥ 0.2 g m−2 (Table 4 in P3). In the Eyjafjallajökull case, retrieved
reff were generally within the uncertainty range of the in situ measurements (Figure 13 in
P3). The classification algorithm correctly classified the thickest ash clouds, but tended to
fail for thinner layers. Notably, the predecessor VADUGS performed rather bad: mcol was
in reasonable agreement with the CALIOP data for the Puyehue-Cordón Caulle, but was
strongly underestimated in the Eyjafjallajökull case; ztop was too low in all scenes except
for a few situations related to rather thick ash clouds.

The performance of VACOS with respect to different ash clouds was investigated by
performing systematic tests of the retrievals with respect to τ ′

10.8, z′
top and r′

eff using a
data set of synthetic observations which was created similarly as the original training data
(Figure 1 in P3). In general, MAPEs of τ10.8, ztop and reff decreased with increasing τ ′

10.8
and z′

top from ~100 % for τ ′
10.8 ≈ 0.03 / ztop ≈ 1 km to ≲ 30 % for τ ′

10.8 ≈ 10 / ztop ≈ 18 km.
Selecting τ ′

10.8 ≥ 0.1 (to consider typical values for an ash cloud) led to a MAPE of ≲ 40 %
for the retrieval of τ10.8; z′

top ≥ 5 km resulted in a MAPE of ≲ 10 % for ztop; and for r′
eff

of 0.6–6 µm one ended up with a MAPE of ≲ 35 % for reff . The accuracy of the binary
ash flag increased from 20–30 % for τ ′

10.8 ≈ 0.02 to >90 % for τ ′
10.8 > 0.1, and from ~50 %

for z′
top < 1 km to >90 % for z′

top > 3 km. The dependence on r′
eff was much smaller. As

described in the answer to the previous scientific questions, radiative transfer simulations
were performed to investigate the impact of the vertical profile, specifically the presence
of multiple layers and variations in the geometrical thickness under the assumption of
constant mcol and ztop (Figure 6 and 8 in P3). On average, minor sensitivity was found for
the retrieval for reff , but an impact of the order of ~5 % for ztop and ~30 % for τ10.8/mcol.

Generally, the sensitivity of the retrievals to the underlying surface type (i.e., land or



131

sea) was insignificant (Figure 1 in P3), but the geographical location had some impact
(Figure 4 in P3): Considering only scenes free of meteorological clouds, the MAPE of
τ10.8 increased from ~20 % at the sub-satellite point to ~40 % at viewing zenith angles
>60°, presumably due to the increased optical path. The MAPE of ztop increased with
the absolute value of the latitude, i.e., from 5–10 % at the equator to 15–20 % at latitudes
of ~50° N/S; here, one reason could have been differences in the atmospheric temperature
profile between the equatorial and the polar regions (i.e., overall lower temperatures and
tropopause at higher latitudes) together with a training data set whose sample density
had a maximum at the sub-satellite point. The MAPE of reff—being generally ~15 % at
the center of the MSG/SEVIRI disc—increased to 17.5–20 % above the Sahara, probably
due to similar optical signatures caused by mineral dust surfaces and volcanic ash aerosol
(Watkin, 2003). Similarly, the binary ash flag’s accuracy/POD exhibited a decrease (from
~100 % to 98.5–99.5 %) with a simultaneous increase in FAR (from close to 0 % to ~0.008 %)
above the Sahara (Figure 3 in P3).

As explained in the introduction, volcanic ash is commonly detected by BTD11−12 < 0 K
(Prata, 1989); this spectral signature might also be used internally by VACOS. As ice clouds
produce a positive brightness temperature difference for the same channels (Gangale et al.,
2010, Inoue, 1985), they have the ability to effectively hide volcanic ash layers (Watkin,
2003). An example test case is the Eyjafjallajökull ash plume on 11 May 2010, 14:00 UTC,
for which ice was indicated by Weber et al. (2012) and the algorithm Cirrus Properties from
SEVIRI (CiPS, Strandgren et al., 2017a) with an ice water path of 1–5 g m−2 (Figure 15
in P3). Still, VACOS was able to detect the ash plume (with mcol up to ~3 g m−2) and the
retrieved mcol ≈ 1 g m−2 at the fringes was in good agreement with in situ measurements by
Weber et al. (2012), whereas ztop appeared to be overestimated where ice is present. Cirrus
clouds with ice water paths of roughly 10–30 g m−2 were also detected underneath the ash
layers of the Puyehue-Cordón Caulle eruption in 2011 by combining VACOS and CiPS
(Figure 10 in P3). In the two considered cases, increases in the retrieved ztop and reff were
found. In one case with an ice water path >20 g m−2, the ash cloud was not observed at all,
neither by the classification nor by the mcol retrieval. The situation was investigated more
systematically by using the simulated test data set. It was found that the increases of the
MAPEs of the retrievals in the presence of meteorological clouds (here defined to include
liquid and ice water clouds) were often only in the order of 10–20 % (Figure 1 in P3).
However, the MAPE of the retrievals increased significantly if the meteorological clouds
were above the ash layer, sometimes by roughly one order of magnitude compared to the
situation with the meteorological cloud below the ash (Figure 2 in P3). An exception were
the MAPEs of the retrievals of τ10.8, ztop and reff with respect to z′

top, which were lower for
meteorological clouds above than below for z′

top ≳ 10 km. Overall, even if meteorological
clouds were above, MAPEs were <100 % if τ ′

10.8 > 0.2 or z′
top > 1 km and for all considered

r′
eff , and <50 % if τ ′

10.8 > 0.5 or z′
top > 4 km. The accuracy of the binary ash flag fell below

50 % for τ ′
10.8 < 0.1 or z′

top < 2 km.
Ash detection can be performed using either the binary ash flag or the retrieved mcol

together with corresponding thresholds. Considering the POD and the FAR for different
thresholds for the simulated test data (Figure 5 in P3), the binary ash flag performed



132 4. Conclusions and outlook

better than the mcol-based detection scheme (i.e., higher PODs at lower FARs), and
both outperformed a procedure based on BTD10.8−12. Considering only test samples with
m′

col ∈ [0.2, 1]g m−2 and for mcol a threshold value of 0.04 (which roughly equals 0.2 g m−2),
the POD was ~93 % and the FAR was ~1 %. However, the POD was only ~70 % for a
comparable calculation based on the Puyehue-Cordón Caulle reference data from CALIOP
(Figure 11 in P3).

To conclude, the validation showed that VACOS is able to perform with reasonable ac-
curacy over a wide range of atmospheric and geographic conditions as well as macro- and
microphysical volcanic ash properties. In particular, VACOS is preferred over its predeces-
sor VADUGS with respect to retrievals and a conventional threshold-based scheme using
BTD10.8−12 with respect to detections. Especially the satisfying results for two different
eruptions indicate that VACOS can be applied to arbitrary volcanic ash clouds. Remain-
ing uncertainties of a factor of ~2 are not untypical for volcanic ash-related measurements
(e.g., Marenco et al., 2011, Schumann et al., 2011). As indicated in the introduction, one
important field of application of volcanic ash retrievals is the comparison with ash trans-
port and dispersion models for configuration and validation. Here, satellite retrievals of
the Eyjafjallajökull eruption in 2010 were compared to the median of a model ensemble
(Figure 16 in P3). In contrast to VADUGS, the new algorithm VACOS was able to detect
ash plumes not only within the surrounding of the vent, but even at large distances, e.g.,
above continental Europe. An important outcome of the direct comparison was that the
simulated ash clouds might be mislocated at distances >1000 km with displacements of
few 100 km. This also stresses the importance of satellite retrievals of distal ash clouds
for air traffic control, as model simulations alone are not reliable enough in these cases; as
far as VACOS is concerned, an operational application at the German weather service is
planned. Further model comparisons were performed in P5 and P6.

Concerning further developments of volcanic ash retrieval capacities building upon VA-
COS, three pathways are available. First, the training data set could be expanded and the
ANNs retrained. An obvious choice would be the inclusion of SO2 which is often (but not
always) emitted together and collocated with volcanic ash (Carn et al., 2009, Thomas and
Prata, 2011) and influences the MSG/SEVIRI channels at 7.3 µm and 8.7 µm (Gray and
Bennartz, 2015). Scenarios with ice covering or being collocated with volcanic ash (Sec-
tion 2.1.3) could be improved: although the training data set might have included samples
with ash and ice at the same altitude by chance, the frequency of their occurrence might
have been underestimated with respect to reality, or the amounts of ash mass/particle
number relative to the ice water path might not have resembled real cases as no physical
relation was implemented. Also samples with layers of mineral dust could be included, as
dust shares similar refractive indices with volcanic ash due to their silica contents (Watkin,
2003); this might allow to train an additional ANN which differentiates between volcanic
ash and dust.

Second, one could leave the training data as is but modify the ANNs. P3 showed that
local averaging of the VACOS retrievals led to an overall better performance. Instead of
this averaging one could try to make the ANNs more robust in the first place, e.g., by
applying further regularization such as Gaussian noise to all inputs. Also further input
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data could be used to constrain the phase space, e.g., vertical temperature profiles from
models (Zhu et al., 2020). Using the training data set in its current form, strategies
such as bootstrap aggregating (Section 2.4) might improve the overall retrieval: one could
train multiple ANNs for each task using only a subset of the complete training data; the
retrievals of the resulting ANNs could then be combined to derive a final result. Another
possibility would be to use either temporally consecutive or spatially linked observations:
"close" measurements should share properties, and discontinuities in the retrieval results
should be suppressed. When considering extended areas, the volcanic ash retrieval might
also profit from distinct features such as sharp edges at the rim of the ash cloud or straight
plumes close to the vent. To do so, the radiative transfer model needs to be coupled to
a transport and dispersion model; then convolutional neural networks could be applied to
the resulting images (Drönner et al., 2018).

Third, one could leave VACOS as is but focus on further processing the retrieval out-
puts. It might be promising to further evaluate the pixel-based retrievals altogether to
detect clusters of ash-contaminated pixels (i.e., ash clouds), evaluate their mean proper-
ties (Pavolonis et al., 2015) and track them in time, potentially connecting them to their
volcanic source. Note that such a post-processing would exploit the strengths of a geosta-
tionary instrument such as MSG/SEVIRI, i.e., the high temporal and spatial resolution
compared to polar-orbiting instruments such as MODIS.

The composition-dependence of volcanic ash refractive indices was shown to notably
influence brightness temperatures in the atmospheric window. Thus, it might be promis-
ing to develop a retrieval for the volcanic ash composition, e.g., for the bulk silica content.
However, to exploit the full potential of this data set, one might make use of hyperspectral
instruments (e.g., AIRS or IASI), which already proved sensibility to volcanic ash com-
position (Clarisse et al., 2010, Gangale et al., 2010, Ishimoto et al., 2016, 2021, Klüser
et al., 2013). This points also to one shortcoming of MSG/SEVIRI (and all moderate
resolution radiometers for that matter): the limited number of spectral channels. How-
ever, large areas of the Earth are covered by multiple geostationary imagers (Figure 2.12)
with slightly different channels (Figure 2.10), such that in principle one might profit from
simultaneous observations of different instruments. As explained in Section 2.3, various
other passive imagers carried by geostationary spacecraft have similar spectral channels
as MSG/SEVIRI. Using adequate spectral band adjustment factors (Chander et al., 2013,
Scarino et al., 2016), VACOS could be applied to their observations, thereby potentially
covering nearly the full globe. This would also be the preferred path to apply VACOS to
the upcoming Flexible Combined Imager (FCI) on board of the Meteosat Third Generation
(MTG) satellites.

A scientific outlook: Combining VACOS with COCS/CiPS to study ash-induced
ice formation

Aerosol–cloud interactions introduce one of the largest uncertainties in current climate
simulations using general circulation models. This is especially due to the differences
in the scales of the individual cloud processes and the comparably coarse resolutions of
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Figure 4.1: Simultaneous retrieval of mcol and ztop due to Eyjafjallajökull volcanic ash using
VACOS (left column), and τ532 nm and ztop of cirrus clouds using COCS (middle column)
and CiPS (right column) on 7 May 2010, 12:45 UTC; the ash plume is given in all plots
as red contour (mcol > 0.5 g m−2); ztop is given for ash and ice if mcol > 0.5 g m−2 and
τ532 nm > 0.1, respectively; the coast of Iceland is given in the top left (black).

the model grids. To better constrain existing model parameterizations of aerosol–cloud
interactions, further global measurements of these processes are necessary (Seinfeld et al.,
2016). The effects of aerosols on clouds might even depend on the region, the cloud
type or the atmospheric state, such that it might be necessary to investigate the different
possibilities individually (Stevens and Feingold, 2009). One example might be volcanic
ash particles that induce ice formation by acting as ice nuclei, potentially affecting cirrus
coverage, ice water path, ice crystal size and precipitation (Durant et al., 2008). The ice
nucleation ability of volcanic ash was studied extensively in the laboratory (e.g., Hoyle
et al., 2011, Steinke et al., 2011) and in nature (e.g., Belosi et al., 2011, Rolf et al., 2012,
Seifert et al., 2011). Still, there is a need for corresponding large-scale satellite-based
studies (see Section 2.1.3 for details). Combining VACOS with existing cirrus retrievals,
e.g., Cirrus Optical Properties derived from CALIOP and SEVIRI Algorithm during Day
and Night (COCS, Kox et al., 2014) or CiPS (Strandgren et al., 2017a), might allow to fill
this gap by exploiting the high spatial coverage and temporal resolution of MSG/SEVIRI.

In a first test, VACOS is applied alongside both ice cloud retrievals COCS and CiPS
to the eruption of Eyjafjallajökull on 7 May 2010, 12:45 UTC to check whether or not the
two cirrus retrievals produce different results in the presence of ash. A mass extinction
coefficient of 200 m2 kg−1 is assumed (as in P3) to convert the retrieved τ10.8 of ash into
mcol. Figure 4.1 shows a comparison of the retrievals of ztop and mcol / τ532 nm of volcanic
ash and ice. A few minutes earlier, the Terra satellite crossed the same area, carrying
the MISR instrument. The MISR data were investigated by Kahn and Limbacher (2012),
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indicating the presence of patches of ice clouds within the ash plume (see Figure 3 in their
paper). The retrievals of COCS and CiPS give a similar picture: they show small areas
where τ532 nm has values of 0.2–0.5 at ztop ≈ 10 km. In particular, the retrievals of COCS
and CiPS are very similar in this scene; thus, both retrievals seem to be similarly suited
to consider ash–ice interactions. VACOS retrieves for mcol mass loads of 0.5–3 g m−2 at
ztop ≈ 11 km, i.e., a similar height as given by the cirrus retrievals. Note that ztop is again
increased where COCS and CiPS indicate the presence of ice.

Next, the retrieval results of VACOS and COCS of the May 2010 period are scanned
manually for scenes which show ice detection in spatial congruence with a simultaneous ash
detection. The temporal evolution of six events is given in the examples in Figure 4.2 to
4.4. Figure 4.2 contains two events similar to the one in Figure 4.1, i.e., with ice detections
in the ash plume close to the vent. The event on 16 May 2010, 08–12 UTC shows how
multiple patches of ice are transported downwind with the ash plume, whereas the event on
17 May 2010, 01–09 UTC demonstrates how a previously ice-free ash plume turns into an
ice-contaminated ash plume within a few hours. Figure 4.3 displays two ash clouds which
are already slightly aged. The event on 14 May 2010, 08–11 UTC includes an ash cloud
moving westwards over the eastern coast of Iceland and subsequently forming ice according
to COCS. The second event on 14 May 2010, 16–19:30 UTC shows how an arc-shaped ash
cloud moves towards the north-east over the Faroe Islands. Afterwards, VACOS does not
detect the ash anymore, but COCS detects an extended cirrus cloud with exactly the same
shape as the ash cloud before. Figure 4.4 shows two events south-east of Greenland. In
both cases, COCS detects small elongated patches of ice in spatial agreement with the
ash detections. The event on 15 May 2010, 20–23:45 UTC is related to a relatively thick
ash cloud with mcol being 0.5–1 g m−2, whereas much less ash is detected for the event on
16 May 2010, 13–17 UTC, but the alignment of ash clouds in the area indicates that the
ice-formation could be connected to volcanic ash.

Different mechanisms could explain the described scenarios. Ice close to the vent (Fig-
ure 4.2) might be caused by an increased emission of water vapor, e.g., due to contact of
lava with external water or the glacier on the volcano’s surface. The apparent ice formation
when the ash cloud crosses the coasts of Iceland and the Faroe Islands (Figure 4.3) might
be explained by orographic lift resulting in lower temperatures. The ice creation off the
coast of Greenland (Figure 4.4) might be triggered by cool or moist air from Greenland
as it seems as if the cirrus cloud above Greenland slowly extends towards the south-east
along the ash cloud.

Although these examples are intriguing, they can only be considered a first step; further
investigation is necessary. First, the applied methods need further checking. VACOS was
also trained on ash clouds in the presence of cirrus, but not specifically for (partly) ice-
covered ash (i.e., in many training cases, the ash and the cirrus layer were well separated).
Similarly, COCS as well as CiPS were not trained specifically for the combination of ice
and thick aerosol layers; thus, it is not clear how reliable these retrievals perform in the
considered cases. The typical spectral signature of ash and ice in the thermal infrared leads
to BTD11−12 being negative (Prata, 1989) or positive (Inoue, 1985), respectively. If both
ash and ice are present, BTD11−12 is influenced by both. As a consequence, ash might be



136 4. Conclusions and outlook

Figure 4.2: Simultaneous retrieval of mcol due to Eyjafjallajökull volcanic ash using VACOS
(in yellow and red) and detection of cirrus clouds using COCS (blue) on 16 and 17 May
2010; the plots of ash and ice are semi-opaque such that collocated retrievals are visible;
two events (left and right column, respectively) show ice detections collocated with the ash
plume close to the vent; both events are marked by black boxes, with zoomed plots given
as insets on the lower right corner.
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Figure 4.3: As in Figure 4.2: Simultaneous retrieval of mcol due to Eyjafjallajökull volcanic
ash using VACOS (in yellow and red) and detection of cirrus clouds using COCS (blue) on
14 May 2010; the plots of ash and ice are semi-opaque such that collocated retrievals are
visible; two events north-east of Iceland (left column) and around the Faroe Islands (right
column) are marked by black boxes, with zoomed plots given as insets on the lower right
corner.
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Figure 4.4: As in Figure 4.2: Simultaneous retrieval of mcol due to Eyjafjallajökull volcanic
ash using VACOS (in yellow and red) and detection of cirrus clouds using COCS (blue) on
15 and 16 May 2010; the plots of ash and ice are semi-opaque such that collocated retrievals
are visible; two events south-east of Greenland (left and right column, respectively) are
marked by black boxes, with zoomed plots given as insets on the lower right corner.
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hidden by the cirrus clouds or the other way around. Second, the vertical collocation of ash
and ice needs to be checked to make sure that potential ice formation is related to volcanic
ash particles acting as ice nuclei. To this end, cloud top retrievals of VACOS and COCS can
be considered, as well as CALIPSO/CALIOP soundings for selected cases. Third, other
possible explanations/aerosols for ice formation need to be ruled out. Specifically, sulfates
are a common by-product of volcanic eruptions. Considering scenes which are dominated
by volcanic ash (e.g., as SO2/sulfates are spatially separated due to vertical wind shear)
might allow to do so. Fourth, the overall meteorology needs to be analyzed. Is the onset
of ice formation related to sudden temperature decreases, e.g., by orographic lifting? Is
supersaturation with respect to liquid water/ice given? In addition, as the formation and
the transport of cirrus clouds is driven by the given meteorology, which also determines
the ash transport, one needs to consider the possibility that potential collocations are just
by chance (Boucher et al., 2013).

If this is done and the given observations are confirmed, one may investigate how
the ice formation events unfold with time; under which atmospheric conditions they take
place; how ash-contaminated areas differ from ash-free regions statistically with respect
to ice formation; whether the results of ash transport and dispersion models including a
description for ice formation resemble the satellite observations, thereby testing the applied
parameterizations.
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List of abbreviations

1D One-Dimensional
ABI Advanced Baseline Imager
AGRI Advanced Geostationary Radiation Imager
AHI Advanced Himawari Imager
AIRS Atmospheric Infrared Sounder
AMI Advanced Meteorological Imager
ANN Artificial Neural Network
BT Brightness Temperature
BTD Brightness Temperature Difference
CALIOP Cloud Aerosol Lidar with Orthogonal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
CARA Cluster for Advanced Research in Aerospace
CCN Cloud Condensation Nucleus
CiPS Cirrus Properties from SEVIRI
COCS Cirrus Optical Properties from CALIOP and SEVIRI
DISORT Discrete Ordinate Radiative Transfer Solver
DLR Deutsches Zentrum für Luft- und Raumfahrt
DOY Day of Year
DWD Deutscher Wetterdienst
ECMWF European Centre for Medium-Range Weather Forecasts
ERA ECMWF Reanalysis
EUMETSAT European Organisation for the Exploitation of Meteorological Satellites
FAAM Facility for Airborne Atmospheric Measurements
FAR False Alarm Rate
FCI Flexible Combined Imager
FLEXPART Flexible Particle Dispersion Model
FY Feng-Yun
GOES Geostationary Operational Environmental Satellite
HOD Hour of Day
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HRV High Resolution Visible
HYSPLIT Hybrid Single Particle Lagrangian Integrated Trajectory
IASI Infrared Atmospheric Sounding Interferometer
ICAO International Civil Aviation Organization
IN Ice Nucleus
IR Infrared
IWP Ice Water Path
LIDAR Light Detection and Ranging
LSM Land/Sea Mask
MAPE Mean Absolute Percentage Error
MATCH Multi-scale Atmospheric Transport and Chemistry
mcol Mass Column Concentration
MISR Multi-angle Imaging SpectroRadiometer
MOCAGE Modèle de Chimie Atmosphérique à Grande Echelle
MODIS Moderate Resolution Imaging Spectroradiometer
MOPSMAP Modeled Optical Properties of Ensembles of Aerosol Particles
MPE Mean Percentage Error
MSE Mean Squared Error
MSG Meteosat Second Generation
MTG Meteosat Third Generation
NADAM Nesterov-accelerated Adaptive Moment Estimation
PMA Particle Mineralogical Analysis
POD Probability of Detection
POLDER Polarization and Directionality of Earth Reflectance
QEMSCAN Quantitative Evaluation of Minerals by Scanning Electron Microscopy
reff Effective Radius
RH Relative Humidity
SEM Scanning Electron Microscopy
SEVIRI Spinning Enhanced Visible and Infrared Imager
τ10.8 Optical Depth due to Volcanic Ash at 10.8 µm
TCO3 Total Column Ozone
TCW Total Column Water
TCWV Total Column Water Vapor
UTC Coordinated Universal Time
VAAC Volcanic Ash Advisory Center
VADUGS Volcanic Ash Detection Utilizing Geostationary Satellites
VACOS Volcanic Ash Cloud Properties Obtained from SEVIRI
VZA Viewing Zenith Angle
WMO World Meteorological Organization
WRF-Chem Weather Research and Forecasting Model Coupled with Chemistry
xs Silica Content
ztop Cloud Top Height
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