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Abstract
To detect, analyze and predict the movement of volcanic ash in real time, dispersion
models and satellite remote sensing data are important. A combination of both
approaches is discussed here to enhance the techniques currently used to quantify
volcanic ash emissions, based on case studies of the eruptions of the Kasatochi (Alaska,
USA, 2008), Mount Redoubt (Alaska, USA, 2009) and Sarychev Peak (Russia, 2009)
volcanoes. Results suggest a quantitative approach determining masses from satellite
images can be problematic due to uncertainties in knowledge of input values, most
importantly the ground surface temperature required in the mass retrieval.
Furthermore, a volcanic ash transport and dispersion model simulation requires its own
set of accurate input parameters to forecast an ash cloud’s future location. Such input
parameters are often difficult to assess, especially in real time volcano monitoring, and
default values are often used for simplification. The objective of this dissertation is to
find a quantitative comparison technique to apply to satellite and volcanic ash transport
and dispersion models that reduces the inherent uncertainty in the results. The binary
‘Ash — No Ash’ approach focusing on spatial extent rather than absolute masses is
suggested, where the ash extent in satellite data is quantitatively compared to that in
the dispersion model’s domain. In this technique, neither satellite data nor dispersion
model results are regarded as the truth. The Critical Success Index (CSl) as well as Model
and Satellite Excess values (ME and SE, respectively) are introduced as comparison tools.

This approach reduces uncertainties in the analysis of airborne volcanic ash and, due to



Vi

the reduced list of input parameters and assumptions in satellite and model data, the
results will be improved. This decreased complexity of the analysis, combined with a
reduced error as the defined edge of ash cloud is compared in each method rather than
defined threshold or mass loading, will have important implications for real time
monitoring of volcanic ash emissions. It allows for simpler, more easily implemented

operational monitoring of volcanic ash movements.
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Chapter 1 Introduction
Operational monitoring of volcanic ash emissions is crucial for aviation safety
(Casadevall, 1994). To achieve accurate knowledge of the ash location, as well as its
properties (such as concentration, mass loading, and optical depth), a combination of
satellite data and model analyses is required. This will determine the spatial extent of
the plume/cloud in real time, through the use of satellite data, and the dispersing
emission and its future location through the use of volcanic ash transport and dispersion

(VATD) modeling.

VATD model calculations are available in custom-designed time steps. For research
purposes, finer temporal and spatial resolutions are often chosen, that can resolve the
changing atmospheric patterns more precisely, but are also more time-intensive to
generate. For operational purposes, larger time outputs and spatial resolutions are
more feasible, as computed results are needed in a time-sensitive manner. Due to this,
satellite product timings, which come in pre-defined intervals, don’t always match the

model output timings.

Infrared satellite measurements of volcanic ash are sensitive to many factors, including
those related to the measured wavelengths used, and ash retrievals applied (see work
of Wen and Rose, 1994 and Pavolonis et al., 2006). VATD models forecast all parts of the
plume and dispersing cloud, depending on input parameters like numerical weather

prediction (NWP) wind fields, and eruption source characteristics, such as plume top



height and particle size ranges (see Searcy et al., 1998, Grell et al., 2005 for example
VATD models). To accurately analyze the current location of the volcanic ash, satellite
imagery needs to be acquired and compared to operationally running VATD models.
This satellite data, in turn will validate the model simulations and allow the models to
accurately predict the movement of the ash cloud beyond the timing of the satellite

acquisition.

In order to improve this forecast, research VATD model simulations need to be
performed, which share the same modeling environment with operational models, but
include more detailed input parameters, finer spatial resolution and smaller time
intervals in their outputs. Such VATD model forecasts are often far more sophisticated
than the operational ones and analyze more parameters, but can also take longer time
to run, sometimes too much time for an operational setting (Peterson et al., 2013). By
running these research VATD model simulations retrospectively and analyzing previous
eruptions, the volcanic eruptions themselves can be better understood and the
performance of the operational VATD models can be improved. As is the case with
operational models, satellite remote sensing data needs to be acquired and examined to

compare the research model results to observations.

The aims of this dissertation are: (1) the qualitative comparison between satellite
remote sensing analyses and VATD model predictions as well as their contributions to

each other while limiting the uncertainties; (2) an accuracy assessment of ash mass



quantifications; and (3) the uncertainty analysis accompanied with a correction for the
satellite’s line-of-sight as opposed to the vertical, default model projection. With
example eruptions distributed across the North Pacific [Kasatochi, 2008 (Waythomas et
al., 2010); Mount Redoubt, 2009 (Wallace and Schaefer, 2013); Sarychev Peak, 2009
(Rybin et al., 2011)] and two distinctively different dispersion models (using Eulerian and
Lagrangian approaches), the research will retrieve characteristics from each eruption
and evaluate the advantages and disadvantages of each approach, as well as the

respective modifications needed for near real time monitoring situations.

As a result of this research, a quantitative, binary comparison of the spatial extent is
developed that minimizes uncertainties due to incorrect input parameters and input
parameters with high sensitivities assigned to them. In addition, a quantification of the
offset with the line-of-sight adjusted to the respective satellite pass shows the
importance to adjust the model output. With this knowledge, volcano observatories as
well as other volcano-monitoring agencies, (such as the volcanic ash advisory centers)
will be able to track and forecast volcanic cloud movement with improved accuracy and
higher confidence. This will reflect to the aviation community being able to obtain
better volcanic ash advisories and, therefore, allowing them to avoid any possible ash

encounters.



1.1  Volcanoes and Volcanic Emissions
Volcanoes are a crucial part of the geological cycle on Earth. Forming at subduction
zones, mid-ocean ridges and at intra-plate hot spots, their eruptions can produce large
amounts of magma and gases, as well as pulverize ambient rocks. Over the last few
hundred years, several massive eruptions have been recorded; most notably are the
Superplinian explosions of Tambora (1815; see Oppenheimer, 2003) and Krakatau
(1883; see Spicak et al., 2008) in Indonesia as well more recent examples of Pinatubo,
Philippines (1991; see Holasek et al., 1996), Kasatochi, Alaska, USA (2008; see
Waythomas et al., 2010) and Eyjafjallajokull, Iceland (2010; see Flentje et al., 2010). The
total number of dormant volcanoes is estimated at about 550 worldwide with an
additional 50 to 70 active volcanoes and related eruptions per year (Pichler and Pichler,

2007).

Volcanic eruption sizes are classified into different groups based on their explosivity,
using the Volcanic Explosivity Index (VEI, Newhall and Self, 1982, Table 1.1). This system,
generally depicted with eight indices, has no upper limit, and can be expanded for larger
events. Small VEI numbers are generally associated with intra- plate hot spot volcanism
as on Hawaii (USA) or mid-ocean ridge volcanism, while subduction zone volcanoes are
generally listed with higher VEIs. However, some hot spot volcanoes have been assigned

higher explosivity indices like Yellowstone (VEI = 10; Pichler and Pichler, 2007).

Depending on magma composition and supply, as well as the environment of the



volcano, eruptions can cause different kinds of hazards. The most widely known are lava
flows, often observed in less explosive volcanoes like Kilauea, Hawaii (1983-recent; see
Harris et al., 1998) or Etna, Italy (1991-1993, see Harris et al., 1997). Larger VEI events
are characterized by pyroclastic flows and base surges as observed at Mount St. Helens,
USA (1980; see Andrews and Gardner, 2009) and Pelée, Martinique (1902; see Burt et

al., 2001).

Eruptions with larger plumes are classified as having higher VEIs (see definition of VEI in
Table 1.1). These plumes are composed of different gases, with major constituents such
as sulfur dioxide (SO,), water (H,0) and carbon dioxide (CO,). Smaller components
identified in volcanic plumes are hydrogen sulfide (H,S), hydrogen chloride (HCl),
hydrogen (H,), carbon monoxide (CO), carbonyl sulfide (COS) and bromine monoxide
(BrO) (see work by Shinohara, 2005; Mori and Notsu, 2008; Theys et al., 2009). Out of
the major gases, H,0 and CO; are known to be major greenhouse gases (Forster et al.,
2007) and therefore play a major role in current climate change discussions. In addition,
S0,, often operationally detected as part of volcanic clouds (Carn et al., 2008), and H,S
in its conversion to sulfuric acid (H,SO,4) form acid rain, which plays a direct role in the
energy balance of the planet (Labitzke et al., 1983, Pinto et al., 1989, Rose et al., 2000).
A similarly important effect is induced by HCl injection into the stratosphere. Here,

ozone depletion results in an increased flux of ultraviolet light to the



surface. However, this effect is limited as HCI often condenses on ash particles and falls

out (Pinto et al., 1989).

1.2 Hazards due to Volcanic Ash Emissions
Explosive eruptions dominated by ash plumes that can extend many kilometers into the
atmosphere are being classified with a high VEI (see VEI definitions in Table 1.1). The
dispersing ash particles from these plumes and the drifting clouds can remain above
atmospheric background levels for up to several years (McCormick et al., 1995) and
have different ramifications on the environment, developing in potential volcanic

hazards.

A wide range of hazards are associated with airborne volcanic ash. Globally, the largest
effect lies in the atmospheric forcing of volcanic dust (Forster et al., 2007). Forcing,
described as “mechanisms by which aerosols scatter and absorb shortwave and long-
wave radiation” (Forster et al., 2007), consists of a cooling of the surface temperature,
when fine ash particles are injected in the stratosphere. With a residence time of two
years and more, volcanic dust has been observed to cool Earth’s surface by 0.5 to 12C
for the years succeeding the Tambora eruption (Indonesia) of 1815 (Oppenheimer,
2003). Similarly, stratospheric temperature increases have been correlated to injected

ash (Labitzke et al., 1983).



Ash fallout, despite being very fertile (e.g. Pichler and Pichler, 2007), also has the ability
to destroy vegetation and impact road conditions as seen during the Krakatau
(Indonesia, 1883) and Mt. St. Helens (USA, 1980) eruptions (Prabaharan, 2002). In
addition, the tephra can contain toxic fluoride compounds that can be poisonous to
animals (Blong, 1984). Such effects caused 80,000 secondary casualties in the years
following Krakatau’s eruption. Another example is Iceland’s ‘haze famine’ of 1784

following the eruption of the Laki volcano in the previous year (Vasey, 1991).

The most prominent examples of airborne ash hazards, however, are the ramifications
on air traffic. An early example was in 1982, when a British Airways Boeing 747 plane on
route from Kuala Lumpur, Malaysia, to Perth, Australia, encountered an ash cloud from
the erupting Galunggung volcano, Indonesia. The silica-bearing tephra melted in the jet
engines and fused onto internal surfaces limiting the air flow (Hanstrum and Watson,
1983; Prata et al., 1991). All four engines cut out causing the plane to descend from 11.3
to 7.3 km above sea level (ASL) for 13 minutes, after which the pilot was able to restart
three engines. Due to abrasion, the windscreen turned opaque forcing the pilot to use
the side windows to land the plane in Jakarta with considerable damage to wings,
fuselage and engines (Hanstrum and Watson, 1983; Diamond, 1986; Prabaharan, 2002).
Two weeks later, a Singapore Airlines 747 flew into another plume on route from
Singapore to Melbourne and dropped 2.5 km in altitude. Only after this incident, a

warning was issued to avoid the area (Hanstrum and Watson, 1983).



Over the last few decades, aircraft-plume encounters have been noted on several
occasions at different distances to the volcanic vent from 150 km (Mount Redoubt,
Alaska, 1989) to over 1200 km (Mt. Spurr, Alaska, 1992) and up to 1740 km (Mt.
Pinatubo, Philippines, 1991, see Prabaharan, 2002). The largest costs were incurred
during 20 separate incidents during the Pinatubo eruption, when commercial planes
flew into the plume and caused a total damage of SUS100 million (Prata et al., 1991;
Prabaharan, 2002). One of the most prominent encounters happened during the
eruption of Redoubt Volcano, 1989-1990, when KLM flight 867, on route from
Amsterdam to Tokyo, flew into a cloud at about 7.6 km ASL. All four engines stalled and
subsequently restarted after the plane dropped to about 4 km in altitude, less than 1 km
above the highest peaks of the Alaska Range (Casadevall, 1994). Damage to the aircraft
included ash deposits in engines, disruptions in the electrical systems and abrasion of
multiple parts of the plane’s exterior including windshield, wings and tail rudder
accumulating to an initial estimate of SUS50 to SUS80 million. As a precaution, the
International Civil Aviation Organization (ICAQO) formed Volcanic Ash Advisory Centers
(VAACs) around the globe in the late 1980s, which are responsible for producing
advisories for volcanic ash within (ICAO, 2004) for a defined region. In practice, air space
is often closed when volcanic ash is present based upon a ‘zero tolerance’ guideline,
recently seen in the 2010 eruption of Eyjafjallajokull in Iceland (Flentje et al., 2010;

Petersen, 2010), often causing expenses in the range of billions of dollars in economy



and repairs. Due to such costs, it is vital to observe and predict the movements of ash

clouds accurately.

1.3  Case Studies
For this proposed project, three different volcanic eruptions across the North Pacific are
used as case studies. With more than 100 volcanoes stretching from the southern tip of
the Kurile Islands to Alaska’s Canadian border and located on the major air traffic
corridor between North America and Asia, this region has the potential to severely
disrupt air traffic as highlighted by the KLM 867 ash encounter during the Mount
Redoubt eruption in 1989 (Casadevall, 1994). During 2008 and 2009, three volcanoes in
this region erupted violently: Kasatochi (August 2008), Mount Redoubt (March to April
2009) and Sarychev Peak (June 2009) (see locations in Fig. 1.1). These three eruptions

will form the basis for this study.

1.3.1 Kasatochi Volcano, 2008
Kasatochi is a small volcano of 3 km diameter located on Kasatochi Island in the Central
Aleutian Islands (Figs. 1.1 and 1.2). Without recorded historical eruptions, the volcano
erupted on August 7 and 8, 2008, with three distinctive pulses producing ash plumes up
to 18 km ASL. These ash clouds travelled long distances and were responsible for
significant interferences to airborne traffic over that region (Waythomas et al., 2010). A

concise chronology of the eruption is listed in Table 1.2. The time period of the eruption
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had good satellite coverage with different instruments including the National Oceanic
and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer
(AVHRR), the National Aeronautical and Space Administration (NASA) Moderate
Resolution Imaging Spectroradiometer (MODIS) and the NOAA Geostationary

Operational Environmental Satellite (GOES).

In this study, data from the GOES satellite is used, with a geostationary view, that allows
the whole extent of the ash emission and subsequent dispersing cloud to be mapped.
The temporal domain will start with the onset of the eruption and allow for dispersion

of the ash cloud over the course of 75 hours.

1.3.2 Mount Redoubt Volcano, 2009
Mount Redoubt, located in the Gulf of Alaska (Fig 1.1 and Fig. 1.3), previously erupted in
1989/ 1990 (Scott and McGimsey, 1994), with an associated ash-encounter by a KLM jet
(Casadevall, 1994). Situated about 170 km southwest of Anchorage, the largest city in
Alaska, and positioned on the main flight corridor between North America and Asia, this
volcano is a special threat to aviation and the environment. The eruption of 2009
consisted of 19 distinctive events analyzed by the Alaska Volcano Observatory (AVO)
with durations up to 38 minutes and maximum heights of 18.9 km ASL (Table 1.3).
Changing wind patterns over the course of the eruption distributed the ash over

different parts of Alaska (see Wallace and Schaefer, 2013).
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The available satellite coverage for ash cloud detection was very sparse as
meteorological cloud cover was present during most obtained satellite scenes hindering
the detection of the ash cloud (Steensen et al., 2013). For this project, events 5 and 19
are the focus. The dispersing ash cloud of event 5 (March 23, 12:30 UTC), from an
explosive event, was partly obscured, due to meteorological clouds, and also showed
parts that were opaque and semi-translucent in the thermal infrared, the wavelengths
used to analyze the ash (see Chapter 1.4.1 for details). Event 19 (April 4, 13:59 UTC)
produced a large and high altitude plume, from a dome collapse, under cloud-free skies,
while other events only had small plumes, mostly underneath or hardly distinguishable

from weather clouds.

1.3.3 Sarychev Peak, 2009
Sarychev Peak located on Matua Island (Fig. 1.4) is one of the Kurile Island’s most active
volcanoes (Rybin et al., 2011). After 33 years of quiescence, it erupted violently several
times from June 11, 2009 for 9 days. This eruption was among the largest of the recent
historical eruptions in that area. 23 events were recorded with different satellites,
mostly the Japanese Meteorological Agency (JMA) Meteorological Agency
Multifunctional Transport Satellite (MTSAT), with plumes reaching altitudes up to 21 km
ASL and drifting 1500 km to the north and over 3000 km to the southeast (Table 1.4).
The proximity of air routes to the volcano caused a severe disruption in airborne traffic

to and from East Asia (Rybin et al., 2011).
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Due to a lack of seismic stations on and near Matua Island, the duration of the different
events could not be determined easily. However, Matoza et al. (2011) reported
infrasound observations correlated to the explosions of Sarychev Peak. With this data, it
is possible to estimate the durations of those events, whose onsets match with the
collected satellite and infrasound data (Table 1.4). Events 13 to 16 were chosen for
study as the timing of the events can be associated with infrasound signals and hence
defined durations and start times can be measured. Many earlier and later events have
unknown durations, making it harder to perform the model simulations of the ash

dispersion.

1.4 Analysis Tools
To analyze these volcanic events, a combination of satellite-based algorithms and
dispersion model calculations will be used. Satellite remote sensing data provides
information on the ash clouds at a specific moment in time, subject to sensibility ranges
and cloud cover. VATD model results, on the other hand, show the complete predicted
plume and cloud with all particle sizes at all altitudes, as long as reasonable input
parameters have been used. In combining these two approaches, a more thorough

analysis and prediction of current events can be achieved.
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1.4.1 Satellite Analyses
There have been many different approaches to characterize volcanic ash emissions from
volcanoes, as partially summarized by Oppenheimer (1998). A common difficulty is the
diverse nature of plumes. A small-scale event can’t always be detected with space-
borne instruments due to their sensors’ spatial resolutions in the infrared, which is the
most common wavelength range used for plume observations (Prata, 1989a, b). Polar-
orbiting satellites (with sensors AVHRR, and MODIS) at altitudes between 700 and 900
km (see specifications in Table 1.5) have an improved opportunity to resolve smaller
details in ash clouds with a nadir spatial resolution of 1.09 x 1.09 (AVHRR) and 1 x 1 km
(MODIS) compared to geostationary satellites at much higher altitude (35,790 km,
GOES, and MTSAT) that only have spatial resolutions of 4 x 4 km at nadir in the thermal
infrared (TIR). The further the volcanic event and dispersing cloud is away from the
equator, the larger the geostationary pixels are (Prata et al., 2011). Especially for
observations at high latitudes, the pixels are often too large to show any sign of the
plume and dispersing cloud. However, the different geometry can allow geostationary
satellites to detect some plumes that polar-orbiting ones can’t. This is the case if an
elongated plume is too thin to cause a significant signature when observed from directly
above but has more material in the path when analyzed from an equatorial position (see
work of Gu et al., 2005). Oblique viewing has also been shown to cause the ash signal to

disappear due to increasing opacity (Prata and Barton, 1994).
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The size of the interval between satellite passes, known as temporal resolution, is
another often-encountered problem. While polar-orbiting sensors have a comparably
good spatial resolution, their temporal resolution ranges from an hour (AVHRR in Polar
Regions) to half a day (MODIS) and longer (e.g. the NASA Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), 6 days). Here, geostationary satellites are
able to provide a much better time series with an image every 15 to 30 minutes (Prata

et al., 2011).

As satellite passes of polar-orbiting devices converge at high latitudes, the temporal
coverage increases in Polar Regions. AVHRR, being on board of a set of different
satellites (Table 1.5), reduces the revisiting time of an identical instrument to 1 hour
compared to 6 hours in the tropics (Prata et al., 2011). While this approaches the
temporal resolution of geostationary sensors, quick changes in eruptive behavior can
still go unnoticed. Here, a fusion of geostationary and polar-orbiting data provides the

best tool for monitoring.

A third resolution that needs to be considered in satellite analysis is the spectral
resolution. Here, the importance lies in the regions of the electromagnetic spectrum
resolved in the satellite channels. This has been a problem since the first use of satellite
remote sensing, when satellites had a limited number of atmosphere-penetrating bands
and a large spectral resolution (e.g. the NASA Television Infrared Observation Satellite

[TIROS]; Smith et al., 1979). Today, with multi- and hyper-spectral satellites and their
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sensors (e.g. ASTER, the European Organisation for the Exploitation of Meteorological
Satellites (Eumetsat) Spinning Enhanced Visible and Infrared Imager (SEVIRI) or the

upcoming NOAA/NASA GOES-R) this is rarely a problem (e.g. Jin et al., 2008; Pavolonis
and Sieglaff, 2010). However, with 5-channel-sensors like AVHRR, GOES or MTSAT still

operational, the spectral resolution needs to be addressed for each specific target.

In terms of volcanic ash emissions, such an evaluation will yield a combination of
different instruments for best coverage of the feature. The comparably high resolution
of polar-orbiting satellites is necessary to capture the events in improved detail, while a
high temporal coverage is useful to monitor their development. In Polar Regions, due to
the higher temporal convergence of AVHRR passes, volcanic eruptions can sometimes
solely be monitored with these instruments (e.g. Steensen et al., 2013). While AVHRR’s
spectral resolution is limited, it does include visible and thermal infrared channels,
including those needed for the detection of volcanic clouds (see section 1.4.1.1).
Tropical regions, on the other hand, need a more developed combination between
geostationary and polar-orbiting instruments. Regardless of region, measurements
should, if possible, be conducted with multiple sensors to achieve the highest possible

temporal coverage while not neglecting the spatial accuracy.

Besides the different resolutions and their improvements over time, cloud coverage
remains a general problem (Prata et al., 2011). If an ash cloud is too low in altitude and

covered by thick meteorological clouds, the satellite can’t detect it. Even if cloud cover is
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limited, an ambiguity between volcanic and meteorological cloud remains. This is
especially true at high volcanic summits where orographic clouds often mimic an
eruption (Oppenheimer, 1998). Due to their content, plumes appear brownish as
opposed to white meteorological clouds in visible wavelengths but detecting that
requires day-time imagery, as well as an opportunistic viewing angle based on the sun’s
location and the scattering properties of the aerosols. A clear distinction is the wedge
shape of meteorological clouds due to strong winds in the upper atmosphere and the
initial umbrella cloud in major volcanic explosions (e.g. ash occurred during Redoubt’s
1990 activity, see Scott and McGimsey, 1994). Generally, meteorological clouds can be
distinguished from volcanic clouds due to inverse signals in the Reverse Absorption

Method (see 1.4.1.1) but ambiguities can remain on cloud edges (Pavolonis et al., 2006).

1.4.1.1 Reverse Absorption Method
To facilitate the detection of volcanic clouds at any time, Prata (1989a, b) proposed the
Reverse Absorption Method. This technique is based on emissivity differences between
volcanic ash and meteorological clouds in the thermal infrared. In the infrared part of
the electromagnetic spectrum, more precisely between 10 and 13um, volcanic ash, as
well as other silica bearing substances like desert dust, emits more energy at relatively
lower wavelengths than it does at relatively higher ones (Volz, 1973; Watson et al.,

2004; see Fig. 1.5), as opposed to ice and water (Downing and Williams, 1975).
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The difference of the radiative transmission results in more energy reaching the sensor
at higher wavelengths in the 10 to 13 um window as less radiation is scattered or
absorbed. This can be exploited using different satellites and their sensors. Originally
published by Prata (1989a, b) for AVHRR data, the retrieved brightness temperatures in
two bands, converted from thermal radiance, (T1o and Ty, for the respective
wavelengths) show a negative difference at the sensor (the brightness temperature
difference [BTD], T1o - T12) as opposed to meteorological clouds (T1o - T1> > 0 K). Later,
this approach has been applied to different satellites including those used in this study
(Table 1.6; Schneider et al., 1999; Dean et al., 2002; Tupper et al., 2004; Andronico et al.,
2009). However, this simplified approach bears uncertainties in terms of ambiguities
between volcanic ash and other silica-bearing minerals, like desert dust, that is also
frequently analyzed with this method (Gu et al., 2003). In addition, the threshold of 0 K
is generally adapted to match the respective situation and to avoid artifacts caused by

cloud edges and soil (Pavolonis et al., 2006).

The reverse effect of water vapor compared to volcanic ash in the 10 — 13 um spectral
range, can result in a masking of the signal (Prata et al., 2011). Water present in the ash
cloud affects the penetrating radiation differently than a pure ash cloud does. Both
signals can cancel each other out, resulting in a zero difference in the BTD data, or in
extreme cases the water vapor signal can dominate, masking the ash signal in the BTD

data. This often happens in phreatomagmatic eruption where water is involved. Prata
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and Barton (1994) also showed that this can cause geostationary satellites to be unable
to detect an eruption cloud, when it is still possible from polar-orbiting ones due to less

water vapor interference.

General criticism of this method has been voiced by Simpson et al. (2000; 2001). They
state that the Reverse Absorption Method does not emphasize the ‘dynamical
interaction between the erupting volcano and the effects of overlying atmosphere
water vapor, phreatic and phreatomagmatic water sources’. Prata et al. (2001)
challenged this view by referring to the well-known and described ambiguities in
previous literature (Rose et al., 1995). As pointed out, the Reverse Absorption Method
does face certain limitations but being aware of those restrictions, it provides a solid

approach to quantify the presence and extent of volcanic ash in the atmosphere.

1.4.1.2 Volcanic Ash Retrieval
To qualitatively analyze volcanic clouds, Wen and Rose (1994) expanded upon the
Reverse Absorption Method by developing the Volcanic Ash Retrieval (VAR) to retrieve
total ash masses, optical depths and effective particle radii of the respective pixels.
Optical depth is a measure of transparency of the cloud. It is defined as the negative
natural logarithm of the fraction of radiation that reaches the sensor, i.e. the radiation
that is not scattered or absorbed by aerosols on its path. If all radiation reaches the

sensor, the optical depth is 0 (-In(1)=0). This is the case when an object is nearby or the
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matter between the sensor and the object is minimal. The further the object is away and
the more matter there is between it and the sensor, the higher the optical depth. If only
0.5% of the emitted radiation reaches the sensor, then the optical depth is about 5.3
(-log(0.005)=5.3). The VAR method uses the surface and cloud top temperatures
(representing the ground-based leaving radiance and the cloud top leaving radiance,
respectively) to determine the optical depth per pixel. The effective radius of a particle
distribution is a measure of the dominant particle radius. It is defined as the ratio of the
skewness to the variance of a log normal distribution. Ash clouds dominated by larger
particles therefore have a larger effective radius, as opposed to those dominated by

smaller particles.

By analyzing the previously described temperature difference (T1o - T1,) against the
temperature of the smaller wavelength channel (T1g), Wen and Rose (1994) found a
correlation between optical depth of the ash cloud and its mean effective radii for each
satellite pixel covering the cloud (Fig. 1.6). Here, a higher optical depth occurs at lower
values on the abscissa, while higher ordinate number resembles larger effective radii. As
seen in Figure 1.6, there is a limit on all sides of the resulting figure: When the effective
radius approaches 5.0 um or the optical depth approaches 4.0, the respective lines start
to merge together reducing the sensitivity in this portion of the cloud/plume.
Additionally, low optical depths and effective radii originate in one location limiting the

expansion to the right.
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Based on the area between the 0 K line (T10-T12) and different effective radii values, the
sensitivity of the retrieval can be determined (Fig. 1.7). The converging lines at higher
effective radii (5.0 um and above) represent a lower sensitivity in this region compared
to smaller values (1.0 to 4.0 um). The maximum sensitivity occurs with an effective
radius of 0.8 um. All larger values decrease the sensitivity monotonically up to 4.3 um.
This monotony results in an unambiguous identification of effective radii and optical
depth pairs for effective radii between 0.8 and 4.3 um. The largest effective radii
observable with the wavelength range are 12 um. Larger effective radii represent a

domination of larger particles that effectively turn the cloud opaque for the retrieval.

Such opaqueness in the infrared is often observed in satellite images during initial
volcanic eruptions, when the plume is dominated by very large particles (e.g. Mt. Spurr,
1992; Rose et al., 2001). However, besides the particle size, their density, mass,
concentration and refractive indices are also important to determine the optical opacity
(Sparks et al., 1997). The Reverse Absorption Method, as well as the Volcanic Ash
Retrieval does not provide volcanic ash detection and total masses in this scenario. Due
to this necessity of the plume being translucent, every pixel-retrieved temperature is a
combination of cloud top temperature (T.) and surface temperature (Ts), assuming no
other interfering aerosols are present (e.g. meteorological clouds), Ts doesn’t change
(i.e. the surface remains the same and there is no land to ocean transition) and the

plume itself is homogenous. In order to accurately calculate the penetration of surface



21

and cloud radiances, those two parameters as well as the refractive index of the

volcanic ash are necessary.

To estimate masses, a uniform density (p) has to be assumed and the pixel size (S) has to
be known. Those two factors, along with the previously calculated effective radius (re)
and the optical depth (OD) are used to define the mass for each pixel based on equation

1.1 (Wen and Rose, 1994):

S ;ipreOD

Pixel Mass = (2.1)

ext

where Q. is the efficiency extinction factor calculated by the Mie theory in the
assumption of a spherical particle size (Mie, 1908). The total ash mass in the image is

therefore the sum of all pixel masses.

In these calculations, a correct estimate of Tc and T is crucial as a comparable small
deviation of a few degrees can result in a large increase in the derived masses, as shown
by Steensen and Webley (2012). In an operational or research setting, the accuracy of
these parameters needs to be addressed to avoid large error bars in the total mass and
pixel-based mass loading. While the cloud top temperature can be estimated from
opaque clouds or using wind shear effects, a correct determination of the surface
temperature is more complicated. Besides diurnal and topographic effects, changing

background surfaces can further complicate the measurement. Ultimately, a pixel-
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specific surface temperature is desired but as of now most studies use one generalized

value.

1.4.2 Dispersion Model Analyses
VATD models have repeatedly been used to simulate historic eruptions (see work by
Aloisi et al., 2002; Witham et al., 2007; Peterson et al., 2013) and to forecast
hypothetical eruptions to support aircraft flight safety operations (Stunder et al., 2007).
The advantage of VATD model analyses, in terms of volcanic plume and cloud
forecasting, is their ability to simulate the cloud movement without dependence on
clear-sky conditions, satellite revisiting times and retrieval sensitivities. However,
without the real-time comparison to ‘detected’ ash clouds, VATD models alone cannot
succeed in a mitigation, forecast and research environment. Regardless of the model
used, input parameters with high levels of accuracy are required. Mastin et al. (2009)
provide a detailed description of these ‘eruption source parameters’. The critical ones
are start/end time of the eruption and ash column height. With more sophisticated
models, such as the Weather Research and Forecasting Model with coupled Chemistry
(WRF-Chem; Grell et al., 2005), vertical distribution, eruption rate, erupted mass and
mass fraction of fine ash (< 63 um) are also important. Especially with remote

volcanoes, acquisition of some of these parameters can prove complicated.

Eruption times and heights can often be determined from analyses of satellite and
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seismic data (see work by Aloisi et al., 2002; Prejean and Brodsky, 2011; Waythomas et
al., 2010; Rybin et al., 2011; Buurman et al., 2013) but if no seismic network is in the
vicinity and cloud cover obscures a satellite analysis, infrasound data has successfully
been used to estimate onsets of eruptions (such as Matoza et al., 2011). Field work is
necessary to estimate density and volume of erupted tephra, and therefore the eruption
rate. However, Mastin et al. (2009) developed formulas, partly based on Sparks et al.
(1997) and Wilson and Walker (1987), to empirically derive parameters like eruption
rate, plume height, volume and duration as well as the mass fraction of fine ash from
known values. Based on different definitions of height, duration and volume as well as
different initial retrieval methods with associated errors, uncertainties of up to a factor

of four occurred for height estimates.

A general trade-off, while working with dispersion models, is a thoroughly detailed
analysis versus processing time. Better spatial resolution or more incorporated
parameters or particles requires more processing (Searcy et al., 1998). Depending on
model type, this can be a few minutes for operational VATDs or up to multiple days for

research models that analyze the eruption retrospectively in more detail.

1.4.2.1 Puff
Puff is a Lagrangian-based VATD model specifically designed for volcanic ash cloud

modeling (Searcy et al., 1998). The model can be used to simulate ash clouds through a
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command-line system and/or a web-based program. The model uses numerical weather
prediction data as its atmospheric parameters and as such can be used to analyze past
volcanic events. Additionally, it can be used to simulate airborne ash movement in near-
real time to aid in hazard warning (Searcy et al., 1998). Originally developed by Tanaka
(1991), Puff was designed for emergency responses limiting its mandatory input
parameters by setting default values for most inputs variables except for volcano
location and eruption time (Searcy et al., 1998). Other parameters like run-length,
output interval, eruption duration, plume height, vertical distribution and number of ash

particles are desired but not mandatory.

Puff forecasts the motion of individual particles positioned above the vent in a default
linear vertical distribution using a uniform random-number generator (Tanaka, 1991;
Searcy et al., 1998). This vertical distribution can be changed to exponential or poisson
distributions to better match the satellite images or reports of the initial plume shape.
The number of particles can be amended to better comply with computational
resources. Studies by Aloisi et al. (2002) show that a larger number of particles (>5000)
does not significantly alter the results in terms of dispersal extent (case study: Etna,

1998).

During the Puff model simulations, particles are released independently over the given
duration of the event or, per default, the duration of the run. These particles’

distribution shapes follow a Gaussian form on a logarithmic scale with a changeable
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standard deviation. The mean particle size is an important factor to control the form of
the distribution as well as the weighting in the larger particle sizes, as Searcy et al.
(1998) showed that all particles greater then about 10 m (100 pum) are removed from
the plume after the first few time steps. As most ash cloud simulations are interested in
the long-term behavior of the cloud, the default option is a mean particle size of 10° m
(10 um) with a logarithmic standard deviation of 1.5, shifting the mean particle size to
the longer-lived particles, where vertical motion effectively overwhelms fallout causing
them to be suspended for long distances. This behavior can lead to the manipulation of
Puff to create trajectories by setting the mean ash size to a very small value, i.e. virtually

eliminating any fall out, and setting the turbulent diffusivity to zero (Searcy et al., 1998).

To calculate the dispersion, the Puff VATD model uses a three-dimensional Lagrangian
formulation. Transport, turbulent dispersion and fallout are determined for a pre-

defined number of discrete particles based on equation 1.2 (Searcy et al., 1998):

Ri (t + At)=R; (t)+ W(t) At + Z(t) At + Si(t) At (1.2)

where ‘R{ is the position vector of particle ‘i’ at time ‘t’, ‘W’ stands for the local wind
velocity, ‘Z" is the turbulent dispersion vector and ‘S’ represents the terminal

gravitational fall-out vector. An estimate of the mass distribution is not required.

Wind data, W(t), is interpolated from a four-dimensional mesoscale NWP model to each

particle’s position and time (Searcy et al., 1998). The default source for these wind fields
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is the North American Mesoscale Model Grid 216 (NAM 216) and the Global Forecast
System (GFS) and includes zonal and meridional wind speeds (ms™), and geopotential
height (m) (Tanaka, 1991; Peterson et al., 2013). Their spatial resolutions are 45 x 45 km
for NAM 216 and 1.252 x 1.252 for GFS. However, a higher spatial resolution is achieved
within Puff firstly through a cubic spline interpolation (up to three hours) and secondly
with a linear interpolation (up to five minutes). For slowly varying winds, though, a
nearest-neighbor interpolation reduces the computational time while still being

sufficiently accurate (Searcy et al., 1998).

Every new NAM 216 data set includes the present conditions as well as forecasted
values for 28 three-hourly time-steps (NOAA, 2013a). The global GFS forecast consists of
six-hourly time-steps for six days (NOAA, 2013b). Therefore, the database of NWP for
Puff always comprises the observed data as well as the short-term prediction of up to
3.5 days. This can be used to estimate near-real time dispersion of the plume.
Differences between the forecasted data and the observed values are minor depending
on weather situation (Tanaka, 1991). However, any dataset and grid resolution can be
used for Puff, as long as it can be mapped into the required four-dimensional grid
(Searcy et al., 1998). If the NWP data set and subsequent model simulation does not
consider topography, Puff will map the particle distribution to a 0 m ASL boundary layer

and particles with a height of <0 m are considered as fallen out.

For the turbulent dispersion, Z(t), a random walk, or Brownian motion, is superimposed
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on the wind transport term for each particle (Tanaka, 1991) to account for small-scale
fluctuations in the field. The components of Z are Gaussian random numbers with a zero
mean and a standard deviation related to the diffusion rate. Each of these time steps is
independent of the others and attributed by new random numbers. To calculate this
diffusion rate, the diffusivity (K) is derived independently to particle size and local wind
dynamics (Searcy et al., 1998). The value of the diffusivity is related to the plume’s areal
extent and previous studies have shown that a modification of its value is necessary
depending on local conditions to accurately match the satellite-observed dispersion

(Searcy et al., 1998; Aloisi et al., 2002).

The final term of the simulation is the fallout, Si(t)=(0,0,s). The terminal velocity (s) in
this vector is described by Stoke’s Law as a function of particle size. This value depends
on the density (p), the dynamic viscosity (n), the gravitational acceleration (g) and the
particle’s size (d), see equation 1.3:

2 pgd?
9n

(1.3)

For simplicity, the model assumes the term pg/n = 1.08x 10° m™ s, leaving the terminal
velocity only directly proportional to the squared particle size (Searcy et al., 1998). The
addition of shape factors to include non-spherical particles is possible (Aloisi et al.,

2002).
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As Puff uses a Lagrangian framework, it models the behavior of discrete particles in time
and space without operating on a pre-defined grid. This has the advantage that the
plume direction and maximum distance does not need to be known a priory, therefore
allowing it to act as an operational tool. However, this comes with the disadvantage of a
non-continuous plot of the ash extent. Particle sizes, absolute concentrations and
derived values, like the optical depth and the effective radius, can be estimated given
the accurate particle size distribution and enough discrete particles. Adding more
particles will improve those numbers but will also slow down the model; making it of

less use in an operational setting.

Puff is an operational tool used by the Alaska Volcano Observatory (AVO), the Air Force
Weather Agency (AFWA) and the Volcanic Ash Advisory Centers (VAAC) in Anchorage
and Washington D.C. (Peterson et al., 2013). This dissertation will involve using the Puff
VATD model and evaluating its performance in accurately simulating volcanic clouds
compared to the satellite images and their parameter retrievals. In addition, a second
VATD model based, on an Eulerian framework, will be used as described in section
1.4.2.2. This Eulerian-based VATD model will have the advantage of a more accurate
dispersion (given accurate NWP data) since it is not based on individual tracer particles
but on pre-defined grid cells with attributed values. This, on the other hand, requires a
pre-defined spatial domain unlike Puff where the maximum dispersion extent sets the

domain size, unless otherwise specified.
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1.4.2.2 WRF-Chem
The Weather Research and Forecasting Model with online Chemistry (WRF-Chem)
combines a numerical weather model with air chemistry (Grell et al., 2005). The online
chemistry is fully integrated in the WRF model using the same grid, time step and
transport scheme, and accounts for chemical and radiative feedback with the
atmospheric state variables. With this concatenation of two previously independent
approaches chemical effects on meteorological conditions, such as radiation budget, can
be modeled with less potential error. The separate treatment of chemical and
meteorological processes causes a loss of information on short-lived phenomena (such
as cloud formation and rainfall) as an, at best, half-hourly meteorology output is often
used to calculate the chemistry (Grell et al., 2005). Especially in hazard monitoring, such
as volcanic plumes and dispersing clouds, a coupled approach is desirable to resolve

small-scale features temporally and spatially.

Recently, a volcano application for WRF has been developed to predict plume/cloud
dispersion (see Stuefer et al., 2013). Because it is a more complex modeling program
when compared to Puff, WRF-Chem requires more input parameters like eruption rate
and volume/mass besides the general parameters like initial volcanic plume height,
eruption time, and duration. Other input options include the range of particle sizes (see
Table 1.7 for WRF-Chem bins with their size ranges) and their individual weighting as

percentage of the total mass. As opposed to Puff, there is currently no option for
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varying the shape of the vertical distribution. As many large eruptions produce an
umbrella-shaped plume, this poisson-based shape is used as a default setting for WRF-
Chem (75% of erupted mass in umbrella, Freitas et al., 2011). The output concentrations

of WRF-Chem include ash concentration at the chosen time steps.

As an Eulerian-based model, WRF-Chem uses differential equations to calculate
different fields (such as concentration and wind vectors) and the plume/cloud
development. Advantages of WRF-Chem over Puff are: (1) combining meteorological
and volcanic chemical and physical processes; and (2) their plotting on a contiguous field
as opposed to discrete Lagrangian particles. However, the model grid has to be defined
a priori and cannot be changed during the model run. If the volcanic cloud drifts outside
these boundaries, its track is effectively lost. Running WRF-Chem involves three steps in
the WRF Preprocessing System and the WRF main program (Skamarock and Klemp,
2008). These steps include setting up the environmental parameters (such as domain

and meteorological source input), converting the data to the required format.

1.4.2.3 WRF-Chem Output
As meteorological conditions are modeled in-line with the volcanic ash dispersion, all
values are derived on the same grid. Besides the ash masses of each bin at each time
step and at each height, three-dimensional wind vectors and soil temperatures are

defined, among other parameters (see Grell et al., 2005). This WRF-Chem output will be
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used to analyze the plume and cloud formation over the time range in detail. As WRF-
Chem offers many features Puff does not, it can be better used to compare current
satellite and model retrieval techniques. A volcano application for WRF-Chem has been

developed by Stuefer et al. (2013).

WRF-Chem is computer-intensive. An option to reduce the computational time is
reduction of the spatial resolution. A retrospective analysis of an eruption, though, will
also provide valuable information of the plume/cloud that can be incorporated into

operational monitoring using satellites and models like Puff.

1.4.2.4 Other Dispersion Models
Besides Puff and WRF-Chem, there are several dispersion models in existence. Most
notably and widely used is the Hybrid Single Particle Lagrangian Integrated Trajectory
Model (HYSPLIT; see Draxler and Hess, 1997 and Prata et al., 2011). HYSPLIT can be used
as a backward and a forward trajectory model as well as for creating air concentration
contour patterns due to a combination of Lagrangian and Eulerian framework. It uses
previously gridded meteorological data with either puff or particle dispersion. In the
puff mode, the clouds expand until they reach the meteorological grid cell size when
they split to two or more adjacent cells. The particle model is similar to the previously
described Puff by initiating the dispersion of a finite number of discrete particles

consecutively being advected over the model domain (Peterson et al., 2013).
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HYSPLIT is used at the Anchorage, Darwin, Washington D.C. and Wellington VAACs
(Prata et al., 2011). This makes it the most commonly used dispersion model followed
by Puff, which is used in the Anchorage and Tokyo VAACs as well as by AVO. Other
dispersion models include the Modeéle Lagrangien de Dispersion de Particules d'ordre
zéro (MLDPO: Montreal and Anchorage VAAC; D’Amours et al., 2010), the Numerical
Atmospheric- dispersion Modeling Environment (NAME: London VAAC; Ryall and
Maryon, 1998) and the Modélisation de la Chimie Atmosphérique Grande Echelle

(MOCAGE: Toulouse VAAC; Bousserez et al., 2007).

All of these models, including Puff and WRF-Chem, run operationally. Alternative
models for this project include MLDPO and HYSPLIT due to their usage in multiple VAACs
in Polar Regions. However, none of them computes meteorological data on the same
grid as WRF-Chem does. As Puff is one of the operational models being run at AVO and
the Anchorage VAAC, it is chosen to compare to WRF-Chem results and the satellite

data.
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1.4.3 Qualitative Comparison
To compare model and satellite results qualitatively, the Critical Success Index (CSI) (as
shown by Stunder et al., 2007) will be applied. This index combines the area the satellite
sensor algorithms identify as ash (A), the area the model forecasts to be ash (B) and the
region where both overlap (AB). With the satellite data set as the ‘truth’ data, the area
A-B is then the “missed ash” and B-A are the “false alarms”. The CSl can then be

calculated by equation 1.4:

CSl = AB/(A+AB+B) (1.4)

A low CSl stands for less overlap between satellite data and model forecast. Previous
analyses (Stunder et al., 2007) have set 0.25 as the critical threshold. Above this, the
forecast is acceptable. A low ranking in the CSI can have different reasons. As it is
essentially a comparison between satellite-detected and model-forecasted ash area, a
larger area belonging to only one of the products and/or a small overlap will decrease
the index. Furthermore, a shift of the entire plume due to miscalculated wind patterns

will return a low value.

As satellite retrievals are most sensitive to the effective particle size range from 0.8 to
4.3 um (Wen and Rose, 1994), they can be evaluated against appropriate WRF-Chem
bins that show similar effective particle sizes. This effective radius is dependent on the

initial particle size distribution, so that a specific bin number cannot always be taken to
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retrieve comparable results. In addition, cloud coverage often masks ash from the
satellite remote sensing detection (Pavolonis et al., 2006). This also has to be taken into

account when applying the Critical Success Index.

Other possible qualitative comparisons include column integrated ash masses of
satellite and WRF-Chem. The meteorological data in WRF-Chem can also help to better
determine surface and cloud temperatures as input for VAR. A sensitivity analysis based
on defined ranges for those variables allows an assessment of the possible variability in
the volcanic ash masses caused by changes in temperature. This can then be compared
to WRF-Chem derived masses to give an estimate on best input values for the ash
retrieval. Similarly, BTD thresholds for the Reverse Absorption Method can be
evaluated. All of these comparisons can ultimately lead to a better assessment of input

parameters for VAR and to a better characterization of evolving volcanic clouds.

1.5 Summary
Such a quantitative error reduction through direct comparison between satellite data
and VATD model calculations is crucial for near real time observations and analyses of
airborne ash cloud distributions. Through the inter-comparison of different VATD
models and remote sensing satellite data, ash cloud locations can be determined more
accurately. These observations can then be used by the aviation community in their

assessment of the volcanic ash hazard to aircrafts. The following chapters of this
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dissertation deal with a qualitative comparison between Puff and WRF-Chem model
outputs using the Mount Redoubt eruption as a case study (Chapter 2), the analysis of
the importance of individual input parameters for VAR to improve a quantitative ash
mass estimated using satellite remote sensing data (Chapter 3), the quantitative
comparison between WRF-Chem model outputs and satellite data with a focus on an
improved ash detection in satellite data using the case study of the Sarychev Peak
eruption (Chapter 4) and the development of the ‘Ash — No Ash’ approach in Chapter 5

applied to the Kasatochi eruption, based on results from the previous Chapters.

The aims of this dissertation are:

(1) To provide an approach that can compare satellite and VATD model data
guantitatively while limiting the uncertainties

(2) To assess the accuracy of input parameters for the Volcanic Ash Retrieval

(3) To analyze the uncertainty introduced to comparison by not projecting the VATD

model’s calculation to the satellite’s line-of-sight

The work in this dissertation has been done solely by me, except where otherwise
noted. In co-authored papers, | received VATD model data and satellite imagery and
wrote the analysis scripts as well as the papers. In case of WRF-Chem, | was also
provided with visualizations of the model outputs, which | modified for Figures 2.7 to

2.14,4.2A,4.3t04.5,4.13 and 4.14.
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1.7  Figures
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Figure 1.1: Map of the North Pacific region. The volcanoes focused on in this dissertation
are highlighted in gray.
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Figure 1.2: Location of Kasatochi volcano in the Aleutian Islands in relation to Alaska,
Canada and the contiguous United States. For a bigger scale refer to Figure 1.1.
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Figure 1.3: Location of Mount Redoubt volcano in Cook Inlet close to Anchorage. For a
bigger scale refer to Figure 1.1.
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Figure 1.4: Location of Sarychev Peak volcano in the Kuril Islands, Russia. For a bigger
scale refer to Figure 1.1.
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Figure 1.5: Transmission index (absorption and scattering) of volcanic ash in the
atmosphere, modified after Watson et al. (2004). Between 10 and 13 um, a continuous
rise in the transmission is notable forming the basis of the Reverse Absorption Method.
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Figure 1.6: Relationship between optical depth of the cloud and mean effective radii of
the particles in each covered satellite pixel revealed in a plot of the temperature
difference (T10-T12) versus Ty, modified after Wen and Rose (1994).
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Figure 1.7: Sensitivity (S, normalized to represent a maximum of 1) of the Volcanic Ash
Retrieval based on Figure 1.6. The retrieval is most sensitive to smaller effective radii
with a monotonical decrease from 0.8 to 4.3 um (from Wen and Rose, 1994).



Table 1.1: Criteria for determination of the Volcanic Explosivity Index (VEI). Modified after Newhall and Self, 1982,
and Pichler and Pichler, 2007.

VEI 0 1 2 3 4 5 6 | 7 8
Explosivity non-explosive small moderate moderate-large large very large
(paroxysmal) (superparoxysmal)
Volume of Ejecta (m3) <104 104-106 106-107 107 -108 108-10° 10°-1110 1010 - 1011 1011-1012 | >1012
Column Height (km) <0.1 0.1-1 1-5 3-15 10-25 > 25 > 25 > 25 > 25
Classification Hawaiian
Strombolian
Vulcanian
Plinian
Ultraplinian
Example Kilauea Stromboli Etna Etna Pelée St. Helens Krakatau Tambora
in documented history 1980 1902 1980 1883 1815

8’1

sajqel

18
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Table 1.2: Eruption chronology for the Kasatochi volcanic eruptive events in August
2008. Three distinctive events have been recorded, with a continuous phase following
afterwards (Waythomas et al., 2010).

Kasatochi, August 2008 | Duration | Plume Height Day Time
Explosive event 1 1 hour 14 km August 7 22:01 UTC
Explosive event 2 0.5 hours 14 km August 8 01:50 UTC
Explosive event 3 0.5 hours 18 km August 8 04:35 UTC
initiates continuous
phase 10 hours
with two more 07:12 UTC,
explosive pulses <10 km 11:42 UTC
Waning Phase 8 hours August 8




Table 1.3: Eruption chronology for the Redoubt volcanic eruptive events in March and

53

April 2009. 19 distinctive events have been recorded with duration from 1 to 38 minutes
(Buurman et al., 2013) and a varying plume height between 5 and 19 km ASL (Schneider

and Hoblitt, 2013).

Mount Redoubt, March - April 2009 Duration Plume Height Day Time
(mins) (km) (UTC)

1 2 5.5 March 23 06:34
2 7 13.4 March 23 07:02
3 20 13.1 March 23 08:14
4 38 13.1 March 23 09:39
5 20 14.9 March 23 12:30
6 15 18.3 March 24 03:41
7 1 6.7 March 26 16:34
8 14 18.9 March 26 17:24
9 1 11 March 27 07:48
10 7 14.9 March 27 08:29
11 8 15.5 March 27 16:39
12 2 11.9 March 28 01:35
13 4 15.2 March 28 03:24
14 2 11.9 March 28 07:20
15 4 13.1 March 28 09:20
16 6 5.2 March 28 21:40
17 6 12.2 March 28 23:30
18 11 12.5 March 28 03:24
19 31 15.2 April 4 13:59
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Table 1.4: Eruption chronology for the Sarychev Peak volcanic eruptive events in June
2009. 23 distinctive events have been recorded with varying plume heights between 3
and 21 km (Matoza et al., 2011). Due to a lack of seismic stations around Sarychev Peak,
the durations are inferred from infrasound measurements whenever the origin of the
sound matches the onset of an event.

Sarychev Peak, June 2009 Duration Plume Height Day Time
(mins) (km) (UTC)
1 3 km June 11 02:00 UTC
2 4 km June 11 07:00 UTC
3 10 km June 12 02:00 UTC
4 13 minutes 6 km June 12 04:00 UTC
5 12 km June 12 07:57 UTC
6 16 minutes 5 km June 12 14:57 UTC
7 25 minutes 5 km June 12 17:13 UTC
8 5 km June 12 18:57 UTC
9 20 minutes 5 km June 12 22:15 UTC
10 6 km June 12 23:30 UTC
11 10 km June 13 01:30 UTC
12 10 km June 13 04:30 UTC
13 55 minutes 10 km June 13 04:50 UTC
14 34 minutes 10 km June 13 09:30 UTC
15 50 minutes 21 km June 13 21:30 UTC
16 79 minutes 16 km June 14 18:50 UTC
17 12 km June 15 00:57 UTC
18 5 km June 15 05:15 UTC
19 35 minutes 10 km June 15 09:20 UTC
20 10 km June 15 10:25 UTC
21 16 km June 15 10:55 UTC
22 27 minutes 10 km June 15 16:55 UTC
23 5 km June 16 20:45 UTC




Table 1.5: Specification of the four types of sensors and their satellites used for this project.
AVHRR and MODIS as examples for polar-orbiting sensors and satellites and GOES and MTSAT
as geostationary.

Sensor Type Bands Satellite Agency |Devices| Altitude |Position|Launch Date
1986/1994/
NOAA-10 833 km / 1998/2000/
AVHRR| polar-orbiting]| 5 |and NOAA 14-19] NOAA ! 7 870 km |Variable| 2002/2005/
2009
MetOp-A  |EUMETSAT?| 1 817 km |Variable| 2006
1352w/
GOES | geostationary] 5 | GOES 11 and 13| NESDIS : 2 35790 km| 752W | 2000/2001
MODIS | polar-orbiting|] 36 | Terra and Agqua NASA * 705 km |Variable| 1999/2002
MTSAT | geostationary| 5 MTSAT 2 IMAS 35790 km| 145°2E 2006

)
)
3)
)
)

5) Japan Meteorological Agency

1) National Oceanic and Atmospheric Administration

4) National Aeronautics and Space Administration

2) European Organisation for the Exploitation of Meteorological Satellites
MNational Environmental Satellite, Data, and Information Service

SS
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Table 1.6: Relevant infrared bands used for the Reverse Absorption Method, listed by
the satellite-based instruments used in this project. AVHRR = Advanced Very High
Resolution Radiometer, GOES = Geostationary Operational Environmental Satellite,
MODIS = Moderate Resolution Imaging Spectroradiometer, MTSAT = Multifunctional

Transport Satellite.

Relevant Infrared Centered
Bands Wavelengths
AVHRR 4and5 10.8 and 12.0 um
GOES 4and5 10.7 and 12.0 um
MODIS 31and 32 11.03 and 12.02 um
MTSAT IR1 and IR2 10.8 and 12.0 um




Table 1.7: Particle size bins used in WRF-Chem simulations and adapted in current

version of WRF-Chem (see Stuefer et al., 2013).
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Chapter 2 Qualitative comparison of Mount Redoubt 2009 volcanic clouds using
the PUFF and WRF-Chem dispersion models and satellite remote sensing data®
Abstract

Satellite remote sensing data presents an important tool to map and analyze airborne volcanic
ash, both spatially and temporally. However, such data only represents an instant in time. To
supplement the satellite data and to forecast plume and cloud movement, volcanic ash
transport and dispersion models are used. Mount Redoubt Volcano erupted in March and April
2009 with 19 detected events. By analyzing events 5 and 19, we show how satellite data can be
used in combination with PUFF and the Weather Research and Forecast model with online
Chemistry (WRF-Chem). WRF-Chem has been combined and initialized with a volcanic eruption
model. PUFF as well as WRF-Chem show a good assessment of the plume characteristics
compared to the satellite data. Especially for event 19, we observed a very close match

between WRF-CHEM and satellite data, where PUFF showed an offset of the predicted plume.

! Steensen, T., M. Stuefer, P. Webley, G. Grell, and S. Freitas, (2013), Qualitative
comparison of Mount Redoubt 2009 volcanic clouds using the PUFF and WRF-Chem
dispersion models and satellite remote sensing data, Journal of Volcanology and
Geothermal Research, Special Issue on the 2009 Redoubt Eruption, 259, 235-247.

(Changes have been made)
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2.1 Introduction
After 20 years of quiescence, Mount Redoubt, Alaska (Fig. 2.1), erupted violently from
March 22 to April 4, 2009 (Bull and Buurman, this issue). During this period, 19 large
explosive events were recorded by the Alaska Volcano Observatory (AVO). As volcanic
ash is a major hazard to aviation (Prata et al., 1991; Casadevall, 1994; Tupper et al.,
2004), a precise determination of ash concentration and geographical position of the
clouds and plumes were crucial for hazard avoidance in the heavily frequented flight
corridors over the Anchorage area and the Gulf of Alaska. AVO uses brightness
temperature differences (BTD) based around the reverse absorption method developed
by Prata (19893, b) to detect ash clouds. The satellite-derived data is then used for
validation of volcanic ash dispersion models, such as Puff (Searcy et al., 1998) and the
Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, Draxler and

Hess, 1998).

The WRF-Chem model (Grell et al., 2005) has been adapted and initialized with a
volcanic eruption component (as described in section 2.2). A description of the model
itself can be found in Freitas et al. (2011). In this Redoubt Volcano application, the first
volcanic adaptation of WRF-Chem, the model simulated the volcanic clouds from several
of the events from the 2009 Mount Redoubt eruption. Volcanic ash masses are
simulated simultaneously, in space and time, with the model-internal numerical

weather prediction (NWP) model. This approach of volcanic ash cloud prediction online
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with the numerical weather prediction models will allow for examination of feedback
processes between the ash and the weather at identical spatial increments and time
steps. This approach is currently not used by any other operational volcanic ash
transport and dispersion model, although it has been utilized to model air quality

(Langmann et al., 2009).

In this study, WRF-Chem’s capabilities to predict the characteristics of the Mount
Redoubt eruption plumes and ash clouds are analyzed. The WRF-Chem simulations are
compared with satellite remote sensing data, which were collected in near real-time,
and with the volcanic ash simulations from the Puff volcanic ash transport and
dispersion (VATD) model. Out of the 19 explosive events of the Redoubt Volcano
eruption of 2009 described in Bull and Buurman (this issue), this analysis focuses on
events 5 (March 23, 12:58 UTC) and 19 (April 4, 13:59 UTC) as these are the best
documented events in terms of ash fall location and satellite coverage. Other events
were not detected in satellite data or were largely obscured by surrounding
meteorological clouds. A satellite to model comparison for these events was therefore

not feasible.
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2.2 Methodology
To retrieve volcanic ash plume and cloud characteristics, satellite remote sensing data
has been extensively used across the North Pacific (Dean et al., 2004; Webley et al.,
2009). For the Mount Redoubt 2009 events 5 and 19, the focus is on the use of
Advanced Very High Resolution Radiometer (AVHRR) data due to a high spatial
resolution of about 1.1 by 1.1 km at nadir and a temporal resolution of approximately 1
hour for the region (Dean et al., 2004). AVHRR channel 4 thermal infrared (TIR) data,
centered at 10.8 um, can be used to determine the cloud top temperature by comparing
the temperature of an opaque cloud to a radiosonde-determined atmospheric profile
(Sparks et al., 1997). Although with its limits, it requires a fully thermally heterogeneous
atmosphere for best results, it provides a good approximation of volcanic plume and
cloud heights. In addition, the BTD of the infrared AVHRR channels 4 and 5 (10.8 and 12
um, respectively) reveals dry, fine volcanic ash (effective radii < 4.3 um) entrained in the
atmosphere as described by Prata (1989a, b) and Wen and Rose (1994). With the
Volcanic Ash Retrieval (VAR) tool (Wen and Rose, 1994), the vertically-integrated
volcanic ash masses, optical depths and the effective radii (the ratio of the skewness to
the variance of a log-normal distribution of ash) were determined with input
parameters described below for all observed translucent plumes and clouds from events
5 and 19. As the zero brightness temperature threshold of O K for the reverse absorption

method (BT4-BT5, where 4 and 5 represent the respective AVHRR channels) can result in
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high noise levels (Wen and Rose, 1994), especially in northern latitudes, the BTD

threshold has been customized for each AVHRR image.

For the VAR tool to be most effective, Wen and Rose (1994) stated that the ash cloud
must be thin enough for surface radiation to penetrate it, homogenous and parallel to
the surface to assume identical physical properties throughout. Such an assumption is
necessary to compute the physical parameters of the ash as a detailed plume structure
can’t be known from satellite data alone and would be very time-consuming to
compute. As these pre-requisites are unlikely the case in most ash clouds, a certain error
is introduced into the measurements. Depending on the input parameters used for the

computations, the results may vary greatly (Steensen et al., 2011).

The VAR tool fits a log-normal distribution of particle sizes within a pixel to estimate the
effective radii. The effective radii are a representation of the distribution of ash
particles within the AVHRR pixel. A lower effective radius equates to a higher proportion
of the ash dominated by finer particles. Pavolonis and Sieglaff (2009) state that the
measured radii will fit to a log normal distribution from 0 — 100 um, and the effective

radii represent the shape and width of the distribution.

To successfully determine the ash cloud characteristics, the VAR tool requires several
initial input parameters; see Wen and Rose (1994). Two critical parameters are cloud

top and surface or background temperature. The background temperature is required to
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measure the radiant thermal signal absorbed by the ash cloud and the cloud top
temperature is required to estimate the thickness to the cloud. For several of the
satellite datasets, the volcanic plumes and clouds were optically opaque in the TIR,
allowing the determination of the cloud top temperature directly from the satellite data
but in most cases the dispersion seen over consecutive satellite passes was compared to
the dominant wind direction measured from local radiosondes (Anchorage, Event 5, and
Kodiak, Event 19) to determine the cloud height and hence its temperature. A uniform
ground or surface temperature is unknown as an analysis of the image showed that it
varies strongly between the land and ocean. In those cases for events 5 and 19, where
the volcanic ash extends across the land and the ocean surface, an average value for the
surface temperature, based on the percentage of the cloud covering the respective
backgrounds, was used. Individual surface temperature analyses were performed under
cloud-free conditions in the respective AVHRR images to obtain a true background

radiant signal.

Puff was developed at the Geophysical Institute, University of Alaska Fairbanks (UAF)
(Searcy et al., 1998). The model has been used for both research and as an operational
tool (Peterson et al., 2013) such as during the 2006 eruption of Augustine Volcano
(Webley et al., 2010). Puff generates automated volcanic ash forecasts for multiple
volcanoes worldwide (http://puff.images.alaska.edu/) as well as being available as a

web-based research tool (http://puff.images.alaska.edu/cgi-bin/login_agu.pl). As a
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Lagrangian model, Puff uses NWP wind fields with a customized temporal resolution to
simulate the movement of ash clouds throughout the atmosphere, including dry
deposition but without aggregation. A major input for the Puff VATD model is the
vertical plume shape (poisson-distributed, linear or exponential with height; see Searcy
et al., [1998]). For the two events at Mount Redoubt Volcano, the sensitivity of plume
shape on the modeled ash cloud provided a critical tool in the analysis of expected

plume behavior and its comparison to AVHRR satellite data.

Important initial parameters to run the Eulerian WRF-Chem were the eruption time,
initial plume heights, the erupted volume, eruption rate and the mass fraction below
63um. The meteorological fields from NOAA’s Global Forecast System (GFS) numerical
model served as meteorological initialization and boundary data for WRF-Chem. Model
results may vary depending on the initial vertical distribution of the ash content and the
spatial model resolution. With this input, ash masses were dispersed for each particle
bin. Due to large processing times, the model was run without interaction between the
bins or back to the NWP model. A finer spatial resolution will result in a smaller domain
size if model simulations were to be computed within the same timeframe for
operational capabilities. Table 2.1 shows the different model input parameters provided

for the WRF-Chem model.

The volcanic ash volume is divided into 10 different particle size bins. The percentages

of the total mass attributed to each of the ash bins are shown in Table 2.2. These
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percentages are based on case studies of the Mount Spurr eruption in 1992 (Mastin et
al., 2009; Durant and Rose, 2009). Based on historic events, Mount Redoubt has been
classified as having medium silicic eruptions, S2 in Mastin et al. (2009), with plume
heights between 6 and 12 km above sea level, a category in which Mount Spurr is the
example case (Mastin et al., 2009) and in which events 5 and 19 fit as well. Using the
Mount Spurr particle distribution is therefore likely to provide a close estimate for the
physical parameters, like ash masses. WRF-Chem uses this distribution as a default first-
order approximation of the particle distribution. For future runs, a customization of this
parameter is planned. Results from WRF-Chem include the display of the whole
plume/cloud at different time steps as well as the selection of the different particle bins.

With this, dominant size ranges in different parts of the plume can be identified.

WRF-Chem includes wet and dry deposition but no aggregation processes. It was
initialized with an umbrella vertical distribution of the ash cloud (poisson-distributed in
the vertical). The base of the umbrella is defined as 73% of the maximum plume height
with 25% of the total mass below the umbrella (Freitas et al., 2011). The domain sizes
used were event-specific with spatial resolutions of 2 and 5 km (Table 2.1). The finer the
spatial resolution, the closer to reality the topography (i.e. more grid points to represent
the changing topography in the model) but the smaller the total domain size will be, as a
result of the operational requirement and due to computational limitations. Vertical

resolutions between model levels are increasing with height starting from about 15 m at
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the model bottom surface to about 15.5 km ASL, at altitude differences per model level

of 1.5 km (Grell et al., 2005).

The WRF-Chem results were qualitatively compared to the Puff results in addition to
comparing both models to the AVHRR TIR and BTD satellite data. This will provide a
critical analysis of the models ability to simulate the ash plumes and dispersing clouds of
events 5 (March 23, 12:58 UTC) and 19 (April 4, 13:59 UTC) of the 2009 eruption of
Mount Redoubt in Alaska. The potential of WRF-Chem as a real-time forecasting tool for

future eruptions is demonstrated.

2.3 Explosive Event 5: March 23, 2009
Event 5 occurred on March 23, 2009 at 12:58 UTC. Based on seismic signals, AVO
estimates its duration to be 20 minutes (Buurman et al., this issue). Radar
measurements report an initial plume height of 14.9 km above sea level [ASL]
(Schneider and Hoblitt, this issue). During event 5, cloud cover in the area around the
volcano obscured portions of the plume and dispersed cloud so that they remained
undetectable with satellite data. Using the TIR data and the Sparks et al. (1997) method,
the cloud top temperature and local radiosondes suggest a weather cloud height

between 6 and 7 km ASL.

TIR data from AVHRR, channel 4, showed the volcanic cloud drifting towards the

northeast (Fig. 2.2). As most of this cloud remained opaque in the TIR data, the reverse
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absorption method was only able to detect a weak BTD and the VAR method was
unsuccessful for analyzing ash content. The only available AVHRR image that showed a
semi-transparent cloud was obtained at 16:06 UTC (Table 2.3). From this data, the VAR
input parameters of the cloud top temperature of the opaque cloud and the background
temperature of a cloud-free portion of the image were determined. The VAR

parameters used for the analyses are included in Tables 2.1 and 2.3.

24 Explosive Event 19: April 14, 2009
The last major event of the 2009 eruption occurred on April 4 at 13:59 UTC. The
duration of the event was about 31 minutes (Buurman et al., this issue) and the ash
plume had an initial height of 15.2 km ASL from ground-based radar (Schneider and
Hoblitt, this issue). As opposed to event 5, no meteorological cloud cover was present.
The TIR AVHRR data revealed the whole extent of the plume and subsequent cloud as it
drifted to the southeast (Fig. 2.3). The initial cloud was opaque in the TIR, thus allowing
determination of its cloud top temperature. The dispersing cloud became semi-
transparent allowing the VAR algorithm to be used to determine the ash masses and,
with thickness-assumption of the plume, the ash concentration from the following
satellite passes (Table 2.3). This cloud drifted over Cook Inlet, the Kenai Peninsula and
ultimately across the Gulf of Alaska, so that the background temperature used in the

VAR tool changed over time.
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In the first images showing the spatial event (at 16:23 and 17:03 UTC), the cloud passed
over Cook Inlet and was largely located over Kenai Peninsula. For these, an averaged
background TIR temperature of 269 K was used based on the measured temperatures of
Cook Inlet (approximately 271K) and the Peninsula (approximately 263 K). In the later
images (19:19 UTC onwards, see Table 2.3), the background temperature was set at 272
K as large parts of the cloud drifted over the relatively warm Gulf of Alaska

(approximately 274 K).

2.5 Results

2.5.1 Satellite Data
The evolution of ash clouds from events 5 and 19 shows that each ash cloud was
dispersed in a different direction (Figs. 2.4 and 2.5). The BTD imagery was analyzed to
determine the volcanic ash load. The clouds became less defined in the TIR images but
could still be seen in the BTD data as the cloud dispersed further, becoming more
transparent and less spectrally opaque in the TIR. Additionally for event 5, the portions
of the ash clouds were only detectable when they were above any surrounding
tropospheric clouds. For those images with a detectable BTD signal, the total vertically-
integrated volcanic mass was determined using the VAR tool (Table 2.3). Event 19 shows
one portion of the plume drifting to the south-east above the Kenai Peninsula (P1 in

Figs. 2.4 and 2.5) with another portion developing and dispersing above the southern tip



70

of the Peninsula (P2 in Fig. 2.5) The satellite data for event 5 resulted in a mass of
approximately 15.7 kt, where the time series of clouds from event 19 shows a decline in
mass from 37.6 kt at 16:06 UTC to 12.5 kt at 21:20 UTC. The associated error depends
on the actual shape of the plume and the input parameters. In general, a change of 2%
in the surface temperature can result in up to 40% error in the derived masses
(Steensen et al., 2011). For event 5, the calculated optical depth is 1.23 with a mean
effective radius of 4.7 um. The range of images for event 19 shows a decline of optical
depth from 0.75 to 0.34 and a mean effective radius between 5.5 and 7.2 um. These
values include only fine ash (< 100 um) and are therefore not representative for the

whole plume.

2.5.2 Puff Model
Puff simulations for events 5 and 19 (Fig. 2.6) showed a similar dispersion as the satellite
data (Fig. 2.4 and 2.5). For event 5, the Puff model simulation showed the portion of the
ash cloud that was traveling north. Parts of the cloud with altitudes of 7 km ASL and
lower were not detected in the TIR satellite data, but were simulated by Puff and are
colored blue through green in Figure 2.6. The time series analysis of the Puff output for
event 19 illustrated the initial plume dispersed and drifted to the southeast at an
altitude of 15.2 km ASL. The higher altitude portion predicted by Puff (green to red in
Fig. 2.6 B-F) is in the same location as the one shown in the satellite imagery (P1 in Figs.

2.4 and 2. 5).
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2.5.3 WRF-Chem Model

2.5.3.1 Event5

Using eruption source parameter from Mastin et al. (2009), a plume height of 14.9 km
ASL (Schneider and Hoblitt, this issue) and an eruption duration of 20 minutes (Buurman
et al., this issue), WRF-Chem was initialized with an eruption rate of 3.7 x 10° kg/s (using
plume height to eruption rate from Sparks et al. (1997) and Mastin et al. (2009), see
references for explanation) and a total eruptive mass of approximately 4.4 x 10° kg. The
integrated volcanic ash loadings (g/m?) for two timings (16:10 and 18:00 UTC) during the
WRF-Chem simulation using a 2 and 5 km grid spacing, show the dispersing volcanic
cloud to the northeast (Fig. 2.7). The highest ash loading occurs in the southeastern part
of the ash cloud at elevations of about 14 km ASL, which is situated west of Anchorage

(Figs. 2.7 and 2.8).

A cross section through the ash cloud at a spatial grid of 2 km at 16:10 UTC illustrates
how the ash cloud top varied in altitude above sea level (Fig. 2.9). In the northwest
portion of the cloud, the top was close to 9 km ASL from WRF-Chem (‘1" in Fig. 2.9).The
cloud top reached up to 13 — 14 km ASL at the southeastern end of the cloud (2’ in Fig.
2.9). Figure 2.9 additionally shows that, under the cloud top, there was significant

variability in the ash cloud concentration. Within the modeled cross section, higher
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concentrations can be seen at the left hand (northwestern) side around 6 km ASL, with

the cloud top being around 8 km ASL.

WRF-Chem forecasted ash fall to the north of the volcano (Fig. 2.10) with mass loadings
greater than 2 kg/m?” at the summit. An extended region showing an ash deposition
greater than 100 g/m?was found north of Mount Redoubt; this region represents

approximately the higher topography to the north of the volcano.

2.5.3.2 Event19
For the WRF-Chem simulation, a 15.2 km ASL initial plume height was used and, from
the conversion of plume height to eruption rate, a total eruptive mass of about 8.3 x 10°
kg was estimated. A 5 km spatial grid best was used for the WRF-Chem simulation. The
column integrated ash loading (Fig. 2.11) shows the majority of the ash propagating to

the southeast of the volcano.

Figure 2.12 shows the modeled volcanic ash at different altitude levels. A low pressure
system was situated in the Gulf of Alaska during this event; the pressure system
coincides with the low-level wind flow as shown in Figure 2.12. The ash concentrations
at 2 km ASL at 17:00 and 19:30 UTC (Figs. 2.12A and D) show both the ash close to the
volcano (E1) as well as a "pocket” of dispersed ash to the southeast (E2 in Fig. 2.12). At 8
km ASL (Fig. 2.12B and D), the ash cloud propagates further to the southeast. At the

earlier stages (Figs. 2.12B), two distinct pockets of ash can be seen, whereas later (Fig.
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2.12E), these regions have merged. Volcanic ash at 14 km ASL was advected further east
(Figs. 2.12 C and F). The wind barbs shown in Figures 2.12B and 2.12C confirm that the

wind shifted slightly from northwesterly at 8 km ASL to westerly at 14 km ASL.

Figure 2.13 shows vertical profiles of the ash concentration. At 17:00 UTC, the plume is
shown in the vicinity of the vent at about 6 km ASL (Fig. 2.13A), while, at greater
distance, a plume height of 13 km ASL was found (Fig. 2.13B). This profile view showed,
similar to event 4, a complex plume structure that cannot be described as thin and
homogenous. Different parts of the plume (dispersion maxima at different heights and
fallout), as seen in Figure 2.12, can also be identified here. Fallout simulations showed
the ash was deposited to the southeast (Fig. 2.14). The highest ash fallout (greater than
1000 g/m? or 1 kg/m?) occurred close to the volcano and along a small region across the

Cook Inlet.

The runs for event 19 on April 4, 2009, were only performed for the 5 km spatial
resolution as the effect of low-altitudinal winds was negligible due to a lack of wind
shear through the vertical (Fig. 2.12). A low pressure system, seen in the low level wind
flow, was situated in the Gulf of Alaska. In these simulations, the main cloud was seen
extending to the southeast for over several hundred kilometers (Fig. 2.11). A very low
portion of the cloud was predicted drifting to the south of Mount Redoubt at a much
slower speed than the main part (E2 in Fig. 2.12). This part roughly coincides with the

secondary fallout maximum observed in Figure 2.14.
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2.6 Discussion

2.6.1 Event5
Satellite TIR, BTD and dispersion model data showed similar ash cloud extents for the
two events analyzed from the 2009 eruption. The satellite data BTD retrieval is
susceptible to fine, dry ash dominating the cloud. The cloud will stay spectrally opaque
in the TIR until these finer particles dominate and the larger ones fall out. This transition
is seen during event 5, when parts of the satellite BTD image reveal the plume, whereas
others, that show the plume in the TIR image, have no sign of volcanic ash in the BTD
image (Figs. 2.4A and B). Additionally, as the TIR data is from a passive sensor, the ash
cloud has to be the highest layer in the atmosphere to be detected. This effect was
more distinct in event 5, where both Puff and WRF-Chem simulated ash cloud
movement to the north-east at 7 km ASL and below (Figs. 2.6 and 2.7). The satellite data
was unable to detect parts of the ash as it was below the surrounding meteorological
clouds. WRF-Chem identified these particles as ash bins 9 and 10, whose sizes are best
identified using AVHRR channel 4 and the VAR tool (Wen and Rose, 1994). As lower
portions of the cloud were dominated by larger particle sizes, these parts appear
opaque (Fig. 2.2).Therefore, the estimated mass for event 5, 15.7 kt, is an
underestimation of the total mass within the cloud. Comparison to the total cloud (Fig.
2.7) suggests that the volume of the cloud is roughly twice as large. As the ash in lower

altitudes appears less concentrated than in higher altitudes (Fig. 2.9) but its effective



75

radii are increasing, the total mass was estimated between 25 and 40 kt, which is about
twice the mass as derived from remote sensing data. A better estimate can only be

achieved by quantitative comparison and evaluation of the model to satellite data.

Examination of the 2 km grid resolution simulation from WRF-Chem shows a similar
pattern to that from the 5 km grid. With the topography being resolved in more detail in
the 2 km grid spacing (Figs. 2.7B and 2.7E), less ash drifted to the west compared to the

coarser resolution (Figs. 2.7C and 2.7F).

The effect of the degree of resolved topography on the ash cloud movement was more
prevalent when examining the ash cloud concentrations at 2 km ASL (Fig. 2.8). In the
lower portions of the ash clouds, the interaction of the cloud with the underlying
topography occurs using a 2 km grid (Fig. 2.8A) causing lower amounts of ash to drift to
the west than using the 5 km grid resolution (Fig. 2.8D). Examination of the ash loadings
(Figs. 2.7B and 2.7C) show that there is a significant portion of the cloud propagating
south-westerly using a 5 km grid, ash loadings exceeding 20 mg/mz, which is not evident
using a 2 km grid spacing. This feature was not only prevalent at lower altitudes.
Comparing the ash concentrations at 14 km ASL (Figs. 2.8C and 2.8F) showed that the
coarser spatial resolution predicts more ash present at higher altitudes towards the east
compared to the finer spatial grid. The results illustrate the significance of the resolution
on the propagation of the ash cloud. Either a finer model grid or an improved digital

elevation model would resolve this.
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Direct comparison between the spatial resolutions at different altitudes reveals more
details of the cloud (Fig. 2.8), as predicted by WRF-Chem. Both spatial grid spacing
simulations showed the lower altitude ash cloud propagating to the west, the 8 km ASL
cloud propagated to the north and the 14 km ASL portion to the northeast. There was
more detail in the cloud shape comparing the 2 and 5 km grid results as shown in the 14
km ASL portion (Fig. 2.8C and 2.8F). Comparing the 8 km ASL portion of the cloud, the
wind was stronger in the 2 km grid and therefore the cloud has travelled slightly further
north compared to the 5 km grid. This was a result of the finer grid spacing providing an
improved wind field with more detail compared to the wind field resolved at 5 km grid

spacing intervals.

The cross section of the cloud (Fig. 2.9) showed great detail in the cloud structure that
cannot be obtained from the satellite thermal infrared signal and additionally it
illustrated that, based on our estimate on the input parameters and without any direct
observations, the ash cloud was not a thin layer propagating across the atmosphere, as
needed for the VAR tool and used as basis for the satellite-derived ash mass
calculations, and there can be considerable volcanic ash well below the cloud top. This is
significant for aviation in defining concentration levels at set altitudes within the

atmosphere.

WRF-Chem delineates the ash fall isopachs similarly to Wallace et al. (this issue) (Fig.

2.10). The main difference was the limited number of sampling locations that made the
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sample-based isopach map requires greater approximations for the full ash extent when
compared to the model output. To quantitatively evaluate the WRF-Chem ash fall

predictions, however, a more detailed sample map is necessary.

2.6.2 Event19
For event 19, the VAR tool was able to provide volcanic ash masses and cloud
characteristics for a series of images. Effective radii of around 4 — 7 um, as detected for
these Mount Redoubt events, showed that the cloud was dominated by finer particles
very quickly. Event 19 was the only event, a dome collapse, with a significant BTD signal.
This correlates with the determination of Wallace et al. (this issue), that this event had
the largest amount of fine ash deposits. As this event occurred under a cloud-free sky,
the whole cloud was detected in the images. Still, as particles with effective radii lower
than 4.3 um have the largest impact on the estimated masses using the VAR tool (Wen
and Rose, 1994) an underestimation of the masses was likely. The amount of
underestimation depends on the particle distribution of the actual eruption as each
effective radii influences the mass calculation differently, both positive and negative

(Wen and Rose, 1994).

The dispersion in event 19 showed a hook-like structure in the model runs (Fig. 2.11).
The eastern arm of this hook represented particles at higher altitudes (Figs. 2.11C, F and

2.12). This was also the portion of the cloud detected in the satellite BTD imagery (P1 in
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Fig. 2.5), suggesting that these were the fine particles that were detected by VAR. Earlier
satellite imagery (Fig. 2.4D and F) showed the lower altitude ash based on a comparison
with the TIR signal (Fig. 2.4C) and the coinciding PUFF runs (Fig. 2.6B and C). This
suggested that initially, the higher altitude portions were undetectable for the BTD
signal until fallout caused the lower particle sizes to dominate the cloud, similar to event
5. The lower altitude portion became undetectable in later images, possibly due to ash
fallout and an associated drop below the detection limit. In addition, a second maximum
was seen at the southern tip of Kenai Peninsula (P2 in Fig. 2.5) which must also consist
of fine particles. Its true height was not possible to determine through the satellite data
alone, given the wavelengths used, but its location suggested that it was ash fallout
from an earlier plume pass. Such fallout can also be seen in WRF-Chem model outputs
where a secondary maximum (E2 in Figs. 2.12A and D) was attributed to ash fall based
on evaluation of the vertical profile (Fig. 2.13A). Higher altitudes of the cloud also
showed a similar pattern of ash fall (E3 in Figs. 2.12B and 2.13B). This ash fall must
consist of large particles that cannot be identified in the satellite BTD images. However,
none of these ash fall scenarios can be seen in the Puff model output (Fig. 2.6). In
addition, Puff predictions showed an offset to the south by about 50 to 100 km (Figs. 2.5
and 2.6), which is not seen in WRF-Chem (Fig. 2.11). This was potentially due to the
coarser spatial resolution of meteorological conditions used by Puff. Similar to event 5,

the cross sections of event 19 (Fig. 2.13) showed a complex vertical structure of the
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plume including ash fall. The thin, homogenous cloud expected by VAR is not reflected
by the dispersion models and unlikely in reality so that a certain error will be included in

the ash retrievals.

Comparisons between the WRF-Chem model (Fig. 2.14A) and the measured ash fall
from Wallace et al. (this issue) (Fig. 2.14B) showed similar extents both in space and in
terms of quantity. WRF-Chem was also able to simulate a secondary maximum in the
ash fallout in the Gulf of Alaska, which was not observed in the fieldwork data due to

lack of observations in this region.

2.7 Conclusions
Volcanic ash clouds are a major hazard to aviation and local communities and their
detection is required to provide a full hazard assessment. Satellite remote sensing data
sets are used for real-time detection of volcanic plumes and the subsequent dispersing
volcanic clouds. However, the images capture only an instance in time. Volcanic Ash
Transport and Dispersion models can forecast the future location of the ash cloud, but
require validation and comparisons with the satellite data. This work has shown that the
comparison of the WRF-Chem, Puff models and satellite TIR and BTD data can provide
very valuable information for erupting plumes and dispersing clouds, such as lateral
extent, likely vertical structure and ash densities. This analysis has shown that not all

volcanic clouds will be detectable by the BTD data, such as the lower altitude portions of
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the ash cloud associated with event 5. The clouds detectable in the TIR, and therefore
observable in satellite data, still require input parameters for surface and cloud
temperatures to be able to obtain volcanic ash retrievals. Similar inputs are necessary
for the VATD models. Here, initial height, duration and wind pattern are most important

factors.

WRF-Chem, applied for volcanic eruptions, allows for a more detailed analysis compared
to pre-determined NWP and coarser spatial resolutions used by Puff. However, strong
inaccuracies in modeling volcanic ash dispersion may arise due to a lack of eruption
characteristics and an unknown initial spatial distribution of the volcanic tephra. An
incorrect assessment of this will place inaccurate ash masses at respective altitudes,

which will have direct ramifications on the successive distribution of that ash.

The Puff model showed a good correlation with the satellite data, despite small offsets,
but does not show a detailed plume structure including fallout. As Puff runs quickly
(within minutes) and is a web-based product, while WRF-Chem typically requires the use
of a supercomputer, Puff is a good solution for a quick assessment of the likely spatial
distribution of volcanic plumes and clouds. Still, for a more thorough analysis a more
robust evaluation of ash dispersion is needed. By combining the analyses presented
here, an improved understanding of the ash cloud and its potential hazard is possible.
These tools will then give the means to provide the best volcanic ash advisory and most

accurate hazard assessment.
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2.10 Figures
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Figure 2.1: Location of Mount Redoubt volcano at the Cook Inlet, about 220 km
southwest of Anchorage, courtesy of Marble, the KDE Education Project.
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Figure 2.2: Advanced Very High Resolution Radiometer Thermal Infrared channel 4
image (March 23 2009 at 16:06 UTC) showing the ash clouds from Mount Redoubt
volcano explosive event 5. Mount Redoubt volcano is marked by the black cross. The
black ash cloud is seen to the northeast of the volcano. Brightness temperature
difference images reveal the part of the cloud circled green as translucent with an
increase in opacity towards the northwest.
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Figure 2.3: Advanced Very High Resolution Radiometer Thermal Infrared, channel 4,
image from April 4, 2009 at 16:23 UTC after event 19. The cloud is drifting to the
southeast passing the Kenai Peninsula heading towards the Gulf of Alaska. Mount
Redoubt volcano is marked by the black cross, the plume is outlined for clarity using
green polygon.
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Figure 2.4: Advanced Very High Resolution Radiometer Thermal Infrared (left) and
Brightness Temperature Difference (BTD) images (right) with defined thresholds from 0
to -2 K according to Table 2.3. The dispersing plume from events 5 and 19 from March
23, 2009 (Julian Day 082) at 16:06 UTC [A,B] and April 4, 2009 (Julian Day 094) at 16:23
[C,D] and 17:02 UTC is shown [D,E]. At these initial stages of the plume it can be well
identified in both time series. Mount Redoubt volcano is indicated by the black cross.
For the timings 16:23 UTC and 17:02 UTC, the plume is outlined as P1 in the BTD images
(see also Fig. 2.5).
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Figure 2.5: Advanced Very High Resolution Radiometer Thermal Infrared (TIR) (left) and
Brightness temperature difference (BTD) images (right) with defined thresholds from 0
to -2 K according to Table 2.3. The dispersing cloud from event 19 from April 4, 2009
(Julian Day 094) at 19:19 [A,B], 20:59 [C,D] and 21:20 UTC [E,F] respectively in
shown.The TIR images show an ambiguous ash signal as darker areas combined to the
surrounding where the BTD images produce a distinct signal. In the BTD images, two
different parts of the cloud are outlined as P1 and P2. Redoubt is indicated as a black
Cross.
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Figure 2.6: Puff Volcanic Ash Transport and Dispersion model simulations show the

predicted plume dispersion for explosive events 5 and 19. Shown are the time steps that

most closely match the satellite data acquisitions shown in Figures 2.3 and 2.4. Ash

cloud altitudes are shown as color coded particles from 0 — 12 km ASL. Mount Redoubt

volcano’s location is marked by a black cross. A —16:06 (March 23); and B—16:28; C —
16:58; D —19:28, E: 20:58 and F: 21:28 UTC on April 4.
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Figure 2.7: Comparison between satellite data (A} and WRF-Chem runs with spatial resolutions of 2 km (B and E) and 5 km

(C and F) for the timings 16:10 UTC and 18:00 UTC on March 23 (Julian date 082).The satellite image used was dated at 16:06
UTC. Another satellite pass for this eruption was not available (D). See text for details. Mount Redoubt volcano's location is
marked by a black cross, Anchorage is located at the black triangle.
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Figure 2.8: Ash concentrations (mg/m?) from WRF-Chem using 2 km grid resolution at 2, 8 and 14 km ASL on March 23, 2009,
from event 5 at Mount Redoubt volcano (located at black cross).The line from ‘1" to ‘2’ represents the location of the cross
section (Fig. 2.9). Wind speeds at each grid point are shown as vectors/barbs.
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Figure 2.9: Vertical cross section of ash concentration (g/m3) from WRF-Chem through
the cloud on March 23, 2009, at 16:10 UTC at the location ‘1’ to ‘2’ (Fig. 2.8 Ato C). The
dashed lines represent isotherms in 2C.
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Figure 2.12: WRF-Chem ash concentrations (mg/m?) using 5 km grid resolution at 2, 8 and 14 km ASL on April 4, 2009, from
event 19 at Mount Redoubt volcano (black cross). The lines from “ 1" "to “2" " and from * 1" “ to * 2" * represent the locations
of the cross sections (Fig. 2.13). Different parts of the ash cloud can be identified are at different altitudes with the highest
part being at the eastern edge of the cloud. The parts are individually labeled E1 through E4, see text for discussion. Wind
speed and direction at each grid point is highlighted by the wind barbs.

S6



A 1.;/},1 T ‘_‘4:’1 i) ‘ r\lr T ;,_'.\l.“l T IZ' " 1}\- l’]—_]‘-’l_l\lv.—I\l I T 1 T I T 1 T I 1 Iz.l.
X \ —— i -

— X ~

- T~
a~y -~

~

——

———— - - - v - ——

®
=)

Height (km)
&

43

2.1

u.0 S S e sm— —— 0. | — | —t T 1
0 50 100 150 200 0 50 100 50 200
ash concentration in g/m’

DNNENNEEET OR
012345¢6 7 3 91011121314151€17181920

Figure 2.13: Vertical cross section of ash concentrations (g/m?) from WRF-Chem through the cloud on April 4, 2009, at 17:00
UTC at the locations shown in Figures 2.124 and B. The dashed lines represent isotherms in 2C. Different parts of the ash
cloud are outlines as E1 through E4, see text for discussion.
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2.11 Tables

Table 2.1: Parameters used for each analysis and each event. WRF-Chem = Weather
Research and Forecasting model with online chemistry, VAR = Volcanic Ash Retrieval,
NAM 216 = North American Mesoscale model Grid 216.

Parameter Unit Event #5 Event # 19
General | Julian Date 082 094
Starting Time uTC 12:58 13:59
Duration min 20 31
Initial Height (ASL) km 14.9 15.2
WRF-
Chem | Erupted Volume(?) km? 0.0017 0.0032
Eruption Rate (%) kg s 3.7x10° 4.4x10°
Mass Fraction <63um % 65 65
Kgm
Density 3 2600 2600
Spatial Resolution Km? 2and>5 5
Vertical Particle
Puff | Distribution exponential | exponential
Wind model NAM 216 NAM 216
VAR Cloud Temperature 223 223
Background Temp. 247 269° 272°
Horizontal Resolution km 2,5 5

Based on AVO internal estimates for given density and duration, mass calculations
using root-area method (Pyle, 1989, modified by Fierstein and Nathenson, 1992)

Valid for images acquired at 16:23 and 17:03 UTC

Valid for images acquired from 19:19 to 21:20 UTC




Table 2.2: Volcanic Ash Particle bins and their respective masses used for the Mount
Redoubt eruption from the S2 type of the eruption source parameters specified by
Mastin et al. (2009).

Mass (% of

# Particle size bin Phi total)
1 1-2mm -1-0 0

2 0.5-1mm 0-1 6.6
3 0.25-0.5mm 1-2 15.3
4 125 -250 pm 2-3 19.3
5 62.5 - 125 um 3-4 22.4
6 31.25-62.5um 4-5 14.3
7 15.625-31.25 um 5-6 10.2
8 | 7.8125-15.625 um 6-7 5.6
9 | 3.9065-7.8125um | 7-8 3.8
10 < 3.9065 pm >8 2.5
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Table 2.3: Advanced Very High Resolution Radiometer images analyzed for event 5 and
19 of the 2009 unrest of Mount Redoubt volcano, Alaska, thresholds used for the VAR
model to determine ash masses, optical depths and effective radii of the volcanic clouds
and the derived total masses of all particles in the plume smaller than about 4 um.
Satellites are classed by their National Oceanic and Atmospheric Administration (NOAA)
number, n15 = NOAA 15, n16 = NOAA 16, n17 = NOAA 17 and n18 = NOAA 18, BT =
Brightness Temperature, UTC = Coordinated Universal Time.

Julian Date Time | Satellite Threshold Total Mass
Day (UTC) (AVHRR BT4-
BT5) (tons)

82 23-Mar-09 | 16:06 nl6 | -0.2 | 15694+ 6000 |
94 4-Apr-09 16:23 nl5 -0.4 37681 + 15000
94 4-Apr-09 17:03 nle6 -0.4 36685 + 15000
94 4-Apr-09 19:19 nl7 -0.4 20099 + 8000
94 4-Apr-09 20:59 nl7 -0.3 17694 + 7000
94 4-Apr-09 21:20 nlg8 -0.1 12528 + 5000
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Chapter 3: Qualitative Analysis of Input Parameters for Satellite-Based
Quantification of Airborne Volcanic Ash®

Abstract

Satellite remote sensing data is an important tool to analyze and quantify volcanic ash
emissions. However, the algorithms used require a range of input parameters not
always known accurately enough for precise calculations. Based on the eruption of
Sarychev Peak in the Kuriles, eastern Russia, during June 2009, we analyzed the
sensitivity of each of the variables used operationally to evaluate their contributions to
the derived mass loading. It is shown that the derived cloud top and surface brightness
temperatures, the refractive indices of air and ash, the particle density and the amount
of water in the cloud are the dominant factors influencing the retrieval. It is further
outlined, how a combination of over- and underestimates of different parameters can

yield the same output.

! Steensen, T. and Webley, P. (2012), Qualitative Analysis of Input Parameters for
Satellite-Based Quantification of Airborne Volcanic Ash, Geoscience and Remote Sensing
Symposium (IGARSS), 2012 IEEE International , Pages 2982 — 2985,

10.1109/1GARSS.2012.6350799. (Changes have been made)
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3.1 Introduction

Volcanic ash poses a major hazard to airborne traffic by melting in engines and blocking
fuel nozzles resulting in possible failure of the engine [1]. To avoid exposure of planes to
ash, satellite data is used to outline the spatial extent of recent ash emissions and to
guantify their masses. However, such analysis requires a range of input parameters
including surface and cloud radiance, the refractive indices of ash and air and the
specific gravity of the particles. Not all of these inputs can be assessed qualitatively
before or during the event, so the determination of the amount of ash has inherent
variability. In this study, we analyze the importance of each variable independently to
determine the variable with the largest impact on the result. In addition, we examine
the interdependency of the parameters and the influence on the retrieved values by

varying the input parameters simultaneously.

3.2 Case Study

This analysis is based on scenes of the Japanese Multifunctional Transport Satellite
(MTSAT) geostationary located at 1409 E taken between June 14 (1857 UTC) and June 15
(1130 UTC) 2009 of the erupting Sarychev Peak volcano in the Kuriles, Russia (Fig. 3.1).
This eruption, the first at this volcano after a quiescence of over 30 years, consisted of

at least 23 separate explosions between June 11 and 16, 2009. Altitudes of the ash
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averaged between 8 and 16 km above sea level and the lateral extents were up to 1500

km to the northwest and over 3000 km to the east [2].

To quantify volcanic ash content in satellite imagery, Wen and Rose [3] developed the
Volcanic Ash Retrieval (VAR). Based on several input parameters (Table 3.1) including
relevant brightness temperatures and refractive indices, crucial quantities like ash mass
and optical depth can be determined. Most of these parameters are set to default
values in many applications with mainly surface and cloud top brightness temperatures

changing on a case-by-case basis in operational and research settings.

To define the most important parameter for mass retrievals, we quantitatively analyzed
the dependence of the final product on each input parameter by varying it individually
by + 25% from its best-fit estimate, while leaving all other parameters constant. The
variation by 25% has been chosen to be large enough to encompass possible
assessment uncertainties, especially in variables with low quantitative values, and to

allow sufficient computational time to process results.

After defining the contribution of each individual parameter to the estimated masses at

different levels of uncertainty, we classified the interdependency of derived surface and

cloud top brightness temperatures (Ts and T, respectively), the two variables most often
changed during ash mass retrievals. Brightness temperatures do not equal absolute

temperatures but are derived remotely from the received thermal radiance at each
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satellite band under the assumption of a blackbody radiator. Again, we varied each
parameter by + 25% and compared the calculated masses from each possible pair of

brightness temperatures in that range.

3.3 Results and Discussion

Our results indicate that physical parameters like the surface brightness temperature
and the refractive indices of ash and air have the strongest potential to influence the
determined ash mass (Table 3.1, 1-7). Model variables like the number of radii level and
the radii for the ash particle distribution tend to have a low tendency to alter the

results, if assessed incorrectly (Table 3.1, 8-14).

Figure 3.2 shows the six parameters with the highest potential to affect the mass
retrieval, with their errors and the resulting changes in the derived masses. The surface
brightness temperature, Ts or ground-leaving radiance, shows the strongest influence
on the retrieved values, doubling the estimated mass, if assessed 12% too high.
However, it is also the best-known variable and generally associated with low error bars

leaving the net average error at about + 10%.

T. is difficult to determine with current methods as meteorological profiles are
comparably rare and only an optically opaque cloud can be precisely measured

remotely. Derivations of + 25% of the actual value, as shown here, are possible. All other
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parameters analyzed in this work are rarely assessed case-by-case. The standard value
listed in Table 3.1 is chosen to facilitate the calculations, often because a precise
estimate, like the refractive index of the ambient air or the particle coating, a
dependency of the water ratio of the eruption, is, as of now, difficult to derive. Detailed
assessment of the refractive index and specific gravity of the ash requires samples which
can be hard to obtain, especially if the volcano, as in the case of Sarychev Peak, is on a

comparably isolated island

The analysis of a simultaneous change of Ts and T, shows that a change in T, of + 25%
can be buffered by an according change in T, (Fig. 3.3). However, already a small
overestimate of T, (> 5%) cannot be balanced by adjusting T in the range of + 25% to
retrieve the same mass. Additionally, the relationship suggests that an underestimate of
the surface brightness temperature of 4 to 15% can be counterbalanced by different

overestimates of the cloud top brightness temperature.

These ambiguous values for T, at the given T, stem from the non-monotonically

increasing graph in Figure 3.2. In the range of +15 to +25% of the optimal value for T,
the respective graph shows different lows. Here, different values of T. yield the same
overestimate of masses and the same underestimate of T is required to balance this.
This relationship is expressed in Figure 3.3 by the grouped data points at location A at

the given intervals. The cloud-like structure of these points originates in the
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concatenation of all used MTSAT scenes and their respective data. Individual scenes

express slight variations to the overall shape.

An accuracy assessment of diversion from an optimal value for one parameter to
balance an under- or overestimate of a different parameter was carried out for the
surface and cloud top brightness temperatures. This yielded an error bar of + 5%. These
+ 5% are variations in the T, value with the inverse deviation of T; in Figure 3.2 to the
value needed based on Figure 3.3. Such a deviation equals an error in the derived
masses between -10% to +5% (Fig. 3.2). This error analysis has been performed on an
average of all used MTSAT scenes with the data points seen in Figure 3.3. An individual
error analysis on single images will reduce this uncertainty. Further in-depth study on
different volcanic eruptions is also needed to reduce this error bar and to assess

whether this pattern is consistent for all remotely sensed volcanic ash clouds.

34 Conclusion

This study shows that different input parameters for the determination of airborne ash
masses have a potentially large effect on the derived masses. In particular, the physical
properties of the setting including surface and cloud top brightness temperature,

relevant refractive indices and the specific gravity of the ash can realistically individually
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influence the calculated ash masses by up to + 30%, if associated with an error bar of

only + 5%.

This research further illustrates that the different parameters are directly correlated and
an overestimate of one value can be buffered by an according underestimate of a
different one. In some cases, multiple choices of parameters yield the same output. This
is a direct result from a non-monotonical in- or decrease of their sensitivity with

changing values.

An under- or overestimate of airborne ash masses has large impact on aviation safety,
especially in highly frequented flight corridors like the North Pacific or Europe. Future
work should therefore focus on determination of other key input factors like relevant

refractive indices and specific gravities when actual sampling is hard to accomplish.
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3.7 Figures

1000 km |

Figure 3.1: Location of Sarychev Peak in the Kuriles, eastern Russia.
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Figure 3.2: Variation of derived masses with changing input parameters. The six
parameters here yield the highest variability in the estimated masses. The net effect of
the surface temperature, although listed here as resulting in a high uncertainty, is
around 10 to 15% as it is a well-known quantity with error bars of a few percent at most.
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Figure 3.3: Possible combinations of surface and cloud top brightness temperature to
derive the ‘true’ masses. This plot represents all values for the analyzed MTSAT scenes
without averaging due to secondary data accumulation at location A. This feature is due
to lows in the cloud top brightness temperature graph in Figure 2 where different values
can be buffered by the same underestimate of the surface brightness temperature.
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3.7

Tables

Table 3.1: Parameters used for the Volcanic Ash Retrieval (VAR), their best-fit estimates
for this case study and their average error produced by independently varying each
value by + 25%. It can be seen that physical parameters of the scene (1-7) tend to have a
larger influence on the retrieved mass than VAR model parameters do (8-14).

Parameter Best-Fit Estimate Average Error at £ 25%

1 Surface Brightness Temperature 281K 97.74 %
2 Refractive Index of Ash 11lum: 2.14610 + 0.39891i 42.93 %

at 11 and 12 um

12um: 1.82854 + 0.12953i

3 Refractive Index of Air 1 42.49 %
4 | specific Gravity of Ash 2.6kgm” 18.04 %
5 Cloud Top Brightness Temperature 215K 17.86 %
6 Particle Coating 1 13.98 %
7 Shape of Particle Size Distribution 0.5 13.95%
8 Optical Depth Step Size 0.1 5.36 %
9 Upper Radius for Ash Particle 50 um 4.52 %

Distribution
10 | Number of Optical Depth Levels 30 3.03%
11 | Maximum Effective Radius 10 um 0.48%
12 | Lower Radius for Ash Particle 0.1 um 0.26 %

Distribution
13 | Number of Radii Levels 30 0.08 %
14 | Minimum Effective Radius 0.01 um 0.01%
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Chapter 4: Quantitative Comparison of Volcanic Ash Observations In Satellite-
Based Remote Sensing Data and WRF-Chem Model Simulations®
Abstract

Volcanic ash poses a significant hazard to air traffic. To accurately estimate masses and
locations of volcanic ash, satellite remote sensing data and volcanic ash transport and
dispersion (VATD) modeling results have repeatedly been used to detect and track the
plumes and subsequent ash clouds. To further gain advantages of the simultaneous use
of both approaches, a quantitative comparison is required to outline the strengths and
weaknesses of each method. In this paper, an analysis with satellite-based remote
sensing ash retrievals and the Weather Research and Forecast model with online
Chemistry (WRF-Chem) have been performed, focusing on the 2009 eruptive events
from Sarychev Peak volcano, Kurile Islands. This first-order comparison shows a good
initial match between satellite data and model results but also outlines areas where
future research is required to produce better quantitative and qualitative results.
Results for WRF-Chem and for those combining the two datasets in real-time analysis

are: (1) the necessity for the VATD model to use eruption source parameters and

! Steensen, T., Webley, P, and Stuefer, M. Quantitative Comparison of Volcano Ash
Observations In Satellite-Based Remote Sensing Data and WRF-Chem Model

Simulations, Submitted to Natural Hazards.
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particle distributions not only tailored to a specific volcano but also to specific events
during an eruption and corrected for aggregation; (2) the satellite-derived ash retrievals,
with two-band brightness difference data, require a manually-outlined plume to
produce the best results hence the definition of the edge of the cloud is critical; and (3)
comparisons between the two datasets should be corrected for the satellite’s line of
sight and for differences in pixel size compared to the model grid cells. These results
emphasize the need for more accurate eruption source parameters for volcanic ash
models and that comparing and validating each method with the other is a difficult and

taxing process.

4.1 Introduction

Volcanic ash poses a significant risk to aviation and human health (Blong, 1984;
Casadevall, 1994). In the past, multiple aircraft have encountered ash from different
volcanoes including Mount Galunggung, Indonesia, 1982 (Hanstrum and Watson, 1983),
Mount Redoubt, USA, 1989 (Casadevall, 1994) and Mount Pinatubo, Philippines, 1990
(Prata et al., 1991). The total cost of such incidents can amount to $100’s US million in
aircraft damage alone (Prabaharan, 2002). Historically, volcanic eruptions have been
monitored with satellite-based remote sensing (Dehn et al., 2002), their plumes and
subsequent clouds have been detected and tracked (Schneider et al., 1995) and

analyzed in terms of particles sizes, heights and masses (Prata, 1989; Wen and Rose,
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1994; Prata and Grant, 2001; Pavolonis and Sieglaff, 2010). Additionally, Volcanic Ash
Transport and Dispersion (VATD) models like Puff (Searcy et al., 1998), the Hybrid Single-
Particle Lagrangian Integrated Trajectory model (HYSPLIT, Draxler and Hess, 1997) and
the Weather Research and Forecasting Model with online Chemistry (WRF-Chem, Grell
et al., 2005) have been utilized to recreate past events and to predict the ash movement
of current events in near real time (Kratzmann et al., 2010; Gangale et al., 2010; Webley
et al., 2012; Steensen et al., 2013). The research presented herein aims to contribute to
this developing community by assisting to improve the detection, analysis and
forecasting of volcanic plumes and clouds in order to avoid aircraft-ash encounters and
to reduce the associated risks and costs. This task is addressed by a qualitative and

guantitative comparison of satellite remote sensing results with model predictions.

Previously, the WRF-Chem model (Grell et al., 2005; Freitas et al., 2011) has been
expanded to include volcanic emissions (Stuefer et al., 2013). WRF-Chem is able to
compute the dispersion of volcanic ash online with the numerical weather prediction
(NWP) model. The online approach eliminates interpolation errors in space and time by
using identical model grid-spacing and timing, as well as providing the chemistry
component with temporally and spatially coincident atmospheric parameters and
microphysical schemes. Similar to the analysis of the Mount Redoubt volcano eruption
(Steensen et al., 2013), WRF-Chem is used to describe the 2009 Sarychev Peak eruption

in the Kuril Islands, eastern Russia. The modeled ash masses are compared with mass
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loading and total column ash masses derived from satellite remote sensing. In section
4.2, the Sarychev Peak eruption characteristics are described, and in section 4.3 the
applied remote sensing and modeling methods, as well as the methods to compare the
data. An evaluation of WRF-Chem and the satellite derived volcanic eruption

characteristics is given in sections 4.4 and 4.5.

The objectives of this paper are: (1) to identify the sensitivity of different WRF-Chem
input parameters; (2) to develop satellite-model comparison techniques for use in real-
time; and (3) to show the dispersion and transport of the emitted ash in terms of (a)
changing satellite derived particle size associated to WRF-Chem ash bins with time, (b)
changes in the ability of the satellite to detect the ash over time and (c) subsequent

consequences for the particle fallout.

4.2 Sarychev Peak Volcano and its 2009 Eruption
Sarychev Peak volcano (1.496 km above sea level [ASL]) is located on Matua Island in the
Kuril Islands (48.12N, 153.22E), eastern Russia, that stretch over approximately 1300 km
from Kamchatka, Russia, to Hokkaido, Japan, dividing the North Pacific Ocean from the
Sea of Okhotsk (Fig. 4.1). Sarychev Peak is a stratovolcano and belongs to the most
active volcanoes in the Kurile Islands (Rybin et al., 2011). After 33 years of quiescence, it
erupted explosively with 23 events from June 11 to 23, 2009, sending ash up to 21 km

ASL in a north westerly and south easterly direction (example image shown in Fig. 4.2B
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and 4.2C and see in Rybin et al., 2011) and disrupting air travel significantly (Levin et al.,
2010; Rybin et al., 2011). Infrasound data from stations around the volcano as well as
stations located up to 60 2E (about 6400 km west of Sarychev Peak) show signals of the
eruption (Matoza et al., 2011). Table 4.1 summarizes the explosive events with height
and duration based on satellite and infrasound data, where available. Events where the
satellite-derived onset was 5 minutes from the onset based on the observations of
Levin et al. (2010) were considered for this study. Based on the availability of confirmed
eruption characteristics, events 13 to 16 were chosen for analysis (June 13, 04:50 UTC,
to June 14, 18:50 UTC 2009). These events comprise eruption columns of up to 21 km

ASL and therefore form a central part of the whole eruption sequence.

4.3 Methods

4.3.1 Satellite Remote Sensing
For the satellite-based study of the Sarychev Peak eruption, data from the Japanese
Multifunctional Transport Satellite (MTSAT) geostationary located at 1402 east was
used. MTSAT has a spatial resolution of 4 km in the infrared bands at nadir and a look
angle that covers the whole plume series of the eruption (see details at University of
Wisconsin, 2013). Located at a height of 36,000 km ASL, MTSAT has a foot-print of 4.3 x
4.3 km? at Matua Island. Other satellite instruments such as the Advanced Very High

Resolution Radiometer (AVHRR) or the Moderate Resolution Imaging Spectroradiometer
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(MODIS) have a better spatial resolution of up to 1.1 km (MODIS at nadir), but their
temporal and spatial coverage was insufficient to fill a fixed spatial domain of the whole
plume for a qualitative and quantitative comparison to VATD models. MTSAT data
collected operationally by the Alaska Volcano Observatory in a 30 minute interval was

available for this analysis.

MTSAT's infrared channels 1 and 2 (IR1 and IR2, centered at 10.8 and 12.0 um,
respectively) can be used to determine the ash mass in each of these images. For this,
the Volcanic Ash Retrieval (VAR) algorithm was used, as developed by Wen and Rose
(1994), based on the reverse absorption feature of silicate ash in the infrared first
described by Prata (1989). This method states that the brightness temperature
difference (BTD) between the infrared channels at 10.8 um and 12.0 um (IR1-IR2) is
negative, when fine dry ash is present and certain assumptions are fulfilled (see Prata,
1989 and Wen and Rose, 1994, for a complete list). With a BTD threshold of zero,
however, a large amount of low stratus clouds and other meteorological features are
falsely classified as ash, so that the actual cutoff used is varied on a case-by-case basis or

detailed algorithms are used (see Pavolonis and Sieglaff, 2010).

Based on visual image interpretation in the visible and infrared range with MTSAT’s two
band thermal IR (TIR) data, a threshold of -1.5 K was determined to best outline the ash,

while cancelling out the majority of noise. However, such a cutoff results in the omission
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of parts of the ash cloud that have a BTD value slightly below 0 K. This is especially
significant as the initially opaque cloud becomes translucent and a large mass is
associated with it despite the only slightly negative BTD value (Wen and Rose, 1994). To
avoid the omission of ash-rich, weakly negative signal BTD pixels, while excluding also
weakly negative BTD pixels originated by low stratus clouds and other background
meteorological features, we manually outlined the ash as identifiable in the 0 K
threshold BTD images, additionally using the visible and infrared satellite data. While
this scenario is subjective based on experience in image interpretation, this route was
chosen in addition to the standard universal BTD application to the whole scenes to
analyze its potential in improving the ash detection and quantification. This approach
aims to make the most of the two band TIR MTSAT data. The universal BTD value of -1.5
K and the manual ash outlines at a BTD value of 0 K were used in addition to a
comparison of the ash detection areas using the BTD thresholds of 0 K, -0.5 K and -1 K of

the whole scenes.

For VAR to be able to calculate the total ash mass within the atmospheric column, the
surface and cloud top brightness temperatures (i.e. cloud top and ground based leaving
radiances) are needed. They were both empirically measured in the satellite images at a
cloud-free surface, for surface temperature, and an infrared-opaque part of the cloud,
for cloud top temperature. In the next step, VAR derives physical parameters of the ash

cloud including total mass in the vertical column, effective radii and optical depth based
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on Mie scattering. The maximum effective radius possible in this VAR calculation is 10

pum (Wen and Rose, 1994).

The single value of the surface and cloud top brightness temperature for a whole scene
is error-prone, as these temperatures can vary over small spatial scales and such
changes can result in large uncertainties in the retrieval (Steensen and Webley, 2012).
Additionally, using the cloud free surface temperature as the ground leaving radiance
assumes that the ground surface is the only radiating feature below the ash cloud and
removes the possibility of lower meteorological clouds contributing to the ground
leaving radiance. Alternatives for the single values are using meteorological data for the
pixel-based surface temperatures and alternative satellite bands for the cloud top
temperature. Pavolonis et al. (2006) showed the use of satellite bands centered at 7.4
and 8.5 um to help in the retrieval. However, in the case of MTSAT such bands do not

exist.

Besides the brightness temperatures, VAR requires a range of input parameters
including an assumed particle size distribution, the refractive indices of ash and ambient
air as well as the water content of the plume (Wen and Rose, 1994). As most of these
variables are hard to obtain, defined default settings are used for VAR as best estimates
for the local conditions (see those listed in Table 4.2). The errors resulting from this

simplification can cause a significant uncertainty of calculated masses (Steensen and
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Webley, 2012). Additional limitations are caused by assumptions of a translucent ash
cloud, as well as homogeneity for identical physical properties to exist throughout the

ash-inundated area and a lack of other absorbing features in the radiation path.

4.3.2 Volcanic Ash Emission, Dispersion and Transport Model

WRF-Chem requires as input parameters: (1) the duration and altitude above sea level
(ASL) for each eruptive event, both derived from satellite and infrasound data and listed
in Table 4.1; (2) the mass eruption rate and (3) the initial ash particle size distribution.
The onsets and initial plume heights of the events were observed in satellite data (Levin
et al., 2010). Additionally, Matoza et al. (2011), used infrasound data to derive the
duration of the events. Because this latter approach identified more events than were
detectable in the satellite data and because the onsets differed, durations were only
assigned to events detected in the satellite data, where the satellite-derived onsets

were within the range of £5 minutes of the infrasound data.

There are different methods to calculate the mass eruption rate. For this study, the
approach described by Sparks et al. (1997) was used, which bases the eruption rate
solely on duration and height of many past eruptions, as well as on Plumeria, described
by Mastin (2007), which takes into account the atmospheric conditions and determines
the eruption rate required to reach a defined plume height. Sparks et al. (1997) analyzed

the eruption rates (m>s™*) and column heights (km above vent) of 27 historic eruptions
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and were able to infer an empirical relationship with a correlation coefficient of 0.921,

equation 4.1, where H = Height above vent and Er = Mass eruption rate:

H = 1.67x(Er)%%° (4.1)

If the eruption produced a large amount of fine-grained tephra, uncertainties in other
eruption parameters, including the atmospheric conditions, are of secondary nature and
this formula can be used to define the eruption rate based on the column height above
the vent. Only if there are a high proportion of coarse particles in the eruption, or a
weak eruption is occurring in an atmosphere with high moisture content or strong
horizontal winds, this relationship significantly deviates from observed values (Sparks et

al., 1997).

A different approach was developed by Mastin (2007). His Plumeria model simulates a
one-dimensional volcanic plume above the vent. As opposed to the Sparks et al. (1997)
empirical approach, the Plumeria model is based on theoretical computations on plume
behavior and also takes into account the atmospheric properties like temperature and
relative humidity. Additional model parameters include the vent diameter, the magma
temperature, the velocity and the mass fraction of gas in the magma and of external
water. The eruption rate and, ultimately, the plume top height, are calculated from the
input parameters under certain assumptions including water vapor being the only

volcanic gas component and an ideal gas and the mixture being at the ambient
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atmospheric pressure (Mastin, 2007). Using the empirical method of Sparks et al.
(1997), eruption rates were determined from the satellite-derived plume top height and
with the Plumeria approach, the recorded plume height is used and an iterative
approach is carried out to determine the most likely eruption rate given the range of
inputs to the Plumeria model, see Table 4.2 for the listed mass eruption rates from the

two methods.

The particle size distribution (PSD) depends on the explosivity of the volcanic eruption,
with more explosive eruptions having a larger amount of fine material as described by
Mastin et al. (2009). They summarized different PSD classes for each volcano worldwide
based on different eruption source parameter (ESP) types. This categorization is based
on the magma type, the height of the eruption column and the Volcano Explosivity
Index (VEI; Newhall and Self, 1982) of previous eruptions. For each type, a reference
volcano is selected that fits the parameters and where the PSD of a previous event is
known. In the case of Sarychev Peak, the classification assigned is S1 (case study: Mount
Ruapehu, New Zealand, 1996; see Table 4.3 for associated PSD). However, this most
recent eruption does not match the guidelines for the S1 type as inferred from previous
volcanic eruptions. Events 13 and 14 both reach a height of 10 km ASL that is well above
the maximum height of 6 km ASL associated with S1. The plumes of events 15 and 16
reach even higher with 21 and 16 km ASL, respectively (Table 4.1). In addition, the VEI

has been set to 3 for most of the eruption with peak values of 4 (Urai and Ishizuka,
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2011). With these parameters, the PSD for this study has been set to ESP type S2 (case
study: Mount Spurr, USA, 1992) for events 13 and 14 and to ESP type S3 (case study:
Mount St. Helens, USA, 1980) for events 15 and 16. Based on these PSD classes,
percentages were assigned to the respective WRF-Chem bins for each run. The

percentages for each particle size associated with the PSDs can be found in Table 4.3.

This range of input parameters results in four different WRF-Chem runs:

1) Sparks-determined eruption rate with the PSD of S1

2) Plumeria-determined eruption rate with the PSD of S1

3) Sparks-determined eruption rate with the PSD of S2 (Events 13, 14) and S3
(Events 15, 16)

4) Plumeria-determined eruption rate with the PSD of S2 (Events 13, 14) and S3

(Events 15, 16)

4.3.3 Comparison Between Satellite Retrievals and Model Simulations

Satellite data and WRF-Chem predictions deliver different information, which has to be
processed for a comparison. While the MTSAT data in this study consists of two-
dimensional pixel values for geographical coordinates and relevant brightness
temperatures, the model predictions are presented in a three-dimensional grid with

terrain-following coordinate system (Skamarock and Klemp, 2008). For the satellite
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data, VAR results in an ash mass in tons per pixel (18.5 km?). WRF-Chem data includes
ash concentrations (g/m?>) of each ash bin per grid cell (25 km? for our runs), that are
then converted to tons by vertically summing up respective concentrations. The WRF-
Chem tonnages are then matched to the satellite’s footprint. The data is not directly
compared in terms of concentration as that involves estimating a thickness for the
plume/cloud in the satellite-retrieved ash masses and is not always available in real
time. The spatial and temporal match of satellite and model data is analyzed over
chosen locations. For a vertical comparison with WRF-Chem, more information is
needed about the plume/cloud based on satellite or other relevant data like
radiosondes or in-situ measurements. Based on the model runs and the satellite-based
analysis of the eruption, the spatial extent of the ash dispersion is compared
guantitatively in different steps. Because of the large extent of the eruption clouds and
the limited availability of full-ranged MTSAT data, the analyses focused on the center

part of the sequence between 148 and 1602E and 46 and 51°N.

4.3.3.1 Quantitative Spatial Comparison

Firstly, the total spatial comparison is estimated, where the spatial extents of the ash
clouds are calculated over time in both the WRF-Chem simulations and the MTSAT data.
For the model results, the total ash inundation of all bins is used based on all four model

runs listed in section 4.3.2, while the satellite data is analyzed with the BTD thresholds
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of 0K, -0.5K, -1 Kand -1.5 K on the whole satellite scenes over time, which represent
automatic ash detection algorithms, as well as the manually-defined plume extent in
each image with the BTD threshold of 0 K. The manually-defined outline is based on a
negative BTD signal that can be associated to the volcanic ash (See Fig. 4.2C for an
example). As the ash BTD signal is not always clearly differentiated from the background
noise level, the signal to the ash identifiable in MTSAT’s visible range (0.55 — 0.8um, Fig.
4.2B) is identified, when visible data was available, as well as to the ash dispersion over
time seen in consecutive passes. This step will provide the change of the ash area over
our temporal range based on the nine different analyses. It will furthermore show the
differences in WRF-Chem results caused by altering the PSDs and eruption rate models.
In addition, mass cutoffs are analyzed in the WRF-Chem model results to discover the
best spatial match to the satellite data. These cutoffs will eliminate areas of low
tonnages which are harder for the satellite to identify (ICAO, 2011) and, hence, will
likely not appear in the satellite-derived spatial extent. In the satellite data itself, the
qualitative comparison will outline the changes in ash-classification based on the
different thresholds and the inherent inclusion of more or less noise falsely classified as

ash.
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4.3.3.2 Qualitative Spatial Comparison

Following the calculation of the total ash extents in model results and satellite data, the
degree of overlap between the two approaches has been computed. For this, the

Critical Success Index (CSl) was used, as introduced by Stunder et al. (2007). The CSI
describes the percentage of pixels correctly identified as containing ash in the model
results based on the total number of pixels identified in model and satellite estimates.
This states that the satellite-derived mass location is the truth. It is calculated taking into
account the ‘hits’ (AF), the ‘misses’ (A) and the false alarms (F) (Equation 4.2). With this
equation, a perfect match equals a CSl of ‘1’ while a complete mismatch results in a CSI

of ‘0.

CSI = AF 4.2
A+ AF +F (4-2)

In a follow-up study to Stunder et al. (2007) by Webley et al. (2009), variations of this
formula were used to calculate over- and underestimates of the match between model
and satellite data. Here, an overestimate (OE) is defined as percentage of model area
that does not correlate with satellite data (Equation 4.3) and underestimates (UE) as
percentage of the satellite-derived ash extent that is not matched by the model
(Equation 4.4). These calculations allow us to evaluate the accuracy of the model-

satellite comparison.
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F
OF = 2F ¥F (43)
UE = 4 4.4

~AF+F (44

4.3.3.3 Point to Point Comparison

The last step performed in this study is the point to point comparison. For this, five
different locations were selected to include overhead the volcano and in the path of the
plume and subsequent dispersion ash clouds (see Fig. 4.2B for location of points 1 — 4
and the Sarychev Peak, ‘SP’, location point). At these locations, the ash masses passing
overhead were calculated as a function of time. In addition, the percentages that each
WRF-Chem ash bin contributed to the total modeled ash mass were analyzed. This
approach aims to provide evidence on the timing and the mass loadings of model and
satellite data and to determine the dominant ash particle size range with time. Results
are given in total tons in the vertical, mapped to be per satellite pixel. As the WRF-Chem
grid cells are approximately 37% larger than the satellite pixels, the satellite data is
linearly downscaled the model results. For clarity, we only focus on quantitative spatial

comparisons for WRF-Chem results using the Plumeria S2/S3 runs.
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4.4 Results

WRF-Chem simulations show the ash dispersing, during the four events analyzed in this
study, to the north-west, crossing the Sea of Okhotsk reaching the Russian mainland on
June 14, 2009. Another arm can be identified to the south-east drifting towards the
Pacific Ocean, where it approaches the date line at noon on June 15, 2009 UTC (Figs. 4.3
and 4.4). The spatial extent of the dispersing cloud depends on the wind patterns, while
the concentrations are influenced by the initial PSD and the eruption rate used. In the
earlier hours of the simulations, the Sparks-determined eruption rate shows higher
mass loadings than the Plumeria runs (June 13 and 14, 2009). However, in the later
stages of the eruption (June 15, 2009), the mass loadings are much similar in both runs.
Similarly, the difference in PSDs is also measureable in the downwind mass loadings.
The spatial extent differences seen in Figures 4.3 and 4.4 stem from the scaling. Higher
mass loadings down-wind in Figure 4.3 to 4.4 are caused by higher percentages in
smaller bins (see PSDs in Table 4.3) and a higher eruption rate (see Table 4.2). These
initial differences in the model situations result in a larger extent, when using the mass

loading scale, 0 — 10 g/m?, provided for the respective events.

Analysis of horizontal cross sections through the three-dimensional WRF-Chem ash
distribution (Fig. 4.5) reveals parts of the lower altitude ash simulation (5 and 10 km
ASL, Fig. 4.5A — 4.5F) being advected to the north-west due to a low pressure system

moving from Japan towards the north-east. The remaining ash at 5 and 10 km ASL
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heights, along with the ash at higher altitudes (15 km ASL, Fig. 4.5G- 4.5l), is caught in

strong trans-Pacific winds causing it to move to the south-east.

4.4.1 Quantitative Spatial Comparison

Analyzing the spatial extent of the satellite data with BTD cutoffs between 0 Kand -1.5 K
shows a decreasing ash extent, with cutoffs at BTD signals of -1.0 Kand -1.5 K producing
less than 100,000 km? of ash coverage throughout the time series analyzed. The BTD
data with a 0 K cutoff surpasses 650,000 km?, Figure 4.6. Manually outlining the ash
produces a time series of total area that lies between the cutoffs in the BTD of -0.5 K

and -1.0 K.

The quantitative spatial comparison of the ash extent of the four model runs yields
similar results for the data when no cutoff is applied. The results show a separation of
ash extent between the different PSDs when the best-fitting threshold, as determined
by the manual satellite cutoff, is applied (Figure 4.6). The combination runs of PSDs S2
and S3 yield a higher spatial extent throughout the eruption sequence than those with
the standard distribution S1. The runs using the different eruption source models
(Plumeria and Sparks) don’t show a specific trend with the two Plumeria runs resulting,

predominantly, in the highest and lowest model extent.
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Direct comparison between model results and satellite data in Figure 4.6 shows a larger
increase of ash inundation in the model results, without a tonnage cutoff, than in
satellite data (dotted, non-blue lines). Comparing only WRF-Chem results with the
summed ash masses above a certain threshold with those determined by using the
manual cutoff in the satellite BTD images (solid, non-blue lines) results in a similar
temporal shape to the time series. The selected cutoff, which shows a best-fit with the
satellite ash based on the manually-defined outline, is lower for the S1 runs (10 tons per
pixel; 0.54 g/m?) than for the $2/53 runs (50 tons per pixel; 2.7 g/m?). In these scenarios,
all WRF-Chem runs, as well as the satellite-determined masses (solid blue line in Fig.
4.6), decrease at approximately. 03:00 UTC on June 15, 2009. All other satellite cutoffs

(non-solids blue lines in Fig. 4.6) show a different trend throughout the temporal range.

Figure 4.7 shows snapshots of the satellite-derived and model-calculated ash extents at
5 timings from June 13 — 15 2009. These timings show the full extent from the satellite
data and all the simulated volcanic ash masses from the modeling. Here, the rapid
increase in the modeled ash extent is illustrated, when all ash mass loadings are
considered. The spatial coverage increases in all model simulations as well as in the

manually outlined ash data after each respective eruptive event.

When comparing the spatial ash extent in the satellite imagery to the WRF-Chem
simulation data above the defined threshold, the S2/S3 runs show a closer match to the

satellite data in terms of lateral extent than the S1 runs (Fig. 4.6). For simplicity, only the
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S2/S3 runs were compared with the cutoffs used in Figure 4.6 to the satellite-derived
ash extent (Fig. 4.8). While the satellite-derived ash extent is considerably higher than
the WRF-Chem-defined ash extent in earlier snapshots, later scenes show a thin band of
ash (about 200 to 400 km long) extending from the northwest of the spatial domain to
the southeast in both the satellite- and model-derived ash burden. Specifically during
June 14, 2009, a spatial offset can be seen, where the satellite projects the ash further
north than the model does. The significance of this offset will be discussed later. At the
end of the eruption sequence (June 15, 2009), a complex ash structure is shown to have
developed in the satellite data and model results, where an improved spatial match

occurs (Fig. 4.8E) than data sets in the previous snapshots (Figs. 4.8A — 4.8D).

In addition to the spatial extent of the ash seen in Figures 4.7 and 4.8, Figures 4.9 and
4.10 both show the extent, at the same time snapshots, with respect to the absolute
masses as derived from the WRF-Chem output (Fig. 4.9) and satellite data (Fig. 4.10).
The 8-bit color range of the images results in the masses below (1/2%) of the maximum
in that scene not being represented. Due to this, no additional tonnage cutoff was
applied. Initial masses over the vent after new events, as seen on June 13, 2009 (22:00
UTC) and June 14, 2009 (20:00 UTC), are very high (2.5 Mt and 261 kt, respectively) and
thus the surrounding dispersing masses are not displayed in the 8-bit data. However,
once the plume disperses and the maximum mass in the domain reduces significantly as

the large ash particles settle out, the relatively low ash masses, that were not displayed
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when the peak mass exceeded 2 times their amount, are now present once they breach
the threshold. To visualize different mass loadings in the imagery on Figure 4.9 and 4.10,
we chose not to show the maximum ash mass on the color scale, which would limit the
spatial ash extent displayed in the images, but to scale the masses to a subset of the

data. The highest ash masses for each scene are listed in the legend.

The satellite-derived masses (Fig. 4.10) show the onset of new eruptive events at June
13, 2009, 21:57 UTC (Event 15, Fig. 4.10A) and June 14, 2009, 19:57 UTC (Event 16, Fig.
4.10D). In addition, follow-up events 19 to 21 can be seen on June 15, 2009, 10:57 UTC
(Fig. 4.10E). The majority of the ash is dispersing to the northwest while only a small
amount can be seen drifting to the southeast. In the satellite data in Figure 4.10, no BTD

cutoff was applied.

4.4.2 Qualitative Spatial Comparison

The direct quantitative comparison with time of the CSI as well as the OE and UE values
between satellite-derived and model-determined ash extents can be seen in Figure 4.11.
As a representative model simulation for the comparison to the satellite data, the
results from Plumeria with the changing PSD (S2/S3) are shown that corresponds to the
event-specific PSD and the eruption rate incorporating atmospheric parameters. CSI
values were derived for the cases with matching timings between model and satellite

data (marked with ‘X’ in Fig. 4.11). The focus here is on the sequence covering the end of
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June 13, 2009 to June 16, 2009, as this shows a better temporal match between satellite
and model data due to less data gaps for the acquired satellite imagery. In addition to
the absolute ash extent comparison (Fig. 4.11A), the CSI, OE and UE values are also
computed for a mass cutoff of 50 tons/pixel for the WRF-Chem simulation (Fig 4.11B)
that represents the closest match between the absolute values of the WRF-Chem

modeled and MTSAT-based ash extents (Fig. 4.7).

The initial CSI value, evaluating the modeled ash cloud against the satellite-derived
cloud without the mass threshold, is comparably high at approximately 60% on June 13,
2009 at 23:00 UTC (see blue line in Fig. 4.11A). This value declines to about 15% on June
15, 2009 at 03:00 UTC, shortly after event 16, before increasing again. At the same time
intervals, the overestimates increase from 35% to 83% before declining again.
Meanwhile, the UE values range mostly below 10% with a few exceptions of up to 19%
(June 14, 2009, 03:00 UTC). These exceptions mainly lie in the early sequence before

event 16 occurs.

The time series analysis with the cutoff applied follow a different trend. With the UE
starting at over 90%, decreases over the first 12 hours of this comparison, while the CSI
and OE values increase simultaneously. At the time of event 16, the CSI hits a low at

under 20%, while the UE and OE stand at about 75%. As event 16 disperses, UEs and OEs
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decrease, with the CSI climbing up to 50% before those trends are reversed at the end

of the time sequence.

4.4.3 Point to Point Comparison

The direct mass comparison between WRF-Chem results and the satellite data at the
locations specified in Figure 4.2 and Table 4.2 can be seen in Figures 4.12A through
4.12E. Figure 4.12A, representing the location of Sarychev Peak volcano or ‘SP’ point,
reveals the onsets of the different events. The satellite data shows ash masses peaking
at around 200 Tons per pixel for the first three analyzed eruptive events, while WRF-
Chem’s results simulate event 15 to be most ash-rich (as defined by the input
parameters), followed by event 16 and events 13 and 14 are significantly lower at about
500,000 tons. In addition, WRF-Chem returns values of up to 60 x10° tons, whereas
identically timed satellite measurements only get up to 190 tons per pixel. The WRF-
Chem ash bins attributing most to this signal are bins 5 and 6 (31.25 - 125um). Especially
shortly after each event, bin 5 dominates the airborne ash masses, closely followed in
time by bin 6 being the dominate particle size within the WRF-Chem ash simulated mass
loadings (Fig 4.12A, bottom panel). In the later stages of the eruption, these peaks make
up between 90 and 100% of the total modeled ash mass seen over location the volcano.

After all events have occurred, bin 7 (15.625 - 31.25) increases its relative abundance,
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constituting nearly all of the model ash masses from WRF-Chem at the end of the

temporal range observed.

Figures 4.12B through 4.12E represent data from locations to the west and the east of
the volcano (see Fig. 4.2 and Table 4.2 for their location information). The time series to
the west shows the WRF-Chem modeled ash masses on average about 100-times larger
than measured with the satellite data. Location ‘1’ (Fig. 4.12B), to the far west, has
similar onsets for both datasets. The peak retrieved ash mass in the satellite data (up to
55 tons) occurred over a 12 hour period, while WRF-Chem has a narrow peak of 4600
tons at 05:00 (UTC) on June 14, 2009 with an almost equal volcanic ash mass between
the peaks (200-300 tons). Similar to location ‘SP’, WRF-Chem masses are considerably
higher than satellite derived masses, about 100 to 200 times for the majority of the time
series. Major contributors to this mass are WRF-Chem ash bins 6 and 7 (15.625 — 62.5
um), Figure 4.12B bottom panel. The time series shows bin 7 representing the majority
of the ash masses at this location between June 13 and 14, 2009 (UTC) and onwards
from June 15, while bin 6 reaches between 90 and 100% contribution to the total mass

during most of June 14 until early June 15, 2009.

A similar trend can be seen at location ‘2’ (Fig. 4.12C). This location, also to the west of
the vent, shows a similar time frame for ash masses to be detected by satellite and

model data, although the initial model onset was about 8 hours later (June 14, 2009,
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00:00 UTC). The peak masses calculated with WRF-Chem (41,000 tons, for event 15)
consisted mostly of bins 6 to 8 (7.8125 - 15.625 um) each bin with similar amounts,
while bin 6 dominates the dispersing cloud between the onset of the events, especially
during the later stages (June 14 and 15, 2009). Only the passing of event 16 at location

2’ (June 15, 2009, 03:00 UTC) brings coarser ash from the bins 6 and 7.

At locations ‘3’ and ‘4’ (Figs. 4.12D and 4.12E), a different phenomenon is observed.
While WRF-Chem predicts large peaks of 33 and 22 kt respectively, the satellite detects
essentially no ash over the whole time series. These WRF-Chem peaks coincide with the
dominance of bin 6. Snapshots coinciding with different phases of the eruption
sequence can be seen in Figures 4.7 to 4.10. These timings are also highlighted in

Figures 4.12A to 4.12E.

4.5 Discussion

The qualitative comparison between WRF-Chem and satellite data in terms of volcanic
ash highlights strengths and weaknesses in this approach. The initial qualitative match
between absolute ash extent in satellite-determined ash with a manual cutoff and total
WRF-Chem ash extent shows that the majority of the volcanic ash as indicated by the
satellite data falls in the total WRF-Chem extent (Fig. 4.7). However, once the mass
cutoff in the model data, based on the best match between absolute extents in model

and satellite data as shown in Figure 4.6, is applied, the satellite-derived ash shows a
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similar shape to the model-calculated one, but with an offset to the north (Fig. 4.8). This
change in the data, utilizing the mass cutoff, can also be seen in the CSI, OE and UE
values (Fig. 4.11). In the data where the mass cutoff was used, the UEs are very high

(> 50% for the majority of the temporal range) indicating that more than half of the ash
determined by the satellite data was outside the region specified through WRF-Chem.
This is especially true at the beginning, with the UE values reaching 90% but is expected,
as ash from previous events will be detectable by satellite data but not seen in this WRF-

Chem study, limiting WRF-Chem’s accurateness and potential for operational purposes.

On the other hand, the OE values peak at the center of the time series (June 15, 2009,
00:00 UTC) at about 80% but are below 40% for most of the other time periods. This
peak represents a large portion of the WRF-Chem ash extent being projected outside
the satellite-defined region and can also be seen in Figure 4.8 on June 14, 2009, at 20:00
UTC. Towards the end of the time series, the CSI reaches approximately 50% showing a
good match between model and satellite data (compared to other studies using the CSI
like Webley et al., 2009). A factor that can cause such an offset, and that has not been
included in this analysis, is the satellite’s position and its line of sight. MTSAT is located
geostationary at 1402E and therefore measures the radiant signal along its satellite
zenith angle, rather than at a true nadir and hence, once mapped to the 2-dimensional

plan view, it will offset the dispersing ash to the northeast. Hence, while the results
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from the WRF-Chem simulations are shown as the ash vertically above the given

locations, the satellite data will show an offset to the northeast.

The timings of the different events at the vent analyzed in this study match well (Fig.
4.12A) but despite correcting for the different pixel sizes, the masses derived by WRF-
Chem are considerably higher than the satellite-derived ones. Especially in Figures 4.12D
and 4.12E, this becomes obvious where WRF-Chem predicted a tonnage of up to 33,000
and 24,000 tons respectively but the satellite essentially detected no ash. There are,
however, multiple factors that can result in this mismatch. Despite the previously
mentioned satellite offset, the Kuriles and especially the domain chosen for this study
was very cloudy during the course of the eruption (see Fig. 4.2B for an example) and
meteorological cloud coverage will undermine the satellite ash retrievals resulting in a
higher noise level (Pavolonis et al., 2006). This is also the case during the eruption.
Figure 4.2B shows the cloud coverage for one defined timing and this phenomena was
consistently the case throughout the eruption and so only the ash above these
meteorological clouds is detectable from satellites. Still, the area of satellite-predicted
ash in Figures 4.7 and 4.8 shows multiple gaps as a result of meteorological clouds

overlying even the higher portions of the volcanic ash.

Another reason for the different mass retrievals is the sensitivity of VAR to different
particle sizes. VAR can only correctly identify ash if the effective radius, the ratio

between skewness and variance of a log normal distribution of ash where low values
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indicate a high proportion of fine particles in a pixel, at that location is below 10 um
(Wen and Rose, 1994). The majority of the WRF-Chem-predicted ash does not meet this
criterion and hence the ash mass detected in the satellite data is likely lower than the
actual amount. The ash results and calculated masses based on the satellite originates
dominantly out of WRF-Chem bins 8 through 10 (< 15.625um), bins that don’t
contribute greatly to the WRF-Chem signal (Figs. 4.12A to 4.12E). Especially at the
volcano location (Fig. 4.12A), a large overestimate in WRF-Chem compared to the
satellite can be seen. Here, the initial plume is emitted and the WRF-Chem bins
attributed to it are those with large particles (Table 4.1). Consequently, the WRF-Chem
masses are much higher than the masses measured in infrared satellite images. Given
that the plume is dominated by larger particles, the satellite data will be an

underestimation.

In addition, the ash in the satellite’s line of sight must cover at least 500 m to cause a
significant signal in the data (ICAO, 2011). In Figures 4.7 and 4.8, the last and the first
two timings show satellite ash at location ‘3’. The total mass, based on WRF-Chem,
consisted mainly of WRF-Chem bins 6, 7 and 8, with bin 6 having settled out by 07:00
UTC on June 15, 2009, leaving only the finer bins to contribute to the modeled cloud
(Fig. 4.12D). The same effect is also seen in Figure 4.12A, where bin 5 has a spiked
increased contribution after each event, closely followed by bins 6 and 7 contribution

reaching their peaks, when the respective coarser bins have settled out. As the modeled



141

thickness of the cloud at 07:00 UTC on June 14, 2009 (UTC) at location ‘3’ is greater than
500 m (Fig. 4.13) for the defined PSD and Er used in these cases, this indicates that the
bins still contributing to the dispersing cloud at this timing produce an effective radius
too large to be identified with VAR. Additional ground-based data would be needed to

confirm this.

A similar effect explains the narrow peak in WRF-Chem predicted ash in location ‘1’ at
12:00 UTC on June 14, 2009, while the satellite shows a broader temporal range of ash
(Fig. 4.12B). This location shows evidence of some meteorological cloud coverage above
the volcanic ash clouds, as seen by the gaps in the satellite data in Figures 4.7 and 4.8.
These gaps result in the ‘saw-tooth’ shaped time series for the satellite-determined ash
in Figure 4.12B. The timings of satellite-detected and model-derived ash burden passing
above location ‘2’ are similar but the main increase for WRF-Chem is not detected in the
satellite infrared data. The WRF-Chem bins contributing most to this increase in the ash
masses are bins 6 and 7 (15.625 — 62.5um). The dominant meteorological cloud cover
will obscure some of the signal seen in the satellite data, but the effective radius,
resulting from the particle sizes present, as seen in WRF-Chem modeled results, is likely
too large to be detected by VAR. WRF-Chem shows the total thickness of the plume is
greater than 500m (Fig. 4.14), given the PSD and Er used in these cases, and as such is

likely to provide a detectable signal in satellite images.
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Figures 4.9 and 4.10 show a comparison between the mass distributions based on WRF-
Chem modeled ash cloud and satellite data. Despite showing a relatively good match in
absolute shape, although an offset, in Figure 4.8, Figures 4.9 and 4.10 do not compare
well. WRF-Chem predicts the majority of the ash to be in the southeast, while satellite
data shows it drifting mainly to the northwest. Based on the slices through the model
domain of wind speed and direction (Fig. 4.5), the highest atmospheric layers can be
seen distributing the ash to the southeast, while lower layers < 10 km ASL showed a
northwest transport. Based on this, the initial vertical structure of ash in the plume,
assumed here to be poisson-distributed, attributed too much ash to the top layers,
while underestimating the ash burden of the lower sections. Further work with uniform
vertical distributions and varying the location of the dominant ash masses in the vertical
distribution are needed to assess this dependency on the vertical distribution and

dispersion pattern.

This offset, seen in Figure 4.8, stems from the satellite receiving radiation over its
viewing angle as compared to the model that summarizes the ash vertically above each
location. Figure 4.15 shows a simplification of this problem. When comparing the
different paths through the ash plume and consequent ash cloud, different ash
concentrations can be encountered based on viewing angle, as well as varying
thicknesses. This will lead to a change in derived ash masses when comparing true

vertical to satellite viewing-angle. While a simply shift of the satellite plume to the
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south-west (in this study) can improve the spatial correlation the point-to-point
comparison will still be inaccurate. For an overall improvement of the quantitative
comparison, ray-tracing of the satellite’s path has to be performed and at each vertical

model level, the grid cells closest to the satellite’s line of sight have to be summarized.

In addition, the VAR retrievals and WRF-Chem simulation both require a range of input
parameters and case studies have shown that especially the brightness surface and
cloud top temperatures are crucial values for VAR (Steensen and Webley, 2012). Using a
default parameter for the whole satellite scene will introduce errors, but this is the only
option if a more detailed analysis is not available. The sensitivity of the different WRF-
Chem input parameters, such as vertical distribution, initial PSD and eruption rate, has
not been studied to date but varying the eruption rates in this study shows only a small
change in derived ash extent (Fig. 4.6). The main difference between these particle size

distributions is the amount of ash in the finer bins (Table 4.3).

Figure 4.6 also shows the necessity of outlining the plume, illustrated here by a manual
analysis from MTSAT’s two band TIR data, to obtain the best estimate of the ash masses.
The automatic delineations between the BTD threshold of 0 K (the standard default
value) to the minimum value analyzed here (-1.5 K) all show peaks at similar locations.
These are more pronounced at higher BTD cutoff values, but all occur at locations where
the model data does not show a peak. This is due to cloud coverage (Fig. 4.2B), which

can produce negative BTD values (Pavolonis et al., 2006). An automated outline on the
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two band data, with a zero BTD cutoff, will classify those as ash, therefore introducing
errors. The maximum extents of the manually outlined ash, however, coincide with the

WRF-Chem calculated peaks.

Additional complications for the satellite to model comparison stem from the choice of
the retrieval parameters in VAR. Figure 4.12A shows that the first three analyzed
eruptive events reached approximately the same tonnage (190 tons in one MTSAT pixel)
during the respective early stages which, based on plume heights and event durations
(Table 4.1), cannot be the case. However, with constant surface and cloud top
brightness temperatures/radiances, VAR has a maximum mass that can be retrieved
(see discussion in Wen and Rose, 1994). There have been no concrete studies as to what
this maximum tonnage is for different input parameter ranges but because of the similar
tonnages, while changing heights and durations, it is likely that 190 tons per MTSAT
pixel is the upper limit for the retrievable amount of ash using VAR with the parameters

used in this study.

Another reason for the big difference is the penetration depth of the satellite retrievals,
especially in cloudy regions like the Kuriles. If the ash is above a thick layer of
meteorological clouds, the surface brightness temperature is sufficiently scattered and
will not be detectable at the satellite (ICAO, 2011). The ‘surface’ brightness

temperature to be used in this case is that of the highest layer of meteorological clouds
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and not that of the actual surface. Lastly, if aggregation takes place, a feature not
included within WRF-Chem, the particles would settle out at a faster rate as the
particles aggregated. Without this process, the discrepancy between satellite and model
data will therefore increase. Further work is needed to assess the effect of aggregation

on the modeling results shown here.

4.6 Conclusions

Sarychev Peak Volcano erupted in June 2009 and had 23 separate explosions. Events 13
—16 onJune 13 — 14 2009 (see Table 4.1) were examined and compared the infrared
satellite derived volcanic ash masses with those from an Eulerian VATD model, WRF-
Chem. For the modeling, simulations were performed using two different particle size
distributions and two different eruption rate models. For the eruption rate analysis, one
used an empirical relationship of plume height and eruption rate (from Sparks et al.,
1997) and the other using an atmospheric profile including temperatures and humidity
above the vent to ascertain a likely eruption rate from the measured plume height (see
Plumeria; Mastin, 2007). The model results were compared to the satellite

measurements of volcanic ash over the same spatial and temporal domains.

The analysis results indicated that, with the input parameters chosen here, the eruption
rate model is of negligible importance for a qualitative spatial comparison if a zero

threshold in the model data is applied, while a change in the particle size distribution
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can result in substantial changes to the predicted ash extent (Fig. 4.6). Those changes in
spatial extent, however, represent the qualitative definition of boundary values based
on the color bars. A change in actual extent of the plume does not occur as the ash will
be advected based on the wind fields and only concentrations change with varying
eruption rate and particle size distributions. A correct estimate of the particle size
distribution, while taking account of aggregation, is crucial to predict masses that match

with those derived from in the satellite data.

The ash masses calculated from the WRF-Chem model and satellite data over five
different locations show a good temporal match but differ in the magnitude of the
derived masses by a factor of 100 (Fig. 4.12B) up to 300,000 (Fig. 4.12A). These large
differences occur as a result of sensitivity limitations in the satellite data, initial PSD and
Er chosen, meteorological cloud coverage and the geometric setting between satellite
and dispersing ash. This is especially the case at locations ‘3’ and ‘4’ (Figs. 4.12D and
4.12E), where WRF-Chem predicts clouds with up to 33,000 tons but the satellite only
shows background noise. There are different reasons that can cause this discrepancy,
both in the WRF-Chem model and satellite input parameters as well in the geometrical

setting of the scene.
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4.6.1 Input and Model/Retrieval Parameter

The input parameters for VAR with the two band TIR data, as described in Steensen and
Webley (2012), can result in strong over- or underestimates, if they are accessed
incorrectly. This is especially true for the brightness temperatures of the surface and the
cloud top, derived from the radiant signal of the satellite retrievals. In this study, these
two variables were held constant due to a lack of detailed observations and access to
multi-spectral data with sufficient temporal frequency. Other parameters including
refractive indices of ash and air and the specific gravity of ash also have a significant
influence on the retrieval (see Steensen and Webley, 2012) but often require in-situ

measurements to be defined accurately.

Similarly, the BTD threshold for the reverse absorption should be kept as 0 K to
determine as much as possible the full ash cloud extent, but the cloud must be manually
outlined in the two band TIR data to obtain best results if no further advanced
algorithms (see Pavolonis and Sieglaff, 2010) can be used. Such advanced algorithms
cannot be applied to MTSAT data and hence a manually determined ash spatial extent
was used. An automatically determined 0 K BTD threshold for the whole satellite
dataset will drastically increase the calculated masses due to high noise levels, especially
in a cloudy region like the Kuriles. Even an eruption-tailored cutoff will include a small

amount of noise at the expense of missing parts of the ash cloud that are just below a 0
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K BTD threshold, the part that often is associated with the largest masses (Wen and

Rose, 1994) as the cloud starts to become translucent.

Similar sensitivities exist for the WRF-Chem model. A particle size distribution, generally
assigned by consideration of the VEI and the top height of the initial plume (Mastin et
al., 2009), can easily overestimate the finer particle fraction due to the missing
aggregation in WRF-Chem. This causes the bin percentages to only change due to fallout
and smaller particles will remain airborne longer than the actual ash transport from the
eruption. In addition, Figures 4.12A to 4.12E show that the WRF-Chem bins with particle
sizes of 15.625 um or greater are not identified by VAR, likely because the larger
particles were evident at those timings causing VAR to be unable to resolve the ash
efficiently as the size range between 0 and 100 um, the size range VAR analyzes in (Wen
and Rose, 1994), did not dominate the signal. A careful consideration of the initial
particle size distribution used in terms of initial and post-aggregation percentages as
well as the range compared to satellite imagery is necessary for satellite to model

comparisons.

For the eruption rate models used, this study does not show a clear advantage of one
over the other, despite the fact that Plumeria takes account of the actual atmosphere.
For the spatial comparison (Fig. 4.6), no clear distinction between the models is

noticeable for a zero cutoff in the WRF-Chem masses. In the case of Sarychev Peak
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eruption and with our list of input parameters, a more detailed targeting of WRF-Chem
bins and particle size distributions is necessary to be able to favor either Plumeria or the
empirical relationship by Sparks et al. (1997). Another important factor to be considered
is the vertical structure of the initial plume. As seen in Figures 4.9 and 4.10, WRF-Chem
predicted much higher masses, relative to the satellite data, going to the southeast,
which, in reality based on the satellite data, drifted to the northwest. Based on the wind
profiles at different altitudes (Fig. 4.5), the overestimate in WRF-Chem lies in the higher
altitudes, whereas lower levels are not attributed with sufficient ash mass. A correct
vertical distribution, however, is hard to assume without in-situ data or previous model

runs.

4.6.2 Model Limitations and Geometrical Setting

Besides the uncertainties associated with the input parameters, VAR has internal
limitations that restrain the actual mass estimates as described in Wen and Rose (1994).
These include the assumption of a thin, homogenous ash layer and an otherwise cloud-
free atmosphere. Both cases represent an idealized atmosphere and therefore, in a
realistic setting, it is very likely that the Volcanic Ash Retrieval will not take into account
the full ash distribution from the respective event. If a spectrally opaque cloud layer is

below the ash, the radiant signal from this layer causes the ash signal. In this case, the
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‘surface’ brightness temperature of this layer needs to be taken into account for VAR

and not that of the actual surface.

Multiple ash layers also complicate the retrieval and a radiative transfer model like
MODTRANS (Moderate Resolution Atmospheric Transmission 5; Berk et al., 2003) needs
to be run to estimate the scattering and absorption effect with altitude to outline the
ash masses. Other limitations include different sensitivities for different size ranges
depending on the wavelengths used and a limiting maximum value derived (see Fig.
4.12A). This results in a large overestimate of masses in WRF-Chem data, if compared to
satellite estimates, especially in the case of early initial events. In addition, the satellite
needs at least 500 m of volcanic ash in the line of sight (ICAO, 2011) and an effective
radius of the ash particles less than 10 um (Wen and Rose, 1994) to identify the ash.
This was the case at locations ‘3’ and ‘4’ (Figs. 4.12D and 4.12E) and at the peak at
location ‘SP’ (June 14, 07:00 UTC, Fig. 4.12A), where WRF-Chem showed a significant
peak in the derived masses that the satellite didn’t detect. Consequently, the ash
masses calculated from the satellite data are an underrepresentation of the actual
masses, whereas WRF-Chem treats all airborne particle sizes equally (through its
defined size bins) and counts all of them in the final product and so is likely an

overestimate.
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Additional complications arise from the geometrical setting. Sarychev Peak volcano is
located at about 482N and 153.22F, while the MTSAT is geostationary above the equator
at 1402E. WRF-Chem calculations measured the mass vertically through the model
domain, but the satellite records the thermal radiance at sensor and so the cloud will
appear to be offset at an angle of over 562, when mapped to a 2-dimensional plan view.
Therefore, the satellite has a different line of sight than the model and the signal is
potentially influenced by factors (and hence ash masses) out of the model’s vertical

view.

The difference between pixel sizes in the model and satellite outputs can also cause
problems for the direct quantitative comparison at different locations. In this case
study, the WRF-Chem simulations had a grid with had a pixel size of 25 km?, while the
satellite data at nadir was approximately 16 km?. Based on the trigonometric settings
described above, this results in an approximate pixel size of 18.23 km? at the volcano’s
location, about 73 % of the grid size in the WRF-Chem domain. A linear correction has
been applied to the WRF-Chem data to match the satellite’s footprint and to correct for

this discrepancy in this study.
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4.6.3 Future Work

This work has shown promising results for a direct, quantitative comparison between

WRF-Chem and satellite data but also outlined areas to focus on in future studies. The

major points to address in upcoming research should be:

1)

2)

3)

4)

5)

Individual pixel-based estimates of surface brightness temperatures/radiant
signals as VAR input

Calculation of effective radii in WRF-Chem results to compare only relevant data
to VAR

Estimate of particle size distribution that includes aggregation and is not solely
based on the VEI and initial plume height

Correction for line-of-sight in satellite measurements to calculate WRF-Chem
masses

Determination of the eruption rate and vertical profile based on multiple
atmospheric profiles and for different eruptions to estimate the importance of

this input parameter

In addition, a deliberate overestimation of masses by changing the input parameters of

VAR accordingly (for details see Steensen and Webley, 2012) should be evaluated on a

case-by-case basis to balance VAR underestimates due to natural factors like cloud

coverage. With these guidelines, a better spatial and temporal comparison between
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satellite and model data can be achieved which, in turn, will result in a better

performance of WRF-Chem to forecast volcanic ash distributions during an eruption.
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Figure 4.1: Location of Sarychev Peak volcano in the Kuril Islands, Eastern Russia.
Courtesy of Marble, the KDE Education Project.
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Figure 4.2: Spatial extent of the ash clouds on June 14, 2009, at 21:00 UTC in the Weather Research and Forecast Model with online Chemistry
(WRF-Chem, A}, in the 0.55 - 0.8 um channel of the Multifunctional Transport Satellite (MTSAT) with the sample locations for the ash comparison
between satellite and model data (B) and the difference between MTSAT's channels IR1(10.3 — 11.3 pm) and IR2 {11.5 —12.5 pum) to highlight the
ash (Brightness Temperature Difference [BTD] method; C). Geographic locations of the sample locations are listed in Table 4.2. Event 16 can be
seen at the vent (Location 'SP’} while dispersing ash from previous events is identifiable especially to the west around location 1", Note the
meteorological cloud coverage that prevents volcanic ash below to be detected by satellites. The dashed lines represent the ash extent. The Box in
Panel A shows the subset chosen for the analysis (B and C).
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Figure 4.3: Ash dispersion predicted by the Weather Research and Forecast model with online Chemistry (WRF-Chem) using the Plumeria and
Sparks-defined eruption rates and the particle size distribution 52/53 (Table 4.3). The Sparks-defined eruption rate causes an increase inash
extent and mass loading during the earlierstages of the eruption while both model runs show similar results on June 15, 2009.
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Figure 4.4: Ash dispersion predicted by the Weather Research and Forecast model with online Chemistry (WRF-Chem) using the Plumeria and
Sparks-defined eruption rates and the particle size distribution 51 (Table 4.3). The Sparks-defined eruption rate causes anincrease in ash extent
and mass loading during the earlierstages of the eruption while both model runs show similar results on June 15, 2009.
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Figure 4.5: Ash concentration and dispersion predicted by the Weather Research and Forecast Model with online Chemistry (WRF-Chem) at
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Figure 4.7: Selected timings of ash extent as derived by satellite data (light gray),
calculated by WRF-Chem (Plumeria S2/S3) without a mass cutoff (dark gray) and the
match of the two data sets (black). Especially in the earlier stages of the eruption (A —C),
a closer match between satellite and model data is visible while the model over predicts
towards later events (D and E). Gaps in the satellite-derived ash extent are a result of to
meteorological cloud coverage.
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Figure 4.8: Selected timings of ash extent as derived by satellite data (light gray),
calculated by WRF-Chem (Plumeria S2/S3) with a mass cutoff of 50 tons (dark gray) and
the match of the two data sets (black). Especially in the earlier stages of the eruption (A
— (), the satellite data over predicts the ash extent compared to WRF-Chem, while in
later stages (D — E) a closer, albeit sometimes offset, match is shown.
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Figure 4.9: Selected timings of ash masses calculated by the WRF-Chem model using the

Plumeria eruption rate and the particle size distribution S2/S3 (see Table 4.2 for details).
A mass cutoff has not been applied but due to the 8-bit color scale, masses below (1/2°)
of the highest value will be assigned background values. Image stretching has been
applied to enhance features inside the dispersion, see text for further explanation.
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Figure 4.10: Selected timings of ash masses as calculated from satellite data. New
eruptions can be seen at the vent (SP) at timings 21:57 UTC (June 13, 2009, A), 19:57
UTC (June 14, 2009, D) and 10:57 UTC (June 15, 2009, E). Dispersing ash can be seen
dominantly to the northwest of Sarychev Peak with a lesser amount drifting to the
southeast.
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Figure 4.12E: Ash masses derived from satellite data and the WRF-Chem simulations at
the five locations analyzed (Fig. 4.2). The upper panels in Figures 4.12A to 4.12E show a
direct comparison between the derived masses in tons passing each location. Note the
different scales on both the y-axes. For clarity, we only plotted the WRF-Chem results
for the Plumeria S2/S3 runs. The lower panels show the percentages of the total masses
passing the site from the three dominant WRF-Chem bins. Note the change from bins 5
to 7 (Figure 4.12A) to bins 6 to 8 (Figures 4.12B to E).
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Figure 4.13: Vertical slice through the plume on June 14, 2009 at 07:00 (UTC) ranging
from location ‘1’ to ‘4’ (see Table 4.2 for coordinates). The total thickness of the ash
burden at locations ‘1’ to ‘3’ is greater than 500 m and, as such, should be visible in
satellite imagery given meteorological cloud conditions don’t prevent this and the
particles in the column have an effective radius under 10 um. Numbers on the graph
represent temperatures in Celsius. The color bar is chosen to represent 2 and 4 mg/m?,
two values discussed as possible thresholds for ash concentration in the aviation
community (ICAO, 2011).
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Figure 4.14: Vertical slice through the plume on June 14, 2009 at noon (UTC) ranging
from location ‘1’ to ‘4’ (see Table 4.2 for coordinates). The total thickness of the ash
burden at all locations is greater 500 m and, as such, should be visible in satellite
imagery given meteorological cloud conditions don’t prevent this and the particles in
the column have an effective radius under 10 um. Numbers on the graph represent
temperatures in Celsius. The color bar is chosen to represent 2 and 4 mg/m?, two values
discussed as possible as thresholds for ash concentration in the aviation community
(ICAO, 2011).



176

A: Model-calculated 1 B: Satellite—retrieved/l
ash mass

ash mass ,

Figure 4.15: Diagram illustrating potential discrepancies between model calculations (A)
and non-line-of-sight-corrected satellite retrievals (B). At any given point, the satellite
will calculate the ash masses on a slanted angle while the model determines each
point’s location by summarizing the ash column vertically above. These two paths can
not only differ in direction but also in length through the ash column (here depicted as
dark rectangles) and encountered ash concentrations (here visualized as different
shades of gray).
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Table 4.1: Timings and heights of the 23 explosive events of the Sarychev Peak eruption
of 2009. Plume heights (above sea level) and onsets are based on Levin et al. (2010),
while the duration was derived from infrasound data by Matoza et al. (2011). We only
included the duration if the given infrasound-derived onset falls within the range of £5
minutes from the satellite timing given by Levin et al. (2010).

Sarychev Peak, June 2009 Ly Time Plume Duration

Event No. Height
1 11-Jun 02:00 UTC 3 km
2 11-Jun 07:00 UTC 4 km
3 12-Jun 02:00 UTC 10 km
4 12-Jun 04:00 UTC 6 km 13 minutes
5 12-Jun 07:57 UTC 12 km
6 12-Jun 14:57 UTC 5 km 16 minutes
7 12-Jun 17:13 UTC 5 km 25 minutes
8 12-Jun 18:57 UTC 5 km
9 12-Jun 22:15 UTC 5 km 20 minutes
10 12-Jun 23:30 UTC 6 km
11 13-Jun 01:30 UTC 10 km
12 13-Jun 04:30 UTC 10 km
13 13-Jun 04:50 UTC 10 km 55 minutes
14 13-Jun 09:30 UTC 10 km 34 minutes
15 13-Jun 21:30 UTC 21 km 50 minutes
16 14-Jun 18:50 UTC 16 km 79 minutes
17 15-Jun 00:57 UTC 12 km
18 15-Jun 05:15 UTC 5 km
19 15-Jun 09:20 UTC 10 km 35 minutes
20 15-Jun 10:25 UTC 16 km
21 15-Jun 10:55 UTC 10 km
22 15-Jun 16:55 UTC 16 km 27 minutes
23 16-Jun 20:45 UTC 5 km
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Table 4.2: Parameters used for satellite and volcanic ash transport and dispersion
analyses for the Sarychev Peak events 13 to 16. WRF-Chem = Weather Research and
Forecast model with online Chemistry, VAR = Volcanic Ash Retrieval; WRF-Chem was run
with two different eruption rates and two different particle size distributions, see text
for details.

Parameter i Unit | Event13 Event 14 Event 15 Event 16
General | Julian Date ; ; 164 164 164 165
Starting Time LouUTC ! 04:50 09:30 21:30 18:50
Duration . min | 55 34 50 79
Initial Height v kmo 10 10 21 16
WRF- | Erupted Volume (@) | km® ! 1.80x10°, 1.11x10°, 4.00x10°, 2.02x107,
Chem (b) : km® | 410x10* 1.93x10* 4.35x10° 1.45x10”
Eruption Rate (@) | kgs' | 1.42x10°, 1.42x10°, 3.46x10/, 1.11x10/,
(b) | kgs' i 3.23x10° 2.46x10° 3.77x10° 7.97x10°
Mass fraction <63um (1) : % 1.9 1.9 1.9 1.9
I ¢ 179 179 3627 3627
Density i kgm® | 2600 2600 2600 2600
Spatial Resolution bookmoo 5 5 5 5
Vertical Plume Shape 5 5 Poisson-distribution with Height
VAR | Cloud Top LK 213
Temperature . .
Surface Temperature oK 269
Spatial Resolution ¢ kmo 4.3
Reverse Absorption Pk 0
... |Threshod I ........._..{ash outline manually-defined)
Specific Gravity of Ash kg m> 2.6
Refractive Index of Ash P 11lpm 2.14610+0.39891i
| 12 pum 1.82854+0.12953i
Refractive Index of Air 1.0
Sample | Location SP § § 48.1°N 153.20%F
Locations | Location 1 E E 49.32N 149.05°E
(see Location 2 48.7°N 151.139E
Figure | Location 3 i i 47.5°N 155.239F
2B) Location 4 : E 46.99N 157.359F

a) Eruption rate calculated by the Sparks et al., (1997) Method
b) Eruption rate calculated by Plumeria (Mastin, 2007)

1) Standard particle size distribution as suggested by Mastin et al., (2009)
2) Tailored particle size distribution



179

Table 4.3: Particle size distributions based on the classification of Mastin et al. (2009).
The default value for Sarychev Peak is S1 but based on the characteristics of the 2009
eruption, S2 is the best-fit for events 13 and 14, while events 15 and 16 are best
represented by S3.

WRF-bins # s1 s2 s3

1-2 mm (Phi-1-0) 1 46.3 | 20.7 2.92
0.5-1mm (PhiO- 1) 2 15.2 5.5 3.55
0.25- 0.5 mm (Phi 1-2) 3 14.8 4.2 11.82
125 - 250 um (Phi 2 - 3) 4 11.1 5.9 8.24

62.5 - 125 pm (Phi 3 - 4) 5 6.3 23.2 7.9
31.25 - 62.5 pm Phi (4 - 5) 6 3.1 11.7 | 13.02
15.625 - 31.25 pm (Phi 5 - 6) 7 1.3 10.9 | 16.28
7.8125 - 15.625 um (Phi 6 - 7) 8 0.8 8.1 15.04
3.9065 - 7.8125 pm (Phi 7 - 8) 9 0.5 5.3 10.04
< 3.9065 um (Phi > 8) 10 0.6 4.5 11.19
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Chapter 5: Improvements on Volcanic Ash Quantification in the Puff Volcanic Ash
Tracking and Dispersion Model and Satellite Thermal Infrared Remote Sensing Data’
Abstract

In this study, advances in satellite to model comparisons of volcanic ash are analyzed.
Following up on previous studies, a variable surface temperature per satellite pixel,
based on numerical weather prediction data, is applied to volcanic ash retrievals to
better quantify the ash masses in the atmosphere. Furthermore, the focus in this study
is on a quantitative approach to compare model and satellite results based upon a
simple ‘Ash - No Ash’ binary system, using two band thermal infrared (TIR) satellite data.
For the model data, the Lagrangian Puff Volcanic Ash Transport and Dispersion (VATD)
model is used. The volcanic ash retrieved mass data are analyzed both in the traditional
model projection (i.e. vertically summed ash masses above given locations) as well as in
the satellite-line-of-sight projection (i.e. summed from one location in a straight line
towards the satellite). The case study focused upon is the eruption of Kasatochi Volcano
in the Aleutian Islands, Alaska, during August 2008. Results reiterate that a

quantification of ash masses is not easily performed with two band TIR data as

! Steensen, T., Webley, P, and Dehn, J. Improvements on Volcanic Ash Quantification in
the Puff Volcanic Ash Tracking and Dispersion Model and Satellite Thermal Infrared

Remote Sensing Data, in preparation.



meteorological cloud cover can intervene and subsequently no ash will be detectable in
the satellite data, unless the ash is above the cloud cover and manually outlined
perfectly or there is no cloud cover present. With a thick layer of clouds, this
meteorological interference will alter the results. A binary ‘Ash - No Ash” approach is
considerably more promising for the two band data. It produces a better satellite-model
match than a quantitative approach trying to derive absolute masses, as the extent of
the ash is identifiable in satellite data with fewer assumptions than it needed in the
calculation of the masses. This match can then be exploited for ash forecasting in a real-
time setting. Finally, the change of projections (vertical - line-of-sight) in the model data
has an effect on the position of the plume and, hence, on the comparison to satellite
data. With 30 to 50 km spatial resolution in the modeled ash cloud from the numerical
weather prediction model applied, these only needs to be taken into account if the
spatial model resolution is finer than this offset or where the dispersing cloud is small
relative to the modeled ash clouds concentration grid. This work provides
improvements on near real time ash detection, which will be valuable for operational

services for the aviation community.

5.1 Introduction

Satellite-based detection of volcanic ash in the atmosphere was first described

qualitatively by Prata (1989). Using two satellite bands centered at 10.8 um and 11.9
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um, respectively, Prata (1989) used the reverse absorption feature of silica ash located
in the atmospheric window. As opposed to meteorological water, volcanic ash
absorbs/scatters more radiation at lower wavelengths in this 10-12 um atmospheric
window, so that a difference of the two bands (B1g.s — B11.9) brightness temperature data
will yield a negative value if ash is present. Meteorological clouds, however, can obscure
the results and it has been shown that they can also produce a falsely positive result

(Pavolonis et al., 2006).

Wen and Rose (1994) built upon this method and developed a quantitative approach
(Volcanic Ash Retrieval, VAR). With the difference of the brightness temperature bands
described by Prata (1989) and some physical input parameters of the atmosphere and
the ash, like surface and ash cloud top temperature and refractive indices of ash and air,
Wen and Rose (1994) calculated the ash masses, the optical depth and the effective
radii per pixel for volcanic clouds. This estimate from the VAR algorithm includes several
uncertainties and assumptions including a thin homogenous ash layer parallel to the
surface and no other scatterers in the satellite’s line of sight (see Wen and Rose (1994)
for a complete list). Furthermore, the input parameters for the volcanic ash mass
retrievals are defined as default settings for the whole time series of images. Many of
these values are hard to obtain (like air or particle density) if no field work can be

performed. However, a small change can result in comparably high alterations in the



derived masses (Steensen and Webley, 2012), with the surface temperature (i.e. surface

leaving radiance) being the most crucial variable.

In this paper, the work follows on from the previous studies of Steensen and Webley,
(2012), Chapter 3 of this dissertation, and Steensen et al. (in review), Chapter 4 of this
dissertation, and analyzes the eruption of Kasatochi Volcano (Aleutian Islands, Alaska,
USA) with data acquired using the Geostationary Operational Environmental Satellite
(GOES) located at 1352W and using the Puff VATD model (Searcy et al., 1998). A
geostationary satellite was chosen for its reliability in coverage of the eruption both
temporally and spatially. As opposed to previous scenarios, we vary the surface
temperature per satellite pixel, as this is shown as being the most important variable in
the ash retrieval in terms of accuracy (Steensen and Webley, 2012) as well as the
projection of the dispersion model so that total masses are summed in the satellite’s
line of sight as opposed to vertically above the respective locations. See section 5.2 for
further details on both techniques. The outcome from the analysis aims to provide
improvements to global volcano monitoring and ash analyses utilizing a fusion of

satellite and model data.
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5.1.1 Kasatochi Location and its 2008 Eruption

Kasatochi is a stratovolcano in the Aleutian Islands of Alaska (USA, Fig. 5.1). In early
August 2008, the volcano erupted in three different events sending ash up to 18 km
above sea level (ASL) into the atmosphere (Waythomas et al., 2010). The onsets and
durations of the different events were determined using seismic stations on nearby
islands and satellite data. The plume heights were estimated using National Oceanic and
Atmospheric Administration (NOAA) GOES and AVHRR (Advanced Very High Resolution
Radiometer) data. This eruption was the first in recorded history. Tephra fallout was
only mapped on neighboring islands and, hence, does not include distal deposits. The

eruption and volcano parameters are summarized in Table 5.1.

5.2 Methodology

In this study, three previously-described enhancements suggested for better detection
of airborne volcanic ash in satellite data are focused upon and their comparison and

evaluation with VATD model data:

a) Use of pixel-specific background temperatures in VAR;
b) Comparison techniques of binary ash detection in model and satellite data,

i.e. the ‘Ash - No Ash’ approach;



c) Comparison of satellite data to VATD model data that has been projected in the

satellite’s line-of-sight (LOS).

5.2.1 Using Pixel-Specific Background Temperatures

The importance of the background temperature (derived from surface leaving radiance
at thermal infrared wavelengths) has been outlined by Steensen and Webley (2012) in
retrieving the total amount of ash in the atmosphere using the Volcanic Ash Retrieval of
Wen and Rose (1994). A calculation of the sensitivities of all VAR input parameters
showed that the Surface Temperature (Ts) has the strongest influence on the derived

mass and can cause a + 25% change when assessed with an error bar of + 2%.

Previously, a single T value has been estimated on a clear-sky pixel in the satellite scene
and applied to all pixels in the whole time-series (e.g. Steensen et al., 2013). To estimate
the per pixel T, values in this study, the temperatures reported for the bottom layer in
numerical weather prediction (NWP) global re-analysis atmospheric models is applied.
While the temperature of the bottom layer of the atmosphere in the NWP model does
not necessarily equal the true surface temperature, it is still an improvement over the
previous method (as used in Chapters 2 and 4 of this dissertation) and takes into

account regional changes of temperature.
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In this project, data acquired from the National Centers for Environmental Protection
(NCEP) is used. Their Global Forecast System (GFS) is available at spatial resolutions
from 0.5 up to 2.5 degrees (NOAA, 2013). For the purpose of fast calculations, as
needed in real-time assessments, but also relative accuracy, the spatial resolution of 1.0
degree was chosen. In addition, the traditional approach with one T, value for the whole
temporal and spatial sequence is also applied in the analysis. In this case, based on a
clear-sky pixel, a Ts of 280 K was chosen. The spatial resolution here is dependent on the
GOES pixel size at the respective location, which is about 4.4 km for the North Pacific
region being focused upon in this study. All details regarding the atmospheric models

used can be found in Table 5.2.

Since the NWP model has a different spatial resolution to the satellite data, each
satellite pixel in the domain, specified in Figure 5.1, is assigned the closest T value of
the NWP atmospheric model. This way, a Ts map is created with the same dimensions as

the satellite data and so the calculated masses can be compared.

Furthermore, the surface temperature is assumed to be the sole radiance being emitted
and being responsible for the signal received at the satellite. Any overlying
meteorological clouds will obscure the signal. As the Aleutian Islands are a cloud-prone
region and the cloud cover during the eruption was continuous (Waythomas et al.,
2010), the real brightness temperature that generates a signal in the satellite data will

be at least partially, or potentially entirely due to the clouds. If there are underlying



meteorological clouds that obscure the generally warmer surface, the calculated ash
masses will be, at least partially, based on this colder signal and the derived ash masses
will be lower. However, these are factors cannot be computed at this time and for this
study a cloud-free sky is assumed. Taking into account the temperature of each NWP

model layer would be required to fully resolve this issue.

To help identify the ash in the satellite data and to avoid a large misclassification of
meteorological clouds as ash, the ash is outlined in the satellite data based on
identification in the visible (where available) and infrared images (see Steensen et al., in
review, for a previous application of this method; Chapter 4 of the dissertation). Since
the analysis is limited to GOES data, the channels available are also limited, two bands in
TIR, and a more detailed, multi-channel automated analysis (e.g. Pavolonis et al., 2006)
was not possible. In this manual approach, only the pixels within this outline will be
processed in VAR. With this, the area focused on in the satellite image is that defined as
ash by the observer, while the other parts are ignored. This means that any areas of
potential ash outside of the defined sub-image-area will not be included in the analysis.
Without this method, a custom-defined threshold, commonly described as 0 K, is
required for the band difference of (B1g.s — B11.9as described by Prata et al., 1989). This
threshold changes according to the cloud cover so meteorological clouds, which can
have a slight negative value (Wen and Rose, 1994), are not taken into account.

However, any meteorological cloud coverage inside this region of interest will still be
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processed and can result in a misclassification of as volcanic ash. To compare the
different approaches used in this task, the maximum, minimum and mean ash load per
m? in each time step with each method was determined. The trend over time was
analyzed and compared to the Puff VATD modeled maxima, minima and mean ash

masses for the same domain to determine the best approach.

Puff is a Lagrangian VATD model used for predicting volcanic ash movement, which has
been described in detail by Tanaka (1991) and Searcy et al. (1998). It is initiated with a
set number of particles, which are distributed using the Random Walk with a given data
set of meteorological data. For this project, a set of eruption-specific input parameters
as described in Table 5.3 with a spatial resolution of 10 km for the outputted ash
concentration grid was used. The particle dispersion is calculated in space and time so

that an estimate of the concentrations in the 4-dimensional domain is possible.

As the initial particle size distribution, the default values provided by Mastin et al. (2009)
which give a fine ash amount (< 63um) of 40% are used. The eruption rate used is based
on equation 5.1, the formula provided by Sparks et al. (1997), where H = Height and Er =

Mass eruption rate:

H=1.67x Er®*? (5.1)



5.2.2 Comparison techniques of binary ash detection in model and satellite data

The maximum ash extent in the satellite BTD and VATD model data is measured in a
simple binary approach. Here, there is no focus on absolute masses but rather if ash is
present or not at a given location and time. For a quantitative comparison, the Critical
Success Index (CSl) is applied. The CSI (Equation 5.2) was first described by Stunder et al.
(2007) for volcanic ash and is a measure of the overall match between two areas. It is
defined as the ratio between of the number of pixels belonging to both data sets (A)
over the total amount of pixels belonging only to one (B) or both data sets (A), see

equation 5.2:

A
CSl = — (5.2)
A+B

As a follow-up, the satellite and model excess values (SE and ME, respectively) are
introduced. The SE (Equation 5.3) is defined as the ratio of the satellite-detected ash
extent that does not correlate with the VATD model results (B_satellite) over the
cumulative area (A+B). Accordingly, the ME (Equation 5.4) is defined as the ratio
between the VATD model-predicted areas that are not detected in the satellite data

(B_model) over the cumulative area (A+B).

£ B_Satellite

A+B (5.3)
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B _Model
E=——7

A+B (5.4)

With B =B_model + B_satellite (5.5)

The advantage of using these values, in addition to the CSI, is that the excess area of
VATD model results and satellite detected data in relation to the entire possible ash
area is defined. With this, the satellite data or the model results are not assumed to be
truth but rather analyzed on how both compare with each other to find the ideal case
where the CSI will be ‘1’ and, hence, the SE and ME values will be ‘0’ as the sum of the

three values always equals ‘1’ (Equation 5.6):

CSI+SE+ME=1 (5.6)

5.2.3 Correction of the VATD model results to the satellite’s line-of-sight

A general discrepancy can occur between satellite detected ash clouds and VATD model
results based on the projection used: VATD models generally show values vertically
integrated above a given location, while satellite retrievals always show values
measured at an angle which can significantly change the geometry of the observation
(Fig. 5.2; Steensen et al., in review). To estimate the offset caused by a non-LOS-
corrected model run, the original VATD model results in terms of spatial extent at given
timings during the Kasatochi eruption with equivalent data, are compared to those

adjusted to the satellite’s LOS.



The line-of-sight is calculated based on trigonometric rules with a GOES satellite height
of 35,790 km above sea level (ASL) for each pixel assuming a spherical Earth with a
radius of 6378 km. At any given height interval for the VATD model, the closest new
coordinate pair is determined following the satellite’s LOS. Since GOES is geostationary,
there is no need to account for a movement of the satellite during the temporal range.
The final cumulative ash mass is then projected to the original pixel to mimic the ash’s
location in a satellite image resulting in a north shift of the ash, since the eruption
occurred north of the satellite’s latitudinal location. The offset between true-vertical
plume and south-shifted (along LOS) plume will be analyzed quantitatively with the CSI.
In addition, the analysis for the LOS data implements the previously defined excess
values SE (representing the amount the satellite-LOS-corrected ash extend exceeds the
non-LOS-corrected one) and ME (representing the amount that is classified as ash only

when the model sums the ash masses vertically).

5.3 Results

5.3.1 Satellite-Model Comparison 1: Mass Loading

Mass retrievals in the satellite remote sensing data and VATD model results differ
significantly. Figure 5.3 shows the maximum, minimum and mean mass loading values

for the whole eruption series as determined by VAR with the respective input values for
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Ts, as well as for Puff. The mass loading for the Puff VATD model runs show values up to
450 kg/m?. The maximum values show clear peaks when the new ash is released from a
new event during the Kasatochi eruption. The minima and mean values, on the other

hand, appear insignificant compared to the maximum ash load.

The VAR-derived values, on the other hand, show mass loadings up to about 25 g/mz. In
addition, the maximum values vary little over time, whereas the mean and minimum
ash mass loadings of the scene decline over time. In all three cases, the universal surface
temperature generally causes lower mass loadings and a less detailed trend than the

VAR runs using a pixel-specific surface temperature show.

5.3.2 Satellite-Model Comparison 2: Spatial Extent

Focusing solely on the Puff VATD model results, the ash disperses to the southeast of
the volcano towards Canada (Fig. 5.4). While initially at 14 and 18 km ASL (Fig. 5.4A), as
determined by the input heights for the respective events, the ash cloud spans a vertical
column from the surface up to 20 km ASL, the model’s highest vertical layer. In the early
stages of dispersion (August 8, 2008, Day 221), the cloud consists of two defined parts,
offset to each other, one at higher-altitudes (about 11 to 20 km ASL, yellows to reds in
Figure 4.5B) and another at a lower altitudes (0 to 11 km ASL, greens to blues in Fig.
5.4B). While the ash at higher altitudes is later-on (August 9, 2008, Day 222) caught up

in a vortex, the lower altitude ash expands longitudinally towards the northeast and



southwest (Fig. 5.4C). Only after 72 hours of dispersion (at the end of August 10, 2008,
Day 223), the Puff VATD model results show ash at an altitude of between 4 and 14 km

ASL leave the vortex to be advected towards the Canadian mainland (Fig. 5.4D).

When comparing the extent of the ash cloud as manually identified in the satellite data
and processed in VAR with the extent computed by the Puff VATD model, Fig. 5.5, an
almost identical behavior can be seen until 12:00 UTC on Day 222 (August 9, 2008).
Thereafter, while the Puff-predicted ash steadily increases in spatial extent, the satellite-
derived spatial coverage largely decreases over time. At the end of the chosen temporal
domain, the model extent reaches 300,000 km?, while only 25,000 km? is identifiable in

the satellite data, Fig. 5.5.

Taking a closer look at the areas depicted as ash in the satellite data as well as the
model runs reveals a less defined comparison than Figure 5.5 suggests (see Fig. 5.6). In
the first two panels (Fig 5.6A and B), the satellite’s furthest ash extent is west of the
model’s prediction furthest extent but still shows an overlap, while the eastern arm of
the model’s ash extent is not detected in the satellite data. 24 hours later (Fig. 5.6C),
both approaches show a similar shape of the ash extent but Puff additionally predicts
extensions to the northwest and the southeast of the main body. Towards the end of
the chosen temporal domain for this study (Fig. 5.6D), the model’s prediction

significantly extents the satellite’s data detected ash cloud. The satellite derived ash



195

cloud location only inhabits the core part of the Puff-calculated ash dispersion and does

not show any ash moving across Canada.

The quantitative comparison of these extents is shown in Figure 5.7. The CSI, the
percentage of overlap in both models, varies between under 10% in the beginning of
Day 221 (August 8) and at the end of Day 223 (August 10) and up to 60% for the middle
stages of ash dispersal. The excess area of the satellite (SE) surges briefly to over 40%
towards the end of August 8, 2008 (Day 221) before it decreases slowly to 0% during
Day 223 (August 10). The model over-prediction (ME) has maxima of over 90% during
Day 221 (August 8) and at the end of Day 223 (August 10). In between, when the CSI

values are at maximum, the ME has deceased to its minimum of about 22%.

5.3.3 Model Projections: Vertical vs. Corrected for Satellite Angle

The offset of the original model-determined ash extent to the satellite-LOS-corrected
view is shown in Figure 5.8. Both extents agree to a large percent but the vertically-
summed ash is projected a few pixels to the southeast of the LOS-corrected view. With a
spatial resolution in the outputted ash concentration grids in the Puff VATD model
predictions of 10 km; this offset comes to a shift of the ash by 30 to 50 km. In the
eastern part of the domain, this becomes a more northern shift. The quantitative

analysis of this offset shows CSI values over 80% for the whole time series after an initial



increase from about 50% during the events, Fig. 5.9. The SE and ME values are low and

remain mostly below 10% and, during the later stages of the eruption, below 5%.

5.4 Discussion

5.4.1 Satellite-Model Comparison 1: Mass Loading

The direct comparison between ash amounts in Puff VATD model results and satellite
data is problematic. The Puff VATD model results show a decline of the maximum
amount over time after the eruption ended, while the satellite data shows an average
value of 24 g/m? as the maximum for almost the entire sequence (Figure 5.3). However,
mean and minima mass loading values show a similar trend as the VATD model does,
albeit without the dominant spikes at the initiation of new events and with considerably
lower mass loadings. Figure 5.6 reveals that the manually applied ash mask (the
combined area of red and white) is largely continuous, therefore meaning that most
pixels were classified as ash. Since the Puff VATD model-predicted ash extent is not a
perfect match and the SE values are up to 30% for first 36 hours, with the exception of
the very beginning (Fig. 5.7), and the cloud coverage was continuous (Waythomas et al.,
2010), it is fair to assume that some meteorological clouds were misclassified as volcanic
ash. Since most of these clouds pass the VAR threshold for ash, as seen by the largely

continuous area in Figure 5.6, the retrieved values are partly non-volcanic.
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Meteorological clouds can show a slight negative value in the temperature difference
method as described by Prata (1989), Wen and Rose (1994) and Pavolonis et al. (2006).
This slight negative value is also commonly associated with the highest masses in ash
clouds, i.e. as ash clouds change from spectrally opaque in thermal infrared to semi-
transparent and detectable by standard BTD data. This explains the relative constant
maximum value based on satellite data when Puff VATD model shows a decline over

time.

The large discrepancy between model and satellite data can be explained by the
sensitivity of the ash retrieval. As opposed to VATD model runs, which calculate and
forecast the entire range of particles unless otherwise specified (see Steensen et al., in
review, for an example), VAR is most sensitive to volcanic ash whose effective radii are
below 4 um (Wen and Rose, 1994). The larger and heavier particles, especially dominant

at the beginning of each new event, won’t be picked up by satellite data.

5.4.2 Satellite-Model Comparison 2: Spatial Extent

The spatial extent comparison revealed excess values for both the satellite detected
data and the Puff VATD model results as seen in Figures 5.6 and 5.7. The SE values can
be explained by the heavy cloud cover as described by Waythomas et al. (2010). A clear
signal of the ash did not always exist and the identifiable ash was tracked in the BTD

data. For this reason, there is an area of a satellite overestimate to the west of the Puff



VATD model-calculated ash (Fig. 5.6B). This is the area where satellite ash was

previously observed and, to the best of our knowledge, still existed.

The areas where the Puff VATD model over-predicted the satellite data (green in Fig.
5.6), is almost exclusively in the east, i.e. the front of the dispersing cloud. Comparing
these locations with Figure 5.4 reveals them to be the lowest altitude portions of the
ash with elevations below 12 km ASL. This suggests that the ash could have been
covered by meteorological clouds at this altitude and therefore not be detected in the
satellite data. Alternatively, the wind speeds in the NWP model used by the Puff VATD
model could be different from reality and so the Puff VATD model dispersed the ash too

far to the east.

In Figure 5.6D the satellite only detects a relatively small ash extent, where the Puff
VATD model shows a large area encompassing the satellite’s extent to all sides.
Comparison to Figure 5.4 reveals that this was ash at altitudes of 18 km ASL and above
but not the entire area up to 20 km ASL. This suggests that the satellite data could well
identify the highest parts of the ash cloud until the ash’s concentration became too thin

to be detectable in the BTD data at the sensor.

There are some assumptions to be considered with this analysis. For instance, all layers
of the ash cloud, most crucially the top and bottom layers, have a mass associated with

them that is directly derived from the initial vertical distribution at the vent. For the lack
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of better data, a poisson distribution was assumed for the initialization of the Puff VATD
model. If this is incorrect, lower altitude portions of the projected plume and dispersing
cloud, like the low-altitude extensions in Figure 5.4C or even the middle part reaching

Canada in Figure 5.4D, might be either more pronounced or even non-existent.

Another assumption is in the meteorological NWP data used. A fine spatial resolution
less than 1.0 degree provides more detailed results but is also more time-intensive to
run. For real-time detection and monitoring of ash clouds, a default resolution needs to
be used that is readily available. Hence, the resulting plume structure and match to

satellite data would differ.

5.4.3 Model Projections: Vertical vs. Corrected for Satellite Angle

The comparison between the default model projection and the satellite-LOS-corrected
extent shows an offset of 30 to 50 km to the southeast for the default projection during
the majority of the ash dispersion. The direction is towards the satellite sensor. Since
GOES is located geostationary at 1352W, the corrected areas will be further away from
the sensor as the same ash will be projected away from it vertically above the ground
point (see also Fig. 5.2 for clarification). This projection is responsible for the northwest

shift (and north shift in the eastern part of the domain) of the LOS-corrected extents.



The displacement amount of 30 to 50 km is relatively small compared to the overall
extend of the ash for this eruption of Kasatochi volcano. It is an offset that can easily be
unnoticeably in coarser spatial resolutions, but needs to be taken into account if small-
scale observations with fine resolutions are discussed, when the ash cloud is small
relative to the modeled ash cloud concentration grid, or when the data is compared to
other satellite, airborne or ground-based data. An important guideline is to assess the
size of the ash extent compared to the spatial resolution of the VATD model and the
calculated offset. If the offset is similar or larger than the extent of the cloud and can be
detected with the given VATD model spatial resolution, a line-of-sight correction should
be applied. In this large domain, however, it only shows some significance early on
where CSl values are below 50%, Figure 5.9, and it does not show a significant
improvement as the dispersing cloud grows as is underlined by the higher CSI values as

the cloud disperses and low ME and SE values in Figure 5.9.

5.5 Conclusions

Kasatochi volcano erupted in 2008 providing an excellent time series dataset to carry
out an assessment of the best methods to compare satellite detected ash clouds and
volcanic ash transport and dispersion models results. This work shows some limitations
of current volcano monitoring and possible improvements for the future. As stated in

previous studies (Prata, 1989; Wen and Rose, 1994; Pavolonis et al., 2006; Steensen et
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al., 2013), the cloud cover is a major obstacle for ash identification. While in this study
the ash cloud was manually outlined to avoid a large amount of meteorological clouds
and make use of the two band TIR data, some remaining clouds still influenced the

results (Fig. 5.4).

Similarly, the meteorological clouds also deteriorated the CSI, ME and SE values (Figs.
5.6 and 5.7). A more defined manual outline of the assumed ash in the satellite data is
currently the only way to improve these values with the given data set using two band
TIR data. An automatic threshold-based (B1gs — B11.9) classification of the whole scenes
will result in a large misclassification of meteorological features and an omission of
volcanic ash due to a lowered cutoff value (see Steensen et al., in review, for further
information on the manual ash outline). Further work could include examining for
contiguous pixels as to identify the cloud rather than erroneously measured negative
BTD pixels as well as comparing the two band TIR data to time-coincident, multi-spectral

data sets.

The analysis of the different projections of the model-determined ash extent (default vs.
satellite-LOS) has shown a high CSI value indicating that the projections are comparably
similar. The calculated offset of 30 to 50 km is especially important for small-scale
observations and in point-to-point comparisons. In addition, a coarser VATD model

concentration grid may result in the inability to identify such an offset.



Future work should focus primarily on the delineation of ash in satellite images, either
manually, using automated cutoffs or more advanced algorithms with multi-spectral
satellite data. A more detailed user interpretation of the data is useful, focusing on
extent, likely propagation, and cloud cover that can obscure results. Since
meteorological clouds will affect the retrieved values, a binary approach (i.e. ‘Ash - No
Ash’) is the most consistent way to analyze the ash’s location, irrespective of ash masses
and works well for two band TIR data. Incorporating different data sets where possible,
such as masses from different sensors or ground observations, will further enhance the
user interpretation and classify the detection limits of the satellite data. Comparison to
VATD model data to further understand the ash movement is essential and should use
the CSI value defined by Stunder et al., (2007) as well as the here-defined excess values

ME and SE.

In addition, a detailed knowledge of the eruption behavior (i.e. plume height, shape,
vertical distribution) is important, but not easily available. This data can change the
plume dispersal but when compared to satellite data, as seen in the comparison
between Figures 5.4 and 5.6, a detailed knowledge of the height of plume particles is
more important. If dispersing clouds have a very low altitude, satellites are not likely to

identify them clearly, especially in cloudy regions like the North Pacific.
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This work has shown that a quantitative comparison between volcanic ash in satellite
and model data is not always ideal. Quantities derived from satellite images have
inherent uncertainties, while a binary approach (Ash - No Ash) shows a more promising
result with the two band TIR data. Important for a binary approach is a good outline of
the ash in the satellite imagery. With limited satellite bands as shown here, the best way
is to do this manually taking into account data from the visible, where available, and
infrared bands. A correction for the line-of-sight in the model data also shows promising
results and moves the ash, in our case, 30 to 50 km to the north, an offset that can
prove important for aviation. Coupling satellite measurements of an ash cloud location
with VATD model simulations is necessary for aviation safety and hazard assessment,
but one needs to be aware of the complexity and uncertainties that can occur before

being able to make a complete hazard assessment and mitigate the risk.
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5.8 Figures

Figure 5.1: Location of Kasatochi Volcano in relation to Alaska, Canada and the
Contiguous United States. The map shows the northeast Pacific Ocean, the area the ash
from Kasatochi’s 2008 eruption affected. Map courtesy of Marble, the KDE Education

Project.
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A: Model-calculated 1 B: Satellite—retrieved/l
ash mass

ash mass ,

Figure 5.2: Schematic illustrating potential discrepancies between model calculations (A)
and satellite retrievals (B). At any given point, the satellite will calculate the ash masses
on a slanted angle while the model determines each point’s location by summarizing the
ash column vertically above. These two paths can not only differ in direction but also in
length through the ash column (here depicted as dark rectangles) and encountered ash
concentrations (here visualized as different shades of gray); Figure taken from Steensen
et al. (in review).
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Figure 5.3: Maximum, mean and minimum ash mass loadings as calculated by the Puff
model and as determined by satellite using a universal surface temperature (T;) for all
pixels and a pixel-by-pixel adjusted T, value based on the Global Forecast System (GFS)
in the Volcanic Ash Retrieval (VAR). While the Puff runs (black, right axis) show the
expected decline in ash maxima, VAR calculations (green and red, left axis) show a
comparably constant value over time for the maximum values and a similar decline for
the mean and minimum values. The universal T; lowers the retrieved mass compared to
the pixel-based T;. Puff runs show a mass loading considerably higher than the satellite
data set.
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Figure 5.4: Extent and height analysis of the Puff ash dispersion for the first 74 hours
after the eruption of Kasatochi at 23:00 UTC on Day 220 (August 7, A), Day 221 (August
8, B), Day 222 (August 9, C) and Day 223 (August 10, D). The ash can be seen drifting
eastwards towards Canada while spanning the vertical column from ground level to 20
km above sea level (ASL). After 74 hours (Panel D), ash at altitudes between 4 and 14 km
ASL are shown leaving the main vortex being advected towards across Canada. All
heights depicted here are ASL.
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Figure 5.5: Preliminary extent comparison between Puff VATD model results and
satellite detected volcanic ash data during dispersion. While both graphs follow a similar
trend at the beginning, the model’s extent is notably higher towards the end than that
of the satellite.
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Figure 5.6: Direct comparison of the ash extent as identified in satellite data and
calculated by Puff at 23:00 UTC on Day 220 (August 7, A), Day 221 (August 8, B), Day 222
(August 9, C) and Day 223 (August 10, D). At the beginning, the satellite data suggests
ash to the west of the model, whereas in the later stages of the eruption, the model
determines ash being distributed across Canada, which is not seen in the satellite data.
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Figure 5.7: Critical Success Index (CSI), Model Excess (ME) and Satellite Excess (SE)
values for the ash extent comparison between satellite data and Puff VATD model. A CSI
of 1 would be the ideal case, with ME and SE values of 0. Here, the ME values are
generally larger than the SE ones. The CSl reaches its maximum during Day 222 (August
9) and decreases again towards the end.
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Figure 5.8: Direct comparison of the Puff VATD modeled ash extent using the default
vertical summation versus the projection to the satellite’s line-of-sight at 23:00 UTC on
Day 220 (August 7, A), Day 221 (August 8, B), Day 222 (August 9, C) and Day 223 (August
10, D). The offset of the two areas is a few pixels, representing about 30 to 50 km, with
the default projection to the southeast of the adjusted one. Both extents show a good
match.
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Figure 5.9: The quantification of the comparison between default and adjusted model
projections shows very high numbers of the Critical Success Index (CSI) while the excess
values for the default model projection (ME) and the satellite-LOS-corrected one (SE)
are well below 10%.



Table 5.1: Volcano and eruption specifics as determined by seismic and satellite

5.9

Tables

observations of the 2008 Kasatochi eruption (Waythomas et al., 2010).

Location 52.177°N \ 175.508°W
Height 314 m above sea level
Julian
Date Date Time Height | Duration
Event1l | 7-Aug-08 220 22:01 UTC | 14 km | 60 min
Event 2 | 8-Aug-08 221 01:50UTC | 14 km | 30 min
Event 3 | 8-Aug-08 221 04:35UTC | 18 km | 30 min
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Table 5.2: The atmospheric numerical weather prediction model used to calculate pixel-
specific surface temperatures with the respective characteristics as well as the universal

surface temperature used for comparison with the other default parameters needed for
the Volcanic Ash Retrieval. GFS=Global Forecast System.

Pixel-Specific Surface Temperature

Spatial Resolution Coverage
GFS 1 degree global
Universal Surface Temperature
Spatial Resolution 4.4 km
Surface Temperature 280 K
Cloud Top Temperature 220K
Specific Gravity of Ash 2.6kgm?
Refractive Index of Ash 2.14610+0.39891i (11 um)
1.82854+0.12953i (12 pum)
Refractive Index of Air 1.0




Table 5.3: Input parameter for the Puff Volcanic Ash Transport and Dispersion runs.
Detailed timings are listed in Table 5.1. NCAR= National Center for Atmospheric

Research.

Start Time 22:00 UTC
Start Date 7-Aug-08
End Time 05:00 UTC
End Date 8-Aug-08
Number of Separate Events 3
Vertical Particle Distribution Poisson
Wind Model NCAR
Number of Particles 100,000
Sparks et al.,
Eruption Rate 1997
Mastin et al.,
Particle Size Distribution 2009
Amount of Fines (<63um) 40%
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Chapter 6: Conclusions

Volcanic ash clouds can be a major hazard for the aviation community and subsequent
ash fall can pose a serious risk for infrastructure and human health. Satellite data can
provide one instant in time and volcanic ash dispersion and transport models can
forecast their movement, but these need to be validated/calibrated with the
observations. The previous Chapters of this dissertation have outlined the advances and
limitations of current airborne ash monitoring techniques. The Redoubt case study
(Chapter 2) shows that a qualitative comparison between Eulerian and Lagrangian
model results with remote sensing satellite data is advantageous as they complement
each other by eliminating uncertainties. These uncertainties include the hindrance of
meteorological clouds when detecting ash in satellite images and the uncertainty of
model input parameters like vertical particle distribution or wind patterns. Chapter 2
also outlines the need to quantitatively analyze the ash dispersion to reach consensus
about the quality of the satellite to model comparison and, hence, about the extent of

the airborne ash.

To reach quantitative results, i.e. ash masses, the Volcanic Ash Retrieval (VAR) has been
used (Wen and Rose, 1994). Chapter 3 analyzes the input parameters to quantitatively
assess the most crucial factor for ash mass determination. The work showed that

uncertainties in the surface temperature have the strongest influence on the derived



mass and, if possible, this value should be assessed on a pixel basis. Additionally,
Chapter 3 shows that a set of parameters can be varied together to still achieve the
same result. This means that one variable can be deliberately underestimated to
counteract an overestimation of another variable (Figure 3.3). The percentages of those
under- and over-estimates can be derived from Figure 3.2 where the resulting
misrepresentation of the mass must add up to ‘0’ to retrieve the correct value.
However, VAR calculations are subject to uncertainties based on meteorological cloud
cover. To improve the retrieval, a new approach to manually outline ash clouds in
satellites, when using two band thermal infrared (TIR) data, has been developed in
Chapter 4, which was compared to the Eulerian Weather Research and Forecast Model
with online Chemistry (WRF-Chem). Simultaneously, this chapter highlights

uncertainties with model input data and how they affected the comparison.

Chapter 5 ties together the previous chapters by combining the need for a quantitative
comparison between satellite and model data (Chapter 2) with the importance of a
pixel-based approach to derive masses in VAR (Chapter 3) and the methodology of
manually outlining a dispersing ash cloud in satellite data to enhance the retrievals
(Chapter 4). It is suggested that, despite the improved values from pixel-based input
parameters, the best results are achieved in a quantitative approach comparing the
maximum ash extents in satellite and model data for two band TIR data. Deriving ash

masses directly from the two band data has inherent uncertainties and these can then
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propagate into the comparison. The four main conclusions drawn from this dissertation

are outlined below:

1. To assess the volcanic ash dispersion in the atmosphere, a combination of
satellite data and Volcanic Ash Transport and Dispersion (VATD) model
calculations is needed that can take into account both qualitative and
guantitative comparisons to achieve the best results.

2. For the quantitative ash evaluation based on the VAR (Wen and Rose,
1994), a pixel-based surface temperature should be used based on
available data sets.

3. The model projection of the ash masses needs to be adjusted for the
satellite’s line-of-sight (LOS). This is especially important in smaller
eruptions, where the offset is large relative to the ash extent.

4, Because of meteorological cloud coverage, lack of more data at other
spectral ranges in the TIR (outside the two band data approach used
here) and the lack of availability for accurate input parameters, results
from the VAR can have a large level of uncertainty in the quantitative
mass determination, and so a simpler ‘Ash — No Ash’ binary approach
with the quantitative evaluation of the overlap based on the Critical

Success Index (Stunder et al., 2007) and the Model and Satellite Excess



Values (ME and SE, respectively, Steensen et al., in prep.) is favorable

over a direct ash mass quantification and comparison.

6.1 Necessity of Satellite — VATD Intercomparisons
Volcanic ash emissions are mapped and analyzed routinely using satellite data and VATD
model predictions. Both approaches have inherent strengths but also weaknesses
(Steensen et al., 2013). Satellite data provide a snapshot of the actual cloud’s location
but their accuracy depends on different assumptions, such as there being a lack of
meteorological cloud coverage and the translucency of the ash to infrared radiation (see
Fig. 2.2). In addition, the passive sensor satellite data measures thermal radiant
temperatures along its LOS. This can change the interpreted properties of the cloud,

since these will vary when compared to that identifiable in a vertical setting.

The identification of VATD model ash mass loading/concentration results, on the other
hand, remains unaffected by meteorological properties, such as overlying clouds. The
VATD model results accuracy, however, depends on the precision of the input
parameters. Depending on the model type, the range of required input parameters
changes; Lagrangian models, for example, do not require a pre-defined spatial domain
whereas Eulerian models do. General input parameters needed for ash dispersion are
(1) the vertical shape of the plume (poisson-, exponentially or linearly distributed); (2)

the eruption duration and, if ash masses are calculated, (3) the particle size
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distributions. Determining these factors during an eruption, or even afterwards, is often

very difficult, thus, limiting the accuracy of the models used (Steensen et al., in review).

Due to these inherent advantages and disadvantages of VATD model data, a fusion of
model and satellite approaches is recommended. Keeping in mind the respective
limitations, a more precise estimate of the locations and, if necessary, quantity of the

airborne ash can be achieved.

6.2 Importance of Pixel-Based Values for the Surface Temperature in VAR
To quantify airborne volcanic ash masses, Wen and Rose (1994) developed the VAR
algorithm based on previous work by Prata (1989) identifying a negative brightness
temperature difference (BTD) in consecutive infrared bands (e.g. BT10.8.m-BT12.0,m<0
with BTx=Brightness Temperature at the band located at wavelength X). This approach
estimates the ash masses in any volcanic plume or cloud as well as the respective optical
depths and effective radii per pixel. However, in order for this estimate to be correct, a
range of input parameters has to be assessed a priori. Furthermore, different initial
assumptions, like the lack of meteorological clouds, have to be met as well. A full list of

all assumptions can be found in Wen and Rose (1994).

The parameters needing to be assessed a priori include several location-specific
estimates such as the surface and cloud top temperature in each pixel and the refractive

indices of ash and air. Steensen and Webley (2012) published a detailed analysis of



these parameters and their respective sensitivities to alter the retrieved masses, if
assessed inaccurately. Their results, as described in Chapter 3, indicate that the surface
temperature (i.e. surface leaving radiance in thermal infrared) shows the greatest
potential to influence the calculated ash masses (Figure 3.2). An offset of 2 % in the
measured surface temperature can already alter the derived mass by 25 %. The other

parameters, though important, do not change the results this significantly.

As detailed data on the surface temperature are not always readily available, the value
for the surface temperature has often been set to a default value for the whole satellite
image and the entire time series (e.g. Steensen et al., 2013). Choosing pixel-specific
surface temperatures based on meteorological data will change the results significantly
(Steensen et al., in prep.). As seen in Figure 5.3, the approach using a default surface
temperature can yield lower masses and more variability in the time series than the
pixel-based surface temperature method. When quantifying ash masses, this can be a

crucial offset and needs to be taken into account.

6.3 Improvements of LOS-Projections of VATD Model Data
One of the inherent differences between VATD model projections and satellite analysis
is the LOS. While the VATD models generally show units summed up vertically above

given locations, satellites only have the ability to analyze in their LOS. To compare model
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and satellite data, regardless of quantitative and qualitative approaches, this offset

needs to be taken into consideration.

Calculations using a geostationary satellite with the assumption of a spherical Earth
have shown that this offset causes the modeled ash extent to be projected away from
the satellite after the LOS correction with an offset of 30 to 50 km (Figure, 5.8; Steensen
et al., in prep.). While such an offset is relatively small compared to an ash cloud
extending several thousands of kilometers, as shown in Chapter 5 for Kasatochi Volcano,
it becomes important for smaller eruptions and their detection in satellite imagery. This
can be seen in the low CSl values as the Kasatochi ash cloud developed and grew in size
(see the early stages in Figure 5.9). Furthermore, due to such an offset, the surface
temperature necessary for a quantitative assessment of the ash masses can change if
the pixel-based approach is chosen. Since spatial resolutions of VATD models vary, this
offset only needs to be considered if the applied model resolution is at least as fine as

the error introduced by not correcting for the line-of-sight.

6.4 Advantages Using a Binary ‘Ash — No Ash’ Approach as Opposed to a
Quantitative Mass Estimate for two band Thermal Infrared data
As previously mentioned, a quantitative mass estimate using VAR requires a range of
input parameters, often hard to assess in real time or even for research purposes after

the respective eruptions. Additionally, VAR assumes that the volcanic ash is the only



scattering property in the atmosphere with a universal thickness stretching horizontally.
To optimize the ash cloud detection, a reduction of uncertainties is needed to allow for
a more qualitative approach. To achieve this for two band TIR data, the ‘Ash - No Ash’

binary approach has been outlined in Steensen et al. (in review) and Steensen et al. (in

prep.).

This binary method avoids the direct quantification of ash masses and focuses on the
ash extent, which is quantitatively compared between VATD model results and satellite
data. An important factor for this technique is the outline of volcanic ash in satellite
images. This is performed manually based on data in the visible wavelength, where
available, and infrared bands when an automated approach as suggested by Pavolonis
et al. (2006) is unavailable, due to a lack of the additional bands in the relevant parts of
the TIR spectrum. Another advantage of a manual outline is the incorporation of
different data sets. While VATD models generally calculate the ash dispersion over all
particle sizes, ash retrievals are sensitive to effective radii below 4 um. Using different
data sets like in-situ observations (sampling, pilot reports) or other remote sensing data
sets (ground-, air- or space-borne), this limitation can be addressed. Then volcanic ash,
known to exist at a given location, although undetectable by satellite data due to

detection limits or meteorological cloud coverage, can be identified.
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Within the manually-defined outline of the ash extent from the two band TIR satellite
data, VAR can be run to eliminate all pixels with a positive BTD and to create an
improved ash mask. Since no absolute masses are calculated, the input values for VAR
are of less importance, as long as the BTD remains negative. The remaining pixels are
considered to be the total extent of the volcanic ash in that satellite image. This
approach has the advantage of being able to utilize the BTD threshold of 0 K described
by Prata (1989) as opposed to a lower threshold for the whole image to avoid

meteorological artifacts (Pavolonis et al., 2006), which also eliminated ash pixels.

The total satellite ash extent is then compared to the model extent using the Critical
Success Index (CSI; equation 5.2; Stunder et al., 2007) and the Satellite and Model
Excess Values (equations 5.3 and 5.4; Steensen et al., in prep.). This technique does not
take either the satellite data or the VATD model results as the truth but evaluates both
against each other. With all values adding up to 1, a direct comparison can be achieved

where a larger CSI means a better match (see Figs. 5.7 and 5.9).

For operational purposes of volcanic ash detection, tracking and predicting, this method
reduces the effect of uncertainties that the direct mass quantification can have on real-
time operational analysis due to its ability to be performed without evaluation of input
parameters. It has, however, the limitation that, without using additional data sets, the
detection is reduced to small particles, i.e size ranges detectable by the two band BTD

data. This method will also enhance the model to satellite comparison as these values



can work as guidance for model accuracy with high CSI and low ME/SE values
representing a better match between observed and modeled ash extent. The limitation,
depending on available satellite bands, is the experience of the observer when outlining
the ash cloud in the satellite data. Due to the necessity of this, the ‘Ash — No Ash’
approach can only be semi-automated. With the addition of more bands in the TIR that
can assist in fully classifying if the detected pixels are volcanic ash, it is possible to

determine the likelihood volcanic ash being present (see Pavolonis et al., 2013).

Depending on the eruption and the available model and satellite data, an additional LOS
correction for the VATD data can be performed. This will further improve the
comparison by increasing the CSI and reducing the ME and SE values. To further develop
this methodology, a more detailed manual outline in satellite images needs to be
developed or multi-spectral methods explained in Pavolonis et al. (2006) need to be
applied. As of now, this heavily relies on the experience of the interpreter while
studying available visible and infrared images of the eruption as well as tracking the
ashes over time. It is also possible to do a secondary analysis of the manually defined
area to eliminate all pixels with a positive brightness temperature difference to limit the
analysis of meteorological clouds. Historic eruptions can also help to outline areas of
less likelihood. In addition, combining the two band TIR data along with multi-spectral

data can assist in defining the most likely ash pixels in the two band data.
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A deterministic quantitative mass estimate to compare satellite and model results is not
recommended, when using the two band TIR satellite data such as AVHRR (Advanced
Very High Resolution Radiometer), GOES (Geostationary Operational Environmental
Satellite) or MTSAT (Multifunctional Transport Satellite). A range of uncertainties occurs
starting from inherent assumptions in VAR over the error bars affiliated with often-best-
guessed values for the input parameters for the retrieval to similar uncertainties in
Eulerian and Lagrangian model inputs. To be able to successfully compare such values,
these uncertainties have to be limited or clearly indentified requiring in-situ
measurements and a newly developed Volcanic Ash Retrieval, with defined probabilities

of ash occurrence.

Using the ‘Ash — No Ash’ approach, on the other hand, can limit many of these
uncertainties, when using two band TIR data. With the CSI, ME and SE values, a
quantitative comparison between satellite remote sensing data and model results can
be achieved. This will enhance the capability to determine ash extents in an operational
environment for any TIR satellite data acquired, in addition to being able to further the
research in developing better analyses techniques for satellite remote sensing data and

for Eulerian and Lagrangian VATD models.



6.5 Future Work
The advances in this work also outline areas of further research. There are inherent
uncertainties in VATD model and VAR input parameters as well as assumptions in the
basic VAR code. At the current point of research, these assumptions and uncertainties
limit the retrieval of accurate ash masses when satellite bands are limited to two TIR
channels and the binary ‘Ash — No Ash’ approach is favorable over the large error bar
that accompanies the absolute deterministic mass retrievals. Future research as well as

more in-situ sampling, where necessary and feasible, should address these limitations.

In addition, both VATD models used in this work don’t take account of particle
aggregation. This is an inherent aspect of ash dispersion as aggregation accelerates the
fallout process based on Stoke’s Law. Since satellite retrievals will be subject to actual
particle sizes, the VATD model calculations need to address aggregation to be able show

a comparable ash extent as well as retrieved mass.

The manual ash outline in the ‘Ash — No Ash’ approach is important with a limited range
of satellite bands but when more bands in the TIR spectrum are available, an automated
approach should be applied (e.g. Pavolonis et al., 2006) to assess uncertainties
introduced by the manual outlining. Furthermore, the backgrounds in the case studies
used here are comparably homogenous in terms of surface temperature as the ash was

mainly dispersed over the ocean. A larger surface temperature difference (e.g.



231

mountainous terrain), temperature inversions (e.g. in Arctic/Antarctic settings) or also
the presence of large amount of water vapor (e.g. tropical regions) or mineral dust (e.g.
deserts) can significantly alter the results. These scenarios should be taken into account
when applying the ’Ash — No Ash’ approach on a global setting. Keeping those
limitations in mind for future research, this approach can be implemented as fast near
real time determination of ash extents in the case of a volcanic eruption to help the

aviation community to more accurately determine the safety of the flight corridors.

6.6 Final Thoughts
This dissertation has provided a novel approach to compare satellite-retrieved data sets
to VATD model results. With limited satellite TIR bands and uncertain input parameters
for ash retrievals and VATD models, a quantitative deterministic comparison cannot be
accomplished easily. The ‘Ash - No Ash’ approach requires a manual analysis of satellite
data sets to outline area, where volcanic ash is detected. Additional data sets (e.g. direct
observations or other remote sensing data) can be included to further enhance the
accuracy of the ash outline. Due to this manual aspect, this method, in its current form,
can only be run semi-automatically and, hence, also needs a trained observer for
operational purposes. The actual time spent on outlining the ash extent can be

minimized to allow for near real-time observations.



To quantify ash masses when advanced satellite retrievals from multi-spectral TIR data
are not available due to limited satellite TIR bands, the input parameter accuracy needs
to be considered and, where appropriate, improved. Default parameters can yield
significant misrepresentations of the derived masses as shown by Steensen and Webley
(2012). Furthermore, the Volcanic Ash Retrieval by Wen and Rose (1994) used in this
dissertation is a good first-order quantification tool but due to the range of the
associated assumptions (e.g. lack of meteorological clouds, spherical particles) its
accuracy is limited. This is similar for VATD models where a lack of aggregation (Puff and
WRF-Chem) and wet deposition (Puff) relatively increase the mass loading during
dispersion. These limitations, together with a detection limit of volcanic ash in satellite
data due to meteorological cloud coverage and large effective radii, are the main
obstacles when working with volcanic ash detection and forecasting and have been

highlighted throughout this dissertation.

Another option to increase the reliability of volcanic ash detection is to step away from
deterministic measurements. With the high uncertainty of input parameters and the
assumptions in VAR and VATD models, a probabilistic approach with the full spectrum of
potential input parameters can provide different levels of likelihood of volcanic ash in
the atmosphere as explained in Webley and Steensen (2013). With such an ensemble of

VAR results, the best match to the modeled ash cloud can be identified.
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Similarly, Pavolonis et al. (2013) calculate uncertainty ratios to accompany their
retrievals. These ratios represent the level of confidence in the retrieved parameter at
the given pixel. However, they require measured radiances at bands centered around
11, 12, and 13.3 pum. While the first two bands are common on all meteorological
satellites, the band located at 13.3 um is not available in all sensors. Only newer
instruments like VIIRS (Visible Infrared Imager Radiometer Suite), SEVIRI (Spinning
Enhanced Visible and Infrared Imager), MODIS (Moderate-resolution Imaging
Spectroradiometer) and ABI (Advanced Baseline Imager) are equipped with this band. As
newer sensors are developed and more channels in the TIR become available in geo-
synchronous and polar orbiting settings, probabilistic ash retrievals with likelihood of
ash detected will become more used in operational settings. Coupling these with
probabilistic simulations from VATD models such as those in Bursik et al. (2012), using
methods such as the CSI applied in this dissertation, will then allow the observer a sense
of the likelihood of ash occurrence, the measure of ash masses and then the reliability

of the model simulations for the further dispersing cloud.
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