CHAPTER 5

Volcanic clouds

Fred Prata, Kenneson Dean, Matthew Watson

51 OVERVIEW

Volcanism has been an unrivaled contributor of
material to the atmosphere over the course of Earth
history. Emissions from volcanoes can include
gases, liquid droplets, and solid particles across a
wide range of chemical variation. The primary
products from active volcanism are water (in three
phases), carbon dioxide, and lithic fragments
derived from upwelling magma and country rock.
Other gases include SO, (see Chapter 6), HF, HCI,
HBr, H,S, H,O, and a host of trace gases. The
mineral-based part of the plume is typically known
by the catch-all term ““volcanic ash”. These consti-
tuents are injected, often at very high velocity, into
the atmosphere and regularly reach several kilo-
meters in altitude. Emissions from volcanism can
have dimensions of hundreds of kilometers and
have been observed to circumnavigate the globe
(e.g., Bluth et al., 1992). Volcanic emissions typic-
ally begin as a complex, multiphase, coherent out-
burst from a point source (or occasionally a linear
feature such as a fissure). Ash in volcanic emissions
is sourced from magmatic fragmentation and sub-
sumation of country rock. This transmits informa-
tion on eruptive conditions and processes from the
subsurface to the atmosphere and, eventually,
forms a deposit as the ash settles out of the atmo-
sphere. Observations of both volcanic ash in situ in
the atmosphere and the subsequent deposits have
been used for over three decades to infer erupted
mass, eruption rate, column height, and duration of
the eruption (e.g., Walker, 1971; Pyle, 1989; Wen
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and Rose, 1994). Fragmentation front propagation
in the conduit is at the forefront of current research
into explosive volcanism (e.g., Kennedy et al., 2005;
Zobin and Jiménez, 2008). This imparts control
over the particle size distribution of ash which
can be inverted from observation, again to con-
strain subsurface processes.

Volcanic emissions from explosive activity are
on a scale, and present hazards, that are best
observed from the synoptic perspective afforded
by satellite sensors. The literature is replete with
examples of observation of volcanic ash in the
atmosphere from satellite-borne sensors dating
back 25 years (e.g., Prata, 1989a, b; Wen and Rose,
1994; Schneider et al., 1999; Prata and Grant, 2001;
Watson et al., 2004). There are several ways to
describe the style of volcanic emission; these are
used interchangeably in the literature and, hence,
it is worth carefully reiterating the conventional
definitions.

5.2 DEFINITIONS

Volcanic cloud: airborne component of an explosive
eruption and a term used to mean volcanic emis-
sions during any type of eruption. Usually, though
not always, associated with an emission that has
detached from the vent.

Eruption cloud: volcanic cloud not attached to the
volcano typically associated with explosive activity.
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Ash or SO, cloud: component-specific description of
volcanic emission. Something of a misnomer that
encourages the community to consider emissions to
be heavily dominated by a single species.

Drifting ash cloud: more complete description of
emission, indicating explicitly that the cloud no
longer feels any contribution from the vent.

Volcanic plume: Volcanic emission still attached to
the volcano.

Whilst these descriptions appear somewhat pedan-
tic, the issue of whether or not the emission is still
being contributed to is of vital importance. For
example, arguably the most important parameter
retrieved by satellite is total ash mass, as it scales
to eruption rate and, hence, the size of the eruption.
The calculation of any mass-based parameter is
significantly different in the two scenarios. A drift-
ing cloud’s mass is, by definition, independent of
ongoing activity and can be observed to decrease
over time as the ash falls out. Ash cloud masses
(typically reported in kilotonnes) are thus derived
by summing the mass of individual pixels (tech-
niques to retrieve ash mass are discussed in Section
5.10). Conversely, a plume’s mass is not a very
helpful number, as the plume is continually being
contributed to by the volcanic vent. Instead, an
emission rate, with units of mass per unit time
(typically reported in tonnes per day), is derived
by slicing through the plume, integrating the trans-
ect’s mass and multiplying by the plume speed.
Drifting ash clouds represent a significant haz-
ard to aviation and can have detectable concentra-
tions thousands of kilometers from the source.
There are several well-known examples of aircraft—
ash interaction, notably Galunggung (Indonesia) in
1982 (BA Flight 9) and Redoubt (Alaska) in 1989

(KLM Flight 867) (see DVD for a description of
these events). In both examples a large jet airliner
suffered a four-engine failure before managing to
restart the engines and prevent catastrophe. Plumes,
whilst still dangerous, represent a more limited
threat to aircraft as they are constrained spatially
to be close to the vent. However, they can still
represent a significant issue for airports such as
Catania (Sicily) and Kona/Hilo (Hawaii) (Figure
5.1). The airport at Anchorage is regularly affected
by emissions from volcanoes in the region, depend-
ing on wind conditions. However, the most signifi-
cant risk in the NOPAC region remains between
aircraft at cruising altitude with drifting ash clouds
from remote vents.

5.3 STRUCTURE OF VOLCANIC
PLUMES AND CLOUDS

5.3.1 Plume fluid dynamics

Many excellent images of volcanic plumes have
been captured over the last decades. Volcanic
centers are the target of routine observations from
Earth observation (EO) sensors (including ASTER
and MODIS—see the prelims for a list of acro-
nyms) causing plumes to be more regularly cap-
tured than drifting clouds. This is compounded,
of course, by the fact that plumes are also much
more common. This chapter is not the place to
undertake a rigorous description of the fluid
dynamical phenomena observed in volcanic plumes
simply to pique the reader’s interest. For example,
the image in Figure 5.1a shows ladder-like struc-
tures that may be related to the Brunt—Véisili fre-
quency and image 5.1b shows the interaction of the
plume with an atmospheric eddy caused by the

Figure 5.1. Natural-color MODIS satellite images of plumes from Mt. Etna, Sicily, July 22, 2001 (a) and Kilauea,
Hawaii, August 7, 2008 (b) disrupting air traffic at airports in Catania and Kona, respectively (images are courtesy of

NASA Earth Observatory website).
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Figure 5.2. Photographs of a proximal cloud (a) of Redoubt Volcano, April 21, 1990 (courtesy of R. Clucas) and
distal cloud (b) from Spurr Volcano, September 9, 1992, from the NASA Space Shuttle.

complex topography of the Big Island of Hawaii.
Here the particles released from the vent are able
to act as cloud condensation nuclei in the warm,
tropical atmosphere.

5.3.2 Drifting ash clouds

Drifting ash clouds present a range of morphologies
depending on atmospheric conditions (including
wind strength and temperature structure), eruption
source strength, and, critically, elapsed time since
eruption. Figure 5.2 shows two classic examples,
Mt. Redoubt shortly after eruption (a) showing a
broadly circular shape (when viewed from above)
and Mt. Spurr (b), where the cloud became very
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elongate as it drifted over the conterminous United
States. As a general rule, the aspect ratio (and com-
plexity) of the cloud shape increases over time (see
Mt. Spurr example, Figure 5.3).

5.4 COMPOSITION, SIZE, AND SHAPE

Volcanic ash is an unconsolidated mixture of sand
to dust-sized (1 to 0.00l mm) rock and mineral
fragments produced during explosive eruptions.
Rock fragments are typically glassy and form as
liquid magma quenches following its eruption at
the Earth’s surface. Mineral fragments found
within the glass include plagioclase feldspar, horn-
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Figure 5.3. Increase in cloud aspect ratio over time as it drifts across North America. This example is from the
September 1992 eruption of Mt. Spurr and is based on AVHRR brightness temperature differences—dates and times
of the AVHRR images are shown in the boxes (courtesy of Dave Schneider, USGS).
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Figure 5.4. Total, scattering, and absorption transmissions for (a) basalt, (b) andesite, (c) rhyolite, and (d) quartz
as a function of wavelength. The measurements are based on 10° particles per m?, a log-normal distribution with a
variance of 0.74, and an effective radius of 0.5 for 7.5-13 um. The transmittance of SO, is overlaid in blue. The
transmittance scale in (d) is slightly longer than in (a), (b), and (c).

blende, and pyroxene. The minerals are based upon amount of silica in the ash is a ramification of the
combinations of Fe, Al, K, Na, and other metalsin ~ magma’s parent composition. This has a significant
combination with silicate groups. Mineralization, effect on the ash’s radiative properties (see Figure
where preserved, is the pressure/temperature his- 5.4) and our ability to distinguish it from other
tory of the melt on its ascent to the surface. The  species (see Kearney, 2010).
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The size of volcanic ash particles is an impor-
tant parameter, controlling physical behavior,
direct impact on humans, and the effects the
ash exerts on the Earth’s radiation budget (ERB).
Volcanic ash is typically described in terms of the
particle size distribution rather than by a single size
(e.g., radius). The distributions typically have a
mathematical form and are constrained by two to
three additional parameters. In most cases the form
is of a well-known mathematical type, log-normal
(ZOLD) is often used, and the parameters com-
pletely describe the distribution (in the case of the
log-normal distribution the variance and mean are
sufficient).

5.6 EVOLUTION OF A VOLCANIC
CcLOouUD

The evolution of a volcanic cloud is critical in deter-
mining its potential hazard and, given that the early
stages of evolution are harder to detect (see discus-
sion below), is also important in accurately deriving
critical source parameters. An overview is provided
in Figure 5.5 (after Turco, 1992).

5.5.1 Opaque clouds

Ash clouds are typically opaque when first erupted,
due to the spatially constraining nature of the vent,
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Figure 5.5. A conceptual model and corresponding example of satellite images of a plume. The model (a) shows
the structure, composition, and interactions of electromagnetic energy of a typical plume (modified from Turco,
1992). AVHRR images (b) and (c) show the opaque and semi-transparent portions of the plume at Kliuchevskoi
Volcano, September 30, 1994. The opaque portions are shown in the TIR (10.5-11.5 um) image (a) as color-coded
for temperature. The BTD image (c) shows the translucent portion of the cloud as a weak ash signal along the edges
of the plume (blue) with values ranging from —1 to —2 K.
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Table 5.1. The stages of volcanic cloud evolution (after Rose et al., 2000) based on observations of the Mt. Spurr

eruption of 1992.

Observable Stage 1 Stage 2 Stage 3
Duration after eruption stops (h) 1-4 4-24 >24
Fallout (km from volcano) <25 25-100 >400
Area of fallout (km?) <300 ~5x 104 Discontinuous
Fallout diameter range (mm) >0.5 0.5 to <0.01 <0.01
Fallout rate (kg/s) >104 <10%-102 <102
Fraction of 1-25 um (fine) diameter ash (%) <1 10-50 >50
Cloud area (km?) <104 104-10° 10°, decreasing
Mean optical depth >2 0.5-2 <0.3
Cloud ash mass loading (kg/m?) >25 2-10 <3
Fraction of suspended material (%) 100-30 30-3 <3

the volume and flow rate of the eruption column,
and the fluid dynamical behavior of the ash (i.e., the
lack of fallout-associated eruptive thrust). For some
time the plume contains a wide range (microns to
centimeter-sized fragments) in a limited volume.
Satellite measurements of the cloud top tempera-
ture at two infrared wavelengths (so-called split-
window) are often used to distinguish ash clouds
from other types of cloud by making use of bright-
ness temperature differences (BTDs). Although
split-window brightness temperature difference
retrieval does not distinguish ash without some
transmission of terrestrial radiation through the
cloud, some information can still be obtained.
Given that the cloud is opaque, the satellite will
only detect radiation pertaining to the cloud top
itself, specifically its temperature using thermal
infrared radiance. The cloud must be completely
opaque in order to retrieve its approximate radiat-
ing cloud top temperature as, otherwise, any deriva-
tion will be a function of the cloud’s temperature,
the ground temperature, and some modulation by
the atmosphere between. The cloud’s temperature is
important as it can be used to determine cloud
height. Height is a critical parameter in terms of
hazard mitigation and is vital in determining the
mass eruption rate. Calculation of the mass erup-
tion rate can be made using the following empirical
equation (Sparks et al., 1997):

H=1.670"%° (5.1)

where H is the column height; and Q is the mass

eruption rate in m>/s. The transition from opaque
to transparent cloud has been observed multiple
times. The classic example is the Mt. Spurr eruption
cloud.

5.5.2 Semi-transparent clouds

Table 5.1 shows the stages of development of a
volcanic cloud. Once the cloud becomes semi-
transparent it is easier to detect with the split-
window algorithm. The transition (from stage 1
to stage 2), a few hours after the eruption finishes,
represents the beginnings of detectability of ash
clouds using the BTD method, and the first oppor-
tunity to retrieve mass, particle radius, and optical
depth. Stage 2 is characterized by a coherent
drifting cloud, with fallout continuing from smaller
particles (and through aggregation). After approxi-
mately 24 hours the cloud enters stage 3, where the
larger particles have all fallen out and the cloud can
be hundreds of kilometers from the source. This
often represents the most dangerous phase of the
cloud as detection is harder as the cloud thins and
the cloud becomes harder to track.

5.6 EFFECTS OF EMISSION
PARAMETERS ON SATELLITE
DETECTION

Several parameters have a strong control on the
ability to detect volcanic ash clouds using satellite
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instruments with the infrared split-window (also
known as brightness temperature difference or
reverse absorption) technique. The first is the effec-
tive size of the particles in the cloud; there is only a
fairly narrow range (1-20 um, radii) over which the
retrieval has sensitivity. This represents the region
where Mie scattering and absorption dominate and
is related to the ratio of the radius of the particles to
the wavelength of the observed radiation, with
approximate limits of (1/27) < x < 2, where x is
known as the size parameter and x = 27r/l.

This range represents only a very small fraction
of the tephra (and only a small fraction of the total
mass, typically <2%) produced during an eruption,
although this size range can be suspended in the
atmosphere for days and be transported long dis-
tances, and therefore can be a serious problem for
air traffic. Within the detection limits there is a
general trend that smaller particles produce a
stronger BTD signal, although the relationship is
not simple and is confounded by multimodal size
distributions. The effective scattering radius of a
particle size distribution is not a particularly reli-
able metric under these circumstances.

Water vapor in the atmosphere strongly affects
the split-window BTD methodology. Much has
been published on this effect (Rose er al., 2000;
Simpson et al., 2000; Prata et al., 2001; Yu et al.,
2002; Pavolonis, 2010), and it is only briefly
explained here. The BTD technique relies on the
fact that the shorter wavelength of the two bands
used (11 um) is more strongly affected by the pres-
ence of volcanic ash than the longer wavelength
band (12 um). This effect is countered by increasing
water vapor in the atmosphere where the opposite is
true. The NOPAC region represents amongst the
best conditions for the algorithm due to the lack
of significant amounts of water vapor at higher
latitudes.

The silica content of the melt will also have a
small, though significant, effect on the signal.
Higher silica ash particles absorb more strongly
at the shorter end (8-10 um) of the split-window.
All other parameters being equal, increasing the
silica content sharpens, strengthens, and narrows
the absorption feature (Figure 5.4 after Kearney,
2010) to make it have a more dramatic effect on
the split-window channels. Many explosive volcanic
eruptions have a higher silica content due to
increasing silica which also increases viscosity
and, hence, the ability of the magma to pressurize
gas.

The height of the cloud also has a significant,

though again secondary, effect on the cloud’s BTD
signal, essentially because height controls tempera-
ture and a temperature contrast is required for the
retrieval to work. The greater the contrast, the
stronger the signal. This is why the retrieval is less
sensitive over cold background, as it is possible
under some conditions that the cloud and under-
lying surface temperature are similar or the cloud is
warmer than the surface.

5.7 INFLUENCE OF THE ATMOSPHERE
ON VOLCANIC CLOUDS

The structure of the atmosphere plays a critical role
in the evolution of a plume from its injection to its
dispersion. A plume is composed of a turbulent
mixture of buoyant hot volcanic particles, gases
from the magma, and water or atmospheric gases
entrained into the eruption column (Sparks et al.,
1997). Condensation, sedimentation, and chemical
reactions also occur (Turco et al., 1983) (Figure
5.5). Satellite data are able to detect or measure
plume temperature, height, movement, structure,
composition, and the transition from opaque to
semi-transparent cloud as it drifts away from the
source volcano and disperses.

When the volcano first erupts explosively the
eruption column is mostly opaque and hot but cools
rapidly, usually within a few minutes, as it expands
and rises in the atmosphere. The plume rise is due to
the initial gas thrust, buoyancy, and vertical con-
vection. As the plume rises it entrains air from the
surrounding atmosphere, sheds heat, and becomes
less buoyant. When the density equilibrates with the
surrounding atmosphere it stops rising (Sparks et
al., 1997). Satellite data rarely record the hot phase
of the erupting column. As the buoyant plume rises
it cools, often to less than —50°C if in the upper
troposphere, and is usually opaque (see Figure 5.6).
Thermal infrared satellite data are used to detect
this stage of the plume and measure its temperature.
If the plume is opaque its temperature corresponds
solely to material within tens of microns of the
cloud top. If it has started to disperse, temperature
measurements will include background energy
that is transmitted through the cloud resulting in
warmer temperature measurements.

The atmosphere consists of four vertical zones
with varying thermal structure starting at the
Earth’s surface: the troposphere, stratosphere,
mesosphere, and thermosphere (Figure 5.7). These
zones are separated by thermal transitions called
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Figure 5.6. Spurr Volcano, September 17, 1992, AVHRR satellite data. These images show the transition from
opaque to semi-transparent clouds in TIR (B4, 10-11 um) and BTD data. The eruption started at 08:03 utc and the
ash cloud was recorded at 12:51 in B4 (a) and in BTD data (b). By 14:23 uTc the signal has changed as seen in B4
(c) and the BTD data (d). At 12:51 the B4 image (a) shows an opaque cloud northeast of Anchorage which is color-
coded by temperature in orange and red. The temperature signal along the eastern edge of this cloud is warmer
suggesting an increase in contribution from the ground beneath the cloud. In the same area the BTD data (b) show
an increase in the ash signal. No ash signal is detected on the BTD image at the opaque portion of the cloud due to its
opacity. At 14:23 the opacity of the plume decreased as dispersion increased (c) and the BTD signal of the ash cloud

is stronger (more negative) (d).

the tropopause at 11 km, stratopause at 47 km, and
mesopause at 81 km based on a standard atmo-
sphere (Lutgens and Tarbuck, 1995). (Note that
these boundaries vary in space and time and are
not fixed; the values given are illustrative only.)
In recent times the highest plumes were from
eruptions of Mt. Katmai which ascended to 30 km
(Fierstein, 2007), Mt. St. Helens to 30 km (Holasek
and Self, 1995), and Mt. Pinatubo to 40 km (Lynch
and Stephens, 1996). Comparing the maximum
height of these plumes with the structure of the
atmosphere shows that they are below the strato-
pause boundary (Figure 5.8). The thermal structure
of the atmosphere defines the atmospheric zone
boundaries (Figure 5.7). The tropopause has a
negative temperature gradient, warmest at the
Earth’s surface and coolest at approximately
—60°C at the tropopause boundary, near 11km,
in this example. The tropopause is the boundary

where the atmospheric temperature gradient
becomes positive or remains close to zero; above
lies a region called the lower stratosphere with tem-
peratures at approximately —60°C and warming to
approximately 0°C at the stratopause, near 47 km,
in this example. Usually, the tropopause and
stratopause boundaries are not abrupt thermal
reversals—but have fluctuating temperatures of a
few degrees about or near the thermal gradient
inflection point. These regions of fluctuating tem-
peratures at the tropopause, stratopause, and meso-
pause can be 10km thick. In addition, the
tropopause is weakly stratified while the strato-
sphere is intensely stratified, especially at heights
above 20 km. Thermal reversals and stratification
in the atmosphere hinders the ascent of plumes.
When a plume encounters the tropopause, tempera-
ture reversal changes the buoyancy conditions and
slows or stops its ascent. Only more energetic erup-
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Figure 5.7. The basic thermal structure of the atmosphere is defined by temperature gradients as a function of
altitude which reverse at three different levels. The pressure decreases with increasing altitude. The temperature
gradients and pressure impact how a plume rises and its maximum height as it equilibrates to surrounding
conditions. There are no records of a volcanic plume penetrating the stratopause. The tropopause stops or slows
the rise rate of less energetic plumes where they tend to spread laterally.

tions produce plumes that are able to penetrate the
tropopause and enter the stratified layers of the
stratosphere (Sparks et al., 1997), such as Redoubt
(2009), Kasatochi and Okmok (2008), Augustine
(2006), Mt. St. Helens (1980), and Katmai (1912).
Most of the eruptions in the North Pacific region
are unable to penetrate the tropopause, and if they
do get to that height they tend to spread laterally.
Modern-day jet aircraft fly at heights of 10 to 12 km
which is above the tropopause but still at levels of
drifting ash clouds. Ash clouds below the tropo-
pause are a threat to local air traffic and surface
infrastructure (Figure 5.8).

The height of the tropopause is not fixed but
varies as a function of latitude and time. In tropical
regions the boundary is 16 to 18km, and tem-
peratures increase sharply above this resulting in
a very stable stratified atmosphere. In mid-latitudes
the tropopause is about 11km, the temperature
remains fairly constant to about 20km, and the
atmosphere becomes even more stratified. In polar
regions the tropopause is located at about 8 km and
the atmosphere is less strongly stratified than in the
tropical and middle latitudes. The tropopause tends
to be a little higher, such as 10 km during the sum-

mer in polar regions (Sparks et al., 1997). Due to
variations in the height of the tropopause, plumes
from tropical eruptions that do not have enough
energy to penetrate the boundary attain greater
altitudes than those in polar regions, assuming that
they have similar buoyancy.

Other factors that impact plumes include atmo-
spheric pressure, density, and water vapor density
(Table 5.2). A plume will continue to rise until it
comes into static equilibrium with its surrounding
environment (although oscillations about and over-
shooting of this level also occur). A plume will be in
equilibrium with its surrounding environment when
the density of the plume equals the density of the
surrounding environment. The density of both the
plume and surrounding environment depends on
the temperature, pressure, and water vapor loading.
Initially, the eruption column is unsaturated but, as
the column ascends, it entrains surrounding air,
including moisture, and becomes saturated at
approximately 8§ km. Above 8 km the air pressure
and moisture content is low. The heights attained
by small plumes are greater in the tropics due to the
moist atmosphere compared with those in the dry
atmosphere in polar regions. Generally, plumes



110 Volcanic clouds

50

40

30

20

10

Kilometers

Courtesy Brenda Cruickshank

Figure 5.8. Relationship between the structure of the atmosphere, plume heights, and air traffic. Only very
energetic plumes can ascend into the stratosphere, where the atmosphere is extremely stable and does not easily
support vertical convection. Often an eruption will be composed of numerous plume-producing events but only the
more energetic and hence dangerous plumes have sufficient energy to penetrate the tropopause. A few examples of
stratospheric eruptions are shown. The weaker plumes from volcanic activity do not make it to the tropopause or are
prevented from ascending beyond that boundary. Jet aircraft often fly at altitudes between 9 and 12 km, heights that

energetic plumes ascend to or pass through.

Table 5.2. Generalized examples of physical values of the atmosphere at the surface, tropopause, and mesopause
based on a standard atmosphere (Lutgens and Tarbuck, 1986).

Height Temperature Pressure Air density Water vapor density
(km) Q®) (kgm™?) (gm™?)
Surface 15 1,000 1.22 8
11 —60 265 0.414 0
47 -5 2 0.004 0
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Figure 5.9. The relative effect of wind and eruption vigor shown as conceptual models (modified from Sparks et
al., 1997). The eruption of Shiveluch Volcano (a) shows a circular umbrella cloud above a vigorous eruption
column. The MODIS color composite satellite image shows a plume and its shadow on snow-covered ground. The
plume top heightis 14 to 15 km with a wind speed of 13to 15 m s blowing to the NNE at that height. Even though
the plume encountered strong winds, the highly energetic eruption resulted in a high-altitude circular plume. The
eruption of Spurr Volcano (b) shows an elliptical-shaped high-altitude umbrella cloud above a vigorous eruption
column. The plume top height is 14 km with a wind speed of 13m s~ blowing to the ESE at that height, elongating
the plume. The AVHRR satellite image is TIR B4 which has been color-coded by temperature and recorded 31 min
after the start of the eruption. The eruption of Shishaldin Volcano (c) shows a weak eruption column in high-
velocity winds (13-15.5ms™ "), resulting in a low-altitude bent-over plume, extending approximately 400 km to the
ESE at a height of 4km. The AVHRR satellite image is processed to detect ash clouds using the BTD technique.

whose height exceeds 12km are not significantly
impacted by atmospheric moisture (Sparks et al.,
1997).

Wind direction and strength impact the shape
of a plume and the dispersal of ash and gas for both
large and small plumes (Figure 5.9). If wind was not
present then both small and large plumes would rise
vertically above the source vent and spread radially
forming an umbrella cloud once the neutral buoy-
ancy height is reached or they would dissipate. A
profile view of large vigorous plumes would show

that the vertical axis of the eruption column will be
bent in the downwind direction and the umbrella
cloud will be distorted in that direction (Sparks et
al., 1997). From a satellite perspective only the
umbrella cloud can be observed but its shape would
be elliptical instead of circular with its center dis-
placed downwind from the position of the source
vent. A profile view of small weak plumes would
show a long and narrow column bent downwind.
From a satellite perspective a long and narrow
plume extending downwind would be observed.
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Dispersion of the plumes can be mapped using high
temporal resolution time-sequential satellite data
such as from the GOES imaging sensor where
TIR data is recorded every half hour. These images
provide a snapshot in time—but not predictions of
its movement. The use of gridded wind fields that
include predictions of wind direction and speed in
dispersion models are used to predict the movement
of ash and gas clouds, which is especially useful
for hazard mitigation (Searcy et al., 1998). (See
Chapters 7 and 9 for a more detailed discussion
of dispersion modeling and its use. Animations of
ash movement using dispersion models can be seen
on the DVD).

5.8 CLOUD HEIGHT ESTIMATIONS

Estimating the height of plumes and ash clouds is
one of the most critical components for hazard
response in the North Pacific region. The height
of the cloud dictates how the wind fields control
movement, and this impacts how agencies and
industry (especially airlines) respond to an eruption.
Erroneous height estimates can result in an incor-
rect hazard response, such as invalid forecasts of
ash cloud movement that could potentially be
catastrophic. There are several quantitative
methods for estimating plume and ash cloud
heights: temperature, trajectory, shadow, stereo-
scopic, and radar. Ground observers and pilot
reports (PIREPS) provide qualitative estimates.
Measurements from each method do not always
agree, so heights are only estimates; each method
has its strengths and weaknesses. At this time,
ground-based radar appears to be the most accurate
and dependable method for estimating height near
the vent where the particles are large enough to be
detected by radar.

5.8.1 Temperature method

The temperature method involves comparing the
cloud top temperature with the temperature profile
of the atmosphere and requires that the cloud be
opaque and the temperature equilibrated to the
surrounding atmosphere. If the cloud is semi-
transparent the measured temperature will include
radiant energy from the underlying background,
and this usually increases the measured cloud
temperature resulting in an erroneously low height
estimate. The most accurate cloud temperature is
measured using satellite data in the 11 um TIR band

(Sparks et al., 1997; Dean et al., 2004). The plume
temperature is then correlated to the temperature—
height profile of the atmosphere measured by radio-
sonde launches from airports. Ideally, there is only
one temperature that correlates to one altitude
unless the plume penetrates the tropopause; in those
situations usually several heights will be associated
with the same temperature. For example, the erup-
tion of Spurr Volcano on August 19, 1992 was
recorded on over 11 satellite images for 83.4 hours
(Figure 5.5) showing the evolution of the cloud
from opaque to semi-transparent (Schneider et
al., 1995). The cloud remained mostly opaque (Fig-
ure 5.10) for ~5 hours with a fairly consistent tem-
perature ranging from —65°C (01:26 utc), —61°C
(03:31utc), and —63°C (05:12utc). These tem-
peratures correlate to heights ranging from 11.5
to 12km. Ground-based radar showed a height of
13.7km (Rose et al., 1995). Augustine Volcano at
01:40 utc on January 14, 2006 is an example of
multiple height estimates, as well as of the evolution
of an opaque to semi-transparent cloud and its
effect on temperature measurements (Figure 5.11).
The first TIR B4 satellite image recorded at
01:45utc showed an opaque cloud with tempera-
ture of —53.5°C which correlates to height estimates
of approximately 8.0 and 9.5 km which straddle the
tropopause at 8.5km. Ground-based radar indi-
cates a height of 10.5km and pilot reports indicate
9 to 9.5km (Bailey et al., 2010). All of these esti-
mates are in the vicinity of the tropopause. A few
hours later TIR B4 images recorded at 02:43 and at
03:27utc (Figure 5.11¢, e) showed minimum cloud
temperatures of —49.5 and —40°°C, respectively,
which are warmer than the cloud at 0l:45utc
and correlate to a much lower height. The plume
temperature increase is almost always due to ther-
mal contamination from the warm background
indicating that the cloud has begun to disperse
and is now semi-transparent. Brightness tempera-
ture difference (BTD) images (Prata, 1989a) of
the cloud at 02:43 and 03:27 (Figure 5.11Db, f) show
an ash signal that is also indicative of a semi-
transparent cloud. As shown above and discussed
by others (Tupper et al., 2004), height estimates are
subject to error from limitations of the technique.

The location of temperature profiles from
radiosonde measurements used to identify heights
can also be problematic. The profiles are generated
at selected airports—not at volcanoes themselves.
The profiles can be located hundreds of kilometers
from a volcano and may not provide a temperature
profile that is representative of that above the
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Figure 5.10. Mt. Spurr Volcano erupted on August 19, 1992 at 00:55 uTc recorded on AVHRR satellite images at
01:25, 03:31, and 05:12utc and show the early stages of the transition of this plume from opaque to semi-
tansparent. Images (a), (c), and (e) are TIR B4 (10-11 um) data. Images (d) and (e) are BTD data. The single
TIR band data show an opaque cloud at 01:26 uTc (a) with a temperature of —65°C. The dry atmospheric profile (b)
shows the thermodynamic tropopause to be at 12km (gray line) and the atmosphere and plume temperature that
corresponds to that height (blue line). Images (c) and (e) recorded at 03:31 and 05:12 uTc show the opaque cloud
starting to become semi-transparent along the edges of the BTD data (d) and (f). There is no negative BTD signal in
the core area of the cloud, because that area is still opaque. The lack of a BTD signal suggests that the cloud
temperature is not contaminated with background temperatures. The UTC time is shown on the images.

volcano. A solution to the problem is the use of
gridded atmospheric models (e.g., UNIDATA) to
generate profiles above a volcano. Presumably,
these would be more accurate than distant sounder
measurements. A comparison of rawinsonde and
modeled profiles has not been systematically eval-
uated but qualitative comparisons suggest that
these are reasonable estimates.

Another problem complicating plume tempera-
ture measurements are supercooled portions of
plumes that are highly buoyant, also referred to

as the dynamic overshoot (Woods and Self, 1992;
Holasek and Self, 1995). The material in the con-
vective column ascends until it reaches its neutral
buoyancy but, due to inertia, it is carried farther
upward. After the inertia has dissipated, this
overshoot descends to its neutral buoyancy position
in the umbrella cloud probably within minutes
(Sparks et al., 1997). In this situation the overshoot
is the coldest part of the cloud—even colder than
the surrounding atmosphere—and would therefore
not be used to estimate its height. Usually, the over-
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Figure 5.11. Augustine volcanic eruption in January 2006. AVHRR images recorded on January 14, 2006 show
how the morphology of a volcanic cloud changes over time and impacts height estimates. Images (a), (c), and (d)
are B4, (d) and (e) are BTD, and (b) is the atmospheric temperature profile. At 01:45uTcC (a) an opaque cloud is
observed with the coldest temperature of —53.5°C, the blue line in (b). This cloud correlates to a height of 8.0 and
9.5 km which straddles the tropopause at 8.6 km, the gray line in (b). At 02:43 (c) and 03:27 (e) the TIR data show
that the coldest temperature of the cloud has increased to —49.5 and —40.0°C, respectively. These same images
processed for BTD (d) and (f) show a relatively strong BTD signal of —4.0. The increasing cloud temperature and
strengthening BTD signal is indicative of a dispersing cloud and conducive to the detection of ash. Ground-based
radar measured a height over 10.5km at 01:40 utc and PIREPs reported 9.0 to 10.5 km. The cloud is moving to the
southeast which correlates to wind fields in the atmospheric profile data at heights less than ~9.5 km (see Section
5.9.2). The variations in height estimates show the difficulty in precise height measurements of dynamic volcanic
clouds.

shoot is above the convective column and still con-
nected to the vent. To estimate the height of these
clouds the coldest temperature in the umbrella
cloud, excluding the overshoot, should be measured
and compared with the atmospheric profile (Dean
et al., 1994). An example of a supercooled plume
observed on satellite data is the eruption of
Redoubt Volcano, January 8, 1990 (Figure 5.12).
The satellite image was recorded at 19:11urc, 13

minutes after the start of the eruption. In this
example the plume is circular with a diameter of
approximately 40km. The bright-red portion is
the overshoot at —63°C while the coldest atmo-
spheric temperature (Anchorage radiosonde) is
approximately —55°C (Figure 5.12b). A tempera-
ture profile (Figure 5.12c) across the plume shows a
low temperature of —63°C approximately at the
center (topographically high), a warmer tempera-
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Figure 5.12. Height estimates of the Redoubt Volcano plume on January 8, 1990 recorded on TIR (11 um)
AVHRR data (a) at 19:11 utc, 13 min after the start of the eruption. The plume is color-coded by temperature with
the coldest temperature, —63°C, shown as the blue line in (b). The coldest atmospheric temperature recorded on the
radiosonde profile (b) is —55°C at 12.5 km. Therefore, the red portion of the plume has overshot its neutral buoyancy
level as shown in the temperature profile of the plume (c). The portion of the plume that appears to be neutrally
buoyant has a temperature of —51°C, the dashed line in (c), and correlates to an estimated minimum height of
8.5 km based on the atmosphere temperature profile. Within a few minutes the overshoot will settle to its neutral
buoyancy level probably with a temperature of approximately —55°C at 12.5 km. Previous height estimates (Dean et
al., 1994) range between 9-11 km and differ due to the radiosonde profiles that were used. Heights greater than
12km have also been estimated for this eruption (Miller and Chouet, 1994).

ture trough (—44°C) surrounding the overshoot,
and a cold (—51°C) topographically elevated rim.
The estimated height of this plume using the tem-
perature method is 9, 11, or 15-17 km.

The temperature method has several limitations
as shown above but is a technique that often pro-
vides a first-order estimate until additional informa-
tion becomes available. The limitations include
multiple heights for the same temperatures, super-
cooled portions of plumes, masking by weather
clouds, and invalid cloud temperatures due to con-
tamination from background signals.

5.8.2 Trajectory method

Trajectories can be used to estimate cloud heights
whenever there is vertical wind shear in the

atmosphere. The basic idea is to use a trajectory/
dispersion model initialized using atmospheric wind
data and guessing the starting height of the volcanic
cloud. The resulting trajectory can be compared
with a satellite observation and iterated by
changing the starting height until a best fit is
obtained. This process can be mathematically for-
malized to obtain an initial height distribution of
the erupted mass (see Stohl ez al., 2011).

The eruption of Kliuchevskoi Volcano on
September 30, 1994 is an excellent example (Figure
5.13). A satellite image recorded at 20:54 uTc shows
a bifurcated plume blowing to the southeast with a
segment appearing to loop beneath another seg-
ment. The Puff dispersion model shows that the
lower portion of the plume is at an altitude of 4
to 8 km and the upper portion is at 8 to 12 km. The
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Figure 5.13. Estimation of plume height using the trajectory method for an eruption of Kliuchevskoi Volcano,
September 30, 1994 at 20:54 utc. The AVHRR color composite image (a) shows a bifurcated plume with a segment
blowing southeast over the top of another segment blowing south-southeast. The Puff dispersion model (b) shows
that the southeast segment (green and yellow) is at 8 to 12 km altitude and the south-southeast segment (blue) is 4

to 8km.
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Figure 5.14. A composite of AVHRR satellite images (a) using TIR and BTD data and the conceptual model (b)
shows an early stage of a volcanic cloud at Cleveland Volcano, February 19, 2001 at 16:55 utc. The NW portion of
the plume is opaque (dashed polygon) and detected on single-channel thermal infrared (TIR) B4 data with the
coldest radiant temperature of —53°C, which correlates to an altitude of 8 km. The SE segment of the cloud is semi-
transparent and detected on BTD data with a signal strength less than —5. The wind shear indicated in the Puff
dispersion model suggests that the SE volcanic cloud is at an altitude of approximately 6.5 km (after Dean et a/.,
2004). Wind directions are relative to Cleveland Volcano (yellow triangle).

eruption of Cleveland Volcano on February 19,
2001 (Dean et al., 2004) is an example of the sepa-
ration of the opaque and semi-transparent ash
cloud due to wind shear. The temperature and
trajectory technique had to be used to estimate
heights and analyze the structure of the cloud
(Figure 5.14). The TIR (10.5um) channel of an
AVHRR satellite image recorded at 16:55utc
showed an opaque cloud northwest of the volcano
at a temperature of —53°C, which indicates a height
of 8 km. However, further analysis of the satellite

data using the BTD technique revealed that there
was also an ash-rich, semi-transparent cloud (not
detected in the single-band TIR image) southeast of
the volcano. Ash trajectory predictions using the
Puff dispersion model indicated that there was
directional wind shear at a height of approximately
7km blowing to the southeast indicating that the
ash cloud was at a height below 7km. A conceptual
model of the structure of the cloud shows how the
cloud is sheared at 7km (Figure 5.14b).
Trajectory-based height estimates have a few
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limitations. Directional or velocity wind shear must
be present for this technique to work, and the accu-
racy of the dispersion model depends upon the
accuracy of the atmospheric data and gridded wind
models. One of the most troublesome regions on a
planetary scale is the lower 3 km of the atmosphere,
in the region known as the planetary boundary
layer (PBL) where turbulence dominates. Above
this region, in the free atmosphere, turbulent effects
can be mainly ignored in an approximate treatment
of synoptic-scale motions (Holton, 2004). However,
due to the height of volcanoes and the effects of an
explosive eruption, the turbulence can extend a few
kilometers higher in the vicinity of a volcano. The
capability of gridded wind fields to accurately por-
tray the PBL layer is variable between models.
Thus, ash dispersion models at these low altitudes
can be problematic. (See Chapter 7 for a more
detailed discussion of dispersion models.)

5.8.3 Cloud shadow method

The cloud shadow method involves geometric prin-
cipals based on the relationship between plume
height and the solar elevation angle (Holasek and
Self, 1995); h = d tan q. Here h is the height of the
plume, d is the shadow length, and z is the solar
elevation angle measured from the horizontal (Fig-

ure 5.15). The length of the shadow is measured on
satellite data using a visible light band from the
highest part of the plume which in most cases is
above the volcano to the outer edge of the shadow.
The tangent of the solar elevation angle (6) is meas-
ured at the ground intersection. Simple multiplica-
tion of the tangent of # and the distance gives an
estimate. In this example a flat Earth is assumed.
Greater accuracy can be attained if the curvature of
the Earth is taken into account but this complicates
the calculations significantly. This method has sev-
eral limitations and potential sources of error that
hamper its use. It requires daylight for the shadow
to be formed (a problem during the long winter
nights at high latitudes), the Sun must illuminate
the plume obliquely, and the satellite must be in a
location that permits viewing the shadow. Defini-
tive identification of the end of the shadow can also
be a problem when other shadows are present or the
night terminator is in the general area. Large satel-
lite pixels such as those in the GOES data at high
latitudes can vary by a few kilometers and, thus, are
not conducive to precise measurements.

5.8.4 Ground-based radar method

Ground-based radar is a relatively new technique
for estimating the height of volcanic ash and is quite

911.09.083.0400

Anchorage
Shadow

Figure 5.15. A GOES satellite image (a) recorded in the visible shows a plume from the eruption of Redoubt
Volcano, March 24, 2009, 04:00 utc. The height (h) of the plume is estimated based on the shadow length (b) and
solar zenith angle (#) where h = d tan ¢ . The length of the shadow (250 km) is measured on the satellite image, the
solar zenith angle is 3°, and the resulting height is 12 km (40,000 ft.).
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Figure 5.16. Example of plume height estimates from ground-based radar and temperatures at Augustine Vol-
cano, January 11, 2006. Two eruptions occurred at 13:44 and 14:12utc. The satellite image (a) recorded at
13:48 uTc, 4 min after the first eruption, shows an opaque plume with a temperature of —46°C, the green line in (b),
which corresponds to two altitudes of 7.5 and 12km based on radiosonde data (b). A second satellite image at
14:25uTc (c), 13 min after the second eruption started, shows a temperature of —55°C, the blue line in (b), which
suggests the plume is supercooled since it is colder than the dry radiosonde profile. Ground-based radar (not
shown) measured 9 km at 13:44 uTc. The tropopause, the gray line in (b), is at a height of approximately 9.1 km. A
composite of radar data (d) recorded at 13:49 and 15:31 utc shows the plan view of the particles which generally
matches the location and shape of the plume observed on satellite data.

reliable when the size of the particles is large enough
to be detected. The active system transmits micro-
wave energy towards the eruption cloud which is
then reflected back to the instrument by particles
that are encountered. The instrument receives and
processes the data which are then displayed as echo
intensity (reflectivity) measured in dB (decibels).
Radar energy is reflected by particles such as ash,
precipitation, and ice crystals—but not gases.
Radars can be operated in several ways, such as
clear air or precipitation mode (affects sensitivity),
and can generate a variety of products applicable to
volcanic ash detection: plume top height, plan view
of maximum reflectivity, and vertical or horizontal
cross-sections of reflectivity (Figures 5.16 and 5.17).
The temporal resolution of the scans is measured in
minutes which provides unprecedented looks at
the formation and collapse of eruption columns.
Typical radar wavelengths used by these systems
are the S, C, and X-bands. The size of ash particles
detected by radar are fine (large volume <10 pm),
coarse (10-64 pm), and lapilli (>1 mm) (Rose et al.,

1995; Marzano et al., 2006; Wood et al., 2007). In
the North Pacific region there are several ground-
based radar instruments available (in Alaska and
the Cascades). Most are the S-band Weather Sur-
veillance Radar (WSR-88D, the “D” standing for
Doppler) for monitoring weather but have been
successfully used to detect volcanic ash (Wood et
al., 2007). The WSR radar is part of the U.S. next-
generation radar (NEXRAD). The maximum range
of this radar is approximately 220 km. There is also
a transportable C-band instrument operated by the
USGS that is dedicated to volcano monitoring
(pers. comm., D. Schneider, USGS AVO) and built
by Enterprise Electronics Corporation (MiniMax
100C). The maximum range of the USGS radar is
100 km. In the Cook Inlet region the WRS-88D and
USGS instruments are located near Kenai (Alaska)
providing coverage of the most active volcanoes in
that area. There is no radar coverage for Aleutian
volcanoes, but since the USGS radar is transporta-
ble it could be moved to provide coverage for other
areas. In the Cascades WSR-88D instruments are
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Figure 5.17. A wide range of plume heights were measured for the eruption of Augustine Volcano on January 17,
2006 at 16:58 uTtc. A height of 14 km was measured by ground-based radar as shown in a profile view of the plume
(a) at 16:58utc. An AVHRR satellite image (TIR, B4) recorded an hour later (b) shows a minimum plume
temperature of —55°C which correlates to an altitude of 8 km based on the atmosphere profile, the intersection
of the blue and gray line in (c). The tropopause height, the gray line in (c), equals 8 km. The height of ash particles
detected on the plan view of radar (d) coincides with height estimates from radar data (a), 3.8km (green) and

7.2km (blue).

located at many cities in Washington, Oregon,
Idaho, and California, providing coverage of most
volcanoes in the region. In the Kamchatka Penin-
sula and the Kurile Island regions there are no
civilian radars available for coverage of volcanoes
at this time (pers. comm., P. Izbekov, UAF AVO).

One of the earliest applications of ground-
based radar for volcanic eruptions was in Iceland
at the 1970 eruption of Hekla Volcano (Marzano et
al., 2006). Others include Mt. St. Helens, 1980
(Harris and Rose, 1983; Harris ez al., 1981); Mt.
Spurr, 1992 (Rose et al., 1995); Hekla Volcano,
2000 (Lacasse et al., 2004); Mt. Augustine, 2006
(pers. comm., D. Schneider, USGS, AVO); and
Mt. Redoubt, 2009. Radar has been used to detect
ash for at least 24 eruptions worldwide (Marzano et
al., 2006). These and other studies suggest that
radar plume height estimates appear to be more
reliable and consistent than the other methods
described above, but some dilemmas were encoun-
tered. Radar provides discrete estimates even in the
tropopause where the cloud temperature method
has problems. For example, height estimates from

satellite images of the first eruption on January 11,
2006 at Augustine Volcano were not definitive (Fig-
ure 5.16) because the plume penetrated the tropo-
pause but the radar showed 9 km. Height could not
be estimated for the second eruption since the satel-
lite temperature of the plume was colder that the
radiosonde profile (Figures 5.16b,c). Radar meas-
urements were not available for this second erup-
tion. However, using a wet adiabatic lapse rate of
—4.5°C/km, based on a lapse rate calculated from
the radiosonde and a base temperature of —10°C
also from the radiosonde profile (Figure 5.16b), the
height was estimated to be 10km. A plan view
derived from the composite radar images over this
period corresponds in space and time with the satel-
lite images. During the Augustine eruption on Jan-
uary 17, 2006 at 16:58 utc, the plumes penetrated
the tropopause, which resulted in height estimates
ranging from 6.5 to 13.5km. Radar showed 14 km,
which was close to the upper temperature estimates
(Figure 5.17). For the many explosive events at
Augustine 2006, the height estimates were both
higher and lower than the satellite estimates but
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usually within a few kilometers (Bailey et al., 2010).
During the Redoubt 2009 eruption preliminary
radar estimates showed some cloud tops over
18 km while satellite temperatures indicate heights
near the tropopause (9.5 km). Moreover, movement
of the ash clouds is consistent with dispersion model
predictions at the lower altitudes. Perhaps the bulk
of the Redoubt ash is near the tropopause bound-
ary, which is what the satellite detects but the con-
centration of the higher material may be below
satellite detection limits for ~1 km? pixels. Another
dilemma is the rapid rise rate of these very high
cloud tops, 400ms~' at Mt. Pinatubo (Oswalt et
al., 1996), which exceeds the typical rate of a few
tens to 200ms~' (Sparks et al., 1997). Similar or
even higher rise rates were calculated at Redoubt
(2009). Perhaps the high rise rate is related to a
pressure wave caused by the eruption and to con-
densing clouds behind the wave, which is what
radar may be detecting (pers. comm., C. Cabhill,
UAFGI). Resolution of the large height discrep-
ancies between radar and satellite measurements
is critical for accurate hazard warning and assess-
ment and will require further study.
Ground-based radar offers significant advan-
tages over other techniques for measuring plume
height and collecting additional information about
an eruption, but there are limitations. Advantages
include accurate height and position estimates in
near-real time, high temporal resolution measure-
ments of ash rise and fall rates, ash retrieval (mass),
and gas cloud penetration. All of these advantages
are critical measurements for hazard assessments.
Disadvantages include the limited number of vol-
canoes within radar range, detection limited to
coarse particles or high concentrations of fine par-
ticles, and detection limited to ash near the vent
where larger particles are still airborne compared
with distal volcanic clouds that contain finer par-
ticles. Radar is most sensitive to large particles; the
returned power is proportional to r®. The thermal
BTD signal arises from small-sized ash particles
(r < 16 um). Radars are also expensive to purchase
and maintain, requiring significant manpower.
These limit availability in many parts of the world.

5.8.b Stereoscopic methods

Several satellite sensors include the capability to
image the same scene from multiple view angles
simultaneously, or from different view angles within
a short time, or from different view angles using two
or more platforms. Among these are MISR, the

ATSR family, and by using two or more geosyn-
chronous satellites. The principle of stereoscopic
imaging is well established (Hasler, 1981; Wylie et
al., 1998; Glenkova et al., 2007) and needs no
further discussion here. A recent study by Scollo
et al. (2010) employed MISR imagery to estimate
plume tomography for the 2001 Etna eruption.
Prata and Turner (1997) have shown how the con-
ical scan of the ATSR instrument can be used to
determine cloud top height by combining two
views, one at 22° and the other near 55°, in either
infrared or visible channels. Since these methods are
essentially geometrical, the limitation is largely due
to the pixel size (1km in the case of the ATSRs)
and to the skill and sophistication of the pattern-
matching techniques employed. The method is not
restricted to daytime-only use as pattern-matching
can be done using the infrared channels. For the
NOPAC region stereoscopic height estimation can
be done using data from two geosynchronous meas-
urements (see Hasler, 1981 for details on the
methodology), giving the possibility of high tem-
poral resolution cloud height estimates.

5.8.6 Pilot reports

Reports from pilots (PIREPS) or ground observers
are a qualitative observation but still an important
contribution to height estimation. Often these are
the first estimates, especially in remote areas, where
satellite and radar data are limited or not available.
Because of their qualitative nature the variance can
be large, depending on the experience and thor-
oughness of the pilot. (Examples of two of these
eruptions are shown in Figures 5.16 and 5.17; see
Chapter 9 for more details.)

5.8.7 Comparing height estimates

Plume height estimates can be quite variable
between different techniques and may differ by
many kilometers. Height estimates from the erup-
tions of Augustine Volcano, 2006 (Bailey et al.,
2010) exemplify variations in the different tech-
niques (Table 5.3). These eruptions emitted plumes
that ascended to heights less than, equal to, or
above the tropopause. Height estimates were ana-
lyzed using polar-orbiting and geostationary satel-
lite data, ground-based radar data, and reports
from pilots (PIREPS) and ground observers. All
these data were approximately concurrent in time
for each eruption event.
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Table 5.3. Examples of the variation in height estimates for the 2006 eruptions of Augustine Volcano. Generally,
ground-based radar is considered more accurate and provides a discrete estimate compared with satellite tech-
nigues. Usually, satellite temperatures and trajectories are in general agreement and are often expressed as a range
rather than a discrete value. However, during the recent Redoubt eruption some radar height estimates were often
much higher (by a factor of 2) than those from other techniques.

Date Time BTD Plume T Height estimate model
(utc) (K) ) (km)
Radar Temperature| Trajectory PIREP Comments

11-Jan-06 13:44 0 >8 —

13:48 —46 7-12

14:12 0 —45 7-12 9

14:25 0 —55 8.5 —
13-Jan-06 13:24 0

13:28 0 <—54 Supercooled

13:56 0 —52.5 8

17:47 14.5-16

19:24 0 —44 6.5

20:41 —-14 —54 11 9.5 16 Ash on rim

21:03 —4 —51.5 11 7.5 Ash on rim
14-Jan-06 01:45 -1.9 —55 10.5 8-8.5 Ash on rim
17-Jan-06 16:58 14

17:38 0 —55 8 8-9

The eruption of Augustine Volcano on January
14, 2006 at 01:45uTtc is a good example of height
estimates and how they may relate to the morpho-
logical structure of the plume (Figure 5.18). The
volcano erupted at 01:40 utc. Satellite data, radar,
and an oblique photograph were recorded within
minutes of each other. The photograph shows a
central peak at a higher altitude (Figure 5.18a)
surrounded by what appears to be a relatively flat
plume at a lower altitude.

The satellite image shows a circular plume
approximately 10 km across with a minimum tem-
perature of —55°C for the central peak and —52°C
for the surrounding plume top. The temperature of
the central peak correlates to a height of about 8 km
(Figure 5.18c) and, since the central peak tempera-
ture is not colder than the surrounding atmosphere,
this shows that it is not supercooled. The tempera-
ture of the lower portion of the plume translates to
atmospheric heights between 7.5 and 10 km while
radar suggests a height of approximately 10 km. If
height estimates were based solely on plume tem-
perature a single definitive value could not be given
but limits could be provided, such as greater than
7.5 km. One PIREP estimates the plume height to
between 9 and 10.5km which agrees with other

estimates. The January 14 eruption is also a good
example of how temperature is related to the struc-
ture of the plume. Comparing the photograph (Fig-
ure 5.18a) with the satellite image (Figure 5.18b) the
thin edges of the plume (circles in the figure) have
warmer temperatures (—25°C, blue) than regions
closer to the center and, hence, are semi-transparent
allowing background radiation to penetrate the
cloud resulting in a warmer signal detected by
the satellite sensors. In this example the semi-
transparent edges are estimated to be less than
1 km thick based on comparing the dimensions of
the plume width and plume height on satellite data
with the perspective photography.

The structure of a volcanic cloud and its height
are very dynamic, especially when the cloud is still
attached to the volcanic vent. The dynamics are
affected by variations in the heat and emissions
from the volcano, structure of the atmosphere,
entrainment of moisture, composition of the cloud
(ash-rich, water-rich), presence of ice (Rose et al.,
1995), and the injection of aerosols. These con-
ditions change in time as the cloud evolves (Tupper
et al., 2003, 2004, 2007). Moreover, these conditions
impact the electromagnetic signal as a function of
wavelength measured in satellite data, which might
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Figure 5.18. An oblique photograph of an eruption plume at Augustine taken on January 14, 2006, 01:50 uTcC (a)
shows a profile view of the plume recorded on a satellite image at 01:45 utc (b). The satellite image shows the
coldest part of the plume (yellow and orange) to be elliptical, 10 x 15km in size, and 10.5km high according to
radar. The coldest temperature is —55°C near the center of the satellite image and decreases to —24°C (light blue)
along the edges. Comparing the photograph with the satellite image shows that the thickest part of the plume
coincides with the coldest regions (yellow and orange) and is presumably opaque. The warm edge of the plume
(light blue) coincides with the thin edge in the photograph and is presumably semi-transparent as seen on the
satellite image (open circles). The thin edge is estimated to be less than 1 km thick. The viewing direction of the
photograph, the gray area in (b), is NE (modified from Bailey, 2010).

also help to explain some of the variations in height
estimates.

A conceptual model of a plume (based on
Turco et al., 1983) shows gas and water vapor cap-
ping the plume with ash in the lower parts of the
umbrella region of the plume (Figure 5.19). The
boundary between the ash and gas-rich components
is not an impenetrable barrier—but a transition.
Pilots viewing the cloud are looking in the visible
wavelengths and see Rayleigh scattering of light by
gases at the very top of the cloud and, so, the view-
ing geometry greatly affects the accuracy of height
estimates (Tupper et al., 2003). Thermal infrared
wavelengths used by satellite sensors record radi-
ated energy that is emitted from a range of heights
near the top of the cloud although it is assumed that
most of the energy is radiated at the point where the

plume is opaque (Sparks et al., 1997). Therefore, the
temperature measurement is an integrated value
over a pixel area (spatial and depth) somewhere
within the upper portion of the cloud. Thus, the
cloud temperature and derived height is not solely
from the cloud top. At radar wavelengths gas
clouds are mostly transparent, but particles within
clouds reflect microwave energy back to the
sensor. The size of the particles detected by radar
depends upon the wavelength used. The AVO and
NEXRAD radars are sensitive to 1 to 0.01 mm size
particles. Radar instruments detect particles that
might be composed of ash or ice crystals or con-
densed droplets. Radar is probably more sensitive
to fewer particles than satellite sensors.

From the perspective of satellite sensors alone
one might expect height estimates from PIREPS to
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Opaque/semi-iransparent
boundary

Figure 5.19. A conceptual model of a plume showing a gas-rich region capping the ash-rich region (modified
from Lane et a/., 1995 and Turco, 1992). Pilots observe scattered light in the visible from volcanic aerosol layers
(H,S04, SO,, and some ash). TIR satellite sensors detect radiated energy from multiple levels but near the opaque/
semi-transparent boundary and measure an integrated temperature over a pixel but below the cloud top. Radar
detects reflected energy from particles throughout the cloud as a function of its wavelength but gases are mostly

transparent.

be higher than other methods (even if geometry was
accounted for) and TIR satellite sensors somewhat
lower than the visual cloud top due to cloud pene-
tration. Radar data may provide a more accurate
height estimate of ash particles but the signal may
be from particles other than ash, be sensitive to
particle concentrations below satellite detection
limits, and will ignore gas components. The height
of a plume, particularly during its initial stages,
changes rapidly (on the order of minutes) and the
timing of observations is critical for these estimates.
Even if the observations are coincident in time they
are affected by different conditions, so plume height
estimates will vary between techniques.

5.9 PHYSICAL PRINCIPLES OF ASH
DETECTION IN THE INFRARED

5.9.1 Volcanic ash detection

Volcanic ash is a hazard to aircraft and, therefore,
needs to be detected and its movement tracked
(Casadevall, 1994; Casadevall et al., 1996; Miller
and Casadevall, 1999). The problem of detecting
volcanic clouds using satellite data is really a prob-
lem of discrimination. Ash clouds absorb, emit, and

scatter radiation in the visible, infrared, and micro-
wave regions of the electromagnetic spectrum. At
visible wavelengths, depending on the geometry of
illumination (by the Sun or using a laser light
source) and the geometry of observation, clouds
may appear bright or dark. This is true of clouds
of water, ice, silicates (volcanic ash), wind-blown
dust (desert dust), smoke (e.g., from a large forest
fire) or any other naturally or anthropogenically
generated cloud of particles. It is sometimes very
clear that a particular cloud is meteorological in
origin (e.g., a cloud of water droplets or ice par-
ticles, or a mixed phase cloud), but often not so
clear that it is not a meteorological cloud. Figure
5.20a—h shows some satellite images of anomalous
clouds in the atmosphere. These are daytime
MODIS images that have been enhanced to provide
a true-color rendition of the scene. In all of these
scenes there are meteorological clouds and clouds
due to other sources: (a) a thick ash column rising
above Ruang Volcano (Sangihie Islands, Indonesia,
125.37°E, 2.30°N), (b) a drifting ash and gas plume
recently emitted from Karthala Volcano (Comoros,
11.75°S, 43.38°E ), (c) a low-level gas (predomi-
nantly SO, and H,O) plume from Ambrym
Volcano (Vanuatu, 16.25°S, 168.12°E), (d) an ash
and gas plume over snow-covered terrain from
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Figure 5.20. Daytime MODIS scenes showing anom-
alous clouds: (a) thick ash column from Ruang
Volcano; (b) drifting ash and gas plumes from Karthala
Volcano; (c) low-level gas cloud plume from Ambrym
Volcano; (d) ash and gas plume over snow-covered
terrain (Kliuchevskoi Volcano); (e) ash and gas plume
from Shiveluch Volcano; (f) a noxious gas cloud from
an industrial fire in southern England; (g) a dust out-
break over the Canary Islands; and (h) surface ash re-
suspended by wind streaming off the southern coast of
Iceland (images are courtesy of NASA Earth Observa-
tory website).

Kliuchevskoi Volcano (Kamchatka, 56.057°N,
160.638°E) , (e¢) an ash and gas plume from
Shiveluch but in summer, (f) a noxious cloud gen-
erated from an industrial accident in southern Eng-
land, (g) a dust outbreak traveling westwards over
the Canary Islands (28.00°N, 15.58°W), and (h)
wind-blown ash off the coast of Iceland. These ex-
amples illustrate some of the variability found in
anomalous clouds when viewed by satellites during
the day. Some clouds appear almost black (Figure
5.20f) or dark gray (Figure 5.20h), some are as
white as water/ice clouds (Figure 5.20c,d), while

others take various sandy shades with brown and
yellow hues (Figure 5.20a, b, e, g). By using objec-
tive analysis of daytime visible imagery alone, it has
been very difficult to unambiguously discriminate
ash clouds from other clouds. During the night-
time, the task is made even more difficult because
there is no sunlight available and, hence, the visible
satellite channels cannot be used. This is the main
reason researchers have turned their attention to
using infrared data (e.g., Hanstrum and Watson,
1983; Prata, 1989a,b; Barton ef al., 1992; Ellrod
et al., 2003).

5.9.2 Transmission of EM energy
through a cloud

Satellite-borne infrared radiometers are used to
measure atmospheric radiation in narrow (0.5—
1.0 um) wavelength bands, collecting energy from
all components of the scene within the field of view
of the instrument. In general terms, it is possible to
write down the radiative transfer equation (RTE)
governing this kind of measurement, with some
suitable approximations to make the problem tract-
able. A useful starting point is to consider a direc-
tional (downwards) measurement of the upwelling
radiation from a cloud-less atmosphere over a
narrow band of infrared wavelengths, where the
contributions from solar radiation are negligible,
ignore infrared scattering, and adopt plane-parallel
geometry. With these conditions, we may write:

IA(507 0) = s,)\(<)07 G)Ts,)\(@a H)

00 .
+J BT 2E2) (5
0 Bz
where 7 is the directional radiance measured at the
sensor; I, is the radiation from the surface; B is the
Planck function; T is temperature; 7(z) is the
vertical temperature profile; A is wavelength; z is
height; 7 is the atmospheric transmittance; ¢ is
the azimuth angle; and 6 is the zenith angle.

All quantities are to be considered as averages
over a narrow band; for notational convenience the
band is designated by a single wavelength that
represents the band-averaged central wavelength.
The radiance measured consists of two terms: the
first term represents radiation from the surface and
the second term represents radiation (emission and
absorption) from the atmosphere. The surface term
can be divided further into surface emission and
radiation from the atmosphere reflected back off
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the surface:

ISA,A = 5&)(907 Q)B)\[TS}

+ LJ. Ia ,\(907 9)0,;_,\(90, 0) cos ¢ sin 0 dQ (53)
2w Q ’ :

where W is the solid angle; ¢, , is the surface emis-
sivity; p is the bi-directional reflectance distribution
function; and 7, is the surface temperature. An
assumption often made, and one that will be made
here, is to take:

Es A = 1- PsA (54)

which assumes that the surface is Lambertian (i.e.,
there is no preferred direction for reflected radia-
tion). Let us now introduce a plane-parallel cloud
into this plane-parallel model' and adjust the RTE
to include this layer:

I=L+L+1+1 (5.5)

where I, is the atmospheric radiance but with the
upper limit of the integral terminated at the base of
the cloud (zp); and 1. is the cloud radiance. We have
omitted the notation for wavenumber and angular
dependence for convenience. The term /; represents
atmospheric radiation above the cloud top (z,) and
can often be ignored for window channels and when
the cloud is high. There is also radiation from above
the cloud that is reflected off the cloud back towards
the sensor, but this is a very small contribution and
can be safely neglected. An idealized depiction of
the model is shown in Figure 5.21. While scattering
has been ignored in the atmosphere, it cannot be
ignored in the cloud. In fact, without including the
effects of scattering, the foundations for detecting
ash clouds using infrared instruments would be
flawed. The RTE for scattering by a layer of
particles can be written:

p 0L (1.) = 10,) — (1 = =) B(T)

wo

1
- TL Pl i) (r ) d' - (5.6)

where 1 = —In(7) is the optical depth; y is the cosine
of the zenith angle; w, is the single-scattering
albedo; and P is the axially symmetric phase func-
tion. The cloud layer has an optical depth #; and we

" The assumption of plane-parallel conditions is not
particularly limiting, but simplifies the mathematical
treatment. These equations can be re-cast for a
spherical shell atmosphere and an arbitrarily shaped
cloud.

Scattering L;yer
(particles) B[T]

Atmaosphere
(gases)

Ground B[Ts] I,

Figure 5.21. ldealized radiative transfer model for cal-
culating radiation propagation through an absorbing
atmosphere and scattering layer of cloud particles
(see text for the meaning of the various terms).

are only concerned with the upwelling radiance in
the direction y at the cloud top (7 = 0). This equa-
tion can be solved using boundary conditions of no
downward radiance incident on the cloud top:

10, —p) = 0 (5.7)

and the upward radiance incident on the cloud base
is due only to that emitted from the ground:

I(t;,+p) =1, (5-8)

The plus and minus signs signify upward and down-
ward directions, respectively. Thus, to model radia-
tive transfer it is necessary to calculate (or measure)
the radiance emitted by the surface and atmosphere
beneath the cloud and be able to characterize the
optical properties of the scatterers inside the cloud
as a function of wavelength. Given that the RTE
described above is quite complex it is informative to
use a highly simplified model that still captures the
important features of infrared sensing of volcanic
ash clouds. Such a model is described next and we
will return to the more complex treatment in
Section 5.10.2.

510 MODELING RADIATIVE TRANSFER
IN ASH CLOUDS

5.10.1 A simplified model

In order to isolate the important factors affecting
the RT inside an ash cloud, some simplifying
assumptions are made. First, the atmosphere below
the cloud layer is assumed to be totally transparent:



126 Volcanic clouds

I, = 0. Second, the Earth’s surface below the cloud
is assumed to be a blackbody: I, = B[T]. Third, we
consider nadir viewing only: ¢ = 0,0 = 0. Fourth,
we consider the cloud to consist of homogeneous
particles at a single temperature, 7. Finally, rather
than consider a broad spectrum of narrow bands,
we take just two:

I, = By [T exp(—1,) + (1-exp(~1))B,, [T] (5.9)
I, = By, [T exp(— 1)+ (1-exp(~12)) By, [T:] (5.10)

These two equations can be linearized (see Prata
and Grant, 2001 for details) and, noting that the
cloud emissivity is 1 — exp(—¢), we may write:

T, =T,1—¢))4¢T, (5.11)
T, =T,(1 — &) + T, (5.12)
e =1—exp(—1t) (5.13)
t = kL (5.14)

where k; is the absorption coefficient of the particles
at wavelength i; and L is the geometric thickness of
the cloud. These equations can be solved to obtain:

cients. Since the two wavelengths are usually close
together the extinction coefficients are not very
different and g ~ 1.

Figure 5.22 shows the variation of AT with T
for <1, >1, and f=1. When <1, the
extinction coefficient at kj > k,, leads to a U-
shaped curve, while for the opposite case 5> 1
an arch-shaped curve results. If =1 then AT
has no variation with 7; and no information can
be retrieved from this analysis. It turns out that for
Al &~ 11 um and A\, &~ 12 um, typical of channels on
many satellite sensors, §< 1 for silicates (ash
particles) and 8> 1 for water molecules and ice
particles. If one were free to design a sensor solely
for ash detection, it would be sensible to select
channels that optimize the U-shaped curve.

One of the main problems with identifying
ash in a cloud arises because often the ash is in a
mixture with liquid water droplets or ice particles.
Liquid water and ice clouds have 5 > 1 and there-
fore cause an opposite effect to that brought about
by ash clouds on the AT vs. T diagram. The simple
model can be examined further to correct for water
vapor effects, or at least understand how these

AT = AT, (X — X") (5.15)  effects manifest themselves. Assuming that the
AT temperature difference observed arises from a linear
X=1-—1 (5.16)  combination of the signal from ash (AT,g,) and the
AT, .
signal due to water vapor (AT,,), a two-component
5= ky (5.17) model can be developed. If the fraction of ash in
ky ' the mixture is F, then we may write the observed
where AT =T,— Ty AT.=T,—T. and temperature difference as:
AT, = T, — T;. The important physics is captured AT = FAT,[Z — Za} (5.18)
in the parameter 3, which represents the ratio of h ’
extinction coefficients at two wavelengths, A; and where
Ay It is possible to explore the parameter range of Z=1= lﬂ (5.19)
B, guided by typical values for the extinction coeffi- FAT;
4 B=0-9 v 4 B:i-'i T T 4 ﬁ:i -ol T T
ol
s
= 2 2 2
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Figure 5.22. Variation of r7 = T; — T, with T, for three values of the parameter 5. When 5 = 0.9 (left panel) a
characteristic U-shaped curve is found, indicative of silicate particles. Conversely, when 3 = 1.1 (middle panel) the
curve is arch-shaped and indicates liquid water droplets or ice particles. When 3 = 1, there is no variation with 7.
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The other parameters are defined as before. Ideally,
this procedure needs to be automated. There are
several parameters that can be determined from
the image data. These are:

(1) the clear sky surface temperature 7y;

(2) the cloud top temperature 7.;

(3) theclear sky value of the water vapor correction;
and

(4) theratio of extinction coefficients (3 that governs
the magnitude of the U-shaped distribution of
negative differences.

A procedure for estimating these parameters from
image data has been developed. A brief outline is
given below:

1. T,—this is easily estimated by finding the max-
imum value of 7 occurring in the data. If the
scene is too cloudy then an estimate from a
climatology or from analysis data can be used.

2. T.—this is more difficult to estimate from the
data, because the lowest value may not neces-
sarily correspond to the volcanic cloud. How-
ever, provided an area in close proximity to the
suspect cloud can be delineated it may be
reasonable to assume that the lowest value is
the cloud top temperature. As the cloud top
height can vary the use of a single 7, may
introduce errors.

3. Water vapor correction—an empirical relation
(Yu et al., 2002) between the precipitable water
in an atmospheric column and the brightness
temperature difference (77 — 7T>) is used to
estimate the water vapor effect:

AT, = expl6T, — b] (5.20)

where T, = T/ Tmax; and Ty, is an arbitrary
normalization constant assigned a value of
320 K. The free parameter b essentially deter-
mines the value of the water vapor effect on
T, — T, at the maximum value of 7). Hence,
b can be determined directly from the image
data, allowing realistic flexibility on the size
of the water vapor correction determined by
this semi-empirical approach. Values of b
between 3 to 5 appear to be acceptable.

4. b—theoretical estimates of 3 suggest a value of
around 0.7. A method for estimating 3, Ty, and
T, simultaneously has been developed by using
the distribution of T vs. T} — T5». The distribu-
tion is first histogrammed (or binned) into
intervals of 0.5 K in 7. Then, the lowest values

in each bin are found and a curve is generated
giving the outline of the distribution. The
curve is smoothed and fitted using a nonlinear
least squares model. The model has three
parameters—7y, Ty — T., and J—that can be
estimated from the fit.

The curve-fitting procedure uses the model
developed earlier with F =1 and the partial deri-
vatives of the model, which are analytic. Writing:

Y =a(X — X" (5.21)

where Y=T,-T1, a=T,-T., X =1-(v/a),
v = T, — T;. The partial derivatives are:

8Y7 3 v y v 8—1
- W-egesi(1-3) )
aYy 3
i aXlog B (5.23)
oY -1

=1-8X 5.24
5 =10 (5:24)

An example of the correction procedure is
shown in Figure 5.23. The characteristic U-shaped
curve indicating ash is apparent in the uncorrected
(black dots) and water vapor corrected (red dots)
data. The solid line is determined from the simple
model using a suitable value of 3 and values for T
and T,.. The important point to note is that the
water vapor correction does not simply decrease
all the values uniformly, rather the correction
rotates the points in a clockwise direction about a
point close to AT =0 and Ty, = T,. This gives
larger correction to points closer to T; points that
are nearer the surface and hence expected to be
affected greater by water vapor. The simple model
considers only absorption as the process for extinc-
tion of IR radiation. In reality, scattering is also
important and, unfortunately, this requires more
complex modeling and the use of numerical
methods.

5.10.2 Complex RT model

Prata (1989a,b), Wen and Rose (1994), Prata and
Grant (2001), and Watson et al. (2004) have
proposed RT models to solve the IR absorption/
scattering processes for a volcanic ash cloud. The
models essentially follow the theory outlined above,
but the methods of solution differ in detail.

Wen and Rose (1994) and Prata and Grant
(2001) have shown that, by including a micro-
physical model of the ash particles with a detailed
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Figure 5.23. Temperature difference distributions without water vapor corrections (black dots) and with correc-
tions (red dots). The water to vapor correction was applied to four different volcanic clouds using AVHRR data. 7,4
and 75 are AVHRR channel 4 (11 um) and 5 (12 um) brightness temperatures that correspond to 7, and 7, used in

the theory here.

radiative transfer model, infrared data can be
inverted to reveal mean particle size and cloud
opacity. When these parameters are integrated over
the area covered by the cloud, the total mass and
mass loading can be inferred from the data. These
are quantifiable products that may be incorporated
in dispersion models to generate risk maps for use
by the aviation industry. An example of this kind of
retrieval is given in Figure 5.24 for the Karthala
eruption.

There are many satellites (polar and geosyn-
chronous) that carry these infrared channels, so this
product can be delivered globally. Table 5.4 gives
details of some of the satellite instruments capable
of providing ash mass loadings.

5.10.3 Retrieval method

The radiative transfer required to extract quantita-
tive information from infrared window radiances
(8-12 um) employs Mie theory and plane-parallel
radiative transfer in an absorbing and scattering
cloud. Given the real and imaginary parts of the
index of refraction of the ash cloud particle as a
function of wavelength, as well as the particle shape
and size distribution, then the efficiencies for scat-
tering, absorption, and extinction can be calculated
using a Mie scattering program. There is scant
information on particle shapes in real ash clouds
and only approximate methods exist for calculating
efficiencies for particles of arbitrary shapes. We
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Figure 5.24. MODIS ash mass concentrations in tkm 2 (org m’2) for an eruption of Karthala Volcano, November
2005.

Table 5.4. Details of past and current satellite instruments that can be used to detect ash and generate ash mass
loading maps from infrared measurements.

Satellite Instrument Spatial resolution Temporal resolution Time period covered
(km x km) (per day)

NOAA AVHRR-2, -3 I1x1 2 1981—present
NOAA HIRS-2, -3, -4 10 x 104 2 1979—present
GOES VISSR/VAS 5x5 24 1980—present
ENVISAT ATSR family 1x1 2k 1991-present
GMS-5 VISSR 5x5 24 1995-present
Terra/Aqua MODIS 1x1 4¢ 1999—present
Aqua AIRS 14 x 14 2 2002—present
MetOp IASI 12x12 2 2007—present
MSG SEVIRI 3x3 96 2006—present

@ Earlier HIRS (1—3) instruments had a larger field of view of 18 x 18 km?.
b These satellites are in a 3-day repeat cycle such that the same point imaged twice in one day will not be imaged again until 3 days later.
¢ Assuming two satellites in orbit at any given time.

assume that the particles are spherical and the exact
Mie theory computer program of Evans (1988) is
employed to calculate the efficiencies. Some meas-
urements exist for the particle size distribution at
the edges of the Mt. St. Helens ash cloud (see the
papers in Newell and Deepak, 1982). These data

indicate that a log-normal (or ZOLD) size distribu-
tion gives a reasonable fit to the distribution. The
measurements reported by King et al. (1984) and
Hofmann and Rosen (1984) of the El Chichon
stratospheric aerosol layer (King er al., 1984;
Matson, 1984) fit a modified-y size distribution
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quite well. These data generally pertain to volcanic
aerosol layers that are relatively old and high in the
atmosphere. Only the fine particles can be detected
in nascent and low (tropospheric) volcanic plumes,
and it is assumed that the size distributions would be
similar to those reported for El Chichén (Hofmann
and Rosen, 1984) and Mt. St. Helens. Both size
distributions have been used to perform radiative
transfer calculations and, although there were dif-
ferences in detail between the results for the two
distributions (see also Wen and Rose, 1994), the
basic results and mass loadings were essentially
the same.

The parameters used in the Mie program are
described in Prata (1989b). Once the Mie program
has been run for each value of the size parameter
(mean particle size and monochromatic wave-
length), scattering parameters are then fed into a
plane-parallel discrete ordinates radiative transfer
program (Stamnes and Swanson, 1981). Given the
single-scattering albedo, asymmetry parameter,
extinction and scattering efficiencies as a function
of monochromatic wavelength, and the cloud top
and surface temperatures, radiances emerging from
the top of the cloud along n distinct streams (zenith
angles) can be computed. These radiances are cal-
culated for cloud optical depths ranging from 0 to
20 at wavelengths corresponding to the thermal IR
channels of the sensor (e.g., AVHRR, MODIS,
SEVIRI, etc.) for atmospheres that contain no
water. On completion of these calculations, a large
two-dimensional (corresponding to the 11 and
12 um channels) look-up table exists with entries
at prescribed values of the mean particle size r,,
and optical depth 7. Each entry in the table consists
of pairs of brightness temperatures 7';,, and
T\2um- The retrieval then consists of locating the
(r,,, 7) pairs within the look-up table that best
match (7 ym, T12,m) Measurements at each image
pixel.

The calculations were performed assuming that
there is no absorption of infrared radiation by water
vapor. The effects of atmospheric water vapor
absorption on satellite brightness temperatures
can be assessed by performing radiative transfer
calculations. The radiative transfer model Modtran
3 (Berk et al., 1989) was used to calculate the tem-
perature difference between satellite-measured
brightness temperatures at the 11 and 12 um wave-
lengths, at each vertical level using the temperature
and moisture structure from a nearby radiosonde
profile. The results of this analysis show that the
effect of water vapor is greatest at the lowest levels,

where it typically exceeds 1 K. At higher levels, near
the location of the plume, the effect is less than
0.2 K. In the tropics and under high-humidity con-
ditions, the effect of water vapor absorption can
mask out the “reverse” absorption effect of volcanic
ash clouds. This can lead to misidentification of
volcanic clouds and is a limitation of the current
thermal detection method.

5.10.4 Size distributions, scattering
parameters, and mass loading

The modified-y distribution has the functional
form:

re

@

n(r) = Ny btV exp(—br?)  (5.25)

where n(r) is the number of particles per unit vol-
ume; r is the particle radius; I' is the Gamma func-
tion (see Press et al., 1986, p. 156); Ny, b, a, and
are parameters of the distribution. The size param-
eter x is related to the particle radius and the wave-
length A through:

_ 27

YT

where y=1; a=6; b=6/r,. Equation (5.25)
reduces to:

(5.26)

(5.27)
0

n(x) = Cx® exp (_ i_\)

where C is a constant replacing the other param-

eters. Within a distribution of sizes, the mode radius

ro corresponds to the mode size parameter x.
The log-normal distribution is described by:

(Ln(x) = Ln(x,))*

n(x) = Noaixexp [ 207 } (5.28)

where, as before, x is the size parameter. The
parameter o, = 2mo,/l is related to the standard
deviation (o,) of the distribution and is a measure
of its spread. In the calculations performed with
this distribution, o, was set to 0.5, 0.75, 1.0, and
1.25 pym and results were reported for o, = 1.0 pm.

The inputs to the Mie program are the real and
imaginary parts of the refractive index (), the size
parameter, and the size distribution. The outputs
are the extinction efficiency (Qgxt), scattering effi-
ciency (QOgca), and phase function (P(9)). For poly-
dispersions these efficiency factors are related to the
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single-particle efficiencies (Qf') by:

© 27r dn(r)
2 -
L mr Qf< 5y ,m) 0 dr

= 5.29
O J < 5 dn(r) ( )
T ——=dr
0 d}’
The absorption efficiency is then:
Oaps = Oext — Osca (5.30)

The remaining parameters needed to perform radia-
tive transfer calculations which relate to the cloud
microphysical structure are the single-scattering
albedo:

= = 2ot (5.31)
Osca
and the asymmetry parameter:
1 1
9=5 [ P(0) cos 6d cos 0 (5.32)
J-

where 6 is the scattering angle. The number of
particles per unit volume in the cloud is:

 dn
N=| —d 5.33
Jo dr ' ( )
The optical depth of the cloud is:
T = TI'LJ 2 Opxr (r, N (r) dr (5.34)
0

where L is the geometrical thickness of the cloud.
The mass loading (kgmfz, mg mm > or kt l(m72)2
is

M =4mpL L rn(r) dr (5.35)

where p is the density of the ash.

5.10.5 Mass loadings

The U.S. Military consider mass concentrations
>50mgm > a potential hazard to their aircraft
operations. Przedpelski and Casadevall (1994) esti-
mated a mass concentration of 2,000 mg m~? at
25,000 ft (=7.5km) for the December 15, 1989
Redoubt eruption cloud that caused significant
damage to a KLM Boeing 747-400 jet aircraft.
Mass loadings include all particles with radii
<50 pm which have atmospheric residence times
of the order of at least a few hours. Having deter-
mined the particle size distribution, the geometrical
thickness of the cloud, and its areal extent, it is

2 I mgmm~2= | ktkm~2

possible to estimate the mass loading of fine par-
ticles in an ash plume. The density of the ash is
taken to be 2,600kgm > and the area of a pixel
is typically taken as ~1km>—this is a mean area
for pixels for both the AVHRR-2 and MODIS;
pixels near the scan edges will be somewhat larger
(several km?). Pixels are counted if they satisfy the
criterion DT < T,,, where T, is a threshold
usually taken as 0 K and the retrieved particle size
is in the range 1 < r,, < 8§ um. An estimate of the
cloud thickness is crucial to the evaluation of mass
concentrations. Data on cloud thicknesses are not
available so they must be estimated by other means.
Studies of plume rise in stable stratified atmo-
spheres (e.g., Briggs, 1975) suggest that, to a reason-
able approximation, the vertical extent of a plume
can be estimated from the cloud top height. For
example, Manins (1985) has calculated the heights
and vertical extents of stabilized smoke plumes as a
function of power release and, following Briggs
(1975), suggests that the vertical extent (cloud thick-
ness) Az of these plumes is given by:

Az = 0.4z, (5.36)

where zi,, is the height of the plume top. New
measurements from the CALIOP lidar (Winker et
al., 2007) on board CALIPSO suggest that drifting
volcanic plumes are no more than 1-3 km thick, but
variable. The variability of cloud thickness along
the plumes and the problem of not having simul-
taneous plume top height and plume base height
data for each of the plumes means that we cannot
estimate plume thickness to any greater accuracy.
The total mass can be calculated by multiplying
(5.36) by the area of a pixel.

5.10.6 Retrieval procedure

In the (711 um> Ti1ym=T12um) plane there exist iso-
lines of constant mean particle radius r},. Each
point on the isoline ), corresponds to particular
values of the optical depth 7/*. Lines connecting
equal values of 7/ also exist. Given the measured
values (T7iym» Tiaum)> the retrieval procedure
requires us to find the best values of (7, r,,). Linear

interpolation is adopted:
e Find values of Tyium(7/7,#),) that bracket
T7| m- Label these:
T{l um(r{n)v T%l uln(r]%)Tilpm(rl;l)T%l um(r]r:rl)

e Interpolate on the /, isolines to find the appro-

priate AT(r},) = Ti1yn(r),) = Ti2um (r},):



132 Volcanic clouds

AT(r),) = ATy (r),) + (1=w)AT(r),) (5.37)
T{lpm(r{n) B TTIum
T{lpm(";") - T%lum(r;ﬂ)

Similarly for AT (r}"):

(5.38)

wp =

AT (") = woATa (") + (1 = w) ATy ()

(5.39)

and the weight w, is defined in an analogous way
to wy.

e The required mean particle radius is obtained
using linear interpolation:
r:n = Wrr{n + (1 - wr)r{:lrl (540)
_AT(r) — AT?
AT (") = AT (1))

(5.41)

»

e In practice there are nisolines of #/, (j = 1,n),n
is small (n = 18), and there are many more
values of 7/ (i = 1,k) (k = 100 is used in the
current software). Thus, 2n x k values of AT are
precomputed.

In summary the solution process for determining
mass loadings from two-channel IR sensors entails:

specifying the cloud geometry;

specifying the viewing geometry;

determining boundary conditions at the cloud;

specifying the refractive indices of ash as a func-

tion of wavelength;

e specifying the size distribution and particle
shape; and

e solving for cloud optical depth, particle size

(radius), and mass using multi-scattering radia-
tive transfer code.

Studies (e.g., Wen and Rose, 1994) have shown that
the calculation is sensitive to the size distribution,
particle shape, and refractive indices used, and
errors as large as 40% can arise from inaccurate
knowledge of these parameters.

5.11 MICROPHYSICAL VOLCANIC
CLOUD MODEL

The new (e.g., MODIS) and proposed advanced
multispectral sensors (e.g., GLI, SEVIRI, AIRS,
IASI) include many channels capable of providing
detection and discrimination of volcanic ash
clouds. A model of an ash cloud has been developed
in order to exploit these new sensors. We include
information from the visible to infrared—although
most of the discussion has centered on infrared
window radiances, it seems likely that visible and
near-infrared data may also provide a means for
ash cloud detection.

At near-infrared wavelengths (A = 1.61 pum, for
example) ice clouds appear much darker than
clouds of water droplets, because the imaginary
part of the refractive index of ice is larger than that
of water at this wavelength and, consequently, ice
absorbs more strongly at this wavelength. A com-
parison of the refractive indices of water, ice, and
andesite (a common constituent of ash clouds) is
given in Table 5.5.

Pollack et al. (1973) list refractive indices of
andesite (and some other minerals) over a large
range of wavelengths from the UV to the infrared.

Table 5.5. Refractive indices for water, ice, and andesite (a silica-rich volcanic rock). The
last column gives the reference to the origin of the data shown.

Wavelength n, n; Reference

(nm)
Ice

0.63 1.309 1.04x 108 Masuda and Takashima (1990)

1.61 1.289 341 %1074 Masuda and Takashima (1990)
Water

0.63 1.332 1.44 %108 Masuda and Takashima (1990)

1.61 1.317 0.87 x 10~ Masuda and Takashima (1990)
Andesite

0.68 1.470 1.70 x 1073 Pollack et al. (1973)

1.61 1.470 3.30x 1073 Pollack et al. (1973)
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These data are not the only source of refractive
index values for minerals (see, for example, Ivlev
and Popova, 1973; Volz, 1973; Sokolik and Toon,
1999). We have used the Pollack ez al. values as a
starting point to provide the input optical param-
eters required for more detailed radiative transfer
calculations, and we propose a model of a volcanic
ash cloud based on the Pollack er al. refractive
indices of andesite. The ash cloud model consists
of spherical andesite particles in a log-normal size
distribution with a mean particle radius of 3 pm.
The single-scattering albedo, asymmetry parameter,
as well as the coefficients of absorption, scattering,
and extinction are calculated for the polydisperse
particle size distribution using the Mie program
discussed earlier. Prata and Grant (2001) provides
a listing of the the variation of single-scattering
albedo (w), extinction coefficient (Qgxt), and asym-
metry parameter (g) for wavelengths ranging from
0.3 to 14.5 um—the range most commonly used in
remote sensing of the Earth’s atmosphere. Also
shown are the results for a model ash cloud with
mean particle radii of 1 and 5 pum.

5.11.1 Volcanic ash products

The main operational use for volcanic ash detection
and retrieval is to assist aviation in the avoidance of
hazardous ash clouds. The research and develop-
ment for these algorithms has taken place at many
different universities and research agencies and
transferred for use at Volcanic Ash Advisory Cen-
ters (VAACs). There are nine VAACs (see Table
5.6) that cover almost all of the global flight regions,
and these are sited at national meteorological
centers and tend to utilize local R&D. This has
led to a diversity of ash detection schemes and prod-
ucts, but nearly all are based on the reverse absorp-
tion method or an improvement to it. Some
schemes utilize the 3.7 um channel (see Table 5.7),
and VAAC:s that rely on geosynchronous data tend
to use single-channel visible and/or infrared tem-
poral information. Several of the VAACs have
posted case studies on their websites (see Table
5.6): the Washington VAAC studies can be found
at http://www.ssd.noaa.gov/PS|SAMPLES/ and the
Darwin VAAC studies at http.://www.bom.gov.au/
info/vaac/images.shtml

Table 5.6. Locations of the nine Volcanic Ash Advisory Centers (VAACs), satellites used to generate ash products,
and the principal dispersion model(s) utilized. The current URL is also given where available.

VAAC Region Satellites Dispersion model

Longitude Latitude

B °N)

Anchorage (150, —135) (50, 90) GOES, POES, MODIS Puff, HYSPLIT, CanERM
Buenos Aires” (=90, —10) (=90, —10)
Darwin® (75, 160) (=90, 10) MTSAT, POES, MODIS | HYSPLIT
London? (—30, 60) (45, 90) MSG, MODIS, MetOp NAME
Montreal® (=135, 0) (45, 90) GOES-E, GOES-W CanERM
Tokyo/ (90, 165) (15, 60) MTSAT, POES Puff
Toulouse® (—30, 90) (-90, 70) MSG, MetOp, MODIS Media, MOCAGE
Washington” (—150, —40) (—10, 45) GOES, POES, OMI HYSPLIT
Wellington’ (160, —140) (=90, 0) MTSAT, POES HYSPLIT

@ http:||vaac.arh.noaa.gov/

b hitp: || www.meteofa.mil.ar|vaac/vaac.htm

< http:|/www.bom.gov.au/info/vaac/|

4 http:||lwww.metoffice.gov.uk/aviation/vaac/index.html
¢ http:/|meteo.gc.caleer|vaac|index_e.html

I http:|/ds.data.jma.go.jp|svd|vaac|data/index.html

& http:|/ds.data.jma.go.jp/svd|vaac|datalindex.html

" http:||www.ssd.noaa.gov|VAAC|washington.html

" http:||vaac.metservice.com/vaac/
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Table 5.7. Summary of ash detection algorithms and techniques used with satellite
infrared (IR) and visible channel data (RA =reverse absorption; TVAP =Three-channel

volcanic ash product; PCl=principal component image; RAT=ratio method;
WV C = water vapor correction method).
Name Principle Reference
RA Two-band IR (11 and 12 pm) Prata (1989a, b)
Ratio Two-band IR (11 and 12 pm) Holasek and Rose (1991)
Four-band IR + visible Mosher (2000)
TVAP Three-band IR (3.9, 11, and 12 um) Ellrod et al. (2003)
PCI Multi-band principal components Hillger and Clark (2002a, b)
wvC Two-band IR + water vapor correction Yu et al. (2002)
RAT Three-band IR (3.5, 11, and 12 um) Pergola et al. (2004)
Three-band Three-band (IR and visible) Pavolonis et al. (2006)

5.11.2 Ash measurements from
geosynchronous platforms

Polar-orbiting instruments are much better suited
for remote sensing at high latitudes, and some
sophisticated systems have been developed utilizing
AVHRR and MODIS data. For AVHRR and
MODIS measurements it is possible to obtain up
to six images per day from each satellite in the polar
regions. With two satellites this gives hourly cover-
age compared with four times daily at low latitudes.
Geosynchronous satellites, on the other hand, pro-
vide very high temporal frequency (15 min sampling
in some cases) but, with a total field of view of 70°
centered at the equator, coverage at high latitudes is
limited. Nevertheless, geosynchronous sensors offer
some interesting possibilities for ash cloud sensing
at high latitudes by exploiting the oblique views
offered. Gu et al. (2005) have shown that oblique
viewing enhances the ash signal due to the longer
path lengths obtained through the cloud. They
demonstrated the effect for measurements of the
2001 Cleveland eruption and showed that enhance-
ments of —8 K were evident compared with —3K
for measurements from MODIS. Prata and Barton
(1994) showed through RT modeling that some
quite complex behavior is possible for oblique view-
ing with the possibility of the reverse absorption
effect disappearing (this will almost certainly occur
as the opacity of the cloud gets larger) or even
giving an opposite effect, similar to the arch shape
observed for semi-transparent ice clouds. Another
related aspect of using oblique viewing combined
with high temporal resolution was demonstrated

for the Kasatochi eruption that started on August
7,2008. In this case, oblique viewing clearly showed
the emergence of an erupting ash cloud through an
extensive layer of meteorological cloud. This is
shown in the panels of Figure 5.25, which are sepa-
rated in time by 10-30 min. Cloud shadows thrown
onto the meteorological deck of clouds below the
emerging ash column can be used to calculate the
height of the ash column. After 2 hours the ash
cloud disperses in a southeasterly direction and
becomes indistinguishable from meteorological
clouds.

At low latitudes geosynchronous sensors have
already proven to be extremely useful for monitor-
ing ash clouds (e.g., Malingreau and Kaswanda,
1986; Sawada, 1987, 1996; Tupper et al., 2004,
2007; Prata and Kerkmann, 2007), but their use
at high latitudes has not been fully appreciated or
exploited.

5.11.3 Examples of ash discrimination at
high latitudes

The detection of ash clouds in the atmosphere using
IR measurements is often confounded by the pres-
ence of water vapor, ice, and water clouds. There is
a strong latitudinal dependence of water vapor in
the atmosphere, with highest amounts near the
equator and smallest amounts near the poles. From
this we anticipate that, in general, it is easier to
detect ash clouds in the polar (drier) regions. How-
ever, water vapor can be spatially and temporally
quite variable and this is why robust ash detection
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Figure 5.25. Sequence of GOES geosynchronous images of the eruption from Kasatochi Volcano, 2008. The
oblique view of the sensor provides an excellent means for observing the ash column as it penetrates an existing
cloud deck, and the subsequent dispersal of the ash cloud can be tracked using these high temporal resolution

images. The red dot shows the location of the volcano.

schemes attempt to correct for water vapor (e.g.,
Gu et al., 2003). Water and ice clouds are ubiqui-
tous throughout the atmosphere but, within the
moist tropics near strong convective regions, tower-
ing cumulonimbus clouds can form. These are ice
rich with mixed-phase clouds and can spread over
large areas. Persistent cloudiness is associated with
mid-latitude baroclinic zones and frontal systems,
and these can cause problems for ash detection, as
was observed during the 2001 eruptions of Cleve-
land among others (Simpson et al., 2002; Webley et
al., 2008). Cloudiness can also form around vol-
canoes generated by thermal heat or during the
ascent of the eruption column through entrainment,
nucleation, and cloud condensation. Although

there do not appear to be any algorithms designed
to operate in specific geographical regions,’ it is
useful to provide examples separately for high-lati-
tude and low-latitude regions.

Holasek et al. (1996) described the use of satel-
lite data for studying the eruptions of Augustine in
1986, a high-latitude volcanic eruption. For the
example, we choose a more recent event, the erup-
tion of Kasatochi in 2008, which also provides some

3 The algorithms developed by Pergola et al. (2004) utilize
climatological data and are geographically dependent, but
have only been tested for the Mediterranean region around
Sicily. Gu et al. (2005) have shown certain advantages
when using GOES data at high latitudes for ash detection.
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Figure 5.26. True-color MODIS image of the ash plume from Kasatochi Volcano on August 8, 2008.

salient features of ash detection. Kasatochi erupted
on August 7, 2008 (http://www.volcano.si.edu/world/
volcano.cfm?vaum = 1101-13-&volpage = var#bgvn_
3307) sending ash and SO, up to 15 km and spread-
ing ash some 1,200 km in a SE direction, while the
SO, was dispersed across Canada, the continental
U.S.A., and on to Europe and Russia. A true-color
MODIS image of the ash plume on August 8 is
shown in Figure 5.26. The ash is seen as a dis-
colored filamental cloud overlying other meteoro-
logical clouds, displayed in shades of gray to white.
Any ash below these meteorological clouds is not
detectable using visible or infrared measurements.
Some parts of the ash cloud are quite diffuse and
can be discriminated from other clouds through
context and continuity with thicker, brown-colored
filaments. By wusing the ash retrieval scheme
described earlier, the distribution of the mass of fine
ash (r < 10 um) can be determined (Figure 5.27).
The ash density has values as high as 10tkm~>
(10gm™), and the total mass in the cloud is about
220 kt. A feature of this eruption was that it emitted
a significant amount of SO,, and this was tracked
for much longer and over much greater distances
than the ash.

There is a strong indication that the ash and
SO, were collocated in the Kasatochi volcanic
clouds, and this is demonstrated in Figure 5.27,
where SO, column amounts (in DU) are plotted

with the ash concentrations. The SO, columns were
determined using AIRS 7.3 um measurements
obtained at the same time but from a different
instrument and a different spectral region and, so,
may be considered as independent of the MODIS
measurements. There is a clear indication that the
SO, and ash are collocated and traveling together.
Unfortunately, ash detection sensitivities are not as
good as SO, sensitivities, so it is not possible to
estimate for how long the ash persisted with the
SO,. In this instance there is a strong case to be
made for using SO, measurements as a surrogate
for ash, but this is by no means a universal assump-
tion.

5.11.4 Examples of ash discrimination at
low latitudes

For completeness we show how it is still possible,
under favorable conditions, to determine geophys-
ical parameters for ash clouds using infrared satel-
lite data in the moist tropics. The eruption of
Ruang, situated at the tip of Sulawesi in Indonesia,
on September 25, 2002 was captured by several
satellite sensors and has been discussed by Tupper
et al. (2004) and Prata and Bernardo (2007). The
initial eruption formed a tall, light-colored ash-rich
column that rose over the Sangihie Islands (2.28°N,
125.43°E, 725 m) and, subsequently, dispersed west-
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Figure 5.27. MODIS ash mass retrieval for an eruption from Kasatochi. Also shown are SO, contours (partial
column in DU) derived from the AIRS sensor (see Prata and Bernardo, 2007).

wards, southwards, and eastwards (Figure 5.20a). It
is likely that branches moving in different directions
were at different heights and contained different
volcanic material. The westward and southwest-
ward-moving branches probably contained the
majority of ash and some SO, and reached heights
of up to 10-15km. The faster moving eastward
branch was at about 20km and contained mostly
SO,. Unlike the previous example, this case shows
that relying on SO, as a marker for ash would be
unreliable, although it would still be advisable to
avoid the SO, cloud, which may or may not have
contained sufficient ash to be a hazard to aircraft.
Figure 5.28 shows MODIS ash masses determined
during the night-time overpass of the Aqua satellite,
together with concurrent AIRS SO, retrievals. Note
that AIRS suggests a significant SO, cloud traveling
southwards, while the MODIS retrievals indicate
little ash in this portion of the cloud, indicating that
ash—gas separation has occurred (Holasek et al.,
1996).

5.11.5 Extensions

There are now several ash detection algorithms in
use or proposed, based on IR and visible satellite
data. Table 5.7 shows a summary of ash detection
schemes (with original references), based mostly on
using infrared channels. Several of these techniques
show great promise for detecting volcanic ash, but

there are important nuances and caveats associated
with all of these techniques (including the two-
channel, reverse absorption method) and we
strongly recommend that the interested reader
examine the original papers (listed in Table 5.7)
carefully.

The two-channel, reverse absorption technique
is very useful in cases where the ash is not too thick
and not too dispersed; it is used at the VAACs
(Watkin, 2003). The problems and pitfalls of using
the reverse absorption technique have been dis-
cussed in the research literature (e.g., Simpson et
al., 2000; Prata et al., 2001) and are well known to
experienced meteorological analysts. Context is a
key element in determining whether a particular
cloud is an ash hazard or not, and trained meteor-
ologists tasked with identifying ash clouds will use
multiple sources of information including satellite
imagery, pilot reports, ground observer reports,
wind trajectories, and background information
regarding regional volcanic activity and prior
behavior.

Two of the instruments listed in Table 5.4 are
capable of measuring much more than ash mass
loadings. These instruments, AIRS and IASI, have
high spectral resolution and, by utilizing more
measurement channels, it may be possible to infer
something about the mineralogy of the ash. Indeed,
it may also be possible to discriminate dust (Figure
5.20g) and wind-blown ash (Figure 5.20h) out-
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Figure 5.28. Ash mass concentrations in tkm 2 (or gm’z) for an eruption cloud from the eruption of Ruang,
September 25, 2002. Also shown are contours of SO, amount (partial column in DU) derived from the AIRS

spectrometer.

breaks from volcanic ash eruption clouds and
plumes. Clerbaux et al. (2007) have shown the
potential of IASI for measuring volcanic SO,.
The analysis described above was predicated on
the assumption that just a few (typically two) chan-
nels are available in the IR to discriminate ash from
other airborne substances and perform retrievals.
With AIRS and IASI, more than 2,000 channels
are available, and this opens up possibilities for
doing more elaborate retrievals and also providing
more constraints of the retrieval which usually leads
to more accurate solutions. The same theory may be
used in the case of high spectral resolution IR data.
Figure 5.29 shows a spectral transect (all AIRS
lines along a single AIRS column) as a function of
wavenumber and contains a daunting amount of
information. We may extend the ideas developed
earlier to this high spectral domain in a simple
manner. The reverse absorption or two-channel
technique can be seen as a special case of sampling
from a continuous spectral signature due to ash or
water/ice clouds, now amenable to analysis from
AIRS and IASI measurements. To illustrate how
these signatures can be used in AIRS data, Figure

4“The use of wavenumber v (in cm™') instead of
wavelength A (in pm) is deliberate here because AIRS
and TASI use this unit: v(cm™") = 10,000/ A(pm).

5.30 shows the ratio between the spectral brightness
temperature (BT) and a reference brightness tem-
perature at 1,000cm™! (BT,)* for six scene ele-
ments. The idea behind dividing by a reference
brightness temperature is to approximate the
emissivity variation of the spectra; the choice of
1,000cm™" is arbitrary, but it is necessary to
avoid absorption regions and the region around
1,000cm™" is quite transparent. Within the region
between 850 and 1,000 cm™", the ratio for ice (blue
line) increases with wavenumber, whereas for ash
and desert dust it decreases. For a clear atmosphere
there is a slight increase with wavenumber due to
water vapor absorption. Water clouds generally
have a slope between that of the ice cloud and the
clear scene. Ice and water clouds behave this way
because the radiance spectra for ice and water over
this region decrease with increasing wavenumber,
which is a consequence of the decrease in cloud
emissivity with increasing wavenumber, which in
turn is related to the spectral variation of the refrac-
tive indices of ice and water. This change of slope of
the spectral ratio with wavenumber can be used to
discriminate ash from ice, water clouds, and clear
scenes. The slopes are also sensitive to the optical
depth of the cloud as well as the microphysics of the
particles (refractive index, size, size distribution,
and shape).
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Figure 5.29. AIRS spectrum shown as a transect along a constant pixel number. The brightness temperature at
1,000cm™" has been subtracted from the spectra and plotted as brightness temperature differences (BTDs).
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Figure 5.30. Spectral ratio of the top-of-atmosphere brightness temperature for a single AIRS pixel and for six
different scenes: (1) a pixel containing a semi-transparent ice cloud (blue line), (2) a water cloud (yellow line), (3)
aclear pixel (green line), (4) desert dust (brown line), (5) a pixel affected by ash from an eruption of Etna (red line),
and (6) a Chaitén ash-affected pixel (black line). The grayed-out region includes the strong O3 absorption and is
not used in the analyses. The spectral regions where linear and quadratic fits are performed are also indicated on the
plot.
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Spectral fits (rather than channel differences) can be
performed to obtain objective parameters for dis-
criminating ash, water, ice, and other airborne sub-
stances. These fits are shown in Figure 5.30, labeled
as “‘the concavity” (a quadratic fit) and two linear
fits. Furthermore, the shape or signature of the
spectral variation is sensitive to many parameters,
including particle size and composition. By using a
detailed RT model it may be possible to infer, for
the first time, the composition of ash in the atmo-
sphere providing useful insights into processes
occurring in the interior of a volcano.

512 DIFFICULTIES AND FUTURE
RESEARCH

Perhaps the greatest hindrance to detection and
discrimination of volcanic ash clouds arises from
interference effects from liquid water droplets and
ice particles. Simpson et al. (2001) drew attention to
the issue of water vapor absorption effects on the
reverse absorption algorithm, but the analyses in
that paper contained numerous errors and lacked
rigor (Prata et al., 2001). Many of the problems
with ash detection have been described in the litera-
ture (Prata, 1989a, b; Rose et al., 1995; Schneider et
al., 1995, 1999; Prata and Grant, 2001; Prata et al.,
2001; Dean et al., 2002, 2004; Webley et al., 2008)
and at various workshops, symposia, and confer-
ences. A further issue, still not fully resolved and of
some importance, is the difficulties surrounding
separation of ash and SO, in dispersing volcanic
clouds. It had been thought that there is often sig-
nificant (detectable) SO, emitted with ash during an
explosive eruption. The eruption of Chaitén Vol-
cano in southern Chile (Carn et al., 2009) showed
the opposite, as large amounts of ash were trans-
ported over significant distances with just minor
SO, emissions. These observations reinforce the
need to have robust ash detection algorithms
together with SO, algorithms and indicate that
research into improved ash retrieval schemes using
a variety of satellite tools is warranted.

It seems possible, with sufficient spectral infor-
mation, to isolate the main effects due to the various
airborne volcanic substances. If ash particles are
encased by ice then the characteristic infrared sig-
nature cannot be detected and some other means of
detection is warranted. Rose et al. (2004) have
elucidated the times and places when ice is likely
to be present in volcanic clouds. Combinations of
sensors and techniques will be required if further

advances are to be made in volcanic ash detection.
The recent use of active methodologies (e.g.,
ground-based radar and the space-borne lidar
Caliop; Winker et al., 2007) provides new insights
into the properties of volcanic clouds. Active sen-
sors also provide range information, sadly lacking
from the current operational suite of instruments.
The way forward will utilize a multitude of sensors
(passive and active), wavelengths (ultraviolet, vis-
ible, infrared, and microwave; Constantine et al.,
2000), and platforms (e.g., satellite and ground-
based) and combine these measurements with dis-
persion models, models of ash column generation
(e.g., ATHAM; Oberhuber ez al., 1998), and knowl-
edge gained from geophysical data derived from
seismic and other more traditional volcanological
tools. Recent work by Pavolonis (2010) has
extended the reverse absorption method demon-
strating a robust scheme that gives fewer false
alarms and that has the potential to be fully auto-
mated. The scheme can be used with any of the
satellite sensors with the appropriate infrared bands
and utilities independent of meteorological data.
The scheme also includes a method for estimating
cloud top height.
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