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Abstract

High resolution infrared spectra from the In-
frared Atmospheric Sounding Interferometer
(TASI) are used to propose a new and improved
detection scheme to distinguish volcanic ash from
other airborne substances such as water clouds
and desert dust. The method approximates three
regions of the infrared spectrum between 840 -
1210 cm ™! to linear functions and by calculating
their ratios and applying some conditions the ash
affected pixels are found. A set of these spectra
and two times more of other ash spectra, which
were found in different eruptions, are then used
for correlation with other pixels to find the ash
plume.

Based on simulations of a radiative transfer
model some of the properties of the plume are
extracted including: optical depth, the cloud top
height and the effective radius of ash particles.

1 Introduction

Early detection of natural disasters is of a great
importance and the ash clouds produced by vol-
canic eruptions may cause major problems in avi-
ation safety and have an effect on climate change.
Ash released in volcanic explosion can drift up to
30 km high, staying in the upper troposphere for
many days or weeks (Mastin et al., 2009). Parti-
cles with small radii tend to remain in the air for
a long time as the bigger ones fall out under grav-
itational forces within a few hours (Textor et al,.
2005). Some atmospheric processes, like winds
and coagulation, can influence the time of stay

of particles in the atmosphere. Over the past few
years ash particles have caused severe damage to
planes’ instruments including engines, blades, air
filters etc. and induced many disruptions in air
traffic (Miller and Casadevall, 2000). Moreover,
ash particles may be charged and so disturb radio
communication. Although there has never been
any accident with casualties, in the 80s two com-
mercial planes lost their engines and were forced
to land (Casadevall, 1994). The eruption of Ice-
landic volcano Eyjafjallajokull in April 2010 has
led to huge problems, causing 200 million dollars
of losses a day (Wearden, 2010). The increas-
ing number of incidents led to the creation of
nine Volcanic Ash Advisory Centers around the
world at the beginning of the 1990s. VAACs are
responsible for information about existing vol-
canic ash clouds and for forecasting their move-
ments.

In recent years, observations of volcanic ash
plumes from satellites gained much interest as
this method gives global coverage and continu-
ity of data. With the introduction of Atmo-
spheric Infrared Sounder (AIRS) in 2002, and the
TASI instrument in 2006, which have about 100
times more channels then the previous appara-
tus, perspectives for new algorithms have arisen.
These two instruments give a complete and pre-
cise spectrum in a broad region from 3.6 pm to
15.5 pm. Data from the IASI instrument, which
resides on METOP satellite and is a high reso-
lution spectrometer with an instantaneous field
of view 12 x 12 km? at nadir, were used in this
project in the infrared window region from 700
to 1250 cm™! and from 2670 to 2730 cm™! with

resolution 0.25 cm™!. These data provide radi-
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ance from the Top Of the Atmosphere (TOA)
as a function of wavenumber. The radiance is
then changed to brightness temperature to bet-
ter illustrate the spectral signatures of different
substances.

The detection of volcanic ash from this kind of
instrument can be curtailed, because the volcanic
cloud may be overlaid by water or ice cloud.
Moreover, water vapour may condense at certain
heights and create an icy coat over an ash par-
ticle - these are called hydrometeors (Textor et
al., 2005). The IR absorption can vary greatly
for such particles. In many eruptions some SO,
is ejected and spectra of ash and SO, may inter-
fere.

1.1 Refractive index behaviour for
volcanic ash particles

Volcanic ash particles are made up of tephra
which are composited of SiO,, rock and glass
and have radii smaller then 2 mm. We can dif-
ferentiate many types of tephra which have dif-
ferent functions of refractive index with respect
to the wavenumber. The imaginary part of the
refractive index (n;) coefficient is responsible for
the absorption of the electromagnetic waves in
the infrared region. As can be seen in Figure
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Figure 1: Imaginary part of refrective index as a
function of wavenumber for five different materials.
Black line represents data for andesite, orange - desert
dust, blue - water, dark blue - ice. Data acquired from
Aerosol Refractive Index Archive (ARIA), Oxford.

1, the n; for materials originating from SiO, is
generally increasing in the region 800 to 1000-
1100 cm™! and decreasing between 1000-1100
and 1250 cm™'. For andesite there is a small
dip near 810 cm~! while for rhyolite there is a
similar drop but it is further to the right. This
shift may be the main reason for the operation
of the concavity algorithm written by Gangale
et al. (2009) used to flag the rhyolitic ash from
the 2008 Chilean eruption (the method is ex-
plained further). The imaginary part of the re-
fractive index for hydrous particles is monoton-
ically decreasing for almost the whole spectrum
with a peak around 830 cm~! for ice. The ab-
sorption behaviour for SiO, composites in the
800 to 1000-1100 cm ™! region is reverse to that
of hydrous particles and this was the basis of the
‘split-window’ test to detect ash plume written
by Fred Prata (1989a, b).

1.2 TASI spectra and ash spectral sig-
natures

In Figure 2 one can see the spectra of andesitic
and rhyolitic volcanic ash, water and ice clouds,
desert dust and clear scene. As can be noticed,
the real spectra have their origin in the refrac-
tive index n;. There is a visible negative slope in
the first region for SiO, composites and positive
for hydrous particles due to absorption features
of these aerosols. The flat or almost negative
slope in the same region for the clear scene curve
is because the radiance is exponentially decreas-
ing with increasing wavenumber, but the optical
depth of water vapour (which must be present
in the clear scene as well) is growing with re-
spect to wavenumber; hence, the two effects in-
terfere making the spectrum more or less flat.
Then there is the ozone band which gives dif-
ferent absorption features and the 1070 - 1210
cm ™! region which has positive slope for ash and
sand. The specific shape of the spectrum varies
with the height of the plume, mineral composi-
tion, optical depth, effective size and shape of the
particles but in general it is said that it makes
up a 'V’ shape (Karagulian et al., 2010) between
800 and 1250 cm~!. The spectral properties of
the plume change with the age of the cloud as
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the bigger particles fall out under gravitational
forces.

The slopes in the regions described above have
generally opposite monotonicity for water and ice
clouds, as is clearly visible in Figure 2.

If a water cloud is present in an area of erup-
tion, or vast amounts of SO, were expelled from
a volcano, the shape of an ash spectrum may vary
remarkably. For example, in the Kasatochi erup-
tion very large amounts of SO, were thrown up
visibly changing the spectrum in the region 1070
- 1210 cm ™!, where the two absorption dips are
noticeable (Figure 3). In the initial phase of the
Eyjafjallajokull 2010 eruption some ice melted
from the top of the mountain creating hydrome-
teors and affecting the spectrum near 950 cm ™!
(Clarisse et al., 2010).

1.3 Existing ash detection algorithms

The ’split-window’ test (Prata, 1989) was a sim-
ple and revolutionary algorithm which could
work on data from most of the contemporary
instruments. Brightness temperature difference
(BTD), which was originally defined in this un-
complicated and fast algorithm as the difference
between the brightness temperature of 11 pm
and 12 pm, was used in the past 20 years with
great success. In AATSR, MODIS, SEVIRI and
GOES the two mentioned channels had about
1 ym band width (Figure 2) and calculation of
BTD for every pixel gave the discrimination for
ash when BTD was negative.

BTllum — BTlgum <0

For water and ice clouds BTD was generally
positive. However, in real situations the ’split-
window’ test may experience some problems be-
cause the ash spectra may interfere with water
or ice spectra and cause false detections (Paval-
onis et al., 2006). Moreover, there is a notice-
able change in BTD range in different eruptions
in various atmospheric conditions or climates
(Simpson et al., 2000; Prata et al., 2001).

Some tried introducing modifications to the
Prata, 1989 method, including the implication of
3.5 pm - 3.9 pm channel which has strong solar
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Figure 2: TASI observations of brightness temper-
ature as a function of wavenumber for different pix-
els containing 5 different scenes. The red line rep-
resents data for Chaiten ash 05/05/2008, black -
Eyjafjallajokull 07/05/2010, orange - saharan dust
28/04/2010, light blue - water cloud, dark blue - ice
cloud, green - clear scene.

and Earth’s surface radiation components (Ell-
rod et al., 2003; Pergola et al., 2004) or incorpo-
rating the visible channel data (Mosher, 2000;
Pavalonis et al., 2006). However, when using
the visible wavelenghts a significant problem may
arise because some ash plum may be black, while
the others can be brown, grey or even white.
Very low refractive index for ice and water and
negative slope for ash in the latter region gave
the idea for another ash test which concentrates
on this region, but BTD was taken between
1231.5 and 1168 cm~! and must be positive
(Clarisse et al., 2010).

Gangale et al. (2009) has made a thorough in-
vestigation of the Chaiten eruption in 2008. The
volcanic ash in this eruption was rhyolitic (Carn
et al., 2009) and had a visible negative concavity
in the spectrum. A new algorithm was intro-
duced in this paper which was looking for the
quadratic concavity in the region between 800
em ™! and 960 cm ™! and some correlation thresh-
olds were also applied.

1.4 The correlation coefficient

Later in the paper the Pearson coefficient will be
used: this is a measure of the correlation of two
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Figure 3: Spectral shapes for two eruptions: green
- Eyjafjallajokull eruption 7 May 2010, black -
Kasatochi eruption 8 August 2008. The green spec-
trum is shifted upwards by 5K. Red shows the modi-
fied spectra (high absorption H,O and O bands are
excluded) which are used in the tests.

shapes. It is described as a ratio of the covariance
between two variables and the multiplication of
their standard deviations

cov(X,Y)

Ox0y

where X and Y are the two samples (in our case
these are the two channels of the TASI instru-
ment). In general this equation reads:

b S XYY
VI (X = X))y /S (Y - V)2

where X and Y are the sample means. The nu-
merical value of the Pearson correlation coeffi-
cient lies between p € [—1,1] and is equal to 1
if two functions have exactly the same shape, -1
if they are strictly opposite or symmetric and 0
if they are totally unrelated. This mathematical
instrument only compares the pattern of the two
functions, so that two identical functions which
are shifted by a in z-direction and by b in y-
direction will still have p = 1.

A modified correlation coefficient written by
Beer and Norton (1987) was also used. It was

defined as:

Y (Yi-Y)?
)

Z?:1(Xi — X)Z) —
Do (X = X)(Y -

H=

e

However, the application of this device was not
very efficient as it was concentrating on absorp-
tion similarity of individual peaks visible in Fig-
ure 2 or 3, rather than the continuum spectral
shape itself.

1.5 Radiative transfer

To retrieve the characteristic properties of the
ash plume a simulation based on radiative trans-
fer must be carried out first. The electromag-
netic radiation coming to the TASI instrument
from below loses energy by absorption, gains en-
ergy by emission, additionally this energy is also
distributed by scattering processes. Hence, the
spectral radiance L, which is received by the
satellite at given frequency v may be written as:

0T, (2, 0)
0z

L, = / T B, (T(2)) dz4-B, (T,)T5 (0, 50)
0

where B, is the black body radiation at temper-
ature T'(z) and height z, 7, is the transmittance
and Ty is the surface temperature. The simula-
tion must also take into account the scattering
of the radiation. The size of the aerosol particles
like volcanic ash, desert dust and water vapour
droplets is comparable to the wavelength of the
electromagnetic radiation coming to the satellite.
This kind of scattering is well described by Mie
theory if we assume that the particles are spher-
ical, although it is highly probable that they are
not.

The Oxford-RAL Retrieval of Aerosol and Cloud
(ORAC) assumes inserting a slab of a given sub-
stance (e.g. ash, desert dust or water cloud)
within an atmosphere. The Mie code is then used
with particular optical properties of a given ma-
terial, as presented in Figure 1, to simulate the
scattering mechanisms in the atmosphere.
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2 Developing an efficient ash
flag

2.1 Method

Initially a ’split-window’ test was carried out by
averaging the TASI channels with the 11 ym band
centred at 924 cm™! and its width 84 cm™! and
the 12 pm band was centred at 835 cm™! with
width 70 em™!. These bands correspond to the
AATSR 11 and 12 pm channels. The discrimi-
nation for the ash was that BTD for these two
bands was negative.

BTy24 — Blg35 <0

This technique was quite a good discriminator
for ash in most of the eruptions, but a lot of non-
ash pixels, including sand dust, were flagged as
well, as can be seen in Figure 5 in columns B
and C. The ’split-window’ test is working less
efficiently when it comes to distinguishing ash
from sand storm events because the spectral be-
haviour of dust and ash particles is very similar
in the region 800-980 cm™!.

After analyzing 100s of ash and desert dust
curves (which were primarily detected using
the stronger conditioned ’split-window’ test and
MODIS data in the visible region) the conclu-
sion was that these spectra have a negative gra-
dient in the region 800-980 cm~! (slope a) and
positive between 1070-1210 cm™! (slopes b and
¢ as seen on the green spectrum in Figure 3).
The difference between the ash and dust signa-

tures is that for the ash spectrum there is a vis-
ible change of slope gradient around 1160 cm™!.
As for the spectral signatures for water and ice
clouds the monotonicity was opposite (positive)
for the slope a (because of the reverse absorption
behaviour for hydrous particles than ash parti-
cles) and slopes b and ¢ were either flat or slightly
negative.

These observations were the main basis for the
new algorithm which uses the linear fits in the
three regions, as seen in Figure 3. All the spectra
were previously modified in such a way that the
wavenumbers where water vapour optical depth
was higher then 0.9 were removed from the spec-
tra, to make the linear approximation work more
efficiently (the red spectra in Figure 3). Figure
4 shows the three gradients calculated for every
pixel over the Icelandic eruption on 7 May 2010.
The ash cloud can be seen in blue and purple in
the left picture, in red in the centre and in yellow
and red in the right picture.

A new method for ash detection is proposed as
follows:

1. For every pixel of the image determine the
gradients of the three slopes for brightness
temperature function between 842-965 cm ™!
(gradient @), 1070-1160 cm~! (gradient b)
and 1160-1210 cm ™! (gradient ¢). Also cal-
culate the absolute brightness temperature
of the 3.7 pm channel averaged between
2670 and 2730 cm ™.

2. Calculate the three ratios of the slopes in
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(a) Gradient a for wavenumbers be- (b) Gradient b for wavenumbers be- (c¢) Gradient ¢ for wavenumbers be-

tween 842 and 965 cm ™!

tween 1070 and 1160 cm ™!

tween 1160 and 1210 cm™*

Figure 4: The linear approximations for every pixel for the three regions of spectra as specified above for
Eyjafjallajokull volcano eruption on Iceland, 7 May 2010. The gradients were multiplied by a factor of 10000 for

convenience.
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the following way:

b

re=—, 2= r3 =

c
a b’ a

3. Two tests should now be carried out. All
the following conditions must be met in each
test to assume that a pixel is dominated by
ash:

(a) Test A (for pixels where no or little
amounts of SO,, are present):

r1 < —0.1, ro > 1.3, r3 € [-10,—0.2]
a<0, b>0, c¢>0.04
BTy € [260, 305]

(b) Test B (for pixels where vast amounts
of SO, are present):

r1 > 0.1, ro < —2.6, r3 € [—20,—0.2]

a<0, b<0, c¢>0.04
BT3 7 € [260, 313]

4. Allocate all the pixels which are in 5 degrees
latitude and longitude neighbourhood to the
pixels which were found above to set the ge-
ographic region where the ash may occur.

5. The final condition for the ash flag is to cor-
relate each of the local spectra (found in
Test A or Test B) with each spectrum in
a set of reference spectra which include 33%
of the same local spectra (found in Test A
or Test B) and 67% of spectral curves from
different eruptions around the world since
2008 (the spectra from different eruptions
were found and prepared earlier using Test
A or Test B). The mean of all these correla-
tion coefficients is then used as a threshold
which is the cutting point for the ash flag.

As can be seen in point 3 of the ash test, there
is a differentiation for eruption with large SO,
spectral signatures (Test B) and without such
signatures (Test A). This is because the shape of
the ash spectrum which interferes with SO, has
a negative slope in the second region, as can be
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Figure 5: Brightness temperature difference for three case studies split in columns: A - the eruption of Montser-
rat volcano in the Caribbean Sea on 12 February 2010 at 13:50 UTC; B - the eruption of Eyjafjallajokull on 8
May 2010 at 21:14 UTC; C - the sand storm event on Saharan desert on 28 April 2010 at 12:59 UTC. The top
three maps show the ash affected pixels according to the ’split-window’ test (BTD is lower or equal to 0) and

the bottom maps show the proposed method.
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Figure 6: The left picture shows the result from the ’split-window’ test from the Kasatochi eruption on 8 August
2008 at 21:15 UTC. The centre picture shows the same scene but using the new method (the red pixels are the
pixels found from the Test B, while the blue colour marks the pixels found from the Test A). The area shaded in
light blue is shown in the right picture in visible light using MODIS data acquired at 23:05 UTC (NASA Natural

Hazards).

seen in Figure 3. Hence, to detect ash from this
kind of event the modification to the test must
be done.

Point 4 in the above technique is not necessary
but improves the speed of the algorithm if large
amounts of data are used.

2.2 Results

Figure 5 compares the ’split-window’ test (11
and 12 pm channels centred at 924 and 835
ecm™!) with the proposed method. In the first
column one can see the eruption from the vol-
cano on Montserrat on 12 February 2010. This
was the first day of the eruption and the pro-
posed method detected a much larger area of ash
plume then the ’split window’ test. The plume
flagged with the new method is continuous and
finds many pixels where BTD is positive (up to
+1.75). The correlation of the region to the right
of the ozone band (1070-1210 cm™') may have
given such results. There was only one false de-
tection in BTD method over land which was not
found by the new method.

In the second column the maps show the area on
8 May 2010 over the Atlantic Ocean, Europe and
North Africa after the Eyjafjallajokull eruption.
The ash cloud flagged using the proposed algo-
rithm is more distinct and in the ’split-window’
test many non ash pixels are detected includ-
ing the desert dust pixels of the Sahara, while
in the bottom picture no desert dust pixels were
flagged; this is a very encouraging result as the

previous methods, based on BTD, mistakenly de-
tected desert dust pixels as ash pixels. This is
because the desert dust and ash spectra have a
very similar "V’ shaped curve.

The pictures in the next column show even bet-
ter the important feature of this technique using
the desert dust storm event for the Sahara on
28 April 2010. The ’split-window’ test detected
desert dust pixels both over the ocean and over
the ground, while the new method does not de-
tect any of them.

In the Kasatochi eruption in Alaska on 8 Au-
gust 2008 vast amounts of SO, were emitted. In
some areas the SO, was so dense that it severely
changed the ash spectral curves in region 1070 -
1180 cm™!, as can be seen in Figure 3. In this
interesting eruption we could check the work-
ing features of the two tests described in point
3, chapter 2.1. The pixels found with Test A
are marked with blue in Figure 6, while the red
shows the area found by Test B. Using only one
of these tests would not find the ash plume prop-
erly as the SO, is concentrated in the centre of
the plume, and there is some ash, mainly in the
vicinity of the plume, where smaller amounts of
SO, are present. This is a good result because
in eruptions like this one SO, does not always
follow the ash plume and by this method both
kinds of plumes can be detected. In this exam-
ple it is also seen that this method works well
even in the areas where large amounts of water
clouds are present.

Similar behaviour is seen in the Sarychev Peak
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eruption in June 2009.

3 Characteristic properties of
ash

3.1 Method

In the 2010 Eyjafjallajokull eruption the ash was
mainly composed of andesite (Ilyinskaya et al.,
2011) which has a lower concentration of SiO,
than the rhyolite which was the main constitu-
tion of the 2008 Chaiten eruption (Carn et al.,
2009). As can be seen in Figure 2, the spec-
trum for rhyolite ash has a quadratic shape in
the region 800-960 cm ™! while the andesite ash
has a rather linear or a very wide quadratic de-
pendence on wavenumber (Gangale et al., 2009).
These properties were used to determine if a par-
ticular ash spectrum had rhyolitic or andesictic
composition. Two hundred ash spectra were an-
alyzed to find the threshold for the concavity.
The test is proposed as follows:

e If the concavity in the 800-925 cm™! region
is lower then -0.0009 and the maximum of
parabola lies between 800 and 900 cm ™! the
ash is rhyolitic.

e If however the concavity in the same region
is larger then -0.0009 the ash is andesitic.

3.2 Results

Figure 7 shows the eruption from the Chaiten
volcano in Chile on 5 May 2008 (the eruption

-56

started on 2 May 2008). The test for the con-
cavity does not straightforwardly confirm that
the ash from this eruption is rhyolitic, because
only 43% of all pixels flagged as ash had con-
cavity lower then -0.0009, marking it as rhyolite.
The result from the ’split-window’ test can be
seen in Figure 7 i. A lot of pixels over area B (as
seen in the picture) are not flagged as ash by this
method and the proposed algorithm marks more
pixels as ash making the plume more continuous
(Figure 7 ii). Moreover the pixels flagged with
the new method over area B have positive BTD
(as in the Montserrat eruption, Figure 5 A). The
eruption lasted for three days and ash over area
A may have laid down on the ground, while ash
over area B may be mostly in the air. The pic-
ture from this area on that day can be also seen
in the visible spectrum in Figure 12 in Appendix
A.

An interesting thing happens when we add an-
other restriction given by Gangale et al. (2009),
which is that the spectrum of ash pixels must
have a negative concavity in the region 800-960
cm ™. The pixels in area A are mostly neglected,
as can be seen in Figure 7 iii. When the same
condition for concavity is checked on a smaller
region (800-925 cm™!) not as many pixels are ne-
glected as in the 800-960 cm ™! range. This may
mean that ash in area A might have changed its
composition a little.
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Figure 7: Eruption from the Chaiten volcano in Chile, 5 May 2008, 13:56 UTC. i - ’split-window’ test where
BTD < 05 ii - the result from the proposed method; iii - as in ii) but pixels where the concavity in region 800-960
ecm ™! is greater then 0 are neglected.
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4 A fast retrieval of ash plume
properties

4.1 Method

To find the characteristic properties of the
plume, simulations of the ash spectra must be
used as generated by radiative transfer code
(ORAC). The simulation spectra were a function
of the optical depth, height and effective radius
of ash particles for particular optical properties
of given tephra (e.g. andesite). These three vari-
ables were changed in order to fit the IASI real
spectra. as follows.

1. The first property to be found was the op-
tical depth of the plume which ranged from
0.2 to 2 with an interval of 0.2. For each
value of optical depth the height was varied
from 0 to 10 km in an interval of 0.5 km
above the surface, and consecutively the ef-
fective radius was varied from 0.8 to 2 pm in
an interval of 0.1pm. Every pixel was than
correlated with this set of simulation curves.
The best value of optical depth for a given
pixel was established when the mean of a
set of correlation coefficients for the set of
heights and effective radii was maximum.

2. With fixed optical depth (found above) for
a given pixel, the height was then found by
varying the effective radius in the same man-
ner as before. The height was again estab-
lished for the largest mean of correlation co-
efficients.

3. For every pixel of the ash plume the opti-
cal depth and cloud-top-height was fixed.
The effective radius was varied again and
the value of the effective radius for a given
pixel was established for the maximum cor-
relation coefficient between the simulation
and real spectra.

The means were taken rather than the maximum
of the correlation because it was possible that the
maximum would occur for some random combi-
nation of optical depth, height and effective ra-
dius, while the mean would give a good picture
of the variation of a given variable; choose the

maximum from this set to find the best value of
a variable.

4.2 Results

Using simulations of ash spectra generated by
ORAC some properties of ash plumes can be ex-
tracted from IASI data if appropriate refractive
index properties of ash are used. Figure 8 de-
picts spectral shapes for three values of effective
radius 0.9, 1.2, 1.5 pm and fixed cloud top height
and optical depth. From these simulations it
is clearly seen that the larger the effective ra-
dius the larger are all the slopes and BTD. Simi-
larly, this applies to optical depth and cloud top
height. The denser and higher the plume in the
atmosphere the larger the gradients of the spec-
tra. As can be seen in Figure 8, the real spectra
in region 800 - 980 cm ™! fit quite well the green
curve, while in the region 1070-1200 cm™! the
red curve fits better. Hence the trick of the al-
gorithm was to find the best correlation of these
curves.

These simulations were used to estimate the
properties from the Eyjafjallajokull ash plume
over the Atlantic Ocean on 7 May 2010. Ac-
cording to Gasteiger et al. (2010) the ash from
this eruption is mainly andesitic, which was also
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Figure 8: Ash spectral curves. The black line shows
one TASI spectrum from the Eyjafjallajokull eruption
on 7 May 2010; red, green and blue are simulations
of spectra with optical depth = 0.8 and CTH = 3
km and the effective radius is changed as seen in the
picture.
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Figure 9: The figures show the characteristic properties of ash plumes for the Eyjafjallajokull eruption on 7
May 2010. The picture on the left shows optical depth of the plume, the second shows the cloud top height and

the third the effective radius of the ash particles.

confirmed by the test from point 2.2 as 67% pix-
els appeared to satisfy the conditions for the an-
desitic ash. The results for the retrieval of plume
properties are quite encouraging, as the optical
depth (Figure 9a) is highest where the plume
is the freshest and it is decreasing further away
from the volcano. The centres of each of the
three ’ash plume islands’ are the mostly dense as
they are less dispersed by the wind and the op-
tical depth is also higher. The cloud top height
is the smallest where the ash cloud is youngest;
however it should not be equal to zero. The other
CTH are in reasonable range. One can suppose
that the effective radius is also highest in the
fresh plume because the bigger particles did not
have enough time to fall down under the reac-
tion of gravity, which is what happens on later
occasions. In the older plumes the radius is also
changing but the mean for each of the two is-
lands is about 1.3. According to Gasteiger et
al. (2010) the mean effective radius of ash par-
ticles over Miinchen on 28 of April was 1.55 pm.
The simulation was also done for the Chaiten
and Kasatochi eruptions using the andesitic re-
fractive index properties, but the results were not
as good as for the Icelandic eruption.

5 Flag accuracy and efficiency

To find the efficiency of the proposed algorithm
two tests were done over a very large area on ran-
dom days where no ash should be present. The
proposed algorithm was run over the Pacific on
17 April 2008 and has not detected any ash pix-

els, while the ’split-window’ test detected ash as
1.24% of all the pixels over this area. Similar
results were obtained on 21 January 2009 over
the same area. BTD was negative for 3.4%¢ of
all pixels when the proposed method has not de-
tected any.

The First map in Figure 10 shows the correlation
coefficients for all the pixels after the eruption of
Eyjafjallajokull. These coefficients may now be
used as a kind of certainty that a given pixels
is ash affected or not. The ash plume is clearly
marked with red and the coefficients range be-
tween around 0.9 and 0.7. No other areas are
marked with red as clearly as the ash plume.
The desert dust detected by the ’split-window’
test (as seen in Figure 5) is marked with yellow
and the coeflicient is around 0.5.

In the second map the same coefficient was cal-
culated for the retrieval of the plume properties.
The picture shows the coefficients for the cloud
top height retrieval. Pixels in the middle of each
volcanic plume island are correlated the best.
The last picture shows the quadratic fits in the
spectral region 800 - 960 cm~!. The fit for
volcanic ash pixels is clearly negative while the
quadratic coefficients for water clouds and clear
scene spectra are positive or nearly zero (com-
pare with Figure 12 in Appendix A).

6 Conclusions

6.1 Summary

Developing a precise algorithm to find the ash in
the atmosphere is a difficult and complex task, as
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the composition of volcanic plumes varies signif-
icantly from one eruption to another. The ’split-
window’ test has been used to satisfying results
for over 20 years. However, with the introduction
of high resolution infrared spectrometers new al-
gorithms could be produced. The method pre-
sented above, using the ratios of the three slopes
of the spectra and correlation coefficients, has
never been used before as TASI was introduced
quite recently, in 2006. It is working well in most
of the eruptions that have been investigated, al-
though in different climates or atmospheric con-
ditions small adjustments to the threshold may
be required for it to be more precise. The thresh-
old established by the correlation may not be
very exact at all times but there is a clear dis-
tinction between ash and other aerosols. An ex-
ample of this is the threshold set on data from
17 April 2010 after the Eyjafjallajokull eruption
which found ash only over the Atlantic, but when
we look at Figure 11a the ash is clearly visible

over Europe, England and also over the Atlantic
Ocean close to France; this is not distinctly vis-
ible in the ’split-window’ test as seen in Figure
11b and c. This algorithm is not computionally
exhausting and can be used in real time situa-
tions to localize the ash clouds.

6.2 Further work

A few improvements to this method could be in-
troduced in the future. The test for the concav-
ity could be conducted before the test with slopes
and ratios to give an idea of whether the ash is
rhyolitic or andesitic, and then special conditions
for different compositions could be applied. It is
proposed to set up a large database with refrac-
tive indexes from different eruptions all over the
world so that the retrieval of plume properties
using simulation curves can be done more effi-
ciently.
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A Appendix

Figure 12: Picture from MODIS in visible light,
South America, 5 May 2008.
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