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Abstract

Methods for the fast detection of volcanic ash
using data from satellites have many useful ap-
plications, the main real-time application being
warning aircraft of the presence of volcanic ash.
Previous methods for detecting ash can gener-
ate many false positives, while simultaneously
missing out genuine detections. In this report
a technique is developed to identify ash using
the Infrared Atmospheric Sounding Interferome-
ter (IASI). The detection method uses IASI data
with no ash and a forward model of spectra
with ash in an optimal estimation scheme. This
method was applied successfully to ash plumes
from several eruptions, as well as being used to
retrieve estimates for the area covered and total
mass of ash clouds.

1 Introduction

1.1 Importance of detecting ash

Detecting volcanic ash in the atmosphere is im-
portant for a number of reasons, chief among
them is that volcanic ash is an aviation hazard
[1], which can potentially cause engine failure.
Volcanic ash in the atmosphere, and where it
falls, also has wide ranging impacts on, for ex-
ample, agriculture, in particular causing damage
to crops and changing the soil properties [2]; in-
land, affecting plant growth and the composition
of lakes [4] [3]; in the ocean, providing mycronu-
trients for phytoplankton [5]. An accurate ash
retrieval method would allow better investigation
of its impact on the environment.

1.2 Previous detection methods

The most commonly used ash detection method
is the split window test (also called the bright-
ness temperature difference (btd) method); the
method takes the brightness temperature from
two channels: from 10.3-11.3 µm (B11) and from
11.5-12.5 µm (B12), a positive detection is given
if the difference between the brightness temper-
ature for these two channels is less than zero [6],
i.e. if:

B11 −B12 < 0 (1)

This method is quick and can be used with data
from instruments with coarse spectral resolution.
However the method also gives false positives,
from sources including dust aerosols, which it
cannot distinguish from ash [7], and clouds [8].
Ash can also be masked by ice or water in the
atmosphere [8].
Several more modern techniques have been

suggested which use data from hyperspectral in-
struments, e.g. IASI or AIRS (Atmospheric In-
frared Sounder). These include:
Exploiting differences between the shape of

spectra with ash and those without, in partic-
ular looking at the coefficients for quadratic and
linear fits in certain regions of the spectra [9].
Creating a database of reference spectra

(containing ash) using observations of volcanic
plumes and finding the correlation coefficient
between the reference spectra and an observed
spectrum, resulting in a positive detection if the
coefficient is above a threshold value [10].
Using a sophisticated forward model to sim-

ulate spectra in many different conditions (in-
cluding with aerosols such as ash) and then the

Page 1



optimal estimation retrieval method to find the
most probably state of actual spectra based on
these simulations [11].

The method used in this report bears some
similarities to some of these methods, e.g. a for-
ward model is used to simulate spectra (though
unlike the above method just spectra with ash).
The proposed method has the attractive qual-
ity of using all information available, and so it
should be at least as accurate as the split win-
dow test or the method using the shape of the
spectra which use the same or less information
in a less efficient way.

1.3 IASI

The IASI instrument is on the METOP satel-
lite, which was launched in 2006. The instru-
ment is a Michelson interferometer. Its field-of-
view gives light atmospheric cells of about 50 km
× 50 km at nadir. A pixel diameter, i.e. the
width of the smallest unit of an image taken by
the IASI instrument, of 12 km is used to bal-
ance radiometric performance and the likelihood
of acquiring valid measurements. What makes
advanced retrieval techniques possible to use on
the data IASI provides is the number of channels
it uses; the IASI instrument has a spectral range
of 15.5 to 3.62 µm with a spectral resolution of
0.35 to 0.5 cm−1; the instrument has 8,400 spec-
tral channels, which is many times more than,
for example, the 20 channels of the HIRS instru-
ment IASI is designed to replace. The instru-
ment also has a high radiometric resolution (0.1
to 0.5 K) [17]. As instruments like IASI are a
great improvement on the previous atmospheric
sounders there is a need for new retrieval tech-
niques which takes advantage of the data they
provide.

2 Method

The method used is the one described in Walker,
Dudhia, Carboni (2011), where it was applied to
the detection of sulphur dioxide and ammonia
[13].

Differences in observed spectra can be caused
by the presence of ash or by other atmospheric

and surface parameters. The aim of this method
is to put more weight for changes in parts of the
spectra which are likely to change a lot with ash
present and less weight in changes in parts of the
spectra which change through other atmospheric
variation. It is assumed measured spectra y can
be represented by the forward model F and the
total measurement error:

y = F (xc,u) + εrnd + εsys (2)

where the notation from Rodgers (2000) has been
used [12]: xc is the column amount of ash, u rep-
resents the estimate of all other conditions (pa-
rameters from the instrument, atmosphere and
surface), εsys is the error from uncertainty in
these parameters and εrnd is random measure-
ment error from instrument noise. For this re-
port the forward model used is a modified version
of RTTOV for IASI (used in ORAC retrievals
[18]). Aerosol optical depth (τ) is used to rep-
resent the column amount of ash. The forward
model can be linearised around a value of aod:

y − F (τ0,u) = K(τ − τ0) + εrnd + εsys (3)

where the linearisation point is τ0 and K is the
Jacobian ∂y

∂τ (where y is taken to be in bright-
ness temperature). The optimal least squares es-
timate of τ can then be found:

τ = τ0 + gT (y − F (τ0,u)) (4)

where gT is the retrieval gain, given by:

gT = (KTStot−1
ε K)−1KTStot−1

ε (5)

In this equation Stot
ε is the covariance matrix of

the total error (εrnd + εsys). If the assumptions
used are invalid, especially the assumed value of
optical depth, then the result for τ will not be
accurate. In these cases it is instead a compar-
ative measure of whether it is likely there is ash
present. Later on in the report the method is
adapted so that it can be used to accurately re-
trieve τ . As the signal from variability in non-ash
parameters are usually spectrally correlated, if a
baseline that accounts for these correlated sig-
nals can be found it will allow the signal for ash
to stand out; this method allows a baseline to be
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found without having to calculate values for each
of the relevant parameters. The method can use
all channels available to it, channels which don’t
have a strong ash signal will help establish the
baseline. For this report the spectral range used
was 650 to 7400 cm−1.

The method used to find Stot
ε for this paper is

empirical. For an ensemble of data containing N
spectra yj the total error covariance is:

Stot
ε ≈ 1

N − 1

N∑
j=1

(yj − y)(yj − y)T (6)

Stot
ε should be created from data that reflects the

conditions we expect to be retrieving ash in. The
most sensitive detection of ash should be found
using an ensemble of data from the specific area
and time of year we expect to be using the re-
trieval. However sacrificing some sensitivity it is
possible to use, for example, a global ensemble
of data. The important condition is that no ash
should be present, which is easily obeyed as ash
will only be present after a few specific events.
When using an ensemble of data we can also use
the average spectrum from the ensemble:

y =
N∑
j=1

yj (7)

as an estimate for our fixed forward model
F (τ0,u). Because of the nature of this method
it is not necessary to be selective when pick-
ing channels used, at the very least no channel
should have a negative effect on retrieval; the one
reason to use fewer channels is computational ef-
ficiency. If a suitable gT and y have been already
calculated then this method can be used for the
near real-time retrieval of volcanic ash. A posi-
tive detection of ash is then defined as:

τ > τthresh (8)

where τthresh is a suitably chosen threshold value.

2.1 Covariance of error matrices and
weighting functions

For this report two different covariance of er-
ror matrices were used. Both were created from

IASI data encompassing April and May 2009.
One, which for convenience will hence forth be
referred to as Sice

ε , took data points from the
North Sea, specifically points with latitudes be-
tween 45 to 70 and longitudes between -50 to
40. This matrix is ideal for using when detecting
ash from the Ejafjallajökull and Grimsvötn erup-
tions, that occurred in spring 2010 and spring
2011 respectively. The other covariance of error
matrix (Snab

ε ) took data from over Eurasia and
west Africa between latitudes -10 to 60 and lon-
gitudes -10 to 150, initially designed for looking
at ash from the Nabro eruption in June 2011.
Both matrices were applied to detecting ash in
other locations, however with differing success;
see appendix B for a detailed comparison.
To find the retrieval gain gT the weighting

function ∂y
∂τ must first be found. Using the for-

ward model the weighting function can be found
for assumed values of ash plume optical depth,
height and effective radius. For this report an
assumed effective radius of 2 µm was used based
on ranges of values recovered from other studies
on volcanic ash [14] [15]. After examining some
results for various different heights an assumed
height with an atmospheric pressure of 300 mb
(i.e. a height of approximately 10 km) was cho-
sen to be used for the rest of the report as it al-
lowed sensitive retrieval of ash but kept noise to
a minimum. A thorough examination of using an
algorithm with multiple assumed heights and/or
trying to retrieve the heights of ash plumes would
be desirable but is beyond the scope of this re-
port. Aside from the preliminary examination
looking at which assumed height to use, the dif-
ference in results caused by the different assump-
tions is also examined (see figure 9).
The weighting function describes how a spec-

trum is expected to change as aerosol optical
depth increases or decreases. However it is ex-
pected that different assumed optical depths to
generate different weighting functions. In par-
ticular a low assumed optical depth should allow
for a sensitive detection of thin ash clouds but
will not give an accurate retrieval for thick ash
clouds, whereas a high assumed optical depth
might not allow thin ash clouds to be flagged.
This expectation that different assumed optical
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(a) Retrieval with assumed optical depth 0.1
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(b) Retrieval with assumed optical depth 2.1

Figure 1: Maps showing the ash plume for the Puyehue eruption on 05/06/2011, each retrieved with
different assumed optical depths. For the retrieval with low assumed optical depth the thicker part
of the ash plume (the western part, over the land and closer to the volcano) gives a negative result
whereas the thinner parts give a positive result. With the retrieval using high optical depth the effect
is reversed. Note also that the higher assumed optical depth gives more extreme results.

depths are appropriate for parts of ash clouds
is borne out by testing; at it’s strongest this ef-
fect can mean that parts of the ash cloud for
which the assumed optical depth is inappropri-
ate, e.g. thick sections of ash cloud when the
forward model is linearised around a small as-
sumed optical depth, can give a strong negative
result (see figure 1).

Two solutions to this problem were used. The
first aims to find the most accurate retrieval by
finding the minimum values of the function

(y − τK)TStot
ε (y − τK) (9)

for each spectrum y using a range of values for
τ . The value of τ which gives the minimum of
this function is then used as the assumed aerosol
optical depth for that spectrum. This function
is used as chi-square test between the measured
spectra (y) and the forward model of the spectra
(given by F (τ) = τK), weighted by the covari-
ance of error matrix. This method should give
the most accurate retrieval of optical depth, how-
ever the function used can sometimes be low for
low values of τ even though this is not an ap-
propriate value for the retrieval. The use of this
function is also very computationally demanding

and so would not be useful for near real time
retrieval of ash values.

If a retrieval is run on a pixel with ash assum-
ing a much too high optical depth the result will
be small or negative. Similarly if the retrieval is
run with a much too low optical depth for that
pixel the result will be small or negative. Exam-
ples of both of these effects are shown clearly on
figure 1. This would suggest that for a range of
assumed aerosol optical depths the most appro-
priate will give the largest result.

To investigate this a set of retrievals can be
run on a particular pixel with a range of differ-
ent assumed optical depths. For pixels of ash
there will be a range of optical depths that give
very similar results; optical depths outside this
range give smaller results, with the more extreme
(either higher or lower) optical depths giving the
smallest results. An illustration of this is shown
in the maps in figure 2. That a range of dif-
ferent assumed optical depths will give the same
result is very encouraging for the basic retrieval
method. The results fit very well with the ex-
pectation that there will be a range of assumed
optical depths that are valid for a pixel. It also
shows that the further from this range the as-
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(a) Retrieval with assumed optical
depth 1.6
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(b) Retrieval with assumed optical
depth 1.9
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(c) Retrieval with assumed optical
depth 2.2

Figure 2: Three maps showing the ash retrieval on the same day (08/05/2010) for the Eyjafjallajökull
eruption, each with the threshold value of optical depth 0.05. The difference between the results from
maps (a) and (b) are minimal, whereas there is a large difference between maps (b) and (c). This shows
how several values of assumed optical depth will give similar results, but not all values.

sumed optical depth is, the smaller the retrieved
optical depth will be. This observation therefore
strongly suggests that taking the largest value for
a range of assumed optical depths will give the
best result: not only is the largest result sup-
ported by several other similar results, but the
other results are varied in a predictable pattern
that gives smaller and smaller values (eventu-
ally reaching obviously and definitely incorrect
retrieved values, i.e. negative results).

Therefore a second method can be proposed.
For each pixel the retrieval is run with a range
of assumed aerosol optical depths, the result for
the pixel is taken to be the maximum value given
by these. This method can be referred to as the
maximising method. For this report the range
of aerosol optical depths used were 0.1, 0.2, 0.3
... 2.8, 2.9 based on initial observation. This
method has the advantage of being reasonably
undemanding in terms of computing power, and
so is relatively quick to run.

A potential problem with this method is that
picking the largest value for every spectra in-
creases the result given for signals without any
ash, increasing the noise; however the method
also allows for more complicated thresholds.
Each pixel has a maximum value retrieved by
using a particular assumed aerosol optical depth,
that assumed optical depth can be referred to as
that pixels ’aτ ’, To put it another way aτ is the

assumed optical depth that will give the largest
result for that individual pixel, the result used
in the maximising method. That different pixels
have different aτ can be exploited when creating
thresholds. Perhaps predictably the pixels with
higher aτ have relatively larger retrieved optical
depths. For example a pixel from an ash plume
with a high aτ will be in the thicker part of the
plume and have a high optical depth, similarly
a pixel outside the ash plume with high aτ will
give a larger aod than other non-ash pixels. In
contrast pixels with low aτ in the plume will give
smaller optical depths, but so will pixels outside
the plume. Therefore a lower threshold can be
used for pixels with a low aτ , whereas a high
threshold is appropriate for pixels with higher
aτ . While in theory a different threshold can be
set for each different aτ , in practice this would
be time consuming and unnecessary, less com-
plicated thresholds can be found that cut out
almost all noise, while still leaving the ash pix-
els. An example of such a threshold might be:
pixel is flagged as ash if optical depth > 0.025
for pixels with aτ 6 1.4 or optical depth > 0.1
for pixels with aτ > 1.4. This kind of threshold
can be found by examining both the map of aτ
and the chart comparing aτ against the retrieved
optical depth.
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(a) Results for maximising method
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(b) The aτ of each pixel (assumed
optical depth that gives the largest
result)
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(c) The result once a threshold has been
used

Figure 3: The first map shows results from the maximising method (taken over South America, on
08/06/2011), while the ash cloud is shown there is also a large amount of noise. The second map shows
that the pixels of noise tend to have a high aτ , whereas the pixels from the ash cloud that give a low
result have a low aτ . The third map is the maximising result after the threshold ’optical depth > 0.025
for aτ 6 1.4 or optical depth > 0.15 for aτ > 1.4’, the ash cloud is clear and almost all the noise has
been cut out

3 Results

3.1 Plausibility of results

Any other obtained image of the ash clouds
looked at will also be dependant on the accuracy
of whichever method was used to find it. Be-
cause of this uncertainty it is hard to find maps
that allow a comparison to judge the accuracy
of the method proposed in this report. How-
ever it is possible to examine the maps produced
by the maximising method and qualitatively ex-
amine them as to whether they are plausible re-

sults or not. For example the maps from figure 4.
The results found using the maximising method
show ash pixels spatially collocated in a plume
coming from the volcano. In addition to this
the obtained ash cloud develops in a plausible
way: the cloud moves steadily, it does not ap-
pear to move very rapidly or in many different
directions; the changes in the cloud shape are not
dramatic and match the movement of the cloud;
while the cloud does spread, areas of cloud do
not appear and disappear. To sum up the results
are strongly consistent with ash coming from the
volcano and blown by a wind pattern, making it
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(a) Map from 13/06/2011
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(b) Map from 14/06/2011
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(c) Map from 15/06/2011

Figure 4: Results from the maximising method. The maps are images created from IASI data after
the Nabro eruption, June 2011.
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Figure 5: Comparison of brightness temperature difference and maximising method. The first line
shows the btd, the second shows the results from the maximising method. The maps in the first
column are from 06/05/2010, showing an ash plume from the Eyjafjallajökull eruption; the maps in
the second are from 14/07/2008 showing an ash plume from the Okmok eruption; the maps from the
third are from 13/06/2011 showing an ash plume from the Nabro eruption

very unlikely these results are not accurate. This
is supported by examination of the results from
several eruptions.

3.2 Comparison against brightness
temperature difference method

The method in this report has several clear ad-
vantages over the brightness temperature differ-
ence method. This can be shown by qualitatively
comparing maps of the same ash plume obtained
with the two different methods (see figure 5).
While the btd method is sometimes consistent
with the maximising method, e.g. when looking
at the ash cloud from the Eyjafjallajökull erup-
tion, there are more often than not discrepancies.
The btd shows ash in many different locations,
some of which being very implausible (i.e. far
away from the volcano only a short time after
the eruption). The contiguous clouds suggested
by the maximising method show ash in locations
the btd method doesn’t detect any ash, for exam-

ple in the plots over Alaska. In addition to this,
whereas the maximising method shows a plausi-
ble progression of ash clouds over time, the btd
method produces results from consecutive days
which appear inconsistent with each other.

3.3 Application to different eruptions

The method was successfully applied to several
different eruptions: Okmok, Grimsvötn, Eyjaf-
jallajökull, Nabro and Puyehue . All the applica-
tions were successful, though sometimes depen-
dant on covariance of error matrix used (partic-
ularly Nabro, see appendix B). A different set of
thresholds were applicable to ash from different
eruptions; there are two possibilities that might
be causing this effect. The first is that the co-
variance matrices used was more suited to some
areas rather than others. For example the op-
timum threshold for the plume from the Puye-
hue eruption was higher than that used for the
Grimsvötn and Eyjafjallajökull eruptions, this
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was using the Sice
ε matrix which would naturally

be more suited to use in the North Atlantic as op-
posed to the South Atlantic and South America,
possibly explaining the discrepancy. The other
explanation which might contribute to this effect
is the composition of ash in different plumes. Ash
from different volcanoes have different composi-
tions and therefore there would be differences in
their refractive indices, which would give a differ-
ent weighting function when using this retrieval.
While both of these factors may have had an ef-
fect on the retrieval any effect was reasonably
minimal, with a different threshold for looking
at plumes from different eruptions working well.

3.4 Properties of ash plumes

While the main focus of this report is to test
this method’s efficiency as an ash flag the method
also allows retrieval of properties of the ash. The
most obvious and easiest property to retrieve is
the size of the ash cloud. As the pixel diameter
the IASI instrument uses is known an estimate of
the area of the plume size can be found by taking
the number of pixels that satisfy the threshold
used (i.e. the number of pixels where ash is de-
tected) and multiplying them by a factor based

on pixel size. A factor of 113 was used as the
pixel diameter is 12 km so each pixel covers an
area of about 113 km2. The progression of the
size of the ash cloud can then be graphed. As the
METOP satellite makes two orbits a day a result
for the area the plume covers is given once ev-
ery twelve hours. Tracking the progression of an
ash cloud cannot always be done as there is of-
ten areas where there is no data for certain time,
as well as this an extremely large area must be
observed as plumes can travel long distances.
Another property of the plume which this

method allows an estimate of is the column load-
ing of ash, i.e. the total mass of ash from the
ground to above the ash plume for a vertical col-
umn of unit area. The column loading is pro-
portional to the optical depth and can give us
an estimate of the total mass of the ash cloud.
The given proportion of optical depth to column
loading is approximately

m ≈ 0.55× τ (10)

(see appendix A for the derivation). Applying
this to the ash clouds gives an estimate of the
mass of ash, again found for every twelve hours.
Using these methods the properties of the

plume from the Nabro ash cloud were found, see
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Figure 6: Graphs showing estimates for the change in time of the total mass and area covered of the
ash cloud from the Nabro eruption. The first graph shows the evolution of area covered by the plume
over four days, the second the evolution of mass over the same four days. Note that while these results
allow day to day comparisons they are not expected to be accurate.
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figure 6. As would be expected the area of the
ash cloud grows over time as the cloud spreads
out. The mass of the ash grows rapidly after the
initial eruption as more ash is thrown in the air,
but starts to decrease as particles drop from the
cloud. See figure 4 to see the images of the same
ash cloud.

3.5 No fly zone

After the 2010 Eyjafjallajökull eruption a no fly
zone was set up over the North Atlantic and
Western Europe. Flights were supposedly per-
mitted where ever ash concentrations were less
than 2 x 10−3 g cm−3. Using the results in this
report it is possible to examine whether the no
fly zone that was set up actually reflected the
presence of ash.

From comparing the two maps below we can
see that the no fly zone mostly in line with the
result shown in figure 8, the exception being the
portion extended to the east which the results
above suggest was unnecessary.

Figure 7: The (red bordered) no fly zone given
at 12:00(gmt) on 08/05/2010 due to ash cloud
from Eyjafjallajökull [16]

4 Error analysis

There will be two sources of error for the result,
the first is error from the data itself, i.e. as de-
termined by the resolution of the IASI instru-
ment. The second is error in our assumptions, in
particular the assumptions of height, effective ra-
dius and composition of the ash for the forward
model. The radiometric resolution of the IASI
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Figure 8: The retrieved ash cloud on the same
day (data taken from two orbits, first set of data
collected around 10:00-12:00(gmt), the second
21:00-23:00(gmt))

data is 0.1 to 0.5 K [17], the brightness temper-
ature for each spectral line will be a significant
amount over 200 K and for every spectra thou-
sands of spectral lines are used; this gives an er-
ror in the optical depth of substantially less than
0.01. Whereas changing the assumed height can
change the retrieved optical depth by an amount
∼ 0.1 (see figure 9, changing the effective radius
does not have as large an effect). The compo-
sition of the ash and therefore it’s refractive in-
dex will have an effect on the retrieval results,
however this is not expected to be a large effect
and the similarity between results for different
plumes would support this. Further investigation
would be needed to quantify this effect. Overall
the first type of error (the systematic error) is
negligible compared to the second (error due to
assumptions) and the results for optical depth
given in this report can be taken as accurate to
at least 0.2.

5 Conclusion

In this report a method based on using a forward
model the the optimal least squares estimate was
used to develop a new flag for ash clouds. This
is made possible by the large number of channels
hyperspectral instruments like IASI have.

When the method uses the forward model it
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(a) Ash optical depth results with the
assumed height at 300mb (using
maximising method)
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(b) Ash optical depth results with the
assumed height at 750mb (using
maximising method)
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(c) The difference between the two
results

Figure 9: Comparison of the aod obtained using the maximising method on the same day, with different
assumed heights. The difference between the two varies from pixel to pixel, most have a difference
between 0.05 and 0 while some have a difference around 0.1 or even higher.

assumes a height, effective radius and optical
depth of the ash cloud. The assumed height is
the dominant source of error for the results. Dif-
ferent assumed optical depths can give strongly
different results so it is a desirable to use a varia-
tion on the method which takes this into account.
In this report the variation used was the max-
imising method which took results for several dif-
ferent assumed optical depths for each pixel and
picked the largest.

This was applied very successfully to ash
plumes from several different eruptions. This
method compared very well to the most com-
monly used previous method (the brightness
temperature difference method), with little to no
false positives and more sensitive ash flagging.

The covariance of error matrices used in the
method are created from ensembles of IASI data
with no ash; in theory when doing a retrieval the
covariance of error matrix used should be cre-
ated from data taken from the same area and
time of year which should give the most sen-
sitive retrieval, however in practice using other
covariance of error matrices can also work very
well. This is convenient as creating the covari-
ance of error matrix is the most computationally
demanding part of the retrieval.

Once an ash plume has been flagged proper-
ties of the ash plume can then be retrieved, for
example, area covered by the ash plume, column

loading of the ash plume and, from the column
loading, the total mass of ash in the plume. As
this retrieval is quick to run it can be used as a
near real-time way of flagging volcanic ash in the
atmosphere.

6 Further work

One area more work could be done in is into
using different assumed heights and effective
radii in the retrieval. This should increase
the sensitivity and accuracy of the method.
It is also possible that this could then allow
values to be retrieved for the height and effect
radius of different parts of the ash plume.
The differences in refractive index of different
compositions of ash and their effect on the
retrieval could also be looked into. More work
could also be done to investigate using different
covariance of error matrices, maybe with the
aim of creating a worldwide covariance of error
matrix that could be applied to the retrieval
in any place at any time of year. This method
could also be applied to previous eruptions to
try and determine where ash from these erup-
tions fell using the retrieved area and column
loadings of the ash clouds, this would then be
helpful in examining the impact volcanic ash has.
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7 Appendix A: Derivation
of relation between optical
depth and column loading

In this derivation the first assumption is that the
size of ash particles in a plume can be described
by a log-normal distribution, i.e. a normal dis-
tribution of the logarithm of the particle radii:

‘

n(r) =
N0√
2π

1

σ

1

r
e

−(ln(r)−µ)2

2σ2 (11)

where, N0 is the total particles per unit volume,
σ is the standard deviation of ln(r), r is the par-
ticle radius and µ is the log mean radius. This
can then be used to find an equation for the mass
per unit area of a cloud. The volume of all the
particles in the cloud is:

V =

∫ ∞

0

4

3
πr3n(r)dr (12)

so the mass per unit area of a cloud with ash
particles of density ρ and thickness L is:

m = ρ× L× V = ρL
4

3
πN0r

3
me

9
2
σ2

(13)

where rm is the median radius of the distribution.
The log normal distribution can also be applied
to the formula for the optical depth.

τ

L
= βext =

∫ ∞

0
πr2Qextn(r)dr (14)

βext is the volume extinction coefficient, Qext is
the extinction efficiency factor. Putting in the
number distribution gives a result for τ .

τ

L
=

√
π

2

1

σ
N0

∫ ∞

0
rQexte

−(ln(r)−µ)2

2σ2 (15)

Importantly this means optical depth is propor-
tional to number density, therefore we can ex-
press optical depth in terms of the extinction co-
efficient for a particular number density.

τ(N0) = Lβext(N ′
0)
N0

N ′
0

(16)

This is useful as βext(N ′
0) can be calculated using

a Mie scattering code. Rearranging this equation
in terms of N0 and then inserting into the equa-
tion for mass per unit area gives:

m =
4

3
πρ

N ′
0

βext(N ′
0)
r3me

9
2
σ2 × τ (17)

Note that the result is independent of L, the
thickness of the cloud. Using the following as-
sumptions for parameters as typical values [14]:

rm ∼ 1µm
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σ ≈ ln(1.7)

ρ ≈ 2.4gcm−3

Also using the result from a Mie code for many
particle scattering to find the extinction coeffi-
cient for a particular number density gives

m ≈ 0.55× τ (18)

which can then be applied to the retrieved values
of optical depth.

Appendix B: Comparison be-
tween covariance matrices

(see figure 10 below)
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(a) Ash plume from
Eyjafjallajökull eruption on
09/05/2010. Retrieved using Sice
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(b) Ash plume from Puyehue eruption
on 06/06/2011. Retrieved using Sice
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(c) Ash plume from Nabro eruption on
14/06/2011. Retrieved using Sice
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(d) Ash plume from
Eyjafjallajökull eruption on
09/05/2010. Retrieved using Snab
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(e) Ash plume from Puyehue eruption
on 06/06/2011. Retrieved using Snab
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(f) Ash plume from Nabro eruption on
14/06/2011. Retrieved using Snab

ε .

Figure 10: Maps showing a comparison between using different covariant of error matrices (using the
same thresholds). The maps showing the plume over the North Atlantic show that the covariance of
error matrix more suited to the area (Sice

ε ) does generate less noise. Both covariance matrices still
worked well though, with only slight differences between retrieved optical depths at thicker parts of
the ash cloud. Similarly with the second set of maps, where the only difference is a very slight change
in optical depth for some parts of the ash cloud. The maps showing the ash cloud from the Nabro
eruption are more dramatically different, with the map using Sice

ε showing a lot of false positives. This
is most likely due to significant amounts of dust in the air which would have been found in the data
used to generate Snab

ε but not Sice
ε .
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