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Abstract

The height of a volcanic cloud is a key parame-
ter that can be used to predict the evolution of
the cloud, and its climatic impact. Two meth-
ods for estimating the height of volcanic clouds
are tested. In both methods, the speed and di-
rection of motion of volcanic clouds are calculated
using images from the Spinning Enhanced Visi-
ble Infra-Red Imager (SEVIRI) and compared to
the European Centre for Medium-Range Weather
Forecasts’ (ECMWF) reanalyses of the horizontal
wind speed components with altitude at the vol-
cano location. An intersection method and good-
ness method are used to estimate the cloud-top
height of volcanic clouds produced by eruptions
from Mt Etna on 28/02/2021 and 07/03/21.

Both methods are found to provide good height
estimates that agree with local volcanism reports
in the second hour following initial ash detec-
tion. However, both methods produce either in-
accurate or very uncertain height estimates in the
first 30-45 minutes post ash detection. The good-
ness method, which produces a colour map demon-
strating the likelihood that a height is that of the
volcanic cloud, is found to have fewer limitations
and be the more informative method.

1 Introduction

1.1 Background

Volcanic emissions have significant near-term im-
pacts on aviation, respiratory health, and wa-
ter pollution, and therefore pose a considerable
health and economic threat. For example, the
2010 Eyjafjallajokull eruption was estimated to
have caused a net loss of US$ 2.2 billion to the avi-
ation industry alone [1]. Furthermore, the sudden
eruptions of Chaitén, Chile in May 2008, which
produced plumes reaching up to 30 km altitudes
[2], represented a dangerous increase in fine ash
and aerosol amounts for distances as large as 100

km away from the volcano, for up to a month [3].
These cases indicate the need for a fast method
for volcanic emission detection, and subsequent
monitoring, to mitigate any physical and financial
damage.

Additionally, fine ash and aerosols produced by
volcanic eruptions can induce tropospheric cool-
ing effects, whose impact is determined by factors
such as the injection height, particle size distri-
bution, and total mass injected. In particular,
stratospheric ash has been found to persist on
the scale of months to a year, unlike tropospheric
ash injections [4]. This could lead to greater
cooling for longer periods. Hence, understanding
the height distribution of a volcanic cloud post-
eruption is crucial to enable accurate modeling of
volcanic perturbations on climate change from the
current global warming trend.

1.2 Remote Sensing and Motivation

Satellite remote sensing has become an increas-
ingly more reliable data source for volcanic plume
detection and the study of plume-to-cloud evolu-
tion with time, particularly compared to ground-
based detection methods. Not only are ground-
based observations laborious, time-intensive, and
potentially dangerous to gather, but satellite im-
agery can capture the entire geographical scale of
the evolution (over hours or days) of the cloud.
This simplifies the comparison of ash profiles be-
tween images taken at regular time intervals by
the instrument.

In this project, the volcanic cloud is tracked by fol-
lowing the ash produced in the eruption because
these particles are produced in significant quanti-
ties and ash is easily characterised using SEVIRI’s
spectral channels. Additionally, previous work by
Taylor et al. [5] has demonstrated the potential for
using ash images and wind profiles to estimate the
height of volcanic clouds. Taylor et al. used the
Advanced Baseline Imager (ABI) to test whether



the cloud was more likely to be in the troposphere
or stratosphere by comparing local wind profiles to
the ash data from true/false colour images taken
at 1-10 minute intervals.

This project builds on the work by Taylor et al.
by testing two methods, based on the fundamen-
tal concept of comparing wind profiles with the
ash motion, for more precise volcanic cloud height
estimation on two eruptions of Etna in 2021. The
Etna case eruptions are selected for ease of ac-
cess to the local wind profiles via the ECMWF,
the simplicity of the characteristics of the erup-
tive events relative to the April 2021 eruption
of La Soufriere [5], and the desire to showcase
the potential of the height estimation method in
wind-driven regimes, while transparently commu-
nicating its limitations. These eruptions are dated
28/02/21 and 07/03/21, while an eruption dated
10/03/21 is used to convey one of the pitfalls of
the current ash detection method in appendix A.

A comparison of wind data against ash images
taken by SEVIRI at fifteen minute intervals en-
ables close testing of the plume response to the
local wind profile and aims to increase the preci-
sion of the height estimation. In particular, the
direction of ash motion and the ash speed will be
compared to the local wind bearing and speed pro-
files in an attempt to obtain consistent height esti-
mations across multiple variables. The use of geo-
stationary satellite data also implies the potential
for future application of this method for real-time
plume evolution predictions.

2 Methods

2.1 Ash Observation with SEVIRI

Before any height estimation can be performed,
images of the volcanic ash cloud must be obtained.
The SEVIRI instrument is a radiometer that mea-
sures the top of atmosphere radiance from the at-
mosphere across 12 different spectral bands. This
includes the narrow 10.8 pm infrared wavelength
channel, which integrates the radiance in the 9.80
- 11.8 pm spectral interval [6]. Mt Etna (37.75° N,
14.99° E) is a good candidate for the application
of this method using SEVIRI because it lies close
to the centre of SEVIRI’s observed area of -81 to
81° N and -79 to 79° E. In spite of this, spatial
resolution at Etna is worse than its sub-satellite
point resolution of 3 km x 3 km, and parallax at
this latitude and longitude becomes a significant

source of error in the difference between the ash
cloud positions as the plume rises.

The 10.8 pm channel is chosen for volcanic cloud
detection because the ash absorption feature has a
characteristic “V-shape’ that extends through this
channel, making SEVIRI a suitable instrument.
Furthermore, the 9.80 - 11.8 pm spectral inter-
val lies close to the 10-12 pym wavelength channel
used by Prata [7] to characterise ash presence in an
atmospheric column. The ash absorption feature
partially sits in an atmospheric window, meaning
that other clouds or dust can produce false ash
detection.

2.2 Ash Detection

Atmospheric columns that contain ash are defined
in the SEVIRI brightness temperature (BT) im-
ages by flagging pixels that have BTs below some
predefined BT threshold, as demonstrated in fig-
ure 1. In this context, brightness temperature is
simply the temperature of a blackbody that emits
the same amount of radiation in the wavelength
range of interest as has been measured by the in-
strument. Hence, pixels with lower BTs are likely
to contain more ash because the ash will absorb
radiation emitted from the Earth’s surface in the
10.8 pm channel, lowering the amount of radiation
reaching the detector.

This detection method limits its computational
cost by defining narrower latitude and longitude
scene ranges for the image analysis. These are 35
to 40° N, 13 to 18° E for the 28/02/21 eruption;
and 36 to 40° N, 14 to 20° E for the 07/03/21
eruption. A BT threshold of Tijresn, = 250 K is
used for the 28/02/21 eruption and Tippesp, = 230
K for the 07/03/21 eruption. These ranges and
thresholds are chosen to avoid mistakenly flagging
other particulates or cloud types as ash.

Ash clouds can often be detected using such low
BT thresholds because of their high optical thick-
ness; for the same reason, the presented method
provides an estimate for the height of the top of
the volcanic cloud specifically. The scenes in this
study are only representative of scenes that con-
tain limited non-volcanic cloud cover because this
ash detection method cannot distinguish volcanic
from non-volcanic clouds. See appendix A for ev-
idence of this. As our analysis relies on the as-
sumption that all flagged pixels contain ash, more
thorough ash detection methods are recommended
for future work. This limitation, along with others



associated with the methods presented, is listed in
table 1. Other ash detection methods include the
reverse absorption method [7], or the temperature
gradient method [8].

Figure 1: The loaded scene near Etna at 09:45
UTC on 28/02/21. Top: The BT image plotted
from SEVIRI’s dataset. Bottom: The image of
pixels flagged for ash using Tipresn = 250 K.

2.3 Quantifying the Ash Motion

Equipped with images of flagged ash pixels at fif-
teen minute intervals, the direction and speed of
the ash cloud can now be calculated. These are
calculated by direct comparison of the ash loca-
tions in the two most recent images as the scene
progresses in time. Firstly, average ash cloud lo-
cations, denoted in the bottom image of figure 1
by white crosses, are obtained for each image by
averaging over the locations of the flagged pixels
in each image. The angular direction of ash travel
is defined as a forward bearing, which is a surface
angle from the average ash location of image n to
image n+1 taking north as 0°, taken at image n’s
ash location. This is an important distinction, as
bearings do not remain constant as one travels in
a straight line (that is, straight as perceived on the

surface of Earth) across the surface of a spherical
geometry. The ash locations in terms of latitudes
¢; and longitudes \; can be converted to a forward
bearing [ using equation (1), where A\ = Ay —\q:
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In order to calculate the shortest surface distance
d between the two ash locations, the haversine
equation (2) is used:

a= sinQ(%) + cos ¢ cos ¢p sin?(5P),

d=2R arctan(\/‘l/%).

(2)

Subsequently, the ash speed is calculated simply
as v = ¢, assuming a constant ash speed v be-
tween images and a time interval ¢ = 15 minutes.
However, the Earth is an oblate spheroid, which
means that the Earth radius R varies with lat-
itude in the haversine formula where the haver-
sine formula assumes a spherical geometry. The
latitude-dependent Earth radius is calculated us-
ing equation (3), where R, = 6378.137 x 10° m is
the equatorial radius at sea level, R, = 6356.752
x 103 m is the polar radius at sea level [9] and the
latitude of the ash cloud is taken as that in the
first image ¢1 on each time iteration, n:

R =

(Re cos ¢1)? + (Rpsin )2’ (3)
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Calculating the local Earth radius decreases the
uncertainty introduced by assuming the Earth to
be spherical. This can be further reduced by ob-
serving the cloud with finer time intervals. This
reduces the difference in the Earth’s radius AR =
Ry — Ry between each pair of sequential ash loca-
tions, assuming that there is latitudinal ash move-
ment, and thus reduces the uncertainty in the ash
forward bearing and speed. The scene used to
observe the ash clouds from Etna until late-time
dispersal has a latitudinal range of ~5°, resulting
in an approximate 0.03% uncertainty contribution
to the ash bearing and speed.

2.4 Wind and Temperature Profiles

The ECMWF Reanalysis vb (ERA5) provides
hourly estimates of meteorological variable pro-
files, such as temperature and horizontal wind



speed component profiles, with global coverage
[10]. The ERA5 obtains its estimates by combin-
ing records of Earth observations with short-range
forecasts based on the state of the Earth accord-
ing to the reanalysis from the hour prior. Cur-
rently, ERAb5 publishes its reanalysis results with
a 5 day lag behind real-time. This means that,
while near real-time volcanic height estimation us-
ing this data is not currently possible, this paper
demonstrates the potential application of such an
analysis. The ERAS profiles have been temporally
interpolated to match the 15 minute intervals of
the data taken by SEVIRI because ERAS only has
hourly temporal resolution.

Once these profiles have also been spatially inter-
polated to the location of Etna, they can be plot-
ted to demonstrate the expected ash motion at
each height, assuming that the ash is in thermal
equilibrium with its surroundings and the ash is
strongly coupled to the local wind. Examples of
wind and temperature profiles can be found in fig-
ures 2 and 3 respectively. The maximum height
of the profile data considered for height estimation
is limited to 20 km above the surface radius esti-
mated by the model at that latitude to reflect the
infeasibility of the cloud reaching heights above
this. See the ERA5 documentation [11] for more
details.

2.5 The Intersection Method

Two methods for obtaining estimates of the vol-
canic cloud height were explored. The first finds
intersections between the ash speed / direction of
travel, and the ERA5 wind profiles, taking these
intersections to be candidate ash height estimates
at a given time. Henceforth, this method shall
be referred to as the intersection method. The
method can be seen in practice in figure 2, where
the black horizontal lines show the heights at
which the blue wind profile intersects the red ash
parameter. However, figure 2 also conveys that
for wind profiles that vary little with height, this
can produce a broad range of candidate height es-
timates, many of which are not sensible.

The most suitable intersection height for the
timestep is picked by comparing these intersec-
tion heights with a single height produced by the
brightness temperature (BT) method. The BT
method is the most suitable comparative method
because the height estimates can be generated
using the same data sources and workflow for a
more direct comparison. Furthermore, the BT

Figure 2: The ash direction of travel and speed
plotted over the wind profiles from ERAS5, inter-
polated in time and location to Etna at 08:45 UTC
on 28/02/21. Intersections between these data
are shown as red crosses, and constitute height
estimates for this method. Top: Wind forward
bearing profile plotted with ash direction to find
height estimations based on wind direction. Bot-
tom: Wind speed profile plotted with ash speed
to find height estimations based on wind speed.

method is commonly used to retrieve volcanic
cloud heights [5][12] and, for the temperature pro-
files at the time and dates of interest, it often
produces one sub-tropopause height estimate per
timestep. However, often multiple solutions are
produced because the Earth’s temperature profile
is non-monotonic and variable. Consequently, the
BT method is subject to similar limitations, sum-
marised by Taylor et al. [5], to the intersection
method. Although the BT method relies on the
assumption that the volcanic cloud is in thermal
equilibrium with the ambient air at that height,
which causes inaccuracies in estimates early after
ash settles at the level of neutral buoyancy (LNB),
a comparison is still useful to narrow the pool of
realistic height estimates.

The BT method height estimates are found by
comparing the BT of the coldest BT pixel in each
scene to the temporally interpolated ERA5 tem-
perature profile located at Etna. The height at
which the coldest pixel temperature intersects the
temperature profile, as shown in figure 3, is used
to pick out the single closest height per timestep
from the wind direction and wind speed analy-



Figure 3: The coldest, average and median tem-
perature of flagged pixels plotted over the ERA5
temperature profile at Etna interpolated in time to
9:30 UTC on 28/02/21. Crosses indicate the inter-
sections between the temperature profile and each
of the listed temperatures, constituting height es-
timates using the BT method. Pixels were flagged
under the BT threshold Ty, esp = 250 K.

ses. These selected heights are plotted alongside
the coldest pixel heights as a time series in figure
5 for both case eruptions. It should be expected
that more accurate height estimations would be
obtained following the initial eruptive period, once
the cloud height is roughly constant at the LNB
but before the ash cloud begins to disperse under
different wind profile regimes.

2.5.1 Unecertainties

The uncertainties in the heights are calculated dif-
ferently for the two height estimation methods.
In the intersection method the root mean square
(rms) uncertainty in the selected height estimates
for a particular parameter, either ash BT, speed,
or direction, across all timesteps is used. That
is, selected height estimates across all timesteps
are plugged into equation (4) to produce the rms
uncertainty, ¢h, for all height estimates produced
by the comparison for that particular ash cloud

parameter:
5 = 1| 2ot (e — )2
N .

The N represents the number of timesteps of the

(4)

ash cloud in the analysis, h; is the height esti-
mate produced by a particular ash cloud parame-
ter comparison that lies closest to the coldest pixel
height at timestep t, and h represents the mean of
the selected heights across all timesteps produced
by a particular parameter comparison.

2.6 The Goodness Method

The second method for estimating volcanic cloud
heights involves defining a goodness parameter
that determines how well a particular data point
in the ERA5 wind profile matches the ash direc-
tion or speed from the BT scene. Henceforth, this
method is referred to as the goodness method.
The goodness, G, of a data point is defined in
equation (5), where W is an array containing the
speed or direction values of the wind profile at
each recorded height, S is the ash speed or di-
rection calculated from the BT image for that
timestep, and dW and S are the uncertainties
associated with each of these values, respectively:

(W —5)?

“= GweE T oo
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The uncertainties §W and S are discussed further
in section 2.6.1. The goodness treatment above is
akin to a least squares treatment of the wind pro-
file to the ash parameter. That is, lower goodness
values at a particular height indicate that it is a
good candidate for the ash height, and these lower
goodness values occur at heights where the wind
profile is closer to intersecting the ash speed or
direction. Therefore, a height estimate is always
produced, where the intersection method may not
have produced a candidate, as in figure 4.

The goodness method gives the user a qualitative
sense of the uncertainty in any height estimates,
and by extension the suitability of the method for
finding the volcanic cloud height, by outputting
the goodness of data points across the full height
range of interest. For example, the wind speed
profile in figure 4 shows that a high goodness
would be produced at heights below 10 km because
it lies far from the ash speed value, as indicated
by the orange arrow. However, similar goodness
values in the 10-17 km altitude range would be
produced, with the smallest of those being at the
heights indicated by the black arrows. In this case,
the user knows that the height they derive from
these results will have a large uncertainty range
spanning roughly 7 km.



Figure 4: The ash speed plotted over the wind
profile from ERAS5, spatially interpolated to Etna
at 08:00 UTC on 07/03/21. Arrows indicate the
size of (W - S) used to calculate Ggpq at different
heights.

The total goodness value, Gy, for a particular
height is found by combining the goodness value
from the wind-to-ash speed comparison, Ggpq,
with the goodness value from the wind-to-ash di-
rection comparison, Gg;,, in quadrature:

Giot = Ggpd + G2, . (6)
Using equation (6) ensures that any height esti-
mates produced are well-informed by the data,
while highly weighting agreement between the dif-
ferent parameters for height estimation in the re-
sultant height estimate. The total goodness values
for each height data point in the ERA5 wind pro-
files per timestep are presented as a logarithmi-
cally scaled colour map, as seen in figure 6. This
scaling most effectively highlights the low good-
ness regions, and plotting as a colour map allows
the user to easily interpret the qualitative changes

to the ash height with time.

2.6.1 Uncertainties

In the goodness method, uncertainties in the
ERA5 wind profiles, W, and the ash cloud
parameters, S, directly influence the heights
deemed most likely to be the ash cloud height
through equation (5). dW is calculated as the
rms uncertainty of each data point in the wind
profile across all timesteps for a particular height.
The §S for ash direction is obtained by consider-
ing the uncertainty in the pixel positions of the
BT image and the uncertainty introduced by as-
suming that the Earth is spherical in the haversine
formula (2). The uncertainty associated with the
pixel positions in the BT image is taken as half
of the sub-satellite surface pixel resolution, that is
1.5 km in the northward and eastward directions.

Therefore, §S for the ash direction and speed will
inevitably be an underestimated uncertainty be-
cause Etna lies at a latitude of 37.75° N, where the
shallower angle to the satellite results in a larger
pixel resolution.

The pixel size and Earth radius uncertainties, the
latter being taken as R, - R, ~ 21 km, are propa-
gated through the haversine equation (2) and for-
ward bearing equation (1) as demonstrated in ap-
pendix B. This produces the uncertainty in the
forward bearing, 63, which is equivalent to 6S for
the ash direction goodness, Gg;.

The percentage uncertainty associated with the
pixel size (~7.5%) is much larger than the per-
centage uncertainty associated with the Earth’s
radius (~0.3%). Hence, ¢S for the ash speed is
found by scaling the pixel-size uncertainty accord-
ing to v = %, neglecting the uncertainty associ-
ated with the Earth’s radius. The 6S for the ash
speed is then used to calculate Ggpq according to
equation (5). The subsequent colour map of Gy
is directly informed by the uncertainties associ-
ated with the ash and wind parameters. How-
ever, no definitive height estimates are given by
the goodness method, therefore no height uncer-
tainties can be either. Instead, at present the user
is left to discern how certain any height estimates
are that they choose to draw from the colour map.
As such, further work could involve producing a
single height estimate, with uncertainty, at each
timestep using the goodness method.

3 Results and Discussion

3.1 The Intersection Method

Figure 5 shows the time series of the volcanic
cloud heights obtained and plotted using the in-
tersection method for the Etna eruptions dated
28/02/21 and 07/03/21. The series show that
roughly an hour or longer post-eruption the height
estimates for both volcanic clouds settle at an alti-
tude range of approximately 9-11 km. This consis-
tency between two eruptions set only 7 days apart
implies that the method is accurate because the
LNB of clouds with similar compositions at the
same latitude is expected to be consistent. Fur-
thermore, the settled heights are mostly in agree-
ment with the ash heights published by other sci-
entific sources, which are discussed below.

The Toulouse Volcanic Ash Advisory Centre
(VAAC) provides updates on volcanic clouds



(a) Etna eruption of 28/02/21,
starting at 08:00 UTC, with Typresn = 250 K.

(b) Etna eruption of 07/03/21,
starting at 06:30 UTC, with Typresn = 230 K.

Figure 5: Time series of the coldest pixel heights, and the closest wind profile ash heights. Absence
of a data point indicates that no intersection heights exist at that height. No wind profile data points
can be given at the initial timestep as no previous ash location exists to use in calculating the ash
speed or direction. Wind profile heights are offset either side of their timestep for ease of viewing.

within their designated VAAC zone. Etna falls
within this zone, and so the Toulouse VAAC in-
termittently report the altitude of Etna’s volcanic
cloud-tops, often in terms of flight levels, ob-
tained using a combination of satellite imagery
and webcams operated by the Instituto Nazionale
di Geofisica e Vulcanologia (INGV) [13]. The
Smithsonian Institution Global Volcanism Pro-
gram (GVP) also provides reports on Etna’s ac-
tivity, including the volcanic cloud altitude [14].
This is informed by a variety of sources such as
nearby aircraft reports, ground-based images, and
satellite instrument imagery. These sources form
the pool of validating ash cloud heights.

Scollo et al. [12] state that using the coldest pixel
temperature to estimate the volcanic cloud height
generally leads to an underestimate of the cloud-
top height. This is because the BT method as-
sumes that the cloud is completely opaque. If
the cloud isn’t completely opaque, some radiation
from beneath the cloud is also picked up by the
instrument, subsequently measuring a higher BT.
Consequently, the cloud height retrieved is lower,
where the ambient temperature is slightly warmer.

For the 28/02/21 eruption, the VAAC report a
volcanic cloud height of ~6 km at 08:31 UTC and

~10 km at 09:16 UTC, and the GVP report an ash
cloud altitude of 11 km. For the 07/03/21 erup-
tion, the VAAC report a volcanic cloud height of
~10 km at 07:21 UTC, and the GVP report agree-
ment with an ash cloud altitude of 10 km. Most of
these heights are in agreement with the time series
heights within uncertainty, as conveyed in figure 5.
Disregarding the stratospheric outliers, the cold-
est pixel heights for both eruptions are generally
equal to or lower than the reported VAAC and
GVP heights too, so there also seems to be agree-
ment with Scollo et al. [12]. However, there is dis-
agreement with the 6 km reported at 08:31 UTC
28/02/21 by the VAAC, which highlights some of
the problems with the intersection method.

Firstly, both eruption results imply that the ash
jumps to stratospheric heights before settling back
to the GVP height. The more realistic ash cloud
height at 08:30 UTC on 28/02/21 is the 6 km re-
ported by the VAAC because it is physically un-
likely that the ash fell ~4 km in 15 minutes. Con-
sequently, the method seems unsuitable to deter-
mine the ash cloud height within the first 45-60
minutes post-eruption. Further inspection shows
that there are also only a small number of ash
speed heights within 2.5 km of the coldest pixel
heights for the 07/03/21 eruption. The ash speed



(a) Etna eruption of 28/02/21,
starting at 08:00 UTC, with Typresn = 250 K.

(b) Etna eruption of 07/03/21,
starting at 06:30 UTC, with Tpresn = 230 K.

Figure 6: Colour maps of the total goodness, G, for each height associated with an ERA5 data point
across all timesteps processed. Goodness values are logarithmically scaled to better identify altitudes
and times with low goodness. Low goodness is associated with good ash height candidates.

heights at 08:15 and 08:30 UTC only agree with
the coldest pixel heights within uncertainty be-
cause the combined uncertainty ranges of these
heights span almost 10 km. Meanwhile, there are
no ash speed heights found by the intersection
method at 08:00, 09:00, and 09:15 UTC. This is
supported by the lack of intersections in the 08:00
UTC wind speed profile in figure 4.

From this it can be argued that: the ash direction
is a more consistent indicator of the real ash height
than the ash speed for these eruptions; the ash
speed and direction do not intersect with the wind
speed and direction profiles enough at reasonable
ash height estimates to be reliable; and most plot-
ted heights only agree within uncertainty because
they are selected based on their closeness to the
coldest pixel height. As a result, this method relies
too heavily on the coldest pixel height being accu-
rate to be of good use, reducing the usefulness of
this method back to confirming whether the ash
height is stratospheric or tropospheric [5]. The
unreliability within 45-60 minutes of the eruption
could be attributed to the cloud not being in ther-
mal equilbrium with the ambient air yet, or to the
changing parallax as the ash rises. The goodness
method was developed in an attempt to remedy
the shortcomings of the intersection method.

3.2 The Goodness Method

Figure 6 shows the colour maps of the total good-
ness values, Gy, at each height and time for which
the ash cloud has been monitored for the eruptions

on 28/02/21 and 07/03/21, respectively. Firstly,
it should be appreciated that these plots present a
broader picture of how the ash and wind profiles
behave. For example, it can be observed that the
ash cloud is unlikely to be within 2.5 km of the
Earth’s surface because the wind speed at these
altitudes is consistently much lower than the ash
cloud speed, like in figure 4. These heights are
also physically unlikely because Etna itself has a
height of ~3 km.

Also, the heights of the ash cloud that can be in-
ferred from this data are in agreement with the
values provided by the VAAC and GVP, as dis-
cussed in section 3.1. These inferred heights are
between 10 and 12 km from 08:45 to 10:00 UTC
for the 28/02/21 eruption, and between 10 and
11 km from 07:15 to 08:45 UTC for the 07/03/21
eruption. The goodness method heights are also in
agreement with the ash direction and coldest pixel
heights from the intersection method during these
time intervals. However, the more impressive de-
tail is that the colour map for the first eruption
implies that the ash could be at a height between 5
and 10 km at 08:31 UTC, when the VAAC reports
the height being 6 km. While the goodness is lower
at ~16 km at 08:31 UTC, it is physically unlikely
that the ash would fall as significantly as 5 km in
15 minutes, indicating that this is a false positive
height estimate. Here, the goodness method ben-
efits by presenting the user with the information
to deduce the ash height for themselves.

The user can infer that the most likely ash height



Table 1: Table of limitations, and recommended improvements, to the methods used in this report.

Limitation

Proposed Solution

The wind profile used for comparison is always at
Etna, not co-located with the ash.

Spatially interpolate the ERA5 profiles to ash lo-
cation, or use closest the radiosonde data.

False positive ash pixel flagging is common in high
cloud cover scenes (see Figure 7).

Use alternative method for ash detection (e.g. re-
verse absorption with strict ash threshold) [7][15].

False positive ash pixel flagging fatally moves cal-
culated ash location away from ash cloud (see Fig-
ure 7).

Only use flagged pixel shape closest to the last av-
erage ash pixel location to calculate the new aver-
age ash location.

Higher uncertainty exists in early height estimates
while the cloud is rising, therefore parallax from
satellite changes the perceived ash cloud location.

Interpolate between the time of eruption and the
time to reach the LNB using a plume ascension
model to correct heights affected by parallax.

The goodness method provides only a qualitative
demonstration of the likelihood that the ash is lo-
cated at each height.

Define a goodness threshold. Heights at which this
threshold is crossed define the uncertainty range
of the height estimate.

at 08:31 UTC on 28/02/21 is between 5 and 10
km, and that the estimate is very uncertain be-
cause the goodness values are even over this height
range. This is a sensible result because the ash at
this time will be ascending through different wind
regimes, therefore the ash will not consistently
be blown in one particular direction. Addition-
ally, the latitude and longitude of the ash cloud
still are not easily attributable because the paral-
lax from the instrument to the ash cloud changes
with ash height. In conclusion, the colour maps
openly demonstrate that the ash-to-wind com-
parison method is ineffective at determining the
ash cloud height within the first 45 minutes post-
eruption. This information is extremely useful
when deciding how to respond to the ash height,
and it would not have been possible to conclude
that the ash height is rising in the first 45 minutes
of this eruption had all the goodness values not
been presented.

The 07/03/21 eruption colour map presents high
uncertainty in the height estimates inferred from
09:00 UTC onwards. This could be because ash
from this time has begun to fallout from the cloud
and enter different wind regimes, thinning or split-
ting the cloud and making estimates of its height
more uncertain. Further evidence of cloud thin-
ning and splitting can be found in appendix C.
In addition, the ERA5 wind profiles are spatially
interpolated to Etna for all times in this analy-
sis, so the likelihood that the ash responds to a
different wind profile increases as the ash moves
further from the source. Altogether, these suggest
that the goodness method becomes worse at de-
termining the ash height after approximately two

hours post-eruption. The effect of the ash moving
to a location with worse pixel resolution is con-
sidered negligible given the distance traveled by
the cloud, on the scale of a few degrees, is small
compared to the instrument’s longitudinal range
of -79 to 79° E.

4 Conclusion

Within this report, the intersection and good-
ness methods for estimating the height of volcanic
clouds were developed and tested on two Mt Etna
eruptions from early 2021. It can be concluded
that the goodness method has more potential for
future application as a volcanic cloud height esti-
mation tool because it does not rely on any other
pre-existing height estimation method, and it has
proven to more consistently agree with the vali-
dation heights provided by the VAAC and GVP.
Also, it presents the user with sufficient data to
make an informed decision regarding the volcanic
cloud height for themselves. However, further de-
velopment and testing of the goodness method
is necessary before implementation as a reliable
height estimation tool.

Many of the limitations of the intersection and
goodness methods, alongside suggested solutions,
are summarised above in table 1. Future work
should focus on testing various combinations of
these, or other, solutions on height estimation per-
formance for a wider range of eruption types. This
is especially important in determining if any rela-
tionship exists between the strength of the local
wind and energy of the initial eruption; and the
accuracy of the goodness method for height esti-



mation and post-eruption delay before height esti-
mations from this method become reliable. That
is, understanding the strength of the ash-to-wind
coupling for different types of eruption will better
define the limitations of this method.

In testing the accuracy of height estimations us-
ing ash speeds and directions taken from differ-
ent satellite instrument images, and wind profiles
from sources such as radiosondes, it can be better
understood which data sources are most compat-
ible with the goodness method. In this study, all
ERAS5 profiles were spatially interpolated to Etna,
so taking wind profiles from multiple sources could
improve horizontal spatial resolution and allow fu-
ture wind profiles to be accurately interpolated to
the longitude and latitude of the ash cloud. Using
wind profile sources that take more frequent mea-
surements with altitude would improve the reso-
lution of goodness values in the colour maps and
inform more accurate height estimations. How-
ever, this must be done while ensuring that the
analysis does not become too computationally ex-
pensive. With further research and testing, the
potential exists for this method to develop into a
global, semi-automated ash warning tool.
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A Non-Volcanic Cloud Flagging

Figure 7 conveys that for scenes with strong cloud
cover, this ash detection method cannot distin-
guish volcanic from non-volcanic clouds. The
analysis method assumes that all flagged pixels
within a scene accurately represent the location
of the ash. Hence, more thorough ash detection
methods should be applied for future use of this
analysis method.

Figure 7: The loaded scene in the vicinity of Etna
at 01:30 UTC on 10/03/21. Top: The BT image
plotted from SEVIRI’s dataset. Bottom: The im-
age of pixels flagged for ash using Tipresn = 230
K. At higher BT thresholds, the likelihood of flag-
ging non-volcanic clouds increases. The average
ash location at each timestep, denoted by a white
cross and calculated as in section 2.3, does not
follow the ash motion due to non-volcanic cloud

flagging.

B Uncertainty Propagation

The uncertainties introduced by the sub-satellite
pixel resolution and the assumption that Earth
is spherical are propagated through equations (1)
and (2) in order to find the uncertainty in the
ash forward bearing, 03, from ash location n to
n+1. Firstly, the haversine is decomposed into
a North-South surface distance, x, and an East-
West surface distance, y, by setting AX and A¢
to zero in the haversine equation (2) respectively,
producing equations (7) and (8):

x = RAg. (7)
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For the BT image scenes in this report, the max-
imum latitude range is 5° and the images in ap-
pendix C demonstrate that there is little latitu-
dinal ash motion between images. Consequently,
the assumption that ¢; = ¢2 is made and the
subscript is discarded for the East-West surface
distance equation:

cos ¢ sin(%)

\/1 — cos? ¢sin?( i

y = 2R arctan

AN

2

)

Subsequently, the uncertainties associated with
the difference in latitude, 6(A¢), and longitude,
d(AN), between image n and image n+1 are pro-
duced by using the variance equations (9) and (10)
for propagation of uncertainty through equations
(7) and (8), respectively:

5(A0) = \/ ( )2<6R>2 +(

The uncertainties in the Earth surface distances
are both set to half the sub-satellite surface pixel
resolution, such that dz oy = 1.5 km. The
uncertainty associated with the change in Earth’s
radius at different latitudes is conservatively set
to the approximate difference between the radius
at the equator and at the pole, such that R =
Re - R, = 21 km. The uncertainty in the dif-
ference of the ash latitude between two images,
d(Ag), is directly proportional to the uncertainty
in the latitude of the ash cloud in a single image
according to §(A¢) = v/20¢4. Hence, the latitudi-
nal uncertainty is calculated first, as this informs
the uncertainty in the difference of the ash longi-
tudes between two images, 0(AN):
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Finally, the uncertainty in the forward bearing, 65
can be found by propagating the above uncertain-
ties through equation (1) using equation (11):
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C BT images of the 28/02/21 and 07/03/21 eruptions of Etna

The following images represent the entire set of scenes, taken from SEVIRI, that are used to find the
ash motion variables between each timestep for this report. It can be seen in figures 8 and 10 that
the ash cloud is initially optically thick and dense, as demonstrated by the dark blue cloud colour
and the smaller size of the low BT region. In later images on both days the ash cloud spreads and
thins, as alluded to in section 3.2. Additionally, the 10:00 UTC image in figure 9 and the fourth row
of images in figure 11 offer evidence for ash cloud splitting at late times. This splitting could be a
result of uneven cooling and /or motion under different wind regimes of different parts of the ash cloud.
The ash locations, denoted by white crosses in figures 9 and 11, are determined by averaging over the
locations of all flagged pixels in the scene.

Figure 8: Chronology of the 10.8 ym channel SEVIRI BT images near Etna on 28/02/21,
starting at 08:00 UTC.
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Figure 9: Chronology of the areas flagged for ash near Etna on 28/02/21,
starting at 08:00 UTC, with Typresn = 250 K.
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Figure 10: Chronology of the 10.8 pm channel SEVIRI BT images near Etna on 07/03/21,
starting at 06:30 UTC.

Figure 11: Chronology of the areas flagged for ash near Etna on 07/03/21,
starting at 06:30 UTC, with Typresn = 230 K.
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