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Abstract: From 2011 to 2015, 49 lava fountains occurred at Etna volcano. In this work, the
measurements carried out from the Spinning Enhanced Visible and InfraRed Imager (SEVIRI)
instrument, on board the Meteosat Second Generation (MSG) geostationary satellite, are processed
to realize a proximal monitoring of the eruptive activity for each event. The SEVIRI measurements
are managed to provide the time series of start and duration of eruption and fountains, Time
Averaged Discharge Rate (TADR) and Volcanic Plume Top Height (VPTH). Due to its temperature
responsivity, the eruptions start and duration, fountains start and duration and TADR are realized
by exploiting the SEVIRI 3.9 um channel, while the VPTH is carried out by applying a simplified
procedure based on the SEVIRI 10.8 um brightness temperature computation. For each event, the
start, duration and TADR have been compared with ground-based observations. The VPTH time
series is compared with the results obtained from a procedures-based on the volcanic cloud center
of mass tracking in combination with the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) back-trajectories. The results indicate that SEVIRI is generally able to detect the start of
the lava emission few hours before the ground measurements. A good agreement is found for both
the start and the duration of the fountains and the VPTH with mean differences of about 1 h, 50 min
and 1 km respectively.

Keywords: Etna volcano; 2011-2015 Etna lava fountains; remote sensing; SEVIRI data; eruption start
and duration; volcanic plume top height; time averaged discharge rate

1. Introduction

In 20112015, the eruptive style of Mt. Etna volcano (Sicily, Italy) showed an intense explosive
activity. Strombolian events became more frequent, often associated to magnificent episodes of lava
fountains. The most intense phase of these eruptions, commonly indicated as “paroxysmal” episodes,
can be very short (from minutes to hours). The low frequency of polar-orbiting satellite observations
is often inadequate to detect these paroxysmal episodes. Therefore, the Spinning Enhanced Visible
and InfraRed Imager (SEVIRI), the primary instrument aboard Meteosat Second Generation (MSG)
geostationary platforms, with its high temporal resolution (15 min for the Earth full disk and 5 min
for the rapid scan mode over Europe and Northern Africa) has become an important tool for volcano

Geosciences 2018, 8, 140; d0i:10.3390/ geosciences8040140 www.mdpi.com/journal/geosciences


http://www.mdpi.com/journal/geosciences
http://www.mdpi.com
https://orcid.org/0000-0001-6910-8800
https://orcid.org/0000-0002-6235-1565
https://orcid.org/0000-0001-6519-3868
http://www.mdpi.com/2076-3263/8/4/140?type=check_update&version=1
http://www.mdpi.com/journal/geosciences
http://dx.doi.org/10.3390/geosciences8040140

Geosciences 2018, 8, 140 2of 16

observation in spite of its coarse spatial resolution [1,2]. SEVIRI has 12 spectral channels from visible
(VIS) to Thermal InfraRed (TIR) with a nadir spatial resolution of 3 km (1 km for the high resolution
High Resolution Visible-HRV channel). Measurements from SEVIRI allow the monitoring of the whole
evolution of both the proximal volcanic activity and the ash and gas emissions into the atmosphere
generated by explosive events, from the near-source plume column to the distal volcanic clouds
transported by the winds [1]. Several physical parameters estimated from each SEVIRI image provide
a quantitative characterization of the volcanic clouds in terms of ash mass burden, effective radius,
aerosol optical depth and SO, mass [3-5]. The space-based observations covering an entire eruptive
event allow the description of the evolution of these volcanic cloud parameters, and the detection of
the horizontal and vertical extent of the atmospheric volume affected by the ash cloud [1]. Moreover,
they provide a record of the proximal thermal history of the event [6-8] and a precise timing of the
early phase of the eruption [9]. All these space-based parameters enable continuous monitoring
of the volcanic activity which can be complemented and validated by the available ground-based
observations [1].

In this work a review of the lava fountaining events that occurred at Etna volcano from the
beginning of 2011 to the end of 2015 is presented with a focus on the induced proximal activity analyzed
by using SEVIRI data. Here both the SEVIRI instruments aboard MSG platforms positioned at 0 and
9.5° E, with a repeat cycle of 15 min (Earth full disk) and 5 min (rapid scan mode) are considered.

The paper is organized as follows: Section 2 outlines and references the Etna 2011-2015
lava fountains, and Section 3 describes the methods used to retrieve the eruptions and fountains
beginning and duration, the Time Averaged Discharge Rate (TADR) and the Volcanic Plume Top
Height (VPTH) from SEVIRI data. In Section 4 the results of these analyses are reported, while in
Section 5 they are validated by exploiting the comparison with ground-based data, or by applying
different and independent retrieval methods based on satellite measurements and model simulations.
Final conclusions are drawn in Section 6.

2. The 2011-2015 Etna Lava Fountains

Since 2011 Etna was very active with 49 lava fountain events produced from the central craters
with the most violent eruptions forming high plumes that overtake the tropopause. Those eruptions
were characterized by three well defined phases: in the first one, there was the rising of Strombolian
activity and lava flow emission; the second phase was characterized by the formation of lava fountains
which produced abundant tephra fallout entirely covering the volcano flanks and finally, in the third
and last phase, there was a decreasing of the explosive activity up to the end of the eruption [9,10].
The most frequent events were produced from the New South East Crater (NSEC), a new vent that
opened in 2010 at the base of the South East Crater (SEC). During those events eruption columns
were well visible from the video-surveillance system [11] and, in some cases, were also retrieved by
lidar [9] that showed volcanic ash concentrations higher than the ash concentration thresholds for
safe airspace defined by the International Civil Aviation Organization (ICAO) in the 2010 Volcanic
Ash Contingency Plan [12]. Tephra fallout from the NSEC events gives total masses between ~10%
and ~10° kg [13] and this variability is function of the ratio between ash and lava amount produced
during the eruption [14]. Among the NSEC events, the 23 November 2013 lava fountain had a great
impact because the high mass eruption rate associated to strong winds allowed to larger clasts to fall
at distances of 5-6 km from the vent, hitting hikers and tourists [13] and affecting the airspace [1]. It is
noteworthy that similar violent events were produced from the Voragine Crater (VOR) that produced
four events in less than three days from 3 to 5 December 2015. This eruption produced columns rising
up to 15 km a.s.l. [15] and copious tephra fallout deposit having a volume of 7.1 x 10° m3 [16].
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3. Proximal Monitoring of Volcanic Eruptions

In this work the proximal monitoring is referred to the analysis of SEVIRI data on the Etna summit
craters area. In this section, the procedures developed for the estimation of eruptions and fountains
start and duration, TADR and VPTH are described.

3.1. Eruption Start and Duration

Infrared remotely sensed data can be used to evaluate the surface thermal state of active
volcanoes [17-20]. Because the spectral radiance emitted by hot spots reaches its maximum in the
region of Mid InfraRed (MIR), the early detection of an impending eruption is realized by exploiting
the SEVIRI 3.9 um channel. Despite its relatively coarse spatial resolution (3 x 3 km? at sub satellite
point) the presence of a high temperature source, even affecting only a small portion of one large pixel,
causes a dramatic increase of the emitted MIR radiance [18].

A procedure named MS2RWS (MeteoSat to Rapid Response Web Service), has been developed
to exploit the capability to detect the beginning and duration of an eruption. The algorithm is an
improvement of the procedure presented in Musacchio et al. [21,22] applied to the SEVIRI 3.9 um
measurements. The procedure starts from the assumption that in a remote sensing image a pixel may
assume a limited number of values ranging from 0 up to the saturation. During a continuous daily
acquisition, the radiance of a given pixel, in clear sky condition and no eruption, follows a characteristic
trend related to the Sun irradiance. By considering the 3.9 um SEVIRI channel, five years of images
have been analyzed for each 15 min SEVIRI acquisition and the maximum radiance values of the pixel
centered on Etna craters (red pixel in the inset zoom of Figure 1), and the maximum average radiance
in a region of 5 x 5 pixels around it (blue pixels in the inset zoom of Figure 1) have been computed.

Figure 1. On the left: Spinning Enhanced Visible and InfraRed Imager (SEVIRI) image at 3.9 pm and

zoom on Etna area. On the right: details of the pixels centered on Etna craters (red) and the surrounding
5 x 5 pixels (blue) considered for the start and duration eruption computation.

In this space and time domain an “historical” threshold called “Dynamic Threshold” (DT) is defined:

DT(t) = Upper_Limit(t) — Lower_Limit(t) 1)
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where Upper_Limit is the maximum radiance values for the pixel centered on Etna craters defined as:
Upper_Limit(t) = max(Lg, (x*,y")) feT (2)

With Ly, (x*,y*) is the radiance at 3.9 um of the pixel centered on Etna craters at time t;
T={tyg, t1, ..., tm} with m = 365 days x 5 years.

The Lower_Limit(t) is the maximum of the mean value computed in a region of 5 x 5 pixels
around the pixel centered on Etna:

{}]':1 Ltk (Xi’ y] )] - L'Ek (X*/ Y*) } (3)
thT

L Limit(t) = X
ower_Limi = max 2 —1

withn =5.

DT(t) is then compared with the “Difference of Radiances” (DR(t)) defined as DT(t), but, instead
of the maximum historical values, the real time radiance values are considered.

Finally, by making the difference DT(t)-DR(t), two solutions are possible:

DT(t) > DR(t), no eruption occurs; 4)

DT(t) < DR(t), eruption occur. (5)

Figure 2 shows two examples of no eruption (17 April 2013, upper plot) and eruption (5 January
2012, lower plot) test cases respectively. In these plots, DT(t), the radiance measured at 3.9 pm for the
central pixel (L(x*, y*)) and DR(t) are represented by the dashed, solid and dotted lines respectively.
As the upper plate of Figure 2 shows, the dotted line is always below the dashed line, therefore no
eruption was detected. On the contrary, the lower plate of Figure 2 shows an abrupt increase of
the 3.9 um radiance until the saturation value (2.37 W/m?/sr/um). The beginning of the eruption
is identified at 01:10 UTC when DR(t) became greater than DT(t), while the end of the eruption is
detected at 20:15 UTC, when DR drops back to values lower than DT(t). The trend of DR(t) and L(x*,y*)
identifies also minor oscillations due to fluctuations of the volcanic activity, and a deep absorption
between 5:50 to 6:55 UTC that indicate the start and the end of the fountaining with the formation
of an eruptive plume. In fact, the volcanic plume, absorbing the underlying radiation, produce the
decrease of the radiance measured from the satellite.
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Figure 2. Data for 17 April 2013 (a) and 5 January 2012 (b) test cases. In these plots, the dashed, solid
and dotted lines represent the Dynamic Threshold (DT(t)), the radiance at 3.9 um of the pixel centered
on Etna summit craters, and the Differences of Radiance (DR(t)) respectively.

3.2. Lava Discharge during Etna’s Lava Fountains

Following Gouhier et al. [23], Wright et al. [24] and Harris et al. [6], the Time Averaged Discharge
Rate (TADR) is estimated during Etna’s 2011-2015 eruptive events using SEVIRI 3.9 um measurements.
The data are processed using AVHO0tRR routine developed by Lombardo [25] to monitor volcanic
activities in near-real time. AVHotRR allows for automatic hot-spot detection and heat flux estimate
(Qtot). To convert Qo to TADR using the satellite thermal data, the well-established conversion of
Harris et al. [6] is applied. The conversion to TADR reduces to an empirical relation, whereby [24]:

TADR = mA/c, (6)

in which A is the area of active lava flow derived from the satellite image, and m and c are coefficients

set on a case-by-case basis [26]. Following Gouhier et al. [23], A is estimated from radiant pixels

containing lava from:

L(x*,y") — L(Ta)
L(Tc) - L<Ta)

where Apix is the pixel area, L(Ta) and L(T.) are the 3.9 um radiances at ambient (T,) and lava (T)
temperature respectively. T, is computed from adjacent lava-free pixels using the TIR channels.
Because of the small fraction of the SEVIRI pixel occupied by lava and considering that the radiant
peak of energy is centered at MIR wavelengths, there is no anomaly in the TIR. Therefore, T. is set
by considering a suitable range of values [27] that lead to a solution spanning over a wide range of
TADR values. Uncertainties in TADR estimates can be reduced using data from higher spatial and
spectral resolution sensors such as the Moderate Resolution Imaging Spectroradiometer (MODIS) or
the Advanced very-high-resolution radiometer (AVHRR) [28-30], for which the pixel size of about 1
km? is generally sufficient to detect anomalies also in the TIR.

A:

Apix/ (7)

3.3. Volcanic Plume Top Height

The VPTH is determined by using a simplified procedure based on the computation of the
brightness temperature at 10.8 pm (T, 198) of the most opaque pixels of the volcanic plume, and
considered as a proxy for the ambient temperature at the same height [31]. This value can be compared
with a temperature profile (as close as possible in time and space) to obtain the height where the
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temperature best matches the plume-top temperature [31,32]. For each SEVIRI image, the VPTH is
estimated by computing the minimum Ty, 19 g value in an area of 9 x 9 pixels centered over the volcanic
vents. This procedure, labelled in the following Dark Pixel (DP), is very simply to apply despite it works
reliably only when the cloud behaves as a black-body and the atmospheric profile is representative.
The highest uncertainties occur for plume heights near the tropopause where the temperature variation
as a function of height is small. In this work, the atmospheric temperature profiles used for the VPTH
estimation are those derived from the mesoscale model of the hydrometeorological service of Agenzia
Regionale per la Protezione Ambientale (ARPA) Emilia Romagna named ARPA-SIM. An hourly model
output from 72-h weather forecast provided every 12 h is considered. The ARPA-SIM grid spans from
12.5° to 18.5° E and from 34.5° to 40.5° N and has 22 isobaric levels. Data are provided as GRIB of
101 x 101 points stepped by 0.0625°.

Figure 3 shows an example of the VPTH retrieval obtained from the SEVIRI image collected the
23 November 2013 at 10:00 UTC and the corresponding ARPASIM temperature profile. In this case,
the brightness temperature of the most opaque pixels is —53 °C and yields to an altitude of 11.1 km.
The VPTH uncertainty is obtained by computing the altitudes for Ty, 195 +/— 2 K (dashed gray lines), in
which 2 K take into account the statistical variability of the most opaque pixels of the cloud. This leads
to a final result of 11.1 +/— 0.7 km.

20

15

Height [km]
=

-70 -50 -30 -10 10
Temperature [C]

Figure 3. Atmospheric temperature profile derived from the ARPA-SIM model at 10:00 UTC the
23 November 2013. The dashed vertical line represents the Ty, 19 g of the most opaque pixels obtained
from the SEVIRI image collected at 10:00 UTC (=53 °C). The horizontal dashed line represents the
estimated VPTH (11.1 km). The vertical and horizontal dotted gray lines represent the uncertainty on
Ty, 108 and VPTH respectively.

4. Results

Figure 4 shows the time series of DT(t), L(x*, y*) and DR(t) for the 2-5 December 2015 events.
In the figure the start and end of eruptions, the 3.9 um signal saturation, the presence of volcanic
plumes (lava fountains) and the meteorological clouds over the vents are emphasized. The SEVIRI
images on the top highlight the different plot signatures. In particular, in the first image on the left, the
3.9 um channel shows the high. The other RGB composite images (R: Ty, 10-Tb,10.8; G: Th10.8—Tb,8.6; B:
T}, 10.8) emphasize the presence of the volcanic and/or meteorological clouds in the area of interest.

Figure 4 clarifies possibilities and limits of the SEVIRI 3.9 um channel analysis. For the 2-3
December event, the eruption start, end and volcanic cloud presence are clearly detected, while for the
4-5 December events the situation is much more critic due to the presence of a wide meteorological
cloud system in the area. In this latter case, it is not possible to identify the end of the 4 December and
the start of the 5 December events: from the 3.9 um analysis these two events are merged into one.
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Figure 4. The 3.9 pm radiance from 2 to 5 December 2015. Different characteristics of the eruption
are shown: start, end, saturation, presence of volcanic plume and meteorological clouds. The satellite
images displayed on the top highlight the different plot signatures.

Table 1 (formatted in agreement with Behncke et al. [10] and De Beni et al. [33]) summarizes
the timing and duration of the different phases identified for all the 2011-2015 events with the
MS2RWS procedure applied to the 3.9 pm SEVIRI measurements. As the table shows, in some cases
the estimations are impossible because of the presence of meteorological clouds over the volcanic
area that covers completely the eruption signal (gray rows). As an example, the MS2RWS approach
cannot discriminate the start and the end of all the events from 19 to 23 February 2013 and from 4 to 5
December 2015 because of the cloudy scenarios. The table shows also that several start/end fountains
cannot be detected. The reason of that can be threefold: the presence of meteorological clouds over the
plume that mask completely the ash signal, a plume too thin to sufficiently darken the 3.9 um signal,
and a plume too quickly transported out from the volcano area due to the high wind speed.

The last column of Table 1 shows the VPTHs estimated with the DP technique and the associated
errors. It indicates that more than the 60% of the VPTHs are between 8 and 12 km a.s.l. and that the
mean uncertainty is about 0.5 km.

Figure 5 shows the unconstrained TADR obtained for all the Etna lava fountains in which T,
has been set in the range 100-600 °C. As the figure shows the big uncertainty on T, values lead to
big uncertainties on the TADR, ranging from 3 to 35 m3/s. Moreover, TADR estimates suffer from
radiance saturation of the SEVIRI 3.9 um channel and therefore TADR values result underestimated.
Figure indicate also the occurrence of many short-term but quite intense fire fountains and a significant
event from 6 to 8 December 2015 (bottom plot) not considered in Table 1. The reason is that this event
produced lava flow emission without the formation of stable lava fountain. In Section 5.2 the AVHRR
higher spatial resolution measurements will be used to reduce the SEVIRI TADR uncertainty.
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Table 1. Timing of the different phases and duration recognized for all the 2011-2015 events for
both the eruption and lava fountains derived from the MS2RWS procedure applied to the 3.9 pm
SEVIRI measurements. The last column indicates the Volcanic Plume Top Height (VPTH) estimated by

considering the DP approach. In grey the date with a complete meteorological cloud cover. All start

and end times are in UTC.

Reference  Episode  Start Start End End E;,r:tlon Duration VPTH
Date Number  Eruption Fountaining Fountaining Eruption - Fountaining [Km]
Emission

12/01/2011 12/01/2011 12/01/2011 13/01/2011 . . _

12/01/2011 1 19:30 22:00 22:30 03:00 7:30 00:30 90+/—04

18/02/2011 2 / / / / / /
09/04/2011 10/04/2011 10/04/2011 11/04/2011 . . -~

10/04/2011 3 19:00 11:00 15:40 23:50 52:50 04:40 67+/—03
11/05/2011 12/05/2011 . B

12/05/2011 4 18:35 / / 23:50 29:15 / 52+/-03
09/07/2011 09/07/2011 09/07/2011 10/07/2011 . .

09/07/2011 5 09:25 14:40 15:00 11:25 26:00 00:20 9.6+/—03
18/07/2011 20/07/2011 .

19/07/2011 6 20:45 / / 04:00 31:15 / /
24/07/2011 26/07/2011 . _

25/07/2011 7 20:50 / / 02:45 29:55 / 52+/—03
30/07/2011 31/07/2011 .

30/07/2011 8 07.25 / / 10-40 27:15 / /
05/08/2011 06/08/2011 . 13.1+/—

05/08/2011 9 19:45 / / 10:35 14:50 / 10
12/08/2011 13/08/2011 . _

12/08/2011 10 05:50 / / 08:20 26:30 / 82+/—03
20/08/2011 20/08/2011 20/08/2011 21/08/2011 . . 11.2+/—

AU 03:40 07:10 07:50 05:35 25:55 00:40 0.3
28/08/2011 29/08/2011 ]

29/08/2011 12 2305 / / 16:20 16:55 / 9.6+/—03
08/09/2011 09/09/2011 . 11.0+/—

08/09/2011 13 06:15 / / 09:15 27:00 / 03

19/09/2011 14 / / / / / / /

28/09/2011 15 / / / / / / /
08/10/2011 08/10/2011 08/10/2011 09/10/2011 . .

LU 12:25 13:25 14:50 03:40 15:15 01:25 /
23/10/2011 24/10/2011 . B

23/10/2011 17 17:40 / / 04:30 10:50 / 55+/—03
15/11/2011 15/11/2011 .

15/11/2011 18 1015 / / 20:45 10:30 / 99+/—-04
05/01/2012 05/01/2012 05/01/2012 05/01/2012 . . 162 +/—

WLy i 01:10 05:50 06:55 20115 19:05 01:05 17
08/02/2012 09/02/2012 09/02/2012 09/02/2012 . . _

09/02/2012 20 19:00 03:15 06:45 0615 11:15 03:30 88+/—06

04/03/2012 21 / / / / / / /
18/03/2012 19/03/2012 . 11.0+/—

18/03/2012 22 04:50 / / 04:15 23:25 / 0.4
31/03/2012 02/04/2012 . 10.8 +/—

01/04/2012 23 22:40 / / 01:35 26:55 / 04
12/04/2012 12/04/2012 ]

12/04/2012 24 11:45 / / 23:30 11:45 / /
23/04/2012 24/04/2012 . 10.7 +/—

24/04/2012 25 03:30 / / 12:50 33:20 / 02

19/02/2013 26 égg%z/zom / / / / / 78+/—-03

20/02/2013 27 / / / / / / /

20/02/2013 28 / / / / / / /

21/02/2013 21/02/2013 .
21/02/2013 29 / 04:00 06:00 / / 02:00 /
23/02/2013  23/02/2013 23/02/2013 ]

23/02/2013 30 / 19:00 20415 18:45 / 01:15 6.7+/—03
28/02/2013 28/02/2013 .

28/02/2013 31 0845 / / 23:30 13:45 / 93+/—09
05/03/2013 05/03/2013 05/03/2013 07/03/2013 . )

BBy 62 20:00 23:00 23:20 03:05 31:05 00:20 /
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11:20 / / 04:45 17:25 / /

03/04/2013 04/04/2013 B

Louo / / 0440 17:59 / 58+/— 03

11/04/2013 13/04/2013

s / / 0200 4045 / 734/-03

18/04/2013 18/04/2013 18/04/2013 19/04/2013 , B

07:25 11:35 12:05 04:30 21:05 00:30 66+/-03

19/04/2013 21/04/2013 74/

23:00 / / 03:05 28:05 / 0.4

2770472013 28/04/2013

1535 / / 0730 17:55 / 524/— 04

25/10/2013 27/10/2013 .

1920 / / 150 50:30 / 81+/—03

11/11/2013 11/11/2013 11/11/2013 12/11/2013 '

08:00 01:05 07:30 04:40 20:40 06:25

16/11/2013 18/11/2013 105+/—

15:15 / / 03:20 36:05 / 0.8

23/11/2013 24/11/2013 Ti+/—

05:15 / / 01:00 19:45 / 0.7

28/11/2013 29/11/2013

16:50 / / 10:30 17:40 / /

02/12/2013 02/12/2013  02/12/2013  03/12/2013 , _ .

17:00 19:20 2020 17:05 24:05 01:00 /

28/12/2014 28/12/2014 28/12/2014 29/12/2014 .. .

18:15 20:50 21:50 16:20 2205 01:00 /

02/02/2015 03/12/2015 03/12/2015  03/12/2015 |, 0045 125+/—

16:40 02:55 03:40 09:55 : : 0.3

04/12/2015 04/12/2015 04/12/2015 / 0150 1764/

07:55 09:20 11:10 : 11
04/12/2015 04/12/2015 . 161+/—

/ 20:55 21:10 / / 00:15 0.8

/ 05/12/2015 05/12/2015 08/02/2015 0135 41+/—
15:10 16:45 18:05 : 20

It is important to note that the duration of the 3 December 2015 eruption measured from SEVIRI
data (bottom plot of Figure 5) is longer than the duration derived from ground observations [16].
This can be explained by the presence of volcanic products that are still hot after the end of the eruption.
Sensors measure the thermal emission from fallout deposits and effusive materials even if the activity
has been over for days. As a result, the application of Equation (6) can yield to false TADR.
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Figure 5. Time Averaged Discharge Rate (TADR) time series derived from SEVIRI 3.9 um images
during 20112015 Etna’s lava fountains. Blue and red values are maximum and minimum derived
TADR respectively.

5. Validation

The start of the eruption and the start and duration of the lava fountains are compared with
ground-based measurements, while the VPTH with estimations obtained merging procedures based
on tracking the volcanic cloud center of mass and on HYSPLIT backwards trajectories.

5.1. Eruption and Fountains Start and Duration

Being the high temperature source mainly caused by the presence of lava emission, the Eruption
Start retrieved from SEVIRI (ES) has been compared with the “Start Lava emission” (SL) results
published by Behncke et al. [10] and De Beni et al. [33], that were obtained from the analysis of
the VIS-TIR ground based cameras placed at Etna and volcanological observations hereafter named
ground-based observations.

The blue and red bars in Figure 6 represent the time differences (SL-ES) and (ES-SL) respectively.
Following the latter definition, the blue bars indicate that, for a single event, SEVIRI is able to detect
the lava emission before the VIS-TIR cameras, while the contrary is true for the red bars. As the
figure shows, for the most of the eruption, the SEVIRI alert is given, on average, about 3 h before the
ground-based alert. Possible reasons of this early SEVIRI alert could be the presence of the magma in
the conduit or an increase of the strombolian activity that usually precede the lava emission.

Figure 7 indicates a good agreement for the start of the lava fountains, while greater differences
are found for the duration time (Figure 8). The fountaining duration retrieved from SEVIRI can be
lower than the duration obtained from the cameras because the plume could be too transparent to
cause the drop of the SEVIRI 3.9 um signal. The opposite (SEVIRI duration greater than ground-based
observations) can be due to the presence of meteorological clouds not correctly detected.

Figures 7 and 8 show time start and duration of the lava fountains estimated from SEVIRI and
from ground-based observations.
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Figure 6. Time differences between the eruption start retrieved from SEVIRI (ES) data and the lava
emission start time as derived from ground-based observations (SL). The blue and red bars represent
the time differences (SL-ES) and (ES-SL) respectively.
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Figure 7. Fountaining starts retrieved from SEVIRI (red bars) and from ground-based observations (blue bars).
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Figure 8. Lava fountains durations retrieved from SEVIRI (red bars) and from ground-based visible
(VIS) to Thermal InfraRed (TIR) (VIS/TIR) observations (blue bars).

5.2. TADR Improvement Using AVHRR Data

The TADR accuracy can be improved by using remote sensing systems with higher spatial
resolution compared to SEVIRI. Here the AVHRR data have been considered to constrain the SEVIRI
time series. Figure 9 shows the minimum (black bars) and maximum (yellow bars) TADR derived from
5 images collected from 6 to 8 December 2015 by AVHRR. The green line shows the maximum SEVIRI
derived TADR, rescaled using the maximum AVHRR derived TADR. SEVIRI values are corrected with
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each new AVHRR acquisition (green stars) as in the real-time case. Minimum values are not shown in
the graph for clarity. Figure 9 shows that, even if only five cloud-free AVHRR images are available in
this time frame, the TADR derived from AVHRR allows to reduce uncertainties in SEVIRI estimates by
40%. Constrained SEVIRI time series show a mean TADR of 12 m3/s that is in good agreement with
the effusion rates of 1015 m®/s measured by Corsaro et al. [16] from field data.

m/s 4

35

30

25
B Max

20 H Min

15 AVHRR Max
B AVHRR Min

10 * Fit Max

0
NN NSNS
@\ @\ RO Q&\ Q"\\ Qb\\ Q‘°\\ Q& @

Figure 9. TADR estimated from 5 advanced very-high-resolution radiometer (AVHRR) images collected
from 6 to 8 December 2015 (yellow and black values are maximum and minimum TADR respectively).
The green line shows the maximum SEVIRI derived TADR constrained using the maximum AVHRR
derived TADR.

5.3. VPTH by Using the Tracking of the Ash Cloud Center of Mass and HYSPLIT Backtrajectories

The high data frequency of the SEVIRI images (every 15 or 5 min) can be exploited to retrieve
wind speed and direction of the volcanic clouds for each event [34]. These terms were derived by
applying the following steps:

e retrieval of the ash abundance map from a given SEVIRI image [34];

e identification of the ash cloud centre of mass;

e computation of the ash centre of mass distance from the top of the volcano and the angle relative
to the North.

The previous three steps are repeated for some subsequent SEVIRI images (at least 2-3 h from
the start of the eruption). Using a linear fit, the speed (from distance and image time acquisition) and
direction (from angle) of the volcanic cloud were obtained.

Basic assumption of this method is that the estimated peak speed is assumed to be the whole
plume speed, which is the true wind speed at cloud altitude. Then, by comparing the wind speed
and direction with the wind speed and direction of an atmospheric profile collected in the same time
and position, the volcanic cloud altitude can be derived. For this purpose the National Centers for
Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis
profiles [35] (resolution 2.5° x 2.5°) centered near the Etna volcano (37.5° N, 15.0° E) and collected
close in time with the eruption start (time resolution 6 h) have been considered.

Due to the characteristics of the atmospheric wind speed and direction profiles, more than a
single intersection with the wind speed and direction computed from the volcanic ash center of mass,
can be found. For this reason, a procedure [36] based on HYSPLIT backtrajectories has been also
considered [37-39]. By plotting several backtrajectories at different altitudes starting from a volcanic



Geosciences 2018, 8, 140 13 of 16

cloud detected several hours after the eruption, the correct volcanic cloud top height has been identified
as the one corresponding to the trajectory that intersects Etna at the time of the eruption start.

Figure 10 shows an example of the volcanic cloud height estimation obtained by combining of the
described methods (labelled in the following CM-HYSPLIT). The not univocal results obtained from
wind speed (from 4.3 to 5.7 km and 16 km) and direction (4.3 and 16.5 km) are constrained by using
the HYSPLIT backward trajectories obtaining for the plume height a final result of 4.3 km.
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Figure 10. Example of the CM and HYSPLIT procedures combination for the 25 July 2011 event.
(a): distance (yellow) and direction (magenta) of the cloud center of mass referring to the Etna position.
(b): comparison between the volcanic cloud speed (yellow vertical line) and direction (magenta vertical
line) with the wind speed (orange profile) and direction (red profile) extracted from NCEP. (c): HYSPLIT
backtrajectories for different altitudes (the yellow star indicates the Etna position).

Figure 11 shows the comparison between the results obtained from the DP and the CM-HYSPLIT
procedures. The figure shows a general good agreement, except for few dates (episode numbers:
9 and 19, respectively 5 August 2011 and 5 January 2012) and for the events of December 2015.
These significant discrepancies can be due to an inertial overshoot of the plume and a consequent
settling at the level of neutral buoyancy. Another reason can be that the volcanic cloud reaches the
tropopause where the temperature profile is almost constant. This leads to big uncertainties on the
VPTH estimation obtained with the DP procedure. For the December 2015 events, also the estimation
made by a ground-based radar system collocated at Catania airport have been plotted [15]. As the
figure shows, these measurements lie in between the DP and CM-HYSPLIT retrievals.
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Figure 11. Comparison between the VPTH estimated from DP and CM-HYSPLIT procedures. Also,
the ground based radar VPTH estimation, for the December 2015 events, have been considered.

6. Conclusions

In this work the MSG-SEVIRI space-based measurements have been used for a proximal
monitoring of the Etna lava fountain events occurred from 2011 to 2015.

Results show that the SEVIRI 3.9 um radiance measurements can be exploited to estimate eruption
start and duration and the volcanic cloud presence. In particular, the ash plume presence (recognized
by the drop of the 3.9 um signal) can be used to estimate the start and end of the lava fountains.
The procedure considered is based on the comparison between the SEVIRI measurements with an
historical threshold computed from the analysis of 5 years of satellite data.

The VPTHs, estimated by a simplified procedure based on the brightness temperature at 10.8 pum,
indicates that more than the 60% of the VPTH's are between 8 and 12 km with a height mean error of
about 0.5 km.

The TADR results show the big uncertainties due to the unknown lava temperature and confirm
the short-term but quite intense events occurred from 2011 to 2015. SEVIRI TADR estimates have
been improved using the higher resolution AVHRR data, considering five cloud-free images collected
during the 6-8 December 2015 event. The AVHRR TADR retrieved reduces the uncertainties in SEVIRI
estimates by 40% with a mean value of 12 m®/s which is in good agreement with the effusion rates
measured by Corsaro et al. [16].

As expected, the main limitation for all the procedures is due to the presence of the meteorological
clouds over the volcanic area that can partially or completely mask the eruption signal.

The start and duration of eruption and fountaining activities have been compared with
ground-based observations. The results indicate that, for the most of the eruption, SEVIRI is able to
detect the start of the lava emission about 3 h before the ground measurements, while there is a good
agreement for both the start and duration of the lava fountains with a mean difference of about 1 h
and 50 min respectively.

VPTH has been compared with the results obtained with a procedure based on the combination
of an algorithm based on the volcanic cloud center of mass tracking and the HYSPLIT back-trajectories.
The results indicate a general good agreement with a mean difference of about 1 km. For the 2015
December events, the differences are greater because the volcanic plume reached the tropopause where
the temperature profile is almost constant.
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