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Abstract Although the volcanological community places
great emphasis on forecasting the onset of volcanic eruptions,
knowing when an effusive eruption will end is just as impor-
tant in terms of mitigating hazards. Wadge (J Volcanol
Geotherm Res 11:139-168, 1981) postulated that the onset
of an episodic, lava flow-forming basaltic eruption is charac-
terized by a rapid increase in effusion rate to a maximum,
before decaying over a longer period of time until the eruption
ends. We used thermal infrared remote-sensing data acquired
by NASA’s MODerate Resolution Imaging Spectroradiometer
(MODIS) to derive time-averaged discharge rate (TADR) time
series using the method of Harris et al. (J Geophys Res
102(B4):7985-8003, 1997) for 104 eruptions at 34 volcanoes
over the last 15 years. We found that 32 eruptions followed the
pattern described by Wadge (J Volcanol Geotherm Res
11:139-168, 1981). Based on the MODIS-derived maximum
lava discharge rate and a decay constant that best fits the
exponential waning phase (updated as each new MODIS
TADR observation is added to the time series), the time at
which the discharge equals zero, and thus the point at which
effusion ends, can be predicted. The accuracy of the prediction
improves with the number of data points so that, in the ideal
case, the end of effusion can be retro-casted before half of the
eruption duration has passed. This work demonstrates the pos-
sibility of predicting when an eruption will end using satellite-
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derived TADR time series acquired in near real time during
that eruption. This prediction can be made after an eruption
has reached its maximum lava discharge rate and the waning
phase of the Wadge trend has begun. This approach therefore
only applies to the case of eruption from a chamber undergo-
ing an elastic release of energy during lava flow emplacement,
and we provide examples of eruptions where it would not be
applicable.
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Discharge rate - MODIS

Introduction

The volcanological community has focused much attention on
predicting when an eruption will begin (Linde et al. 1993;
Sparks 2003; Marzocchi and Woo 2007; Marzocchi and
Bebbington 2012; Pallister et al. 2013), mainly taking cues
from seismicity (Harlow et al. 1996; Brenguier et al. 2008),
ground deformation (Voight et al. 1998; Segall 2013), thermal
emissions (Pieri and Abrams 2005; van Manen et al. 2013), or
gas emissions (Baubron et al. 1991; Aiuppa et al. 2007).
However, accurately forecasting when an eruption will end
is similarly important in terms of hazard mitigation. This is
especially true for lava flow-forming eruptions that can threat-
en population centers built down slope of vents. For example,
accurate forecasting could help in terms of evacuation man-
agement allowing decisions to be made as when it is likely
going to be safe for people to move back to their homes.
Although, much more research has been conducted on fore-
casting eruption onset than eruption cessation, the recent work
of Hooper et al. (2015) is a notable example of effort to fore-
cast the end of an eruption (Bardarbunga 2014-2015) using
deformation measurements. Attempts to use satellite data to
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define (but not predict) the end of an effusive eruption have
also been carried out, such as Aries et al. (2001) who showed
that advanced very high-resolution radiometer (AVHRR)
3.9 pum radiance undergoes a sharp decline at the cessation
of effusion. This can be used as a proxy for eruption termina-
tion and is due to the fact that exposure of the highly radiant
flow interior through cracks in the flow surface ends when the
flow is no longer moving.

Here, we present a method for using satellite-based infrared
data, acquired in near real time during lava flow-forming erup-
tions, to predict when such eruptions will end. Wadge (1981)
suggested that lava effusion rate (instantaneous volume flux of
lava, in m*/s) during effusive basaltic eruptions, when plotted
against time, follows a typical asymmetric trend (Fig. 1).
Wadge explained this temporal evolution in effusion rate in
terms of rapid increase in lava flux after the onset of an erup-
tion, with maximum lava discharge rate reached within the
first few hours to days. This period of waxing flow is due to
release of the magma chamber overpressure and gas exsolu-
tion. Effusion rate then decreases logarithmically over the rest
of the eruption period due to the elastic release of energy from
the magma chamber as it re-equilibrates with the lithostatic
pressure. This simple logarithmic decay of volume flux with
time is expressed as a relationship between the effusion rate at
any time during the eruption (Qr,), the maximum lava dis-
charge rate (Omax), and a decay constant () by

Qf,t = Qmaxei/\t’ (1)

as shown in Fig. 1. This typical asymmetric trend in effusion
rate, hereafter referred to as a “Wadge curve,” has been rec-
ognized during many eruptions, including effusive events at
Etna and Krafla (Harris et al. 1997, 2000), Nyamuragira, Piton
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Fig. 1 Wadge (1981) theoretical model (black solid line) and two
examples of his limited dataset from Hekla (1970) and Askja (1961).
He used eruption rates (volume of lava erupted during a certain period
of time and divided by that time) to approximate the variation of effusion
rate due to the insufficient number of effusion rate measurements
available at this time
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de la Fournaise, and Sierra Negra (Wright and Pilger 2008).
However, Coppola et al. (2017) and Harris et al. (2000, 2011),
pointed out that at Piton de la Fournaise and Etna, respective-
ly, this asymmetric trend does not occur for all effusive erup-
tions. The work described here assumes that most effusive
lava flow-forming eruptions exhibit this relatively simple be-
havior, and that fitting a synthetic curve with the form of Eq. 1
to an effusion rate time series acquired during the waning
phase (i.e., after the point of maximum discharge) will allow
prediction of the end of the eruption (i.e., predicting when the
lava discharge rate approaches zero). Crucially, our method
uses effusion rate time series constructed from multi-temporal
thermal infrared satellite measurements. As these measure-
ments can be made as often as several times per day during
eruptions anywhere on Earth, the end of an eruption can be
predicted in near real time relatively soon after eruption onset,
and updated as the eruption progresses and more satellite data
are acquired.

We note, here, that infrared satellite data do not yield the
instantaneous effusion rate, but instead yield a time-averaged
discharge rate (TADR, Wright et al. 2001a; Harris and Baloga
2009; Harris 2013). Following Harris et al. (2007), lava effu-
sion rate is defined as the instantaneous measure of lava flux
from a vent at any given time, whereas TADR is the volumet-
ric output averaged over some longer time period. Ultimately,
the TADR becomes the mean output rate (MOR) if estimated
at the end of an eruption from the total volume of erupted lava
over the entire eruption duration. Here, we assume that our
maximum TADR derived from the satellite data is equivalent
to the maximum lava discharge rate defined by Wadge (1981;
i.e., Omax)- We have used satellite-based TADR measurements
made over the last 15 years to test how well such a method
could work. Specifically, we used data acquired by the
MODerate Resolution Imaging Spectroradiometer (MODIS)
instruments, which have been operational since December
1999 (on NASA’s Terra satellite), and since May 2002 (on
NASA’s Aqua satellite). This archive yields data for 104 effu-
sive basaltic eruptions at 34 different volcanoes (Fig. 2).

Methods

Estimating time-averaged discharge rate from infrared
satellite data

We used MODIS satellite data from both the Terra and Aqua
spacecraft, focusing on data from a single thermal infrared
channel with a central wavelength at 11.03 um (band 31).
MODIS band 31 spectral radiance data for any hot-spot de-
tected by MODVOLC (Wright et al. 2002) are freely accessi-
ble online (http://modis.higp.hawaii.edu), and it is this
database that we use. MODIS samples spectral radiance
from the Earth’s surface in the thermal infrared (Fig. 3) with
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Fig. 2 Map of the 34 volcanoes where MODIS detected at least one effusive basaltic eruption in the last 15 years (for the period 20002014, inclusive)

an instantaneous field of view (IFOV) equivalent to 1 km? on
the ground at nadir (although this increases to about 2 x 5 km
at the edge of the ~2500-km-wide sensor field of view).
TADR is estimated by applying the method from Harris
et al. (1997, 1998, 2000, 2007) to the satellite spectral radi-
ance, which is, in turn, based on the work of Pieri and Baloga
(1986) who found a direct proportionality between lava dis-
charge rate and the surface area of the resulting active lava
flow. At-satellite spectral radiance in band 31 must be
corrected for atmospheric effects (i.e., transmission losses as
the signal passes upwards through the atmosphere, and an
upwelling radiance component that the atmosphere itself
emits towards the sensor) and surface emissivity. The
corrected spectral radiance (L, ¢o,) is an estimate of the spec-
tral radiance leaving the ground surface contained within each
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Fig.3 MODIS Terra image of the Big Island on October 3, 2014 at 08:45
UTC from band 21

pixel. A two-component radiance mixture model, in which
each pixel is assumed to contain a fraction of active lava
surrounded by a colder background (representing the ground
over which the active lava is flowing), is employed. To esti-
mate the area of active lava within each pixel, the temperature
of the lava flow surface, 7},,,, must be assumed and Harris
et al. (1997) use 100 °C as a lower estimate of the likely
average temperature of an active lava flow surface (a cold
case) and 500 °C as a likely upper estimate (a hot case).

For the background temperature, Ty,cx, We use the ap-
proach of Wright et al. (2015), rather than that of Harris
etal. (1997). Tpack 1s estimated for each volcano in our dataset
using the MODIS land surface temperature (LST) product.
This product (MOD11C3 and MYDI11C3 for Terra and
Aqua, respectively) is downloadable from https://search.
earthdata.nasa.gov/ and takes the MOD11C1 and MYDI11C1
daily global LST data set and computes a monthly average
surface temperature for every 0.05° latitude/longitude (points
are 5.6 km apart at the equator), after excluding cloudy values
(via the MODIS cloud product). We then use each monthly
average temperature value to compute a decadal average
(2000-2010 for Terra and 20022012 for Aqua) for each point
on the Earth’s surface. For each calendar month, surface tem-
perature averages were quantified for each MODIS overpass
time (i.e., MODIS Aqua and Terra nighttime and daytime
datasets), which produces a Ty, robust to seasonal variations
in surface temperature and cloud contamination.

How many eruptions conform to the idealized effusion
rate behavior described by Wadge (1981)?

We examined the TADR time series of each eruption in our
dataset (Fig. 2) to determine which ones displayed the waxing/
waning trend defined by Wadge (1981). The relatively simple
logarithmic decay that occurs during the waning phase of
basaltic effusive eruptions enables us to compare the Wadge
(1981) model to our satellite-derived time-averaged discharge
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rates. More than simply visualizing each time series, we
modeled a Wadge curve to compare the model with our
space-based observations. We rearrange Eq. 1 to derive the
time decay constant A and to estimate a Wadge curve follow-
ing

A=1In (%) Jtend- (2)

In this case, the only required values are the maximum lava
discharge rate O, and the time of the end of eruption (¢.,q)
taken as the last TADR measurement calculated from our
thermal infrared satellite data (Fig. 4). This approach is only
possible when #.,q4 is known, i.e., when the effusion has al-
ready ended, which does not enable the creation of a predic-
tive tool. A technique for prediction will be described in the
“How soon after the maximum lava discharge rate is attained
can we predict the end of an effusive eruption?” section. Due
to the asymptotic behavior of logarithmic decay, defining the
end of the eruption is challenging. For consistency through-
out, we considered the eruption to have ended when the time-
averaged discharge rate reached a critical value (Qcq), select-
ed to be 0.1% of the maximum lava discharge rate Q,,,«. This
cutoff was found to be representative of the time at which
eruptions in our data set ended (i.e., the TADR after which
radiance from the flow surface was insufficient to generate a
detectable thermal anomaly). Choosing this value normalizes
each eruption threshold to its maximum lava discharge rate
and therefore varies for different eruptions and volcanoes.
Thermal infrared TADR data can be calculated using the hot
case (Tava = 500 °C) or the cold case (71, = 100 °C). Since
the critical limit is a percentage of O,,.y, the estimated decay
constant is equal in both cases, and only the hot case is used in
this study.

Nyamuragira 2006

20 16 days
-X-TADR Harris et al., 1997

— Wadge model

Effusion Rate (m?/s)

Day 5 Day 10

December 1 December 17

Fig. 4 Example of satellite-derived TADR time-series from
Nyamuragira eruption in 2006 that displays a Wadge-type curve,
illustrating the maximum lava discharge rate Q. and the last MODIS
measurement that defines the end of the eruption (7.,q)
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If the modeled Wadge curve (as calculated from Eq. 2)
followed the satellite data in a given eruption, it was called a
Wadge-type eruption (Fig. 5a). If the modeled curve was
higher than the MODIS-derived discharge rate during the en-
tire eruption and also exhibited a plateau of low TADR after
about half of the eruption duration, it was classified as a half-
Wadge-type eruption (Fig. 5b). We distinguished another
group of eruptions having more than one maximum lava dis-
charge rate (usually two), but still showing a logarithmic de-
cay behavior that we called “double-pulse” type (Fig. Sc). All
other eruptions were classified as undefined because no trend
was visible and/or the TADR actually increased towards the
end of the eruption (Fig. 5d). This increase was previously
noticed by Wadge (1981) for some episodes at Kilauea, which
can be explained for this open-vent system by the backflowing
of lava freezing the conduit resulting in lava pouring out for a
longer period. All 104 eruptions in our dataset were placed in
one of these four groups (Figs. 5 and 6), and only a third of the
total conformed to the idealized Wadge-type eruption.

How soon after the maximum lava discharge rate is
attained can we predict the end of an effusive eruption?

For Wadge-type eruptions, the simple decay trend of the wan-
ing phase can be exploited to predict the end of an eruption.
We predict when our end-of-eruption criterion is met (i.e.,
Oend = 0.1% of Onax) by fitting an exponential function
(following Eq. 1) to our TADR time series. We estimate the
decay constant that best fits the waning phase of the eruption
based only on our MODIS-derived satellite data with no “a
priori” knowledge of the time at which the eruption ended
(fena)- Once the maximum lava discharge rate had been
reached (i.e., the eruption has entered its waning phase) the
time at which TADR falls below the cessation criteria is pre-
dicted using only the MODIS data available at that time and
compared to the known end date of the eruption. Clearly, few
data are available at first. As the eruption progresses, and new
satellite data become available, we update the best-fit decay
constant as new MODIS TADR observations are added to the
time series (i.e., the amount of data available to constrain the
prediction increases with time). By re-computing each time a
new TADR is added to the time series, we are able to simulate
how the method would work in near real time during an
eruption.

Our results are expressed in two ways. First, we determine
how the prediction of effusion cessation evolves as the amount
of TADR data used to compute the prediction increases.
Specifically, once O,,.x Was observed, we progressively add
roughly 10% of the total TADR data to the time series, and fit
a new exponential curve to our satellite measurements each
time (e.g., 10% of the data, 20, 30, up to 100%). For each
“data step,” the predicted end (fenq, prea) 18 then defined as
the time at which the TADR reaches the critical value (Qe,q)
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Fig. 5 Examples of different TADR time-series with the Wadge model curve drawn for comparison. a Wadge type, b half-Wadge, ¢ double pulse, d

undefined

and compared (in terms of days) with the observed eruption
end (£.,q) corresponding with the last TADR data point detect-
ed by MODIS. Second, we express our predictions in terms of
percent of eruption duration, which allows for a simpler com-
parison between eruptions since the TADR measurements are
not acquired at regular intervals, or equally spaced in time
(e.g., 50% of the total TADR observations after Oy,,x does
not always equal 50% of the eruption duration). The best fit
of our data was found in a least-square sense (difference

100%
— Wadge type

i\ — Half-Wadge type
" — Double pulse type
- - - Undefined type

Percent of maximum discharge rate

50% 100%

Percent of eruption duration

0%

Fig. 6 Schematic of different lava discharge rate time-series types

squared between the exponential curve and the satellite data).
The difference between the predicted end and the observed
end is expressed in terms of A¢ (in days or % eruption dura-
tion) for each time at which a new TADR estimate is added to
the time series:

(3)

At is positive when the predicted cessation is after the
observed end of effusion and negative when it predates the
observed end. Figure 7 provides an illustration of the method
where Aty is a schematic representation for the Az that is
predicted using 20% of the TADR data.

After the initial TADR calculation, we account for possible
cloud contamination. Sub-pixel clouds are hard to identify and
can cause low at-satellite spectral radiance, which produces an
artificially low TADR estimate. For the eruptions in our
dataset that have a well-defined TADR time series (i.e., a large
amount of data available), we attempt to exclude some cloud-
contaminated values by only selecting the peak TADR mea-
surements, or local maxima in discharge rate, that are one
standard deviation above the median of all such local maxima
(one-nsig criterion). In some cases, this greatly reduces the
number of data points available for prediction (sometimes to
as few as two TADR observations), and in this case, we use all

At = tend,pred_tend
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Q..

Effusion Rate (m®/s)

S

Start End ?

Eruption duration (days)

Fig. 7 Cartoon of the method used for predicting the end of the eruption
in this paper. The colors of each exponential curve represent a different fit
of a given amount of data (in percent) and give a different predicted end,
with the associated Az (At represents the At that is predicted using 20%
of the TADR data). The red crosses represent three important points: the
first is the onset of the eruption, the second is the maximum lava
discharge rate, and the last is the last TADR data point or the observed
eruption end #.,q. All of the data above are thermal infrared remote-
sensing data from MODIS. Notice that the fit with 40% of the data (green
line) after Onax 1s equal to 40% of the eruption duration but this is not
always the case

TADR estimates classified as “peaks.” For other eruptions,
mainly those of short duration, the amount of TADR available
can be so limited that no cloud-screening is feasible and all
TADR estimates are used.

Results

Of'the 104 eruptions studied, 32 eruptions strictly followed the
typical Wadge curve, eight exhibited a double pulse in TADR,
13 corresponded to a half-Wadge type, and 51 were undefined
and did not show any trend at all (Fig. 5). Of the 32 eruptions,
only half could be used (the remainder comprised of fewer than
five TADR data points) and our predictions are summarized in
Table 1. The table shows the evolution of the prediction for
each eruption, as we increased the amount of TADR estimates
available and updated the best-fit exponential curve. Although,
we have divided the time series into percentiles of data used to
compute the curves, far more relevant is how soon after the
eruption began can the end-of-eruption prediction be made,
and how good is that prediction. For this reason, Table 1 gives
both measures: At, both in terms of days and percent of erup-
tion duration; and the time since the onset of eruption at which
the prediction could be made (also in terms of days and percent
of eruption duration). For example, to illustrate how the data in
the table are to be interpreted, in the case of the Piton de la
Fournaise eruption of December 2005, our best prediction
(bold in the table) was that the eruption would last 9 days (it
lasted 10 days, for a At of —1). This prediction would have
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been possible on day 3 of the eruption (or after 30% of eruption
duration had elapsed) at which time 30% of the MODIS data
that would ultimately define the total TADR curve for the
eruption had been acquired. For the Kizimen eruption of
2011, a good prediction (At within 7%) is possible on day 47
(or after 22% of the eruption had passed, at which time 70% of
the MODIS data had been acquired) that the eruption would
last 198 days (it lasted 212 days, for a At of —14 days). And if
we had waited until 48% of the eruption had elapsed (day 102),
our best prediction was that the eruption would last 211 days
which is within 1% of the actual eruption duration. At this
time, 90% of the MODIS data that would ultimately define
the TADR curve for the eruption had been acquired.

To illustrate the viability of our predictive tool, we concen-
trate on three case studies: one eruption of short duration from
Piton de la Fournaise in December 2005, one of medium du-
ration from Nyamuragira in 2000, and one of long duration
from Kizimen in 2011. For each graph shown (Figs. 8, 9, and
10), the green horizontal line represents the critical limit, Qgng
that defines the end of the eruption. Figs. 8, 9, and 10 all
include an inset figure, which summarizes how the end-of-
eruption prediction changes (i.e., improves as we move up
and closer to a At of zero along the y-axis) as we use more
satellite data to constrain the prediction (i.e., as the eruption
progresses, moving right along the x-axis). The more rapidly
the curve in this figure approach a At of zero, the better.

Piton de la Fournaise 2005

Piton de la Fournaise is a stratovolcano located in La Reunion
Island, in the Indian Ocean. MODIS detected a lava-
producing eruption that started on December 26, 2005 and
ended on January 4, 2006, for a total duration of 10 days.
The maximum lava discharge rate was reached on December
27 at 20:49 UTC about a day after the eruption started with a
TADR of 8 m®/s (Fig. 8). Since we only have 15 satellite
TADR measurements during the waning phase, we decided
to keep every data point to apply our predictive tool.

Once two measurements after Oy, were obtained, in this
case 1.5 days after the onset of the eruption (here 15% of the
eruption duration), we began fitting an exponential curve to our
data, which predicted that the eruption would last only 3 days
instead of the observed 10 days (At of —7 days, dark blue
diamond in Fig. 8f inset). After adding three more TADR esti-
mates 3 days past the onset of the eruption, our method predict-
ed that the eruption would last 9 days, which is accurate to
within 1 day of the observed end of eruption (Az=—1 day, light
blue in Fig. 8f inset). This new prediction was 6 days closer to
the observed end than the prediction made with two data points
and happened to be the most accurate prediction after 30% of
the eruption duration had elapsed. Using data from 4 days after
the eruption onset, we predicted that the eruption would last
8 days; in fact, it lasted 10 days (Az =—2 days, purple diamond
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same scale and legend. Aty represents the At that is predicted using 10%
of the TADR data. f Inset shows the evolution of the prediction as we

in Fig. 8f inset). A few hours later, with one more TADR ob-
servations, we reached the best fit curve (same prediction with
100% data) which yielded an eruption that would end after
8.5 days (At of —1.5 days). As we increase the amount of
TADR used and the eruption progresses, the prediction does
not necessarily get better, but our best end-of-eruption predic-
tion (within a day) could be estimated only 3 days after the
eruption started (equivalent to 30% of the observed eruption
duration). This result is significant in terms of hazard mitigation
for this type of episodic basaltic eruption with a prediction of
the eruption cessation 7 days in advance.

January 6 December 26

3 1 Qmax x TADR
,,,,,,,,,,,,, : —30% eruption duration
74 5 —0.1% Qmax

x TADR
—39% eruption duration
—0.1% Qmax

end

—100%
81 Qmax tyopis—10 days
71 Percent total eruption duration
0 ; . : : ,
a 20%, 40% 60% 80% 100%
6 = * - ‘e o
) -2 Py
54 X 3 -3
g -4 .
s
44 X &=
5
34 :8 * e

X

Yoo
tend,lOOE X
*ox

14

X X

0

— ,
Day 5 January 6

increased the amount of data used to fit Eq. 1 (a—f; 15% eruption duration
to 100%), and the colors of the TADR data points (crosses) and curves
match to show which data were used to generate each prediction

Nyamuragira 2000

Nyamuragira is a shield volcano in DR Congo, the most active
volcano in Africa (Smets et al. 2010). An eruption was recorded
by MODIS on February 25, 2000 that lasted until April 23,
2000, totaling 58 days. The eruption produced a lava flow,
bombs, cinder, and ash (Global Volcanism Program 2000).
The maximum lava discharge rate was detected on February
26 at 20:50 UTC only 1 day after the beginning of the eruption
with a TADR of 17 m’/s (Fig. 9). In this case, we used all the
identified peaks to increase the amount of data available

@ Springer



52 Page 8 of 13

Bull Volcanol (2017) 79: 52

a
207 TADR-all peak:
Qmax X -all peaks
18 4 —13% eruption duration
16 4 —0.1% Qmax
—_
W
% 14
E
o 12
]
<
&z 10
g s
'@
£ 6 t
Moy end
At20}
29 X end,20i<—>
. X by
0 IlIfVTW1IIVTDWW|I1I5fTT1IIIfITWW|fIVTTWII!TTBI|%§\\IIVVTLW\
a; Day 30 a; .
February 25 Y Y Y April 25
C
207 TADR-all peak:
Qmax X -all peaks
18 4 —41% eruption duration
—0.1% Qmax
~
w2
o
E
N
[0]
8
15
[7
=)
.2
2
end,60
5 At
60 |
X endii
X '
' Xi
0 TITTT T T T T T T T T T[T T T T T T T T T T T T T T T T T T T T T T I T T i T T TTTTrTTy
Day 15 Day 30 Day 45

Fig. 9 The Nyamuragira 2000 eruption (with a duration of 58 days)
TADR time-series as detected by MODIS. d Inset shows the evolution
of the end of eruption prediction as we increased the amount of data used
to fit Eq. 1 (a—d; 13 to 100% of eruption duration). All graphs have the

(proving us with 8 data points instead of the 3 points that would
have been available had we enforces the one-nsig criterion).
For Nyamuragira, 7.5 days after the onset of the eruption
(13% of the eruption duration), our method (with 25% of data
or two TADR values) predicted that the eruption would last
54.5 days, close to the observed end (At = —3.5 days; blue
diamond in Fig. 9d inset). However, 14 days after the onset of
the eruption (with three TADR values or after 24% of the erup-
tion duration had passed), we predicted that the eruption would
end after 50.5 days (At =—7.5 days). Our best prediction (also
the final estimate) was that the eruption would last 59 days and
this was found after 24 days into the eruption (41% of eruption
duration) at which time 60% of the MODIS data that would
ultimately define the total TADR curve for the eruption had
been acquired. The eruption actually lasted 58 days, 1 day be-
fore the predicted end (A¢ = 1 day, red diamond in Fig. 9d
inset). Therefore, for Nyamuragira, we have a good prediction
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(At within 6%) a week into the eruption (i.e., after only 13% of
the eruption had elapsed), and reached the most accurate pre-
diction (to within 1 day) before half of the eruption had passed.

Kizimen 2011

Kizimen is a stratovolcano in Kamchatka, Russia, and we fo-
cused on the first phase of the eruption that started on March 1,
2011 and ended on September 29, 2011 (Global Volcanism
Program 2011). In the second phase of this eruption (starting
on October 3), the TADR time series did not exhibit the typical
Wadge trend, so we only concentrated on the first phase to use
our predictive tool. The first phase lasted 212 days and reached a
maximum lava discharge rate on March 1 at 15:25 UTC, which
is the first point that MODIS detected with a TADR of 12 m?/s
(Fig. 10). During this long duration eruption, we retrieved many
estimates of TADR that allowed us to use the identified peaks



Bull Volcanol (2017) 79: 52

Page 9 of 13 52

a
14 - x TADR peaks
max — 7% eruption duration
p
12 3 —0.1% Qmax
~ |
wn b
s 10 4
g |
N b
8 84
S 1
&
g o]
e |
N
A3
1 X
24 t
3 Atm end
04— —
March 1 Day 50 Day 100 Day 150" geptember 17
C
14 4 x TADR peaks
Qmax 22% eruption duration
12 % —0.1% Qmax
~ |
w) b
o 10 4
g |
N 1
z
5 ¢
g |
& 4y X s t
& 3 T X X end
1 X X 1
273 At70:
j end,70 L«
H_—_t
Day 50 Day 100 Day 150
(3
14 4 x TADR peaks
Qmax —100% eruption duration
12 3 —0.1% Qmax
_
w1
10
g
N
8 s
5
~
g o]
E
4,
m tend
X i
21 ¢ Atmol_:
end,100 |}
I — T S e
March 1 Day 50 Day 100 Day 150 gentember 17

Fig. 10 The Kizimen 2011 eruption, phase 1 from March 1 to September
29. TADR were calculated from MODIS data and the eruption duration is
212 days. f Evolution of the end of eruption prediction as we increased the
amount of data used to fit Eq. 1 (a—e; 7 to 100% of eruption duration). All

(one-nsig criterion) as defined in the “How soon after the max-
imum lava discharge rate is attained can we predict the end of an
effusive eruption™ section (15 peaks were found).

For Kizimen, 15 days after the onset of the eruption or 7%
of the eruption duration (with two TADR values) our method
predicted that the eruption would last 91 days, which is about
4 months shorter than the observed duration of 212 days
(At = —121 days, blue diamond in Fig. 10f). With six TADR

d

x TADR peaks
—14% eruption duration
—0.1% Qmax

Qmax

——
Day 50 Day 100

x TADR peaks
— 48% eruption duration
—0.1% Qmax

Qmax

— T
Day 50 Day 100

ey

tvopis=212 days

Percent total eruption duration

20% 40% 60% 80% 100%
}l

AT (in days)

—
)
=)

*
*

graphs have the same units and legend and the colors of the TADR data
points (crosses) and curves match to show which data were used to
generate each prediction. At represents the A¢ that is predicted using
10% of the TADR data

values (or 40% of data), we predicted that the eruption would
end after 169 days; in fact, it lasted 212 days. This prediction
would have been possible on day 29 of the eruption (or after
14% of eruption duration had elapsed) at which time 40% of
the MODIS data that would ultimately define the total TADR
curve for the eruption had been acquired. However, if we wait
19 more days (47.5 days after the eruption onset or 22% erup-
tion duration), our method predicts that the eruption would last

@ Springer
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acquisitions (perhaps by merging data from multiple plat-
forms) would help ameliorate this.

Another limitation arises from the thermal cooling be-
havior of a lava flow. Some lava flows can continue to
radiate heat for a long period even after the flow has
stopped advancing and can still be “hot” enough to be
detectable by space-based sensors. The end of an eruption
is therefore hard to define and often there is a discrepancy
between the start and end date recorded depending on the
techniques used, e.g., satellite measurements, the Global
Volcanism Program database and literature on specific
eruptions. For consistency throughout this work, we de-
cided to use only our thermal infrared remote-sensing data
for reference in our predictive tool. However, the work of
Aries et al. (2001) and Wright et al. (2001b) shows that
precipitous decreases in emitted short-wave and mid-wave
infrared (SWIR and MWIR, respectively) radiance accom-
pany the time at which an active lava flow stops moving.
In short, when the flow stops moving fresh cracks on the
flow surface (which expose the hotter flow interior that
contribute greatly to the observed SWIR and MWIR radi-
ance) are not created to replace cooling lava in older
cracks. As such, defining the end of an eruption using
thermal infrared satellite data should be somewhat robust
provided the detection method using the SWIR or MWIR
spectral intervals.

The TADR that marks the end of eruption has been as-
sumed arbitrarily as 0.1% of the maximum lava discharge
rate since it works best for most of the Wadge type erup-
tions. But one can argue that a fixed value should be used at
all time, such as the 2-3 m’/s that Wadge mentioned in his
1981 paper. But with technologic advancements, it is now
possible to resolve much lower values of discharge rates so

Fig. 11 Summary for the three

we decided on a lower critical value. In Table 1, we sum-
marize all the predictions made with the method described
here. To generalize our estimates for all the eruptions, we
relied on the estimate of Az in percent of the eruption dura-
tion. We found that the end of an eruption could be predict-
ed (to within Az of 25% of the observed duration) as early as
13% after it begins, and no later than 94% (Fig. 11 shows a
summary of our three case studies). Each data point shows
how the residual between the predicted end and the actual
end of the eruption changes (moving “up” along the y-axis,
as a percent of eruption duration) as more data are available
to compute the prediction (i.e., after eruption onset,
expressed as percent of eruption duration). Obviously, the
more rapidly the curve approaches a AT of zero, the sooner
after eruption onset the end of eruption can be predicted.
The closer the curve approaches the AT of zero, the more
accurate that prediction is. Generally, less than half of the
eruption duration (average of 43%) allows for our best pre-
diction. It can be seen that TADR time series have peaks and
troughs and therefore the prediction of the end of effusion
does not always improve with time.

In summary, once an effusive eruption starts, and the
TADR time series conforms to the Wadge type, we can
use thermal infrared satellite remote-sensing data to pre-
dict the cessation of effusion with high accuracy before
the eruption is half over and with reasonable accuracy
even earlier after the eruption onset. In the future, apply-
ing this technique to an ongoing eruption in real time,
instead of retrospectively, would be of great interest for
lava flow hazard mitigation. Its key contribution would
be to reduce the damaging uncertainty that results from
not knowing when multi-month-long lava flow eruptions
will end.

3 Effusive Basaltic Eruptions
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