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CHAPTER 1

INTRODUCTION

Volcanic eruptions, if large enough, can have a dramatic effect afhirttete and
the aviation industry, as highly explosive eruptions can emit large amounts of ash and
SO into the troposphere and stratospherarough the release of volcanic ash and,SO
eruptions can act to cool EarthOs climate (Kravitz, 2011), increase primary
production (Langmann, 2014), disrupt precipitation patterns (Oman et al., 2006), and can
have many other climate impacts, as discussed in Ch&pie2.5. Climate effects of
these eruptions are highly dependent on the location of thecrSthneider et al.,
2009). For example, higlatitude eruptions can decrease the temperature gradient
between Asia and Europe (Oman et al., 2006), whereas tropical eruptions have a winter
warming effect over Northern Hemisphere continents (Robock, éi92).\VVolcanic ash
can also have a significant impact on the aviation industry, as ash can lead to jet engine
failure if injected into the aircraft (Sears et al., 2013), discussed in further detail in
Chapter 2.6.

Due to these climate and aviationpatts, the knowledge of the location of volcanic
ash following an eruption is imperativehis study aimed to explore the accuracy and
reliability of using satellite observations to detect bothraghand SGrich volcanic
clouds usinghie Moderate Resafion Imaging Spectrometer (MODIS), an instrument
on-board NASAOs Terra and Agatellites, as discussed in Chapter 3. This thesis
outlines chosen study areas in Chapter 3.2, remote sensing methods used to locate
volcanic ash and SQich ash in MODIS obervations in Chapter 3.3, modeling methods

used to determine ash concentrations in Chapter 3.4;dvaplgation neural networks in



Chapter 3.5, and the specific neural network training used for this study in Chapter 3.6
Optimal thresholds for detectinglaare discussed in Chapter 4.1. These thresholds were
used to differentiate ash and Sixh ash from ambient features, as detailed in Chapters

4.2. The results of this study can be found in Chapter 5.



CHAPTER 2

IMPACTS OF ERUPTIONS

2.1Climate effects of volcanic ash
Although climate effects of eruptions have been mostly attributed to sulfate
aerosols, recent research has attempted to quantify climate effects attributable to ash

(Langmann, 2014; Flanner et al., 20{8igure 1)
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Figure 1: Diagram from Langmann, 2014, depicting the transport processkesigfellow) and
volcanic ash (gray), radiative effects, cloud processes, deposition, and ocean fertilization.

Volcanic ash acts to reduce the amount of incoraalgr radiation, thus modifying

EarthOs surface temperature (Langmann, 2013). Ash, in addition to sulfate aerosols,
provides a source of cloud condensation nuclei and ice nuclei, increasing the number of
cloud droplet§Langmann, 204; Langmann, 2013; Twomey, 1977). An increase in

cloud dropletsor the first indirect effectmodifies cloud lifetime and precipitation

processes, otherwise known as at the second indirect effect (Langmann, 2014; Langmann,



2013; Albrecht, 1989)Atmospheric C@concentrations can beduced following

volcanic eruptions through ocean fertilization: Ash serves as a source of iron to the
ocean, increasing marine primary production, leading to a-hpilof organic carbon
(Langmann, 2014; Langmann, 2013; Achterbéergl.e 2013). Radiativéorcing

associated with ash is largely dependent on the reflective properties of the surface it is
over (Flanner et al., 2014). Following the eruption of Ejyafjallajokull in 2010, a positive
radiative forcingor an increase in EarthOs energy budgetfound when ash was
deposited onto snow and ice (Flanner et al., 2014). In addition to modification to
radiative forcing, ash can result in surface darkening, snow melt, and snow insulation
(when the ash deposit is thick) (Flanner et al., 2014). Althouifdtsaerosols provide a
larger contribution to negative radiative forcing, sulfate concentrations can vary from
large tosmall with each erption. During Ejyafjallajokulllittle SO, was injected into the
atmosphere, and thus lomgave positivaadiative forcing was much larger than leng

wave forcing associated with sulfate (Flanner et al., 2014.)

2. 2Climate effects of sulfate aerosols

In order to have a significant climate effect, sulfate aerosols must be injected into
the stratosphere beaauthey will be rapidly removed due to precipitation if only injected
into the troposphere (Fran@sd OppenheimeR004). Sulfate aerosols, formed after,SO
oxidizes to HSQ, by homogeneous nucleation/condensation onto other aerosols (Vernier
et al., 201), increase EarthOs albedo by scattering shortwave ra@fagjore 1) This
results in the primary effect of large volcanic eruptions: surface and tropospheric cooling

and stratospheric warming (Kravitz, 201lt)only injected into the troposphesajfate



aerosolwill have a lifetime of 13 weeks due to precipitation. Once injected into the
stratosphere their lifetime increases 18 Jears, resulting in reduction of direct solar flux
at the surface and net cooling. Net heating is observed in thesptiare due to the
absorption of infrared radiation by sulfate aerosol. Other effects of sulfate aerosols are
ozone depletioand more downward infrared flulRobock, 2000).

Due to synoptiescale weather systes, radiatiorgain differencesind global
atmospheric circulation patterns, climate implications of volcanoes will depend on where
and when they erupt. When injected at high latitudes, sulfate aerosols have a lifetime of
one year or less due to subsidence over the poles (Oman et al., 2005)tdfliajdow
latitudes, sulfate aerosols will have a longer lifetim&:yiears (Kravitz, 2011). Both
tropical and higHatitude eruptions lead to continental cooling during summer, enhanced
cooling over regions already characterized byiseauring the witer in the Northern

Hemisphere, and a decrease in global precipitation (Schneider et al., 2009).

2.3 Seasonal effects dbw-latitude eruptions

Climate models indicate the primary effects of large tropical eruptions to be
winter warming over the Northetiemisphere continents (Robock et al., 1992) and a
positive Arctic Oscillation (Kravitz, 2011), a phase characterized by low pressure over
the Arctic and high pressure over the dattudes. A strengthening of the Polar Vortex,
a result of an increasedii@erature gradient between the Equator and the poles following
stratospheric warming, forces a positive Arctic Oscillation and keeps cold air locked at
the poles. Following the tropical eruption of Pinatubo in 1991, ozone levels were reduced

by 6-8%, winteg warming was observed in 1993, summer cooling was observed in 1993,



a decrease in solar fluthe amount of radiation not being scattered (NOA¥gs
observed, and an increase in diffuse flilme amount of radiation reaching the surface

that has been sttared (NOAA),was observe (Francis an@®ppenheimer, 2004).

2.4 Seasonal effects of highatitude eruptions
Although tropical eruptions are thought to have a more significant climate impact

than highlatitude eruptions, a large enough higlitude erugion, erupting at the right
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observed following higitatitude eruptions, such as Lahkilceland in 1783- 1784,

Katmai in 1912, and Eldgjt in 93Pigure 2) (Oman et al., 2006).

2.5Long-term effects of eruptions

In addition to the direct, seasonal effects of high andl&titude eruptions, there
are also positive feedbacks developrants that enhance changes already occurttiady,
may lead to longerm climate change. In addition to winter warming of Northern
Hemisphere continents, tropical eruptions also result in cooling ofi&iidgides in the
Northern Hemisphere, suggesting ttiere are multiple positive feedbacks in regions
characterized by ice and snow with regard to further cooling (Schneider et al., 2009). The
response to tropical eruptions is enhanced by advancing sea ice and lower sea surface
temperatures, associated watlstronger temperature gradient between the Equator and
poles at the surface. During Northern Hemisphere winter, the Arctic then cools much
more quickly than the tropics, suggesting that volcanism might play a part Helong

climate change (Schneiderad., 2009).

2.6 Aviation threats

In addition to human health impacts, such as eye irritation and respiratory stress
(Langmann, 2013), volcanic ash poses a serious threat to the aviation industry. Ash can
melt onto the jet engine turbine and lead ttufaiif it enters the engine, as the melting
point of ash is around 1100 K while jet engines operate at about 1400 K (Sears et al.,
2013).In addition to engine damage, volcanic ash can also damage cockpit windows and

other airplane surfaces through samagbhg, clog the pitestatic system, and be ingested



into the air conditioning and cooling systerRaplonis et al., 2013; International Civil
Aviation Organization (ICAO), 20Q7Due to these physical damage effects of volcanic
ash, the presence of asithe atmosphere can significantly effect the economy of the
aviation industry. For example, the eruption of Eyjafjallajokull in Iceland in 2010
resulted in over 100,000 canceled fligiRalonis et al., 2013; International Civil
Aviation OrganizationICAO), 2007. Just fewer than 100 aircraft have been damaged

due to interaction with volcanic ash within 30 years (22000) (Sears et al., 2013)

2.7 Trajectories of ash and SQ

The location of ash and S@llowing an eruption is important due to the
resulting climate effects and aviation threats. However, ash andfe@ follow
different trajetories due to their differenkensitiesand the presence of shear, or the
change in wind speed and direction with height, and atmospheric lifetime (Gdsn et
2002; Sears et al., 2013; Schneider et al., 1999; Prata et al., 2007; Rose et al., 2000;
Thomas et al., 2011). When this happens; &Dnot reliably be used as a proxy for ash.
Sears et al. [2013] found that sometimes only 10% of ash was missed wéiag SQ as
a proxy for ash, but other times that over 80% was missed. They go on to discuss that
although not always highly accurate, using &determine the location of volcanic ash

is useful.



CHAPTER 3

METHODS

3.1Summary

To determine if vizanic astcould beautomatically detected within MODIS
observations, MODIS dataasobtained for seven eruptive events (Table 1) and band
differencingwasperformed talistinguish ash and S@ich ash from ambient clouds and
surface features\sh concentitionsweredetermined using HYSPLIT for the same
eruptive events. The accuracy of using a neural network to detect volcamiasash
explored by training a bagiropagation neural network with band differences

representing ash, SGand surface features inputand ash concentrations as output.

3.2Study areas

Seven eruptive events with similar plume heights and explosivity were chosen
(Table 1). These eruptions all had a Volcanic Explosivity Index (VEI) of8and
plume heights between 12 andl Bn (Global Volcanism Program; hereafter referred to
as GVB. The VEI is on a scale of 0 to 8, where an increase of one indicates an increase
in magnitude by a factor of 10, and is a function of volume of erupted material, eruption
column height, and duratidiNewnhall et al., 1982). These eruptive events were chosen
because they had similar eruptive column heights, allowing their trajectories to be

compared.



Volcano Date of Eruption Location Plume Height

(km)
Kasatochi 08/07/2008 52.177iN, 175.508{W ~19 4
Okmok 07/12/2008 53.43jN, 168.13{W ~15 4
Gr'msvstn 05/21/2011 64.42iN, 17.33jW ~20 4
ChaitZn 05/062008 42.833iS, 72.646;W ~30 4
PuyehueCord—n Caulle 06/042011 40.59;S, 72.117{W ~12 3
Kelut 04/13/2014 7.93iS, 112.31jE ~17 4
Sangeang Api 05/30/2014 8.20iS, 119.07{E ~15 3

Table 1: Seven volcanic eruptions and their corresponding time, location, plume height (km),
and explosivity.

Kasatochi, a stratovolcano located in the Aleutian Idaf®igurdsson, 2000
began erupting on August 70@8, with three distinct pulses. The third pulse, beginning
at 0435 UTC, August 8, 2008, was the largest of the thvite a plume height of 19 km
(Pavolonis, personal command continued for 14 hourPi@ata et al., 2010)rhis pulse
released the mossh of the three pulseBée et al., 2000 and released around 1.7 Tg of
SO (Corradini et al., 2010 the highest amount observed since the eruption of Hudson in
1991 (Fee et al., 2010).

Another volcano located in the Aleutian Islands, the basaltiddsivelcano
Okmok, erupted at 1943 UTC on July 12, 2008 (Fee et al., 2010), with a plume height
near 15 km (GVP). This phreatomagmatic eruption, or one characterized by high water
content (Fee et al., 2010), released 0.1 Tg of(Bfata et al., 2010).

The eruption ofGr'msvstn a basaltic caldera (Sigurdss@®0Q lying below the

Vatnagkull icecapin Iceland (GVP) began erupting around 1900 UTC, May 21, 2011

10



(Petersen et al., 201L2The plume quickly reached 20 km (GVP), but decreased strength
soon aferwards and the plume fell to 10 km within 24 hours (Petersen et al., 2012).

ChaitZn a rhyolitic caldera irsouthernChile, began erupting on May 2, 2008
(Lara, 2009)This eruptive event continued for montbsit on May 6, 200812:32 UTC,
producedthe second Plinian column of the event with a plume height of over 20 km
(Lara, 2009 GVP). This eruption is especially interesting as it was the first rhyolitic
eruption during the satellite erbara, 2009. This eruption was not associated with high
SO, emissions(Lara, 2009; Carn et al., 2009

Also in Chile,PuyehueCord—n Caull@ volcanic complex, began erupting from
a fissure on June 4, 2011 (GMRIYser et al., 201 Sigurdsson200Q. This basalticto-
rhyolitic eruption continued for several mont{iiaz et al., 201} but initially sent ash
12 km into the atmosphere (GVRIYser et al., 2092 Within ten days, PuyehueOs ash
cloud had circled the glob&IYser et al., 2012).

On February 13, 2014, 15:50 UTC, Kelut, a stratovolcano located in Jsyen b
erupting.This eruption sent volcanic ash to altitudes of 17 km, continued-fod&ys,
and resulted in 40 canceled flights and multiple rerouted flights (B¥Bjansen et al.,
2019. Kelut is estimated to have injected a total of 0.74 Tg of a&hthe atmosphere,
and 0.38 Tg of that ash into the stratosphKres(jansen et al., 2015).

Sangeang Api, a volcanic complex in the Lesser Sunda Isl&idardsson
2000, began erupting on May 30, 2014, 8:55 UTCVR}. This trachybasaltito-
trachyardesitic complex emitted ash up to 15.2 km and resulted in canceled flights from

the Darwin International Airport (GVP).
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3.3Remote sensing

Aerosols exhibit varying transmittance in th&@and 1012 um ranges, regions
where the atmosphere is nearly sparent (Ackerman, 199{igure 3) Because
MODIS channel29, 31, and 32over this spectral rang®lODIS imagesvereobtained
and band combinationvgerederived to determine areas of ash andi8@ach eruptive
column. Sulfur dioxide is very absorptire7.3 and 8.6 um channels (Prata et al., 2007).
However, the 7.3 um channel is not as sensitive to the totat@@mnn as the 8.6 um
channel because the 7.3 um channel lies within a band that is also sensitive to water

vapor (Sears et al., 201@jigure3).

1 ‘ ‘ OF —
o 1OFTC I T ™ [ 1. ]
£ 08F/ 128 [129 [0 | 1| P32 7 g 08 i
e, F | ] 7 1
5 06F [ [ [ II 1 Z 06F 1D
- r [ ] | ‘ A = ]
= 04} [ ] [ || l | ‘ Z 04 1
2 o2 1 { \‘ , 'I ‘ ‘l 3 = 02F SO,
2 0.0 Y “‘- \ | \ /" \ ] 00 _:
1L0E~=—- — ~< o W0 — -~ __ e me == —
£ 09F SN Sereeeol e EER 2 g9k T e
Z ok \ 7 r Y Z 3
2 os \‘@ P B E
g o7f e | i Z o7 :
= N =
= 3 \N-~ , = 06F 2 3
S n_(_) \/x/ Ash “; SO,
0.5 g T e T e =
0 e . T S e e R TN 08} I ArAA M .
I B e l | W (L ARURL AL TV
S 09E ~ S o6l f w3
= \\ . = 0 ‘ | '.m M
Z 08F —=——C Z / ll ‘[W F
= £ 04 { [ H [
z 0.7E E ,f:_ [ ]/
< o o= | [ -
S 06F e g 02 | \ (Y A here
I’ Vi Atmosphere
0.5 0.0 Al
7 8 9 10 11 12 13 7 8 9 10 11 12 13
wavelength (zm) wavelength (xm)

Figure 3: (A) Spectral response for MODIS channels 28, 29, 30, 31, and 32; (B) Ash transmission spectra;
(C) Ice transmission spectra; (D) Strength of, &Bsorption in channels 718n versus 8.6um; (E) Sulfate,

water droplets transmission specif@) Transmission spectra of the atmosphere. Figure adapted from
Watson et al., 2004.

Band differencingvasused to locate both ash and S®the atmosphere following a

volcanic eruption. Ash is characterized by a negative brightness temperaturecifere

12



between 11 and 12 pm (Ackerman et al., 2q68)ure 3) The brightness temperature is

the equivalent blackbody temperature required to emit the same radiance observed by the
satellite instruments in a particular chan@grinartz, 201p Ice is charaierized by a

positive brightness temperature difference between 11 and 12 um because ice exhibits a
lower brightness temperature at 12 um (Watson et al., 2004). Band differarasatso

used to determine ice loading within the volcanic clouds, as icaftsnt the signal of

ash and Sewithin the cloud, leading to a misrepresentative loading of ash apd SO
(Watson et al., 2004). Following methods similadtéerman et al. [2008], band 31 (11

pum) wassubtracted from band 32 (12 um) to create a positightness temperature
difference representing ash. Because &83orbs strongly in the 8.6 um channel but not

in the 11 um channel, band 29 (8.6 pmgssubtracted from band 31 (11 um) to create a
positive brightness temperature difference representindB@ure3). Visible images

were also created for each case by combining band 16B20Gm), band 4 (54565

nm), and band 3 (45979 nm)(Figure4).
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Figure 4: RGBs were created using MODIS bands332 3129, and 31, for following eruptions
and times: (A) Kasatochi, August 8, 2008, 2305Z; (C) Okmok, July 12, 2008, 2330Z; (E)
Grmsvstn, May 23, 2011, 1400Z; (G) ChaitZn, May 6, 2008, 1505Z; (1) Puy@brter Caulle,
June 6, 2011, 1840Z; (K) Kelut, February 14, 2014, 0335Z; (M) Sangeang Api, May 31, 2014,
0235; Visible images were created for the same times to the right of their corresponding RGB
using MODIS bands 1, 4, and 3: (B), (D), (F), (H), (J3), (L)). ™sh will appear brown in these
images and meteorological clouds appear white.

Previous research determining locations and loadings paB®ash has used one
or a combination of the following satellite instruments: Total Ozone Mapping
Spectrometer (TOM), Moderate Resolution Imaging Spectrometer (MODIS),
Atmospheric Infrared Sounder (AIRS), Spinning Enhanced Visible and Infrared Imager
(SEVIRI), Ozone Monitoring Instrument (OMI), and the Advanced Very High
Resolution Radiometer (AVHRR) (Ackerman, 19€4rn et al., 2009; Carn et al., 2010;
Feltz et al., 2006; Prata et al., 2007; Prata et al., 2010; Theys et al., 2013; Pavolonis,

2014; Pavolonis et al., 2006).
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3.4HYSPLIT

After band combinations are used to differentiate between atdbenls, surface
features, ash, ar®0,, ash concentratiorezedetermined using thidybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) MddelVolcanic Ashfor the
same archived eruptioiiBraxler and Rolph, 2003)

The NOAA/AIr Resources Laboratory FBPLIT model can be used specifically
for archived volcanic eruptions to determthetransport, dispersion, and ash
concentrations of the volcanic pluniker this particular studyational Centers for
Environmental PredictioNCEP/National Center for Anospheric ResearcNCAR)
Reanalysisneteorological data was usétkanalysis data is composed of atmospheric
analysis reproduced using historical data (Xéd8ent) Kalnay et al., 1996

The following source term parameters were specified for eachi@rypppendix
A): eruption starting time (UTC), latitude and longitude of volcano, ash column top, ash
column bottom, eruption duration, and ash quaniibe ash column top was chosen to
be the maximum plume height, as reported in the literature andywephkrtsvia GVP.

The ash column bottom was always the volcanoOs summit height, and HYSPLIT evenly
distributes emissions vertically between the top and bottom column hdighidgr and

Rolph, 2003. Eruption durations were chosen based on the natuhe @&ruption: single

puff versus continuous releagguption ash quantities were chosen from published
literature (Appendix A) unless unknown. When unknown, USGS Eruption Source
Parametersgssignments of column height, duration, mass eruption ratengphnd
percentage of fine ash based on eruption type, were used for ash quantities (Mastin et al.,

2009).

18



The following runtime parameters were also specified for each eruption
(Appendix A): total duration, sampling type, average period/snapshot interval
concentration grid resolution (decimal degrees), concentration grid domain size (decimal
degrees), top of layer, and bottom of lay®@mulations were run for either 24 or 48
hours, depending on the eruptidime sampling type and interval were chosebeo
snapshot and three hours, respectively, for each eruption, resultiaigput at a shour
interval. As HYSPLIT determines concentrations within-diiensional latitude
longitude grid, the concentration grid resolution is the horizoatalution and the
concentration domain size is synonymous with horizontal dimensions. As noted in
Appendix A, these grid and domain sizes are-dli®which tells HYSPLIT to
automatically calculate these sizes based on the total ruridraelér and Rqih, 2003.
The simulation of th€haitZneruption, which was run for 24 hours, had a resolution of
0.2 degreesyhile all other eruptions, which were run for 48 hours, tesblutionsof 0.4
degreesTo calculate the vertical lay@verage concentratioRYSPLIT was given the
upper and lower limits cditmospheridayer, with the lower limit set to mean sea level
and the upper limit to 30 km for all eruptions exd8pitZn which had an ash column
height very close to this upper limit. Because of BisaitZiDs uppdimit was chosen to
be 32 km, the most HYSPLIT could handle without crashing.

The following deposition/ashfall parameters were us&d:deposition of particle,
in cloud and below cloud; the option to sum deposition over total run time; ash bulk
density and the option to specify output units. The wet deposition parameters were kept
as default: Ircloud kept aB.2E+05liters/liters; Belowcloud was kept &.0E05 liters™.

Deposition was set to the sum over the entire run for each eruption. Ash bsilly dad
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deposition output units were both kept at default: 2.5 Y&md mass/area, respectively.
Concentrations were output in kg/(figure5). These concentrations were converted to
grams and integrated over the concentration layer height of 30 8&kon, depending

on the eruption, resulting in units of gim
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NOAA HYSPLIT MODEL
Concentration (kg/m3) averaged between 0 m and 32000 m
Integrated from 1500 06 May to 1500 06 May 08 (UTC)
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NOAA HYSPLIT MODEL
Concentration (kg/m3) averaged between 0 m and 30000 m
Integrated from 0400 14 Feb to 0400 14 Feb 14 (UTC)
SUM Release started at 1600 13 Feb 14 (UTC)
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Concentration (kg/m3) averaged between 0 m and 30000 m
Integrated from 0300 31 May to 0300 31 May 14 (UTC)
SUM Release started at 0900 30 May 14 (UTC)
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Figure 5: Ash concentrations (kg/fnwere obtained via HYSPLIT for the following eruptions

and times: (A) Kasatochi, August 9, Z)@100Z; (B) Okmok, July 12, 2008, 2300Z; (C)
Grmsvstn, May 23, 2011, 13007D) ChaitZn, May 6, 2008, 1500Z; (E) PuyelTerd—n

Caulle, June 6, 2011, 1800z; (F) Kelut, February 14, 2014, 0400Z; (G) Sangeang Api, May 31,
2014, 0300z
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3.5Description of back-propagation neural network

A neural networkor a structure that mathematically identifies relationships
between given inputs and outputs (Hsu et al., 1995)ade up of neurons, which consist
of input signals, a set of weights, activation levets] tareshold functiond.(ger and
Stubblefield, 1998 Neural networks have varying topologies, learning algorithms, and
encoding schemes (Luger and Stubblefield, 19B&is particular study used a back
propagation learning algorithm for a muliyer newal network whichpropagates error
backwards starting from the output layer through the hidden laybish connect the
input and output layerd.uger and Stubblefield, 1998).

In this multilayer network, neurons, which are connected in layers, pass their
activations only to the following laye$ince this can result in widespread error, a back
propagation learning algorithim used to determine the weight distribution that results in
the least amount of err@icuger and Stubblefield, 1998). The amount of error is easily
determined for the outpmodes, as it is just the difference between theeteand
observed output valuégquation 1)

di! 0y (1)
However, it is more difficult to determine the amount of error within hidden layers
(Luger and Stubblefield, 1998). logistic function or activation functionis used
because it has a sigmoid shagesontinuous, and because it can deteentihe nodes

with the most erro(Equation 2)

|
() = (2)

where
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net! Il ;1,; 3)
and!, represents the input on lind i, represents the weight on line i, and ! is a
parameter used to adjust the curve ofdiigenoid (Luger and Stubblefield, 1998).
Backpropagation uses a gradient descent approach to determine the direction on an error
surface where the error is most rapidly reduced. The error surface represents cumulative
error as a function the neural netwaeveights (Luger and Stubblefield, 1998p
determine the weight adjustments for backpagation training (thé"kweight of the
node), the following formukaare usedEquations 4):
Pwyp D I=1(dy =1 ) =030 =1 )l ! 4)
is used for output layer nodes, and
Al gV IETTL (0T D) HGopL 1 It (5)
is used for hidden layer nodes, where j represents the nodes in the following layer
affected by iOs signalad where

! Error ©
| net, oyt rprrirr

I"#$9p=1

The weight adjustments for output layer no(feguation 4)are determined by first
considering the mean squared network error, then taking the partial derivative of total
error with respect to each output unit, followed by considering the partial derivative of
the error at each node with respect to the weight at that particular node, and finally by
taking the partial derivative of the actual output with respect to each weight @udjer
Stubblefield, 1998)To compute the weight adjustments for the hidden layer nodes
(Equation 5), only one hidden layer is initially assumed and a single nodeOs contribution
to the total network error is analyzed. The contributions are summed acrsgeslon

the output layer, and the contribution of tf&nput weight on node i to the network
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error is determined by first taking the partial derivative of the total network error with
respect to the node iOs output on the hidden [Byisris used tanalyze the sensitivity

of the total network error on the output layer to the updated weights on hidden node i
(Luger and Stubblefield, 1998Both Equations 4 and 5 are negative because the weight
changes must be in the direction of the negative gradiecording to the minimization

of error (Luger and Stubblefield, 1998his process is repeated throughout the hidden

layers.

3.6 Neural network training

Two backpropagation neural netwakvere used to determine whether or not ash
or SQ-rich ashwas present in a given MODIS pix&rom 120 MODIS granules, 14
cases were chosen where HYSPLIT output was well aligned with satellite observations

(Appendix B) Three masks were applied to each granule to create a selection of pixels

Figure 6: HYSPLIT output
was overlaid onto MODIS

granules for cases where
Aot ) MODIS and HYSPLIT were
greement on - Agreement

$Oz-rich ash . on no ash well aligned to select regions
presence presence of interest. These regions of
interest were used as masks to
select only those areas of ash,
no ash, SO»-rich ash, and no
SO,-rich ash where HYSPLIT
and MODIS were in
agreement.

Agreement on
ash presence
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containing only ash, selection containing only S@ich ash, and a selection containing

all other situations where ash was not pre@eigure6). The neural network created to
differentiate between ash and no ash is referred to as the OredO neural network, and the
network ceated to differentiate between Sh ash and no SQich ash is referred to

as the OyellowO neural netwoBath networksveretrained using inputs obtained via

the following band combinations: 421-um brightness temperature difference;8L&

pm brightness temperature difference;71&um brightness temperature difference, and
11-um brightness temperature. Using the ash cdnaeons déermined via HYSPLIT,

two sets oflags werecreated to differentiateetween ash (1) and no ash (0), and-SO

rich ash (1) and no S@ich ash (0)As validation, the neural netwakised tlese flag as
outputs.In Table 2 an excerpt from theaiming dataset used in the OredO neural network,
the first column contains the 412-um brightness temperature differences, the second
column contains the 18.6-um brightness temperature differences, the third column
contains only the Xum brightness temperatures, the fourth contains thé.4jum

brightness temperature difference, amel fifth column contains the previously

mentioned flag to differentiate between ash and no ash.

27



12-11-pm 11-8.6-pum 11-7.3-pm Ash (1)/No Ash
(K) (K) 11-pm (K) (K) (0)

2.3 -0.49 266.18 10.17 1
-0.66 -3.66 227.18 -0.92 0
-2.07 2.52 294.54 40.65 0
-0.29 -1.63 268.84 16.79 1
-0.65 2.27 295.42 25.66 0
0.25 -1.7 245.36 0.08 1
-0.06 1.74 279.41 22.48 0
2.19 -0.09 273.01 16.06 1
-1.1 0.65 278.21 25.77 0

1.9 -0.74 273.77 16.32 1
-0.95 -0.67 256.09 7.33 0
3.71 -1.13 262.54 6.71 1
1.42 -0.92 272.21 16.39 1
-0.19 2.07 282.69 25.64 0
0.69 1.44 276.53 22.07 1
0.46 -4.07 215.62 -5.36 1
-1.3 -1.23 247.54 6.87 0
0.23 -0.84 242.49 -0.02 1
0.08 2.22 282.03 21.32 0

Table 2: An excerpt from the training dataset used in the OredO neural n@wlarkns 14
represent the neural network input and column 5 is representative of the output.

The backpropagation neural network settings used in this studseameded in
Appendix C. Most settings were kept at default, which include the number of repetitions,
subsesize of the train data, percentage of used test data, shift size of subset size,
threshold options, the number of hidden neurtirespption to add noise to the data, and
other options described belowhe number of repetitions was set to 100, 10% of the
training data was used, and 100% of the test data was used for both networks. The shift
size, which allows the train subset to be shifted over the train dataset by a factor, was
kept default, or to 5%. The threshold settings were kept at default: If the torrela
coefficient associated with the training dataset was larger than the threshold, the window

size was increased by 1%; If there was no modification, the window was set to shift after
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each cycle. Correlation threshold was set to 96% and the Ono miodifictitreshold was

set to 0.0005%, which are both default settings. The number of hidden neurons was set to
25 for both the OredO and OyellowO networks. The gamma option, which defines the
learning parameter, was set to 0, which makes the learning parameséto 16, or 1.
Alphawas set to 4 to make the acceleration parameter equal to 0.4. The temperature,
which controls the steepness of the sigmoid, was set to 10. No noise was added to the
data.Dr. RenZ Preuskelnstitute for Space Sciengd=ree Uriversity of Berlin,
Germanygcreated the software used in this study for the training of this particular neural

network
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CHAPTER 4

RESULTS

4.1 Optimal Thresholds

The neural network output was compared to the test dataset output for both the
yellow andred networks. A Heidke skill score (HS&)scoring method for measuring
success where a perfect score is equal towae calculated for all possible ash/no ash

and SG-rich ash/no S@rich ash threshold® determine optimal threshol@Sigure?).

HSS to Determine Optimal Threshold
| | | | | | | | | | |

- - Figure 7: (A) Optimal
threshold for ash
retrieval determined to
be 0.48 with Heidke
skill score of 0.81(B)
Optimal threshold for
SO,-rich ash retrieval
determined to be 0.47
with Heidke skill score
of 0.98.

Heidke Skill Score

' Threshold '

B HSS to Determine Optimal Threshold
| 1 1 1 | 1 |

Heidke Skill Score

g 11|

0.4 0.6 0.8
Threshold
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The optimal thresholds for asétrieval and S@rich ash retrieval were 0.48 and 0.47,
respectively. The yellow neural network was found to a higher Heidke Skill score than

the red neural network, anduthless error (Tablg-4).

Ash Ash Predicted SO,-rich Ash  SO,-Rich Ash Predicted
Observed Observed

No Yes No Yes
No 87.7% 12.3% No 98.4% 1.6%
Yes 6.8% 93.2% Yes 0.03% 99.97%

Table 3: (Red) Red neural netwofashdetection)output was compared the test dataset output to
measure success.

Table 4: (Yellow) Yellow neural networKSO,-rich ash detectionjutput was compared the test
dataset output to measure success.

Of all data containing volcanic ash, 93% of pixelsa@reectly identified and 7% are
incorrectly flagged (Table 3). Out of the all data containing-&¢h ash, almost 100%

are correctly identified (Table 4).

4.2 Neural Network Output
Using the optimal thresholds determined by the Heidke skill scoreMeddIS
granules for the specified eruptsnerefed to the neural network to create new images

locating areas of ash, no ash,;8@h ash, and no S&ich ash(Figure8).

31



1.123

0.898

0.674

0.449} |

0.225} 1

0.000 L

1.122

0.898

0.673

0.449] -

0.224} 1

-17

-160 -150

0.000L

114

32

1.112

0.890

0.667

0.445/ -

0.2221 1

0.000 L

0.539

0.432

0.324

0.216} 1

0.108 -

0.000 L

-17

-16




1.124 0.875
0.899 0.700
0.674 0.525
0.450} 0.350/ -
0.225! 1 0.175} -
0.000 | 0.000_
H
1.125 1.112
0.900 0.890
0.675 0.667
0.450} | 0.445} |
0.225 | 0.222} |
0.000| 0.000L_|

33



1.125

0.900

0.675

0.450¢ |

0.225} 1

0.000 L

1.125

0.900

0.675

0.450¢}

0.225} 1

0.000L

0.430 |

0.215¢ 1

0.000 L

1.059

0.848

0.636

0.424 -

0.212} -

0.000 L

1.074

0.859

0.645




12

1.125 0.967

0.900 0.774

0.675} 0.580}

0.450} 1 0.387} -

0.225} 0.193} |

0.000 L 0.000 - :
120 130

Figure 8: ORedO neural netwonktput for the following eruptions and times: (A) Kasatochi,

August 8, 2008, 2305Z; (C) Okmok, July 12, 2008, 2330Z; (E) Gr'msvstn, May 23, 2011, 1400Z;
(G) ChaitZn, May 6, 2008, 1505Z; (1) PuyekDerd—n Caulle, June 6, 2011, 1840Z; (K) Kelut,
February 142014, 0335Z; (M) Sangeang Api, May 31, 2014, 0235; OYellowO neural network
output images are located to the right of their corresponding OredO neural network output images:

(B), (D). (F), (H), (3), (L), (N).

Referring back to the corresponding RGBs iguife 4, the neural network output
in Figure8 differentiates the pink/red areas, representing ash in the RGBs, from the
ambient environment and $@nd also differentiagthe bright yellow, representing $O
rich ash in the RGBs, fronmé¢ ambient enviranent and astrigures8-A and8-B
correspond to FiguresA and4-B, theeruption of Kasatochi in 2008. This particular
volcanic cloud, 2 km thick, was located over a dense meteorological cloud system
(Corradini et al., 2010). In the RGB, Figuté\, credaed using MODIS infrared bands,
there is a significant S&ich ash signal. Although this eruption was characterized by the
highest SQrelease since Hudson in 1991 (Lara, 2009), volcanic ash can reduce the
radiance for all channels in the thermal infraspdctral range, leading to an

overestimation of SgXCorradini et al., 2009). In addition, when ash aqd &e
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collocated or when SQs located above ash, ashihappear bright yellow in RGBs
created using the band combinations in Figure 3. This isodile strong S@absorption
in 8.6 um combined with the lack of absorption in 11 and 12 pum (Pavokiiid).

Figures8-C and8-D correspond to FiguresC and4-D, the eruption of Okmok,
the second Aleutian Islan@suption analyzeah this particular studyThis erupion is
unique because it was phreatomagmatic, or characterized by high water content (GVP)
This eruption incorporated ground water and water inside the caldera (GVP). The RGB in
Figure4-C is not characterized by the bright red/pink signature usually wixséor ash,
although a 15 km plume is reported (GVP) and an ash signature is clear in the visible
image, Figurel-D. When high amounts of water are incorporated into ash clouds, they
lose their ash signature and begin to appear more like meteorologiods than ash
clouds Prata, 2009 which explains why the neural network is not discerning the
volcanic cloud in this particular case. There is also ngr®0 ash detected because a
SO, signature is not present with this eruption at this time.

The erupion of Gr'msvstn, 2011, depicted in Figurg€, 8-F, 4-E, and4-F,
occurredabout 43 hours prior to the image in the figures. Two days earlier, ash at lower
altitudes was observed to drift to the south while ash at higher altitudes drifted east
(GVP). Thke next day, May 22, most ash drifted south and southwest (GVP). An ash
signature is seen to the south of the volcano in both the RGB (Eigt)rand the visible
image (Figurel-F). An SO, signal is not observed in the RGB (Figdr&). The neural
networkdetects ash in the correct location with little overestimation (FiguiEg and

also does not place any 5@ the atmosphere at this particular time (Figgfe).
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ChaitZn, the first of two mithtitude eruption analyzed in this study, is
represented ikigures8-G, 8-H, 4-G, and4-H. Four days before this particular image
was captured by MODIS, ChaitZn erupted with a 21 km plume which drifted to the
southeast, east, west, and northeast (GVP). A second eruption occurred on May 6, 2008,
12:32 UTC, about.? hours prior to this image. At first glance, it would appear that the
neural network is greatly overestimating ash east of the volcano. However, there are no
high meteorological clouds in this region, as seen in Fiduiteand previous eruptions
from days earlier contributed a significant portion of ash to the atmosphere. It is likely
that the neural network is detecting low level ash from previous eruptions to the east of
the volcano (Figur8-G). A strong sigal is also observed to the eastrtheasbf the
volcano, likely from the previous plinian colureruptingfrom this volcano on May 2,
2008 (FigureB-G). The neural network detected little SEigure8-H), as this particular
eruption was not characterized by high,8@®issions (Lara, 2009, Carhad., 2009).

Figures8-1, 8-J, 4-1, and4-J depict the volcanic cloud resulting from Puyehue
Cord—n Caulle about 48 hours after the initial eruption. On June 4, 2011, ash located at 5
km drifted to the south while ash at 10 km drifted west and east (&rPthis same day
gas was observed drifting west while ash drifted-sastheast (GVP). Ash was again
observed drifting eastoutheast on June 5, 2011. Winds shifted on June 6, 2011, and ash
drifted to the eastortheast while a previous volcanic clowmhtnued eassoutheast
over the ocean (GVP)The neural network detects both faint and strong ash signatures in
Figure8-I, while not overestimated in the presence of high meteorologicalstiotice
west of the volcano. The neural network distinguigthesSQ-rich cloud from the

ambient atmosphere with clear boundaries and little overestimation (Bigure
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Neural network output for the eruption of Kelut is shown in Fig8r&sand8-L,
which correspond to the RGB and visible image in Figdr€sand4-L, respectively.

This particular image was captured by MODIS about 3 hours after the initial eruption.
The 17 km plume was observed drifting northeast, northwest, anduWpest.analysis of
the RGB (Figurel-K), it is difficult to differentiate the asHaud from surrounding
meteorological clouds. As this volcano is locatethetropics, characterized by high
atmospheric water vapor, this is not surpriskigstiansen et al. [2015] found this
volcanic cloud difficult to detect within the first several hoaof eruption duéo the
thickness of the ash cloud combined with the high amounts of ice coating within
meteorological clouds. However, the SSignal is easily distinguishable from the
ambient environment in both the RGB (Figdr&) and the aural netwdk output
(Figure8-L).

Figures8-M, 8-N, 4-M, and4-N depict the volcanic cloud that erupted from
Sangeang Api about 18 hours after the initial eruption. The initial plume was observed
drifting west at 3 km altitude and easiutheast at 15.2 km altitud@VP). A bright pink
ash signal is observed to the esstitheast in the RGB, and the same signal is observed
as brown in the visible image (FigutdeM, 4-N), collaborating weekly reports (GVP).
However, a pink signal is also observed over West Austiidhia.is most likely dust
from the deserts of Australia, as dust has similar radiative properties to volcanic ash. No
SO, signal is observed in the RGB (Figukév). The neural network distinguishes ash
from the ambient environment, but overestimatesemttesence of dust (Figu8eM).

The neural network correctly places no,S$ignal in this particular observatiod-K).
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CHAPTER 5

DISCUSSION

In this study a neural netwetdased algorithm was developed to detect volcanic
ash and Serich ash usinglODIS observations. However, the neural network shows
significantly less accuracy when the volcanic cloud is characterized by high water or ice
content owhen surrounded by water or ideh meteorologicatlouds. As water, ice,
and water vapor can actiiwask the ash signal, the accuracy of ash retrievals is highly
dependent on the amount for water vapor in the atmosphere (Watson et al., 2004).
Because of this, the neural network is likely to have a higher accuracy in dry
atmosphereddligh, icerich meteoologicalcloudsthat are observed to lead to significant
ash overestimation are present in Figurdsand4-K. In addition to water vapor
adjusting the amounts of ash detected; & also mask a volcanic ash signal, as
mentionedn the previous sectiofiPavolonis, 2014 In the event that SCand ash are
collocated, or when SQs located abve ash, it is helpful to usasible images (MODIS
bands 1, 4, 3) to determine if an ash signal is presehe visible imagén the same
location as the S£xignal in the RGB.This method, however, cannot be used at night.

Ash is also overestimated in the presence of high dust concentrations, as seen # Figure
M, as dust over West Australia is incorrectly classified as ash. Overestimations that have
not yet beementionedare located on the edgesthe MODIS swath, which occlikely

due to unfavorable satellite observation angléss overestimation has not been

corrected in this particular network, will be addressed in the next trathnetwork.
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In order to train the network, HYSPLIT was treated to be representative of reality.
This may not always b&ccurate, especially for eruptions characterized by multiple
eruptive pulses. One of the limitations of HYSPLIT is that it cdg ba used with one
eruptive pulse or one continuous ash rele@baitZn which was characterized by two
significant eruptive pulses four days apart, was one case where HYSPLIT and MODIS
were not well alignedThesecond pulse was analyzed in this stimly,low levelashwas
still present in the atmosphere from the previous eruption. HYSPLIT had no way of
knowing this, which could lead to missed ash within the training of the neural network.
Another limitation of this study is the lack of knowledge almupted ash quantity from
some events. When unknown, USGS parameters were used, which could lead to
significant errors within HYSPLIT and thus the training of the neural network.

The location of volcanic ash in the atmosphere is crucial informationdor th
aviation industry, as volcanic ash daavily damagget engines and other parts of
aircraft as discussed in Section 2.6. This particular study can be used to automatically
detect ash in I@DIS observations, providingritical information to the aviatioindustry.
However, this study does not yet provide information about the concentration of ash in
each pixel or the altitudef the ashCurrertly, this study only provides confirmation of
the presencef ashand/or S@-rich ashwithin a30 km vertical ctumn.

Future work will include determining the accuracy of training an additional neural
network to detect not only whether or not ash is present, but also ash concentration and

ash cloud altitude.
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APPENDIX

A. HYSPLIT Parameters

Kasatochi

KKK KK K K K K K K K K K K K K K

KKK KKK KKKKKKKKKKKKK

Meteorological Data: @analysigglobal, 1948present)

Volcano: Kasatochi: Aleutian lsnds

Use USGS&assigned Eruption Source Parameters (ESP)? No

GDAS1 Meteorological File: RP200808.gbl

Input units: meters

Number of concentration layers: 1

Deposition/Ashfdl: Yes

Option to change particle size distribution: No

Use noruniform vertical ash distribution: No

Calculate eruption rate from eruption height: No

Other HYSPLIT options: No

Start time (UTC): 08/08/2008, hour 4

Source Latude 52.177

Source Longude -175.5

Ash column top: 19 knjPavolonis personal communication)

Ash column bottom: 318 (summit)

Eruption duration:1 hour

Eruption ash quantityt Tg (1,000,000,000 kg)Pavolonis personal
communicatioin

Total duration: 48 hours

Sampling type: Snaghot

Average period/Snapshot interval: 3

Concentration Grid Resolution (decimal degreeks):

Concentration grid domain size (decimal degreds)1

Top of layer: 30000 m

Bottom of layer: On

Wet del of particle: 3.2E+05, 5.085

Sum deposition over totaln time? Yes

Ash bulk density? 2.5 grams/cubic cm

Deposition/Ashfall Output units: mass/area

Concentration output units: kg/cubic m

Plot projection: default

Plot resolution: 96

Zoom factor: 70

US county borders?: No

Google Earth output of contours?: No

PS file?: Yes

Create PDF file of graphics?: Yes
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Okmok

Meteorological DataReanalysigglobal, 1948present)
Volcano: Okmok: Aleutian lands

Use USGS&assigned Eruption Source Parameters (ESP)? No
GDAS1 Meteorological File: RP200807.gbl

Input units meters

Number of concentration layers: 1
Deposition/Ashfall: Yes

Option to change patrticle size distribution: No
Use noruniform vertical ash distribution: No
Calculate eruption rate from eruption height: No
Other HYSPLIT options: No

Start time (UTC)07/12/2008, hour 20

Source Latude 53.43

Source Longude -168.13

Ash column top: 15000 nGVP)

Ash column bottom: 1072 fsummi)

Eruption durationl hour

Eruption ash quantity: 0.07 Tg (Prata et al., 2010)
Total duration: 48 hours

Sampling tye: Snapshot

Average period/Snapshot interval: 3
Concentration Grid Resolution (decimal degreeks):
Concentration grid domain size (decimal degreds)1
Top of layer: 30000

Bottom of layer: 0

Wet del of particle: 3.2E+05, 5.085

Sum deposition ovdptal run time? Yes

Ash bulk density? 2.5 grams/cubic cm
Deposition/Ashfall Output units: mass/area
Concentration output units: kg/cubic m

Plot projection: Default

Plot resolution: 96

Zoom factor: 70

US county borders?: No

Google Earth output of contourd®o

PS file?: Yes

Create PDF file of graphics?: Yes

KKK KKK KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK

Grmsvstn
¥  Meteorological Data: Reanalysis (global, 195t@sent)
¥  Volcano: Grimsvotn: IcelantilE
¥ Use USGSassigned Eruption Source Parameters (ER)?
¥  GDAS1 Meteorological File: RP201105.gbl
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Input units: meters

Number of concentration layers: 1
Desposition/Ashfall: Yes

Option to change particle size distribution: No
Use nonuniform vertical ash distribution: No
Calculate eruption rate from eruption height: No
Other HYSPLIT options: No

Start tme (UTC): 05/21/2011, éur19

Source Lat: 64.43

Source Long:17.33

Ash column top: 20000 m

Ash column bottom: 1724 fsummit)

Eruption duration: 24 hours (Moxnes et al., 2014)
Eruption ash quantity: 0.4 Tg (400,000,000 kg) (Moxnes et al., 2014)
Total durdion: 48 hours

Sampling type: Snapshot

Average period/Snapshot interval: 3 hours
Concentration Grid Resolution (decimal degreeks):
Concentration grid domain size (decimal degreds)1
Top of layer: 30000 m

Bottom of layer: 0

Wet del of particle: 2E+05, 5.0ED5

Sum deposition over total run time? Yes

Ash bulk density? 2.5 grams/cubic cm
Deposition/Ashfall Output units: /area
Concentration output units : kg/cubic m

Plot projection: Default

Plot resolution: 96

Zoom factor:70

US county borders?: No

Googk Earth output of contours?: No

PS file?: Yes

Create PDF file of graphics?e¥

KKK KKK KKK KKKKKKKKKKKKKKKKKKKKKKK-IK

ChaitZn

Meteorological Data:Reanalysis (global, 194&esent)
Volcano: Chaiten: Chiks

Use USGS&assigned Eruption Source Parameters (ESP)? No
GDAS1 MeteorologichFile: RP200805.gbl

Input units: meters

Number of concentration layers: 1
Deposition/Ashfall: Yes

Option to change particle size distribution: No

Use noruniform vertical ash distribution: No
Calculate eruption rate from eruption height: No

KK K K K K K K K
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Other HYSPLT options: No

Start time (UTC): 05/06/2008,dtir 12

Source Latude -42.83

Source Longude -72.646

Ash column top: 30000 m (GVP)

Ash column bottom: 1121 fsummit height)
Eruption duration: 1 hour

Eruption ash quantityd.2 Tg (200,000,000 kgpurantet al., 2012)
Total duration: 24 hours

Sampling type: Snapshot

Average period/Snapshot interval: 3 hours
Concentration Grid Resolution (decimal degreeks):
Concentration grid domain size (decimal degreds)1
Top of layer: 32000 m

Bottom of layer0

Wet del of particle: 3.2E+05, 5.085

Sum deposition over total run time? Yes

Ash bulk density? 2.5 grams/cubic cm
Deposition/Ashfall Output units: mass/area
Concentration output units: kgbic meter

Plot projection: Default

Plot resolution96 dpi

Zoom factor: 70

US county borders?: No

Google Earth output of contours?: no

PS file?: yes

Create PDF file of graphics?: yes

KKK KKK KKK KKKKKKKKKKKKKIKKKKK

PuyehueCord—n Caulle

Meteorological DataReanalysigglobal, 1948present)
Volcano: Puyehu€ordonCaulle:Chile-C

Use USGSassigned Eruption Source Parameters (ESP)? No
GDAS1 Meteorological File: RP201106.gbl

Input units: meters

Number of concentration layers: 1
Deposition/Ashfall: Yes

Option to change particle size distribution: No

Use noruniform vertical ash distribution: No
Calculate eruption rate from eruption height: No
Other HYSPLIT options: No

Start time (UTC): 06/04/2011, Hour 18

Source Latude -40.56

Source Longude -72.117

Ash column top: 12006 (GVP)

Ash column bottom: 2236 (summit)

KKK K KK K KK K K K K K K K
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Kelut

KKK KKK KKKKKKKKKKKKKKKK

Eruption duration: 48 hours

Eruption ash quantity: 17280000000 k¢SGS ESP
Total duration: 48 hours

Sampling type: Snapshot

Average period/Snapshiotterval: 3hours
Concentration Grid Resolution (decimal degreeks):
Concentration grid domain size (decimal degreds)1
Topof layer: 30000m

Bottom of layer: On

Wet del of particle: 3.2E+05, 5.085

Sum deposition over total run time? Yes

Ash bulk density? 2.5 grams/cubic cm
Deposition/Ashfall Output units: mass/area
Concentration output units: kg/cubic m

Plot projection: Dedult

Plot resolution: 96

Zoom factor: 70

US county borders?: No

Google Earth output of contours?: No

PS file?: Yes

Create PDF file of graphics?: Yes

Meteorological Data: Reanalysis (global, 19#t@sent)
Volcano: Kelut:Java

Use USGS&assignd Eruption Source Parameters (ESR@
GDAS1 Meteorological File: RP201402.gbl

Input units: meters

Number of concentration layers: 1
Deposition/Ashfall: Yes

Option to change particle size distribution: No
Use noruniform vertical ash distribution: No
Calculate eruption rate from eruption height: No
Other HYSPLIT options: No

Start tme (UTC): 02/13/2014, Hour6

Source Latude -7.93

Source Longude 112.308

Ash column top: 17000 fGVP)

Ash column bottom: 1730 gsummi)

Eruption duration: 1 hour

Eruption ash quantityt 7280000000 kgSGS ESk
Total duration: 48 hours

Sampling type: Snapshot

Average period/Snapshot interval: 3 hours
Concentration Grid Resolution (decimal degreeks):
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¥  Concentration grid domain size (decimal degreds)1

¥  Top oflayer: 30000 m

¥  Bottom of layer: 0

¥  Wet del of particle: 3.2E+05, 5.085

¥  Sum deposition over total run time? Yes

¥  Ash bulk density? 2.5 grams/cubic cm

¥  Deposition/Ashfall Output units: /area

¥  Concentration output units : kg/cubic m

¥  Plot projection: Default

¥  Plot resolution: 96

¥  Zoom factor:70

¥  US county borders?: No

¥  Goode Earth output of contours?: No

¥ PSfile?: yes

¥  Create PDF file of graphics?: yes
Sangeang Api

Meteorological Data: Reanalysis (global, 19#t@sent)
Volcano: Sangeand\pi: Lesser Sunda llands

Use USGS&assigned Eruption Source Parameters (ER)?
GDAS1 Meteorological File: RP201405.gbl

Input units: meters

Number of concentration layers: 1
Desposition/Ashfall: Yes

Option to change particle size distribution: No

Use nonuniform verticalash distribution: No
Calculate eruption rate from eruption height: No
Other HYSPLIT options: No

Start time (UTC): 05/30/2014{our 9

Source Lat:8.2

Source Long: 119.07

Ash column top: 15200 nGVP)

Ash column bottom: 1948 iisummi)

Eruption duratia: 1 hour

Eruption ash quantity864000000 kgSGS ESP)
Total duration: 48 hours

Sampling type: Snapshot

Average period/Snapshot interval: 3 hours
Concentration Grid Resolution (decimal degreeks):
Concentration grid domain size (decimal degreds)1
Top of layer: 30000 m

Bottom of layer: 0

Wet del of particle: 3.2E+05, 5.085

Sum deposition over total run time? Yes

Ash bulk density? 2.5 grams/cubic cm
Deposition/Ashfall Output units: /area

KKK KKKKKKKKKKKKKKKKKKKKKKKKKK
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Concentration output units : lay/bic m
Plot projectionDefault

Plot resolution: 96

Zoom factor:70

US county borders?: No

Google Earth output of contours?: NO
PS file?: yes

Create PDF file of graphics?: yes
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B. Neural Network Training Dataset

VOLCANO OVERPASS (UTC) SATELLITE | HYSPLIT TI ME
yyyy-mm-ddThh:mm:ss

Kasatochi 200808-08T13:40:00 Agqua 200808-08T13:00:00
Kasatochi 200808-08T23:05:00 Terra 200808-08T22:00:00
Kasatochi 200808-09T12:45:00 Agqua 200808-09T13:00:00
Kasatochi 200808-09T22:10:00 Terra 200808-09T22:00:00
Kasatochi 200808-09T23:55:00 Agqua 200808-09T22:00:00
PuyehueCord—n Caulle | 2011-06-05T05:55:00 Aqua 2011-06-05T06:00:00
PuyehueCord—n Caulle | 2011-:06-05T17:55:00 Aqua 2011-06-05T18:00:00
PuyehueCord—n Caulle | 2011:06-06T03:20:00 Terra 201106-06T03:00:00
PuyehueCord-# Caulle | 2011-06-06T05:00:00 Agqua 2011-06-06T06:00:00
PuyehueCord—n Caulle | 2011-06-06T14:25:00 Terra 2011-06-06T15:00:00
PuyehueCord—n Caulle | 2011-06-06T18:40:00 Agqua 2011-06-06T18:00:00
Sangeang Api 201405-30T14:05:00 Terra 201405-30T15:00:00
Sanggang Api 201405-30T17:10:00 Aqua 201405-30T18:00:00
Sangeang Api 201405-31T02:35:00 Terra 201405-31T03:00:00
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C. Neural Network Settings

“Red” Neural Network Settings:

KK KKK KKK KKKKKKKKK

Number of repetitionst00

Size of used subset in % of train dait@
Percentagef used test datd:00

Shift step in % of subset siZe:
If_Threshold_Increase_Subset selected
If_No_Modification_Shift_Subset selected
Corr_threshold, transformed_data selected
Threshold of correlatior6

Threshold of no_maodification (%).0005
Numberof hidden neuron25

Gamma0

Alpha: 4

TemperaturelO

|.-BIAS selected

H.-BIAS selected

No_Weight_Decay selected

QCK selected

“Yellow” Neural Network Settings:

KK KKK KKK KKKKKKKKK

Number of repetitions: 100

Size of used subset in % of train data: 10
Percentage of used tefata: 100

Shift step in % of subset size: 5
If_Threshold_Increase_Subset selected
If_No_Modification_Shift_Subset selected
Corr_threshold, transformed_data selected
Threshold of correlation: 96

Threshold of no_maodification (%): 0.0005
Number of hidden neons: 25

Gamma: 0

Alpha: 4

Temperature: 10

|.-BIAS selected

H.-BIAS selected

No_Weight_Decay selected

QCK selected
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