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flows, lahars) and in the atmosphere (ash and bangs)

Abstract— The autonomous Model-based Volcano Sensor can pose serious threats to life and property. frioblems

Web (MSW), based at JPL, proved its worth during avolcanic
crisis at Nyamulagira, Democratic Republic of Congpin 2006.
The MSW facilitated the rapid acquisition of spaceraft data
which allowed pinpointing the location of the volcaic vent.
This was vital in predicting lava flow direction ard extent. In
2007 a number of improvements have been made to tidSW.
These include the deployment oin situ SO, sensors on Kilauea
volcano, HI, capable not only of triggering request by theEO-1
spacecraft in the event of anomalous SQdetection, but also of
being triggered autonomously by an anomalous thernia
detection from advanced data processing software board EO-
1, and the conversion of the sensor web to using Ope
Geospatial Consortium Web Services. The Sensor Wels
monitoring volcanoes around the world. A number of
interesting volcanic eruptions have been detected nd
monitored, including a carbonatite eruption at Oldanyo Lengai,
Tanzania, and the March 2008 summit eruption of Kikuea,
Hawai'i, that occurred in the Halema’'uma’'u caldera.

I. INTRODUCTION

DEPLOYMENT of smart sensors in space and on volcanoes I

can provide a means to rapidly generate an aletthen
event of an eruption, when time is of the essen8ach an
alert can be used to govern the subsequent opesatmt only
of the sensors but of other assets. The Modeldbgstcano
Sensor Web (MSW) is a project based primarily atS/s
Jet Propulsion Laboratory, and utilizes smart sendo
improve reaction times during a volcanic crisis.oldanic
eruption products, both on the ground (lava floggpoclastic
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are most acute with remote volcanoes (where trseligtle or
no in situ monitoring capability) and volcanoes in regions
where poor infrastructure and even civil strife aofs the
ability of scientists in the field to assess volcamazard and
risk. In both cases, remote sensing of volcano®s tpace-
based platforms is often the first indication tn@gma has
reached the surface, and an eruption is in procAsshe Jet
Propulsion Laboratory we are developing an advaiseador
web that utilizes models of volcanic activity tacognize not
only the stage of an eruption, but to seek out iBpec
additional data needed to improve the knowledgethef
eruption state. By “state” we mean a deep undedstg of
the eruption process based on physical models of the
volcano behaves, combined with remote aimd situ
observations that further constrain state, and alige
subsequent eruption behaviour. A simple examplehisf
would be to monitor effusion rate to determinené eruption
is waxing or waning.

MODEL-BASED VOLCANO SENSORWEB (MSW)

The first Volcano Sensor Web (VSW) developed at ig&
been described by Chieat al. (2005a) and Daviest al.
(2006a). A new, expanded sensor web is deschip&hvies
et al. (2007, 2008a). In brief, a wide range of detexgio
(alerts) of volcanic activity, or of impending valtic activity,
are used to trigger observations from the EartlitindbEarth
Observing-1 (EO-1) spacecraft. Alerts come from
autonomous systems processing spacecraft data en th
ground, web postings of detections of volcanic asid
plumes,in situinstruments, emails detailing volcanic activity,
and from data processing applications onboaf@1 (i.e,
ASE, described below). In late 2007, two autonosheu
operating “Volcano Monitor” gas sensors, which eapable
of two-way autonomous triggering and response ¢se&on
IX), were placed on Kilauea volcano, Hawai'i.

As noted by Davie®t al. (2007), our new sensor web
(Figure 1) is an advance beyond a simple detecgspense
operation mode, where an alert of activity generateequest
for a spacecraft observation with, generally, ncpge
understanding of the magnitude or extent of th@teon that
was taking place. The priority of the observatiequest was
determined by rank in a table. The highest prorérgets
were those where either an eruption would havetenpially
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catastrophic impact (e.g., Mauna Loa, Vesuvius)were of
particular scientific interest (Erta ‘Ale, Erebus).
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Figure 1. Layout of the Model-based Volcano SeMgeb (from Davie®t al,
2007). An alert of volcanic activity drives a regt for data to be input into
models of volcanic processes to gain a better stateding of the event taking

Il
Both the original Volcano Sensor Web and the MSVkena

REMOTE SENSING OFVOLCANIC ACTIVITY

use of Earth-orbiting platforms and autonomous data

processing systems. The flight of the first Eanthiting
high-spatial-resolution  hyperspectral imager, Higer
(Pearlmanet al, 2003), and ALl onEO-1 (Ungar et al,
2003); and the Advanced Spaceborne Thermal Emission
Reflection Radiometer (ASTER) (Yamaguohi al, 1998),
the high-spatial-resolution multispectral (visibled infrared)
imager onTerra; and MODIS onTerra and Aqua Yyield
observations of volcanoes at spatial resolutionkigis as 10
m per pixel (ALI), temporal coverage up to four ésna day
or better for high-latitude targets (MODIS), andedpal
resolutions of 10 nm (Hyperion has 196 usable rdisdands
from 0.4 to 2.5 um, covering visible and short améd
wavelengths). The proliferation of orbiting serssior the last
few decades has increased the pace of data aamuisit
dramatically. This has led to the developmentwbmated

systems to process and mine the huge volumes af dat

collected for the nuggets of high-value science temin
Direct broadcast of satellite imaging data, forrepée, from
MODIS, bypasses traditional routes of data transiomsvia a
small number of ground-stations, and has been edup
automatic data-processing applications to rapidstect
anomalous (above-background) thermal emission.

Two such event detection systems are based at the

University of Hawai'i. MODVOLC (Wrightet al, 2004)

place. Data are searched for: if not availablen thssets are retasked to obtainprocesses daily MODIS data: and GOESvolc (Hae[isal,

the data. For example, detection of a volcanienglleads to a request for data . .
at short- and thermal-infrared wavelengths in otdesstimate effusion rate. 2000) processes GOES (GeOStatlonary Operatlonal

The ultimate goal of the new MSW is to have assépatial,

operations based on determining what informationesded
to understand the state of an eruption, identifyingat
additional data are needed to improve knowledgethef
volcano state. The required information flow betwesensor
web assets is enabled using OGC Web Services,sdisdun

Environmental Satellite) data from the Pacific Ranlower
but higher temporal (15-minute) resolusion
Although MODIS collects data only four times a dayith
higher temporal resolution at high latitudes) itshthe
advantage of global coverage over GOES.

The recognition and posting of the location of aolic
thermal activity by MODVOLC is currently about 24turs

section XII. after data acquisition.

The MSW consists of several parts: (a) a modelhef t
physical processes under study; (b) Web Serviceetaanf a
set of sensors which describe the data being astjais well
as tasking interfaces; (c) a setinfsitu and remote sensors The notification speed of the detection of high-{penature
together with their tasking interfaces; (d) an instent data anomalies on the surface has been greatly increaged
processing capability for processing data basedwet placing data analysis software onboard the spaiteciEhe
service-defined search descriptions, to providesigay model NASA Autonomous Sciencecraft Experiment (ASE), unde
inputs; (e) a web-based data display and evaluatiehe auspices of the NASA New Millennium ProgramdSp
application at JPL; and (f) command and controfechnology 6) has been in full operation onbo&@t1 since
infrastructure to enable automated tasking of fn-@ind 2004. ASE (Chieret al., 2005b; Davieset al., 2006b) is
remote sensing assets. Eventually we will dematssta software that processes data from the Hyperion rispeetral
sensor web using data collection assets and afiplisa imager, an instrument well-suited to detecting tinedr
processing these data at JAO(1 Hyperion and Advanced emission from on-going volcanic activity (e.g., iaetlava
Land Imager [ALI] data), the University of Hawai'i flows or domes). Apart from data processing, A®Esists
(MODVOLC, processing Moderate Resolution Imagingf a planner that allows re-tasking of the spadedmare-
Spectroradiometer [MODIS] infrared data), and & Mount  image targets of interest, and also a spacecraftmznd
Erebus Volcano Observatory (MEVO - New Mexico T¢ch. language that allows the science goal planner terabp
MEVO provides multi-sensor data of volcanic activit the spacecraft and instruments. Rapid responsessaitain a
Erebus volcano, Ross Island, Antarctica.

IV. ONBOARD DATA PROCESSINGAND SPACECRAFT
AUTONOMY: ASE
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few hours of initial observation acquisition, haween
obtained by ASE.

Of particular interest is the ASE THERMAL_SUMMARY
product (Davieset al., 2006a, 2006b).
consists of spectra (the intensity of thermal emsat 12
wavelengths) for each hot pixel identified in thgperion
data by the ASE thermal classifier. The file, aoger than
20 kB in size, is downlinked with spacecraft telémeat the
next contact. Often, these data are posted atwitPlin 90
minutes of acquisition, allowing rapid identificati of
volcanic activity (or at least of a thermal source the
ground: ASE has detected burning fields, foresssfinil fires
and industrial processes that generate intenseméier
sources). In terms of the location of the eruptinthis time
in the process, information as to the precise puinof EO-1

is limited, soall that can be said is that a thermal source hi

been detected. This is sufficient to issue a baollthat a
thermal source has been successfully identifietha data.
More precise location has to wait until the full géyion
observation is downlinked and processed.

The THERMAL_SUMMARY product, with radiance |

data in the range 0.4 to 2.4n, can also be processed wit
ground-based applications to determine the intgnsit
thermal emission and extent of activity. Now, @rtpdue to
NASA AIST Program support, and with the invaluahkp

of the USGS EROS Data Center and Goddard SpachtFlig

Center, downlink and transfer of raw Hyperion dedalPL

has been reduced from more than two weeks in 20@badut
24 to 36 hours. Another advance is the implemeriatn

2007 of automatic processing BO-1 Hyperion data to Level
1G. These are data that are geo-rectified, uijzpacecraft
telemetry and image metadata to determine exadespdt

pointing. The result is that, typically within alio24 hours
of acquisition, data are in a format where theni@rsources
can be overlain on a map or photo of a volcanad¢atify the

location of activity.

successfully imaged. The full dataset arrived § kdder.
Within hours, the data were hand-processed andvéme
location identified and transmitted to Paolo Papaled

This ASE productcolleagues at INGV (ltaly). Papadd al. modeled likely flow

direction and extent in order to determine riskowal towns

(Figure 2), allowing authorities on the ground tarpand

allocate resources accordingly. During this patéc

volcanic crisis, the output from the sensor welsthroved to
be of high value (Daviest al, 2008a; Scott, 2008).
Thankfully, the eruption was relatively short-livegind lava
flows never reached the town of Sake. Nevertheldss

MSW was shown to be a potential life-saver.

Elevation (m)

0 1500 30‘00

Figure 2. The Nyamulagira eruption of November&Q@odel flow predictions
by P. Papale and colleagues at INGV, ltaly, basedw® estimates of vent
location. Red = original flow model based on eatinof vent location. Note
flows heading east. Blue = flow model basede@1 vent location. No flows
head east. More flows reach the town of SakeplBuwr where model outputs
for both vent locations overlap. Image credissgeAllen, NASA. See Scott
(2008).

Steps are now being taken to fully automate thieedata

The next sections describe a sample of Sensor Wiw. This includes setting up a website wherertalérom

operations and observations during 2006, 2007 808.2

V. NYAMULAGIRA, D. R.CoNGO, DECEMBER2006

The MSW's capability for providing crucial data the
midst of a volcanic crisis was demonstrated in Dewer
2006 during the eruption of Nyamulagira volcanok..
Nyamuragira), located at longitude 29.2 E, latitddél S in
the Democratic Republic of Congo, Africa (Davies al.,

Goma Volcano Observatory can be posted, either
automatically from sensors, or by hand. Alterratiyvemail
alerts, in pre-determined format, can be postede dccount
inbox would be periodically interrogated by a reenagent to
detect an alert posting. Whether posted on a veelsi
contained in an email, the text is parsed and Hrget
identified. A request is passed to tA®-1 planner. After
data acquisition, processing and hot spot ideatifin and

2007, 2008a; Scott, 2008). Shortly after an emuptiegan in geolocation.,_ thg final steps in_ data flow, at Ieastfar.as
November 2006 an alert from the Volcanic Ash Adwso hazard qotlﬂcatlon effprts require, are to (1)tptoe location
Centre (VAAC) in Tolouse, France, was autonomousl§f hot pixels on a high-resolution image or mapd @)
detected by the MSW and triggered an observatioE@yl ~ automatically post these products on a web pageetiss via
Within two hours of data acquisition, the data Haebn ©€mail to volcanologists in the field.

processed onboard by ASE, the thermal classified ha
detected hot pixelsEO-1 was retasked to obtain another VI
observation on 7 December 2006, and the In August and September 2007, Manda Hararo (long.
THERMAL_SUMMMARY product had been downlinked 40.82 E, lat. 12.170 N) in the Afar region of Eiiip was

MANDA HARARO, ETHIOPIA , AUG-SEPT 2007

and was available at JPL for study. Although grisduct is
not suitable for accurate geolocation of activity, was

imaged as a result of Sensor Web operations. ténAagust
2007, reports were received that an eruption wedsdeplace

nevertheless an indication that the eruption ha@nbein this remote region. Triggered by a MODVOLC timei
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detection, EO-1 was retasked to obtain higher spatial anétom the explosion showered down over an area wies@5
spectral resolution data. Additional observatiequests were acres (see USGS Hawaiian Volcanoes Observatorytienup
input by an operator at JPL. Unfortunately, thetyecation updates for March 2008 at http://hvo.wr.usgs.goWhermal
and area covered by new lava flows were repeatmmigred emission from the new vent triggered MODVOLC alerts
in cloud in the Hyperion and ALI data (Daviesal.,2008a). which were detected by the MSW. The MSW was un#ble
retaskEO-1, butEO-1 nevertheless imaged Kilauea’'s summit
VII. OLDOINYO LENGAI, TANZANIA , AUGUST 2007 on 20 March 2008 as part of a routine sequence of

On 29 August 2007EO-1, triggered by a MODVOLC observations (it was the presence of these obsemgathat
thermal detection, imaged Oldoinyo Lengai volcatang. Prevented EO-1 rescheduling by the MSW!. — This
35.902 E, lat. 2.751 S), in the East African Ritaldy in observation of a different part of the Kilauea sutramea also

Tanzania (Daviest al, 2008a). Oldoinyo Lengai (Figure 3) Included the relatively small Halema’'uma'u vent, ieth by
is a volcano of particular interest as it is thdyowlcano NOW was emitting a dense plume of gas, ash pastentel the
known to have erupted natro-carbonatite lavas siohical ©ccasional small blob of molten lava (Figure 4).

times. These lavas are erupted at a relativelytéomperature

(600 °C), many hundreds of degrees less than thidhsalt

lava (typically 1150 °C) (Pinkertoet al.,1995).

Figure 4. 20 March 2008: volcanic activity at fwemmit of Kilauea volcano,
Hawai'i. Image credit: United States Geologicanf&y-Hawaiian Volcanoes
Observatory.

Figure 3. Oldoinyo Lengai, Tanzania, erupting 86&. Image credit: Global The MSW Hyperion data processing algorithms gemdra
Volcano Network. a number of products from this observation, stgrtiith the

. THERMAL_SUMMARY product. The full dataset was
It was not known whether such an eruption could b

T . o rocessed to avoid saturated wavelengths, to remneigent
detec_ted by ASE because Hyper!on iS not particskasitive funlight (this was a daytime observgtion), and eofqym
to this Iow_er-te_mperature vo_Icamsm. AIthQUQh anier of temperature fits to the remaining data. The mettogy for
day and nighttime observations were obtained fr@fi)42to this data processing is described in Daeieal. (2008b)
2007, no thermal anomaly was detected. Excitingie
August 2007 Hyperion data showed two very brighirees in
the summit crater with spectra consistent with hayly- 160 x
erupted lava. There was an indication of a shava Iflow ol ;t'”ff;:nd*u
flowing northwest from the crater. Based on a iprelary Therml Elackbady
analysis of the Hyperion data, effusion rate as tithe was o
estimated at ~0.5 rs*. Such effusion rate calculations are
now being incorporated into the Sensor Web as &rgéed
product for each observation.

Blackbody Fit for Pixel 04, Line 5, Sample 2249 : Temperature 76399 Kelvin
T T T T T
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VIIl. HALEMA’UMA’U, KILAUEA, HI, USA, MARCH 2008

Although Kilauea volcano, Hawai'i, has a reputatifam
gentle, quiescent emplacement of basalt flows, csiye
activity took place in 1790 and 1924 and at maimgotimes of
in the past (e.g., Swansa2007). On 19 March 2008, after a . . . . . . .
period of greatly-increased $Oproduction both at the e 1 1z s 1 s 2 2z 24 2
Halema’'uma'u (an impressive caldera set into therfbf the TR _ _
arger summit caldera of Kilauea) and the Pu ‘Gt an 81 2, 20 beeh 2008 ST Bt tperon opseven
explosion took place in the wall of Halema’'uma’uDebris

40
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The ASE THERMAL_SUMMARY product identifies all K (117 nf). Knowing temperature and area, thermal
hot pixels in an observation. For each hot pixiglita are emission is calculated and integrated. The twteksbpixels
processed to calculate the temperature of the thlesource vyield a total thermal emission of 2-5 MW. The thilestest
(determined from the shape of the thermal emissiguixels yield a total thermal emission (from the tvand from
spectrum) and the area (often sub-pixel) of therntfa¢ the hot plume) of ~4-8 MW. A goal of the MSW isgain a
source. A Hyperion pixel has an area of 90D(Pavieset deeper understanding of volcanic processes beisgreoed.
al., 2006b). An example is shown in Figure 5 for thesmo Therefore, using this automatically generated pcbdu
intense pixel in the 20 March 2008 observation,clwhivas (integrated thermal emission), the next step in MSW
later found to be co-incident with the new ventgufe 6 and development will be to link, using models, the obed
Figure 7 show the temperatures and pixel fractiamas for thermal emission to the source of the heat: moftegma
all hot pixels identified in the 20 March 2008beneath the surface - and then to the supply ofmaaigom
THERMAL_SUMMARY product. Only two pixels have a an even deeper source (a magma chamber).
high temperature and a relatively high pixel fracti(> 0.2) The 20 March 2008 temperature and power data were
filled. The other pixels are almost certainly ®abjto transmitted to the Hawaiian Volcanoes Observatdiy@) in
thermal blooming, where adjacent Hyperion detegvack up response to a request for information (J. Kaualak&008,
excess thermal emission from a very intense, phrtia pers. comm.)
saturated detector.

IX. VOLCANO MONITORS

The current Sensor Web demonstrates the retasHiag
spacecraft as a result of detection of an aletie fleverse is
also possible, triggering an situ sensor as a result of event
(eruption) detection from a spacecraft. Such aartwus
sensor-to-sensor communication via a data-cleanuny has
applications elsewhere in the Solar System, whets of
spacecraft, rovers and aerobots can communicateveises
to optimize science return, and to safeguard ass€@se
example of this would be a detection of a martiastdtorm
from on-board analysis of data on an orbiter. Arrst
warning is then automatically sent to assets onntlaetian
surface or in the atmosphere.

Under an expansion of the sensor web, such twodasy
flow between sensor and spacecraft is now being
demonstrated after the installation of two sensmkpges on

Figure 6. Temperature derivations (K) from hotepispectra identified in Kilauea volcano, Hawai'i, in November 2007 (Boudrest

Hyperion observation EO1H0620462008080110KP, obth20 March 2008. al., 2007). Each expendable Volcano Monitor contair8d

The new vent is at a temperature of at least 764 K. sensor. The two monitors have has been placedwioarof
the Pu'u 'O’o vent of Kilauea, and are connectedthe
Sensor Web via Iridium modem, and thenceEt®-1. In
nominal (low) power conservation mode, data fronesth
sensors are collected and transmitted every hotlret&ensor
Web through the Iridium Satellite Network. If $@adings
exceed a predetermined threshold, the Sensor \Wgjets a
request for prompEO-1 (Hyperion) data acquisition, and
transmits a signal to the Volcano Monitor to inGeahe
sensor data acquisition rate, increasing their #amp
frequency to once per minute (high power “burst aind
Autonomous control of the sensors’ sampling fregyen
enables the Sensor Web to monitor and respond pidlya
evolving conditions before and during an eruptimg allows
near real-time compilation and dissemination obéhdata to
the scientific community (Boudreaat al, 2007). It is hoped
that this “two-way” demonstration will be performeldring

Figure 7. Pixel fractional area derivations fot pixels identified in Hyperion the summer of 2008. Data are posted and archivetPla

observation EO1H0620462008080110KP, obtained 2@&IM2008. and access to the website made available to HVOthed
National Park Service (Hawai'i Volcanoes Nationalg

The hottest source, at 764 K, has an area of 220 m

Adjacent pixels have temperatures of 550 K (26Land 701
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X. MODEL-DRIVEN SENSORWEB OPERATIONS

Additionally, we are incorporating models of vaica
behaviour to make the best use of available ressur@ve are
studying sensor data, obtained remotely and fionsitu
instrumentation, from Erebus and Kilauea volcarninesrder
to determine thresholds delineating unusual leskbstivity.
These thresholds will allow events of particulatenest
(either the cessation of activity, or an unusuhlth level of
activity) to be distinguished from the usual (backmd) level
of volcanism. A threshold could range from a coahthe
number of alerts in a 24-hour period (fromm situ
instruments), or an unusual level of thermal erorssi
detected from a spacecraft, to results from usemofe
sophisticated models of volcanic processes. Famgke, we
are developing a Sensor Web plug-in module that wse
model of how eruption effusion rate (volume of larapted
per second) varies with time (Wadge, 1981). Rigttsuch
variability can be used to estimate the possiblgmitade of
an eruption episode, the lava volume erupted, areh,e
possibly, the likely duration of the event.

XI.

SensorML is an XML encoding protocol (e.g., Batsal,
2006) which allows definition of processes, assetsl
products. SensorML applications enable (a) theaekibn of
higher-level information from datasets; (b) the lexege of
metadata, including information pertaining to theality of

SENSORML AND WEB SERVICES

XII.

In addition to the Volcano Sensor Web, other semsh
operations are currently taking place. These ohelu
retaskingeO-1 to observe areas of snow and ice melting or
freezing, based on the analysis of ice coveragea dat
disseminated by the National Snow and Ice Data &ent
(NSIDC), Denver, CO. This part of the sensor weljqet is
overseen by Thomas Doggett at Arizona State Urityerg\
Flood Sensor Web is now being tested, wh&@-1 is
triggered from automatic processing of NASA Tropica
Rainfall Measuring Mission TRMM) data coupled to
hydrological modeling. This effort is led by Fedifp at the
University of Arizona.

OTHER SENSORWEB ACTIVITIES

XIII.

Sensor Web remote-asset operations are ultimbuteiyed
by the availability ofEO-1, a heavily-subscribed spacecratft.
This potential problem is mitigated somewhat by it that
volcanic thermal emission data are best obtainedigttt,
greatly reducing potential conflicts. Table 1 whothe
number of sensor web replacements made and other
operational information. “Science scenarios” reféeo the
number of ASE observations obtained since May 2004.
Sensor Web alerts have higher priority than ASEIests.

SUMMARY OF SENSORWEB OPERATIONS

Table 1. ASE Mission Summary Data as of 13 May 280

the data; and (c) exchange of instrument and

information.

SensorML services (see below) allg®O-limages taken 15869

information transfer between sensors, and are used

discover additional assets, data, and productsntoease

knowledge of the process state under scrutiny.

To enable efficient data flow and identification adsets,

data, processes and products we Mgeb Servicesas a

framework, not only for efficient management of therent

ata mission last week| yesterdayupcoming
97 17 24

Sensor web 2113 6 0 0
Science scenarios 1428 4 0 0

Ground contacts 15402 104 18 17
X-band 5227 31 7 6
S-band 10175 73 11 11
Planner goals 124430 665 101 130

sensor web, but as a means and a template for @ixyathe
system to include new assets and products andté¢ofane
with other sensor webs. Our ultimate goal is abefo
spanning sensor and asset system that autononreaskg to
dynamic event detection and seeks out existing data
understand the process taking place. If theseraegailable,
then assets are sought to provide the needed dearar
services are:

Sensor Planning ServidSPS): used to determine whether
a sensor is available to acquire data.

Sensor Observation Servi¢8OS): used to retrieve
engineering or science data from the SPS.

Web Processing Servi¢@/PS): used to perform a
calculation on the acquired remote sensing data.

Sensor Alert Servic€SAS): used to publish and subscribe
to alerts from space, air, and ground assets.

XIV. FUTUREAUTOMATED RE-TASKING

A key element of this new sensor web technology and
philosophy is automated re-tasking. In the exgstgensor
web, automated planning technology is used to aaticadly
re-task sensor web assets (primaEty-1). This capability is
hard-wired such that the scientist must specify éxact
combination of sensor events that causes a spseifisor web
reconfiguration (usually a request for one or more
observations biEO-1).

In future, this capability will be generalized several
ways. Firstly, thetriggering eventswill be generalized to
enable triggers based on deeper models of the cecien
phenomena (e.g. parameters of a physics—based )model
These triggers include effusion rate estimation temdporal
variability in eruption mode, and a change in eiapimode
(e.g., effusive to explosive, gas to ash). Addislty, we will
add the capability to respond with additional det#lection
based on class of sensor. For instance, consideerario
where a specific thermal measurement might be stgdge
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with SensorML specifications being used to seek auoul Volcanic Eruptions with an Autonomous Sensor Wethe T

. . Nyamulagira Eruption of 200®roc. IEEE Aerospace Conference
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