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Abstract. Volcanic gas emissions play a crucial role in largely associated with magmatic inputs to shallower lev-
describing geophysical processes; hence, measurements elfs; this process plays an important role in controlling erup-
magmatic gases such as $S€an be used as tracers prior tive events, as demonstrated by studies conducted during pe-
to and during volcanic crises. Different measurement tech+iods of enhanced volcanic activity (e.g. Casadevall et al.,
niques based on optical spectroscopy have provided valuabl&983; Olmos et al., 2007; Malinconico Jr., 1979; Zapata et
information when assessing volcanic crises. This paper deal., 1997).
scribes the design and implementation of a network of spec- Traditionally, volcanic gases have been studied by in situ
troscopic instruments based on differential optical absorptiorsampling, implying the need to have direct contact with the
spectroscopy (DOAS) for remote sensing of volcanic, SO source of emissions. Such proximity hinders research work
emissions, which is robust, portable and can be deployed imlue to the hazardous nature of working close to an active
relatively short time. The setup allows the processing of rawvolcanic vent. The tragic incident at Mount Galeras in 1990,
data in situ even in remote areas with limited accessibility,where six researchers were killed during an unexpected erup-
and delivers pre-processed data to end users in near real timégn, illustrates this reality.
even during periods of volcanic crisis, via a satellite link.  Optical remote sensing techniques rely on the spectro-
In addition, the hardware can be used to conduct short-ternscopic characteristics of the gases. These methods can mea-
studies of volcanic plumes in remote areas. We describe hersure these signals from afar, offering an attractive and safer
tests of the network at Telica, an active volcano located inoption for volcanic gas monitoring, including satellite im-
western Nicaragua, during three different measurement periagery and ground-based remote sensing. Satellite imagery
ods, including an eruptive crisis. The tests produced what ishas been applied for detecting and tracking volcanic plumes
so far the largest data set of continuous;Sl0Ox measure-  even in very remote areas (e.g. Campion et al., 2010; Henney
ments at this volcano. The measurements show that, duringt al., 2012; Urai, 2004). However, satellite imagery has lim-
the period 2010-2013, the flux averages approximately 10Gted spatial and temporal resolution, and the high detection
tons per day (tday'). limits only allow monitoring of major eruptive events and/or

volcanoes with considerable gas emissions.

Ground-based optical remote sensing techniques have pro-

vided a more feasible alternative for monitoring volcanic
1 Introduction gas and include mobile and stationary measurements. Mo-

bile measurements beneath volcanic plumes have been made
Volcanic gas emissions play a very important role as a tracegyccessfully worldwide (e.g. Galle et al., 2002; Hoff and
of volcanic activity, thus providing valuable information for \ijjlan, 1981; McGonigle, 2005); however, their temporal

scientific purposes and risk assessment (Symonds et akesolution is limited due to the impracticability of performing
2001). In particular, increases in $@missions have been
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continuous measurement traverses, especially in areas witl
limited accessibility. On the other hand, stationary optical (a)
scanning instruments are able to perform continuous mea-
surements, thus improving the time resolution (Edmonds et / / / /
al., 2003). This approach has been extended with the aim ol

monitoring gas emissions on a global scale; hence, the Net-
work for Observation of Volcanic and Atmospheric Changes
(NOVAC) project is monitoring about 20 volcanoes around

the world using optical scanning instruments (NOVAC in-
struments), providing an exceptional data set of volcanic gas
emissions (Galle et al., 2010).

Nevertheless, setting up a permanent NOVAC instrument
may be challenging in certain circumstances. A typical in-
stallation can take from a few days up to several Weeks,r
depending on the geographic and logistic conditions, hence{®
requiring very careful planning. Moreover, in some cases,
volcanic crises occur unexpectedly, with minimal precursory
signals. Setting up a monitoring network under such circum-
stances adds to the difficulties because time becomes a criti
cal parameter.

These technical advances and field challenges have led t - : 0
the idea of a rapid deployment system (RADES) for volcanic e
gas monitoring using optical scanning NOVAC instruments. Figure 1. Scanning DOAS techniquéa) Scanning of scattered UV
Rapid deployment networks for volcanic surveillance dur- sunlight.(b) SO, columns measured from one horizon to the other.
ing crises have been proposed before, but the success of thisigles with higher columns indicate the angular location of the vol-
idea was limited by the technology at that time (e.g. Tarragacanic plume.
et al., 2001). Recent technological improvements, which in-
clude low-cost embedded electronics, have made it possible

to build a network with such characteristics. he skv that has b I dth h | .
The RADES consists of a set of compact and portableN® SKY that has been collected through a telescope, giving

modules that prior to and during an imminent volcanic crisis & field of vi_ew (FOV) of 8 mrad. By_ moving the mirror, the
can be deployed quickly, to set up a local wireless network-©V of the instrument scans a vertical plane in steps ¢f.3.6

of instruments that includes scanning differential optical ab- oM the telescope, light is fed by an optical fibre to a
sorption spectroscopy (DOAS) for S@easurements and a SPectrometer (Ocean Optfés $2000), which has an opi-

hub for satellite data transfer. This network provides near-cal signal-to-noise ratio (SNR) of 24 dB and operates in the
real-time data to local authorities who can then evaluate andvavelength range 280-425nm, divided into 2048 channels

monitor the progression of a volcanic crisis in order to assesdVith @ spectral resolution of approximately 0.6 nm. Its in-
possible mitigation measures. ternal analog-to-digital converter (ADC) has a resolution of

12 bits of read-out via an RS232 interface. The rotation of

the scanner, reading and storage of the spectra, and a GPS
2 Measurement technique — scanning DOAS receiver are controlled by dedicated software implemented

instruments in a low-power embedded computer (MO@AART ARM9

RISC 192 MHz CPU with 32 MB RAM) and a 4 GB flash
The measurement technique involves the scanning of SOdrive. The computer has a basic Linux distribution as the op-
gas columns by collecting UV spectra. The source of radia-€rating system, an FTP server, two Ethernet ports and two
tion is scattered sunlight over 18 a vertical plane from RS232 ports. After completing a scan, a compressed file
one horizon to the other. Each spectrum is evaluated by aptPAK format) with a size ok 130 KB, containing typically
plying DOAS, using the zenith as a reference for the whole53 spectra and GPS readings, is generated and stored in the
scan (Platt and Stutz, 2008). If the volcanic plume is locatedflash drive. The embedded computer and the spectrometer,
above the scanner, the vertical column density of the absorbwhich are the most fragile parts, are mounted inside a plastic
ing gases will be retrieved (Fig. 1). Pel® enclosure with IP66 certification, thus providing pro-

The UV-spectra acquisition is made through a compactedection from dust and rain.

version of the scanning NOVAC instrument (Galle et al., The power consumption of the instrument, as broken down
2010), as shown in Fig. 2. The scanner consists of a motorin Table 1, is approximately 9.6 W including the radio mo-
driven mirror (or prism) that directs the scattered light from dem (see Sect. 3.2). A 60 W foldable solar panel, combined

lo
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Figure 2. Compacted version of the NOVAC instrume(d) Schematic of the instrument: the orange arrows are RS232 buses, the black-
yellow line is the motor cable and the black-red are power lifi@sTypical instrument setup. The electronic components (spectrometer,

radio and embedded computer) are inside a waterproof enclosure. The scanner, the GPS and the Yagi antenna are attached to a portak
aluminium tripod. The optical fibre and the motor cable are coupled to the electronic components by a plastic hose. In the background, Telica

volcano.
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Figure 3. Geometrical parameters required for calculating $0x. (a) Plume direction and instrument azimuthiA). (b) Estimation of the
plume height and plume direction by simultaneous measurements using NOVAC instruments.

Table 1.Power consumptionif) of the NOVAC instrument The chances of detecting and measuring a volcanic plume
are determined by the meteorological conditions, particularly
Component Power the wind direction. A typical installation combines two or
consumption more instruments measuring simultaneously throughout the
(W) area corresponding to the predominant wind directions.

In addition to the measurements of gas columns, the cal-

Scanner 3.5 ¢ ! TS
Embedded computer 2.9 culation of SQ fluxes requires updated geometrical informa-
Spectrometer 1.9 tion about the volcanic plume, as shown in Eq. (1):
Radio 1.3

N-1
Total 9.6 Flux= Ws-|cOS(Py — A7) |- Py - Y |tanaiqg

i=0

— tang;_1|- VCD;. (8]

with a 12V deep-cycle battery, provides the power supply.
Since the NOVAC instrument uses sunlight as a source of raHere, VCIO corresponds to the SOvertical column den-

diation, the instrument is scheduled to run only during day-sities, estimated at the zenith angle Py and A, are the

time using an electromechanical timer that switches the infplume direction and the azimuth of the instrument (Fig. 3a).
strument on in the morning and off in the evening. Wsand Py are the plume speed and height. The plume height
and direction can be calculated by combining simultaneous

measurements from two NOVAC instruments (Fig. 3b). In

www.geosci-instrum-method-data-syst.net/3/127/2014/ Geosci. Instrum. Method. Data Syst., 3, 12342014



130 V. Conde et al.: A rapid deployment instrument network for temporarily monitoring volcanic SO, emissions

(a) s
Novac Instruments

Power Module PC 104 computer/BGAN Modem

I S— T S S S —
Portable solar panel l DC/DC converter
] TRACO

DC/DC converter
Picu

Figure 4. The RADES comprises three portable NOVAC instruments (Fig. 2) accessed by an embedded computer via a wireless link.
(a) Schematic of the network and the PC—satellite link hub. The orange line is a RS232 bus, the blue line is Ethernet, and the black-red
lines are power connectiong) Instrument setup near Telica volcano (Nicaragua). The PC104 computer, the radio modem and the dc/dc
converters are attached inside a waterproof enclosure.

locations with a very stable wind direction, it is possible to 3 Network operation and communication

retrieve wind (i.e. plume) speed by using the double-beam

I?) S:tﬁ)rt]escﬂgi/lu(satf\c]:ﬁh:tgzlsgrr]ne(:tzlc.)'rglcc))o?c):éll-kc);vr?(;/izgxsr)t/rﬁ\géysmm operation and satellite transfer are centralized and

the wind dis tvpically obtained f 9 ind d, d controlled by a PC-satellite modem hub (Fig. 4), which
€ winc speed IS typically obtained from wind speed mo 'a?ownloads and processes the raw measurement files (PAK

gls, Su.Ch az Tte Glozal .F(XEC&?S? ?yst:.tem Lrggxhe Nation ormat) from the NOVAC instruments through a local wire-
ceanic an mospheric Administration ( )- less network. The electronics of this hub are housed in a
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Figure 5. Field installation of the RADES around Telica volcaf®@) Location of Telica in Nicaragugb) Map showing the installation sites
of the NOVAC instruments.

plastic PefP enclosure that needs to be placed in a locationmodels of the same type of radio operating at 2.4 GHz can be
alongside and higher than the NOVAC instruments in orderan alternative. However, higher frequencies impose stricter
to establish a reliable wireless link. Afterwards, the evaluatedconditions on antenna alignments, even for short distances.
files are transferred to a remote server by a satellite link.

Although alternatives to satellite links are available world- 3.3  Satellite link
wide, e.g. mobile broadband, even the most developed coun-
tries have remote areas that are not covered by these subsfihe satellite link is provided by a portable Inmarsat-BGAN
tutes. In addition, during periods of crisis, most commercialmodem that allows the evaluated files to be transferred by
communications systems tend to crash due to the unusuall§f TP. Processing files prior to sending them by a satellite link
high volume of data traffic, while satellite links operate in- reduces the cost of the data transfer service, which is billed

dependently of local communication services (Tarraga et al.in proportion to the number of megabytes transmitted. A

2001). satellite transfer of evaluated text files 2 KB apiece) costs
only 3% of the amount compared to PAK (30 KB) files.
3.1 Control system The transfer cost is further optimized by scheduling the FTP

transfer twice a day and combining a Python script and an
The downloading of PAK files from the NOVAC instru- electromechanical timer. This schedule, which can be easily
ments is controlled by a PC104 single-board embedded commodified if needed, ensures that every time a FTP connection
puter (PCMB-6684 manufactured by NOR@()) The com-  is established, a certain number of files are ready to be sent,
puter has a fanless processor (AMD LX, 800-600 MHz), two thus avoiding costly “keepalive” data packets.
RS232, two Ethernet ports, and a 4 GB Compact Flash stor-
age/hard drive, and operates in the range of 060’ he op- 3.4 Power consumption
erating system is Windows 2000 and the PAK files are pro-
cessed using the DOAS routines implemented in the NOVACMost of the time, when the only active devices are the PC104
software (Johansson, 2009). The outcome of the processegPmputer and the radio, the PC—satellite modem hub has a
PAK file is a text file that is smaller (2 KB) but contains all Power consumption of 7.3 W. During the brief periods when
the relevant information for SOflux calculations, i.e. the the satellite modem is active, the power consumption rises
values of the gas columns at different angles and the GP$? around 30 W (Table 2); thus, a 60 W portable solar panel

readings. fulfils the power demand. The voltage stability requirements
of the PC104 and the satellite modem are provided by two
3.2 Telemetry DC/DC converters that have 80 % efficiency.

The local wireless network is configured in a master—slave

topology by using spread spectrum radio modems operat4 Field implementation — Telica volcano

ing at a frequency of 900 MHz. The hub has a 5dB om-

nidirectional antenna, while each NOVAC instrument has aTelica is an active volcano, classified as a stratovolcano,
12 dB Yagi antenna. For distances of 1-3km, these radiolocated in the west of Nicaragua (12.608, 86.843 W)
frequency parameters allow typical obstacles such as vegetarear the city of Ledn (Fig. 5). The crater has an altitude of
tion or small buildings to be skipped, thus reducing the time1061 ma.s.l. and a diameter of 700 m (Smithsonian Institu-
normally required for setting and aligning a wireless net- tion, http://www.volcano.si.edu/volcano.cfm?vn=344D20
work. In some circumstances, local radio regulations mightshows a well-defined volcanic plume and eruptive events that
not allow the use of a 900 MHz frequency, in which case normally take place within a period of 3-5 years (Rodgers
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Table 2. Power consumptioni{) of the PC—satellite modem hub — 600 @ . . EFLUX
'%. " o . ) . M SMOOTHED FLUX
g :
Component Power 5
consumption LT'_:N
(W) 3
Embedded computer PC104 6
Radio 1.3
Satellite modem 22
_ 600 (b x
Total power (active satellite link) 29.3 Fg 1 T
Total power (idle satellite link) 7.3 ; 400 . i*%% . %
E~zoo-- Emé ;ixggf',xg iy ¥
O TPhipitty IR
et al., 2013). Due to its accessibility and good weather con- 22,0”2011 T — fjo é/201: T - el
ditions during the dry season (November—April), this area X
is an excellent test site for our measurement network. Tel-
ica’s volcanic activity is constantly monitored by Instituto < 600'_ ©
Nicaragiiense de Estudios Territoriales (INETER) through £ .
seismic stations, cameras and discrete temperature measur‘uE_ N
ments. Despite the fact that this is one of the most active vol- g ; i i‘:k

canoes in Nicaragua, very few $@ux measurements were
made before the implementation of this network. The best-
documented previous study was a measurement campaign o .
carried out in November 2003, using Mobile-DOAS (Galle et Flgl_Jre 6: SO, emlss_lons measured by the RADES at Telica volcano
al., 2002) that reported values between 250 and 1200tday during different periodsta) February-March 201@b) June 2011,
(Mather et al., 2006). (c) May—June 2013.

The system was tested and technically adjusted during
three different periods in 2010, 2011 and 2013, each Withymissions and small explosions. By mid-May 2011, the
a duration of about 2 months. The initial period, when no oa of the explosive events was higher, leading to the
anomalies were reported, can be considered as the baseliRg . ation of approximately 500 inhabitants from the
measurement; the second period coincided with an eruptivey.oimity of the volcanic complex (Smithsonian Institution,
crisis; and the final period can be considered to be an Uppy. /\yww.volcano.si.edu/volcano.cfm?vn=344040&bgvn=
date of the baseline. The system was deployed on the SO““l'&rnum:region14&snum:nicarag&wvolztelica&tab):.l
west area of the volcano in accordance with the predomir, g, 23 May to 24 June 2011, following a request from
nantwind direction. The NOVAC instruments were placed on o |ocal authorities, the RADES was deployed again to
three sites — Cristo-Rey, Mendoza and Los Angeles — whiley,oq re possible changes in the;%nission baseline that
the PC-—satellite modem hub was placed on the Cristo-Rey., |q indicate displacements of magma to a shallower level
site (Fig. 5b). (Fig. 6b). The previous time series of 5fuxes measured
in 2010 showed a pulsating signal, while during June 2011 a
more sustained pattern was observed, averaging a flux rate of

1 - . . -
Each volcano has an individual degassing rate; therefore, obt40+ 110tda_y . This minor increase of the_ degassing rate
serving the changes of the flux rate rather than their absolut¥/@s not considered to be significant, and it was suggested
value is more meaningful in terms of surveillance. Continu- to the local authorities that the volcanic crisis was unlikely
ous SQ flux measurements were made by the RADES from 1o be linked to magmatic displacements; thus, a short-term

20 January to 27 March 2010 (Fig. 6a). During this period crisis was expected. A few weeks later, on 14 June, the crisis
the flux averaged 115 100tday ! and there were no other 'was considered to be over, as no further explosions had been

indicators of anomalous volcanic activity reported by the lo- observed. A well-documented post-crisis study that included

cal authorities; thus, this period can be considered as the voS€Veral parameters, including the S@easurements made

cano’s emissions baseline, with $@egassing at a quiescent with the RADES, concluded there was no indication that the
rate. ’ crisis was driven by magma migration and that the eruption

might have been linked to the temporary sealing of the
4.2 The volcanic crisis of May—June 2011 shallower hydrothermal system (Geirsson et al., 2014).

0
1 T T T |
05/05/2013 05/06/2013 05/07/2013

4.1 Baseline period

From March 2011, a gradual increase in volcanic ac-
tivity was reported at Telica following a series of ash
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