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Abstract. Volcanic eruptions emit plumes of ash and gasessystem of volcanic emissions is based on the selective detec-
into the atmosphere, potentially at very high altitudes. Ash-tion of SG& and ash. This system is optimised to avoid false
rich plumes are hazardous for airplanes as ash is very abralerts while at the same time limiting the number of notifi-
sive and easily melts inside their engines. With more than 5Qcations in case of large plumes. A successful rate with more
active volcanoes per year and the ever-increasing number dhan 95 % of notifications corresponding to true volcanic ac-
commercial flights, the safety of airplanes is a real concerntivity is obtained by the SACS system.

Satellite measurements are ideal for monitoring global vol-

canic activity and, in combination with atmospheric disper-

sion models, to track and forecast volcanic plumes. Here we

present the Support to Aviation Control Service (SAB%): 1 Volcanic eruptions: a threat to aviation safety
/Isacs.aeronomie.pewhich is a free online service initiated

by the European Space Agency (ESA) for the near-real-timgvolcanic eruptions are known to emit large amounts of
(NRT) satellite monitoring of volcanic plumes of $@nd aerosols (silicate ash, sulfates and ice particles) and gases
ash. It combines data from three ultraviolet (UV)-visible and (Mostly water vapour, C& SO, H2S and halogen species).
three infrared (IR) spectrometers. The UV-vis sensors are thd he composition of each volcanic cloud is unique, as itis the
Ozone Monitoring Instrument (OMI) and the Global Ozone result of a complex process driven by the chemistry and mo-
Monitoring Experiment-2 (GOME-2) on-board the two po- tion of magma inside the mantle of the Earth and its ejection
lar orbiting meteorological satellites (MetOp-A & MetOp- at the surface (Robock and Oppenheimer, 2003). Emission
B) operated by the European Organisation for the Exploita-can sometimes have severe implications for the atmosphere,
tion of Meteorological Satellites (EUMETSAT). The IR sen- life on Earth and human society. Volcanic clouds can have
sors are the Atmospheric InfraRed Sounder (AIRS) and the? Significant impact on atmospheric chemistry and climate,
Infrared Atmospheric Sounding Interferometer (IASI) on- both locally and on a global scale (Robock, 2000; Oppen-

board MetOp-A & MetOp-B. This new multi-sensor warning heimer et al., 2011), and can strongly affect human health
in the vicinity of the volcano, but the effects of a volcanic
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cloud may even be felt far from the volcano (Forbes et al.,sure of airspace over many European countries and led to so-
2003; Baxter et al., 1999). Volcanic ash and — to a lesser exeial and economic upheaval across Europe (IATA, 2010). The
tent — sulfuric gases are also major hazards to aviation. Théntroduction of ash concentration thresholds translates into
largest threat to aviation safety is that volcanic ash can damimportant needs and requirements for improved volcanic ash
age plane engines and cause them to stall as a result of ashonitoring and forecasting services (see Zehner et al., 2010).
melting (Miller and Casadevall, 1999; Prata, 2009). Volcanic These needs are as follows:

ash can abrade windscreens, damage avionic equipment and
navigation systems and reduce the pilots’ visibility. More-
over, sulfuric gases, such as$0, and SGQ, may also dam-

age the aircraft (paint and windows) and create sulfate de-
posits on and inside the engines. The gases might also be
dangerous for the health of the passengers. In the past there — quantitative retrievals of volcanic ash (concentration,
have been several incidents as a result of encounters of air- altitude and particle size distribution) and S(@on-

— early detection of volcanic emissions;

— Near real-time (NRT) global monitoring of volcanic
plumes, with open access and delivery of data;

craft with volcanic plumes (Casadevall, 1994; Casadevall et centration, altitude) from (but not limited to) satellite
al., 1996; Guffanti et al., 2010). A significant difficulty in instruments; ash data at high temporal resolution from
mitigating volcanic hazards to aviation is that, because of geostationary payloads (Prata and Prata, 2012) have
strong winds at high altitudes, fine ash can rapidly be trans- priority;

ported over long distances (L000 km from the volcano) and

in the process cross major air routes. As only a small num-
ber of the active volcanoes on Earth are regularly monitored
using ground equipment, the use of space-based instruments
(see Carn et al., 2008, and Thomas and Watson, 2010) is par-
ticularly relevant to aviation safety, as it enables the continu-

— accurate source term parameters: time-, particle-size-
and height-resolved ash source emissions for the entire
eruptive period;

— improved inversion techniques involving atmospheric
models for forecasting ash dispersion and removal

ous and global monitoring of volcanic plumes in an effective, (Stohl et al., 2011);
economical and risk-free way. ' '
Nine worldwide Volcanic Ash Advisory Centres (VAACS) — validation of satellite observations.

have been designated to advise civil aviation authorities in

case of volcanic eruptions. These centres are part of thd! thiS paper, we give an overview of the Support to Avia-
International Airways Volcano Watch (IAVW), established tion €ontrol Service (SACS) which deals with the first two
in 2002 by the International Civil Aviation Organization POINts listed above as it is an automated global system for

(ICAO) with the co-operation of numerous countries and sev-INe monitoring and warning of volcanic plumes. It makes
eral international organisations like the International Atomic US€ Of NRT ash and SQlata products from satellite instru-

Energy Agency (IAEA), the International Air Transport As- ments opera_ltin_g in the ultraviolet (UV)-visible (data from the
sociation (IATA), the International Federation of Air Line ©Zone Monitoring Instrument (OMI) and the Global Ozone
Pilots’ Associations (IFALPA), the International Union of Monitoring Experiment-2 (GOME-2) on-board the two po-
Geodesy and Geophysics (IUGG) and the World MeteoroJar orbiting meteorological satellites (Me_tOp—A and MetOp—
logical Organization (WMO). For more details see ICAO B) operated by the European Organisation for the Exploita-
(2012). The nine VAACs each have their own areas of re-ion of Meteorological Satellites (EUMETSAT)) and oper-
sponsibility, which together cover the whole globe. They &ting in the thermal infrared (IR) (data from the Atmo-
make advisory information available en route on the extentSPheric InfraRed Sounder (AIRS) and the Infrared Atmo-
and movement of volcanic ash in the atmosphere. This infor-SPheric Sounding Interferometer (IASI) on-board MetOp-A

mation is then used by aviation safety control bodies and by?2nd MetOp-B) wavelength ranges. Note that hereafter instru-
pilots via SIGMET (SIGnificant METeorological Informa- Ments on-board MetOp-A and MetOp-B will be respectively
tion) advisories. The VAACs provide volcanic ash forecasts'€ferred as GOME-2A, IASI-A and GOME-2B, IASI-B. Us-
using atmospheric dispersion models by making use of al

fng NRT ash and S@products, a system has been set up
available information on volcanic clouds from observatories, (© notify the users by email in case of exceptional volcanic

pilot reports and measurements from the ground, aircraft an§Missions. Here we present the strategy adopted to detect and

above all from space instruments (mostly satellite imagerymonltOFV0|CanIC clouds. QSIng examples of recent erupt.|ons,
from geostationary instruments). we demonstrate the service, show the information available

Until recently, a policy of zero tolerance regarding vol- to the SACS user and detail the different aspects of our work.

canic ash was applied by ICAO on airlines (Cantor, 1998).
This regulation has changed with the introduction of ash con-
centration thresholds over Europe after the eruptions of the
Icelandic volcanoes Eyjafjallajokull in April-May 2010 and

Grimsvoétn in May 2011, as both caused partial or total clo-
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2 Overview of SACS

LY GOME-2 [B]
L% IASI[B] B

The Support to Aviation Control Service is a project funded , \ ,
by the European Space Agency (ESA) developed within the Aquz<
Data User Element of the Tropospheric Emission Monitoring ~ AIRS
Internet Service (DUE-TEMIShttp://www.temis.n)l and the 13:30
PROtocol MOniToring service for the Global Monitoring for
Environment and Security (GMES) Service Element (GSE-
PROMOTE http://www.gse-promote.ojgprogrammes (Van

Geffen et al., 2007). SACS is a collaborative project that s 47>
currently involves the following partners: the Belgian Insti-
tute for Space Aeronomy (BIRA-IASB; leader), the Royal
Netherlands Meteorological Institute (KNMI), the University
of Brussels (ULB) and the German Aerospace Center (DLR).

The SACS project is also indirectly supported by the fol- Fig. 1. lllustration of the satellite equatorial overpasses (solar local

lowing agencies/institutions: EUMETSAT (via the Satellite time)
Application Facility on Ozone Monitoring (O3M SAF) pro- '

gram), Centre National d’Etudes Spatiales (CNES), Finnish

Meteorological Institute (FMI, limatieteen Laitos), Norsk In-  Note that until April 2012, the NRT SACS system also used
stitutt for Luftforskning (NILU), Jet Propulsion Laboratory §at5 from the SCanning Imaging Absorption spectroMeter
(JPL) and the National Aeronautics and Space Administratg, Atmospheric CHartographY (SCIAMACHY) on-board
tion (NASA). The primary objective of SACS is to meet the he ENvVIronmental SATellite (ENVISAT: see Bovensmann
requirements expressed by its users as much as possible, agfl 5| 1999), for which archive data can still be consulted.
especially to support the VAACs (key users of the service)Taple 1 presents a summary of the SACS products and their
in their official task of informing aviation control organisa- main characteristics: satellite platform, data type and avail-
tions about the risks associated with volcanic activity. SACSapjity, equatorial local overpass time, spatial resolution, re-
is a free service available thr_ough a smgle_, user-friendly;rieved quantity, data provider, units, delays of retrievals,
web portal fittp://sacs.aeronomie Joat centralises the data  g\yath widths, and global coverage. The size of the foot-
(near real time and archive), globally and for a set of pre-print of each instrument (resolution in Rinis an approxi-
defined regions, in the form of maps (images). This servicemate value at nadir. Note that since mid-July 2013, the swath
is also linked to other European initiatives such as the Supyigth of GOME-2A has been divided by two (from 1920 km
port to Aviation for Volcanic Ash Avoidance (SAVAA) ESA 15 960 km), but it still allows a full daily coverage by combin-
project fttp://savaa.nilu.np the Volcanic Ash Strategic ini-  jhg GOME-2A and GOME-2B instruments. A description of
tiative Team (VAST) ESA projecthitp://vast.nilu.np and  he gifferent data products used in the SACS system is given
the European Volcano Observatory Space Services (EVOSS), gect. 3.
project of the European Union Framework Programme; EU A notification system has been set up to warn people (by
FP7 fttp://www.evoss.elwhose general aims are to define gmajl) in case of exceptional concentrations of ash angl SO
and demonstrate an optimal system for volcanic ash plumg,sinting them to a web page with relevant information on the
monitoring and prediction. o location of the plume. Users also have the possibility to con-
SACS delivers global data sets for sulfur dioxide £80 gyt the notification service, which compiles notifications of
and aerosol (ash) related to volcanic eruptions from meayngoing or past eruptive events. Data archives contain the ob-
surements by space-based instruments. At the time of Writseyations starting from September 2002 for AIRS, from Jan-
ing, SACS is based on polar sun-synchronous satellite INStrugary 2004 until April 2012 for SCIAMACHY, from Septem-
ments widely used to sound atmospheric composition and foper 2004 for OMI, from January 2007 for GOME-2A, from

meteorological and scientific applications: AIRS/Aqua (AU- pecember 2012 for GOME-2B, from October 2007 for IASI-
mann et al., 2000, 2003; Hofstadter et al., 2000), OMI/Auraa gnd from January 2013 for IASI-B.

(Levelt et al., 2006), GOME-2A&B (Munro et al., 2006) and

IASI-A&B (Clerbaux et al., 2009; Hilton et al., 2012). All

SACS data retrievals are available in NRT (which means a8 Description of satellite data products used by SACS
soon as the data process allows retrieving @0d ash ob-

servations). Figure 1 shows the different sounders that SACSACS provides complementary information both on%@d
currently uses and their local overpass time. It shows the adaerosol/ash in NRT. The satellite detection of,S3€straight-
vantage of combining multiple sensors which have differentforward and when S@is present in the free troposphere to
overpass times in a single system as it allows the reliabldower stratosphere, it is (most of the time) a good indica-
and timely monitoring of volcanic plumes on a global scale. tor of volcanic activity. Although S@is often a good proxy
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for volcanic ash plumes (Thomas and Prata, 2011), not aliments, several background and offset corrections are gener-
eruptions are accompanied by detectable amounts of SO ally applied to ensure geophysical consistency of the data.

and even then it is not uncommon for ash and, $®fol- The SQ vertical column is obtained using radiative trans-
low different trajectories because of differences in injectionfer calculations that account for important parameters influ-
altitudes. encing the UV light path in the atmosphere: solar zenith an-

Unfortunately, the detection of volcanic ash is far from gle, viewing angles, clouds, atmospheric absorption and scat-
straightforward, especially for dispersed plumes. Most of thetering and surface albedo. As the measurement sensitivity
current satellite algorithms use differential absorption by ashstrongly depends on the altitude at which S@sides and
between two channels, which can yield false detection in thebecause we have no knowledge what this altitude is prior to
presence of absorbing aerosols other than ash (e.g. dese¢hte measurement, the $@ertical column estimation is pro-
dust). However, it has been shown recently by Clarisse etiided on three hypothetical atmospheric layers representative
al. (2013a) that it is possible to discriminate the absorptionof different scenarios of emissions: planetary boundary layer
signatures of ash from other types of absorbing aerosols udtypically the first km above the surface), upper troposphere
ing hyperspectral thermal infrared sensors. In SACS, we havé~ 6 km) and lower stratosphere (L5 km). The S@ images
implemented such an algorithm to selectively detect ash fodisplayed in SACS all use the data assuming lower strato-
AIRS, IASI-A and IASI-B . spheric plumes.

In this section, we briefly present the different products The SQ algorithms from OMI, SCIAMACHY and
from the seven instruments listed in Table 1 and their mainGOME-2A are able to detect similar $@atterns for mod-
features and limitations. Then, Sect. 4 describes how theest and strong eruptions. Figure 2 shows that the measure-
SACS system presently uses the satellite data products tments (S@ VCD images from SCIAMACHY, GOME-2A

trigger and issue notifications for $@nd ash. and OMI for an eruption of Kilauea Volcano in Hawaii, 17
May 2008) are able to consistently observe small (and low)
3.1 SO column retrievals from UV-visible sensors SO plumes. Despite the different overpass times, we can
(SCIAMACHY, OMI, GOME-2) see a very good spatial correspondence between the three in-

struments regarding the location of the plume. To compare

The SCIAMACHY, GOME-2A, GOME-2B and OMl instru-  the SQ VCDs, a fixed latitude of 194N has been chosen
ments are UV-visible spectrometers measuring solar lightfor the three instruments, and the measurements have been
backscattered by the atmosphere or reflected by the Eartplotted as a function of longitude (Fig. 2d). A fairly good
(and hence can only measure during daytime). The observaagreement between the VCD values is found, especially tak-
tions are done in nadir-viewing geometry, except for SCIA- ing into account the fact the SCplume is moving west-
MACHY, which has alternating viewing modes in nadir and ward. This example shows and confirms thapM@D mea-
limb (not used here). Once a day, a direct measurement of theurements from UV-visible instruments allow a good estima-
solar irradiance spectrum is also acquired. All four instru-tion and monitoring of volcanic emissions even for such a
ments have spectral channels covering the UV wavelengtismall eruption (the highest SO/CD is 5.2 DU as recorded
range (240-400 nm), where $@as strong and distinctive by GOME-2 on this day). Note that the operational cloud-
absorption bands. The spectral resolution in the UV range isover fraction products for all UV-visible instruments are
0.2-0.6 nm. also available on the SACS web page as additional informa-

The retrieved quantity from the four algorithms is the tion. Note that the measurement times are indicated in UTC
so-called S@ vertical column density (VCD). It rep- on all SACS images.
resents the S© concentration integrated along the ver-
?f aDIUaZX|2$T63>r<1d10|136 n?glncﬁ;‘i‘g;’_ .ﬁi( EE) rseésgiri é:‘/alts)%tf)ssogl Alfmts3.2 SO index retrievals from thermal IR sensors
MACHY (Van Geffen et al., 2007, 2008) and GOME-2A&B (IASI'and AIRS)
(Rix et al., 2009, 2012) use a differential optical absorp-
tion spectroscopy technique (DOAS; Platt and Stutz, 2008)The IASI instrument (on-board MetOp-A & MetOp-B) is
where all measurements in a wavelength ranging from 315 t@ Fourier transform spectrometer. The spectral coverage is
326 nm are fitted to laboratory absorption data oh%énhd  from 645cnt! to 2760 cn! (with no gaps) with a spectral
other atmospheric gases) to yield the,&Mant column, i.e.  resolution of 0.5cm! (apodised) and a spectral sampling
the SQ concentration integrated along the mean optical lightof 0.25cnt!. The AIRS instrument is an echelle grating
path in the atmosphere. The OMI S@etrieval is slightly  spectrometer covering the range between 650 and 2665 cm
different from SCIAMACHY and GOME-2A&B in that it  (with gaps) and a spectral resolution of 0.5-2¢miThe in-
uses only a small number of wavelengths (between 310 andtruments operate in a nadir view with typical footprints (cir-
345nm) in and outside the S®and, following the linear fit  cular to elliptical depending on the position on the swath) of
algorithm (Yang et al., 2007), and it does not retrieve an SO 12 and 15 km diameters (at nadir) for IASI and AIRS respec-
slant column as an intermediate step. Note that for all instrutively. Both sensors measure the spectrum of the outgoing
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Table 1. List of data products available from SACS.
Instruments Data Overpass Data Resolution  Swath Global Data Participants  Units Delay
type time availability (knR) (km)  coverage products
(hour)
SCIAMACHY . . SO, vertical columns BIRA DU 2-3h
(ENVISAT UVl/visible  10:00 2004/04-2012/04 3060 960 96 absorbing aerosol index KNMI R
OMI SO, vertical columns NASA/ DU 2-3h
(Aura) UV/visible  13:30 2004/09—present 324 2600 24 KNMI/FMI (EU: 45%)
absorbing aerosol index KNMI - 2-3h
GOME-2 2007/01-2013/07 4080 1920 24 S@vertical columns DLR DU 1-2h
(MetOp-A UV/visible  09:30 SQ plume height BIRA km off-line
2013/07—present 40 40 960 48 absorbing aerosol index KNMI - 2-3h
GOME-2 SO, vertical columns DLR DU 1-2h
(MetOp-B UVlvisible  09:00 2012/12—present 4080 1920 24 SQplume height BIRA km off-line
absorbing aerosol index KNMI - 2-3h
IASI . 09:30 12 SQ index (and columns) ULB K({DU) 1-2h
(MetOp-A infrared 21-30 2007/10—present 1212 2200 ash indicator ULB - 1-2h
IASI . 09:00 SO, index (and columns)  ULB K(DU) 1-2h
(MetOp-B infrared 21:00 2013/01—-present 1212 2200 12 ash indicator ULB B 1-2h
AIRS . 01:30 SO, vertical columns NILU DU 1-2h
(Aqua) infrared 13:30 2002/09—present 1615 1650 12 ash indicator ULB B 1-2h
a) i b) i
SO2 vertical column [DU] 18 May 2008 S02 vertical column [DU] 17 May 2008
OMI — KNMI/FMI/BIRA-IASB/NASA GOME-2 — DLR/BIRA-IASB/EUMETSAT
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Fig. 2. SO, VCD images by(a) OMI, (b) GOME-2A and(c) SCIAMACHY. The lower right plot(d) shows the S@ VCDs for a fixed
latitude of 19.4 N (blue line in the SO2 images) as a function of longitude during an eruption of Kilauea Volcano (195.29.42 N),
17-18 May 2008.
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thermal radiation emitted by the Earth-atmosphere systentalibration issues and sunglint over the ocean and therefore

(and hence can operate during both day and night). ad hoc flags are applied. Figure 4c and d shows an example
Both IR instruments cover the strong (asymmetric  of AAl images from the UV-visible sensors GOME-2A and

stretch) SQ absorption band around 1362t For AIRS,  OMI. Ash emitted during the Grimsvétn eruption is clearly

three wave numbers are used (1395¢ém1327cnt! and  identified.

1328cntl), while the IASI algorithm is based on measure-

ments around 1408 cnd, 1372 cnt! and 1385cm?t. The 3.4 Ash index retrieval from the thermal IR sensors

AIRS L1 data are provided in near real time by NASA's Earth (IASI, AIRS)

Observing System Data and Information System (EOSDIS, =~ | .
https://urs.eosdis.nasa.gpand the S@ retrievals are pro- Clarisse et al. (2010, 2013a) have demonstrated the potential

cessed by BIRA-IASB using the algorithm from NILU. The of hyperspectral thermal infrared sounders to detect volcanic
retrieval scheme of AIRS is a two-step process with a first@sh with a high sensitivity and differentiate it from other air-

step to identify pixels that contain S@nd a second step to borne aerosols _(including windblown ;and). The IASI-A&B

adjust the amount of SChased on off-line radiative transfer @nd AIRS ash index products used in SACS are based on
calculations (see details in Prata and Bernardo, 2007). Th@ three-step process (see Clarisse et al., 2013a for details).
retrievals from IASI-A&B SQ are provided in NRT by the The first step calculates the relative distance (weighted pro-

ULB (http://cpm-ws4.ulb.ac.be/AledtsThe IASI SO algo- jection) between the measured spectra and fixed ash spec-

rithm (see details in Clarisse et al., 2012) also involves thelT@! Signatures. Based on the magnitude of these distances,

conversion of the measured signal into an,S@rtical col- only those observations are kept which are likely to be ash
umn by making use of a large look-up table and EUMET- (called ash candidates). The second step finds the subset

SAT operational pressure, temperature and humidity profiles®f OPservations which are aimost certainly ash by impos-

These are only available for data with L2 information. To en- ing very strict criteria based on absolute distance criteria

sure a maximum amount of IASI data, only the brightness(ca”ed high-confidence detections).The third steps consid-

temperature difference index is used in the NRT treatment of"S the spatial context for promoting ash candidates to low-
SACS. Figure 3 shows IASI-A and AIRS S@mages from and medium-confidence detections in the neighbourhood of
SACS after the beginning of the eruption of the Nabro Vol- hlgh—conﬁdence.detect|ons. The procedure ensures a very
cano (Eritrea). IASI was the first instrument to observe thelOW false detection rate (because of step 2), while at the
SO, plume at 06:25 and 08:05 UTC (for two consecutive SAME time identifying as much ash as possible in the neigh-
orbits) on 13 June 2011. Nevertheless, these observatiorfR0Urhood of high-confidence detections (because of steps 1
did not cover the full plume. At 10:50, a full coverage of and 3). Therefore, this ash detection provides different lev-

the plume was possible by combining IASI with AIRS mea- els of confider_lce. In _SACS, foqr colour c_odes are adopted.
surements. This illustrates the benefit of our multi-sensor apL€vel 3 (high, in red): in these pixels, ash is aimost certainly

proach. As a side note, the delay time for receiving the datdPreSent (less than 1% of false alerts). Level 2 (medium, in
was about 1 h 50 min and 1 h 30 min for IASI and AIRS re- °range): ash is detected with high confidence; nevertheless,
spectively. only Level 3 is used to generate a notification. Level 1 (low,

in yellow): the observed spectra contain a mineral aerosol

3.3 Absorbing aerosol index retrievals from UV-visible signature and are located close to a high-confidence detec-
sensors (SCIAMACHY, OMI, GOME-2) tion. Volcanic ash is therefore likely, even though false de-
’ ' tections are common. Level 0 (unknown, in white): in these

The absorbing aerosol index (AAl) indicates the presencePX€ls no ash was detected with the algorithm. Figure 4a
of elevated absorbing aerosols in the atmosphere. It is ofP'€S€Nts the AIRS detection of ash at 03:40UTC on 22
ten called the residue, the spectral contrast anomaly or sim¥1&y 2011. Note that IASI was the first instrument on a
ply aerosol index. Because the presence of ash can be tHplar-orbiting satellite ab!e to __clearly d'IStIHQUISh ash emit-
dominant part of the AAI detection, SACS provides thesetEd at the start (_)f the Grimsvétn eruption at 20:45 UTC on
products in near real time. The AAI separates the spectrafl M@y 2011. Figure 4b shows the IASI-A ash detection at
contrast of two ultraviolet wavelengths caused by absorb-10:30UTC on 22 May. We can see in Fig. 4c and d the dis-
ing aerosols from that of other effects, including molecular Placement of the ash cloud during the next two days (ash
Rayleigh scattering, surface reflection, gaseous absorptiof€tected by AAl retrievals from GOME-2A and OMI).
and aerosol/cloud scattering (Herman et al., 1997; Torres et
al., 1998).

The UV wavelengths used are 340 and 380 nm for SCIA-
MACHY and GOME-2A&B, and 354 and 388 nm for OMI.
Note that AAl retrieval is possible over cloud-covered areas
and is performed equally well over ocean and land (except
over ice). However, the final AAI products are sensitive to
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Fig. 3. SACS SQ vertical column density images from IASI and AIRS for 13 and 14 June 2011 at the beginning of the eruption of Nabro.
Note that IASI and AIRS observations are plotted using circles with mean diameters of respectively 12 and 15 km.

Table 2. Geographical coverage of SACS monitoring for October 2012.

Duration of monitoring

1h 2h 3h 4h 6h 8h 12h 24h
Zone Pixel (max) Pixel (max) Pixel (max) Pixel (max) Pixel (max) Pixel (max) Pixel (max) Pixel (max)

A 145% (5) 288% (5) 425% (5) 550% (7)) 750% (8) 885% (8) 98.0% (8) 100% (13)

B 159% (5) 312% (5) 46.0% (6) 59.0% (7) 785%  (8) 90.9% (8) 985% (9) 100%  (15)

c 18.8% (5) 36.1% (7) 513% (8) 648% (9) 849% (10) 97.0% (10) 99.7% (11) 100%  (17)
D 247% (7)) 448% (9 57.9% (11) 71.0% (12) 90.3%  (13) 99.8% (14) 100% (15) 100%  (23)
E 31.3% (8) 501% (10) 61.9% (14) 725% (19) 87.9% (22) 96.0% (30) 99.4% (38) 100% (71)
F 725% (8) 94.8% (10) 97.3% (14) 98.8% (19) 100.0% (22) 100% (30) 100%  (38) 100%  (71)
World 31.6% (8) 50.6% (10) 62.3% (14) 72.8% (19) 88.1% (22) 96.1% (30) 99.4% (38) 100% (71)

3.5 Limitations of satellite products in detecting

aviation it is actually an advantage as the detection of SO
volcanic plumes

by these two sensors means that,S©present at altitudes
where airplanes spend most of their travel time. This fact
combined with four overpasses per day makes the IR sen-

) o sors a central component of the SACS system. As a comple-
Because of competing water vapour absorption in the sameyent the UV sensors are characterised by a relatively good

IR wavelength window as SO the vertical sensitivity of  measurement sensitivity for S@own to the surface. While
IASI and AIRS to SQ is limited to the atmospheric lay-  this allows monitoring of low-altitude volcanic degassing,

ers above 3-5km, depending on the humidity vertical pro-it 5150 renders the measurements sensitive to anthropogenic
file. This limitation might seem serious, but in the context of

3.5.1 SQ products
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Fig. 4. Ash index from(a) IASI-A and (b) AIRS, and AAI from(c) GOME-2A and(d) OMI during the Grimsvétn eruption on Iceland.
Images show the first days of the eruption, which started on the afternoon of 21 May 2011.

emissions. As most of the S(ollution hotspots are con- Sect. 3.4, low-concentration ash plumes are often not de-
fined to a limited number of regions (China, South Africa and tected in the current implementation.

Siberia), the SACS system can easily be tuned to avoid false

notifications there. As a general comment,S€trievals are  3.5.3 Known anomalies impacting the data

also affected by clouds and instrumental noise (especially at . o

high solar zenith angles for the UV sensors). The latter gen-' "€ Earth’s dipolar magnetic field is offset by about 500 km

erally shows up in the SEimages and evolves as the instru- from the rotational axis. As a result of this, the inner Van
ment degrades over time. Allen belt (doughnut-shaped regions of high-energy charged

particles) is closer to the Earth’s surface on one side than on

the other. This region is called the South Atlantic Anomaly
3.5.2  Aerosol products (SAA) and it covers a part of South America and the south-

ern Atlantic Ocean: it lies roughly between latitudésstand
Besides the fact that aerosol products are qualitative product40®° S, and between longitude$ @/ and 80 W (the precise
(indexes), measurements from UV-visible sensors are sensstrength, shape and size of the SAA varies with the seasons).
tive to all types of absorbing aerosols (desert dust, biomassthis dip in the Earth’s magnetic field allows charged parti-
burning aerosols, volcanic ash) and are therefore not purelgles and cosmic rays to penetrate lower into the ionosphere
selective for ash. However, the combined detection of both(to ~ 500 km of altitude). Low-orbiting satellites, such as
elevated aerosol and $0s highly selective for the vol- Envisat, Aura, MetOp-A and MetOp-B, pass daily through
canic plume (in fact even more than $@etection alone). the inner radiation belt in the SAA-region. Upon passing the
Note that the ash product of IASI and AIRS sensors yieldsinner belt, charged particles may impact the detector, caus-
very few false detections (less than 1 %). It should be notedng higher than normal radiance values, which in turn de-
that because of the strict conditions of step 2 presented ircreases the quality of the measurements, notably in the UV
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Table 3.Key criteria used by the SACS notification system.

1107

Instruments SCIAMACHY GOME-2 oMl IASI AIRS
[MetOp-A & -B] [MetOp-A & -B]
SO, threshold radius 80 km 85km 50km no need no need
notification  type of observation VCD VCD VCD DBT VCD
threshold value 1.8 DU 1.8DU 1.45DU 29K 3DU
threshold value
proximity volcano 1.25 DU 1.45 DU 1.25DU no need no need
(< 300 km)
avoid SAA yes yes
threshold value 3.25DU 2DU noneed  noneed no need
avoid pollution yes yes yes
threshold value 3.25DU 2 DU 16py Moneed no need
Ash level of confidence (LOC) N/A N/A N/A high high
notification normal scenario
threshold radius N/A N/A N/A 2000 km 2000 km
NOP* required N/A N/A N/A 1 high & 2 medium 1 high & 2 medium
special regions
threshold radius N/A N/A N/A 800-2000 km 800-2000 km
NOP* required N/A N/A N/A 1 high & 4t0 99 1 high & 4to 49
medium medium
< 80 km from volcanoes
threshold radius N/A N/A N/A 800 km 800 km
NOP* required N/A N/A N/A 1 high 1 high
< 200 km from volcanoes
threshold radius N/A N/A N/A 800 km 800 km
NOP* required N/A N/A N/A 1 high & 1 medium 1 high & 1 medium
* Number of medium or high LOC pixels in the area in the threshold radius.
a)802 vertical column [DU] 2 January 2008 b)802 vertical column [DU] 2 January 2008 C)SOZ vertical column [DU] 2 January 2008
SCIAM/—T;D;HY - BISOA-IASB/D:R/ESA Llaima {Chile) ,GOME-i; DLR/E!IEOA-IASB/EEUMETS/;\J - o Llair:: (Chile) OMI - K,’::’”/BIRA,;LASB/NAEEA w - o Llair:: (Chile)
R 3 " N
; » ‘
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§ - ~ s §
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Fig. 5.Example of S@ VCD from (a) SCIAMACHY, (b) GOME-2A and(c) OMI on 2 January 2008 in the region affected by the SAA. The
SO, plume is related to the eruption of the Llaima Volcano (Chile), marked by a blue triangle in the plots. Artefacts induced by the South
Atlantic Anomaly in the S@ VCD from SCIAMACHY and GOME-2 instruments are visible in these images; OMI is less affected.

wavelength ranges. The SAA affects the,S®@trievals and  produc). Currently, the affected rows are not treated in
results in noise artefacts, as is visible in Fig. 5a and b. Thank$SACS, leading to a reduction in the data coverage. Sev-
to its design, which gives it better protection to radiation thaneral off-line schemes to correct for the row anomaly exist
other sensors, OMI is less affected by the SAA than SCIA-(e.g. Yan et al., 2012) but are not implemented yet in the
MACHY or GOME-2A (as can be seen in Fig. 5c). NRT data processing.

The OMI instrument started to suffer from a so-called
“row anomaly” on 25 June 2007. This anomaly affects par-
ticular viewing direction angles, corresponding to rows on
the charge-coupled device (CCD) detector. The row anomaly
has increased over time (seewvw.knmi.nl/omi/research/
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4.2 SACS strategy for volcanic S@ and ash
notifications

Here, we detail the implementation of the global multi-sensor
notification system for S@and ash. It requires two steps:
(1) proper establishment of warning criteria for the different
sensors; (2) combining the information from the sensors in
] ) ) o one system. Particular attention is given to the avoidance of
Fig. 6. (a)Geographical zones used in Tablgl8 h of monitoring 456 notifications (due to noise or retrieval failures) or overly

:‘:]c')srtl:uiiifsl)nstruments (example used: 27 October 2012, with fourfrequent/redundant notifications (caused by highly dispersed
' plumes).

« IASI [MetOp-A]

oM <AIRS «GOME-2 [Metop-A]

4  Global monitoring of volcanic SO, and ash emissions ~ 4-2.1  Criteria for SOz and ash notifications

In this section we present results from the SACS global mon-The criteria for the detection of exceptional SEpncentra-
itoring system of S@ and ash emissions and the strategy tions from the seven instruments has been derived from the

adopted to warn users of exceptional concentrations. analysis of historical results (see Table 1 for the data periods
considered). Each instrument and retrieval method has dif-
4.1 Temporal and spatial sampling ferent characteristics; therefore, for each data source differ-

ent notification threshold values have been established. Note
It is important to know precisely the time and space sam-that even though it no longer provides data, SCIAMACHY
pling of the SACS monitoring system. Because of the use 0fs included here because it has been used in the past and no-
polar-orbiting satellites with different overpass times, sometifications based on its data are in the SACS archive.
geographical regions are observed more frequently than oth- The detection of exceptional ash concentrations is not ap-
ers. To evaluate the revisiting frequency of SACS, we havepjicable (N/A) for the UV-visible instruments. For the three
defined seven geographical latitude zones (see Fig. 6a) anghermal infrared sensors, the criteria of this detection are gen-
based on data of October 2012, we have estimated the pegra|ly straightforward using the three-step approach specified
centage of the areas that have been observed at least once pysect. 3.4, with a dependency on the high level of confi-
one of the satellite instruments (OMI, GOME-2A, IASI-A gence (LOC); see Clarisse et al., 2013a. If one pixel with
and AIRS). The calculation was done for several time inter-4 high LOC and two with a medium LOC are identified, a
vals (see, e.g., the coverage of the Earth by SACS after 8 Botification is issued. Nevertheless, for some desert regions
of monitoring in Fig. 6b). Table 2 presents the results for the(j e Arizona/USA, the north of Argentina, the centre of Aus-
different zones and time durations. A set of two parametersygjia, Mongolia) and for some cold regions (i.e. close to the
has been evaluated: Pixel is the percentage of the region Qfkes in the centre of Canada, the east coast of Greenland,
interest sampled by the SACS system, and max is the maxme North and South Pole, New Zealand) stricter criteria were
imum number of overpasses. From Table 2, it can be seeryppjied to avoid more false detections. Two criteria are con-
that with four instruments, SACS monitors any location in sjgered. The first one is the threshold radius (in km) applied
the world in near real time within a 24 h interval. The per- 5 evaluate the surrounding pixels. Generally the threshold
centage value drops to 99.5, 95, 90, 75, 60, 50 and 30 % fofadius used is 2000 km (see Table 3). The second criterion is
periods of 12, 8, 6, 4, 3, 2 and 1 h respectively. the number of pixels with a medium or a high LOC in the area
Also apparent is the higher sampling rate for high-latitude gefined by the threshold radius (noted as NOP in Table 3).
regions due to overlapping orbits. This is particularly inter- Generally this NOP is+2 (one high and two medium LOC).
esting for Icelandic volcanoes (zone E), which will be sam- gyt to avoid false ash detection in some regions, the thresh-
pled, e.g., every 2h 50% of the time (see Table 2). Noteg|q radius is decreased to 800 km, and the NOP considered
that the geographical coverage of D-E-F zones depends Ofhcreases from 5 pixels (for the whole North and South Pole)
the day of the year. For example, in December, the coveraggp to 100 pixels for the most constrained region (i.e. north
of Iceland is less good (due to the solar zenith angle (SZA)argentina and some of the regions of the South Pole that cor-
limit for UV-visible instruments). Nevertheless, because therespond to SACS regions 506 and 507; see Fig. 9). Note that
IR sensors are not affected by the SZA limit criteria (day if one high LOC pixel is detected in a region with no strict
and night measurements), the coverage of the high-latitudgyiteria, this will automatically issue a notification. To facili-
regions always takes advantage of overlapping orbits ovefate the establishment of notification close to a volcano (even
North and South Poles. in a region with strict criteria), the specific threshold radius
and NOP are considered (see Table 3; proximity to volcano
of 80 or 200 km). For regions with very strict criteria, note
that, in comparison to AIRS, the strongest NOP criteria are
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Fig. 8. Overview of the SACS notification system.

required for IASI to avoid false detection (specially in the the observed S©column for more than half of the observa-

South Pole regions). tions must also exceed the threshold value. A natification is
generated only when both criteria are fulfilled. An illustra-
SO, natification from UV-visible sensors tion is given in Fig. 7 for GOME-2 for an SOplume from

the Copahue Volcano (23 December 2012).
The instrumental noise on the UV-visible data is a limitation  Another limitation of UV-visible sensors comes from the
and can lead to false notifications. For this reason, a first sesouth Atlantic Anomaly (see Sect. 3.5.3). To avoid false no-
lection criterion is based on the maximum observed value fokifications in this region, a stricter threshold value is consid-
the SQ column which must exceed the relevant threshold.ered (see Table 3). Note also that special settings are used for
An additional criterion is based on the neighbouring pixels SO, plumes from small eruptions and degassing, in that the
(inside a threshold radius; see Table 3 and Fig. 7), for which
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4.2.2 SACS multi-sensor S@and ash-warning system

The SGQ and ash-warning service relies on pre-defined geo-
graphical regions. SACS sends a notification to users as soon
as a new volcanic plume is detected. If, within a period of
12 h, aplume is detected again in the same region, no new no-
tification is generated (to avoid sending redundant informa-
tion). An illustration of the SACS multi-sensors warning sys-
tem is presented in Fig. 8. The different parts are described
in more detail below.

a5 Ii A
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15’
wl 401|402 |4203
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Fig. 9. Predefined world regions used by the SACS notification sys- L ) .
tem and the monitoring service. SO, and ash notifications for a dedicated region

As soon as SACS harvests new Sand ash observations
(from one of the instruments), the first step is the analysis of

T the data using the criteria defined in Sect. 4.2.1. After a vol-
@

Subject SACS notification -- GOME 2 [MetOp-A] -- 2012/09/01 23:42 -- region 112 CaniC eruption, there are potentia”y multlple Wamings gen_

To SACS users . . .
v e erated by the system. For this reason, it has been decided to

multi-senser netification of exceptional SO2 concentration | N

Frocess date + 2812/08/01 consider a set of world regions of 30y 30° plus two po-
Process time @ 23:42 UTC . . .
Instrunent  ; GOHER [MetOp-A] lar regions polewards of 75n latitude. Figure 9 shows the
Notification region 112 . H B
httljsécsaar‘nnnmliha GOME2alert/2012/09/alertsGOMEZ 20120901 22h4] 112, phpralert=2012090] 234250 112 Iocatlons (and aSSOCIated namE/number) Of the 62 reglons Of
Bt . amzmm the SACS system. Note that the same regions are used in the
Time : 22:41 UTC . . . . . .
lowgitude 1077 deg near-real-time monitoring and archive services to display the
b, swzued | ae o SO, and ash images. As soon as a notification is issued, the

Cloud data used for VCD

related region is flagged “ON".

Fig. 10. Example of an email notification sent to users in the case ] )
of an exceptional S@concentration detected. Checking of the warning status

The second step is to check the “warning status” of this re-
gion. If there is no ongoing notification for this region (mean-

ing no notification for 12 h), the warning status may possibly

system considers lower threshold values for me<';1surement('§11ange to ON. The system compares the time of observa-
close to a given volcano (distances less than 300km). Fitions with the processing time. If the delay is less than 8 h,

nally, one more limitation of UV-visible sensors is that they ¢ notification is issued. This set-up enables the provision
are sensitive to anthropogenic Semissions. To avoid false ¢ timely information to the users and also avoids issuing too

notifications, stricter criteria are used for some specific areagany notifications (maximum of one notification per region
(west China, central north Russia and South Africa). and per 12 h).

SO, and ash notifications from thermal IR sensors Email notification

Important information related to the warning is gathered into
IASI-A&B and AIRS are much less or not at all affected & hotification sent by email to users who subscribed to SACS
by instrumental noise, the SAA or pollution. For $@e- (http://sacs.aeronomie.be/alert/subscribe)phipe email no-
tection from IASI, rather than considering threshold valuestification (see also the example shown in Fig. 10) contains
based on VCD, the criteria are applied directly to the mea_the following: the time of the notification and the instrument,
sured difference of brightness temperatures (called DBT andhe region number, the date and time of observations (UTC),
expressed in Kelvin (K)), and are therefore straightforward.Some details about the processing, and a link to a dedicated
The threshold values (DBT and VCD) used are given in Ta-Web page generated by the system. For ap B@ification,
ble 3 for, respectively, IASI-A&B and AIRS, and they pro- coordinates of the maximum signal are specified with a flag
duce almost no false notifications. For ash detections fronindicating whether a cloud correction has been applied or not,
IASI-A&B and AIRS, as soon as a high level of confidence and the solar zenith angle is specified. For an ash notification,
is obtained (Clarisse et al., 2013a), a notification is generthe number of pixels with a high, medium and low level of
ated by the SACS system. Nevertheless, some regions ned@nfidence is given.
stricter criteria (i.e. the number of pixels with a medium or
high level of confidence in the surrounding region defined by
a threshold radius, as mentioned in Table 3).
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Fig. 11.S0, and aerosol images from GOME-2A (notification web page), 1 September 2012 (eruption of the Bezymianny Volcano in the
Kuril Islands).

Note that a solar zenith angle cut-off is used for each UV-the SQ image, one can find two links to the same im-
visible sensor depending on the day of the year. The valueage but with different mapping tools (interpolated image us-
have been determined empirically to have the best coveragimg the Generic Mapping Tools from the University from
while limiting the increase in the noise (instrument-specific). Hawaii, seehttp://gmt.soest.hawaii.edand a Google Earth

file, seehttp://www.google.com/ear}h For the UV-visible
Dedicated SQ/ash notifications web page instruments, there is also a link to the corresponding cloud-

cover fraction (CCF) image. In case of an IASI notification,
An example of a web page generated by SACS using GOMEIN addition to the S@ brightness temperature index image,
2A data for a specific SDnotification is shown in Fig. 11. thereis also alink to the SO/CD image. As a complement,
This notification was sent to the users 1h 01min aftera map showing the volcanoes in the region (with a link to
MetOp-A passed over this area. The page shows a box listing including more information about each of them) is
with the information given by the email notification (time also provided on this web page. Furthermore, a direct link to
of measurement, location of the warning, SZA, maximum the near-real-time monitoring web page is given with all cor-
SO, value and the use of cloud data in calculations) andresponding SACS images (for all instruments) and a link to
the images of S® and aerosols/ash side by side. Below
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Fig. 12.SO, and ash images, on 1 September 2012. Confirmation of notification by IASI-A.

the data (files or link to data providers) for the region consid-tifications (chronologically sorted) is also available with the
ered. relevant links to the different web pages.

Confirmation of SO»/ash notification 4.3 10 years of data and notifications archive
Although the multi-sensor notification system has only been

. . . X operational since April 2012, 10 years of historical data have
SO, signal and ash in region 112 (see Fig. 12) and acted aBeen reanalysed for the development of the warning ser-

a confirmation. In fact the processing of IASI was just 3min vice. This section presents an overview of all the,S@d

after that of GOME-2, which took place at 23:42UTC, as i . o .
shown in Fig. 10. No notification was sent to the users, asash notifications identified by SACS using the seven sensors
there already was a notification based on GOME-2, but th (AIRS, OMI, SCIAMACHY, GOME-2A, 1ASI-A, GOME-

dedicated web page was automatically updated with the no2> 219 IASI-B) on-board Aqua, Aura, Envisat, MetOp-A
e bag . yup . and MetOp-B. For each year (from 2004 to 2013), an image
tification box for the 1ASI warning, using the same display-

ing template. Note that 2 and 10 h after this notification from gI/Z:ttsheTr&?stlftlggluOgvs:alifazrl]:\,c\)/rq \':\r/::ah g :C'gshllir::;f g}ﬁ)wgg;
GOME-2, two other instances of confirmation from AIRS . ' b ' y

interested person to investigate historical eruptive emissions
and IASI took place. : . : " .

in a quick and user-friendly way. In addition to our archive
of exceptional volcanic emissions, note that our system also
allows for the monitoring of small volcanic eruptions which
might not always lead to a notification.
As soon as a warning is detected by the system, the warn-
ing archives are automatically updated on the SACS web4.3.1 Notifications from 2004 to 2006 (SCIAMACHY,
site. The warning subpage allows the users to select the in- OMI and AIRS)
struments of interest for a given month/year and to visualise
a map with the location of all the corresponding warnings Data from the SCIAMACHY, OMI and AIRS instruments
(see next section). For a given region, a minimum delay ofare available for this period (note that AIRS data are recorded
12 h separates the time between two warnings, as explaineflom 2002 onwards). The main volcanic activity detected
above. The map of the notifications is an interactive map.by SACS in 2004 was in the Independent State of Papua
When moving the cursor on a warning point, the user canNew Guinea, the archipelago of the Republic of Vanuatu
visualise the images corresponding to the notification. In ad-and the Democratic Republic of Congo (DRC), as shown
dition to this interactive tool, a common list with all the no- in Fig. 13a. The borderland between Rwanda, the DRC and

For the example shown in Fig. 11, IASI-A also detected an

Update of SQy/ash notification archive
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A)isr s 20 9 e a0 o a0 e sy 120 150 180 Fig. 13b. The signatures of two additional major eruptions
7 e Sy, = : are also visible: (1) the submarine eruption of the Japanese

E . s 2 e Fukutoku-Okanoba Volcano, located 6 km north-east of the
pyramidal island of Minami Iwojima (about 1300 km south-
west of Tokyo); the subsequent number of;2@d ash notifi-
cations is shown Fig. 13b; (2) the eruption of the Sierra Negra

volcano, Galapagos, Ecuador; after 26 of years being inactive

sy | ) : and six months after an earthquake on an active fault, the vol-
o | d canic activity of the Sierra Negra rose again on 22 October
2005 with a fissure opening inside the rim of the caldera, this
eruption emitting a volcanic cloud with an estimated volume
of 150 millions nf of gas with a 2km-long curtain of lava
fountains (Geist et al., 2008). During this effusive eruption,
a huge amount of gas and particles was ejected into the low
troposphere. The plume of $@nd ash reached an estimated
altitude of below 5km (Yang et al., 2009). No ash notifica-
tion has been identified by AIRS. At the end of October 2005,
atmospheric emissions of this volcano ceased.

a5°

* SO, notfcation (SCIAMACHY))

80" -150° -120" -90°

80" -150°

© 80;notifcation (SCIAMACHY)

) - : . In 2006, volcanic activity was detected by SACS (Fig. 13c)

—— in the Andes Cordillera (Colombia and Peru), in Kamchatka
S0 150 1200 80T 60 0 0 30 60 8 1200 150 180 (Russian Federation) and in Alaska (United States of Amer-
B0 S0 120 o 0 30 0 30 60 60 120 1500 a0 ica), but the three strongest eruptions occurred in other parts

of the world: (1) on 6 October, a large explosive eruption
took place at Rabaul Volcano (Papua New Guinea), sending
a plume of gas and ash up to the lower stratosphere; sev-
eral notifications were issued by SACS showing the volcanic
cloud travelling westward; (2) the Nyamuragira Volcano was
also active in 2006; a strong eruption began in the night of 27
: g : November (see, e.g., Prata and Bernardo, 2007) and the vol-
Sttt 45 ' : canic cloud initially moved north-eastward to finally travel
to the west and pass over Pakistan and India; (3) the 20 May
eruption of Soufriere Hills (Montserrat, British Overseas Ter-
Fig. 13.SACS notifications for 2004, 2005 and 2006. ritory) released a volcanic cloud which travelled over a very
long distance (more than 18000 km westward); a large dome
collapse was accompanied by a large explosion, producing
Uganda is one of the most active regions, containing eight volcanic plume (with a low concentration of ash) up to
volcanoes, including Mount Nyamuragira and Mount Nyi- 18 km high (Prata et al., 2007). Note that for this eruption, no
ragongo which were both erupting on 25 May 2004. De- ash has been detected by our algorithm for AIRS sensor. The
tails of the satellite monitoring of SOemissions from Nya- movement of this volcanic cloud was monitored for 23 days
muragira from 1979 to 2005 can be found in Bluth and Carn(see Fig. 14), drifting westward and causing the diversion
(2008). Figure 13a also presents several 8@l ash notifica-  of many planes. On 20 May, at 17:02 UTC, the OMI sensor
tions over Europe in 2004. During the first week of Novem- measured a VCD of up to 122.2 DU. Several days after the
ber, an eruption occurred in Iceland (Grimsvétn Volcano).eruption, the wind rapidly dispersed the volcanic cloud in a
\olcanic ash from the eruption fell as far away as mainlandnorth-easterly and south-westerly direction (22 and 24 May,
Europe and caused short-term disruption of airline traffic intoFig. 14). Note that for this date, the OMI sensor was not yet
Iceland. Assuming an ash density of 2200 kgnand using  affected by the row anomaly and was still able to provide
dispersion models from the VAACs, Witham et al. (2007) global coverage.
give an emission up to.80x 10?2 g h~* for the larger plume;
that corresponds to an erupted mass 8f-310''kg and a  4.3.2 Notifications from 2007 to 2012 (SCIAMACHY,
volume of 0.15 krd over the 35 h release period. Note that at OMI, AIRS, GOME-2A and IASI-A)
this time of the year, the thermal IR sensor (AIRS) was the
best instrument (best coverage and time laps between obse®ince 2007, S@ and aerosols/ash observations from the
vations) to monitor the volcanic plume. GOME-2A and IASI-A instruments have been available and
The volcanic activity in DRC (Galle et al., 2005) and in have been included in SACS. Volcanic emissions in 2007
Galdpagos and Vanuatu continued in 2005 as can be seen lrave been observed by our system for some volcanoes of

-180° -150" -120° -90° -60" =30
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Fig. 16.1ASI-A SO, column density and ash index emitted by the
Kasatochi Volcano offa) 10 August 2008, an¢b) 11 August 2008.

plosions so far recorded in that eruption cycle, disrupting
air traffic from the United States to Asia and causing ash-
falls on Alaska’s Unimak Island. Volcanic activity has also
been monitored by SACS in many other regions on Earth
(although not all events are relevant for aviation), notably
in Papua New Guinea (Rabaul Volcano), the archipelago of
Vanuatu (Ambrym and Lopevi volcanoes), in Ecuador (Tun-
gurahua Volcano), the Bonin Islands of Japan (Fukutoku-
Okanoba), Italy (Etna) and in Ethiopia (Manda Hararo). The
the Russian Federation (located in the northern Kuril Island<WO largest eruptions of 2007 were observed at Jabal al-Tair
and in Kamchatka), as shown in Fig. 15a. In January 2007!Sland (Yemen) and at Réunion Island (France).

the Klyuchevskoy Volcano started another eruption cycle. On

28 June, this volcano began to experience the largest ex-

-180° -150° -120°

Fig. 15.SACS notifications for 2007, 2008 and 2009.
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Eﬁéifjﬂ o so A j The Jabal al-Tair eruption started unexpectedly on 30
7 % > September 2007 after 124 years of dormancy, 8fitted
NG , . R during the initial eruption travelled rapidly northward over

Egypt and eastward over Pakistan and India (Clarisse et al.,
2008). The volcanic plume reached the low stratosphere at an
altitude of about 16 km (Eckhardt et al., 2008; Clarisse et al.,
2008; Yang et al., 2009). The eruption of Piton de la Four-
naise (Réunion Island) started during the night of 30 March
2007. This was the largest eruption in 100 years in this region
(Deroussi et al., 2009). On 2 April, the opening of a fissure
produced a lava flow that reached the sea with a flux esti-
mated at 100 fis L. A degassing of up to 1800 kg$ was
estimated for this day by Tulet and Villeneuve (2011). Their

N 37.4DU 02:40 Ny
- u-{\.\\ s

» - \ I
LR

-

s ' 4 4 . . » 17 June 2009 * study of the temporal evolution of the $@®mission shows a
AII:S L so,voowul wweramssnass  budget of 230 kt. This eruption stopped on 1 May.
an 25f level of confidence  ULB/BIRAASEINASA The SACS notifications of 2008 are presented in Fig. 15b.

Besides a few eruptions on the Galapagos Islands (Cerro
Azul volcano) and the eruption of Dalaffila Volcano
(Ethiopia), the two most significant explosive eruptions hap-
pened at the Okmok and Kasatochi volcanoes (Aleutian Is-

Fig. 17. AIRS SO, column density and ash index emitted by the
Sarychev Volcano ofa) 16 June 2009, an(b) 17 June 2009.

a)-}' 0w o lands, Alaska, USA) in July and August respectively. These
o = (W it B two eruptions have been studied extensively and more infor-
a5y , AN Lt 4 : mation can be found in the literature (e.g. Prata et al., 2010;

- X

Karagulian et al., 2010; Krotkov et al., 2010; Clarisse et al.,
N : . 2011). These strong eruptions caused a real threat to air traf-
a5y B € ‘ 5 s fic over the North American continent (see affected regions
-wf 2 ¢ : = Fig. 15h).
é:::m“‘m"i’:, S : ' Figure 16 presents the $@loud from Kasatochi as ob-

5 served by IASI on 10 and 11 August (interpolation with a
80T 150 -1200 -0 60 90 0 30 0 e 20 150 180 grid of 0.25 by 0.25). The ash images from IASI (show-

: ing the level of confidence of the detection) have been su-
perimposed over the SOmages. The ash and $S@louds
show a similar pattern on 10 August (see Fig. 16a). Note that
ash observed with a low level of confidence over the south
of Alaska and the west of Canada is an artefact in the anal-
ysis of the spectrum and the process of ash detection. The
volcanic plume emitted by Kasatochi was an,8i@h cloud
(up to 676.4 DU on 8 August). We can see on 11 August
) : 0. ) that the ash cloud detected is smaller than the &Qud (see
1500 120" 3 G 3 ; o 120 180" Flg 16b)

o)1 _tsv vz w v 0w e e s Two months after the Kasatochi eruption, Dalaffilla Vol-

: = = : cano erupted on 3 November. This volcano, located in the
Afar region of Ethiopia, is one of the six volcanoes in the
Erta Ale range. We can see in Fig. 15b that a few days after
this eruption, which was the largest observed in Ethiopia in
historical times, the volcanic cloud generated six 30tifi-
cations over India and the south of China.

Three major eruptions that occurred in 2009 were identi-
fied by the SACS warning service (Fig. 15¢): Redoubt Vol-
cano in Alaska, Fernandina Volcano in the Galapagos Is-
lands, and Sarychev Volcano in the Kuril Islands. The ex-
Fig. 18.SACS notifications for 2010, 2011 and 2012. plosive eruption of Sarychev (11-19 June 2009) emitted a
huge amount of ash and S@to the atmosphere to a range
of altitudes of 10-16 km (Carn and Lopez, 2011; Clarisse et
al., 2012). The mass of the S@lume was estimated to be

b) 1g0 150 -120°

75"

-180° 150" " " 3 3 3 " 90° 120° 150°
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Fig. 19.Ash index images from thermal IR sensors (AIRS and IASI-A) during the eruption of the Eyjafjallajokull Volcano (Iceland) in spring
2010.

1.2+ 0.2 Tg by Haywood et al. (2010). This eruption, which superimposed over the $S@mage). We can see that the ash
was one of the 10 largest stratospheric injections in the lastletection (with a low level of confidence) over the Russian
50 years, significantly affected the radiative budget of the atdand to the north of the Sea of Okhotsk is an artefact. On the
mosphere (Haywood et al., 2010). Images of the 8@l ash  morning (UTC time) of 16 June, SGnd ash cloud are well
clouds observed by AIRS are shown in Fig. 17 (ash imageco-located (see Fig. 17a). Note that the firsb$ume was
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over Europe, causing enormous disruption to air traffic across
western and northern Europe over an initial period of six days
in April 2010 (Zehner, 2010). Additional localised disrup-
tion continued into May 2010. The eruption was declared
officially over in October 2010, when snow falling on the
glacier did not melt anymore. From 14 to 20 April, ash cov-
ered large areas of northern Europe when the volcano erupted
(see Fig. 19 with images of the level of confidence of ash
detection from AIRS and IASI from 14 April to 17 April).
Most of the airports of northern Europe were closed by the
authorities. During these days, the quantity of,SBserved
by UV-visible and IR satellites was low (less than 5 DU), pos-
sibly due to local chemical reactions between,%@d water
vapour creating sulfides or sulfuric acid. In May 2010, during
the second phase of emissions, a more significant amount of
SO, was measured (up to 28.6 DU for AIRS on 6 May).

The strongest eruption of 2010 was the one of Merapi on
3 November on the Island of Java, Indonesia. Rapid ascent
of magma from the depths of the volcano and the collapse of
the lava dome put the large population living around the vol-
cano in danger. People had to move away from their homes
around the flanks of Merapi. For the first time, remote sens-
ing (ground deformation by aperture radar, and monitoring
of gas emissions by spectroscopic technique), together with
the monitoring of the seismicity and the ground deformation
by geodetic technique, provided precursory signals of this
volcanic crisis, avoiding the death of several thousand peo-
ple living nearby (Surono et al., 2012). Explosive and effu-
sive phases took place and released a mass gfob@bout
0.44 Tg. The altitude of the S®and ash-rich plume was es-
timated to be about 12 km. Figure 20 presents &6d ash
measured by IASI on 5 November. Ash and,S&ere mon-
itored by IASI for 10 and 15 days respectively after the start
of the eruption. The five instruments used by SACS at this
time (with their space and time complementarities) identi-
fied many S@/ash notifications (see Fig. 18a) and allowed a
good monitoring of Merapi’s eruption and its volcanic cloud
(eastward movement and then southward).

The largest number of notifications of the SACS system
to date occurred during the year 2011 (Fig. 18b). The three
major events of 2011 were the eruptions of the Icelandic

Fig. 21.S0, and aerosols (ash) detected by GOME-2A (Grimsvoétn Grimsviétn Volcano (21-28 May), the eruption of the Chilean

eruption, 23 May 2011).

Puyehue-Cordén Caulle volcano (4-7 June) and the eruption
of the Eritrean Nabro Volcano (12 June—7 July). A character-
istic feature of the Grimsvétn eruption is that a large amount

emitted two days before and was observed on the west coasff SO, was ejected northwards while the ash cloud went to
of the USA. Figure 17b shows the $€loud observed onthe the south-east (see GOME-2 image, Fig. 21). In this figure,
afternoon of 17 June. The ash cloud detected by AIRS is lothe image of the absorbing aerosols index has been super-
cated over the Russian Sakhalin Island. No ash was detectdathposed onto the SOimage. The null, low, medium and
by AIRS over the Pacific ocean. high level of aerosols/ash detected by GOME-2 corresponds
Figure 18a shows all the SGand ash notifications iden- respectively to AAI of under 2, AAI of 2.5, AAI of 3 and
tified by SACS for the year 2010. Many regions were af- AAl over 3.5. Aerosol detection on the north coast of Nor-
fected by volcanic activity. The 2010 eruptions of the Eyjaf- way is not related to the Grimsvotn eruption. The®@ud,
jallajokull Volcano in Iceland were relatively small, but un- which travelled over Canada and came back over Europe,
usual meteorological conditions brought volcanic ash cloudsvas monitored for 3 weeks. The ash cloud, which travelled
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Fig. 22.S0, and ash detected by IASI-A (Puyehue-Cord6n Caulle eruption, 6 June 2011).

over Europe, was under the limit of detection 3 days after theand IASI and AIRS were the only sensors able to track the
start of the eruption. volcanic plume globally. The S£and ash clouds were ob-
On 4 June 2011, the eruption of the Puyehue-Cordénserved by IR sensors during 3 and 5 weeks respectively. The
Caulle volcano started. Out of the 12 years the 8@d ash  volcanic ash emitted by Puyehue consequently disturbed the
notification archives span (from 2002 to 2014), this erup-air traffic of the Southern Hemisphere during the month of
tion is the most ash rich recorded by our system. The vol-June 2011 in Chili, Argentina, Uruguay, Brazil, South Africa,
canic cloud emitted was an ash-laden plume. During the firsAustralia and New Zealand.
two days of this eruption, the SGand ash clouds were co- During the night of 12 June 2011, the Eritrean Nabro Vol-
located. Afterwards, the volcanic cloud dispersed and circleccano started to erupt (see Fig. 3). This explosive eruption
around the South Pole (see Fig. 22). Within a few day, theejected a huge amount of $@ the atmosphere, threaten-
cloud of ash covered the main part of southern high latitudesing international routes from the Far East to Europe. On 14
Note that for this particular eruption, which occurred dur- June, the Nabro Volcano spewed a volcanic plume across the
ing the Austral winter, the UV sensors had limited coverageroute of many flights over east Africa and the Middle East.
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) ) Fig. 26.Time series of the number of detections per day of ash (up-
Fig. 24. SO, and ash detected by IASI-A (Copahue eruption, 23 per panel) and S§(lower panel) by IASI-A for the period 2007—
December 2012). 2013.

Satellite information was critical in monitoring the journey (DRC). Summit eruptions of Etna (Italy) were also detected
of the volcanic cloud. We can see in Fig. 3 the cloud 06SO by SACS in January—April 2012, and again in July—October
detected by IASI and AIRS on 13 and 14 June. Figure 232012, but no strong disruption of air traffic occurred. On 1
shows the S@plume observed by IASI during the night of September 2012, an explosive eruption took place at Bezymi-
15-16 June. The amount of ash emitted by Nabro for thisanny Volcano (Kamchatka), producing an5&hd ash cloud
eruption was very low (and largely undetected by IASI and (see Figs. 11 and 12). With a cloud rising to an altitude of
AIRS), while the ash emitted by the Puyehue Volcano wasabout 10 km, the Tokyo VAAC sent out an ash-cloud avia-
still detected by IASI (Fig. 23). tion warning and the major intercontinental routes that pass
Figure 18c shows the SACS notifications for 2012. Con-through that area were cancelled. Less than two months af-
tinuous activity was recorded at the Nyamuragira Volcanoter this eruption, a nearby volcano, Tolbachik, erupted on
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27 November. The main part of the volcanic ejection drifted air traffic, the increase of volcano surveillance is critically
north and north-west (NNW), as observed by IASI and AIRS needed for future aircraft safety (Prata, 2009) and the near-
sensors. At this time of the year and for this location, the ther-real-time monitoring of ash and $S@&om satellite sensors is
mal IR instruments were the only instruments used by SACSessential.
that were able to monitor the volcanic cloud. The ash advi- Focussing on instruments on-board polar-orbiting plat-
sory board from the Tokyo VAAC reported an ash cloud at forms, this study presents the Support to Aviation Control
an altitude of 10 km, spreading to the NNW. Despite this, noService. This free service provides images of,30d ash
ash was detected by the instruments used by SACS. in near real time on a global scale via a web interface
The last 2012 eruption which caused a disruption to air(http://sacs.aeronomie Jo&\Ve have set up a notification sys-
traffic, was the eruption of the Chilean Copahue Volcanotem and demonstrated that it is able to detect major vol-
(23-25 December). An Sxich plume associated with ash canic events that occurred during the last decade and posed
emissions was spewed into the sky (Fig. 24). The volcanica threat to aviation. The current system uses in-synergy data
plume was transported over Chile and aviation authorities inproducts from UV-visible sensors (OMI, GOME-2/MetOp-
South America warned airlines to avoid the area. ContraryA and GOME-2/MetOp-B) and thermal IR sensors (AIRS,
to the previous eruption of Puyehue in June 2011, the ColASI/MetOp-A and IASI/MetOp-B) with a revisiting time of
pahue’s volcanic cloud was not particularly ash rich. We can(at least) 6 h anywhere on Earth. We have assessed the lim-
see in Fig. 24 that for the first day of this eruption,-Sfhd itations of our system and estimated the success rate of the
ash clouds took the same trajectory; nevertheless, the highotifications to be larger than 95 %
est concentrations of S@nd ash are not exactly at the same  Finally, the next objectives for our service are:

locations. . . . .
— toincorporate more sensors in the system: in particular

4.3.3 Notifications in 2013 (OMI, AIRS, GOME-2A, OMPS (Ozone Mapping Profiler Suite), CrlS (Cross-
IASI-A, GOME-2B, IASI-B) track Infrared Sounder) and VIIRS (Visible Infrared
Imaging Radiometer Suite) on the Suomi National

Since December 2012, SGind aerosols/ash observations Polar-orbiting Partnership mission (Suomi NPP) and
from the GOME-2 and IASI instruments (on-board MetOp- TROPOMI (TROPOspheric Monitoring Instrument)

B) have been available and have been included in SACS. The ~ ©n-board Sentinel 5 Precursor;
most active volcanoes have been Etna and Popocatepetl. The
first ash notifications sent to users by SACS (IASI-A, con-
firmation by 1ASI-B) was sent on 19 November 2013 for a
plume emitted by Klyuchevskoy Volcano (Kamchatka). Only  — to provide information in NRT on volcanic S®lume

a small disruption of air traffic occurred because of this erup- height from satellite observations (e.g. Van Gent et al.,
tion; nevertheless, the change of the routes of several flights 2014; Clarisse et al., 2013b);

was adopted by airline companies.

— to improve satellite data products for ash (as an out-
come of the on-going SACS?2 project);

This section illustrates the ability of the system to char-  — t0implement new visualisation tools and different lev-
acterise different scenarios and volcanic cloud compositions els of notification, in line with the users’ needs; in par-
(SO rich, ash rich or both). In the time series presented in ticular, customised notifications will be set up to trig-
Fig. 26, the number of conclusive detections of ash ang SO ger volcanic plume dispersion modelling and forecasts
of the IASI-A instrument is shown for six years of operation. as part of the ESA VAST projechftp://vast.nilu.nd.

5 Conclusions and outlook

In this paper, we have shown that the major volcanic events
that have disturbed air traffic during the last 10 years have
been detected by our system. Ash and, Smitted from
volcanoes poses a significant threat to aircraft. Once ash is
sucked into the aircraft's engines, it readily melts and can
potentially cause engine failure. Furthermore, the path of an
aircraft through a sulfur-rich volcanic cloud causes a deteri-
oration of the engine with extra maintenance costs. Europe,
North America, the north Atlantic and Asian regions have the
highest air traffic densities, with an estimated rate of growth
of about 2 to 5% per year during the period 1990-2050 (ES-
CAP, 2005). With the increase of commercial and freight
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