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Abstract. Volcanic ash constitutes a risk to aviation, mainly in April 2010. The plume extended at an altitude around
due to its ability to cause jet engines to fail. Other risks 5250 m above sea level and was approached and traversed at
include the possibility of abrasion of windshields and po- the same altitude with several forward looking DOAS sys-
tentially serious damage to avionic systems. These hazardems aboard an airplane. These DOAS systems measured
have been widely recognized since the early 1980s, whers0; in the flight direction and at40 mrad (2.8) angles rel-
volcanic ash provoked several incidents of engine failure inative to it in both, horizontal and vertical directions. The
commercial aircraft. In addition to volcanic ash, volcanic approaches started at up to 25 km distance to the plume and
gases also pose a threat. Prolonged and/or cumulative eX80, was measured at all times well above the detection limit.
posure to sulphur dioxide (S{or sulphuric acid (HSOy) In combination with radiative transfer studies, this study in-
aerosols potentially affects e.g. windows, air frame and maydicates that an extended volcanic cloud with a concentration
cause permanent damage to engines, &0eives most at- of 102 molecules cm? at typical flight levels of 10 km can
tention among the gas species commonly found in volcanide detected unambiguously at distances of up to 80 km away.
plumes because its presence above the lower troposphere This range provides enough time (approx. 5min) for pilots
a clear proxy for a volcanic cloud and indicates that fine ashto take action to avoid entering a volcanic cloud in the flight
could also be present. path, suggesting that this technique can be used as an effec-
Up to now, remote sensing of $Q@ia Differential Opti-  tive aid to prevent dangerous aircraft encounters with poten-
cal Absorption Spectroscopy (DOAS) in the ultraviolet spec-tially ash rich volcanic clouds.
tral region has been used to measure volcanic clouds from
ground based, airborne and satellite platforms. Attention has
been given to volcanic emission strength, chemistry inside )
volcanic clouds and measurement procedures were adaptéd Introduction
accordingly. Here we present a set of experimental and
model results, highlighting the feasibility of DOAS to be Volcanic gaseous emissions are typically composed of car-
used as an airborne early detection system of 80two  bon dioxide (CQ), water vapour, sulphur dioxide (S
spatial dimensions. In order to prove our new concept, si-and halogen compounds. Depending on the conditions
multaneous airborne and ground-based measurements of tfi@e plumes/clouds can also contain large amounts of ash

p|ume of Popocﬁpeu VolcanO, MeXiCO, were conducted (|e Sma”, solid particles). A series of life threatening en-
counters of aircraft with ash-loaded volcanic clouds in the

1980s highlighted the risk of volcanic emissions to avia-
Correspondence td-. Vogel tion. The main threat is posed by volcanic ashiller and
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Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

1786 L. Vogel et al.: Early in-flight detection of SO

references therein), which may lead to engine failure viaEyjafjallajokull in April 2010 with a volcanic cloud being
flame-outs if allowed to enter high temperature jet enginesblown over Europe. Most of European airspace was closed
Severe incidents were reported from Mt. St. Helens 1980for up to several weeks and although no life-threatening en-
where a Lockhead C-130 lost two of its four turboprop en- counters occurred, economic losses are estimated to range up
gines; in the 1982 eruption of Galunggung, Indonesia, twoto € 2.5 billion for the airline industry alone&Zéhner 2010.
Boing 747 lost power in one case of all four, in the other This eruption demonstrated the vulnerability of modern so-
of three out of four engines at 11300 m and 9000 m abovecieties to volcanic hazards. In the course of the Eyjafjal-
sea level (a.s.l.), respectively. The crew of both airplanedajokull crisis, the “no-fly-rule”, which states that aircraft are
managed to restart enough engines to make a safe landing abt allowed to fly through volcanic clouds of any ash con-
nearby airports, but only after descending several kilometrescentration, was replaced by conditional flying zones. The
A similar encounter occurred in 1989, when a Boing 747 flew“No Fly Zone” encompasses areas with ash concentration
into the cloud from nearby Redoubt volcano, Alaska, and losthigher than 2 10-3gm~2 and the “Enhanced Procedures
power of all of its four enginesQasadevajl1994). Also in Zone”, where volcanic ash concentrations are predicted to
this case, the crew managed to restart the engines one or twze between % 10~ and 2x 10-3gm3. This more flexi-
minutes prior to impact on the ground. Fortunately only eco-ble approach was meant to keep European air-traffic opera-
nomic losses resulted from these encounters and no humaional, but also has the risk of reduced life times of aircraft
lives were lost. The eruption of Mt. Pinatubo 1991 resultedparts. Also, this new approach places new and more demand-
in more than 40 incidents, but none as dramatic as the aboveng necessities for modelling on the volcanic advisory centres
mentioned ones. Nevertheless, damage to aircraft as a resyfAACs), because a much more detailed initiation of models,
of the Mt. Pinatubo eruption were estimated to exceed US$knowledge of source terms, and incorporation of all physical
100 million (Miller and CasadevalR000. processes are necessaipf, 2010.

Even encounters with volcanic clouds of relatively low ash ~ Commercial carriers rely on the volcanic ash advisory cen-
and SQ content may have severe consequences to aircraftrers (VAACSs) of the International Airways Volcano Watch
Grindle and Burchan{2003 describe an incident in Au- (IAVW) for volcanic cloud warnings and predicted loca-
gust 2000, where a DC-8-72 research airplane of NASA flewtions of these cloudsRomerq 2004 ICAO, 2007). The
into a volcanic cloud of Hekla volcano, Iceland. The pres- VAACs use a wide set of observations and measurements,
ence of a volcanic plume was only verified afterwards by theincluding ground based measurements from observing net-
scientific in-situ instruments on-board the airplane. No signsworks, special air-reports from pilots and observations from
of a volcanic cloud were perceived by the crew. Although satellites (meteorological and non-meteorological). Most ac-
no damage was revealed by a first visual inspection of theive volcanoes are not routinely monitored. Even if they
engines, a later inspection showed that significant damage tare in remote locations, they can be in close proximity
the engines had occurred with clogged cooling passages db busy air routes e.g. the Aleutian islands (Kasatochi
turbine blades and SOn the engine oil. It was estimated volcano) and volcanoes in Kamchatka for trans-Pacific air
that the remaining lifetime of certain vital parts of the engine routes. Furthermore, volcanic ash ejected into higher at-
was likely reduced to only about 100 h. mospheric layers can be rapidly dispersed over great dis-

The incidents described above resulted from the meltingtances Prata 2009, and eruption strength is not directly
point of volcanic ash#£1100 K) being below typical opera- linked to ejection height Tupper et al. 2009. Satel-
tional temperature (1400 K) of jet engines if thrust is abovelite based measurements of ash and,Sfde thus the
idle. This can lead to clogging and accumulation of molten most important tool to detect volcanic clouds and eruptions
debris in the hotter part of the engine and its consequent loséPrata 2009 Thomas and Watsg2010.
of power. Other effects include clogging of cooling mecha- Ash detection from satellite platforms can be accurately
nisms which greatly reduces the engines’ lifetime, and abraperformed in the infra-red (IR) spectral region. Retrievals
sion of engine parts. Next to its effects to the engines, theare typically based on the “reverse absorption”, the differ-
abrasive properties of volcanic ash can damage the outer huéint absorption structures of water and ice versus ash in the
of aircraft, avionic systems e.g. pitot-static tubes and abradd.0 to 13 um range, by taking the difference of these absorp-
windscreens to the point of becoming opaque. Besides voltion structures (“brightness temperature difference (BTD)
canic ash, certain volcanic gases can also be hazardous toethod”,Prata 1989 Wen and Rosel994). In recent years
aviation, especially sulphur dioxide $@nd sulphuric acid the addition of further channels in the retrievals has improved
H>SOy. Although they do not impair the airworthiness of an the detection limit and the ability to identify volcanic ash
aircraft in such drastic ways as volcanic ash, prolonged ex{e.g. Pavolonis et aJ.2006 Pavolonis and Sieglaff201Q
posure might reduce the lifetime of aircraft systems and leadClarisse et a).201Q Thomas and Watsqr201Q and refer-
to costly repairs and ground time of the aircr&e(nard and  ences therein). While pure ash clouds can be distinguished
Rose 199Q ICAO, 2007). from water/ice clouds, mixed clouds are more difficult to

One of the latest volcanic eruptions severely impactingseparate. Volcanic dust clouds can also be masked by “or-
commercial aviation was the April/May 2010 eruption of dinary” meteorological clouds, and artefacts associated with
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dust or very cold cloud tops can cause false detections. These Although cameras for the detection of ased on two-
limitations have been discussed extensively and are knowmvavelength detection in the UV range exist since 2006r{
to the community Prata 1989 Rose et al. 1995 Simp- and Burton 2006 Dalton et al, 2009 Kantzas et a).201Q
son et al. 200Q Prata et al. 200). With the introduc-  Bluth et al, 2007 Kern et al, 20103, detection limits re-
tion of high resolution instruments like Infrared Atmospheric ported to date are of the order of¥@nolec cnt? SO, slant
Sounding Interferometer (IASI) and Atmospheric Infrared column densities (SCDsMori and Burton 2006 Liibcke
Sounder (AIRS), false ash detection induced by dust can b2010. This is not sufficient to detect expected S8CDs
reduced significantlyGlarisse et a).2010. measured at greater distances to the volcanic cloud, as will
In the context of volcanic aviation hazards, S@etec-  be shown in this study. Remote sensing with the DOAS tech-
tion is used as a supplementary technique, because volcanitque is more specific and offers better sensitivity than two-
ash clouds are usually associated with,Sflbuds of ap-  wavelength detection schemes.
proximately equal size and location. $@an be identified In the following we will explore the feasibility of the
by its molecular absorption structures, both in the UV andDOAS technique as central component of an early in flight
IR spectral regions, the extent of a $€loud can serve as warning system of S@and hence volcanic plumes. Proto-
an indicator for areas affected by volcanic ash. Typically type systems were tested, during a flight of a small airplane
SOy-levels in the free troposphere are very low 100 ppt  with forward looking DOAS instruments mounted. The vol-
above 2km,Berglen et al. 2004, therefore there is only canic plume of Popocapetl was approached several times.
a very small background signal. Detection in the IR is Popocaépetl volcano is a suitable candidate for this test, be-
mainly based on S£absorptions bands around 7.3 fPndta  cause its summit is at a height of 5426 m (a.s.l.) while the
et al, 2003 Prata and Bernargd®007, the 8.6 um Real- elevation of the surrounding terrain is around 2000 ma.s.l.
muto et al, 1994, and recently was combined with the 4 pm With the planetary boundary layer extending to an altitude of
band Karagulian et al.2010. Remote sensing of SOn 2500-3000 m above groun®dran et al. 1998, the plume
the ultraviolet (UV) range is more sensitive and this region disperses usually outside the planetary boundary layer at
has been used since 1977 (COSPEC and later TOMS, see foeights comparable to low flying commercial aircraft. Re-
instance Krueger 1983. Today retrievals of S@are based ported average emissions during April 2010 were of about
on Differential Optical Absorption Spectroscopy Technique 20kgs™! (1.730 Gg d'1) according to the measurements of
(DOAS) (e.g.Platt and Stutz2008, and satellite-based SO local monitoring stations from the Network for Observation
detection has proven very useful in detecting and trackingof Volcanic and Atmospheric Change (NOVAC).
volcanic plumes in several cases in the p&stakhar et al, The paper is structured as follows: the general concept
2005 2008 Rix et al, 2009 Carn et al. 2009. Although  of an early in-flight detection system for S®ased on the
reliable, the major drawback of volcanic g@etection in  DOAS technique is presented in SetSection3 describes
the UV range is its limitation to daylight and limited cover- the experimental setup used to proof the concept and the per-
age/overpass. Also, it can only be a proxy for the greatefformed airborne measurements as well as additional ground
hazard, volcanic ash, which will fall out and might lead based measurements. Also, the retrieval op %0m gath-
to two different clouds moving in different directions due ered spectra is given. Radiative transfer studies performed
to wind shear. However, for young clouds (up to three with the conditions at hand are introduced. Subsequently,
days after emission) SOremains a good tracer for a vol- the results are discussed in Se&t. Experimental data is
canic cloud with dangerous ash conter@su(n et al. 2009  compared with radiative transfer studies to infer the maxi-
Guffanti et al, 201G Schumann et 312011 Thomas and mum distance for detecting $0On Sect.5. The results of
Prata 2011). Even if most of the ash and SMhave sep-  this study are concluded in Seé. An analytical descrip-
arated, the S@cloud might still contain fine ash particles tion of the expected decrease of S€ignal with distance is
(Thomas and Prat2017). derived in AppendiA.
Detection of a volcanic eruption that potentially poses a
danger to aviation should in the best case lead to a warn-
ing to aircraft within minutes. However, if the eruption goes 2  Early in-flight detection of SO» via
unnoticed because the volcano is in a remote location, the Differential Optical Absorption Spectroscopy
weather conditions are unfavourable for satellite detection, or
the satellite overpass misses it, several hours might pass b&irborne DOAS measurements are routinely performed from
fore the thread is recognized and warning can be given. Thusarious research aircraft. Recent examples from CARIBIC
alreadyPrata et al(1991) proposed an instrument on board (Civil Aircraft for Regular Investigation of the atmosphere
aircraft to sense volcanic ash by its IR emission signature. ABased on an Instrument Container) of observations of vol-
portable camera applicable for this purpose was presented icanic plumes are describedHteue et al(2011), which mea-
Prata and Bernard(2009. The maximum detection range sured volcanic clouds originating from Kasatochi (2008),
of such a system isr100 km Barton and Pratal994). and Eyjafjallapkull (2010). Different trace gases could be
identified (BrO, S@). These measurements were performed
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Fig. 1. Upper part: sketch of observation geometry of a forward looking telescope in an aircraft approaching a volcanic plume. There are
three regimes: A — the plume only partly fills the field of view (FOV) of the instrument, B — the plume completely fills the FOV, C — the
instrument is inside the plume. Lower part: $8CD seen by aircraft based (blue line) and ground based instruments (red line). Details see
text.

with sideways looking instruments and interest was focusedhe volcanic plume fills the FOV of the instrument (regime
on satellite validation and plume chemistry. Here, we explic-B), increase in S@absorption structure with decreasing dis-
itly study the capabilities of a forward looking DOAS instru- tance should follow an exponential increase with a subse-
ment as an early warning system for 5O quent drop in retrieved SOsignal inside the plume. It is
] ) . interesting to note that (for an optically thin plume with lit-

Figure1 illustrates the S@signal to be expected from a e myltiple scattering inside) the airborne measurements will
forward looking telescope mounted in an airplane. In the Up-gee the maximum SOSCD when the aircraft (and thus the
per part, it shows a sketch of the observation geometry for 3nstrument) reaches the front edge of the plume. Ground-
forvx_/ard looking te_lescope in an aircraft approaching a vol- y55ed instruments will see the maximum,S&LD when the
canic plume and in the lower part the expectece S@Nt  jnstrument is just below the plume centre. As our radiative
column densities (SCDs) for an airborne approach traversing,ansfer study (Sec8.4) and measured data (Se8}.show
through the plume as well for a ground-based, upward look+, this study, the exact gradient seen by an instrument inside
ing instrument (e.g. an instrument mounted on a car) traversg, o plume depends on the aerosol load at hand. Also, the
ing beneath the plume. A gaussian distribution of the SO aximum SQ SCD might be perceived not at the edge but
concentration in the plume is assumed. Also indicated arg ther inwards in the plume for airborne approaches.
three regimes for airborne approaches: A — the plume only | grder to take evasive measures and prevent an encounter
partly fills the field of view (FOV) of the instrument, B —the ot the aircraft with a volcanic cloud, the above described ap-
plume completely fills the FOV, C — the measurements areyroach of an instrument looking along the direct flight vector
performed inside the plume. In regime A there is a strong in-pee(s 10 be extended to resolve the plume spatially. This is
crease of the SEBSCD with decreasing distance to the plume gajly achieved by additional instruments with viewing direc-
for two reasons, (1) as the instrument approaches the plumgqns ajong a horizontal and vertical offset to the flight vec-
continues to fill a larger part of the FOV, (2) less radiation o | the best case this would result in displaying a two di-
is scattered into the FOV between the instrument and theyensional distribution of SOSCDs in the direction of flight
plume. The radiation from the FOV not having penetrated theuf the aircraft (see SecB), allowing to circumvent areas of

plume does not carry the S@bsorption signature, thus, both jncreased S@concentration and minimizing the chance to
effects will lead to increase of the $@ptical density seen  oncounter volcanic ash by evasive action.
by the instrument at smaller distances to the plume. Once
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Fig. 2. A schematic of the different airborne viewing directions. All telescopes were mounted at the airplane close to co-pilots window. The
viewing directions (up, down, starboard, port) were looking at angles of 40 mrad with respect to centre and a horizontal plane (up, down) or
a vertical plane (starboard, port).

An additional radiative transfer study was conducted to "€ Table 1. Spectrographs used for airborne measurements, their re-
produce the measurements, extrapolate found dependenciggective viewing direction in mrad from centre and detection limits
to greater distances and infer the limit of detectability of the (9594 = 2«4). ¢ is the mean error of all measurements with dis-
plume. tance greater than 10 km to the plume of approaches IlI-V for the

respective instrument.

3 Experimental setup Spectrograph  viewing direction  $@10'8 molec cn?]
model [mrad detec. limit o

In order to provide experimental proof of our concept for

a DOAS-based early warning system, we performed mea- (Sgggggoo 48 Cen:r: '; %2

surements on board a small airplane probing the plume of S2000 40 down P 14

Popocagpetl volcano, Mexico, on 24 April 2010. As men-  g50g9 40 port 5 13

tioned above, Popodapetl is especially well suited for stud- 52000 40 starboard @ 14

ies on the detection of SArom airplanes due to (1) its high
altitude of 5426 ma.s.l. and its relatively high £@mis-

sion flux. Moreover (2), Popodgpet is one of the volca- were dual beam telescopes similar to the ones described in

noes, V.Vh'Ch are equped W'th. grpund-based DO.AS.mStru'Johansson et al2009 Each dual beam telescope has two
mentation for continuous monitoring of the @mission

e viewing directions separated by 80 mrad (3.6These tele-
_flux within the NOVAC network Galle e_t 6."' 20109, thus_ scopes were aligned such that they were pointing 40 mrad
mdepenc_lent measurement_s of the;SMission were avall- 2.3’) towards port and starboard and 40 mrad above and
able, Wr&lihgvg;erzgs}agcqrdlr:g t?. the ?round—based netv;/or elow the central viewing direction, respectively (FB.
—around =59 uring the time of Our MEASUreMents. -z, of the tree telescopes was connected to a spectrometer
A.'?O’ plume height and dlrgct|on were mpnltgred by two ad- or two in the case of the dual beam telescopes) with
ditional ground based stationary scanning instruments an hich the incident light was spectrally analysed. The fibre
conventional car traverses of the plume were conducted Witqr

i . . ) om the centre looking telescope was connected to a high
a.zenlth skonokmg_DQAS mstrgment. (3) These fl|ght_s pro- grade spectrograph (QE65000, Ocean Optics), light from
vided a largely realistic simulation of an encounter with an

arbitrary volcanic plume in the troposphere outside of thethe sideways looking dual-beam telescopes was analysed
~with I t h of 2 ti ith
planetary boundary layer (PBL) as e.g. encountered durin yith dual spectrograph of type S2000 (Ocean Optics) wi

the Eviafiallabkull i E durina April and g(compared to the QE65000 instrument) somewhat lower
sz géi(’,a apiull ertption over =urope during Aprit and  resolution and higher noise (Tablg. The field of view

. " ) . (FOV) for all five viewing directions was 8 mrad (096
The meteorological conditions were stable with clear Vis- |1 this way, the setup was able not only to detect the

ibility at flight altitude for all approaches. An open clou.d volcanic plume but also gather information on its spatial
cover'well above the plume was present as well as a slighfyiant  The instrumental setup was very compact with
haze in ?he boundary layer below. ) telescopes of size 115mr40mm (lengthx diameter)
The airborne measurements were conducted with a Cessng, 4 spectrograph  dimensions  (lengthvidth x height)
421, on which three telescopes were installed next to thgyy  141.6 mmx 104.9 mmx 40.9 mm (S2000)  and

window of the copilot. One telescope was pointing directly 185 mmsx 110 mmx 47 mm (QE65000).
forward at O mrad elevation angle, where as the other two
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Fig. 3. Map of all six flown approaches. The start of each approach is marked by a green square, the end by a red square. The roman
numbers next to the starting point correspond to the cronological order of the different approaches. Note the logarithmic colour scale of the
SO, SCDs. Popocapetl is indicated with an orange dot at the lower left corner and its plume by the grey shaded area.

3.1 Airborne measurements Table 2. Mean altitude a.s.l. and azimuth direction from north for

all plane approaches. Approaches marked by (*) are not used for
In total, six approaches towards and subsequent traversée study e.g. due to variability in flight direction during approach
through the volcanic plume were made between 16:00 h and" insufficient distance to the plume. Approach1)(with stable
17:15h UTC. They are labelled I till VI in Fig. Further in- flight vector inside the plume is only used for comparison between
formation on average altitude a.s.l. and direction of approactf"ound based and airbormne measurements (86g1.
[azimuth®N] are given in Tabl®. The azimuth and elevation
angles were calculated from the GPS data recorded on board APProach — Time [UTC]  Altitude [m] ~ Azimuth{N]

the aircraft. Thus both values represent viewing direction |+ 15:58-16:03 5067 297
based on the difference between two subsequent locations of 11+ 16:06-16:11 5184 124
measurement and can only be approximates for the planes IlI 16:15-16:21 5197 334
orientations yaw, pitch and actual viewing direction of the IV 16:24-16:31 5186 174
telescopes. \Y 16:42-16:49 5207 293

. VI* 17:09-17:13 5546 314
The purpose of approaches | and Il was to gather infor-

mation about the plume altitude and to test the instrumen-

tal setup before going to greater distances from the plume.

Like approach VI, they are not well suited for studying the ment (Fig.8). While this approach can not be used to study
detectability of S@ due to the encounter of strong inhomo- DOAS as an early detection technique of S@still allows
geneities in the plume, or since the aircraft flew at the wrongcomparison with the car traverse (Sektl). Approaches lll,
altitude and/or changes in flight course had to be made. Thév and V were conducted starting at larger distance to the
effect of a misaligned approach of the plane can be seeplume and will be discussed in detail in the following. Due
e.g. in approach Il, where a change in the plane’s approacho air space restrictions the maximum distance to the plume
elevation angle was associated with a sudden increase in thechieved at the start of an approach was only 25 km or less.
SO, column density measured by the central DOAS instru-To draw conclusions about the maximum distance at which
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: 18.5 3.3 The DOAS retrieval
’ N <
; E\Q A = I18 All gathered spectra were evaluated using the DOASIS soft-
S 2 § \\\\ J ~§ ware package from the Institute for Environmental Physics,
o - ® - DN Heidelberg, Germany Doasis Kraus 2006 Lehmann
) % :17 L 2011). The program applies a combination of a non-linear
! \ | E Levenberg-Marquardt and a standard least-squares fit to de-
Z ( ) _165%’, termine the optical density of trace gas absorptiBiait
< % ) 25 . .
o j@ 1~ and Stutz 2008. Absorption cross sections of the follow-
4 /5 /\> L e 8N ing species were included in the fit: @t 273 K Bogumil
/@ | { ~ 3 etal, 2003 and G at 280 K {0igt et al, 2001), both chosen
NN N 15.5 for their close vicinity to ambient temperature at the flight
z Ly asey ) height. In addition to S@and @, also a clear sky refer-
Egs.es"vv BeW 985w 98.5W 15 ence (CSR) spectrum and a Ring spectri@al¢mon et al.

1987 were fitted. The latter was calculated from the CSR

with the software DOASIS. Broad band absorptions and Mie
Fig. 4. Ground based measurements: an example of conducted cacattering were accounted for by using a polynomial of 3rd
traverses is shown with measured S&CDs on a logarithmic scale. order and a wavelength-independent offset was included to
The Ioc_ations of the stationary scannin_g i_nst_ruments_are marked by qrrect for possible stray light. All spectra collected were
black circles. Popocapetl as a source is indicated with an orange evaluated in the wavelength range between 307.4-317.8 nm.
dot at the lower left corner and its plume by the grey shaded area. For all instruments and approaches of the airborne measure-

ments, CSR spectra were constructed from 10 consecutively

SO, from the plume might still be detected, the rneasure_recorded spectra, measured after the plane had passed the

ments need to be extrapolated using theoretical c:onsideraP—Iume but still contmued_op the same course. Thu_s the CS.R
tions (AppendixA) as well as radiative transfer model stud- was recorded under as similar as possible illumination condi-

ies (Sect5) tions as the actual measurements and in close temporal prox-
’ imity. The CSR was wavelength calibrated by comparison
3.2 Ground based measurements to a high resolution solar spectrururucz, 2005, which

was convoluted with the respective instrumental slit function.
Further measurements were conducted from the ground tdhe obtained calibrations were transferred to all other spec-
provide plume altitude and wind direction. These parame-tra of corresponding approach and instrument. The ambient
ters were communicated to the airplane via radio link. A temperature at flight altitude was approximatel§ °C ac-
zenith pointing DOAS instrument was mounted on a car andcording to data from the READY NOAA modeREADY)
used to conduct traverse measurements under the plume bat 500 mbar or 5120ma.s.l. at the time of the flight on
tween 8 and 14 km distance to the crater, yielding location24 April 2010.
and extent of the plume as well as wind direction (F}. Note that in contrast to previous radiative transfer studies
Because of road conditions and construction along the way(Mori et al, 2006 Kern et al, 20108, here we do not aim to
traversing the plume generally took about one hour. Also, theretrieve correct SQSCDs but intent only to study the gradi-
plume was not blown perpendicular to the road. Calculationent of the SQ signal with distance to the plume. Thus the
of fluxes and wind direction was performed using the Mo- evaluation of gathered data in this fit range most sensitive to
bileDOAS software packag&kang and Johanssa2007). SO is justified. A correction factor of 2 was used to cal-
Additionally, two stationary DOAS instruments were de- culate the measurement error from the fit error according to
ployed on both edges of the plume (F4, allowing to ap-  (Platt and Stutz2008 based on residual structures and,SO
proximate wind direction as well as the plume altitude. The absorption band widths. The mean measurement error is de-
instrumental design is analogue to the NOVAC instrumenttermined from all measurements gathered at distances greater
Version | as described iGalle et al.(2010. They scan the than 10 km for approaches IlI-V of the respective instrument
volcanic plume along a 60cone, which is a routinely per- (Tablel). In this way, the error reflects uncertainties of mea-
formed volcanic gas emission measurement technique in theurements at greater distance to the plume.
NOVAC network. Calculation of plume height and direction
was also performed with the NOVAC software package. The3.4 Radiative transfer modelling
stationary instruments had the advantage of a higher time res-
olution (=10 min per scan) than the traverses. Several model scenarios were set up in the 3-D radiative
transfer model McArtimDeutschman008 Deutschmann
et al, 2011, successor of the model TRACYIMagner
etal, 2007, to assess the sensitivity of DOAS measurements
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Table 3. SO, concentrations, AEC and corresponding visibilities
of the plume for different type A model runs. For further details see

text.
Model run Al A2 A3
SO; [10Y2moleccm™®] 154 154 077
AEC [km™1] 1 10 40
Visibility [m] 4000 400 100

SO, differential scattering cross section

=1 length. All aerosol particles were characterized as purely
scattering with a single scattering albedo (SSA) of 1 and a
300 310 320 330 340 350 Heyney-Greenstein asymmetry parameter of 0.8, which is
wave length [nm] typical for scattering sulphate aerosols.
With these boundary conditions, several model runs were
Fig. 5. A high pass filtered S@cross section at the same optical performed with variations of the plume’s $@oncentration

resolution as the QE65000 spectrograph used with the centre Iook"Elnd aerosol extinction coefficient (AEC), given in TaBle

ing telescope. The inserted graph displays the respective part of thEOF model runs Al and A2, the S@oncentration would re-

from the edge of the plume without occurrence of multiple
scattering. For model run A3 the $©@oncentration was re-

of SO, to the distance between the instrument and the p|uméiuced in order to reproduce column densities similar to those
and on the wavelength of the measurement. Figude-  observed in the aircraft measurements.

picts the model setup schematically and effects influencin
the measured absorption signal.

th Two d(_ﬂl{feretnt ty'?es of (T?de_ll_ runiwer((aj clonducted W'thtThis scenario has been chosen to model the response of the
€ radia It\t/e re;r:s er :n?] tﬁi y%t?t_ mobe rundsdwe.re Stﬁ roposed technique to volcanic clouds, as they might occur
upinana errt1p f)Fr)na ¢ Et(le C%lt ! |onsdo s;erveB u”zgl fter large scale volcanic eruptions. Once the volcanic plume
measuremen 3 at dotpoea " tﬁrvé‘.?g S, ypeth :no' itbhas travelled a large distance from the volcano, its horizontal
runs Wetre an EC eﬂ _oextamlnz ed Ierepcels da rfnlg h‘aimensions are typically such that they considerably exceed
encountered when Tlying towards a voicanic cloud of MuChy,o e apn free photon path length in the atmosphere (several
Iarger extent, as might be the case after a large-scale volcanlf0 km). In such cases, light entering a UV-spectroscopic in-
eruption. i strument will not have passed through the entire volcanic
FFor both types of model runs, the ambient atmosphere Cong 4. To test the sensitivity of such instruments to large
tained ? typical @L’ayer with a maximum concentration of scale volcanic S@clouds, model runs B were set up using a
5% 1018 molec cm > at 22km altitude and total column of - 5o, ¢loud with infinite extent in one horizontal direction at
9x 10'®moleccnt? (~ 330 DU), as this influences the at- 1y altitude. A S@concentration of & 1022 molec cnt?
mospheric radiative transfer in the ultraviolet wavelength re-, -« - << imed for the simulation. Aerosol particles are simu-
gion. A 30" solar zenith angle was assumed for the calcula-|5ie in model run B1 as in model runs A as purely scattering
tions. For all simulations, the instrument was located at the,ith 2 SSA of 1. a Heyney-Greenstein asymmetry parameter
same alt|tude. as the p"%”‘e cgntre, a”?' was aimed with a na; 0.8, assuming scattering of sulphate aerosols. The cloud
row field of view (0.3) in horizontal direction towards the o, hibited an AEC of 0.1 kmt. Additionally model run B2
centre of the plume. Note that both model run types assumes e rformed which simulates different ash contents of the
a plume which has no concentration gradient from centre to,|5,d. The ash is assumed to have a SSA of 0.8. which can

g3.4.2 Model runs B: large scale S@clouds

its edges. be regarded as a conservative estimation of SSA offaistig
_ i i and Grant 2001 Pavolonis et a).2006 Kudo et al., 2008.

3.4.1 l\/_lode] runs type A: spaciously confined plume The varying ash contents are studied by assuming different
with different aerosol contents AEC of 0.1knTL, 0.5knT%, 1km* and 4knTL. The SQ

In th del h d concentration is the same as in B1.
n these model runs, the measurement geometry and almo- e ragylts of this model runs will be discussed in

spheric conditions were initialized using the conditions Ob'Sect.S to give an outlook on the base of the conducted
served during the measurement at Popepeatl. The vol- measurements.

canic plume was simulated with a centre at 5.5 km altitude,

a height of 2km, a horizontal width of 6.5km and infinite
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Fig. 6. Results from approaches IlI-V. The solid red lines indicate the fit of Hdo(the measurement results in the far field. Dashed vertical
lines indicate regime C. Errors of measurements are given in Tat$&, was detected from the first measurements onwards. Significant

differences between the retrieved SCDs of the telescopes can not be distinguished for measurements at greater distance to the plume dt
the inferior signal-to-noise ratio of the Ocean Optics S2000 spectrometers (up, down, starboard, port viewing directions). Still, a vertical

extension of the volcanic plume of at least 2 km can be deduced from the measurements at different vertical directions.

4 Results 4.1.1 Measurement regimes and extent of plume

4.1 Measurement results from airborne observations First, the SGQ column time series are discussed. At 25km
distance to the plume, the FOV of each telescope corresponds
All approaches successfully detected ;Som the first  tg a circle of 200 m diameter at the plume, their centre being
measurement of the approaches onwards, but restrictions it km apart for the horizontal and vertical off-centred viewing
airspace prevented measurements at distances further thafirections, respectively. Thus it can be assumed that the cen-
25km from the plume. Figuré depicts the S@column  tre, port and starboard looking telescopes started measuring
densities as a function of distance from the plume centre fofin regime B (plume fills FOV), and the upwards and down-
approaches lll through V for the different viewing directions. wards looking telescopes started at regime B or in the transi-
The mean erros for a measurement is specified in Tallle  tion from measurement regime A (plume partly fills FOV) to
(see Sect3.3). The result of the retrieval for the spectrum B, Due to the lower signal to noise ratio of the S2000 spectro-
gathered at greatest distance to the plume (first spectrum Qfraph (up, down, port, starboard telescope), a clear transition
approach 1V) is shown in Fig/. point can not be distinguished. In order to discuss the tran-
sition between regime B and C, the airborne approaches are
best compared to ground based car traverses.
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-16 802 3.5-10" [molec/cm?] drawn in grey. Strong variations in the car traverse (e.g. at 1km
from plume centre) are artefacts due to vegetation blocking the
90 100 110 120 130 140 150 160 170 180 190 200 view. The gradients shown agree with expected characteristics of
Channels transition between regime B to regime C (see Higalthough the

starting point of the plume of the car traverse does not correlate

. . . __with the maximum of the values retrieved from the airborne mea-
Fig. 7. Fit result for the spectrum gathered at greatest distance (flrsgurernent

spectrum of approach 1V), taken at 25 km distance. Shown is the
residual above and the fitted $&CD of 35 x 108 molec cnt?

below. The model results discussed in Seti3 show that the re-

trieved SQ SCDs might change significantly with the tran-

Approach Il was performed approximate|y between sition from outside to inside the plume, with a shift of the
16:06 h-16:10h UTC and compared with car traverse 2 maximum SQ SCD to the centre of the plume with increas-
which was measured from 15:34 h—-16:05h UTC. It can noting AEC. Thus the comparison between car traverse and air-
be used in the study on SQietectability due to changes borne approach indicates that multiple scattering inside the
in flight altitude in the first minute. However, the plane did Plume causes the maximum column density to be measured
not change direction during the rest of approach Il and whileWithin the plume, not at its front edge.
travelling through the plume. Due to its close proximity to  Airborne approaches IlI-V crossed the plume further
the car traverses in space and time, it can be used to compag®wnwind. Thus plume position and size can not be simply
both measurements. For that purpose, the ground based meextrapolated from the ground based measurements to the lo-
surements were interpolated onto the path of the airplane apsation of the airborne measurements. Also, the exact plume
proach assuming a linear expansion from the source to eacposition can only be approximated from airborne measure-
measurement point. The result is depicted in Bg.The  ments applying only forward looking DOAS telescopes.
plume can be well approximated by a gaussian fitted to the The exponential relationship (EQ) between retrieved
car traverses, which sets the plume center at 0 km at the maxSCD and distance to source as derived in Apperfdixs
imum of the gaussian. only valid in regime B. Also, approximations made might

Comparing airborne approach Il and car traverse 2, the exnot hold for higher S@ SCDs and in close proximity of the
pected characteristics as argued in S&cFEig. 1, are clearly  plume, in which light scattered into the viewing direction
visible. The SQ SCD of the airborne measurements is in- of the telescope might still be affected by absorption struc-
creasing approximately until entering the plume, which hor-tures from the plume’s gases. Thus regime C is approximated
izontal distribution is captured by the car traverses. It isby fitting function2 to the signal of the centre looking tele-
also apparent, that the maximum S6CD of the airplane  scope for the far field of approaches lll, IV and V. The start
approach does occur almost, but not exactly at the edge obf regime C was set to the start of a steadily increasing dif-
the plume but not exactly at the edge of the plume. It isference & 2.5x 10'® molec cnT?) between fitted curve and
rather measured several hundred meters inside the plume. iletrieved values. The end of the plume is reached when the
is rather measured several hundred meters inside the plum&0;, values are below the detection limit of the instrument.
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The so determined regime C is marked by the dashed vertiligible closer to the plume. (2) A severe misalignment of

cal lines in Fig.6. telescopes; this can be ruled out, because even at greatest
distances all telescopes observed the plume. (3) Strong small
4.1.2 Spatial separability of the different viewing scale inhomogeneities of S@oncentrations inside the vol-
directions canic plume should be negligible due turbulences between

source and measured plume section. (4) light detected by
The airplane was flying at the same altitude as the volcanighe downward looking telescope is subject to an increased
plume and approached it from the side. Although,$@s  path length inside the plume; this effect is certainly present
detected by all instruments from the first measurement onpuyt should only be of second order, because the telescopes
wards, significant differences between the retrieved SCDs 0fre observing very similar plume cross sections as discussed
the telescopes can not be distinguished for measurements gbove. (5) Errors in calibration and instrumental function for
greater distance to the plume. The signal-to-noise ratio othe different spectrograph should lead to additional structures
the Ocean Optics S2000 spectrometers used for the measurgrthe residuum of the DOAS fit algorithm. This was not ob-
ments with non-centre-looking telescopes was inferior to thaiserved. A final conclusion is not possible because additional

of the QE65000 (centre-looking telescope). Thus the precicalibration quartz glass cells filled with S@vere not avail-
sion of the measurements done with the S2000 was not sufaple to perform calibration and comparison of the different

ficient to detect differences in S@olumn at large distances  viewing directions.

from the plume. Although early detection capabilities of DOAS for SO
Theoretically, S@ SCDs measured in starboard, centre could be proven, future studies are necessary with higher

and port direction during the approach should not differ grade spectrometers for all viewing directions combined with

greatly for a homogeneous plume along its path of propagaadditional calibration and instrument intercomparison. This

tion. For the vertical viewing directions (down, centre, up), includes additional modelling to assess radiative transfer ef-

differences in signal should depend on the distance to theects for the different viewing directions.

plume and its vertical extent. At some point close to the edge

or inside the plume, the gradients of all instruments should4.2 The ground based measurements

coincide until the plume is passed (and afterwards showing

no SQ signaD’ because the different te|escopes are ObservThe wind direction derived from automobile based mea-

ing increasing|y similar parts of the p|ume' surements (the direction between the volcano’s summit and
While the plane approaches, the upward and downwardhe maximum encountered column densities) are depicted in

looking instruments start observing the plume and their graF19- 9. Both car traverses and the stationary ground-based

dients should increase and start converging to the gradieripStruments yield comparable wind directions with an aver-

of the centre looking instrument, because the different tele-29€ of 232 N. The small systematic differences between the

scopes are observing increasingly similar parts of the plumef€sults of the two methods might be explained by the differ-

Again, at some point at the edge or inside the plume, the gra€nt cross sections of the plume seen by each measurement

passed (and afterwards showing no,3@nal). assumes that both instruments are measuring the same cross

Comparing the horizontally sideways pointing telescopes S€ction of the plume. Regardless of these small systematic
similar SQ» gradients are observed at most times except fore/70rs, the results clearly show the stability of meteorolog-
approach Iil, where a change in flight direction while inside ical conditions during the time of the airbome approaches.
the plume lead to a strong increase in the port signal (sed N€ altitude of the centre of the plume was calculated to be
also Fig.3). between 5250 and 5750 ma.s.l., the spread of plume heights

For the different vertical viewing directions, differences ¢@n € explained by varying emission strengths and wind

in the results obtained become more pronounced when th&P€€ds.  Stronger winds tend to press the plume slightly
measurements are performed in and close to regime C. Th@ownwards in the proximity of the volcano. Given the sum-
telescope looking downwards always detects a significantly™it h€ight of 5426 ma.s.|., the retrieved plume heights corre-
higher SQ SCD than the upwards looking telescope. Fur- §pond well to the wsugl observauon; of a plume gt approx-
thermore, it shows a comparable (Approach Ill and IV) |mately the same or slightly lower altitude as Popégpatl's

or greater (Approach V) SOSCD than the centre look- Summit. . _

ing telescope. Possible issues discussed are (1) the plume COMParing the altitude of plume centre derived by the
was traversed above its centre altitude although results fronffV0 Stationary instruments with the altitude of airplane ap-
the ground based measurements indicate that the plumelroaches, the plume’s centre is generally measured about
height was slightly above the plane’s approach altitude (se€20 M higher than the mean altitude of airplane approaches
Sect.4.2). Changes in plume height due to e.g. Lee-waves(®250mass.l.). These measurements confirm t_hat the air-
cannot be ruled out, but as described above, the difference@@n€ approaches were performed at the approximate plume
in optical path lengths inside the plume should become negh€ight and during stable meteorological conditions.
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Fig. 9. Wind direction and altitude of plume centre derived from
the ground based measurements, showing the stable meteorologicaig. 10. The figure shows the results of model run A2. The AEC
conditions on 24 April 2010. Values derived by the two stationary was set to 10 km? corresponding to a visibility of 400 m inside the
scanning instruments according @4dlle et al, 2010 are depicted  plume, which is marked as shaded area. The graph depicts simu-
as blue asterisks, red circles show results from the car traverses (upated SQ column density as a function of the distance of the instru-
per graph). Also the mean altitude of the airplane is indicated forment from the plume.
all approaches by red pluses (bottom graph). Note that the different
types of measurements were conducted at different distances to the
plume, which could explain the slightly differing values. run Al when low AEC is assumed. With increasing AEC
in model runs A2 and A3 however, a shift to the centre of
o the plume becomes apparent of maximum SCDs. Also, a
4.3 Results from radiative transfer study sharp edge can be seen in the SCD distribution at the position
. ) where the aircraft enters the plume (+3.25km). This could
Here, model runs A will be discussed because they allowye the explanation for the distribution observed in the mea-
conclusions over the measurements. The reader is referreg;rement and the differences shown between car traverse and
to Sect.5 for the results of model run type B as an outlook pjane approach Il (Fig8). Measurements taken at the front
on bases of the conducted experiment. As exemplary resugge of the plume are not detecting radiation that has pen-
of the model runs A, model run A2 is shown in FIED. Its  erated the entire plume, but rather measure light scattered
AEC was chosen, so that the gradients of measurements ang, aerosols in the front portion of the plume. On the other
model run A2 match qualitatively (see also F&. With  phang measurements taken inside the plume can be affected
an assumed FOV of 5.2mrad (0)3at the maximum dis-  y significant enhancement of the light path inside the plume
tance modelled (100km) a circle of diameter=620mis  qye to multiple scattering. Although the modelled cases are
observed at the plume. Thus all modelled approaches corre;reatly simplified, e.g. a real plume is not evenly distributed
spond to measurements in regime B and C. over a discrete interval, they show that the maximump SO
In Fig. 10, the dependency of the measured, 8D on  column is not necessarily detected at the front edge of the
distance can be seen. The gradient of the retrieveﬂSBfﬂD p|ume_ ThUS, care must be taken when Judg|ng which spec-
follows the eXpeCted line with a clear Separation of WaVe'tra have been taken in and outside of the p|ume (regime B
lengths. Longer wavelengths are less affected by Rayleighynd C, respectively).
scattering than smaller ones and thus less dependent on dis-
tance to the cloud. This leads to a difference in relative de-
crease of about a factor 10 at 100 km distance to the plume.5  Comparing measurements to model results: inferring
Studying the transition between simulated measurements maximum distance at which SGQ can be detected
in regime B and regime C (the plume is indicated as a grey
shaded area), some interesting features are immediately visiFo compare model results and measurements, an exponential
ble: intuitively, one would suspect the maximum $€)gnal  function was fit to the different approaches. It is based upon
just when the plane enters the plume, because light can na simplified determination of visibility and contrast that can
longer be scattered into the instrument’s field of view without be found in textbooks about radiation transport in the atmo-
having passed the plume. This is reproduced by the modesphere (e.gPlatt and Stutz2008 p. 110) and an analogue
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Table 4. Results from the fits of functior2} to approaches Il1-V. Table 5. Results from the fits to the radiative transfer modeland
the £ A to calculate confidence bands of 95 % (cepére given in
—5 q—1
Approach Il IV V  Mean (107> m™7].
—5 m—1
€ (107> m™] 713 750 737 733 Modell run Al A2 A3 Mean
confe [1076m1] 0.81 030 047 053
7 > € 9.08 7.63 714 7.95
A [10-"moleccnT] 2.14 2.34 2.04 218 306.6nm cont 0166 Q089 Q136 Q130
confA [10Ymoleccnm?] 020 0.10 0.12 0.14 2 09994 (09998 09994 (09995
r2 0.89 097 095 094 € 7.80 665 624 689

310.8nm  cont 0.083 Q105 Q0144 0111
r2 09998 09996 09991 (09995

has been applied for radiative transfer corrections of UV-
camera measurementsBiuth et al.(2007).

S(L>) Cex (La-Ly) model run Al displays stronger absorptions at 10 kr_n distance
S(Ly) e (1) _then thg other tyvo model runs. .The approxmatlon_made
in deriving function2 are only valid for small absorptions
The above function describes the relative change of retrieve@nd thus for model run A1 an additional systematic error is
SCD S(L1) and S(L) between distancé&1 and Lo to the  jnduced.
plume. For a detailed derivation see Appendixe is the The extinction coefficients from the airborne approaches
total extinction coefficient depending on Rayleigh and Mie can be compared to the mean extinction coefficients obtained
Scattel‘ing, retrieval WaVeIength I’ange and the distribution Offrom the mode' runs. The relative decreases in SCDs Calcu_
absorption structure of the trace gas of interest in the respeqated from the extinction coefficients of the approaches are
tive retrieval wavelength range. Because the retrieved SCDgncompassed between the mean results obtained for model
all possess a certain error, it is advantageous to use runs A for 306.6 nm and 310.8nm. The fittecbf all ap-
S(L) = A xe—<xL @) proaches and their 95% confidence bands are depicted to-
gether with the mean derived from the model runs A in
where A is a hypothetical SCD at zero distance or in our caserig. 12. The differences between model and measurements
the plume’s centre. Functior2)is only valid for measure- can be explained by the wavelength interval used in the
ments taken in the regime B (see Fig. Also, the “narrow  DOAS evaluation. The first and strongest absorption line in
beam” approximation must hold, thus light scattered into thethe DOAS retrieval interval 307.4-317.8nm is the absorp-
viewing directions should not have passed the plume at anion maximum at 308.7 nm, influencing the DOAS retrieval
earlier point. In order to ensure these boundary conditionsheavily. Thus, it is consistent that the value of the extinction
only measurements taken more than 8 km from the assumecbefficiente of the DOAS retrieval lies about halfway be-
plume centre were used to retrieve the parameters of functiofween the extinction coefficients of 306.6 nm and 310.8 nm
(2) for the respective approaches. of the modelled scenarios. These results validate the model
The results for all fits are depicted in Fifjl. They are  runs and allow to extent the experimental “proof of concept”
extrapolated to 50 km distance to the plume. The individualmeasurement with model run B.
obtained parameters are also shown in Tdbl[Ehe mean ex-
tinction coefficienk returned by the fit was.33x 10~°m~1, Early detection of an extensive volcanic cloud, results
and the mean coefficient of determinatictwas 0.94. Thus model runs B
with the experimental setup, which was not specially tuned
for this kind of measurements, and a detection limit of AS an example for the response of the proposed early de-
1.6 x 10 molec cnt2 for the centre looking telescope (Ta- tection system, an extensive volcanic cloud was simulated in

ble 1), the plume of Popocapetl could have been detected Model runs type B. The volcanic cloud was modelled with
sults, function2 was fitted also to all model runs type A. Of model run B1 are shown in Fig3. A cloud contain-
The fit was performed between 10 and 100km. The modelnd mainly sulfate aerosols is assumed. Note that in contrast
fits achieve a coefficient of determinatiorf) of more than enhange visibility of .the gradients at Igrge dlstar)ces to the
99.8 %. Tables summarizes the fitted extinction coefficients volcanic cloud. Again, a clear separation of retrieved, SO

¢ for 306.6 nm and 310.8 nm of model runs A1, A2 and A3. SCDs at different wavelength intervals with distance can be
For model run Al the fitted extinction coefficient is slightly observed.

increased in comparison to the other two. The reason is that
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F'gd' 12. Re_latlve chr;nges of Szcscps for af?proach%s I_"_;/ b Fig. 13. Simulated S@ SCD from model scenario B1. Here, a vol-
and comparison o the mean e_xtlncpoq coefficients erved BYcanic cloud with infinite extent in propagation direction and from
model runs A1-A3. The dashed lines indicate the 95 % confldencqhe edge onwards was assumed to be at 10km altitude. An SO

interval. concentration of & 1012moleccnt3 is assumed for the simula-
tion, and the cloud exhibited an aerosol optical depth of 0.1km
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Fig. 14. Optical densities are shown for model scenario B1 in order Fig. 15. Optical densities for model scenario B2: Depicted are Sim-
to assess detectability of large scale volcanic cloud. Optical densiy|ateq Optical densities at 310.8nm as a function of distance to an
ties of more than 10° are still obtained at distances greater than extended volcanic cloud (scenario B2) and varying ash content. Vol-
80 km from the plume for the wavelength range 310-315nm, thuscapic ash is simulated with a SSA=0.8 and varying AECs. For
indicating the possibility of a significantly earlier detection than is comparison, the dashed blue line shows the result for a cloud with a
possible at lower altitudes. purely scattering aerosols at an AEC of 0.1K(see Fig14). The

dashed black line represents the assumed detection limit of ih0

optical density. Higher ash content reduces the detection limit, but

The relative changes in signal strength do not directly cor-a detection range of 60 km is still obtained for AEG< 1. Only for

respond to relative changes in detectability because the Sqaxtremely thick plumes, such as those enc_:ountered in close proxim-
absorption cross-section decreases with wavelength. The ddly to the volcanic source, does the detection range drop further.
tection limit is instead given by the optical density obtained

in a measurement, which is the product of the column densn)gcor optically thick plumes, as the light path inside the cloud

and the differential absorption cross-section. For model run _q
B1, the simulated optical density is depicted as a function of> reduced. Moderate AECs efl km™ lead to a decrease

- : . : f the maximum distance of detection froa80 km to about
wavelength in Figl4. A typical DOAS instrument which 0 : .
has been tuned to the task might be able to resolve optica(?0 km. A very thick cloud with an AEC of 4kmf would

densities of about I& at a measurement integration time of only be detectable frorr:35km distance. However, such a

a few seconds. This limit is reached at 8090 km distancecloud would be clearly visible in the sky, as the scattering ex-
' tinction length is only 250 m. While such conditions may be

to the volcanic cloud for the wavelength range 310-315 nm. neountered in cl roximity to the volcani rce. th
Thus, given a slightly enhanced setup, there is a realistic op-e countere close pro y fo the volcanic source, they

tion of a feasible early detection of a volcanic S@oud at are not typical of a large-scale, diluted vplcamc CI(.)Ud that
these distances. has travelled many tens or hundreds of kilometres in the at-

mosphere.
The results of model run B2 show the systems response P

to varying ash contents of the volcanic cloud. Ash was sim-

ulated by decreasing the single scatter albedo (SSA) of thg Conclusions

plume aerosol to 0.8. This is thought to represent a lower

limit for the SSA of an ash-rich volcanic cloud (see e.g. The measurements presented here clearly demonstrate the
Prata and Grant2002;, Pavolonis et a).2006 Kudo et al., general applicability of DOAS as an early detection tech-
2008. The modelled optical densities obtained for 310.8 nmnique for SQ in a “proof of concept” campaign. A num-

are shown in Figl5, as the highest sensitivity was obtained ber of plume approaches were flown, and the measurement
at this wavelength for model run B1. For comparison, the re-results were reproduced with a radiative transfer model. Al-
sult of B1 (Fig.14) for 310.8 nm is depicted as a dashed blue though the approaches were only started at up to 25 km dis-
line. Reducing the SSA from 1 to 0.8 at an aerosol extinctiontance to the plume, the found relationship of signal to dis-
coefficient (AEC) of 0.1km' reduces the sensitivity very tance of the measurements could be used to extrapolate the
slightly, decreasing the detection range from about 90 km toexperiment to 100 km distance. Due to the lower air pres-
85km. However, a further reduction in signal is observedsure at typical flight altitudes (about 10 km) when compared

www.atmos-meas-tech.net/4/1785/2011/ Atmos. Meas. Tech., 4, 18682011
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to the altitude of the Popodatetl plume, additional radia- Besides the limitations and need for future research men-
tive transfer studies conclude that a volcanic plume with ationed above, DOAS based $@etection is a complemen-
SO slant column density of #6molecules cm? as viewed  tary technique to the detection of ash in the infra-red regime
from the outside can be detected at distances up to 80 kmand in combination can greatly mitigate the risk from vol-
away for both, a cloud consisting only of purely scattering canic clouds to aviation.
sulfate aerosols (SSA =1) and a cloud consisting of ash with
a SSA of 0.8. This range provides enough time for pilots to .
take actions to avoid plume fly-through under typical flight APPENdiX A
conditions, suggesting that this technique can be used as an . L o
effective aid to prevent dangerous aircraft encounters witfinalytical approach to the radiation dilution effect

otentially ash-laden volcanic plumes. . .
P Howev)ér, certain issues muF;t be addressed. Because trgré general, the propagation of radiation in the atmosphere

technigue is based on radiation in the UV spectral region, it a_comple>.< process. Multiple scattering inside and.llght
. . . ; . . dilution outside the plume both affect the measured signal.
is only applicable during daylight. At twilight the signal to

noise ratio will drob due to reduced intensities in the UV. For a valid assessment of volcanic emissions both effects
which can oartl bgcom ensated by lonaer exposure tim’egeed to be taken into account. For this study, the gradient
partly P ylong P of measured S SCDs with distance between instrument

W.'th consequent lower mea;urement frequgncy. The tech nd plume needs to be determined to assess the feasibility of
nigue does not detect the main hazard volcanic ash. Althoug OAS as an early detection system for SThe true con-

certain algorithms have been proposed which should be able : -
X : " centrations inside the plume are only of secondary concern,

to determine aerosol optical densities of the plume from Uvand we focus on radiation dilution

measurement¥ern et al, 20108, these concepts need high ‘

. . . An analytical solution can be derived to estimate the
computational power and are not feasible for real time eval'dependency of measured SCD to distance to the volcanic
uation. SQ is only a good proxy for ash which is the greater

hazard if there is no separation of the ash and Sloud. plume. The approach is analogous to the simplified deter-

. : ._mination of visibility and contrast that can be found in text
Thus the technique is only complementary to ash detectio 2 .
. ooks about radiation transport in the atmosphere [dat
systems in the IR.

One has to keep in mind that this study is only “proof of apd Stutz 20.08. p. 110). A S|m|lqr strategy has been ap-
., ied for radiative transfer corrections of UV-camera mea-
concept” and does not present a mature system. Further eR

forts are needed in experiment and modelling to fully exploreSurements Bluth et al.(2007).

; . i Ther lack obj f zero intensity is viewed from dis-
the capabilities of the technique. This includes the ability to ere, gbac object o ero t_e sity is viewed ° dis
spatially resolve volcanic plumes at greater distances in Or_tanceL with a background intensityo next to the object.

P y . P greater . Radiation scattered into the field of view of the observer will
der to allow avoidance measures to be initiated. Strateg_lefead to an increase of the perceived intensitith increas-
must be developed to supply clear sky reference spectrawnhl-ng distance to the object until background intensféyis

out SO absorptions. One approach would be to construct a . S
. . teached. Certain approximations are made. (1) The proba-
small database with reference spectra constructed from higp.... ~. o . X S
ility is negligible that a photon is scattered into the viewing

resollutlon solar speptra (e.@hance and KurugzZOlQ n- direction of the telescope after having been scattered out of
cluding dependencies on altitude, solar zenith and azimuth - L

. . it (Narrow Beam approximation). Consequently, extinction,
angle. Furthermore, algorithms need to be developed which

- 7 which is comprised as the sum of Rayleigh and Mie scatter-
reduce or eliminate the influence of a 8€oud above or be- . . . .
. ) ) . . ing, can be treated like absorption as described by Lambert-
low the aircraft which could influence the perceived signal at

o L . o e Beer’s Law. In our case it is the radiation scattered into the
all viewing directions. Also investigations of the limitations .~ . N : :
viewing direction. (2) The atmosphere is considered homo-

€.g.in case of high altltude_ Cl.OUdS be“”eer? _pl_ume and Ir]Sw(‘_'(_:;eneous. With these approximations, the scattered radiation
ment need to be done. This includes sensitivity to a volcani

cloud with ash particles covered in ice, because this is one optgnsnyIR_ rece|veq by the observer when looking at a black
object at distancé is given by

the cases were IR techniques based on the reverse absorption

method are not suitable. S IR = Io(h) X (1_e—e(x)xL) (A1)
Last but not least, great potential lies in the development

of DOAS instruments developed to this specific task. Largewhere the extinction coefficielrt(A) =g (1) + €5 (1) is the

volcanic clouds are much more easily evaded by flying oversum of the Rayleigh and Mie extinction coefficients.

or under them than by trying to go around them. Therefore, The wavelength dependency of Rayleigh and Mie scat-

the vertical direction is arguably more important than the hor-tering can be disregarded for a 1st order approximation of

izontal one. E.g. one could imagine a DOAS instrument ap-the dependency of DOAS retrieval on radiation dilution.

plying an imaging spectrometer, which could be positionedRayleigh scattering is approximately proportional X0,

so that its spatial axis is in the vertical, its dispersive axis iswhereas Mie scattering has a wavelength dependency pro-

horizontal (IDOAS Louban et al.2009. portional toA~13. This results in a relative difference of
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scattered intensity ok 18 % between 10 nm (wavelength
range of DOAS retrievals) in the range of 300nm and
330nm. The evaluation of SOs strongly dependent on

the stronger differential optical absorption features at smallerqg7— =

wavelengths (see Fid). The difference between minima

of the differential optical absorption cross sections 0f,SO
is (*2nm). On this scale, the relative difference due to
Rayleigh and Mie scattering is onl 3%. Thus the er-

ror introduced by neglecting the wavelength dependency of

Rayleigh and Mie scattering will be at the lower end of the
interval 3%-18 %.

Measured S@SCDs (5) are proportional to the amplitude
of its differential optical absorption structures:

)

Taking the intensity of absorption minima as background in-
tensity Ip and absorption maxima as intensitya retrieved
SO, SCD S(L’) will decrease with distance to the sourde.
and/, are denoting the intensity at absorption maxima at
and L, distance. Applying Eq.A1), the intensityl, can be
described in terms afy.:

Io

So<|n<
1

(A2)

Ib = Igx (l—e_é'Lz)

= I+ (Io— ) (L1—e *AF) (A3)

Ip
I

1+ I1—1Io Xe—exAL

10 (A%)

whereAL is the difference betweeh; andL,. ThusS(L»)
can be written as
In n fo
I+ (Io—11) (1—e=€xAL)
I
=In 0
Io+ (11— Ip) x e—€xAL
— i Io+ (11— Ig) x e~ <*Ak
= T
= )
The logarithmin (&) can be expressed as a Taylor series if
—1<&<1with

o0

InE+1) =) (-1 *x

k=1

%-k

A5
; (A5)

If & is close to 0, the logarithm can be approximated by
using only the first term (IN§ +1) = &). This means that
Eq. (A4) can estimated by

-1
S(Ly) oc — 20

(A6)

11— _
0 X e exXAL

S(Ly) o« — (A7)

as long adp ~ I3, which is the case for weak absorber with

1801

change of SCI¥(L1) to S(L2) with distanceA L is given by
I
S(Ly N ()
1
In (I—fl’)

LIy ,—exAL
oo xe

S(L1)

Ii—1Io
o

e—sxAL

~ (A8)

Thus Eq. A8) can be used to estimate the dependence of
DOAS measurements of a confined trace gas on distance be-
tween instrument and absorbeiis an extinction coefficient,
which depends on retrieval wavelength range and the absorp-
tion structure of the trace gas of interest in the respective re-
trieval wavelength range. E.g. depending on how the dom-
inant absorption bands of the trace gas of interest are dis-
tributed within the retrieval wavelength range. Also, it must
be stressed that above approximation is only valid for weak
absorbers, because all but the the first term of Eq. (A5) are
omitted.
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