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Abstract. In this paper we demonstrate the potential of the1 Introduction

infrared Fourier transform spectrometer IASI in analysing

volcanic eruptions, using the September 2007 eruption at’early, an estimated 5-20% of the total global sulphur emis-
Jebel at Tair as an illustrative example. Detailed radia-Sion is due to volcanic sulphur dioxidel§lmer et al.2002).

tive transfer calculations are presented, simulating IASI-like The impact of S@ on the atmosphere is very much depen-
transmittance spectra for a variety of volcanic plumes. Wedent on the height of the eruption. In the troposphere, sul-
analyse the sensitivity of IASI to SCat different altitudes ~ Phur dioxide oxidises to sulphate after which it is washed
and demonstrate that IASI is in principle capable of sensingout quickly. The lifetime of S@ in the stratosphere is of
SO, down to the surface. Using the brightness temperaturéhe order of weeks, during which time it gradually forms sul-
difference of well chosen S&hannels as a filter, we are able phuric acid aerosols, which have a lifetime in the atmosphere
to track the plume of the Jebel at Tair eruption for 12 days,0f about three years. These aerosols have an important im-
on a par with state of the art UV sounders. A method ispPact on the global climate as they increase the earth’s albedo
presented for quickly estimating the altitude of a volcanic through scattering of sunlight. Quantifying natural 5®
plume based on the relative intensities of the:®Bsorption ~ crucial in comparing natural versus anthropogenic emissions
lines. Despite recent advances, it is still very challenging toand their respective impact on climatan(dres and Kasg-
retrieve vertical profiles of S&from nadir viewing satellites. Noc 1998. Large eruptions also provide an opportunity to
Currently the most accurate profiles in nadir are retrievedvalidate climate models because of the relatively short per-
using backtracking of the plume with atmospheric transportturbation on the climate systerRg¢bock 2000. Apart from
models. Via full inverse retrievals using the optimal estima- these long term interests, monitoring Sitas an application
tion method, we show the possibility of extracting medium as a surrogate for tracking volcanic ash clouds for aviation
coarse vertical profiles from IASI data. The retrieval allows hazards $tunder et a).2007).

us to present an evolution of the total mass of,S®the Due to their spatial and temporal distribution, volcanic
plume for the Jebel at Tair eruption. An analytical relation eruptions are best monitored from space. Traditionally, ul-
is derived between brightness temperature differences antfaviolet sounding was mostly utilized for detecting volcanic
concentrations, which fits the experimental data very well. SOz, while thermal infrared sounding was traditionally used
The spectral range of IASI also allows retrieval of volcanic for the detection of volcanic aerosols. That said, both IR and
aerosols. In the initial plume of the Jebel at Tair eruption, UV sounders are capable of detecting,S@Icanic aerosols
volcanic aerosols were found in the form of ice particles, for (Krotkov et al, 1999 Wen and Rose1994 and volcanic
which we derived particle sizes. ice (Rose et al.2003. Spaceborne ozone monitors mea-
sure radiation using backscattered ultraviolet sunlight (BUV)
and are able to measure the S&bsorption feature at 230—
330nm. Examples include the Total Ozone Mapping Spec-
trometer (TOMS, e.gKrueger et al.(1995), the Global

Correspondence td:. Clarisse Ozone Monitoring Experiment (GOME, e Bisinger et al.
BY (Iclariss@ulb.ac.be) 1998 Loyola et al, 2008 and more recently the Scanning
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300 — | i | i | i | 2 1ASI and the eruption on Jebel at Tair
e s  JIETRRTTO\ | FEREGAT ]
5 The polar-orbiting MetOp-A was launched on 19 October
% 260 2006 and carries on board the Fourier transform spectrom-
§ 240 eter IASI (seeClerbaux et al. 2007 Phulpin et al. 2007
@ % 1 and http://smsc.cnes.fr/IAS)/ It provides global coverage
2 220 twice a day in the nadir geometry (polar sun-synchronous),
g» 200 ] with a footprint of 12 km diameter and full swath width of

! . I s I s I 2200 km. MetOp is an operational platform, so that the mea-

1.0 bt ' ' ' ' ' ' ' surements are available in near real time. The spectrometer
I has a spectral coverage from 645¢hto 2760 cnT! with
S 08| no gaps, an apodized resolution of 0.5¢mand a spectral
% 06 L sampling of 0.25 cm!. The instrument covers the, v3 and
a L v1+v3 bands of SQ completely as well as volcanic ash and
E 04 aerosol absorption features typical between 800%cmnd
02 N 1300cnt! (Wen and Rosel994. From on-flight analysis
L Vs ] the Noise Equivalent Delta Temperature (NEDT) at 280K is
0.0 b~ : ' ' : ' : : estimated to be 0.05K in thg and 0.12K in the); band,
800 1000 1200 1400

significantly better than the expected 0.2—0.35 K. These spec-
ifications also compare favourably to the AIRS instrument,

_ o which has an NEDT of about 0.2 K and only partially covers
Fig. 1. Top panel. Two spectra (in brightness temperature) fromthe])l band Camn et al, 2009

30 September 2007. The spectrum in blue is taken from inside the L .
initial plume of the Jebel at Tair eruption, the spectrum in red is J€P€l at Tair is a stratovolcano located in the Red Sea

from a nearby pixel, just outside the plume. Bottom panel. Ratio ofbetW?'en Yemen and Eritrea (15°34, 41.83 E), it§ last
the two spectra from the top panel. eruption dates back to 1883 (deitp://www.volcano.si.edu
In the afternoon of 30 September 2007, the volcano vio-

. . ) lently erupted, killing several people from the Yemen mil-
Imaging Absorption Spectrometer for Atmospheric Cartog-ji,ry'hase on the island. The exact time of the eruption is

rapH_Y _(SCIAMACHY’ e.g.Lee et a, 2008 and Ozone known, but it is estimated to have happened between
Monitoring Instrument (OMI, e.grang et al, 2007). Thanks 11:00 and 12:00 UTCHckhardt et al.2008. The first
to their large swath these BUV instruments on polar satellites jo\, of the volcanic plume erupted by Jebel at Tair was

offer a rapid full coverage of the Earth but as they rely on caught by IASI at 30 September 2007 around 18:48 UTC
daylight hours, it is only obtained once a day at low Iatitudes.(FigS. 1 and8). The plume was tracked for 12 days trav-

At high latitudes, dependin_g on the season, it is either n(_)telling more than 20 000 km, from Sudan, Egypt, Irag, Iran,
measured, or measured twice or more times a day. Sate”'tﬁfghanistan, China, Japan returning through the Philip-

in;trumentsr;[hat sour_1d in ]Ehe inr:‘raredI do nok: have this '_imi'pine Sea, the Philippine Islands, Vietnam, Laos, Myanmar,
tatlon.h For the detection Or‘n%oﬁl ey rely on t e symmetric Bangladesh and finally India (Fi@). This compares very
stretchw, centred at 1152 cit, the antisymmetric stretofy well to BUV sounders such as OMhttp://so2.umbc.edu/

centred at 1362 cmt and possibly the weaken+vs com- omi/pix/special/2007/redsea/altair07.php
bination band at 2500 cnt. Moderate resolution infrared

imagers such as the Moderate Resolution Imaging Spectrora-

diometer (MODIS, e.gWatson et a.2004) and the Spinning

Enhanced Visible and InfraRed Imager (SEVIRI, ePgata 3 Altitude information

and Kerkmann2007) typically have a very good spatial and

temporal resolution, but poor spectral resolution. Exampledn this section we outline some spectroscopic features of

of high resolution IR sounders used to retrieve,3@lude  transmittance spectra relevant to the estimation of the al-

the Atmospheric Infrared Sounder (AIRS, e@arn et al.  titude of a volcanic plume. We have simulated radiance

2009, the Tropospheric Emission Spectrometer (TES, e.gspectra for a variety of plumes with different peak altitude

Clerbaux et al.2008 and the Infrared Atmospheric Sound- and SQ concentration, in order to see their impact on the

ing Interferometer (IASI). spectra. The calculations were carried out with the soft-
Recently, the September 2007 eruption of Jebel at Tair wasvare Atmosphit, developed at the Univegsitibre de Brux-

analysed using AIRS, OMI, SEVIRI and lidar backscatter elles fttp://home.scarlet.be/dhurtma/atmosphit.htme

sounder CALIPSO dateéECkhardt et al.2008. In this pa-  start by summarizing the main features of Atmosphit’s for-

per we demonstrate IASI's potential in analysing volcanic ward modelling. For the details we refer Barret et al.

eruptions, using this eruption as an illustrative example. (2005ah), Coheur et al(2005 andRodgerg2000.

Wavenumber (cm™)
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ig. 2. Top panel. Integrated view eptember to ctober of t e of the Jebel at Tair eruption. The brightness
Fig. 2. T I d view (30 S b 11 October 2007) of thepi@ne of the Jebel at Tai i The brigh
temperature difference in theg band was used as a tracker (see S&@&. The coloured dots represent retrieved spectra with a brightness

temperature difference larger than 0.5 K. Bottom panel. Wind fields at 100 hPa on 6 October (data from the ECMWF, the European Center
for Medium range Weather Forecasting).

3.1 Forward model where the sum runs over different speciesdere the coef-
ficientsn; ; denote average molecular number densities and
Dividing the atmosphere in different layetswith assumed ¢, ; molecular partial columns. In the evaluation of the lat-
constant temperaturg,, pressurep, and volume-mixing ra-  ter quantity, the effects of refraction are incorporated via
tios, the upward radiance at wavenumbeentering layer  ray tracing. The coefficient®; represent the discrete ab-
k+1 can be approximated by sorption line shape or continuous band shape specific to the
_ _ speciesi. These are calculated using a Voigt line shape
Rieta(v) = Re(W)ze + B0, To (1 = 7o), @) and the line parameters in the HITRAN databaRetfiman
with 7, the effective transmittance of layérand B(v,T) et al, 2005. The absorption continua of water vapour, car-
the Plank function of a blackbody at temperatdfeand  pon dioxide, oxygen and nitrogen are incorporated using the
wavenumben. The radiance emitted by the surface is ap- MT_CKD 1.03 model llawer et al, 2003. Finally the
proximated byRo=¢; B(v, T5)+R,, with € the emissivity of  Fourier transform infrared instrumental lineshape of IASI,

the surface, an®, the reflected downwelling flux. The first - including apodization and field of view, is taken into account.
term in Eq. Q) represents the fraction of the radiance enter-

ing layerk which is transmitted through layér-1. The sec- 3.2 Simulations and discussion

ond term represents the radiation emitted by layerThis

discrete radiative transfer equation assumes local thermolhe atmospheric conditions were specified using a standard
dynamic equilibrium everywhere. To evaluate the radiancetropical model (15N latitude) defining average temperature,
emitted at the top of the atmosphere, Efj. i§ iteratively ~ pressure and volume mixing ratios for 28 molecules in one
evaluated for every wavenumber within the range of interestkilometre thick layers from the ground up to sixty kilome-

The effective transmittance is given by tres height. The surface temperature was fixed at 300 K. For
each simulation a different amount of @as inserted in
7 = exp| — Z ®; (pr. Tk i VICik | ) a_smgle 500m thlck_ layer Ioc_ated_ between 1 km and 30 km.
; Figure3 shows the difference in brightness temperature (BT)

www.atmos-chem-phys.net/8/7723/2008/ Atmos. Chem. Phys., 8, 77332008
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Fig. 3. Brightness temperature differences between the baseline and the average brightness temperature of the three strongest IASI channe

of thev, (left) and thevs (right) band as a function of the altitude and concentration of the [8@ne.
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Fig. 4. Simulated 1ASI-like pseudo transmittance spectra of an atmosphere cont@hordy 100 DU SGQ and(b) 100 DU SG and the 28
first HITRAN molecules at a standard tropical concentration.

between the baseline (300 K) and the three strongest absorgontrast between the surface and the first atmospheric layer.

tion lines of thev; and thevs band as a function of the alti- Figure4 illustrates the impact of water vapour on the ob-
tude of the S@ plume. The specific lines with the strongest served line intensities. Figuréa shows the pseudo trans-
absorption vary with altitude and concentration of the plumemittance spectra of an over-simplified atmosphere containing
and give an accurate idea of the sensitivity of IASI. The nothing but 100 DU of S@(again at different altitudes). The
four different curves represent different amounts 0b3®©  only aspect really affecting the intensity of the lines is the
Dobson Units (1DU equals.@9x10'® moleculesperch).  thermal contrast between the source (surface) and the tem-
Both bands have hlghest SenSitiVity between 16 and 18 kmperature of the S@|ayer_ F|gure4b shows the same pseudo
which coincides with the cold point tropopause in the tropi- transmittance spectra, but this time in an atmosphere popu-
cal model. Theyz band is clearly more sensitive than the  |ated with water vapour (and the other molecules from the
except below 4 km. In the region 1300-1400¢cnthe water  standard model). As mentioned above, water vapour absorbs
vapour in the atmosphere absorbs nearly all radiation comingymost all radiation at low altitude, making the observation
from the ground. The atmosphere is only sufficiently trans-aimost insensitive to S©in the boundary layer. The spec-
parent at a hlgher altitude, where the concentration of watefra in F|g 4 are pseudo transmittance spectra because they
vapour is lower Prata and Bernard@007). For a 100DU  represent the ratio of the BT spectra for an atmosphere with
SO, plume at 1 km altitude, the highest brightness temper-and without SG. In contrast, the effective transmittance is
ature differences are 1K in they band and 0.7K in the  only very weakly dependent on the altitude. To scan daily
vz band. IASI has an instrumental noise lower than 0.12 Kg|oba| data for exceptiona| concentrations of;S@e have

and should be able to see this. IASI is therefore theoreti-designed a BT difference filter which calculates BTs at four
cally capable of sensing volcanic 3@ the planetary bound- different IASI channels. The channels i=140725 and

ary layer, but much will depend on the precise atmospheric,/=140875 are used to estimate the baseling:137150
conditions such as the water vapour profile and the therma&ndv§:137175 to estimate absorption in thgband. These

Atmos. Chem. Phys., 8, 7723#34 2008 www.atmos-chem-phys.net/8/7723/2008/
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Fig. 5. Intensity ratioR(1347.25, 136800) as a function of altitude and concentration. The pseudo transmittance spectrum shown on the
right was obtained from an IASI radiance spectrum on 30 September, corresponding to a brightness temperature difference 50 K, divided by
a nearby spectrum outside the volcanic plume.

channels were chosen so as to minimise false alerts causetd Full retrievals
by water vapour interference, while maximising sensitivity.
On 30 September, BT differences as large as 50K (for the#-1
v3 band) were measured in the plume from Jebel at Tair.

In view of Fig. 3 this gives a lower bound of 80 DU on the *) ; ' . ;
died out with the help of Atmosphit. Again, we will sketch

concentration and puts the peak altitude immediately in th , i
range 12—21 km. For this particular eruption this is already alh® method and refer for details agairBarret et al (20053,

reasonably good estimate. Absolute intensities for eruption$aret et al.(2005h, Coheur et al.(2003 and Rodgers
where the plume does not reach a high altitude will not give(2000- Let us assume for the time being that the forward
us any of this information, as the BT difference will be much Model is linear, i.e.

smaller.

To quantify the plume’s altitude, instead of looking at the
absolute intensities, we can also look at the relative intenwith y representing the measurement vector (the radiances)
sities of the absorption lines. As an example, Fighows  andx representing the state vector (parameters we would like
the ratioR(1347.25, 136800) between the pseudo transmit- to retrieve such as surface temperature, and concentrations
tance coefficients in the IASI channels at 1347.25¢mnd  and constant model parameters such as the pressure and tem-
at 1368.00cm? as function of altitude and concentration. perature profiles). The forward model is represented by the
For large concentrations of $SQhis ratio tells us whether weighting function or kernek, the measurement error ley
the peak altitude is below or above 10km. For the erup- This type of inverse problem is generally ill-posed, with
tion at Jebel at Tair, typical pseudo transmittance spectra omo exact solution. There are a number of ways to find a reg-
30 September have ratios between 1.4 and 1.5, putting thalarized solutiork which approximates the true stateThe
plume in the range 14—19 km with concentrations higher tharoptimal estimation method presentedRindgerg2000 uses
60 DU. Analogous results were obtained with other choicesa Bayesian approach. It combines the measurement pesult
of channels for the rati®. The pseudo transmittance spectra and its measurement covariance magjxwith the a priori
were calculated from the radiance spectra (the target spednowledge of the state, and its measured covariangg to
tra) through division by a reference spectrum. The referencgield a maximum a posteriori solutichwith covariances.
spectra were chosen to have the same baseline as the targete solution is given by (here we give the so-caltetbrm
spectra without being affected by $OThey are typically  of the solution)
found geographically close to the target (see &sata and 1
Bernardg2007). Itis very important that the reference spec- X = X4 + KTSTK + 5,1 KISy — Kxyp)
trum is chosen properly, as the raftocan be quite sensitive
to a bad choice. Looking at BT differences and intensity ra-and
tios is a quick way of estimating concentration and altitudeg-1 _ KT'slK 4+ 5.
of a volcanic plume. In the case of large volcanic eruptions,
more accurate estimates can be obtained via invers@&0  Writing
file retrievals, which we will discuss in detail in the next sec- ay

. X
tion. K =-—andG = —X,
X ay

Inverse model

As with the forward model, the inverse model was also car-

y =KX +¢,

©)

www.atmos-chem-phys.net/8/7723/2008/ Atmos. Chem. Phys., 8, 77332008
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Fig. 6. A sample fit of a spectrum from the first day of the eruption. Fig. 7. The retrieved vertical profile of SOcorresponding to the

with the gain matrixG=(K 7S/ K + S;1) 'K 7S L, we can

. . desert, where the emissivity is strongly dependent on the
introduce the averaging kernel ' Y dgly dep

wavenumber in the region 800-1300cth(see e.glLi et al.,

xR 2007). For the retrievals we considered therefore only the
A=CK= ax v3 absorption feature. The disadvantage of this band is the
strong competition of water vapour absorption. An accu-

In words, the vr\]/elghtllng functlr(])n 'S t_he sengtn;:ty of th?.mea' t{ate retrieval of the vertical profile of water vapour is essen-
surement to the real state, the gain matrix the sensitivity o ial, and for this reason the fitting range was set to 1310-

the retrieved state to the measurement and the averaging keI-450 cnrl. This range not only contains the complete

nel '_[he s_ensitivity of the retrieved state_ to the true s@ate. Inband of S@, but also contains a large part of theband of
the |dAeaI|zed_(iase where the problem is well determined Wq_|20_ Other interfering molecules in this range includeCH
havex=x+K ~“e andA=l. More generally though, we can 5,4 N, and total columns were fitted for those. For wa-
rewrite Eq. §) as ter vapour, concentrations were retrieved in 1 km thick par-
%= AX + (I — A)x, + Ge, tial columns, from t.he surface up tp 20 km. For the _first
36 h after the eruption, SOwas retrieved in three partial
so that the retrieved state is the weighted average of the trueolumns: 12-15km, 15-18 km and 18-21km. This choice
state with the a priori state. The mokeresembles the iden- was motivated by the analysis presented in S&dtor spec-
tity matrix I, the bettek will resemblex. The resemblance tra recorded after 1 October, one total column was fitted be-
is commonly quantified by the trace #f and goes under tween 15-18km (see Seet.3.9. Apart from the partial
the name “degrees of freedom for signal” (DFS). It gives anand total columns of the different species, the surface tem-
estimate on the number of retrieved independent pieces oberature has also been fitted. The spectra for the retrieval
information. were selected on the basis of the BT difference between the
For a moderately non-linear problem like ours, we havevs band and the baseline. Only spectra with a BT differ-
y=F(x)+€. Via Newton methods, the solution can be ap- ence larger than 0.5K were retained. A priori values for
proximated by the iterative solution all molecules were taken from either the tropical or midlat-
itude summer model, and pressure and temperature profiles

N —1.—1 - o o
Rt =X+ (KISTK + 8 KISy —F0) +Kitk =x0l. (4) \yere interpolated from data from the ECMWF to match date

whereK =2E andK ;=K (x;). and location of the IASI measurements. The measurement
o covariance matrix was taken to be diagoSako?l, with
4.2 Retrieval parameters 0e=2.5x10"%W/(cm?-srm~1), which is of the order of the

RMS of a typical spectral fit (see Fif). The a priori covari-
For the Jebel at Tair eruption we did not use theband ance matrixS, was taken as Gaussian with an off-diagonal
for the retrieval. The presence of an ice signature makegoupling constant of 1 km (segarret et al. 2005afor the
an accurate retrieval hard in this band (see Sgct. The  explicit formula). For S@ the diagonal values of the covari-
band is also affected by emissivity features over arid land.ance matrix were chosen proportional to the BT difference
The plume passed over both the Arabian desert and the Gola the v3 band. For the other molecules they were chosen to

Atmos. Chem. Phys., 8, 7723#34 2008 www.atmos-chem-phys.net/8/7723/2008/
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Fig. 8. Different views of the volcanic plume from the eruption at Jebel at Tair on 30 September 2007 around 18:48)WBrightness
temperature differences in thg band,(b) Retrieved S@ concentrations in DU(c) Altitude of peak S@ concentration(d) Degrees of
freedom for signal.

be constant and corresponding to a relative standard devissummarises the total retrieval, i.e. the brightness temperature
tion of 25%. The iteration from Eq4f was repeated until difference, the concentration, the DFS of the,S@trieval
IF(X;) — F(X;+1)|<0.20%. and the retrieved height of the concentration peak. The first
Note that background values of $@gether with a co-  thing to note is the clear correlation between the BT differ-

variance matrix with a very large diagonal and small off- ence and the Sgxoncentration (see in this context aRata
diagonal elements comes close to using a more standaréft al, 2003. Figure9 shows the relation more explicitly. For
least-squares minimization. An a-priori and covariance maJow concentrations<30 DU) there is an almost linear corre-
trix could be constructed using the vertical profiles of many lation between the two, while for higher concentrations the
different SQ plumes. Such information is not available and BT difference progressively saturates. This correlation can
would remain inadequate viewing the dramatic and unpre-be derived using simplified versions of Egs) &nd @). Let
dictable character of volcanic eruptions. The more generalls assume a layer of $@entred at an altitude of 16.5km.
optimal estimation fit was used in this study, as this is the pre-The radiance at wavenumbeentering the layer can be writ-
ferred method for the other interfering molecules and givesten asB(v, T,), whereT, is total brightness temperature of
detailed information on the results (e.g. vertical sensitivity). the layers below. The radiance leaving the layer can then be
The choice of taking the a priori variability proportional to written as
the BT difference will be justified in the following section.

B(v, Tp) = B(v, Ty)t + B(v, T1e5)(1 — 1),
4.3 Retrieval of the S@profile

with T165=192 K the temperature at 16.5km according to
4.3.1 Day of the eruption the tropical modelr=exp(—c1C) the transmittance the

SO, concentration and; a coefficient dependent on temper-
A typical fit and corresponding vertical profile for spectra ature, pressure and thickness of the layer. The BT difference
on 30 September are shown in Figsand 7. Figure 8 we wish to find is given byABT=T,—T, (in view of the
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Fig. 9. Correlation between the brightness temperature differencerig. 10. Evolution of the total mass of SOn function of time.
and the retrieved Sfconcentrations. Each circle represents data Only retrievals with a RMS smaller thaw2 were retained for the
from one spectrum, the solid line is given by =7, — T}, with T}, calculation.

given in Eq. ) with parameterd, =243 K andc1=0.034 pul.

] ] ] 14km and 17 km. The highest concentrations all had a peak
altitude, we ignore absorption above the S@yer). After  5yitude of about 16.5km. This result is in excellent agree-

straightforward calculus one finds ment with information from other satellites and atmospheric
7 — A 5) transport model simulation&¢khardt et al.2008.
T In[l+GH/(Ht +GA— )]’

. 4.3.2 Tracking the plume
with A=hcv/k, G=expA/Ty)—1 and
H=exp(A/Tie5)—1. From Eq. §) one can see that ag shown in Fig2, IASI was able to follow the plume for
when the concentration is very .Iarge the ob;erved temperag|most twelve days. Three partial columns of S@ere fit-
ture T}, approacheges. This again shows the importance of eq from the spectra of the first 36 h after the eruption. Re-
thermal contrasts betwed) and7, asABT is effectively  rievals from spectra after that typically had a DFS of 1 and
bounded by7,—T7},. Using linear squares reggessmn, We€ |ower. For this reason, only total columns of S®ere re-
found values of7,=243K and ¢;=0.034DU™".  The  yieved for those. The evolution of the total mass is shown
resulting curve (Fig9) matches the data very well. Note i Fig. 10, It was calculated using the average total col-
that the a priori variability (covariance matrix) for the 80 ymp in an area around the observed plume. The first three
retrievals was chosen proportional to the BT difference. Thedays after the eruption, the total column peaks around 46 kt,
non-linear correlation between the concentration and the BTaier which it drops to around and below 10kt. OMI es-
difference indicates that the retrievals were not affected byimated total S mass (assuming center of mass altitude
this choice. We verified on a sample of spectra that — as 1ong 7xkm and 5km thickness) 57kt, 43kt, 31kt and 24kt on Oc-
as itwas chqsen large enough, the_ ret.r_ieved concentration igper 1 through 4, respectively, which fits well with expo-
pretty much independent of the variability. ~_ nential decay rate 3.4 days (detép://so2.umbc.edu/omi/pix/

The DFS graph in Figd shows a moderate correlation with - ghecial/2007/redsea/altair07.phpigure10shows that IASI
the SQ concentration. The maximum DFS is around 2.3; gstimates agree well with OMI tonnages on all days, except
and with a retrieval between 12 and 21 km this corresponds,, 1 October, when the OMI mass was estimated 25% higher
to a vertical resolution smaller than 4 km. It also shows that(the OMI overpass was before the beginning of the eruption

three partial columns is the right choice for the retrievals for 5, 30 September). The reason for disagreement on 1 October
the first day of the eruption. Fewer columns would mean dis-needs further investigation.

regarding available information, while more partial columns

lead to erratic profiles because of the necessarily large diag-

onal of the a priori covariance matrf,. Another good in- 5 |ce

dication is that for almost all retrieved pixels, the peak of the

averaging kernel is the same as the corresponding retrievdte can be a significant component of volcanic eruption
level (i.e. the information on a partial column comes primar- clouds Rose et a].2003 2004 and can hinder retrieval of
ily from the right altitude). The altitudes where the 5€n-  volcanic ash as well as play a role in scavenging $l&x-
centration reaches its peak in the profile is typically betweentor et al, 2003. Ice nucleation may also be a common
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occurrence in volcanic clouds due to the seeding potential§ 290/
of volcanic ash particlesDurant et al. 2008. Measure- !

htness

285 IASI spectrum

ments from the SEVIRI instrument reported Bgkhardt
et al. (2008 suggest that ice was present in the Jebel atg’

=26 ]
Tair eruption cloud. This was deduced by differencing top- g, ::30 ﬁ: B
of-atmosphere brightness temperatures in SEVIRI channels r=20 um ]
centred near 11 and 1am, which are strongly positive for 275 ‘ ‘ ‘ ———— r=lopm

1 -
960 980 1000
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P -
semi-transparent ice cloudgv(, 1987. The cause of the 860 880
Wavenumber (cm™)

differences has been determined through radiative transfer

theory Parol et al. 199]) to be due to differential absorption Fi i

. . . ig. 12. Top panel. Top-of-atmosphere brightness temperature
a_nd scattering _by |ce. (spheres and_ cyllnders_have been COIg’pectra for an IASI measurements (black) and for simulations using
sidered), resulting ultimately from differences in the complex 5 ragiative transfer model with four different mean effective spher-
refractive indices of ice at the two wavelengths. ical ice particle radii, indicated by different colours. Bottom panel.

If ice particles were present in the Jebel eruption cloud,Close-up of the spectra in the region marked by the box, which
then in principle they should be detectable in the IASI bright- includes the atmospheric window within which ice effects are ex-
ness temperature spectra, especially within the window repected to be most pronounced. Notice the change in slope of the
gion between 800-1000 ch. To investigate whether ice BT spgctra with wavenumber and the sensitivity of the slope to par-
was present, we have performed some discrete ordinates r¢€ Size-
diative transfer calculations for ice spheres using Mie the-
ory, and coupled this with Modtran-4 radiance calculations
for atmospheric absorption using a nearby radiosonde pro@Psorption depends on ice particle size and optical depth
file. The resulting radiances were converted to brightnesgHuang et al.2004. To get an idea of the location of the
temperatures and compared directly with an I1ASI spectrumPossible ice plume, we have plotted in Fil the bright-
in the eruption cloud. The real and imaginary parts of theN€ss temperature difference of two almost clear channels at
refractive index of ice based on the values provided in War-996.25cm* and 923.75cm? on 30 September. The loca-
ren (1984) for the region 720—1450 ¢ tabulated in wave- tion of the ice plume does not exactly coincide with the loca-
length (m) at resolutions of 0.1 to 0,3m (10-30cn? tion of the SQ plume, indicating a difference in altitude.
at 10um) were interpolated to the resolution of IASI of  The IASI brightness temperature spectrum of a pixel in the
0.25cnt. There is a peak in the imaginary part of the cloud is shown in Figl2, together with the radiative trans-
refractive index near 800cmt and a decrease either side fer simulation. The simulation uses the interpolated refrac-
of this maximum. Thus absorption of infrared radiation tive indices in a Mie calculation to determine the extinction
would be expected to decrease as the wavenumber increasesefficients due to scattering and absorption, the phase func-
from 800cnT! to 1000cnTl. The rate of this decrease in tions and asymmetry parameters for a range of particle sizes
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over the wavenumber domain of interest (720-14508m  sensitivity for SQ in the boundary layer. Using the moderate
These parameters are then used in a discrete ordinates raruption at Jebel at Tair as a test-case, we have demonstrated
diative transfer program (e.§tamnes and SwansoiO81) that the brightness temperature difference of some well cho-
to calculate the brightness temperature spectra for a planesen channels in the; band can be used to track $0ver a
parallel cloud of varying optical thickness. In this model all large period and large distance from its source. Depending
radiative processes occurring above the cloud are ignored angn concentration, thermal contrast and altitude, also vertical
the radiances entering the cloud base are calculated from therofile information of a volcanic S&plume can be obtained.
Modtran-4 radiative transfer program (sAaderson et al.  We have shown here that ratios of relative intensities of ab-
1995 Berk et al, 1989 with local radiosonde data as input sorption lines in thess band can be used to give estimates
for the temperature and water vapour profiles, while all otherof the plume’s altitude. Both the tracking of the plume using
gas and aerosol profiles are fixed at the US Standard Atmothe brightness temperature filter and the method of estimat-
sphere values. It is noted that there is a potential error in thisng the plume’s altitude are computationally straightforward.
model, since it is likely that some aerosol (volcanic ash) maySince the IASI data is available in NRT these methods can
be present in the cloud; however in the absence of data obe used for operational analysis. We have presented detailed
the ash we are unable to include any effects in the modelSQO, profile retrievals using the optimal estimation method,
The brightness temperature spectra for four different meamgiving us estimates of the concentration and peak altitude.
effective particle radii for an infrared optical depth of 0.30 We found that the total SOburden agrees well with OMI

at 1000 cnm! are shown as coloured lines on Fi@. It can measurements. IASI also allows direct detection of volcanic
be seen that there is a reasonable fit between the simulateash and ice and the high spectral resolution allows the re-
spectrum for=26m and the 1ASI spectrum and poorer fits trieval of microphysical properties such as particle sizes. A
for the other particle sizes. Of particular interest is the re-detailed study of aerosol detection with IASI will be the sub-
gion between 800-1000 cthbecause this region is an atmo- ject of further research.

spheric “window” and likely to show the strongest response

toice, based on the refractive index variation with wavenum-acknowledgementdAS! has been developed and built under
ber. Thus, when ice is present the slope of the spectrum behe responsibility of the Centre National d’Etudes Spatiales
tween 800—1000 cnt will increase, and will show greatest (CNES, France). It is flown onboard the Metop satellites as
increase for smallest patrticle sizes. The IASI spectrum sugpart of the EUMETSAT Polar System. The IASI L1 data are
gests that the ice particles are likely to be at leagt@0in received through the EUMETCast near real time data distribution
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