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Abstract. A new optimal estimation algorithm for the retrieval of vahic ash properties has been developed for use with
hyperspectral satellite instruments such as the Infrar@do8pheric Sounding Interferometer (IASI). The retrievadthod
uses the wavenumber rangg0—1200cm—!, which contains window channels, the €@ band (used for the height retrieval),
and the Q v3 band.

Assuming a single infinitely (geometrically) thin ash pluare combining this with the output from the radiative tramsf
model RTTOV, the retrieval algorithm produces the most plidé values for the ash optical depth (AOD), particle effeata-
dius, plume top height and surface temperature. A compsi#yeuancertainty budget is obtained for each pixel. Impnogsts
to the algorithm through the use of different measuremewnt @ovariance matrices is explored, comparing the resudta
a sensitivity study of the retrieval process using covaréamatrices trained on either clear-sky or cloudy scenes.résult
exhibited that, due to the smaller variance contained wiithithe clear-sky covariance matrix is preferable. Howgifehe
retrieval fails to pass the quality control tests, the clpodvariance matrix is implemented.

The retrieval algorithm is applied to scenes from the Egjijokull eruption in 2010 and the retrieved parametees ar
compared to ancillary data sources. The ash optical depés gin RMS difference d@f.46 when compared to retrievals from
the MODIS instrument for all pixels and an improved RMS)df for low optical depths. Measurements from the FAAM and
DLR flight campaigns are used to verify the retrieved pagtiffective radius, with the retrieved distribution of sifer the
scene showing excellent consistency. Further, the plupealtitudes are compared to derived cloud-top altitudes ftbe
CALIOP instrument and show agreement with RMS values oftless1 km.

1 Introduction

The detection of volcanic ash and the retrieval of its progghas become a topic of increasing interest followingettugtion
of Eyjafjallajokull in 2010. Volcanoes are responsible tbhe emission of large quantities of aerosol particles arskga
such as HO, CO, and SQ, into the atmosphere. The particles created during a vidaarent are classified according to
size with the smaller solid particles (radii 2mm) referred to as volcanic ash (Schmid, 1981). These festitan have
significant effects upon the Earth’s radiation balancegaality and the aviation industry; the worst outcome in titéelr case
resulting in engine failure (Grainger et al., 2013; Casatle¥994). Through the analysis of spectral informatianirsatellite
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infrared spectrometers (such as the Atmospheric Infracesh@er, AIRS, the Tropospheric Emission Spectrometer, BE&
the Infrared Atmospheric Sounding Interferometer, IA81g optical and physical properties of volcanic ash can bekd
(e.g. the mass of ash contained within the plume) and theskecased to calculate the parameters most useful in ensafag
air travel (Dubuisson et al., 2014). Several different apphes have been applied to the infrared spectra of diffecdcanic
plumes, including methods based upon optimal estimatidari€Se et al., 2010; Francis et al., 2012; Pavolonis efall3),
singular value decomposition (Kluser et al., 2013) and-splhdow (Wen and Rose, 1994; Prata and Grant, 2001).

Presented here is a new optimal estimation algorithm foretréeval of volcanic ash properties that has been devdlégre
use with hyperspectral satellite instruments such as IAB& retrieval method uses the wavenumber rafgge-1200cm=1,
which contains window channels, the €@, band, and the ©v5 band.

This paper takes the Oxford-RAL Retrieval of Aerosol andul@JORAC) algorithm (Thomas et al., 2009a; Poulsen et al.,
2012), which was successfully applied to the retrieval dtanic SGQ by Carboni et al. (2012) through the addition of a
generalised error covariance matrix, and adapts it for udewslcanic ash. The method uses an optimal estimatiorexetr
algorithm to obtain probable values for the ash opticallépOD), particle effective radius, plume top height andace tem-
perature. The reliability of the retrieved parameters &£dssed with a focus upon the validation of the height prpdvdch,
in other methods is usually assumed to be some fixed valustifigiag the ash plume top height is a challenge for remote
sensing as it is a critical parameter for the initialisatodralgorithms that numerically model the evolution and sport of a
volcanic plume (Grainger et al., 2013). Validation of thegmaeters is carried out through comparisons to the derikedegtop
height from the Cloud- Aerosol Lidar with Orthogonal Potation (CALIOP), a retrieved AOD from the MODerate-resiut
Imaging Spectroradiometer (MODIS) and particle effectagius measurements from the Facility for Airborne Atmaasijih
Measurements (FAAM) and Deutsches Zentrum fr Luft- und Riahm e.V. (DLR) flight campaigns. The examples shown are
for the Icelandic volcano Eyjafjallajokull (2010) due teetho-location of satellite data being greatest near thespole

In this paper the fundamental instrument used in the arsmigsiescribed in section 2 followed by the introduction & th
retrieval algorithm and forward model in section 3. The &esity of the retrieval to different error covariance miags is
discussed in section 4 and, after the results from compesisbthe retrieved IASI parameters with alternative datases are
shown in section 5, conclusions are made in section 6.

2 IASI

IASI, on board the MetOp platforms, is a series of three idaht~ourier transform spectrometers designed primadly t
provide data to be assimilated for use in numerical weathestiption (NWP). The instrument is a Michelson interferaene
covering the mid-infrared (IR) fron845-2760cm™! (3.62—15.5 um) with a spectral resolution df.5cm~! (apodised) and
a pixel diameter at nadir of2km. MetOp’s sun-synchronous polar orbit and IASI’s wide swaidth means that global
coverage is achieved twice daily with the day-time desagndiode overpass at 09:30 local time for IASI-A (Siméoni et al
1997; Chalon et al., 2001; Hébert et al., 2004). Since aéfieds have high spatial and temporal variability, regu@ws of
the same area are essential to characterise plume evalutibarefore, IASI's characteristics make it a very usegal for the
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observation of larger aerosol particles (such as sand dodnio ash). The work shown here uses IASI level 1c data obthi
from the British Atmospheric Data Centre (BADC) archive.

3 Retrieval Method
3.1 Optimal Estimation Algorithm

A retrieval scheme using an optimal estimation framewosktieen developed to retrieve the properties of volcanic lshes.
The scheme analyses the brightness temperature spectrdX&i in order to retrieve the following parameters: ashicgit
depth (at a reference wavelengthbéf) nm), ash effective radiug:(n), ash plume top height (km) and surface temperature (K).

An ash detection method, based upon the trace gas detectthodhdescribed by Walker et al. (2011) and applied to
volcanic ash by Sears et al. (2013), flags 1ASI pixels for thespnce of volcanic ash. In previous work, the presence of
volcanic SQ has been used as a proxy for the location of volcanic ashefttrer, pixels are also flagged for $@ the
same manner as Carboni et al. (2012) and the retrieval igqubstly calculated for pixels that are flagged to contahreeia
positive ash or S@signal. The ash and S@lags are produced in near-real time and the results areghubliailable within 3
hours of measurement at http://www.nrt-atmos.cems.ukac

For a detailed description of optimal estimation see Ral(&000), but essentially we define the measured spgctemd
attempt to simulate it using the forward modE[x,b):

y =F(x,b) +¢, Q)

wherex is the state vector containing the parameters to be rettidMeatmospheric properties needed by the forward model
that are not retrieved are containedimnde contains all the uncertainties associated with the redtiev
The retrieval aims to find the most probable state& df minimising the cost functiony?, given by

X =y —F(x,b)]"S [y — F(x,b)] + [x —x4] " S5 [x — xa), ()

wherex,, is thea priori value of the state vector arl andS, are the measurement aagriori error covariance matrices
respectively.

In order to find the the minimisation point of Eq. (2) the Lelierg-Marquardt-Press method is implemented, which numer-
ically iterates the retrieval until a convergence critégiaatisfied, or a maximum number of iterations is reachethdriormer
case the retrieval is considered to have converged; in the¥ lease, the retrieval is deemed to have failed and rejeEidl
details of this implementation can be found in Rodgers (2000

3.2 Assembling the Error Covariance Matrix

The measurement error covariance matfix, is built up from an ensemble of difference spectra, captuthe variability
between the IASI data and the radiative transfer model ttions. Each of the spectra is the residual between an 1A8-m
surement and a spectrum simulated using the forward modaet@itocated atmospheric profile data. Only scenes where the
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is confidence that no volcanic signatures are present dreliedt. This creates a generalised error covariance matnitaming
not just the instrumental noise but also the spectral véitiadue to any inability for the forward model to correctyymulate
the IASI measurements, for example: due to the presenceontickrrors in the spectroscopy or errors in the atmospheric
profiles. Assuming that the state of such variables are ofitemést (in this problem) and the spectral signal of thesabies
are orthogonal to the ash signal, including these spedtr@ires within the error covariance means there is no fogekdem
to be retrieved nor their variance to be accounted for in ¢hedird model of the atmosphere, thus allowing the problebreto
simplified.
The elements of the error covariance are calculated using:

Sc(i,j) = ([(yi —=F(x;)) = (y =F(x))i][(y; = F(x;)) = (y = F(x));]), ®3)

where(y — F(x)) is the mean spectral difference between the measuremeataadr-sky simulation for each channel.
Given that the error covariance is relative to this meardresdj the input IASI spectrum to the retrieval must be a@jd$o
account for this bias. This produces a new cost functionrthegt be minimised:

X*=[y —F(x,b) —c] 'Sy — F(x,b) — ] + [x — xa] 'S [x — x4, (4)

wherec is the mean residual.

Initially, when selecting the IASI scenes to include in tieation of the covariance matrix, all scenes with no volcash
signal were used. However, this produces a covariance winga variance due to the large impact the presence of cloud
has upon the spectral region chosen for the retrieval, mgtr@ansparent window channels. In cloudy scenes, this smtie
retrieval possible as the variation due to cloud is accalifde and, because of the large variance, the retrieval is bl
converge. However, for a clear-sky scene, including sugjelsariances allows the retrieval to appear to convergejtakith
a large uncertainty. Therefore, separate covariancecerathave been produced using solely either clear-sky scemtsudy
scenes, where a cloudy scene is deemed to be where the witdowea brightness temperature differs by more thn
from the ECMWF co-located surface temperature. These ceatshall henceforth be referred to as the ‘clear’ and ‘glbud
covariance matrices and can be seen in Fig. 1. Pictorial pkesnof the scenes each covariance applies to can be seen i Fi
The clear-sky covariance also encompasses scenes for thieiehis a thin meteorological cloud beneath the plume tbas d
not alter the window channel temperature significantly,Isththere is no covariance matrix that is able to cope withiekth
meteorological cloud above the ash plume, meaning rets@vahese scenes are still challenging.

It must be noted that there are further error componentsatteamot considered within the current covariance matricas t
may be addressed in future work. These are the errors assbeiith the modelling of the plume, such as; assuming a plane
parallel atmosphere, assuming that there is no leakageli@ti@n from the edges of the plume, assuming that the pluaise h
only a single layer, and assuming the ash particles to beisghand have a log-normal size distribution of fixed spread
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Figure 1. The measurement error covariance matrices created usBigleta from a) clear-sky scenes and b) cloudy scenes foatihiedinal

band30°-60° N

AR IR AR IR EARR
AN AN B A

a. ‘Clear’ Covariance b. ‘Cloudy’ Covariance c. No Covariance

Figure 2. A pictorial form of the assumed scenes for each covariandedma. A clear-sky scene, or a scene with only a thin layer of
cloud beneath the ash plume, b. A cloudy scene, with a thmlidcbelow the ash plume, c. A cloudy scene for which we haveppoific

covariance, with a thick cloud above the ash plume.

3.3 Forward Model Description

Due to the computational intensity of the retrieval alduritthe forward model used to simulate the atmospheric condit
must be chosen to achieve a practical speed; for this a fdisttiree transfer model is needed. The chosen model to steula
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clear-sky radiances (i.e. containing gaseous absorbérsbaloud or aerosol/ash) is RTTOV, and its output is coradiwith
an ash layer using the same scheme as that for the ORAC algorit

Standard atmospheric profiles are assumed within the fdrwexdel, except for temperature, pressure, altitude andrwat
vapour. These profiles are obtained from ECMWF operatiaratfast data (European Centre for Medium-Range Weathec&sts (201
available for every six hours, and interpolated to the ayetane of the IASI orbit (or time of analysed section of oyt be
processed and at the coordinates (latitude, longitude)esf/dASI pixel. These profiles are then passed to the forwaodel.
Future work may involve including the ECMWF ozone data ad,ved the main ozone spectral absorption regiti(—
1100cm~!) can contain important information on ash type. Despitelirace gas information being included and RTTOV
using default standard atmospheric conditions for mosbréess, the use of the generalised error covariance witatcfor
the variability of such species.

RTTOV provides the clear-sky top of atmosphere (TOA) radéalong with both upwelling and downwelling radiances
at each altitude level. These can be used to formulate aastef OA radiance that includes a single layer of ash (orrothe
broadband scatterer), which is assumed to be infinitely Bigure 3 shows schematically the interaction of the astmaphere
model. As per Thomas et al. (2009a), we define the followirgipeters to be:

— R! The TOA clear-sky radiance

— R!| The TOA radiance associated with the atmosphere above tHaysers
- Rgl The upwelling radiance at the ash layer

— R!, The downwelling radiance at the ash layer

— T, The transmission of the atmosphere above the ash layer

— T The transmittance of the ash layer

— Bs, B; The Planck radiance of the surface and ash layer respsctivel

— €, €] The emissivity of the surface and ash layer respectively

— R) The reflectivity of the ash layer

— P, The cloud pressure

Rl R!

a

!
1’ R(

a

., RI#™ (the atmospheric contribution d&|) and T, are calculated efficiently within RTTOMR], must
account for the contribution of both the surface and the aphere below the ash layer to the upwelling radiancé%@ly:
R}#™ 4 ¢, B.Tq,) where the total atmospheric transmissidh,, = 71,,7.1. The emissivity, reflectance and transmittance of the
ash layer are functions of state vector elements, optiqathgle, effective radiusy.g, and plume top heighty as well as the
observation geometry. Computational efficiency is optadiby pre-computing these properties of the ash layer usiS@BT
and storing the results in look-up-tables (LUTSs), whichiaterpolated to the appropriate values.
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Figure 3. Schematic showing the atmospheric interactions simulatéte radiative transfer forward model

Given these quantities, and ignoring multiple reflectioasigen the layer and the surface, the ‘ash’ TOA radiaR¢ecan
be expressed as

R] = R} T + BieyTu + R, R\Tw + R, (5)

where the terms on the right hand side correspond to, in gitteupwelling radiance below the ash layer transmittechiey t
layer and atmosphere above it, the emission from the ash thgereflected downwelling radiance above the ash layettand
upwelling radiance contribution from the atmosphere atibeeash layer.

4 Error analysis/Sensitivity Study

An advantage of the optimal estimation framework is it pd@& a rigorous estimation of the uncertainty in the retdestate.
Thea posteriori error covariance matrib§,, can be written as

S.=(K"S/'K+8;")7, (6)

whereK is the Jacobian, which represents how the measurementgpeistexpected to change given a perturbation to the
state. The diagonals &f, provide the expected variance on the retrieved state veldorents and, hence, the square root of the
diagonals give the uncertainty in each retrieved paramBberoptimal estimation retrieval produces the most pribedues
for; ash optical depth, particle effective radius, plume beight and surface temperature, each with associatedtaimtes.
Further, from these values and an assumed ash density ltinegss in the plume can be derived.

An uncertainty analysis was performed using synthetic tspdadding an ash plume to a reference clear atmosphere) to
assess the sensitivity of the retrieved parameters toti@argin the state. In the simulations the ash optical deptied
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Figure 4. The uncertainties in the retrieved parameters and the D&ifabie in the retrieval using the clear (first column) aralicly (second
column) covariance matrices, shown as a funtion of ash @pdiepth (horizontally) and plume top altitude (verticallifrom the top, the
rows exhibit the uncertainties in ash optical depth, eifflectadius, plume top altitude, surface temperature andadla DFS. Any value

higher than the colour bar scale are shown hatched.

between 0.01 and 10 and the plume top altitude lay betwéetmb and100mb (~ 0—-16km). For the examples shown in
Fig. 4 the effective radius and surface temperature aredwidtant a2 ym and291K respectively. (Simulations were also
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carried out varying these values but they are not shown hEne)a priori uncertainty estimates used wefefor the logarithm

of ash optical deptht6 um for effective radius;:150mb for altitude andt20K for surface temperature. The results show
the uncertainties in the retrieved parameters and the degfdreedom (DFS) within the retrieval for different sceos. All
examples consider a ‘local’ error covariance matfix, which is computed using spectra located within the lagtbdnd,
30°—60° N, above the Icelandic plume region, which is calculatedesdbed in section 3.2. The resultant uncertainties are
shown for optimal estimation retrievals using both the ickead cloudy covariance matrices.

Using the clear covariance has consistently larger DFSadlaifor all combinations of parameters, with opticallycth
plumes at lower altitudes having nearly 0.5 DFS more thangbelts using the cloudy covariance. The impact of thiedéfiice
in DFS can be seen in the uncertainty in surface temperatinere the more optically thick plumes have a significanttgéa
uncertainty. Interestingly, and perhaps unexpecteddysthiface temperature uncertainty improves at the highesties. This
is due to the substantially larger amount of atmospherenbalplume atl6 km (as opposed t®km). This leads to an increase
in the fraction of the total radiance across the window regicontributed by the atmosphere below the plume, and ceelyer
a decrease in the fraction of the total radiance that conoes fihe emission of the plume itself. Additionally, the regaf low
surface temperature uncertainty (high altitude and olbfitlaick plume) coincides with the region with the lowestipie top
altitude uncertainty. Essentially, the more accuratelyaneeable to retrieve the height of the plume, the more inféionahat
is available to improve the surface temperature estimdte bEhaviour seen here was also exhibited in the retriev&Ophby
Carboni et al. (2012).

The retrieved altitude uncertainty is typicalty1 km, with the uncertainty for optically thick plumes (AGD 1) reducing to
< 0.5km when using the clear covariance. However, as the plumenbes optically thinner, and less information is available,
the retrieval tends towards tlagoriori value and the uncertainty estimate increases to beconsgdheri uncertainty.

For both ash optical depth and effective radius, the aswatiancertainties have a similar pattern and are significant
lower for large values of optical depth. The smallest uraeties occur for high altitude optically thick plumes, dan to
both plume top height and surface temperature, as this iseathe largest number of DFS are available. In contrast to the
uncertainty in plume top altitude, the estimated uncetigsrdecrease as the height of the plume increases, with anmuiax
expected uncertainty near the surface. This is most appar&OD < 0.5, with the maximum uncertainty occurring at the
surface for the most optically thin plumes. At AGDO0.1 it is observed that the uncertainty in effective radius a@DAeach
100% and even higher in the latter case. Therefore, retrievaiatof AOD values this small should be handled with caution.

The overarching behaviour of the expected uncertaintyyred using both the clear and cloudy covariance matricé®is t
same, with the clear covariance producing consistentlylemancertainty. It must be noted that this sensitivitydstwas
carried out assuming a clear atmosphere with no clouds gekaethe volcanic ash plume) and therefore the clear canag
is expected to perform better due to the smaller varianceritains. If used for a cloudy scene, this smaller varianeesgi
rise to the potential for a retrieval to have a high cost drttaiconverge entirely, whereas the larger variance of tbady
covariance matrix can account for the cloud beneath the g@lamd produce a better retrieval.

Ideally, the clear covariance matrix would be used for plwrenes where there is no meteorological cloud and the cloudy
covariance matrix would be used for scenes where meteacalogjoud is detected. Cloud clearing of this manner is chal
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lenging and infeasible. Instead, a criteria is currentlgliggl to the retrieval whereby it must pass a set of qualitytia tests.

These ensure the output is sensible and realistic (e.g.ltimeeptop altitude is not below the surface or the effectivdiua

negative) but also only consider the retrieval a succegscibriverges within 10 iterations and the cost is below a $ipeci
threshold. Consequently, the retrieval is first carriedusing the clear covariance matrix and then, if it fails togthe quality
control tests, the retrieval is further carried out usingd¢loudy covariance matrix. If the retrieval again fails s the quality
control tests, it is discarded and deemed a failed retrieval

5 Validation of retrieved parameters

An example of the retrieved plume properties and their aatat uncertainties are shown in Fig. 5 for the morning ofafte
May 2010 during the eruption of Eyjafjallajkoull. This seedemonstrates the spatial consistency of the retrievauband
the histograms of the plume properties also show that theubwtlues are distinctly moving away from theoriori values
with the modal values for AOD, effective radius and heightamg0.15, 1 pum and3.5km respectively (the priori values
are(.3, 2 um, 4.2km respectively). The associated uncertainties are al3miging, especially for the height product, which
shows uncertainty of 1km — the same as in the sensitivy study for synthetic spethia.plume is optically thin with typical
AOD values of0.15-0.2. In the sensitivity study, it was shown that large uncetiagwere expected at low AOD. This is the
case here for some pixels, however, the modal uncertainty @f is less than the spread of retrieved value9)(2). The
same behaviour is also observed in the effective radius aigthhproducts. In the following sections, the retrievatjpuis are
compared to ancillary data sources to ensure consistertbhyewisting products. Further validation of this algoritian be
seen in Balis et al. (2016) and Corradini et al. (2016).

5.1 Aerosol Optical Depth: Comparison to MODIS
5.1.1 MODIS

MODIS instruments reside aboard the sun-synchronousigiNtASA Terra (launched May 2002) and NASA Aqua (launched
December 1999) satellites. Terra orbits at a 705 km altjtwité a period of 98.8 minutes, an inclination of 98ahd a 10:30
equatorial crossing time on the descending node. Aquasaabi 705 km altitude, with a period of 98.4 minutes, an iratlon

of 98.1° and a 13:30 equatorial crossing time on the descending ramtehis study we use Terra observations which are
closer in time to IASI’s 9:30 equatorial crossing time alublsietop-A. With a cross track swath of 2330 km MODIS provides
global coverage nearly every day. It has 36 bands from 0.45em at 250 m (0.645 and 0.858n), 500 m (5 bands from
0.469 and 2.13@m) and 1 km (29 bands from 3.750 to 14.23%) spatial resolutions. For this study we use products ddriv
from measurements aggregated to 1 km for all bands.

10
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Figure 5. Example retrieval ouput frora™™ May 2010 during the eruption of Eyjafjallajkéull. The lefahd column presents the retrieved
parameters; ash optical depth, effective radius and héeldiet centre column shows a histogram of the respectiveevettivalues with tha
priori value indicated by the red dotted line and the right handroolgontains the associated uncertainties for each paramete

5.1.2 ORAC

The Optimal Retrieval of Aerosol and Cloud (ORAC) uses radés measured from satellite based imaging radiometers,

including MODIS, to retrieve aerosol, cloud, volcanic asid surface properties. The retrieval algorithm is based mm@

heritage of optimal estimation based on the work of Rodg&08(@) and authors cited within and has been applied by devera
5 researchers for aerosol and cloud retrievals (Thomas, &Q09b; Sayer et al., 2011; Poulsen et al., 2012) and moentigc
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for volcanic ash retrievals (McGarragh et al., 2016). ForM® ash retrievals ORAC uses measurements of solar reftextan
in bands 1, 2 and 6 (0.65, 0.86 and 1L.6d) and thermal brightness temperature in bands 20, 27, 281232, 33, 34, 35 and
36(3.8,6.7,7.3,8.6,11.0,12.0, 13.3, 13.6, 13.9 and/ )2 The primary retrieval parameters include ash optidaktiess

at 550nm, effective radius of a log-normal ash particle size dhstion, ash plume top pressure and surface temperature.
Parameters derived from these include the ash opticalnbiskat 1Lm, derived from the optical thickness &0 nm and

the effective radius; the ash plume top height and tempexatierived from the cloud top pressure and input meteoicdbg
profiles; and the ash mass loading, derived from the optiggdness a550 nm, the effective radius and an assumed ash density
of 2.6 (Neal et al., 1994).

5.1.3 Colocating the data

IASI and MODIS have very different fields of view and, hendeyt must be co-located in order for a comparison to be carried
out. The number of MODIS retrievals is far greater than tloatlASI due to its better spatial resolution along the trdok.
order to compare the results, the MODIS data is aggregatedtba IASI resolution, i.e. all MODIS pixels within 6 km of
the 1ASI pixel centre are used to formulate the average.dCatlon is assumed if the IASI measurements and the MODIS
measurements lie withis0 km and1 hour of each other.

5.1.4 Results

A comparison of the AOD at1um retrieved by both the IASI and MODIS algorithms is shown ig.F6. Although the
retrievals provide their AOD output &0nm, these values are obtained by spectral extrapolatiorttendalue of AOD at

11 m is more appropriate for comparison as it lies within theiaktivavenumber range for both instruments. The data shown
is from the Eyjafjallajkdull eruption in 2010 and only theinievals that pass the imposed quality control measurebdtr
algorithms are shown. A further criteria was imposed upeMIODIS data that all of the data points averaged onto the IASI
pixel resolution must be flagged as ash by the MODIS algoritimthe aggregated pixel to be used in the comparison. This is
to ensure that we are comparing like with like.

Good correlation is observed between the two instrumeritsam RMS value 0.46. This is especially true at lower values
of AOD, where the RMS reduces to 0.2 (for AOB1) and0.15 (for AOD < 0.5). As the AOD increases, the spread of the
data also increases with a tendency for MODIS to see a higB& than IASI. However, there is a time difference between
the data points and therefore, the instruments may not lvéingethe same part of the plume, despite attempts to minimise
this. Hence, perfect agreement is not expected and thdatioreseen is extremely encouraging.

5.2 Effective Radius: Comparison to aircraft measurements
5.2.1 Aircraft Description

Immediately following the Eyjafjallajkoull eruption in 2@, it became clear that aircraft measurements (both unesitd
remote sounding) were needed in order to validate the apbrdi®n forecasts. Two of the European aircraft deployee te
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Figure 6. Comparison of AOD at1 um retrieved from IASI and MODIS during the Eyjafjallajkd@tuption.

UK'’s BAe-146 FAAM aircraft (http://www.faam.ac.uk) and @eany’s DLR Falcon aircraft (http://www.dIr.de). Thesecaaft
are described in great detail elsewhere (see Marenco &Qdl1), Turnbull et al. (2012) and Newman et al. (2012) for FAA
aircraft; Schumann et al. (2011) for DLR aircraft) and ttiere only a brief description is given here.

On board the FAAM aircraft were instruments capable of tgkinsitu and remotely sounded measurements. The in situ
observations come from two wing-mounted optical particergers: a passive cavity aerosol spectrometer probe fticlea
with size distributions of diametér1-3 um and a cloud and aerosol spectrometer for particles of deEnh&—50 um. Essen-
tially these equate to fine and coarse mode aerosol resplgciihe principal remotely sounded observations came tiwn
on board lidar instrument; an ALS450 elastic backscattierrImounted to view in the nadir, which operates at a wavdieniy
355nm and has a footprint ranging frors-11 km.

The DLR aircraft used the same instruments as the FAAM dirdrawever, the assumptions made in the calculation of the
size distributions were different. Values for the opticadgerties (refractive index and shape) of the particlestipesssumed
as the response of the detectors is dependent upon thesdl as W size (Turnbull et al., 2012). The DLR results assume
spherical particles whereas the FAAM aircraft provide hsstor both spherical and irregular particles, with an déiddial
result assuming the refractive indices of the DLR modelynshg how the differing assumptions affect the results.
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5.2.2 Results

Turnbull et al. (2012) provide in situ measurements of thg@fallajkoull volcanic ash cloud on7t* May 2010 from both

the FAAM and DLR flight campaigns. Despite no actual overlaghie flight paths of the aircraft, a worthwhile comparison
is still possible and here we further compare to the IASliee&ls on the same day. Values for the geometric mean diamete
and standard deviation of the particle size distributiangiven from both aircraft for both the fine and coarse particbdes.

In order to compare these results to the retrieved IASI patarg, they must be converted into number weighted meangadi
TN, by

ry = =Le 57, (7)
whereD, is the geometric mean diameter by volume anid the logarithm of the geometric standard deviatinFurther,

due to IASI having sensitivity to both the fine and coarse nsptleey are combined to calculate the effective radiys, using

>, miexp [3 logry,; + %aﬂ
> ;miexp[2logry,; + 202’

(8)

Teff =

where the mixing ratios:; are the relative weight of each mode and a log-normal digioh is assumed. The size distributions
obtained from the aircraft measurements can be seen in TabBlerther, a histogram of the effective radius retrievedAsyl
across all scenes containing the volcanic ash plume on tteMday can be seen in Fig. 7.

Table 1. The effective radius calculated for the size distributioreasured on the 17 May 2010

Measurement Source Effective Radius]
FAAM Irregulars 0.870
FAAM Spheres 0.977
FAAM using DLR Refractive indices 1.186
DLR Spheres 1.126

The values for the particle effective radius vary due toediffg assumptions made in the calculations. The assumed typ
of size distribution in the retrieval and assumed shape enaiincraft calculations can impact the expected effectadus.
The retrieved effective size distribution from IASI meamments is consistent with the values from the aircraft nressents,
although slightly smaller. This is expected to be due, in,pathe sensitivities of the different instruments to eiént particle
sizes, but also due to the IASI histogram including the futeat of the plume and, therefore, including regions whaee t
larger particles have been deposited out of the plume.
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Figure 7. A histogram of the effective radius retrieved in the IASIseg on 1% May 2010.

5.3 Plume altitude: Comparisons to CALIOP
5.3.1 CALIOP

CALIOP is the primary instrument onboard the Cloud-Aerdsdar and Infrared Pathfinder Satellite Observations (G220)
satellite launched in May 2006. CALIPSO flies as part of theSRAAfternoon constellation (A-train) of satellites in a sun

5 synchronous orbit with an equator crossing time (ascendin@:30 pm local solar time. With an orbit inclination of 98,2
it provides a 16 day repeating cycle of coverage betweém82nd 82 S. CALIOP is a two-wavelength polarisation lidar
viewing close to the nadir with a field of view of diameter 90 hitee ground. It measures the backscatter at two wavelengths
532nm and 1064 nm, with the returning signal to the 532 nm chlabeing polarised into the parallel and perpendicular
components of the outgoing beam. The spatial resolutionfaflOP is nominally 30 m in the vertical and 335 m along track

10 (Winker David M. et al., 2009; Hunt et al., 2009).
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5.3.2 Co-locating the data

Given the very differing footprints of IASI and CALIOP, theyust be co-located in order to allow comparison. The frequen
of IASI retrievals is far greater than that for CALIOP, howeevCALIOP has far greater spatial resolution along thektrac
CALIOP observations of volcanic plumes have been identif@dg SEVIRI false colourimages based on the infrared cblann
at8.7, 11 and12 um (Thomas and Siddans, 2015), where the backscatter prioéilesbeen averaged vertically to a resolution
of 250m. In order to compare the results, the CALIOP data is smabtimto the IASI resolution, i.e. all pixels become an
average of the pixels within 2 km spread. Co-location is assumed if the IASI measuremadtsree CALIOP measurements
lie within 50km and1.5hrs of each other. Where multiple CALIOP pixels satisfy ttigeria for a selected 1ASI pixel, the
CALIOP pixel closest in distance is chosen, under the asfomfhat the conditions will not vary much over the time peli
CALIOP produces atmospheric backscatter profiles for episgl. However, the quantity required for validation is theud
top height of the volcanic plume as this is the comparablepasperty retrieved from IASI. Initially, the mean backdeat
abovel5km is calculated for each CALIOP scene and is subtracted fhentotal backscatter. This removes any background
backscatter leaving only the backscatter caused by themresof clouds or the ash plume. For each CALIOP pixel the
cumulative backscatter value is calculated descendiraugiir the atmosphere and the cloud top height is considerbd to
at the altitude at which the atmospheric extinction passgven threshold. For the purpose of this study, and given the
manageable number of scenes considered, the threshoklisatalculated individually for each scene and chosen tdée t
value that best matches the CALIOP image. An example of thieetkcloud top height for a CALIOP scene is shown in Fig.
8.

5.3.3 Results

Due to the narrow swath of the CALIOP instrument, there attg arsmall number of coincidences between the two satellite
datasets and there is no guarantee that the CALIOP trackniglisect with the volcanic plume seen by IASI. This leads to
only a few scenes available for comparison. Shown here @@ bes from the Eyjafjallajokull eruption in April/May 201
Figure 9 shows an overpass of Eyjafjallajokull on @¥%&May 2010. The colocation for this scene is good, with the GBI
track directly crossing the retrieved IASI plume at latiésdaboves5° N. It should be noted that co-location is much more
likely at high latitudes, near the poles. The scatter plodyan in 10, comparing the retrieved IASI plume top height el
derived CALIOP plume top altitude, for this scene shows gageement at low AOD but a significant underestimation for
the optically thick pixels. This can be seen visually in thet pf plume top altitude as a function of latitude, overpgaton
the CALIOP backscatter profiles, where the underestimaiteglgpcan be clearly seen. It should be noted that thesesixel
occur in a region containing a vertical plume above the iocabf the volcano itself, which reaches up to the tropopause
During this phase of the eruption the eruption column alétwas betweerd and10km (Stohl et al., 2011) as can be seen
here in the CALIOP backscatter. Although the altitude es&d by IASI does not match the CALIOP effective cloud top,
the latitudinal location of the plume is correct, albeit tiesultant altitude closer to the bottom of the plume. Alsadoe
is that in this region the backscatter shows vertical bréalise plume and hence, several layers of optically thickemat
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Figure 8. An example of the derived CALIOP cloud top heights are shoemah overpass of Grimsvétn on the"d May 2011. Pixels
co-located with 1ASI are illustrated by triangles and thekgaound shows the backscatter seen by CALIOP.
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Figure 9. The results for an overpass of Eyjafjallajokull on @& May 2010. The derived CALIOP cloud top heights (triangles) the
retrieved IASI plume top altitude (circles) are overpldttsto the CALIOP backscatter.
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Figure 10. The results of comparisons between the retrieved IASluakitand the derived CALIOP plume height for the Eyjafjalkajid
eruption on theé™ and11*" May 2010

The retrieval algorithm assumes only one infinitely thindagnd therefore the retrieved altitude can be pulled cltsére
surface to account for the lower layers. An alternative pié¢cause can be theepriori assumptions constraining the plume
top altitude, however, relaxing the constraints did notriowe the retrieval output. The outliers are reflected in tMSR/alue
for the height comparison, which is 2.5 km. However, uponaeimgy the optically thick outliers from the scene, this reesi
the RMS difference to 0.9 km. The comparison for another w@llocated scene is also shown in Fig. 10 for th&* May
2010, which also shows excellent agreement and an RMS vélassthanl km.

Comparisons are not shown for all scenes individually, h@reFig. 11 shows the comparison for all points across all
scenes. Some scenes have far fewer co-located pixels baindione that there is agreement between the CALIOP and IASI
derived altitudes with the values largely occurring bem2and6 km. Visually, it can be seen that there are cases where the
retrieval fails to fully capture the higher altitude plurmeesd there is an underestimation of the plume top height @sqursly
described), however, this is for only two of the scenes andrgthe time difference between the satellite overpassés, i
possible that the plume may have been transported veytitatbugh the atmosphere during that time and thereforell sma
discrepancies are expected. Further, in general, theskspdnd to be optically thick, which may indicate that th&lAetrieval
method is assuming a lower altitude and higher AOD in ordédit tthe measured spectra, whereas in reality the scene has a
lower optical depth at higher altitude. This is symptomafithe optimal estimation method and will be investigatedfer to
reduce its occurrence. It should be noted that in many scegetions of the plume are above layers of high backscattgr, e
Fig. 9, which are low altitude meteorological cloud. In taesses the retrieval still performs well, although as diateme
underestimation in the plume top altitude is observed,@adby the multiple layers.
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Figure 11. The results of comparisons between the retrieved IASualkitand the derived CALIOP plume height for all scenes duitieg

the Eyjafjallajokull eruption. The different colours imdite different scenes.

The results shown follow the criteria established in secfipcarry out the retrieval using the clear covariance mgnien,
if the retrieval fails (or does not pass the quality contrefeat using the cloudy covariance matrix. The robustnbts
criteria was confirmed, by comparing the results shown i plaper to the results obtained using purely the cloudy coves
(not shown), with the latter performing worse.

5 6 Conclusions

A new optimal estimation scheme has been developed for tieetiten and characterisation of volcanic ash plumes ugvgj |
measurements. Pixel-by-pixel estimates are derived opthperties of the volcanic ash; ash optical depth, effectidius,
plume top altitude and surface temperature, with assatiateertainty estimates.
The measurement error covariance matrix is created udifegeatice spectra, which are the residuals between IASI uneas
10 ments and simulated spectra (calculated using RTTOV withIAE operational data). This ensures that all inaccuraciésa
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simulation of the IASI spectrum, caused by lack of knowledie background atmospheric conditions (e.g. atmosppeor
files) or imperfections in the radiative transfer calcuat{e.g. spectroscopy) are accounted for within the coneeanatrix.
Separate covariance matrices have been created usingleatys&y or cloudy scenes, where the latter contains thanves
caused by the impact of meteorological cloud.

A sensitivity study has been carried out using both the ed&grand cloudy covariance matrices, which showed that the
clear covariance consistently produced smaller resultacertainty due to the smaller variance it contains. Howehes only
considers clear-sky synthetic spectra. Therefore, theriithat is enforced first iterates the retrieval usingclbar covariance
matrix then, if the retrieval fails to pass the quality canhtiests (e.g. convergence), the retrieval is re-run udiegctoudy
covariance matrix. The uncertainty analysis demonsttatshe uncertainty in AOD, effective radius and plume thipuale
is higher for optically thin plumes, and for AOD and effeetiradius, this further increases as the plume nears theceuifa
contrast to this, the uncertainty on plume top altitude elases at lower altitudes.

The results of comparisons between the retrieved volcatigaoperties and measurements from other instruments have
been shown. The AOD has been show to have good agreementwiévals carried out using the MODIS instrument onboard
NASA TERRA. This is especially true at lower AOD (RM515-0.2) with an increase in spread at increasing AOD (RMS
0.46). Aircraft campaigns during the Eyjafjallajokull erupticconfirm that the retrieved size distribution from IASI is in
line with the aircraft measurements, skewing towards #ijgbmaller particles due to viewing a larger area of the mum
Comparing the derived cloud top heights from CALIOP andegéd IASI plume top heights further illustrate the robests
of the retrieval, with RMS values consistently less tB&m. Underestimation of the plume top altitude in opticallick pixels
is observed, which is thought to be caused by the physiaatress of the plume, or the existence of multiple layersiwitie
plume, which are not accounted for in the forward model.

Future work will aim to improve the current limitations withthe retrieval and examine further ways to fully capturghhi
plumes and account for the presence of cloud within the 1&8hss through the inclusion of another cloud (or ash) layer
within the retrieval process (a two-layer forward modek) an improved selection of channels specifically chosen tomise
the impact caused by clouds.

Data Availability

The data shown in this paper for the Eyjafjallajokull eroptcan be made available on request to the author. The IASI ash
detection algorithm output is available in near real timbtgd://www.nrt-atmos.cems.rl.ac.uk.
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