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Abstract. The decision to close airspace in the event of a volcanictienus based on hazard maps
of predicted ash extent. These are produced using outputfadcanic ash transport and dispersion
(VATD) modelsin this paper the fractions skill score has been used for tisetfime to evaluate
the spatial accuracy of VATD simulations relative to sétieltetrievals of volcanic ash is presented.
This objectivemeasure of skill provides more information than traditiopaint-by-point metrics,
such as success index and Pearson correlation coefficteitttakes into the account spatial scale
over which skill is being assessed. The FSS determines #le eeer which a simulation has skill
and can differentiate between a "near miss" and a forecasidtbadly misplaced. The idealised
scenarios presented show that even simulations with ceradite displacement errors have useful
skill when evaluated over neighbourhood scales of 200-Kraf¥ This method could be used to
compare forecasts produced by different VATDs or usingedifit model parameters, assess the
impact of assimilating satellite-retrieved ash data analiate VATD forecasts over a long time
period.

1 Introduction

Volcanic ash provides a significant hazard to aircraft byuralg visibility and causing both tempo-
rary engine failure and permanent engine damage. The presethreat ofash disrupts air traffic

and can result in large financial losses to the aviation inylldﬁas.a.d.euflll_m;{)h.:ll:’_a.n.d_&as.a.d.&vall,

) . The 2010 eruption of Eyjafjallajokull disrupted Bpean airspace for thirteen days, causing

the cancelation of over 95,000 flights and an estimated gfmzacial loss of $5 biIIionI.(.QxI.Q.Ld;EQQn.Q.mJCS,
R010).
In the event of an eruption, the decision to close airspabased on information provided by one
of the nine Volcanic Ash Advisory Centres (VAACs). The VAAGSuUe hazard maps of predicted
ash cloud extent based on forecasts from Volcanic Ash Tahgmd Dispersion models (VATDS).
After the large-scale disruption caused by the 2010 Eyjafiikull eruption in Iceland, new guide-
lines were brought in by the UK Civil Aviation Authority reging predictions of ash concentration
values. A small number of studies have been performed taat@lforecasts of ash concentra-
tion, however they almost exclusively use ground based areawents at point locations or data

from short research flig htls_D.a.QLe_e.l H_M&NSMMLEQIQMILZOJ.]Z&L&DLQJ al.,
M[Knslmns.en_et.k 2 1|2' Webster eltla.l._id.lz_uatdéﬂxl.l%) andhlthough this data has

high temporal resolution it is only possible to evaluatertiwdel at a limited number of locations.

Satellite observations of volcanic ash clouds are vitaltfacking the transport of the erupted
ash. The high temporal and spatial resolutiordafa from geostationary satellitéends itself to
data assimilation and model verification. Satellite imggeran invaluable tool for forecasters and
is used qualitatively by VAACs to give an indication of thecaracy of the location of the ash cloud
predicted by VATDs. However, these comparisons are canigdnanually and do not provide an
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objective measure of the skill of the VATD forecasts. Therefit is not easily possible to compare
the skill of forecasts made at different times or by diffdremodels, or to assess the impact of
changing the value of a model input or parameterisation.|atge spatial coverage of the satellite
observations provides an opportunity to quantitativelgleate forecastsver a much larger areas

than was previously possible using ground-based or inrsgasurements.

The evaluation of a 2D forecast field presents many chalkerfgeaightforward summary statis-
tics, such as root-mean-square-error, and binary skiltesaoeasures based on hits, misses, false
alarms and correct rejections which are used to evaluagsést performance at a particular point
are not always easy to interpret and can lead to an undegggiimof forecast skill. For example, if
a volcanic plume is forecast to have the perfect shape busjdatted due to small errors in wind
speed, metrics that compare each point in space and timev(kas point-by-point in this paper)
would yield low values as the feature is not in the correctelat the correct time. This problem has
given rise to a host of other technigues to evaluate modkJ skich suitable for evaluating different
aspects of the forecast (Sl.&ﬁ‘ﬁ.i.ll&lﬁ.ﬂ.d.(létl_a.L_(JZOlO) for @vewf these techniques). In this paper the
spatial accuracy of the VATD forecasts is being assessedhemdfore a neighbourhood technique

is used.

The perceived accuracy of any forecast depends on the seatevbich it is being assessed (if
a spatial tolerance is acceptable). For example, it is etsigredict the presence of ash in a large
area than a small one. Previous studies using point loca#iod point-by-point metrics to evaluate
forecasts of volcanic ash fail to recognise forecasts tbatain useful information unless it is in
exactly the right place and at the right time. Many forecdstbave valuable information about the
ash cloud in spite of small positional errors. For exarrlp.LetMe.LeLEll.I_Lm_{Z) found an increase
in agreement between simulated and observed ash cond@msridta 'buffer zone’ accounting for
positional errors in the simulated ash cloud was used. Siﬂ}ilDa.QLe_e[_all.I_(m_‘ll) showed that if a
temporal error of 9 hours (equating to approximately 100 kspldcement in space) was taken into

account then the simulated ash column loadings match wiilllidiar observations.
The aim of this paper is to develop an evaluation metric thatadetermine the spatial accuracy
of volcanic ash forecasts. This metric utilises a neighhoad-based measure of skill called the

fractions skill score (FSSL(Bnb.em_a.nd_Llela.nJOOS). Tkil score was developed for the veri-

fication of precipitation forecasts produced by numericaehther prediction (NWP) models. This

technique has been chosen as it relaxes the requirememsdor matching between forecasts and
observations; the fractional coverage of simulated ashiw#én area needs to match the fractional
coverage of the satellite-retrieved ash to be counted asaoit also provides users with informa-
tion on the scale at which an acceptable level of skill isia¢td. To illustrate the use of this new
technique VATD simulations made using the Numerical Atniesje-dispersion Modelling Envi-
ronment (NAME) mmm) of the ash cloud from B&®Eyjafjallajokull eruption are
evaluated against SEVIRI satellite observations madg ®mndl4 May 2010.



75

80

85

90

95

100

105

2 NAME Simulations

NAME is the operational VATD used by the London VAAC. It is adrangian particle dispersion
model originally developed in response to the 1986 Cherhdiglaster. Particles, each representing
a mass of volcanic ash, are released from a sol %Y)I'he particles are passively
advected by 3D wind fields provided by, in this case, the UK ®ifice global NWP model analysis
updated every 6 hours and forecast fields updated every 3 hdhe effect of turbulence is rep-
resented by stochastic perturbations to the particledrajies based on semi-empirical turbulence
profiles. NAME also includes parameterisations of sedimtgon, dry deposition and wet deposition
dWi.Lha.m_eLa“_mJlZ)The ash concentrations are calculated by summing the mpsstizles in the

model grid boxes and over 1 hour. In this study the model goixkels are 0.375latitude by 0.562%

longitude (approximately 40 km x 40 km).

To predict the transport and dispersion of ash, informadioout the volcanic eruption is required.
These are known as eruption source parameters (ESPs) dndamiume rise height, mass eruption
rate, vertical profile of the plume, particle density andtjoée size distribution. In the simulations
presented in this paper the plume height is based on obsersdiy the Icelandic Meteorological
Office’s C-band radarm [)11) located at Kefléniernational AirportiNote that the

height of the plume varies over the time of the simulatiorspreged herdt is assumed that the ash

was distributed uniformly throughout the height of the pkirthe mass eruption rate is given by an
empirical relationship based on the plume height givel].b;sMan_a.l. kmdg). The ash density is
assumed to be 2506, m 3 and the particles are assumed to have a diameter ofiix-T'he choice
of model parameters used here are similar to those usIa.d_inLeLa.I. k&llZ) but the technique
presented here could be applied to any VATD simulatibime simulations presented in this study
have a start time of 0600 UTC on 1 May 2010.

3 SEVIRI Satellite Observations

The Spinning Enhanced Visible and Infrared Imager (SEVIiRMmounted on the geosynchronous
Meteosat Second Generation (MSG) satellite. It has 12 splatttannels and provides high tem-
poral (15 minute) and spatial (3km resolution at the eqyatbservations. The high temporal and
spatial resolution makes these observations ideallydtitevaluating the transport of volcanic ash
following an eruption.

The volcanic ash measurements used in this paper are etniging the algorithm m al.

) which utilises three long-wave window channels zhat 8.7, 10.8 and 126m to discri-

mate between meteorological cloud and ash cloud. Wheresaig#técted this algorithm determines
ash layer top pressure, ash column loading and ash effeatilres. In this paper ash column load-
ing is used to determine the horizontal accuracy of the satedl ash clouds. It is important to note
that the detection of volcanic ash by satellite is dependerthe optical depth of the cloud and the



physical properties of the ash. Optically thin ash clouds ash particles smaller than Qu& may
110 not be detected. Following this, the minimum detectiontiofiash is considered to be in the range

of 0.2 - 1.y m 2 dEmnﬂssLAl.Lﬂlii;Eml&aM.ElrMOlZ). Other faatasely the thermal

contrast between the ash and the underlying surface,igatgéwing angle, ash cloud height and

the presence of other absorbers (e.g. water, ice and suffibxide), also affect the detection and

retrieval of ash properiteL.(.M.i.Ll'm.g.Lo.n.elezlL_Z(l)lZ). A eastudy comparison for 17 May 2010 be-
115 tween retrieved column loadings and airborne lidar datarésented irll_El:a.n.Qis_eLlal._(Z(hZ). The

mass column loading values are in reasonable agreementneiimum values of 0.7-0.8m 2

in both data sets. The column loading values derivel_d_in_lﬂ&n_(al. klelZ) are also qualitatively

comparable to those presented.inlh.o.mas.a.n.lelmla.l(ZOllapﬂying their retrieval algorithm

ID.uhuiss.o.n.eLEllI_@l@ found comparable vaIu JE) for mean effective radius,

120 plume height and mass loading for 6 May 2010.

For comparison with NAME the satellite-retrieved columtegrated loadings are averaged onto a
regular 0.3783 x 0.5625 grid and averaged over a period of 5 hours centred on the cagidin time.
This time averaging is used to smooth the SEVIRI ash obsengatvhich can be very patchy. The
choice of a 5 hour averaging time was based on the resultsatfcd simple data denial experiments.
125 The results of these experiments can be found in Appendix A.

4 TheEvaluation Method

There are many neighbourhood skill scores described intdraiure (sel:‘_Eb.lélL(ZdOS) alndﬁi]leland_elt al.

) for an overview). The method used in this paper isdhasghe FSS developed Ev Roberts and lean
M) to test the skill of high resolution precipitatioméoasts (e.&__R_Q_bArls_Z(IJOB Ja.n.d.ISAJlLeLm.aLQLa.D.d_B.(I)berts,

130 ) and is routinely computed for that purpose in the dpmral verification suite at the UK Met

Office l.M.iI.LELm.a.LELeLAII._ZQJB). It compares fractionalemge in the forecast field with fractional
coverage in the observational field for a specified predipitethreshold and over a range of neigh-
bourhood sizes to determine the spatial scale over whictmalation can be considered skillful.
The evaluation is performed in two stages. First the sinwicand satellite fractions (where frac-

135 tions are the fractional coverage of a specified neighbadlsize in which pixels exceed a pre-
defined threshold) are generated, then these fractionsoan@ared using FSS. Here vimitially
focus on a case studyur at 00 UTC on 14 May 201during the Eyjafjallajokull eruptiorfiday 31
of the eruption)Figurell (a) shows the detected ash column loadings by SEA{IBO00 UTC on the
14 May. The ash cloud was detected in a coherent plume extgsduth-eastwards from Iceland to

140 the northwest of the UK. There is also a small patch of ashctiedenorth of Iceland. Figuld 1(b)
shows the corresponding NAME simulated ash column loadirtgeasame timelNote that this is
day 14 of the simulatiorA visual comparison of the satellite and NAME ash clouds sstgthat at
this time there is good agreement in the location of the marimnash column loadings.
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4.1 Stagel: Generatingthefractional coverage

In general, NAME simulates a more extensive ash cloud siradhan the satellite observations.
This is largely due to the minimum detection limit of the d$lite= observations. Therefore, to per-
form a meaningful quantitative evaluation between the &ted and satellite-retrieved ash cloud,
a threshold must be applied to the NAME column loadings. Bndhse of precipitation forecasts
a 95th percentile threshold is commonly used. This threskelects the highest 5% of radar and
simulated precipitation accumulations in the domain iregrefently. This is done to remove any bias
in precipitation amounts when the focus is to look at theigpatcuracy of the forecast only. In the
case of volcanic ash a fixed percentile threshold is not gujate due to the artifical cut off in the
distribution of retrieved ash column loadings due to thesdigbn limit of the satellite. This cut off
can be seen in Fifll 3(a). Ash column loadings less than/@.2? are not retrieved during the period
7-16 May 2010.

The satellite-retrieved values of ash column loading oftave large errors associated with them
(Francis, Personal Communicatioiye considered the valu@s a binary ash/no ash detection flag.
The detection limit means that there are far more grid boxgrifated with ash in the simulations
than in the satellite observations. Therefore to ensur@ adanparison with the satellite the number
of simulated ash grid boxes used in the comparison is réstrito match the number of grid boxes
with observed ash (i.e. the area of ash cloud being compatsath the NAME simulation and satel-
lite observations is the same at each evaluation time). famele, if there are 250 grid boxes with
satellite retreived ash then the 250 NAME grid boxes withhlghest ash column loading are used
in the comparision. Thissmoves bias from the forecast and and is equivalent to w@stirge vary-
ing percentile threshold (Fif 3(b)). This process will béerred to as pixel matching in this paper.
The fraction of the domain covered by satellite-retrievel @aries between 3.4 and 14.6% giving
a percentile threshold of 85.4-96.6%. An example of how piisl matching modifies the NAME
ash distribution is shown in Fifl 1c. In this case the numlbsatellite pixels containing ash is 422,
giving a percentile threshold of 94.6% and a NAME conceitrathreshold of 0.6 m 2 at this
time (comparable to the stated minumum detection IinliLﬂﬁEis_eLzJI.I_(m_’IZ) al{d_ELala.a.n.d_EIrata
b) when assuming a distal fine ash fraction (DFAF) of BRAF is the percentage of the ash
vented from the volcano that undergoes long range tranAD_anLe_et_AI.Lm:HﬁLa.nj_etlelL_Z(IHZ;
ID_aLenjs_h_eLflleIZ). Note that the ash column loadingstiuiel can vary from 0.2-1g2n 2 at
this time when using other plausible DFAFs of 1% and 6% resgy (Fig.[d(b)). Three further
examples of pixel matching at 21 UTC 7 May 2010, 00 UTC 9 May®éxd 12 UTC 14 May 2010
are shown in Fid2.

The fraction of grid points containing ash for differentesizsquare neighbourhoods centred on
each gridboxs then calculated for both the pixel matched NAME data andligatebservations.
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In this paper neighbourhood sizes of 40 (200 (km¥ are considered\ote that in this paper
40 (kmY represents a neighbourhood size of 40 km x 40 km, approxlyneggial to the grid scale.

4.2 Stage2: Computing the FSS

The FSS is calculated in the following way:

FBS
FBS,ey

IIJ_ZJOS) where the Fractions Brier Scor&)F8a variation on the Brier Score
,El)) in which both the simulated and observed phbdligs (or fractions) can have any
value between 0 and 1. FBS is given by:

FSS=1-

(1)

1 N
FBS =~ ;(Oj — M;)? )

M; andO; are the modelled and observed fractions respectively &t pamt, with values be-
tween 0 and 1V is the number of pixels in the verification area. FBSis given by:

N N
1 2 2
FBS,ef = N{;oijJZ;Mj]. (3)

FBS,.y is the largest FBS that could be obtained from the simulatebadserved fraction which
occurs when there is no collocation of non-zero fractiond2S of 1 indicates a perfect match
between the modelled and observed fractions whilst a FSSrudiGates a complete mismatch. In
general, a forecast with FSS 0.5 is considered skillful_(B_Q_b_eLLs_a.n_d_Ll?Ln_ﬂOOS).

The FSS, calculated using a 40 (Kmjeighbourhood (the grid scale), at 0OUTC on 14 May
2010is 0.51 indicating that the NAME simulation has skiltapturing the satellite-retrieved spatial

distribution of volcanic ash at this scale. This objectiveasure agrees with the subjective visual
comparison of Fig]1(a) and Fifgl 1(c) which show fairly gogatal agreement in the location of
the ash cloud at the 40 (km¥cale.

5 What if the smulated ash cloud isdisplaced from the satellite-retreived ash cloud?

One vital input parameter for a VATD is the height of the plurAethe time of eruption this can be
uncertain and can evolve throughout the eruption period.dde of an incorrect plume height could
result in ash being transported in a different direction anhd different speed than it experiences
in reality due to changes in windspeed and direction witlghieiln this section a set of idealised
scenarios are presented where the NAME simulated ash pliaréfically stretched and squashed
to represent the possible impact of an incorrect plume heigie transformations used are shown
in Figs[3-[Fand are performed in the following way:

new longitude= s(longitude — Ejon) + Eion (4)
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new latitude= (latitude — Ejqt)/$ + Ejat (5)

wheres is a stretching factor and);,; and E,,,, are the latitude and longitude of Eyjafjallajokull.
The NAME simulated ash cloud is interpolated on to this tfarmsed grid. Note that the stretching
transformation is applied to the NAME output before pixeltaiéng to ensure that the number of
grid cells with simulated and retrieved ash remain the same.

Figured® shows how the transformations applied to the sitedlash plume affect the FSS as a
function of neighbourhood size for (a)00 UTC 14 May 2010,12)JTC 14 May 2010, (c) 00 UTC
9 May 2010 and (d) 21 UTC 7 May 2010. In all cases, the largdsiegaof FSS are given by the
simulated ash with no stretch transformation. In each cgsat from 12 UTC 14 May, the NAME
is skillful (FSS > 0.5) for a neighbourhood size of 40 (kfithe grid scale). In all cases, FSS
reduces as the stretch transformation becomes more extiiéiseis in agreement with the authors
subjective visual inspection of Figd [4-7. For the most eorative stretch scenario (factor 1.2),
shown in panel (c) of Figfl -7, a FSS of 0.5 is reached at beigthood sizes of 120-200 (k)
in all cases apart from 12 UTC 14 May which reaches skillfuéleat 360 (kmj. When considering
the stretch factor 0.5 case, panel (b), the threshold fdriskiot reached until neighbourhoods of
680 (kmY are used for all cases apart from 21 UTC 7 May. In this casesklikéul level is reached
when using a neighbourhood size 280-360 (kriaving skill at a neighbourhood size 680 (Kng
comparable to using a grid box o6« 6 ° at these latitudes. A simulation that has skill at this scale
could predict the presence of ash regionally in the UK (iigtimiguish between London, Manchester
and Edinburgh airports). A simulation with skill only at ¢gar scales would be not be useful. In the
cases presented here the transformations using stretidnt 2afpanel (d)), perform the most badly
in all cases apart from 00 UTC 9 May. It does not reach thefaklivel until neighbourhood sizes
greater than 1000 (kr)are used. Note that in all cases presented here skill cegitniincrease
with increasing neighbourhood size after the 0.5 skillfukshold has been reached.

This analysis demonstrates that even though there maykeatido error in the simulated disti-
bution of ash, the simulations are still skillful using th8% measure and therefore provide useful
information at scales that are helpful even though tradéigoint-by-point measures may con-
sider them unskillful. Table 1 shows the value of success&)r(&l), Pearson correlation coefficient
PCC) and FSS for neighbourhood sizes of 600 &r8), also known as the critical success index
m 0), is a simple metric based on a 2x2 conteygeble of hits (a), false alarms (b),

misses (c) and correct rejections (d). It is given®y= a/(a+ b+ c), it assessethe match between
the area of simulated ash cloud and area of satellite-vetli@sh cIoudI_(Slun.d.eLell él.L..ZbO?). An
Sl of 1 indicates complete overlap between simulated anievet! ash whereas an Sl equal to 0
indicates no overladﬁlu_n_d_eu_t_zll.l (20(l)7) suggests that a forecast with an SEV@&R5 is an ac-
ceptable forecasSl is calculated iIIJJN&bJﬂL&L I__(Zd09) to compare the ouftisum two different
VATDs with different eruption source parameters for the 298ount Spur eruptionThe Sl values

found in this study range from 0.17-0.@0CC is also known as the linear correlation coefficient . A
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simulation with a PCC value of 1 has complete correlatiomken the simulated and measured ash

cloud. PCC is one of the measures caIcuIatte_h;LKﬂslla.nmltl\ &L’L]Z) to evaluate and compare
the skill of several different VATDJKLEIL&DS&D.&LAI.I.(ZOlZ) consider 0.36-0.48 to be significa

correlations.

For all the skill metrics the highest values are for the satioh with no stretch. The simulation
with stretch factor 1.2 has the next highest values of skillthe case of no stretch and stretch
factor 1.2 the FSS values are greater than the 0.5 thresbogkill, the PCC values fall within the

bound*_KLlsﬂa.ns.en_eLlaL(ZhZ) consider skillful and thesues are within the ranm al.
(IZO_QJ)) found in their analysis of the impact of the verticastdoution of ash and ash patrticle size
distributionForthe 00 UTC 14 May casthe Sl and PCC for both stretch factor 0.5 and stretch factor
2 are very low and, by chance, equal, howeveshigjectivevisual inspection the stretch factor 0.5
ash cloud appears to more closely match the satelliteevetti ash than the stretch factor 2 ash cloud.
This is supported by the FSS score for the stretch factor€h¥kbud having a higher FSS than the
stretch factor 2 cloud at smaller spatial scales. This lhité the fact that point-by-point measures
are unable to distinguish between a simulation that is ameéss or a simulation that is completely
wrong, although they do still pick out the "best" simulatiarthis instanceSimilar results are seen
for the three other examples (see Table 1).

6 Summary and Conclusions

In this paper it has been shown that a neighbourhood-basgttfractions skill score (FSS) is
suitable for evaluating simulations of volcanic ash clousisg satellite observations. This measure
of skill provides more information than traditional poiby-point metrics, such as success index and
Pearson correlation coefficient, as it takes into accouati@scale over which skill is being assessed
and can be used to determine the spatial scale over whichARB Yhodel should be believed. In
the case studies presented here the NAME simulation hddB&i5 > 0.5) at neighbourhood scale
of 40 (kmY (the grid resolution). Even simulations with consideratifplacement errors have skill
when using larger neighbourhood sizes of 200700 tkifihe advantage of this kind of evaluation
is that the objectively determined results for a set of ideal displacement scenarios are often much
more similar to a subjective visual inspection of the sintinlassthan other evaluation measures
Although the evaluation in this paper has focussed sataf idealised scenaritise FSS method
could, in principle, be used to evaluate forecasts over gdoperiod of time. It could also be used
to compare forecasts with different ESPs or model parammeterforecasts from an ensemble of
simulations performed with different models, input met#dogy and emissions, or assess the impact
of assimilation of satellite data. This will be the focus afure studies. The assimilation could

be for the ESPs W El)ll) or the distributibagh downstream from the volcano
(e.g.m. 5). The methodology presented@aildo be extended to the distribution of



285

290

295

300

305

310

sulphur dioxide following an eruption or to forecasts of@tlispersion events, for example, after a
nuclear incident or a forest fire.

Appendix A: SEVIRI retrieval smoothing time

This section describes the data denial experiments usedtéondine the SEVIRI smoothing time
used in this study. In these experiments satellite-retdeash column loadings at a verification
time (to) were considered the "truth" and compared using the roamsguared-error (RMSE) to
satellite-retrieved ash column loadings with 50% of thesfExandomly removed and replaced with
a time averaged field using observations up to 8 hours befatafterty. This was done for each
hour in the period 8 - 14 May 2010. This experiment was per&d®0 times using different random
sampling to assess the spread in the RMSE due to differess aréhe plume being replaced.

Figure Al shows the results of the data denial experimetits.sblid symbols show the median
RMSE value and the boxes indicate the interquartile ranperd& are several interesting points to
note. Firstly, there is a large spread between differensd@his is due to the time varying mass
eruption rate of the volcano and changing meteorologicatlt@mns. Secondly, the minimum in the
RMSE does not always occur when the data from the closess tmeeused. This is most evident on
9, 10 and 14 May where there is a minimumdta® hours. On these days there is also only a small
variation in RMSE when the averaging window is increasednftd 2 hours to+ 8 hours. It can
also be seen that as the averaging window increases thibulitn of RMSE values becomes more
negatively skewedRMSE penalises variance as it gives errors with larger albsohagnitudes more
weight than errors with small absolute values. It is thussiee to outliers, which are reduced by
the time averaging methodhis is one disadvantage of using RMSE to compare satetisgées, or
in fact any pair of 2D fields and provides further motivation hew verification measures. On 8, 11,
12, 13 May the behaviour is monotonic, as the RMSE increas#sssaveraging window increases,
however there is little difference in RMSE between using hour or+ 2 hours. The interquartile
ranges on these days show the distribution of RMSE is mores&ian Similar results are obtained
if 20%, 80% and 100% of the data are replaced (not shown).
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Case ‘

Simulated Ash ‘ Skill Score

| |
| | Do g ) pec | Fss (600 (k) | Scale |
| | (a) No stretch | 033 0.48 | 0.77 | 40 (kmp |
| 00UTC 14 May 2010| (b) Stretch factor 0.5 0.06 | 0.07 | 0.44 | 680 (kmf |
| | () stretch factor 1.2] 0.24 | 0.35 | 0.71 | 200 (kmy |
| | (d) Stretch factor 2.0/ 0.06 | 0.07 | 0.2 | 1000 (km§ |
| | (a) No stretch | 037 053 | 0.89 | 40 (kmp |
| 21UTC 7 May 2010 | (b) Stretch factor 0.5 0.14 | 0.24 | 0.74 | 120 (kmf |
| | () stretch factor 1.2] 0.26 | 0.40 | 0.7 | 360 (kmy |
| | (d) Stretch factor 2.0/ 0.09 | 0.14 | 0.41 | 1000 (kmf |
| | (a) No stretch | 039 | 055 | 0.83 | 40 (kmp |
| 00UTC 9 May 2010 | (b) Stretch factor 0.5 0.11 | 0.18 | 0.48 | 600 (kmy |
| | () stretchfactor 1.2| 0.28 | 0.41 | 0.80 | 120 (kmf |
| | (d) Stretch factor 2.0/ 0.14 | 0.22 | 0.57 | 680 (km} |
| | (a) No stretch | 023 0.35 | 0.63 | 200 (km} |
| 12UTC 14 May 2010| (b) Stretch factor 0.5 0.08 | 0.14 | 0.49 | 440 (kmy |
| | () stretch factor 1.2] 0.17 | 0.12 | 0.60 | 760 (kmf |
| | (d) Stretch factor 2.0{ 0.07 | 0.27 | 0.34 | 1000 (kmf |

Table 1: The value of success index (Sl), Pearson corralatiefficient (PCC), FSS for a neighbour-
hood of 600 (kmj and the scale at which the FSS reaches a value of 0.5 for tharsoe presented
in Figs [3EY
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(a) SEVIRI: 14/05/2010 Time: 0000 UTC
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Figure 1: Ash columnloading at 0OUTC on 14 May 2010 (a) by #telite (with 5 hour smoothing),
(b) simulated by NAME, (c) NAME simulated ash cloud afterglixnatching (i.e. black indicates
pixels selected in satellite matching process). Panelg@3 the colour scale shown in panel (b).
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(a) 07/05/2010 Time: 2100 UTC (b) 09/05/2010 Time: 0000 UTC (c) 14/05/2010 Time: 1200 UTC
=] = :
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70°N

Figure 2: (a)-(c) Satellite detected ash clouds, (d)-(fMBsimulated ash clouds after pixel match-
ing. (a),(d) 21 UTC 7 May 2010. (b),(e) 00 UTC 9 May 2010. ®@)Y1¢ UTC 14 May 2010.
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Figure 3: (a) Number of pixels as a function of column loadimg? - 16 May 2010 for both NAME
(distal fine ash fraction (DFAF) of 6% (white) and DFAF of 1%¢yg)) and satellite observations
(black). (b) Time evolution of the percentile thresholdligéine) and minimum ash column loading
calculated by applying the pixel matching technique (DFA% (dotted line), DFAF 3% (dashed
line), DFAF 6% (dot-dash line)).
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(a) No Stretch (b) Stretch: factor 0.5
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Figure 4: The pixel matched NAME ash cloud (grey shading)gared to the satellite-retrieved ash
cloud (red outline) with (a) no stretch, (b) stretch factds,dc) stretch factor 1.2, (d) stretch factor
2.
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Figure 5: As Figurg&l4 for 21 UTC 7 May 2010.
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Figure 6: As Figur&l4 for 00 UTC 9 May 2010.

a
( ) No Stretch (b) Stretch: factor 0.5
70°N T 70°N 1) T
,.p’f- = <>
d “o
DL'\ =
60°N £]
i A
4
» 2 Kj;"g
(4 40°W 30°wW 20°w 10°W 0° 10°E
(d) Stretch: factor 2
70°N T

50°N - : 50°N
40°W 30°wW 20°w 10°W 0° 10°E 40°W

Figure 7: As Figur&l4 for 12 UTC 14 May 2010
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Date: 14/05/2010 Time: 0000 UTC 1.0 Date: 14/05/2010 Time: 1200 UTC
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Figure 8: The FSS as a function of neighbourhood size for eattne three translations (blue line:
stretch factor 0.5, green line: stretch factor 1.2 and yelioe: stretch factor 2) compared to the
original NAME simulation (red line) shown in Fig_l[4-7
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Figure Al: The median RMSE between the SEVIRI observationg @'truth") and the truth with
50% of the pixels randomly replaced by the time averagedrehtens for each day 8 May 2010 - 14
May 2010 (8 May: grey stars, 9 May: grey downward-pointingrigles, 10 May: grey pentagons, 11
May: grey hexagons, 12 May: grey upward-pointing triangk&sMay: grey circles, 14 May: grey
squares). Each random replacement is repeated 50 timeheardror bars show the interquartile
range of the RMSE from these iterations.
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