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Abstract. During April and May 2010 the ash cloud from mass erupted by the volcano remained in the ash cloud over
the eruption of the Icelandic volcano Eyjafjallajokuliused  the United Kingdom. The problems with the interpretation
widespread disruption to aviation over northern Europe. Be of this estimate of the distal fine ash fraction are discussed
cause of the location and impact of the eruption a wealth
of observations of the ash cloud were obtained and can be
used to assess modelling of the long range transport of ash
in the troposphere. The Facility for Airborne Atmospheric

Measurements (FAAM) BAe 146 aircraft overflew the ash The eruption of the Icelandic volcano Eyjafjallajokullrig
cloud on a number of days during May. The aircraft carries aapril and May 2010 lead to the widespread disruption of air
downward looking lidar which detected the ash layer throughtrave| throughout Europe due to the hazard posed to aircraft
the backscatter of the laser light. The ash concentratiens a by volcanic ash. At various times during this period parts
estimated from lidar extinction coefficients and in-situame of European airspace were Ciosed’ |eading to Significant fi-
surements of the ash particle size distributions. In thidst; nancial losses by airlines and leaving millions of passenge
these estimates of the ash concentrations are compared wiliranded throughout the world.
simulations of the ash cloud made with NAME (Numerical During the eruption the London Volcanic Ash Advisory
Atmospheric-dispersion Modelling Environment), a gehera Centre (VAAC) issued forecasts of the location of the ash
purpose atmospheric transport and dispersion model. cloud. These forecasts were based on the NAME (Numeri-
The ash layers seen by the lidar were thin, with typigal cal Atmospheric-dispersion Modelling Environment) model
depths of 550-750 m. The vertical structure of the ash cloudJones et al., 2007) adjusted in the light of satellite and
simulated by NAME was generally consistent with the ob- ground-based observations. NAME is a Lagrangian parti-
served ash layers. The layers in the simulated ash cloutls thale model that uses time varying wind fields to calculate the
could be identified with observed ash layers are about twiceurbulent trajectories of particles originating at the iios
the depth of the observed layers. The structure of the signuef the volcano to determine where the volcanic ash cloud is
lated ash clouds were sensitive to the profile of ash emissiontransported.
that was assumed. In terms of horizontal and vertical struc- A major uncertainty in modelling volcanic ash clouds with
ture the best results were mainly obtained by assuming thajolcanic ash transport and dispersion (VATD) models is the
the emission occurred at the top of the eruption plume, conspecification of the eruption source parameters (ESP). A
sistent with the observed structure of eruption plumes. Hgw VATD model needs information on basic parameters such
ever, when the height of the eruption plume was variable andas the height of the eruption plume, the mass eruption rate
the eruption was weak, then assuming that the emission ofind the vertical distribution of the emitted mass. The sensi
ash was uniform with height gave better guidance on the hortivity of predictions of ash dispersal to the emission peofil
izontal and vertical structure of the ash cloud. has been investigated by Webley et al. (2009) for the Au-
Comparison between the column masses in the simulatedust 1992 eruption of Mount Spurr. Their study found that
and observed ash layers suggests that about 3% of the tottlie areal extent of the simulated ash cloud was sensitive to
assumptions about the emission profile, with the best agree-
Correspondenceto: H. F. Dacre ment between the simulations and satellite observations of
(h.f.dacre@reading.ac.uk) the extent of the ash cloud obtained using emission profiles
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2 Grant et al.: Volcanic ash clouds

which have releases at all heights within the eruption colum vertical and over a time period of 1 hour and dividing by vol-
Webley et al. (2009) concluded that in this case it was necesume.
sary to have ash emitted throughout the atmospheric column. Rose et al. (2000) suggested that there are three stages in
Eckhardt et al. (2008) and Kristiansen et al. (2010).de-the evolution of volcanic ash clouds. In the first few hours
scribe a data assimilation approach to obtain the emissiotarge particles fallout close to the volcano, forming thexar
profile of sulphur dioxide for the eruptions of Jebel el Tair imal tephra blanket. This is followed by a period, typically
and Kasatochi respectively using satellite retrievalsotdlt ~ lasting about 24 hours, in which the mass in the ash cloud
column sulphur dioxide and a VATD model. Recently Stohl decreases with time, probably primarily due to particle ag-
et al. (2011) have extended this approach to volcanic ashy ugregation and subsequent fallout of the aggregates. During
ing SEVIRI (Spinning Enhanced Visible Infra-Red Imager) the first two phases a large fraction of the erupted mass is re-
data for the Eyjafjallajokull eruption. In the absence bf o moved from the ash cloud. For the 1992 Mount Spurr erup-
servational constraints on ESPs, which is likely to be tleeca tion only a small fraction of the erupted mass remained in
during the initial phase of an eruption, Mastin et al. (2009) the ash cloud after the first 24 hours. Subsequent removal
suggest realistic ESPs for a variety of eruption types that¢ of ash is mainly due to meteorological processes and depo-
be used with a VATD model. sition. NAME does not represent any of the microphysical
The ash cloud from Eyjafjallajokull over Europe was well processes, such as aggregation, that occur within theniolca
observed by ground based lidar (Ansmann et al., 2010) anésh cloud, although it does have representations of paurticl
ceilometers (Flentje et al., 2010). In addition speciahfiiy =~ sedimentation as well as wet and dry deposition.
were carried out by the DLR Falcon (Schumann et al., 2041) The removal of ash by sedimentation depends on the size
and the FAAM (Facility for Airborne Measurements) BAE- distribution of the ash cloud. In situ observations of the
146 aircraft (Johnson et al., 2011) to provide verificatibn o ash cloud by the FAAM aircraft over and around the UK
the ash forecasts. These aircraft were equipped with botlshow that particles were generally less thaprmhGn diam-
in-situ particle measuring probes and downward looking li- eter (Johnson et al., 2011) in the Eyjafjallajokull ashuclo
dar. The data collected during the eruption of Eyjafjalkajll..s Sedimentation of particles with diameters less thamm®as
provide an opportunity to evaluate the ash distributionsifr  a small effect on column loads for travel times of 24 to 80
VATD models in both the horizontal and vertical and the hours, relevant to this study. This has been determined by
sensitivity of the simulated ash cloud to assumptions aboutesting the sensitivity of the results to different pasisizes
ESPs. In this study the vertically resolved structure of the(Dacre et al., 2012). Because of this the evolution of the par
ash cloud simulated by NAME is compared with lidar data ticle size distribution in the ash cloud due to sedimentatio
obtained by the FAAM aircraft during May. The comparison has been neglected by setting the particle sizeam.3 In
is both qualitative, considering the relationship betwsiem comparing the lidar observation with NAME a virtual source
ulated and observed ash layers, and quantitative, congparinstrength for the fine ash particles which formed the ash lay-
estimates of ash concentrations from the NAME simulationsers seen by the lidar can be determined. This virtual source
with estimates obtained from the lidar. The sensitivityhwfits  strength represents the mass eruption rate (MER) of the frac
NAME simulations to assumptions about the profile of ashtion of the ash particles that are not removed from the cloud
emissions is also investigated. close to the volcano.
A number of relationships between the total MER and the
rise height of the eruption plume (i.e. the height of the thp o
2 Model 10 the eruption plume relative to the height of the volcano)hav
been published (Sparks et al. (1997); Mastin et al. (2009)).
NAME is a Lagrangian particle trajectory model that is de- In the NAME simulations to be presented the relationship
signed for use in a range of dispersion modelling applica-between the height of the eruption plume and the MER is
tions (Jones et al., 2007). Particles are released at theesou taken to be,
in this case the volcanic eruption plume, with each particle
representing a mass of volcanic ash. The trajectories eéthe M = 88.17H* 4 (1)
particles are calculated here using analysis wind fields fro
the global version of the Met Office Unified Model, with a whereH is the height of the eruption plume above the vol-
resolution of 3 hours. The model particles are carried alongcano summit in kilometres and’ is the erupted mass in kilo-
by the wind with turbulent mixing represented by giving the grammes per second. This relationship is based on a fit to
trajectories a stochastic perturbation using a semi-eéogpir the thresholds in the lookup table designed by NOAA for
turbulence parameterisation. NAME also includes treatmen the VAFTAD model (Heffter and Stunder, 1993) and cali-
of sedimentation and dry and wet deposition (Dacre et albrated by the 'Mastin’ curve to give the emission rate as a
(2011) for further details). Ash concentrations are coragut function of plume height as described by Dacre et al. (2011)
here by summing the mass of particles in area®.874° Appendix A. For the eruption plume heights relevant to the
latitude by0.5625° longitude, averaged over 200 m in the Eyjafjallajokull eruption the MER estimated from Eq. 1 is
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within 15% of estimates based on the relationships propose8 Lidar

by Sparks et al. (1997) and Mastin et al. (2009). Mastin et

al. (2009) find that the difference between MER from their

proposed re'ationship can differ from the actual MER by aThe lidar on the FAAM aircraft was a model ALS450 manu-
factor of ~3.5 for an eruption plume height of about 6 km, factured by Leosphere. It is an elastic backscatter lidén wi

so the differences between the MER predicted by the differ-2n operating wavelength of 354.7 nm. The instrument is
ent relationships are insignificant. mounted on the aircraft with a nadir view (Marenco et al.,

2011), with full overlap between the emitted beam and the
receiver field of view occurring about 300 m below the air-
craft. For the cruise altitude of 8000 m the ash features that

25 can be identified from the aircraft are restricted to heights

below about 7700 m.

The effective source strength for fine ash is assumed to b
My =ap(t)88.17TH** )

where M/ is the effective eruption rate of fine astiy is o )
the fine ash fraction, which is in principle a function #of For qualitative comparison between the ash layers detected
the age of the ash. However for the travel times relevant toPY the lidar and NAME, ash features were identified subjec-
the present study the dependencepion ¢ should be small ~ tively using lidar backscatter and depolarisation ratiotl
(Rose etal., 2000) with ; being interpreted as the distal fire Ash was identified as having a high backscatter with a high
ash fraction. For this study it is assumed thatrepresents ~depolarisation ratio, indicating irregular particles. &ter
the effects of removal processes not explicitly modelled in@€rosols (e.g. sulphate) tend to assume a spherical shape pr
NAME, primar”y microphysica' processes SUCh as aggrega_ducing h|gh backscatter and IOW depolarisation ratiOS.
tion occurring in th_e ash cloud. These processes are expecte Quantitative estimates of ash concentrations in(tieto
to have their dominant effect near the source. The effegt ok, (volume equivalent) size range were obtained from the
these processes can be estimated by comparing ash concefkiinction coefficients derived from the lidar, after acabu
trations from NAME, using Eq. 1, with those derived from g for the extinction fraction in this size range and specif
the lidar. extinction derived from particle size distributions from i

Figure 1 shows an estimate of the time varying eruptionsjtu measurements (Johnson et al., 2011). In many cases the
plume heights (above mean sea level) (similar to that in Webprofiles of the extinction coefficient derived from the lidar
ster et al. (2012)). This estimate is based on the advice fronghow considerable scatter in the vertical. To estimatensolu
the Icelandic Meteorological Office passed to the Londonintegrated mass loadings smooth profiles have been fitted by
VAAC during the eruption. It aims to broadly follow the up- eye to extinction profiles obtained over horizontal disemnc
per estimates of the eruption height which were available ajpf approximately 15 km. In general the shape of the extinc-
the time, while only responding to significant changes in&c-tion profiles are approximately Gaussian, although in many
tivity. Also shown is the radar data from the Keflavik radar, cases the profiles are slightly asymmetric about the maxi-
published recently by Arason et al. (2011). The most notice-mum. To allow for this asymmetry Gaussian curves with
able difference between the two timeseries is that the recondifferent widths were fitted separately to the upper and towe
struction does not follow the short period variations seen i parts of the lidar profiles. Where there were multiple lay-
the radar data. During the period of interest'(a7 May).., ers Gaussian curves were fitted to each layer. The use of
the reconstruction is a reasonable representation of igathe  Gaussian curves is ultimately for convenience, and it pro-
of the eruption plume. In calculating the MER using the vides quantitative measures for maximum concentratiods an
heights in figure 1 no account has been taken of the effecividths. However, it should be borne in mind that the fits to
that the ambient wind can have on the height of the eruptionthe data are not objective and hence no formal error estimate
plume (Bursik et al., 2001). s are available.

To investigate the sensitivity of the model results to the

o ) . . On 14" May, conditions in the ash layer were close to
assumed emission profiles simulations were performed us; . :
. . . : . . those needed for the nucleation of ice crystals (Marenco et
ing two different profiles. For the first set of simulationg th

al., 2011). Obvious occurrences of cirrus forming in the ash

emission of ash was assumed to be uniform between the to8Ioud were removed from the dataset. However, it is possible

of the volcano and the top of the eruption plume, this W”!y?edlhat ice nucleated ash may have been present in the ash cloud,

referred to as the uniform emission profile. For the second | . : . .
. - : hich would lead to ash concentrations being overestimated
profile the emission of ash is assumed to be concentrated .
ce nucleation was not a problem for the other days.

the top of the eruption plume and will be referred to as the
top emission profile. In the top emission profile ash is emit- Typically the extent of the ash layers used in this study
ted uniformly over a depth of 2000m, with the top of the layer correspond to flight times of between 30 minutes and 1 hour.
of ash emissions corresponding to the height of the eruptionin comparing the lidar results to NAME the time taken to

plume. For both emission profiles the total erupted mass ioverfly the ash layers is ignored and the output from NAME
given by Eq. 1. closest to the central time is used for the comparison.
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4 Results used as an effective depthy;. The effective depth can be
interpreted as the depth of a layer with a constant concentra
4.1 Ash Layer Properties from Lidar tion equal to the observed maximum that gives the observed

columnintegrated mass. For a Gaussian profile with standard

The average heights of the ash features identified from.theleviations, I, = v/270.
FAAM lidar are plotted in figure 1, where they can be com-  Figure 3 shows the maximum concentrations obtained
pared with the estimates of the eruption plume height. Be<from the lidar as a function of the column integrated mass, es
cause of the travel time (listed in Table 1) the heights of ob-timated from the Gaussian profiles. The multiple layers seen
served features and the plume heights at the same time wilh some of the profiles on the 7May have been treated as
not correspond, but it might be expected that the obseryed single layer. The effective depth of the ash layers detecte
height will be related to the height of the eruption plume-dur py the lidar is generally between 500 m - 800 m which is
ing the previous 1-2 days. There appears to be a tendencyhout 10-20% of the rise height of the eruption plume. The
for the heights of the ash features observed by the lidar tahickness of the ash layers observed by the lidar are compa-
be up to 1 km lower than the estimated height of the erupraple to thicknesses estimated by Scollo et al. (2010) using
tion plume used in NAME. The tendency for lidar ash fga- data from MISR (Multi-angle Imaging SpectroRadiometer)
tures to be at a lower height than the height of the eruptionfor the 2001 and 2002 eruptions of Etna. The Scollo et al.
plume estimated by the radar may be a result of fluctuation§2010) results were obtained within 250 km of Etna. Carey
in plume height (Dacre et al. (2011) and Folch et al. (2011)),and Sparks (1986) also observed that close to the erupgon th
vertical transport in the atmosphere, overshooting andesub  thickness of the umbrella region of the ash clouetig.3H.
quent fall back of the plume, errors in the assumed heighis o his suggests that what appear as relatively thin ash layers
sedimentation of particles. Since the height of the eruptio observed by the lidar may reflect the depth of the near source
plume used in NAME aims to broadly follow the upper es- eruption plume. If this is the case then it suggests thatoadrt
timates of the eruption heights, it is likely to be greaterth  turbulent diffusion within the troposphere was not impntta
the mean height of the eruption plume which may be moreduring transport (or was partly balanced by thinning of the
representative of the height of the ash layers. ss  layers due to shear).

Figure 2 shows examples of the concentration profiles de-
rived from the FAAM lidar on the 17" May together withthe 4.2 Simulated Ash Clouds : Horizontal Structure.
smooth profiles fitted to the data by eye. The aircraft track
on this day was approximately west to east alongh\b4Al- Figures 4(a)-(j) show contour plots of ash concentratidns o
though the individual estimates of concentration from the | tained from NAME, averaged from the surface to 8000m, for
dar show considerable scatter over a 15 km section the Gausach of the flights. Figures 4(a)-(e) show results obtained
sian curves provide a reasonable approximation to thesobwith a uniform emissions profile and figures 4(f)-(j) show re-
served profiles. On this day maximum concentrations occusults for the top emission profile. The locations of the ash
at heights between 4 km and 6 km, with the peak concenfeatures detected by the FAAM lidar are marked by the line
trations varying between 22§m—3 to 90Qugm—>. Because  segments.
the curves are fitted by eye there are no formal estimates of On the 4", 5" and 14" May the locations of the areas of
the uncertainty in the maximum concentration, but bases orhighest ash concentrations in the NAME simulations are not
experience a reasonable estimate of the uncertainty in thparticularly sensitive to the assumptions about the ask-emi
fitting method is 25-5Qugm~—3. At the western end of the sion profile, although the actual concentrations do depend o
aircraft track (figure 2a) there is only one ash layer presenthe emission profile. This is particularly evident on thé"14
while at the eastern end (figure 2c and d) the lidar showsMay (figures 4c and h) when the maximum concentrations
multiple layers. The DLR Falcon also sampled the ash cleudover western Scotland and northwest England are higher for
on this day around 53 2°E between 1600-1700 UTC, i.e. the top emission profile than for the uniform emission profile
about 1.5 hours after the profile shown in figure 2(d) was ob-The extent of the areas of low ash concentration on these days
tained. The Falcon data show the ash layer to be betweeare more sensitive to the emission profile, being less exten-
3.5 km and 6 km, with the maximum ash concentrations be-sive for the top emission profile. The flights on thé& 4nd
tween 300-40Q,g m—3, comparable to the FAAM lidar estis 5" May took place in areas of low ash concentrations in the
mates (Schumann et al., 2011). NAME simulations, so quantitative comparison with the Ii-

The standard deviations of the Gaussian sections that havéar data on these days is likely to be sensitive to the assumed
been fitted to the lidar concentration profiles are typically emission profiles.
around 300m. However, to make comparisons with the The areas of high ash concentration in the NAME simu-
NAME simulations it is useful to have a simple measure.of lations on the 18 and 17" May are more sensitive to the
the depth of an ash layer which does not depend on the dderm of the emission profile than on the other days studied.
tailed shape of the concentration profile. The ratio of the in On both days the western boundary of the high concentration
tegrated column mass to the maximum concentration will beash is further to the east in the simulations that use the top
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emission profile compared to the simulations that used theéo 38 hours for the layer at 3 km, so the ash in these layers
uniform emission profile. The boundary of the simulated ashwas emitted at different times. Although the eruption plume
cloud over Ireland on the 1% May using the top emission height used in the model does not show the intermittency ap-
profile is consistent with the observations of Rauthe-Skhhec parent in the radar it does include an increase in height on
etal. (2011). On both the ¥6and 17" May the aircraftflew  the 4" May. The results from NAME suggest that some ash
in the areas in which both sets of NAME simulations indicate must have been emitted at heights below the top 1 km of the

relatively high ash concentrations. plume as the lower ash layer is captured by the simulation
using the uniform emission profile but not by the simulation
4.3 Simulated Ash Clouds : Vertical Structure ws using the top emission profile. The results from tiie @nd

5h May can be considered consistent with the conclusions
Vertical cross sections of the simulated ash layers areshowof Webley et al. (2009).
in figures 5(a)-(c), 6(a)-(c) and 7(a)-(c) with the layers ob  On the 14", 16" and 17" May (figures 6 and 7) the de-
served by the FAAM lidar being marked for comparison. To taijls of the vertical structure of the simulated ash clouels d
construct the cross sections the aircraft flight track was,@ppend on the ash emission profile. On théh1Miay the con-
proximated as a series of line segments and the ash conceBentrations in the simulated layer are higher using the top
trations from NAME were interpolated onto these segmentsemission profile, compared to those obtained using a uniform
at points separated by 10 km. For thé"1416™ and 17" emjssjon profile. On the 17 the western extent of the ash
May the cross sections are almost along straight lines oricloud appears to be better simulated using the top emission
entated predominantly north-south or east-west. For thes@rofile (compare figures 6c and 7c).
flights it is convenient to use latitude or longitude as the-ho On the 16" May both of the NAME simulations show a
zontal co-ordinate. On thé'and 8" May the aircrafthead-  |ayer that appears to correspond to the observed ash layer bu
ing varies while flying over the ash cloud and for these crossyhich, in both simulations, is too far south. Schumann et
sections the horizontal co-ordinate is distance from atpoin |, (2011) comment that the London VAAC forecasts on this
on the flight track before the ash was encountered. Dist%cegay showed the ash to be further south than observed by the
are taken along the aircraft flight track from this point. DLR Falcon or SEVIRI. It is interesting that the same error

A general feature of the cross sections through the simugppears in the present simulations which use analysed winds
lated ash clouds is that they show layering, either single la This location error is probably caused by the cumulative ef-
ers (e.g. 1#, 17" May, figure 6) or multiple layers (e.9. fect of errors in the driving meteorology en route similar to
5" May (figure 5b) or 18 May (figure 7b)). The presenge those found for the earlier period of the eruption in Dacre
of layers in the simulations does not appear to depend ot al. (2011) or a source timing error. To allow quantitative
the details of the emission profile, with layers present ithbo  comparison of NAME with the lidar in this case the posi-
sets of simulations. The simulated ash layers appear te<orr tijon of the simulated ash cloud is moved in the direction of
spond reasonably well to observed ash layers, although theye aircraft track so the southern edges of the simulated and
are generally thicker than the observed layers. wo observed ash layers match.

On the 4" and 5" May the lidar detected ash layers at  Qverall the comparison between the simulations and lidar
heights of around 3 km and 5 km and the NAME simulations results for 14" to 17" suggest that the best match with the
using a uniform emission profile also indicates the presencgpserved ash layers is obtained by assuming that the emis-
of ash at both heights. On thé"4May the observed ash sjon of ash is concentrated at the top of the eruption plume.
is in patches which are typically about 100 km long, whi¢h For the 4" and 5" May a uniform source appears to give
for the layer at 3 km is much shorter than the length of layerthe best results. On thé®May, although the eruption was
simulated by NAME. On the'8 May the observed layers are heginning to re-intensify, the SEVIRI ash retrievals do not
about 200 km in length, but also appear to be less extensivgydicate the presence of a sustained ash plume (Thomas and
than simulated layers. Prata, 2011). The weak and fluctuating nature of the eruption

The NAME simulations for the'# and 8" May using the,, plume during the period prior to thé'5May and the change
top emission profile do not show ash at 3 km, although ash iso more stable eruption activity during the period aft&t 5
present at 5 km on both days"{4not shown, figure 5(c) for  May (Petersen, 2010) may explain this difference.
5th May). These results suggest that the ash layers at 3 km
are not the result of significant vertical transportbutthate 4.4 Quantitative Comparison between lidar and NAME
must have been emission of ash lower down. The 5 minute
radar data presented by Arason et al. (2011) suggest that th@n the 4" May the correspondence between the observed
eruption plume was reaching heights of 3.5 km (amsl) inter-and simulated ash layers is poor in comparison to the other
mittently before the 3' May and up to 5 km at the beginning days. This may be partly due to the NAME plume being po-
of the 4" May. From the 5" May the height of the erup- sitioned a little too far to the west, as is suggested by the
tion plume remained around 5 km. From NAME the age of comparison between the NAME plume position and satel-
the simulated ash layer at 5 km is about 28 hours, comparetite derived SQ presented by Thomas and Prata (2011), as-
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suming that the ash and gQ@re co-located. Becausesaf With the uniform emission profile the column loadings in the
this the results from this day will not be considered further NAME simulation extend much further west than observed.
For the other days the correspondence between the observétbwever, both simulations give a similar value tof us-
ash layers and the ash layers in the NAME simulations suging the observed column loadings at the eastern end of the
gests that quantitative comparisons between NAME and thaircraft track.
lidar should be made for the individual layers. Since thesash Most of the values fow s from CIML listed in Table 1 are
layer thicknesses differ the column integrated mass I@sdin  less than about 5%, the two exceptions beindor the lower
(CIML) are compared since they are not sensitive to the dedayer on the 5' May and on the 14 May for the simulation
tails of the vertical structure. Figure 8 show the CIMLs ob- using the uniform emission profile, which are, respectively
tained from NAME along the cross sections in figures 5, 611% and 18%. Using the top emission profile the value of
and 7 compared to the mass loadings estimated from the lifor the 14" May is reduced by a factor of three4d&%. This
dar. The distal fine ash fraction defined in Eq. 2 has been esehange is due to the increased concentrations that ocw in t
timated by scaling the mass loadings obtained from NAMEIlayer above 5 km, which are transported over Scotland and
so as to match the lidar estimates. Table 1 lists the values aofiorth west England, when the top emission profile is used
oy for both sets of NAME simulations. compared to the uniform emission profile. Ash below 5 km
The spatial variation of the observed column loadingssandappears to be transported to the north east, away from the
those from NAME are generally in good agreement, althoughUK .
there are differences. Figure 8(a) suggests that the ash lay Figure 9 compares the lidar and NAME estimates of the
at 3km, on the 8 May, is much less extensive than the sim- column integrated mass taken from the simulations using the
ulated ash cloud using the uniform source. In particular theuniform emission profile for May 8 and the top emission
maximum in the column integrated mass load around 40Qknprofile for May 14", 16"* and 17". A reasonable estimate
along track in the simulated ash cloud does not appear to coref the distal fine ash fraction is 2.8%, with of order a factor
respond to any feature seen by the lidar. However, using af two variation encompassing the results from most of the
top source in NAME, the ash layer at 3 km is missing en-days. The estimates of; obtained in this study are in rea-
tirely in the simulation. Therefore, at least some ash mast b sonable agreement with those obtained from ground-based
emitted below 3.5 km for the 3 km ash layer to be simulatedlidar and NAME during the initial phase of the eruption in
in NAME. The weak and intermittent nature of the eruption April (Dacre et al., 2011; Devenish et al., 2011).
plume on the # May (Thomas and Prata, 2011) may provide  There are few observational estimates from previous vol-
the explanation for the overestimation of ash 400 km alongcanic eruptions of the fraction of the erupted mass that sur-
track in the uniform source NAME simulation. With the uni- vives the initial fall out phase to compare with. Wen and
form emission profile ash will have been emitted at 3 kmfor Rose (1994) used AVHRR (Advanced Very High Resolution
a longer period in the NAME simulation than would be ex- Radiometer) data to estimate the mass of ash in the 13 hr old
pected to have actually occurred, which could lead to a moreysh cloud from August 1992 eruption of Spurr volcano. The
extensive ash layer. ash cloud contained 0.7-0.9% of the mass deposited at the
The short horizontal line in figure 8(c) marks a region surface. Rose et al. (2000) list a number of estimates of the
where the observed ash layer becomes very thin and thg,cofine ash fraction derived from satellite observations oftsie
umn loading of ash is negligible. (Note that the NAME sim- clouds for a number of eruptions. For the three eruptions of
ulated ash layer has been shiftétN in order to perform  Spurrin 1992 the fraction of ash remaining suspended in the
the quantitative comparison. This shift accounts for thet fa atmosphere after 24 hours was 0.7-2.6%. Bearing in mind
that the NAME simulated cloud is too far south, as discussedhat the values ofv; obtained in this study are based on es-
in section 4.3). The results from NAME do not show this timates of the erupted mass calculated from Eq. 1 they are
gap, but vary more smoothly. The smooth spatial variationconsistent with the more direct estimates.
of simulated ash layers is due to the resolution of the mete-
orological model (25 km), the smooth temporal variation of 4.5 Maximum Concentrations
the meteorological fields (updated every 3 hours), the lack o
rapid fluctuations in the source (in both the vertical, asliéa  In general the observed ash layers are thinner than the-corre
the uniform source case, and in the time variation) and the pasponding layers simulated by NAME, which will not affect
rameterisation of sub-gridscale processes. The NAME simuthe comparison of the integrated column masses, assuming
lations appear to capture variations on scales of 100-200 kmthe effects of vertical wind shear are small. However, in-gen
Of all of the simulations the spatial variation in the col- eral the maximum concentrations simulated by NAME will,
umn mass loadings from NAME appear to be the most senwhen scaled using ¢, underestimate actual maximum con-
sitive to the assumed emission profile on th&"IMay (fig- centrations. This is illustrated in figure 10 which shows ex-
ure 8d). The simulation which uses the top emission prefileamples of the profiles of ash concentration from the lidar and
shows good agreement with the lidar estimates, with both thehe corresponding profiles simulated by NAME, which have
lidar and NAME column loadings being small west 6VZ been scaled by the distal fine ash fraction determined from
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the integrated column mass. The greater depth of the simu-
lated ash layers compared to the observed depth is clear as
are the lower maximum concentrations. 650

The peak concentrations from the lidar and from the cor-
responding layers in the NAME simulations using the top
emission profile are compared in figure 11. There is a rea-
sonable correlation between the lidar and NAME for indi-
vidual flights, which is similar to that found for the column
mass loads (see figure 9). These correlations suggeststhat
the identification of the observed ash layers with ash layers
in the NAME simulations is justified. The ratios of lidar to
NAME maximum concentrations are also listed in Table 1.
They are larger than the corresponding ratios for the column
integrated masses, consistent with the simulated layéng e
deeper than the observed ash layers (see figure 10). Com-
parison of the lidar and NAME estimates of the maximum
concentration (figure 11) indicates that, witl tuned on the
basis of the column loads, the maximum concentrations are
underestimated by a factor of 1.8. This occurs becausssthe
depths of the simulated ash layers are 2-3 times larger than
the observed depths.

5 Conclusions 670

A significant problem in modelling the the transport of vol-
canic ash within the atmosphere is the specification of the
source characteristics. This study has used observatfons o
the Eyjafjallajokull ash cloud made by airborne lidar data
These data have been compared with simulations of the ash
cloud obtained from the UK Met Office NAME model to

the total mass in the ash deposited on the ground. This
estimate of the distal fine ash fraction is also consis-

tent with the results of Dacre et al. (2011) for the earlier

phase of the eruption in April.

— The mass eruption rate

The sensitivity of the estimates of the mass eruption rate
(MER) to the rise height of the eruption plume means
that the observations of the eruption plume height have
a significant impact on the present results. The simplest
approach is to calculate the MER using Eq. 1 and the
instantaneous height of the eruption plume and average
the MER over a suitable time. Alternative approaches
could use the average height of the eruption plume over
a given time to calculate an average MER or use the
maximum height of the eruption plume over a given
time to calculate the maximum MER. If observations
are infrequent, or missing (e.g. radar being obscured by
precipitation, Arason et al. (2011)) then persistence may
need to be used or some reversion to a recent average
or maximum value to fill in the gaps. These methods
will give different values of MER and subsequently of
the estimated distal fine ash fraction. For example, the
MER calculated from Eg. 1 using the mean height over
a six hour period (from the Keyflavik radar) were on av-
erage a factor of two smaller than the MER used in this
study. A further complication is that the data underlying
Eqg. 1 does notinvolve highly time-resolved estimates of
plume height.

The present study has assumed a simple way of specifying

constrain some properties of the ash source. The key soura@e eruption source for a volcanic ash transport and disper-

parameters are:

— The vertical profiles of the emission of ash o0

sion model. More sophisticated treatments of the eruption
plume are also possible. Folch et al. (2011) used an explicit
plume model to characterise the eruption source. An advan-

During the period of reasonably strong activity dur- tage of using a plume model is that the effects of meteorol-
ing mid May the best simulations were obtained from 0gy on the rise of the eruption plume can be accounted for in
NAME by assuming that the ash emissions are concencalculating the mass eruptionrate. The present, rathgleim

trated at the top of the eruption plume. In early May as treatment, forms a benchmark against which added complex-

the eruption intensity was increasing assuming thatsashity of a more sophisticated plume model can be judged.

was emitted uniformly over the depth of the eruption
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Fig. 1. Timeseries of the height of the eruption plume above sed.|d¥eight of the eruption plume used in NAME simulations {gdol
line), maximum heights detected by radar (small crosséshtérom Arason et al. (2011), heights of ash layers obseoyddAAM aircraft
(diamonds), heights of ash layers observed by the DLR Fatdan from Schumann et al, 2011 (triangles).
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Fig. 2. Examples of concentration profiles derived from lidar bewé&4 and 15 UTC on the #7May. The crosses show the concentration
estimates from the lidar, the solid curves show the Gaussiares that have been fitted to the observations by eye.

Table 1. Estimates of distal fine ash fractiom; (%). (U) is the upper layer on thg"™ May and (L) is the lower layer on thg" May.

Date Uniform Source Top Source Top Source Ash Layer
May  aj from CIML  qa; from CIML o fromC),  Age (hrs)
57 (L) 11.2 - - 37
51 4.1 2.4 35 27
140 18.5 5.2 12.9 33
16t 0.9 1.8 3.7 55
17t 2.7 1.2 3.0 77

@ Column Integrated Mass Loading
® Maximum Concentration
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Fig. 4. Column integrated mass loadings simulated by NAME. The égwn the left show simulations where the emission profiles is
assumed uniform between the top of the volcano and the tdeafruption plume, figures on the right are for an emissiofilpr@oncentrated

at the top of the eruption plume. The dotted contour cornedpdo a column integrated mass loading of 0.027¢ nthe dashed contour to
0.2 g m 2, and the full contours to 2, 10, 20 and 40 g M(note these concentrations do not account for fall out ofrestr the volcano).
The thick black lines are the locations of the ash featurefyaad in the text.
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