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Abstract. An extended version of the German operational addition to the academic interest, the huge economic costs
weather forecast model was used to simulate the ash dispeof the shutdown of civil aviation raised the need for accu-
sion during the eruption of the Eyjafjallajokull. As an opera- rate forecasts of the temporal and spatial distribution of the
tional forecast was launched every 6 hours, a time-lagged erash concentrations within the plume. From first principles
semble was obtained. Sensitivity runs show the ability of thea quantitative numerical forecast of the spatial distribution
model to simulate thin ash layers when an increased verticabf volcanic ash particles requires the forecast of the source
resolution is used. Calibration of the model results with mea-strength of the particles and gaseous precursors, the verti-
sured data allows for a quantitative forecast of the ash coneal distribution of the effective source heights, and the size
centration. After this calibration an independent comparisondistributions at the source. Hardly any of these requirements
of the simulated number concentration of 3 um particles andwas fulfilled during the eruption of Eyjafjallajokull or will be
observations at Hohenpeil3enberg gives a correlation coeffifulfilled in case of future eruptions.
cient of 0.79. However, this agreement could only be reached Almost parallel to the ongoing eruption, numerical simu-
after additional modifications of the emissions. Based on thdations were started with different numerical model systems
time lagged ensemble the conditional probability of violation by different research institutions and weather services. None
of a certain threshold is calculated. Improving the ensemblef these model forecasts were quantitative during the time
technigue used in our study such probabilities could becoménterval the eruption took place. Most of these model sys-
valuable information for the forecasters advising the organi-tems were coupled offline, i.e. the aerosol transport mod-
zations responsible for the closing of the airspace. els were driven by pre-calculated outputs of meteorologi-
cal forecast models (e.g. Folch et al., 2012; Matthias et al.,
2012; O’'Dowd et al., 2012b). During specific episodes, air-
craft measurements were carried out in addition to the remote
1 Introduction sensing observation data taken by LIDARS, sun photome-
ters, ceilometers, and satellites (Flentje et al., 2010; Ansmann
After resting for 187 years, the Icelandic volcano Eyjafjalla- et 51, 2010; Emeis et al., 2011; Gasteiger et al., 2011; Schu-
jokull woke up again on 20 March 2010. Starting on 14 April, mann et al., 2011; Langmann et al., 2012; O’'Dowd et al.,
massive emissions of volcanic ash occurred and finally led t012a, Wiegner et al., 2012).
a shutdown of civil aviation over entire Europe. After the shutdown caused by the volcano, many ef-
The emissions went on with variable strength until 23 May forts have been made to transform the qualitative model re-
2010. The volcanic eruption represents a unique field expersyits and the measurements into reliable quantitative results.
iment for investigating atmospheric processes, such as trangyoreover, some of those model results in combination with

port, radiation, and cloud formation, on a large variety of the observations were even used to quantitatively calculate
scales by combining observations and numerical models. In
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the temporal development of the source strength and the ver 12 500
tical emission profile (Stohl et al., 2011). '
For our study we transferred the online coupled model sys-
tem COSMO-ART into an operational version at Deutscher g
Wetterdienst (DWD, Sect. 2). Forecasts were launched every.<
6 hours for a period of at least 48 h with the same integration § 6
procedure as used for the weather forecast at DWD. With& |
this procedure, we obtain a time-lagged ensemble forecas‘cg> 44
for volcanic ash. -
Additionally, we perform sensitivity runs to quantify the
impact of vertical grid resolution, washout, and sub grid scale
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deep convection. These results are qualitatively comparec 15.4. 17.4. 19.4. 214, 234.
with LIDAR backscatter data derived in Munich, Germany date
(Sect. 3).

. . Figure 1. Ti oral development of the height of the top of th
Quantitative measurements that were recently pubhshe%ﬁigur empora’ developmen e neig op N

) lume in April 2010 at Eyjafjallajokull as used in the simulation
are used to recalibrate our model results for subsequent ca rown). Data was obtained from the reports of VAAC London. The
culation of absolute values of the volcanic ash number deng)ye lines give the source strength (solid: reference case, dotted:
sity and the mass concentration of individual size classesplume height increased by 1km, dashed: plume height decreased
This calibration allows a comparison with measured numbeiby 1 km).
concentrations at Hohenpeil3enberg, Germany (Sect. 4).

An evaluation of the results of our time lagged ensemble
and additional model runs varying the plume height at theturbulent diffusion, sedimentation, deposition, and washout
volcano allow us to quantify the uncertainty of the model by below cloud scavenging.
results with respect to meteorology and source strength as o
part of the overall uncertainty (Sect. 5). As far as the authors>-2 Emission data

are aware of this has not been done in previous studies. - .
Crucial input parameters to calculate the volcanic ash plume

are the emission data. In our case, we need the plume
height at the source, the vertical profile of the emis-
sion strength, and the size distribution of the ash par-
ticles at the source. The only parameter that was de-
termined with certain accuracy was the plume height at
the eruption site. We used the observations that were
COSMO-ART (Vogel et al., 2009; Bangert et al., 2012;6532"5\/2?5“2 QV?AGC r\]'g:)czcv'\fvwa:qztoiﬁgfgg, u‘ﬁ;\f{:ﬂoﬁn'
Kn I, 2011) i recentl vel mprehensiv ) o ’ N

ote et al,, 2011) is a recently developed comprehens aac). VAAC is responsible for the official forecast of ash

online-coupled model system. Here, online-coupled mean coming from volcanoes in Iceland according to international
that the Eulerian prognostic equations for e.g. volcanic ash greer%ents 9

are solved and integrated time step by time step in the sam@ The information on the plume height was updated ev-

way as it is done for the moisture scalar variables. COSMO- 6 h Fi 1 sh the t | devel t of
ART is an extension of the operational weather forecast™ Y ° Nours. Figure L SNOws the temporal deveiopment o

model COSMO of DWD (Baldauf et al., 2011). The main the plume height used for our simulations. For the source

purpose of the model system is to quantify the interaction Ofstrength, we made the assumpthn of a constant emission rate
for the number density on all vertical model levels. The value

gaseous and particulate air constituents with the state of thef the st th led dina to th terizati
atmosphere on the regional scale. of ebs rﬁﬂng ' weis Tczgogaccor ing to the parameterization
Within COSMO-ART, the treatment of natural (e.g. min- glvgn 3(; asﬂ:n € f_a(.j_( )- ived th ¢ .

eral dust and sea salt) and anthropogenic (soot, secondarx ;as”e on e|r. Indings we prescribed the source term in

organic and inorganic) aerosol particles is usually based or% € foflowing way.

the so-called modal approach. In case of the volcanic ash, we ok

use a sectional approach. We describe the size distribution of) — 100. (L) o (1)

the number density of the volcanic ash particles by six in- 8500

dividual size mono disperse .bms with a dlame'Fer Of. L 3 5’1% is the top of the plume height at the location of the volcano

10, 15, and 30 um. Coagulation between the size bins is no . . ;

; . : T Ih m. 100 is a prescribed constant. The unit®is number

taken into account. Neglecting this process is justified for the .
. . . . off particles per second.

considered size ranges. The atmospheric concentrations o

particles emitted by the volcano are modified by advection,

2 The model system, procedure of integration, and
input data

2.1 The model system
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The actual plume he|ght was kept constant until a new ob- 10 41802, 2000 2200 2400 o200 0400 0500 0800 1000 1200 1400 1800 330
servation was available. Figure 1 gives the source strength ¢ '
we calculated with this approach. 8

2.3 Procedure of integration

Our model domain is identical to the COSMO-EU domain
that is used by DWD for operational weather forecast with a
horizontal grid size of 7 km. We present results for two dif-
ferent methods of time integration. The first method is named
hindcast mode. We simulate the 9-day period between 14
April 2010, 00:00 UTC and 23 April 2010, 00:00UTC with  Figure 2. Logarithm of range-corrected signal of MULIS (multi-
a single run in the hindcast mode (Sect. 3). To obtain the besiavelength lidar system) at1064 nm at Maisach from 16 April
possible meteorological simulation, we use the operationak010, 17:00 UTC to 17 April 2010, 17:00 UTC and from 0 to 10km
analyses of COSMO-EU as boundary data. above ground; white areas denote periods without measurements
For the second method named 0perationa| forecast modeaken from Gasteiger et al., 2011) The two arrows indicate the
the model is driven by boundary data of the operationaldescentof the plume during two time intervals.
GME (global model of DWD). The individual model runs
were started from the operational COSMO-EU analysis data.
The operational data assimilation cycle consists of 3-hourly
runs of the COSMO model, where the basic meteorologi-
cal fields are nudged to the observations. These assimilatior
runs are complemented by additional surface and sea sur
face temperature, and snow analyses as well as by an ad.c -
ditional soil moisture analysis which aims at improving the ~*”
2 m-temperature forecast. The actual forecast runs are starte  **
from so called main run analyses with, i.e. again 3-hourly =
nudging analysis runs of COSMO with shorter cut-of times =
for the observations compared to the final COSMO analy-
ses. A more detailed description of this procedure is given @ L
by Hanisch (2002). Since the prognostic volcanic ash fields ¢
are not part of the operational data assimilation cycle, the 6- ™
hourly forecasts of volcanic ash were handed over from one  «w
simulation run to the next. Results obtained with this time  «w
integration procedure are presented in Sects. 4 and 5. 7000
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3 Model results and sensitivity studies

In the following section we will present a qualitative com-
parison of the non-calibrated hindcast model results with ob-
servations. Profiles of LIDAR backscatter coefficients were
measured during the eruption at several sites. We compare © N AT T A A T 27z

our model results with the LIDAR measurements obtained "

close to Munich (Gasteiger et al., 2011; Wiegner et al., 2012)rigure 3. Vertical cross-section of the non-calibrated ash concentra-
presented in Fig. 2. The observation shows a thin verticakion (arbitrary units) at Munich for different model configurations.
ash layer of a few hundred metres thickness. Eulerian mod¢a) reference run with 40 vertical layerd) model run with 80 ver-

els, such as COSMO-ART, usually use a telescoping grid irtical layers.

the vertical direction. As the vertical grid size increases with

height, it is difficult to resolve such a thin layer. In order to

study the impact of the vertical resolution on the model re-grid size is reduced when the vertical resolution is increased.
sults, we increased the number of vertical layers from 40 usedrigure 3 shows the simulated vertical profiles for the individ-
operationally to 80. This increase alters the meteorologicalual runs.

variables and, consequently, the concentration distributions. At 17 April, 09:00 UTC the vertical depth of the simulated
Additionally, artificial vertical mixing caused by the vertical ash plume above 1200 mis 640 m in case of 80 vertical levels

2000

1000
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Figure 5. Left: measured size distributions close to the volcano on

2 May, 2010. Right: measured (red) and simulated (blue) number

164 174 184 194 204 214 224 234 concentrations for particles greater than 2 um at Leipzig on 17 April
Date 2010. Measured data taken from Schumann et al. (2011).

Figure 4. Temporal development of the non-calibrated simulated

ash concentrations (arbitrary units) with a diameter of 1 um at Ho-

henpeiRenberg for the model configurations indicated in the legend4  Calibration of the model and comparison with
observations

and 930 m in case of 40 vertical levels. Increasing the verticah.1 Simulated number densities
resolution increases the number of vertical layers between
1000 and 3000 m from 7 to 15 vertical layers. The obser-From the practical point of view, there is great interest in
vations of the backscatter coefficients give a correspondingnowing not only the areas that are affected by the ash cloud
vertical depth of the ash plume of 580 m (Fig. 2). of a volcanic eruption, but also the absolute values of the
The centre of the simulated ash layer above the boundargoncentrations. During the Eyjafjallajokull eruption event,
layer starts to decrease in height around midnight on 17 Aprilsuch quantitative forecasts were hardly possible. The most
2010 and finally reaches 1600m at 17 April, 17:00 UTC. important reason was the unknown source strength. The mea-
This is in good agreement with the height of the observedsurements during the event allow for a recalibration of the
plume (Fig. 2). Based on the results of the model runmodel results. The applied procedure of this recalibration is
with 80 vertical levels (Fig. 3b), a height decrease rate ofdescribed below. Measurements with the DLR Falcon air-
8.5cmslis calculated between 01:30 UTC and 08:00 UTC craft were carried out during several time intervals (Schu-
and of 2.35cms! between 08:00UTC and 21:00UTC of mann et al., 2011). On 2 May 2010, the aircraft flew over
17 April 2010. Calculating the same numbers from the LI- the North Atlantic into the top part of the fresh ash cloud.
DAR profile of Gasteiger et al. (2011) gives 5.5cntde-  Among other quantities, size distributions of the particles
tween 01:30UTC and 08:00UTC and 1.7 cnd between  were measured (Fig. 5, left). We used the measured size dis-
08:00UTC and 17:00 UTC (Fig. 2). tributions of the number density to calculate the recalibra-
We performed additional sensitivity runs to quantify the tion factors of our simulated size distributions. The simulated
contribution of washout by below cloud scavenging and thenumber densities of the individual size bins were multiplied
effect of sub grid scale convection. Figure 4 shows the timeby these factors. On 17 April 2010, the Falcon measured ver-
series of the non-calibrated number density for the 1 um birtical profiles of the number density close to Leipzig, Ger-
of the individual sensitivity runs at the surface at a grid point many (Fig. 5, right). We used the measured number densities
that corresponds to the location of the observatory Hohenfor particles with a diameter greater than 1.5 um and summed
peiBenberg, Germany (%8 N, 11°01 E). For the simu-  up the normalised number concentrations of our size bins 3,
lated period the parameterization of deep convection doe$, 10, 15, and 30 um for that location and time. For heights
not change the results. That indicates that deep convectioabove 3000 m we determined a factor of roughly 100 for the
did not occur within the plume between Iceland and Hohen-final calibration of the simulated number densities (Fig. 5,
peiBenberg. Larger differences in comparison to the refersight). Below 3000 m there is still a large difference between
ence run show up when washout is neglected especially beneasured and simulated values. These differences can be ex-
tween 19 and 20 April 2010. This underlines the high relative plained by non-volcanic aerosol which is not covered by the
importance of this process. Increasing the number of verticapimulations. By this procedure, we transferred our results
layers leads to changes in the appearance of the concentratidnto quantitative ones. From the calibrated number concen-
maxima on 17 and 21 April 2010. trations and assuming the mass density of volcanic ash to
be equal to 2500 kg ? we calculated mass concentrations.
For comparison of the calibrated number densities we use ob-
servations that were carried out by DWD at the observatory
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From 16 to 19 April 2010, huge differences up to a factor

of 10 between both emissions are found. Based on this find-
ing, we reduced our emission during the time period with the
biggest differences, i.e. from 17 April, 00:00 UTC until 18

17.4.
(b) 2010

Figure 6. Temporal development of the simulated (thin) and ob- : . L
served (thick) number density of the 3 um particlés. relation April, 12:00 UTC by a factor of 5.0 and repeated our simu

between source height and source strength following Mastin etlatlons' F!gqre 6b gives the results of these S'mUIat'o_ns' The
al. (2009) and(b) correction of the source strength according to 1arge deviation of the model results from the observations on
Stohl et al. (2011). The thin lines give the results of the forecast21 April disappeared completely. During the rest of the time
runs that are started with a time lag of 6 h. of period C, the model results are somewhat lower than the
observation for this model run. As the observations are partly
outside of the uncertainty range given by our ensemble re-
sults (e.g. 21 April, 00:00 UTC) it shows that our ensemble
HohenpeiRenberg which is located at a distance of roughly.qyers only parts of the uncertainty.
400 km from Leipzig. Figure 7 presents a correlation plot that allows a quanti-
Figure 6a shows the temporal development of the meayaive assessment of the quality of our forecast ensemble.
sured number density of particles with a diameter of 3.5 Umgown are the results presented in Fig. 6b. The correlation
and the simulated (calibrated) number densities for the siz&qefficient is 0.79. The majority of the points are located
bin 3um. The results of the individual forecast runs areyithin the range of a factor of 2. We calculated additional
shown. With respect to the level of agreement, three timegtatistical quantities according to Boylan and Russell (2006)
periods can be distinguished (labelled a, b, and ¢, Fig. 6a)g assess the quality of our model results. Those are the mean

During time period A, the individual model results differ sub- fractional bias (MFB) and the mean fractional error (MFE).
stantially from the observations. We found that the quality of

the forecast increases for shorter forecast times. The most 1 X (em—co)

excessive overestimation seen in period A is related to thdIFB = N Z @ @)

final hours of a 78 h forecast run. This confirms the huge im- i=1 2

pact meteorology has on ash dispersion. During the 3 daygnd

of period B, the agreement of the individual forecast results

with the observations is much better and the spread of th?\/IFE— i i |em — col 3)

individual runs is reduced. During the beginning of period C N (cﬁ%)

and especially during the first 3 days, the model results differ

from the observations. co IS the measured concentration anpglis the modelled con-
Stohl et al. (2011) derived emission data for the 2010 Ey-centration,N is the number of pairs. According to Boylan

jafjallajokull eruption using inverse modelling techniques. and Russell (2006) the performance of the model is quanti-

Figure 2 of the original paper compares the a priori estimatedied in the following way: good performance: MFB+ 30%

emission strength based on a plume model of Mastin (2007and MFE< +50 %; average performance: M8+ 60%

with the a posteriori emission from the inversion algorithm. and MFE=< +75 %; poor performance: MFB £ 60 % and

i=1
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MFE > +75 %. In our case we found an MFB {30 % and
a MFE of 73%. That means our results lie in the average
performance range.
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5 Uncertainties and conditional probabilities of the
simulated ash concentration Figure 9. Probability to exceed a threshold concentration of vol-
canic ash of 2000 ugm? in % between flight levels FL200 and

Volcanic ash forecasts are associated with large uncertainFL350 (6096 m and 10668 m) at 16 April, 12:00 UT@) model
ties. Two extreme situations can be thought of. Firstly, weruns with reduced plume heigkh) reference runs(c) model runs
might have highly accurate emission data but high uncertainWith increased plume heigh(g) all model runs.
ties in the forecast of the meteorological variables. Secondly,
we might have highly uncertain emission data but small un-
certainties in the meteorological variables. In both cases thensemble (Hoffmann and Kalnay, 1982) to address the ques-
quality of the concentration forecast of volcanic ash would betion of uncertainty of our volcanic ash forecast. Although in
low. In reality we usually have a mixture of both and espe- case of a volcanic eruption the missing source strength is the
cially the uncertainties of the forecast of the meteorologicalbiggest driver of uncertainty we could show that using obser-
situation depend on the atmospheric conditions. A commorvations at a single point of time for recalibration of the model
method to quantify and to account for the uncertainties ofcan reduce this uncertainty to a large extent. Only when the
meteorological forecasts is ensemble simulations instead oémission characteristics of the volcano changed drastically
a single forecast. Different methods are applied to generaté¢he model results differ from the observation (Fig. 6).
ensemble forecasts e.g. variation of boundary and initial con- In the following we will evaluate the model results for
ditions or different physical parameterizations. which we applied the Mastin et al. (2009) emission parame-

On the global scale the TIGGE (THORPEX Interac- terization plus the calibration described in Sect. 4 (Fig. 6a).
tive Grand Global Ensembléttp://tigge.ecmwf.inyproject  This ensemble is named reference ensemble. Moreover, we
brings together the results of 10 international forecast centreproduced two additional time lagged ensembles varying the
worldwide. Ensemble forecasts are created applying differentop of the plume height at the volcano ky1000 m. This in
methods e.g. singular vectors (DelSole, 2007) and stochastiaddition varies the total emissions of volcanic ash according
perturbations of physics tendencies. A detailed overview ofto the Mastin et al. (2009) parameterization. Figure 1 shows
the individual methods used by the ensemble systems is dodhe source strengths that correspond to the modifications of
umented at the following addreddtp://tigge.ecmwf.int/On the top height of the plume at the volcano.
the regional scale DWD runs an ensemble system with a hor- Figure 8 shows the ensemble mean and the standard de-
izontal grid size of 2.8 km for the COSMO-DE domain that viation of the individual members for the three time lagged
covers mainly the area of Germany (Gebhardt et al., 2008)ensembles for the grid point Hohenpei3enberg. For a bet-
On the European scale, i.e. the COSMO-EU domain used irter assessment of the results the statistical information (stan-
this study, however, such an ensemble system does not exigiard deviation) of the reference ensemble is put in the fore-
at DWD. Therefore, we decided to make use of a time laggedyround. The mean values of the reference ensemble and the

Atmos. Chem. Phys., 14, 78377845 2014 www.atmos-chem-phys.net/14/7837/2014/
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ensembles with modified source height and strength show thare one would derive that two separated areas exist where
same temporal behaviour during the whole simulation pe-the probability to exceed the threshold value is above 70 %.
riod. Time periods where the standard deviation of the en-One area is close to the source another one covers parts of
semble members are small change with those where thegorthern France, Belgium, the Netherlands and parts of west-
are large but in an unsystematic manner. The reason is thern Germany. In case of the reference ensemble (Fig. 9b) the
nonlinear behaviour of the atmosphere. It is quite interest-spatial extension of both areas are increasing. Consequently,
ing that there exist time intervals where the standard devithe areas are increasing again for the ensemble with the in-
ation of the reference case covers the major part of the unereased plume height increased by 1000 m (Fig. 9c).
certainty while the model runs with modified source height The spatial patterns in all cases remain similar. If we take
and source strength do not add considerable amount of urall ensemble members together and calculate the probability
certainty. However, starting with 23 April the individual sim- measure we get the result shown in Fig. 9d.

ulations do not overlap anymore. Now the variability of the Compared to a single model output based on the spatial
atmosphere causes only a small amount of uncertainty andistribution of mass concentration these probabilities that
the impact of a 1000 m error on the plume height causes &ontain at least the uncertainties caused by atmospheric vari-
much greater uncertainty than meteorology does. The latteability and to some extent also the uncertainties due to emis-
is also due to the fact that the concentrations at HohenpeilRersions are a step forward in volcanic ash forecast for aviation
berg are then affected by the reduction of the top of the plumesafety. This approach can be improved by using more sophis-
height that occurred from 17 to 19 April at the volcano. At the ticated ensemble methods as they are applied for example
beginning of the eruption phase, when the top of the plumewithin TIGGE in the future.

height in the reference case was in the order of 8000 m a

variation of the plume height af 1000 m varies the source
strength according to Eqg. (1) by roughly a factor of 3. When
the top of the plume height of the reference case reduces t

6 Summary and conclusions

The online coupled model system COSMO-ART was used

3km a variation of the plume height af 1000 m modifies . : .
. in an operational forecast mode at DWD to simulate number
the source strength according to Eq. (1) by a factor of 17. : . - .
and mass concentrations of volcanic ash for six different size

This is the reason why at the beginning, when the plume,_. : . . .
height is quite high the meteorology is the main contribu—imrsilr;gfgmg from 1 to 30 um for the time period 14 until 25
tor to the uncertainty while later on, when the plume height P :

: Sensitivity runs with non-calibrated ash concentrations
decreased the source strength becomes more important. :
T N X " showed the great importance of a correct treatment of the
Civil aviation and official air traffic control authorities de-

o . . washout process and a sufficient vertical resolution.
pend on quantitative ash forecasts for flight planning and de- . L )
L . . : . A comparison of the qualitative results with backscatter
cision making. Volcanic ash advisory centres usually deliver _.. .
2 . . . ratios measured by a LIDAR system close to Munich shows a
spatial distributions of ash concentrations at different flight . .
descending ash plume in good agreement. The rate of descent

levels. A stgp beyond that 'S giving conditional probabilities calculated from the model results and from the observations
that a certain threshold is violated. .
differs by 50 %.

Using the re_sults of our ca_\l_lbrated time !"?‘gged ensembles Using observations carried out with the DLR research air-
allows producing such conditional probabilities. The proba- o
- . ; . craft close to the volcano and close to Leipzig the model
bilities are calculated in the following way. The four daily esults were calibrated. Using onlv these sinale measure
model runs with 78 h forecasts at 00:00 and 12:00 UTC and. ' 'g only g .
ments already a good quantitative agreement between sim-

48 h forecasts at 06:00 and 18:00 UTC result in up to 12 real- : .
o ., . ... ulated and observed number concentrations at Hohenpeif3en-
isations for a specific target date. These different realisation

. %erg is achieved until 21 April. Then model results and obser-
of the time-lagged ensemble allow us to calculate a proba- _.. . : g :
. . _ vations differ substantially. The agreement is improved using

bility measure. The conditional probabilities we are present- 4 .
a source strength correction factor based on the inverse mod-

ng .here cover only par_ts of the total_ gncertamhes_ .O.f vol- elling work by Stohl et al. (2011). The correlation coefficient
canic ash forecast. In Fig. 9 the conditional probabilities of )
for the time lagged ensemble reaches a value of 0.79.

the maximum mass concentration of volcanic ash between Performing additional simulations with varving plume
flight level 200 and 350 (approx. 6100-10675m) exceed-,_ . 9 i ying pL
height at the volcano allows quantifying the uncertainties of

ing a threshold of 2000pgni are presented for 16 April 0?he model results due to atmospheric variability and due to

2010 at 12:00 UTC. For this date, the ensemble consists source parameters. Although one might argue that the source
10 members. To improve the statistical basis for the calcula- P X 9 9 9

tion of the probability, an additional upscaling using & 6 term will always raise the highest level of uncertainty we

. : . .. demonstrated that already a limited number of high-quality
neighbourhood of each grid point was performed resulting in ' :
: ) observations can help to calibrate the model and to reduce
360 values at each grid point.

Figure 9a presents results for the time lagged ensembléhls uncertainty. Then the uncertainty caused by meteorology

with the reduced plume height at the volcano. From this fig—mCIUdlng the process of washout gains in importance.
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