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Abstract. Currently NOAA's National Weather Service (NWS) runs the HPAST dispersion model with a unit mass release
rate to predict the transport and dispersion of volcanic @sle model predictions provide information for the Voloarish
Advisory Centers (VAAC) to issue advisories to meteorobadiwatch offices, area control centers, flight informatienters,
and others. This research aims provide quantitative fetsaaf ash distributions generated by objectively and ogityresti-
mating the volcanic ash source strengths, vertical digtion and temporal variations using an observation-maodehversion
technique. In this top-down approach, a cost functionaéf;néd to mainly quantify the differences between modelipteghs
and the satellite measurements of column integrated astentmations, weighted by the model and observation urioégs.
Minimizing this cost functional by adjusting the sources\pdes the volcanic ash emission estimates. As an exam@& 19
(MOderate Resolution Imaging Spectroradiometer) sgelétrievals of the 2008 Kasatochi volcanic ash clouds aesl tio
test the HYSPLIT volcanic ash inverse system. Because tiedligaretrievals include the ash cloud top height but e t
bottom height, three options for matching the model corregions to the observed mass loadings are tested. Althdugh t
emission estimates vary significantly with different opsathe subsequent model predictions with the differentassees-
timates all show decent skill when evaluated against thesimélated satellite observations at later times. Amorggttitee
options, integrating over three model layers yields slighétter results than integrating from the surface up tovtieanic ash
cloud top or using a single model layer. Inverse tests alswghat including the ash-free region to constrain the maiabt
beneficial for the current case. In addition, extra constsaio the source terms can be given by explicitly enforcing-ash”
for the atmosphere columns above or below the observed astl thp height. However, in this case such extra constranets
not helpful for the inverse modeling. It is also found thahsltaneously assimilating observations at different Smeduces
better hindcasts than only assimilating the most recergrobtons.
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1 Introduction

Large amounts of ash particles are produced during violeltawic eruptions. After the initial ejection momentumryarg
them upwards, ash particles rise buoyantly into the atmergpirhen volcanic ash travels away from the volcano folhgwi
the atmospheric flow. Fine ash particles may remain in th@spinere for days to weeks or longer and can travel thousdnds o
miles away from the source. They have severe adverse impac¢te aviation industry, human and animal health, agricelt
buildings, and other infrastructure. To help prepare fat anitigate such impacts, it is important to not only monitat klso
forecast the volcanic ash transport and dispersion.

Starting from a memorandum of understanding (MOU) signedié&en the United States National Oceanic and Atmospheric
Administration (NOAA) and the Federal Aviation Administi@n (FAA) in December 1988, the NOAA Air Resources Labora-
tory (ARL) developed a Volcanic Ash Forecast Transport Angigarsion (VAFTAD) model for emergency response focusing
on hazards to aircraft flight operations (Heffter and Stunii@93). Currently NOAA's National Weather Service (NWShsu
the HYSPLIT dispersion model (Draxler and Hess, 1997; Steal., 2015a) with a unit mass release rate to qualitatipedy
dict the transport and dispersion of volcanic ash. The mpdadictions provide important information for the Volcarfsh
Advisory Centers (VAAC) to issue advisories to meteorotadjivatch offices, area control centers, flight informatienters,
and others.

In order to quantitatively predict volcanic ash, realig@urce parameters need to be assigned to the volcanic aspara
and dispersion models. Mastin et al. (2009) compiled a figroptions which had well-constrained source parameiéisy
found that the mass fraction of debris finer thanu88(m63) could vary by nearly two orders of magnitude betwemalk
basaltic eruptions~ 0.01) and large silicic ones>(0.5). Default source parameters were assigned to the worldie tha@n
1500 volcanoes. They may be used for ash-cloud modeling févepbservations are available in the event of an eruption.

With the advancement of remote sensing techniques, seseliave played an important role in detecting and monigorin
volcanic ash clouds (Seftor et al., 1997; Ellrod et al., 20®&rgola et al., 2004). An automated volcanic ash cloudctiete
system has been developed and continuously improved @asdat al., 2006, 2013, 2015a, b). In addition to detectimg) a
monitoring ash cloud, satellite measurements allow mahygksid characteristics to be quantified. For instance, WiehRose
(1994) used two-band data from NOAA Advanced Very high Resmh Radiometer (AVHRR) to retrieve total mass of a
volcanic ash cloud from the August 19, 1992 Crater PeaktSyaicano, Alaska eruption. Using multi-spectral satellitata
from the AVHRR-2 and ATSR-2 instruments, Prata and Gran0QQ(rovided a quantitative analysis of several properties
of the Mt Ruapehu, New Zealand, ash cloud, including masdinga cloud height, ash cloud thickness, and particle adiu
The quantified ash cloud parameters can be directly insertedransport and dispersion models as ‘virtual sourcasfriom
the vent. Wilkins et al. (2014, 2016) applied this technigadhe eruption of Eyjafjallajokull in 2010 using infraretR)
satellite imagery and the NAME model. It was also applied bgv@ord et al. (2016) to the 2008 Kasatochi eruption usirgg th
HYSPLIT model.

Under a general data assimilation and inverse modelingdveork, satellite measurements can be used to constrain the
model and estimate emission parameters using variousitpe® For instance, Stohl et al. (2011) applied an invarsalneme
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to the Eyjafjallajokull eruption using a Lagrangian disgen model with satellite data and demonstrated the effectiss of
the method to yield better quantitative volcanic ash ptéahs. Schmehl et al. (2012) proposed a variational tealeihat uses
a genetic algorithm (GA) to assimilate satellite data tedaine emission rates and the steering winds. A HYSPLITrswe
system based on a four-dimensional variational data alsgion approach has been built and successfully appliedtimate
the cesium-137 releases from the Fukushima Daiichi Nudbeaver plant accident in 2011 (Chai et al., 2015). The present
work further develops on the HYSPLIT inversion system taneate the time- and height-resolved volcanic ash emissit r
by assimilating satellite observations of volcanic ashe $fistem is tested with the 2008 Kasatochi eruption usingatedlite
retrievals from passive IR sensors.

The paper is organized as follows. Section 2 describes ttedligaobservations of volcanic ash, HYSPLIT model and
configuration, and the inverse modeling methodology. $ac3i presents emission inversion results and Section 4 shssu
the corresponding volcanic ash forecasts with the estignsterce terms. A summary is given in Section 5.

2 Methodology
2.1 Satellite observations

The volcanic ash observations are based on MODIS retriénats Terra and Aqua satellites. They include ash mass lgadin
cloud top height, and effective particle radius. Pavolanial. (2013, 2015a, b) described the details of the retrimedhodol-

ogy and how the ash cloud observations are derived from thieved parameters such as radiative temperature andigityiss
Here volcanic ash observations of the 2008 Kasatochi enti five different instances are utilized. The observatiorre
projected to a latitude-longitude grid with a resolution0of5° in latitude and in0.1° longitude. Figure 1 shows volcanic
ash mass loadings and ash cloud top heights of five granude$. granule contains 6 minutes of data and it covers an area
of approximately 1500 km along the orbit and 1650 km wide.eNtbiat the satellite observations outside the shown domain
are discarded. As the discarded data are mostly locatedndpeiithe volcano vent, they are not expected to provide lisefu
information to estimate the source strength. The placeseavbatellite retrievals did not detect existence of ash sheww
mass loading. It will be shown later that such ash free regioay be used along with the observed ash cloud to constrin th
dispersion model. Table 1 shows the observation time andeuof grid cells with and without ash detected for each gienu

It is seen that the clear regions dominate the satellitersaBens. Integrated mass loadings based on the satedite ate
also listed in Table 1. They decrease from 9688 kg for the first granule (G1) to 3.25108 kg for the last granule (G5).
This probably reflects the gradual loss of the total volcasic mass due to deposition. Note the total mass is likelftslig

underestimated for the second granule (G2) where the isalelt sight of the eastern edge of the ash cloud.
2.2 HYSPLIT model configuration

In this study, volcanic ash transport and dispersion areeteadusing the HYSPLIT model (Draxler and Hess, 1997, 1998;

Stein et al., 2015a). A large number of three-dimensiongraagian particles are released from the source locatidrpas-
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Figure 1. MODIS volcanic ash mass loadings (left) and ash cloud top height(right}i lfeden top to bottom following their observation

time (see Table 1 for detall). “+” shows the location of Kasatochi volc&201(714N, 175.5183W). Note that the satellite observations to
. o 4

the left of the map domain are not used in this paper.
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Table 1. Description of MODIS ash cloud observations. “Ash cells” and “cledistshow number of grid cells with and without ash
detected, respectively. Total mass is obtained by integrating mass lsawliegthe observed region.

Observation time Ash cells | Clear cells| Total mass (kg)
G1 | 1340Z on 8 August, 2008 3778 92230 9.68x10°
G2 | 0050Z on 9 August, 2008 9604 56161 6.69x10°
G3 | 1250Z on 9 August, 2008/ 13226 107104 5.37x10°
G4 | 0000Z on 10 August, 2008 13876 98686 3.72x10%
G5 | 1150Z on 10 August, 2008 15088 100211 3.25x108

sively follow the wind afterward. A random component basadazal stability is added to the mean advection velocityaote
of the three-dimensional wind component directions to sateuthe dispersion. Ash concentrations are computed byrsngn
each particle’s mass as it passes over a concentrationgjtidnd dividing the result by the cell’'s volume.

Both NOAA's Global Data Assimilation System (GDAS) (Klegtal., 2009) and the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA Interim global atmospheaoadysis (Dee et al., 2011) were used as inputs for HYSPLIT.
The basic information of the two data sets is listed in Tabl&€H2 concentration grid is set @05 resolution in latitude and
0.1¢ in longitude with a vertical spacing of 2 km extending frone urface to 20 km.

A total of 290 independent HY SPLIT simulations were run with a unit enuissate released from all possible combinations
of 29 different hours from 192, August 7, 2008 to 23Z, Augus2808, and 10 different 2000m layers. Note that at the first
layer, particles are released from the top of the vent, 30@oveasea level to 2000m, while at other layers particle sdsare
uniformly distributed throughout the layer at the centethaf grid as a line source. In each simulation, particles of fifferent
sizes are released as different pollutants. At all release &nd height combinations, the contributions to the totass are
assumed constant, at 0.8%, 6.8%, 25.4%, and 67.0% for lessties of 0.6:m, 2.0pm, 6.0m, 20.0m, respectively.

Table 2. Description of GDAS and ECMWF meteorological data.

Data set Horizontal Vertical pressure levels Output in-
resolution terval
GDAS 1°%x1° every 25 hPa from 1000 to 900 hPa, every 50 hPa from 900 &hours

50 hPa, and 20 hPa
ECMWF 0.75° x0.75° | every 25 hPa from 1000 to 750 hPa, every 50 hPa from 750 @hours
250 hPa, every 25 hPa from 250 to 100 hPa, 70 hPa, 50 hPa,

30 hPa, and 20 hPa




10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-750, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 13 October 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

2.3 Matching model to observations

As shown in Section 2.1, satellite observations provideraahs loadings and ash cloud top heights after detectingrashe
are several options to construct the model counterpar@ifeerved ash cloud mass loadings. Three different opti@teated
here. In the first option, model volcanic ash concentratfoor® the ground or sea level up to the model layer where thactlo
top height resides are integrated to calculate the massigally the model simulation. In the second option, the singbdel
layer where the retrieved cloud top height resides is usedistruct the mass loadings. Integrating over three layerdrom
one layer below to one layer above the cloud top layer, ishiid bption to be tested.

When ash is not detected, grid cells are flagged as clear direshThis is equivalent to zero mass loading and infinite
cloud top height. The model counterpart is obtained by matiédgg simulated concentrations from the surface to thealom
top. Constraining the model simulation with these zerawwalbservations is expected to help remove spurious sofroras
which the transport and dispersion will likely generateitiddal ash clouds which are not observed.

At locations where ash is detected, the observations canrtieef exploited to provide additional constraints. As elstud
top heights are provided along with the mass loadings, thdigate that no ash is above the cloud top. However, no irdtéon
can be inferred for the region below the cloud top. As a resmadth ash cell actually generates two pieces of information
Besides the observed volcanic ash cloud mass loadingsanedtiearlier, clear atmospheric columns above the cloudstop
the other implicit piece of information that can be used irig=ion inversion as well. Similar to using zero-value olbatons
at ash-free locations, the integrated mass loadings abeesh cloud top may also be used to filter out unlikely souktésen
the “observed” ash cloud is assumed to be limited to one singldel layer or three layers, it is also possible to add fe-as
below-cloud constraints in the inverse modeling. Althosghbh constraints are based on an assumption that is notsatvuey
it will be tested nonetheless.

In addition to detected ash and clear cells, another saeeaists when satellite observations cannot provide pesir
negative answers for ash detection, e.g., due to metedcalagoud obstruction. In such a case, no useful infornmatian be
used to constrain the model. For the 2008 Kasatochi erupbierlying meteorological clouds were nearly absent aridl va
observations appear across the satellite swaths.

2.4 Transfer Coefficient Matrix (TCM)

A transfer coefficient matrix (TCM) 0290 columns can be generated using all or a subset of the reegliftDDIS observa-
tions listed in Table 1 and the results of &) HYSPLIT simulations with unit emission. A transfer coeféiot in the TCM is
essentially the mass loadings at an observation pointtieabiv represents resulted from a dispersion run with a umisgion

that the column indicates.

Figure 2 shows the two-dimensional transfer coefficientrites averaged over all ash pixels for five granules. As asfean
coefficient corresponds to the mass loadings resulted fromitaash release rate, integrating over more model layerddvo
produce larger transfer coefficients. It is clearly seer tha single layer option, shown as the middle column in Fég2ir
has the averaged TCMs with the lowest values. Figure 2 alsasithat integrating from surface up to ash cloud top layer
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generally results in TCMs with the largest values amongtinest options. As the option to add over three layers (rightroa

in Figure 2) includes a layer above the cloud top layer thabisincluded in option 1, transfer coefficients at the uppgets
may have larger values. Note that a block of zero transfeffic@nts after 10Z August 8 appear for G1. Ash releases after
the observation time of G1 do not affect G1 observations.diditeon, releases need time to travel to the observed logcati
Figure 2 shows that, as expected, the averaged transfdiotemfs tend to be smaller for later observations due toedigpn.
The averaged TCMs using ECMWF meteorological data (not shavensimilar to the GDAS results shown here.

2.5 Emission Inversion

Following a general top-down approach, the unknown emistgoms are obtained by searching for the emissions thatdvoul
provide the model predictions which most closely match theeovations. In the current application with the known eolc
location, the emission rates vary with time and releasethteiyVith the potential emission time period divided intotefurly
intervals and the release heights separated into 10 Viddigars, the discretized two-dimensional unknown emiss$ias290
components to be determined.

Similar to Chai et al. (2015), the unknown releases can beeddbdy minimizing a cost functional that integrates theetif
ences between model predictions and observations, davsatif the final solution from the first guessriori), as well as
other relevant information written into penalty terms (B\a11991). For the current application, the cost functiohiad defined

as,
qU qu 1 - n 2
Fo 1 z; z; . 5 Z Uy — G ) m (1)
i=1j ’ m=1

whereg;; is the discretized two-dimensional emission over M=29 bBaamd N=10 Iayequf- is the first guess oa priori
estimate an(zir2 is the corresponding error variance. Note that we assumaertbertainties of the release at each time-height
are independent of each other so that only the diagonal bé;mf the typicala priori error covariance matrix appears in
Equation 1. We choose a small constant emission raté‘ofi/hr (=~ 2.8 x 10~2kg/s) at all hours and layers as the first guess.
Large uncertainties are given in the following tests to mfthe fact that little was known for the mass emission ratfsand

a?, are the mass loadings simulated by HYSPLIT and retrieved BD\S, respectively. The observations here refer to both
the volcanic ash mass loadings for the ash cloud and the atwes/for the ash-free regions. Zero mass loadings alsodacl
those calculated over the atmospheric columns above owlash clouds as discussed earlier in Section & 4includes the
variances of the observational and representative efforssimplicity,e2, are referred as observational errors hereafter and are
assumed to be uncorrelated with = 0.50 x a2, + 0.3 g/m?. No smoothness penalty term is included in the cost funation
because of the abrupt nature of the volcanic eruptions. gelacale bound-constrained limited-memory quasi-Newtate,
L-BFGS-B (Zhu etal., 1997) is used to minimize the cost fioral F defined in Equation 1. The maximum number of
cost functional evaluations is set 250 for cases in Section 3 and 2500 for those in Section 4. To enson-negativey;;
solutions from the optimization; is converted tdn(g;;) as input to the L-BFGS-B routine. An alternative to this ioaing
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Figure 2. Averaged TCMs with three different options in calculating model massngadColumn 1: integrating from surface to cloud top;
Column 2: calculated for a single layer where the cloud top height resti#amn 3: integrating over three layers centered at the cloud top

layer). Rows 1-5 (from top to bottom) correspond to observations G1-5
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the ¢;; > 0 with lower bounds enabled by the L-BFGS-B routine. Chai e{2015) provides a detailed discussion on the
conversion of control and metric variables. Although thbgwed that using logarithmic concentration differencethimcost
functional performed better than directly using concetigradifferences in their application, the logarithmic gersion on the
metric variablea,,, is not beneficial for the current application. It is becauserange of the volcanic ash mass loadings here
is much smaller than that of the Cs-137 air concentratiogs@ntered in their application. In addition, the utilizatiof zero
mass loadings in many ash-free regions prohibits u&irig?, ). In this study, the mass loadings are directly comparedeén th

cost functional without logarithmic conversion.

3 Emission estimates

The emission estimates obtained by minimizing the the aasttional 7 introduced in Equation 1 highly depend on the
uncertainties given to tha priori and observations. Sensitivity tests are first performedhanging the magnitudes of the

a priori error variances while the observational error estimat®fixed. Chai et al. (2015) demonstrated that the emission
inversion results were not sensitive to the first guess oéthissions when large uncertainties are presumed.

In the sensitivity tests, ash cloud data at G1 and G2 are dagdch Largea priori error variances are presumed, with
0~ 10'2 g/hr (=~ 2.8 x 10° kg/s) ando;; ~ 106 g/hr (=~ 2.8 x 10° kg/s). Figure 3 shows that the emission inversion results
are slightly different from each other when tagriori errors are assumed differently, as expected. Howeverlaipatterns
are apparent for both cases with the differandriori error variances. A peak release greater than 5000 kg/s snadxs at
04Z August 8, 2008 at the 6-8 km layer for both cases. This deimmtes that the emission estimates are most decided by
the satellite data wheapriori errors are assumed large enough. For the following tests phiori error variances are set as
0;7 ~ 10'2 g/hr (=~ 2.8 x 10° kg/s).

Waythomas et al. (2010) characterize the eruption by thremexplosive events and two smaller events. Events 1 and 2
started at 22017 on Aug. 7 and 0150Z on Aug. 8, respectivdlgse two events reached 14 km and produced water-rich but
ash-poor clouds. Event 3 happened at 0435Z on Aug. 8. It gateash-rich cloud that rose up to 18 km. About 16 hours of
continuous ash emission was punctuated with events 4 an@A.a% and 1142Z on Aug. 8.

In the above cases, the HYSPLIT simulated mass loadings eedealated by integrating from the surface to ash cloud top
heights at the ash cells. Figure 4 shows the emission estsnuaing all three options in calculating model mass loadifge
emission results are significantly different with diffeteptions. For the case where the model counterparts of tiedita
mass loadings are obtained by integrating from surfacedacctop, the ash releases started at 01Z, August 8, 2008 from
the 8-10 km layer. The emissions lasted for four hours aneneled to multiple layers, reaching up to the 14-16 km layer,
and down to the 4—6 km layer. After 1 hour without ash, modgevaicanic ash releases continued for six hours until 12Z on
August 8, and mainly between 8-16 km. A small ash emissioass than 80 kg/s is seen at the 12—-14 km layer starting at 15Z
for 1 hour. If the model mass loadings are obtained by onlysi®ring a single layer where the cloud top height resides, t
resulting release source terms are limited to layers beti@e16 km. The ash releases started at 032, August 8, aed fast
three hours before resuming again two hours later. With giorison and off for the next two hours at the 14-16 km layer, the
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Figure 3. Volcanic ash release results with differenpriori error estimations (Topr;; ~ 2.8 x 10° kg/s; Bottom:o;; ~ 2.8 x 10° kg/s).
The TCMs for the emission inverse were generated using HY SPLITwith&GDAS meteorological data. Only ash cells of the satellite data
at G1 and G2 are used in the emission inverse. Model counterpartbtaiaesl by integrating from surface to ash cloud top heights at ash

cells.



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-750, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 13 October 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

ash release continued for 6 hours and peak at 14-15Z, Augish8 12—-14 km layer. There is also an isolated emissiort poin
at the 14-16 km layer starting at 23Z, August 8 for an hourhilast case where the model mass loadings are calculated by
integrating over three layers centered at the cloud toprdlye ash releases are drastically different from the fiwst tases.

The ash releases start much earlier, at 20Z, August 7 anelis@se heights are within the 14-18 km range. The releage the
extended to more layers, but the main sources went lowes.l&kied for 13 hours before stopping at 9Z on August 8. A sitcon
spurt of ash release started at 11Z from the 14-16 km layeremdined above 12 km before pausing again five hours later.
Several weaker ash releases are found between 14-18 krs Eylater times from 19Z on August 8 to 0Z on August 9.

The three emission estimates in Figure 4 do not reproducerthption as described by Waythomas et al. (2010), but manage
to capture some characteristics of the eruption. Withofatrmation on the vertical profiles of the ash cloud, how thessna
loadings are interpreted greatly affect the release estignas shown by the drastic differences between the essnsabwn
in Figure 4. Thus, it is difficult to generate reliable andaete actual volcanic ash emission estimates if the aslil cledical
structures are undetermined. However, it will be shownrlgiat such emission estimates can still help improve ashdclo
forecasts.

4 Ash predictions with top-down emission estimates

A series of tests were performed to find the best inverse niraglsétup which improved volcanic ash cloud forecasts thstmo
In Section 4.1, the evaluation metrics are described. Iii&@ed.2, the choices of calculating the model counterpaifrthe
satellite mass loadings are compared. In Section 4.3, whéthuse ash-free region to constrain the model is investiydn
Section 4.4, the effect of keeping older observations whesmen observations become available is discussed.

4.1 Evaluation metrics

For model evaluation, total column mass loadings are cocigtd by integrating predicted concentrations from théaserto

the domain top. They are used to compare with the satelliserations in each granule shown in Figure 1, including both
ash and clear points. Using total column mass loadingsadsié any of the options described in Section 2.4 aims to pvi

a fair comparison among the three options by avoiding theptexities associated with the vertical structures of thieamwic

ash cloud. Note that Crawford et al. (2016) excluded massb2lkm when integrating the model results to obtain the mass
loadings because the satellite retrieval is less sensdilmv-level ash. Such exclusion may improve the evaluadtatistics but

it is not expected to affect the inter-comparison betweéferdint model runs. Mean bias (MB), fractional bias (FBptrmean
square error (RMSE), normalized RMSE (NRMSE), and Pearsomlation coefficient (R) are calculated. FB and NRMSE
are scaled by the average of model and observation meardditioa, critical success index (CSl) defined below is cldtad

for ash detection.

Npit
NFalseAla,rm + NHLf + NM'IGG

CSI = (2

11
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Figure 4. Volcanic ash release estimates with different options in model mass loadioglation. From top to bottom: integrating from

surface to cloud top (same as Figure 3 top), calculated for a single ldyexevthe cloud top height resides, and integrating over three layers

centered at the cloud top layer. 12



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-750, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 13 October 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

A threshold of 0.1g/m?, the approximate lower limit of the MODIS satellite data, setused to categorize ash existence
for both model predictions and observationNgy;;, NraiscAiarm, aNd N5 denote the numbers of grid points where ash is
predicted and observed, ash is predicted but not obseraddysh is observed but not predicted by model, respectively.

Following Draxler (2006), Kolmogorov-Smirnov paramet&SP) and “Rank” are calculated. KSP measures the largest
difference between the cumulative distribution functiofishe model predictions and observations. As shown in Eona,
the “Rank” adds up four components which all range fi@to 1. The larger “Rank” values indicate better overall perfonoa
of the model results.

Rank:R2+(1—@)JFCSHQ—KSP) 3)

4.2 Model mass loadings

The HYSPLIT predictions using the estimated source ternes asimilating G1 and G2 observations are evaluated stgain
the satellite observations of G2, G3, G4, and G5, respdgtiVde three options to calculate the model ash mass loading
discussed earlier are employed in the inverse modeling sTdiestics are listed in Table 3.

Comparing against the G2 observation, Table 3 shows thegriating over three model layers yields (option M1) slightl
better results based on most statistics. It is true for cadthsboth GDAS and ECMWF meteorological fields. The advantage
of M1 option is not apparent when comparing against otheenagions. Based on Rank, the ECMWF cases are better than
the GDAS cases against G2, but the Ranks for ECMWF casesatates faster with time, and become worse than the GDAS
cases when model output is compared to G4 and G5 observalibasmodel predictions have the best statistics compared
against G4 than against the other satellite granules (G2a@BG5). The case with GDAS meteorological fields and thesethr
layer mass loading option M1 has the best Rank of 3.02 (FB®&0.72, CSI=0.62, KSP=0.10). If only G2 observations
were assimilated, the model performance would be expectgeak when compared against G2. However, as both G1 and
G2 observations are assimilated, this is no longer true.efteet of assimilating different observations will be dissed later
in Section 4.4. Table 3 shows that the model tends to underast the ash mass loadings of G2 and G3 and then mostly
overestimate the ash mass loadings of G4 and G5. It resuthg ibest FB against G4 for GDAS cases and the best FB against
G3 for ECMWEF cases as the FB signs change. Since the volcamiwiglisperse with time, the average mass loadings get
smaller. This is reflected in a basic trend of decreasing R8A8iEh time although the NRMSEs slightly increase.

While different evaluation metrics may not always agree wileh other, the overall performance parameter Rank prsvide
a simplified way to compare model results. Only Ranks aredistnd used to compare model predictions hereafter. Using
HYSPLIT ensembles, Stein et al. (2015b) estimated the taioées for the Rank to be approximately 0.1.

4.3 Extra constraints

As discussed in Section 2.3, ash-free regions indicaternass loadings and infinite cloud top heights. Cloud top heigan
also be used to enforce ash-free atmospheric columns almbe@nic ash cloud. In addition, ash-free atmospheric calkim

13
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below the ash cloud may be assumed if an ash cloud thicknessinsated. Whether such extra constraints benefit the iavers
modeling is tested here using the 22 inverse cases listeghile . The Ranks evaluated against G2-5 are listed. It igdfthat
when the additional constraints of including the clear [gixaitside the ash cloud are used, the Ranks decrease. Tissthue
against G2-4, for all three mass loading calculation ogsti@amd for both sets of meteorological data. Two exceptiomfoand
against G5 for the ECMWEF cases with the MO and M1 options, irctviitanks increase from 2.17 to 2.32 and 2.28 to 2.38,
respectively. Adding the extra constraints of a clear calahove the ash cloud again generally causes a decreasekn/&an
exception is the ECMWEF case with the M1 option (three modetisyised for mass loading calculation) in which the extra
“top” constraint results in a marginally better predictioevaluated against G5 (Rank 2.39 versus 2.38). When theraimnst

of clear column below ash cloud are further added for the M M options, the ranks decrease significantly, especially f
the MO option in which a single model layer is used to constitue model mass loadings.

4.4 Older observations

As newer observations become available, whether to incthdeolder observation in the assimilation remains a questio
Table 5 lists statistics of 10 cases evaluated against lgsau5 using both GDAS and ECMWEF fields. In the inverse modelin
only ash pixels were used and the model mass loadings anglai@id by integrating over three layers centered at thedclou
top layer (M1 option). It is found that assimilating G2 and ¢&lds greater Ranks when comparing against G3 and G4
observations than assimilating G2 alone. At G5, theretls litifference between the two strategies. Note that atsimg G2
alone helps to get better statistics against the same @iimrs than assimilating G1 and G2 at the same time, alththigh
does not help the forecasts of G3 about 12 hours later.

After G3 is available, three strategies to utilize the alalé observations G1, G2 and G3 are tested. The results stadw t
assimilating G2 along with G3 observations achieve betimdasts at G4 and G5 moments than assimilating only G3. It is
also found that including G1 in the assimilation does not enatkich difference. Again, the assimilation of G3 alone 1tssul
in a closer match between model predictions and G3 obsengtbut the forecasts at later times are worse than if tHeear
observations are also assimilated.

Figure 5 shows the comparison between MODIS observatiotn$#MEPLIT simulations using the estimated source terms
obtained by assimilating G1, G2 and G3 with both GDAS and ECMW&teorological fields, listed as the last two cases
in Table 5. The simulated ash cloud corresponding to G1 am@war than the satellite observations and the mass loading
values are underestimated. Crawford et al. (2016) founddylandrical source terms performed better than the linerses
assumed here. Inverse modeling with cylindrical sourcdkheiinvestigated in the future. The HYSPLIT simulationgtwi
both meteorological fields agree well with granules G2 anda@8 it is reflected by the high Rank vales (Table 5). This is
expected as the same observations were assimilated tom dhéaash release rates. Against G4, the model results eatbieir
ash cloud locations and magnitudes very well for both cades case with GDAS inputs appears to have similar mass Igadin
values as the observations while ECMWF case has a narrowTsidg the main ash cloud with higher values than the MODIS
observations. In addition, the ECMWF case shows two taildeanthe GDAS case has only one tail resembling the MODIS
observations. Both cases show tapering shapes of the thithwappear different from the satellite view. Against theef

14
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observations of G5, HYSPLIT simulations start to deviaterfthe MODIS, as indicated by the lower Rank. Both GDAS and
ECMWF simulations capture the ash cloud at the similar locatias observed by the satellite, but show smoother stasctur
It is speculated that meteorological fields with higher gpand temporal resolutions might be able to improve thecshd
predictions.

There were several lidar observations of the Kasatochi &sidgprovided by CALIPSO satellite (Winker et al., 2010;
Kristiansen et al., 2010; Crawford et al., 2016). The HYSP&imulations shown in Figure 5 are also compared against the
532 nm backscatter vertical profiles along the three CALIRSE&passes coincident with G1, G4, and G5. The comparisons
reveal that both GDAS and ECMWF simulations captured the msiincloud features at approximately the same location and
altitude.

5 Summary

An inverse system based on HYSPLIT has been developed te gwheffective volcanic ash release rates as a functiomef ti
and height by assimilating satellite mass loadings and sl ¢op heights. The Kasatochi eruption in 2008 was usechas a
example to test and evaluate the current top-down systembeth GDAS and ECMWF meteorological fields.

When quantifying the differences between the model premtistand the satellite observations, the model counterparts
be calculated differently using the 3-D model concentratiesults because the observed ash cloud bases are unknuen. T
options to construct the model mass loadings, integratdiganic ash concentrations from the surface up to the clopd t
height or just using one or three model layers, are testethferinverse system. It is found that the emission estimedeg
significantly with different options. However, all the pretions with the different estimated release rates shoveneskill
when evaluated against the unassimilated satellite oasens at later times. The option of integrating over thremled layers
yields slightly better results than integrating from sggaip to the cloud top or using a single model layer.

The extra constraints of enforcing zero mass loading in #iefeee regions are tested with the inverse system. The Imode
predictions using the emission estimates generated withextra constraints are worse than those using the emissionates
generated by only assimilating the ash pixels. Additiomal-ash” constraints for the atmosphere columns above onbttle
observed ash cloud top height are found to further detegdfe subsequent model predictions using the top-downsémnis
estimates.

Assimilating multiple granules at different times proveb®beneficial. As new observations become available, teetedf
one-day-old observations becomes marginal, but assinglatass loadings from the most recent and those at aboubd2-h
earlier yield better results than only assimilating the tmesent observations.

The spatial and temporal resolutions of the meteorolodields may need improvement for future studies. The lines®ur
assumed here can be replaced by more realistic cylindrizatss in the future. A simple particle size distributiorthwiiour
different particle sizes is used at all release height ame.tWith MODIS effective radius available, a more realist@y to
represent the particle size distribution can be explored.
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Figure 5. Volcanic ash mass loadings from MODIS (left) and HYSPLIT simulations WIilPAS (center) and ECMWEF (right). From top to
bottom following their observation time (see Table 1 for detail). “+” showsltiwation of Kasatochi volcano (52.1714, 175.5183W).
White areas indicate regions outside satellite granules for MODIS obsersattor HYSPLIT simulations, the white areas indicate zero
mass loadings in order to reveal the ash cloud boundaries. The asbaetdes for the HYSPLIT simulations were obtained by assimilating
granules G1,G2,and G3. In the inverse modeling, only ash pixels vsetand the model mass loadings are calculated by integrating over

three layers centered at the cloud top layer.
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Table 3. Evaluation statistics against G2, G3, G4, and G5 observations for caibediffierent ways to calculate model mass loadings.

G1 and G2 are assimilated for all cases listed here. MET: meteorologmakinOBS: satellite observations used for evaluation. ML(Mass
loading): MA, integrating from surface to cloud top; MO, calculated foirglke layer where the cloud top height resides; M1, integrating
over three layers centered at the cloud top layer. MB: mean bias; &&idnal bias; RMSE: root mean square error; NRMSE: normalized
RMSE; R: Pearson correlation coefficient; CSl: critical success i8R Kolmogorov-Smirnov parameter. Rank is defined in Equation 3.

MET | OBS | ML | MB(g/m?®) | FB | RMSE g/m?) | NRMSE| R | CSI | KSP | Rank

MA | 000 |-0.45 0.63 298 | 0.60] 052 0.05| 2.61
| | 62 |mo| 010 |-045| 068 | 325 |054] 054|004/ 258 |
| | | m1| 010 |-047| 063 | 303 |060| 058|004 266 |
| | | mMA | 004 |-038| 028 | 307 |o064|055] 005|272
| 6 | 63 |mo| 003 |-028 033 | 340 |060| 059 004|277
| o | M| 003 |-032] 030 | 313 |o061]061] 005 277
A mMAa | 001 |-010| 018 | 240 |072|062] 012 2.96 |
| s | ea|mo| o001 |o01| 025 | 302 |065]064|007| 29 |
| | M| o000 |oo04| 019 | 239 |072|062]010] 302
| | |mMA | 001 |-009| 021 | 321 |043|043]023| 234
| | 65 | mMo| o001 |o019| 025 | 333 |041]045]022] 231
| | m1| o001 |o12| 022 | 312 |043|045|025| 232 |
| | | mMAa | 006 |-026| 061 | 267 |066|053] 003 281
| | 62 | mo| 004 |-016] 072 | 300 |o065|058]005]| 287
| | | m1| 007 |-032| 060 | 269 |069|063] 004 290
| E | mMa | 001 |-013] 034 | 325 |062|052]004] 280 |
| c | e |m| o001 [o005s| 045 | 401 |060| 056|004/ 285 |
oM | m1| 002 |-01s| 035 | 340 |o061| 055|004 280 |
| w mMA | 001 |o16| 028 | 321 |068|055] 013 280 |
| F | ca|mo| 007 |-032] o060 | 260 |069]063|004] 290
| | m1| o002 |o18| 034 | 387 |063|056| 008|278
| | mMAa | o001 |o18| 026 | 355 |042]|045|021| 233
| | 65 | Mo | 005 |os1| 037 | 417 |043] 044|020 217 |
| | M| o002 |o028| 020 | 376 |042]|045]020] 228
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Table 4. Ranks of the inverse tests with various extra constraints evaluated aG&n&3, G4, and G5 observations (OBS). Mass loading
(ML): MA, integrating from surface to cloud top; MO, calculated for a $algyer where the cloud top height resides; M1, integrating over
three layers centered at the cloud top layer. Extra zero observatistramns: H, with clear pixels; T, with clear column above ash cloud; B,
with clear column below ash cloud. Ash cells are assimilated in all invergsc8atellite data at both G1 and G2 are used for all cases listed
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here.
| oBs | ML | GDAS ECMWF
| H [ HeT [ HeTeB | - | H | HeT | HeTHB
MA | 261]226] 200 - |281[250][220] -
G2 | MO | 258 203| 1.65| 117 | 287|246 1.82 | 122
M1 | 266 | 2.27 | 217 | 1.81 | 2.90| 2.63| 254 | 2.00
MA | 272] 2381 204 - |280]253]217] -
G3 | MO | 277|221 | 1.74| 137 | 285|261 1.83| 133
M1 | 277 | 236 | 225 | 188 | 2.80| 261 256 | 2.06
MA | 296| 264|223 - | 280]250] 237] -
G4 | MO | 296 245|183 | 140 | 290|281 203 | 138
M1 | 3.02| 262 | 251 | 205 | 278|274 272 | 217
MA | 234]205] 173 - | 233|228 201] -
G5 | Mo | 231|208 152| 105 | 217|232 177 | 1.05
ML | 232 | 204 | 196 | 170 | 228|238 239 | 1.81

Table 5.Ranks against G2—G5 for HYSPLIT simulations after assimilating variooghinations of observation inputs. Model counterparts
of the satellite mass loadings are calculated using “M1” option, i.e. integratiagthree layers centered at the cloud top layer. Only ash
cells are assimilated for all the inverse cases listed here. "()" indicateththabservations have been assimilated.

Inputs GDAS ECMWF
G2 G3 G4 | G5 G2 G3 G4 | G5
G2 | (2.70) | 2.69 | 2.86 | 2.27 | (2.90) | 2.76 | 2.76 | 2.29
G1,G2| (2.66) | 2.77 | 3.02| 232 | (290) | 2.80 | 2.78 | 2.28
G3 | 259 | (3.16)| 289 | 2.20 | 2.43 | (3.07) | 2.78 | 2.10
G2,G3| (2.69) | (2.94) | 2.94 | 2.26 | (2.76) | (2.91) | 2.81 | 2.23
G1,G2,G3| (2.61) | (2.93) | 2.96 | 2.28 | (2.77) | (2.98) | 2.86 | 2.20
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