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1 Introduction

The Eyjafjallajokull volcano is a high-latituderatovolcano on the south coast of Iceland, withummit at 1666 m
above sea level (Siebert and Simkin, 2002-2012%. &tplosive phases of the Eyjafjallajokull eruptlegan on April 14,
2010. This activity continued until 8pril (the first explosive phase) and betweer!" ¥ril and 4" May the eruption
intensity felled. The explosive activity resumed $hMay 2010and continued with a varying intensityiluktay 18 (the
second explosive phase)(Gudmundsson, 2011) pragificie-grained ash rich plumes. From May'tt® eruption intensity
declined, with continuous activity ending on May"2010. Some of the fine-grained ash, produced préauaely during
the first explosive phase and the early part ofstheond explosive phase (M&y3", 2010) (Stevenson et al., 2012), was
carried over large distances bynorthwesterly atmesp winds (Bonadonna et al., 2011; Stevensoh,e2@12; Woodhouse
et al., 2013; Bonadonna et al., 2003; Pouget £2@1.3).

The ash dispersal from an explosive eruptionfisnation of multiple factors, including magma mdlesv rate (MFR),
degree of magma fragmentation, vent geometry, ploeight, particle size distribution and wind vetgqiTaddeucci, 2011;
Spark, 1997). MFR can then be derived by dividihg erupted mass by the eruption duration (if knoanpased on
empirical and analytical relations with plume hei¢dng. Degruyter and Bonadonna, 2012; Mastin .e2809; Woodhouse
et al., 2013). By combining data from ground suss/agpd remote sensing measurements, it is possilgiain more insights
into tephra dispersal. In particular, multi-spektrisible and infrared observations from both loarth orbit (LEO) and
Geosynchronous Earth orbit (GEO) satellites cawigeestimates of dispersed fine ash especially ogean at hundreds
of kilometers far away from the vent (Schneideragét 2012) However, contamination by water cloudster vapor
variability and low sensitivity to particles largéran 10 microns are still open issues for quantéaetrieval.

Microwave radars can be exploited to extract gsttial-temporal distribution in proximity of the lkeano vent (Lacasse
et al., 2004; Marzano et al., 2006; Marzano e#&l1,1). Radar technology is well established amdnzavadays provide fast
three-dimensional (3D) scanning antennas togethén Woppler and dual polarization capabilities (l&@no et al.,
2012).Radar data can be quantitatively interprétedpplying the Volcanic Ash Radar Retrieval (VARB)ysically-based
techniqgue(Marzano et al., 2006). Previous studastshown that coarse ash grain sizes larger tB@miicrons can be
detected by C-band radars at few hundreds of kilersavith a spatial resolution of few kilometerdjesreas X-band radars
can even detect fine ash particles at closer ralegeghan 75 kilometers (Marzano et al., 2012).

The source mass flow of volcanic plume is fundatalgnrelated to the plume height as result of th@mamics of
buoyant plume rise in the atmosphere (Morton etl&56).Estimates of source mass flow from emgiriekationship with
the observed rise height can take explicit accofithe state of the atmosphere at time of the enfe.g., Degruyter and
Bonadonna, 2012). This work shows a tentative fimeating ash concentration, mean ash diametenseplheight and
mass flow rate from the C-band weather radar obsiens in Keflavik of the Eyjafjallajékull eruptioim 2010. Models and
infrasound detections are used as well to make adsgns with the radar estimates. The outcomeisfrésearch might be
of some utility for the initialization of ash digén models thus hopefully improving their forecsislls .

The paper is organized as follows. Section 2 plesian overview of the main ash parameters defficaed weather
radar and MFR estimation methodologies, Section @edicated to illustrate MFR and plume top heigtgr-comparisons,
whereas conclusions are drawn in Section 4.

2 Estimation of volcanic eruption source parameters
2.1 Radar-based measurements and retrievals

Meteorological microwave radars can be used to tifatively estimate the geophysical properties ofcécanic ash
cloud, as successfully demonstrated in the lasadke¢Lacasse et al., 2004; Marzano et al., 2006zat®@ et al., 2011).

Under the assumption of Rayleigh scattering, th@alar horizontally polarized reflectivity fact@, (mn® m= or dBZ) is
related to size distribution of ash particle posgdirsion by:

Z,(r,9,¢0) = f;’f DN, (D)dD 2.1)
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whereD(mm) is the equi-volume spherical particle diameted N,(D) is the particle size distribution(PSD, in*mm?)
with D; andD, the expected minimum and maximum particle diameétegeneral scaled form has been assumed in previou
works to describe ash PSD tmm?), formally expressed by (Marzano et al., 2006; 2a0 et al., 2010). In this work we
have used a PSD reduced to a scaled Gamma function:

oy, 2T
Na(D;/u:V;Dn:Ca):Nn(D_j e On (22)

whereD,(mm) is thenumber-weighted mean diametand in a logarithmic plané\, is the interceptj, is the slopey is the
shape factor, andis the slope factor. The PSD normalization is sthetiN, and A, are related to the mean diamebgrand
ash concentratio@,.

If pa(in grams per cubic meter) is the ash density ragh,(7/6)-D* is the mass of sphere-equivalent ash particles; th
themass concentration &gm*) can be expressed by:

C, =107 [ m,(D)N, (D) dD :7—67 0,m; (2.3)
1

where the factor Idin (2.3) comes from a dimensional analysi€gfD andN..

The VARR approach, widely described in previougksoMarzano et al., 2006; Marzano et al., 2010)siis of two
main steps: ash classification and ash estimaBmth steps are trained by a physical electromagrfetiwvard model,
basically summarized by (2.1), where the main P8Eupeters are supposed to be constrained randaablest Each ash
class is characterized by an average effective eli@mD,>and an average concentratiof,s=. The number of classé§ is
put equal to 9 (3 size classes by 3 mass classdsgach class is supposed to follow a Gaussiaromandistribution, as
shown in previous works(Marzano et al., 2010; Maza&t al., 2011). The ash classification is perfuinby using the
Maximum A Posteriori Probability (MAP)criterion. €hprobability density function (PDF) of each asdssl€), conditioned
to the measured reflectivity fact@r,,, can be expressed through the Bayes theorem (Mamraal., 2006; Marzano et al.,
2010). For each radar volume Bbif, the ash concentratid®, (g'm ) can be theoretically expressed by means of the as
mass particlen,. The inversion problem to retriev@, from Zy,, can be statistically approached to take into actthe
inherent parameter variability. Through the trainforward model, a power-law regressive approxiomthay be used as a
function of the ash clagsth for estimateC, for a given volume bin within the 3D radar scaraflthno et al., 2006; Marzano
et al., 2010):

¢ = a.zbe. (2.4)

whereZy, is the measured reflectivity factor aagdandb, are the regression coefficients, derived from satad training
dataset for each class

Within the usual approximation of Rayleigh backtméng, from the measured radar reflectivity fac#p,, and the
estimated concentration val@ for a given volume bin, if the class shape paramgf is assumed to be constant, it is
possible to estimate the mean diam&g? of the particle distribution through:

/) _ 3 ZHmPa
Dn” = \/fz(u(”))éfzc) 29)

The erupted mass in the column above the venbeartrieved by summing the ash concentrationlgadbr bins in the
(radar visible) column itsel¢ at a given time step.

The 3D radar-based ash concentration estimatendrdlie volcanic vent can be used to provide an cqipiate
quantification of the MFR. The mass continuity eiiprastates that time variation of the ash masseomationC, (kg/nT)
within a volume above the vent is equal to an inpaudrce term, due to the (positive defined) corregion flow ratefg
(kgms™), minus a sink term, due to the flow divergence rautward the eruption column (Sparks et al97)9Ve can
take into account possible air entrainment intoghene (which would dilute the ash concentratiom)l he ash flows into
the umbrella cloud region due to local turbulemtwaliation. By integrating over the eruption columralumeV, above the
vent and using the divergence theorem, we obtain:

jac o)y V== §ng [C, (1,6 (r,6)]dV +Fy(t) (2.6)

SC
wheren, is the normal unit vector belongmg to the closadaceS: surrounding the column volumé, v(r,t) is the plume
velocity vector field, whereas the mass flow laggkg/s) is defined by:

Fy(0)= [ fylr 6V = jMdWAR(Q 2.7)

VC C

and the derivative mass rddg (kg/s) and advection rafg (kg/s) by:
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oC(r,t
Dg(t)= j ( Dav; AR()= §C,(r ) [no W (r,£)]dS (2.8)
SC
We can now determine the MFR by dlscreuzmg eiguaf2.7) as a function of the weather radar meaments around

the volcano vent, and then evaluate MFR at éatitime stefy from:
Fp(ty)=Dg(t,)+ Ap(ty) (2.9)

If the 3D vectorial velocity field/(r,t) of the divergent advection rafg is negligible or, in any case, difficult to estitma
with a good confidence, from equation (2.8) we aagway provide an estimate of the mass flow ratelib§inguishing the
positive time derivative o€, from its negative derivative one. This means thamay approximatBg andAg by:

AC Ot
FRapp(tk) DRapp(tk] DZAV a’kT(k)
(2.10)
AC,. ()|
Apapp (tic) DZAV #

where the right-hand side terms indicate the p@sifnegative) time derivative of the ash conceiurat, within each radar
volume bin. The term8gap,is practically estimated using the technique dbedrin Montopoli et al., 2012.

Starting from the VARR-estimated C,, we can derive another important source parameter, i.e. the top plume height
using a threshold Cy, on estimated C, as follows:

Hea(r,8,8:1) = Max,[4C, ((r 9, #:1) 2 Cy] (2.11)

where Max;, is the maximum operator with respect to altitude z(Marzano et al.,, 2012).

2.2 Mass flow rate estimations from analytical modeld afrasonic techniques

The MFR, reconstructed from radar scans direathypimg the ash column above the volcano vent, eacompared with
that derived from simplified one-dimensional (1Dygtion models (Degruyter and Bonadonna, 2012; Kozt al., 2006;
Sparks, 1986; Peterson et al., 2010). In particitlas well known that MFR can be related to a powf the plume height
top heightH, (Sparks, 1997). Several analytical formulas haaenbproposed in the last decades; more receniyknear
model has been derived including both wind and bnoy local meteorological conditions at a giventans through
(Degruyter and Bonadonna, 2012):

Fp(6)=aglaH () +a,HY ()] (2.12)

whereay, a; anda, are coefficients dependent on the gravitationakeration, air density, buoyancy frequency, top-ha
profile radial entrainment coefficient, wind entraient coefficient and wind velocity profile. Inteomparisons between
equations (2.9) and (2.12) are of interest fordatlon of thelD analytical model of Degruyter and Bonadonna, 2012
(hereinafter D&B) and consistency check of MFR estimates (Marzamb. ,€2012).

The radar-based MFR estimation can be comparduthitse derived from infrasound techniques(Ripepa.£2013)
The acoustic signal recorded during the eruption event, can be converted into plume exit velocity. Assuming that the
acoustic velocity u of the expanding surface within the conduit is equivalent to the plume exit velocity at the vent, we
can derive MFR directly from the acoustic pressure(Ripepe et al., 2013)

ri V3
FR(tJ=6-7680pR166{<p>p—} (2.13)

air
wherep, is the mixture density, p.i- the air density, R the source radius and r the distance at which acoustic pressure is
measured.

3 Eyjafjallajokull eruption on May 6 ™, 2010: intercomparison between sensor retrievalsnd model estimates

In this section radar-based estimations of MFR and intercomparison with other methodologies will be shown for
the time windowfrom 00:00 to 24:00 UTC on May"62010 during the Eyjafjallajokull volcanic eruptio

Fig. 1 shows in the upper three panels the histogram of mean diameter D,, calculated at three first elevation angles
above volcano vent, showing a D, value in a logarithmic scale, with a peak around 0.3 mm , then identifying coarse ash
class for the three elevation angles; the lower three panels show the ash concentration C, estimation histogram for
the same angles, with several peaks that vary mainly between 0.1 and 2 g-m3, then small and medium concentration.

Fig. 2 presents the time trend of radar-based MFR estimation with the superimposition of MFR derived from the
Dreyguter-Bonadonna (D&B) model, MFR computed for height estimations using from radio-sounding wind fieldsnd
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MFR from infrasound data. In the same figure, the approximate derivative mass rate Dgqpp, obtained from D setting to
zero the negative values, that is the Ag values in (2.9), is also shown. Differences between radar-based MFR and
model-based MFR are noted mainly due to different time-space sampling and sensor sensitivity. Anyway, the D&B
model-based estimations are of the same order of magnitude with the radar-derived ones.

Fig. 3 shows the superimposition between radar-based and infrasonic-based plume top heigimatson where radar
retrievals are obtained by imposing a concentrafipthreshold (18 g-m®) within VARR. An increase of height estimation
from 12:00 till 17:00 is noted in both estimations.

Eyjafjallajokull volcano: May 06", 2010 from 00:00 to 24:00
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Fig 1:The upper panels show the histograms of VARBIR«d mean diameter,n logarithmic scale, whereas lower
panels show ash concentratiog 18r the identified coarse ash classes, estimatedrad the volcano vent for 24 hours on
May 6", 2010 both for the first three elevation angles\abthe volcano vent.

x 10° Mass Flow Rate: intercomparisons
45 ; , ;
| |
a4 _ g I MFRVARR
! ! = MFR D&B
| | min
S i oo |77 |===MFRD&B__
| |
i - T e MFR

|
|
1
|
|
1
|
|
]
| | | InfraS
|
]
|
|
]
|
|
]
|
|

-1 |l =

Mass Flow Rate [kg/s]

5 i o
JHILIJImJlII “Ju.l“ LJ

0
00:00 04:00 08:00 12:00 16:00 : 24:00
May 06", 2010

Fig 2: Comparison of temporal trends of VARR-estgdaMFR (without the advection termkf) with 1D model-based
MFR, deduced from the Degruyter-Bonadonna (D&Birfola for minimum/maximum plume height estimatiorss MFR
derived from infrasonic retrieval techniques.
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Plume Top height: Intercomparison
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Fig 3: Radar-based estimation of plume top heihizgr Using G-threshold technique within VARR) and
intercomparisons with minimum and maximum infras@amray estimation (ld;.s) from 00:00 till 24:00 UTC on May”G
2010 during the Eyjafjallajokull volcanic eruption.

When theplume advection velocities term is considered, the correlation among VARRsested MFR and model-based

MFR, deduced from the D&B model, for different wiageeds (30 and 60 m/s) is shown in the Fig.4.

For May 6t, 2010 the radar-estimated MFR values are around 3-106kg/s. Using the Hyarr estimation as an input for
the D&B 1D model, the obtained MFR values can vary around 10¢kg/s consistently with the radar-based values This
result confirms that MFR estimates, derived from C-band radar measurements available every 5 minutes, can provide
a valuable information for assessing the volcanic eruption activity.

X 10° MFR comparison: May 06", 2010
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Fig 4: Correlation among VARR-estimated MFR (coesith the advection termsgfand model-based MFR, deduced
from the Degruyter-Bonadonna 1D formula for differevind speeds (30 and 60 m/s).

4 Conclusions

The extended VARR methodology to estimate MFR starting from microwave radar observables has been shown in
this work. Microwave radars can probe the internal structure of the plume, even though they are less sensitive to
finer ash grains. The estimate of the volcanic MFR is a crucial goal for eruption dynamics modelling in order to
forecast accurately the atmospheric dispersion of ash concentration during volcanic events. To this aim, it is
important to know the volcanic source parameters which initialize the transport of ash particles from the volcano to
the atmosphere.

The MFR, estimated by means of VARR for whole day of May 6%, 2010, presents a range of values agreeing quite
well with those obtained bylD analytical models and infrasonic array techniques. Indeed, 1D model can
underestimate MFR if atmospheric wind effects are neglected. The intercomparison of VARR-based MFR estimations
with those derived from infrasonic arrays has further highlighted the coherence of radar algorithm itself.
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Future works should be devoted to improve and apply the VARR algorithms to microwave radar data with higher
sensitivity and quality, exploiting observations at shorter distances and possible radar polarimetric capability.
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