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1 Introduction 

 The Eyjafjallajökull volcano is a high-latitude stratovolcano on the south coast of Iceland, with a summit at 1666 m 
above sea level (Siebert and Simkin, 2002-2012). The explosive phases of the Eyjafjallajökull eruption began on April 14th, 
2010. This activity continued until 18thApril (the first explosive phase) and between 18th April and 4th May the eruption 
intensity felled. The explosive activity resumed on 5th May 2010and continued with a varying intensity until May 18 (the 
second explosive phase)(Gudmundsson, 2011) producing fine-grained ash rich plumes. From May 18ththe eruption intensity 
declined, with continuous activity ending on May 22th2010. Some of the fine-grained ash, produced predominately during 
the first explosive phase and the early part of the second explosive phase (May5th-7th, 2010) (Stevenson et al., 2012), was 
carried over large distances bynorthwesterly atmospheric winds (Bonadonna et al., 2011; Stevenson et al., 2012; Woodhouse 
et al., 2013; Bonadonna et al., 2003; Pouget et al., 2013). 

 The ash dispersal from an explosive eruption is a function of multiple factors, including magma mass flow rate (MFR), 
degree of magma fragmentation, vent geometry, plume height, particle size distribution and wind velocity (Taddeucci, 2011; 
Spark, 1997). MFR can then be derived by dividing the erupted mass by the eruption duration (if known) or based on 
empirical and analytical relations with plume height (e.g. Degruyter and Bonadonna, 2012; Mastin et al., 2009; Woodhouse 
et al., 2013). By combining data from ground surveys and remote sensing measurements, it is possible to gain more insights 
into tephra dispersal. In particular, multi-spectral visible and infrared observations from both low-Earth orbit (LEO) and 
Geosynchronous Earth orbit (GEO) satellites can provide estimates of dispersed fine ash especially over ocean at hundreds 
of kilometers far away from the vent (Schneider et al., 2012) However, contamination by water clouds, water vapor 
variability and low sensitivity to particles larger than 10 microns are still open issues for quantitative retrieval. 
 Microwave radars can be exploited to extract ash spatial-temporal distribution in proximity of the volcano vent (Lacasse 
et al., 2004; Marzano et al., 2006; Marzano et al., 2011). Radar technology is well established and can nowadays provide fast 
three-dimensional (3D) scanning antennas together with Doppler and dual polarization capabilities (Marzano et al., 
2012).Radar data can be quantitatively interpreted by applying the Volcanic Ash Radar Retrieval (VARR) physically-based 
technique(Marzano et al., 2006). Previous studies have shown that coarse ash grain sizes larger than 100 microns can be 
detected by C-band radars at few hundreds of kilometers with a spatial resolution of few kilometers, whereas X-band radars 
can even detect fine ash particles at closer ranges less than 75 kilometers (Marzano et al., 2012). 
 The source mass flow of volcanic plume is fundamentally related to the plume height as result of the dynamics of 
buoyant plume rise in the atmosphere (Morton et al., 1956).Estimates of source mass flow from empirical relationship with 
the observed rise height can take explicit account of the state of the atmosphere at time of the eruption (e.g., Degruyter and 
Bonadonna, 2012). This work shows a tentative for estimating ash concentration, mean ash diameters, plume height and 
mass flow rate from the C-band weather radar observations in Keflavik of the Eyjafjallajökull eruption in 2010. Models and 
infrasound detections are used as well to make comparisons with the radar estimates. The outcome of this research might be 
of some utility for the initialization of ash dispersion models thus hopefully improving their forecast skills . 
 The paper is organized as follows. Section 2 provides an overview of the main ash parameters derived from weather 
radar and MFR estimation methodologies, Section 3 is dedicated to illustrate MFR and plume top height inter-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 quantitatively estimate the geophysical properties of a volcanic ash 
cloud, as successfully demonstrated in the last decade (Lacasse et al., 2004; Marzano et al., 2006; Marzano et al., 2011). 
Under the assumption of Rayleigh scattering, the co-polar horizontally polarized reflectivity factor ZH (mm6 m−3 or dBZ) is 
related to size distribution of ash particle polydispersion by:
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where�(mm) is the equi-volume spherical particle diameter and Na(D) is the particle size distribution(PSD, in m-3 mm-1) 
with D1 and D2 the expected minimum and maximum particle diameter. A general scaled form has been assumed in previous 
works to describe ash PSD (m-3mm-1), formally expressed by (Marzano et al., 2006; Marzano et al., 2010). In this work we 
have used a PSD reduced to a scaled Gamma function: 
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where Dn(mm) is the number-weighted mean diameter, and in a logarithmic plane, Nn is the intercept, Λn is the slope, µ is the 
shape factor, and ν is the slope factor. The PSD normalization is such that Nn and Λn are related to the mean diameter Dn and 
ash concentration Ca.  

 If ρa(in grams per cubic meter) is the ash density and ma=ρa(π/6)·D3 is the mass of sphere-equivalent ash particles, then 
the mass concentration Ca (g·m

-3) can be expressed by: 
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where the factor 10-3 in (2.3) comes from a dimensional analysis of Ca, D and Na. 
 The VARR approach, widely described in previous works (Marzano et al., 2006; Marzano et al., 2010) consists of two 

main steps: ash classification and ash estimation. Both steps are trained by a physical electromagnetic forward model, 
basically summarized by (2.1), where the main PSD parameters are supposed to be constrained random variables. Each ash 
class is characterized by an average effective diameter <Dn>and an average concentration <Ca>. The number of classes Nc is 
put equal to 9 (3 size classes by 3 mass classes) and each class is supposed to follow a Gaussian random distribution, as 
shown in previous works(Marzano et al., 2010; Marzano et al., 2011). The ash classification is performed by using the 
Maximum A Posteriori Probability (MAP)criterion. The probability density function (PDF) of each ash class (c), conditioned 
to the measured reflectivity factor ZHm, can be expressed through the Bayes theorem (Marzano et al., 2006; Marzano et al., 
2010). For each radar volume bin Vb, the ash concentration Ca (g·m

−3) can be theoretically expressed by means of the ash 
mass particle ��. The inversion problem to retrieve Ca from ZHm can be statistically approached to take into account the 
inherent parameter variability. Through the training forward model, a power-law regressive approximation may be used as a 
function of the ash class c-th for estimate Ca for a given volume bin within the 3D radar scan (Marzano et al., 2006; Marzano 
et al., 2010): 

������ = �������        (2.4) 

where ZHm is the measured reflectivity factor and ac and bc are the regression coefficients, derived from simulated training 
dataset for each class c.  

 Within the usual approximation of Rayleigh backscattering, from the measured radar reflectivity factor ZHm and the 
estimated concentration value Ca for a given volume bin, if the class shape parameter µ(c) is assumed to be constant, it is 
possible to estimate the mean diameter Dn

(c) of the particle distribution through: 
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 The erupted mass in the column above the vent can be retrieved by summing the ash concentration of all radar bins in the 
(radar visible) column itself VC at a given time step. 

 The 3D radar-based ash concentration estimate around the volcanic vent can be used to provide an approximate 
quantification of the MFR. The mass continuity equation states that time variation of the ash mass concentration Ca (kg/m3) 
within a volume above the vent is equal to an input source term, due to the (positive defined) concentration flow rate fR 
(kgm-3s-1), minus a sink term, due to the flow divergence rate, outward the eruption column (Sparks  et al., 1997).We can 
take into account possible air entrainment into the plume (which would dilute the ash concentration) and the ash flows into 
the umbrella cloud region due to local turbulent circulation. By integrating over the eruption columnar volume VC above the 
vent and using the divergence theorem, we obtain: 

)()],(),([
),(

tFdVttCdV
t

tC
R

S

a

V

a

CC

+⋅−=
∂

∂
∫∫ rvrn

r
0

    

(2.6) 

where n0 is the normal unit vector belonging to the closed surface SC surrounding the column volume VC, v(r,t) is the plume 
velocity vector field, whereas the mass flow rate FR (kg/s) is defined by: 
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and the derivative mass rate DR (kg/s) and advection rate AR (kg/s) by: 
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 We can now determine the MFR by discretizing equation (2.7) as a function of the weather radar measurements around 
the volcano vent, and then evaluate MFR at each k–th time step tk from: 

)()()( kRkRkR tAtDtF +=      (2.9) 

 If the 3D vectorial velocity field v(r ,t) of the divergent advection rate AR is negligible or, in any case, difficult to estimate 
with a good confidence, from equation (2.8) we can anyway provide an estimate of the mass flow rate by distinguishing the 
positive time derivative of Ca from its negative derivative one. This means that we may approximate FR and AR by: 
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where the right-hand side terms indicate the positive (negative) time derivative of the ash concentration Ca within each radar 
volume bin. The terms ARapp is practically estimated using the technique described in Montopoli et al., 2012. 
 Starting from the VARR-estimated Ca, we can derive another important source parameter, i.e. the top plume height 

using a threshold Cath on estimated Ca as follows: 

]);,,(([);,,( athaZCa CtrCzMaxtrH ≥= ϕϑϕϑ     (2.11) 

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

2.2 Mass flow rate estimations from analytical models and infrasonic techniques 

 The MFR, reconstructed from radar scans directly probing the ash column above the volcano vent, can be compared with 
that derived from simplified one-dimensional (1D) eruption models (Degruyter and Bonadonna, 2012; Marzano et al., 2006; 
Sparks, 1986; Peterson et al., 2010). In particular, it is well known that MFR can be related to a power of the plume height 
top height Ht (Sparks, 1997). Several analytical formulas have been proposed in the last decades; more recently a nonlinear 
model has been derived including both wind and buoyancy local meteorological conditions at a given instant through 
(Degruyter and Bonadonna, 2012): 
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wherea0, a1 and a2 are coefficients dependent on the gravitational acceleration, air density, buoyancy frequency, top-hat 
profile radial entrainment coefficient, wind entrainment coefficient and wind velocity profile. Inter-comparisons between 
equations (2.9) and (2.12) are of interest for validation of the 1D analytical model of Degruyter and Bonadonna, 2012 

(hereinafter D&B) and consistency check of MFR estimates (Marzano et al., 2012). 
 The radar-based MFR estimation can be compared with those derived from infrasound techniques(Ripepe et al., 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): 

31
6617686

/

..)( 






 ⋅=
air

pR

ur
pRtF

ρ
ρ

     (2.13) 

whereρp is the mixture density, ρair the air density, R the source radius and r the distance at which acoustic pressure is 

measured. 

 

3 Eyjafjallajökull eruption on May 6 th, 2010: intercomparison between sensor retrievals and 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 6th, 2010 during the Eyjafjallajökull volcanic eruption. 

Fig. 1 shows in the upper three panels the histogram of mean diameter Dn, calculated at three first elevation angles 

above volcano vent, showing a Dn 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 Ca estimation histogram for 

the same angles, with several peaks that vary mainly between 0.1 and 2 g∙m-3, 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 fields and 
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MFR from infrasound data. In the same figure, the approximate derivative mass rate DRapp, obtained from DR setting to 

zero the negative values, that is the AR 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 height estimation where radar 
retrievals are obtained by imposing a concentration Ca threshold (10-6 g·m-3) within VARR. An increase of height estimation 
from 12:00 till 17:00 is noted in both estimations.  

 

Fig 1:The upper panels show the histograms of VARR-derived mean diameter Dn in logarithmic scale, whereas lower 
panels show ash concentration Ca for the identified coarse ash classes, estimated around the volcano vent for 24 hours on 

May 6th, 2010 both for the first three elevation angles above the volcano vent. 

 

Fig 2: Comparison of temporal trends of VARR-estimated MFR (without the advection term, FRapp) with 1D model-based 
MFR, deduced from the Degruyter-Bonadonna (D&B) formula for minimum/maximum plume height estimations and MFR 

derived from infrasonic retrieval techniques.  
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Fig 3: Radar-based estimation of plume top height (HVARR, using Ca-threshold technique within VARR) and 
intercomparisons with minimum and maximum infrasonic array estimation (HInfraS) from 00:00 till 24:00 UTC on May 6th, 

2010 during the Eyjafjallajökull volcanic eruption.. 

 

When the plume advection velocities term is considered, the correlation among VARR-estimated MFR and model-based 
MFR, deduced from the D&B model, for different wind speeds (30 and 60 m/s) is shown in the Fig.4.  

For May 6th, 2010 the radar-estimated MFR values are around 3·106kg/s. Using the HVARR estimation as an input for 

the D&B 1D model, the obtained MFR values can vary around 106kg/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. 

 

Fig 4: Correlation among VARR-estimated MFR (considering the advection terms, FR) and model-based MFR, deduced 
from the Degruyter-Bonadonna 1D formula for different wind 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 6th, 2010, presents a range of values agreeing quite 

well with those obtained by1D 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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