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Validating Subglacial Volcanic Eruption Using
Ground-Based C-Band Radar Imagery
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Abstract—The main phase of the moderately sized November
2004 eruption of the Grímsvötn volcano, located in the center of
the 8100 km2 Vatnajökull glacier, was monitored by the Icelandic
Meteorological Office C-band weather radar in Keflavík, 260 km
west of the volcano. The eruption plume reached a height of
6–10 km relative to the vent. The distribution of the most distal
tephra was measured in the autumn of 2004, while the deposition
on the glacier was mapped in the summers of 2005 and 2006.
The tephra formed a well-defined layer on the glacier in the
region north and northeast of the craters. The total mass of the
tephra layer is quantitatively compared with the retrieved values,
obtained from an improved version of the volcanic ash radar re-
trieval (VARR) algorithm. VARR was statistically calibrated with
ground-based ash size distribution samples, taken at Vatnajökull,
and by taking into account both antenna beam occlusion and
wind-driven plume advection. The latter was implemented by us-
ing a space–time image phase-based cross-correlation technique.
Accuracy of the weather radar records was also reviewed, noting
that a large variability in the plume height estimation may be
obtained using different approaches. The comparisons suggest
that, at least for this subglacial eruption, the surface tephra mass,
estimated by using the VARR inversion approach, is in a fairly
good agreement with in situ measurements in terms of spatial
extension, distribution, and amount.

Index Terms—Ash retrieval, inversion methods, radar meteo-
rology, volcanic eruption clouds, weather radars.

I. INTRODUCTION

THE detection and quantitative retrieval of volcanic ash
clouds are of significant interest due to their impact
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on environment and human activities [1]. Volcanic eruptions
also represent a serious socioeconomic threat because of the
widespread disruption caused by the most violent explosive
eruption clouds. Atmospheric contamination by volcanic ash
may affect aircraft safety and has significant effects on air traffic
control, making rerouting of airways necessary in proximity of
the volcanic cloud [2]. Volcanic eruptions may have both short-
term effects, regarding threats to people who live near the vol-
cano, and long-term effects, because ash may drift for days or
weeks in the atmosphere before fallout is completed, thus caus-
ing serious economic costs at local and medium distances (for
example, to remove ash from buildings or farmlands) [3], [4].

Quantitative measurements and analyses of the physical and
chemical properties of volcanic ash clouds are crucial. In this
context, radar remote sensing through ground-based weather
radar may represent a very powerful, and to some extent, unique
instrument to study these phenomena in proximity of volcanic
vents [5]–[7]. Coarse ash and lapilli are expected to fall within a
few hours of ejection into the air and within distances less than a
few hundred kilometers from the volcanic vent [9] and are often
estimated to constitute more than 99% of the total ash mass
[10]. The latter may be missed by retrieval algorithms based
on satellite thermal-infrared split-window techniques which are
insensitive to ash particles larger than 5 μm [3].

Weather radar targets are usually precipitating hydrometeors
whose absorption and scattering effects on the radar transmitted
microwave are measured by the radar itself [11]. Hydrometeor
shape, dimension, and dielectric properties are undoubtedly
different from tephra particles so that weather radar cannot be
used for a reliable ash cloud monitoring without developing
ad hoc algorithms, inversion methodologies, and techniques to
process the radar data stream [12]. Among these algorithms,
the volcanic ash radar retrieval (VARR) approach has been
shown to be a general theoretical and operational framework
with the aim to infer, in a quantitative way, ash mass category,
concentration, and fallout rate from 3-D scanning weather-radar
measurements [7].

This paper presents new results of the VARR algorithm, ap-
plied to the subglacial eruption of Icelandic Grímsvötn volcano
that occurred in November 2004 and was measured by the
Keflavík C-band weather radar at a distance of about 260 km
from the volcano vent [13]–[15]. The main objective of this
paper is to assess, for the first time to the authors’ knowledge,
a quantitative consistency between radar-based ash mass re-
trievals and ground measurements. The latter have been derived
from the results of the Vatnajökull fieldwork carried out during
the summers of 2005 and 2006 [16]. Measurements of the
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Fig. 1. Tephra layer on Vatnajökull indicated over a georeferenced visible
image, taken from MODIS aboard the satellite AQUA on November 7, 2004.
The tephra deposit is covered with snow on Bárðabunga and northeast of
Grímsvötn. The tephra is exposed on Dyngjujökull stretching to the northeast
(MODIS image courtesy by J. Descloitres, MODIS Rapid Response Team,
NASA-Goddard Space Flight Center; http://visibleearth.nasa.gov).

tephra deposited on the Vatnajökull glacier, conserved within
the 2004–2005 winter snow accumulation, were systematically
performed by Icelandic teams and used in this work for ground
validation of VARR radar retrievals [7], [13]. The VARR algo-
rithm is improved by taking into account the ground sampling
of ash particle size distributions (PSDs), the effect of wind
transportation on the observed ash plume, and the occlusion of
the antenna beamwidth due to mountain obstacles.

This paper is structured as follows. In Section II, the data ob-
tained by ground sampling and probing at or near the Grímsvötn
volcano, on the Vatnajökull glacier and in northeast Iceland, are
described and analyzed. In Section III, data processing method-
ologies and radar-retrieval techniques are discussed and applied
to the Keflavík C-band weather radar. In Section IV, the radar
retrievals, in terms of the distal tephra fallout maps, the total
tephra mass, the height, and the intensity of the ash eruption,
are compared with the collected data at the ground to assess a
preliminary error budget of radar remote sensing of ash clouds.
The last section, i.e., Section V, is dedicated to conclusions and
tracing future research and development perspectives.

II. GROUND DATA ANALYSIS

The subglacial Grímsvötn volcano is located in the south-
eastern part of Iceland, in the most active part of the volcanic
zones of the island [9], [4], [14].

The eruption of the first week of November 2004 was
phreatomagmatic (without lava flows): The erupted magma
was fragmented into pyroclasts of millimeter to submillimeter
size. The erupted material was partly deposited at the volcanic
vents and partly carried into the atmosphere by a volcanic
eruption plume. The eruption was relatively small with the main
explosive phase, visible to the Keflavík radar lasting about 33 h
[14]–[16]. It produced a rising plume which bent over due to
southerly winds. Fallout of tephra from the plume was most
intense close to the vent, and most of it fell within a 50-km
distance. Smaller amounts were carried much further to the
north and northeast, reaching the coast of Iceland [18].

The tephra was deposited in a geographically well-defined
area (see Fig. 1) and subsequently covered by winter snow.
This situation provided a unique opportunity for systematic
sampling of the tephra fall deposit and, thus, for estimating the
total mass and the volume of erupted material [18].

A. Ash Distal Fallout Fields and Size Spectra Estimation

Ground sampling of ash deposits and grain sizes took place
in the summers of 2005 and 2006 [7], [16], [17]. On the basis
of distance from the volcano, two dispersion areas have been
defined [7]: 1) the inner region within 40 km from the volcanic
vent (area within the Vatnajökull glacier), excluding the crater
region between the caldera proximity and 2 km away from the
crater itself, and 2) the outer region between 40 and 140 km
from the Grímsvötn volcano.

Sampling and mass fallout measurements of the tephra were
done at 110 locations, with 69 being outside the 2-km distance
from the crater. The sampling was done as follows: 1) through
snow coring and weighting of the sample, yielding results in
kilograms per square meter; 2) in the vicinity of the crater,
where tephra thickness mostly exceeded 20–30 cm, the thick-
ness was measured in pits and in the many ice crevasses in the
area; and 3) in the area north of Vatnajökull, the tephra that
fell on a specified area was collected and weighted. The bulk
density of the tephra was found by sampling the undisturbed
tephra with a shallow corer of known volume, drying the sample
and weighing it. The mass per unit area in the crater area was
then found by multiplying thickness and density [7].

The coordinates of the sampling points have been provided
with reference to ÍSNET93, which is the Icelandic reference
topographic mapping system. According to this map datum, the
Earth is modeled with the Geodetic Reference System 1980
ellipsoid, with a semimajor axis length of 6378.137 km and
inverse flattening 1/f = 298.257222101 (where f indicates the
flattening, which is a parameter to measure how much the
ellipsoid departs from spherical). In order to provide an easy
georeferencing coordinate system, ÍSNET93 coordinates have
been converted into unprojected samples expressed in latitude
and longitude coordinates [19]. The locations of the 69 tephra
ground samples are shown in Fig. 2, which shows the measured
ground samples, the Keflavík radar, and the Grímsvötn volcano
positions superimposed on a low-resolution Icelandic coastal
line map.

Tephra grain size analysis has been carried out only for
ten samples, collected along two major dispersion axes (see
Fig. 2) and well reported and documented in [17]. According to
standard measurements, analyzed dimensions range from −4φ
to 4φ [with φ as the conventional geological unit that is equal
to φ = − log2 D, with D (in millimeters) as the equivolume
particle diameter] with a sieving step of 0.5φ; with reference to
scanned samples, about 15%–30% of the total mass has a diam-
eter smaller than 4φ. Particles finer than 4φ have been studied
using a laser granulometer with a sensitivity range of grain
size from 0.02 to 2000 μm [16]. Obtained ash size data have
been stored in table format, and examples of the mass ratio his-
tograms versus a given diameter are shown in Fig. 3 as a func-
tion of the sampling distance from the Grímsvötn volcano [17].

The grain size distribution is a sample-dependent parameter,
defined as the ratio between the mass at a given φ and the total
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Fig. 2. Tephra-sample georeferenced locations over an Icelandic coastal line
low-resolution map. (Crosses) All the processed 69 ground observations are
shown, as well as (circle) the Keflavík radar and (triangle) the Grímsvötn
volcano positions. Latitude and longitude are expressed in decimal degrees,
with zero longitude at the Greenwich meridian (positive westward) and zero
latitude at the equator parallel (positive northward). The black dots along the
coastline are artifacts generated by the image representation at lower spatial
resolution.

Fig. 3. Ash size distribution, with reference to some collected samples (BO-
05, BO-03, Ks-05, Ks-02, Kt-02, Kt-04, Ku-05, and Ku-03) and to different
distances from the Grímsvötn volcano (from 6 to 28 km; at the top—farther
samples from the Grímsvötn volcano).

mass of the sample. These samples are collected at 6–30-km
distance from the vent. Since more than 50% of the erupted
material fell in the proximity of the vent, these samples cannot
be used to determine the proportions of grain sizes produced in
the eruption, but they indicate that there is no systematic change
over this range of distances from the vent. They may therefore
be a representative estimate of the grain sizes in the plume at
medium distances.

The PSD suitably describes the occurrence per unit volume
and per unit size of particles of a given diameter [20]. The
PSD, usually expressed in m−3mm−1, is essential to estimate
the radar backscattering and absorption properties of a volcanic
cloud particle ensemble [12]. An iterative procedure to fit two
theoretical PSD distributions, namely, scaled-gamma PSD (SG-
PSD) and scaled-Weibull PSD (SW-PSD), has been performed
in order to obtain the optimum values for shape parameters μ
and γ. The formal expressions of SG-PSD (NSG) and SW-PSD
(NSW) are [20], [12]⎧⎨
⎩
NSG(D;μ,Dn, Ca) = NnG

(
D
Dn

)μ

e−ΛnG( D
Dn

)

NSW(D;μ,Dn, Ca) = NnW

(
D
Dn

)μ

e−ΛnW ( D
Dn

)
μ+1 (1)

where D is the equivolume particle diameter, Dn is the number-
weighted mean diameter, Nnx and Λnx are the normalized PSD
“intercept” and “slope” parameters (with x = G or x = W ), re-
spectively, and Ca is the ash mass volumetric concentration. For
the SW-PSD, μ = 3γ + 2 holds, and sometimes, the parameter
γ is preferred. The algorithm to fit the measured PSD Nm(D),
provided in terms of a sampled histogram, to the modeled PSD
foresees the following steps [12].

1) Estimation of the ash particle mass concentration through
the estimated third moment (m̂3) of PSD, once the ash
density (ρa) is assumed, mass particle (ma) is calculated,
and minimum (D1) and maximum (D2) diameters are
known:

Ĉa ≡
D2∫

D1

ma(D)Na(D)dD =
π

6
ρam̂3. (2)

2) Estimation of the number-weighted mean diameter
through the PSD estimated moments of zero order (m̂0)
and first order (m̂1)

D̂n =

∫D2

D1
DNa(D)dD∫D1

D1
Na(D)dD

=
m̂1

m̂0
. (3)

3) Computation of the PSD “intercept” and “slope” parame-
ters Nnx and Λnx from estimated Ca and Dn at previous
steps with the method of moments.

4) Minimization of the sum of squared differences between
the measured PSD Nm(D) and the model ones NSx(D)
in order to estimate the shape parameter μ (or γ)

μ̂ = Minμ

〈[
ND∑
i=1

(
NSx(Di;μ, D̂n, Ĉa)−Nm(Di)

)]2〉

(4)

where Di denotes the discrete sampled diameters, ND

is the total number of diameters in which the PSD is
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Fig. 4. Graphic view of the best fitting results: (SG-PSD) scaled-Gamma function and (SW-PSD) scaled-Weibull function fitted to (MEAS-PSD) the measured
PSDs of BO-05 and Ku-03 samples, with reference to three diameter classes (fine ash, coarse ash, and lapilli). Computed values of γopt and μopt are also quoted.

partitioned, and “〈·〉” indicates the ensemble average over
the PSD available measurements.

With reference to SG-PSD, the searched shape parameter μ
ranges from 0 to 6 with a step of 0.1, whereas for SW-PSD, the
shape parameter γ ranges from −0.9 to 0 with a step of 0.05.
Three optimum values of shape parameter have been obtained
for each sample, because the algorithm has been applied to
all ten available samples according to the following diameter
classification: fine ashes with an average 〈Dn〉 = 0.006 mm
and a variability 0.001 ≤ Dn ≤ 0.06 mm, coarse ash with
〈Dn〉 = 0.064 mm and 0.06 ≤ Dn ≤ 0.5 mm, and lapilli with
〈Dn〉 = 0.583 mm and 0.5 ≤ Dn ≤ 7.0 mm.

For each class, the optimum value of the shape parameter has
been computed by means of a simple arithmetic mean among
the ten available samples, obtaining μopt = [0.9 1.1 1.4] and
γopt = [−0.55 − 0.50 − 0.45]. Graphical results of the best
fitting of SG-PSD and that of SW-PSD to the measured samples
(black circles) are shown in Fig. 4. It is worth noting that
the SG-PSD and SW-PSD show similar results for diameters
smaller than 0.064 mm, whereas SG-PSD shows a better fit to
the measurements than SW-PSD for bigger diameters.

It is worth mentioning that, in our analysis, we are implicitly
assuming that PSDs derived from ground deposits resemble
that in the air, an assumption being verified only in the case
of uniform vertical distribution of ash PSD and the absence of
gravitational settling. Indeed, the use of a particle disdrome-
ter (also called spectrometer) might give a real-time ash size
distribution either close to the ground (if they are based on
microwave Doppler measurements) or on the ground (if they
are based on optical imaging) [24]. The only way to truly assess
the nature of airborne PSD would be a direct flight through
the ash cloud, an effort which is highly risky even when using
unmanned airborne vehicles.

B. Ash Fallout Mass and Volume Ground Sampling

The volume and the mass of tephra fall deposits are important
parameters in establishing the magnitudes of eruptions and in

assessing risk and vulnerability [4], [21]. In many cases, data
sets are incomplete, making the estimation of volume far from
being straightforward. A variety of methods have been used to
calculate deposit volumes, e.g., [21]–[26]. All of these methods
are empirical and based on thickness measurements of tephra.

Ground mass loading or ash depth Ds(x, y) (in kilograms
per square meter) at the location (x, y) is derived directly from
the weight of the dried tephra in the snow cores obtained
in situ in the 5–50 km distance range. In the proximal area,
within 3–4 km from the vents, the ground mass loading values
were computed by taking into account the spatially dependent
ash density ρa(x, y) and the measured depth hs(x, y) of the
accumulated ash as follows:

Ds(x, y) ∼= ρa(x, y)hs(x, y) (5)

where hs is expressed in meters and ρa is in kilograms per
cubic meter. In the region north of Vatnajökull, the ground mass
loading was obtained directly by collecting the tephra from a
specified area and weighing it.

Distal ash fallout mass loading values Ds are shown in Fig. 5,
where the samples have been interpolated over the area refer-
ring to the northeastern region of the Vatnajökull glacier using
the nearest neighbor method. In this figure, the interpolated
map shows a minimum value of 0.01 kg/m2, indicating that
presumably lower values can be found within farther areas in
the northeastern Icelandic coast. Moreover, areas with a mass
loading of 0.5 kg/m2 enclose about 93% of the overall ash
in an area of approximately 1465 km2. Moving away from
the volcano, the ash loading roughly falls off: the area with a
mass loading of 40 kg/m2 (equivalent to ∼3.5-cm-thick layer
of tephra) is within 77 km2 from the caldera, the area with a
loading of 10 kg/m2 extends over an area of 156 km2 northward
the volcano, and the area with a loading of 5 kg/m2, which looks
considerably more dispersed on the ground, is within 423 km2.

In the case of the Grímsvötn eruption, the material erupted is
divided between the ice cauldron around the craters, where ice



1270 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 50, NO. 4, APRIL 2012

Fig. 5. Tephra georeferenced distal fallout field near the volcano region and
around Vatnajökull glacier, gathered from sampling data processing. The iso-
mass lines are expressed in kilograms per square meter and have been obtained
through a nearest neighbor interpolation on sample data; ground samples are
represented by black dots, whereas the Grímsvötn volcano is symbolized by
the gray triangle. The reference system is the same as in Fig. 2.

cap melted out due to the volcanic heat, and the region outside
the cauldron. Surveys in 2005–2006 showed that the thickness
of the tephra in the 500 m by 750 m elliptically shaped cauldron
was about 70 m and the volume was 2.3± 0.4 107 m3. Using
the tephra density of ρa0 = 1200 kg/m3, and hI = 70 m, the
total mass of the material contained within the cauldron MsI is
estimated to be around 2.7± 0.5 1010 kg [16].

The sample total mass MsO of the tephra fallout outside the
ice cauldron is computed by integrating the mass loading map
over the outer region as follows:

MsO =

∫
Ds≥Dmin

Ds(x, y)dS (6)

where Ds(x, y) is the deposited tephra mass loading within the
interpolation grid, identified by the condition Ds > Dmin with
Dmin = 0.1 kg/m2, and dS (in square meters) is the resolution
area of the interpolated grid. From [17], Ds(x, y) has been ob-
tained from point samples using a kriging spatial interpolation
method, thus obtaining, using (6), MsO = 2.7± 0.5 1010 kg.
In addition, 0.2 1010 kg is estimated to have fallen outside the
Dmin = 0.1 kg/m2 so that this term must be added to MsO,
leading to MsO = 2.9± 0.5 1010 kg.

Therefore, the sampled total mass MsT of erupted material
is the sum of two inner and outer contributions

MsT = MsI +MsO
∼= ρa0VsT (7)

obtaining a value MsT = 5.6± 1.0 1010 kg. The sample tephra
total volume is then given by the last term of (7), where
VsT = VsI + VsO (in cubic meters) is the sum of the inner (ice
cauldron) and outer material volumes. The following values
have been estimated: VsI = 2.3± 0.5 107 m3 and VsO = 2.4±

Fig. 6. HVMI radar image at 04:00 UTC on November 2, 2004, using
Rainbow software and showing the recorded Keflavík C-band radar reflectivity,
whose maximum values are projected on the surface as (bottom-left panel)
a PPI radial map and projected on (top and right side of the HVMI image)
two orthogonal planes along the vertical. The eruption plume is visible over
Grímsvötn in the map at altitudes above 6 km and radial distances larger than
250 km. The upper graph shows the north–south profile of the plume, while the
graph to the right shows the east–west profile. Note that the uncorrected ground
clutter returns from ranges less than 200 km.

0.4 107 m3, thus resulting to VsT = 4.7± 0.9 107 m3, as
documented in [16].

There are at least two approximation error sources in com-
puting Ds: the first one is related to the sampling error (error in
corer diameter and weighted mass) and to the random error that
depends on the uncertainty in how representative the sample
is, whereas the second depends on uncertainty in the interpo-
lation method. From [17], the first error typology, expressed in
relative terms, is virtually negligible (less than 1%), whereas
the sampling error amounts to 5% and the random error, which
is not easy to compute, is assumed to be equal to 10%. With
respect to the second contribution, an uncertainty of 15% has
been assumed when generating isomass loading maps through
kriging interpolation. Therefore, the most probable error is
equal to the quadratic sum of the aforementioned contributions
and amounts to about 19%.

III. RADAR DATA PROCESSING

The eruption was detected and monitored during its whole
life span by the C-band (6-GHz) weather radar in Keflavík,
located 260 km west of the Grímsvötn volcano’s caldera, as
shown by the horizontal vertical maximum indicator (HVMI)
recorded radar image shown in Fig. 6. The Keflavík C-band
radar volumes were available from the Icelandic Meteorologi-
cal Office every 5 min from 21:20 Coordinated Universal Time
(UTC) on November 1, 2004, until 09:55 UTC on November 3,
2004. The radar data set consists of 440 volumes in spherical
coordinates with 10 elevation angles, 360 azimuth angles, and
240 range bins, the latter having a width of about 2 km [13]. The
analysis of the radar imagery and its processing is described in
[7] and [13] so that only modifications to that approach will be
described here.
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Weather radar systems, although designed to study hydrom-
eteors and rain clouds, can be used to monitor and measure
volcanic eruption parameters. Both radar targets have the same
measuring principle: both rain clouds and ash clouds feature
quite similar fragmentation and aggregation processes and can
cause backscattering and absorption of incident radiation, trans-
mitted by the radar. The measured radar backscattered power is
proportional to the copolar horizontally polarized reflectivity
factor (ZH), which, in the Rayleigh condition, is expressed
by [11]

ZH =

D2∫
D1

D6NSx(D)dD = m6 (8)

where m6 is the sixth PSD moment, D (in millimeters) is the
equivolume particle diameter, and NSX is the PSD model as in
(1), where x = G or x = W stands for SG-PSD or SW-PSD,
respectively. From (8), it is noted that, keeping the ash particle
amount constant, the reflectivity factor ZH is higher for bigger
particles. If the PSD is known and assuming spherical particles
with a given composition and dielectric properties, then (8)
allows one to simulate the Rayleigh response of a weather radar.

The weather radar response is mainly controlled by the PSD
within the range volume bin. In the case of ash cloud formation
processes within a humid environment, we may suppose to
have two distinct particles-combination phenomena within an
observed range volume: 1) coexistence of ash particle and
hydrometeors without mixing processes and 2) aggregation (or
mixture) of ash particles with hydrometeors to form a new
mixed-phase particle [6], [20]. Coexistence and mixture of ash
particles with cloud ice and water droplet generally lead to a
reduction of the measured reflectivity up to 5–10 dBZ for a
fractional combination of about 50% [13]. The use of single-
polarization weather radar and the absence of ancillary data
may prevent the discrimination between ash, hydrometeors, and
mixed particles since their horizontally polarized reflectivity
response is quite similar and the effect of their shape and
composition is generally unknown. It is worth noting that the
same uncertainty affects the satellite-based estimates of ash
loading [10].

A. VARR

The VARR approach utilizes two steps: 1) ash classification
and 2) ash estimation [7]. Both steps are trained by a physical-
electromagnetic forward model, summarized by (8), where the
main PSD parameters are supposed to be constrained random
variables. The generation of a simulated ash-reflectivity data
set by letting PSD parameters to vary in a random way can be
framed within the so-called Monte Carlo techniques.

Automatic discrimination of ash classes with respect to size
(fine, coarse, and lapilli) and concentrations (small, moderate,
and intense) implies the capability of classifying the radar
volume reflectivity measurements into one of the nine men-
tioned classes. Once the ash class is discriminated, then the
ash concentration and fallout can be estimated by statistical
techniques using the same training simulated data sets. Within
the VARR technique, ash classification is performed by the

use of maximum a posteriori (MAP probability) estimation.
The probability density function (pdf) of each ash class (c),
conditioned to the measured reflectivity factor (ZHm), can be
expressed by Bayes theorem. The MAP estimation of ash class
c corresponds to the maximization with respect to c of the
posterior pdf p(c|ZHm). Under the assumption of multivariate
Gaussian pdfs, the previous maximization reduces to the fol-
lowing minimization [7]:

ĉ = Minc

⎡
⎢⎣
(
ZHm −m

(c)
Z

)2

(
σ
(c)
Z

)2 +ln
(
σ
(c)
Z

)2

− 2 ln p(c)

⎤
⎥⎦ (9)

where Minc is the minimum value with respect to c, m(c)
Z and

σ
(c)
Z are the reflectivity mean and standard deviation of class

c, and p(c) is the a priori pdf of class c, and the ash class
perturbations have been assumed uncorrelated. Computing (9)
requires knowledge of the reflectivity mean (m

(c)
Z ) and standard

deviation (σ
(c)
Z ) of each ash class c. This statistical character-

ization of each cloud class can be derived from a simulated
synthetic data set where PSD may be either arbitrarily defined
or experimentally measured.

Aside from ash concentration Ca given in (2), VARR can
also retrieve, for each radar range bin, the ash fallout rate
(Ra) (in kilograms per square meter per second), defined as
the mass crossing a horizontal section per unit area in a given
time interval, expressed by

R̂a ≡
D1∫

D2

va(D)ma(D)Na(D)dD =
π

6
avρam3+bv (10)

where va(D) is the terminal ashfall velocity in still air when
the vertical component of the air speed is neglected and ma and
Na are the actual ash mass particle and its size distribution. The
right-hand side of (10) is obtained after assuming a power law
for va dependence on D, i.e., va(D) = avD

bv with av and bv as
empirical coefficients. The latter are given, in our case, by two
different empirical models: av = 5.558 [m/s] and bv = 0.722 as
in [4] and av = 7.460 [m/s] and bv = 1.0 for 5–10-km heights
as in [36].

Through the training forward model in (8), a regressive
approximation of (2) and (10) may be used as a function of the
class c which is discriminated by the ash size and concentra-
tion [7] {

C
(c)
a = acZ

bc
Hm

R
(c)
a = ccZ

dc

Hm.
(11)

In (11), the regression coefficients ac, bc cc, and dc are
obtained assuming zero-mean random noise on the copolar
reflectivity due to instrumental and forward modeling uncer-
tainties; the measured copolar reflectivity ZHm is simulated by
assuming that the estimated coefficient of variation of Ra is
about 10%. As already mentioned, we can take into account
the effect of aggregation between ash and hydrometeors as a
further uncertainty within the modeled noise [20]. This is a
conservative choice, but it is the only way to introduce this
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knowledge within our inversion algorithm, apart from possible
a priori meteorological information. The modeled noise is
added to simulated reflectivity ZH of pure ash to reproduce the
synthetic reflectivity measurement signatures ZHm [13].

B. Ash Mass, Density, and Volume Radar Retrieval

The VARR technique can be been applied to each radar res-
olution volume in 3-D spherical coordinates where the C-band
measured reflectivity factor ZHm is larger than the minimum
detectable reflectivity (MDZ). The latter has been obtained
from the Keflavík radar specifications; at a range of about
260 km, MDZ is about −3 dBZ. Indeed, only plain position
indicators (PPIs) at the first five available elevation angles have
been used, as the other ones were useless since radar beam
heights did not intercept the ash plume at higher elevations
(see Fig. 6). Raw reflectivity data were averaged to about 2-km
radial resolution in order to enhance the signal-to-noise ratio
and thus reduce the MDZ. The VARR products in terms of ash
concentration Ca and fallout Ra are originally provided within
3-D spherical coordinate (r, ϕ, θ) reference system. From
the inversion of the “haversine” formula, used to compute
the great-circle distance (i.e., the shortest distance over the
surface of the Earth) between two points, and supposing
the International Standard Atmosphere for electromagnetic
wave propagation [38], [39], (r, ϕ, θ) has been converted into
longitude, latitude, and terrain altitude (lon, lat, alt) to be able
to geolocate radar returns [11]. A finer grid (x, y, z) has been
generated from (lon, lat, alt) in order to virtually increase the
spatial resolution of data.

The instantaneous volcanic ash cloud volume Va(t) (in cubic
meters), which represents the volume of the ash cloud at a
given time step t (the latter is referred to as “instantaneous”
even though the radar employs about 2 min to complete a
volume scan), may be estimated by using a threshold (Cath)
on the estimated concentration Ca(x, y, z; t) at a given position
(x, y, z) as follows:

Va(t) ≡
∫

Ca(x,y,z;t)≥Cath

dV (12)

where dV (in cubic meters) is the elementary volume
(dV = dxdydz). The radar-derived total volume can then be
computed by

VaT ≡
tf∫

ti

Va(t)dt (13)

where ti and tf are the initial and final time steps of the volcanic
eruption.

The instantaneous volume Va(t) in (12) should be, indeed,
distinguished into the real detected volume Vad(t) and an un-
detected (hidden) portion Vah(t). In general, Va(t) = Vad(t) +
Vah(t) due to the radar observation geometry, the presence of
occlusions along the ray paths, and the presence or not of ash
in the atmosphere; the term Vah implies that the total portion of
the ash cloud Va(t) may not be detected by the scanning radar,
thus inducing an underestimation of the total ash volume and
mass. This problem, which is clearly visible in Fig. 6 by looking

at the horizontal and vertical projections and is worse at larger
distances, is a well-known problem in radar meteorology, and it
is often overcome relying on the reconstruction of the vertical
profile of reflectivity (VPR) [33].

An approximate way to approach the VPR problem is to
project the measured reflectivity ZHm, available at the lowest
range bin, down to the terrain height at z = zs. This VPR
model assumes that the lowest detectable backscattering value
is the major contributor of ash fallout, deposited on the ground
from the vertical column above a considered position. To some
extent, this approach is similar to that adopted when estimating
the total mass from satellite thermal-infrared radiometers when
estimates of ash cloud top layers are extrapolated to ground
(e.g., [10]). An alternative way is to assume the precipitating
ash fallout to be equal to the maximum ZHm on the same
vertical column. In both approaches, we are neglecting the
finite time interval that a radar resolution volume (bin) of ash
takes to reach the ground (given an ash terminal velocity); the
latter, coupled with the horizontal transport effects, may cause
a displacement between the radar measure and the actual ash
deposition on the ground.

The spatial distribution of the instantaneous maximum plume
height Ha(x, y; t) (in kilometers) can then be derived by us-
ing either a threshold (ZHmth) on the measured reflectivity
ZHm(x, y, z; t) or a threshold (Cath) on Ca(x, y, z; t) as in
(12)

Ha(x, y; t) ≡
{
Maxz {z|ZHm(x, y, z; t)≥ZHmth}
Maxz {z|Ca(x, y, z; t) ≥ Cath}

(14)

where Maxz is the maximum operator with respect to z. The
two approaches are not necessarily providing the same result, as
will be shown in the next section. The maximum height HaM of
Ha(x, y; t) with respect to the position (x, y) in (14) provides a
single geometrical product for each radar volume scan

HaM (t) ≡ Maxx,y {Ha(x, y; t)} (15)

where Maxx,y is the maximum operator with respect to (x, y).
The maximum height HaM can be also referred to the spatial
subdomain around the volcano vent [34]. It is worth noting
that the degraded radial resolution (about 2 km in our case)
may be erroneously considered a minimum step for estimating
Ha or HaM . Indeed, the radar radial resolution coincides with
the vertical resolution only for antenna zenithal pointing (or
elevation angle equal to 90◦). For low elevation angles, such
as those of scanning weather radars (in our case, the suitable
elevations are 0.5◦, 0.9◦, 1.3◦, 2.4◦, and 3.5◦), the vertical co-
ordinate z is resolved at a variable range-dependent resolution
which, in our case, may be even less than a few hundreds of
meters [13].

The instantaneous ash mass Ma(t) (in kilograms) from each
radar 3-D volume Va is given by

Ma(t) ≡
∫
Va

Ca(x, y, z; t)dV (16)

where (x, y, z) are the longitude, latitude, and altitude co-
ordinates within the considered region. Similar to Ma, the
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instantaneous spatial distribution of the ash vertically integrated
columnar content Ia(x, y; t) (in kilograms per square meter),
which is the total ash within a vertical column of height Ha,
can be estimated through the estimated Ca as

Ia(x, y; t) ≡
∫

HaM (x,y,t)

Ca(x, y, z; t)dz (17)

where HaM (x, y; t) is the plume maximum height and the
region (x, y) may be arbitrarily chosen around the vent.

The deposited ash on the ground during the whole event can
be estimated from the retrieved ashfall rate Ra(x, y, z, t) (in
kg/m2 · s). By performing a VPR reconstruction as indicated
before and indicating with Ra(x, y, z = zs, t), the ashfall rate
at the surface height zs, the spatial distribution of the radar-
derived deposited tephra mass loading Da(x, y) is obtained
from

Da(x, y) ≡
tf∫

ti

Ra(x, y, z = zs,t)dt (18)

where ti and tf are the initial and final time steps of the
volcanic eruption. The surface depth ha(x, y) (in meters) of the
accumulated ash in a given position can then be estimated by
knowing the spatially dependent ash density ρa(x, y), as in (5),
through

ha(x, y) ∼= Da(x, y)/ρa(x, y). (19)

In a way similar to ground sampling procedure, we can
evaluate the total space–time deposited tephra from radar mea-
surements by using

MaT =

∫
Da≥Dmin

Da(x, y)dS ∼= VaT ρa0 (20)

where VaT is the radar-derived total ash volume, defined in
(13), and ρa0 is the average ash density. From (20), the total
eruption ash volume VaT (in cubic meters) is obtained from
VaT = MaT /ρa0.

Indeed, the radar samples are sorted using discrete time and
space steps. Thus, the deposited tephra mass loading Da(x, y)
in (18) as well as the quantities in (13), (16), and (17) require the
knowledge of the spatial and temporal resolutions of the data.
For what concerns the spatial resolution, the radial resolution
is constant (here, reduced to about 2 km), whereas the trans-
verse resolution quadratically increases with the radar range.
Temporal resolution is usually constant (here, about 5 min),
and it can be used to practically compute the tephra mass
loading Da(x, y) in (18) by considering the Nr radar volume
scan temporal samples with Δtr as the sampling time interval.

C. Ash Cloud Tracking From Radar Imagery

Wind effects on the ash cloud shape may play a relevant
role in determining the tephra dispersion. Ground wind data
from weather station were not available near the eruption vent,

whereas only synoptic radio soundings were delivered every
12 h in Keflavík near the radar site.

Within this framework, we have decided to extract the plume
transport information using the time series of the ash ground
concentration maps Da(x, y) (in kilograms per square meter)
acquired every 5 min. A time–space correlation technique,
named phase correlation (PCORR) [27], has been used for
this purpose. PCORR is based on the comparison between
two subsequent digital images to compute the displacement
field. The foreseen estimation of the displacement field in its
horizontal and vertical motion vector components u = U(x, y)
and v = V (x, y), respectively, is then obtained by a Lagrangian
persistence scheme

Da(x, y, t0 + n ·Δt) = Da(x− u · n ·Δt, y − v · n ·Δt, t0)
(21)

where Δt is the sampling time, t0 is the instant, and (x, y)
is the position where the nowcasting procedure starts and n
(integer number) drives the number of forecasted maps. When
U and V are set to zero in (21), the special case of the Eulerian
persistence is obtained; when U and V are chosen constant
over the considered space domain, instead, we get the so-called
steady-state displacement (SSD). In this case, owing to the
5-min sampling, an SSD approach resulted in a quite good
assumption. Assuming two subsequent maps of the same size
(i.e., both of them with N rows and M columns), Da at time
t1, and D′

a at time t2, the spatial cross-correlation function FRR

is expressed by

FRR(Δx,Δy) =

∫ ∫
Da(x, y) ·D′∗

a (x−Δx, y −Δy)dxdy

(22)
where (Δx,Δy) indicates the Cartesian displacement along the
x- and y-axes, Da(x, y) indicates the ash ground concentration
Da of the first image at pixel (x, y), the symbol “∗” is the
complex conjugate operator, and the integral is extended over
the area where Da and D′∗

a overlap. FRR measures the statis-
tical correlation between two samples Da(x, y) and D′

a(x, y)
for a given shift (Δx,Δy); the identification of the place of
the maximum of FRR corresponds to the shift inside a query
window. The whole available pairs of maps have been used,
thus implementing the SSD method applying a single motion
vector to compute the advected field.

The high computational cost of PCORR has been reduced
by operating in the frequency domain, given the Fourier shift
theorem which states that a spatial lag (Δx,Δy) of a signal
is equivalent to a phase change in the spatial frequency do-
main (kx, ky). The frequency-domain approach also overcomes
problems regarding wrong motion directions and magnitude
computation caused by the saturation effect in proximity of the
correlation function multiple maxima. Therefore, the bidimen-
sional cross correlation in (22) can be rewritten as follows:

FRR(Δx,Δy) = �−1
{
� [Da(kx, ky)] · � [D′∗

a (kx, ky)]

· ej2π(kxΔx+kyΔy)
}

(23)

where D′
a = Da(x−Δx, y −Δy) and � is the discrete

Fourier transform that has been applied by means of the fast
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Fourier transform algorithm. The displacement components
Δx and Δy, supposed to be the sole responsible of the dis-
placements between Da and D′

a, are only accounted by the
exponential term in (23). This suggests to suppress the modulus
of the exponential term, deriving the following expression:

PRR(Δx,Δy)

= �−1

{
�[Da(kx, ky)]·�[D′∗

a (kx, ky)]·ej2π·(kxΔx+kyΔy)

� [Da(kx, ky)] · � [D′∗
a (kx, ky)]

}

= �−1
{
ej2π·(kxΔx+kyΔy)

}
= δ(x−Δx, y −Δy). (24)

The last equation in (24) defines the PCORR method which
produces as output a Dirac function δ, centered on the searched
displacements (Δx,Δy). The Dirac function holds only if
the displacement is purely linear or, in other words, no rota-
tional components contribute to the motion; when rotational
components are present, spurious contributions arise near the
maximum as noise.

The application of the PCORR technique to radar products
consists of comparing two radar product images, derived from
the scan volume, to obtain the time evolution of the ash estimate
spatial distribution, taking into account wind transport effects.
There are two main steps: 1) image analysis, to define the shift
field in the form of vectors, and 2) image modification, based
on the information given by the use of the PCORR technique.
Using this technique, two ash ground concentration subsequent
images (at times t and t+Δt, with Δt equal to 5 min) have
been processed in order to generate interpolated images with
a synthetic sampling time of 60 s between each couple of PPI
images, thus obtaining an overall number of distribution images
five times bigger than the scan number. In order to assess the
goodness of the advection method, a comparison between the
advected radar image and its corresponding acquisition at the
same time has been carried out on the whole event. The cor-
relation coefficient has been taken into account to accomplish
the aforementioned comparison. A quality check of the time
series radar maps has been performed to avoid the inclusion of
nonsignificant levels of ash concentration within the compari-
son. In particular, a threshold of 1% on the ratio between non-
zero concentrations, with respect to the overall concentration
of the ash distribution within a spatial map, has been fixed.
The obtained mean value of the correlation coefficient is about
0.593, which is comparable to typical values reported in the
literature for meteorological clouds [35].

D. VARR Processing Techniques

In order to perform a sensitivity analysis to different process-
ing choices, the VARR technique is distinguished in this work
among three basic versions:

1) VARRD, indicating the default (subscript D) VARR ap-
proach with PSD of nine classes c arbitrarily set up as in
[7] and [13];

2) VARRC, indicating the VARRD calibrated (subscript C)
algorithm when PSD is trained on ash size samples
collected from the ground. Depending on the ground

projected vertical column data, two versions have been
implemented:
a) VARRCL denotes the VARRC where the precipitating

ash fallout is assumed equal to the lowest (subscript
L) detectable value.

b) VARRCM indicates the VARRC version where the
precipitating ash fallout is assumed equal to the maxi-
mum (subscript M) on the vertical column.

3) VARRCLS, indicating the VARRCL where the ash size
(subscript S) is taken into account, in the sense that only
coarse ash and lapilli are considered as falling to the
ground.

The VARRC algorithm has been implemented by appropri-
ately modifying the VARRD version to fit the algorithm to
the Grímsvötn volcano eruption, considering the results of the
ground sampling. Nominal values of the diameter mean weight
number with reference to the three introduced ash classes (fine,
coarse, and lapilli) have been obtained by collected sample
grain size and measured PSD, as shown in Section II-A. Opti-
mal values of shape parameters have been adopted through the
best fitting of SG-PSD and SW-PSD to the measured PSD with
reference to each fixed diameter class (note that, in VARRD,
only one shape parameter, obtained from the eruptions of other
volcanoes, is used to compute the PSD trend). Through ground
sampling of six sections on the rim of the ice cauldron formed
during the eruption, the mean ash density of dried samples has
been estimated as 1200 kg/m3 (instead of 1000 kg/m3, which is
the value used in VARRD).

The VARRCLS exploits the ash classification procedure in
order to consider fine ash particles as nonprecipitating. A label c
[see (9)], ranging from 1 to 9, has been attached to each radar
resolution volume, where the values correspond to the different
ash-size–ash-concentration combinations [7], [13]: 1 for fine
ash with small concentration, 2 for fine ash with moderate
concentration, 3 for fine ash with intense concentration, 4 for
coarse ash with small concentration, 5 for coarse ash with mod-
erate concentration, 6 for coarse ash with intense concentration,
7 for lapilli with small concentration, 8 for lapilli with moderate
concentration, and 9 for lapilli with intense concentration. The
0 has been assigned to nonsignificant radar volumes (i.e., vol-
umes where the reflectivity factor was undistinguishable from
the background noise).

The tephra ground distribution considering the wind trans-
port effects should be also considered when comparing ash
distal deposits derived from radar scans. In the following, we
will indicate the application of PCORR technique to VARR,
introducing the subscript “A” to the considered VARR option
(e.g., advected VARRC is indicated by VARRCA). This means
that VARRXA differs from VARRX since it tends to release
ash mass at a ground position which is shifted with respect
to the position along the vertical column of the considered
range bin. The impact of using VARRXA, instead of VARRX,
is expected to be significant, particularly when considering the
spatial distribution of distal ash.

IV. DATA INTERCOMPARISON

The results of the VARR algorithm in its various options,
applied to radar data gathered during the Grímsvötn volcano
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Fig. 7. Instantaneous mass (obtained from ash rate Ra) versus time expressed in terms of scan number for VARRD, VARRCL, and VARRCLS. The scan
sampling period is equal to 5 min, so that the time series shows a time window of about 2190 min (equal to 36.5 h) since the first available radar data at 21:20
UTC on November 1, 2004.

eruption, are illustrated and discussed in the following para-
graphs by considering the following parameters of volcanolog-
ical interest: mass concentration, maximum height of the ash
cloud, total mass and volume, eruption discharge rate (EDR),
and spatial ash distribution by means of PCORR technique.
Results are quantitatively compared with deposited ash ground
sampling [17].

A. Distal Ash Fallout Maps

Distal fallout maps have been obtained with reference to
five different VARR algorithm options, as already discussed:
VARRD indicating the “default” VARR approach, VARRCL

indicating the “calibrated with last column value” VARR ap-
proach using measured PSDs, VARRCM indicating the “cal-
ibrated with maximum column value” VARR approach using
measured PSDs, VARRCLA indicating the “calibrated with last
column value and advected” VARR approach, and VARRCLS

indicating the “calibrated with last column value and ash size
discrimination” VARR approach.

The temporal trend of the instantaneous total mass Ma(t),
retrieved from the scanning radar and defined in (16), is shown
in Fig. 7 with reference to VARRD, VARRCL, and VARRCLS

techniques. These plots are useful to estimate the intensity
of the volcanic eruption in near real-time mode. The scan
sampling period is equal to 5 min so that the time series shows
a time window of about 2190 min (equal to 36.5 h) since the
first available radar measurements at 21:20 UTC on November
1, 2004. Fig. 7 clearly shows a pulsing behavior of the eruption
with three main pulses, where the time between peaks in plume
mass was 8 and 12.5 h. The application of the different VARR
techniques leads to different results, with an instantaneous mass
Ma larger (by about four times) for VARRCL than for VARRD

and VARRCLS, as expected. When the lowest detectable radar

Fig. 8. Histogram of the estimated ash classes by using VARRCLS during
the whole eruption event detected by the Keflavík C-band radar (440 scan
volumes). The class labels correspond to 0 = Background noise, 1 = Fine
ash/small concentration, 2 = Fine ash/moderate concentration, 3 = Fine ash/
intense concentration, 4=Coarse ash/small concentration, 5=Coarse ash/mo-
derate concentration, 6 = Coarse ash/intense concentration, 7 = Lapilli/small
concentration, 8 = Lapilli/moderate concentration, and 9 = Lapilli/intense
concentration. Note that class 9 has not been detected during this event, whereas
class 0 has been excluded; the total number of ash-detected volume bins is
27 621 (within a total of 4 787 200 acquired bins).

bins are considered, the PSD calibration of VARR provides an
ash mass bigger than that estimated from VARRD.

The comparison between VARRCL and VARRCLS in Fig. 7
also shows that the sensitivity to the ash category is quite
relevant in the radar mass estimation. The latter consideration
is confirmed by Fig. 8, which shows the histogram of the nine
radar-estimated ash categories by VARRCLS during the whole
eruption event. Note that the total available 4 787 200 radar
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Fig. 9. Distal fallout spatial maps of the different VARR options compared to sample distribution. The left top panel shows the 69 processed sample positions;
the other images show the results from the VARR versions: on the top right panel is VARRD that contains data inherited from other previously studied eruptions;
on the left middle panel is VARRCL calibrated by using ash mean measured density, optimized PSD coefficients, and mean diameters obtained by the study of
the collected sample grain size and assuming as precipitating ash fallout the last detectable value; on the right middle panel is VARRCLA, which is a VARRCL

version that considers also wind transport effects by means of the PCORR technique; on the left bottom panel is VARRCLS, which is a VARRCL version that
takes into account also the ash classes (fine ash is considered nonprecipitating); and on the right bottom panel is VARRCLSA, which is a VARRCLS version that
considers also wind transport effects by means of the PCORR technique. The black triangle is centered in the exact position of the Grímsvötn volcano, whereas
colorbars are scaled to match the different dynamic ranges of the distributions.

resolution volumes have been reduced to 27 621 considering
only ash-containing volumes (i.e., excluding all resolution vol-
umes with ash class label value equal to 0). Coarse ash particles,
as expected, are the most probable with a lower occurrence of
finer particles around the volcanic caldera. On the contrary,
lapilli are found in regions closer to the volcanic vent due
to ballistic ejections (note that the class 9, corresponding to
intense concentration of lapilli, has not been detected). Note
that the low occurrence of small concentration of fine ash may
be due to the weather radar observational limitations at the
considered range, besides the actual ash cloud phenomena.
Indeed, as well documented in [7], the radar sensitivity at
C-band does not allow one to accurately quantify fine ash
category at distances larger than hundreds of kilometers.

Deposited ash mass loading Da(x, y), evaluated through (18)
in terms of distal spatial maps derived from radar, is shown in
Fig. 9. When VARRCLA is compared with VARRCL, it shows
a larger area at the ground with bigger Da values and a bigger
result of the overall mass estimated value. The total mass MaT

from (20) and ash field spatial distribution are larger for the
VARRCL case than for the VARRCLS one due to precipitating
ash class selection in VARRCLS. These VARR-estimated spatial
patterns compare fairly well with ground-sampled mass loading
Ds(x, y) used for validation, as shown in the upper left panel
in Fig. 9.

The spatial collocation of radar-based estimates and ground
measurement allows pixel-by-pixel comparison between the
retrieved and the deposited ash mass. This comparison should
be evaluated with some care as it refers to a spatially in-
tegrated mapping from radar versus spatial interpolation of
point measurements from ground sampling. Nevertheless, it
is an appealing way to perform the cross-validation in terms
not only of total mass but also of spatial distribution of the
deposited ash. Fig. 10 shows the scatterplot of the estimated
Da(x, y), obtained from VARRD, VARRCL, VARRCLS, and
VARRCLA, as a function of the 69 corresponding ground-based
mass loading values Ds(x, y). As expected, the correlation
is not unitary due to ground data interpolation errors and
to radar-retrieval algorithm inaccuracy and obstructed geom-
etry observation. The correlation coefficients are about 0.55,
0.55, 0.50, 0.54, and 0.49 for VARRD, VARRCL, VARRCLA,
VARRCLS, and VARRCLSA, respectively, whereas the root
mean square errors (rmses) are 27, 23, 50, 27, and 24 kg/m2

correspondingly.

B. Ash Plume Height and EDR

The analysis of the maximum plume height HaM is both
an important input parameter in many volcanological models
which forecast the volcanic eruption intensity and the most
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Fig. 10. Scatterplots between ground-observed and radar-estimated tephra densities for different radar-retrieval methods: VARRD, VARRCL, VARRCLA,
VARRCLS, and VARRCLSA. The upper left panel shows the distribution of tephra densities from ground observations. Correlation coefficients ρ and rmses
are also quoted.

useful quantity to aerial route planning in the areas near the
volcanic eruption. Plinian and sub-Plinian explosive eruptions
reach their neutral level (above this height, the cloud stops its
vertical growth and starts to spread radially [10]) at or above
the altitude of modern commercial airplane flight level. The
accurate knowledge of the maximum plume height thus lets air
traffic control operators advise the pilot about the exact flight
level to avoid the ash cloud. Moreover, the merging of local Vol-
canic Ash Advisory Center information with the information
about the plume height estimated by the meteorological center
is useful to produce more accurate volcanic ash significant
meteorological information reports.

Using VARR in its various versions, HaM (in kilometers) has
been estimated, as shown in (15), by detecting the measured re-
flectivity ZH or estimated concentration Ca above a threshold.
The output of this retrieval step is the maximum plume height
HaM . The temporal evolution of the maximum plume height
HaM , during a time interval from 23:00 UTC on November 1,
2004, to 08:40 UTC on November 3, 2004, is shown in Fig. 11,
with 5-min resolution as in Fig. 7. The three plots show the
estimates of the Rainbow application software [13], installed
in Keflavík radar and based on the ECHOTOP product, and
the estimates of VARRCL algorithm with detection thresholds
on concentration (Ca > 10−6 kg/m3) and reflectivity (ZHm >
−3 dBZ), respectively. Rainbow data, calibrated with direct
altimetric aircraft measurements, were available only within
this time interval, and so, VARRCL data have been cut from

440 values to 405 in order to match this time interval. Gaps
in the Rainbow data have been replaced with the last detected
value; the same procedure has been carried out with VARRCL

data in order to discard unreasonable height values (i.e., below
6 km and over 15 km). The ash estimation of VARRCL shows
mean values smaller than those obtained from the operational
software. The latter gives results in disagreement with those of
the flights during the whole eruption [13], probably because the
algorithm was specifically tuned to detect water hydrometeors
(which have dielectric properties different from ash particles).
Note that only VARRCL, using a threshold on Ca, tends to
filter the anomalous peaks in the estimated maximum plume
height trend. The general temporal trends of the three esti-
mation techniques are quite similar. It is worth mentioning
that historical and prehistorical ashfall records indicate that
some of the largest explosive eruptions in Iceland generated
ash columns up to an altitude of 20–25 km above the vent
[13], [14]. These values are quite larger than those estimated
by the previous considered techniques. This discrepancy may
be attributed to the specific features of the 2004 eruption, but
some uncertainties due to the limited radar sensitivity at far
distances may play a role (particularly for the detection of the
finest particles suspended at high altitudes).

The maximum plume height retrievals HaM , provided by the
weather radar, can be used as an input variable in models that
compute the EDR, a useful parameter to mark the intensity of a
volcanic eruption. The thermal energy of the erupted tephra is
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Fig. 11. Instantaneous maximum plume height versus scan number (as in Fig. 7), with input data from (upper panel) the Rainbow software and from VARRCL

algorithm with (middle panel) concentration and (lower panel) reflectivity thresholds. The scans start at 23:00 UTC on November 1, 2004, and end at 08:40 UTC
on November 3, 2004, because the Rainbow data were available only within this time interval.

used to heat the air trapped within the eruption jet and causes
convective phenomena that lead to the rise of the eruptive
column. When the discharge rate is known, it is possible to esti-
mate the thickness of the ash layer that will settle on the ground
according to a model widely used for eruption columns in still
air (neglecting wind effects) which produce strong plumes [10],
[29], [35]. As in [34], the top height of a maintained plume from
a steady source is linked to the thermal energy of the eruption
by Morton’s relation

HaM (t) = 5.51 · 10−3(1− nLC)
−3/8 [QT (t)]

1/4 (25)

where HaM (in kilometers) is the maximum plume height, QT

(in watts) is the rate of the thermal energy production at source,
and nLC = 0.663 is defined as the ratio between the environ-
mental lapse rate (6.5 ◦C/km) and the cooling gradient of the
ash (9.8 ◦C/km), as in [29]. The thermal energy production rate
QT is also proportional to the EDR QV (in cubic meters per
second) through

QT (t) = ρmCt(Ti − Tf )FTQV (t) (26)

where ρm (in kilograms per cubic meter) is the magma bulk
density, Ct (in joules per kilogram kelvin) is the specific heat
of the erupted tephra, Ti (in kelvin) and Tf (in kelvin) are
the starting and final temperatures, and FT is the thermal
efficiency (ratio between the estimated total energy and the
available thermal energy). Combining the two relations (25) and
(26), it is possible to estimate the trend of the magma volume

flux QV versus the trend of the maximum plume height by
means of

QV (t) ∼= 0.085 [HaM (t)]4 (27)

where HaM is in kilometers and QV in cubic meters per
second. The following values have been set in (26), assuming
a basaltic magma: FT = 0.75 from [30], ρm = 2600 kg/m3,
Ct = 1100 Jkg−1 ◦C−1, Ti = 1423 K, and Tf = 273 K
from [31].

The relation (27) shows that the EDR is linked to the fourth
power of the height, and so, small fluctuations of the height
cause large variations of the discharge rate. Note that, once
QV (in cubic meters per second) is estimated from each radar
volume scan using (27), then the ash total volume VaQ can be
derived from

VaQ ≡
tf∫

ti

Va(t)dt ∼= Δtr

Nr∑
n=1

QV (tn) (28)

where Nr and Δtr are the radar volume scan number and
sampling time period. The total mass MaT (in kilograms) can
be evaluated through MaT = VaQρa0, where ρa0 is the average
ash density.

Discharge rate temporal trends, obtained from the opera-
tional software and VARRCL with thresholds on concentration
Ca and reflectivity ZH , are shown in Fig. 12. Using the oper-
ational software, the temporal integration of the EDR gives a
total mass value MaT that is in agreement with the one from
the estimated ground data; a similar behavior also characterizes
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Fig. 12. Instantaneous EDR, obtained from the maximum plume height versus scan number, with input data from (upper panel) the Rainbow operational software
and VARRCL with thresholds on (middle panel) concentration (Ca > 10−6 kg/m3) and (lower panel) radar reflectivity factor (ZH > −3 dBZ).

TABLE I
TOTAL MASS AND TOTAL VOLUME VALUES OBTAINED FROM THE FOLLOWING: 1) RADAR-DERIVED ASHFALL RATE Ra USING (18) AND (20) AND

THE ALGORITHMS VARRD, VARRCL, VARRCLS, AND VARRCLA AND 2) MEASURED GROUND-SAMPLED VALUES, USING (7)

VARRCL estimates. It is worth stressing that VARRCL based on
Ca threshold gives better results than the ZHm version estimate
in terms of total mass when compared with the value obtained
from ground sampling data.

C. Estimated Total Ash Mass and Volume

The results of VARRD, VARRCLS, and VARRCL with Ca

and ZH thresholds have been quantitatively compared with
ground-sample data in terms of overall space–time mass MaT

and volume VaT during the whole eruption.
From Sections II and III, the total erupted ash mass can

be computed through different ways: 1) integration of the
instantaneous deposited tephra Da(x, y), output of VARR and
given by (18); 2) temporal integration of the discharge rate as
computed by the operational software through the ash cloud
maximum height, through (27); 3) temporal integration of QV

as computed by the VARRCL with Ca and ZH thresholds,

through (28); and 4) spatial integration of ground-sampled
deposited tephra density, used as a validation reference and
given by (6). The total volume VaT or VsT is then obtained from
the estimated mass MaT or MsT , considering a mean density
of the collected samples equal to 1200 kg/m3, as in (7) from
ground samples and (20) from radar data. Tables I–III show the
intercomparison results in terms of overall mass and volume
when computed from VARR (Tables I and II) and from EDR
estimates (Table III).

Table I shows, in particular, the mass and volume estimates
as computed by different VARR versions (VARRD, VARRCL,
VARRCLS, and VARRCLA) and ground measured values as
reported in [17]. Table II shows the effects on total mass and
volume estimation when av and bv are differently chosen and
whether the standard deviation of Ra is considered and then
summed or subtracted to Ra. The uncertainty in the estimated
Ra reflects a variability of total ash mass and volume of less
than about 10% with an asymmetric behavior with respect to
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TABLE II
TOTAL MASS AND TOTAL VOLUME VALUES OBTAINED FROM RADAR-DERIVED ASHFALL RATE Ra USING (18) AND (20) AND THE ALGORITHM

VARRCL BY SELECTING FALL VELOCITY VALUES av AND bv , DERIVED FROM THE EMPIRICAL MODELS IN [4] AND [36]. THE SENSITIVITY OF TOTAL

MASS VOLUME TO THE STANDARD DEVIATION OF THE ESTIMATED ASHFALL RATE, INDICATED BY σ(Ra), IS SHOWN

TABLE III
TOTAL MASS AND TOTAL VOLUME VALUES, OBTAINED BY INTEGRATING THE EDR (OR QV ) COMPUTED FROM THE MAXIMUM PLUME

HEIGHTS VIA (27) ESTIMATED BY THE FOLLOWING: 1) OPERATIONAL SOFTWARE RAINBOW; 2) VARRCL WITH Ca THRESHOLD;
3) VARRCL WITH ZHm THRESHOLD; AND 4) FROM THE MEASURED GROUND-SAMPLED VALUES

ash rate overestimation (Ra + σ) and underestimation (Ra −
σ). The choice of a different ashfall velocity model can provide
an uncertainty (underestimation) that is even larger than 30%.

Table III shows the mass and volume estimates obtained by
the integration of discharge rate, derived from the maximum
plume height from Rainbow, VARRCL (with reflectivity or con-
centration threshold), and ground measured values. VARRCL

tends to provide a mass value estimation in a fairly good
agreement with the measured one, whereas VARRD overes-
timates the total mass (not shown). With respect to the data
obtained from QV derived from ground-sampled mass value,
all algorithms slightly overestimate the total mass; indeed,
VARRCL with Ca threshold shows a result that is fairly close
to the measured one. Note that the total volume VaT from QV

estimates, using (28), can be even an order of magnitude (in
cubic meters) larger than the value derived from ash density
integration through (20).

V. CONCLUSION

The potential of using a ground-based C-band weather-
radar system for volcanic ash cloud detection and quantitative
retrieval has been quantitatively evaluated for the first time
by using Vatnajökull in situ fieldwork data, documented in
[17]. An application of the physically based VARR inversion
technique has been shown, taking into consideration the erup-
tion of the Grímsvötn volcano in Iceland in November 2004.
Volume scan data from a Doppler C-band radar, located at
260 km from the volcano vent, have been processed by means
of VARR. Examples of the achievable VARR products have
been commented and discussed, such as the concentration or
the ashfall rate. The case study has been analyzed in terms of
its evolution by looking at both radar measurements and ash
products, derived from the measurements themselves.

The analysis has clearly shown the unique features of radar
remote sensing of volcanic eruptions. The grain size of the
samples has been used to achieve a best fitting of scaled-gamma
and scaled-Weibull distributions on sample measured distri-
bution. The effects of wind transportation have been incorpo-
rated within the VARR approach using the PCORR technique,
showing results of ash ground concentration, mass, and volume
in accordance with in situ measurements. Promising results
have been obtained, particularly with reference to VARRCL

algorithm version in terms of total mass and maximum plume
height estimates.

The VARR technique seems to be promising as an oper-
ational remote sensing tool for initializing physically based
ash dispersion models [37] and to issue warnings on the basis
of quantitative near real-time ash eruption monitoring. In an
operational context, the “default” algorithm VARRD would be
probably the easiest and fastest way to use radar data for re-
trieving ash cloud and eruption source parameters. This choice
might be an acceptable compromise between accuracy of the
retrieval results and data processing complexity. It should be
pointed out that the effect of aggregation among ice crystals,
liquid droplets, and ash particles still remains a major unknown,
affecting not only microwave weather radar estimates but also
ground-based lidar and satellite-based infrared techniques.

Future developments on near-vent volcanic ash retrieval
should be possibly devoted to the exploitation of dual-polarized
weather radar, capable of measuring polarimetric observables
both in amplitude and phase. If these polarimetric radar data
were available during a volcanic eruption, significant improve-
ments of the obtained retrievals could be achieved by taking
into account not only the composition of particles but also
their prevailing shape and/or expected tumbling feature due to
spatially random orientations during the fallout. Mixtures of
hydrometeors and ash, undistinguishable from pure ash clouds
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using conventional radars, could be better investigated using
dual-polarization instruments [13], [20]. In this respect, weather
radars at X-band might even show a better sensitivity with
respect to the corresponding C-band systems having the same
characteristics.

The synergy among ground- and satellite-based sensors
should be further investigated as measurements from visible/
infrared satellite imagers, and ground-based lidars may be used
as a complementary constraint for radar-based estimates due to
their high sensitivity to fine ash particles. Improvements on the
ash cloud advection technique are also envisaged by computing
the cross-correlation maximum within portions of all available
pairs of radar maps. In this way, the estimate of a motion vector
field would probably lead to a better prediction of the ash fallout
spatial maps. Finally, a portable weather-radar system might
overcome the limitation of observing a volcanic eruption from
far distances, as in the case study here considered. The ground
validation of radar-based ash estimates has been achieved by
the proposed observation technique.

The VARR algorithm has turned out to be a valid approach,
and with few adjustments to the monitored volcano, it may be
a useful technique for airplane flight alerting in the proximity
of volcanic eruptions. Proper design and deployment of an ash
disdrometer network around active volcanoes, coupled with a
portable microwave radar, could lead to new insights and accu-
rate assessments of volcanic ash cloud radar remote sensing.
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