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Monitoring Subglacial Volcanic Eruption Using
Ground-Based C-Band Radar Imagery
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Abstract—The microphysical and dynamical features of volcanic clouds, due to Plinian and sub-Plinian eruptions, can
be quantitatively monitored by using ground-based microwave
weather radars. In order to demonstrate the unique potential
of this remote sensing technique, a case study of a subglacial
volcanic eruption, occurred in Iceland in November 2004, is
described and analyzed. Volume data, acquired by a C-band
ground-based weather radar, are processed to automatically classify and estimate ash particle concentration. The ash retrieval
physical–statistical algorithm is based on a backscattering microphysical model of fine, coarse, and lapilli ash particles, used
within a Bayesian classification and optimal regression algorithm.
A sensitivity analysis is carried out to evaluate the overall error
budget and the possible impact of nonprecipitating liquid and ice
cloud droplets when mixed with ash particles. The evolution of
the Icelandic eruption is discussed in terms of radar measurements and products, pointing out the unique features, the current
limitations, and future improvements of radar remote sensing of
volcanic plumes.
Index Terms—Ash retrieval, inversion methods, microwave
weather radars, radar meteorology, volcanic eruption clouds.

I. I NTRODUCTION

A

SH dispersal from large explosive volcanic eruptions is
very extensive and can be devastating for the environment, endangering people’s lives and property [1]. In addition,
volcanoes influence the global climate on timescales of years.
During a Plinian or sub-Plinian eruption, the injection of large
amounts of fine and coarse rock fragments and corrosive gases
into the troposphere and lower stratosphere is usually followed
by a long lasting ashfall which can cause a variety of damages
[2]–[5]. Volcanic ash clouds are an increasing hazard to aviation
safety because of growing airline traffic [6], [7].
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The real-time and areal monitoring of a volcano eruption,
in terms of its intensity and dynamics, is not always possible
by conventional visual inspections. Remote sensing techniques
both from ground and space represent unique tools to be exploited [8]–[10]. In particular, microwave weather radars can
gather 3-D information of atmospheric ash-cloud scattering
volumes up to several hundreds of kilometers, in all weather
conditions, at a fairly high spatial resolution (less than a kilometer) and with a repetition cycle of few minutes [11]–[15].
Single-polarization Doppler radars can measure horizontally
polarized power echo and Doppler shift from which ash content
and radial velocity can be, in principle, extracted. In spite of
these potentials, there are still several open issues about microwave weather radar capabilities to detect and quantitatively
retrieve ash-cloud parameters [14], [15].
Several unknowns may condition the accuracy of radar
products, most of them related to microphysical variability of
ash clouds due to particle size distribution (PSD), shape, and
dielectric composition [16]. Ash aggregation with liquid and
frozen hydrometeors is one of the most critical issues, as it
is an effect difficult to discriminate and separate from radar
observations [17]–[19]. A major impairment in the exploitation
of microwave weather radars for volcanic eruption monitoring
is due to the exclusive use of operational weather radars for
clouds and precipitation observation and to the few available
case studies during which a weather radar is operating during
an explosive volcanic eruption.
Previous works were devoted to the modeling of the radar
reflectivity response due to volcanic ash clouds and to the
design of a volcanic ash radar retrieval (VARR) methodology
able to provide both ash concentration and fall rates from a
radar polar scan in an automatic fashion [15], [16]. The aims
of this paper are twofold: 1) to extend the sensitivity analysis
of VARR and evaluate its overall error budget by including
the possible impact of nonprecipitating liquid and ice cloud
droplets when mixed with ash particles and 2) to illustrate
the potential of VARR through a detailed discussion of a case
study of a subglacial volcanic eruption, occurred in Iceland in
November 2004 and observed by a single-polarization weather
radar at 5.6 GHz [20]. The evolution of the Icelandic eruption
is discussed in terms of radar measurements and retrievals,
pointing out the unique features and the current limitations of
radar remote sensing of volcanic plumes.
This paper is organized as follows. In Section II, we will describe the numerical sensitivity analysis with respect to particle
combination within ash clouds and summarize the overall radar
retrieval algorithm with some improvements. In Section III, the
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subglacial volcanic eruption will be illustrated in terms of radar
imagery and products. Section IV will draw some conclusions
and future perspectives.

with a constant specific density ρp and 2) the minimum and
maximum diameters are zero and infinite so that the complete
moment mlp of order l of Np (D) is expressed by
mlp =

II. R ETRIEVAL A PPROACH AND S ENSITIVITY A NALYSIS
A microwave weather radar response is mainly controlled by
the atmospheric 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 particle-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 [17]–[19].
The goal of the next sections is to evaluate the impact of
nonprecipitating hydrometeors on ash-cloud radar signatures
at C-band and to assess the overall error budget for the ash
retrieval.

Nnp
Dl+1 Γ(l
l+μp +1 np
Λnp

where D is the diameter (in millimeters), and the “intercept”
parameter Nnp and the “slope” parameter Λnp in a logarithmic
plane are related to the PSD “shape” parameter μp through

μp +4
6C Λnp
Nnp = 106 πρp D4p Γ(μ
(2)
p +4)
np
Λnp = μp + 1
with Cp being the mass concentration (in g · m−3 ), ρp the
specific density (in kilograms per cubic meter), and Dnp the
mean diameter (in millimeters). It is worth mentioning that Nnp
has a dimension which is μp -independent and given in units per
millimeter per cubic meter, Λnp is adimensional, and Np (D) is
completely specified by the three parameters μp , Dnp , and Cp
(assuming a constant density ρp ).
Let us assume the following: 1) Particles are spherical or
equivalently spherical so that their mass is Mp = ρp (π/6)D3

(3)

where Γ(l + 1) = l! if l is an integer. Then, the total volumetric
number of particles is Ntp = m0p , whereas the mass concentration Cp is given by
∞
D3 Np (D) dD =

Cp = (π/6)ρp

π
ρp m3p
6

(4)

0

and the number-weighted mean diameter Dnp is defined by
∞

DNp (D) dD

0

Dnp = ∞

A. Impact of Particle Combination on Radar Reflectivity
In order to take into account the hydrometeor effect, we have
considered the following categories of ash particle (p = a): fine
ash, coarse ash, and lapilli. For hydrometeor particles (p = h),
we have concentrated our attention on cloud ice and water
droplets, due to the subglacial winter eruption here studied.
On the other hand, precipitating hydrometeors, such raindrops,
graupel, and snow, should exert a sort of atmospheric scrubbing,
thus removing and/or obscuring ash signatures. There is a fairly
large consensus about the capability to model PSD through either a normalized Gamma or Weibull size distribution [2], [16].
In the case of a multimode size distribution, it is always possible
to suppose more than one analytical PSD characterized by
different mean sizes and total number of particles.
In this paper, we have adopted the scaled Gamma (SG) PSD
as a general model both for ash and hydrometeor particles (the
results can be easily extended to a Weibull PSD). The SG PSD
Np for a generic class of particles p can be written as [16]

μp
 D 
D
−Λ
Np (D) = Nnp
e np Dnp
(1)
Dnp

+ μp + 1)

=
Np (D) dD

m1p
.
m0p

(5)

0

Note that from (1), (4), and (5), we can simply derived the
relationships in (2).
The particle fall flux Rp , defined as the particle mass crossing
a horizontal cross section of unit area over a given interval of
time, can be expressed by the following:
∞
[νp (D) − wu ] D3 Np (D) dD

Rp = (π/6)ρp

(6)

0

where νp (D) is the particle downward terminal fall velocity (in
meters per second) in still air, and wu is the upward vertical
component of the air speed. In (6), Rp is measured in kilograms
per square meter per steradin, but if it is divided by the specific
density ρp , then it is expressed in meters per second, thus
expressing a particle fall rate.
The mean diameters Dna of ash particles are set to 0.01,
0.1, and 1.0 mm for fine, coarse, and lapilli, respectively [15].
For all ash classes, the density ρa is put equal to 1800 kg/m3 ,
whereas the shape parameter μa is varied between one and two.
For the hydrometeor particle, the mean diameters Dnh are set to
0.01 mm for both cloud ice and water particles. Their density
ρh is put equal to 1000 kg/m3 for water and 900 kg/m3 for ice,
whereas the shape parameter μh is varied between 3 and 16 for
both cloud droplets [19], [21].
Microwave scattering from ash particles and from cloud
water and ice droplets satisfies the Rayleigh approximation.
Under this condition, the radar reflectivity factor at horizontal
polarization ZHp , expressed in mm6 · m−3 , due to an ensemble
of particles p, is expressed as the sixth moment of PSD as
follows [16], [22]:
ZHp

λ4
= ηHp 5
=
π |Kp |2

∞
D6 Np (D) dD = m6p

(7)

0

where ηHp is the radar volumetric reflectivity, λ is the wavelength, and Kp is the dielectric factor of the particle ensemble
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differential equations [19], whose description is beyond this
paper. However, from a radar perspective, if we assume the
radar resolution volume to be completely filled by this particle
mixture (p = m), the total reflectivity ZHmix due to the particle
mixture can be expressed by
ZHmix = fZ (μm )

Cm 3
D
ρm nm

(12)

where Cm = Ca + Ch is the mixture concentration. The parameters in (12) can be, in general, modeled as a weighted
average of the ash and droplet respective parameters [19]. In
particular, we can define the mixture characteristic radius as
Ca Dna + Ch Dnh
.
Ca + Ch

Dnm =

Fig. 1. Weighting factor fZ , normalized to particle density ρp , versus the
shape parameter μp (with values between 1 and 16), characterizing the PSD.
Particle specific densities between 500 and 2500 kg/m3 are used as parameter
(with ice at 900 kg/m3 and water at 1000 kg/m3 ).

of category p. For brevity, hereinafter, the term radar reflectivity
will also stand for radar reflectivity factor. Substituting (3) in
(7), we obtain
ZHp =

Nnp

7
μ +7 Dnp Γ(μp

Λnpp

+ 7).

(8)

In the absence of detailed microphysical models, the PSD
shape parameter μm of the particle mixture can be also expressed by [19]
μm =

ZHp

ρm =
(9)

−3

where ZHp is expressed in mm · m , and fZ is a weighting
function of μp only, given by
6

fZ (μp ) =

6 · 106 Γ(μp + 7)
.
π(μp + 1)3 Γ(μp + 4)

(10)

The parametric plot of the normalized weighting factor
fZ /ρp is shown in Fig. 1 as a function of the shape parameter
μp . For the increasing values of μp and ρp , Fig. 1 suggests that
the normalized weighting factor in (9) decreases.
Two particle-combination models are here considered: coexistence and mixture [18]. If we suppose coexistence of ash
and cloud particles within the radar resolution volume, the
two particle categories do not mix to each other and remain
physically separated. Thus, the total reflectivity ZHcoe is the
sum of the respective reflectivities due to ash particle (p = a)
ZHa and to the hydrometeor particles (p = h) ZHh as follows:
ZHcoe = ZHa + ZHh
= fZ (μa )

Ca 3
Ch 3
D + fZ (μh ) Dnh
.
ρa na
ρh

(11)

In the case of a mixture of ash and hydrometeor particles, we
can suppose an aggregation microphysical process which leads
to a new particle having different PSDs and concentrations [17].
Aggregation microphysical processes leading to mixtures are
quite complicated and are generally described by diagnostic

Ca μa + Ch μh
.
Ca + Ch

(14)

Note that the dielectric factor Km of the particle mixture [see
(7)] can be also modeled as μm by substituting in (14) μa with
Ka (equal to about 0.39) and μh with Kh (equal to about 0.93)
[16]. The density ρm of particle mixture is obtained from the
volume ratio of ash and water particles [19]

Using (2), the latter equation yields
Cp 3
= fZ (μp ) Dnp
ρp

(13)

Ca + Ch
.
Ca /ρa + Ch /ρh

(15)

We can investigate the sensitivity of radar response to the
presence of nonprecipitating hydrometeors, using the coexistence and mixture microphysical models expressed in (11) and
(12), respectively. To this purpose, we can express the particle
concentration Cp as a linear fraction of the total concentration
Ctot . If fh is the concentration fraction of hydrometeors within
the radar volume bin, we can define the following simple
models:
⎧
⎨ Ca = (1 − fh )Ctot
C = fh Ctot
(16)
⎩ h
Cm = Ca + Ch = (1 − fh )Ctot + fh Ctot
with the fraction fh varying between zero (i.e., Ctot = Ca in
the case of no hydrometeors) to one (i.e., Ctot = Ch in the
case of no ash). The previous formula basically assumes a total
mass conservation within the resolution volume: This means a
redistribution of the total concentration Ctot with respect to ash
and hydrometeor fractions.
The following figures show some numerical results obtained
from the previous models. For the case of coexistence mechanism, Fig. 2 shows the radar reflectivity factor ZHcoe as a
function of Ctot for the coexistence of fine, coarse, and lapilli
ashes with cloud water and ice droplets for various hydrometeor
fractions fh . The variability of Ctot within (16) is between 0.1
and 10 g/m3 , whereas μa = 1 and μh = 5 have been assumed.
Fig. 3 shows the same as Fig. 2, but for the radar reflectivity
factor ZHmix (in dBZ) as a function of Ctot for the mixture of
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Fig. 2. Radar reflectivity as a function of total concentration considering the coexistence of ash particles with a percentage fraction fh of hydrometeors (assuming
mass conservation). (Top panels) Fine ash coexistent with cloud water and cloud ice. (Middle panels) Coarse ash coexistent with cloud water and cloud ice. (Bottom
panels) Lapilli coexistent with cloud water and cloud ice.

fine ash, coarse ash and lapilli with cloud water and ice droplets
for various fh ’s.
Some significant features of combination process radar
response can be derived from the analysis of Figs. 2 and 3 as
follows.
1) It is evident that, for fh = 0 and fh = 1, ZHcoe = ZHmix
holds. This means that the two combination models,
coexistence and mixture, modulate the reflectivity values
between these two extremes.
2) Pure ice and pure water hydrometeors (i.e., fh = 1)
exhibit low reflectivities between −30 and −10 dBZ.
These values can be partially explained by their small
mean sizes (i.e., 0.01 mm), but it would not justify
the smaller values with respect to pure fine ash with
the same mean size. However, since we fixed μa = 1
with ρa = 1800 kg/m3 and μh = 5 with ρh = 1000 or
900 kg/m3 , from Fig. 1, it is apparent that the normalized
weighting factor is less for cloud hydrometeors (about
−22 dB) than for fine-ash particles (about −16 dB). Note
that, within this modeling framework, from (9), cloud ice
reflectivity tends to be slightly greater than that of cloud
water due to the slightly diverse specific density (causing
a ZH difference of only 0.46 dB). However, the received
power will be lower due to the fact that the dielectric

factor |K|2 = 0.18 for ice and |K|2 = 0.93 for water
(causing a difference of about 7.1 dB in terms of radar
received power for the same PSD).
3) For a given total concentration, both coexistence and
mixture tend to reduce the reflectivity due to pure ash. For
a 50% coexistence, this reduction may be of few decibels
for fine ash up to a maximum of 3 dB for lapilli. In the
case of a 50% mixture, this reduction may double, going
from 2 dB up to a maximum of 12 dB for lapilli. In general, for particle coexistence, the hydrometeor fraction
tends to give less variability of reflectivity response when
compared with that obtained from the mixture model.
4) Whereas the shape parameter μa of ash PSD is experimentally confined between one and two, the value μh for
ice and water particles may range up 16 [19], [21]. From
Fig. 1, we can deduce that the results of Figs. 2 and 3 will
change when increasing μh , showing a stronger reduction
between pure ash and mixed cases due to the increase of
fZ with μp . This impact will be more pronounced for
particle mixture than for coexistence. The decrease of
μh with respect to the nominal value of five causes an
opposite effect, of course.
In summary, the particle-combination processes, involving
cloud liquid and frozen nonprecipitating particles within an ash
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Fig. 3. Radar reflectivity as a function of total concentration considering the aggregate mixture of ash particles with a percentage fraction fh of hydrometeors
(assuming mass conservation). (Top panels) Fine ash mixed with cloud water and cloud ice. (Middle panels) Coarse ash mixed with cloud water and cloud ice.
(Bottom panels) Lapilli mixed with cloud water and cloud ice.

plume, tend to reduce the radar reflectivity signature in a way
that they are dependent on the cloud particle distribution, ash
mode, and aggregation process. For fine and coarse ashes within
a fractional combination of 50%, the expected reflectivity
reduction is generally less than 1 dB for coexistence and less
than 5 dB for mixture with respect to the measured values.
B. Physically Based Ash Estimation Algorithm
The retrieval of ash concentration Ca and fall rate Ra from
the measured radar reflectivity ZHm is a typical remote sensing
inverse problem. The inverse problem can be stated as an
estimation problem in a probabilistic framework [23]. A crucial
role in this approach is played by the a priori information
which consists of all knowledge about the geophysical solution,
possibly translated as constraints within the inverse problem.
In our context, this means to construct an effective model of
ash-cloud microphysics for remote sensing purposes [16]. As
already mentioned, we have defined three classes (or modes) of
ash sizes: fine ash, coarse ash, and lapilli [15]. As a synthesis
of available volcanic information, within each class, we have
supposed a Gaussian random distribution for [15] the following:
1) Dna with average values Dna  equal to 0.01, 0.1, and
1 mm for fine, coarse, and lapilli ashes and a standard deviation
σDn = 0.2Dna  and 2) Ca with mean values Ca  equal to

0.1, 1, and 5 g/m3 for light, moderate, and intense concentration regimes and a standard deviation σCa = 0.5Ca . Thus, the
physically based VARR algorithm can be structured as follows:
1) the detection of one of the nine ash classes from the measured
reflectivity ZHm within each range bin by using a Bayesian
identification technique and 2) the retrieval of the ash amount
and fall rate for each class from the measured ZHm by applying
a polynomial regression method.
Since we do not have any chance to identify either
coexistence or aggregation of ash and hydrometeors using
single-polarization radar data only, we can take into account
the effect of hydrometeors as a further uncertainty within the
modeled noise. This is a conservative choice, but it is the only
way to introduce this knowledge within our inversion algorithm, apart from possible a priori meteorological information.
The modeled noise is added to the simulated reflectivity ZHa
of pure ash to reproduce the synthetic reflectivity measurement
signatures ZHm . By introducing the random errors εI , εM , and
εA due to instrumental, modeling, and particle-combination
uncertainties, respectively, we can express
ZHm = ZHa + εI + εM + εA

(17)

where all variables are in dBZ. The error sources may be ascribed to instrumental noise, modeled as a zero-mean Gaussian
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Fig. 4. Error structure of ash-concentration retrieval within each ash class, expressed in terms of rmse versus ash concentration. (Top panels) Fine ash. (Middle
panels) Coarse ash. (Bottom panels) Lapilli.

error εI with a standard deviation of 1 dBZ, and forward
modeling uncertainties, modeled as a zero-mean Gaussian error
εM with a standard deviation of 1 dBZ. As previously shown,
particle-combination effects can lead to an unknown underestimation of several decibels. A conservative choice is to assume
εA as a random error with a uniform distribution between
0 dBZ (no combination effects) and 5 dBZ (a compromise
between coexistence and mixture underestimation maxima).
The price to pay to design a robust inversion algorithm through
(17) is to deal with a larger estimate error variance [23].
For what concerns the classification step, its aim is related
to the possibility to automatically discriminate between ash
categories which were defined as fine, coarse, and lapilli sizes.
In the overall retrieval scheme, classification may represent a
first qualitative output before performing parameter estimation.
Maximum a posteriori probability criterion can be used to carry
out cloud classification in a model-based supervised context.
If c is the ash class, then the conditional probability density
function (pdf) of a class c given a measurement ZHm reduces to
ĉ = M ode [p(c|ZHm )]

(18)

where M ode is the modal value of the posterior pdf p(c|ZHm ).
Assuming a Gaussian probability framework to describe
p(c|ZHm ) and exploiting the Bayes theorem, computing (18)
means to know the reflectivity mean mZ (also called class
centroid) and standard deviation σZ of ZHm for each ash
class c [15]. The prior pdf can be used to subjectively weigh
each class as a function of other available information.
Once an ash class is detected, then an estimate of ash
concentration and fall rate is possible. A way to approach the
quantitative retrieval problem is to adopt a statistical parametric
model to describe the relation X − ZHm , where X stands for

either ash concentration Ca or ashfall rate Ra [15]. Assuming a
power-law model, we can write the estimated quantity for each
class c as

(c)
Ĉa = α[ZHm ]β
(19)
(c)
R̂a = γ[ZHm ]δ
where the “hat” indicates the estimated quantity, whereas α, β,
γ, and δ are the class-dependent regression coefficients.
Fig. 4 shows the overall error budget for the ashconcentration estimation for all nine ash classes using the
reflectivity model given in (17). The error, expressed in terms
of root mean square (rms) value, is plotted with respect to
ash-concentration intervals in order to analyze the error trends
within each class. The average rms error (rmse) values are
about 0.04, 0.5, and 2.2 g/m3 for fine ash, coarse ash and lapilli,
respectively, and are relatively independent of concentration
regime. For low values of ash concentration (below the ash
class rmse), the percentage error may be larger than 100% as
expected, whereas the structure of rmse with respect to Ca reflects the Gaussian random generation of synthetic ash classes.
If we compare these results with those obtainable by using an
error budget neglecting the particle-combination uncertainty in
(18), we would obtain a reduced estimate variance as expected.
III. S UBGLACIAL E RUPTION C ASE S TUDY
The eastern region of Iceland has been characterized by an
increased earthquake activity in the last decade [24]–[26]. Hazards arising from subglacial volcanism are due mainly to the
explosive effects of magma–ice interaction, which generates a
tephra-laden plume of steam that ascends rapidly into the upper
atmosphere. This scenario can pose a severe and widespread
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Fig. 5. PPI radar images of the subglacial volcanic eruption of Grímsvötn at 0.5◦ elevation angle on November 2, 2004. (Top panels) PPIs from 01:00 to 03:00
UTC. (Bottom panels) PPIs from 04:00 to 06:00 UTC.

risk to aviation. The melted ice can also lead to catastrophic
outburst floods, known by the Icelandic term “jökulhlaup.”
They are a severe hazard along affected rivers with the potential
to devastate populated areas.
Grímsvötn is one of the most active volcanoes in Iceland,
with an ∼ 62 km2 caldera covered by 150- to 250-m-thick ice.
Its highest peak Grímsfjall, on the southern caldera rim, reaches
an elevation of 1722 m (e.g., [15] and [20]). Volcanic eruptions,
numbering several per century, are phreato-magmatic because
of the ice cover, and they usually persist for days to weeks.
Geothermal activity continuously melts the overlying ice, and
meltwater accumulates in a subglacial lake within the caldera
until the surrounding ice is breached. Volcanic eruptions in
Grímsvötn often coincide with jökulhlaups.
A. Time Evolution of Grímsvötn Subglacial Eruption
In the morning of November 1, a jökulhlaup tremor was
observed on the seismic records at the Grímsfjall station. The
Grímsvötn eruption started in the evening of November 1,
2004 and was observed by a C-band weather radar located
in Keflavik, Iceland [20]. The first plume detected by the

Keflavik radar was at 23:05 Universal Time Coordinate (UTC)
on November 1, 2004. Lightning over Grímsvötn, which accompanied the rising plume, was eventually seen at about 03:00
UTC, but darkness and weather conditions prevented visual
observation of the eruption site. The eruption in the night of
November 2 was followed by frequent plumes, and the last
one, detected by the weather radar, was at 08:30 UTC in
November 3. After this time, the plume was too low to be
detected by the radar (reaching 6 km height or less). The Icelandic Meteorological Office (IMO) received information from
local observers on the site, saying that, from approximately
16:00 UTC in November 3, the plume only reached up to about
150–200 m height. In the morning of November 4 (approximately at 10:00 UTC), IMO got information on site that the
plume reached up to 1 to 2 km height. As of November 3, there
was a visual estimate and might be off by some hundreds of
meters. The eruption gradually ceased after that and declared
finished in November 7.
Meteorological observations and synoptic analysis show
that in November 1, a low-pressure system was moving toward west of Iceland from the south. In November 2 at
00 UTC, the low-pressure system was west of Iceland, which
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Fig. 6. Same as in Fig. 5, but for the RHI radar sections along the line of sight linking the Keflavik radar and the Grímsvötn volcano vent about 265 km long.
The volcano vent is indicated by a triangle.

led to strong southerly and south–southwesterly winds over
Iceland. A rawinsonde was launched at 00 UTC and 12 UTC
from the Keflavík synoptic meteorological station in Iceland.
Those measurements showed that the wind from the surface up to approximately 15 km height was southerly to
south–southwesterly in November 1 until November 3 at 12:00
UTC. Temperatures at the surface were between +5◦ to +10 ◦ C
and freezing level between 1200 to 1500 m height.
During the most active phase of the volcano, i.e., from
the time the volcanic plume reached the surface, detected
by the radar at 23:05 UTC in November 1 until midday of
November 3, the main wind direction was from the south and
southwest from the surface up to approximately 15 km height.
Hence, the plume blew to the north and northeast.
B. Radar Imagery
The Keflavik weather radar is a C-band radar without a
Doppler capability, located about 3 km north of the Keflavik international airport at 47 m above sea level in southwest Iceland
and operated by IMO. Its main operational characteristics are a
transmitted peak power Pt of 245.2 kW, an antenna beamwidth

of 0.9◦ , a pulse duration of 2.15 μs, a pulse repetition frequency
of 250 Hz, and an antenna gain of 44.9 dB. Scanned images are
routinely acquired every 20 min for normal weather monitoring
and every 5 min during volcanic eruptions. A single-polarized
microwave weather is able to detect the measured average
backscattered power Pr at range r and convert it into measured
horizontally polarized radar reflectivity (factor) ZHm . For ash
monitoring at microwaves below 20 GHz, the path attenuation
factor LH , due to particle and gas absorption along the ray, is
usually equal to about one.
Radar volume scans were continuously acquired, and data
have been made available from 23:00 on November 1, 2004 until 06:00 UTC on November 2, 2004 every half an hour. Reflectivity data were radially averaged to 2 km in order to increase
the measurement sensitivity (equal to about −5 dBZ around
the 260-km range). Considering a distance of about 260 km
between the Keflavik radar and the Grímsvötn volcano, volcanic ash clouds can be detected at heights higher than about
6 km using the minimum elevation of 0.5◦ . This means that
the volcanic eruption cloud cannot be detected between the
Grímsvötn summit at 1725 and 6000 m altitude. By comparing
this range with the expected freezing level (around 1350 m)
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Fig. 7. As in Fig. 6, but for the estimated ash classes. (F-I) Fine ash with intense concentration. (C-L) Coarse ash with light concentration. (C-M) Coarse ash
with moderate concentration. (C-I) Coarse ash with intense concentration. (L-L) Lapilli with light concentration. (B) Background clear air.

and considering the phreato-magmatic nature of Grímsvötn
eruptions, we may expect the formation of ice particles and
combination processes within the ash plume, such as ice nucleation around ash nuclei. Since we cannot discriminate ice–ash
aggregation from pure ash clouds using a single-polarization
radar, we can adopt the conservative model in (17) to include
this uncertainty in our classification and retrieval algorithm
given in (18) and (19).
Fig. 5 shows the time sequence of the plan position indicators
(PPIs), acquired by the Keflavik radar between 01:00 and 06:00
UTC at 0.5◦ elevation every hour. The same is shown in Fig. 6,
but for the range height indicators (RHIs) along the line of
sight linking the Keflavik radar and the Grímsvötn volcano
vent between 0.5◦ and 3.5◦ elevation angles. All ground clutter
echoes and precipitation signatures below 3 km have been
properly cancelled.
The signal of volcanic cloud is quite evident from both PPI
and RHI signatures with values up to 40 dBZ around 04:00
UTC. The advection of the volcanic plume toward northwest
is easily detectable from PPI sequence and the reflectivity
maximum contour results to be slightly displaced with respect
to the volcano. From the PPI and RHI radar imagery, we can
derive the extension of the ash-cloud area, which is about
1000 km2 with an advection wind velocity of about 90 km/h
at the time of its maximum development around 04:00 UTC.

C. Volcanic Cloud Ash Retrieval
The measured reflectivity imagery can be inverted to retrieve the ash class, ash concentration, and ashfall rate by applying the VARR technique basically expressed in (18) and (19).
From the environmental conditions described in Section II-A,
it is reasonable to assume that the ash eruption took place
above the freezing level. This means that, if cloud hydrometeors
are formed and eventually aggregated with ash particles, the
water particles are basically frozen. If the VARR classification
algorithm is applied, from radar RHI data, we can detect the
class index, as shown in Fig. 7. As a further step, Figs. 8 and
9 show the results in terms of estimated ash concentration Ca
and fall-rate Ra , obtained by applying the VARR technique to
the measured reflectivity RHI data.
Within a sub-Plinian eruption, lapilli can be suspended in
air for some hours after the explosion. A size sorting of ash
particles is also typical during the evolution of the erupted
volcanic cloud [27]. The ash class spatial distribution in Fig. 7
closely follows the evolution of the radar reflectivity RHI. At
the early stage, fine and coarse ashes are present with light-tomoderate concentrations. During the maximum extension and
eruption peak around 04:00 UTC, a light concentration of lapilli
is detected, slightly shifted with respect to the volcano vent.
Indeed, this shift is already present at the early stage around
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Fig. 8. As in Fig. 7, but for the estimated ash concentration Ca (in grams per cubic meter) expressed in log10 [Ca ] for plot convenience.

01:00 UTC, denoting the significant wind advection. Indeed,
around 05:00, a lower fine-ash plume emerges within the radar
visibility cone in a position closer to the volcano vent. Fine ash
is weakly detected at the borders of RHI radar sector. Around
06:00 UTC, the volcanic ash cloud has almost completely fallen
and is going to be dispersed as a near-surface ash plume with
small concentration, as documented in Section III-A.
Fig. 8 shows the time evolution of ash-concentration spatial
distribution RHI. The spatial pattern of estimated Ca does not
strictly resemble that of radar reflectivity in Fig. 6. This is due
to that fact that a given reflectivity may be due either to a low
concentration of bigger particles or to a high concentration of
smaller particles [16]. By applying VARR classification, we
can address this ambiguity by recognizing the regions of fine,
coarse, and large ash particles. This is particularly evident at
04:00 UTC, where the low amount of lapilli, causing high radar
reflectivity, is contiguous to regions of large amount of coarse
ash particles.
Fig. 9 shows the time sequence of the estimated ashfall flux
RHI. This estimate is dependent on the velocity–diameter law
used to convert mass into fluxes, as from (6). Here, we used
the power law derived from the data of Mt. St. Helens eruption
in 1980 with wu = 0 in (6) [11], [15]. The spatial pattern of
estimated Ra resembles that of estimated Ca . If a uniform
ash flux is assumed to be between the lowest visible radar bin
and the surface (in our case, about 4 km), then the ashfall at

ground might be computed during the whole event. This ashfall
estimate might be directly compared with the available ground
measurements of ash deposits. Unfortunately, in this case study,
we do not have any chance to verify these results.
IV. C ONCLUSION
The potential of using a ground-based C-band weather radar
system for volcanic ash-cloud detection and quantitative retrieval has been evaluated. An application of the physically
based VARR inversion technique has been shown, taking into
consideration the eruption 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. 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 sub-Plinian volcanic
eruptions.
We have also evaluated and incorporated the possible effects
of nonprecipitating hydrometeors within the VARR approach.
The 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
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As in Fig. 7, but for the estimated ashfall rate Ra (in kilograms per square meter per steradian) expressed in log10 [Ra ] for plot convenience.

about 50%. Since, by using a single-polarization weather radar,
we do not have any chance to discriminate between ash, hydrometeors, and mixed particles, we have included the particlecombination uncertainty within the inversion scheme, dealing
with the increase of the estimation error variance.
For future developments, we might resort to 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 improvements of the obtained retrievals could be achieved by taking
into account not only the particle composition but also their
shape. In this respect, weather radar at X-band might even
show a better sensitivity with respect to the corresponding
C-band systems having the same characteristics. 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 remains
the major problem of this proposed observation technique.
Unfortunately, in situ validation is not an easy task due to the
difficulty to automatically collect ash deposits on the surface
(in a way similar to rain gauges for rainfall) and to penetrate
through ash plumes by aircraft (in a way similar to airborne
sampling through rainstorms). Indeed, optical disdrometers
may be used to measured ash PSD and fluxes at ground, using

the same techniques to sample raindrop sized distributions. A
proper design and deployment of an ash disdrometer network
around active volcanoes, coupled with a portable microwave
radar, could lead to new insights and final assessments of
volcanic ash-cloud radar remote sensing.
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