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Microphysical Characterization of Microwave Radar
Reflectivity Due to Volcanic Ash Clouds
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Abstract—Ground-based microwave radar systems can have
a valuable role in volcanic ash cloud monitoring as evidenced
by available radar imagery. Their use for ash cloud detection
and quantitative retrieval has been so far not fully investigated.
In order to do this, a forward electromagnetic model is set up
and examined taking into account various operating frequencies
such as S-, C-, X-, and Ka-bands. A dielectric and microphys-
ical characterization of volcanic vescicular ash is carried out.
Particle size-distribution (PSD) functions are derived both from
the sequential fragmentation-transport (SFT) theory of pyro-
clastic deposits, leading to a scaled-Weibull PSD, and from more
conventional scaled-Gamma PSD functions. Best fitting of these
theoretical PSDs to available measured ash data at ground is
performed in order to determine the value of the free PSD pa-
rameters. The radar backscattering from spherical-equivalent
ash particles is simulated up to Ka-band and the accuracy of the
Rayleigh scattering approximation is assessed by using an accu-
rate ensemble particle scattering model. A classification scheme
of ash average concentration and particle size is proposed and a
sensitivity study of ash radar backscattering to model parameters
is accomplished. A comparison with C-band radar signatures is
finally illustrated and discussed.

Index Terms—Ash clouds, microwave radars, radar remote
sensing, volcanic eruption.

I. INTRODUCTION

THE detection and quantitative retrieval of volcanic ash
clouds is of significant interest due to its environmental

and socio-economic effects [1]–[3]. Ash fallout can cause
substantial hardship and damages in volcano’s surrounding
area and represents a serious hazard to aircrafts as well [4], [5].
Real-time aerial mapping of a volcanic eruption, in terms of its
intensity and dynamics, is usually not possible by conventional
visual inspection, especially during poor visibility expected in
those circumstances [6].

In order to monitor ash cloud patterns, aircraft observations
have a limited value, due to their nonsystematic nature and
inherent hazards for flights within an ash cloud [7], [8]. In this
respect satellite measurements can offer the advantage of a global
coverage with a known temporal repeatability [9]. Satellite
visible-infrared radiometric observations from geostationary
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satellites (e.g., Meteosat sensors) are usually exploited for
long-range trajectory tracking and for measuring low level
eruptions [10]–[12]. Their imagery is available every 15–30 min
and suffers from a relatively poor spatial resolution (i.e., order of
some kilometers). Moreover, the field of view of geostationary
radiometric measurements may be blocked by water and ice
clouds at higher levels and their overall utility is reduced
at night [13]. Satellite data from radiometric sensors aboard
near-polar orbiting platforms, such as the Advanced Very High
Resolution Radiometer (AVHRR) aboard the National Oceanic
Atmospheric Administration’s Television Infrared Observation
Satellite (TIROS), the Total Ozone Monitoring System (TOMS)
aboard the Landsat platform, and the Moderate Resolution
Imaging Spectrometer (MODIS) aboard the Terra platform,
can also be employed to detect and map volcanic ash clouds over
the entire globe [14]–[17]. The usefulness of these sensors is
limited by their relatively poor temporal resolution guaranteeing
only two overpasses per day at most using a single platform.
More recently spaceborne microwave radiometric data have
been also investigated for ash cloud retrieval, even though their
spatial resolution is of the order of several tens of kilometers
[18].

It should be noted that many volcanic cloud encounters have
happened only minutes to a few hours after eruptive events so that
timely information on the eruption’sonset and its intensity is vital
[4]–[8]. Among the remote sensors, ground-based microwave
weather radars may represent an important tool to detect and,
to a certain extent, mitigate the hazard from the ash clouds
[19]–[23]. The possibility of monitoring 24 hours a day, in all
weather conditions, at a fairly high spatial resolution (less than
few hundreds of meters) and every few minutes after the eruption
is the major advantages of using ground-based microwave radar
systems. Ground-based weather radar systems can also provide
data for determining the ash volume, total mass and height of
eruption clouds. The latter information is especially valuable
because a series of column height measurements allows the
mass and dynamics of an eruption to be directly monitored.
Moreover, the altitude of the cloud top above the vent represents
an essential datum both to aviation safety and early warning and
to ash cloud trajectory models able to forecast the position of
volcanic clouds after an eruption based on winds aloft [24], [25].
In this respect, other ground-based microwave instrumentation,
such as global positioning system (GPS) receivers and wind
profiler radars, may play a complementary role for monitoring
volcanic cloud evolution, even though their operational utility
is limited by the relatively small spatial coverage (e.g., [26] and
[27]). On the other hand, ground-based lidar optical systems
may show a higher sensitivity to ash contents with respect to
microwave instruments, but counterbalanced by stronger path
attenuation effects (e.g., [28]).
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In spite of this potential and the fact that weather radar use
dates back to early eighties, there are still open issues about
microwave weather radar capabilities to quantitatively retrieve
volcanic ash cloud parameters [29]–[32]. Single-polarization
Doppler radars can measure horizontally polarized power echo
and Doppler frequency shift from which ash content and radial
velocity can be revealed. Several unknowns condition the accu-
racy of radar products, most of them related to the microphysical
variability of ash clouds such as their particle size distribution,
shape, and dielectric composition [33]–[36]. Even though this
variability cannot be fully resolved by using the available ob-
servables of Doppler microwave radars, the accuracy of radar
remote sensing of volcanic eruptions can be quantitatively as-
sessed by estimating the uncertainty of microphysical and scat-
tering models of ash clouds.

In this work, the potential of using ground-based weather
radar systems for volcanic ash cloud detection, and quantitative
retrieval is evaluated from a modeling point of view. In order to
do this, microwave radar sensitivity to ash clouds is examined
taking into account various operating frequencies such as S-,
C-, X-, and Ka-bands. Experimental evidences, concerning
weather radar detectability of ash clouds during major volcano
eruptions, are summarized in Section II, Afterward, the dielectric
and microphysical characterization of volcanic ash is mainly
carried out within Section III in terms of modeled particle
size-distribution (PSD) functions. The latter are expressed by
means of two different analytical models, the scaled-Gamma
PSD and the scaled-Weibull PSD as in Appendix A. The
radar backscattering from spherical-equivalent ash particles is
simulated under Rayleigh approximation up to Ka-band, and
its accuracy is assessed by using an accurate backscattering
model in Section IV. A systematic sensitivity analysis is carried
out by varying ash concentration, ash-fall regimes, and model
parameters. Finally, a summary and recommendations for the
development of volcanic ash radar retrieval algorithms are
given in the conclusion.

II. VOLCANIC ASH AND RADAR REMOTE SENSING

Materials of all types and sizes that erupt from a crater or vol-
canic vent as a result of an intensive magma and rock fragmen-
tation are usually referred to as tephra [1]–[3]. Among tephra,
volcanic ash is made by small particles ( 2 mm in average di-
ameter) of pulverized rock blown from an explosion vent. Ash
clouds are transported and their particles are sorted by prevailing
winds and eventually fall through the air (ashfall) resulting in a
deposit that is well sorted and layered.

Volcanic ash is formed by volcanoes through several different
processes that transform large batches of magma and country
rock into smaller pieces [33]. Two general mechanisms can be
identified: 1) magmatic fragmentation in which the evolution
and expansion of magmatic gases contribute to volcanic ash
production; ash particles are usually marked by the presence
of vescicles and production of pumice; 2) hydrovolcanic (also
called phreato-magmatic) fragmentation in which physical con-
tact and mixing of magma with external water result in ash
particle formation; the propagation of stress waves through the
magma and instabilities at the interfaces between magma and
water can contribute to ash production.

Ash cloud particles consist mainly of angular shattered rock
fragments and have a quite irregular and complex shape [35].

They can be categorized as vescicular, nonvescicular, and mis-
cellaneous. The diameters of particles in fall deposits typically
range from a few microns or less to several centimeters or more.
Both the concentration and diameter of particles in the volcanic
clouds decrease with distance from the vent because larger par-
ticles tend to fall out quickly [36]. Generally, finer particles
( m in average diameter) can stay suspended for days to
months and can be transported to great distances from the vol-
canic source. Analogously, coarse ash ( m in average di-
ameter) may have a relatively long atmospheric residence time
(more than several hours) [3], whereas lapilli ( 1 mm in av-
erage diameter) tend to fall out within an hour [34]. Bombs or
blocks ( 64 mm) across ejected by the explosion typically fall
within a few kilometers of the eruption site very rapidly (within
few minutes).

It is worth mentioning that, with respect to rainfall, ashfall
has some important differences [9]: 1) ashfall amounts and size
distributions are preserved for very long periods (until millions of
years) after deposition, except for aggregation of fine ash; 2) the
ash PSD is mainly established by explosive fragmentation rather
than by reversible processes such as condensation, evaporation,
coalescence, and breakup. In contrast with rain clouds, since
ash clouds can be a major hazard to air flights, in situ sampling
of ash clouds by aircraft is not possible except during very
light ashfall. The use of the radar to observe ash eruptions is
quite limited, indeed, and most radar observations of volcanic
eruptions are occasionally carried out by meteorological radars
of national weather services. In 1970, the thephra from Hekla
volcano was first observed in Iceland, while in the U.S.,
first radar observations were performed during the eruption
of Augustine volcano in Alaska in 1976. During Mount Saint
Helens activity of 1980–1982 there was the unique opportunity
to collect observations using the U.S. National Weather Service
radar system at C-band in Portland, OR. These results were
reported in detail by Harris and Rose [20] and Krohn and
Lemon [21]. There are other examples of volcanic ash detected
by ground-based weather radars from 1970 to nowadays [50],
and the most important of them are listed in Table I.

Some recent episodes of volcanic ash radar detection are qual-
itatively illustrated in Figs. 1 and 2. Fig. 1 shows the eruptions of
Soufriere Hills volcano, that occurred on March 20, 2000 [38]
and monitored by an S-band radar located at Guadaloupe Is-
land. Note that horizontally polarized reflectivity data, as usual,
are calibrated with the dielectric factor of water (i.e., equal to
0.93; see Fig. 8 and related comments for further details). Due
to the distance between radar and volcano (about 100 km) it is
a remarkable example of capability of S-band weather to detect
ash cloud with reflectivity values up to 55 dBZ near the volcano
vent mainly due to coarse ash and lapilli ejection.

Another example is the radar observation of the Mount Etna
eruption that began on October 27, 2002 (e.g., [32]). This
eruption resulted in the total destruction of the tourist complex
and skiing area and a portion of a pine forest. Eruptive activity
on the northeastern flank produced the main lava flows and
ended on November 5, while less lava but a large volume
of pyroclastics was produced on the southern flank with an
activity that continued until November 16, 2002. Heavy ash
falls mostly affect the Catania area, repeatedly forcing the
closure of Catania airport. Eruptive seismicity and ground
deformation caused damage on the northeastern and eastern
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TABLE I
REPORTED ASH CLOUD ECHO DETECTION BY GROUND-BASED WEATHER

RADARS DURING MAJOR VOLCANIC ERUPTIONS BETWEEN 1970
AND 2004 (BASED ON THE LIST OF SAWADA, 2004 [50])

Fig. 1. Plan position indicator (PPI) of horizontally polarized radar reflectivity
factor (dBZ), measured by S-band weather radar of Guadeloupe during the
Soufriere Hill volcano eruption on March 20, 2000 at 23:405 UTC (courtesy of
AMS-Gematronik and Meteo France, Gaudeloupe). Volcano vent is indicated
by an arrow and radar location by a circle. Reflectivity data are calibrated with
water dielectric factor (i.e., jKj = 0:93; see text for details).

flanks. The total estimated lava volume was about 10.5 Mm ,
while tephra volume was larger than 20 Mm . As shown in
Fig. 2, C-band radar images were taken from U.S. Navy station
of Sigonella (Sicily, Italy), about 40 km far from the vent [39].
In this case, due to widespread meteorological clouds over
Sicily, the Meteosat geostationary satellite couldn’t map the
ash eruption, while the C-band radar clearly detected the ash
cloud dispersion. In this snapshot, observed reflectivity values
were not higher than 30 dBZ due to the fact the ash cloud was

Fig. 2. PPI of horizontally polarized radar reflectivity factor (dBZ, named also
corrected intensity), measured by C-band weather radar of Sigonella (Sicily,
Italy) during Mount Etna volcano eruption on November 03, 2002 at 15:09
UTC (courtesy of NATO Sigonella base, Italy). Volcano vent is indicated by an
arrow and radar location by a circle. Reflectivity data are calibrated with water
dielectric factor (i.e., jKj = 0:93; see text for details).

already relatively far (about 10 km) from the volcano vent and
mainly constituted by fine and coarse ash.

As a further recent example, the Hekla eruption that began
on February 26, 2000 was continuously and completely moni-
tored by a C-band weather radar located about 140 km far from
volcano. Ash cloud observations and volcanological interpreta-
tion are well described by Lacasse et al. [31]. A final remarkable
example on the use of an X-band polarimetric radar is the obser-
vation of volcanic ash cloud at a distance of about 40 km from
Mount Oyama volcano in Japan. More details on this case study
can be found in [29].

III. MICROPHYSICAL MODEL OF VOLCANIC

ASH RADAR REFLECTIVITY

In the following paragraphs, quantitative definitions and
physical parameterization of volcanic ash clouds will be briefly
described together with some radar reflectivity modeling issues.

A. Volcanic Ash Parameterization

The particle size distribution provides a description of the
particle occurrence per unit volume and unit size (typically ex-
pressed as per centimeter to the fourth (cm ) or per cubic meter
per millimeter (m mm )]. As known, PSD plays a sig-
nificant role in determining the backscattering and absorption
properties of a particle ensemble [40], [41]. Here the ash PSD
will be indicated either by where [mm] is the particle
diameter or by where is the so-called unit defined as
[41]

(1)
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where conventionally mm. The use of -unit is histori-
cally justified in volcanology by conventional plots in a base-2
logarithmic scale. A general scaled form of m
mm has been assumed in this work to describe ash PSD, for-
mally expressed by

(2)

where [mm] is the number-weighted mean diameter and, in
a logarithmic plane, m mm is the intercept, is the
slope, is the shape factor and the slope factor. The normal-
ization is such that and are related to the mean diameter

and ash concentration and have physical dimensions in-
dependent on and . Bimodal PSDs have been also estimated
from the analysis of ground ash samples, but here a simple uni-
modal form, like (2), has been adopted considering it a more
consolidated assumption of average size distributions [37].

The PSD form, given in (2), is quite general, and its derivation
is detailed in Appendix A. It is demonstrated that (2) may rep-
resent both the scaled-Weibulll PSD (SW-PSD) and the scaled-
Gamma PSD (SG-PSD). In particular, the scaled-Gamma is de-
rived from the analogous form established for raindrops [41],
while the scaled-Weibull PSD is shown to be a derivation from
the sequential fragmentation-transport (SFT) theory where par-
ticle transport and growth are taken into account in a physical
manner [33], [42], [43]. As outlined in Appendix A, the max-
imum-likelihood best fitting of (2) with respect to available PSD
ash measurements has shown that the most probable value of

is about 1 and 0.5 for a scaled-Gamma and scaled-Weibull
PSD, respectively. For instance, from (A.4) the parameters of
ash scaled-Gamma PSD for take the following simple
form:

(3)

Similar expressions can be derived for scaled-Weibull PSD.
Note that, in case of SW-PSD, we will indifferently refer to
either or with in (2) (see
Appendix A).

In Section II the shape of ash particles has been briefly dis-
cussed. Experimental evidence shows that ash and lapilli and
their aggregates can be only roughly approximated by a spher-
ical shape [35]. However, most ash shape measurements refer
to distal volcanic ash deposit at ground so that properties of
suspended and falling ash can be only inferred. The spherical
shape assumption is widely used in radiative modeling for re-
mote sensing purposes (e.g., [15], [20], and [29]). These con-
siderations have prompted us to consider, as a first approxima-
tion, ash clouds as a collection of randomly distributed spherical
particles. Their composition may be assumed to be a mixture of
solid ash and air in order to take into account their vescicular
nature. Analysis of ash mixtures with water in vapor, ice, and
liquid phase are beyond the scope of this work.

From the knowledge of the ash particle distribution, shape,
and density, some meaningful physical parameters can be intro-
duced. For a spherical particles, the ash particle mass [kg]
will be given by

(4)

where g m is the ash density which will be assumed
independent of diameter in the next formulas, if not otherwise
stated. Values of may range from 0.5 for magmatic ash to
2.5 g cm for highly vescicular pumice [1], [20]. If the
(incomplete) moment of order of is expressed by

(5)

where and are the minimum and maximum diameters,
respectively, then the following definitions hold.

• Total volumetric number: m of ash particles, i.e.,
total number per unit volume, given by

(6)

• Mass concentration: g m of sphere-equivalent
ash particles, given by

(7)

• Number-weighted mean diameter: [mm], defined by

(8)

The ashfall rate can be also defined in terms of once
known the terminal fall velocity in still air of ash parti-
cles and the vertical component of the air speed. The esti-
mate of , approximated by a power law and dependent on
height and particle shape, is generally done by means of empir-
ical analyses [20], [32], [45]. Finally, it may be useful to give the
explicit expression of the complete moments (i.e., when
and ), for instance in case of SG-PSD with

(9)
where is the Gamma function and and are derived
from (3) in the last term. A similar expression can be given for
SW-PSD.

B. Radar Reflectivity and Its Approximations

As discussed in Section II, volcanic ash clouds can be con-
sidered radar targets similar to rainfall due to the backscatter of
the transmitted power incident on particle polydispersion within
the radar resolution volume. Both rain and ash cloud fractional
volumes are so low (less than few percent) to allow indepen-
dent scattering hypotheses to be applied for backscattered power
computation. Thus, the theory governing radar backscattering
from rain targets may be applied to radar reflections from ash
cloud with obvious differences.
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For single-polarization Doppler radars, the horizontally po-
larized radar reflectivity m at the bin range is given by
[40], [41]

(10)

where m is the backscattering cross section at horizontal
polarization, is the radar wavelength and mm m is
the radar equivalent reflectivity factor (sometimes expressed in
logarithmic power (dBZ) and often simply referred to as reflec-
tivity). The parameter is the ash complex dielectric factor of
ash particles defined as

(11)

where and are the real and the imaginary part of the ash
relative dielectric constant . Adams et al. [36] estimated the
dielectric constant for several ash samples demonstrating that,
from S- to K-band, and of solid ash are basically con-
stant. Within this frequency interval the real part ranges
from 5.5 to 6.5, while the complex part ranges from 0.08
to 0.27. Thus, the solid-ash dielectric factor of solid ash can
range from about 0.37 to 0.41, basically depending on silicate
contents (dielectric constant is slightly higher of about 10% to
20% for ash with lower silicate contents). As a consequence, in
weather radar applications observations of volcanic solid ash it
is safe to assume , regardless of compo-
sition or wavelength [36]. By comparison, the dielectric factor
is 0.93 for water and 0.197 for ice so that solid ash particles are
2.4 times less reflective than liquid water particles and 2 times
more reflective than ice particles, for an identical particle size
distribution, density and wavelength.

We can further refine our dielectric model of dry ash ag-
gregates following the Gunn–Marshall approach based on the
Debye’s theory [52]. We can assume partially vescicular ash
particles as a mixture of solid ash and air. The ratio of the
ash mixture may be assumed equal to the sum of the ratios cor-
responding to solid ash and air weighted by their relative mass.
Since , it yields

(12)

where is the mass fraction of solid over vescicular ash and
in the last term of (12) the solid-ash density has been put
equal to 1 g cm . The complex relative dielectric constant

of vescicular ash can be derived from definition giving
. If , from (12) it results

that the vescicular ash dielectric factor is . A
further model improvement might be to let to be inversely
dependent on particle diameter (bigger particles are generally
less dense), but to our knowledge there are no experimental data
to parameterize this dependence. Other mixing formulas, such
as that of Maxwell-Garnet (e.g., [41] and [46]) might be used,
but this analysis is beyond our scope.

TABLE II
CLASSES OF AVERAGE ASH SIZE AND CONCENTRATION IN TERMS

OF AVERAGE MEAN VALUES OF DIAMETER DEVIATION-
MEAN PROPORTIONALITY AND RANGE

If the ash medium exhibits path attenuation at the chosen
wavelength, then specific attenuation or extinction m
can be evaluated from [41], [42]

(13)

where m is the extinction cross section,
given by the sum of scattering and absorption cross sections, re-
spectively, at horizontal polarization. Radar observables can be
related to volcanic ash parameters by assuming a backscattering
and absorption model for the particle ensemble. Analytical rela-
tions valid under the Rayleigh assumption of spherical particles
much smaller than the radar wavelength may be adequate for
ash clouds under some conditions, as we will prove in the next
section. Under Rayleigh’s approximation, it holds [40], [41]

(14)

Using (14) and (5), then (10) and (13) become

(15)

The Rayleigh reflectivity factor is proportional to the sixth
power of the particle diameter and, consequently, the larger par-
ticles influence the reflectivity factor much more than smaller
particles of equal abundance.

From (15) and (7), it is straightforward to derive within each
radar range bin an analytical relationship between the radar
Rayleigh reflectivity factor and spherical-ash physical
parameters such its concentration

(16)

where the last term is valid only for a SG-PSD with ,
i.e., using (9). Equation (16) tells us that, for a given spherical
ash density and concentration, tends to be stratified with
respect to the mean diameter . For a given and ,
increases as decreases due to the increase of the log-intercept

of from (3)—if is constant, decreasing means
to increase the particle volume from (4). Previous equation may
represent a physical relation to convert radar reflectivity into ash
parameters if and are known.
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Fig. 3. Average PSD for the nine ash classes, divided into fine ash (left column), coarse ash (middle column), and lapilli (right column) and light (top row),
moderate (middle row) and intense (bottom row) ash concentrations, as function of ash diameter for the scaled-Weibull PSD with 
 = �0:5 (continuous line) and
for the scaled-Gamma with � = 1 (dashed line), assuming � = 1 g � cm average values of D and C are reported in Table II for each class.

IV. NUMERICAL SIMULATIONS OF VOLCANIC

ASH RADAR REFLECTIVITY

The knowledge of ash PSD as in (2), together with ash den-
sity, composition and shape, allows the numerical simulation of
radar reflectivity and extinction using (10) and (13). In order to
analyze the sensitivity of radar response to ash parameterization,
it is convenient to consider different ash diameter classes and
concentration regimes. From Section II and the Appendix, we
may note that the driving parameters of an ash PSD have been
reduced to , , and . Indeed, (related to for SW-PSD)
has been found to be pretty constant depending on the predomi-
nant eruption mechanism (i.e., magmatic or hydrovolcanic frag-
mentation) [32]. In order to generate physically oriented ash
classes, we can basically play on and variability. From
available literature and ash measurements (see also Section II),
we have defined three classes for average ash diameters (fine,
coarse, and lapilli) and three classes for average ash concentra-
tion regimes (light, moderate, and intense), as in Table II. The
average value of ash size in terms of units for each class can be
easily derived from (1) for fine, coarse, and lapilli size classes
and are equal to 9.97, 6.64, and 0.00, respectively.

As an example of PSD behavior, Fig. 3 shows, in a loga-
rithm plane, the average PSDs for the nine ash classes, defined
in Table II, as function of ash diameter for the scaled-Gamma
PSD with and the scaled-Weibull PSD with .
As expected from (2) and the Appendix, the modal value of each
PSD is related to increasing values of . For larger diameters,

TABLE III
RAYLEIGH CONDITIONS IN TERMS OF MAXIMUM AVERAGE ASH DIAMETERS

FOR MICROWAVE RADAR OBSERVATIONS OF ASH CLOUDS

the value of for SW-PSD tends to be lower than SG-PSD for
all ash classes, while for smaller diameters it happens the oppo-
site. Even though not shown in Fig. 3, it is worth noting that
the parameter modifies both PSD shapes: given and ,
as increases the number of both larger and smaller ash par-
ticles decreases with a corresponding increase of medium-size
particles. This behavior is much more pronounced for SG-PSD
than for SW-PSD. From (15), this difference between the PSDs
will reflect in radar backscattering and absorption features. In
our simple scheme each microphysically oriented ash class can
represent an ensemble of various conditions having in common
the average values of both and . The latter parameters
may be randomized in order to perform a sensitivity study of
radar response to ash clouds. Within each ash class it has been
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Fig. 4. Scatterplot of simulated horizontally polarized reflectivity factor Z (left column) and specific attenuation k (right column) versus ash concentration
C at S-, C-, X-, and Ka-band for the classes of fine ash (top row), coarse ash (middle (row), and lapilli (bottom row), defined in Table II, using a scaled-Weibull
PSD with 
 = �05. Results are obtained assuming � = 1 g � cm .

assumed a Gaussian random distribution both for the mean di-
ameter with an average value and a standard deviation

and for concentration with a mean value
and a standard deviation . The choice of

a Gaussian distribution, instead of a uniform one, is mainly re-
lated to the aim to categorize ash classes in nine basic classes.
As a matter of fact, if we connect this imposed random vari-
ability with the average PSDs of Fig. 3, we can realize how the
proposed nine ash classes can cover a wide range of ash regimes
and be suitable for a sensitivity analysis study.

A. Sensitivity Analysis of Microwave Radar Reflectivity

In Section II we have shown how ground-based weather radar
observations at S- and C-band can be used for volcanic ash de-
tection. Other microwave bands may be also used to retrieve ash
mass such as X- and Ka-band. A basic question arises whether
a Rayleigh model, summarized in (16), may be adopted for ash
retrieval at all microwave bands. When this is not true anymore,
Mie scattering effects should be taken into account. A quite gen-
eral criterion to test Rayleigh scattering hypothesis is given by
the following threshold formula [46]:

(17)

where is the single particle diameter and the ash index
of refraction. Assuming from Section III , Table III
shows the values of the upper limit of (17) for a large range
of microwave frequencies from L- to W-band. If we compare

Fig. 5. Histograms of the difference �Z between Z computed using the
particle ensemble scattering model and Rayleigh scattering approximation,
assuming a scaled-Weibull PSD with 
 = �0:5 for all the nine ash classes,
defined in Table II. Plots refer to X-band (top panel) and to Ka-band (bottom
panel) with � = 1 g � cm . Note that at S- and C-band �Z is always less
than 0.1 dBZ.

Table III with the average mean diameters of fine ash,
coarse ash, and lapilli, given in Table III, we realize that at
S-band Rayleigh scattering condition is always well satisfied,
at C-band lapilli observations may be affected by Mie effects,
while at X-band Rayleigh condition is only valid for fine and
coarse ash. Above X-band, Mie effects become no more neg-
ligible even for coarse ash. Indeed, two-way path attenuation
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Fig. 6. Histograms of the difference �Z between Z computed from scaled-Gamma PSD with � = 1 and from scaled-Weibull PSD with 
 = �05 for the
fine (top-row panels), coarse ash (medium-row panels), and lapilli ash (bottom-row panels), defined in Table II. Plots refer to C-band (left column), X-band (central
column), and Ka-band (right column), assuming � = 1 g � cm .

has to be also considered at millimeter frequencies as a further
impairment which needs to be corrected for before processing
reflectivity measurements.

In order to compare in a more detailed way the scattering
regimes of the various frequency bands, we have employed a
numerical simulator environment called particle ensemble scat-
tering simulator (PESS) [32], [48]. The latter is based on the Mie
theory for spherical particle extinction method to compute the
complex amplitude scattering matrix , which linearly trans-
forms the electric field components of the incident wave into
those of the scattered wave [46]–[48]. This simulator can be ap-
plied for all scattering regimes evaluating both the reflectivity
and specific attenuation in a linearly polarized basis as in (15).
Consistently with what already described in Section II, a rela-
tive dielectric constant of solid ash equal to
has been assumed in (12) for all frequency bands—even though
experimentally tested up to K-band. The ash density has been
assumed constant and equal to 1 g cm [20]. Incomplete mo-
ments in (5) have been computed with and given in
Table II, even though, when using the complete moments, the
discrepancy for is less than 0.1 dB.

Fig. 4 shows the horizontally polarized reflectivity factor
[in logarithmic power (dBZ)] and specific attenuation at S-,
C-, X-, and Ka-band for fine ash, coarse ash, and lapilli as a
function of ash concentration, by merging light, moderate, and
intense concentration regimes and assuming a scaled-Weibull
PSD with and g cm . It is worth re-
calling that, from (15), Rayleigh reflectivity is independent of
frequency, while in the Mie region resonance effects give rise
to a complicate frequency behavior weighted by PSD (e.g., [40]

and [41]). Note that the nonlinearity between and is due
to the log-scale used for (see Fig. 8 for comparison).

Note that S-band points are almost covered by C- and X-band
ones for all classes. In order to quantify these differences, Fig. 5
shows the difference between computed using the
PESS scattering model and Rayleigh scattering approximation,
assuming a scaled-Weibull PSD with for all the nine
ash classes, defined in Table II. Results are only plotted for X-
and Ka-band, assuming g cm , at S- and
C-band being always less than 0.1 dBZ. From Figs. 5 and 6 we
can deduce that the qualitative results derived from Table III
are confirmed with a strong difference of radar reflectivity re-
sponses only for lapilli observations. For ash concentration of
lapilli larger than 5 g m , differences up 6 dBZ appear be-
tween C- and Ka-band, Ka values being smaller than C-band
ones [see (10) and (15)].

For range-resolving instruments such as pulsed radars, path
attenuation can be a critical impairment when inverting the
reflectivity measurements into geophysical parameters. From
Fig. 4, it is demonstrated that for fine and coarse ash is al-
ways less than 0.5 dB/km at all bands, being three times higher
at Ka-band than at X-band. At S- and C-bands, as expected,
path attenuation is always negligible even for intense concen-
tration of lapilli where maximum values are of the order of
0.15 dB/km. At X-band, is less than 0.12 dB/km for coarse
ash, but it can as high as 1 dB/km for intense concentration
of lapilli. At Ka-band, path attenuation for lapilli may reach
values of several decibels per kilometer.

The impact of modeling ash PSD through the scaled-Gamma
PSD with and the scaled-Weibull PSD with is
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Fig. 7. Histograms of the difference �Z between Z computed from scaled-Weibull PSD with 
 = �0:3 (top left) and with 
 = �0:7 (top right) with
respect to the best-fitting case of 
 = �05 (see the Appendix) and from scaled-Gamma PSD with � = 3 (bottom left) and with � = 0 (bottom right) with respect
to the best fitting case of � = 1 (see the Appendix). These results are for all the nine ash classes, defined Table II and refer to C-band with � = 1 g � cm .

shown in Fig. 6. The latter shows the difference between
computed from scaled-Weibull PSD with and

from scaled-Gamma PSD with for all the nine ash classes,
defined in Table II. Results refer to C-, X-, and Ka-band, again
assuming g cm . Values of this difference are
predominantly positive and up to 2.5 dB, meaning that from
scaled-Gamma PSD is larger than that from scaled-Weibull
PSD. This behavior may be explained by looking at Fig. 3
where it emerges that SG-PSD tends, for a given and ,
to attribute particles of larger sizes than those corresponding
to SW-PSD. From (15), the importance of larger particles is
due to the fact that in a Rayleigh regime PSD contribution to
total observed reflectivity is weighted by , a curve which
acts as diameter high-pass filter. Negative values of are
related to low ash concentration of fine ash where the behavior
of PSDs is opposite (see Fig. 3). At C-band histogram
is substantially the same for ash size classes, while at Ka-band
and for lapilli Mie effects start to be not negligible.

The impact of the PSD shape on radar response is illustrated
by Fig. 7. The latter shows the difference between
computed from scaled-Weibull PSD with and with

with respect to the reference case of SW-PSD with
and from scaled-Gamma PSD with and with

with respect to the reference case of SG-PSD with .
These results are for all the nine ash classes, defined in Table II
and refer to C-band with g cm . Histograms of
Fig. 8 indicate that as increases for SW-PSD, then tends
to decrease—an increase of 40% in produces a decrease of
about 4 dBZ in . A decrease of gives rise to an average
decrease of of about 0.5 dBZ. This behavior is confirmed
for scaled-Gamma PSD so that, for the same value of the other

parameters, the increase of tends to give rise to a decrease of
average . These effects are highly nonlinear and not sym-
metric with respect to the variation of in (2) and can be ex-
plained keeping in mind the comments, related to Fig. 4, about

effects on PSD (larger particles increase as or decreases).
The results of Fig. 8 at C-band are basically confirmed when
analyzing the other frequency bands.

A further sensitivity analysis has been carried to evaluate the
dependence of radar reflectivity on ash density. Values of
between 0.5 and 2.5 g cm were chosen within each ash class
for a given and . Results have shown that radar reflectivity
up to X-band is sensitive to assumptions with a decrease of

of about 3 dBZ for g cm with respect to
the case of g cm . At Rayleigh regimes, this can
be explained by looking at (16), while for Mie scattering this
sensitivity is reduced due to increase of with the square
of as deduced from (12).

B. Comparison With Average C-Band Radar Measurements

Microwave radar data of volcanic eruptions are not easy to
obtain, the latter being rare events in some specific geographical
areas, not always covered by a scanning weather radar. Some of
the best reported events are those of March 19, 1982 and Mount
Saint Helens eruptions of May 18, 1980 [20].

The eruption of March 19, 1982 started at 19:28 UTC with
a small Plinian column associated to a high-amplitude tremor.
The major ash eruption was probably produced in a short
interval of about 40–50 s. The ash cloud was detected and
tracked by the National Weather Service C-band radar, located
in Portland, OR. The maximum height of the ash column was
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Fig. 8. Scatterplot of simulated C-band reflectivity factor Z and ash concentration C for the size classes of fine ash, coarse ash, and lapilli, defined in Table II,
using a scaled-Weibull (top panel) with 
 = �0:5 and scaled-Gamma with � = 1 (bottom panel) with � = 1 g � cm . “Plus” and “cross” marks show the
measured Z and C derived from Mount Saint Helens eruptions of May 18, 1980 and March 19, 1982, respectively, with an observed variability denoted by the
error bars (see text for further details). Both measured and simulated reflectivity data are calibrated with water dielectric factor (i.e., jKj = 0:93 in (10); see text
for details).

measured at 13.7 km above sea level around 19:38 UTC. This
height decreased with time owing to gravitational settling of ash
particles, while the root mean square size of the ash cloud was
about 15 km. Radar reflectivity factors, inferred from estimated
ash PSD, may have been as high as 24.7 dBZ, but would
have decreased within 10–20 min to less than 1 dBZ owing
to the fallout of particles larger than 1 mm. Between 20:00
and 20:30 UTC measured reflectivity factors were between
0.3 and 8.6 dBZ with an average value of 4.5 dBZ. These
values correspond to an average ash mass concentration of
about 0.19 g m , as derived from deposited ashfall data.

The case study of the eruption on May 18, 1980 was signifi-
cantly different from that on March 19, 1982. The duration of
the Plinian phase was about 9 h. The ash volume of May 18
eruption is a factor larger than the one of March 19 and
was observed not only from Portland radar, but also from two
other aviation radars at 0.7 GHz in Seattle and Spokane (WA).
Although the eruption was long lasting, the magma eruption
rate was strongly varying with time. The 6-h mean ash concen-
trations decreased from about 3.7 g m at 57 km from the
volcano, to lower values at greater distances as the sizes of the
largest ash particles decreased due to fallout. Corresponding
average reflectivity factors, measured within the same interval
of 6 h, were of the order of 13 dBZ with a variability between
8.4 and 17.6 dBZ due probably to ash clusters within the range
of 0.2–0.5 mm. Aggregation of fine ash might have caused
an enhancement of observed radar reflectivities.

Similarly to Fig. 4, Fig. 8 shows the relationship
in a logarithmic plane utilizing the scaled-Weibull PSD with

and, for comparison, the scaled-Gamma PSD with
. Simulated results for the three size classes, defined

in Table II (fine ash, coarse ash, and lapilli) are plotted. The
labeled marks show average measured reflectivity factor
and estimated for Mount Saint Helens eruptions of May
18, 1980 (characterized by mean dBZ and

g m ) and March 19, 1982 (characterized
by mean dBZ and g m ).
The bars around indicate the observed variability
of reflectivity measurements. It is worth mentioning that all
meteorological radar are calibrated with the dielectric factor
of water, i.e., in
where is the received power, the range, and the
radar instrumental constant [40]. From (10), we know that the
equivalent reflectivity factor of ash particles is given by

. This means that we need to rescale our Mie
scattering simulations of into water-equivalent reflectivity
factor through in logarithmic power
(dBZ) since .

The radar measured data refer to places relatively far from
the volcano vent and later in time with respect the eruption
paroxysm. The Mount Saint Helen measurements seem to be
well explained by Rayleigh simulations of coarse ash
class (with mm) both for the May 18, 1980 and
for the March 19, 1982 case studies, consistently with ground
observations. The ash regimes are, however, quite different, the
eruption of 1980 being much more intense than that of 1982 with
an average concentration of two orders of magnitude larger. The
choice of a particular PSD does not substantially affect this in-
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terpretation of the measured results, their differences being well
within the ash class variability.

V. CONCLUSION

The potential of using ground-based weather radar systems for
volcanic ash cloud detection and quantitative retrieval has been
evaluated. In order to do this, a radar response model has been
examined taking into account various operating frequencies such
as S-, C-, X-, and Ka-bands. After a summary on evidences
of weather radar sensitivity to ash clouds, a microphysical
characterization of volcanic ash has been carried out.

Particle size-distribution functions have been derived both
from sequential fragmentation-transport theory of pyroclastic
deposits, leading to a scaled-Weibull PSD, and from more
conventional scaled-Gamma PSD functions. Best fitting to PSD
available measured data at ground have been shown. The radar
backscattering from sphere-equivalent ash particles has been
simulated under Rayleigh approximation up to Ka-band, and
its accuracy has been assessed by using a T-matrix code. The
relationship between radar reflectivity factor, ash concentration,
and fall rate has been statistically derived for various eruption
regimes and ash median sizes by randomizing key microphysical
parameters.

The choice of the optimal radar frequency band might ben-
efit from the results obtained in this work. Basically, C-band
may offer some advantages with respect to other bands in terms
of radar reflectivity response and negligibility of path attenua-
tion. The latter is tolerable at X-band, but cannot be handled at
Ka-band. Indeed, the advantage of higher frequencies, such as
X- and Ka band, is the potential reduction of the overall size of
the radioelectronic apparatus.

A natural consequence of the results of this work is the
development of a prototype algorithm for volcanic ash radar
retrieval. For example, adopting approaches developed for
spaceborne rain radars [53], from measured single-polarization
reflectivity a retrieval of and may be based on two
steps: 1) a classification of eruption regime and volcanic ash
category; 2) estimation of ash concentration and fall rate. A
further model investigation might be oriented to analyze the
polarimetric radar response of ash clouds in order to better
exploit dual-polarization Doppler radars which are becoming
part of the operational network nowadays [54]. Polarimetric
radars may offer the advantage to better discriminate the impact
of cloud ice and liquid water on ash aggregates. Ash generally
nucleates ice early in ash cloud development after emplacement
in the high troposphere because magmatic water plus entrained
lower tropospheric water is carried upward so that it condenses
and freezes. In some ash clouds, this ice rapidly sublimates
and disappears in a few hours. But in the early stages of ash
cloud formation when coarse ash is present, there is likely
to be a lot of ice. Lacasse et al. [31] discussed the Hekla
eruption case where there was a predominance of ice and
where the growth of ice was occurring within the cloud so
that the loss of radar signal was probably offset by ice growth.

Future work will be also devoted to the gathering of extensive
ash datasets relative to various volcano eruptions in order to
better tune the PSD parameters of both scaled-Gamma and
scaled-Weibull models. Indeed, ash deposits are an indirect
characterization of ash clouds, and in this respect in situ ash

measurements should represent the proper validation even
though difficult to get. Any ash cloud retrieval algorithm should
be then tested against weather radar measurements in a quanti-
tative framework. Recent experimental campaigns and C-band
radar measurements in Iceland [31] might represent a unique
opportunity in this perspective.

APPENDIX

SIZE DISTRIBUTIONS OF VOLCANIC ASH

The particle size distribution is essential for the evaluation
of the backscattering and absorption properties of a particle en-
semble. Two basic PSDs have been considered in this work: 1)
the Gamma size distribution, mainly as a well-known reference
and 2) the Weibull size distribution. These two PSDs are quite
general and can describe a wide set of microphysical ash condi-
tions [49]. Note that the log-normal PSD is well represented by
a Weibull PSD [44], whereas the inverse exponential PSD is a
particular case of Gamma PSD [42].

A. Scaled-Gamma Particle Ash Distribution

The Gamma PSD, conventionally measured in radar meteo-
rology in per millimeter per cubic meter (mm m ), as-
sumes the following form [42]:

(A.1)

where is the particle diameter (or equivalent diameter), while
, , and are the so-called intercept, shape, and scale

PSD parameters, respectively. Note that has a -dependent
dimension, while is adimensional and is in mm . If the
PSD is defined in a semi-infinite positive interval of diameters,
that is and , then some characteristics param-
eters of PSD can be easily given in a closed form. From (6) and
(7), we can express the number-weighted diameter as

(A.2)

where is the complete Gamma function (with if
is an integer) and, assuming equivalent spheres, the intercept

parameter as

(A.3)
where (A.2) has been used in the last member of (A.3). It is
convenient to scale the Gamma PSD by choosing

(A.4)

where (A.2) and (A.3) have been inserted in (A.4). Thus, the
scaled-Gamma (SG) particle size distribution can be put in the
same form of (2) by setting

(A.5)
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It is worth mentioning that has the following properties.

— , with respect to , has a dimension which is -in-
dependent and given in mm m .

— is adimensional.
—It is completely specified by the three parameters , ,

and by using (A.4) and assuming an ash constant den-
sity and spherical (or equivalent-spherical) particles.

—If a finite interval of diameters is used, then incomplete
Gamma function, as can be used in place of the complete
Gamma function, together with the scaling equation in
(A.4) without expressing (A.3) in an explicit way.

The implementation of a SG-PSD with and
implies the following steps:

• evaluate the ash density ;
• assign and and eventually ;
• compute from (A.4);
• compute from (A.4).

The extension of previous procedure to the case of incomplete
moments is straightforward using the incomplete Gamma
function.

B. Scaled-Weibull Particle Ash Distribution

In the past decade a new approach to the formulation of ash
PSD has been proposed by Wohletz et al. [33], [43], [44]. This
newly developed method of particle size distribution analysis
is called sequential fragmentation-transport theory (SFT). Un-
like previous methods that were empirically managed, based
on for example the Rosin–Rammler and log-normal PSD, SFT
methodology is a physical tool and can predict particle mass
distributions formed by a sequence of fragmentation (comminu-
tion) and transport (size sorting) events acting upon an initial
mass . The number distribution , in units of parti-
cles per unit mass of mass between and , is ex-
pressed by an integral formulation of mass conservation [33]

(A.6)

where is a transfer function which models the fragmentation
effects, and is a constant, is in kg . Equation (A.6)
represents the summing of all contributions to the distribution
at the mass from the fragmentation of all particles, having

and arising from the fragmentation of a single more
massive particle of mass .

It can be shown that the solution to the integral equation (A.6)
is given by [33]

(A.7)

where is, from (4), the mass of an ash spherical (or equiva-
lent-spherical) particle and is the total number of particles
given by

(A.8)

where a semi-infinite positive interval of diameters has been as-
sumed. The parameter is actually an arbitrary value such
that . The parameter is a kind of shape PSD
feature, defined between 1 and 0. The value can also
be interpreted as the fractal dimensional of the set of spherical
volumes which describe the distribution of fragments resulting
from the fractal fragmentation process [33].

From (6) we have

(A.9)

where is the ash PSD in mm m from SFT we are
looking for, and from (4)

(A.10)

Since for the total mass we can write

(A.11)

then, if is the ash volume, we have

(A.12)

Finally, by substituting in (A.9) we get

(A.13)

or, by setting and substituting

(A.14)
The previous equation can be rewritten in the following compact
form:

(A.15)

where

(A.16)

Equation (A.15) represents a Weibull PSD as the power of
the second factor is one less than the power of the exponent
argument .

In order to introduce a physical interpretation of the Weibull
PSD, we can compute its complete moment of order , i.e.,

(A.17)

so that, from (6), the ash concentration is given by

(A.18)
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and number-weighted mean diameter , from (7), is expressed
by

(A.19)

Note that the average mass is defined as follows:

(A.20)
which shows the relation between and . Finally, in a
way similar to (A.4), by scaling the PSD parameters as follows:

(A.21)

the scaled-Weibull (SW) particle size distribution can be put in
the same form of (2) by setting

(A.22)

We note that for or , the scaled-
Weibull PSD reduces to an inverse exponential PSD.

In summary, the implementation of a SW-PSD with
and implies the following steps.

• Evaluate the ash density .
• Assign and and eventually .
• Compute from (A.16).
• Compute from (A.19) and from (A.21), summa-

rized by the following compact expressions:

(A.23)

• Compute from (A.18) and then from (A.21)
summarized in the following compact expressions:

(A.24)

C. Parameterization by Experimental Data Best Fitting

The best fit of a measured PSD can be accomplished
by choosing either a scaled-Gamma PSD or a scaled-Weibull
PSD. By assuming as an integer for simplicity, the best fitting
procedure to find the optimal value of , and then sug-
gests the following steps.

1) Estimate the ash concentration from (7)

(A.25)

2) Estimate the number-weighted mean diameter from
(8)

(A.26)

3) Estimate the intercept and the slope of the chosen
PSD expressed in (2), as prescribed from (A.4) for SG and
(A.23) and (A.24) for SW.

4) Minimize, in a likelihood sense, the square difference
between the measured and the scaled PSD

in order to find the best

(A.27)
where the ensemble average, indicated by angle brackets,
is extended to all available measurements and

is the number of diameter bins centered in .
When using a scaled-Gamma PSD model for in (A.27)

and letting to vary between 0 and 6, the analysis of available
measured PSDs from Harris and Rose dataset [20] led to the
result that the most probable value of is about 1 (with a de-
gree of confidence of about 95%). Indeed, values of of about
2 for ash Gamma PSD are also reported in literature (e.g., [29]).
The same result of has been derived by analyzing Mount
Etna’s available ash data [50]. This ash deposit was collected
on July 22, 1998 at ground at various distances from the vol-
cano vent, going from Torre del Filosofo site at 1.6 km up to
Catania at 27.4 km and Agnone site at 49 km. This eruption
of July 1998 belongs to the summit eruption cycle of Mount
Etna volcano, initiated after the end of the 1991–1993 erup-
tion and listed among the most complex events in the recent
history of Etna. All four summit craters produced spectacular
and powerful activity, ranging from mild persistent Strombo-
lian and slow effusive activity over lava fountaining to high-en-
ergy explosive episodes and lava overflow from all four summit
craters as well as from fissures near the southeastern crater. A
period of spectacular eruptive activity in the Voragine location
lasted during June–September 1998, culminating in a powerful
eruptive episode on July 22, 1998 (and a slightly lesser one on
August 6, 1998). The behavior of the collected ash PSD de-
posit with distance clearly show the sorting mechanism of ash-
fall such that large ash particles decrease in volumetric number
as the distance increase due to the fallout.

When using a scaled-Weibull PSD within the best fitting pro-
cedure of (A.27), the optimal value of has been found to be
about 0.5 [i.e., in (2)] for both available datasets of
Mount Saint Helen and Mount Etna with a degree of confidence
of about 95%. Interestingly this value is consistent with what
found in volcanologic literature and suggested by the segmen-
tation and fragmentation theory [33].
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