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Model-Based Weather Radar Remote Sensing
of Explosive Volcanic Ash Eruption
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Abstract—Microphysical and dynamical features of volcanic
ash clouds can be quantitatively monitored by using ground-based
microwave weather radars. These systems can provide data for
determining the ash volume, total mass, and height of eruption
clouds. In order to demonstrate the unique potential of this
microwave active remote-sensing technique, the case study of
the eruption of Augustine Volcano in Alaska in January 2006
is described and analyzed. Volume scan data, acquired by a
NEXRAD WSR-88D S-band ground-based weather radar, are
processed to automatically classify and estimate eruptive cloud
particle concentration. The numerical results of the coupled model
Z-reflectivity from Active Tracer High resolution Atmospheric
Model (ATHAM), including particle aggregation processes and
simulation of radar reflectivity from the ATHAM microphysical
model, are exploited to train the inversion algorithm. The volcanic
ash radar retrieval based on the ATHAM algorithm is a physical-
statistical approach based on the backscattering microphysical
model of volcanic cloud particles (hydrometeors, ash, and aggre-
gates), used within a Bayesian classification and optimal regression
algorithm. A sensitivity analysis is carried out to evaluate the
overall error budget. The evolution of the Augustine eruption is
discussed in terms of radar measurements and products, point-
ing out the unique features, the current limitations, and future
improvements of radar remote sensing of volcanic plumes.

Index Terms—Ash particle aggregation, ash retrieval, inversion
methods, microwave radars, numerical simulation, volcanic erup-
tion clouds.

I. INTRODUCTION

VOLCANIC ash is a natural hazard whose effects have
been well documented. Volcanic ash is a significant haz-

ard to aircraft operations (e.g., see [1] and [2]), and the threat
to public safety posed by volcanic ashfall at the surface is
significant as well (e.g., see [3]–[5]). Given the significance
of the hazards posed by volcanic ash, timely detection and
tracking of the ash plume is essential to a successful warn-
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ing process, particularly during and immediately following an
eruptive event.

A variety of satellite techniques have been successfully used
to track volcanic ash clouds; however, these techniques have
certain limitations [6]–[8]. These data are subject to limitations
in both spatial and temporal resolution. Issues involving the
detection of ash clouds using infrared brightness temperature
differencing, a commonly used method, have been addressed,
suggesting several scenarios where effective infrared satellite
detection of volcanic ash clouds may be compromised [9],
[10]. The brightness temperature differencing, also known as
the “split-window” method, was shown to be subject to errors
when the volcanic plume lies over a very cold surface or when
the plume lies above a clear land surface at night where strong
surface temperature and moisture inversions exist [10]. These
scenarios can often be found over cold regions such as Alaska,
particularly in the winter. In addition, the availability of visible
satellite data is often severely restricted in the winter due to the
limited amount of daylight.

Ground-based microwave radar systems can have a valuable
role in volcanic ash cloud monitoring as evidenced by available
radar imagery (e.g., see [11] and [12]). These systems represent
one of the best methods for real-time and areal monitoring of
volcano eruption, in terms of its intensity and dynamics. The
possibility of monitoring 24 h a day, in all weather conditions,
at a fairly high spatial resolution (less than a few hundreds
of meters), and in every few minutes after and during the
eruption is the major advantage of using ground-based mi-
crowave radar systems. They can provide data for determining
the ash volume, total mass, and height of eruption clouds
[1], [11], [12].

There are still several open issues about microwave weather
radar capabilities to detect and quantitatively retrieve ash cloud
parameters [13]. 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. Several unknowns may
also condition the accuracy of radar products, where most of
them are related to microphysical variability of ash clouds
due to particle size distribution (PSD), shape, and dielectric
composition. Some of them were analyzed in a previous work
where the sensitivity of microwave radar response to parti-
cle ash distribution and wavelength was investigated using
ad-hoc physically oriented random schemes of eruptive ash
cloud volumes [14]. Fine-size ash, medium-size ash, and lapilli
were distinguished, with mean diameters of about 0.01, 0.1, and
1 mm, respectively, and concentrations of up to few tens of
grams per cubic meter. The electromagnetic behavior of pure
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and porous ash particles was also modeled, and its impact on
radar reflectivity signature was analyzed for fine ash, medium
ash, and lapilli. No particle aggregation mechanisms and effects
were considered in these works.

Indeed, the aggregation of volcanic ash particles within the
eruption column of explosive eruptions has been observed
at many volcanoes [11]. Recent satellite observations of ash
clouds provide strong indirect evidence that ice may be present
on ash particles [15]–[18]. The aggregation influences the resi-
dence time of ash in the atmosphere and the radiative properties
of the “umbrella” cloud (i.e., ash at the height of neutral
buoyancy (HNB) spreading in the horizontal and vertical di-
rections). Numerical experiments are helpful in exploring the
processes occurring in the eruption column. Some advanced
plume models can simulate the interactions of hydrometeors
and volcanic ash, including aggregate particle formation within
a rising eruption column (e.g., see [19] and [20]).

This paper attempts to illustrate the potential of radar data
in observing volcanic ash clouds, using a case study dealing
with an Alaska volcanic eruption in 2006 [1]. This event was
the first time that a significant volcanic eruption was fully
observed within the nominal range of WSR-88D (which stands
for Weather Surveillance Radar, 1988, Doppler) S-band radar
system. Radar data, in conjunction with pilot reports, proved to
be crucial in analyzing the height and movement of volcanic
ash clouds during and immediately following each eruptive
event. This data greatly aided National Weather Service me-
teorologists in the issuance of timely and accurate warning and
advisory products to aviation, public, and marine interests.

The objective of this paper is to design a physically based ash
retrieval algorithm. To this aim, an advanced plume numerical
model, named as Active Tracer High resolution Atmospheric
Model (ATHAM), is used to investigate processes leading
to particle aggregation in the eruption column [19]–[21]. A
microwave radar reflectivity model, coupled with ATHAM and
then named Z-ATHAM (i.e., ATHAM with the module of radar
reflectivity Z), is also developed to analyze the sensitivity of
microwave radar response to the aggregation of ash particles
and hydrometeors.

This paper is organized as follows. In Section II, the re-
lationship between radar reflectivity factor and ash aggregate
concentration is derived for the various particle classes by ap-
plying a radar reflectivity microphysical model, developed from
results of numerical experiments performed with Z-ATHAM.
The ash retrieval physical-statistical algorithm is based on the
backscattering microphysical model of volcanic cloud particles,
used within a Bayesian classification and optimal regression
algorithm. In Section III, a case study on the eruption of
Augustine Volcano in January 2006 is described and analyzed.
Finally, the retrieval procedure is applied to WSR-88D S-
band radar data that are available during the eruption of the
Augustine Volcano on January 13, 2006, in Section IV. The
evolution of the Augustine vulcanian eruption is discussed in
terms of radar measurements, and examples of the achievable
retrieval algorithm products are presented and discussed. Fi-
nally, the conclusion in Section V discusses the unique fea-
tures, the current limitations, and future improvements of radar
remote sensing of volcanic plumes. The Appendices provide

some details about the ATHAM plume model and radar echo
simulations.

II. PHYSICALLY BASED INVERSION METHODOLOGY

The interpretation of measured radar reflectivity in terms
of useful geophysical parameters can be posed as an inverse
problem. In order to circumvent the nonuniqueness and insta-
bility of the inverse solution, the problem can be stated in a
probabilistic framework. A crucial role is played by the a priori
geophysical information, which represents a constraint within
the inverse problem. In our context, this means to construct an
effective model of ash cloud microphysics for remote-sensing
purposes.

The ash retrieval algorithm is physically based as it couples
a backscattering microphysical model of volcanic particle en-
semble with a regressive estimation. The relationships between
radar reflectivity factor and mass particle concentration within
the volcanic cloud have been derived for the four particle
classes by applying the radar reflectivity microphysical model
Z-ATHAM. As discussed in Appendices A and B, we have
generated the training data set with the Z-ATHAM simula-
tion named EXP3, characterized by relatively large initial size
modes, extracting data from 30-, 60-, and 90-min simulation
times. This simulated data set may be considered as a physi-
cally consistent extension of the randomly generated data set,
illustrated in a previous study. The obvious advantage of the
current approach is that a robust microphysical basis can be
provided to the simulated ash volume samples. The Plinian
eruption mode study ensures, on the other hand, a large variety
of environmental conditions and volcanic processes in terms of
temperature, mixture, and particle concentration.

Four particle classes x were considered in ATHAM, defined
by size categories and hydrometeor types depending on the
local temperature, as thoroughly discussed in Appendix A:
1) “small warm” particle, i.e., possible aggregation of cloud
water and small ash particles at T > T0 (with T0 as the freezing
temperature); 2) “small cold” particle, i.e., possible aggregation
of cloud ice and small ash particles at T < T0; 3) “large
warm” particle, i.e., possible aggregation of rain and large ash
particles at T > T0; and 4) “large cold” particle, i.e., possible
aggregation of graupel and large ash particles at T < T0.

Fig. 1 shows the four particle classes simulated in the
ATHAM simulation EXP3, in terms of particle mass con-
centration Cpx (see Appendix B for details) versus synthetic
measured reflectivity ZHm. The synthetic measured reflectivity
factor ZHm has been obtained from ZH , computed using the
Mie theory, by introducing a zero-mean Gaussian random error
εZ with a given variance σ2

εZ [12]. The error sources may
be ascribed to instrumental noise (about 1-dBZ variance) and
to modeling uncertainties (about 1-dBZ variance). If the error
sources are statistically independent, the overall error standard
deviation of ZHm can be assumed to be equal to about

√
1 +

1 = 1.4 dBZ. Fig. 1 suggests that the four particle classes are
quite well discriminated in terms of ZHm, and a linear curve
between Cpx and ZHm in a logarithmic plane may model
their functional relation. The large dynamics of both Cpx and
ZHm is noted with values of up to 103 g/m3 and 100 dBZ,
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Fig. 1. Correlation diagram between particle concentration Cpx and synthetic measured ash reflectivity ZHm at S-band for each volcanic cloud particle class
(i.e., large cold, large warm, small cold, and small warm classes), derived from Z-ATHAM model simulations. The continuous lines represents the regression
curve in the considered logarithmic plane Cpx−ZHm.

respectively, for large-size classes covering both sub-Plinian
and Plinian eruption scenarios. Larger values are typical of
Plinian eruptions with on-going aggregation processes.

In order to quantitatively evaluate the ash retrieval by weather
radars, we follow the same procedure proposed in [12]. Starting
from the Z-ATHAM model characterization of volcanic cloud
reflectivity and from given radar specifications, the physically
based volcanic cloud radar retrieval algorithm has been em-
ployed in the following two cascade steps: 1) detection of
the particle class from the measured reflectivity ZHm and the
altitude h characterizing every range bin by using a Bayesian
identification technique and 2) estimation of the eruptive mate-
rial amount from the measured ZHm by applying a parametric
regression method.

Fig. 2 shows the overall scheme of the Volcanic Ash Radar
Retrieval using ATHAM (VARR-A) methodology for ground-
based microwave weather radars. After a preliminary phase
to elaborate the a priori information about the environmental
conditions in the area of the eruption event, the classification
and the estimation stages of the algorithm are introduced.

Within the preliminary stage, the measured ZHm and the
height of each range bin h are used to determine the freez-
ing level height hFL, which is crucial for the classification
process in order to correctly detect warm and cold categories.
Vertical profiles of temperature can be derived from local
atmospheric radiosoundings, meteorological forecasts, or cli-
matological models. Ancillary information about cloud and
rain patterns, together with atmospheric water vapor field, may
support the decision about the presence of hydrometeors and
aggregation processes within the volcanic area. Satellite data

from radiometric sensors aboard satellites can be employed
to retrieve columnar water vapor content and cloud, and rain
patterns.

The following two cascade steps in Fig. 2 are trained by
the Z-ATHAM microphysical radar model, parameterized by
microwave radar specifications (observation angles, operational
frequency, and signal-to-noise ratio). In the following sections,
we will describe the overall retrieval procedure, analyzing
separately the two retrieval cascade steps. A sensitivity analysis
is carried out to evaluate the expected error budget using S-band
radar simulated data.

A. Estimation and Classification

The classification step is an attempt to automatically discrim-
inate between particle categories of large/small and warm/cold
type. In the overall retrieval scheme, classification may rep-
resent a first qualitative output before performing parameter
estimation. A radar resolution volume (defined by the pulse
duration and transverse section of the antenna beamwidth)
can be characterized by the measured radar reflectivity factor
and possible meteorological observables as local temperature
T or, alternatively, the freezing-level height hFL [above sea
level (asl)]. Within the Bayesian theory, assigning the correct
volcanic particle class to radar bins implies the knowledge of
a posteriori conditional probability density functions (pdfs)
p(x|ZHm), where x is the unknown particle class. The max-
imum a posteriori probability (MAP) decision rule is quite
intuitive, as the particle class is provided by the index x that
maximizes the conditional posterior pdfs. The MAP criterion
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Fig. 2. Schematic block diagram of the VARR-A algorithm for ground-based microwave weather radars. After a preliminary phase to elaborate the a priori
information about the environmental conditions, the classification and the estimation stages of the retrieval algorithm are depicted. The class labels are the
following: large cold (LC), large warm (LW), small cold (SC), and small warm (SW). The variables ZHm and h indicate the measured reflectivity factor and
range bin altitude, respectively. Z-ATHAM stands for the coupled reflectivity-ATHAM model.

can be used to carry out cloud classification in a model-based
supervised context [13], [24].

The MAP approach is framed within the general Bayesian
theory, and it offers the advantage to insert, in a rigorous
manner, both the forward modeling and a priori information
[13]. Using the Bayes theorem, if x is the ash class, then the
conditional pdf of a class x given a measurement ZHm can be
expressed as

p(x|ZHm) =
p(ZHm|x)p(x)

p(ZHm)
∼= p(ΔZx)p(x)

p(ZHm)
(1)

where ΔZx = ZHm − mZx (in decibels and referenced to
zero) is the perturbation of the reflectivity measurements from
the reflectivity mean value (centroid) mZx of class x and p(x)
represents the a priori discrete pdf of class x. If p[ΔZ

)
x] is

assumed to be a Gaussian pdf, the MAP estimation of ash class
x corresponds to the following maximization with respect to x:

x̂ = Maxx

[
− (ZHm − mZx)2

σ2
Zx

+ lnσ2
Zx − 2 ln p(x)

]
(2)

where Maxx is an operator returning the value of x corre-
sponding to its argument maximum and σZx (in decibels and
referenced to zero) is the reflectivity standard deviation of
class x, whereas the ash class perturbations have been assumed
uncorrelated.

Computing (2) requires knowledge of the reflectivity mean
mZx and standard deviation σZx of each ash class x. This
statistical characterization of each cloud class can be derived
either from measured data, if available, or from a simulated
data set, as we have done here, by means of the Z-ATHAM
numerical model. From Fig. 1, it is possible to deduce both the
mean mZx and variance σ2

Zx for four-class discrimination.
The a priori probability p(x) can be used to subjectively

weigh each class as a function of other available information
(such as coincident satellite and/or in situ data). Through this
prior pdf, we can impose, for example, the existence of a
class conditioned to radar measurements and environmental
conditions [24]. Due to lack of further information, we have
simply exploited the altitude, which provides a rough informa-
tion about temperature, to suppress some particle classes that,
we believe, cannot exist outside a given altitude range. This
means that the prior pdf can be approximated as

p(x) = p(x|h,Δh = h − h0) = Px(Δh) (3)

where Δh is the altitude range, h0 is the freezing level, and Px

is the discrete probability of class c, depending on Δh. Note
that ΣxPx(Δh) = 1 holds. Typical altitudes of each particle
class and their associated probabilities are shown in Table I.

A simple test of the MAP classification procedure is rep-
resented by the results expressed by the contingency matrix
where, for each input class, the number of correct and incorrect
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TABLE I
ALTITUDE RANGES AND CORRESPONDING SUPPRESSED PARTICLE

CLASSES. SUPPRESSION IS CARRIED OUT BY PREDEFINED

SETS OF A P RIORI PROBABILITIES

TABLE II
CONTINGENCY ERROR TABLE, EXPRESSED IN PERCENTAGE,

FOR THE FOUR PARTICLE CLASSES

classifications is counted. Table II reports the contingency error
table expressed in percentage. Note that the sum of percentages
along a row is always, by construction, equal to 100%, whereas
the input classes are those listed along the rows. The classifi-
cation error budget indicates that cold and warm categories are
always well distinguished, whereas it is not the same for large
and small warm categories that partially overlap each other.

Once a particle class is detected, then an estimate of particle
concentration is possible. A way to approach the quantitative
retrieval problem is to adopt a statistical parametric model
to describe the relation Cpx−ZHm [12]. Assuming a power-
law model, we can write the estimated concentration for each
class c as

Ĉpx = ax[ZHm
]bx (4)

where x = 1 : 4, the “hat” indicates an estimated quantity with
ax, and bx is the regression coefficients. For the four particle
classes, Table III shows the mean percentage error (MPE), the
root mean square error (rmse), and correlation coefficient ρ,
which are defined for Cpx as

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

MPE = 100 ·
N∑

i=1

(
Ĉpx(i)−Cpx(i)

Cpx(i)

)
1
N

rmse = 100 ·
N∑

i=1

[
Ĉpx(i) − Cpx(i)

]2
1
N

ρ(Cpx, Ĉpx) = Cov(Cpx,Ĉpx)

σ(Cpx)σ(Ĉpx)
.

(5)

where N is the number of data available, Cov indicates the
covariance between the two quantity, and σ is the standard
deviation. The optimal values of these statistical indexes MPE,
rmse, and ρ are 0, 0, and 1, respectively.

In order to reduce the impact of the ATHAM data set outliers
(see Fig. 1), we have considered only the simulated samples
of each class within the 90% of their probability density.
The estimation error budget, shown in Table III, indicates a
problem of overestimation for the small-size categories and of
underestimation for the large-size categories, especially for the

TABLE III
ERROR BUDGET OF THE RETRIEVAL ALGORITHM FOR PARTICLE

CONCENTRATION ESTIMATION IN TERMS OF MPE AND CORRELATION

COEFFICIENT FOR EACH PARTICLE CLASS

small warm class. The rmse is large for the warm categories.
Anyway, for all classes, a fairly high degree of correlation is
obtained, which indicates a good degree of accuracy in the
estimation method.

III. ALASKA CASE STUDY

The sub-Plinian eruption of the Augustine Volcano dur-
ing the period January 11–28, 2006, presented a variety of
challenges and opportunities for forecasters, scientists, and
emergency managers throughout South-central Alaska. This
event was observed by the Next-Generation Radar (NEXRAD)
WSR-88D radar located in Kenai, Alaska [1].

A. Augustine Volcano Eruption in January 2006

The Augustine Volcano is 1260 m high (4134 ft) and is
a conically shaped island stratovolcano located in southern
Cook Inlet, about 290 km (180 mi) southwest of Anchorage,
Alaska. The Augustine Volcano, shown in Fig. 3, is the most
active volcano in the Cook Inlet region, with five significant
eruptions (1883, 1935, 1963–64, 1976, and 1986) prior to 2006.
These eruptions were primarily explosive events that produced
volcanic ash clouds at their onset, followed by the emplacement
of summit lava domes or flows. The explosive phase of the 2006
eruption consisted of thirteen discrete vulcanian explosions
from January 11 to 28, with seismic durations that ranged from
1 to 11 min. These violent explosive events are characterized
by the ballistic ejection of volcanic blocks and bombs and
the emission of volcanic ash, and they were accompanied by
atmospheric pressure waves [25]. Cloud heights during this
phase varied from 7.5- to 14-km asl. The character of the
eruption changed to a more continuous ash emission phase from
January 28 to February 2, which produced ash plumes at lower
altitudes (below 4-km asl).

The ability of the NEXRAD radar to provide near-real-time
updates on the position and altitude of volcanic ash clouds was
vital in providing timely and accurate forecasts and warnings
[1]. One of the most significant contributions made by the
radar data was in short-term aviation forecasting. Radar cross-
sections were routinely used in diagnosing the vertical dispo-
sition of ash clouds during each event. These observations, in
tandem with pilot reports, were used to ascertain the vertical
extent of the ash clouds and to issue timely advisories to the
aviation community [25]. The ability to track the volcanic ash
in the short term was also vital to issuing timely and location-
specific volcanic ashfall advisories. The ability to monitor the
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Fig. 3. Photograph of the Augustine Volcano (with the vent peak at 1260 m)
during an eruption, as seen from the east.

Fig. 4. Location of the Kenai NEXRAD WSR-88D radar (filled circle),
located on the western Kenai Peninsula, approximately 190 km northeast
of Augustine Volcano, and located in southern Cook Inlet, about 290 km
southwest of Anchorage, Alaska.

movement of the volcanic ash cloud on a minute-by-minute
basis was essential, given the close proximity of Augustine to
settlements around the Cook Inlet region. In addition, marine
weather statements were issued, alerting mariners to the poten-
tial hazards posed by the volcanic ash [1].

B. NEXRAD WSR-88D Radar Characteristics

The Kenai NEXRAD WSR-88D is an S-band radar with a
Doppler capability. The radar site is located on the western
Kenai Peninsula, approximately 190 km northeast of Augustine
Volcano, as shown in Fig. 4. Table IV resumes operational
selected characteristics for the Kenai S-band radar system.

NEXRAD is a network of 158 high-resolution Doppler
weather radars, deployed throughout the U.S. and at selected
overseas locations and operated by the National Weather Ser-
vice, an agency of the National Oceanic and Atmospheric
Administration within the U.S. Department of Commerce. The
technical name of the radar system is WSR-88D. NEXRAD

TABLE IV
TECHNICAL CHARACTERISTIC OF KENAI NEXRAD WSR-88D RADAR

detects precipitation and atmospheric wind. It returns data
which when processed can be displayed in a mosaic map which
shows patterns of precipitation and its movement.

The major difficulty in using an operational system, such
as WSR-88D, to monitor a volcanic eruption is that its daily
schedule is necessarily devoted to meteorological targets. In
our case, the radar system operates in two basic modes that are
selectable by the operator: a slow-scanning clear-air mode for
analyzing air movements when there is little or no activity in
the area and a precipitation mode with a faster scan time for
tracking active weather.

Unlike the majority of WSR-88D radars in the network,
Alaska radars are owned and maintained by the Federal Avi-
ation Administration. The radar system provides two types of
radar products: the data level II types and the data level III
types. The level III data, as described in [26], are generated
from the radar product generator (RPG) (that is where the
algorithms compute all of the derived fields). These consist of
the actual base products, e.g., base reflectivity, base velocity,
and spectrum width, in addition to a selection of derived prod-
ucts including echo tops and vertically integrated liquid (VIL).
However, there are limits on the temporal availability of certain
products. For example, composite reflectivity is available only
every third volume scan at Level III, while base reflectivity is
available every volume scan. Level II data allow for a wider
array of products to be derived, whereas with Level III data,
the user is limited to the archived product database. Unfor-
tunately, Level II data were not available from Alaska WSR-
88D platforms at this time. In this paper, the base reflectivity
data of the NEXRAD Level III data from the Kenai radar
site were collected and used. The resolution of the reflectivity
data is 1◦ in azimuth and an elevation angle of 1 km in range
resolution.

During the January 2006 Augustine eruption, the WSR-
88D radar at Kenai operated in a variety of scanning modes
or volume coverage patterns (VCPs). VCPs 12, 21, 31, and
32 were the scanning modes employed during the course of
the eruption. The specifications of each scanning mode are
displayed in Table V. Table VI shows the scanning strategy that
was employed for each of the 13 events during the eruption.
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TABLE V
NEXRAD VOLUME COVERAGE PATTERN SPECIFICATIONS

TABLE VI
EXPLOSIVE EVENTS AND MODE OF OPERATION FOR KENAI NEXRAD

During several eruption events, the Kenai radar employed
the scanning mode VCP 12. Fig. 5 shows the altitude of the
radar beam above the Augustine Volcano. One of the strengths
of VCP 12 is the number of elevation scans at lower angles,
providing for better vertical resolution of features in the lower
levels. Unfortunately, the extra elevation angles that VCP 12
provides were not all available from the Kenai radar. The rapid
scan feature of VCP 12 generated total volume scans about
every 4 min, instead of the 6-min interval with VCP 21 and
10-min interval with VCPs 31 and 32 (Table VI). Table VI
shows that VCP 31 was employed for the majority of the events
following event 3. The decision to employ VCP 31 was based
upon the assumption that it would be better suited to detecting
ash particles due to its greater sensitivity, which is a result
of the longer pulse length and slower revolution of the radar
antenna [1].

Fig. 5. Altitude of the Kenai radar beam as a function of the distance from the
radar at various elevation angles relative to the VCP 12 volume coverage pattern
(see Table V). The location of the Augustine Volcano is schematically indicated
by a vertical line at 190 km from the radar. The beam height is measured in
kilometers asl.

IV. RADAR OBSERVATIONS DURING

AUGUSTINE ERUPTION

The following sections present the Augustine Volcano erup-
tive event 3, which occurred on January 13, 2006, from the
perspective of the Kenai S-band weather radar data and show
an application of the VARR-A retrieval algorithm to the data
from the Kenai radar.

A. Radar Measurements of Augustine Eruption

As discussed earlier, the January 2006 eruption of Augustine
Volcano consisted of a series of 13 explosive events. Each
of these events was observed by the WSR-88D at Kenai. A
single-polarized microwave weather radar is able to detect the
measured average backscattered power PrH at range r and is
able to convert it into measured horizontally polarized radar
reflectivity (factor) ZHm [mm6m−3] through [12]

ZHm(r) = CR
P rH(r)
PtL2

H(r)
r2 (6)

where CR is an instrumental constant, mainly dependent on
the radar antenna and the receiver characteristics. For ash
monitoring at microwave below 10 GHz, the path attenuation
factor LH due to particle and gas absorption along the ray is
usually equal to about one.

A typical explosive event is event 3 (see Table VI), visualized
using plane position indicator (PPI) radar images of the mea-
sured reflectivity in Figs. 6–8. The first two frames of Fig. 6
show the minutes preceding the explosion. Low reflectivity
levels of around 5 to 15 dBZ are shown over the volcano,
indicating that low levels of ash are being emitted. According
to [25], the vulcanian explosion commenced at 13:24 universal
time coordinate (UTC). This is indicated in the last frame at
13:28 UTC, when reflectivity levels above the volcano suddenly
jump to 35 dBZ.

The peak of the event on radar occurs 4 min later (at 13:32
UTC), as in Fig. 7. Reflectivity values of 55 dBZ are occurring
in the 0.5◦ range, and values of 35 dBZ occur in the 2.4◦ slice,
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Fig. 6. PPI radar images at 0.5◦ elevation of the measured horizontally polarized reflectivity from 12:45 to 13:28 UTC—the onset of eruption event 3. The
35 dBZ maximum that occurs on the 13:28 UTC image takes place 4 min after the start of the explosive event.

Fig. 7. PPI radar images for event 3 at (left column panels) 0.5◦, (middle column panels) 1.3◦, and (right column panels) 2.4◦ elevation of the measured
horizontally polarized reflectivity from 13:32 to 13:45 UTC—the initial explosive phase of the eruption.

indicating that the volcanic plume has ascended to at least
10-km asl. The highest reflectivity values are limited to the
lower portions of the plume (see Fig. 7). This may be due to

the largest most reflective ash particles falling out of the plume
at this level, while smaller particles continue to ascend to the
2.4◦ elevation slice. The 13:32 UTC frame represents the peak
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Fig. 8. PPI radar images for event 3 at (left column panels) 0.5◦ and (right column panels) 1.3◦ elevation of the measured horizontally polarized reflectivity
from 13:58 to 14:54 UTC—the final phase of the eruption event.

of this event. By 13:37 UTC, the reflectivity in the 2.4◦ slice
has diminished to around 5 dBZ, although reflectivities in the
0.5◦ slice remain intense, with values of around 50 dBZ. By
13:45 UTC, radar returns are absent from 2.4◦, while maximum
values have diminished further to 30 and 15 dBZ at the 0.5◦ and
1.3◦ slices, respectively. This drop in reflectivity indicates that
the larger, heavier, and more reflective particles have fallen out
of the ash plume.

The ice accretion on the ash particles, due to the abun-
dant water vapor ejected with the ash, may justify the de-
crease in reflectivity observed because of the lower dielectric
constant of ice, as discussed in [11]. The vertical profile of
temperature derived from 12:00 UTC on January 13, 2006,
radiosounding from Kodiak meteorological station, shown in
Fig. 9, shows the altitude of the −15 ◦C isotherm to be around
2.4 km. Given that the lowest altitude reflectivity observed
above Augustine is 3.9 km at 0.5◦ elevation, it can be in-
ferred that all of the observed ash is subject to ice accretion
processes.

Fig. 9. Vertical profile of the temperature obtained by the local atmospheric
radiosounding made at the Kodiak meteorological station on January 13, 2006,
at 12:00 UTC.
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Fig. 10. PPI radar images for event 3 at 0.5◦ elevation of the estimated class index Class, which were derived from the PPI scan shown in Fig. 7 by applying the
VARR-A classification algorithm—the initial explosive phase of the eruption. Class1 = large cold particle class. Class3 = small cold particle class.

After 13:45 UTC, the decline in reflectivity values and the
height of the detected ash plume continues as the ash cloud
moves away from the volcanic source, as shown in Fig. 8.
Reflectivity values continue to diminish in both strength and
altitude, as indicated by the more rapidly decreasing echoes in
the higher elevation angles. Stronger reflectivities in the lower
elevation angles, particularly 0.5◦, may be due to the fallout
from above. This is supported by the PPI radar images at 13:58
and 14:54 UTC, shown in Fig. 8. By 14:54 UTC, reflectivity
returns are absent from the 1.3◦ elevation scan, and the mea-
sured reflectivity maximum value at 0.5◦ elevation is 5 dBZ.
The diminishing of the reflectivity cores from the top down may
suggest that the lower level returns are being sustained by fall-
out of heavier material from the upper levels of the ash plume.

It is important to recognize, however, that the disappearance
of the ash plume from the radar does not signify the end of
the ash threat. Infrared satellite imagery clearly showed the
ash cloud from Augustine continuing northeast away from the
volcano over 1 h after the cloud disappeared from the radar. By
this point, the reduced concentration of ash, the gravitational
removal of larger ash particles, and the ice nucleation and
subsequent reduction of radar profile tend to render the cloud
invisible to the WSR-88D [14]. In this respect, the synergetic
role of satellite imagery in tracking volcanic ash, particularly
after the initial stages of an eruptive event, becomes evident.
Indeed, ground-based weather radar systems operating at a
higher frequency, such as C- or X-band, or with a higher signal
sensitivity might provide a better detection of ash clouds, even
for low-concentration volcanic clouds [12].

B. Retrieval Results

The measured reflectivity images can be inverted to retrieve
the ash aggregate concentration Cpx by applying the radar
retrieval technique VARR-A discussed in Section II. In the case
of the Augustine eruption during the winter season, it may
happen that ash nucleates ice early in ash cloud history; indeed,
during the eruption, abundant water vapor was ejected, and
the temperature was well below the freezing point also at the
lower altitudes. We can expect that all observed ash is subject
to ice accretion processes, and we must assume within the radar
microphysical forward model that ash clouds are made by solid
ash, hydrometeors, and ash aggregates, which are made by a
mixture of ash and ice. The temperature for each radar bin is

evaluated by means of the vertical radiosounding profile shown
in Fig. 9, taken in the proximity of the Augustine Volcano from
the Kodiak meteorological station. We will assume this verti-
cal temperature profile as reference data for the classification
technique.

No cloud and precipitation patterns were present prior to
the Augustine eruption on January 13, 2006 [1]. Geostationary
mid-infrared imagery showed a winter that is relatively humid.
If the classification algorithm given in (3) is applied, for exam-
ple, to the radar PPI data for event 3 at 0.5◦ elevation, shown in
Fig. 7, we can detect the class associated with every range bin
and shown in Fig. 10. We note that, from 13:32 to 13:45 UTC,
the reflectivity is predominantly associated with the small cold
class (class = 3), which corresponds, from Fig. 1, to an average
reflectivity of about 37 dBZ (whereas the average reflectivity
of the large cold class is about 76 dBZ). The same result is
obtained at all times and at all elevation angles. It means that
every range bin of the volume scan radar data has been included
from the classification algorithm into the cold category. Indeed,
this is expected because of the environmental conditions of the
considered area.

As a further step, Fig. 11 shows the results in terms of es-
timated particle mass concentration Cpx, which is obtained by
applying the estimation technique given in (4) to the measured
reflectivity PPI data. The maximum value of Cpx is 0.5 kg m−3,
which is assumed in the PPI representation of the estimated
mass concentration at 0.5◦ elevation, in correspondence of the
reflectivity peak of 55 dBZ occurring in the 0.5◦ range at 13:32
UTC (see Fig. 7).

It is evident that the Cpx estimated patterns resemble the
measured ZH PPI pattern [12]. Since the class associated
with each range bin corresponds to the small cold particle
category, high/low reflectivity values are always associated
with large/small concentration of particles within the volcanic
cloud, as expected from Fig. 1. The same considerations can
be made at all other times and elevation angles. Due to the
inversion developed in Section II, we are not able to identify the
ash fraction within the aggregate concentration as the single-
polarization radar reflectivity is not sensitive to the particle
composition [11].

Starting from the results from the retrieval algorithm of
the estimated mass particle concentration within the volcanic
cloud at all times and at all elevations and using the informa-
tion about the scanning strategy employed during the eruptive
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Fig. 11. PPI radar images of the estimated ash aggregate concentration for event 3 at (left column panels) 0.5◦, (middle column panels) 1.3◦, and (right column
panels) 2.4◦ elevation from 13:32 to 13:45 UTC—the initial explosive phase of the eruption.

event 3 observation, we have also estimated the radar retrieved
columnar content of eruptive material. Fig. 12 shows the PPI-
referred mass content of the eruptive material retrieved by the
Kenai radar at 0.5◦, 1.3◦, and 2.4◦ elevations and the total
retrieved mass content considering all PPIs, with respect to
time, during the observation of explosive event 3. The peak of
the total retrieved columnar content at 13:32 UTC corresponds
to the vulcanian explosive phase when a larger amount of
eruptive material is ejected. In this phase, the estimated particle
concentration within the ash cloud and, consequently, the total
mass content assume their maximum values. Note that the scan
geometry of the Kenai radar (see Fig. 5) limits mass integration
to heights higher than 4 km at a range of 190 km around the
Augustine Volcano.

V. CONCLUSION

The potential of using ground-based weather radar systems
for volcanic ash cloud detection and quantitative retrieval has

been evaluated. The volcanic cloud radar remote sensing has
been based on a physically based retrieval scheme, named
VARR-A. The training simulations of the volcanic cloud radar
reflectivity have been performed using Z-ATHAM, which is a
Mie backscattering scheme coupled with the ATHAM plume
numerical model. The relationship between radar reflectivity
factor and ash aggregate concentration has been derived for the
various particle classes, including aggregates of ice and water
hydrometeors with ash. The volcanic cloud retrieval physical-
statistical algorithm has been designed, exploiting a Bayesian
classification and an optimal regression technique.

An application of the VARR-A retrieval technique has been
shown, using as case study the Augustine Volcano eruption in
January 2006. This event was a significant sub-Plinian volcanic
eruption observed within the nominal range of the NEXRAD
WSR-88D S-band radar, located in Kenai, which is 190 km
from the volcano vent. This eruption provided a unique oppor-
tunity to showcase the capabilities of the WSR-88D in a context
other than that for which the radar was originally designed.
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Fig. 12. PPI-referred mass content of the eruptive material retrieved by the
Kenai radar at 0.5◦, 1.3◦, and 2.4◦ elevations and the total retrieved mass
content (from all PPIs) with respect to time during the observation of explosive
event 3. The total retrieved columnar content is given from the sum of the
columnar contents estimated for the elevation scans at the three elevation angles
that are provided from VCP 12 and that are available from the Kenai radar.

The radar data, in conjunction with pilot reports, proved to
be crucial in analyzing the height and movement of volcanic
ash clouds during and immediately following each eruptive
event.

Data from the Kenai weather radar have been processed
to identify and estimate particle concentration. Starting from
the reflectivity PPI data, the classification step identified the
class associated with every range bin, while in the second
step, the mass concentration has been estimated into the ash
cloud. Using the scanning strategy employed during the erup-
tive event observation, the radar retrieved mass content of
eruptive material has also been estimated. Currently, there is
no capability to extrapolate the ash portion within the identified
aggregate using conventional radars. 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 feature
of radar remote sensing of volcanic eruptions, especially for
remote sites where the ground collection of ash is almost im-
possible as for the Augustine Volcano (surrounded by the sea;
see Fig. 3).

Future developments will be devoted to the exploitation of
the retrieval scheme VARR-A for operational weather radar that
is close to other active volcanoes. The algorithms employed
in this paper have been developed using results of Z-ATHAM
simulations. A future work should also consist of testing these
retrieval algorithms on data from in situ measurements. The
Z-ATHAM model might be generalized to include a variability
in terms of temperature environment and eruption processes
(e.g., magmatic or phreato-magmatic cases). The VARR-A
approach might refer to a preset “library” of Z-ATHAM sim-
ulations that are specific for each site and season of interest.
An automatic classification of the eruptive scenario might help
in solving some difficulties due to ambiguities in detecting ag-
gregation processes. Complementary information coming from

local and satellite sensors is essential to this purpose, and the
Bayesian framework can easily incorporate it.

By using single-polarization weather radar, it is fairly dif-
ficult to discriminate between ash, hydrometeors, and mixed
particles. To do this, we should use a dual-polarized weather
radar that is capable of measuring polarimetric observables. If
these polarimetric data were available, strong improvements
of the obtained retrievals could be achieved by taking into
account not only the particle mixed composition but also their
shape. In this respect, weather radar at X-band might show
even a better sensitivity with respect to corresponding S- and
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 considered here.

APPENDIX A
ATHAM NUMERICAL PLUME MODEL

The ATHAM model explicitly simulates the dynamics (in-
cluding turbulence) and thermodynamics within the eruption
column and in the ambient atmosphere during eruption and
shortly afterward [27]–[30]. In contrast to typical atmospheric
models where particles are passively transported, in ATHAM,
the effect of ash and hydrometeors on the dynamics is consid-
ered. In the configuration used in this paper, ATHAM is set
up in cylindrical coordinates within an azimuthally symmetric
domain in order to save computer resources. Simulations in
cylindrical coordinates reproduce, indeed, the results from 3-D
simulations without crosswind [27].

ATHAM Microphysical Processes: In addition to cloud mi-
crophysics for liquid and frozen hydrometeors, ATHAM con-
siders the microphysics of volcanic ash and the aggregation
of volcanic particles. The scheme is a modal approach, and
two moments of the size distribution, namely, mass mixing
ratio and number concentration, are explicitly calculated as
prognostic variables [31], [32]. The microphysical formulation
is based on the microphysical concept for usual atmospheric
(meteorological) clouds, with the extension that volcanic parti-
cles can be contained in all categories of hydrometeors forming
mixed hydrometeor-ash particles. The ATHAM model does
not consider the coexistence of dry ash, pure hydromete-
ors, and mixed aggregates at the same location at a given
model time step. Particles are all treated like rigid equiva-
lent spheres because the information about their shapes is
limited and the spherical model simplifies the microphysical
treatment.

The shape effect on the fall velocity is only considered by
applying a drag coefficient. Coalescence of hydrometeor-ash
aggregates is assumed to be a function of the hydrometeor mass
fraction within the mixed particles. Apart from water vapor, we
can consider the mass mixing ratios q of four categories hx
of hydrometeors and four categories ax of ash as prognostic
variables (x = 1-4). The composition of these aggregates is a
total mixing ratio qpx (in kilogram per kilogram), given by the
sum of the mass mixing ratios of ash qax and hydrometeors qhx

qpx = qhx + qax. (A1)
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TABLE VII
PARTICLE CATEGORIES CONSIDERED IN THE ATHAM MODEL

Note that these particles with subscript px can be either dry
ash or pure hydrometeors or mixed hydrometeor-ash particles
(aggregates), depending on the relative concentration of ash and
hydrometeor given in (A1).

Table VII gives an overview of the particle categories. In
ATHAM, the volcanic ash, erupted at the vent, is initialized in
the two warm categories. The size distribution is represented by
the superposition of the two modes. As soon as the temperature
T in the rising eruption column falls below its freezing level
value T0, pure volcanic ash is reclassified to the corresponding
cold categories (see Table VII). If the ash is contained in mixed
hydrometeor-ash aggregates, it undergoes the same microphys-
ical processes as hydrometeors. That means, for example, that
freezing of water to ice in a mixed particle also transfers the
warm ash to the respective cold ash category. The density
ρpx (in kilograms per cubic meter) of mixed hydrometeor-ash
particles is obtained from the volume ratio of ash and water as
a mixing-ratio weighted formula

ρpx = ρaxρhx
qhx + qax

ρaxqhx + qaxρhx
. (A2)

Water and ash are assumed to have a density of 1000 and
1800 kg/m3, respectively, whereas ice and graupel have individ-
ual densities of 917 and 500 kg/m3 [34]. Like all other qualities
of mixed particles, the density also converges to that of the pure
material in the absence of the other.

Microphysical Characterization: In our modal microphys-
ical parameterization, the PSD of each mode is assumed to
follow a generalized gamma function [14], [19]. We can as-
sume the following: 1) the particles are spherical or equivalent
spherical with a constant density ρpx, and 2) the minimum and
maximum particle radii are zero and infinite. The modified-
gamma PSD Npx(r)[m−3mm−1] for a generic class of particles
px with radius r, which describes particle occurrence per unit
volume and unit size, is expressed by multiplying the normal-
ized function FG(r) [1/mm] by the number concentration Nnpx

[1/kg] and the specific density of particles ρpx (in kilograms per
cubic meter)

Npx(r) = ρpxNnpxFG(r)

=
ρpxNnpx

Γ(νpx)rnpx

(
r

rnpx

)νpx−1

e
− r

rnpx . (A3)

In (A3), FG(r) is the probability to find a particle of a certain
radius r [in millimeter], and vpx is the dimensionless skewness
parameter of the size distribution. The expression Γ(vpx) is
the complete gamma function of vpx, and it arises from the

normalization of FG(r) to one. The characteristic radius rnpx

is dependent on the mass mixing ratio qpx and the total num-
ber concentration Nnpx of the particles px with the specific
density ρpx

4
3
π(rnpx)3ρpx =

qpxρpx

Nnpx

Γ(νpx)
Γ(νpx + 3)

. (A4)

From (A4), rnpx may also be interpreted as an equivalent
particle radius giving the same PSD total mass.

The values of vpx, Γ(vpx), and rn,px are constant at a
given grid point during one model time step of the numerical
experiment. To solve the equations for the particle aggregation
processes, the complete moment mFk of order k of FG(r) is
useful and is expressed as

mFk =

∞∫
0

rP FG(r)dr = rk
npx

Γ(νpx + k)
Γ(νpx)

. (A5)

The mass concentration Cpx (in grams per cubic meter) of each
particle is given by

Cpx = 10−6

∞∫
0

4
3
πρpxr3Npx(r)dr = 103Cpqpx (A6)

and the total mass concentration Cp is defined as

Cp =
4∑

x=1

Cpx (A7)

where the class index x goes from one to four (see Table VII).
The selection of the skewness parameters νpx in (3) is rather

difficult since a very few observations of size distributions are
available, especially for particles in volcanic eruption columns.
We assume v3 = 3.5, as observed by [35] for rain (x = 3) in
usual meteorological clouds. Because of the lack of informa-
tion about ice particle qualities and for simplicity, the same
skewness parameter v4 = 3.5 is applied for graupel (x = 4).
The size distributions of cloud water and cloud ice (x = 1
and x = 2, respectively) are described with v1 = v2 = 16, as
used by [19] and [36] for typical continental clouds with high
concentrations of condensation nuclei. For the ash, the analysis
of available measured PSDs taken from data sets in [33] led
to the result that the most probable value of the skewness
parameter is vax = 1 for all classes x = 1-4. The skewness
parameters of the size distributions of mixed hydrometeor-ash
particles vpx should be dependent on the formation process and
on relative mass fractions of hydrometeors and ash. Because no
observational data exist, it is obtained from linear interpolation
with respect to the mass fraction of ash and water in this paper

νpx =
qaxνax + qxνhx

qax + qhx
(A8)

where the terms in (A8) have already been defined.

APPENDIX B
RADAR RESPONSE SIMULATION FROM ATHAM

The numerical experiments performed with ATHAM be-
gin just after the earliest mixing of the erupting gas–particle
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Fig. 13. Mass concentration Cpx (x−z distributions) of particles (hydrometeors, ash, and aggregates) in the (top row panels) large and (bottom row panels)
small cold particle modes, shown at 15, 30, 60, and 90 min for the sensitivity experiment EXP3. The uniform color-bar scale gives mass concentration in grams
per cubic meter. Specular symmetry is due to the ATHAM simulation setup (see text for details).

mixture with ambient air, when the flow adjustment to at-
mospheric pressure has already taken place. We do not try
to simulate a specific eruption but choose conditions typi-
cal for highly explosive events. The results from our exper-
iments are suitable in investigating the principal features of
a volcanic eruption column. The experiments are performed
on a stretched grid with 150 × 80 points. The model do-
main is 300 km in the horizontal and 50 km in the vertical
direction.

ATHAM Simulation Results: The microphysics of hydrome-
teors and ash particles in a Plinian volcanic eruption column has
been studied by performing some numerical experiments with
the ATHAM model [20]. These numerical experiments adopt
a PSD similar to that observed during the eruption of Mt. St.
Helens (1980) [27]. In these ATHAM simulations, the eruption
lasts 30 min, whereas the model runs for another 60 min to
simulate the posteruptive phase. Due to ATHAM azimuthal
symmetry, cloud sections are always specular with respect to
the vertical axis passing through the origin. One cross section
through y = 0 is calculated, i.e., through the center of the model
domain, where the volcano is situated.

We have performed three similar numerical experiments
under the same conditions except for the initial particle size
rin. The tags of the ATHAM numerical experiments and the
initial characteristic radius rinS and rinL of ash average mass,
respectively, in the small and large classes for each experiment
are the following:

1) EXP1 (small mode rinS : 10 μm; large mode rinL:
100 μm);

2) EXP2 (small mode rinS : 50 μm; large mode rinL:
250 μm);

3) EXP3 (small mode rinS : 100 μm; large mode rinL:
500 μm).

In the simulated Plinian eruption columns, ice was highly
dominant in comparison to liquid water (> 99% by mass). This
was caused by the fast column rise (> 100 m/s on average)
to regions well above the freezing level (at 5-km altitude in
ATHAM simulations). The particles occur mainly as fairly dry
icy ash aggregates. The aggregation of wet or icy ash due
to gravitational capture resulted in efficient aggregation and
increased the particle fall velocities.

Fig. 13 shows the results of EXP3, which is the most repre-
sentative experiment, in terms of particle mass concentration
Cpx for the two cold particle dimension modes at different
times during the simulation. Two distinct regions of ash de-
velop in our experiments, as shown in Fig. 13, caused by the
separation of the fine fraction (and gases) suspended in a thin
layer at an HNB of around 20 km from a deep settling layer
of coarser particles in the larger class. In EXP3, the increased
particle size in the larger class and the greater differences of the
sizes and fall velocities between the two classes cause a signif-
icantly enhanced particle growth because gravitational capture
becomes more efficient. Consequently, accretion process and
sedimentation are generally much more pronounced in EXP3
than in the EXP1 experiment. We can conclude that an extended
knowledge on the initial PSD is crucially needed in order to
assess the ash dispersal during explosive volcanic eruptions.

1) Radar Reflectivity Simulations: Rayleigh scattering
approximation is applicable for small size parameters ξ
(i.e., ξ = kr � 1, with r as the particle radius and k as the
wavenumber). If a Rayleigh scattering regime holds, from
(A3), the radar reflectivity factor Zpx due to an ensemble
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Fig. 14. Total reflectivity factor Zp (x−z distributions) of the eruption cloud particles (hydrometeors, ash, and aggregates) shown after 15, 30, 60, and 90 min,
for (top row) numerical experiment EXP1, (middle row) EXP3, and (bottom row) NOAGG. Note the slightly different scale (in dBZ) for the three numerical
experiments.

of particles px is expressed as the sixth moment of PSD as
follows [36]:

Zpx = ηpx
λ4

π5|Kpx|2
=

∞∫
0

D6Npx(D)dD (B1)

with D = 2r as the particle diameter. In (B1), ηHpx (in per
meter) is the radar volumetric reflectivity, λ is the radar wave-
length, and Kpx is the dielectric factor of the particle ensemble
of category x, depending on the particle dielectric constant εpx

[14]. Using (A3), the previous equation reduces to the following
analytical expression:

Zpx = 64ρpxNnpxr6
npx

Γ(νpx + 6)
Γ(νpx)

. (B2)

The total reflectivity factor Zp is the sum of the backscattered
power due to the various aggregates

Zp =
4∑

x=1

Zpx. (B3)

Note that the radar reflectivity factor Zp, expressed in mm6m−3,
is sometimes expressed in logarithmic power (dBZ) and often
simply referred to as radar reflectivity.

The set of the numerical experiments, analyzed in the pre-
vious section, permits us to investigate the sensitivity of the
radar response to particle aggregation processes within the
eruptive column. The results of the Z-ATHAM simulations
EXP1, EXP3, and No Aggregation (NOAGG), in terms of total
reflectivity Zp, are shown in Fig. 14. We must consider that,
in the NOAGG experiment, having switched off ash aggre-
gation, the reflectivity factor is calculated, summing at each
grid point contributions due to hydrometeors and ash, so that
the expression for each of the four particle classes is Zpx =
Zhx + Zax. Particle reflectivity values in the EXP3 experiment
are higher, on average, than those in EXP1 and NOAGG. This
is quantitatively confirmed by inspecting Fig. 14, where the
occurrence of higher reflectivity values in EXP3 is evident at
all simulation times. This is due to the fact that the reflectivity
increases with increasing particle size. The particle aggregation
process is much more relevant in EXP3 than in the EXP1
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experiment. Moreover, in EXP3, the sedimentation is much
more pronounced, and falling of larger and more reflective
particles at the end of the simulation generates higher reflec-
tivity values at the eruption column base, where the settling
coarser particles are more concentrated. Sedimentation is least
significant in NOAGG, where particles remain small.

A basic question arises whether the Rayleigh model, summa-
rized in (B1), may be adopted for ash retrieval at all microwave
bands. In a previous work, we showed that, for solid ash, the
Rayleigh scattering approximation is adequate for sizes of up to
few millimeters at X-band [14]. In the presence of hydrometeor
and ash aggregates, this conclusion may be less appropriate,
and the general Mie scattering solution should be claimed
[37]–[39]. The Mie theory for spherical particles requires the
complex refractive index n =

√
εrx as input parameter, where

εrpx is the complex relative dielectric constant (or permittivity)
of the particle material. For liquid water permittivity εrhx, we
have used the Liebe model [40], whereas the relative dielectric
constant of solid ash that is equal to εrax = 6-j0.175 is assumed
for all frequency bands and all particle classes [41]. Even
though various mixture models are available (e.g., see [14]),
similar to (A7), the permittivity of mixed hydrometeor-ash
particles εrpx is obtained here from a linear interpolation with
respect to the mass fraction of ash and water

εrpx =
qaxεrax + qhxεrhx

qax + qhx
. (B4)

Similar to the Rayleigh scattering theory and neglecting po-
larization, it is possible to introduce an equivalent reflectivity
factor Zepx for each particle class, computing the Mie backscat-
tering cross section σb. Under the Mie’s scattering regime,
the radar reflectivity factor is a function of frequency, particle
dielectric constant, and PSD.

Numerical simulations have been used to evaluate the differ-
ence ΔZpx = Zpx − Zepx between the reflectivity factor Zpx

computed using Rayleigh scattering approximation as in (B1)
and the Zepx derived from the Mie theory for the four particle
classes and the EXP3 simulation. The statistical indexes of
this difference are the mean value MV = 〈ΔZpx〉 and the
root mean square RMS =

√〈ΔZ2
px〉. In EXP1, where the

particle sizes are smaller, the Rayleigh scattering condition is
always well satisfied up to the X-band radar observations for
all classes, being the mean value of the difference ΔZpx, for
the large classes, which is smaller than 0.1 dBZ up to the X-
band. In EXP3, at S-band, the mean value of ΔZpx is always
less than 0.6 dBZ. Contrarily, at C- and X-band, there is a
stronger difference of radar reflectivity responses for large class
observations, which means that the Rayleigh condition is no
longer valid at these bands and that Mie effects are no longer
negligible.
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