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The U.S. Geological Survey (USGS) deployed a transportable Doppler C-band radar during the precursory
stage of the 2009 eruption of Redoubt Volcano, Alaska that provided valuable information during subsequent
explosive events. We describe the capabilities of this new monitoring tool and present data captured during
the Redoubt eruption. The MiniMax 250-C (MM-250C) radar detected seventeen of the nineteen largest ex-
plosive events between March 23 and April 4, 2009. Sixteen of these events reached the stratosphere (above

g?é‘::rds' 10 km) within 2-5 min of explosion onset. High column and proximal cloud reflectivity values (50 to
Redoubt Volcano 60 dBZ) were observed from many of these events, and were likely due to the formation of mm-sized accre-
Tephra tionary tephra-ice pellets. Reflectivity data suggest that these pellets formed within the first few minutes of
Explosive eruptions explosion onset. Rapid sedimentation of the mm-sized pellets was observed as a decrease in maximum
Aggregation detection cloud height. The volcanic cloud from the April 4 explosive event showed lower reflectivity values,

due to finer particle sizes (related to dome collapse and related pyroclastic flows) and lack of significant
pellet formation. Eruption durations determined by the radar were within a factor of two compared to seis-
mic and pressure-sensor derived estimates, and were not well correlated. Ash dispersion observed by the
radar was primarily in the upper troposphere below 10 km, but satellite observations indicate the presence
of volcanogenic clouds in the stratosphere. This study suggests that radar is a valuable complement to tradi-
tional seismic and satellite monitoring of explosive eruptions.

Published by Elsevier B.V.

1. Introduction

The rapid detection of explosive volcanic eruptions and accurate
determination of eruption-column altitude and ash-cloud movement
are critical factors in the mitigation of volcanic risks to aviation and in
the forecasting of ash fall on nearby communities. Volcanic ash trans-
port and fallout models are used to forecast the hazards posed by
volcanic ash, but their use requires estimates of eruption source pa-
rameters (Mastin et al., 2009). The parameters that can typically be
estimated in real-time include explosion onset time, cloud altitude
and duration. Other factors such as vertical mass distribution and
particle size distribution are not easily constrained during eruption
response. Weather radar has been used to provide basic eruption
observations (Harris and Rose, 1983; Rose et al., 1995; Oswalt et al.,
1996; Lacasse et al., 2004; Tupper et al., 2005) and more recently to
provide quantitative estimates of eruptive mass (Marzano et al.,
20064, 2006b, 2010).

All of these previous studies have utilized permanent radar systems,
which typically are not optimized for volcano monitoring due to their
primary mission of providing meteorological observations. This paper
reports on the initial deployment of a transportable radar system dedi-
cated to monitoring explosive activity at Redoubt Volcano in 2009.
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Radar complements traditional seismic monitoring of volcanoes by pro-
viding real-time all weather observation capabilities. When correlated
with seismic data, it provides unambiguous evidence that ash is being
erupted. The use of radar at a volcano observatory is ideal as these
data are more easily merged with traditional geophysical data sources.
Furthermore, radar data compliments satellite-based observations of
eruptive activity by providing timely observations (minutes versus
tens of minutes to hours for satellite observations), accurate cloud
height measurement (unlike satellite-based thermal infrared tech-
niques that can provide ambiguous estimates), and sensitivity to differ-
ent particle sizes (hundreds of microns to mm-sized, versus tens of
microns and smaller for thermal infrared satellite).

1.1. Overview of Redoubt Volcano and the 2009 eruption

Redoubt Volcano is an ice-clad stratovolcano located about
170 km southwest of Anchorage, Alaska and within 100 km of com-
munities on the Kenai Peninsula (see Bull and Buurman, 2013 for ad-
ditional details concerning the location, setting, and overview of
Redoubt Volcano and the 2009 eruption). Anchorage serves as the
transportation hub for Alaska and has a major and critical role in air
cargo traffic between North America and Asia. The summit of Redoubt
Volcano is 3108 m above sea level (asl), but historical eruptive activ-
ity in 1966-68, 1989-90, and 2009 has taken place from vents in an
ice-filled crater at about 2400 m asl. The previous eruption in
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1989-90 resulted in a significant aircraft encounter with a volcanic
ash cloud that nearly resulted in a crash (Guffanti et al., 2010). This
incident highlighted the need for rapid eruption detection, forecast-
ing of cloud movement, and communication of hazards to aviation.
Many improvements in the capabilities of the responsible agencies
in Alaska were made during the intervening 20 years to improve
the safety of flight, while not unnecessarily restricting operations.

Unrest at Redoubt Volcano began during the summer of 2008, and
by early 2009 increases and/or changes in a variety of volcano monitor-
ing parameters indicated a high probability of an explosive eruption
(Schaefer, 2012). The increase in the severity of unrest at Redoubt, its
explosive history, and potential to adversely affect air traffic in Alaska
and across the North Pacific lead to the deployment by the U.S. Geolog-
ical Survey of a dedicated volcanic ash monitoring radar system. The
first small phreatic explosion occurred at Redoubt on March 15, 2009,
followed by nineteen larger magmatic explosions between March 23
and April 4, 2009. The nineteen largest explosions were assigned a se-
quential number by Alaska Volcano Observatory (AVO) as described
in Bull and Buurman (2013), and these identifying numbers are used
in this manuscript. Additional smaller explosions are described by
McNutt et al. (2009), and were too small to be detected by the methods
described below.

2. Methods and data

This study reports on the first deployment of a transportable Enter-
prise Electronics Corporation MiniMax-250C (MM-250C) Doppler radar
in Kenai, Alaska for the dedicated purpose of monitoring eruptive activ-
ity at Redoubt Volcano (Fig. 1). Comparisons are made with Weather
Surveillance Radar-1988, Doppler (WSR-88D) data products from
radar site PAHG, located about 10 km north of the MM-250C site,
seismic and pressure sensor data, thermal infrared satellite data, and
tephra-fall deposits.

2.1. The MM-250C radar system

The MM-250C Doppler radar operates in the C-band (5.36 cm) and
has a 2.4-meter parabolic antenna with a beam width of 1.6°, a trans-
mitter power of 250 W, and a maximum effective range of 240 km.
The entire disassembled system, including a radome, fits inside a
20-foot steel shipping container that has been modified to serve as
base for the antenna/radome, and as a field station for observers and
other monitoring equipment (Fig. 1). Other specifications of the system
are shown in Table 1.

Fig. 1. MM-250C Doppler radar system deployed at the Kenai Municipal Airport.

Table 1
Specifications of the EEC MM-250C meteorological radar used in this study.

Parameter Specification

Wavelength (C-band) 535 cm

Polarization Horizontal

Transmit power 250 W

Pulse length 1.6 ps

Pulse repetition frequency 1000 Hz

Range 100 km

Gate width 250 m

Antenna 2.4 m parabolic

Beam width 1.6° (2.6 km at 82 km range)

Scan speed (45° sector) ~15 s per elevation angle

The radar was installed at the Kenai Municipal Airport, 82 km east of
Redoubt and operated remotely from the Alaska Volcano Observatory
office in Anchorage (Fig. 2). In addition to a 180-degree unobstructed
view of the volcano, this secure site offered the support of the airport
staff and the City of Kenai. A further advantage was the proximity of
Federal Aviation Administration WSR-88D NEXRAD Doppler radar
located about 10 km N of the Kenai Airport and operated by the Nation-
al Weather Service Anchorage Forecast Office. This permitted compari-
sons with an established weather-monitoring radar system.

The MM-250C became fully operational about 1 day prior to the
first explosive eruption on March 23, 2009. The radar was primarily
operated in a sector volume mode, utilizing a 45-degree sector cen-
tered on Redoubt (Fig. 2). During some events, the azimuth of the sec-
tor being scanned was modified to track the drifting ash cloud. The
sector scanning strategy allowed for high temporal resolution. Each
elevation angle required 15 s to complete, versus 2 min for a com-
plete 360-degree scan. The number of elevation angles in a sector
scan volume varied from 7 to 10 during the 2009 eruption resulting
in full sector volumes being collected every 105 to 150 s, respectively.

A typical vertical scanning strategy utilizing 8 elevation angles
with beam centers from 2.0 to 12.5° is shown in Fig. 3. Central radar
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Fig. 2. Map showing the location of the MM-250C radar (circle), NEXRAD site PAHG
(triangle), Redoubt Volcano (star), seismic station RBO3 (square), pressure sensor
DFR (diamond), and seismic station SPU (asterisk). The typical scanning coverage,
45° sector and 100 km range, are indicated by the shaded area.
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Fig. 3. Typical vertical scanning strategy used to produce sector volumes showing the re-
lationship between scan angles and central beam height. Topographic profile shows the
location of Redoubt Volcano at range of 82 km.

beam height H was calculated utilizing a standard atmospheric refrac-
tion model as outlined by Rinehart (2004), using the following equa-
tion:

H=+V1?>+R*+2rRsin®g—R +H, (1)

where r is the range from the radar to the point of interest, R is 4/3 the ra-
dius of the earth, @ is the elevation angle, and H, is the height of the radar
above sea level (30 m). The down-range distance from the radar to Re-
doubt was 82 km, producing central beam heights from 2.9 to 17.7 km
above sea level for the scan elevation angles shown in Fig. 3. The summit
elevation of Redoubt is 3108 m, but the eruptive vent is at approximately
2400 m and topography prevented direct observation of the vent by the
radar beam. Note that the radar-derived eruption cloud height values
given in this paper are for the central beam height (above sea level) and
the true values may be as much as 2 km higher. This is due to uncertainty
in how much of the radar beam (2 km high at the volcano) is filled by vol-
canic ash. If the beam is completely filled, the cloud height would be about
1 km greater, however as much as 1/2 of the next higher beam could con-
tain volcanic ash without it being observed as a radar return.

2.2. Estimate of ash detection capability

Like many meteorological radars, the MM-250C transmits a pulse
of energy, and then passively listens for the return of energy scattered
by particles. In a simplified form without signal loss, the intensity of
received power P, can be calculated using the Probert-Jones equation
(Probert-Jones, 1962):

_ RJKPz

P
r r2
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where R, is the radar constant (includes the transmit power, antenna
gain, angular beamwidth, pulse length, and transmitted energy wave-
length), K is the particle dielectric factor, z is the radar reflectivity fac-
tor, and r is the range from the radar to the point of interest. For
Rayleigh scattering conditions (particle diameter less than 5.35 mm
for the MM-250C) the radar reflectivity factor z is defined as:

z=YND} (3)

where N; is the number of particles of diameter D; per unit volume.
Thus, the received power is highly dependent upon particle size.

Radar reflectivity factor (z) spans many orders of magnitude, so it is
typically converted to logarithmic reflectivity factor (z) and expressed
in units of dBZ by:

Z=10log (2). (4)

The relationship between ash particle size, ash mass concentration
and logarithmic reflectivity factor (Z) was calculated and the results are
shown in Fig. 4. In these calculations, the simplified target volume is as-
sumed to be composed entirely of spherical ash particles with a particle
density of 2.0 g/cm?, and a dielectric factor of 0.39 (Adams et al., 1996)
for volcanic ash. Note that the results are for a simplified target volume
that does not account for a variable particle size distribution within the
volume. The MM-250C has minimum detectable reflectivity of approxi-
mately 20 dBZ at the range of 82 km (the distance from the radar site
to Redoubt), and this field is indicated by the shaded portion of the
plot shown in Fig. 4. For volcanic cloud mass concentrations greater
than 1 g/m> only particles with a diameter greater than 0.6 mm
would be detectable. Very fine-grained ash (diameter of 0.01 mm)
which can stay airborne for many days is likely not detectable by the
MM-250C.

3. Results and discussion
3.1. Eruption column height

There were nineteen explosive events between March 23 and April
4, 2009 that are summarized in Table 2. Of these, sixteen had radar-
derived maximum eruption column heights in excess of 9 km above
sea level, the approximate altitude of the boundary between the tropo-
sphere and the stratosphere at the time of the events. The MM-250C
was able to detect the eruption column of the seventeen largest and
highest events, and the maximum column heights were similar to
those detected by the WSR-88D radar (Fig. 5). The WSR-88D was able
to detect two smaller explosive events, including the onset of explosive
activity on March 23, 2009, due to its much higher power and greater
sensitivity to low reflectivity eruption clouds. Eruption-cloud heights
generally increased through Event 8 at 17:26 UTC on March 26, after
which time the maximum cloud height was lower and relatively
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Fig. 4. Relationship between particle diameter (mm), ash mass concentration (g/m?),
and logrithmic radar reflectivity factor (dBZ). The shaded portion of the plot indicates
the variation in particle diameter and mass concentration values that can be detected
by the MM-250C at a range of 82 km.
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Table 2

Explosive events, maximum eruption column heights derived from MM-250C and WSR-88D radars, and event durations as estimated by MM-250C radar, local pressure sensor DFR,

and distant seismic sensor SPU.

Explosive event Start time?® MM-250C height

WSR-88D height”

MM-250C duration® Pressure duration? Seismic duration®

(UTC) (km) (km) (min) (min) (min)

1 3/23/09 06:35 Not detected 5.5 Not detected 26 2

2 3/23/09 07:02 143 134 6 3 7

3 3/23/09 08:14 15 13.1 9 13 20

4 3/23/09 09:39 13.6 13.1 17 8 38

5 3/23/09 12:31 164 149 13 16 20

6 3/24/09 03:41 17.8 183 16 12 15

7 3/26/09 16:34 8.6 6.7 Not determined 1 Not detected
8 3/26/09 17:24 19.2 189 13 7 14

9 3/27/09 07:47 129 11.0 3 15 Not detected
10 3/27/09 08:29 15 14.9 11 4 7

11 3/27/09 16:39 15 15.5 5 4 8

12 3/28/09 01:35 15 119 2 2 2

13 3/28/09 03:25 15 15.2 3 3 4

14 3/28/09 07:20 129 119 3 2 2

15 3/28/09 09:20 15 13.1 4 2 2

16 3/28/09 21:40 Not detected 52 Not detected 2 6

17 3/28/09 23:29 129 12.2 3 3 6

18 3/29/09 03:23 15 125 4 4 11

19 4/04/09 13:55 15 14.9 16 31 31

a

Eruption start times from S. McNutt (personal communication, May 11, 2011).
b Heights from WSR-88D Level IIl echo tops data product.

¢ Estimated using methodology described in Section 3.4.

4. McNutt (personal communication, May 11, 2011).

€ Power et al. (2013).

constant at 13-15 km above sea level. Fee et al. (2013) report a signifi-
cant shift in acoustic activity for events 10-18, but the relationship be-
tween their acoustic observations and our radar observed eruption-
cloud height observations will require further study.

Radar data were the primary source of eruption cloud height in-
formation used in public warning messages from the Alaska Volcano
Observatory (AVO) and the National Weather Service (NWS) during
the 2009 eruption of Redoubt Volcano (Schaefer, 2012). Heights
from the WSR-88D were used as the official eruption cloud heights,
as the accuracy of that system was well established. The MM-250C
system provided significant additional operational awareness to the
staff of the AVO involved in the eruption response. This included
more rapid and more frequent observations of the eruption-column
(compared to the WSR-88D), which greatly decreased uncertainty
in interpreting seismic signals associated with explosive activity. In
many cases, verbal eruption notifications were made to the Federal
Aviation Administration (FAA) Alaska Regional Traffic Control Center
and the NWS Alaska Aviation Weather Unit while the eruption col-
umn was still ascending. Ash dispersion forecasts were made and
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Fig. 5. Comparison between maximum cloud height determined by the MM-250C and
WSR-88D for nineteen explosive events of Redoubt Volcano between March 23 and
April 4, 20009.

airborne ash hazard warnings were issued by the NWS using radar
data to characterize the maximum eruption cloud heights.

3.2. Radar reflectivity observations

We use reflectivity data from event numbers 5 and 19 to illustrate
the typical images collected by the MM-250C. Event 5 is representative
of the discrete, short-duration explosive events that characterized the
first five closely-spaced magmatic explosions that occurred within 6 h
on March 23. The initial events removed a small dome that had grown
in the summit amphitheater, and the subsequent explosions excavated
a large area of rock and glacial ice. In contrast, the last explosion
(event 19) on April 4 was associated with the collapse and removal of
a moderate sized dome (Bull and Buurman, 2013). The distribution of
tephra-fall deposits from these two events were the best constrained
of all of the explosive events as they did not overlie or mix with other
fall deposits (Wallace et al., 2013). Eruption onset times were deter-
mined by S. McNutt (personal communication, May 11, 2011) through
analysis of local pressure sensor data. Seismic records are from broad-
band station RD0O3 located 5 km southwest of the vent. All heights are
given in km above sea level.

3.2.1. Explosive event 5

The onset time for event 5 was 12:30:21 UTC on 23 March, 2009.
Fig. 6A shows a time-series of reflectivity cross sections through the
eruption cloud from (approximately) south to north; Fig. 6B shows
the seismic record from RDO3 (Fig. 2), and Fig. 7 shows the associated
Plan Position Indicator (PPI) images at an altitude of 7.9 km above sea
level. Within two minutes of onset, the eruption cloud reached a
height of 6.5 km (Fig. 6A) and was initially characterized by relatively
low reflectivity values (<30 dBZ). Over the next three scan intervals
(about 4.5 min), the altitude of the eruption cloud rose rapidly to
16.4 km by 12:37 UTC, and the reflectivity values in the core of the
column increased to a value of about 55 dBZ. The cloud height
began to decrease by 12:38 although the core of high reflectivity
values persisted through 12:43 UTC. Over the next 7.5 min, the reflec-
tivity at the eruptive vent continued to decline, and the maximum
reflectivity values were observed to the north of the vent in the
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Fig. 6. A) Reflectivity cross sections through eruption cloud from event 5 on March 23, 2009. Times in UTC for start of volume scan, which take 90 s to complete. Location of
cross-section is shown in Fig. 7. B) Seismic record of explosive event 5 from temporary broadband seismometer RD03, located 5 km southwest of the vent.

dispersing ash cloud. The cloud height decreased rapidly during this
time period, at a rate of about 10 m/s.

The seismic record from station RB03 shows an impulsive start to
this explosive event (Fig. 6B), followed by relatively uniform ampli-
tude through about 12:40:30, when the amplitude increases. This in-
crease in amplitude does not correspond to any noticeable increase in
detected cloud height, and occurs as the reflectivity values near the
vent begin to decline.

The PPI images at an altitude of 7.9 km (Fig. 7) show a roughly
circular eruption cloud characterized by a high reflectivity core that
decreases towards the cloud edge. Movement of the cloud at this

altitude is primarily towards the north with lesser expansion to the
east and west. The reflectivity values at this altitude decrease rapidly
after 12:43 UTC and are barely detectable by 12:53 UTC. The rapid de-
crease in reflectivity at this altitude is likely due to the fallout of lapilli
tephra and a decrease in the cloud ash concentration.

All of the detected explosive events, with the exception of event 19,
shared broadly similar reflectivity patterns and evolution. This includes
rapid cloud rise, high central core reflectivity values (50-60 dBZ), and
rapid decrease in cloud reflectivity and height once the eruptive event
ended. The drifting clouds were typically only observable in the
MM-250C data for tens of minutes following the eruption end, with
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Fig. 7. Plan Position Indicator reflectivity images at an altitude of 7.9 km above sea level of the eruption cloud from event 5 on March 23, 2009. Times in UTC for start of volume scan,
which take 90 s to complete. Position of the vent is shown by the red star, and the location of the north-south cross-section shown in Fig. 6 is indicated by the line.

the exception of the cloud from event 17 on 28 March which moved to
the east (towards the radar).

3.2.2. Explosive event 19

The last major explosive event of the 2009 eruption, number 19,
began on April 4, 2009 at 13:57:05 UTC (S. McNutt, personal
communication, May 11, 2011) and destroyed a moderate-sized lava
dome that had grown since March 29. Fig. 8A shows a time-series of
reflectivity cross sections through the eruption cloud during the first
30 min of the event from northwest to southeast, Fig. 8B shows the seis-
mic record from RDO03, and Fig. 9 shows the associated Plan Position
Indicator (PPI) images at an altitude of 6.4 km above sea level. This
event was more complex than most of the other explosions, and was
characterized by pulses of activity as seen in the cloud height, reflectiv-
ity, and seismic amplitude.

At the onset of event 19, the eruption cloud was characterized by rel-
atively low reflectivity values (<30 dBZ) which rose more slowly than
the cloud from event 5 (and most other explosive events) as seen in
Fig. 8A. Within 10 min of the eruption onset, the cloud had reached
an altitude of about 15 km, and exhibited a modest increase in the re-
flectivity at the vent (<40 dBZ). The cloud height varied over the next
20 min, but was generally from 10 to 15 km. The seismicity shows a
similarly emergent signal at the onset of the eruption, and two phases
of increased amplitude. The radar observations are generally in good
agreement with the seismicity recorded during this event (Fig. 8B). An
increase in the radar reflectivity after 14:15 corresponds to an increase
in seismic amplitude, and the overall decline in seismic amplitude after

14:25 corresponds to a decrease in reflectivity. The maximum cloud
height decreased rapidly at a rate of ~25 m/s from 14:11 to 14:15:30
and ~17 m/s from 14:25 to 14:30. This is about 2-2.5 times faster
than that observed in the cloud from event 5. The fallout deposits
from event 19 were finer-grained than those from event 5 (Wallace et
al.,, 2013), suggesting that the observed decrease in cloud height may
be due to an overall decrease in cloud concentration rather than rapid
sedimentation of lapilli tephra.

The volcanic ash from this event was transported to the southeast
(Fig. 9) and resulted in significant ash fall on communities on the east
side of Cook Inlet. Unfortunately, the sector scanning strategy that fo-
cused on activity at the volcano resulted in the ash cloud moving out
of the field of view of the radar (indicated by the dashed line in
Fig. 9). Although the region of high reflectivity values near the vent
(>50 dBZ) was much smaller for event 19 than for event 5 (Fig. 7)
the reflectivity signal downwind was higher and was observed for a
longer period of time.

3.3. Eruption cloud rise rate

The eruption cloud rise rate for sixteen explosive events was deter-
mined from the maximum cloud altitude as a function of time after erup-
tion onset. The timing of the altitude observations is based on the specific
scan angles within which the cloud tops were observed; eruption onset
times are from S. McNutt (personal communication, May 11, 2011).
The results are given in Fig. 10, and show that the vertical velocity of
the eruption cloud tops ranged from 25 to 60 m/s. The rise rate from


image of Fig.�7

D.J. Schneider, R.P. Hoblitt / Journal of Volcanology and Geothermal Research 259 (2013) 133-144 139

A 14:01:37 14:02:47 14:03:57 14:05:07 14:06:17
15km
10km
5km l I ! I |l ] y
Il I | | |
14:07:28 14:08:38 14:09:48 14:10:58 14:12:07

o §

14:13:17 14:14:27 14:15:37 14:17:57

|Il [ | -“ Iliuh -.'l: .'illlh’
f i q

14:19:08 14:20:18 14:21:28 14:22:38 14:23:48

 ——

14:24:57 14:26:07 14:27:17 14:28:28 14:29:38 |

L f | S

[
NW  10km 20km 30km SE NW 10km 20km 30km SE NW 10km 20km 30km SE NW 10km 20km 30km SE NW 10km 20km 30km SE

13 18 23 28 33 38 43 48 53 58 63 68 73 78
dBZ

&S T
[RD03 BHZ AV] -
55 ;

-5e5

10e5 1 1 I 1 1 1 1
14:00 14.05 14:10 14:15 14:20 14:25 14:30
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event 5 and the first fifteen minutes of event 19 are highlighted. Note
that most of the clouds reached jet aircraft cruise altitudes (~10 km
above sea level) within 2 to 5 min of eruption onset, with the exception
of the eruption cloud from event 19 which rose slowly for the first 7 min
before increasing rapidly. The eruption cloud rise rates from these events
are typical for explosive events and reinforce the need for rapid cloud
height determination to help mitigate the hazard to aviation.

3.4. Eruption duration estimates

Eruption duration is a source parameter required by volcanic ash
dispersion models, but can be difficult to estimate in near-real time.
Methods for estimating duration from seismic and pressure sensors
typically use the increase in amplitude for a seismic or pressure
wave above some background value. These estimates can be made
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Fig. 10. MM-250C radar-derived cloud heights versus time after eruption start for six-
teen explosive events at Redoubt Volcano between March 23 and April 4, 2009. Data
from explosive events 5 and 19 are labeled and indicated by the thicker lines. Velocities
of 25 m/s and 60 m/s are shown by the dashed lines for reference.

from local or distant stations and typically provide a range of values.
Radar can provide a direct observation of reflecting particles in the
eruption column and may be used to help constrain duration. Howev-
er, radar reflectivity images show a combination of ash emissions in
the column as well as ash fallout which complicates the interpreta-
tion. Eruption durations were estimated from the MM-250C data by
observing the timing of reflectivity values in excess of 40 dBZ at a
height of 6 km above the vent. The reflectivity threshold was chosen
to identify periods of high concentrations of large particles, and the
height and location was chosen to reduce the influence of ash fallout.
Note that radar-derived eruption durations are dependent upon the
inherent sensitivity of the radar system, and thus the chosen thresh-
old is not universal. These estimates were compared to seismic
(Power et al., 2013) and pressure-derived (S. McNutt personal
communication, May 11, 2011) durations and the results are shown
in Table 2 and Fig. 11.
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In general, the duration estimates from the seismic and atmospheric
pressure approaches are within a factor of 2 of the radar-derived esti-
mates. Fig. 11A shows the comparison between the radar-derived dura-
tion with the duration derived from seismic station SPU, located 85 km
north of Redoubt. At this distance, the effects of surface processes such
as pyroclastic flows and lahars on the seismic amplitude are negligible.
Alinear regression of these data yield an R?> = 0.64. Fig. 11B shows the re-
lationship between pressure sensor-derived duration estimates from
station DFR (located 15 km NE of Redoubt) and the radar-derived esti-
mates. The agreement between these techniques is worse with an
R?=0.36. The better fit with the seismic data suggests a slightly better
coupling between the seismic energy recorded at a distant station and
ash emission than for pressure waves at a proximal station, but this is
not definitive. The variability in the various estimates of eruption dura-
tion illustrates the uncertainty and difficulty in estimating eruption
source parameters for ash dispersion, transport and fallout models.

3.5. Comparisons to satellite data

One of the surprising aspects of the 2009 eruption of Redoubt was
the height of the eruption clouds as determined by the MM-250C and
NEXRAD radars. These estimates are generally consistent with each
other, and document that as many as sixteen events produced volca-
nic clouds that entered into the stratosphere. Satellite data provide
additional evidence for the cloud height as estimated by radar obser-
vations. As volcanic clouds rise in the atmosphere, they equilibrate to
the ambient temperature. The standard technique for estimating
cloud height is to compare the cloud top temperature to a tempera-
ture profile of the atmosphere. This works well for clouds emplaced
in the troposphere, but it is more problematic for those volcanic
clouds that have enough upward momentum to enter the strato-
sphere. In those cases, the temperature inversion that exists at the
troposphere-stratosphere boundary results in multiple solutions for
the temperature comparison method.

Fig. 12A shows an AVHRR thermal infrared satellite image of the
volcanic cloud from explosive event 5, imaged at 13:36 UTC on 23
March, 2009 (about one hour after eruption onset). At the time of
this image, the volcanic cloud has become elongated along a NW-SE
line in a sector to the north and east of the volcano. The central region
of the cloud is still opaque in the thermal infrared, as suggested by the
fringe of warmer temperature values along the cloud edge; thus the
temperature values derived from this portion of the cloud are
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Fig. 11. Eruption duration estimates for sixteen explosive events at Redoubt Volcano between March 23 and April 4, 2009. A) MM-250C radar-derived duration versus seismic duration
from distant station SPU located 85 km north of Redoubt. B) MM-250C radar-derived duration versus pressure sensor duration from local station DFR located 15 km northeast of Redoubt.

The solid line is for a 1:1 ratio between duration estimates.
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Fig. 12. A) AVHRR thermal infrared satellite image of volcanic cloud from event 5, imaged at 13:36 UTC on 23 March 2009. Location of Redoubt shown by the star and orientation of
northwest-southeast temperature profile shown by the line. B) Temperature profile along northwest-southeast line from AVHRR image. C) Temperature-altitude plot from radio-
sonde launched in Anchorage at 12:00 UTC on 23 March, 2009. D) PUFF dispersion model output showing altitude of cloud tracer particles that range in height from 6 to 16 km

above sea level. Image is from forecast time of 13:30 UTC to match AVHRR image.

representative of the cloud top and are not affected by warmer clouds
beneath it. The coldest portion of the volcanic cloud is about —58 °C
and is located to the northwest (Fig. 12B), is warmer (—48 to —52 °C)
in the central portion, and then colder (—55 °C) in the southeastern por-
tion. By comparing these temperature values to a profile (Fig. 12C) col-
lected by radiosonde launched in Anchorage at 12:00 UTC, the altitude
of the cloud can be estimated. These data suggest the northwest portion
of the cloud was near the tropopause at an altitude of about 9.5 km
above sea level, the central warmer portion was about 12-14 km, and
the southerly colder portion was about 16-17 km. These observations
strongly suggest that this volcanic cloud entered the stratosphere, and
additional evidence is provided by comparison to cloud movement and
PUFF ash transport model output (Searcy et al., 1998). The PUFF results
are shown in Fig. 12D, and agree quite well with the temperature and
radar-derived cloud height observations shown in Fig. 6A. Although
the mapped ash fallout from event 5 was primarily to the north
(Wallace et al., 2013; Mastin et al., 2013), this and subsequent satellite
images (Webley et al, 2013; Steensen et al, 2013) show that a
volcanogenic cloud was observed dispersing at the altitude observed
by the radar.

3.6. Comparison to tephra-fall deposits
The tephra-fall deposits from the explosive events were mapped,

sampled, and analyzed by Wallace et al. (2013). In many cases it
was not possible to differentiate the deposits from individual events

due to the overlapping nature of the deposits from closely spaced
explosions and lack of snow-fall between events. Fall deposits from
events 5 and 19 were among the best differentiated permitting com-
parisons with radar data.

Terminal settling velocities were calculated for a range of particle di-
ameters to help constrain comparative interpretations of the radar data
and the tephra-fall deposits, and the results are shown in Fig. 13. These
calculations are for spherical particles with a density of 2.0 g/cm?, and
utilize atmospheric properties from radiosonde data collected at
Anchorage, Alaska on March 23, 2009 at 1200 UTC. Note that particles
larger than several mm in diameter have terminal velocities in excess
of 10 m/s at an altitude of 15 km.

3.6.1. Explosive event 5

Fall-deposits from explosive event 5 were found primarily to the
north of the volcano, and were mapped to a distance in excess
300 km, at a mass density of 10 g/m?. In contrast, the MM-250 radar
data was only able to observe the dispersed cloud for a distance of
about 30 km from the source, which was well within the 1000 g/m?
maximum contour of Wallace et al. (2013). The most proximal sample
was located about 12 km from the vent, had a mass of about 6,500 g/
m?, and was comprised almost entirely of accretionary tephra-ice pel-
lets up to 8 mm in diameter. The large size of these accretionary pellets
account for the high radar reflectivity observed (>55 dBZ). A rapid de-
crease in cloud height was observed following the end of the eruption
(>10 m/s), and is good agreement with the terminal settling velocities
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Fig. 13. Terminal settling velocities for spherical particles of various diameters as a func-
tion of altitude. A particle density of 2.0 g/cm> was utilized and atmospheric properties
were determined from radiosonde data collected at Anchorage, Alaska on March 23,
2009 at 1200 UTC.

shown in Fig. 13. The radar observation strongly suggest that the pro-
cess of accretionary pellet formation occurred very rapidly (<10 min)
in the column and proximal portion of the eruption cloud. Abundant
lightning was detected during this, and all other explosive events
(Behnke et al, 2013), and accretionary pellet formation may have
played a key role in the electrical charge separation process.

Particle size analyses of the proximal deposits show that the accre-
tionary pellets found within the field of view imaged by the MM-250C
radar contained a significant mass fraction of fine-grained ash particles
(Wallace et al., 2013). The distal cloud was depleted in fine-grained ash
because of the proximal scrubbing. The relative lack of fine-grained ash
may account for the relatively poor thermal infrared brightness temper-
ature signals (Wen and Rose, 1994) observed for many of the volcanic
clouds from the 2009 eruption (Steensen et al., 2013; Webley et al.,
2013), and possibly from the 1989-90 eruption (Schneider and Rose,
1994).

C-band radar observations of the 1992 eruption of the Crater Peak
vent of Mount Spurr conducted using a more powerful radar at a similar
distance showed lower maximum column reflectivity values of about
30 dBZ (Rose et al., 1995) than those observed using the MM-250C
radar during the 2009 eruption of Redoubt. The resulting volcanic
clouds from the Spurr eruption were easily tracked with satellite bright-
ness temperature difference images (Schneider et al.,, 1995), suggesting
that fine-grained ash was not removed by particle accretion in the
column. These observations suggest that it may be possible to identify
accretion in the column and proximal cloud by the high radar reflectiv-
ity, rapid decrease in observed radar height, and analysis of satellite
thermal infrared brightness temperature difference data.

3.6.2. Explosive event 19

Tephra-fall deposits from explosive event 19 were found more
than 150 km to the southeast of Redoubt and resulted in minor ash
fall (<2 mm thickness) in communities on the east side of Cook
Inlet (Wallace et al., 2013). These deposits were finer-grained than
those from previous events of similar volume, and are interpreted
to have been generated by dome collapse and related pyroclastic
flows (Wallace et al., 2013). This interpretation is reinforced by the
radar reflectivity cross-sections (Fig. 8A). Many images acquired
after 14:13:17 exhibit maximum reflectivity values to the north of
the vent, where pyroclastic flows ran out into the Drift River valley.
The fine-grained nature of the ash from this event is suggested by
the lower reflectivity values observed near the vent (compared to

event 5), and the longer downwind extent of the dispersed ash
cloud. The rapid rate of decrease (~17 to 25 m/s) and fluctuation
of the observed eruption cloud height (Fig. 8) may be due to the in-
ability of the MM-250C radar to detect the fine-grained ash except
when the mass concentration was very high. Very large particles
(>10 mm as shown in Fig. 13) would be required to replicate the
observed fall rates, either as individual particles or accretionary pel-
lets, but these are not observed in the deposits. Such large particles
would have high radar reflectivity values (> 50 dBZ), but the down-
wind reflectivity values were relatively low (25-35 dBZ). Further
evidence of the absence of enhanced removal of fines due to accre-
tionary pellet formation can be observed in the satellite thermal in-
frared brightness temperature images, which show a significantly
more robust signal compared to the volcanic cloud from event 5
(Steensen et al., 2013). The cloud observed by the MM-250C lies
within the mapped 4000 g/m? contour as interpreted by Wallace
et al. (2013). Unfortunately, the sector scanning strategy employed
during this event resulted in the area of the detected cloud being
truncated, so the maximum extent of the observable cloud is not
known.

4. Conclusions

The use of MM-250C and WRS-88D meteorological radars during
the 2009 eruption of Redoubt Volcano provided invaluable information
to aid in the operational response and observed a variety of volcanolog-
ical phenomena. The temporal resolution of the MM-250C data is un-
precedented in weather radar remote sensing of explosive eruptions.
Rapid eruption cloud rise was observed and further documented the as-
cent of potentially hazardous volcanic ash to aviation flight levels with-
in minutes of onset. This highlights the unique utility of radar systems to
provide this information in real-time. Sixteen explosive eruptions
reached altitudes in excess of 10 km above sea level and injected ash
and volcanic gases into the stratosphere. These heights were consider-
ably greater than would traditionally be estimated using thermal infra-
red satellite data which use the coldest observed cloud temperature.
Volcanic clouds that enter the stratosphere can be significantly warmer
than those in the troposphere, and this study suggests that cloud height
would have been underestimated if not for the use of radar. Analysis of
cloud dispersion confirms the presence of volcanogenic clouds in the
stratosphere. The availability of abundant water may explain the ob-
served heights, but additional column dynamics modeling is needed
to confirm this speculation. High radar reflectivity values in the column
and proximal cloud, as well as the rapid decrease in cloud altitude and
high reflectivity values strongly suggest that the formation of accretion-
ary tephra-ice pellets (observed in many of the fall deposits) occur very
rapidly in the first minutes of eruption onset. Accretionary pellet forma-
tion scrubs fine-grained ash from the resultant dispersed cloud and may
result in poor thermal infrared satellite based detection of the ash
clouds from the 2009 and possibly from the 1989-90 eruption as well.
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