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Water is a dominant component of volcanic clouds and has fundamental control on very fine particle
deposition. Particle size characteristics of distal tephra-fall (100s km from source volcano) have a higher
proportion of very fine particles compared to predictions based on single particle settling rates. In this study,
sedimentological analyses of fallout from for the 18 August and 16–17 September 1992 eruptions of Crater
Peak, Alaska, are combined with satellite observations, and cloud trajectory and microphysics modeling to
investigate meteorological influences on particle sedimentation. Total grain size distributions of tephra
fallout were reconstructed for both Crater Peak eruptions and indicate a predominance of fine particles
b125 μm. Polymodal analysis of the deposits has identified a particle subpopulation with mode ~15–18 μm
involved in particle aggregation. Accounting for the magmatic water source only, calculated ice water content
of the 3.7 hour old September 1992 Spurr cloud was ~4.5×10−2 g m−3 (based on an estimated cloud
thickness of ~1000 m from trajectory modeling). Hydrometeor formation on particles in the volcanic cloud
and subsequent sublimation may induce a cloud base instability that leads to rapid bulk (en masse)
sedimentation of very fine particles through a mammatus-like mechanism.
© 2009 Published by Elsevier B.V.
1. Introduction

Understanding the consequences of water in volcanic clouds is
critical in order to model cloud dynamics and particle sedimentation
(Rose et al., 2004; Durant et al., 2008, 2009). Distal fallout is char-
acterized by a poorly sorted polymodal particle size distributionwhich
retains similar size characteristics over the distal part of the deposit.
Very fine particles found in distal tephra deposits 100s km from the
source volcano do not fall according to terminal settling velocities, but
instead aggregate and settle at rate orders of magnitude faster (Carey
and Sigurdsson, 1982; Sorem, 1982; McGimsey et al., 2002; Durant
et al., 2009). However, the aggregation mechanism remains incom-
pletely understood and several hypotheses have been presented
including electrostatic aggregation and hydrometeor formation. In the
latter, ash particles act as water nucleation sites and promote
hydrometeor formation in volcanic clouds, which grow, coalesce and
settle faster than the individual ash particles within the hydrometeor.

Fallout rates of large pyroclasts (e.g., N1000 μm) are fast so proximal
tephradeposits are relativelycomplete. Fineashparticles (e.g.,b100 μm)
have orders of magnitude smaller settling rates and can experience
regional or global transport (e.g., Fruchter et al., 1980; Rose et al., 2003).
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For this reason, distal depositsmaybe incomplete,making sampling and
characterization challenging (e.g., Murrow et al., 1980; Sarna-Wojcicki
et al., 1981; Rose et al., 1983; Houghton et al., 2000; McGimsey et al.,
2002).

Fine ash particles have a tendency to collide and bind in the
atmosphere and form ash aggregates. Particle clustering and collisions
result from differences in particle terminal fall velocities which is
enhanced in turbulent eddies. The dominant binding mechanism is
dependent on the relative humidity of the plume (Sparks et al., 1997). In
water-rich eruption columns, ash particles are bound by strong, short-
range surface tension forces from liquidwater condensates. Electrostatic
attraction binds particles with contrasting surface charge densities
which can be generated during fragmentation (e.g., James et al., 2002) or
in mixed phase clouds (e.g., Mather and Harrison, 2006).

Crater Peak (Alaska) erupted on several occasions in 1992 and
generated tephra deposits that extended 100s km from the volcano.
These deposits were carefully and thoroughly sampled immediately
after fallout. In addition, comprehensive observations exist for the
eruptions including radar (Rose et al., 1995), satellite remote sensing
(Bluth et al., 1995; Schneider et al., 1995; Rose et al., 2001) and field
studies (Neal et al., 1995; Gardner et al., 1998; McGimsey et al., 2002)
that allow the physical characteristics of the atmosphere to be
constrained anddistal volcanic sedimentationprocesses to be examined.

In this study, the association between hydrometeor formation and
particle fallout in clouds generated by the 1992 eruptions of Crater
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004
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Table 2
Chronology of the 17 September 1992 eruption of Crater Peak volcano, Alaska (from
Eichelberger et al., 1995).

Time
(ADT)

Time
(UTC)

Event

16 September 16 September
10:36 18:36 Start of a small eruption; plume height 4.6 km
10:47 18:47 End of small preliminary eruption

17 September 17 September
00:03 08:03 Seismicity indicated start of main eruption
00:30 08:30 Plume height 10.7 km (PIREPS and NWS radar)
00:48 08:48 Plume height 12.2 km (NWS radar)
00:50 08:50 Beginning of intense incandescence
02:21 10:21 Maximum plume height 13.9 km (NWS radar)
03:39 11:39 Eruption ended
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Peak volcanowas investigated through: (1) sedimentological character-
ization of the 18 August and 16–17 September 1992 tephra deposits;
(2) identification of particle size subpopulations in fallout; (3)modeling
of particle fall through the atmosphere; and (4) developmentof a simple
1-D thermodynamic cloud model to investigate cloud destabilization
through water phase changes.

2. 1992 eruptions of Crater Peak, Alaska

Crater Peak vent andMount Spurr volcano are located ~125 kmwest
of Anchorage, Alaska. Crater Peak is a basaltic–andesite stratocone
adjacent to Mount Spurr which has been active for at least the last
5000 years. Crater Peak erupted on 27 June, 18 August, and 16–17
September 1992 and generated widespread tephra deposits (Eichelber-
ger et al., 1995). In this study, we focus on sedimentological analysis and
interpretationof deposits formedby the18August and16–17September
1992 eruptions, referred to as theAugust and September 1992 eruptions,
respectively. The 27 June 1992 eruptionwas not considered in this study
as the deposit was not as extensively sampled as the later deposits from
the 1992 eruptions.

2.1. Chronology of the August and September 1992 Crater Peak eruptions

Tables 1 and 2 provide a chronology of volcanic emission during the
August and September 1992 eruptions. The eruptions generated plumes
that penetrated the tropopause (Rose et al., 1995) and a cloud that was
transported east by jet stream winds. Ash-fall was reported up to
1200 km downwind of the volcano (McGimsey et al., 2002). The
distribution of tephra fall deposits generated during the eruptions is
shown in Figs. 1 and 2. Distal mass deposition maxima were present in
both deposits centered approximately 200–300 km from the volcano
(McGimsey et al., 2002). Both eruptions generated a tephra fall deposit
composed of 3 units: a thin basal unit found only in proximal loca-
tions and 2 additional units in distal tephra (Neal et al., 1995). Both
distal fall units contain andesitic juvenile material with average
densities ranging from 1500–2070 kg m−3. Dense rock equivalent
(DRE) erupted volume was 14×106 m3 for the August eruption and
15×106 m3 for the September eruption (assuming ρ=2600 kg m−3)
(McGimsey et al., 2002).

Pyroclastic flows occurred in both the August and September 1992
eruptions, but were small in scale (b0.3% of total 1992 eruptive
products) (Miller et al., 1995). Pyroclastic flows from the August
eruption moved down the S and SE flanks and generated a diffuse
cloud layer at an altitude of 3.5–4.5 km isolated from the main
eruption column. Pyroclastic flows from the September eruption
moved down the ENE flank and out over an ice field.

Atmospheric soundings were determined twice daily by radio-
sonde at Anchorage International Airport. Figs. 3 and 4 show ther-
modynamic diagrams for ambient atmospheric conditions at 0000
UTC on 19 August 1992 and 1200 UTC on 17 September 1992. In these
plots, temperature and water content are plotted against pressure, to
provide information on the vertical structure of the atmosphere. The
gray horizontal lines correspond to pressure and the blue lines plotted
Table 1
Chronology of the 18 August 1992 (ADT) eruption of Crater Peak volcano, Alaska (from
Eichelberger et al., 1995).

Time
(ADT)

Time
(UTC)

Event

18 August 1992 19 August 1992
16:42 00:42 Tremor indicates eruption start
16:55 00:55 Plume reaches 13.7 km (NWS radar)
20:10 04:10 Tremor ends; eruption ended
20:20 04:20 Ashfall begins at Anchorage

Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
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diagonally from the upper right to the lower left of the diagram show
temperature isotherms. The green lines correspond to dry adiabats
and the blue lines (from upper left to lower right) correspond to wet
adiabats. The red diagonal lines correspond to constant water mixing
ratios. At the time of both eruptions, the level of the tropopause was
located at ~12 km and the atmosphere was essentially dry at the
height where the volcanic clouds were located.

2.2. Satellite observations of the Crater Peak eruptions

Schneider et al. (1995) analyzed a series of Advanced Very High
Resolution Radiometer (AVHRR) observations and mapped the Spurr
volcanic clouds using the “split window” technique. Optical depth,
effective radius and volcanic ash particle mass loading can be
retrieved following a scheme proposed by Prata (1989) and adapted
for volcanic clouds by Wen and Rose (1994). Ash mass in the Crater
Peak clouds rapidly declined in the first −12 hours following
emplacement, during which N70% of the total fall volume was
deposited (Rose et al., 2001). In the following 24 hours or so, cloud
area expanded by a factor of 2–5 and optical depth and fine particle
concentration decreased by an order of magnitude or more. Early
imagery acquired for both the September and August 1992 eruptions
shows a nearly opaque, dense, very cold (−60 °C) region in the core of
the volcanic cloud (optical depth is ~4) that later becomes transparent
(e.g., Rose et al., 2001, Fig. 6) due to particle fallout, sublimation of ice
and mixing with ambient atmosphere.

3. Methods

3.1. Deposit sedimentology

Within a few days to a week of the eruptions, a team of USGS
personnel carried out extensive sampling to determine mass deposi-
tion and particle size characteristics of the resulting deposits, which
was generally before significant reworking occurred (Neal et al., 1995;
McGimsey et al., 2002). Tephra samples were analyzed by McGimsey
et al. (2002) using a combination of sieve and SediGraph analyses.
Some distal fine-grained samples were reanalyzed in this study using
a Malvern Mastersizer 2000 Laser Diffraction Particle Size Analysis
(LDPSA) instrument which provides a continuous analysis of particle
sizes between 0 and 2000 μm. LDPSA offers a rapid, precise and cost-
effective method to measure particle size between 0.1 and 3000 μm
(see ISO 13320 for detailed description of the technique).

All particle size distributions were polymodal and consist of
particle size subpopulations that result from variation in (Wohletz et
al., 1989): (1) fragmentationmechanisms (e.g., explosive vesiculation,
interaction with external water, vent erosion and comminution by
particle collisions in the vent, column and pyroclastic flows); (2)
particle components (liberated phenocrysts, glass shards and lithic
fragments, each with varying density, shape and size); and (3) size-
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004
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Fig. 3. Skew-T plot from the sounding at Anchorage International Airport (PANC) on 19 August 1992 at 0000 UTC (from http://weather.uwyo.edu/upperair/sounding.html).
Atmospheric temperature is shown by the black curve and dew point temperature by the blue curve. A temperature inversion at 11.8 km corresponds to the level of the tropopause
where temperature was −64 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dependent sorting mechanisms (gravitational settling, turbulent
transport, particle aggregation and hydrometeor formation). Decon-
volution of particle size distributions was carried out using the KWare
Geological Software SFT application (www.ees1.lanl.gov/Wohletz/
SFT.htm) to identify lognormal subpopulations (under the assumption
of an initial lognormal particle size distribution). Optimization was
carried out until the integrated residual between the measured and
modeled particle subpopulations was b5%.

TGSD were reconstructed for both the August and September 1992
Spurr eruptions as a function of mass deposited per unit area (from
McGimsey et al., 2002) segregated laterally as a function of distance
(Carey and Sigurdsson, 1982) (Table 3). TGSD were also reconstructed
using the Voronoi approach (Bonadonna and Houghton, 2005)
(A. Volentik, 2008, personal communication). However, problems
with the algorithm occur because: (1) the sample UTM coordinates
(from several zones) need to be recast into one zonewhich distorts the
shape of the deposit; and (2) the density of sampling locations was too
low so the tessellated model deposit omits large areas of the actual
distal deposit, i.e., the algorithm assigns a value of zero to large areas of
the deposit. This latter point tends to skew the TGSD reconstruction
towards coarser particle sizes in the proximal deposit where the
number of sample locations as a function of deposit area is higher. For
these reasons, we decided not to include the Voronoi reconstruction.

3.2. Single particle fall modeling

Single particle fall modeling was carried out based on the analysis
of Brown and Lawler (2003) for settling of spherical particles through
Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
of Crater Peak, Alaska, Journal of Volcanology and Geothermal Research
the atmosphere (see Durant et al. (2009) for application to volcanic
sedimentation). In this approach, the atmosphere is modeled as a
stack of horizontal layers with pressure, temperature, dew point
temperature, wind speed and direction constrained by the soundings
taken at Anchorage International Airport on 19 August 1992 at 0000
UTC and 17 September 1992 at 1200 UTC. Single particle terminal fall
velocities, horizontal transport distance and total fallout time (to the
ground) were calculated for particles with size between 1 and
1000 μm and density between 1000 and 2000 kg m3 settling from
12 km. The effects of particle shape and atmospheric turbulence were
neglected.

3.3. Volcanic cloud trajectory modeling: Model Lagrangien Dispersion
Particule (MLDP0)

Volcanic ash transport and dispersion models (VATDM) are
employed in an operational context by Volcanic Ash Advisory Centers
(VAAC) around the globe to mitigate hazards from fine volcanic ash in
the atmosphere following explosive volcanic eruptions (e.g., Servranckx
and Chen, 2004). However, many of these numerical models (e.g.
Pfeiffer et al., 2005; Costa et al., 2006) are designed for reproducing
cloud dispersal and sedimentation in medium-distal areas (b100 km),
and are not able to reproduce distalmass depositionmaxima (e.g., Folch
et al., 2008).

Cloud thickness and height are important parameters for modeling
volcanic cloud dispersion and can be estimated retrospectively using
VATDM through comparison of model-predicted cloud position with
satellite-observations. In this study, cloud height, thickness, trajectories
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004
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Fig. 4. Skew-T plot from the sounding taken at Anchorage International Airport (PANC) on 17 September 1992 at 1200 UTC (from http://weather.uwyo.edu/upperair/sounding.
html). The tropopause was located at 12.4 km where temperature was −62 °C.
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andparticle fallout from the 1992 eruptionsofMount Spurr, Alaskawere
constrained using Model Lagrangien Dispersion Particule (MLDP0,
developed from the CANadian Emergency Response Model) which
integrates ameteorological description of atmospheric dynamicswith a
Lagrangianpoint source particle dispersionmodel (D'Amours andMalo,
Table 3
Mass deposited as a function of distance for the August and September 1992 Crater Peak
Eruptions.

18 August 1992 16–17 September 1992

Distance
(km)

wt.% Distance
(km)

wt.%

3.9 5.7 7.25 3.5
6.9 6.4 10.25 2.8
9.8 4.7 21.5 5.6
12.4 4.2 34.5 4.7
20.9 6.0 44.75 3.3
26 2.9 75.4 9.3
40.6 4.7 113.9 9.4
76.8 9.5 152.4 5.5
107.2 6.5 170.4 2.0
131.9 3.6 204.8 3.2
156.5 4.1 238.4 7.0
184.1 4.4 267.9 9.5
230.5 8.4 302.3 13.0
287 9.8 354.8 15.4
337.7 6.9 600.7 5.8
556.5 12.2

Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
of Crater Peak, Alaska, Journal of Volcanology and Geothermal Research
2004). This point sourceapproachwasusedonly to investigate the cloud
dispersion and not the dynamics of the column.

MLDP0 simulations for the Spurr eruptions were initialized
using the boundary conditions described in Tables A.1 and A.2. A
generic initial particle size distribution was assigned and vertical
mass distribution in the model eruptive column was divided into 11
levels from model ground level and 14 km AMG (described in the
table by the cumulative mass fraction from level 1, the lowest level
to level 11). Particle tracers were released in 2 minute time steps for
total duration constrained by observed activity at the volcano
during the 1992 eruptions (Tables 1 and 2). For the September erup-
tion, only the activity on 17 September 1992 was simulated. Fig. 5
shows a cross-sectional view through the simulated Lagrangian
particle column for the 17 September 1992 Spurr eruption at 0900
UTC and 1400 UTC. On this day wind speed increased upwards from
the surface with maximum wind speed located at ~9 km AMG, and
low-level wind shear occurred across a height range of ~1–4 km
AMG and displaced the deposit dispersal axis to the South for both
eruptions.

3.4. Volcanic cloud thermodynamics

To investigate how cloud microphysics may influence particle
settling, a series of zero-order calculations were performed to estimate
total water content (TWC), ice water content (IWC), volcanic cloud
temperature and density. Then, the buoyancy effect of instantaneously
sublimating all ice in the cloud was analyzed through calculation of the
heat of sublimation, the change in cloud temperature, and the potential
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004

http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html
http://dx.doi.org/10.1016/j.jvolgeores.2009.02.004


Fig. 5. Cross-sectional view of the simulated emission from Crater Peak from the 17 September 1992 eruption (vertical exaggeration ×26.7); upper image shows Lagrangian particle
dispersion at 0900 UTC on 17 September 1992; lower image shows dispersion at 1400 UTC on 17 September 1992.
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Fig. 6. Mean particle size and sorting as a function of distance for 18 August 1992 fallout. Parameters were calculated following the approach of Blott and Pye (2001).

Fig. 7. Mean particle size and sorting as a function of distance for 16–17 September 1992 fallout. Parameters were calculated following the approach of Blott and Pye (2001).
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Table 4
Sedimentology of August 1992 Crater Peak fallout. Parameters were calculated following the approach of Blott and Pye (2001).

Station 1 3 4 6 7 10 12 14 15 16 17 20 21 22

Distance
(km)

5.2 7.5 9.1 9.4 6.9 9.3 14.3 15.6 12.7 23.4 37.1 66.9 70.3 76.2

Geometric
(µm)

Mean 6326.9 4942.4 6750.4 4474.3 2692.5 3341.3 1533.4 1962.0 4875.5 869.9 583.4 169.6 323.8 254.0
Sorting 2.6 2.6 3.1 2.6 3.1 2.4 2.4 1.9 1.8 1.6 1.4 1.2 1.3 1.4
Skewness −0.2 −0.7 −1.4 −0.6 −0.2 0.0 −0.6 0.3 −0.1 0.0 −1.0 −2.2 −2.0 0.0
Kurtosis 2.6 3.3 4.7 3.3 2.2 2.3 2.9 2.6 3.0 3.8 2.0 15.1 6.4 1.3

Logarithmic
(Φ)

Mean −2.7 −2.3 −2.8 −2.2 −1.4 −1.7 −0.6 −1.0 −2.3 0.2 0.8 2.6 1.6 2.0
Sorting 1.4 1.4 1.6 1.4 1.6 1.3 1.3 0.9 0.8 0.7 0.4 0.3 0.3 0.5
Skewness 0.2 0.7 1.4 0.6 0.2 0.0 0.6 −0.3 0.1 0.0 1.0 2.2 2.0 0.0
Kurtosis 2.6 3.3 4.7 3.3 2.2 2.3 2.9 2.6 3.0 3.8 2.0 15.1 6.4 1.3

Station 23 27 30 32 35 37 40 41 42 43 44 45 46

Distance
(km)

88.9 102.7 146.8 146.2 166 177.7 201.6 201.6 228.5 242.5 261.8 318.1 362.8

Geometric
(µm)

Mean 183.4 190.8 89.7 98.5 107.2 88.3 42.9 56.5 35.9 29.9 45.0 27.3 24.5
Sorting 1.3 1.3 3.1 2.4 2.4 2.8 3.0 2.3 2.4 2.8 6.5 2.4 2.5
Skewness −0.8 2.5 −1.5 −2.0 −2.0 −1.6 −0.6 −1.1 −0.7 −0.4 −0.1 −0.8 −0.6
Kurtosis 11.1 9.1 3.9 6.9 6.4 4.4 2.2 3.5 2.6 2.0 2.7 3.0 2.6

Logarithmic
(Φ)

Mean 2.4 2.4 3.5 3.3 3.2 3.5 4.5 4.1 4.8 5.1 4.0 5.2 5.4
Sorting 0.4 0.3 1.6 1.3 1.2 1.5 1.6 1.2 1.2 1.5 2.6 1.3 1.3
Skewness 0.8 −2.5 1.5 2.0 2.0 1.6 0.6 1.1 0.7 0.4 0.0 0.8 0.6
Kurtosis 11.1 9.1 3.9 6.9 6.4 4.4 2.2 3.5 2.6 2.0 2.6 3.0 2.6
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temperature to determine the cloud stability. A detailed description is
provided in Appendix B.

4. Results

4.1. Sedimentology of distal ash fallout from the1992 eruptions of Mount
Spurr

Sedimentological parameters for both the August and September
1992 Spurr deposits are presented in Figs. 6 and 7 and Tables 4 and 5.
Mean particle size for both the August and September Spurr deposits
decreases with distance and follows an approximate power–law
relationship. In the case of the August eruption, deposit mean particle
size decreases from ~1 cm at b10 km distance to 100 μm at 140 km
(Fig. 6), to 22–27 μm beyond 300 km. In the case of the September
eruption, deposit mean particle size decreases from ~1 cm at ~10 km
distance to 100 μm at ~125 km, to 24–57 μm at distances of 260–
270 km (Fig. 7). Tephra fall from both eruptions is poorly sorted
(fine- to very fine-skewed and mesokurtic to very leptokurtic dis-
tributions) and fallout becomes slightly less sorted with increasing
distance from the volcano (Figs. 6 and 7). Particle size characteristics
of distal samples ~360 km are similar in fallout from both eruptions
and consist of a dominant coarse subpopulation and 2–3 finer sub-
populations (Fig. 8).

Polymodal analysis reveals that there are at least 6 particle
subpopulations present in both Spurr tephra deposits (Tables 6 and 7).
Table 5
Sedimentology of September 1992 Crater Peak fallout. Parameters were calculated followin

Station 1 3 4 5 9 10 11

Distance
(km)

3.6 9.5 10.5 9.4 41.9 43.7 54.7

Geometric
(µm)

Mean 1766.1 18,546.1 18,305.5 8216.1 917.0 383.2 156.
Sorting 47.6 1.8 1.7 2.0 1.4 1.6 1.
Skewness −1.3 −0.9 −0.1 0.3 0.5 −1.9 −3.
Kurtosis 2.9 4.7 2.9 2.8 1.3 23.6 22.

Logarithmic
(Φ)

Mean −2.8 −4.2 −4.2 −3.0 0.1 1.4 2.
Sorting 2.0 0.8 0.8 1.0 0.5 0.7 0.
Skewness 0.3 0.9 0.1 −0.3 −0.5 1.9 3.
Kurtosis 1.7 4.7 2.9 2.8 1.3 23.6 22.
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Overall, the proximal region is marked by rapid thinning and fining,
while the distal region (N150 km) is rather poorly sorted, polymodal
and fine-grained. The 3 coarsest subpopulations are only present in
samples collected b45 km from the volcano and there are an
additional 3 particle subpopulations in distal samples with sub-
population modes that remain fairly constant with distance from the
volcano (Fig. 9). In the case of the August tephra deposit, the finest
subpopulation modes are located on average at 192 μm, 60 μm and
15 μm. In the case of the September deposit, the finest modes are
located at 94 μm, 18 μm and 5 μm in fallout 50 km to N300 km from
the volcano. The proportion of subpopulations with a mode coarser
than 100 μm generally decreases with distance from the volcano.
Proportions of subpopulations with a mode b100 μm significantly
increase at distances N100–150 km from the volcano. The precision
of the polymodal analysis is limited by sieve data that obscures fine-
scale particle size characteristics. The combination of two different
measurement techniques (i.e., sieve analysis and SediGraph as in
the McGimsey et al., 2002 study) may add additional artifacts to the
final particle size distribution, especially where the two distributions
meet.

Reconstructed TGSD have mean particle size of 2.2 Φ (217 μm) for
the August deposit and 3.1 Φ (108 μm) for the September Spurr
deposit (Fig. 10). Very fine particles were abundant in the tephra
blankets produced in both eruptions: 81 wt.% of the August 1992
deposit beyond 132 kmwas b125 μmwhile 90 wt.% of the September
1992 deposit beyond 114 km was b125 μm. For comparison, TGSD
g the approach of Blott and Pye (2001).

15 34 35 36 37 38 41 47 49 50

140.3 270.6 262.1 260.1 264.2 264.1 259.3 129.5 367.1 376.3

1 73.1 24.0 38.2 57.3 47.0 43.1 41.0 32.6 27.4 33.1
8 2.3 2.2 2.6 2.9 3.2 3.3 3.4 3.1 2.7 2.3
9 −1.7 −0.8 −0.9 −1.0 −0.6 −0.5 −0.4 −1.0 −0.5 −1.3
5 6.3 3.3 3.1 3.1 2.4 2.2 2.0 2.9 2.3 4.3
7 3.8 5.4 4.7 4.1 4.4 4.5 4.6 4.9 5.2 4.9
9 1.2 1.1 1.4 1.5 1.7 1.7 1.8 1.6 1.4 1.2
9 1.7 0.8 0.9 1.0 0.6 0.5 0.4 1.0 0.5 1.3
5 6.3 3.3 3.1 3.1 2.4 2.2 2.0 2.9 2.3 4.3
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(2009), doi:10.1016/j.jvolgeores.2009.02.004

http://dx.doi.org/10.1016/j.jvolgeores.2009.02.004


Fig. 8. Particle size distributions of distal fallout from the 1992 Crater Peak volcanic clouds. Upper: 18 August fallout (station 46 of McGimsey et al., 2002) ~363 km fromMount Spurr.
Lower: 16–17 September fallout (station 49 of McGimsey et al., 2002) ~367 km from Mount Spurr.
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from the 14 October 1974 eruption of Fuego, Guatemala, and 18 May
1980 eruption of Mount St. Helens are shown.

4.2. Particle sedimentation

Total fall time and horizontal transport distance were calculated
for a range of particle sizes and compared to the observed location of
particles in the deposit (Figs. 11 and 12; Table 8). For both eruptions,
spherical particles with diameters of N300 μm reached the ground in
b1 hour and 100 μm diameter particles in ~4–7 hours. In the case of
the 18 August 1992 eruption, sedimentation modeling predicts a
settling time of 191 hours for an 18 μm diameter particle, which
translates into a horizontal transport distance of ~1×104 km.
Assuming particles fell from a height of 12 km AMG, coarse particles
in the proximal region fell out at distances that are consistent with fall
as single particles, while particles deposited in distal regions
(N150 km) reached the ground faster than fall rates corresponding
to single particle terminal velocities.

4.3. Constraining height, thickness and trajectory of the 17 September
1992 Spurr volcanic cloud

Cloud thickness was determined through comparison of modeled
cloud particle position with the position of the satellite-observed
cloud of Schneider et al. (1995) (Table 9). If modeled cloud particles
were located within the satellite-determined cloud area, the corre-
sponding heights were included in the range of possible cloud height
estimates. The simulations indicate that the September cloud must
have occupied only a small range of altitudes. Cloud top height
estimates are similar to the height of the tropopause (Fig. 13),
suggesting that the cloud was dispersed in a layer directly below. The
Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
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best estimate for cloud thickness was 1–2 km for over 80 hours after
eruption (Fig. 14), which is in line with previous work on the Crater
Peak volcanic clouds (Shannon, 1996) and observations of volcanic
cloud thicknesses using lidar (Hobbs et al., 1991a; Tsunematsu et al.,
2008) (Table 10).

Satellite-observed cloud dispersion ~5 hours after eruption
corresponds to modeled cloud thicknesses of between 1 and 5 km,
which may reflect fallout where volcanic particles were present at
many heights in the atmosphere. Later in the evolution of the cloud,
only very fine particles remained in the atmosphere and the range of
possible cloud thickness was approximately 1 km.

5. Discussion

5.1. Ash aggregation in the 1992 Mount Spurr volcanic clouds

The particle fall modeling presented in this study indicates fine ash
settled more rapidly than predicted by single particle terminal
velocities in both Spurr eruptions. Some limitations of the modeling
includes uncertainty in the vertical distribution of mass in the volcanic
column and cloud, which will affect the transport of particles in the
atmosphere. In addition, the assumption that the atmosphere is
composed of horizontal slabs with homogeneous properties may
introduce errors as variation occurs both horizontally and vertically on
small scales. Finally, particle shape drag effects were not considered
which will tend to increase particle setting times.

The low degree of sorting at all distances indicates ash particles
settled independently of size in the drifting cloud, which lends
support to deposition occurring en masse. Aggregate fall is commonly
observed over the distal region of tephra deposits. However, during
the Spurr eruptions, there was a scarcity of ash-fall observations due
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004
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Table 6
Particle subpopulations in fallout from the 18 August 1992 Crater Peak volcanic cloud.

Station 1 3 4 6 7 10 12 14 15 16 17 20 21 22 23 27

Dist
(km)

5.2 7.5 9.1 9.4 6.9 9.3 14.3 15.6 12.7 23.4 37.1 66.9 70.3 76.2 88.9 102.7

Mode
(phi)
1 −3.4 −3.1 −3.6 −3.2 −2.9 −2.9 −3.2 −2.8
2 −1.6 −1.4 −1.3 −1.9 −1.2 −1.4 −1.2 −1.3 −1.9 −0.2
3 0.3 −0.4 −0.2 0.2 0.9 0.1 0.8 −0.2 0.5 0.6 1.2 1.3 0.8
4 1.8 2.4 2.4 1.6 2.5 1.7 2.2 2.4 2.4
5
6

Mode
(mm)
1 10,629.5 8693.9 11,958.8 9382.7 7464.3 7674.1 8938.3 7012.8
2 2989.7 2713.2 2531.5 3655.3 2345.7 2639.0 2265.8 2462.3 3810.6 1140.8
3 795.5 1310.4 1156.7 858.6 524.9 920.2 562.5 1181.0 702.2 678.3 441.4 420.4 594.6
4 279.3 188.2 185.6 336.8 183.0 305.7 223.8 189.5 189.5
5
6

Proportion
1 0.69 0.69 0.79 0.45 0.39 0.38 0.00 0.03 0.50 0.00 0.00 0.00 0.00 0.00 0.0 0.0
2 0.29 0.18 0.09 0.46 0.43 0.51 0.81 0.68 0.50 0.59 0.00 0.00 0.00 0.00 0.0 0.0
3 0.02 0.11 0.09 0.09 0.18 0.11 0.15 0.28 0.00 0.41 0.93 0.00 0.48 0.28 0.0 0.0
4 0.00 0.01 0.03 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.07 1.00 0.52 0.71 1.0 1.0
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.0
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.0

Station 30 32 35 37 40 41 42 43 44 45 46 Ave Stdev

Dist
(km)

146.8 146.2 166 177.7 201.6 201.6 228.5 242.5 261.8 318.1 362.8

Mode
(phi)
1 −3.1 0.3
2 −0.4 −1.3 0.5
3 0.3 0.4 0.5
4 2.5 2.8 2.6 2.6 3.0 3.0 3.3 3.0 2.1 2.5 0.5
5 4.6 5.7 3.8 3.8 3.6 3.6 4.0 3.6 4.2 4.5 4.5 4.2 0.6
6 6.1 6.7 6.1 6.3 6.1 5.8 5.6 6.0 6.1 6.4 6.3 6.1 0.3

8.8 8.8 0.0

Mode
(mm)
1 8969.3 1678.1
2 2655.4 748.6
3 780.5 291.1
4 180.5 145.6 166.1 162.7 129.4 125.9 103.7 121.6 241.5 192.1 64.2
5 41.8 19.9 69.8 72.8 84.2 81.9 64.3 83.0 55.6 45.4 45.4 60.4 20.6
6 14.5 9.5 14.9 12.3 14.8 17.7 21.1 15.3 15.1 11.8 13.1 14.6 3.1

Proportion
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.2 0.3
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.3
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.2
4 0.8 0.9 0.9 0.8 0.3 0.2 0.2 0.1 0.5 0.0 0.0 0.3 0.4
5 0.0 0.0 0.0 0.1 0.3 0.5 0.3 0.4 0.2 0.7 0.6 0.1 0.2
6 0.2 0.1 0.1 0.2 0.4 0.3 0.5 0.6 0.1 0.3 0.4 0.1 0.2
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to the remoteness of the region and because the September eruption
occurred at night. Although there were not widespread observations
of aggregate fall from the Spurr volcanic clouds, it is highly likely that
aggregates did remove very fine ash. In addition, a subpopulationwith
mode diameter between 15 and 18 μm was identified in fallout from
both eruptions at distances N50 km from the volcano has been linked
to aggregation in the 18 May 1980 Mount St. Helens volcanic cloud
(Durant et al., 2009).

5.2. Meteorological influences on volcanic sedimentation

Several recent eruption clouds have displayedmammatus lobes over
the distal regions. These clouds are indicative of subsidence and often
Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
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form on ice-rich thunderstorm anvils in the waning stage of cloud
evolution (Schultz et al., 2006). Growing hydrometeors in the cloud sink
as particle mass increases and form the distinctive lobate cloud
morphology, which commonly form “tongues” of fallout, e.g., through
a density-contrast instability (Holasek et al., 1996). Subsequent
entrainment of dry tropospheric air at the cloud base drives hydro-
meteor sublimation or evaporation and generates a cloud base
instability that drives en masse subsidence. For example, a cooling
of ~10 °C has been observed within 1 km below mammatus lobes
attributed to sublimation of ice hydrometeors (Platt et al., 2002).
Volcanic mammatus result in en masse sedimentation of water-ash
hydrometeors, which is supported by observations that include
“ash veils” (Hobbs et al., 1991b) that in some cases resemble “virga”
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004
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Table 7
Particle subpopulations in fallout from the 16–17 September 1992 Crater Peak Volcanic Cloud.

Station 1 3 4 5 9 10 11 15 34 35 36 37 38 41 47 49 50 Ave Stdev

Dist
(km)

3.6 9.5 10.5 9.4 41.9 43.7 54.7 140.3 270.6 262.1 260.1 264.2 264.1 259.3 129.5 367.1 376.3

Mode
(phi)
1 −6.41 −5.4 −5.9 0.7
2 −3.81 −4.41 −4.27 −3.0 −0.2 −3.1 1.8
3 0.42 −1.53 0.1 0.1 1.4 0.1 1.1
4 2.5 3.3 4.8 3.8 3.2 3.1 3.1 3.0 4.0 4.1 4.4 3.6 0.7
5 5.1 5.6 5.9 5.7 5.9 5.8 5.7 5.8 6.8 6.1 6.6 5.9 0.5
6 7.7 7.2 7.2 7.6 7.6 7.5 7.4 7.6 8.4 7.7 8.0 7.6 0.3

Mode
(mm)
1 85,036 43,411 64,224 29,433
2 14,026 21,259 19,293 8225 1000 1110 10,819 8815
3 747 2888 959 914 382 1178 983
4 183.0 99.4 35.2 73.8 108.1 115.0 115.8 127.6 64.7 60.4 46.4 93.6 42.8
5 30.0 20.3 16.4 19.4 17.0 18.5 19.1 18.3 8.8 14.9 10.6 17.6 5.5
6 4.8 6.8 6.7 5.2 5.0 5.5 6.0 5.2 3.0 5.0 4.0 5.2 1.1

Proportion
1 0.21 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.01 0.05
2 0.77 0.98 1.00 0.94 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.22 0.40
3 0.02 0.02 0.00 0.02 1.00 0.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.12 0.32
4 0.00 0.00 0.00 0.00 0.00 0.00 0.95 0.89 0.80 0.66 0.76 0.61 0.58 0.54 0.75 0.59 0.9 0.47 0.37
5 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.05 0.05 0.27 0.19 0.33 0.33 0.38 0.18 0.32 0.1 0.13 0.14
6 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.06 0.15 0.07 0.05 0.06 0.09 0.08 0.07 0.09 0.1 0.05 0.04
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(Bonadonna et al., 2002). Precipitation through the Bergeron process in
volcanic clouds may initially be suppressed due to an abundance of ice
nuclei: ash particles initiate the formation of a large number of small
frozen hydrometeor particles that do not grow to a size large enough to
settle to the ground. In the case of the 3.7 hour September Spurr cloud,
cloud IWC was at least an order of magnitude higher than ambient
Fig. 9. Particle subpopulations in Crater Peak 1992 fallout averaged by deposit region (Table
different color. Error bars show the standard deviation of a given mode in each region.
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concentrations (assuming only that all water was derived from the
magma and none was removed through precipitation). Taking a cloud
thickness of 1000 m, IWC mixing ratio was 1.5×10−1 g kg−1, which
corresponds to a bulk density of ~4.5×10−2 g m−3 (under the
assumptions that the vapor phase was in equilibrium and saturated
with respect to ice). To put this in context, Hallar et al. (2004)measured
3) as a function of distance from the volcano. Each particle subpopulation is shown in a

aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
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Fig. 10. Reconstructed TGSD for the 18 August 1992 and 16–17 September 1992 eruptions of Crater Peak. For comparison, TGSD are included for 14 October 1974 eruption of Fuego,
Guatemala (Rose et al., 2007), and 18 May 1980 eruption of Mount St. Helens, USA (Durant et al., 2009).
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an IWC of 0.5–2.7×10−3 g m−3 for synoptically-formed Arctic cirrus at
altitudes between 10.5 and 12.5 km (within 1.5 km of the tropopause).
This implies that the September Spurr cloud was ice-rich. Furthermore,
the September Spurr cloud TWC may have been greater due to
entrainment of moist lower tropospheric air.

Thermodynamic modeling described in Appendix B demon-
strates that potential cloud subsidence related to sublimating
hydrometeors is strongly dependent on cloud thickness (Table 11).
In this idealized calculation, all magmatic water in the September
Spurr cloud was initiated in the ice phase and then instantaneously
sublimated. The negative change in buoyancy was calculated based
on the latent heat associated with the phase change from ice to
vapor. It is clear that this mechanism would only be effective in
generating ground-level subsidence if all hydrometeors were
concentrated in a thin layer only 10 m thick. This structure is con-
firmed by vertically-pointing doppler radar observations of meteor-
ological mammatus which show high number concentrations of
hydrometeors near the cloud base that commonly form “tongues” of
fallout (e.g., Schultz et al., 2006).

5.3. Comparison of the 1992 Crater Peak eruptions and 1980 Mount St.
Helens eruptions

TGSD for the Crater Peak and other recent eruptions are shown
in Fig. 10. These include TGSD for the 14 October 1974 Fuego
(FU74) and 18 May 1980 Mount St. Helens (MSH80) eruptions. The
FU74 eruption was subplinian in style and generated basaltic
tephra. The MSH80 eruption had a large coignimbrite component
in addition to several Plinian phases, and generated dacitic tephra.
The FU74 TGSD is unimodal in character and dominantly coarser
than MSH80 TGSD with the majority of particles having size
Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
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between −2 Φ and 3 Φ. MSH80 has a polymodal TGSD, with a
subordinate coarse peak that corresponds to the FU74 coarse peak,
and a dominant fine peak centered on 5.5 Φ. The abundance of fine
material in the MSH80 deposit is inferred to originate from
secondary fragmentation through particle comminution (impact
fracture/breakage) either in pyroclastic flows or in the vent and column
(Durant et al., 2009).

The mass fraction of erupted tephra finer than 63 μm (m63; Mastin
et al., this volume) for the August and September 1992 Crater Peak
eruptions was 0.3 and 0.4 respectively. This compares tom63 values of
0.03–0.07 for FU74 and 0.5 for MSH80. As evidenced by [specific
surface area (SSA)/mean] and [mean/sorting] ratios (following the
approach of Dartevelle et al., 2002), MSH80 proximal and distal
tephra, like fallout from the 1991 Mt. Pinatubo eruption, is highly
enriched in coignimbrite-derived thoracic-size respirable ash.

The origin of very fine particles in the Crater Peak eruptions is not
so obvious. In both cases, pyroclastic flows were infrequent, slow
moving and contributed a small component of elutriated fine
particles to the eruptive column. Some pyroclastic flows, especially
during the September eruption, may have been generated from
asymmetrical column collapse, but short propagation distances
imply that particles from the flows were not transported in huge
amounts to the column. For example, in the August eruption, much of
the coignimbrite material formed a cloud at lower levels which
remained separate from the upper tropospheric cloud that produced
the regionally-dispersed deposit (Miller et al., 1995). Additionally,
pyroclastic flows interacted with snow and rapidly converted to
lahars (Waitt, 1995). If the fine particles in the Spurr cloud were not
generated in pyroclastic flows, then comminution in the column
must play an important role in secondary fragmentation in Plinian-
scale eruptions. Alternately, it could be that the proportion of
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004
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Fig. 11. Single particle fall modeling for the 18 August 1992 eruption of Crater Peak.
Particles have density ranging between 1000 and 2000 kg m−3. Atmospheric
parameters were calculated from the sounding at Anchorage International Airport on
19 August 1992 at 0000 UTC.

Fig. 12. Single particle fall modeling for the 16–17 September 1992 eruption of Crater
Peak. Particles have density ranging between 1000 and 2000 kg m−3. Atmospheric
parameters were calculated from the sounding at Anchorage International Airport on 19
August 1992 at 0000 UTC.

Table 8
Single particle fall modeling based on settling of spheres with density 2500 kg m−3

through an atmosphere following the approach of Brown and Lawler (2003) with
constraints provided by the soundings taken at Anchorage International Airport on 19
August 1992 at 0000 UTC and 17 September 1992 at 1200 UTC. Initial height was
12052 m for the August cloud and 11,887 m for the September cloud. “Distance”
corresponds to the horizontal distance that particles are transported with wind velocity
taken from the sounding.

Particle
size
(µm)

19 August 1992 16–17 September 1992

Time
(h)

Distance
(km)

Time
(h)

Distance
(km)

1 5.9×104 2.7×106 4.5×104 3.3×106

10 591.7 2.7×104 449.5 3.3×104

20 147.9 6.8×103 112.4 8.3×103

100 6.0 276.0 4.6 337.4
1000 0.1 4.2 0.1 5.5
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coignimbrite-sourced material in the Spurr fallout has been vastly
under-estimated.

6. Conclusions

(1) Single particle fall modeling does not reconcile very fine
particle size characteristics of fallout from the 1992 Spurr
eruptions and vastly over-predicts settling times and transport
distances. The presence of a particle subpopulation with a
mode at 15–18 μm implies that particle aggregation was an
important depositional mechanism for very fine ash generated
during the eruptions.

(2) TGSD reconstructions for the August and September 1992 Crater
Peak eruptions include a high proportion of very fine particles
b125 μm. Infrequent pyroclastic flows observed during these
eruptions implies a high degree of secondary particle fragmenta-
tion either in the volcanic conduit or eruption column.

(3) Thermodynamic modeling of the 17 September 1992 Spurr
cloud indicates that the mass of magmatic water erupted had
the potential to generate an ice-rich cloud near the tropopause:
assuming a cloud thickness of 1000 m, IWC mixing ratio in the
3.7 hour old cloud was 1.5×10−1 g kg−1, which corresponds to
a bulk density of ~4.5×10−2 g m−3.
Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
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(4) Based on the mass of magmatic water erupted, ash-hydro-
meteor sublimation has the potential to induce cloud base
instability and rapid bulk (en masse) sedimentation in a
mammatus-like mechanism.

It is essential to refine eruption source parameters in order to
improve modeling of volcanic cloud dispersion and fallout. More
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
(2009), doi:10.1016/j.jvolgeores.2009.02.004

http://dx.doi.org/10.1016/j.jvolgeores.2009.02.004


Table 9
Cloud top and thickness estimates for the September 1992 Crater Peak volcanic cloud over time (from trajectory modeling). Tropopause height is determined from the relevant
sounding and corresponds to the temperature inversion height.

Satellite UTC Model UTC Hours after eruption Top Thickness Sounding Time Tropopause

Satellite Model km km Location UTC Height
(km)

17/09/1992 12:40 17/09/1992 13:00 04:37 04:57 12.5 1.0–5.0 ANC 17/09/1992 12:00 12.4
17/09/1992 17:00 17/09/1992 17:00 08:57 08:57 12.0 2.0–3.5 ANC 18/09/1992 00:00 12.0
18/09/1992 11:00 18/09/1992 11:00 26:57 26:57 12.0 1.5–2.0 GGW 18/09/1992 12:00 11.9
18/09/1992 20:45 18/09/1992 21:00 36:42 36:57 12.5 0.6–1.5 BIS 19/09/1992 00:00 12.4
19/09/1992 09:00 19/09/1992 09:00 48:57 48:57 12.5 1.5 BUF 19/09/1992 12:00 12.8
19/09/1992 18:53 19/09/1992 19:00 58:50 58:57 12.0 1.0–1.5 CAR 20/09/1992 00:00 11.8
20/09/1992 07:00 20/09/1992 07:00 70:57 70:57 12.0 0.5–1.0 BGBW 20/09/1992 12:00 11.8
20/09/1992 17:04 20/09/1992 17:00 81:01 80:57 12.0 0.5
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studies should be carried out to constrain initial particle size dis-
tributions generated during explosive volcanism. Microphysics should
be included in future models to evaluate the effect on particle sedi-
mentation. Thus, direct measurement of volcanic cloud water content
and vertical ash mass distribution is required. Once models are
refined, issues relating to the deposit dispersal patterns and particle
size characteristics may be addressed with more precision.
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Appendix A. Trajectory modeling

In MLDP0, dispersion is estimated by calculating the trajectories
of a very large number of air particles (or parcels). Trajectory cal-
culations account for 3-D displacements due to: (1) transport by the
synoptic component of the wind; and (2) unresolved turbulent
motions. MLDP0 is defined as a zeroth order Lagrangian Particle
Dispersion Model as parcel position is updated incrementally from
each calculated displacement. Vertical mixing by turbulence is mod-
eled through a random displacement equation based on a diffusion
coefficient (gradient transport theory (e.g., Stull, 1988)). This coefficient
ed to the height of the tropopause determined from the relevant radiosonde sounding:
IS – Bismarck, ND; BUF – Buffalo, NY; CAR – Caribou, NY; BGBW – Greenland.
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Fig. 14. September 1992 Spurr volcanic cloud thickness estimation over time (from
trajectory modeling).

Table 11
Results of thermodynamic modeling for the 3.7 hour September 1992 Spurr volcanic
cloud.

Cloud thickness
(m)

IWC ΔTvc†

(K)
ΔΘ
(K)

Δz
(m)

1000 1.48×10−4 −0.42 −0.7 80
100 1.73×10−3 −4.9 −7.9 1580
10 1.76×10−2 −48.1 −78.2 to surface
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is calculated in terms of a mixing length, stability function, and vertical
wind shear. Lateral mixing is determined through modeling of
turbulence kinetic energy (TKE) according to a first order Langevin
stochastic equation (e.g., Stull, 1988). Vertical wind and TKE profiles are
generated from a time series of 3-D meteorological wind fields. In
MLDP0, there is the option to assign a certain amount of tracer material
to particles: this can be in terms of quantities such as radioactivity or
volcanic ashmass. Concentrations are then determined byaveraging the
amount of tracer material over the time the particle is present within a
given samplingvolumeduringa given timeperiod.Drydeposition rate is
calculated from the amount of tracer material that reaches the ground
surface as a function of time.

In the cloud trajectory analysis, MLDP0 results were compared to
satellite retrievals taken from the analysis by Schneider et al. (1995).
MLDP0 simulations for the Spurr eruptions were initialized using the
boundary conditions described in Tables A.1 and A.2. Detailed analysis
is presented in Durant (2007).

Appendix B. Volcanic cloud thermodynamics

B.1. Volcanic cloud dimensions

An approach now follows to calculate volcanic cloud temperature,
density, total water content (TWC) and ice water content (IWC) of the
cloud. Volcanic cloud volume Vvc can be estimated from:

Vvc = ∫∫Avcdz; ð1Þ

where Avc is the cloud area and z is cloud thickness. Cloud area is
measured in geo-referenced satellite images by calculating the
Table 10
Lidar measurements of volcanic cloud thickness. (⁎) indicates 2 clouds present; References: (
lidar.

Location Observation date Observation time
(UTC)

Cloud top height
(km ASL)

Redoubt, USA 4 Jan 1990 2330–2333 ~3.5
Redoubt, USA 4 Jan 1990 2350–2357 3.5/3.0 (⁎)
Redoubt, USA 8 Jan 1990 2106–2157 6.5–7.5
Asama, Japan 16 Sept 2004 0930–2030 4.5–4.0
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integral of pixel area corresponding to the volcanic cloud. In the
following analysis we focus on the 3.7 hour cloud produced by the
17 September 1992 eruption of Spurr as imaged by AVHRR and
reported in Schneider et al. (1995). This measurement is ideal
because the emission ended b5 minutes before the image was
acquired. The cloud therefore contains a maximum in water mass
and the measured dimensions reflect the least evolved phase in the
lifetime of the drifting cloud following the end of eruption (Rose
et al., 2001).

The area of the 3.7 hour September Spurr cloud was 3.4×104 km2,
as measured by Schneider et al. (1995) through analysis of a geo-
referenced image of the cloud generated using the split-window
technique (Prata, 1989; Wen and Rose, 1994). Taking an estimate for
cloud thickness of 1000 m from the trajectory modeling, volcanic
cloud volume Vvc was 3.4×1013 m3.

B.2. Mass of magmatic water

The volcanic cloud is modeled as a closed-system homogeneous
fluid parcel with 3 components: dry air, magmatic water and ash
particles. Entrained water is ignored and water removed by
precipitation is assumed to be zero. Other volcanic gases are ignored
as volumetric proportionswill be low and densities will be of the same
order of magnitude. To calculate total magmatic water erupted, two
approaches were taken based on petrology of the erupted magma and
gas concentrations measured at the vent. In the petrographic method,
the mass of water released during eruption is assumed to be pro-
portional to total mass erupted, determined from field investigation. It
is assumed that: (1) chemical analysis of melt inclusions in erupted
tephra represents the mass of magmatic water in the silicate melt
portion of the magma prior to eruption; and (2) all water in the pre-
eruptive magma is liberated during eruption. The September Spurr
eruption produced 15×106 m3 (dense-rock equivalent) fallout, cal-
culated from systematic field measurements of mass per unit area
over the deposit (McGimsey et al., 2002). Taking an average ash
density of 2600 kg m3, total mass erupted was 3.9×1010 kg. Magma
from the 17 September 1992 Spurr eruption was calc-alkalic an-
desite and contained about 57% silica (Nye et al., 1995), very similar
in composition to other historic products from the volcano. The gas
content in melt inclusions and matrix glass from this eruption is
unknown. However, an estimate of 3±2 wt.% H2O is possible
by considering values determined for other andesites (Roggensack,
2001; Wade et al., 2006), so based on this estimate, mass of water
erupted was 1.1×109 kg.
a) Hobbs et al. (1991a), airborne lidar; (b) Tsunematsu et al. (2008), vertically-pointing

Cloud thickness
(m)

Distance downwind
(km)

Cloud lateral extent
(km)

Ref.

300–500 ~18 21 a
300–500 ~50 27/30 (⁎) a
2000 ~130 65 a
100–1000 ~150 – b
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Table A.1
MDLP0 boundary conditions for 18 August 1992 eruption of Mount Spurr volcano.

Location of source 61.30–152.25
Date of emission 19 August 1992
Time of emission (UTC) 0042
Total duration of emission (s) 12,600
Horizontal resolution (km) 50
Number of particles 50,000
Particle density (kg m−3) 2500
Total mass erupted (kg) 1×108

Maximum cloud height (km ASL) 14
Number of height intervals 11

Particle diameter (μm) wt.%

0
2 0
4 0.025
8 0.038
16 0.056
32 0.102
62 0.143
125 0.224
250 0.193
500 0.153
1000 0.066

Cumulative vertical mass fraction
1 0
2 0.01
3 0.03
4 0.06
5 0.1
6 0.15
7 0.26
8 0.41
9 0.7
10 0.9
11 1

Table A.2
MDLP0 boundary conditions for 16–17 September 1992 eruption of Mount Spurr volcano.

Location of source 61.30–152.25
Date of emission 17 September 1992
1st emission start time (UTC) 0635
Duration (s) 600
2nd emission start time (UTC) 0805
Duration (s) 12,900
Horizontal resolution (km) 50
Number of particles 50,000
Particle density (kg m−3) 2500
Total mass erupted (kg) 1×108

Maximum cloud height (km AMG) 14
Number of height intervals 11

Particle diameter (μm) wt.%

0
2 0
4 0.025
8 0.038
16 0.056
32 0.102
62 0.143
125 0.224
250 0.193
500 0.153
1000 0.066

Cumulative vertical mass fraction
1 0.00
2 0.01
3 0.03
4 0.06
5 0.10
6 0.15
7 0.26
8 0.41
9 0.70
10 0.90
11 1.00
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Mass of water in a volcanic cloud can also be estimated by com-
bining measured H2O/SO2 at source volcano vents with satellite mea-
surements of SO2 mass in a volcanic cloud. SO2 is a common
component of volcanic plumes and clouds, but has a low background
concentration in the atmosphere. For this reason, SO2 and other
volcanic gases can be detected using satellite sensors such as AVHRR,
TOMS or MODIS. For the September Spurr volcanic cloud, we used a
H2O/SO2 of 12 based on high temperature fumarole gasmeasurements
of neighboring Augustine Volcano made by Symonds et al. (1992).
Bluth et al. (1995) determined that SO2mass in the 3.7 hour September
Spurr cloud was 2×108 kg from TOMS observations which provides
mass of water erupted using a 12:1 ratio of 2.4×109 kg. Due to the lack
of consideration for entrained moist tropospheric air, this estimate is
probably too low by a large factor. For this calculation, we averaged the
petrographic and gas ratio approaches to provide a value of 1.8×109 kg
of water erupted.

B.3. Total cloud water content

From an estimate of mass of magmatic water erupted, it is possible
to calculate TWCmixing ratio under the assumption that all the initial
magmatic water is not removed through precipitation and remains in
the volcanic cloud at this stage. This condition is likely to be true due
to the large number of ice nuclei present in the cloud which would
prevent large precipitation particles from forming early (Durant et al.,
2009). In the first step, we calculate volcanic cloud water mass per
unit volume ρH2O:

ρH2O =
MH2O

Vvc
; ð2Þ
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where MH2O is total water mass (magmatic) and Vvc is the volume of
the volcanic cloud. Mixing ratio w describes the mass of water vapor
per unit mass of dry air:

w =
ρH2O

ρair
; ð3Þ

where ρair is the density of dry ambient atmosphere, which is
determined using the equation of state for an ideal gas:

ρair =
p
RT

; ð4Þ

where p is ambient pressure, R is the gas constant for dry air (287.05 J
kg−1 K−1) and T is ambient temperature. The atmospheric sounding
taken at Anchorage International Airport (ANC) on 17 September 1992
at 1200 UTC, indicates the cloud was at the level of the tropopause
where temperature and pressure at 12,445 m were 211 K and
18,200 Pa respectively. Substituting these measurements into the
equation of state provides a density of 3.005×10−1 kg m−3 for dry
ambient atmospheric air. |Finally, it follows that:

TWC =
ρH2O

ρair
:

B.4. Estimating the ice water content of volcanic clouds

Water phase stability is a function of temperature. Ash particles are
known to be effective ice nuclei (Durant and Shaw, 2005; Shaw et al.,
2005; Durant et al., 2008), so have the potential to initiate
aints on hydrometeor-enhanced particle deposition: 1992 Eruptions
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hydrometeor growth if temperature is below a threshold freezing
temperature. Saturation vapor pressure describes the partial pressure
of water vapor in an equilibrium state over another phase, either
liquid eliq or ice eice. Vapor pressure e is the actual water vapor partial
pressure of the system. If e exceeds es, water vapor will be super-
saturated and growth of the stable phase of water will occur following
nucleation. Conversely, if the actual vapor pressure is less than the
saturation vapor pressure, pre-existing hydrometeors will evaporate
or sublimate (transform to the vapor phase). Using the following
expression, e may be calculated (assuming water vapor density is
homogeneous throughout the parcel):

e = ρVvapRvTvc; ð5Þ

where ρ′vap is water vapor density, Rv is the individual gas constant for
water vapor (461.5 J kg−1 K−1) and Tvc is volcanic cloud temperature.
At the height of the 3.7 hour September Spurr cloud, temperature and
pressure was low (211 K and 18,200 Pa) and under these conditions
ice would be the stable water phase. Modifying Eq. 2.11 in Rogers and
Yau [1989] yields the following expression for calculation of saturation
vapor pressure with respect to ice:

eice Tð Þ = ei0exp
Ls
Rv

1
To
− 1

T

� �� �
; ð6Þ

where ei0 is the saturation vapor pressure over ice determined
empirically at temperature T0, and Ls is the latent heat of sublimation.
Based on reported values at 233 K of ei0=12.85 Pa and Ls=2839 Jg−1

(Rogers and Yau, 1989), ei(211 K)≈0.8 Pa. To calculate saturation
vapor density with respect to ice ρice:

ρice =
ei

RH2OTvc
: ð7Þ

IWC is given by:

IWC = TWC − ρice: ð8Þ

Substituting the values for the September Spurr cloud, we get
ρsat=9.2×10−6 kg m−3 and IWC=6.1×10−5 kg m−3. This result
implies that there was at least 6 times more ice in the volcanic cloud
by mass than fine ash particles from magmatic water alone.

B.5. Volcanic cloud density

Here, volcanic cloud density is calculated after the eruption has
ended. The cloud is assumed to attain a state of hydrostatic
equilibrium in the atmosphere where the density of the volcanic
cloud equals the density of ambient atmosphere at the same pressure.
Based on the ANC sounding at 12 UTC on 17 September 1992, ambient
atmospheric water vapor mixing ratio at 9 km was only ~2×10−4.
Therefore, in the absence of actual measurements, and because the
mixing ratio is negligible, we assume the density of a parcel at a
specific pressure above the 233 K isotherm corresponds to the density
of dry air at that pressure. The partial density of suspended ash
particles ρ′ash in a volcanic cloud can be calculated from satellite
observations of ash burden and cloud volume:

ρVash =
Mash

Vvc
; ð9Þ

whereMash is mass of ash in the cloud. This quantity is independent of
pressure and can be added to the density contributed by the dry air
and water components of the cloud parcel. At 3.7 hours, measured
Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
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mass in the volcanic cloud was 240 kT, but at 8 hours it was 423 kT
(Rose et al., 2001). The discrepancy between the ash mass retrievals is
a consequence of the early cloud being opaque from ice and ash
loading. Extrapolating back from the measurement at 8 hours after
eruption yields an estimated mass of fine ash in the cloud at 3.7 hours
of 4.5×108 kg, and based on the measured cloud area, the ash burden
was 1.3×10−2 kg m−2. Coarse material N2 mm diameter cannot be
accounted for using this extrapolation, which typically falls out within
30 minutes following eruption (Rose et al., 1993; Bonadonna et al.,
1998). Based on the estimated cloud thickness of 1×103 m, the bulk
density of ash in the cloud was 1.3×10−5 kg m−3.

Assuming neutral buoyancy, the expression for volcanic cloud
density ρvc is:

ρvc Tvcð Þ = ρair Tairð Þ = ρVair Tvcð Þ + ρVvap Tvcð Þ + ρVash + ρVice ð10Þ

where ρair, ρ′vap, ρ′ash and ρ′ice are the respective partial densities of
dry air, water vapor (at saturation), ash and ice in the cloud (the mass
of each component divided by the cloud volume (Wallace and Hobbs,
1977, p. 51)). The mass of “dry air” in the volcanic cloud in this
calculation includes the mass of volcanic volatiles released in addition
to entrained ambient atmosphere, quantities which are determined
through measurement or modeling. For simplicity, and in the absence
of measurements of entrained air mass, it is assumed that the mass of
dry air in the volcanic cloud is equal to the mass of ambient
atmosphere at the same pressure occupying the same volume. Other
volcanic gases are ignored in the calculation because concentrations
are low and densities are relatively similar to atmospheric gases. The
cloud is modeled as though ash particles, water vapor and hydro-
meteors are added to pre-existing atmosphere, and as the volumetric
fraction of ash particles in the cloud is small (b1×10−7), it can be
ignored.

B.6. Volcanic cloud temperature

The following derivation provides an estimate for volcanic cloud
temperature based on measurement of ambient conditions and ash
mass fraction from remote sensing. The expression for volcanic
cloud density (Eq. (10)) can be rewritten in terms of the variables of
state:

ρvc Tvcð Þ = ρair Tairð Þ = pair Tvcð Þ
RTvc

+
pvap Tvcð Þ
RmTvc

+ ρVash + ρVice; ð11Þ

where Rm is the individual gas constant for moist air, which depends
on mixing ratio according to Rm=R(1+0.6w). The partial pressures
of water vapor and dry air are then equated in terms of the known
partial densities assuming R≈Rm:

f =
ρVvap
ρVair

≈
pvap
pair

Zpvap = pairf

ρvc Tvcð Þ = ρair Tairð Þ = pair Tvcð Þ
RTvc

+
pair Tvcð Þf
RmTvc

+ ρVash + ρVicepair Tairð Þ

= pair Tvcð Þ + pvap Tvcð Þpair Tairð Þ = pair Tvcð Þ + pair Tvcð Þf pair Tvcð Þ

=
pair Tairð Þ
1 + fð Þ ρair Tairð Þ = pair Tairð Þ

1 + fð ÞTvc
1
R

+
f
Rm

� �
+ ρVash + ρViceZTvc

=

1
R

+
f
Rm

� �
pair Tairð Þ

ρair Tairð Þ− ρVash − ρVice
� �

1 + fð Þ ð12Þ
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Table C.1
Atmospheric sounding taken at Anchorage International Airport (PANC) at 0000 UTC on
19 August 1992. Parameters are as follows: p pressure (Pa); z height (m); T temperature
(K); Td dew point temperature (K); Θ potential temperature (K); ud wind direction; us
wind speed (m s−1); some levels not reported.

p
(Pa)

z
(m)

T
(K)

Td
(K)

Θ
(K)

ud us
(m s−1)

10,190 45 14.7 7.3 286.3 160 6
10,000 209 12.7 4.4 285.9 169 5
9500 638 9.3 3.1 286.6 203 5
9250 858 7.4 2.3 286.9 198 4
9000 1083 5.5 1.8 287.2 175 5
8500 1547 1.3 0.1 287.5 162 6
8000 2032 −2.5 −10.5 288.5 178 6
7840 2184 −3.9 −17.1 288.7 190 5
7790 2236 −3.0 −23.3 290.2 194 5
7740 2284 −0.8 −21.5 293.1 198 5
7700 2334 1.9 −19.2 296.4 202 5
7500 2547 1.4 −19.7 298.1 207 5
7370 2683 1.0 −20.0 299.2 205 6
7000 3099 −1.6 −22.2 300.7 218 7
6500 3685 −5.0 −25.0 303.3 232 7
6150 4115 −8.2 −25.6 304.5 249 8
6000 4309 −9.2 −26.9 305.5 248 8
5500 4977 −12.9 −31.6 308.8 252 10
5000 5698 −17.4 −35.4 311.8 269 10
4700 6152 −21.1 −36.2 312.8 267 11
4500 6478 −23.3 −39.0 314.0 271 12
4300 6807 −25.7 −42.4 315.0 283 14
4000 7328 −30.5 −40.4 315.3 289 16
3930 7446 −31.4 −40.7 315.8 291 16
3770 7739 −32.9 −45.1 317.6 297 17
3500 8268 −37.1 −48.8 318.7 303 20
3420 8414 −38.4 −50.0 319.1 304 20
3340 8576 −39.0 −50.8 320.4 306 21
3290 8671 −39.8 −51.8 320.7 306 21
3000 9313 −45.3 321.5 310 22
2720 9947 −50.7 322.8 310 24
2500 10,504 −54.6 324.9 312 25
2090 11,602 −62.8 329.1 306 26
2040 11,765 −63.9 329.7 305 25.2
2040 11,765 −63.8 329.9 305 25
2000 11,899 −63.3 332.5 304 25
1950 12,052 −62.3 336.5 303 24
1930 12,103 −61.7 338.5 302 24
1900 12,204 −58.7 344.8 302 23
1780 12,603 −54.5 358.2 301 18
1750 12,741 −54.2 360.4 297 16
1650 13,096 −53.2 368.2 286 17
1580 13,378 −53.5 372.3 288 15
1500 13,733 −52.6 379.4 287 12
1440 13,979 −52.4 384.2 282 12
1360 14,323 −53.9 387.9 278 12
1270 14,776 −53.4 396.5 278 12
1250 14,908 −52.4 400.1 278 12
1240 14,944 −52.1 401.6 278 12
1190 15,221 −51.5 407.4 276 10
1120 15,584 −52.6 412.5 270 10
1080 15,842 −52.4 417.2 269 10
1060 15,963 −51.1 421.9 267 10
1000 16,354 −51.0 429.2 264 11
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As the value of f is negligible, the expression above may be
simplified to:

Tvc≈
pair Tairð Þ

R ρair Tairð Þ− ρ′ash − ρ′ice
� � : ð13Þ

Substituting the environmental values determined from the
radiosonde sounding taken at Spokane International Airport at
1200 UTC on 17 September 1992 indicates that the 3.7 hour volcanic
cloud would have been ~0.02% warmer than ambient atmosphere.
This result indicates that ash clouds several hours old that contain
fine ash will have a temperature and density close to ambient
atmosphere.

B.7. Cloud destabilization during sublimation

The heat of sublimation Q on a per mass basis is related to the
mixing ratio of ice wice undergoing phase transformation by:

Q = wiceLs ð14Þ

To calculate temperature change, we use the following relation-
ship:

ΔT =
Q
cvc

; ð15Þ

where cvc=waircair+wvapcvap+wicecice+washcash, andw is themixing
ratio of each component in the cloud, cair is the specific heat capacity
of dry air, cvap is the specific heat capacity of water vapor (719 J kg−1

K−1), cice is the heat capacity of ice (1650 J kg−1 K−1 at−60 °C) and
cash is the specific heat capacity of andesite (1040 J kg−1 K−1

(Wohletz and Heiken, 1992)).
It is now possible to evaluate the effect of hydrometeor sublima-

tion on cloud stability. Pressure and temperature of an air parcel are
related through a thermodynamic quantity called potential tempera-
ture Θ, which is the temperature assumed by the system when sub-
jected to an adiabatic compression or expansion relative to a reference
pressure of 1000 mb. From Poisson's equations, an adiabatic process
occurring from an initial state (p, T) to a reference state (p0, Θ) satis-
fies the condition:

Θp−κ
0 = Tp−κ

; ð16Þ

where κ=(cp− cv)/ cp=0.286, cp and cv are the specific heat
capacities of dry air at constant pressure and volume respectively,
and p0 is the reference pressure of 1000 mb. It then follows that
(Rogers and Yau, 1989):

Θ = T
po
p

� �k

: ð17Þ

Atmospheric stability may be determined from analysis of
potential temperature: a given air parcel will be stable and neutrally
buoyant whenΘcloud=Θambient. To a first approximation, it is assumed
that all ice in the 3.7 hour September Spurr cloud instantaneously
sublimates. The cloud becomes denser during sublimation due to
cooling and sinks to a lower height where potential temperatures are
equal. The change in cloud height Δz can be determined through
iteration. Results are shown in Table 11. For a 1000 m thick cloud,
Δz≈80 m and for a 100 m thick cloud Δz≈1580 m. If hydrometeors
Please cite this article as: Durant, A.J., Rose, W.I., Sedimentological constr
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were concentrated in a layer 10 m thick, sublimation alone would
generate enough cooling and associated negative buoyancy to take the
cloud down to the surface. This latter situation may be expected as
growing hydrometeors collect at cloud base through gravitational
settling. The main limitations of the approach outlined here include
neglect of horizontal variation in cloud and atmospheric parameters.
In addition, the calculated cloud parameters are spatially-averaged
quantities and do not capture sub-cloud-scale variation, e.g., vertical
particle number and mass concentration gradients.
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Table C.2
Atmospheric sounding taken at Anchorage International Airport (PANC) at 1200 UTC on
17 September 1992. Parameters are as follows: p pressure (Pa); z height (m); T
temperature (K); Td dew point temperature (K); Θ potential temperature (K); ud wind
direction; us wind speed (m s−1); some levels not reported.

p
(Pa)

z
(m)

T
(K)

Td
(K)

Θ
(K)

ud us
(m s−1)

10,060 45 4.1 −6.5 276.8 20 3.0
9860 207 3.3 −11.0 277.6 24 2.0
9660 374 3.0 −12.4 278.9 86 2.0
9500 513 3.8 −9.2 281.0 123 4.0
9000 950 0.8 −8.4 282.3 137 10.0
8750 1174 −0.3 −9.2 283.5 141 10.0
8500 1407 −2.1 −11.4 283.9 147 8.0
8250 1644 −4.0 −15.6 284.4 161 6.0
8090 1798 −4.7 −22.1 285.2 170 7.0
7770 2109 −5.8 −25.7 287.4 170 10.0
7500 2392 −3.8 −21.4 292.4 180 11.0
7460 2429 −3.9 −19.7 292.8 183 11.0
7370 2524 −4.8 −9.6 292.8 190 11.0
7300 2603 −5.4 −12.3 293.0 195 11.0
7000 2937 −4.8 −5.8 297.2 205 12.0
6750 3213 −6.3 −7.4 298.6 212 13.0
6530 3474 −6.8 −7.9 300.9 222 15.0
6420 3609 −7.0 −8.1 302.1 226 16.0
6330 3719 −8.8 −10.1 301.3 230 16.0
6160 3927 −9.8 −18.5 302.5 235 17.0
6080 4029 −10.4 −29.5 302.9 237 17.0
5960 4187 −10.2 −20.9 304.9 239 18.0
5900 4267 −9.1 −13.5 307.1 239 18.0
5720 4505 −10.4 −11.9 308.3 240 20.0
5500 4807 −12.0 −13.3 309.8 245 21.0
5000 5533 −15.1 −19.5 314.6 253 23.0
4510 6291 −19.7 −27.4 318.3 254 22.0
4380 6507 −21.3 −37.7 318.9 254 23.0
4000 7186 −26.1 −38.1 321.1 254 24.0
3900 7358 −27.1 −35.2 322.1 256 24.0
3820 7516 −28.6 −37.2 322.0 256 24.0
3680 7772 −29.1 −33.3 324.8 252 25.0
3500 8145 −31.8 −37.4 325.9 247 29.0
3440 8264 −32.7 −39.0 326.3 246 30.0
3280 8589 −35.7 −41.0 326.6 247 30.0
3020 9158 −40.0 −49.2 328.4 255 27.0
3000 9212 −40.3 328.6 255 27.0
2850 9557 −43.7 328.6 252 29.0
2500 10,430 −49.2 332.9 257 28.0
2350 10,834 −51.4 335.5 261 27.0
2160 11,360 −56.7 335.5 257 27.0
2000 11,860 −59.1 339.2 265 27.0
1820 12,445 −62.1 343.6 270 36.5
1760 12,637 −61.3 348.2 271 35.0
1710 12,803 −58.9 355.0 271 31.0
1620 13,144 −54.7 367.6 265 25.0
1450 13,859 −55.5 378.1 268 20.0
1330 14,436 −54.4 389.5 264 22.0
1250 14,834 −55.3 394.9 273 21.0
1090 15,686 −57.0 407.4 265 19.0
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