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ABSTRACT: This study analyzes the movement and dispersion of airborne
volcanic ash within the North Pacific region by simulating volcanic plumes from
22 volcanoes using the PUFF ash-tracking model. The model is run hourly using
archived wind field data between 1994-2001 and the results are analyzed with
statistical and GIS software. Maps and statistics are generated revealing the
distribution of simulated airborne ash particles at 6 and 24 hr intervals,
constraining the likely direction and distance a volcanic ash cloud may propagate
from a given volcano. The results indicate wind field characteristics during and
after an eruption may have a larger effect on volcanic cloud growth rate than the
eruption dynamics. Wind field and statistical analyses show North Pacific ash
cloud distribution is strongly affected by the intensity, migration, and location of
the Polar jet stream and associated cyclones. Although often used operationally
during an eruption crisis, the PUFF model can also be used as an effective
research tool and provide airborne ash hazard mitigation for towns, airports, and
air traffic within the North Pacific region.
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1.0 INTRODUCTION
There are over 100 active volcanoes in the North Pacific (NOPAC) region, most
of which are located in uninhabited areas along the Aleutian Islands, Kamchatkan
Peninsula, Russia, and the Kurile Islands. The NOPAC region is defined in this project
as 120° E to 120° W longitude and 30° to 80° N latitude. Some of these volcanoes erupt
with frequencies as high as several times per year, and have the capability of sending ash
and aerosols up to altitudes greater than 10 km into air traffic routes. The NOPAC
contains 20% of the world’s active volcanoes with over 200 flights per day traveling over
the region, and on an estimated 4-5 days per year volcanic ash is at major flight levels
(Miller and Casadevall, 2000). Consequently, the volcanoes of the NOPAC region are a
threat to the airline passengers and millions of pounds of cargo (Fig. 1), which fly
through this region every day. The importance of tracking and understanding the
dispersion of young volcanic ash clouds in the NOPAC region is crucial because ash
concentrations are at a maximum (Rose et ah, 1995), which can cause severe damage to
jet aircraft engines, fuel lines, abrade internal and external surfaces, and shut down major
airports (Blong, 1984; Casadevall, 1993; Casadevall and Krohn, 1995; Miller and
Casadevall, 2000).
In order to provide airborne ash hazard mitigation for the NOPAC region, satellite
images are analyzed daily to detect and monitor volcanic eruption clouds and plumes. In
this project the term “plume” will be generically used to denote a distinct group of
particles, simulated or real, which is still attached to the volcano, while the term “cloud”
will be used to denote a discrete group of particles, simulated or real, no longer attached
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to its source. Satellite data is capable of detecting ash clouds or plumes at sub-hourly
intervals, however a single image cannot predict the magnitude and extent of the
dispersion and trajectory of the airborne ash. Airborne particle dispersion models, such
as PUFF (Searcy et al., 1998), the Volcanic Ash Forecast Transport and Dispersion
(VAFTAD) model (Heffter and Stunder, 1993), and the Canadian Emergency Response
Model (CANERM) (Pudykiewicz, 1989), which utilize regional or global gridded wind
field data, have been developed to predict the movement and dispersion of volcanic ash
clouds or plumes on the time scale of hours to days. These dispersion models are
advantageous, since they can predict eruption cloud movement and dispersion within
minutes. Once satellite images become available, they are often used to validate the
general accuracy of the model. Although important, satellite data and dispersion models
only provide data for a single individual eruption, the characteristics of which depend on
many variables pertinent to a particular point in time. This project predicts the
cumulative areal extent and distribution of airborne ash derived from over 1,200
hypothetical eruptions during 1994-2001 from the most active volcanoes in the North
Pacific region.
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2.0 BACKGROUND
Many previous studies have attempted to model the movement of ash particles in
both a two and three-dimensional reference frame (Suzuki, 1983; Carey and Sparks,
1986; Sparks et al., 1991; Glaze and Self, 1991; Bursik et al., 1992). Despite such
efforts, the intricate processes by which ash particles move in three-dimensional space
under the influence of horizontal and vertical wind, dispersion, and gravity is not fully
understood, particularly long after the eruption has ceased. By observing the
characteristics of dispersion and movement of ash in the NOP AC region the complexity
of these processes may become better constrained. This also plays an important role in
operational airborne ash hazard mitigation. To help provide such mitigation, volcanic ash
dispersion models are often used in both an operational and research environment.
2.1 The PUFF Ash Dispersion Model
One such model, known as PUFF, was applied in this study to simulate the
dispersion and movement of hypothetical ash plumes within the North Pacific. The
PUFF ash-dispersion model utilizes Lagrangian advection, four-dimensional wind fields,
a “random-walk” technique to simulate turbulent diffusion, and Stoke’s law of settling to
account for particle fallout. The model initiates a column of particles over a given height
range above a selected volcano or point and releases the particles in a gridded wind field
over a time period set by the user. A random-walk motion defines each particle’s
movement over a default time step of 5 minutes, however the overall movement and
dispersion of the modeled cloud or plume as a whole is determined by the advection term
from the wind field, the horizontal and vertical diffusion coefficients set by the user, and
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the fallout rate according to Stoke’s Law of settling. The eruption duration (particle
release time) can be set to a minimum of 1 hr and a maximum spanning the length of the
entire simulation. A simulation can last as long as the wind field data allows.
The default particle size distribution used in the PUFF ash-dispersion model is a
gaussian shape on a logarithmic scale with a mean of 10'5 m and a logarithmic standard
deviation of 1.5 m. The model assumes Stoke’s Law of settling in which the terminal fall
velocity is a function of the particle size through the relation:
vt = 2/?gd,2/977,

(1)

p is the density of the particle, // the dynamic viscosity coefficient, g the

where

gravitational acceleration, and d is the ith particle’s size. PUFF then assumes a constant
for the term pg/rj= 1.08 x 109m '1s'1. Assuming Stoke’s Law, Searcy et al. (1998) has
shown that after 30 minutes of a simulation, particles larger than 10'4 m fall out of the
cloud. Because the model is concerned with forecasting the movement of ash clouds
over a period of tens of hours, the mean default size was set to 1CT5 m, which only
allowed 23% of the total simulated particles to fall out in the first 30 minutes. This
improves the model’s ability to forecast volcanic clouds and plumes over longer time
periods.
The results from this project will show that the distance a cloud travels from a
volcano can be a function of several factors, which may include (1) wind speed, (2)
eruption plume or cloud height, and (3) wind shear. Another important factor, such as
particle size distribution, was not considered. Assigning a mean particle size distribution
to each of the 22 volcanoes would be difficult because the degree of magma
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fragmentation, which controls the particle size distribution, during each eruption from an
individual volcano is unique to that eruption (Woods and Bursik, 1991). This project is
concerned with the long-distance movement and dispersion of volcanic ash clouds and
plumes, which is composed of fine-grained ash (Sparks et al., 1997). In order to compare
the effects of volcano eruption frequency, plume height, and wind characteristics, the
default particle grain size distribution was used for all eruption simulations.
The vertical particle distribution and total column height are two input parameters
that can be changed within the PUFF model to better represent a variety of eruption
plume types (Searcy et al., 1998). In the North Pacific, most eruption types range
between vulcanian and Strombolian, with an average of 1 (1.2) sub-Plinian to Plinian
events per year over the last 100 years (this project). According to Miller et al. (1998), a
majority of the volcanoes in the NOP AC region produce clouds < 8 km in height and
often lack any defining characteristics of a Plinian-type cloud (Wilson et al., 1978). For
these reasons, the default initial plume type, consisting of a simple linear column of
particles above the volcano, was utilized for all simulations run.
PUFF was intentionally created as an operational tool to help track airborne
particles and simulate volcanic cloud movement and dispersion over a time scale of tens
of hours to days, but does not currently include source physics. Interpolation of the wind
field data using the Lagrangian advection formulation allows for a higher temporal and
spatial resolution to track simulated ash particles over time. This method, combined with
the model’s ability to track up to 100,000 particles or more, allows for spatially accurate
output. All of the input parameters within the PUFF model have an initial default value.
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These default values are estimates originating from the literature and were chosen in
order to best represent a wide array of possible eruption scenarios. As a result, the
parameters often have to be modified for the modeled eruption cloud to precisely match
satellite data observations.
2.2 NCEP/NCAR AVN-A Gridded Wind Field Model
The archived wind field data used in this project originated from the National
Center for Environmental Prediction (NCEP) Aviation Medium Range Forecast model
(AVN-A), currently having 6-hr temporal and 0.7 x 0.7 degree latitude/longitude spatial
resolutions, 42 pressure levels, and output occurring twice daily. Prediction forecasts are
also included in each output for up to 126 hrs. Detailed changes in the model can be
found at the NOAA/NCEP website (Appendix B) and information regarding the model’s
overview, data assimilation techniques, and performance has also been provided
elsewhere (Petersen and Stackpole, 1989; Kanamitsu, 1989; Caplan and White, 1989).
During 1990-2000, the spatial resolution of the model has gone from a 2.5 x 5
degree latitude/longitude grid to 1.25 x 1.25 degrees. The grid resolution was increased
again to 0.7 x 0.7 degrees latitude/longitude in January of 2001. However, despite these
major changes for the better, it is not certain whether or not the amount of data available
to the model from the NOP AC region has also increased over the same time period.
Figures 2 and 3 show the quantitative and spatial distribution, respectively of the AVN
model upper air/wind input data on a randomly chosen day in December of 2001. In this
case, upper air describes the winds between 700-150 mb (3-13 km). In the North Pacific
the satellite-derived wind motions from the GOES 10 WEST satellite play a key role in
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the amount and distribution of data ingested into the AVN model, followed by data
generated from rawinsondes and air/pilot reports (AIREPS/PIREPS).
Testing the sensitivity of higher spatial and temporal resolution wind field grids
and different mesoscale models is beyond the scope of this project, however such studies
have been carried out by Rolph and Draxler (1990) and Cox et al. (1998). Rolph and
Draxler (1990) have shown that after 24 hrs the absolute horizontal transport deviation
(AHTD) for a 360 km resolution grid over the contiguous United States with a temporal
resolution of 6 hrs differed from their truth case (90 km grid) by 111 km. The main
source of error between the scenarios was found to be the variation in the temporal and
spatial resolution of the wind field data. Because the spatial resolution of the wind field
data for 1994-1995 in this project is similar to the 360 km spatial resolution of the grid
used by Rolph and Draxler (1990), it is implied that the minimum error of the 24-hr ash
distribution maps produced in this project would also approach 111 km. Similarly, the 6hr ash distribution maps would have a minimum horizontal error near 30 km, according
to their study results. Additional errors within North Pacific wind field data could be
introduced from sparse data distribution, especially over the Kamchatkan Peninsula and
western North Pacific (Fig. 3), and poor data quality.
2.3 Airborne Ash Hazard Mitigation
Utilizing the PUFF model and archived wind field data, this project provides a
series of maps showing the airborne extent and distribution of simulated eruption plumes
from 22 volcanoes within the Cook Inlet region, Aleutian Island chain, and Kamchatkan
Peninsula, Russia (Fig. 4). Few studies regarding volcanic ash encounter probabilities
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and regional airborne ash hazards exist. Furthermore, these studies (Heffter, 1996;
Heffter and Stunder, 1998; Stunder and Heffter, 1999) (1) did not incorporate statistical
data regarding the past eruption characteristics of a given volcano, (2) used a limited
wind field data set, and (3) relied upon the VAFTAD model (Heffter and Stunder, 1993).
Although shown to be accurate and reliable, the graphical output of the VAFTAD model
has relatively low spatial and temporal resolution due to its Eularian reference frame and
the grid cells being defined by the driving wind field data. This leads to an indefinite
coverage area for the extent of the modeled eruption and prohibits accurate quantitative
analysis of the areal extent of the cloud.
Other ash distribution maps produced in the Preliminary Volcano-Hazard
Assessment Reports (i.e. Waythomas et al., 1998) for Augustine, Redoubt, Akutan, and
Diamna volcanoes by the Alaska Volcano Observatory only consider wind-vector
probabilities for which the radial extent of the erupted ash is defined with a high degree
of uncertainty. A better understanding of the dispersion and movement of volcanic ash
clouds is needed, which can only be accomplished by taking interdisciplinary approaches
and utilizing knowledge from the fields of volcanology and atmospheric science. Few
studies combining the latter disciplines exist (Cadle et al., 1976; Ernst et al., 1994; Glaze
and Baloga, 1996; Stunder and Heffter, 1999; Papp et al., 2000; Bursik, 2001), however
collaboration between fields of research often brings new and insightful results. Many
studies concentrate on the damaging effects that volcanic clouds have on the atmosphere,
such as the post-eruption tracking of S 0 2 anomalies and the correlation between
atmospheric optical depth and aerosol concentration (Castleman et al., 1974; Sigurdsson,
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1990a; Grant et al., 1993; Read et al., 1993). In contrast, combining knowledge gained in
the fields of volcanology, meteorology, and statistics allow this project to achieve a better
understanding of the long-term atmospheric effects on a drifting volcanic ash cloud. By
analyzing wind field characteristics, generating airborne ash distribution maps, and
examining the variation in the movement and dispersion, this project aims to provide
results that would aid in airborne ash hazard mitigation for the North Pacific region.
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3.0 OBJECTIVES
Satellite data and ash-dispersion models are utilized in the North Pacific region to
track and monitor volcanic eruption clouds and plumes. If, however, the wind field
model is erroneous and satellite data is not available during an eruption event, the
accurate tracking and monitoring of volcanic clouds becomes increasingly difficult, with
the exception of limited ground-based and pilot observations. The main objective and
emphasis of this project is to understand the likely direction and extent of volcanic ash
from volcanoes within the North Pacific region, and identify regions that are most likely
to contain airborne ash during and after an eruption. The analyses presented here extend
beyond simply analyzing wind field patterns, by including volcanological aspects as
weighting factors, which focus on how the eruptive characteristics and geographic
locations of several explosive volcanoes within the NOPAC region affect the distribution
of the simulated ash particles.
In order to accomplish the main objective, the first sub-objective is to investigate
wind and meteorological characteristics of the 7-yr AVN-A wind field data set used for
the model runs was analyzed within the NOPAC region. These results are compared to
the available 52-yr archived wind data. Specifically, the role of the Polar jet stream, El
Nino/Southern Oscillation (ENSO), and North Pacific cyclones in determining wind
patterns in the North Pacific and their effect on volcanic ash dispersion is investigated.
The effect of wind on eruption cloud growth rates is also analyzed.
The second sub-objective is to test the sensitivity of two critical input parameters
used in the PUFF ash dispersion model. Mentioned in Section 2.1, the PUFF ash
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dispersion model was utilized to simulate the hundreds of volcanic eruptions for this
study. The values for two key input parameters, the number of particles and eruption
duration, were chosen for logistical reasons (Section 4.5) for the simulations run in this
study. The effect of assigning different parameter values on the simulated ash plumes is
analyzed.
The third sub-objective is to establish volcanological weighting factors to account
for differences in the eruption characteristics for each volcano. These weighting factors
include eruption frequency and column height, and allow a more accurate representation
of regional areas within the NOPAC that may be susceptible to airborne volcanic ash.
The fourth sub-objective is to statistically analyze the dispersion and movement of the
simulated ash plumes. This is accomplished by quantitatively calculating the maximum
plume distance distribution, mean plume axis distribution, and particle spreading
characteristics for the plume simulations at six representative volcanoes in the NOPAC
region.
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4.0 METHODOLOGY
The sub-objectives were investigated first to establish base-line criteria before
generating the airborne ash distribution maps.
4.1 Wind Field Data Analyses
The first sub-objective is to understand the nature of the wind fields in the North
Pacific region and the role it plays in ash plume and cloud movement and dispersion.
Global AVN-A wind fields were acquired for the dates between 1994-1995, and 19972001, which were used to provide the advection component for the PUFF ash dispersion
model simulations. In order to more closely analyze the variation in upper level winds,
independent zonal and meridional (U and V) wind field data between 1994-1995 and
1997-2001, generated by the NCEP/NCAR 40 year Reanalysis Project (Kalnay et al.,
1996) and provided by the NOAA-CIRES Climate Diagnostics Center, Boulder,
Colorado web site (Appendix B), was studied. The Reanalysis Project incorporates
various observations, including the recovery of land surface, ship, rawinsonde, pibal,
aircraft, satellite, and other data, which are then assimilated into a global atmosphereocean-land model. The model is run forward and includes parameterizations of all major
physical processes, including convection, large-scale precipitation, shallow convection,
gravity wave drag, radiation with diurnal cycle and interaction with clouds, boundary
layer physics, an interactive surface hydrology, and vertical and horizontal diffusion
processes.

Yearly mean wind speeds at the 250-mb level for each of the seven years utilized
were subtracted from a 32-yr mean (1968-2000) in order to understand the nature of the

NOPAC mesoscale winds for a given year. Seasonal variation in 28-yr mean wind
vectors at various pressure levels was also analyzed at geographic locations
corresponding to 6 representative volcanoes: Bezymianny, Avachinsky, Alaid, Gareloi,
Shishaldin, and Redoubt volcanoes (Fig. 4). Seasonal differences in 250-mb wind speeds
between Dec-Mar and Jun-Sep were compared between this study’s seven-year data set
and a 52-yr mean to determine how representative the seven-year data is regarding wind
speed trends in the North Pacific. A similar analysis was conducted for wind speeds at
the 400-mb level. Wind speeds have also been analyzed during El Nino/La Nina years in
order to observe the anomaly difference created by the ENSO event.
4.1.1

The Effect o f Wind on Eruption Cloud Growth Rates

To demonstrate the importance that wind variability has on a volcanic cloud, the
temporal variation in the area of airborne volcanic clouds for eight different eruptions
was calculated from satellite observations. Six of the eight eruptions occurred in the
North Pacific and include: Mt. Spurr (8/19/92), Mt. Spurr (9/17/92), Kliuchevskoi
volcano (9/30/1994), Shishaldin volcano (4/19/99), Bezymianny volcano (3/13/2000),
and Mt. Cleveland (2/19/2001), while the remaining two eruptions analyzed were Mt. St.
Helens (5/18/1980) and Mt. Pinatubo (6/15/91). The mass fluxes were calculated using
the inverse Morton equation (Morton et al., 1956; Wilson et al., 1978), which simplifies
to:
Q = (H/236.6)4,

(2)

where the height of the eruption (H) is in meters, Q is the eruption rate in kg/s,
and the number 236.6 is an empirical constant. The overall average growth rate was
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calculated by dividing the maximum cloud area by the time required for the cloud to
reach its maximum area, while the eruption average growth rate was calculated by
dividing the cloud area associated with the end of the eruption by the end eruption time.
4.2

PUFF Model Parameter Analyses

The second sub-objective of this project is to identify the effect on the plume
simulations by varying two critical input parameters of the PUFF model. These
parameters are the number of particles tracked over time and the eruption duration, which
are significant in determining the area and dispersion of the plume simulations. The
plume simulations for this project were run for 6 and 24 hrs, with the eruption duration
(particle release time) set equal to the simulation length, while the number of simulated
ash particles were chosen based on logistics (Section 4.5). The analysis described below
examines the effect that varying the values for these two volcanological parameters has
on plume or cloud distribution.
Two separate analyses were conducted. The first test varied only the eruption
duration, while the number of particles released during the simulation was held constant.
This particular test evaluates how the airborne ash distribution maps are affected if the
eruption duration is not set equal to the simulation length. Simulations were run on three
different days at Mt. Spurr, Kliuchevskoi, and Shishaldin based on their geographic
location within the North Pacific (Fig. 4), to allow for variation in weather patterns. The
eruption duration was varied between 1,3, and 6 hrs using a 6-hr simulation time and 1,
12, and 24 hrs using a 24-hr simulation time resulting in 6 trials for each volcano and
day. Similar to the simulations used to generate the airborne ash distribution maps, the
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horizontal diffusion coefficient and number of particles were set to 3,000 m2/s and 3,000,
respectively for the 6-hr test runs and 10,000 m2/s and 12,000, respectively for the 24-hr
test runs. To calculate the simulated plume or cloud area a script was written in Matlab®,
which places a 0.25 x 0.25 degree latitude/longitude grid over the simulated plume or
cloud, calculates the area of each grid cell which contains more than two particles, and
finally sums the area of all valid grid cells (Appendix A.I). The final plume or cloud area
at the end of 6 and 24 hrs for each of the 6 trials per day and volcano was calculated.
The average of the 9 final plume or cloud areas for each similar trial (i.e. 1-hr eruption
duration/6-hr simulation) for all three volcanoes and days was calculated and compared.
The second PUFF parameter test was conducted to observe the effect on the
simulated plume area over time by varying the initial number of particles and eruption
duration. 12-hr simulations were run at Shishaldin volcano for the same three days
utilized in the test described above with the number of particles and eruption duration
varying between 3,000, 10,000, and 100,000 and 1, 6, and 12 hrs, respectively. The
simulated plume or cloud area was then calculated after each hour and plotted as a
function of time.
Using the PUFF model, a qualitative comparison between model output and
eruption clouds observed in satellite images was done by Searcy et al. (1998) for the 1994
Kliuchevskoi and 1992 Mount Spurr eruptions, however only the horizontal diffusion
coefficient and cloud height variables were analyzed. The analysis presented here only
represents an initial treatment of two input parameters and a much more in-depth and
quantitative study is underway (R. Peterson, pers. comm.) to truly understand the
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capabilities and accuracy of the model. Although affecting the simulated plume or cloud
area, the model’s diffusion coefficients or grain size distribution were not included in the
parameter analysis since these values were held constant for all simulations run for this
project.
4.3 Volcanological Weighting Factors
The third sub-objective is to establish volcanological weighting factors to account
for variations in eruption characteristics for each of the 22 chosen volcanoes. The
regional airborne ash distribution maps include the summation of simulations from
multiple volcanoes. As a result, the particle number density values for each volcano were
subjected to a weighting factor in order to more accurately display the regional areas that
are most susceptible to volcanic ash input. The weighting factor takes into account the
eruption frequency of each volcano, according to the statistics from the last 100 years
(Table 1). The eruption frequency was calculated by dividing 100 by the total number of
eruption events during 1900-2000, which gives the average value of the elapsed time
between eruptions in years per eruption. After Simkin and Siebert (1994), an eruption
event is defined in this project as a single eruption in one year or a characteristic eruption
containing multiple phases. For example, the 1989/90 eruption of Mount Redoubt,
Alaska composed of over 19 single eruptive phases from December 14, 1989 to April 21,
1990, each having a distinct cloud height and character. The Redoubt example and ones
similar are treated as one eruption event.
Weighting factors calculated for each volcano are shown in Table 2, and were
normalized to Kliuchevskoi volcano, since the volcano has the highest eruption

26

frequency, with an eruption likely to occur every 1.9 years yielding a yearly eruption
probability of 41.7%, according to the 100-yr data. As a result, Kliuchevskoi had a
weighting factor of 0, while Mt. Spurr, having the lowest eruption frequency, had a
weighting factor of 0.33. The weighting factor was calculated as shown using Mt. Spurr
as an example:
WFSpu= In
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where EFKu and EFSpu are the eruption frequencies of Kliuchevskoi and Spurr volcanoes,
respectively. Each grid value was then multiplied by the eruption frequency-weighting
factor for each volcano before summing and contouring the particle number density for
each regional ash distribution map. This process does not affect the spatial extent of the
particles, since it merely reduces the number density within a given l x l degree
latitude/longitude cell.
The weighting factor was calculated and applied to the raw gridded number
densities thereby adding a volcanological component to the regional ash distribution
maps. For example, the regional ash distribution map for the Kamchatkan Peninsula
contains airborne ash from Kliuchevskoi and Zhupanovsky volcanoes, which have
eruption frequencies of 1.9 and 20.0 years/eruption, respectively. Maximum particle
number densities would be equal from these two volcanoes without the applied
frequency-weighting factor, despite Kliuchevskoi having 10 times as many eruptions as
Zhupanovsky within the last 100 yrs. Therefore, by applying the weighting factor a more
accurate representation of regional ash hazard can be provided.
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The second volcanological factor used to weight the simulation output was
eruption-column height, an initial input parameter used within the PUFF model. Column
heights for each known eruption event for all 22 selected volcanoes during the past 100
years were collected from the historic reports noted in Section 4.4. The Volcanic
Explosivity Index (VEI) (Newhall and Self, 1982) was used to estimate the eruption
column height if the actual column height was not available. In accordance with Newhall
and Self (1982), eruptions that were given VEI values <= 2 were considered to have been
less than 8 km in height, while eruptions given VEI values >= 3 were assumed to be
greater than 8 km in height. If known, column heights for each eruptive phase (i.e.
Redoubt 1989/1990) were included and not averaged as one column height for a given
multi-phase eruption.
The arbitrary cutoff altitude of 8 km was chosen because (1) the maximum height
of the AVN-A wind field data is 16 km, (2) the average level of the tropopause in the
North Pacific is near 8 km, which is half the height of the wind field data, and (3) most of
the volcanic eruptions in the North Pacific remain below the tropopause (Miller et al.,
1998). Therefore, two modeled heights of 8 and 16 km were chosen for the PUFF
simulations, an 8-km column height to represent eruptions at or below this altitude and a
16-km column height to represent eruptions that produced ash columns greater than 8 km.
The eruption column height statistics for Kliuchevskoi are described below. The record
shows that for the last 100 years 84 single explosive eruptions occurred, 64 (76%) of
which remained below 8 km in height, while 20 explosive columns (24%) broke the
tropopause. Using Kliuchevskoi volcano as an example, a random number between 1
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and the total number of modeled days for that particular year was assigned, and if the
number was less than 76% of the total number of days in that year, the simulation column
height was conducted up to 8 km. Similarly, if the random number was at or above 76%,
the simulation column height was set at 16 km. The total number of simulations above
and below 8 km using a random number generator was found to be within +/- 2.0% of the
actual eruption column height statistics for each volcano.
4.4 Dispersion Statistics fo r Simulated Ash Plumes
The fourth sub-objective is to gain a better understanding of ash cloud movement
and dispersion within the NOPAC region. To analyze the simulated plume trajectories,
statistical analyses were performed on each simulation for the 6 representative NOPAC
volcanoes (Fig. 4). Specifically, a script was written in Matlab® (Appendix A.III), using
the Mapping Toolbox add-on package (Appendix B), to calculate the vector dispersion
( D v), mean plume axis azimuth, and maximum plume distance for each simulation. The
major Mapping Toolbox functions used were “distance”, which calculates the great circle
distance between two points, “azimuth”, and “deg2km”, which converts the angular arc
length calculated by the “distance” function to kilometers.
The following discussion introduces the general background on calculating such
directional statistics, although the actual steps within the Matlab® functions may be
different. Figure 5a shows the breakdown of the circular statistics components for three
simulated particles a, b, and c. The true azimuth (Z) and the great circle distance (D)
between each particle and the volcano were calculated for each simulation. The true
azimuth can be calculated from:
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cotZ = (cos a tan b csc|<5Z|) - (sin a cot|<£3,|),

(4)

where a and b are the latitudes of the volcano and particle, respectively, and \SA\ is the
absolute value of the difference in longitude between the volcano and the particle. The
great circle distance (

D)in kilometers between each particle and the volcano can b

calculated from:
D = cos-1 [(sin a sin b) + (cos a cos b cos|<Xl|)] 111.2,

(5)

where the number 111.2 is the average distance in kilometers for 1 degree of longitude
between 0 and 90 degrees latitude. The

x and y vectors for eac

particle to the volcano can then be found using D and Z. To calculate the coordinates of
the resultant vector (mean plume axis), the sum of the x and y vectors are found using:
n

C = y x -, and

(6a)

i=
1

s = !> ,• ,

<6b)

i= i

with the mean plume axis azimuth defined as:
0 = tan'

(7)

The length of the resultant vector is then:
R=

.

(8)

Since the length contains information about the dispersion of the data and is dependent on
sample size, one must divide R by the number of observations (n), or the total number of
ash particles within each simulation, which results in the mean resultant length:
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R =~ .
n

(9)

The value obtained from Eq. (9) has the peculiarity that higher R indicates less variance,
so circular variance is preferred:
a 0= l - R ,

(10)

which has a range from 0 to 1, where 0 signifies that all directions are identical. Eq. (10)
is the convention used in this study, with the “o0” symbol being replaced by “Z) v” for
vector dispersion. Figure 5b shows three example particle trajectories with
corresponding values of vector dispersion (D v). Low vector dispersion values
correspond to particles having similar directions (azimuths), while high values of
correspond to apparent random particle trajectories from the volcano, regardless of their
distances. Calculating the standard error of the plume axis azimuth (0 ) was calculated
using:

j e= - 4 = ,
■yjJCnR

(ii)

where K is the concentration or precisionparameter obtained from statistical tables and
based on the value for R . Theaverage standard error for all CMD values was +/- 1.5
degrees.
The value of vector dispersion (

Dv
) gives meaning to the

spread and/or shearing that may occur within the plume, thus affecting the areal growth
rate. Figures 6a and b show the wind vectors at three different altitude levels and
resulting particle trajectories (upper right) for two end member cases near Shishaldin
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volcano, Alaska. The figure suggests high vector dispersion values correlate to plumes
that often spread radially about the volcano (Fig. 6a). This plume morphology is a result
of directional and/or speed shear within the wind field and in this case the value of

v is

0.89. In contrast, low vector dispersion values are a result of plumes experiencing wind
velocities that are high and/or unidirectional (Fig. 6b), which in this case leads to a

v

value of 0.02. Note that although the resulting particle trajectories shown in Fig. 6b
travel approximately 1,200 km, the similarity in particle directions results in a low D v
value.
The vector dispersion was calculated for each 6-hr simulation and plotted as a
function of time. The time periods analyzed (1994-1995 and 2000-2001) were chosen
based on the near daily characteristics of that portion of the data set, which is crucial
when attempting to obtain valid information from a temporal data set. The original data
was detrended to remove noise and plotted using a 4-day running average over the actual
data values. The periodicity of the data was also analyzed in order to observe possible
temporal trends in dispersion related to cyclic weather patterns. Utilizing a 3-day filter, a
prominent dispersion day was flagged if it had a

vvalue > 0.15, if each bordering day

had a value <0.15, and if the difference between the analyzed day and each bordering
day was less than one standard deviation.
Rose plots are often used to illustrate mean wind direction for a given point and
altitude/pressure level. Although useful, the wind vector data is usually averaged over a
period of a month or year and often fails to show the intricacies and variability of the data
over time. To avoid this problem, and to include information regarding dispersion
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occurring at all altitude levels, the mean plume axis for each simulation was calculated
for the six representative volcanoes described above (Appendix A.III). The data was
separated into two end member seasons consisting of winter (Dec-Mar) and summer
(Jun-Sep) in order to compare the potential effects of North Pacific climate variability.
Because the visual representation of a rose plot sector is proportional to its area, and the
area is proportional to its radius squared, the rose plot visually overemphasizes high
frequencies and underemphasizes lower frequencies. Kite diagrams, which plot
directional complex polygons whose size and length is proportional to the frequency
values within a given bin size, were utilized in order to avoid such a biased
representation.
The great circle distance between the volcano and each simulated airborne
particle was calculated (Appendix A.III), the largest of which was designated the
maximum possible plume-edge distance from the volcano after 6 or 24 hrs. The actual
plume or particle travel distance may be larger, due to particle meander resulting from
complex wind patterns and the model’s use of a random walk, or Brownian, motion.
Histograms of maximum plume distances were generated and again grouped into two end
member seasons consisting of winter (Dec-Mar) and summer (Jun-Sep). In order to
quantitatively analyze the histograms, the mode (most occurring bin value, M), geometric
mean (G), and skewness (measure of asymmetry about the mean, S) are given. The
geometric mean was used, rather than the arithmetic mean, due to the highly positive
skew of the data distributions. The histograms provide useful information regarding the
most likely, average, and variability in plume edge distance according to each volcano’s
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geographic location within the NOPAC region and the nature of the surrounding winds
during a given season.
4.5 Airborne Ash Distribution Maps
The main objective and emphasis of this project is to create airborne ash
distribution maps for major regions and individual volcanoes within the NOPAC region
based on information and parameters established from the sub-objectives. These maps
represent potential locations, distributions, and extent of airborne volcanic ash with
respect to time. Volcanoes were selected based on their explosive history, eruption
frequency, and geographic location along the North Pacific subduction complex. Any
volcano that had an average Volcanic Explosivity Index (VEI) (Newhall and Self, 1982)
less than 2 and less than four single eruptive events in the last 100 years was not included
in this project. The volcanoes were selected to represent those that produce explosive
eruptions and clouds, but may or may not have produced lava flows, lahars, or other
eruption products.
Table 1 lists the 22 selected volcanoes and a summary of their 100 and 55-yr
eruption statistics, modified from data obtained from the Smithsonian Institute’s Global
Volcanism Program Volcanic Activity Reports (Appendix B), Simkin and Siebert (1994),
Miller et al. (1998), Ray (1967), Wilcox (1959), and Snyder (1954). The 100-yr eruption
statistics span the years 1900-2000, while the 55-yr statistics are for the years 19452000. Although the 100-yr statistics were used for this study, Miller et al. (1998) suggest
that eruption data (i.e. eruption frequency, column height, eruption duration) obtained
during 1945-2000 is more accurate, due to the presence of the U.S. Army and an increase
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in population, air travel, and the use of modem communication devices within this
remote region. With few exceptions, such as Mutnovsky volcano’s eruption frequency
and the total number of eruption events for Kliuchevskoi and Karymsky, differences
between the two data sets were generally small.
The airborne ash distribution maps were created to show the extent of airborne
ash in the NOPAC region over 6 and 24-hr periods. This was accomplished by (1)
selecting 22 of the most active volcanoes, (2) simulating ash plume movement and
dispersion by using 7 years of wind field data (1994-1995, 1997-2001) and the PUFF
model to run hypothetical eruptions at each of these volcanoes, (3) analyzing the ash
particle density by summing and gridding the simulated particles from all model runs,
and (4) generating the ash particle number density maps. The airborne ash distribution
was generated by running over 1,200 hypothetical eruption simulations at each selected
volcano using the PUFF model at 6 and 24-hr time intervals. Each ash file was saved at 6
and 24 hrs, representing the distribution and movement of airborne ash up to that period
of time. The initial number of ash particles was set to 3,000 for the 6-hr simulations and
12,000 particles for the 24-hr simulations, or a rate of 500 particles/hr for each scenario
in order to keep processing time to a minimum. Choosing a greater number of particles
allows for a more defined plume or cloud morphology due to the PUFF model’s
Lagrangian formulation, however a large number of modeled particles increases the time
needed to run the model. The number of ash files output during the course of a
simulation also increases processing time. As a result, the number of simulated particles
was chosen to be 3,000 and 12,000 for the 6 and 24-hr simulations generated for this
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study, while the eruption duration (particle release time) was set equal to the simulation
length the eruption duration, generating only a single output ash file per simulation.
Since PUFF does not include any source physics, the number of particles does not
represent the mass or volume of a given eruption.
For each model simulation the diffusion coefficient was set to 3,000 m2/s for all
6-hr runs, while the 24-hr runs were conducted using a coefficient estimate of 10,000
m2/s. A qualitative comparison of PUFF simulation output to corresponding satellite
images show that simulated plumes or clouds using a horizontal diffusion coefficient of
1,000-3,000 m2/s best matched a majority of plumes or clouds that are less than 6 hrs old
(hundreds of km from source), while a coefficient of 3,000-20,000 m2/s best matched
plumes or clouds that are less than 24 hrs old (thousands of km from source). Currently,
the PUFF model is not capable of a time-varying diffusion coefficient. The eruption
column height for each simulation is chosen based upon the 100-yr statistics for that
volcano (Section 4.3).
The ash particle densities were generated from data contained in each output ash
file. The PUFF output is in a “NetCDF” (Network Common Data Form) file format, with
each ash file being created at each predetermined save interval during the simulation.
Each NetCDF ash file contains latitude, longitude, height, and time data arrays for all
particles tracked during the simulation. Using the “ashdump” PUFF export command
(Appendix B), these arrays can be saved as simple text files and easily manipulated. A
script was written within Matlab® to import each text file, extract the data, and place each
particle into a 1-degree latitude/longitude grid box according to its X-Y position at the
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save interval time (Appendix A.II). After importing all files and summing all particles in
each latitude/longitude grid box over the time period analyzed, a 3-D grid is then
produced, with each grid value representing the total number of airborne particles in a 1
degree latitude/longitude column from 3-16 km, which allowed for a smooth
interpolation between each density data point. The X, Y, Z (longitude, latitude, particle
number density) data is then converted to a “.dbf ’ (database) file and plotted in the GIS
program ArcMap 8.1® using a Polar Stereographic projection. The X, Y, Z grid was then
subjected to a tension spline interpolation in order to produce the contours using a weight
of 0.01 and a 12-point neighborhood, which was found to give the best results.
The grid cell with the maximum particle number density was given a value of
100%. The remaining grid values were then normalized to the maximum and converted
to a percentage by simply dividing by the maximum value and multiplying the result by
100. For example, if the maximum grid density value was 50,000 particles within the 1degree latitude/longitude column from 3-16 km, it was given a value of 100%. Likewise,
if a 1- degree latitude/longitude column from 3-16 km contained 25,000 particles, it was
given a relative ash density value of 50%. The particle number densities were
normalized to the maximum value and converted to a percentage because (1) PUFF does
not model volcanic ash mass, and (2) the maximum particle density value was often only
0.4% of the total number of particles. As a result, the contours shown in the ash
distribution maps represent the percent relative ash density from over 1,200 hypothetical
eruptions after 6 or 24 hrs and best convey the areal distribution of ash over time as
apposed to absolute mass.
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Relative ash density maps were generated for 7 individual volcanoes out of the
selected group of 22, which include Bezymianny, Avachinsky, Alaid, Kiska, Gareloi,
Shishaldin, and Redoubt volcanoes, which represent key geographic locations within the
North Pacific (Fig. 4) showing the distribution of airborne ash after 6 and 24-hr time
periods. Regional relative ash density maps were also created utilizing all 22 selected
volcanoes and were categorized into three major geographic regions, namely Cook Inlet,
Alaskan Peninsula, and Kamchatkan Peninsula. Contouring the particle number density
from all PUFF simulations created the ash distribution maps. Particle percentages < 1%
of the maximum particle number density were not contoured, however the absolute
maximum particle distances have been represented by an outer ellipse, signified by a
dotted line on each map.
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5.0 RESULTS
5.1 Analyses o f the AVN-A Wind Field Data Set
Global AVN-A wind fields were acquired for the dates between 1994-1995, and
1997-2001. Analysis of the data has revealed visible errors in some of the wind fields, at
least within the North Pacific region. It was found that the days that were in error
produced unrealistic heights, between 30-900 km, for individual ash particles and oddly
shaped plumes after running a PUFF simulation, despite setting the initial height of the
ash plume to 16 km (Fig. 7). A script was written to identify such simulations and isolate
them from the rest of the valid data. Table 3 displays the quantitative information
regarding the validity of the wind field data between 1994 and 2001. The 24-hr runs
were most affected by the erroneous wind field data due to the longer distances the
simulated plumes travel. For 1995 and 1997, 84.5% and 96% of the data, respectively
was found to be valid for the 24-hr runs. Thus, wind field data was not available for
every day of each year being utilized. The temporal distribution of the archived data used
is shown in Figures 8a and b, showing 1,236 6-hr and 1,219 24-hr simulations for each of
the 22 volcanoes chosen in this project, resulting in an approximate 54,000 total plume
simulations.
5.2 Wind Field Characteristics in the North Pacific Region
Despite the importance of the volcanological components included in this project,
it is crucial to understand the nature of the wind fields for the time period being studied.
In order to more closely analyze the variation in upper level winds, independent zonal
and meridional (U and V) wind field data between 1994-1995 and 1997-2001 were
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analyzed. Daily mean wind speeds at the 250-mb level for the years listed above have
been subtracted from a 32-yr mean (1968-2000) in order to understand the nature of the
NOPAC mesoscale winds for a given year (Figs. 9a-f). The 250-mb wind speeds for
1994 (Fig. 9a) were slightly above average in the region southeast of the Kamchatkan
(+2.5 m/s) and Alaskan (+2.0 m/s) Peninsulas with slightly below average wind speeds
occurring within the Polar jet stream region to the south. The Alaskan interior shows
little or no difference from the 32-yr norm. The plots for 1995 and 1997 (Figs. 9b and c)
generally show that tropopause wind speeds were below average for most of the region,
mostly to the southeast of the Alaskan Peninsula.

The 1998 plot (Fig. 9d) shows quite a difference from the 32-yr mean, as well as
an obvious change in difference values when compared to the previous few years. A
large region above the western Aleutians was as much as 4.5 m/s above the 32-yr mean,
which also affected southern Kamchatka and the Alaskan Peninsula. The rest of the
North Pacific, however, experienced below average wind speeds, with values near -3 m/s
over the Chukchi Peninsula and -2 m/s southeast of the Gulf of Alaska. The plot showing
1999 wind speed anomalies (Fig. 9e) reveals much of the North Pacific region below 55°
N latitude (not shown) was 4.5-5.5 m/s above the 32-yr mean for two main regions south
of the western Aleutians and the Alaskan Peninsula. Conversely, the region above 55° N
latitude had ubiquitous below average 250-mb wind speeds. The wind speed anomaly
plot for 2000 (Fig. 9f) illustrates most of the North Pacific region had below average
wind speeds with the exception of the southern North Pacific and a portion of mainland
Alaska. For this particular year, which differed highly from the previous two years, a
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large portion of Kamchatka and the western Aleutians experienced average wind speeds
as low as -4 m/s below the 32-yr mean. Variation from year to year can be attributed to
anomalous behavior from a variety of atmospheric phenomena, such as the migration and
intensity of the Polar jet stream, the El Nino/Southern Oscillation (ENSO) (Philander,
1990), and cyclogenesis.

Seasonal variation in the 28-yr mean wind vectors at various pressure levels was
also analyzed (Figs. lOa-f) at geographic locations corresponding to Bezymianny,
Avachinsky, Alaid, Gareloi, Shishaldin, and Redoubt volcanoes (Fig. 4). According to
the 28-yr wind data, the months of Sep-Dee had the highest wind speeds when compared
to other months, especially at pressures less than 400 mb (~ 7 km ASL in the North
Pacific). Starting around the month of October and lasting into March, wind vectors
changed to a more northeasterly direction and experience a significant decrease in speed.
The exception is the region near Mt. Redoubt (Fig. lOf), which had higher southwesterly
wind speeds during the winter months (Oct-Mar) and lower speeds from southerly and
westerly winds in the summer (May-Sep). The data reveals the regions near Alaid (Fig.
10c) and Gareloi (Fig. lOd) volcanoes experience the highest wind speeds in the North
Pacific, while Bezymianny (Fig. 10a) and Redoubt (Fig. lOf) volcanoes had the lowest
mean wind speeds.
Figures 1 la and b graphically show the seasonal differences in tropopause wind
speeds in the North Pacific between Dec-Mar and Jun-Sep, respectively for the years
1994-1995 and 1997-2001. According to the 7-yr wind data, regions over all six
volcanoes experienced lower wind speeds during the winter months (Fig. 1la), compared
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to the summer months (Fig. 1lb). The most dramatic difference in wind speed occurred
over the Kamchatkan Peninsula region with a 5-6-m/s average increase from winter to
summer. The wind speeds near Mt. Redoubt showed little change between the two
seasons. Wind speeds near the other two Alaskan volcanoes, Shishaldin and Gareloi,
however, underwent a 4 m/s increase from winter to summer.
For a comparison between the yearly data utilized in this project (1994-2001)
and the long term mean, Figures 12a and b show the seasonal differences in tropopause
wind speeds in the North Pacific between Dec-Mar and Jun-Sep, respectively for the
years 1949-2001. A comparison of Figures 11 and 12 reveals the average winter wind
speeds between 1994 and 2001 (Fig. 11a) were nearly identical to the 52-yr mean (Fig.
12a). Only a slight difference existed between the summer seasons shown in Figures 11
and 12, with higher wind speeds more to the north for the 1994-2001 average (Fig. 12b),
especially over the Kamchatkan region.

A closer examination of Figures 11 and 12 indicates the strong effect of the Polar
jet stream seasonal migration. The Polar-front jet stream exists between 30° and 60° N
and is capable of reaching speeds up to 110 m/s between the altitudes of 9-13 km. The
higher summer wind speeds over the 6 representative volcanoes were due to the enhanced
northward migration of the jet core during Jun-Sep. Although the winds associated with
the Polar jet stream during the winter were an average of 16 m/s higher than the summer
for the region shown, the Polar jet core did not migrate as far north. Higher Polar jet
stream wind speeds and stronger gradation occurred during the winter months in the
North Pacific as a result of the large global temperature disparity between the equator and
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the pole. Because this equator-to-pole temperature gradient is reduced during the
summer, the location of the Polar jet core is capable of moving to higher latitudes. Note
that the migration of the Polar jet stream actually extended further north during the winter
over the Gulf of Alaska and Yukon Territory and wind speeds south of Alaid and Gareloi
were actually higher during the winter months due to the heightened intensity of the Polar
jet core.

According to the results shown in Figure 10, wind speeds vary depending on the
pressure (or height) level. Accordingly, plots similar to those in Figures 11 and 12 were
generated for the 400-mb (~ 7 km) level. In contrast to the 250-mb mean wind speeds,
Figures 13 and 14a and b reveal 400-mb wind speeds for the regions over Shishaldin
volcano and Mt. Redoubt were higher during the winter when compared to the summer.
The 400-mb wind speed data for both the 1994-2001 and 52-yr mean indicates the
seasonal differences for the remaining four volcanoes, Gareloi, Bezymianny,
Avachinsky, and Alaid were negligible.

Wind speeds have also been analyzed during El Nino/La Nina years in order to
observe the anomaly difference created by the ENSO event. Figure 15 shows the ENSO
3.4+4 annual mean deviation in Sea Surface Temperature (SST) from 1957-2000.
Particularly strong El Nino and La Nina events occurred during 1997 and 1999,
respectively, years that are included in this project. The Walker Circulation, a name
given for two circulation cells in the equatorial atmosphere, one over the Pacific and one
over the Indian Ocean, describes longitudinal cells where convection and the associated
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release of latent heat in the air above lifts isobaric surfaces upward in the upper
troposphere and creates a region of high pressure (Sasamori, 1982; Rosenlof et al., 1986).
To a lesser degree, these same processes on the opposite side of the ocean result in a
region of lower pressure, and a longitudinal pressure gradient is established which, being
on the equator, cannot be balanced by the Coriolis force. This results in direct zonal
circulation within the equatorial plane with opposing winds at the surface and in the
upper troposphere, with rising and sinking branches on the appropriate sides of the ocean.

The intensity of the ENSO event for a particular year determines the geographical
extent and magnitude of SST anomalies within the Pacific Ocean, and therefore affects
the nature of the Walker Circulation. Figures 16a and b show mean tropopause wind
speeds for strong El Nino and La Nina seasons, respectively during the months of
maximum intensity (Nov-Mar). During an El Nino event (Fig. 16a), lower atmosphere
easterlies and upper atmosphere westerlies are severely reduced, if not completely shut
down, and results in distinct upper level wind anomalies. The contours show that below
average wind speeds within the upper atmosphere corresponded to anomalously warm
ocean water at the equator associated with El Nino with regions of above average wind
speeds to the north and south of the equator. Despite the magnitude of the anomalies at
the equator, the 8-yr El Nino average revealed slightly below average upper level wind
speeds near Alaska and latitudes greater than 50° N. Figure 16b shows the opposite effect
occurred during La Nina events, which resulted in slightly above average wind speeds
near Alaska and latitudes greater than 45° N for a majority of the North Pacific averaged
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over the eight designated La Nina years. The effects of El Nino and La Nina on a single
year’s tropopause wind speeds may be more dramatic (Figs. 9c and e).
5.2.1

The Effect o f Wind on Eruption Cloud Growth Rates

To demonstrate the importance that wind variability has on a volcanic cloud, the temporal
variation in the area of airborne volcanic clouds for eight different eruptions was
calculated according to satellite observations (Fig. 17). Eruption statistics and satellite
information for each event is shown in Table 4. The NOAA National Climatic Data
Center on-line library (Appendix B) and the NOAA Office of Satellite Operations web
site (Appendix B) provide information regarding the NOAA AVHRR and GOES
satellites, respectively and the split window ash discrimination technique is described by
Prata (1989) and Holasek and Rose (1991). The last data point shown on each curve is
the maximum cloud area, with the exception of the Mt. Pinatubo curve, which was
cropped due to its maximum cloud area being an order of magnitude larger than the other
eruptions. A strong correlation exists between the mass flux of a given eruption and its
maximum cloud height, as well as the growth rate of the cloud during the eruption
(Sparks, 1986; Woods, 1988).
The Mt. Pinatubo, Shishaldin, and Bezymianny volcano eruption data shown in
Table 4 implies the magnitude of the wind speed and shear during and after the eruption
was not as significant when compared to the energy released associated with the eruption
dynamics. As a result, the ratio between the overall average growth rate (A) and the
eruption average growth rate (B) of the cloud is >= 1. However, when the eruption is
moderately large and has smaller mass fluxes (i.e. Mt. Cleveland and Kliuchevskoi),
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other factors such as maximum cloud height, the nature of the wind field, and particle
size distribution become more important. When the wind field plays a larger role in the
growth rate of the cloud, the ratio has values < 1.
A comparison of the August and September eruptions of Mt. Spurr reveals that
despite the similarity in mass flux the August cloud reached its maximum cloud area of
5

2

6.0 x 10 km 47 hrs after the eruption began, while the September eruption reached a
smaller maximum area of 1.4 x 105km2 in only 26 hrs. The two eruptions were very
similar in all aspects (Eichelberger et al., 1995; Schneider et al., 1995), both having
eruption durations of 4 hrs, yet at approximately 5 hrs after the August eruption, the
growth rate of the cloud began to increase to a greater extent than the September cloud,
which was attributed to strong multilevel directional and speed shear within the wind
field (Schneider et al., 1995; Searcy et al., 1998).
According to the satellite images and estimated cloud height, the February 19,
2001 Mt. Cleveland eruption lasted approximately 8 hrs and had a mass flux of 3.2 x 106
kg/s. The latter value is an order of magnitude smaller than the Mt. Spurr eruptions, yet
the overall cloud growth rate over a period of 38 hrs for Mt. Cleveland is only 30%
smaller. The relatively small eruption average growth rate of 1.7 x 103 km2/hr for Mt.
Cleveland can be explained by both the small eruptive mass flux and very light local
winds at the start of the eruption. The wind field vectors at three different levels at the
approximate start of the Mt. Cleveland eruption (Fig. 18a) and 24 hrs after (Fig. 18b)
were quite different. During the first several hours after the start of the eruption, the local
winds surrounding the volcano were < 15 m/s at all levels with high directional shear,
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which accounted for the small initial growth rate. After 24 hrs, the major weather front
passing through the region continued to push northeastward with a high degree of
directional and speed shear throughout all altitude levels, which accounted for the large
increase in areal growth rate and allowed the Mt. Cleveland cloud area to increase quite
drastically over time (Fig. 19). Due to the magnitude of shear in the local wind field, the
cloud area for the Mt. Cleveland eruption exceeded that of the 9/30/94 Kliuchevskoi
eruption, which had a mass flux that was twice as large (Fig. 18 and Table 4).
5.3 PUFF Model Parameter Analyses
The areal extent of the modeled ash particles depicted in the airborne ash
distribution maps is a function of the wind field characteristics and initial PUFF model
parameters, such as the number of particles released, eruption duration, diffusion
coefficient, and the particle size distribution. The diffusion coefficient and particle size
distribution was held constant for all simulations and will not be analyzed here. Figures
20a-c shows the results of varying the number of particles and eruption duration for up to
12 hours on three days in 1998 having distinct wind patterns (i.e. low to high shear and
wind speed) near Shishaldin volcano, Alaska. Simulated plume or cloud areas were
calculated and plotted as a function of time for up to 12 hrs at Shishaldin volcano on
Julian days 242, 268, and 292 by running 3,000, 10,000, and 100,000 particles while
varying the eruption duration between 1, 6, and 12 hrs for each particle size group. The
horizontal diffusion coefficient was held constant at 5,000 m2/s for all trials. According
to the results shown in Figure 20, the plume or cloud area increased with greater numbers
of particles and decreased with increasing eruption duration. For example, for Julian day
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242 (Figure 20b) 1-hr simulations using 3,000, 10,000, and 100,000 particles had final
plume or cloud areas of 2.2 x 105, 3.0 x 105, and 4.4 x 105 km2, respectively, while the 1,
6, and 12-hr simulations using 3,000 particles had final plume or cloud areas of 2.2 x 105,
1.7 x 105, and 1.2 x 105 km2, respectively. The direct relationship between plume or
cloud area and the number of particles and the inverse relationship between plume or
cloud area and eruption duration was also observed for Julian days 292 and 268 (Figures
20a and c). The data indicates that the eruption duration has a larger effect on the plume
area when compared to the number of initialized particles.
The simulated plume or cloud growth data shown in Figure 20 also shows the
effect of wind characteristics. Note the differences in the spread of the final plume or
cloud areas between the three selected days. The diffusion component played a larger
role in the plume or cloud growth rate on Julian day 292 (Fig. 20a), due to the relatively
low wind velocities with little or no directional shear (i.e. < 20 m/s at 250 mb). Julian
day 242 (Fig. 20b) was characterized by moderate winds (< 35 m/s at 250 mb) with a
relatively large amount of directional shear and therefore, the contribution to the area
growth from advection becomes more significant. Finally, Julian day 268 (Fig. 20c), was
characterized by unidirectional winds at most pressure levels and approached 45 m/s
causing the advection component to dominate. A comparison of the y-axes of the three
graphs suggests that the advection term and the spatial scale of the winds and the plume
or cloud are crucial in determining its total area and the rate at which area growth occurs.
Julian day 292 (Figure 20a) had the lowest overall plume or cloud area in all simulations
with similar rates of area growth between the three particle size groups, while Julian day
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268 (Figure 20c) had the largest overall area with close clustering of area growth rates
between the different particle size trial groups. The latter effect can be attributed to the
relatively high (-45 m/s) wind speeds and the unidirectional nature of the winds at most
pressure levels.
The results from varying only the eruption duration can be seen in Table 5, which
compares final plume and cloud areas when running 1, 3, and 6-hr and 1, 12, and 24-hr
simulations for three different volcanoes on Julian day 242, 268, and 292 of 1998. The
analysis showed that the final plume areas for the trials where the eruption duration
equals the total simulation time (sustained plume) were found to be an average of 17.48%
and 22.11% smaller than the 1-hr eruption duration case (discrete cloud) for the 6 and 24hr runs, respectively. The trials characterized as sustained plumes allow diffusion only to
act on the crosswind and vertical directions and on a smaller number of particles per
iteration time.
5.4 Vector Dispersion (Dv)
The following three sections (5.4-5.6) summarize the statistical analyses
performed on the PUFF simulations and provide some interpretation regarding its
meaning towards cloud dispersion and movement in the NOPAC region. Figures 21a and
b displays the temporal variation in vector dispersion for simulated plumes from
Redoubt, Shishaldin, Gareloi, Bezymianny, Avachinsky, and Alaid volcanoes. Figure
21a shows the

Dv
trends for 1994 and 2 months into 1995. According to the analyses,

Alaid and Avachinsky volcanoes produced plume simulations having high values of
between Julian days 30 and 75 and then falling to values between 0.6 and 0.5 for the
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remainder of 1994 (Fig. 21a). Bezymianny volcano stands out within the Kamchatkan
volcano group, undergoing three prominent cycles between Julian days 75-200. All three
volcanic regions displayed similar trends for the remainder of the year and underwent a
drastic average increase in dispersion values (0.75) at the end of the year and into 1995,
which suggests the wind fields during this time period experienced a large degree of
directional and/or speed shear (Fig. 6). For the Alaskan volcanoes, Shishaldin and
Gareloi show very similar trends in plume dispersion during the same time period, while
plumes from Mt. Redoubt experienced a high degree of variability in

between Julian

days 150-325. Simulated plumes from the three Alaskan volcanoes also experience an
increase in

Dv
at the end of 1994, with values for Gareloi volcano approaching 0.8 near

Julian day 25 in 1995.
Vector dispersion trends for most of 2000 and 6 months into 2001 are shown in
Figure 21b. Simulated plumes from the three Kamchatkan volcanoes show moderately
similar trends throughout this time period with all three volcanoes producing highly
dispersed plumes (i.e.

Dv
~ 0.8) at the end of 2000 and into 2001, which suggests

region of directional and/or speed shear existed over the Kamchatkan Peninsula during
that time period. The general trend in D vinto 2001 is an overall decrease with values
ranging between 0.55-0.65. For the Alaskan volcanoes, Mt. Redoubt again experienced
several prominent periods of high plume dispersion (~ 0.75), while Shishaldin volcano
had the least amount of variability in plume dispersion compared to Redoubt and Gareloi
volcanoes, with an average D vvalue slightly above 0.6. In contrast, Gareloi volcano
produced highly dispersed plumes (~ 0.85) between Julian day 350 of 2000 and during
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the first month of 2001, implying the wind fields during this time period over the Western
Aleutians experienced a large degree of directional and/or speed shear.
Table 6 shows the periodicity (in days) of prominent vector dispersion during
1994-1995 and 2000-2001 for the six representative volcanoes. For the Kamchatkan
volcanoes, the data suggests dispersion periodicity increased with latitude for both time
periods analyzed, while the Alaskan group of volcanoes showed no apparent trend. Mt.
Redoubt plumes experienced the highest dispersion periodicity of the three Alaskan
volcanoes during 1994—1995 with a high degree of dispersion occurring every 7.7 days.
Gareloi volcano had the second highest dispersion periodicity (8.8 days), while
Shishaldin volcano had the lowest during 1994-1995. The

„ data for 2000-2001

revealed a decrease in dispersion periodicity for all six analyzed volcanoes, when
compared to 1994-1995. For 2000-2001, Mt. Redoubt and Gareloi volcano produced
plumes having similar dispersion periodicities (-10.2 days) while plumes from
Shishaldin volcano again experienced less frequent prominent vector dispersion (13.6
days).
5.5 Mean Plume Directions
The 6 and 24-hr summer (Jun-Sep) and winter (Dec-Mar) mean plume directions
were calculated and plotted using kite diagrams for simulations from Redoubt,
Shishaldin, Gareloi, Bezymianny, Avachinsky, and Alaid volcanoes. Figures 22a-f show
the seasonal mean plume axis trends for the three representative Alaskan volcanoes over
a 6-hr period. For Gareloi volcano, the winter plume directions (Fig. 22a) tend to be
northeasterly, while the summer diagram (Fig. 22b) reveals a preferred trend towards the
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east. For Shishaldin volcano, located on the westernmost island of the Alaskan
Peninsula, plume-azimuth trends during winter (Fig. 22c) mostly fall within the NE
quadrant, and showed higher variability when compared to the winter azimuths for
Gareloi volcano. In contrast, the winds during the summer months produced higher
plume-azimuth frequencies to the east (Fig. 22d). A stronger contrast between seasons
exists for Mt. Redoubt. The winter diagram displays significant plume-azimuth trends to
the north (Fig. 22e), while the summer diagram reveals a greater amount of variability
and a less obvious preferred trend (Fig. 22f).
The 24-hr mean plume directions for the Alaskan volcanoes are more likely to
reveal overall daily preferred trends and less variability (Figures 23a-f). The plume
simulations for Gareloi volcano show stronger trends to the NE during winter (Fig. 23a)
and plumes trending more towards the east during summer (Fig. 23b), similar to the 6-hr
diagrams. After 24 hrs, plumes from Shishaldin volcano show near bimodal trends
mostly to the north and east for the winter season (Fig. 23c), while plume-azimuth
frequencies shifted more towards directions slightly south of east (Fig. 23d). For Mt.
Redoubt, the 6 and 24-hr diagrams are shown to be very similar (Figs. 23e and f),
implying wind directions are more constant over a 24-hr period.
Figures 24a-f shows the seasonal mean plume axis trends for the three
Kamchatkan volcanoes over a 6-hr period. For Bezymianny volcano, the winter diagram
illustrates highly variable plume-azimuth trends with a majority of the plumes falling
within the NE and NW quadrants (Fig. 24a), while the winds during the summer months
produced plumes that trended to the east (Fig. 24b). Similar to Bezymianny volcano, the
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winter mean plume directions for Avachinsky volcano (Fig. 24c) reveal highly variable
mean plume-azimuths with trends shifting to the east and SE during the summer (Fig.
24d). For Alaid volcano, plume-azimuth trends were easterly during both winter (Fig.
24e) and summer (Fig. 24f), with winter azimuths showing slightly higher variability.
Compared to the 6-hr mean plume directions, the 24-hr diagrams (Figs. 25a-f) showed
similar results.
5.6 Plume Distance Distributions
The kite diagrams described above reveal crucial information regarding preferred
trends of volcanic ash plumes or clouds in the NOP AC region, however they offer no
insight concerning the distances to which the plumes or clouds are capable of traveling.
Figures 26a-f shows the 6-hr maximum plume distance and corresponding vectors for the
simulated plumes from Redoubt, Shishaldin, Gareloi, Bezymianny, Avachinsky, and
Alaid volcanoes, note the azimuths for these vectors are not the mean plume axis for each
simulation. These plots show the distances and azimuths that create the outer contour
morphology (1-2.5% region) of the airborne ash distribution maps. Gareloi, Alaid, and
Avachinsky volcanoes produced the farthest plumes within the group of six volcanoes,
with all three generating similar maximum distances (-1,900 km). The remaining three
volcanoes, Bezymianny, Shishaldin, and Redoubt generated maximum distances of 1,400
km. Figures 27a-f show maximum plume distances and corresponding azimuths for the
24-hr simulations. Again, Alaid, Gareloi, and Avachinsky volcanoes produced the
farthest maximum distances (-4,900 km), while Bezymianny, Shishaldin, and Redoubt
volcanoes only generated maximum plume distances as far as 4,300 km.
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The maximum plume-distance histograms described below show the likely
distance a plume could travel after a given time period and the nature of the plumedistance distribution. Figures 28a-f show seasonal plume-distance histograms for the
three Alaskan volcanoes over a period of 6 hrs. For Gareloi volcano (Figs. 28a and b),
the seasonal modes and geometric mean indicate slightly longer plume distances occurred
during the summer. The higher skewness value (1.11) for the winter histogram was a
result of a greater number of shorter plume distances and a lesser number of rare, longer
plume distances, when compared to the summer. An analysis of the standard deviations
for the two seasonal distributions reveal the plume distances during the winter were
slightly more variable. Figures 28c and d show the 6-hr plume-distance histograms for
Shishaldin volcano, with similar modes and geometric means for the two seasons. Like
Gareloi, the Shishaldin winter plume-distance distribution shows a more positive
skewness and variability when compared to the summer. In contrast to Gareloi and
Shishaldin volcanoes, the seasonal distributions for Mt. Redoubt volcano (Figs. 28e and
f), reveal longer plume distances had occurred during the winter. The standard deviation
for the Mt. Redoubt plume distances indicated more variability during the summer, which
is in contrast to the results shown for Shishaldin and Gareloi volcanoes.
The plume-distance histograms for the 24-hr Alaskan simulations are shown in
Figures 29a-f. The seasonal plume-distance distributions for Gareloi volcano (Figs. 29ab) reveal the mode was larger during the summer months (1,700 km) when compared to
the winter (1,500 km). The geometric mean, however, is slightly higher during the winter
(1,903 km), a result of the more positive skewness and higher variability. The 24-hr
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seasonal distribution of maximum plume distances for Shishaldin volcano (Figs. 29c and
d) indicates the mode and geometric mean were greater during the winter when compared
to the summer. The skewness and standard deviation for Shishaldin volcano indicate that
a higher variability in plume distances occurred during the winter months. The 24-hr
seasonal histograms for Mt. Redoubt (Figs. 29e and f) show the skewness and standard
deviation for each season are quite similar, but like the 6-hr case the mode and geometric
mean signify longer plume distances occurred during the winter months.
Figures 30a-f show the 6-hr plume distance distributions for the three
Kamchatkan volcanoes: Bezymianny, Avachinsky, and Alaid. For Bezymianny volcano
(Figs. 30a and b), the distributions reveal similar winter and summer trends, with slightly
longer plume distances (geometric mean = 1,557 km) occurring in the summer. A
seasonal comparison of the standard deviations reveals slightly higher plume-distance
variability during the summer. For Avachinsky volcano, the 6-hr plume-distances were
longer in the summer (Fig. 30d), when compared to the winter (Fig. 30c). According to
the standard deviations, the variation in plume distances was higher during the summer
months, despite the similarity of the skewness values. Figures 30e and f show the 6-hr
plume-distance distributions for Alaid volcano. The seasonal mode values for Alaid
volcano suggest that the most occurring 6-hr plume distance is likely to approach a length
of 350 km (Fig. 30e and f). The standard deviations indicate slightly more plumedistance variability during summer.
The 24-hr plume-distance distributions for the Kamchatkan volcanoes are shown
in Figures 31a-f. For Bezymianny volcano, the winter and summer mode and skewness
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values are similar (Figs. 31a and b), however a comparison of the geometric means
suggests longer plume distances occur during summer. The standard deviations reveal
plume-distance variability is higher during the summer, a result of a greater number of
longer plume distances. For Avachinsky volcano, a striking contrast exists between the
seasonal distributions (Figs. 31c and d). The winter distribution is highly skewed (1.55)
with a large kurtosis (peakedness) compared to the summer. The modes are similar, but
because of the higher variability during the summer, the geometric means reveal longer
plumes are more likely to occur between Jun-Sep. The seasonal plume-distance
distributions and analyses for Alaid volcano (Figs. 31e and f) are similar to Avachinsky
volcano. The previous statistical analyses of seasonal variation in airborne ash
movement and dispersion at selected volcanoes in the North Pacific provide results
regarding plume dispersion frequency and the distribution of plume directions and
maximum distances. A summary of the previous statistical analyses, including seasonal
trends in wind speed, is shown in Table 7.
5.7 Airborne Ash Distribution Maps
The airborne ash distribution maps show the areal extent of simulated ash
particles from over 1,200 hypothetical eruptions using archive wind field data between
1994-2001. Logically, for sustained plumes, the highest airborne particle densities will
be near the volcano with particle density decreasing with distance from the source vent.
Figure 32a shows an example of a relative airborne ash density map after a period of 6
hrs. A profile across points of equal latitude is drawn by line CC’, and the resulting
histogram showing the longitudinal distribution of particle number density is depicted in
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Figure 32b. The zones are color coded showing changes in airborne ash particle densities
with the central red region having number density values that are >= 95% of the
maximum particle density value. Note that the maximum particle frequency within the
histogram (~ 157° W) is not actually centered over the location of the volcano, a
combined effect from the small horizontal diffusion associated with a sustained plume
near its source and the prevailing westerly winds over the volcano.
The locations of several towns/airports have also been included on each map,
which range from relatively large cities like Anchorage, AK, and Petropavlosk,
Kamchatka to very small Alaskan towns, such as Cold Bay, Barrow, and King Salmon,
AK. For clarity, not all towns having airports were plotted on the maps. Towns such as
Kenai, Seward, and Dillingham, AK all have airports and may be just as likely to
encounter airborne ash as the featured towns/airports. The towns that are featured were
simply chosen to represent their respective geographic regions.
5.7.1 Alaskan Volcanoes
Figures 33a and b show the 6 and 24-hr relative airborne ash distribution maps for
Redoubt volcano. The 6-hr map (Fig. 33a) reveals at least five Alaskan towns/airports,
including Fairbanks to the north, lie within the 5-10% contoured region or higher.
According to the particle distribution, the atmosphere over Anchorage (NE of the
volcano) experiences the most airborne ash from Redoubt, which falls within the 85-90%
contoured region. Because of the prevailing southwesterly winds (Fig. lOf), the
town/airport of Homer (SE of the volcano) is only located within the 75-80% contoured
region, despite being closer to the volcano. Most of the Yukon Territory east of the
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volcano encounters smaller relative densities (1-2.5%) of airborne ash. Due to a
majority of the plume simulations having azimuths in a northeasterly direction, the 95100% contoured region is offset to the NE and not centered over the volcano. The outer
contour morphology (1-2.5%) implies plumes to the east have traveled farther distances,
while the inner contour morphology (> 2.5%) suggests many simulations had trends in
more northerly and easterly directions. The dotted ellipse represents the maximum extent
of airborne ash. After 24 hrs (Fig. 33b), the regions over the same five Alaskan
towns/airports may encounter a larger amount of airborne ash located at least within the
20-25% contoured region. The area encompassing the outer 1-2.5% contoured region is
quite large, and reaches as far west as the Aleutians and Chukchi Peninsula, Russia and
as far east as western Canada and North Dakota, Colorado, and California in the lower
contiguous United States. The contour morphologies for the 24-hr map are similar to
those described for the 6-hr map.
The 6 and 24-hr maps for Shishaldin volcano are shown in Figures 34a and b,
respectively. The 6-hr map (Fig. 34a) indicates the relative ash particle density over the
town/airport of Cold Bay (NE of the volcano) is 95-100%, while the town/airport of
Dutch Harbor falls within the 30-35% contoured region, a result of the town’s locations
and the prevailing westerly winds (Fig. lOe) surrounding the volcano. The inner (> 50%)
and outer (< 50%) contour morphologies, as well as the shape of the maximum particle
boundary (dotted ellipse), suggest a large number of plume simulations have trends to the
north and southeast. The 95-100% contoured region is offset to the northeast due to the
local prevailing winds. The inner and outer contour morphologies of the 24-hr map (Fig.
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34b) are quite elliptical and show a stronger trend to the E-SE with at least eight of the
featured Alaskan towns/airports located within the 2.5% contoured region or higher. The
map shows ash reaching as far west as the Kamchatkan Peninsula and as far southeast as
Washington, Oregon, and California in the lower contiguous United States.
The 6 and 24-hr ash distribution maps for Gareloi volcano are shown in Figures
35a and b, respectively. According to the 6-hr ash distribution map (Fig. 35a), the
relative ash particle density is 95-100% over the town/airport of Adak (100 km E of the
volcano), while the town/airport of Atka (250 km E of the volcano) falls within the 6065% contoured region. The eastward offset of the central contoured region indicates
westerly wind directions are common (Fig. lOd), while the outer contour morphology
reveals a few rare, far-reaching plumes had trends to the southeast. The inner contour
morphology is quite circular, suggesting a higher variability in wind direction proximal to
the volcano. The extent of airborne ash shown in the 24-hr map (Fig. 35b) covers a very
large area, affecting all featured towns/airports and reaches as far south as the Hawaiian
Islands. The inner contour morphology is highly elliptical and reveals a stronger trend to
the east during a 24-hr period, however the contoured regions showing < 50% relative
ash density still remain quite circular.
The Kiska airborne ash distribution maps (Figs. 36a and b) are quite similar to
Gareloi, a result of only 200 km distance separating the two volcanoes. For the 6-hr
distribution map (Fig. 36a), the towns/airports of Adak and Atka (~ 500 km east of the
volcano) are located within the 25-30% and 5-10% regions, respectively suggesting the
atmosphere over Adak may encounter more airborne ash from Kiska volcano, when
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compared to the location of Atka. Like Gareloi, the inner contour morphology is very
circular, suggesting a high variability in wind direction proximal to the volcano with a
slight eastward elongation. The outer 1-2.5% region implies a few long-distance plumes
traveled to the south of the volcano. The relative ash density contours of the 24-hr ash
distribution map for Kiska (Fig. 36b) show a strong trend to the east, evident from both
inner and outer contour morphologies. In this case, the relative ash densities are 40% and
25% over the towns/airports of Adak and Atka, respectively. The outer 1-2.5%
contoured region extends as far south as the Hawaiian Islands.
5.7.2 Kamchatkan Volcanoes
Figures 37a and b displays the 6 and 24-hr ash distribution maps for Bezymianny
volcano. The 6-hr map (Fig. 37a) shows the town of Kliuchy is only 65 km to the north,
and falls within the 95-100% contour, while the other major town/airport within the
peninsula, Petropavlosk, falls within the 5-10% region. The outer contour morphology is
elliptical, with a NW-SE long axis. The inner contours, however, are moderately skewed
towards the east due to the local prevailing winds (Fig. 10a), which causes the 95-100%
contoured region to be slightly offset from the volcano. The relative ash density contours
shown in the 24-hr map (Fig. 37b) show a stronger eastward trend, with the town of
Kliuchy again falling within the 95-100% contoured region. The atmosphere over many
of the featured towns in the Aleutians and Alaskan Peninsula encounters at least 1-2.5%
of the maximum particle density after 24 hrs.
The 6 and 24-hr ash distribution maps for Avachinsky volcano are shown in
Figures 38a and b, respectively. The town/airport of Petropavlosk, which is only 32 km
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from the volcano with a population near 150,000, is located within the 85-90% contoured
region after 6 hrs (Fig. 38a). The inner contours are circular about the volcano,
suggesting highly variable wind directions within a 6-hr time period, while the irregular
shape of the outer 1-2.5% contoured region is due to a few rare, long distance plumes to
the west, south, and southeast. For the 24-hr map (Fig. 38b), the town of Petropavlosk
now falls within the 90-95% contoured region, while the town to the north, Kliuchy,
experiences as much as 25-30% of the maximum ash particle density. The inner and
outer contour morphologies reveal a stronger trend to the east than the 6-hr airborne ash
particle distribution.
Figures 39a and b show the 6 and 24-hr ash distribution maps for Alaid volcano.
According to the 6-hr map (Fig. 39a), the town of Petropavlosk falls within the 40-45%
contoured region. Both the inner and outer contour morphologies are circular, with a
slight skewness to the east, suggesting variable wind directions near the volcano within a
6-hr period. The 24-hr map (Fig. 39b) reveals the outer contoured region is highly
skewed towards the east and encompasses a very large area, due to high wind speeds that
often occur at the lower latitudes within the North Pacific (Figs. 10-12). The inner and
outer contour morphologies indicate a strong eastward trend. The towns of Petropavlosk
and Kliuchy fall within the 50-55% and 5-10% regions, respectively. The absolute
maximum extent (dotted ellipse) nearly reaches Juneau, AK, the town/airport that is
located furthest east on the map.
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7.3Regional Map (Cook Inlet)

Figures 40a and b show the 6 and 24-hr ash distribution maps, respectively for the
Cook Inlet region, which include from north to south Spurr, Redoubt, Augustine, and
New Trident volcanoes. Despite New Trident volcano having the highest eruption
frequency of the four volcanoes and therefore the most strongly weighted, the 95-100%
region is more centered over Redoubt and Augustine volcanoes (Figs. 40a and b), a result
of the close proximity of the volcanoes and prevailing southwesterly winds within the
Cook Inlet region. According to the 6-hr map (Fig. 40a), four Alaskan towns/airports are
at least located within the 40-45% contoured region. The atmosphere over Homer is
more likely to encounter airborne ash from these volcanoes, when compared to the other
featured towns/airports because of its close proximity to the four-selected volcanoes and
the prevailing winds within Cook Inlet. The area within the 1-2.5% contour in the 24-hr
map for the Cook Inlet region (Fig. 40b) is quite large and includes all of Alaska, the
western half of Canada, several states in the lower contiguous United States, and suggests
airborne ash is capable of reaching as far north as 80°. The inner contour morphology
suggests a stronger trend towards the east and southeast, while the southern boundary of
the outer 1-2.5% contoured region is highly irregular due to more rare plumes traveling
to the south.
5.7.4 Regional Map (Alaskan Peninsula)
The Alaskan Peninsula is represented by six active volcanoes, which include from
east to west Veniaminof, Pavlof, Shishaldin, Akutan, Okmok, and Cleveland. For the 6hr airborne ash distribution map (Fig. 41a), the 95-100% contoured region is centered
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over Pavlof, Shishaldin, and Akutan, which are the three most active Alaskan volcanoes
and have the highest eruption frequencies of the group of six volcanoes (Table 1).
According to the ash distribution after 6 hrs, as much as 95-100% of the maximum
particle density occurs over the town/airport of Cold Bay, while Dutch Harbor is located
within the 90-95% contoured region. This suggests that because of prevailing westerly
winds and its location relative to the selected 6 volcanoes, the atmosphere over Cold Bay
is more likely to contain airborne ash, when compared to the other towns/airports shown
in the figure. The inner contour morphology (> 50%) of the 24-hr map (Fig. 41b)
indicates a stronger trend towards the north and east due to the prevailing westerly winds
within that region. As a result, the eastern most boundary of the outer 1-2.5% contour is
capable of reaching a moderate portion of the northwestern contiguous United States.
Similar to the 6-hr ash distribution map, the atmosphere over Cold Bay and Dutch Harbor
is more likely to experience airborne ash.
5.7.5 (Regional Map) Kamchatkan Peninsula
The Kamchatkan Peninsula is by far the most active volcanic region in the North
Pacific, and contains six out of the region’s top ten most active volcanoes (Table 1). The
volcanoes representing the Kamchatkan Peninsula are, from north to south, Sheveluch,
Kliuchevskoi, Bezymianny, Tolbachik, Karymsky, Zhupanovsky, Avachinsky, Gorely,
Mutnovsky, and Alaid. According to the 6-hr airborne ash distribution (Fig. 42a), the
towns of Kliuchy and Petropavlosk fall within the 90-95% and 80-85% contours,
respectively. Kliuchevskoi, Bezymianny, and Karymsky have the greatest effect on the
area and morphology of the inner 95-100% contour, which extends as far south as

63

Karymsky volcano because these volcanoes are the three most active volcanoes in the
Kamchatkan and NOPAC region, and therefore the most highly weighted. The inner and
outer contour morphologies of the 24 map (Fig. 42b) show a much stronger trend towards
the E-SE when compared to the 6-hr map, with as much as 20-25% of the maximum ash
particle density encompassing the entire peninsula after 24 hrs.
The relative ash density maps reveal the areal airborne ash distribution from
volcanic eruptions, which can be related to the geographic locations of populated
towns/airports on the ground. Table 8a and b summarize the individual and regional
relative ash density values, respectively over the featured towns/airports in the NOPAC
region. The values in Table 8a result from the relative amount of airborne ash from
individual volcanoes after a 24-hr period (Figs. 33-39b). According to the data, the
atmosphere over all 14 of the featured towns/airports may contain airborne ash from
eruptions at Kiska, Gareloi, Shishaldin, and Redoubt volcanoes. Airborne volcanic ash
from eruptions at Mt. Redoubt is distributed to a greater degree over the towns/airports
shown based on the distribution of airborne volcanic ash and the geographic locations of
the featured towns/airports.
Table 8b shows similar information, however these data values were derived from
the relative airborne ash densities over the featured towns from the regional maps
(Figures 40-42b). The data in Table 8b may be more representative of the potential
airborne ash hazards that exist for each town/airport since the airborne ash distribution
from the region’s 22 most active volcanoes was taken into account. Although a regional
map was not created for the Western Aleutians, the Western Aleutian data values shown
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in Table 8b were derived from the average relative ash density values from the Kiska and
Gareloi 24 ash distribution maps. Of the towns/airports shown, the data suggests Cold
Bay, AK is the most likely town in the North Pacific region to have airborne ash pass
over it, followed by Dutch Harbor, AK, Kliuchy, Kamchatka, Homer, AK, and Adak,
AK, a result of their geographic locations, the eruption frequency of the surrounding
volcanoes, and local prevailing winds.
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6.0 DISCUSSION
6.1 WindField Data
A concern of this project was whether or not the relatively small subset of
archived wind field data between 1994-1995 and 1997-2001, utilized to provide the
advection term for the PUFF plume simulations, could represent the diversity of the
winds within the North Pacific region. As explained below, these 7 years of wind field
data seems to contain enough variability to represent the wind characteristics in the North
Pacific. Similarities in wind speed contour locations are evident when comparing the
mean 250 and 400-mb wind speeds of the 7-yr data (Figs. 11 and 13) to the 52-yr mean
(1949-2001) wind speeds (Figs. 12 and 14). Slight differences in wind speed can be seen
for both pressure levels, with slightly higher wind speeds (1-2 m/s) during 1994—2001 to
the north during winter (Figs. 11 and 13a). Also, the 7-yr period during 1994-2001, the
maximum summer wind speeds associated with the Polar jet core extended over a wider
area south of the Aleutian volcanic arc (Figs. 11 and 13b) when compared to the 52-yr
mean, which only slightly affected wind speeds further north.
A quantitative comparison between 250 and 400-mb mean wind speeds for an
entire year is shown in Figures 43a and b. Figures 11-14 only show the mean 250 and
400-mb wind speeds during winter (Dec-Mar) and summer (Jun-Sep). According to the
results shown in Figure 10, however, some of the highest wind speeds occur during SepDee, a period of time not considered in the qualitative seasonal comparison above.
Figures 43a and b show the 250 and 400-mb mean wind speed difference between the 7yr data set (1994-1995 and 1997-2001) and the 52-yr mean, respectively for all 12
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months of the year. There are small differences between the winter and summer data
sets, which indicate 250-mb wind speeds during 1994-2001 were only 1.6 m/s higher in
regions to the southeast of the Kamchatkan Peninsula and in the southeast comer of the
North Pacific (Fig. 43a). Regions having 250-mb wind speed differences near -0.4 to 0.6 indicate mean wind speeds during 1994-2001 were slightly lower in these areas when
compared to the 52-yr mean. Similar results were observed for the 400-mb level (Fig.
43b). The close similarities between the 7-yr wind data set and the 52-yr mean give
credibility to the airborne ash distribution maps and corresponding statistical analyses.
The NCEP/NCAR AVN-A wind field data used for this project has become more
accurate during the last 10 years (Section 2.2). The quantity and validity of the data
incorporated into the model, however, may not have increased over the same time period.
The frequency and distribution of upper air/wind measurements within regions over the
Kamchatka Peninsula and Bering Sea (north of the Aleutian volcanic arc) is poor (Fig. 3).
These gaps would have an obvious negative effect on the accuracy of any wind field
model over these regions and, therefore, any modeled volcanic eruptions regardless of the
ash dispersion model used (i.e. PUFF, CANERM, VAFTAD).
6.2The PUFF Model
Although the PUFF model has been shown to be quite accurate in simulating ash
particle movement in space and time, problems arise when attempting to quantitatively
compare plume or cloud areas generated by PUFF to those calculated from satellite
images. The sensitivity, viewing conditions (i.e. scan angle and atmospheric moisture),
and spatial and spectral resolutions of the sensor, as well as the grain size distribution and
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physical characteristics (i.e. ice or moisture coated and ash composition) of the volcanic
particles all determine how accurately a volcanic cloud is observed in satellite images,
which therefore affect the planar area of the cloud (Schneider et al., 1995; Simpson et al.,
2000).

Several input parameters within the model may affect the areal distribution of the
simulated cloud or plume, which include the eruption duration (Section 5.4), the number
of simulated particles (Section 5.4), horizontal and vertical diffusion coefficients, the
initial column height, and the mean grain size and standard deviation of the simulated
particles. Any number of combinations of values for these input parameters may give the
user a close physical match of the modeled plume or cloud to the eruption cloud observed
in satellite images. Tuning these input parameters to allow the modeled plume or cloud
to match the morphology of the actual eruption cloud may not imply the values the user
has chosen are correct. This project is concerned with the relative spatial differences
between plume simulations and not comparing satellite images to PUFF model runs. As
a result, input parameters used in the plume simulations analyzed here, such as the
number of simulated particles, diffusion coefficients, and particle size distribution, can be
chosen logistically.
Even if the start time, plume height, grain size distribution, and eruption duration
are known the diffusion coefficient is not. Currently, the PUFF model allows an initial
value for the horizontal diffusion coefficient, which remains constant throughout the
entire length of the simulation. The amount of diffusion within a plume or cloud is a
function of its spatial scale, the spatial scale of the eddies within the overall wind pattern,
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the magnitude of directional and speed shear, the particle density of the plume or cloud,
and the time scale over which the plume or cloud travels. Knowing estimates for such
variables during a volcanic emption crisis is unlikely. Even if these parameters are
known, the diffusion rate of particles within a plume or cloud is not constant. Thus,
setting the diffusion coefficient to a single initial value at the beginning of the simulation
provides a relative depiction of plume or cloud area and any quantitative plume or cloud
area comparisons between PUFF model output and satellite images may be suspect.
The default horizontal diffusion coefficient is set to a rather large value of 20,000
m2/s because the PUFF model was designed as an operational ash-movement forecasting
tool. Quantitative comparisons, however, indicate that this diffusion coefficient value
must be decreased by nearly an order of magnitude to visually match North Pacific
volcanic plumes or clouds observed in satellite images (Searcy et al., 1998). These
comparisons have shown that simulated eruptions using a horizontal diffusion coefficient
of 1,000-3,000 m2/s best matched a majority of plumes or clouds observed in satellite
images that are less than 6 hrs old (hundreds of km from source), while a coefficient of
3,000-20,000 m2/s best matched plumes or clouds observed in satellite images that are
less than 24 hrs old (thousands of km from source), which correlate well with the findings
of Pasquill and Smith (1983) and Gifford et al., (1988). Ludwig (1982), however, has
shown that obtaining estimates of plume growth rates based on plume travel time can
lead to errors, hence the need for a wide range of values for the 24-hr cases. A power law
or adjusting the magnitude of the diffusion as a function of wind speed may better
describe the diffusion rate rather than a linear function.
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The rate of growth for a discrete cloud release is directly related to the size of the
cloud (Richardson,, 1926), which is illustrated in Figures 44a-c (after Slade, 1968).
When the discrete cloud is small relative to the spatial scale of the dominant surrounding
motions of the flow field, the cloud is often transported en masse undergoing only slight
deformations at its edges (Fig. 44a). A second case (Fig. 44b) describes the situation
when the spatial scale of the flow field is similar to that of the cloud, resulting in rapid
deformation, mixing, growth, and dilution. Third, when the cloud is much larger than the
spatial scale of the dominant flow field, the discrete cloud will typically experience slow
dilution and growth at its boundaries (Fig. 44c). In contrast, for a sustained plume
dominant flow field motions larger than the dimensions of the plume often transport the
plume intact, known as meander (Fig. 44d), while smaller motions simply act at the
boundaries causing further mixing and dilution to occur (Fig44e). The differences in
dispersion for the scenarios described in Figure 44 partly account for the plume or cloud
area differences observed in the eruption duration parameter analysis described in Section
5.4. The 1-hr eruption duration case should be defined as a “discrete cloud”, while the
12-hr case is a “sustained plume”. Diffusion on these two types of releases acts quite
differently. For the discrete cloud, diffusion is allowed to act about its center of mass
diluting the plume along the crosswind, along-wind, and vertical directions. Diffusion of
the sustained plume case is a two-dimensional process in the crosswind and vertical
directions, with along-wind expansion becoming negligible (Batchelor, 1949; Batchelor,
1950; Boybeyi, 2000).
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An initial parameter test of the PUFF ash-dispersion model showed that when the
diffusion coefficient is held constant, the simulated plume or cloud area is a function of
the number of particles and the eruption duration for a given simulation. This result,
coupled with the ability to change other input parameters, which may alter the simulated
plume or cloud area, demonstrates the complexity of attempting to quantitatively
compare simulated plumes or clouds to those observed in satellite images, despite the
model’s qualitative ability to accurately predict airborne ash dispersion and movement.
The PUFF ash-dispersion model does not currently incorporate eruption column
dynamics and source physics. However, several researchers within the Remote Sensing
group at the Geophysical Institute, University of Alaska, Fairbanks, along with others,
plan to use a duplicate version of PUFF strictly for research purposes. A statistical
analysis on the effects of the input parameters is currently being carried out. A much
better understanding of the model's sensitivity to the number of particles, horizontal and
vertical diffusion coefficients, particle size distribution, and eruption duration is needed.
The next step may be to utilize the PUFF ash-dispersion model to produce ground
or fallout distribution maps similar to those generated by Hurst and Turner (1999) and
Turner and Hurst (2001). However, if PUFF is to be used for fallout prediction the grain
size distribution must be set to more realistic values, in which case the form of the
terminal fall velocity equation becomes crucial. The model currently assumes Stoke's
settling for all of the particles during a given simulation. This may be adequate for
particles having sizes less than 100 microns, however the falling of larger particles are
not characterized by such a laminar flow regime and different equations are necessary to
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describe their terminal fall velocities. Since the current form of PUFF is only concerned
with the airborne movement of ash, the model artificially skews the particle grain size
distribution towards the "fines" (1-100 microns), thus validating the use of the Stoke's
equation.
6.3 Distribution and Movement o f Airborne Ash
The airborne ash relative density maps provide information regarding the travel
directions and spatial extent of volcanic ash clouds in the NOPAC region. Figure 45
shows the total planar area within the 1-100% contours for each respective volcano,
which was calculated using the 3-D Analyst add-on package for ArcMap 8.1®. Alaid and
Gareloi volcanoes produced the largest planar areas for both 6 and 24-hr cases due to the
high 250-mb wind speeds associated with the Polar jet stream at the latitudes near these
volcanoes (Figs. 10-14), which causes ash plumes or clouds to travel farther distances
when compared to other volcanoes in the North Pacific. Since 22% of the simulated
plumes for Alaid volcano were modeled up to 16 km (Table 1), the large 6 and 24-hr
airborne ash distribution areas for Alaid volcano are most likely a function of the wind
speed. According to Table 1, 50% of the simulated plumes from Gareloi volcano were
modeled up to 16 km. This, coupled with the highest wind speeds within the region,
accounts for the largest total planar ash distribution area amongst the six analyzed
volcanoes (Figure 45). Similar to plume distances, the areas shown in Figure 45 suggest
total airborne ash distribution area decreases with increasing latitude for the Kamchatkan
volcanoes and decreases with increasing longitude for the Alaskan volcanoes. The
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correlation coefficient between wind speed and the planar ash distribution areas was 0.89
(Figure 46).
The eruption characteristics for each of the volcanoes analyzed (Table 1) had a
serious effect on the particle distribution shown in the airborne ash distribution maps
since they were used as weighting criteria in the analysis. The eruption characteristics
are based on data for the last 100 years. Had the 55-yr data been used only slight changes
in the eruption frequency and average plume height was observed in most cases (Table
1). Some exceptions were Gorely, Avachinsky and Gareloi volcanoes, which had up to
20% differences in the eruption characteristics between the two data sets. For example,
50% of the plume simulations at Gareloi volcano were modeled up to 16 km according to
the 100-yr eruption statistics, while only 33% of the plumes would have been modeled up
to 16 km had the 55-yr values been used. This would have likely decreased the airborne
ash distribution area and plume distances for Gareloi volcano allowing a smaller number
of plumes to be modeled up to and above the higher wind speeds associated with altitudes
near the tropopause.
The quantitative effect of plume height on mean plume direction and plume
distance distributions is shown in Figure 47, which compares plume distance and mean
azimuth distributions between Mt. Augustine and Redoubt volcanoes. As expected, the
seasonal mean plume-azimuth distributions for each volcano shown by the kite diagrams
(Fig. 47c, d, g, and h) are similar because the volcanoes are only separated by 130 km
distance, and would experience similar meteorological patterns above the volcano. A
comparison between the modes and geometric means of the plume distance distributions
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(Fig. 47a, b, e, and f), however, indicate plume simulations from Mt. Redoubt traveled
farther distances when compared to the Mt. Augustine simulations, despite the relative
close distance between the two volcanoes. This observation can be attributed to the fact
that 87% of the modeled plumes from Mt. Redoubt had maximum plume heights of 16
km, while only 43% of the modeled eruption plumes from Mt. Augustine had maximum
plume heights of 16 km. The larger number of plumes from Mt. Redoubt simulated up to
16 km led to longer plume distances, a result of higher wind speeds at higher altitudes.
The distribution of airborne ash, plume direction distributions, and the geographic
locations of the volcanoes relative to the North Pacific air-traffic routes suggest that
eruptions from volcanoes along the Kamchatkan Peninsula are potentially more
hazardous to aircraft flying within the North Pacific region. This is compounded by the
fact that 6 of the top 10 most frequently erupting volcanoes in the North Pacific are
located in the Kamchatkan Peninsula (Table 1). The results also indicate that active
Alaskan volcanoes such as Gareloi and Kiska are potentially more hazardous to aircraft
within the North Pacific region when compared to other Alaskan volcanoes due to their
close proximity to major air traffic routes and the regional wind patterns near these
volcanoes. Schneider et al. (1995), however, have shown that the eruption cloud from an
Alaskan volcano is capable of disrupting air traffic well outside the geographic
boundaries of the North Pacific.
The danger a volcanic eruption may pose on aircraft is a function of (1) the height
of the eruption, (2) the eruption duration, (3) the grain size distribution, (4) the wind
characteristics at the time of the eruption, and (5) the geographic location of the volcano
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relative to air-traffic routes. The September, 1992 eruption of Mt. Spurr and the
February, 2001 Mt. Cleveland eruption were two particular cases which led to major
disruptions of air traffic (Casadevall and Krohn, 1995; Dean et al., 2002). During both
cases, the size of the eruption cloud was small relative to the spatial scale of the dominant
surrounding motions of the flow field (Fig. 44a), which allowed the cloud to remain en
masse and sustain little diffusion over a large distance from the volcano over a period of
3 days (Schneider et al. (1995); Dean et al., 2002).
6.4 Dispersion Statistics fo r Simulated Ash Plumes
According to the results shown in Figure 6, fluctuations in

vimply changes in

the stability of the atmosphere. The magnitude of these fluctuations may result from
different sets of conditions. A simulation resulting in a very high value of

suggests

that a high degree of directional and/or speed shear exists over that region, which could
imply a stationary cyclone/anticyclone or a cyclone/anticyclone is passing directly over
the location of the volcano (Fig. 6a). As the low/high pressure system passes overhead,
the volcano is now situated under the outer edge of the cyclone/anticyclone and, the
situation might look like that in Figure 6b. Sickmoller et al. (2000) have shown that
stationary cyclones are the most common type of system in the NOPAC region, occurring
more often than zonal (east-west) and NE-trending cyclones and have the highest
wintertime densities over the Kamchatkan Peninsula and the Gulf of Alaska. Their study
also showed that NE-trending cyclones most often occur over the Western and Central
Aleutians (50°-60° N, 170°E-160° W), as well as the Gulf of Alaska, while zonaltrending cyclones have the highest densities further to the south (40° N). The density,
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geographic location, and movement of these cyclones throughout the NOP AC region play
a key role in the movement and dispersion of volcanic ash clouds. Values of D vbetween
the end member cases shown in Figure 6 can occur and can result in very complex wind
patterns and weather conditions (Figs. 18a and b), which may or may not be related
specifically to a major low or high-pressure system.
Eruption plumes from Mt. Redoubt experiencing a high degree of variability in Dv
may be caused by the presence of stationary cyclones in the Gulf of Alaska, known as the
semi-permanent Aleutian Low. Large increases in dispersion for simulations originating
from Gareloi volcano are most likely due to zonal or NE-trending cyclones, according to
the results of Sickmoller, et al. (2000). Table 6 shows the periodicity of prominent vector
dispersion for the Alaskan volcanoes. According to Sickmoller et al. (2000), the region
over Cook Inlet experiences a high cyclone number density, suggesting that plumes from
Mt. Redoubt should experience the highest periodicity of the three Alaskan volcanoes,
which is the case for 1994—1995 with a high degree of horizontal dispersion occurring
every 7.7 days. This is a function of higher densities of both stationary and NE-trending
cyclones within the Gulf of Alaska related to the semi-permanent Aleutian Low. Gareloi
volcano had the second highest periodicity (8.8 days) due to the strong effect from NEtrending cyclones and moderate effects from stationary and zonal type cyclones, while
the location of Shishaldin is such that its surrounding region is only moderately affected
by all three types of cyclones.
The previous analyses of vector dispersion indicate (1) distinct increases in plume
dispersion may occur during December and on into January of the following year, (2)
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vector dispersion periodicity increases with latitude for the Kamchatkan region, and (3)
prominent plume dispersion occurs more often from volcanoes within Cook Inlet (Gulf of
Alaska) and the western Aleutians, and to a lesser extent from volcanoes within the
Alaskan Peninsula. The results suggest that higher periodicities in plume dispersion
occurred during 1994-1995 when compared to 2000-2001, especially for the Alaskan
region. Due to the limited temporal coverage of the data set, one can only speculate if
these observations are the norm. Sickmoller et al. (2000) has shown that North Pacific
cyclones lasting longer than three days have been decreasing in number by about 6 per
decade, which compares well with the dispersion periodicity results for the Alaskan
volcanoes shown in Table 6. Because the periodicity of dispersion over the Kamchatkan
Peninsula only slightly decreased from 1994 to 2000, this may imply only a significant
decrease in zonal and NE-trending cyclones occurred but not stationary cyclones, the
latter of which have a larger effect over the Kamchatkan Peninsula.
Graham and Diaz (2001) analyzed winter cyclones in the North Pacific using
NCEP/NCAR Reanalysis data for 1948-1998. In contrast to the results of Sickmoller et
al. (2000) and this project, their results suggest the frequency of intense cyclones is
increasing at a linear rate of 0.21 cyclones per year, although substantial year-to-year and
decadal variability was observed. According to Graham and Diaz (2001), factors
affecting cyclone periodicity and number density in the North Pacific may include (1) sea
level pressure, (2) changes in the Pacific Decadal Oscillation, (3) increasing uppertropospheric zonal winds between 25° and 40°N, (4) changes in tropical sea surface
temperatures, and (5) manifestations of natural climate variability. Long-term
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meteorological patterns in the North Pacific are not well understood and any of the latter
five possibilities may have been a factor causing the increase in dispersion periodicity
from 1994-2000. More than two years of analysis are needed to better understand the
role North Pacific cyclones play in the dispersion of airborne volcanic ash.
6.5 Ramifications o f the Airborne Ash Distribution Maps
The airborne ash distribution maps provide information regarding the distribution
and extent of airborne volcanic ash from hypothetical eruptions from active North Pacific
volcanoes after a 6 and 24-hr period. Although some volcanoes, such as Redoubt and
Spurr or Kliuchevskoi and Bezymianny, are geographically close to one another, the
potential ash output of each of these volcanoes must be considered in order to obtain a
realistic ash distribution map of their respective regions within the North Pacific. The
particle number density percentages are relative, and are based on the number of
simulations modeled, the eruption characteristics of each of the volcanoes, regional wind
characteristics, the initial PUFF model parameters chosen, and the time after which the
distribution is viewed. Hence, the relative ash density values over the selected
towns/airports shown in Table 8 are also relative and do not signify the probability of
encountering airborne ash. As shown in Table 8, Anchorage, AK fell within the 90%
contoured region for the Redoubt volcano ash distribution map. Again, this does not
imply that after a given eruption from Redoubt volcano the atmosphere over Anchorage,
AK will encounter 90% of the airborne ash, nor does it imply that 90% of the historic
eruptions from Redoubt volcano sent ash over Anchorage. The amount of airborne ash
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encountered over Anchorage from a given eruption of Redoubt volcano is dependent on a
large number of meteorological and volcanological factors.
The interpretation of the results shown in Table 8 is that after 24 hours the
atmosphere over Anchorage, AK is more likely to encounter airborne volcanic ash from
an eruption of Redoubt volcano when compared to the other towns listed. The relative
ash density percentage associated with a given town/airport is dependent on the distance
between the town and the volcano and the regional wind characteristics. Table 8
indicates that the town of Homer has a relative ash density value of 80%, which is less
than the value for Anchorage (90%), and yet Homer is closer to the volcano by
approximately 60 km. This shows that in certain cases the wind characteristics may play
a larger role than the distance between the volcano and the town.
The airborne ash distribution maps and mean plume direction and plume distance
analyses can be used to provide airborne ash hazard mitigation for the North Pacific
region. Figure 1 shows a majority of the NOPAC air routes are located directly over
many of the active volcanoes within the region. The results from this project may
provide a means to create more efficient, and less hazardous, air traffic routes and
perhaps reveal more logical locations for new airports and runways, both within and
outside the North Pacific region. Using similar gridded wind field data and volcanic ash
dispersion models, the techniques utilized in this project could be applied to other regions
where aircraft along heavily traveled routes may encounter airborne volcanic ash, such as
the airspace over Japan, Malaysia, the Philippines, and Papua New Guinea.
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7.0 CONCLUSIONS
This project presented an analysis of the modeled movement and dispersion of
airborne volcanic ash within the North Pacific region. The distribution and extent of
airborne ash from active volcanoes in the North Pacific was successfully mapped using
the Puff ash-dispersion model and gridded wind field data. The PUFF ash-dispersion
model cannot only be utilized operationally during an eruption crisis, but can also be used
as an effective research tool. The airborne ash distribution maps and the plume direction
and distance analyses provide critical information regarding the potential distribution of
airborne ash in the NOPAC region, and may be useful of planning future aircraft routes
and airport locations. The main objective was to provide additional airborne ash hazard
mitigation to airlines and towns/airports within the North Pacific by analyzing wind
patterns and volcanic eruption characteristics within the region. Although only one
encounter with an aircraft and airborne volcanic ash has occurred in the North Pacific to
date (Miller and Casadevall, 2000), the results imply that future encounters between
aircraft and volcanic eruption clouds could be further prevented if the North Pacific air
traffic routes were moved further north within the region between 55°-65° N latitude.
This may be possible with more fuel-efficient and longer-range aircraft currently in
development (Domheim, 2001; Smith, 2001).
The seven-year analysis period consisting of wind field data between 1994-1995
and 1997-2001 included anomalous atmospheric events (i.e. ENSO). Trends in the 7-yr
data set were similar to the long term, 52-yr mean, thus validating the use of the smaller
data set to represent average NOP AC meteorological conditions. Unexpectedly,
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similarities in the mean 250 and 400-mb wind speeds between the 7-yr data set utilized
for this project and the 52-yr mean gave credibility to the usage of the smaller data set.
Wind speeds, and thus eruption plume travel distance, are latitude dependent over the
Kamchatkan Peninsula, while wind speeds over the Aleutians, Alaskan Peninsula, and
Cook Inlet are longitude dependent. As a result, the more southern volcanoes, such as
Alaid and Gareloi, experience the highest wind speeds in the North Pacific region, while
regions over more northerly volcanoes, Bezymianny and Redoubt, encounter the lowest
mean wind speeds. All else being equal, this implies eruptions from the latter two
volcanoes may not travel as far within a 24-hr time period when compared to eruption
plumes or clouds from Alaid and Gareloi volcanoes. Mean plume direction distributions
indicated that eruptions originating from the Kamchatkan Peninsula will very likely
travel east into the NOPAC air-traffic routes during summer. During the winter,
however, wind directions over the Kamchatkan Peninsula are highly variable resulting in
ash being distributed in a variety of directions. In contrast, mean plume direction
distributions revealed the winds over the Aleutians and Alaskan Peninsula are westerly
and more constant.
Analyses indicated that ash plume movement and dispersion in the North Pacific
is affected by the intensity, migration, and location of the Polar jet stream and associated
cyclones. As a result, the 24-hr airborne ash distribution maps show the extent of ash
from a given volcano can encompass all of Alaska, most of the North Pacific Ocean,
much of northwestern North America, regions as far south as Hawaii, regions over the
western Arctic Ocean, and much of eastern Russia. The mapping technique shows a very
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different and more complete picture of ash distribution than a wind-rose diagram, which
is more commonly used in these types of vector analyses. Parameters that were critical in
this analysis include height of the initial eruption, volcano eruption characteristics (used
as a weighting factor), and the initial input values used in the modeling of the plume. As
expected, the airborne ash density decreases with distance from the volcano, however the
variability of the contour morphologies are a function of wind speed, preferred wind
direction, and latitude of the volcano. Analyses corroborated that the characteristics of
the wind field during and after an eruption may have a larger effect on plume growth
rates than the eruption dynamics. Although the potential distribution and extent of
airborne has been successfully mapped, future research, which is in progress, will
generate probability density maps based upon similar methods described above. These
maps will provide relative airborne ash encounter probabilities from discrete volcanic ash
clouds at low and high aircraft flight levels.
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Figure 1. North Pacific air routes, volcanoes, and major airports.
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Figure 2. Percent data distribution of the AVN model upper air/wind input.
The data originates from a randomly chosen day in December of 2001.
Upper air/wind describes the winds between 700-150 mb (3-13 km).

□ >

Figure 3. Spatial data distribution of the AVN model upper air/wind input. Data shown on a randomly chosen day in
December of 2001. Upper air/wind describes the winds between 700-150 mb (3-13 km). Values in parentheses
indicate the number of readings ingested into the model over the 24-hr period.
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Figure 4. 22 explosively active North Pacific volcanoes. The underlined volcanoes were selected to produce
individual airborne ash hazard maps and subjected to statistical analyses.
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Figure 5. Graphical representation of circular statistics. Example of
circular statistics components showing (A) three particles 1, 2, and 3.
(B) Three particle trajectory cases showing a range of vector dispersion
values.
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Figure 6. Graphical representation of vector dispersion. The two diagrams show the wind
vectors at three different levels and their corresponding plume simulation trajectories for two
end-member cases. (A) Displays the correlation between high directional and speed shear
and high values of Dv(0.89) and (B) high wind speeds and unidirectional wind vectors and
low values of Dv(0.02).

Figure 7. Examples of plume simulations using invalid wind field data.
A hypothetical eruption from Gareloi (left) and Shishaldin (right).
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Figure 8. Temporal variation of the utilized AVN wind field data.
(A) Yearly and (B) seasonal statistics shown.
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Figure 9. Yearly 250-mb wind speed anomalies. Yearly data is subtracted from
a 32-yr mean to generate the yearly composite anomaly for (A) 1994, (B) 1995,
and (C) 1997. Images courtesy of the NOAA-CIRES Climate Diagnostics Center,
Boulder Colorado Web site at http://www.cdc.noaa.gov/.
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Figure 9 (cont.). Yearly 250-mb wind speed anomalies. Yearly composite anomalies are
shown for (D) 1998, (E) 1999, and (F) 2000. Images courtesy of the NOAA-CIRES
Climate Diagnostics Center, Boulder Colorado Web site at http://www.cdc.noaa.gov/.
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Figure 10. Seasonal variation in 28-yr mean wind vectors. Vectors are shown at
various pressure levels for three Kamchatkan volcanoes within the North Pacific.
The listed latitudes and longitudes next to the volcano names are the closest
gridded point of the Reanalysis data to the volcano. AD is the distance difference
between the closest gridded point and the volcano’s actual location. Note the
difference in wind speed scale at the bottom left of each individual plot. Plots
courtesy of the NOAA-CIRES Climate Diagnostics Center, Boulder Colorado Web
site at http://www.cdc.noaa.gov/.
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Figure 10 (cont.). Seasonal variation in 28-yr mean wind vectors. Vectors shown
at various pressure levels for three Alaskan volcanoes within the North Pacific.
The listed latitudes and longitudes next to the volcano names are the closest
gridded point of the Reanalysis data to the volcano. AD is the distance difference
between the closest gridded point and the volcano’s actual location. Note the
difference in wind speed scale at the bottom left of each individual plot. Images
courtesy of the NOAA-CIRES Climate Diagnostics Center, Boulder Colorado Web
site at http://www.cdc.noaa.gov/.
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Figure 11. Seasonal comparison of 250-mb wind speeds (1994-2001). The data
is calculated from monthly mean wind speeds; (A) Dec-Mar and (B) Jun-Sep. The
six representative volcanoes are shown as white triangles. Images courtesy of the
NOAA-CIRES Climate Diagnostics Center, Boulder Colorado Web site at
http://www.cdc.noaa.gov/.
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Figure 12. Seasonal comparison of 250-mb wind speeds (1949-2001). The data
calculated from monthly mean wind speeds; (A) Dec-Mar and (B) Jun-Sep. The
six representative volcanoes are shown as white triangles. Images courtesy of
the NOAA-CIRES Climate Diagnostics Center, Boulder Colorado web site at
http://www.cdc.noaa.gov/.
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Figure 13. Seasonal comparison of 400-mb wind speeds (1994-2001). The data
is calculated from monthly mean wind speeds; (A) Dec-Mar and (B) Jun-Sep. The
six representative volcanoes are shown as white triangles. Images courtesy of the
NOAA-CIRES Climate Diagnostics Center, Boulder Colorado web site at
http://www.cdc.noaa.gov/.
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Figure 14. Seasonal comparison of 400-mb wind speeds (1949-2001). The data
is calculated from monthly mean wind speeds; (A) Dec-Mar and (B) Jun-Sep. The
six representative volcanoes are shown as white triangles. Images courtesy of the
NOAA-CIRES Climate Diagnostics Center, Boulder Colorado web site at
http://www.cdc.noaa.gov/.
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Figure 15. ENSO 3.4+4 annual mean deviation in sea surface temperature. Data
is shown from 1957 to 2000.
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Figure 16. Mean 250-mb wind speeds during strong ENSO events. The composite
anomalies were generated using the months of maximum intensity (Nov-Mar) for
(A) El Nino events and (B) La Nina events. Images courtesy of the NOAA-CIRES
Climate Diagnostics Center, Boulder Colorado Web site at http://www.cdc.noaa.gov/.
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Figure 17. Temporal variation in airborne ash plume area. Areas calculated from
eight recent eruptions as observed in satellite images. The estimated mass flux
(kg/s), based on maximum plume height, is listed in parentheses. The maximum
ash cloud area for Mt. Pinatubo is not shown.
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Figure 18. Wind field vectors during the 2/19/01 Mt. Cleveland
eruption. The wind vectors at three different levels at (A) 1200 UTC
on Feb. 19 and (B) 1200 UTC on Feb. 20. The eruption began around
1330 UTC on Feb. 19. Mt. Cleveland shown as the grey triangle.
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Figure 19. The dispersion of the 2/19/01 Mt. Cleveland ash plume. The relative ash
signal intensity is obtained from the 4-5 split window technique using time-sequential
GOES-10 satellite imagery over a period of 48-hrs. The eruption lasted approximately
8 hours.
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Figure 20. Temporal variation in simulated plume areas. The number
of particles and eruption duration was varied over a 12-hr period with
a constant horizontal diffusion coefficient for Julian day (A) 292, (B) 242
and (C) 268 of 1998.
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Julian Day

Julian Day

Figure 21. Temporal variation in vector dispersion. Data for 6 explosively active volcanoes in
the North Pacific are shown. The plots show the 4-day running average for (A) 1994-1995
and (B) 2000-2001. Periods of time associated with higher values of vector dispersion are
caused by the presence of cyclones near the volcano or conditions of very intense directional
shear.
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Figure 22. Kite diagrams for Alaskan volcano 6-hr plume simulations. The data
is from 1994 - 2001 with winter defined as Dec-Mar and summer is defined as
Jun-Sep. The width between inner circles corresponds to a frequency of 5
simulations.

Figure 23. Kite diagrams for Alaskan volcano 24-hr plume simulations. The data
is from 1994 - 2001 with winter defined as Dec-Mar and summer is defined as
Jun-Sep. The width between inner circles corresponds to a frequency of 5
simulations.
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Bezymianny (56.06 N, 160.72 E)

Figure 24. Kite diagrams for Kamchatkan volcano 6-hr plume simulations. The
data is from 1994 - 2001 with winter defined as Dec-Mar and summer is defined
as Jun-Sep. The width between inner circles corresponds to a frequency of 5
simulations.
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Figure 25. Kite diagrams for Kamchatkan volcano 24-hr plume simulations. The
data is from 1994 - 2001 with winter defined as Dec-Mar and summer is defined
as Jun-Sep. The width between inner circles corresponds to a frequency of 5
simulations.
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Figure 26. Maximum 6-hr plume distances and corresponding vectors. Data shown for 6
chosen volcanoes within the North Pacific. Plots are based on 1,236 6-hr hypothetical
eruptions (1994-2001). Values of MDare the maximum plume distance of the entire data
set with its corresponding vector, Mv.
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Figure 27. Maximum 24-hr plume distances and corresponding vectors. Data shown for 6
chosen volcanoes within the North Pacific. Plots are based on 1,219 24-hr hypothetical
eruptions (1994-2001). Values of MDare the maximum plume distance of the entire data
set with its corresponding vector, Mv.
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Figure 28. Seasonal 6-hr plume distance distributions (Alaskan volcanoes). Data shown
for two end-member seasons consisting of winter (Dec-Mar) and summer (Jun-Sep). For
each plot, the mode (most occurring plume distance, M), geometric mean (G), skewness
(measure of asymmetry about the mean, S), and standard deviation (s) are given.
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Figure 29. Seasonal 24-hr plume distance distributions (Alaskan volcanoes). Data shown
for two end-member seasons consisting of winter (Dec-Mar) and summer (Jun-Sep). For
each plot, the mode (most occurring plume distance, M), geometric mean (G), skewness
(measure of asymmetry about the mean, S), and standard deviation (s) are given.
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Figure 30. Seasonal 6-hr plume distance distributions (Kamchatkan volcanoes). Data
shown for two end-member seasons consisting of winter (Dec-Mar) and summer
(Jun-Sep). For each plot, the mode (most occurring plume distance, M), geometric mean
(G), skewness (measure of asymmetry about the mean, S), and standard deviation (s)
are given.
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Figure 31. Seasonal 24-hr plume distance distributions (Kamchatkan volcanoes). Data
shown for two end-member seasons consisting of winter (Dec-Mar) and summer (Jun-Sep).
For each plot, the mode (most occurring plume distance, M), geometric mean (G), skew
ness (measure of asymmetry about the mean, S), and standard deviation (s) are given.
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Figure 32. Relative ash density profile. (A) Map view of the relative ash density
contours and (B) the resulting particle number density histogram. Volcano
location shown by the white triangles in each figure.

Figure 33a. Airborne ash distribution map for Redoubt volcano, Alaska. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.

Figure 33b. Airborne ash distribution map for Redoubt volcano, Alaska. Generated from 1,219 24-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.
K>

Figure 34a. Airborne ash distribution map for Shishaldin volcano, Alaska. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.

Figure 34b. Airborne ash distribution map for Shishaldin volcano, Alaska. Generated from 1,219
24-hr PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored
region represents a percentage of the particle number density maximum. The absolute maximum
particle distance shown by the dotted ellipse.

Figure 35a. Airborne ash distribution map for Gareloi volcano, Alaska. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.

Figure 35b. Airborne ash distribution map for Gareloi volcano, Alaska. Generated from 1,219 24-hr PUFF
simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region represents
a percentage of the particle number density maximum. The absolute maximum particle distance shown
by the dotted ellipse.

Figure 36a. Airborne ash distribution map for Kiska volcano, Alaska. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.

Figure 36b. Airborne ash distribution map for Kiska volcano, Alaska. Generated from 1,219 24-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.
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Figure 37a. Airborne ash distribution map for Bezymianny volcano, Kamchatka. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region represents
a percentage of the particle number density maximum. The absolute maximum particle distance shown by the
dotted ellipse.

Figure 37b. Airborne ash hazard map for Bezymianny volcano, Kamchatka. Generated from 1,219 24-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region represents
a percentage of the particle number density maximum. The absolute maximum particle distance shown by the
dotted ellipse.

Figure 38a. Airborne ash distribution map for Avachinsky volcano, Kamchatka. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region represents
a percentage of the particle number density maximum. The absolute maximum particle distance shown by the
dotted ellipse.
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Figure 38b. Airborne ash distribution map for Avachinsky volcano, Kamchatka. Generated from 1,219 24-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region represents
a percentage of the particle number density maximum. The absolute maximum particle distance shown by the
dotted ellipse.

Figure 39a. Airborne ash distribution map for Alaid volcano, Kamchatka. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.

Figure 39b. Airborne ash distribution map for Alaid volcano, Kamchatka. Generated from 1,219 24-hr
PUFF simulations between 1994 - 2001. Volcano shown as white triangle. Each colored region
represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.

Figure 40a. Airborne ash distribution map for Cook Inlet, Alaska. Generated from 1,236 6-hr
PUFF simulations between 1994 - 2001 for each volcano. Volcanoes shown as white triangles.
Each colored region represents a percentage of the particle number density maximum. The
absolute maximum particle distance shown by the dotted ellipse.

Figure 40b. Airborne ash distribution map for Cook Inlet, Alaska. Generated from 1,219 24-hr PUFF
simulations between 1994 - 2001. Volcanoes shown as white triangles. Each colored region represents
a percentage of the particle number density maximum. The absolute maximum particle distance shown
by the dotted ellipse.
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Figure 41a. Airborne ash distribution map for the Alaskan Peninsula region. Generated by 1,236 6-hr
PUFF simulations for each volcano between 1994 - 2001. Volcanoes shown as white triangles. Each
colored region represents a percentage of the particle number density maximum. The absolute maximum
particle distance shown by the dotted ellipse.
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Figure 41 b. Airborne ash distribution map of the Alaskan Peninsula region. Generated by 1,219 24-hr
PUFF simulations for each volcano between 1994 - 2001. Volcanoes shown as white triangles. Each
colored region represents a percentage of the particle number density maximum. The absolute maximum
particle distance shown by the dotted ellipse.
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Figure 42a. Airborne ash distribution map for the Kamchatkan Peninsula region. Generated by 1,236 6-hr
PUFF simulations for each volcano between 1994 - 2001. Volcanoes shown as white triangles. Each colored
region represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.

Figure 42b. Airborne ash distribution map for the Kamchatkan Peninsula region. Generated by 1,219 24-hr
PUFF simulations for each volcano between 1994 - 2001. Volcanoes shown as white triangles. Each colored
region represents a percentage of the particle number density maximum. The absolute maximum particle
distance shown by the dotted ellipse.
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Figure 43. Comparison between 7-yr and 52-yr mean wind speeds. (A) 250-mb
and (B) 400-mb mean wind speed differences between 1994-2001 and 1949-2001.
Positive and negative values indicate average higher and lower wind speeds,
respectively for the 7-yr data set. Images courtesy of the NOAA-CIRES Climate
Diagnostics Center, Boulder Colorado web site at http://www.cdc.noaa.gov/.

Figure 44. Cloud and plume growth rates. (A - C) The rate of growth for a
discrete cloud release is directly related to the size of that puff. (D and E)
Diffusion of a sustained plume acts in the vertical and cross-wind directions
The triangles are the source for the sustained plumes. Map views shown.
Modified from Slade, 1968.
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Figure 45. Relative airborne ash density map total planar areas. The areas for the 6-hr
maps (light grey) and 24-hr maps (dark grey) are shown. Volcano locations listed under
each name.

Figure 46. Effect of wind speed on ash distribution areas. Plot showing the
correlation between average 250-mb wind speed and airborne ash distribution
area for the six representative volcanoes. The correlation coefficient (r=0.89)
is significant at the 99% confidence level. Latitudes and longitudes are shown
for the Kamchatkan and Alaskan volcanoes, respectively.
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Figure 47. Plume azimuth and travel distance comparison. Data shown for two 24-hr
seasons: winter (Dec-Mar) and summer (Jun-Sep). Histograms and kite diagrams showing
the simulated plume distance and mean plume azimuth distributions from (A-D) Augustine
and (E-H) Redoubt volcanoes. For each histogram, the mode (most occurring plume distance,
M), geometric mean (G), skewness (measure of asymmetry about the mean, S), and standard
deviation (s) are given. The width between inner circles corresponds to a frequency of 5
simulations.

Table 1. 100 and 55-year eruption statistics for 22 North
Pacific volcanoes.
Volcano

Haight (m| Latitude Longitude Plume, < 8 km Plumas > 8 km
4835

5 6 .0 6 N

1486

54.05N

EF

Events------- AveTEi------- ~

1 6 0 6 4 6 ----------- 6 4 ( 7 6 % ) -----------------2 0 ( 2 4 % ) ------------ ------------------------- 8 4 -------------------- ~ 2 -------------~

159.43E

42(95%)

2(5%)

3.0

44

2.1

28.1

160.59E

31(70%)

13(30%)

3.1

44

2.4

27.4

11wmmmummmmm ™immmmmmmmmm
161.90W

28(78%)

8(22%)

4.2

36

2.2

22(79%)

6(21%)

3.4

28

2.2

1303

54.13N

165.97W

21(100%)

0(0%)

4.8

21

2.0

2857

54.75N

163.97W

20(91%)

2(9%)

5.0

16 <88%)

2(11%)

3.4

2(10%)

5.0

11(27%)

5.9

41

2.2

55.83N

160.33E

18(90%)

21.3

mm
30(73%)

m
155.08W
2322
Okmok

1073

52.43N
53.42N

8(50%)

158.19E
168. 12W

15.6

mam
8(50%)

7.7

16

2.5

12.2

10(91%)

1(9%)

9.1

11

2.1

10.4

2(100%)

0(0%)

27.5

2

2.0

3.6

11(73%)

4(27%)

10.0

15

2.2

9.5

M UM M HM M HHM HHHHHHM M NM NNNHHi
159.38W

5(63%)

3(37%)

12.5

8

2.3

7.7

178.80W

4(50%)

4(50%)

12.5

8

2.1

7.7

158.83E

7(88%)

1(12%)

14.3

8

2.7

6.8

—

Kiska

1220

52.1 ON

wmmmmmmmmmuummuMummmm

158.03E

4(57%)

3(43%)

14.3

7

2.4

6.8

169.95W

5(56%)

4(44%)

14.3

9

2.3

6.8

155.55E

7(78%)

2(22%)

16.7

9

2.4

5.8

177.60E

5(83%)

1(17%)

16.7

6

2.2

5.8

159.15E

5(100%)

0(0%)

20.0

5

2.0

4.9

4(57%)

3(43%)

20.0

7

2.8

4.9

3(13%)

20(87%)

25.0

23

3.0

3.9

0(0%)

4(100%)

50.0

4

4.0

2.0

0(0%)

4

Augustine

1252

59.37N

153.42W

Redoubt

3108

60.48N

152.75W

Spurr

3374

61.30N

152.25W
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EF: eruption frequency in years per eruption, Events: total known ash column
eruptions, Ave VEI: average Volcanic Explosivity Index, and Pr: yearly eruption
probability. 55-yr statistics shown in grey.

Table 2. Eruption frequency-weighting factors.
Volcano______ Frequency

Kliuchevskoi
Karymsky
Bezymianny
Pavlof
Akutan
Tolbachik
Shishaldin
Sheveluch
Trident
Mutnovsky
Okmok
Veniaminof
Gareloi
Avachinsky
Gorely
Cleveland
Alaid
Kiska
Zhupanovsky
Augustine
Redoubt
Spurr

1.9
3.0
3.1
4.2
4.8
5.0
5.0
5.9
7.7
9.1
10.0
12.5
12.5
14.3
14.3
14.3
16.7
16.7
20.0
20.0
25.0
50.0

Freq. Factor

0.000
0.111
0.114
0.143
0.157
0.161
0.161
0.177
0.204
0.221
0.230
0.253
0.253
0.266
0.266
0.266
0.282
0.282
0.300
0.300
0.322
0.391
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Table 3. Yearly summary of invalid AVN wind field data.
YEAR

1994

1995
1997
1998
1999
2000
2001

RUN

6
24
6
24
6
24
6
24
6
24
6
24
6
24

# DAYS

0
3
11
22
1
2
0
1
0
0
0
0
0
1

TOTAL

355
355
142
142
50
50
240
240
77
77
252
252
132
132

ADJUSTED TOTAL

355
352
131
120
49
48
240
239
77
77
252
252
132
131

% VALID

100
99.2
92.3
84.5
98
96
100
99.6
100
100
100
100
100
99.2

# Days: number of invalid data, Total: total number of days of wind field data.

Table 4. Growth rate data for eight recent volcanic eruptions.
Pinatubo

Spurr

Spurr

Shishaldin

Kliuchevskoi

Cleveland

Bezymianny

13.7

12.5

12.0

10.0

6.5

6/ 15/1991

8/ 19/1992

Max Plume Height (km)

35.0

9/ 17/1992

Mass Flux (kg/s)

4.8E+08

1.5E+07

1.1E+07

7.9E+06

6.7E+06

3.2E+06

5.8E+05

Max Plume Area (km2)

2.7E+06

1.4E+05

6.0E+05

1.3E+04

5.3E+04

3.0E+05

1.4E+04

Satellite

NOAA AVHRR

NOAA GOES

NOAA AVHRR

NOAA GOES

NOAAAVHRR

Split Window

Visible

Split Window

Split Window

Split Window

Satelliote Detection Technique

14.7

NOAAAVHRR NOAA AVHRR

Visible and Infrared Split Window

4/ 19/1999

9/ 30/1994

2 / 19/2001

3/ 13/2000

Overall Ave Growth Rate (km 2/hr)A

7.5E+04

9.5E+03

1.3E+04

2.2E+03

2.9E+03

8.0E+03

9.9E+02

Eruption Ave Growth Rate (km2/hr)B

8.3E+04

6.6E+03

7.6E+03

2.8E+03

1.3E+03

1.7E+03

9.5E+02

Ratio (B/A)

1.1

0.7

0.6

1.3

0.4

0.2

1.0

o
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Table 5. Comparison of maximum simulated plume
areas.
Erupt. Dur.
1

3
6
1

12

24

% Smaller (AVE)

8.12
17.48
11.23
22.11

Table 6. Periodicity of prominent vector
dispersion.
19 9 4 -19 9 5

2000-2001

Redoubt

7.7

10.3

Shishaldin

9.8

13.6

Gareloi

8.8

10.1

Bezymianny

6.4

7.6

Avachinsky

7.4

8.3

Alaid

8.3

9.1

Alaska

Kamchatka

Periodicity values in days. Volcanoes
are listed for each region according to
decreasing latitude.

Table 7. Summary statistics for 6 North Pacific volcanoes.
H e ig h t (m )
A la s k a

Redoubt

3108

Lat

Lon

60.48N 152.75W

P lu m e s > 8 k m

Pr

W in A W S (250 m b )

S u m A W S (250 m b )

W in A W S (40 0 m b )

S u m A W S (40 0 m b )

w in 0

13%

87%

3.9

18.0

18.0

17.0

14.0

N-NE

Variable (NE)

450

N

Variable (NE)

1860

E

430

440

Shishaldin

2857

54.75N 163.97W

91%

9%

18.1

21.0

23.0

19.0

17.0

Variable (NE)

Gareloi

1573

51.76N 178.80W

50%

50%

7.7

22.0

26.0

19.0

20.0

Variable (E-NE)

Sum

Variable (NE)

Variable (NE)
K a m c h a tk a

Bezymianny
Avachinsky
Alaid

2882
2741
2339

55.98N 160.59E
53.26N 158.83E
50.86N 155.55E

0

P lu m e s < 8 k m

70%
87%
78%

30%
13%
22%

27.4
6.8
5.8

15.0
17.0
19.0

21.0
23.0
25.0

15.0
16.0
17.0

15.0
16.0
17.0

Sum D

370
—

| 1710

1680

E

490

490

£- n e

1900

1870

' E-SE

R

W in D

Variable

E

330

375

Variable

E-SE

1380

1560

Variable

Variable (E-SE)

340

380

Variable

E-SE

1390 §

1580

Variable (E)

Variable (E-SE)

395

420

Variable (E)

E

1560

Pr: percent yearly eruption probability, Win: winter, Sum: summer, AWS: average wind speed (m/s), 0: likely plume
direction, and D: geometric average of simulated plume distances (km). Likely plume directions and distances
show 6 (unshaded) and 24-hr (shaded) results.

Table 8a. Airborne ash hazards to North Pacific towns/airports. Single volcano
relative ash density over local towns.
Name

Adak
Anchorage
Atka
Barrow
Cold Bay
Dutch Harbor
Fairbanks
Homer
Juneau
King Salmon
Kliuchy
Kodiak
Nome
Petropavlosk

Lat

Lon

51.88
61.22
52.20
71.29
55.19
53.90
64.85
59.64
58.30
58.69
56.50
57.79
64.50
53.00

-176.66
-149.88
-174.20
-156.79
-162.72
-166.51
-147.73
-151.55
-134.42
-156.66
161.00
-152.41
-165.41
158.70

Bezymianny Avachinsky

2.5
1.0
2.5
1.0
2.5
2.5
1.0
1.0
0.0
2.5
100.0
1.0
2.5
20.0

2.5
1.0
2.5
1.0
2.5
2.5
1.0
1.0
0.0
1.0
25.0
1.0
1.0
95.0

Alaid

Kiska

2.5
1.0
2.5
1.0
2.5
2.5
1.0
1.0
0.0
1.0
10.0
1.0
1.0
55.0

40.0
2.5
25.0
1.0
5.0
10.0
1.0
2.5
1.0
2.5
2.5
2.5
2.5
2.5

Gareloi Shishaldin Redout

100.0
2.5
70.0
2.5
10.0
15.0
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

2.5
5.0
2.5
2.5
100.0
35.0
2.5
5.0
2.5
20.0
1.0
10.0
2.5
1.0

1

2.5
90.0
2.5
2.5
2.5
2.5
30.0
80.0
10.0
25.0
1.0
30.0
10.0
1.0

Table 8b. Airborne ash hazards to North Pacific towns/airports. Regional volcano
relative ash density over local towns.
Name

Cold Bay
Dutch Harbor
Kliuchy
Homer
Adak
Anchorage
Kodiak
King Salmon
Atka
Petropavlosk
Fairbanks
Nome
Juneau
Barrow

Lat

55.19
53.90
56.50
59.64
51.88
61.22
57.79
58.69
52.20
53.00
64.85
64.50
58.30
71.29

Lon

-162.72
-166.51
161.00
-151.55
-176.66
-149.88
-152.41
-156.66
-174.20
158.70
-147.73
-165.41
-134.42
-156.79

Values > 90% marked grey.

Cook Inlet

AK Peninsula

Kamchataka

Western Aleutians

Average

5.0
2.5
1.0
75.0
2.5
65.0
60.0
50.0
2.5
1.0
20.0
5.0
5.0
2.5

100.0
90.0
2.5
5.0
2.5
5.0
10.0
15.0
5.0
1.0
2.5
2.5
2.5
2.5

2.5
2.5
95.0
2.5
2.5
2.5
2.5
2.5
2.5
25.0
1.0
2.5
1.0
1.0

7.5
12.5
2.5
2.5
70.0
2.5
2.5
2.5
47.5
2.5
1.3
2.5
1.3
1.3

28.8
26.9
25.3
21.3
19.4
18.8
18.8
17.5
14.4
7.4
6.2
3.1
2.4
1.8
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APPENDIX A: Matlab Scripts
For more information regarding Matlab, the Mapping Toolbox, and their various
functions, consult the on-line help at the following web site
(http://www.mathworks.com/access/helpdesk/help/helpdesk.shtml).
Appendix A.1:“Area_calc” Script
% Script M-file area_calc.m
% AREA_CALC.m opens an ash text file, reads the values in the array, and based on the latitude
% and longitude of each ash particle, places the particle into one of many 0.25 x 0.25 degree boxes
% surrounding the volcano. The program then calculates the area of each lat/long box if at least 2
% particles exist within the box. The total area is then calculated by simply summing individual
% areas. The function cputime is used to calculate the total time (in minutes) needed to run the
% program.
% Version: 3.2 Date: 10/19/01
t=cputime;
cd C:\Matlab_6\work\run_files
% For loop to do each .txt file in the current directory.
files = dir('*.txf);
for k = 1:length(files)
[path,name] = fileparts(files(k).name);
data_name=[name '.txt'];
% Input the data file,
data = dlmread(data_name,,\t');
output_data = [name(l:12) '_area.dat'];
output_name = [’Spurr_area.daf];
area_name =
[name( 1,1 ),name( 1,2),name( 1,3),name( 1,5),name( 1,6),name( 1,7),name( 1,8),name( 1,10),name( 1,11)];
area_name = str2num(area_name);
% Sort data to speed up binning process.
data=sortrows(data,2);
lon=data(:,l);
lat=data(:,2);
% Set up grid boundaries.
min_lat=round(min(data(:,2)));
max_lat=round(max(data(:,2)));
min_lon=round(min(data(:, 1)));
max_lon=round(max(data(:, 1)));
r_size=4*((max_lat-min_lat)+2);
c_size=4*((max_lon-min_lon)+2);
Grid=zeros(r_size,c_size);
lonM=zeros(r_size,c_size);
latM=zeros(r_size,c_size);
% Define boundaries of each lat/lon cell and bin the particles.
for i=l:size(data,l);
for r=l:r_size
latB=(r-1)/4+(min_lat-1);
latT=r/4+(min_lat-1);
if lat(i) > latB & lat(i) <= latT
for c=l:c_size
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Appendix A.I: “Area_calc” Script (cont.)
lonB=(c-1)/4+(min_lon-1);
lonT=c/4+(min_lon-1);
if lon(i) > lonB & lon(i) <= lonT
Grid(r,c)=Grid(r,c)+l;
end
end
end
end
end
% Make lat/lon grid coordinates.
for j=l:r_size
for k=l:c_size
lonM(j ,k)=(0.125 *((k+k)-1))+(min_lon-1);
latM(j,k)=(0.125*((j+j)-l))+(min_lat-l);
end
end
data_bin = [lonM(:) latM(:) Grid(:)];
% Sort the binned data according to the number of particles in each bin.
new_data=sortrows(data_bin,3);
% Any grid cell that has fewer than 2 particles is removed.
cut_off=min(find(new_data(:,3)>=2));
data_low=new_data(cut_off:size(new_data, 1
lat_num=data_low(:,2);
lon_num=data_lo w(:, 1);
% Calculate the area of each individual cell using the m-function ’’areaqua”.
for x= 1: size(data_lo w, 1)
area(x,l)=areaqua(lat_num(x)-0.125,lon_num(x)4).125,lat_num(x)+0.125,lon_num(x)+0.125,alman
('earth','geoid','kilometers'));
end
% Calculate the total area.
area_sum=sum(area);
data_all = [area_name area_sum];
% Write data to file.
dlmwrite(output_data,data_all,'\t');
%Reset “area” variable value to zero.
area=0;
end
% Catenate each individual data file.
fcat('C:\Matlab_6\work\run_files\*_area.dat',output_name)
% Calculate and display program run time.
fm=(eputime-t)/60;
message=['Done in ' num2str(fin)' minutes.'];
disp(message)
% Clear all variables,
clear all
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APPENDIX A.II: “Ashbin” Script
% Script M-file ashbin_new.m
% ASHBIN_NEW.m opens an ash data file, reads the values in the array, and based on the latitude
% and longitude of each ash particle, places the particle into one of many l x l degree boxes
% surrounding the volcano. The program then sums the number of particles in each box, places
% the values into an array, which then is exported to an output file. The function cputime
% is used to calculate the total time (in minutes) needed to run the program.
% Version: 3.1 Date: 09/10/01
t = cputime;
cd C:\Matlab_6\work\run_files
files = dir('*_cat.txt');
for k = l:length(files)
[pathname] = fileparts(files(k).name);
data_name = [name '.txt'];
data = dlmread(data_name,'\t’);
output_data = [name(l:8) f_bin.txtf];
%Sort the rows according to latitude,
data = sortrows(data,2);
Ion = data(:,l);
lat = data(:,2);
%Set up grid geographical boundaries.
min_lat = round(min(data(:,2)));
max_lat = round(max(data(:,2)));
min_lon = round(min(data(:,l)));
max_lon = round(max(data(:,l)));
r_size = (max_lat - min_lat) + 1;
c_size = (max_lon - min_lon) + 1;
%Establish initial array.
Grid = zeros(r_size,c_size);
lonM = zeros(r_size,c_size);
latM = zeros(r_size,c_size);
%Initialize the binning process,
for i = l:size(data,l);
for r = 1:r_size
latB = (r - 0.5) + ((m injat) -1);
latT = (r + 0.5) + ((min_lat) -1);
if lat(i) > latB & lat(i) <= latT
for c = 1:c_size
lonT =( c + 0.5) + ((min_lon) -1);
lonB = (c - 0.5) + ((min_lon) -1);
if lon(i) > lonB & lon(i) <= lonT
Grid(r,c) = Grid(r,c) + 1;
end
end
end
end
end
for j = 1:r_size
for k = 1:c_size
lonM(j,k) = k + ((min_lon) -1);
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APPENDIX A.II: “Ashbin” Script (cont.)
latM(j,k) = j + ((m injat) -1);
end
end
data_bin = [lonM(:) latM(:) Grid(:)];
%Write data array to file.
dlmwrite(output_data,data_bin,'\t');
end
fin = (cputime - 1) / 60;
message = ['Done in ' num2str(fin)' minutes.'];
disp(message)
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APPENDIX A .III: “Ashget” Script
% Script M-file ashget.m
% ASHGET Opens multiple ash text files, puts the ash values into a 3-column array, calculates the
% circular mean direction (CMD), CMD error, vector dispersion, maximum plume distance,
% maximum plume distance azimuth, and writes the data to a specified file.
% Version: 6.1 Date: 3/23/01
files = dir(,*_ash.txt');
for k = 1:length(flles)
[pathname] = fileparts(files(k).name);
data_name=[name '.txt'];
data = dlmread(data_name,'\t');
output_data= [data_name(l:9) '_data.txt'];
vole = [data_name(l:3)];
switch (vole)
case {'Aku'}
volc_lat=54.13;
volc_lon=-165.99;
case {Ala'}
volc_lat=50.86;
volc_lon=155.55;
case {Aug'}
volc_lat=59.36;
volc_lon=-153.43;
case {Ava'}
volc_lat=53.22;
volc_lon=159;
case {'Bez'}
volc_lat=56.06;
volc_lon= 160.72;
case {'Cle'}
volc_lat=52.83;
volc_lon=-169.94;
case {'Gar'}
volc_lat=51.79;
volc_lon=-178.79;
case {'Gor'}
volc_lat=52.55;
volc_lon=158.03;
case {’Kar'}
volc_lat=54.05;
volc_lon=159.45;
case {'Kis'}
volc_lat=52.1;
volc_lon=177.6;
case {'Kli'}
volc_lat=56.18;
volc_lon=160.78;
case {'Mut'}
volc_lat=52.45;
volc_lon=158.2;
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APPENDIX A.III: “Ashget” Script (cont.)
case {'Okm'}
volc_lat=53.14;
volc_lon=-168.18;
case {'Pav'}
volc_lat=55.42;
volc_lon=-161.98;
case {’Red'}
volc_lat=60.49;
volc_lon=-152.74;
case {'She'}
volc_lat=56.63;
volc_lon=161.32;
case {'Shi'}
volc_lat=54.76;
volc_lon=-163.97;
case {’Spu'}
volc_lat=61.3;
volc_lon=-152.25;
case {’Tol’}
volc_lat=55.82;
volc_lon= 160.4;
case {'Tri'}
volc_lat=58.24;
volc_lon=-155.1;
case {'Ven'}
volc_lat=56.2;
volc_lon=-159.39;
case {'Zhu'}
volc_lat=53.58;
volc_lon=159.13;

snd
for i=l:size(data,l) %For the entire array calling rows first,
if data(i,l)>180
%Convert global/360 longitude values to +/- degrees.
data(i, 1)=[360-data(i, 1)] *-1;
end
%Calculate the great circle distance between each particle and the volcano.
GCD(i,l) = deg_km(greatcirc(volc_lat,volc_lon,data(i,2),data(i,l)));
%Calculate the true azimuth between each particle and the volcano.
TAZ(i,l) = (taz(volc_lat,volc_lon,data(i,2),data(i,l)))*(pi/180);
X (i,l) = sin(TAZ(i,l));
if TAZ(i,l)==0
Y(i,l)=0;
else Y (i,l) = cos(TAZ(i,l));
end
end
C = sum(X);
S = sum(Y);
% Calculate the mean vector of the ash plume.
R = sqrt(CA2+SA2);
%Calculate the circular mean direction (CMD).

APPENDIX A.III: “Ashget” Script (cont.)
ifC>0&S>0
CMD = (atan(C/S))*( 180/pi);
elseif C > 0 & S < 0
CMD = ((atan(C/S))*( 180/pi))+180;
elseif C < 0 & S < 0
CMD = ((atan(C/S)) *( 180/pi))+180;
elseif C < 0 & S > 0
CMD = ((atan(C/S)) *( 180/pi))+360;
end
ifC M D = 0
CMD=0.0001;
end
% Calculate the vector dispersion coefficient.
R_bar = R/i;
if R_bar < 0.65
PP = (R_bar/6)*(12+(6*R_barA2)+(5*R_barA4));
elseif R_bar > 0.65
PP = (l/(2*( 1-R_bar)-( 1-R_bar)A2-( 1-R_bar)A3));
End
%Calculate the standard error for the CMD.
Se = (l/(sqrt(i*R_bar*PP)))*(180/pi);
if Se==0
Se = 0.0001;
end
R_bar=l-R_bar;
Max_data = [GCD TAZ];
Max_data = sortrows(Max_data);
Max_data = [Max_data(i,l) Max_data(i,2)*( 180/pi)];
%Crop the year and julian day from the file name "name".
Y r= [data_name(4:5)];
%Converts text string to double.
Yr = str2num(Yr);
Jd = [data_name(l,7) data_name(l,8) data_name(l,9)];
Jd = str2num(Jd);
Data_all = [Yr Jd CMD Se R_bar Max_data];
%Write the array in tab-delimited format to the file specified by Moutput_data"
dim write(output_data,Data_all,'\t');
end
delete *_ash.txt
%Catenate data groups.
fcat('Ala*’,’Ala01_24_data.txt’)
fcatCAva*','A va01_24_data.txt')
fcatCBez*’,'Bez01_24_data.txt')
fcat('Gar*',’Gar01_24_data.txt')
fcat('Red*','Red01_24_data.txt')
fcat('Shi*’,'Shi01_24_data.txt')
% Clear all variables,
clear all
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APPENDIX B: World Wide Web Sites

1) Changes to the 1999 NCEP Operational MRF/AVN Global Analysis/Forecast
System (
S e c t i o n 2.2,
page
15)
URL: http://sgi62.wwb.noaa.gov:8080/tpb97/T 170/html/T 170.html
2) NOAA-CIRES Climate Diagnostics Center (

4.1, page 21)

URL: http://www.cdc.noaa.gov/PublicData/web tools.html
3) The Mathworks On-line Documentation: Mapping Tool Box (
28)

4.4, page

URL: http://www.mathworks.com/access/helpdesk/help/toolbox/map/map.shtml
4) Smithsonian Institute’s Global Volcanism Program Volcanic Activity Reports
(Section 4.5, page 33)
URL: http://www.volcano.si.edu/gvp/index.htm
5) PUFF Ash-dispersion Model: On-line Manual, Working with data (Section 4.5,
page 35)
URL: http://puff.images.alaska.edu/doc/puffmanual/Working-with-Data.html
6) The NOAA National Climatic Data Center on-line library (Section 5.2.1, page 44)
URL: http://www2.ncdc.noaa.gov/
7) The NOAA Office of Satellite Operations (Section 5.2.1, page 44)
URL: http://www.oso.noaa.gov/goes/

