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Abstract: This paper reconstructs, for the first time, the motion dynamics of an eruptive cloud formed
during the catastrophic eruption of the Sheveluch volcano in November 1964 (Volcanic Explosivity
Index 4+). This became possible due to the public availability of atmospheric reanalysis data from
the ERA-40 archive of the European Center for Medium-Range Weather Forecasts (ECMWF) and
the development of numerical modeling of volcanic ash cloud propagation. The simulation of the
eruptive cloud motion process, which was carried out using the FALL3D and PUFF models, made it
possible to clarify the sequence of events of this eruption (destruction of extrusive domes in the crater
and the formation of an eruptive column and pyroclastic flows), which lasted only 1 h 12 min. During
the eruption, the ash cloud consisted of two parts: the main eruptive cloud that rose up to 15,000 m
above sea level (a.s.l.), and the co-ignimbrite cloud that formed above the moving pyroclastic flows.
The ashfall in Ust-Kamchatsk (Kamchatka) first occurred out of the eruptive cloud moving at a higher
speed, then out of the co-ignimbrite cloud. In Nikolskoye (Bering Island, Commander Islands), ash
fell only out of the co-ignimbrite cloud. Under the turbulent diffusion, the forefront of the main
eruptive cloud rose slowly in the atmosphere and reached 16,500 m a.s.l. by 04:07 UTC on November
12. Three days after the eruption began, the eruptive cloud stretched for 3000 km over the territories
of the countries of Russia, Canada, the USA, Mexico, and over both the Bering Sea and the Pacific
Ocean. It is assumed that the well-known long-term decrease in the solar radiation intensity in the
northern latitudes from 1963–1966, which was established according to the world remote sensing
data, was associated with the spread of aerosol clouds formed not only by the Agung volcano, but
those formed during the 1964 Sheveluch volcano catastrophic eruption.

Keywords: catastrophic eruption; Sheveluch volcano; Kamchatka; eruptive cloud; numerical modeling

1. Introduction

Powerful and catastrophic explosive volcanic eruptions are highly dangerous for
modern jet aviation as up to several cubic kilometers of volcanic ash and aerosols can be
emitted in the atmosphere and stratosphere for hours and days as a result of such eruptions,
e.g., [1–9]. Each explosive event, especially a catastrophic one, is unique. By studying such
events, scientists can obtain data on juvenile magmatic matter, as well as changes in the
planet’s atmosphere, through which the eruptive material is transported. Scientists obtain
information about erstwhile volcanic eruptions by studying their deposits: the greater the
volume of erupted products, the more powerful the eruption. There are many examples
of the products’ volume recovery of large volcanic eruptions and the dynamics of their
development, e.g., [10–18].
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In the early 2000s, the reanalyzed atmospheric observations from the ERA-40 archive
of the European Center for Medium-Range Weather Forecasts (ECMWF) became available
in the public domain. This archive contained an extensive list of meteorological fields,
including data on wind speed and direction, as well as air temperatures for various altitudes,
e.g., [19,20]. These data span a period from September 1957 to August 2002. At the same
time, mathematical and algorithmic software designed to simulate the spread of volcanic
ash in the atmosphere, has received intensive development. Today, numerical modeling is
successfully used to study and reconstruct the dynamics of eruptive events and the spread
of ash clouds and aerosols from volcanoes, e.g., [21–27].

In the second half of the 20th century, there were two catastrophic eruptions in the
Northern group of Kamchatka volcanoes—Bezymianny in 1956, and Sheveluch in 1964—
that became well-known worldwide. The interest in these eruptions remains high due to
ambiguous interpretations among different scientists of these catastrophic events and the
processes that preceded them, e.g., [28–34]. While quite a lot is known about the deposits,
rock composition, and geological effects of these eruptions, there is insufficient information
about the distribution of eruptive clouds during these events; however, there are some data
on the wind direction at the beginning of the events, wind speeds at certain time (weather
balloon data), and estimates of tephra volumes deposited on land, e.g., [30–32,35,36].

Considering the absence of any satellite data on the Kamchatka territory in 1964, the
appearance of the ERA-40 archive in the 2000s prompted us to study the 1964 Sheveluch
volcano catastrophic eruption. The main question this study seeks to answer is: Is it
possible to understand and describe the dynamics of the catastrophic Sheveluch eruption
via modeling the eruptive cloud movement? In addition, we examine how the eruptive
clouds were moving within three days after the eruption’s beginning and assess the hazard
of this eruption for aviation.

In our research, we reconstruct the eruptive cloud movement dynamics during the
catastrophic eruption of Sheveluch in November 1964. This represents the first time this
work has been conducted for the 1964 eruption. During the first stage, we obtained the data
on the movement of the eruptive cloud [37] by using the weather data for November 1964
from the ERA-40 archive and the PUFF model, in a modeling result visualization in the
VolSatView Information System, which was designed for satellite monitoring of volcanoes,
e.g., [11,38,39].

This article presents the modeling results of the Sheveluch volcano eruptive cloud
propagation, using the ERA-40 archive and the FALL3D and PUFF models, and presents
analysis of the cloud propagation movement dynamics. We also compare the results of our
research with remote sensing data for the solar radiation intensity in northern latitudes
from 1963–1966. The results of our research can provide useful information for recovery
efforts based on the nature of eruptive cloud movements, not only those from the Sheveluch
volcano, but also from other major volcanic eruptions.

2. The Sheveluch Volcano

Young Sheveluch (56◦38′10′′N, 161◦18′54′′E, 2800 m) (hereinafter Sheveluch) is the
northernmost active volcano on the Kamchatka peninsula (Figure 1), and one of the most
active volcanoes in the world. It belongs to the Northern group of Kamchatka volcanoes.
Sheveluch is located on the left bank of the Kamchatka River, 45 km from Klyuchi and
450 km from Petropavlovsk-Kamchatsky.
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Figure 1. The Sheveluch volcano (Old and Young) at Kamchatka, Russia [40]. 
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sions, their agglomerate mantles, and short lava flows. It appeared during the time 
stretching from the late Pleistocene (?) to the early Holocene [33,41–43]. Two types of his-
torical eruptions are known to have occurred at Sheveluch: (1) catastrophic (type of di-
rected blast) producing 2–2.3 km3 of eruptive products (1854 and 1964), and (2) medium-
power extrusive-explosive-effusive eruptions associated with the growth of the lava 
domes (1790–1810, 1879–1883, 1896–1897, 1925–1930, 1944–1950, and 1980–now) accom-
panied by paroxysmal explosive events emitting up to 0.5 km3 of erupted material, e.g., 
[32,33,43–45]. The rock composition of the volcano is represented mainly from andesites 
to dacites, e.g., [32,41–43]. 

Before the first known catastrophic eruption of 1854, the volcano had been quiet for 
44 years. The next eruption after the disaster took place was 25 years later in 1879 [32,43]. 
The short eruption periods of Sheveluch during 1879–1883, 1896–1897, and 1925–1930 are 
probably linked to the absence of ongoing volcano monitoring and the registration by the 
eyewitnesses of only strong explosions. Since the 1935 establishment in Klyuchi of the 
Kamchatka Volcanological Station, named after F.Yu. Levinson-Lessing, the volcano has 
been monitored continuously; the data on Sheveluch activity and the content of its erup-
tion products are published in academic journals. Therefore, we have reliable information 
on the volcano evolution from 1935 to the present. 

On 24 December 1944, after a 14-year period of relative quiet, an extrusive-explosive 
eruption of Sheveluch began, which formed the Suelich lava dome. The eruption lasted 

Figure 1. The Sheveluch volcano (Old and Young) at Kamchatka, Russia [40].

Sheveluch is located in the northwestern part of the 9 km caldera formed on the
southern slope of the Old Sheveluch volcano during the late Pleistocene (~30 thousand
14 C years) [33,41]. The volcano was formed from a large number of merged andesitic
extrusions, their agglomerate mantles, and short lava flows. It appeared during the time
stretching from the late Pleistocene (?) to the early Holocene [33,41–43]. Two types of
historical eruptions are known to have occurred at Sheveluch: (1) catastrophic (type of
directed blast) producing 2–2.3 km3 of eruptive products (1854 and 1964), and (2) medium-
power extrusive-explosive-effusive eruptions associated with the growth of the lava domes
(1790–1810, 1879–1883, 1896–1897, 1925–1930, 1944–1950, and 1980–now) accompanied by
paroxysmal explosive events emitting up to 0.5 km3 of erupted material, e.g., [32,33,43–45].
The rock composition of the volcano is represented mainly from andesites to dacites,
e.g., [32,41–43].

Before the first known catastrophic eruption of 1854, the volcano had been quiet for
44 years. The next eruption after the disaster took place was 25 years later in 1879 [32,43].
The short eruption periods of Sheveluch during 1879–1883, 1896–1897, and 1925–1930 are
probably linked to the absence of ongoing volcano monitoring and the registration by the
eyewitnesses of only strong explosions. Since the 1935 establishment in Klyuchi of the
Kamchatka Volcanological Station, named after F.Yu. Levinson-Lessing, the volcano has
been monitored continuously; the data on Sheveluch activity and the content of its eruption
products are published in academic journals. Therefore, we have reliable information on
the volcano evolution from 1935 to the present.
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On 24 December 1944, after a 14-year period of relative quiet, an extrusive-explosive
eruption of Sheveluch began, which formed the Suelich lava dome. The eruption lasted
about 5 years and 4 months, and ended in mid-April 1950 [32,43,46]. The volcano showed
weak fumarole activity for 15 years and 9 months; its summit was occupied by extrusive
domes (e.g., Tsentralny, Suelich, and Yuzhnye) [32,33,47].

3. The Catastrophic Eruption of Sheveluch in 1964
3.1. Seismic and Acoustic Data

From 1946–1958, the Volcanological Station had only one seismic station “Klyuchi”,
and retrospective analysis of the data for this period revealed numerous weak seismic
events near Sheveluch that had gone unnoticed [48]. By 1964, a regional network of seismic
stations was established in Kamchatka [49,50], enabling the events near Sheveluch to be
reliably recorded.

According to seismologists [49,50], the preparation of the 1964 Sheveluch eruption
began on 24 January 1964, with single volcanic earthquakes. In May, seismologists recorded
a swarm of such earthquakes that occurred 0–5 km beneath the volcano. This information
was used by P.I. Tokarev [48] to forecast the probability of an eruption in 1964. Until mid-
October of that year, earthquakes under Sheveluch were registered at intervals of 2–25 days.
Beginning 21 October, a swarm of earthquakes began to form; starting 10 November,
the speed and power of the seismic processes increased dramatically. The main shear
earthquake, with a seismic origin radius of 3100 m, took place at 19:06 UTC on 11 November.
The depth of the earthquakes during the eruption was 0–5 km [50].

The paroxysmal eruption lasted from 19:07 to 20:19 UTC on 11 November [32,49]. The
eruption was accompanied by volcanic tremors, registered between 19:20 and 20:22 UTC
on 11 November [32].

According to G.S. Gorshkov and Yu.M. Doubik [32], apart from the main explosion
on 11 November at 19:07 UTC, there may have been a second explosion at 19:13 UTC; a
resident of Kozyrevsk mentioned hearing two gunshots (see below). It is possible that
weaker explosions began at night: microbarograms show 10 events between 13:00 and 19:00
UTC that can be attributed to either small explosions or surface waves from the stronger
earthquakes [32].

3.2. Visual Data on the Eruptive Cloud

Even though the catastrophic eruption of Sheveluch began early in the morning before
dawn local time [32,51], witnesses included many residents of Klyuchi, Kozyrevsk (112 km
from Sheveluch), and Ust-Kamchatsk (85 km from Sheveluch) (Figure 1). For example, the
photograph (Figure 2a) taken from Klyuchi sometime after the eruption began, illustrates
the eyewitness accounts provided in the work by [51].

A resident of Kozyrevsk heard one “gunshot” sound at 19:08 UTC and another 5–7 min
later; at 19:15 UTC, he saw “a dark mushroom-like cloud with lightning bolts” over
Sheveluch [51] (p. 29). Other observers reported that at 19:15 UTC, they saw a “narrow
flame pillar on the left side of the crater with a little glow on the right”, and saw a huge black
cloud of ash which rose up to 12,000–15,000 m above sea level (a.s.l.) that began to turn
toward Klyuchi [51] (p. 29). Wide, bright lightning diverged from the center of the cloud
toward its edges. The length of linear lightning in the eruptive cloud reached 1–2 km above
the Sheveluch crater [52]. Another resident of Kozyrevsk reported seeing the ash cloud
in the direction of Sheveluch at 19:08 UTC; the resident described the upper part of this
cloud as white, the middle as black, and the lower area as lead-colored [51] (p. 30). These
observations confirm that from the very beginning of the eruption, there was an eruptive
column above the crater (black), and confirm that pyroclastic avalanches and flows moved
along the volcano’s southern slope, above which rose ash clouds more saturated with ash
(lead-colored). In addition, according to an account from Ust-Kamchatsk, at the beginning
of the eruption, “a white swirling cloud with a blurred base formed above Sheveluch, from
the center of which lightning ran, diverging to the sides in separate branches” [51] (p. 30).
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above Ust-Kamchatsk. Photographer unknown (http://www.kscnet.ru/ivs/history/dates/images/
Shvl64_1.jpg (accessed on 1 July 2022)).

At all altitudes from 300–15,000 m, there were steady westerly and northwesterly
winds [6]. As a result, the ash cloud moved east and southeast of the volcano.

When the eruptive cloud reached Ust-Kamchatsk, it was saturated with electricity: the
length of linear lightning bolts in it reached from 8–10 m. The bolts were mostly horizontal
and most occurred 10–20 m above the land surface [52]. Further, many Ust-Kamchatsk
residents saw St. Elmo’s fire [32]. This optical phenomenon means that eruptive ash cloud
was supersaturated with electricity, which is characteristic of powerful magmatic eruptions.

3.3. Tephra Deposits and Geological Results of the Catastrophic Eruption

At 20:20 UTC on 11 November, an ashfall began in Ust-Kamchatsk: grain volcanic ash
with particles of 1–3 Φ-units, which smelled like sulfuric gases, fell from the cloud. At 20:30
UTC, the ashfall grew stronger, and the grain volcanic ash changed to volcanic dust [51].
The ashfall lasted for more than 3 h, leaving a layer of ash 3–4 cm thick that amounted to
27–28 kg/m2 [32,51]. By 01:00 UTC on 12 November, the eruptive cloud began to move
toward the Commander Islands. In Nikolskoye, on Bering Island, the ashfall lasted until
05:30 UTC (4.5 h) and left a 0.2–0.3 cm layer of ash that amounted to 2 kg/m2 [32]. Due to
the small amounts of ash, no traces of it remained 20 years later [53].

Near the volcano, an area of 90 km2 was covered by a 20–50 cm thick tephra layer,
consisting of large fragments of pumiceous andesite [32]. The ash layer 20 km away from
Sheveluch near the Semkorok river was 26 cm thick (pumiceous lapilli and bombs, and
volcanic ash); in the Kamchatka River valley, near Cherny Yar (75 km from the crater), it
was 3–4 cm (grain volcanic ash with particles of 1–3 Φ-units); in Ust-Kamchatsk (85 km
from the volcano), it was 2–3 cm (grain volcanic ash) [54]. The overall area of land and
sea covered in ash exceeded 100,000 km2. The overall volume of tephra was 0.3 km3 [32].
In terms of composition, the products of pyroclastic flows of the 1964 eruption belong to
andesites, and the ashes of eruptive clouds belong to dacites [32,33,41,54].

Among the tephra particles resulting from this eruption, sampled 60, 71, and 86 km
from the volcano, the most common (73–84%) particle size is 0.25–0.5 mm [35]. Regarding

http://www.kscnet.ru/ivs/history/dates/images/Shvl64_1.jpg
http://www.kscnet.ru/ivs/history/dates/images/Shvl64_1.jpg
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the mineral composition, 75–90% of the ash consisted of volcanic glass particles (45–50%)
and plagioclase (30–40%) [55].

As a result of the Sheveluch eruption in November 1964, a double 1.5 × 3.0 km
explosive crater appeared, replacing the cluster of extrusive domes. This crater opened
toward the south; its northern part was oval in shape (1.5 × 1.0 km), and its southern part
trapezoidal (2.0 × 2.0 km). The deposit volumes were: directed blast 1.5 km3, pyroclastic
flows about 0.3–0.5 km3, and tephra 0.3 km3 [32]. The overall volume of the erupted and
displaced material from the 1964 eruption on November 11 amounted to 2.3 km3 [32]. The
Volcanic Explosivity Index for this eruption was set at 4+ [56].

4. Materials and Methods
4.1. Weather Data

On the date of the Sheveluch eruption in 1964, there were three weather stations in
operation in Kamchatka and in the Isle of Bering (Table 1). These used radiosondes for
systematic monitoring of the atmosphere. Table 2 represents the wind direction and speeds
during this eruption, recorded by the two weather stations near the volcano.

Table 1. Weather stations of Kamchatka and Bering Island in 1964.

Station ID Locality Coordinates

RSM00032389 Klyuchi 56.3167N, 160.8333E
RSM00032618 Nikolskoe 55.2000N, 165.9833E
RSM00032540 Petropavlovsk-Kamchatsky 53.0833N, 158.5833E

Table 2. Wind speed and direction during Sheveluch volcano eruption in 1964 according to [6].

Height, m

12.11.1964 17:30 UTC 12.11.1964 5:30 UTC

Klyuchi, RSM00032389 Nikolskoe, RSM00032618

Direction, Deg. Speed, m/s Direction, Deg. Speed, m/s

300 270 1 338 7
500 313 7 340 8

1000 318 10 331 7
2000 279 15 309 9
3000 299 13 298 10
4000 305 14 298 19
5000 310 18 285 17
6000 303 18 283 4
7000 297 21 281 26
8000 294 22 271 29
9000 287 27 266 33

10,000 286 34 255 28
11,000 273 24 269 43
12,000 265 19 264 35
13,000 288 29 268 40
14,000 272 36 269 42
15,000 249 26 251 39

In this paper, we have used the data from the ERA-40 ECMWF project [19], containing
meteorological fields series from September 1957 to August 2002. The available weather
data cover the whole world and have a spatial resolution of 1.125◦ × 1.125◦, as well as
23 pressure levels; the time step is 6 h. In our calculations, we use the meteorological fields
for 00:00, 06:00, 12:00, and 18:00 UTC for 11–12 November 1964. The visualization of wind
fields close to the time of the eruption (18:00 UTC, 11 November 1964) is shown in Figure 3.
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Notably, the reanalysis data from ERA-40 ECMWF are well aligned with available
atmospheric observations (Table 2). For example, during the eruption, there was only a
small low cloudiness around Sheveluch (Figure 4), which allowed the eyewitnesses to
watch the development and movement of the eruptive cloud [32,51]. In addition, reliable
correlations with wind direction and speed data are evident (Figures 5 and 6).
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4.2. Mathematical and Algorithmic Support

We have used the FALL3D [22] and PUFF [57,58] models to simulate the eruptive
cloud propagation of the Sheveluch explosive eruption on 11 November 1964.

The FALL3D models were used to restore the initial parameters of the explosive
event, and to model the movement of the ash cloud during the first 17 h after the eruption
began. This Eulerian model helps determine not only the ash particle concentration in the
atmosphere, but also the ash deposit parameters (thickness, grain-size composition, and so
on). Using FALL3D, we determined the total grain-size distribution of ash, and both the
mass flow rate (MFR), and the nature of the ash distribution in the eruptive column.

During the calculations, we initialized the main parameters of FALL3D with the values
shown in Table 3. We used a mesh with a resolution higher than that of the weather data,
because we needed to reduce the impacts of numerical diffusion on the calculation results,
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which is typical for the Eulerian models. The particle aggregation and their wet deposition
were not considered.

Table 3. FALL3D model parameters.

Parameter Value

Domain size (deg) 7 (lat) × 17 (lon)
Horizontal resolution (deg) 0.056 (lat), 0.068 (lon)

Vertical resolution (m) 500
Bottom left corner of the calculation domain (lat; lon) (52; 160)

Vent coordinates (lat; lon) (56.633; 161.3)
Particle diameter (Φ-units) −2–12

Terminal settling velocity model GANSER [59]
Model for vertical diffusion SIMILARITY [22]

Model for horizontal diffusion CMAQ [60]

As the Eulerian model has significant numerical diffusion, we chose the Lagrangian
PUFF model, which does not have this shortcoming, to study the atmospheric transfer of
the fine ash component during the three days after the eruption. In addition, we selected
this model because the PUFF modeling results of the ash cloud movement of the modern
volcanic eruptions in Kamchatka and the Kuril Islands are regularly compared with satellite
data in the VolSatView Information System [38,39]. As a rule, there are good matches
between “model ash clouds” and the real ones recorded on satellite images, e.g., [61–63].
The parameters used in modeling are shown in Table 4. We calculated the vertical diffusion
coefficient value based on the results obtained using FALL3D.

Table 4. PUFF model parameters.

Parameter Value

Vent coordinates (lat; lon) (56.633; 161.3)
Minimum cloud height (m) 2500
Maximum cloud height (m) 15,000

Vertical distribution of particles linear
Particle size distribution lognormal

Distribution parameters (Φ-units) µ = 4.143; σ = 1.4
Number of particles 15,000

Model for horizontal diffusion turbulent
Vertical diffusion coefficient (m2/s) 3.95

Sedimentation physics Reynolds

4.3. The Recovery of Explosive Eruption Parameters

The main unknown parameters of the 1964 explosive eruption that affect the accuracy
of the ash cloud movement modeling are: the total grain-size distribution of the ash; the
mass flow rate; and the vertical mass distribution in the eruptive column. To restore
these, we varied the indicated parameters and compared the simulation results with the
real geological data. The remaining parameters were assumed to be known and did not
change from calculation to calculation. These included: eruption date, time, and duration;
volcano height (2500 m); maximum ash cloud lift above the crater (12,500 m); rock density
(2700 kg/m3), and particle sphericity (0.8–0.5).

It is known that the ash cloud was mushroom-like in shape. It was assumed that the
vertical mass distribution inside the eruptive column followed the Suzuki distribution [64],
i.e., the vertical mass distribution function has the following form [26]:

S(z) =
[(

1− z
H

)
eA( z

H−1)
]λ
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where z is the altitude in the eruption column, H is the maximum plume height. Dis-
tribution parameter A, which is responsible for the vertical position of the maximum
concentration relative to the maximum height of the column, was set to 4 [26]. Distribution
parameter λ—which describes how close the mass is concentrated to this maximum—
was clarified in numerical experiments. Total grain-size distribution of the ash was a
bi-lognormal; its parameters were calculated using the empirical formulae proposed in
paper [24], which uses the viscosity of the magma. As the viscosity of the magma, erupted
by Sheveluch in 1964, was undetermined, we assumed this parameter to be equal to those
of other volcanoes. The average content of SiO2 in the Sheveluch ash of 1964 ranges from
58–60%, and that of rock-forming minerals amounts to 55–60% [54,55]. According to the
petrographical and geochemical characteristics, the most nearly identical volcanics for
the Sheveluch tephra of 1964 can be the eruptive products of the Komagatake volcano
(Hokkaido) [65]. Therefore, we used the known viscosity of the Komagatake volcano
rocks in our model (magma viscosity of 1.26 × 104 Pa·s) [65]. The obtained distribution
parameters required further clarification, as the coefficients used in the formulae were
significantly uncertain.

We used the ash sampling point coordinates as the base points to assess the model erup-
tive cloud parameters, including Cherny Yar in the Kamchatka River valley (Kamchatka;
162.2911E, 56.2506N), Nizhnekamchatsk (Kamchatka; 162.0225E, 56.2444N), Ust-Kamchatsk
(Kamchatka; 162.4828E, 56.2336N), and Nikolskoye (the Isle of Bering, Commander Islands;
166.0128E, 55.2067N). The following parameters were considered: in Cherny Yar and Nizh-
nekamchatsk, the grain-size composition of the ash samples (Table 5); in Ust-Kamchatsk,
the ash grain-size composition and the ash amount in kg/m2, and in Nikolskoye, the ash
amount in kg/m2.

Table 5. Grain-size composition of ash from the Sheveluch volcano eruption in 1964. Data is partially
taken from [35] and extended.

Particle Diameter
(Φ-Units)

Particle
Diameter (mm)

Mass Fraction (%)

Nizhnekamchatsk Yar Cherny Ust-Kamchatsk

>4 <0.063 3 3.4 0.4
4–3 0.063–0.125 2.8 3 1.1
3–2 0.125–0.25 10.6 19.7 25.5
2–1 0.25–0.5 83.6 73.9 73
1–0 0.5–1.0 - - -

As these volcanic ash samples did not include any particles with diameters >0.5 mm
(<1 Φ-units), bi-lognormal distribution parameter p for the initial particle size content
of the tephra determining the proportion of the large particle fraction (<2 Φ-units) was
reduced to the minimum possible value of 0.24. After that, we used various modes (µ)
and standard deviations (σ) for large and small particle fractions, as well as the mass flow
rate. We then achieved correlations between the ash amount in kg/m2 in the base points
and the observation results for distribution parameter λ of the Suzuki distribution, which
equaled 0.5 (close to uniform distribution of ash along the height). Then we performed
similar operations for all the values of the parameter in question that were below or equal
to 2.5 at an increment of 0.25. This led to an increase in the ash concentration around the
area located at 3/4 of the maximum column height (specified by parameter A). The further
increase of parameter λ resulted in significant discrepancies between the modeling results
and the actual data that could not be overcome by varying the remaining model parameters.
Thus, values above 5 for parameter λ were rejected as contradicting the observations.

Our experiments showed that the mass fractions in the modeled and natural ashes
with λ up to 1.5 were quite similar. When λ was increased further, model and actual data
began to diverge. Thus, 1.5 is the most suitable value of λ. With this value, the mass of the
largest ash particle fraction (0.25–0.5 mm) (2–1 Φ-units) present in the samples from Cherny
Yar and Ust-Kamchatsk differs from the mass determined through modeling, by up to 8.5%.



Remote Sens. 2022, 14, 3449 11 of 23

In the samples from Nizhnekamchatsk, this discrepancy reaches 32%, probably due to the
varying locations of the ash sampling points relative to the eruptive cloud propagation axis.

Although Cherny Yar (75 km from Sheveluch, azimuth from the volcano—109◦), Ust-
Kamchatsk (85 km from Sheveluch, azimuth from the volcano—109◦), and Nikolskoye
(334 km from Sheveluch, azimuth from the volcano—107◦) are almost located on the same
line, over these areas, the ash cloud passed its axial part. Meanwhile, Nizhnekamchatsk
(62 km from Sheveluch, azimuth from the volcano—120◦) was in the side zone of the ash
cloud; we conclude this because the mass of the coarsest fraction is greater here (Table 5).
For the finest fractions, with particle sizes of <0.063 mm (>4 Φ-units), the discrepancy
amounts to 1–2 orders.

As the content of ash particles in the upper part of the ash cloud increases—as the
λ of the Suzuki distribution increases from 0.5 to 5—the MFR value required for the
modeling results to comply with the observations also increases. Thus, if λ = 0.5, the
MFR = 1.62 × 108 kg/s; if λ = 5, the MFR = 4.92 × 108 kg/s, and if λ = 1.5, the
MFR = 1.7 × 108 kg/s, and the overall volume of the tephra amounts to 0.26 km3. This
value correlates well with the tephra volume provided in [32]. Notably, the existing em-
pirical formulae allow for calculation of the MFR using the maximum lift of the ash cloud,
reducing this value by 1–2 orders: MFR = 5.42 × 106 kg/s [25]; MFR = 4.52 × 107 kg/s [66],
and MFR = 7.91 × 106 kg/s [67].

Thus, we used numerical modeling to determine the following explosive eruption
parameters, which best correlate with the observations:

• bi-lognormal distribution parameters for the total grain-size distribution of the ash (µ
and σ in Φ-units): µ1 = −2.025, µ2 = 4.143, σ1 = 1.545, σ2 = 1.4, p = 0.24 (Figure 7);

• Suzuki distribution parameters: A = 4, λ = 1.5;
• the mass flow rate: 1.7 × 108 kg/s.
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The obtained Sheveluch explosive eruption parameters, together with the parameters
of the FALL3D and PUFF models mentioned in the previous sections, were used in the
calculations whose results are considered below.

5. Results
5.1. Ash Cloud Propagation

According to the modeling results, the mushroom-like ash cloud formed above
Sheveluch on 11 November 1964, at a maximum height of 15,000 m a.s.l., 7–8 min af-
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ter the eruption began. Due to the differing wind speed and direction at various altitudes
(Figure 3), the cloud split into two uneven parts, upper and lower (Figures 8 and 9).
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The lower part of the cloud contained more large ash particles: these fell quickly
from the cloud to the ground due to gravity. Moving southeast from the volcano, this ash
cloud caused ashfalls in Ust-Kamchatsk and Nikolskoye. Moving above Ust-Kamchatsk,
the upper edge of this cloud reached an altitude of 12,500 m a.s.l. (Figure 8b); when
it passed Nikolskoye, it was 5500 m a.s.l. (Figure 9b). At the same time, the highest
concentration of ash particles in the cloud above Ust-Kamchatsk was observed at an
altitude of 4000–6000 m a.s.l., and at 2500–3000 m a.s.l. above Nikolskoye. The upper part
of the eruptive cloud proper, depleted in large ash particles, moved east and east-northeast
of the volcano (Figures 8 and 9). Due to turbulent diffusion, the cloud’s head slowly rose
through the atmosphere and reached 16,000 m a.s.l. by 21:37 UTC, 11 November (Figure 8c),
and reached 16,500 m a.s.l. by 04:07 UTC, 12 November (Figure 9c).
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Figure 9. The visualization of the modeling results for the Sheveluch eruptive cloud as of 04:07 UTC,
12 November 1964: (a) The optical density of the aerosol; (b) Ash concentration: cross-section along
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5.2. Ashfall Deposits

The different parts of the eruptive cloud were sources of ash in Ust-Kamchatsk
(Figure 2b). Figure 10 shows the mass percentages of ash deposited from the parts of
the eruptive column that was 1000 m thick with the same mass at various altitudes above
the volcano during the initial stage. The results indicate that the main sources of ash
deposited in Ust-Kamchatsk included the two parts of the eruptive cloud that were located
0–4000 m and 5000–9000 m above the volcano. Mainly large ash particles (2–1 Φ-units)
fell from a cloud located at altitudes of 5000–9000 m. The ash from the 0−4000 m layer
mostly contained fine particles (>4 Φ-units), as larger ash particles had already left the ash
cloud when it reached Ust-Kamchatsk. Due to the higher wind speed at greater altitudes
(Figure 3), the upper part of the eruptive cloud moved faster than the lower, which explains
the domination of large particles at the beginning of the ashfall in Ust-Kamchatsk.
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Notably, the ashfall start and end time in Ust-Kamchatsk (20:20 and 23:22 UTC,
11 November) essentially corresponds to the ashfall start and end times (20:22 and 23:22
UTC, 11 November) determined by our calculations (Figure 11). The start of the ashfall
in Nikolskoye (the Isle of Bering) recorded at 01:20 UTC, November 12 [51] is close to the
time produced via modeling, 01:37 UTC. Moreover, the ashfall end times in Nikolskoye
based on published and modeled data are quite different, 05:30 and 06:37 UTC respectively
(Figure 12). Some discrepancy in ashfall end times can be explained by the numerical diffu-
sion effect; this is typical for the model we used. However, we know from the experience
that it is challenging to determine the exact ashfall end time precisely. The source of the ash
deposited in Nikolskoye was the eruptive cloud that reached an altitude of 4000–7000 m
above the volcano crater (Figure 10).
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5.3. Aerosol Ash Clouds

According to the PUFF modeling results (Figures 13 and 14), the upper part of the
ash cloud, being at an altitude of about 16,800 m a.s.l., reached the Alaska Peninsula 24 h
after the eruption began (Figure 13a). After that, the cloud began to stretch toward the
east and from north to south. The eastern part of the ash cloud began moving to the
southeast, the central part moved to the west, and the western part moved to the southwest
(Figure 13b). By 19:07 UTC, 13 November, the eastern part of the cloud stretched along
the west coast of North America, while its western part remained above Alaska and the
Bering Sea (Figure 13c). During the 48 h after the eruption began, the ash cloud crossed the
40th parallel and reached California. The highest altitude the ash cloud reached during
that time was 19,000 m a.s.l. (Figure 13c). By 07:07, 14 November, the ash cloud reached
the northern coast of Alaska and inland into Canada, covered the west coast of the USA,
and began shifting toward the central part of North America (Figure 13d). Three days after
the eruption began, the ash cloud, now shaped like an enormous π and spanning 3000 km,
covered the territories of Russia, Canada, USA, and Mexico, as well as the Bering Sea and
the Pacific Ocean (Figure 14). By then, the maximum altitude of the ash cloud was up to
26,000–27,000 m a.s.l.

5.4. Aviation Hazard

The ash clouds pose a significant hazard to modern jet aviation. It is widely understood
that flights are safe in these conditions if the concentration of ash particles in a cloud is
less than 0.2 mg/m3 (normal zone); flights are allowed with precautionary measures, if
this concentration is between 0.2–4 mg/m3, and flights are prohibited from a “no-fly zone”
in areas with ash concentration above 4 mg/m3 [68]. To assess the potential hazard that
the 1964 Sheveluch catastrophic eruption posed to flights in the Kamchatka region, we
visualized the volcanic ash concentrations in eruptive clouds (Figure 15). An analysis of the
obtained data shows that 9 h after the eruption began, an extensive “no-fly zone” formed
at all flight levels in the east of Kamchatka. Simultaneously, the west wind continued
to move this cloud into areas through which busy international air routes currently pass
(Figure 15b).
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6. Discussion

This experiment carried out the determination of the eruptive cloud movement dy-
namics of the 1964 Sheveluch catastrophic eruption using numerical simulation methods
for the first time. According to the modeling results, the eruptive column rose into the
stratosphere and transformed into a mushroom-like cloud. Due to the different wind
speeds and directions at various altitudes, the cloud split into two uneven parts: upper and
lower (Figure 9a). The modeling results helped explain the difference in the grain-size ash
composition—a change of grain volcanic ash (2–1 Φ-units) to fine ash (>4 Φ-units))—during
the ashfall in Ust-Kamchatsk (Sections 3.3 and 5.2).

The modeling results and the geological data showed similar numerical parameters.
For example, the ashfall start and end times in Ust-Kamchatsk (20:20 and 23:22 UTC,
11 November 1964) essentially correspond to the ashfall start and end times (20:22 and
23:22 UTC, 11 November) determined by the calculations (Figure 11). The ash amount that
fell in Ust-Kamchatsk was 27–28 kg/m2 according to the geological data [32], and 27 kg/m2

according to the modeling data (Figure 11). The amount of deposited ash in Nikolskoye was
2 kg/m2 per both the geological data [32], and the calculated data (Figure 12). According
to the modeling data, the total volume of the tephra was 0.26 km3, which correlates well
with the tephra volume (0.3 km3) from [32].

Furthermore, the close similarity of the numerical parameters obtained via geological
methods and modeling made it possible to simulate the probabilistic propagation of the
aerosol cloud of the 1964 Sheveluch volcano eruption (Section 5.3). Just three days after
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the eruption began, the ash cloud stretched over a distance of 3000 km from the volcano
(Figure 14).

It is widely understood that after strong explosive volcanic eruptions, atmospheric
transparency for short-wave radiation decreases over large areas, e.g., [69,70]. A.J. Dyer and
B.B. Hicks [71] studied data from several dozen actinometrical stations in the northern and
southern hemispheres, and showed that after the March 1963 Agung volcano eruption, the
aerosol clouds spread over the entire globe within several months. The weakening of solar
radiation at most latitudes lasted for approximately two years. According to data from
the 22 USSR actinometrical stations, located between 40 and 68 degrees north, the average
monthly deviation of the direct solar radiation intensity had decreased sharply to −10% by
December 1963 (Table 6). Moreover, the weakening of radiation was observed until the end
of 1966 [72]. Based on our results, we believe that this long-term decrease in solar radiation
intensity was caused by the aerosol clouds spreading in the northern latitudes, not only
from the Agung volcano, but also of clouds formed during the Sheveluch volcano eruption
in November 1964.

Table 6. Deviation (%) of direct radiation intensity from the long-term average over USSR territory.
Data is taken from [72].

Year\Month I II III IV V VI VII VIII IX X XI XII

1963 −1 3 −2 2 2 2 2 1 0 −1 −2 −10
1964 −10 −3 −6 −7 −2 −1 −3 −2 −3 −6 −8 −16
1965 −15 −7 −11 −5 −2 −3 −3 −2 −5 −2 −9 −12
1966 −10 −9 −7 −4 −2 −1 1 0 −2 −4 −7 −7

The modeling results for the 1964 Sheveluch catastrophic eruption eruptive cloud
propagation helped us not only to assess the cloud movement dynamics, but also to confirm
and clarify the scenario of this eruption, which had previously only been described based
on the geological studies of its products, e.g., [29,32,37]. All the events of the 1964 eruption,
which lasted for 1 h and 12 min, were so close in time that their sequence could only be
recovered through the modeling we performed of the eruptive cloud movement. The most
likely sequence of events during this eruption is:

1. At 19:07 UTC, 11 November, the high-temperature juvenile materials rushed to the
earth’s surface, causing the destruction of extrusive domes in the northern part of the
crater by powerful explosions directed to the southwest (directed blast eruption) [32].

2. The material of the destroyed extrusive domes then formed directed blast deposits,
shaped like a wide fan, on the southern slope of Sheveluch [32].

3. The high-temperature juvenile substance (its content in the tephra deposits reaches
95% [29]) then began egress through the open conduit and formed an eruptive column
reaching an altitude of 15,000 m a.s.l. This process was accompanied by volcanic
tremor lasting from 19:20 to 20:22 UTC, 11 November [32].

4. The tropopause altitude above Kamchatka typically varies from 8000–11,000 m a.s.l.
throughout the year [6]. The eruptive column rose above the tropopause and trans-
formed into a mushroom-like cloud that featured numerous lightning bolts. This
cloud started to move east-southeast of the volcano.

5. Simultaneously, from the edge regions of the eruptive column, large volumes of
pyroclastic material collapsed and moved in the form of pyroclastic flows along the
central part of the southern volcanic slope (the pyroclastic flow deposits situated on
the directed blast deposits) [32]).

6. A co-ignimbrite cloud then formed above the moving pyroclastic flows, in which ash
and sand particles, as well as small rock fragments, were curling and intermixing.
This cloud was too heavy (“lead-colored” [51] (p. 30)) and only reached an altitude
of 6000–12,000 m a.s.l. Due to a different wind direction in the lower layers of the
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atmosphere, the co-ignimbrite cloud moved south-southeast of the volcano, unlike
the main eruptive cloud.

7. The ashfall in Ust-Kamchatsk featured two phases. From 20:20 to 22:00 UTC, 11 November,
ash fell from the main eruptive cloud (large ash particles [51]) that moved at a higher
speed; beginning at 22:00 UTC, the second phase comprised the ash from the co-
ignimbrite cloud (volcanic dust [51]).

8. In Nikolskoye, ash fell only from the co-ignimbrite cloud. The trajectory of the main
eruptive cloud was north of the Commander Islands (Figure 9a).

9. The overall area of both land and sea experiencing ashfalls between 19:07 UTC,
November 11 and 07:07 UTC, 12 November, is estimated to have been 147,686 km2

(Figure 16), including 10,200 km2 on land (in Kamchatka, the Bering Island and the
Medny Island). The use of the FALL3D model refined the data for the area of ashfalls
we obtained earlier in the experiment [37].

10. Due to the turbulent diffusion, the head of the main eruptive cloud lifted slowly
through the atmosphere. By 21:37 UTC, November 11, it reached 16,000 m a.s.l., and
by 04:07 UTC, 12 November, it reached 16,500 m a.s.l. Twenty-four hours after the
eruption began, the eruptive cloud, at an altitude of up to 16,800 m a.s.l., reached
Alaska. By three days after the eruption, the ash cloud stretched for 3000 km and
covered the territories of Russia, Canada, USA, and Mexico, as well as the Bering Sea
and the Pacific Ocean. It is possible that the ash clouds from the Sheveluch volcano
posed a danger to aviation in these areas within 3–5 days after the end of the eruption.
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7. Conclusions

For the first time, we managed to recover the movement dynamics of the eruptive
cloud generated by the 1964 Sheveluch catastrophic eruption. This became possible due to
the freely available release of atmospheric reanalysis data from ERA-40 ECMWF, and to
the development of numerical modeling of the ash cloud distribution.

In this experiment, some characteristics of the eruption itself have been clarified. In
particular, we obtained new assessments of the total grain-size composition, the MFR, and
the distribution of ash in the eruptive column. In addition, we specified the area of ashfalls
and traced the process of the ash fine fraction transfer, over the three days following the
beginning of the eruption.

The eruptive clouds of the 1964 Sheveluch catastrophic eruption posed a significant
hazard to aviation; within the 9 h after the eruption began, an extensive “no-fly zone”
formed at all flight levels east of Kamchatka.

The modeling results for the 1964 Sheveluch catastrophic eruption eruptive cloud
propagation helped us not only to assess the cloud movement dynamics but also to confirm
and clarify the scenario of this geological event.

Our findings also suggest that the well-known long-term decrease in the solar radia-
tion intensity in the northern latitudes from 1963–1966, which was established according
to world remote sensing data, was associated with the spread of aerosol clouds not only
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from the Agung volcano, but also of clouds formed by the 1964 Sheveluch volcano catas-
trophic eruption.

We must note that the methods and technologies for ash cloud movement modeling
used in this research cannot be deemed the standard solution to the problem of uncovering
explosive event parameters. However, in cases of insufficient ground and satellite-based
data, our model provides an additional tool for study of the historical explosive eruptions
of volcanoes.
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