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ABSTRACT 

The shedding of atmospheric vortex streets from mountain peaks has been simulated in the 
wakes of several shapes of circular cones and one combination of two such cones placed in the 
uniform, unstratified flow of a wind tunnel. Conditions for vortex shedding are more favorable 
the steeper the slopes of the peaks. From the laboratory measurements and with the assumption 
of Reynolds number independence, predictions are made of the periodicities of vortex shedding 
from six volcanic peaks whose periodicities of vortex shedding have been determined by others 
from satellite photographs of wake clouds. The predicted periods agree with the measured 
periods in three cases and are significantly smaller in three cases. For the latter cases it is 
concluded that stratification has so altered the atmospheric flow that either the Strouhal number 
has been lowered or the barrier effect of the topographic obstacle has been considerably 
enhanced. It is also concluded that stratification sufficient to reduce turbulence is necessary for 
the existence of an extended atmospheric vortex street. 

1. Introduction 

A number of investigators (Chopra, 1972; 
Chopra and Hubert, 1964, 1965; Thomson, Gower 
and Bowker, 1977; Tsuchiya, 1969; Zimmerman, 
1969) have analyzed the von Karman-type vortex 
streets created in the stably stratified atmospheric 
flows downwind from island or from volcanic 
peaks. The vortex streets, seen as cloud patterns in 
satellite photographs, have the appearance of the 
vortex streets formed in the laboratory by circular 
cylinders in unstratified laminar flows at low 
Reynolds numbers. Some success in under- 
standing the origins of these vortex patterns has 
been achieved through the use of parameters 
determined from the laboratory experiments with 
cylinders. However, the flow around cylinders 
cannot truly represent the three-dimensional flow 
over and around island and volcano obstacles. 
Hence, better models are needed. To date, improve- 
ments in modeling have yielded only qualitative 
results. Thus, Friday and Wilkins (1967), studying 
cylinders in stratified fluids, found no evidence 
that stratification favored vortex shedding. Greenly 
(1969) demonstrated that vortex shedding in an 
unstratified fluid occurred in the wake of a 

three-dimensional obstacle shaped like a steep- 
sided island. 

The present paper provides quantitatively 
improved three-dimensional models for vortex 
shedding from mountain peaks whose symmetry, 
like that of volcanoes, approximates that of circular 
cones. Vortex shedding from circular cones of 
various shapes and characteristic slope angles was 
studied in the unstratified flow of a wind tunnel. To 
simulate the shedding from a pair of closely spaced 
mountain peaks, a pair of overlapping cones was 
used. Measurements were made of the dimension- 
less parameter most readily related to atmos- 
pheric measurement, the Strouhal number, 

S = fdlu, 

where f is the frequency of shedding, d is the 
characteristic dimension of the obstacle and uo is 
the wind speed. The f and uo values for a number of 
atmospheric examples are available. It is the 
principal intention here to see if these values are 
consistent with the d values appropriate to the 
shape of the obstacle being modeled when the 
assumption is made that the laboratory S values 
are valid for the atmospheric flow. 
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2. Modeling criteria 

Snyder (1972) shows that the model and 
atmospheric prototype must be matched in Peclet 
number, Rossby number, Reynolds number and 
Richardson number. Only the Reynolds and 
Richardson numbers are in need of consideration 
here. 

Reynolds number similarity cannot be estab- 
lished because the Reynolds numbers for the 
observed flows are of the order of lolo, much larger 
than the values achieved in laboratory flows. Two 
approaches are used in justifying Reynolds number 
similarity between laboratory and prototype flows. 
In one, eddy viscosity v, is used to define an 
effective Reynolds number 

Re = uod/v, 

The effective number, which is much lower than the 
actual Reynolds number, is then identified with the 
actual Reynolds number in a laboratory experi- 
ment. In the other approach to establishing 
similarity, the hypothesis of “Reynolds number 
independence” is used; that is, it is assumed that 
when the Reynolds number, defined in terms of 
kinematic viscosity v, increases from that used in 
the laboratory to that of the atmospheric flow, 
there is no effect on the phenomena under 
investigation. 

Equation (2) has been used by all those who 
have analyzed vortex shedding from islands and 
volcanoes. The assumption of Reynolds number 
independence is used in the present paper. General 
arguments favoring this choice are given by Snyder 
(1972). There is no empirical evidence justifying 
the hypothesis of Reynolds number of inde- 
pendence for vortex shedding from cones. How- 
ever, encouragement for the hypothesis comes from 
experiments with cylinders, for which the combined 
results of several investigators (Roshko, 1954; 
Batham, 1973; Szeechenyi, 1975) show no sub- 
stantial change in Strouhal number of lo3 < R < 
10’. This range of Reynolds numbers includes the 
crucial, supercritical range, lo5 < R < lo6. 

There is no possibility of Richardson number 
matching the present experiments. However, the 
importance of this number in the atmospheric 
examples chosen here cannot be ignored. Although 
the Richardson number is not available from the 
reports of the atmospheric investigators, temper- 
ature soundings allow the convective stability to be 

inferred. In all cases convectively stable air, usually 
in the form of an inversion, exists from the 
half-height level of the peak, or lower, to well above 
the peak at the time of observation (Lyons and 
Fujita, 1968; Thomson, Gower and Bowker, 1977; 
Tsuchiya, 1969). Lyons and Fujita (1968) describe 
their flow as a “stable air stream”. Soundings taken 
before the time of observation (Tsuchiya, 1969; 
Thomson, Gower and Bowker, 1977) show that 
convectively stable air existed above and well below 
the tops of the peaks many hours before the 
vortices were observed. 

The kind and degree of stratification of the 
atmosphere is likely to be very important for two 
reasons. First, stratification may influence the 
survival of vortices as they drift downstream from 
the obstacle, because stably stratified flow is 
expected to be less turbulent than unstable flow 
(Tenekes and Lumley, 1972, p. 98). Second, stable 
stratification is likely to influence the flow field 
itself, as shown in the theoretical work of Sykes 
(1978) whose study of stably stratified flow over a 
hill indicates an enhanced barrier effectiveness both 
vertically and horizontally. The importance of 
stratification in the light of the present experiments 
will be discussed in Section 8. 

Because the atmospheric flow impinging on the 
volcanoes is probably turbulent to some degree, it 
is important to know if this turbulence must be 
simulated in the laboratory. Majumbar and 
Douglas (1970) studied the effect of turbulent flows 
on the Strouhal number for a circular cylinder in a 
wind tunnel in the range of 4000 < R < l0,OOO. 
Turbulence levels were from 0.5 % to 12.5 %. There 
was no effect on the Strouhal number. The 
turbulence in the wind tunnel used in the present 
experiments was about 1 %. 

3. Experimental arrangements 

The wind tunnel and the measuring apparatus 
used in these experiments have been described in 
detail elsewhere (Moussa, Trischka and Eskinazi, 
1977). The wind tunnel has a cross section of 1.22 
m high by 0.6 1 m wide. Smooth aluminum cones of 
various shapes were mounted on a horizontal flat 
plate with their symmetry axes perpendicular to the 
plate. The plate was mounted on a vertical pipe, 
2.54 cm in diameter, at the center of the tunnel. The 
mounting plate was 43.2 cm long by 35.6 cm wide. 
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The center of the pipe and the axes of the cone were 
17.8 cm from the leading edge of the plate. To test 
possible effects of boundary layer build-up on the 
upstream section of the plate, a cone was mounted 
at various distances from the leading edge of the 
plate. No effect on the Strouhal number was found 
at the Reynolds numbers reported here. Vortex 
shedding from the pipe was isolated by the presence 
of the plate and was apparent only beyond its 
trailing edge. A hot wire anemometer was used with 
a linearizer and a narrow-band real-time spectrum 
analyzer to make a spectral analysis of the wind 
speed. Spectra were plotted with an x-y recorder. 
Fig. 1 is such a recording. The numbers 5 and 25 
are, respectively, the run number and the fre- 
quency in hertz at the point indicated. 

Simple cones with straight, smooth sides had 
base angles of 20°, 30°, 45' and 60'. Their base 
angles, base diameters and heights are shown in 
Table 1. Most of the base angles are much larger 
than the slope angles of mountain peaks. Because 
no vortex shedding was found from cones with base 
angles less than 20°, the larger angles were chosen 
to help in assessing the influence of base angle on 
the shedding process. A second type of cone, more 
realistic in shape than the simple cone, was 
designed to show the effects on the Strouhal 
number of the lower slope angles at the lower 
elevations of the mountain peaks. This was a 
double cone, consisting of a truncated cone with 
one base angle capped at the truncation surface by 
a simple cone with a larger base angle. The second 

column in Table 1 gives the base angles of the two 
cones, starting with the lower one. The fourth 
column gives the height, from its base, of the 
truncated cone and of the upper simple cones. A 
third type of cone, having an exponential profile, 
was studied because this profile fitted most peaks 
better than the simple cone. The angle in column 
two of Table 1 is the angle made with the 
horizontal by a tangent to the surface at the apex of 

Fig. I. Power spectrum for a 45' simple cone. 5 is the 
run number, and 25 is the frequency in hertz at the point 
indicated. 

Table 1. Cone dimensions 

Base 
Angle diameter Height 26 ho 

TY Pe (deg.) (cm) (cm) (cm) (cm) 

Simple 20 

30 
45 

60  
Double 10- 

1.40 
2.77 
1.47 
1.27 
2.54 
3.8 1 
7.62 
4.39 

8 0.89-0.91 
20-30 15.24-5.89 1.7C1.70 

Exponential 30 15.24 2.54 
45 15.24 2.54 

Twin 45 7.62 2.54 

7.62 
15.24 
5.08 
2.54 
5.08 
7.62 

15.24 
5.08 

0 15.24-5. 
- - 
9.68 2.79 
5.38 2.69 

~~ 
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the cone. The equation for the profile of an 
exponential cone is 

h = h, exp (-r lb) (3) 
where r is the cone radius, and h is the height of the 
cone surface at radius r. The parameters 2b and h,, 
as well as the base diameter and heights, are given 
in Table I .  The angle used to specify the cone is 

5, = tan-' (h,lb) (4) 

It will be noted that h, is greater than the height 
given in Table 1. This is because the cone was 
truncated to establish a fit, at a reasonable base 
diameter, with the mounting plate. Furthermore, a 
fit to the base plate for the 30" exponential cone led 
to a design in which the lower part was a 15" 
truncated, simple cone capped by a 30" exponen- 
tial cone. 

The last type of obstacle, called a twin-cone, was 
a pair of 4 5 O  simple cones with their 5.08 cm bases 
intersecting in such a way that the apex-to-apex 
distance was 2.54 cm and their total base length, 
perpendicular to the environmental flow, was 7.62 
cm. 
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4. Scaling parameters for cones 

Dimensional analysis was used to determine the 
dependence of the Strouhal number on the geo- 
metrical parameters of the cones and on the 
Reynolds number 

R = u,d/v (5) 

In general, for a cylinder whose axis is perpen- 
dicular to a stream, S is a function only of R. For a 
simple cone 

S = f ( R ,  hld)  (6) 

where h is the cone height and d is, by choice, the 
base diameter. For an exponential cone 

S = g ( R ,  hdb)  (7) 

For the double-cone the relation chosen was 

S = f d ( R l .  hlld,, hzldl. dzld,) (8) 
where R ,  = u,d,/v, d, is the base diameter of the 
lower cone, d, is the base diameter of the upper 
cone, h ,  is the truncated height of the lower cone 
and h, is the height of the upper cone. The two 
cones used in the present experiments had h ,  = h,. 

No analysis was made for the twin-cone. The 
characteristic length used for calculating R was the 
base length perpendicular to the axes of the two 
cones. 

5. Results 

1,11111,1,1 
0 2 4  6 8 10 

0.20 

R/ IO~  
Fig. 2 .  Strouhal number vs Reynolds number for simple 
cones with various base angles. 0 20°, 0 30°, 0 4 5 O ,  A 
60". 
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fz/104 
Fig. 3.  Strouhal number vs Reynolds number for com- 
plex cones. 0, 30" exponential, 0 4 5 O  exponential, 0 
1Oo-2O0 double, ~20"-30" double, A 45' twin. 

again seen that there is a trend of increasing 
Strouhal number with increasing Reynolds number. 
In the case of the exponential cones, the 30" cone 
has higher Strouhal numbers than the 45" cone. 
For the double cones, the one with smaller angles 
has larger Strouhal numbers. Comparison of the 
Strouhal number of the different types of cones is 
inappropriate because there is no common basis for 
the choice of characteristic dimensions. 

For comparison with the atmospheric vortices it 
is useful to have a measure of the constancy of the 
periodicity of shedding and to assess the strength of 
vortices relative to some standard. The importance 
of the former resides in the small number, at most 
five of six, of atmospheric vortices observed at any 
one time. The hot-wire power spectrum of a cone 
wake, shown in Fig. 1 for one of the runs with the 
2Oo-3O0 double cone, has a narrow resonance- 
type peak superposed on a turbulent background. 
A convenient measure of the constancy of shedding 
periodicity is the ratio A f /f, the ratio of the width 
of the resonant peak at half maximum, Af, to the 
central frequencyf. This ratio was independent of 
probe position in all three directions in the wake for 
several diameters downstream. A rough relative 
measure of the strength of vortex shedding is the 
ratio of the area under the peak above the turbulent 
background to the area of the turbulent back- 
ground over the same frequency region. To 
approximate this, A f / f was multiplied by the ratio 
Pk/Turb, the ratio of the height of the peak above 
the turbulent background to the turbulent back- 
ground. The peak height chosen was the largest one 
found when the wake was explored in all three 
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Fig. 4 .  Variation with Reynolds number of quantities 
related to vortex periodicity fluctuations. A f /1; and 
vortex shedding strength, ( A f / f )  x (Pk/Turb), for 
simple cones with various base angles. 0 20°, 30°, 0 
45", A60". 

directions. This largest peak occurred within the 
first diameter downstream. 

Fig. 4a shows A f / f vs Reynolds number for the 
simple cones. For the 20" cone, the frequency 
spread is more than 30%. Hence, the specification 
of the shedding period is not reliable to better than 
- + 15%. The 60" cone with a frequency spread of 
10% has the most consistent shedding frequency. 
The ratio A f / f  decreases with increasing cone 
angle, but shows no systematic variation with 
Reynolds number. 

The ratio Pk/Turb is plotted vs Reynolds 
number in Fig. 4b. It indicates the difficulties of 
laboratory observation through the requirement of 
large averaging times when this ratio is less than 
unity, as seen especially for the case of the 20° 
cone. No shedding was detected from a 10' cone. 

The product of the two ratios,(Af/f) (PklTurb) 
is plotted vs Reynolds number in Fig. 4c. There is 
no clear-cut difference between the 45O and 60° 
cones, but there is a definite decrease toward lower 
values for the two cones with smaller angles. 

Fig. 5 shows, for the composite cones, the three 
plots similar to those in Fig. 4. The very low values 
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a 
Fig. 5. Variation with Reynolds number of quantities 
related to vortex periodicity fluctuations, A f / A  and to 
vortex shedding strength, (Af/f) x (Pk/Turb), for 
complex cones. 0 30° exponential, 0 45" exponential, 
0 10"-20" double, W 20"-30° double, A 4 5 O  twin. 

of Pk/Turb for the 10"-20" cone indicates the 
great difficulty of experiments at small base angles. 

The variation of the shed vortex strength with 
height is of interest in the laboratory experiments 
because the cloud patterns seen in the satellite 
pictures are associated with an inversion, which 
may, in principle, occur at any height. There being 
no simple way of finding the vortex axis or its 
strength (cf. Bloor and Gerrard, 1966), the height 
of the shedding peak as a function of the 
cross-stream direction was used as a guide. The 
distance between the points of maximum height on 
either side of the wake axis was used as a measure 
of the vortex location, and the maximum peak 
height was used as a measure of the vortex 
strength. For the 45" simple cone, at a down- 
stream distance of about four base diameters, the 
maximum peak heights, on an arbitrary scale and 
at various distances z above the base plate, were as 
follows: at z / h  = 0.5, 100; at z l h  = 0.75, 100; at 
zlh = 0.88, IS; at z / h  = 1.0, 36. 

If the vortex axis is not perpendicular to the base 
plate, the separation of the two sides of the street 
will vary with height. In the atmospheric cases this 
would mean that this separation would depend on 
the cloud height and might vary from time to time 
unless the cloud height were always the same. 
Measurements with a 45" simple cone, taken 
downstream a little over one base diameter from 
the cone axis, gave an angle of 60" between the 
vortex axis and the base plate. At a downstream 

distance between three and four times the base 
diameter, the angle was SOo. 

To study the decay of the wake vortices spectral 
measurements were made at a number of down- 
stream locations for the 20", 30" and 45" simple 
cones. If x, is the distance in which the resonant 
peak is reduced by a factor I/e and a is the 
downstream spacing of successive vortices, then 
x,/a provides a useful number for comparison with 
the atmospheric results. For the 20°,  30" and 45O 
simple cones, respectively, x,/a was 0.5, 1.2 and 
1.9. The spacing a was estimated with the 
assumption that the wake speed was 0 . 8 ~ ~  

6. Discussion of the experiments 

An important feature of the present experiments 
is the occurrence of only one shedding frequency. 
This is in contrast to Gaster's (1971) results for 
slightly tapered cylinders, from which shedding 
occurred in "cells" whose frequencies were related 
to the mean diameter of the cylinder over the length 
of the shedding cell. For cones with sufficiently 
steep sides, slopes greater than 60° ,  it is to be 
anticipated that more than one shedding frequency 
will be found. 

The dimensional analysis summarized in Section 
4 indicates for the simple cones a possible 
dependence of their Strouhal numbers on hld. The 
cone base angle is related to h/d  by tan 4 = 2h/d ;  
whence, from Fig. 2, it is seen that Strouhal number 
decreases as h/d increases. To provide an estimate 
of the base angle at which a second vortex 
frequency will develop, a straight line approxima- 
tion at R = 4 x lo4 gives 

S = 0.29 - 0.034 tan 4 ( 9 )  
for 20" < 4 < 60". Extrapolation gives 4 = 67" for 
S = 0.21, the value for an infinite cylinder. 
However, this limit cannot exist in actuality 
because of the prior appearance of a second 
shedding cell. Hence, it is likely that the second cell 
will first appear when the angle is near 70". 

Figs. 4c and 5c show that the strength of vortex 
shedding decreases as the slope angle decreases. 
Thus, although the shedding strength is about the 
same for 60" and 45" simple cones, it is somewhat 
lower for the 30" cone and considerably lower for 
the 20" cone. On the other hand, the likelihood that 
a 10" surface sheds very weakly as indicated in 
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Fig. 5c for the double cones. There the 10"-20" 
cone very clearly sheds with less strength than the 
20"-30" cone. It is further noteworthy that the 
10"-20" cone does not shed so strongly as the 20" 
simple cone. On the other hand, the 20"-30" cone 
has a somewhat greater shedding strength than the 
30" simple cone. This suggests that the lower part 
of this double cone contributes significantly to the 
shedding of its 30" part, whereas the base plate, 
which may be thought of as having a 0" slope angle 
contributes very much less in the case of the 30" 
simple cone. The relative ineffectiveness of the 
smaller slope angles is also seen in Figs. 5c and 4c 
where the 20°-300 double cone has a greater 
shedding strength than the 20" simple cone, thus 
demonstrating the advantage of the steeper upper 
slope of this double cone. Fig. 5c shows that the 
shedding strengths of the exponential cones are 
nearly the same, a result apparently inconsistent 
with the observations for the other cone types. That 
the 30" exponential cone does not have a sig- 
nificantly lower shedding strength than the 45" 
exponential cone may be a consequence of dif- 
ferences in their profiles. The 30" cone is exponen- 
tial only over the first one-third of its diameter and 
has a constant 15" slope thereafter. The 45" cone 
is exponential over its entire diameter and has slope 
angles less than 15" for the outer 54% of its 
diameter. 

A comparison of the Strouhal numbers also 
shows the relative ineffectiveness of the lower parts 
of cones at small slope angles. If a cone is imagined 
to be made up of a pile of horizontal slices, each of 
which competes with the others to shed vortices at 
the shedding frequency of a cylinder of the same 
diameter, then the actual frequency will be de- 
termined by one of these slices, and the diameter of 
that slice will be dcy,, the diameter of the equivalent 
cylinder. Therefore, if d,, is the characteristic 
diameter of the cone, the ratio dcy,/dc0, given in 
Table 2, is a measure of the part of the cone most 
effective for shedding. Although this is a crude 
representation of the actual three-dimensional flow, 
it provides useful insights. The Strouhal number 
chosen for the equivalent cylinder was 0.212, the 
asymptotic value in the Roshko (1954) formula. 
For the simple cones, this ratio is greatest and the 
closest to 1.0 for the 60" cone. It is least for the 
20" cone. This means that for simple cones with 
small angles the upper part of the cone is more 
effective in determining the shedding frequency 

Table 2. Observed mean Strouhal numbers of 
cones and cylinder-cone equivalents, d,,,/dco 

Angle 
Type (deg.) sin,., 4cyI/Po 

Simple 20 0.29 0.73 
30 0.26 0.80 
45 0.26 0.80 
60 0.23 0.92 

Double 10-20 0.70 0.30 
2 S 3 0  0.36 0.60 

Exponential 30 0.29 0.73 
45 0.17 1.2 

Twin 45 0.22 0.96 

than is the upper part of cones with large angles. 
For the two double cones, there is a dramatic 
difference, the cone with the lower slopes having a 
cylinder equivalent of only half the diameter of the 
cylinder equivalent of the 20"-30" cone. This 
result indicates that the upper section of 10"-20" 
cone is more effective in determining shedding 
frequency than the lower segment, even though the 
lower segment has a much larger area. The same 
can be said for the 20"-30" cone, but to a lesser 
extent. If this cone behaves like some kind of mean 
between 20" and 30" simple cones dcy,/dco should 
be between 0.73 and 0.8, whereas it is actually 0.6. 
The 30° exponential cone has a much smaller 
cylinder equivalent than the 45" expontial cone, a 
demonstration of the great effectiveness of the 
larger slope angles of the latter cone. Another way 
to view the exponential cone results is to note that 
2b is the base diameter of a simple cone whose base 
angle is equal to 0,. Table 2 shows that the 45" 
exponential cone is somewhat more effective than a 
simple cone of base diameter 26, whereas the 30" 
exponential cone is considerably less effective than 
the corresponding simple cone. 

7. Cone models of volcanoes 

Table 3 lists the mountain peaks modeled with 
the present laboratory results. They were chosen 
because their associated vortex shedding periods 
have been published (Tsuchiya, 1969; Lyons and 
Fujita, 1968; Thomson, Gower and Bowker, 1977) 
and because the required topographic information 
was available to the author. All but Cheju, an 
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Table 3.  Characteristics of volcano profiles and predicted periods of vortex shedding 

Cone 
angle d , ,  4, 2b Tsim Texp ‘twin ‘meas 

Volcano (deg.) (km) (deg.) (km) (h) (h) (h) (h) 

Cheju 5 31 10 23 2.9 2.1 - 4.4 
Kiska 16 8.8 21 6.4 0.8 0.6 - 3.1 

- 18 15 - 1.4 - 2.4 Pavlov - 
Pogromni 8 22 (a) 17 (a) 1 1  2.0 (a) 1.0 - I .9 

Shishaldin 22 14 24-35 10 1.3 0.9 3.0 2.8 
Vsevidof 21 1 1  34-43 6.1 1.0 0.6 2.6 2.8 

(b) 12 (b) 15 (b) 1.4 

island south of the Korean peninsula, are in the 
Aleutian chain. Profiles or useable topographic 
information were published for Cheju (Tsuchiya, 
1969), Kiska (Lyons and Fujita, 1968) and Pavlov 
(Thomson, Gower and Bowker, 1977). The profiles 
of the last three volcanoes in Table 3 were made 
directly from topographic maps of Unimak and 
Umnak islands. Wherever possible, the peaks were 
modeled by both a simple cone and an exponential 
cone. Where two or more peaks were close 
together, the twin-cone model was also used. The 
height of the simple cone model was the height of 
the peak above sea level, and the cone’s base 
diameter was twice the volcano’s diameter at an 
elevation equal to one-half of its peak height. The 
parameters for the exponential cone were found 
from a semi-log plot of the volcano profile, the 
ordinate being the logarithm of the height above sea 
level. A straight line was fitted to this plot. 

In Table 3 the cone angle is the base angle for a 
simple cone; d,,, is the base diameter of a simple 
cone. The parameters for the exponential cone are 
8, and 26. For Shishaldin, the highest of a row of 
three peaks on Unimak island, and for Vsevidof, 
the higher of a pair of peaks on Umnak island, two 
values of 8, are shown to indicate the asymmetries 
of their profiles. In these cones 2b is the sum of the 
“b” values for the two sides of the peaks. For 
Pogromni, a volcano for which an exponential is a 
rather poor fit, two sets of exponential parameters 
are listed. The choice (a) is from a mean line 
through a profile plot; whereas, the choice (b) 
places emphasis on the upper half of the peak. The 
profile of Pogromni is very close to that of a simple 
cone 1560 m high, truncated 160 m from the top. 
The small, isolated peaks on the plateau at the top 
of Pogromni are ignored. The only information 

available to the author for Mt Pavlov was 
published by Thomson, Gower and Bowker (1977) 
who give the peak height and its diameter at 750 m 
altitude. An exponential fit was made to this data to 
give the parameters listed in Table 3 .  

The volcano pair most nearly resembling the 
laboratory twin-cone model is Mt Vsevidof and Mt 
Recheshnoi. Simple cones were fitted to these two 
peaks, and the end-to-end distance at sea level was 
taken for the base diameter of their twin-cone 
equivalent. If the “percent overlap” is defined as the 
overlap distance at their bases of one simple cone 
by the other, divided by the base diameter of the 
first simple cone, then, the percent overlap of the 
laboratory twin-cone model is 50%. The percent 
overlap of Mt Vsevidof by Mt Recheshnoi is 56% 
and the overlap of Mt Recheshnoi by Mt Vsevidof 
is 39%. The twin-cone model for Shishaldin used 
simple cones fitted to Mt Shishaldin and Mt 
Isanotski. The percent overlap in this case is 
negative, -23%. The nearness of Mt Isanotski to 
Mt Roundtop, the smallest of the three peaks in the 
Shishaldin group, makes the twin-cone approxi- 
mation arbitrary because there is no reason to 
believe that the three peaks might not shed vortices 
as a group, if Mt Shishaldin is not solely respon- 
sible for the observed vortices. 

With the types of fitting discussed above, the 
base diameter of the simple cone is 1.39 times the 
exponential cone parameter 2b, in the ideal case. 
The parameters in Table 3 give ratios close to 1.39 
for all cases except those of Vsevidof and Pog- 
romni, exponential case (a). 

To choose the Strouhal number for modeling the 
volcanoes it is necessary to consider two difficul- 
ties. First, from Fig. 2 it is clear that S is still 
increasing at the highest value of R achieved in the 
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laboratory; hence, a region of S independent of R 
has not been reached. Second, S increases as cone 
angle decreases, and the simple cone angles for the 
volcano models in Table 3 are equal to or less than 
the smallest angle, 20°, used in the laboratory. If 
the laboratory trends with R and S continue, then 
the appropriate S for modeling will be higher than 
the highest value, 0.3, found in the laboratory 
experiments. For the simple cone case it was 
decided to present in Table 3 the vortex shedding 
periods calculated with the use of a Strouhal 
number of 0.3, with the understanding that the 
periods are likely to be smaller than those shown. 
Hence, the disagreements between laboratory and 
atmospheric results may be greater, and the 
agreements are doubtful. Similar reasoning was 
applied to the exponential cone modeling, for which 
the Strouhal number selected was 0.3, the highest 
value for the 30° exponential cone. In the twin- 
cone case a Strouhal number of 0.22 was selected. 
References for the measured periods are given in 
Table 4. 

Details of the atmospheric observations are 
listed in Table 4. In this table a is the distance 
between successively shed vortices and one side of 
the vortex street, u, is the wake speed, u, is the 
environmental wind speed and d is the obstacle 
dimension used by the reporting authors to 
calculate the Strouhal number, S. T,,,,,, is deduced 
from 

Tmeas = ( d a )  = ( d u o )  (uda) (3) 
The measured quantities are u, and a, except for 
the Cheju case where both u, and u, were 
measured. In the other cases authors have differed 
in their methods of finding u,Iu,,. 

Table 4. Characteristics of atmospheric wake vortices 

8. Conclusions 

Table 3 shows that, with the exception of the 
simple cone case for Pogromni, the predicted 
periods for the simple cone and exponential models 
are significantly smaller than the measured periods. 
The twin-cone periods for the Shishaldin and 
Vsevidof groups are in good agreement with the 
measured periods. Hence, in three cases the 
volcanoes themselves provide adequate barriers to 
explain the observed vortex shedding period. That 
is, the vorticity created in the boundary layer near 
the surface of the volcanoes becomes rolled up into 
vortices in the wake on their lee sides. However, in 
three cases the volcanic peaks are much too small 
to account for the observations. In these cases, if 
the modeling criteria are satisfied, it can be con- 
cluded that stratification is not only important for 
the generation of these vortices, but the flow 
around the mountains is so altered by the stratifica- 
tion that either the Strouhal number for shedding 
from the mountain slopes is reduced, or the barrier 
enhancement effect discussed in Section 2 is such 
that vorticity generated in the atmosphere itself, 
well away from the mountains, is responsible for 
the vortex streets. 

Other discrepancies, true for all the cases 
compared here, arise in the comparison of 
laboratory and atmospheric vortex streets. If the 
atmopheric wakes were as turbulent as those found 
in the laboratory, it is unlikely that the vortices 
would have been visible in the wake clouds. 
Furthermore, the non-dimensional decay distance, 
xJa, is very different in the two cases. As was seen 
in Section 5 ,  xJa = 0.5 for the simple cone in the 
laboratory. But, xJa 2 6, from calculations based 

~~ ~ ~ 

Cheju* 111 0.76 28 9.2 0.19 4.4 
Kiskat 85 0.75 18 10.0 0.16 3.1$ 
PavlovS 65 0.75 18 10.0 0.21 2.4 
PogromniS 50 0.75 13 10 0.20 1.9 
ShishaldinS (c) 75 0.75 32 10 0.32 2.8 
VsevidofS (c) 75 0.75 17 10 0.17 2.8 

* Tsuchiya, 1969; t Lyons and Fujita, 1968; $ Thornson et al., 1977. 
4 Authors give 2.6. 
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on the atmospheric results presented by Thomson, 
Gower and Bowker (1977). These discrepancies in 
the decay distances lead to the conclusion that 
stratification of the atmosphere is important both 
for the formation and for the observation of the 
large number of vortices actually seen in cloud 
patterns. 

The laboratory results make reasonable the 
search for vortex shedding from the volcanic peaks 
themselves and from similarly shaped mountain 
peaks even in the absence of stably stratified flow, 
although shorter periods are to be expected. Two 
considerations are important if such shedding is to 
be observed. First, large slope angles are more 
likely to produce significant shedding than small 

angles, as is apparent from the discussion in 
Section 6, of Figs. 4c and 5c and of the Strouhal 
number evidence. Second, the wake is likely to be 
turbulent, thereby masking and rapidly dissipating 
the vortex motion. Among the peaks listed in Table 
3, Shishaldin and Vsevidof should be the best ones 
to study. 
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KOHklYECKklE MO,L(Enkl rOPHbIX IIklKOB, CBI3AHHbIE C BklXPEBbIMkl aOPOXKAMkl  
B ATMOCQEPE 

06pa30BaHHe BHXPeBbIX AOpOEeK B aTMOC4epe KOHyCaMW pa3~1UWOfi (POpMbI H 38 OAHOfi KOM6HH- 
321 rOPHbIMH IIEIKaMH 6nno  IIpOMOAenHpOBaHO B IIapbI TaKHX KOHYCOB. npeACKa3bIBaeTCSI, 
OAHOPOAHOM HWTpaTw4WHpOBaHHOM nOTOKe B ’IT0 BHXpeBbIe AOPOEKH nOnXHb1 IIORBnRTbCR B 
a3pOAHHaMHWCKOfi ~ p y 6 e  B CJIenaX 38 KpyI‘JIbIMH UIe&iX 38 H30nHpOBaHHbIMH IlUKaMU H 38 napOfi 
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6 n ~ 3 ~ 0  p a c n o n o X e H H b I x  IIHKOB. YCJIOBHR QnR 

6onee KpYTbl CKnOHbl KMKOB. Ha OCHOBe na6opa.r- 
06pa30~a~wr ~ ~ x p e i 4  TeM n p e n n o w m e n b H e i 4 ,  YeM 

opmx ~ s ~ e p e ~ w i 4  H B n p e n n o n o x e H m  ~ e 3 a ~ ~ -  
CHMOCTH OT wcna P e l H o n b n c a  npenc~a3a~bi nepao- 
AHYHOCTH 0 6 p a 3 o ~ a ~ ~ r  BHXpefi 38 IlIeCTbKJ BynKaH- 
HYeCKHMH IIHKBMH, Ann KOTOPblX IIepHOnHYHOCTH 

HCCneAOBaTenRMU no CIIYTHHKOBbIM @OTOrpa@HRM 
0 6 n a K O B  B nOABeTpeHHOM IIOTOKC. n p e n C K a 3 a H H b l e  

H ~ J I ~ Y ~ H H R  ~ ~ ~ p e i 4  6 b m ~  o n p e n e n e H b 1  n p y r a M H  
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