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ABSTRACT

Strong northerly flow across Cheju Island, Korea, during the 1975 Air Mass Transformation
Experiment (AMTEX 75) resulted in a pronounced vortex cloud street to the lee of the island
on February 17 1975. This pattern has been studied and explained in terms of classical von
Karman eddies shed in laminar free low moving past a cylindrical obstacle under subcritical

Reynolds number conditions.

DMSP satellite imagery and AMTEX aerological data have given the shedding frequency of
the vortices that are contained in the mixed boundary layer below the capping inversion to be
one per 3 h. The island extends to nearly 2 km above sea level and penetrates the base of
the inversion layer at a height of approximately 600 m. At this height the island diameter is
about 20 km, a figure in good agreement with the independently inferred vortex shedding

diameter.

1. The von Karman vortex street

Rhythmic vortex shedding is a very common
fluid dynamic phenomenon, experienced, for exam-
ple, through the aeolian sounds of a car roof rack
which is set into coupled vibrations by the air
stream, or visually observed in the lee water behind
pillars standing in a river. The phenomenon is seen
as an alley of alternately clockwise and counter-
clockwise rotating vortices (von Karman, 1911)
moving downstream with a velocity slightly smaller
than the velocity of the free fluid as measured
relative to the body causing the phenomenon.
Qualitatively, as fluid encounters an obstacle, the
elements on collision course must deflect and the
fluid close to the cross-stream crests of the body
must move faster than in the free stream. This
speed-up is accompanied by a drop in pressure
along the sides of the obstacle as given by the
equation of motion in its simplest form, the
Bernoulli equation. On the front side fluid is
stagnant and, thus, accordingly a relatively high
pressure prevails. Hence, it is seen that the motion
along the front side of the obstacle is facilitated by
a positive pressure gradient.

On the rear side, the fluid is allowed to diverge
again; the velocity goes down and, consequently,
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the pressure goes up. In the case of a circular
cylinder, inviscid theory tells us that the conditions
on the front and rear sides are symmetrical:
pressure is converted into kinetic energy per unit
volume, and subsequently again converted into
pressure. In reality, due to the viscous friction on
the cylinder wall, some of the kinetic energy is
drained out during this process. Thus a fluid
element travelling in a layer close to the wall does
not have sufficient remaining kinetic energy to
overcome the adverse pressure gradient on the rear
side: it is brought to rest and, thereafter, to move in
the direction of the pressure, i.e. backwards
(Schlichting, 1968).

Behind each of the two crests of the body,
increasing amounts of fluid are thus converged. By
the frictional influence of the external flow, these
lumps are set into rotation, creating two vortices
opposite to each other. This gradual development,
of course, influences the original pressure distri-
bution: since the flow no longer has to divert
immediately around the rear side of the body, the
adverse pressure is no longer maintained and the
vortices are liberated. Why this sequence of events
takes place in alternating order on the two sides of
the body is because any random event causing the
one vortex to grow slightly larger than the other
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causes an asymmetry of the rear inflow to the wake
of the body, tending to destroy the weaker of the
vortices.

Whether the above-mentioned series of events
will continue to occur in a regular manner, and in
particular whether the vortices created are stable
with respect to each other, such that a Karman
vortex street is formed, depends on the Reynolds
number

Re = ud/v, (H

where u is the free stream velocity, d is the obstacle
diameter, and v is the kinematic viscosity of the
fluid. A regular Karman street is observed only in
the range of Re numbers from about 50 to 5000.
Below 50 any wake is simply absent and the flow
field resembles that of the classical hydrodynamic
solution, above 5000 the pattern starts to become
unstable, chaotic and turbulent (Schlichting, 1968).
Above the onset of (supercritical) turbulent flow at
Re 10% rhythmic shedding continues, but the
vortex street is not stable.

It has been shown experimentally that the
frequency, n, by which the vortices are shed,
written in non-dimensional form as

S=n- )
u

and known as the Strouhal number, is a unique
function of the Reynolds number (Fig. 1). Above
Re = 500, but less than critical, the function even
attains the simple form § = 0.21. An interesting
application of this simple relation is its use in
measuring very small flow speeds, simply by
counting vortices behind wires of known diameter.
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Fig. 1. The Strouhal number versus the Reynolds
number for flow past a right circular cylinder. Taken
from Roshko (1954).
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The measurements in Fig. 1 relate to laminar
free flow conditions. In case the free flow is
turbulent, regular vortex streets are also observed.
This, for example, has some importance for the
dynamic wind loading of structures. It is expected
though that the Strouhal number, in addition to the
dependence on the Reynolds number, also becomes
dependent on certain measures of free-stream
turbulence, e.g. its intensity and, maybe, also its
scale compared to d.

2. Atmospheric mesoscale vortices

Since the advent of the meteorological satellite
program in 196 1, many cloud pictures with patterns
very much resembling the classical von Karman
vortex shedding phenomenon have been reported in
the literature. Typically, the cloud patterns are seen
downstream of islands of regular shape in the
presence of a capping inversion at a height which is
low enough to let the top of the island protrude
through it. Studies of this phenomenon have been
made by Hubert and Krueger (1962), Bowley et al.
(1962), Chopra and Hubert (1965), Zimmerman
(1969) and Agee (1975). It has been found that the
distance between subsequent vortices relates to the
relevant dimension (in this case the island size) in
the same way that Karman vortices appear in the
wake of circular cylinders in wind tunnel and fluid
tank experiments, that is, the Strouhal number is
observed to be close to 0.21.

One such example is shown in the DMSP
satellite imagery in Fig. 2 with an exceptionally
well-developed vortex street. This photo was taken
over the AMTEX (Air Mass Transformation
Experiment) region in the East China Sea on
February 17 1975, 1136 JST, during a period of
cold air outbreak. The trigger of the vortex street is
the island Cheju (22°31'N, 126°30'E) south of
the Korean coast. The island is visible in the
satellite imagery of the preceding day (see Fig. 3)
as the vortex street is being formed. It has an
elliptical shape with a major axis of approximately
70 km and a nicely centered mountain top reaching
an altitude of 1950 m. The major axis is approxi-
mately perpendicular to the vortex street.

The distance, /, between subsequent vortices is
approximately 90 km (Fig. 2). Assuming that the
travelling speed of the vortices is insignificantly
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Fig. 2. DMSP satellite imagery at 1136 JST, February 17 1975, revealing well-developed Karman vortex street
extending downwind of Cheju Island into the region of the East China Sea and the AMTEX hexagonal network. The
in situ mixed layer wind direction, as well as the wind direction immediately above the capping inversion (at Keifu), is
indicated.

smaller than the mixed layer speed, which at Keifu implies S ~ d//, or a ratio of the effective shedding
was measured to be 8 m/s, the time lapse from diameter to the length / of approximately 4. Thus d
shedding of one vortex to the next is a little over is close to 20 km, and, appropriately, less than the
3 h. The assumption about the travelling speed also  70-km surface dimension of the island.
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Fig. 3. DMSP satellite imagery at 1155 JST, February 16 1975, showing a clear view of Cheju Island, not discernible
in Fig. 2 due to high level cloudiness. The coastlines of Cheju and China have been marked in white outline.

3. Further observations data from this station are available, unfortunately

it did not report on February 17 1975, conse-

Cheju has an aerological station but it was not  quently the height of the capping inversion in the
part of the intensive AMTEX network. Though  Cheju region was not available.
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To compare the DMSP imagery with the
AMTEX aerological data (closest available) some
indirect methods are required. In the case of mixed
layer developments, however, this is not all that
bad as close agreement is usually obtained from
even simple models. One such is given by Tennekes
(1973) where constant surface heat flux and free
flow stratification are assumed. In a coordinate
system moving with the mean flow it takes the form
h = Cx'?, where h is the height of the mixed layer,
x is the downwind distance from the heat flux
discontinuity, i.e. the coastline, and the value of the
constant C depends on surface heat flux, free flow
stratification, and wind speed. The mixed layer
heights at two stations with different distance to
shore are thus expected to relate as

hy/hy = (x/x,)"? 3)

In this study the rawinsonde data collected at
Keifu are used, as only radiosonde data (no wind
data) were collected at Ryofu, the nearest station
(see Fig. 2). At Keifu the mixed layer wind
direction was measured to be between 10° and 20°
east of north, in good agreement with the cloud
streets direction at this station. Measuring the
distance x off Korea in this direction, to Cheju and
Keifu, respectively, one obtains from eq. (3) that
the ratio of the mixed layer heights for these two
stations should be ~($)'2.

According to this scaling, the sounding actually
measured at Keifu has been plotted in Fig. 4,
adjacent to the cross-wind profile of Cheju. Also
shown is the height at which the width of the island
is equal to the effective shedding diameter of
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Fig. 4. (a) Soundings of potential temperature (full line)
and specific humidity (dashed line) versus pressure from
Keifu on February 17 1975 at 1430 JST. The heights in
meters refer to the Keifu pressures converted to height
above sea level and then scaled according to eq. (3). (b)
The profile of Cheju normal to the direction of the vortex
street. The effective shedding diameter d (~20 km) is
noted.
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20 km, previously estimated. It is seen that this
height approximately agrees with the expected
height of the capping inversion.

That the observed vortex shedding actually takes
place below the capping inversion layer is also
indicated by the humidity sounding (Fig. 4) which
limits cloud tops to be below the inversion, hence
the vortices, since clouds are the tracer in this
context. Furthermore, in the free flow just above
the capping inversion, the wind direction as
obtained from the sounding at Keifu is ~300°,
indicating a sizeable wind direction shear within the
capping inversion. The free flow wind direction is
indicated in Fig. 2.

4. Discussion

It seems that the observed phenomenon is well
explained by classical von Karman theory. What is
not in accordance, though, is the Reynolds number
which in the atmosphere is 0(10'°). This is well
outside the range at which regular vortex streets are
formed in wind tunnel experiments, as a matter of
fact well outside the range at which wind tunnel
experiments are performed. However, if the
Reynolds number is defined on the basis of the
eddy viscosity rather than molecular viscosity, it
becomes 0(103) or less.

In a mixed layer the eddy viscosity is O(w, ),
where w, is the convective velocity scale (Dear-
dorff, 1973), which is given by

g 1/3
Wy = (? Qoh) (4)

In eq. (4) gis gravity and T is mean temperature. A
typical value of the surface heat flux, Q,, is 0.01
K ms~! (average of February 16 and February 18
AMTEX 1975 flights reported by Wyngaard et al.,
1978) which with the estimated mixed layer height
for Cheju gives w, = 1.3 m/s. With « = 8 m/s and
d = 20 km the corresponding Reynolds number is
about 200.

According to Fig. 1 the corresponding Strouhal
number is 0.19 only, so the effective shedding
diameter would have to resume a smaller value. On
the other hand, the vortices move with a velocity
smaller than the wind speed, which when taken into
account would make the estimate on d larger.
Hence we shall keep the original estimate of d =
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20 km. Comparing the vortex cloud street in Fig. 1
with the vortex street (Re = 225) shown in Fig. 1.6
of Schlichting (1968), resulting from oil streaming
around a small cylinder, actually shows a great
deal of similarity. The similarity also holds for the
value of D/I, where D (in the present case ~50 km)
is the lateral separation of vortices: after the same
number of vortices downstream, the ratio in both
cases is about 0.5, a value about twice the value of
0.28 required for the streets to be stable (Karman,
1912).

The concept of a “turbulent Reynolds number”
or “atmospheric Reynolds number” being relevant
is not so strange since the von Karman street
development relates to the fluid’s ability to trans-
port. In this case, momentum on relevant scales is
transported to make up for the frictional loss of
kinetic energy in the internal boundary layer of the
shedding body. For laminar free flow, this ability is
described by molecular viscosity, but for turbulent
flows by the eddy viscosity. Since we are now
dealing with a mixed layer, there is no need to
distinguish between transport properties in the
various directions, because the mid and upper parts
of such a layer are fairly homogeneous.

One notable deficiency is that the von Karman
vortex street is a purely two-dimensional
phenomenon, while the observations reported here
are three dimensional. Since the observed
phenomenon occurs below a relatively strong
capping inversion, this may act to suppress the
three dimensionality of the disturbance. To obtain
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an order of magnitude estimate of the vortex
shedding related drag on Cheju, we again apply the
classical von Karman theory. Per unit height of
cylinder the drag is given by (Schiichting, 1968)

F,~ 1.5pu*D (%)

On the other hand, the frictional drag per unit area
of a plane surface can be expressed as

Fp=cppu? (6)

For a sea surface a typical value of ¢, is 1.2- 1073,
By comparing the two drag expressions we obtain
that for every 5 m of vortex height one gets a drag
equivalent to the frictional surface drag on an area
corresponding to the actual shedding diameter.
Since it is conceivable that the vortex height is at
least several hundred meters, it is realized that the
shedding related drag is of significant magnitude.
This drag occurs in addition to the surface and
form drag on the remaining part of the island. Also,
invisible Karman streets could be shed from the
higher parts of the island.
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OBJIAYHBIE BUXPEBBIE JOPOXKH B INTEPUOJT AMTEX 75

CunbHBIA IOTOK BO34yXa C CEBEpA B TeUEHUE DKCIEp-
HMEHTa @O TpaHC¢OpMallMH BO3AYIIHBIX MacC
(AMTEX 75) nipuBen K MOABJIEHHIO XOPOUIO Bbipa-
KEHHOM OOJIauHOM BHUXPEBOH AOPOXKH 3a IMOIBET-
peHHOM cToponoit ocrpoBa Yensiono (Kopes), kak
ato Habmonanocs 17 despans 1975 r. Ota kapruHa
Obula u3yuyeHa M OOBACHEHAa B TEPMHHAX KJac-
CHMECKOM BHXpeBoii mopoxkn KapMana B cBoGoaHOM
JJAMHHAPHOM TMOTOKE 3a LMJIMHADHYECKHM 1pe-
NATCTBHEM B YCJIOBHAX JNOKPHUTMYECKHX  YMCeEN
Peitnonsaca.
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H300paxeHdss €O CIOYTHHKA H adpOJIOrHYecKHe
HaHHBIE IHOKA3BIBAIOT, 4YTO YacTOTa M3JIyYeHMs
BHXDEi, KOTOPHIE HAaXONATCA B MOTPAHHYHOM CJIO€
104 MHBEPCHEH, paBHA eJHHHMLE 3a TPH yaca. OcTpoB
BBICTynaeT Hall YPOBHEM MODS 0 BBICOTHI IOYTH 2 KM
¥ NIPOHMKAET BBICOTY OCHOBAaHHS MHBEPCHH Ha YPOBHE
okono 600 M. Ha 3TOM ypoBHe HMaMeTp OCTpoBa
okono 20 KM, 4YTO COIJIaCyeTcsi C He3aBMCHMO
OTpeneneHHBIM IUAMETPOM W3NTy4aeMbIX BUXpeit.



