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Abstract. The results of satellite monitoring of atmospheric vortex streets behind Jeju Island in 
the Korean Strait in the winter of 2015 and behind Kuril Islands in the spring of 2012 are pre-
sented. The main hydrodynamic parameters of atmospheric vortex streets were calculated using 
satellite data. These are the numbers of Reynolds, Strouhal, Froude as well as the speed of vor-
tex drift and vortex generation time by the calculation of geometric parameters. The character-
istic obstacle typical size was chosen at the height of the inversion layer upper boundary based 
on the vertical atmosphere temperature profile. We compared the results with a widely used ap-
proach (the “dividing-streamline” concept) that is based on an estimate of the height of the 
airflow line separating the horizontal flow around the obstacle from the flow through it. Shown 
that the vortex streets appear to arise in the inversion layer, and the characteristic obstacle size 
must correspond to the size of the section at the height that is below the inversion layer upper 
boundary, but above the island base.
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1. Introduction
With the advent of meteorological satellites, it became possible to regularly observe atmospheric vor-
tex streets in different parts of the world. A large number of papers are devoted to the atmospheric vor-
tex streets in the northeast Atlantic [1–3]. In north-western part of the Pacific Ocean the atmospheric 
vortex streets are observed behind Jeju Island every winter period [4]. It should be noted that most of 
the atmospheric vortex street studies rests on the model calculations and the laboratory study results 
[5–8]. Based on this numerical simulation, importance of density stratification to observe atmospher-
ic vortices streets were shown [9]. Despite the numerous studies, there is no single point of view yet for 
the mechanism of formation in the real atmospheric vortex streets. The phenomenon can be observed 
only for limited values of Reynolds number. The street sizes depend on the size of the body in stream, 
and there is a linear relationship between the street width and the distance between neighbouring vor-
tices [10].

This work is dedicated to results of satellite observations of the atmospheric vortex street behind 
Jeju Island in the Korean Strait in the winter of 2015 and behind Kuril Islands in the spring of 2012. 
The available satellite observations made it possible to calculate the main geometric and hydrody-
namic parameters responsible for the formation of atmospheric vortex streets (AVS). It was possible to 
trace the initial stage of the formation in the real atmospheric vortex streets and to calculate the vortex 
generation frequency of using the vortex speed, the street width and step. It is assumed that the vortex 
streets appear in the stratified atmosphere in the cases under consideration, with the Reynolds num-
bers being of the order of 1010.
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2. Data and methods used
Jeju Island is an island of volcanic origin, Hallasan volcano is situated here, the highest mountain 
in South Korea (1,950 m). The island length is about 75 km. The atmospheric vortex streets are ob-
served here annually, from January to February. In January 2015, the atmospheric vortex streets were 
observed in satellite images from 7 to 31  January. The most stable and smooth cloud vortex streets 
were observed on January  8, 2015. The minimum time interval between satellite observations was 
30 minutes.

Kuril Islands are a chain of volcanic islands between the peninsula of Kamchatka and Hokkaido 
Island. Up to 10  atmospheric vortex streets of different scale were observed in satellite images on 
April 16, 2012 (Figure 1). With the available resolution (1.1 km, the AVHRR/NOAA radiometer, and 
the 250 m, MODIS/Aqua radiometer), the atmospheric vortex street were observed most clearly be-
hind the four islands of the middle Kurile string: Matua Island, Rasshua Island, Ketoy Island, and 
Simushir Island. The minimum time interval between satellite observations was 13 minutes.

Figure 1. The image in a visible spectral channel on April 16, 2012 from the 
MODIS/Aqua satellite (02:16:59 UTC)

To calculate the vertical atmosphere temperature and humidity profiles, the data of the ATOVS 
radiometers (the NOAA-15, -18, -19 satellites) were adapted for parallel processing with the European 
Space Agency software packages: AAPP, RTTOV and MetOffice-1Dvar. These packages are used in 
European weather forecasts. The profiles are calculated at 43 standard levels vertically. For each point, 
the most suitable standard initial approximation of the profile from the values available in the RTTOV 
package was determined depending on the geographical coordinates and season. We selected only the 
profiles that had passed the strict accuracy check.

To calculate the ongoing air flow speed, the advanced method of cross correlation of the formation 
of the cloud marker drift in the satellite image sequence was used [11]. It was assumed that the flow 
speed was constant vertically from the surface to the inversion upper boundary. The parameters of the 
atmospheric vortex streets and the drift of the discrete vortices were calculated visually.

3. The theory and experiments
In a real atmosphere, cloud vortex streets are observed most frequently behind volcanic islands in the 
sea and are generated when the lower atmosphere layer is bounded from above by the expressed inver-
sion located much lower than the top of the island or ridge [5]. The inversion prevents to flow above 
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the obstacle, and the sidewall flow-around is implemented as a result. It is assumed that there is an in-
terface between two types of flow around an obstacle, the level of which is called the “dividing stream-
line” and which lies above the inversion level. If strong stratification is presented in the atmosphere, 
the inversion is expressed sufficiently and mountain is sufficiently high too, then you should expect the 
vortex shedding. Under these conditions, the flow below the dividing streamline is forced to go around 
the island in almost horizontal planes with the possible generation of the vortices with the vertical axis. 
The indicators of these regimes are the Reynolds and Strouhal dimensionless numbers. To calculate 
them, the estimates of the real wind speed, direction and of the effective obstacle (the island) diameter 
d are required.

The Strouhal number (St) related with Reynolds number (Re) for the flow generating the street is a 
dimensionless frequency of the vortex generation [10]:

	 =Re ,wV dρ

µ
� (1)

where ρ is the medium density, μ is the medium dynamic viscosity coefficient, Vw is the speed of the 
flow oncoming at the obstacle, and d is the obstacle linear size. The Strouhal number value St for an 
obstacle in the form of a circular cylinder in the so-called supercritical region 

7(Re 10 )  differs in 
papers of different researchers and corresponds to the range of 0.22–0.30 [12, 13]. Strictly speaking, 
laboratory experiments that would correspond to our cases when Re ~ 1010 were absent, since the 
states when 

7Re 10  are not generated, so we will have to rely on these estimates. The Strouhal num-
ber is related to the vortex shedding frequency f with the relation [3]
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Where Vw is the oncoming flow speed; f is the vortex generation frequency; d is the typical obstacle 
linear size. After calculating the Strouhal number, we can calculate the vortex generation frequency f
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On the other hand, the vortex generation frequency f is determined through the vortex displace-
ment speed Vv [3]:

	 » ,vV
f
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where a is the distance between the vortices of the same rotation sign. Having the satellite image se-
quence with the time interval, for which the cloudiness keeps its figure, you can calculate the rates of 
the vortex displacement speeds Vv, the oncoming flow speed Vw and the rest geometric characteristics 
of the vortex streets: the transverse size b and the distance between two vortices of the same sign  a 
(Figure 2).

In this case, it is possible to obtain the relationships allowing calculating Strouhal number, St, 
directly:
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To calculate the dimensionless Reynolds number Re, we take the relative air density as 
ρ = 1.019 kg/m3, and the air viscosity μ as 1.68·10–5 Pa·s. These quantities may be considered as con-
stants in space and time. The vertical temperature profiles above the studied islands, Jeju Island for 
January 8, 2015 and for Kuril Islands — Matua, Rasshua, Ketori and Simushir Islands — for April 16, 
2012, showed the inversion presence at the height much lower than the height of volcanic islands 
(Figure 3 and 4).

The typical obstacle size d was the width of the island profile that is transverse to the flow at the 
height corresponding to the inversion upper boundary. To do this, profiles of the islands perpendicu-
lar to the flow were constructed, according to the satellite topography STRM (https://www2.jpl.nasa.
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gov/srtm/) with a spatial resolution of 90 m (Figure 5). An estimate of the inversion upper boundary 
height was obtained as follows. In the inversion layer, the temperature was almost constant, but an al-
most linear decrease was observed above this layer. The intersection of the temperature linear approxi-
mation above the inversion layer with the vertical line of constant temperature in the inversion layer 
gave the heights for both Kuril and Jeju Islands. The heights in the Kuril Islands were almost identical 
and slightly fluctuated around the level of 520 m. For each island, the profiles in the oncoming flow in 
front of the island and immediately after was almost identical and differed only by a slight shift in the 
temperature scale: about 0.3 °C (the temperature was higher behind the island).

 

Figure 2. Diagram of the atmo-
spheric vortex street

Figure 3. Atmospheric temperature profile in front of Jeju Island for Janu-
ary 8, 2015 and the island height

Figure 4. Atmospheric temperature profiles in front of the Kurile Islands, for April 16, 2012 and the 
height of the islands: (a) Matua; (b) Rasshua; (c) Ketoy; (d) Simushir.
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Figure 5. Profiles of the islands in the plane perpendicular to the wind: black colour — Jeju, lilac colour — Si-
mushir, green colour — Keto, red colour — Rasshua, and blue colour — Matua.

The inversion heights were compared with the height of the airflow line separating the horizontal 
flow around the obstacle from the flow through it, hc. The formulas given in the paper [5] were used 
for these calculations. The potential temperature θ was calculated using the vertical temperature pro-
files. Then the Brunt – Väisälä frequency N was calculated for each level of height z represented in the 
vertical profiles:
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where g is the acceleration of gravity, θ0 is the average potential temperature in the layer for which 
the balance was been calculated (7). Having the calculated speed of the oncoming flow Vw, the obsta-
cle height (the island height), the Brunt – Väisälä frequency, the integral according to the expression 
[14], was calculated to obtain the characteristic flow height hc:
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Since the height hc is unknown, it was computed by picking the hc value until left and right parts of 
the integral were the same. After obtaining the height hc, the Froude number was calculated for each 
island:

	 = -1 .ch
Fr

H
� (8)

Using atmosphere profiles and the oncoming flow speed, the Froude numbers and heights were 
calculated where the flow was split (table 1). The atmosphere profiles for the Kuril Islands are identi-
cal in space and have in fact the same height of the inversion upper level. It is reasonable to expect 
that the flow dividing streamline will also have the same height. However, the hc scatter is considerable 
(from 300 to 700 m). At the same time, the average hc value is close to the value of the inversion upper 
boundary. Apparently, these values are identical, but the estimate that uses the atmosphere tempera-
ture profiles is more reliable.

Table 1. The calculated characteristic heights hc, the Froude numbers Fr  
and the characteristic linear obstacle size d in the dividing streamline.

Island hc, m Fr d, m a×103, m Vv, m/s f ×10–3 Т, vortex per hour
Jeju 925 0.52 14800 65–110 12.5 0.19–0.11 1.44–2.44
Matua 578 0.6 3570 19–22 8.5 0.70–0.38 0.39–0.72
Rasshua 305 0.68 10252 17–27 11.15 0.65–0.41 0.42–0.67
Ketoy 512 0.56 5486 25–30 8.75 0.35–0.29 0.79–0.95
Simushir 712 0.54 5676 33.7–36.5 8.033 0.28–0.22 0.96–1.26

The vortex frequency f is determined according to the formula (4) through the vortex displacement 
speed Vv and the distance between two vortices of the same rotation sign — a [3]. The calculations 
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of the vortex shedding frequency and of the vortex period T based on the satellite data for the vortex 
streets are provided in table 1.

Table 2. The Strouhal number St and Reynolds number Re, the characteristic obstacle size d for calculation 
based on the temperature inversion height hinv and on the dividing streamline height hc

Island Vw, m/s Vv, m/s hinv, m dinv×103, m Stinv Reinv ×1010 hc, m dhc×103, m Sthc Rehc×1010

Jeju 17 12.5 1050 12.49 0.14 1.28 925 14.80 0.16 1.52
Matua 14 8.5 525 3.68 0.18 0.31 578 3.57 0.18 0.30
Rasshua 14 11.5 525 5.00 0.24 0.42 305 10.25 0.51 0.87
Ketoy 14 8.7 525 5.42 0.26 0.46 512 5.49 0.26 0.46
Simushir 14 8.0 525 6.80 0.20 0.57 712 5.68 0.17 0.48

According to the relationship (5), we can directly calculate the dimensionless quantities character-
izing the stability of the vortex streets, the Reynolds and Strouhal numbers. Table 2 provides the val-
ues of the Reynolds and Strouhal numbers calculated for the characteristic obstacle diameter d. In one 
case, the diameter dinv was taken at the height hinv of the atmosphere profile temperature inversion and 
in the other case dhc was taken at the height hc of the forking of the flow around the obstacle.

4. Results and discussion
For classical vortex streets formed for the flow around a circular cylinder, six modes are known limited 
by the Reynolds number up to 107 [15]. For Reynolds numbers above 107, a supercritical turbulence 
region arises is also characterized by presence of the vortex street, but the geometric relationships of 
the classical Kármán streets may not be fulfilled for this street.

You can see from table 2 that the Strouhal number St is in most cases smaller than the values cor-
responding to the supercritical Reynolds numbers, i.e. the number St takes on a value in the range 
0.22–0.3 for Re > 107. Probably, this is because the estimate of the characteristic obstacle size d is not 
quite correct. The vortices are generated in the layer from the surface to the inversion upper boundary, 
therefore, it is necessary to use some characteristic size located below the inversion layer as an effec-
tive obstacle diameter d.

This relationship of the vortex street geometric parameters does not correspond to the classical re-
lationships of the Kármán streets for the Reynolds numbers up to 200 (Re < 200). There must be other 
relations in the supercritical turbulence region at Reynolds numbers greater than 107. In addition, the 
values of the Strouhal number as non-dimensional indicator of the vortex shedding frequency depend 
on the characteristic obstacle diameter d, which should be taken below the temperature inversion line 
of the atmosphere profile.

Kuril Islands case is interesting due to the observed an atmospheric vortex street generated over an 
obstacle chain in contrast to isolated ones. However, Kuril Islands contain the islands (the Ushishir 
Islands), behind which there was a “disturbance0 in the form of a cloud strip, which is not the vor-
tex street (Figure 1). The maximum height of this island is 401 m that is below the inversion level of 
525 m. It is also worth to mention that the estimation of the heights using the upper part of the atmo-
spheric vortex streets shows values in the range from 2 to 2.5 km that are significantly higher than the 
inversion level of 525 m obtained from the temperature and humidity profiles. This case supports our 
idea to choose the obstacle typical size at the height of inversion layer. Following such choice the ob-
stacle turns out to be the chain of isolated islands separated by wide gaps able to produce atmospheric 
vortex streets. Otherwise, using their bases with narrow straits, we would observe turbulent wakes be-
hind a grid like that shown in [16]).

5. Conclusions
Using only the satellite monitoring data for the atmospheric vortex streets behind the islands of the 
Far Eastern region, the main hydrodynamic parameters were calculated: the vortex frequencies, the 
Strouhal and Reynolds numbers. For their calculation, the characteristic obstacle sizes were estimated 
by two methods. The first method is based on calculating the “dividing streamline” height hc [5], and 
on estimating the horizontal size of the island vertical section at this height dhc. The second method 
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is based on calculating the height hinv of the inversion layer upper edge using the satellite atmospheric 
vertical temperature profiles with an estimate of the similar characteristic island size.

The atmosphere profiles for the Kuril Islands are identical in space and have in fact the same height 
of the inversion upper level. This height almost coincided with the average height hc, indicating the 
possible identity of these two ways. However, because of the wide variation in the values of hc in Kuril 
Islands, the first method is less reliable. The islands, which height was below the inversion layer of the 
hinv, did not generate the streets.

The vortex streets appear to arise in the inversion layer, and the characteristic obstacle size must 
correspond to the size of the section at the height that is below the inversion layer upper boundary, but 
above the island base. This is indirectly indicated by the Strouhal numbers that are smaller than the 
corresponding estimates for the supercritical Reynolds numbers, although there are no laboratory esti-
mates of the Strouhal numbers for the obtained Reynolds numbers (~1010).
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