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Purpose. The purpose of this work is to study the particulars of the formation of cyclone wakes after 
the regular passage of cyclones over the area of the wave measurements, and to estimate the internal 
wave parameters along the track according to the field observations. 
Methods and Results. The analysis of data from the field observations of sea waves and water 
temperature is presented. The measurements were carried out by a ARW-K14 device (autonomous 
recorder of the waves and water temperature) in the area of the Cape Svobodny on the southeastern 
coast of the Sakhalin Island at a depth about 8 m. The recorded time series of the sea level and 
temperature fluctuations, lasting about one and a half months, were subjected to spectral analysis 
using specialized Kyma spectral analysis software. Dominant temperature fluctuations reaching 
8.5 °C with a 13.1 h period were detected in the upper mixed layer of the ocean. These fluctuations 
were identified as the cyclone wakes in the stage of their relaxation. Taking into account the synoptic 
circumstances that existed during the passage of several cyclones and the associated storms in 
the observation area, the authors investigated the presence or absence of a trace. 
Conclusions. It is shown that if the next storm arrives earlier than 10 days after the previous one, 
the trace may be shorter or even absent due to active water mixing in the upper mixed layer of 
the ocean. For the data obtained, the value of the coefficient ∈ in the expression ω = (1 + ∈) f, which 
connects the dominant frequency ω of internal waves, i.e. almost inertial oscillations in the trace of 
each typhoon, with the inertial frequency f (the Coriolis parameter determined by the geographical 
latitude of the water area where the waves propagate), is close to the value proposed in the paper by 
E. Kunze. Using a formula due to J. F. Price, the characteristic horizontal lengths of internal waves in 
the direction of movement inside the wakes of cyclones moving at a speed 15–35 knots are 
determined. These lengths range from 304.6 to 1066.1 km. 
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1. Introduction 
The Laboratory of Wave Dynamics and Coastal Currents, Institute of Marine 

Geology and Geophysics, Far Eastern Branch of the Russian Academy of Sciences 
(hereinafter IMGG), has monitored oceanic phenomena in the coastal zones of 
Sakhalin Island and the Kuril Islands for many years, with the predominant 
purpose of clarifying the characteristics of the multifarious wave regimes that 
occur at specific locations in the vicinity. This goal notwithstanding, the data being 
reported in this paper were actually collected initially to allow benchmarking to be 
done between wave recorders equipped with different primary transducers but, 
because the instruments captured several powerful storms – including an especially 
strong one, the wave time series obtained were deemed to be of sufficient scientific 
interest that a supplementary analysis with a targeted oceanographic focus was 
warranted. Specifically, the authors were interested in quantifying marine 
processes associated with the inception and resilience of fluctuations that occur as 
a result of cyclones. 

Several published articles informed the current study. For example, the work 
[1] examined the aquatic environment that arose during the passage of Hurricane 
Ivan, where currents exceeding 200 cm⋅s−1 were observed. Ivan entered 
the Caribbean Sea on 8 September, 2004 and then, travelling on a northwesterly 
trajectory, moved through the Yucatan Channel into the Gulf of Mexico on 
14 September. It is noted that, during the relaxation stage which occurs after 
the passage of a hurricane, the most distinctive feature is often a three-dimensional 
wake of internal waves of near-inertial (NI) periods whose oscillations can last for 
several days. Waves of that kind have been recorded in the wakes of several other 
hurricanes [2–5]. 

It’s believed [6–9] that NI oscillations are mainly generated in the surface 
mixed layer of the ocean by atmospheric disturbances such as storms, hurricanes 
and cyclones. Forceful winds supply kinetic energy to the upper mixed ocean layer, 
generating strong currents and NI internal waves that form after several Rossby 
tuning cycles [10, 11] and spread mainly into the deep ocean, reaching a depth of 
1200 m a few days after hurricanes leave the region [12]. For instance, Alford et al. 
[13] found that 12–33% of these waves can reach a depth of 800 m at Papa station 
in the northeastern Pacific Ocean. 

In point of fact, NI oscillations of internal waves with frequencies close to 
the local inertial frequency f have been observed in all ocean basins and in 
the entire ocean column [14–20]. However, most observations relate to episodic 
hurricanes rather than the mid-latitude cyclones that can often follow each other in 
rapid succession [21]. Destruction of NI waves can cause ocean mixing, which 
affects the dispersion of pollutants and the productivity of the sea [22–24], supports 
the thermohaline circulation of the ocean and modulates the climate [16].  

Knowledge of the marine processes during the passage of hurricanes and storms 
is also very important when technical specifications are being formulated for 
the construction of marine platforms that can be affected by hurricanes [25]. 
In addition, accurate estimates of extreme conditions are essential for realistic 
modelling of oceanographic conditions and, consequently, for the development of 
correct design standards. 
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Whilst many authors [2, 26, 27] attest that quite a lot is known about the wake 
which hurricanes and typhoons leave behind in the upper layer of the water column 
when they pass over seas and oceans, detailed reliable measurements are still rare. 
This is because planning is hindered by the erratic predictability of the exact places 
of genesis and trajectories of these familiar influential atmospheric constituents.  

Analysis of sea water temperature instabilities in the time series recorded by 
the current authors reveals the presence of wakes as well, with internal wave NI 
oscillations succeeding the passage of cyclones accompanied by storms at a coastal 
installation site located near Cape Svobodny at the eastern end of Mordvinova Bay 
on Sakhalin Island. On the other hand, long wakes with accompanying long 
fluctuations were not consistently observed after every storm.  

In sum, therefore, and taking into account the comments made above, this 
article will investigate oscillations – including internal waves, during the passage 
of cyclones in the coastal zone of the eastern shoreline of Sakhalin Island, a region 
of both scientific and practical interest. 

2. Observational data
2.1. Temperature and sea level 
An autonomous ARW-14 wave meter with designated factory No. 2012 was 

installed in the neighbourhood of Cape Svobodny, Mordvinova Bay in the 
summer of 2020, to study features associated with wave propagation nearby. 
Both sea level and temperature were measured for a month and a half at a 
sampling interval of 1 s. Fig. 1 shows the location of device No. 2012 off Cape 
Svobodny in the inset, alongside a map of Sakhalin Island. 

F i g.  1. Map of the region (left) and the locations of the wave and temperature meter ARW-K14 
No. 2012 (right) 

The observations resulted in a spectrogram of sea level fluctuations showing 
diurnal and semidiurnal tidal fluctuations in the level and including fluctuations in 
the level caused by several storms, one of which was recorded between 
26–30 September, with a wave height of up to 3.6 m. The spectrogram of the 
current spectral density of sea level fluctuations was calculated for the range of 
periods from 2 s to 26 h (Fig. 2). 
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F i g.  2. Time series of sea level fluctuations and their spectrogram 

Note that the visualization of the time series and the calculation of spectral 
densities were carried out using specialized software called Kyma, for complex 
processing and the analysis of time series of sea level and temperature fluctuations 
using proprietary algorithms based on the short-time Fourier transform 1. 
The calculations employ the Kaiser – Bessel window technique of smoothing 
spectral estimates, and also take into account the coefficient of attenuation of 
surface waves with depth [28]. This software has been used repeatedly to calculate 
spectral densities in previously published articles. The parameters for calculating 
the spectral estimates used in the present paper were set based on the time series 
length or its segment to provide the required number of degrees of freedom and to 
identify the studied ranges of fluctuation periods, filtering background fluctuations 
in each specific case under consideration. 

As the computed diagram of the current spectral density shows (Fig. 2), sea-
level fluctuations at the observation point do not have any conspicuous features. 
Passing storms were accompanied by wind waves and only in the case of a strong 
storm did swell waves dominate. In the range of periods from 20 s to 8 min, which 
includes the infragravity wave band, a significant increase in energy is only 
observed during the strong storm from 26–30 September. 

The spectrogram (Fig. 2) shows increasing oscillation energy in the band of 
periods from 1–12 h, which is not always associated with a storm situation. 
Additional spectral analysis of this range shows that the observed energy rise is not 
attributable to tidal fluctuations and does not have pronounced peaks. Nevertheless, 

1 Kovalev, P.D., 2018. Куmа. [computer program] Yuzhno-Sakhalinsk: Institute of Marine Geology 
and Geophysics, registration no. RU2018618773 (in Russian). 
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fluctuations with diurnal and semi-diurnal tidal waves are well distinguished near 
the bottom axis of the spectrogram. 

Based on the measured fluctuations in water temperature, their changes were 
analyzed during the level observation period (Fig. 3). Sharp fluctuations in water 
temperature from about 7 to 12 °C are evident between 31 August and 
9 September, with an average period of 13.1 h. A similar but shorter group of 
oscillations with a smaller amplitude is observed from 17–20 September. These 
groups appear after the storm has significantly weakened. 

F i g.  3. Graphs of the sea level fluctuations with the subtracted pre-computed tide (a), seawater 
temperature (b), and diagram of the current spectral density of the water temperature fluctuations (c) 

The spectrogram (Fig. 3, c) also shows a significant rise in the energy of 
oscillations with a period of about 13 h for the time of occurrence of these two 
groups of waves. The peak with a period of about 13 h is also clearly visible in 
the spectrum shown in Fig. 4, calculated from the temperature time series from 
31 August to 10 September. Also note that the spectrum of these oscillations is 
broad and extends up to about 30 min, but the energy of temperature fluctuations 
drops sharply by four orders of magnitude compared to the main maximum.  
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F i g.  4. The spectrum of temperature fluctuations calculated for the time series of temperature from 
31 August to 10 September 
 

The authors of the paper believe that the most distinctive feature of 
the relaxation stage is the three-dimensional trace of NI internal waves. Such 
waves have been observed in the tracks of several hurricanes (and in the cases 
considered here, cyclones), by various researchers, mainly in the Gulf of Mexico 
region [6–8]. In addition, the spectral analysis given in [4] demonstrated that the NI 
frequency is usually slightly higher than the local Coriolis parameter f. 

In [1], NI motion is determined by a frequency between 0.9 f and 1.2 f [29]. 
At the same time, in [21] it is believed that the frequency of NI oscillations in 
the mixed layer is higher than the local inertial frequency by an amount 
approximately equal to half the Burger number of the mixed layer. In the case 
under consideration, for the latitude of Cape Svobodny (about 46.8°N), the period 
of NI movements according to Kunze is located between periods from 13.7 to 
18.2 h. The period of 13.1 h obtained from our observations is evidently somewhat 
shorter, i.e. the frequency of detected internal cyclone wake waves is slightly 
higher. 

Note that the NI frequency estimated from direct measurements given in [1], 
as in the case considered here, was approximately 4% and 9% higher than 
the Coriolis parameter f at the slope and outer shelf locations and approximately 
corresponded to the inertial frequency shift proposed and determined by the Burger 
number for the mixed layer [30]. 

 
2.2. Synoptic evaluation 
It is of interest to analyze the reason why in some cases the wake of a cyclone 

is formed and expresses itself in variations in the temperature of seawater yet, in 
other cases, it does not. To do this, we will consider synoptic maps and trace 
the paths of typhoons that passed over Mordvinova Bay and Cape Svobodny during 
the observations of water temperature and waves. Figs. 5–8 show synoptic maps 
for situations where a sharp drop in temperature occurred,taken from the Japan 
Meteorological Agency open web-page 2. 

2 Japan Meteorological Agency. Weather. 2021. [online] Available at: www.jma.go.jp [Accessed 
10 October 2021].  
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F i g.  5. Synoptic maps for the time periods August, 27 – September, 29 (a) and September, 2 – 5, 
2020 (b) 
 

Temperature fluctuations at a period of about 13 h began on 31 August, as 
shown by the temperature time series plotted in Figs. 3, b. It is clear that they were 
initiated by a cyclone moving rapidly at a speed of about 35 knots in an easterly 
direction and accompanied by a stationary front (Fig. 5, a). However, by 
10 o’clock on 3 September, the impact of the cyclone had weakened significantly 
and the wave heights had reduced to just 40–60 cm. This decrease notwithstanding, 
it was on 3 September that the amplitudes of temperature fluctuations increased 
sharply and continued until the arrival of the next cyclone on 10 September. 

A comparable increase in temperature was not observed in the wake of 
the cyclone that arrived on 10 September. The average amplitude of temperature 
fluctuations from 17 to 20 September was only about 1.7 °C, whilst after 
3 September it was more than twice that. We also mention in passing that 
the observed temperature fluctuations which began on 31 August lasted about 10 d, 
which is consistent with the data of [1], whilst those that began on 17 September 
lasted only 3 d, although it is possible that their continuation was inhibited by 
the next cyclone. 

To shed light on this phenomenon, the synoptic conditions in the observation 
area were analyzed, starting from 2 September. As the synoptic map shows 
(Fig. 5, b), after 2 September a cyclone moved in a northerly direction 
accompanied by warm and cold fronts. And, although the cyclone itself moved 
away from the area such that it was more than a 1000 km from the point of 
observation, its fronts passed over the southern part of Sakhalin Island and later 
over the entire island. It is possible that this was the reason for the prolonged large 
amplitude fluctuations in the temperature of the seawater. But more observations 
would be required to prove this conclusively. 

The synoptic situation for the time period from 17–20 September, where 
the amplitudes of seawater temperature fluctuations were less than half as large as 
those observed after 3 September, is shown in Fig. 6. Fig. 6, a shows that from 9 to 
10 September, a weak cyclone moved at a speed of about 15 knots over 
the southern part of Sakhalin Island, accompanied by stationary fronts. Taking into 
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account the observations being discussed here but also those of other authors, 
the 13-h-period trace of temperature took shape immediately following the cyclone 
and only lasted for about 5 d. This is roughly half of that for the first case 
considered, i.e. the usual temperature trace duration of 10 d [1]. 

 

 
 

F i g.  6. Synoptic maps and pathways of cyclones 9–10 and 19–22 September 2020 
 

Based upon the synoptic situation that developed after 10 September, it is 
concluded that the track of the cyclone – which asserted itself as a time series of 
temperature fluctuations, was destroyed on 20 September as a result of mixing of 
the upper quasi-homogeneous ocean layer. This was caused by the two cyclones 
that approached the region (Fig. 6, b), one of which moved from the continent and 
passed over the southern part of Sakhalin Island. No fronts were registered 
accompanying this cyclone. The second cyclone, also without associated fronts, 
approached from the south from the Sea of Japan and entered the Sea of Okhotsk 
a day later, on 21 September. These cyclones were attended by a storm in the area 
under consideration, which is clearly evident in Fig. 3, a by the increase in wave 
activity from the evening of 19 September. 

At about 12:00 UTC on 18 September, a cyclone approached Sakhalin Island 
from the northwest, at a distance of about 150 km from the southernmost tip of the 
island; the cyclone subsequently changed direction and shifted to the northeast. 
This cyclone did not significantly increase wave activity in the area of Cape 
Svobodny, however, as can be seen from Fig. 3, a, which shows that the waves did 
not begin to grow until 19 September. An analysis of the synoptic maps shows that 
only weak winds with speeds of 0.5 to 3 m⋅s−1 were observed in the area of the 
southern tip of the island on 18 September and only a slight increase in the height 
of sea waves was observed in the vicinity of Cape Svobodny. 

An interesting feature in the observed behaviour of the seawater temperature is 
identified immediately after the storm beginning on 9 September, clearly visible in 
Fig. 3, b. At the beginning of a decrease in storm waves for 3–4 d, fluctuations in 
the temperature of about 1.5 °C occur at the tidal period. A similar pattern is 
observed with the weakening of the waves after the storm of 19 September and 
a weak storm that began on 5 October. 
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The 19-September storm, composed of two cyclones as noted, arrived at 
the observation point around 21:00 UTC (Fig. 6, b). In the beginning, a situation 
similar to the first cyclone considered developed, i.e. a sharp drop in water 
temperature occurred on 25–26 September (Fig. 3, b) resembling the formation of 
a typhoon wake. At the same time, a zone of high pressure was located over 
the northern part of the Sea of Okhotsk from 23–27 September (Fig. 7), which 
contributed to a decrease in wave height and the beginning of the relaxation stage 
after the cyclone.  

However, on 25 September, a new storm approached the observation area from 
the south and the height of the waves began to increase. Then wave growth eased 
before building again at around 17 h on 26 September. Contemporaneously, 
the speed of the east wind at the southern tip of Sakhalin reached up to 14 to 
16 m⋅s−1. Most likely, this storm led to mixing of the water column and the 
destruction of the wake that had started to form. 

On the graph of seawater temperature fluctuations (Fig. 3, b), there is another 
significant drop in temperature of about 3.5 °C, observed on 5 October 2020 but 
only lasting about 5 h. The reason for this decrease in temperature could be two 
cyclones, the first of which (Fig. 7) caused a storm in the observation area that 
began on 25 September. The second, weaker cyclone with a pressure at its centre of 
1010 mbar, gradually deepened as it moved over the coastline of Primorsky Krai 
on 2–3 October. The synoptic situation for this case is shown in Fig. 8, a. A small 
increase in wave height due to the cyclone – exceeding the background level, was 
registered at the observation point and is visible on 3 October in Fig. 3, a. 
 

 
 
F i g.  7. Synoptic maps for September, 23–28, 2020 
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It is difficult to determine reliably which of the cyclones caused 
the temperature drop on 5 October when the cyclone’s wake appears to start to 
form. The authors are inclined to believe that the feature is due to the cyclone that 
carried the 25-September storm since the time necessary for relaxation of the sea 
after this cyclone passed is several days, as noted earlier. During the storm on 3 
October, the height of the waves was a factor three smaller, so enough relaxation 
would occur only a day before the sharp drop in the temperature of the upper 
mixed layer of the sea. 

By 5 October a baric system consisting of two cyclones approached 
the southern part of Sakhalin Island (Fig. 8, b) moving in an easterly direction. 
By about 3:00 UTC on 5 October, the centre of the first cyclone was located over 
the southern tip of the island. It was followed at a distance of 400–500 km by 
a second cyclone, the centre of which at 18 h on 5 October was also over Aniva 
Bay at the far south of Sakhalin Island, whilst the centre of the first cyclone shifted 
to a latitude of 50°N roughly half way up the island. Simultaneously, Fig. 3, b 
suggests that strong mixing of the sea’s upper mixed layer was continuing, as 
the temperature did not increase but remained at about 13 °C which violated 
the conditions for further formation of the cyclone’s wake. 
 

 
 

F i g.  8. Synoptic maps for October, 2–4 (а) and October, 5 (b), 2020 
 
Based on the above discussion, namely on the behaviour of seawater 

temperature and synoptic conditions, the authors have reached the conclusion that 
the start of anomalous traces in the various data series – and hence each relaxation 
stage, is only weakly related to the wave height. This is because in the first case 
considered, the wave height in the storm that began on 28 September was about 
1.75 m, at which fluctuations in the wake temperature were formed and reached 
8.5 °C. When the storm began on 10 September, the height of the waves reached 
2.75 m but the temperature fluctuations were only about 4 °C. At the same time, 
the time interval from the beginning of the storm to the appearance of temperature 
fluctuations in the wake varies from 3 d for the first case to 6 d in the second case. 
Apparently, the time before the beginning of the relaxation stage depends on 
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the duration of the storm and, as a result, the coverage of a larger water area, 
which, after agitation, will fade more slowly. 

 
3. Internal wave generation 
Many authors [1, 31, 32], agree that most of the internal wave motion in 

the ocean occurs as a result of the wind and other surface influences. The authors 
of [33, 34] amongst other oceanographers, also conclude that because the velocity 
of atmospheric fronts is usually much greater than the phase velocity of internal 
waves in the ocean, the ocean reacts in two stages: a first, short stage, when 
currents arise in the ocean’s surface layer; and a second, longer stage, when waves 
after the cessation of exposure undergo geostrophic adjustment (the Rossby 
adjustment) [31]. 

Note that geostrophic adjustment is a process in geophysical hydrodynamics, 
when the fields of the initial perturbation of pressure and velocity in a rotating fluid 
are mutually deformed until a stationary balance is established between 
the pressure gradient and the Coriolis force belonging to the stationary velocity 
field. This final state is called geostrophic equilibrium. This problem was first 
theoretically solved by Carl-Gustaf Rossby and for this reason is called 
the "Rossby adjustment". On rotating planets with an atmosphere, as well as those 
with oceans in which the corresponding Rossby radii are smaller than the radius of 
the corresponding planet, geostrophic adaptation is a fundamental process that 
largely determines the dynamics of their atmospheres and oceans 3. 

When waves of NI frequency are generated with the difference between their 
angular frequency ω and the local inertial frequency f depending on the horizontal 
wave number (k, l) for the disturbance left by the storm. This is determined by 
the equation [31] 

 

ω2 – f 2 = cj
2 κ 2 = cj

2(k2 + l2), 
 

where cj is an eigenvalue that is physically the phase speed associated with the jth 
vertical baroclinic internal mode, (k, l) – is the two-dimensional wave number. 

Garrett [31] proposes that the NI range should extend from f to (1 + ∈) f, and 
that the value of ∈ can take a value up to 1 on the basis that the Coriolis force and 
the buoyancy force are equally important at a frequency of 2f. The quantity ∈ is 
sometimes called the inertial shift [11]. If ω = (1 + ∈) f and ∈ is small enough that 
∈2 can be neglected, then Eq. (1) gives 

 

∈ = ∈j ≈  1
2
 (cj/f )2 κ 2 ,     (1) 

 

where Rj = cj /| f | is the associated Rossby j-radius. Garrett suggests a typical 
value for mid-latitudes is 30 km for the first mode and less for higher modes, 
giving ∈ ≈ 0.05 for the first mode if κ–1 ≈ 100 km, which decreases with the mode 
number [31].  

The authors decided to investigate possible values of ∈ for the observations 
reported in the current paper. Two methods for determining the value of ∈ are 

3 Wikimedia Foundation Inc. Geostrophische Anpassung. 2022. [online] Available at: 
https://de.wikipedia.org/wiki/Geostrophische_ Anpassung [Accessed: 11 January 2022]. 
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considered to find out the one that will give a comparable result with previously 
published results. When analyzing the scientific literature on the subject under 
consideration, the authors came across at least two methods, and here, as can be 
seen below, they give similar results. Therefore, it would be wrong not to consider 
both methods and not to compare the results. In addition, the analysis of 
the existing oceanographic literature did not show the advantages of either method, 
which would allow it to be preferred. 

Method I utilizes R, at the installation location of the instrument. In [35] it is 
reported that the Brunt-Vaisala frequency N off Sakhalin Island in July lies from 
0.01 s−1 to 0.038 s−1 and is centred on 0.025 s−1. Regarding N as a depth-averaged 
quantity and using R, = NH/ jnf [36, 37], where H = 50 m is the depth and 
f = 1.06⋅10−4 s−1, indicates the Rossby radius for j = 1 will lie in the range 1.50–
5.70 km, centred around 3.75 km. These values are comparable to those 
documented in [38] on the Sakhalin Island shelf. 

Formula (1) can be used to find ∈, in principle, recognizing that a value for K is 
required and that the value used in [31] for 30°N is likely to be too small for NI 
wave numbers at the higher latitude of 46.8°N on the Sakhalin Island shelf in 
the Sea of Okhotsk. Accordingly, an estimate wavelength of 40 km is used [39, 
40]. With this value, Eq. (1) gives 0.028 < ∈ < 0.40 centred around ∈ = 0.17. 
The reader is reminded, however, that the result of this calculation is strongly 
dependent on the horizontal wavelength chosen. It is noted that, whilst the range of 
values specified for ∈ includes those found by other authors [11, 30], it extends to 
slightly higher values that will reflect the nature of the coastal oceanography of 
the Sea of Okhotsk. 

Method II uses the value of the frequency (period) of the internal waves 
observed during the experiment that is being reported herein and the formula 
ω = (1 + ∈) f, suggested by Garrett (2001) and Price (1983), who used v rather 
than e). The Coriolis frequency in the vicinity of our observations at Cape 
Svobodny is f = 1.06⋅10−4 s−1 (inertial period 16.4 h), whilst the NI frequency ω 
was measured as ω = 2.12⋅10−5 s−1 = 1.33⋅10−4 rads−1 (period 13.1 h). Thus 
ω/f = 1.253 and the small parameter ∈ = 0.253, which is within the range found by 
Method I. Contrariwise, if we take the central value of the Rossby radius, i.e. 
3.75 km, we can find κ2 and deduce that the horizontal wavelength of the internal 
waves is roughly 33 km. 

A determinative characteristic of cyclones is the horizontal wavelength of 
the oscillatory movements of air in their wakes in the direction of propagation, 
which we denote by λ. This can be recovered from the equation obtained 
from the kinematic relation for the time-dependent wake 𝜕𝜕

𝜕𝜕𝜕𝜕
=  𝑈𝑈𝐻𝐻

𝜕𝜕
𝜕𝜕𝜕𝜕

,  where 
UH ~ ωλ/2π – is the velocity of the cyclone and, without loss of generality, the х-
axis is now aligned with the direction of propagation of the wave. The wake 
resembles a surface-gravity wave following a steadily moving ship [21]. Then λ is 
given by 
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λ = 2π
ω
𝑈𝑈H =  2π

𝑓𝑓(1+∈)𝑈𝑈H  ≈ 2π
𝑓𝑓

(1 − ∈)𝑈𝑈H  ≈ 2π
𝑓𝑓
𝑈𝑈H   .                      (2) 

 

The horizontal wavelengths for the observed velocities in the wakes of cyclones 
over Sakhalin Island are recorded in Table. Evidently, the velocities of every 
cyclone are much greater than the phase velocities of the spawned internal waves, 
which are typically about 2 m⋅s−1 [21] or less [41] – parenthetically, the phase 
speed of the first vertical baroclinic internal mode c1 used in Method I varies 
between 0.16 and 0.60 m⋅s−1 for the values used. Therefore, according to the 
conclusions in [21], the baroclinic response to a storm includes a propagating trace 
of inertial-internal waves. 

 
The speed of movement of cyclones and length of wake oscillations in the 

moving direction 
 

Parameters 
Dates of a storm start 

28.08.2020 10.09.2020 19.09.2020 25.10.2020 2.10.2020–
3.10.2020 

Cyclone speed 
(knots) 35 15 15 10 15–20 

Cyclone speed (m⋅s–1) 17.99 7.71 7.71 5.14 7.71–10.29 
Wave length in 
the direction of 
movement 

1066.1 456.9 456.9 304.6 456.9–609.8 

 
 Price [21] also gives a formula for the transverse horizontal wavelength, which 

is approximately 12R ≈ 18 km to 45 km for the cases considered here. 
The dimensions of the horizontal wavelengths in each cyclone’s wake exceed 
the horizontal scales of the internal wave continuum by a goodly amount, 
suggesting that the initial horizontal proportions of the oscillatory trace in each 
cyclone’s wake are directly influenced by the scales of the atmospheric 
determinants that expedite the oceanic outcomes observed. This is also 
the conclusion reached in [42]. 

Smaller horizontal scales and higher frequencies are generated by internal 
effects of finite amplitude when the atmospheric effect is intense, as recognized in 
[21] for the standard case. It is certainly possible that the peaks between 1 and 3.5 h 
that are evident in the energy density spectrum plotted in Fig. 4 exemplify these 
higher-frequency harmonics, although this assertion remains equivocal because 
their magnitudes are less than 95% of the confidence interval. 

 
4. Conclusion 
An analysis of seawater temperature fluctuations has been carried out —

drawing also on sea surface elevation measurements, using a 42-day-long data set 
collected in the vicinity of Cape Svobodny on southeast Sakhalin Island using 
seafloor-mounted devices. Surface waves with heights in the range 1–3.6 m were 
present during the experiment’s collection phase. 
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The records of seawater temperature fluctuations allowed the authors to detect 
four cases of significant (in comparison with the spread of background 
temperatures), periodic and non-periodic changes in temperature, reaching 8.5 °C 
with the background fluctuations only being about 1 °C. The average oscillation 
period was about 13.1 h. The oscillations themselves are attributed to internal 
waves that form in the so-called wake of the cyclone during relaxation after its 
passage. 

It is established that the duration of the fluctuations present in the cyclone wake 
can reach 10 d, which is consistent with the data of other authors. An analysis of 
synoptic maps shows that in the case of the arrival of the next cyclone earlier than 
10 d after the wake of the previous cyclone begins to form, a short wake is formed 
that is destroyed as a result of mixing in the upper layer of the ocean by storm 
waves. At the same time, two cases were observed when, after a sharp decrease in 
temperature and the arrival of a storm, the wake didn’t form at all. 

Based upon the behaviour of the seawater temperature and synoptic 
environment, it is shown that the beginning of wake formation and, consequently 
the relaxation stage, is only weakly related to the wave heights during the previous 
storm. The authors believe that the time before the beginning of the relaxation 
stage depends on the duration of the storm and, as a result, on the coverage of 
a larger water area, which, having been set in motion, will fade more slowly. 

Using a formula originally due to Price it is shown that the coefficient ∈ 
connecting the dominant frequency of internal waves, viz. NI oscillations, in 
the wake of a typhoon ω, with the inertial frequency f for the observed data is 
0.253. This is close to the value of 0.2 proposed by Kunze. Using the Price’s 
formula, the characteristic horizontal wavelengths of oscillations in the wake of 
several cyclones travelling at speeds of 15 to 35 knots in the direction of their 
movement span 304.6–1066.1 km. 
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