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Abstract

:

The article presents observations of near-inertial internal waves (NIWs) in the slope waters of the Black Sea in winter and summer. Rotary spectral analysis of a time series of sea current velocity measurements revealed the prevailing anticyclonic component of the motions near the local inertial frequency f. The clockwise rotation of the velocity vector with depth implies that the NIWs propagate downwards. The amplitude of NIWs usually was 0.1–0.2 m s−1. NIWs were observed in the layer of the permanent pycnocline and the seasonal pycnocline, which attenuate below depths of 160 m and 80 m in winter and summer, respectively. The amplitude of the near-inertial kinetic energy (NIKE) showed a close relationship with vertical stratification. During winter, NIKE exhibited maximum values in the layer of the permanent pycnocline, whereas, in summer, it was primarily observed in the seasonal pycnocline layer. The near-inertial oscillations were generally more energetic in winter.
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1. Introduction


Inertial motions in the ocean are one of the most intense types of mesoscale variability. On average, near-inertial internal waves (NIWs) have lateral scales of 10–100 km and amplitudes of 100–300 m in the ocean [1]. NIWs are the most energetic part of the internal wave band [2] and result in a distinct peak near the local inertial frequency f in the energy spectra.



Observations of NIWs in the ocean are widespread [1,3,4,5,6,7,8,9] and NIWs have been investigated in semi-enclosed seas, such as the Baltic Sea [10,11] and the Japan Sea [12,13]; observations of NIWs in the Black Sea are still rare [14,15,16,17]. The Black Sea is an almost tideless basin (the tides are less than several centimeters [18] in amplitude) so the inertial variability should dominate the energy spectra [14,15]. In other words, most of the energy in the sub-diurnal band in the Black Sea is due to near-inertial motions. NIWs are easier to infer from observational data in the absence of tidal motions. Therefore, the Black Sea basin could serve as a natural laboratory for the study of NIWs. The blue-shift phenomenon has been observed for NIW frequencies in the World Ocean [19,20], as well as for the Black Sea [14,15].



The seasonality of NIWs in different parts of the World Ocean has been studied [9,10,21,22]. As for the Black Sea, detailed information about the vertical structure and seasonal variability of NIWs is lacking. Previous observations from moored stations have shown that NIW heights vary from 10 to 25 m on the northeastern shelf of the Black Sea [23,24,25]. A variety of forms of inertial hodographs have been revealed on the shelf near the city of Gelendzhik in the northeastern part of the Black Sea [26,27]. Observations with lowered ADCP measurements revealed NIW heights up to 40 m in the northern part of the Black Sea, with a predominance of clockwise rotation of the velocity shear vector with depth [17]. The mode-2 NIWs were recorded [28]. The measurements mostly refer to the coastal area and are extremely limited in time of observation during summer seasons. Recently, an attempt was made to identify the seasonality of NIWs in the central part of the Black Sea basin [15]. However, that observation was made for two fixed depths of 100 m and 1700 m.



It should be noted that the period of NIWs T = 2 π/f, where f = 2Ωsin φ; Ω is the angular frequency of rotation of the Earth and φ represents the local geographic latitude. The inertial period for the Black Sea is in the range of 17–18 h and, in our study site, the local inertial period is 17.15 h.



This study presents measurements taken at the continental slope waters of the northeastern part of the Black Sea. The depth of the study site allowed observations of NIWs in both the permanent and seasonal pycnoclines. Below, we present an analysis of the time series of hydrophysical measurements aimed at identifying the features of the vertical structure of NIWs depending on vertical stratification. The seasonal pycnocline affects the vertical mixing and, consequently, the transfer of momentum from upper layers to deeper ones. The kinetic energy (KE) and near-inertial kinetic energy (NIKE) were estimated to clarify the differences between NIWs in different stratification conditions. The focus was on identifying the peculiarities of their distribution with depth.




2. Materials and Methods


The measurements over the continental slope were carried out using the Aqualog moored profiler equipped with a CTD probe and acoustic Doppler current meter [29]. The mooring was deployed on the 250 m isobath in the upper part of the continental slope near Gelendzhik Bay (Gelendzhik, Russia) (Figure 1). The Aqualog performed automatically ascend/descend cycles no less than every 3 h to obtain at least 16 depth profiles of marine environment measurements per day. The time series of vertical profiles of temperature, salinity, potential density, dissolved oxygen, and current velocity were obtained for the water column from depths of 20–30 m to 200–230 m. During winter and summer conditions, we took the data from 9 January through 6 March 2016 and from 1 June through 27 August 2019, respectively. The measurement data were binned into the depth cells 1 m thick. Note that the profiler was located close to the Rim Current zone on the periphery of the basin-wide cyclonic gyre with NW direction [30].



To gain a comprehensive understanding of the energetics in the water column during observations, we calculated the kinetic energy (KE):


  K E =   1   2   (   u   2   +   v   2   ) ,  



(1)




where u and v are the eastward and northward components of current.



Power spectrum analysis was applied to the time series of the sea temperature and potential density data as well as the sea current velocity and KE. Rotary spectral analysis [31,32] was used to obtain the frequency structure of the orbital motions in the horizontal flows. This analysis was carried out for the data obtained through the water column from the sea’s near-surface layer down to the sea’s near-bottom layer. The temporal variability of the zonal (u) and meridional (v) components of current velocity vectors was also analyzed. To eliminate the influence of Doppler distortions and the background current field, the linear trend was first removed. Before conducting spectral analysis, the current data’s time series were filtered using a fourth-order Butterworth bandpass filter for the 0.88–1.11 f band. Note that, unlike spectra, velocity data figures are presented without any filtering. The absence of tides provides us with this opportunity when the inertial manifestations intensify.



After bandpass filtering, the near-inertial kinetic energy (NIKE) was calculated:


  N I K E =   1   2   ρ     u   f   2   +   v   f   2     ,  



(2)




where uf and vf are the filtered eastward and northward components of current and ρ is the water density. We used interpolated data with a time resolution of 1 h for the spectral analysis and calculation of KE and NIKE.




3. Results


3.1. Observations of NIWs in Winter Conditions


Figure 2 shows the mean profiles of temperature, salinity, potential density, and the Brunt–Väisäla frequency N for January, February, and March 2016. The process of water cooling was still evident in March, so we considered this period as the final part of the winter season. The cooling process occurred gradually in the upper 120 m layer. Deeper, the cold intermediate layer (CIL) was identified; stratification was almost constant with a temperature close to 8.5 °C. In the 30–50 m layer of the Black Sea, density was primarily controlled by temperature changes due to small variations in salinity. However, in the deeper layer from 50 to 200 m, salinity played a more significant role in vertical stratification than temperature. The salinity in the upper 100 m ranged from 18 to 18.7 PSU, while, in deeper parts, it varied from 18.7 to 21.3 PSU. In January, the most distinct vertical stratification was observed, with a two-layer system and a transition zone at a depth of 110–120 m, which corresponded to the position of the permanent pycnocline. In February and March, the vertical profiles of potential density became smoother and did not show strong separation between layers. In January, the Brunt–Väisäla frequency N reached a maximum of 97 cph at a depth of 118 m. In February and March, N peaked at 84 cph at depths of 119 and 130 m, respectively.



Based on data from the Aqualog profiler between 9 January and 6 March 2016, the upper water layer gradually cooled while the upper mixed layer deepened and the thermocline sharpened (Figure 3). Together with the background deepening of the thermocline, oscillations with a period close to the local inertial one (17.15 h) occurred almost constantly due to the passage of NIWs. The main intensification of inertial movements was observed in January and February. The passage of packets of inertial internal waves was indicated by up and down displacements of the isopycnals. NIWs also appeared in the current velocity data on the continental slope in contrast to the coastal zone where the effects of strong alongshore currents and passing eddies significantly distorted the manifestation of NIWs in currents [25].



The rotary spectra of velocity components from 50 m down to 150 m showed that the anticyclonic rotation slightly prevailed over the cyclonic one with a dominant peak close to the local inertial frequency. Surprisingly, winter observations showed predominance of inertial processes more evident in the frequency spectra of potential density (Figure 4).



In the winter, the packets of NIWs were observed every month with larger amplitudes from 16 January to 28 January (Figure 5) and from 12 February to 29 February. A packet of intense inertial internal waves was apparent in the current velocity data from 16 January to 28 January. The wave packet travelled within the water lens limited by isopycnals of 14 and 16 kg m−3. Based on observations of displacements of the potential density isolines and velocity measurements, the NIW’s height varied from 30 m up to 100 m. During the passage of the NIW’s crests, the temperature decreased by about 2–3 °C, potential density by 1 kg m−3, and salinity by 1–1.5 PSU. The vertical structure of the near-inertial flow was dominated by a 180° phase difference with one zero-crossing at the depth of the maximum stratification (Figure 5b).



In January, the intensification of NIWs occurred after a change in wind direction during calm weather conditions. The lagged correlation analysis showed no relationship between currents and wind stress in winter (less than 0.4). The maximum correlation of 0.38 with a lag of 2.5 h was observed at a depth of 25 m.



During 16–28 January, there were several periods of KE intensification in the upper layer. The intensifications could be due to meandering of the Rim Current (Figure 6a). This was manifested by an increase in the northern component of the current velocity up to 0.5 m s−1 at the time when KE grew in the 80 m layer. During 19–22 January, the energy maxima during the passage of the NIW packets exceeded 1.5 J m−3. The influence of NIWs was strongest in the layer at 130–150 m depth and extended downward to a depth of 160 m (Figure 6b). On 16 January, NIWs were identified in the layer from 70 m down to 150 m. The maxima variations of NIKE with energy of 1 J m−3 were observed between 100 and 110 m. These NIWs were probably formed by a similar event of northern velocity intensification (not shown).



Two apparent velocity peaks of up to 0.15–0.2 m s−1 were found in the upper mixed layer and below the layer of maximum potential density gradient. The current velocity profiles, in some cases, contained ensembles with a well-defined rotation of the current velocity vector with depth (Figure 7). In the 65–165 m depth layer, regular oscillations indicating a clockwise rotation of the velocity vector with depth were observed in the current velocity data. This suggests that the direction of phase propagation for these waves was upward towards the sea surface, i.e., opposite to the direction of the wave. The vertical phase speed of NIWs varied between 0.1 and 0.24 cm s−1. Several cases of weaker NIWs with downward phase tilt in time were identified between 22 and 24 January.



After 26 January, the deepening of the pycnocline was observed and it was found that isopycnals 14 kg m−3 and 16 kg m−3 were out of phase. While the isopycnal surface of 14 kg m−3 was rising, the isopycnal surface of 16 kg m−3 shifted deeper. These changes in vertical stratification caused the appearance of mode-2 NIWs. A velocity peak of 0.1 m s−1 was observed in the upper layer close to 75 m, a second peak of 0.2 m s−1 was revealed at 120 m, and another peak of 0.15 m s−1 was distinguished at 155 m (Figure 8). In the observed wave, therefore, the sign of the horizontal component of the currents changed twice, as predicted by the theory. Five waves were observed by the NIKE distribution. In general, mode-2 NIWs were generated when the pycnocline was at its minimum position throughout the observation period.




3.2. Observations of NIWs in the Summer


Summer observations of 2019 allowed us to observe internal waves in both the seasonal pycnocline and the permanent pycnocline. Figure 9 demonstrates the vertical stratification of temperature, salinity, potential density, and the Brunt–Väisäla frequency N for each month of the summer. In June and July, the first 90 m of the water column experienced seasonal warming. The largest changes were observed in the upper 40 m of the water column, where the Brunt–Väisäla frequency N varied between 60 and 70 cph in June and 150 cph in July. Based on temperature observations, it is evident that the maximum heating of the water column extended down to a depth of 40 m. The 20 °C water was observed at a depth of 40 m at the end of July. As previously stated, the upper part of the Black Sea experienced minimal salinity variations, with density primarily influenced by temperature (Figure 10). The main internal waves occurred in the seasonal pycnocline.



The rotary spectra of velocity components at 25 m depth showed a predominance of the anticyclonic rotation of the current velocity vector (i.e., the current velocity vector rotated clockwise) with a clear-cut peak at a local inertial frequency (Figure 11). A similar analysis was carried out for individual depths, which made it possible to estimate the change in the sea current energy from the near-surface layer down to the near-bottom layer. The near-inertial peak was stronger in the upper part of the water column. The inertial motions were observed down to 55 m depth. Beyond this depth, down to 75 m, the energy level decreased. The level of spectral energy of near-inertial oscillations at 25–55 m was almost five times higher than that at 100–150 m.



Interestingly, the diurnal peak was revealed at 25 m depth. Probably, the diurnal peak was caused by breeze wind circulation. Discussion of this process is beyond the scope of this work.



Figure 12 depicts an example of the vertical structure of the eastern component of the currents during the intensification of NIWs from 1 to 11 August. During the inertial wave activity, the main variability occurred in the layer of seasonal pycnocline. The phase difference between the peak upper and lower layer currents was consistent, with a slight phase lead of about 1–2 h in the lower layer. The current meter data showed bursts of near-inertial oscillations with amplitudes as large as 0.1–0.2 m s−1, which were stronger in the upper layer. Additionally, a well-defined clockwise rotation of the current velocity vector with depth was observed from 25 m down to 80–100 m depth. Based on the lagged correlations during NIW episodes between currents at different depths, it was found that all layers have high correlations (~0.7–0.9). In June, the currents at a depth of 25 m lagged behind those at 35 m by about 1 h. In July and August, the lag increased to 24–27 h between 25 m and 45 m. Based on lagged correlations, the vertical phase speed of NIW varied from 0.37 cm s−1 in the upper layer to 0.01 cm s−1 in the deeper part.



The lagged correlation between wind stress and currents at a depth of 25 m exhibited a maximum at 42 h. The circulation of the breeze was evident from the wind direction. Although the wind stress was low during the observation period, the wind stress energy increased on 4–5 August. An upwelling was recorded on 4 August based on temperature measurements. The temperature at a depth of 30 m dropped from 15.5 °C to 9.5 °C. The sea surface temperature decreased by 5–6 °C based on satellite data. Figure 13a shows the increase in KE during the upwelling (note that the scale range is less than in winter). The NIWs observed on 5–8 August may have originated subsequent to the upwelling event. In the time series of NIKE (Figure 13b), the NIWs appeared as a series of slightly inclined swathes of energy maxima of 0.6–0.8 J m−3 with a local maximum at a depth of 60 m. The variations influenced by NIWs extended to a depth of 80 m. More intense inertial motions occurred after three cycles and then decayed slowly.



The pattern of NIKE indicated stronger NIWs in the upper 55 m on 9–11 August. During this event, NIKE reached a maximum of 1.2 J m−3, which was the highest value observed during that period. The first four inertial oscillations occupied the water column down to 80 m depth. Later, the NIWs gradually reduced below 40 m. Strong winds did not occur during this event. The northern component of the currents intensified, probably owing to activity of mesoscale eddies. An increase in KE in the upper 60 m was observed during this period. Also, NIKE increased slightly in the layer of the permanent pycnocline between 100 m and 120 m.




3.3. Comparison of NIWs during Winter and Summer Observations


The analysis of seasonal variability of the peaks of the spectra of NIWs revealed their intensification in the upper 60 m layer during the summer season and in the layer of the permanent pycnocline in the winter (Figure 14). The energy level of the frequency spectrum of potential density fluctuations at a depth of 120 m was almost five times higher in winter than in summer. During summer, the energy level at the seasonal pycnocline (30 m) was comparable to that of the permanent pycnocline (120 m) in winter. The minimum energy level was observed at 30 m during winter.



During the winter of 2016, the KE level exhibited maxima ranging from 40 m to 130 m depth in the near-inertial band of 0.88 f–1.1 f (Figure 15a). The peaks of spectrogram of KE over the profiling depth range were shifted to the higher frequency band. In summer, the high KE level was evident down to a depth of 80 m, after which it decreased with depth (Figure 15b). Additionally, there was a slow increase in the layer of the permanent pycnocline between 100 m and 120 m. Note that the energy level during summer was one order of magnitude lower than in winter. The peaks of KE were closer to the local inertial frequency than in winter.



A layer of energy minimum was revealed between 85 m and 95 m during winter and between 80 m and 95 m during summer. Below this layer, there was a subsequent increase in energy within the permanent pycnocline layer, followed by a sharp decrease.



A comparison of the spectrogram of KE over the profiling depth range for the winter with that for the summer suggested that the local stratification had a greater impact on the vertical propagation of NIWs during the observation periods. It seems that the seasonal pycnocline acted as a barrier to NIWs preventing their downward propagation. To clarify this, the mean profiles of NIKE and the Brunt–Väisäla frequency,   N  , were calculated (Figure 16). The amplitude of NIKE showed a close relationship with vertical stratification. The maximum and minimum of energy corresponded to the maximum and minimum of the Brunt–Väisäla frequency.



In winter, the NIKE began to increase at 90 m and reached its maximum (0.15 J m−3) at 120 m.



In summer, the NIKE was larger in the upper 40–60 m. From the mean profiles of NIKE, it was evident that, in summer, the NIKE was mostly intensified in the upper layer up to 0.12 J m−3 but, during strong NIKE events (such as 10–12 August), the energy could penetrate the deeper layer. The NIKE from the mean profiles of August observations had its maximum at 0.28 J m−3 in the 30 m; then, the NIKE decreased sharply below about 80 m.





4. Discussion


The observational data clearly showed the presence of NIWs in the seasonal pycnocline during summer and in the permanent pycnocline during winter in the slope waters in the northeastern part of the Black Sea. The rotary spectra indicated significant peaks in the near-inertial frequencies, with a predominance of anticyclonic rotation in both summer and winter. The velocity data showed that the depth profiles of the eastern and northern velocity components were out of phase, with the northern component leading. The velocity vectors rotated clockwise, with phase lines usually slanted upward in time. This suggested that the direction of phase propagation for identified NIWs was upward towards the sea surface, i.e., opposite to the direction of the wave [33,34]. Previously, a clockwise rotation of the current velocity vector with depth has been observed by lowered ADCP measurements in the northern shelf of the Black Sea [17].



The downward propagation of the NIWs would require their energy sources to be at or near the sea surface. Although it was expected that NIWs would be associated with strong wind events at the study area, they were found to be intense (approximately 0.1–0.2 m s−1) even when the wind stress was weak.



Summer/winter intensification of NIWs in the seasonal/permanent pycnocline indicated that these motions were dependent on thermohaline stratification. The seasonal pycnocline acted as a barrier to NIWs and prevented their downward propagation (see also [35,36]). Basically, KE was much greater in winter than in summer. In winter, the depth–frequency spectra of KE were higher for the layer from 40 m down to 130 m. Noticeably, according to a recent report [37] based on observations, the winter KE increased while the summer KE decreased with depth over the northern shelf of the Black Sea. The increase in the KE in winter could be explained by the propagation of meanders of the Rim Current. The Rim Current was known to intensify in winter and weaken in summer [38,39]. Fluctuations of the baroclinic currents might generate near-inertial oscillations; their energy could be trapped and then propagate downward to the deep layers in regions of negative relative vorticity [40,41]. Previous studies demonstrated the significant influence of mesoscale vorticity on the propagation of NIWs in the ocean [40,42]. Regarding the Black Sea, the Rim Current instability could serve as a source of NIW generation [35]. Our results showed that NIWs were identified when the northern component of the current velocity increased up to 0.5 m s−1 in winter. These intensifications could be associated with the meanders of the Rim Current.



In summer, an increase in NIKE in the upper layer indicated the generation of internal waves by wind. The analyzed data showed an example of observed NIWs that could originate from the upwelling event. In the Black Sea, the generation of internal waves by the upwelling was observed for the high-frequency range [43] and NIWs [44].



Our data showed that NIKE was generally higher in winter than in summer. Previous observations have shown an intensification of NIWs in the central part of the Black Sea during winter [15]. It is noteworthy that manifestations of NIWs were identified in the deep layer at a depth of 1700 m. The present study found that manifestations of NIWs attenuate below 160 m in winter and 80 m in summer. The existence of internal waves at different depths in the central part and over the continental slope of the Black Sea basin can be attributed to the impact of the bottom. Similar to the ocean, the main difference between shelf and deep water NIWs could be explained by the difference in distance between their occurrence and the bottom. The rate of decay due to bottom drag is proportional to the ratio of the bottom mixed layer to the total water depth [45]. In the central part of the Black Sea, measurements were taken in the deep-water area where the bottom drag on NIWs could be considered negligible. However, in the present study, the mooring was deployed at a depth of about 250 m and could be affected by bottom drag. Differences in the vertical scales of NIWs could also be due to the fact that, in slope waters, they can usually interact with background vorticity and mesoscale motions. The Rim Current undergoes meandering behavior, and coastal eddies are frequently observed in the study area [35,46]. However, it should be noted that mesoscale eddy structures also appear in the central part of the Black Sea [47,48]. The NIWs could be trapped by mesoscale structures [1]. These processes are typically intensified near the surface, allowing downward-propagating waves to reach critical layers at depths where the background vorticity decreases.




5. Conclusions


This paper analyzed NIWs on the continental slope of the Black Sea under winter and summer stratification conditions. Field observations were collected using the Aqualog moored profiler, equipped with a CTD probe and an ADCP. NIWs were observed in the near-slope waters within the layer of permanent pycnocline during winter and within the seasonal pycnocline during summer. The clockwise spectrum dominated in the internal wave spectra. The velocity vector rotated clockwise with depth, indicating that the NIWs were propagating downward.



In summer, the vertical structure of the mode-1 baroclinic NIW variability had a zero crossing between 25 m and 100 m, while, in winter, it occurred between 60 m and 160 m. The vertical phase velocity of the NIWs decreased with depth and varied between 0.24 and 0.1 cm s−1 and 0.37 and 0.01 cm s−1 in winter and summer, respectively. During the winter measurements, a case of mode-2 NIWs was identified when the pycnocline deepened and the stratification became sharper.



Significant differences in the seasonal variability of NIWs were observed at different depths in the near-slope region. The amplitude of the NIKE showed a close relationship with vertical stratification, with the maximum and minimum NIKE corresponding to the maximum and minimum Brunt–Väisäla frequency. Near-inertial oscillations were generally more energetic in winter. In summer, the NIKE was stronger in the upper layer of the water column and decreased with depth. In winter, the level of KE was higher between 40 m and 80 m and reached its maximum in the permanent pycnocline layer before dissipating. During the summer season, the KE reached its maximum in the seasonal pycnocline and experienced only a slight increase in the permanent pycnocline. A layer of KE minimum was found between 80 and 95 m in both winter and summer. This is an intriguing feature, considering that these depths do not correspond to the minimum stratification, so further research is needed to clarify the reasons for this energy minimum.



While the study of NIWs in the Black Sea has a long history, our research contributes to the existing knowledge on the subject. We have analyzed long-term measurements of the vertical structure of NIWs under different stratification conditions, which is still rare for Black Sea research. However, to understand the processes of NIW generation and propagation, long-term spatial–time measurements with a high sampling rate are necessary. Therefore, further investigations are needed to obtain a more holistic view of the internal wave field in the Black Sea.
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Figure 1. The position of the Aqualog profiler (red dot) in the Black Sea and a closer view of the study site. The bathymetric map according to ETOPO1 data (https://doi.org/10.7289/V5C8276M, accessed on 12 February 2024). 
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Figure 2. Vertical profiles of the monthly average temperature,   T  , salinity, S, and potential density,     σ   θ    , and the Brunt–Väisäla frequency,   N  , for winter months at the observation site. 
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Figure 3. From top to bottom: the variations in potential density, temperature, and salinity according to the Aqualog profiler data in the depth range from 30 to 220 m between 9 January and 6 March 2016. 
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Figure 4. The power spectrum of the potential density at 120 m for the entire observation period in 2016. The dash-dotted lines represent the 95% confidence intervals. The black arrow indicates the local inertial frequency. 
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Figure 5. Time series of wind speed and wind stress (a) and the northern component of the current velocity (b) from 16 to 28 January 2016. The black lines on the graph represent potential density isolines of 14, 15, and 16 kg m−3. 
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Figure 6. The time evolution of KE (a) and NIKE (b) during 16–28 January 2016. The isopycnals are shown as solid lines. 
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Figure 7. The northern component of the current velocity during 20–21 January 2016 (a). The black lines on the graph represent potential density isolines of 14, 15, and 16 kg m−3. (b) Vertical profile of zonal (u) and meridional (v) components at 00:00 20 January 2016. 
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Figure 8. Vertical profile of zonal (u) and meridional (v) components at 00:00 27 January 2016. 
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Figure 9. The same as Figure 2 but for the summer of 2019. 
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Figure 10. From top to bottom: the time variations in potential density, temperature, and salinity from 2 June to 26 August 2019, based on the Aqualog profiler data. Note that depth on the vertical axis is shown in the logarithmical scale. 






Figure 10. From top to bottom: the time variations in potential density, temperature, and salinity from 2 June to 26 August 2019, based on the Aqualog profiler data. Note that depth on the vertical axis is shown in the logarithmical scale.



[image: Jmse 12 00507 g010]







[image: Jmse 12 00507 g011] 





Figure 11. (a) The rotary spectra of the clockwise and counterclockwise current vector rotation motions at 25 m depth. (b) The rotary spectra of clockwise rotation motion at different depths. 
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Figure 12. (a) Time series of wind speed and wind stress; (b) eastern component of currents during 1–11 August 2019. 
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Figure 13. (a) The time evolution of KE and (b) NIKE during 1–11 August 2019. The isopycnals are shown as solid lines. 
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Figure 14. The power spectral density of potential density at depths of 30 m and 120 m during winter and summer observations. 
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Figure 15. Spectrogram of KE over the profiling depth range during winter 2016 (a) and summer 2019 (b). A white dotted line indicates the near-inertial frequency. Note that the color bars have different scales. 
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Figure 16. The mean profiles of NIKE (a) and the Brunt–Väisäla frequency,   N  , (b) for January 2016 and August 2019, winter and summer, during observation periods. 
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