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Abstract

:

The application of the horizontal-to-vertical spectral ratio (HVSR) modeling and inversion techniques is becoming more and more widespread for assessing the seismic response and velocity model of soil deposits due to their effectiveness, environmental friendliness, relative simplicity and low cost. Nevertheless, a number of issues related to the use of these techniques in difficult natural conditions, such as in the shelf areas of the Arctic seas, where the critical structures are also designed, remain poorly understood. In this paper, we describe the features of applying the HVSR modeling and inversion techniques to seismic records obtained by ocean-bottom seismographs (OBS) on the outer shelf of the Laptev Sea. This region is characterized by high seismotectonic activity, as well as sparse submarine permafrost distribution and the massive release of bubble methane from bottom sediments. The seismic stations were installed for one year and their period of operation included periods of time when the sea was covered with ice and when the sea was ice-free. The results of processing of the recorded ambient seismic noise, as well as the wave recorder data and ERA5 and EUMETSAT reanalysis data, showed a strong dependence of seafloor seismic noise on the presence of sea ice cover, as well as weather conditions, wind speed in particular. Wind-generated gravity waves, as well as infragravity waves, are responsible for the increase in the level of ambient seismic noise. The high-frequency range of 5 Hz and above is strongly affected by the coupling effect, which in turn also depends on wind-generated gravity waves and infragravity waves. The described seafloor seismic noise features must be taken into account during HVSR modeling and interpretation. The obtained HVSR curves plotted from the records of one of the OBSs revealed a resonant peak corresponding to 3 Hz, while the curves plotted from the records of another OBS did not show clear resonance peaks in the representative frequency range. Since both OBSs were located in the area of sparse distribution of submarine permafrost, the presence of a resonance peak may be an indicator of the presence of a contrasting boundary of the upper permafrost surface under the location of the OBS. The absence of a clear resonant peak in the HVSR curve may indicate that the permafrost boundary is either absent at this site or its depth is beyond the values corresponding to representative seismic sensor frequency band. Thus, HVSR modeling and inversion techniques can be effective for studying the position of submarine permafrost.
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1. Introduction


The horizontal-to-vertical spectral ratio (HVSR) method, also known as H/V, has become a standard and widespread observational method of soil amplification and fundamental frequency estimations due to its effectiveness, environmental friendliness, relative simplicity and low cost [1,2,3,4]. Since the first works [5,6], many scientific papers have been dedicated to HVSR modeling and inversion problems. However, there is an extreme lack of studies on the application of this method in marine conditions, i.e., using records from ocean-bottom seismographs (OBS).



In this article, we have tried to develop an understanding of this method as applied to the marine environment. To achieve this objective, we used long-term OBS records obtained in the Laptev Sea, which is one of the most interesting regions from a seismotectonic point of view. This is especially true for the northern part of the Laptev Sea, the area of the outer shelf and the continental slope, where the Gakkel spreading ridge junctions with the shelf structures. In this area, many also assume the existence of a large strike-slip fault zone [7,8,9,10].



The presence of permafrost is widespread on the shelf of the Laptev Sea [11,12,13]. At the same time, in the central part of the outer shelf of the Laptev Sea, there is a zone of sparse permafrost and open taliks, which is confirmed by both the modeling results [12] and the data from offshore geophysical surveys [14,15].



In the Laptev Sea, a large number of methane outflows from the seabed have been found, especially on the mentioned central part of the outer shelf [16,17,18]. Recent studies show a deep thermogenic origin of the escaping gas on the outer shelf of the Laptev Sea [19]. Methane of deep origin can come from great depths along faults and reach the seafloor through wide taliks.



Until now, the application of the HVSR technique for the determination of the thickness of unfrozen sediments above the submarine permafrost has been very limited [20,21]. Many questions regarding the application of this method in marine shelf conditions, especially in the Arctic, and in particular in the presence of sea ice cover, remain open. Thus, the objective of the paper is to describe the features of applying the HVSR modeling and inversion techniques to seismic records obtained by OBSs on the outer shelf of the Laptev Sea, and to estimate the depth of the main shear wave impedance contrast, which can be associated with the transition from ice-free sediments to ice-bonded permafrost. In this case, the primary task is to describe the features of the recorded ambient seismic noise, which must be taken into account during HVSR modeling and interpretation. The processing of the ambient seismic noise recorded in the Laptev Sea, as well as the wave recorder data and the ERA5 and EUMETSAT reanalysis data, allowed the study of the dependency of seafloor seismic noise on the presence of sea ice cover, as well as sea waves in various frequency bands and weather conditions, wind speed in particular.




2. Data


2.1. OBS Data


Since 2018, a series of scientific cruises to the Laptev Sea and East Siberian Sea have been organized by the V.I. Ilichov Pacific Oceanological Institute of the Far Eastern Branch of the Russian Academy of Sciences and the Shirshov Institute of Oceanology of the Russian Academy of Sciences with the participation of a number of other institutions. The seismological research program has aimed to obtain the seismic and seismotectonic characteristics of the Laptev Sea region in the context of the relationship of the tectonic processes with the geohazards, the discharge of bubble methane from the bottom and the state of the submarine permafrost by registering local microearthquakes, remote teleseismic events and ambient seismic noise on the shelf and the continental slope of the Laptev Sea [22,23,24,25].



During the AMK-78 cruise (September–October 2019), two OBSs were deployed on the outer shelf of the Laptev Sea on board the R/V Akademik Mstislav Keldysh (Figure 1, Table 1). They were dismantled in one year during the AMK-82 cruise (October 2020) on board the same vessel.



The two deployed OBSs were equipped with the three-component molecular–electronic transfer (MET) sensors: CME-4311 type in the MPSSR station at the St3 site, and CME-3311 type in the Typhoon station at the Typ2 site (Figure 1). The detailed parameters of the MET sensors are listed in Table 2 and Table 3.



The OBSs also contained the hydrophone 5007 m and the URS-S recorder. The recorder URS-S can be used wherever multi-channel acquisition of analog signals with a reference to absolute time is required, with low power consumption. Table 4 shows the main characteristics of the URS-S recorder. The features of the recorder include its relatively low power consumption and the presence of a built-in high-precision thermo-stated reference frequency generator, in combination with a GPS interface, which makes it possible to time-tie the received records to absolute time.



The records duration was around 3 months for the MPSSR station and 4 months for the Typhoon station, while the recording frequency was 100 Hz. These types of OBS are not self-pop-up, and their housing is rigidly attached to the concrete ballast to improve traction on the seabed. The deployment in shallow waters was conducted with the use of the 150 m-long rope laid on the seabed and the ballast, according to the deployment scheme presented in Figure 1f. The deployment scheme implies trawling the rope between the OBS and the ballast. Thus, the current equipment and the deployment scheme imply work on the shelf at depths of no more than 100 m.




2.2. Wave Recorder Data


The Typhoon OBS at the Typ2 site was accompanied by the RBR virtuoso3 wave recorder (Figure 1). The records duration was 363 days, while the recording frequency was 1 Hz.



The RBR virtuoso3 logger is equipped with a Keller pressure sensor, based on the use of a piezoelectric quartz sensor, as a barosensitive element. It records the pressure values of the column of water and translates them into the variable depth of the location. The detailed parameters of the logger are listed in Table 5.




2.3. Reanalyses Data


The atmospheric parameters (hourly data), i.e., the mean sea level pressure and the northward and eastward component of the wind at 10 m above sea level, obtained from the ERA5 reanalysis [26] were used in the research. Daily ice concentration data were provided by EUMETSAT [27]. Horizontal resolution of the reanalysis for atmospheric parameters was 0.25° for ice concentration–25 km.



To obtain the required parameters from the atmospheric reanalysis data for specific points in the Laptev Sea, the nearest points on the reanalysis grid were selected. Bilinear interpolation between the four nearest points was used for the ice concentration data. Further, for each reanalysis point, records were selected corresponding to the dates of measurements of seismological and sea-level sensors.





3. Methods


3.1. Raw Records Processing and Seismic Noise Spectrograms Calculation


First of all, the reading, conversion and pre-processing of the OBS seismic records are performed. After reading from the flash memory of the seismic recorder, the raw records are contained in files of specific binary format with the samples of five channels: a hydrophone, three components of a velocimeter, and a channel of accurate time samples. Next, the raw binary files are batch converted into one of the generally accepted seismological formats, miniSEED, using Matlab scripts and some Seisan conversion utilities [28]. After that, the records are ready for seismological analysis.



By using seismic noise spectrograms, we assessed the temporal variability of observations in order to distinguish the effects of ice cover, wind-generated gravity waves, infragravity waves, and atmospheric parameters, such as atmospheric pressure and wind speed. Spectrograms of the seismic records were calculated with standard functions of the Matlab environment, which implement short-time Fourier transform [29,30,31,32] with the use of a sliding Hamming window and 50% overlap between segments. The records were preliminary averaged in 1-s long windows. Calculations on long time series from different source files were performed sequentially with subsequent concatenation of the resulting array. A spectrogram of the sea level records in the range of periods from 30 to 300 s was calculated with Welch’s method [33], using the Kaiser–Bessel spectral window two days long, with 50% overlap.




3.2. HVSR Modeling


The average HVSR curves were computed by Geopsy software (http://www.geopsy.org, accessed on 15 September 2022) [34] following standards from the SESAME project manual [35]. Table 6 shows the input parameters for the HVSR calculations separately for St3 site records and for Typ2 site records. The input parameters were chosen so that the number of windows and samples in each window met the requirements from the SESAME guideline for the expected fundamental frequency.



At the first stage, a set of 25-s long time windows was selected by the STA/LTA “antitrigger” algorithm, based on [35,36,37], so that the STA/LTA values were between the specified maximum value to avoid transients and minimum values, to avoid anomalously low amplitudes. No preliminary filtering was applied. No overlapping was applied since the total duration of the noise record was enough.



HVSR computations were conducted as follows for each time window with the following averaging of the resulting curves:


  HVSR =      (   |  H 1  |  2  +   |  H 2  |  2  ) / 2     | V |     



(1)




where H1 and H2 are Fourier spectra amplitudes of the two horizontal components of seismic noise, while V is the Fourier spectrum amplitude of the vertical component of seismic noise.



Since the raw spectra contain a lot of frequency samples which show a lot of very narrow oscillations and spikes, while computing the HVSR, the very small values reached by raw spectra lead to unusual values of the ratio. Therefore, before computing the HVSR, the Fourier spectra amplitude of the three components were smoothed by a rectangular window of 1 Hz width.




3.3. HVSR Inversion


We considered a one-dimensional two-layer soil system with a dominant and sharp acoustic impedance contrast below a shallow surface layer at depth d. Let the frequency f0 be the main peak in the HVSR curve, i.e., the lowest dominant peak frequency. The f0 can be associated to the fundamental seismic resonance frequency freson related to the interference of transmitted and reflected from the interface of impedance contrast waves. The seismic resonance frequency of the n-th mode is related to the shear velocity vs and thickness of the overlying layer d as follows [21]:


   f reson  = ( 2 n + 1 )    v s   4 d     



(2)




where frequency is given in Hz, shear waves velocity in m/s, and layer thickness in m.



If we know the value of the shear wave velocity from the results of the field work or from reference materials, and the value of the resonant frequency from the HVSR curves, then we can easily estimate the depth of the contrast boundary using the Formula (2). The value of shear wave velocity, density of the surface layer soil and the underlying half-space, as well as the thickness of the surface layer estimated using Formula (2), can be used to construct the subsurface soil model, which in turn, along with HVSR curves, can serve as initial data for optimization by inversion methods.



In this paper, HVSR inversion was conducted by OpenHVSR software [38]. The inversion strategy is based on the Monte Carlo method, where at every iteration a randomly perturbed version of the best-fitting model is produced and used to compute a set of simulated curves to be compared with the experimental HVSR curves. The forward simulation of the theoretical transfer function curves is based on the approach of [39]. A criterion to decide which simulated curve best reproduces the experimental data is based on calculating the value of an objective function, which is a positive, real-value function of the subsurface parameters, and the misfit between the data and the simulated curves, and seeking its global minimum.





4. Results


4.1. Correlation of the Reanalysis, Wave Recorder and OBS Data


Figure 2 shows a comparison of the time dependences of the atmospheric parameters obtained from the reanalysis data, the sea level fluctuations in the frequency band 0.05–0.5 Hz [40], related to the wind-generated gravity sea waves obtained from the wave recorder data, as well as the ground velocity fluctuations obtained from the Typ2 OBS hydrophone and seismometer records. Since the reanalysis data are hourly, the averaging of the wave recorder and seismometer data was also carried out in hourly windows. The curves corresponding to the seismometers’ data were also additionally smoothed in a moving average window (30,000 points).



The semi-transparent colored numbered rectangles indicate the specific time periods, characterized by a certain pattern. The blue rectangle 1 corresponds to the period of time when the sea was free of ice—this can be seen from the ice concentration curve. During this period of time, the wave recorder, hydrophone and seismometers data curves correlated well with the wind speed curves. The peak positions of the curves are in good agreement with each other. The red rectangle 2 corresponds to the period of time of rapid ice formation, and also a sharp decrease in the amplitudes of sea level fluctuations and the level of seismic noise on all seismic sensors. The yellow rectangles 3–5 indicate the time intervals of a remarkable and rather long increase in the amplitudes of sea level fluctuations and seismic noise level within the period when the sea was covered with ice. These time intervals coincide with the moments of short but sharp wind speed increase above 14 m/s and also with a short but sharp drop in atmospheric pressure.



Figure 3 shows the spectrograms of the ambient seismic noise obtained from the records of the OBS seismometers at the St3 and Typ2 sites. Colored arrows indicate the notable spectrogram features. First, the spectrograms also clearly show the differences between the period of time when the sea was ice-free and the period when the sea was covered with ice. The absence of ice is reflected in a pronounced signal amplification in the low-frequency ranges of 0.1–0.2 Hz and 0.3–1.5 Hz. On the spectrograms corresponding to the St3 site, the signal amplification in the frequency range 0.1–0.2 Hz is more pronounced than in the range 0.3–1.5 Hz, while on the spectrograms corresponding to the Typ2 site, the opposite is true. This is explained by the fact that the CME-4311 seismometers at the St3 site are broadband, and the CME-3311 sensors at the Typ2 site are short-period with a fundamental frequency of 1 Hz. Due to the fact that the sensitivity of the CME-3311 sensor at frequencies below 1 Hz does not decrease immediately, signal amplification is still present down to 0.1 Hz. The yellow arrows indicate the boundary between ice-free and ice-covered time periods.



The remarkable increases in the amplitudes of seismic noise level within the period when the sea was covered with ice, highlighted in Figure 2 as yellow rectangles 3–5, are also visible on the spectrograms in Figure 3 (see the red arrows). In addition, the spectrogram shows a time-constant signal amplification in a narrow frequency band in the vicinity of 10 Hz (indicated by the white arrows), and in some time periods also in narrow frequency bands in the vicinity of 18 and 30 Hz (indicated by the orange arrows). In the time period after 9 December, the same constant signal amplifications appear in narrow frequency bands in the vicinity of 8 and 15 Hz (indicated by the gray arrows).



Figure 4 shows on a larger scale the time history of wind speed at the Typ2 site and its correlation with the increase of the seismic noise level shown on the spectrogram obtained for the horizontal seismometer at the Typ2 site. It can be seen that the signal amplification at 10 Hz is present all the time at any wind strength (indicated by the white arrows), while with an increase in wind speed this signal becomes more pronounced. In this case, additional maxima appear at 18 and 30 Hz (indicated by the orange arrows).



Figure 5 demonstrates the correlation between sea level fluctuation in the 30 s–5 min spectral periods range (related to infragravity sea waves [40]) obtained by the wave recorder RBR virtuoso3 and its spectrogram, the horizontal component of ground velocity, obtained by the OBS at the Typ2 site, and the wind speed. The green rectangle 1 corresponds to the period of time when the sea was ice-covered and seismic noise levels were low. At the same time, there was a low level of infragravity waves amplitudes and wind speed. In the time period after 8 December, indicated by the purple rectangle 2, there was ice either, and short but very frequent peaks in the level of seismic noise were observed, as well as an increase in the level of amplitudes of infragravity waves and wind speed. The energy level of infragravity waves and wind speeds fluctuate almost identically.




4.2. HVSR Modeling Results


Figure 6 shows the HVSR time-frequency plots for the OBS records obtained at the St3 and Typ2 sites. The pink arrows indicate the parts of the spectrograms that are characterized by a reduced level of HVSR in the low-frequency band of 0.2–2 Hz, which makes the high-frequency peaks above 2 Hz more pronounced than in the parts of the spectrograms indicated by the black arrows.



The low level of HVSR in the low-frequency band of 0.2–2 Hz is observed during the period of time when the sea was free of ice. When there is ice on the sea, the signal level becomes flatter over the entire time and frequency range. However, a clear HVSR maximum at 10 Hz is observed throughout the entire observation period (indicated by the white arrows). At the same time, a less pronounced constant HVSR maximum at 3 Hz is observed only in the spectrogram corresponding to the St3 site (indicated by the red arrow). The spectrogram corresponding to the Typ2 site has weak permanent maxima at 8 and 15 Hz that appear after December 8 (indicated by the gray arrows). The parts of the spectrograms below 0.2 Hz for the St3 site and below 0.6 Hz for the Typ2 site are not representative.



Figure 7 and Figure 8 show the examples of the time window selection for HVSR modeling and the results of the HVSR modeling, correspondingly. For the HVSR modeling, we selected 6–8 h long OBS records obtained at the St3 and Typ2 sites on 25 October, 25 November and 25 December 2019. The time periods were chosen in such a way as to obtain separate results for three different months, because they are characterized by different weather and ice conditions.



In Figure 8, two characteristic frequency ranges are distinguished on the HVSR curves for the St3 site: 2–5 Hz with a maximum at 3 Hz (pink rectangle 1) and 6–15 Hz (gray rectangle 2) with a maximum at 9–10 Hz. On the HVSR curves for the Typ2 site, there is only one high-frequency characteristic frequency range 5–15 Hz with a maximum at 9–10 Hz.



The maximum of the curves at 9–10 Hz is most likely due to the coupling effect, a distortion of high frequencies of records due to parasitic oscillations in the system “station–ballast–soft sediments” [41], which is usually observed in the high-frequency range of 5–10 Hz. This issue will be covered in more detail in the Discussion section.



Therefore, the resonant peak associated with the presence of a contrast reflective boundary under the seabed surface can be considered at a maximum of 3 Hz for the St3 site, which is more pronounced for the time period with an ice-free sea. Accordingly, there is no such resonance peak at all in the considered frequency range for the Typ2 site.




4.3. HVSR Inversion Results


Table 7 and Table 8 show the parameters of the subsurface soil model for the St3 and Typ2 sites correspondingly, which, along with the HVSR curves, were used as initial data for inversion. It is known that the shelf area where the OBSs were deployed is characterized by silty surface soils [42]. In addition, based on the characteristics of the region, we assume that the sub-bottom reflecting boundary was most likely the upper surface of the permafrost. In accordance with this, the values of the P- and S-waves velocity, as well as the density of the soil, were selected from reference materials [43]. The thickness of the surface layer (18 m) for the St3 site was estimated using Formula (2). Since it can be seen from Figure 8 that at the Typ2 site there is no resonant peak related to the contrast sub-bottom boundary, we assumed that its depth was beyond the values corresponding to representative seismic sensor frequency band, i.e., lower than 1 Hz. Therefore, according to Formula (2), we determined that for the Typ2 site, the depth of the reflecting boundary should be more than 53 m, so the value of 70 m was taken.



Figure 9 shows the schematic view of the OBSs deployed in the Laptev Sea with indication of sea depths and representation of the resonance effect and its relation to soil amplification curves. Figure 10 shows, in turn, the assumed initial velocity profiles for the St3 and Typ2 sites.



Figure 11 shows the results of the HVSR inversion. In general, a correspondence was obtained between the simulated curves and the curves obtained from the observational data, i.e., the amplitude and position of the resonance peak for the St3 site, as well as the position and shape of the curves for the Typ2 site. Table 9 and Table 10 show the optimized subsurface models obtained by HVSR inversion for the St3 and Typ2 sites, while Figure 12 shows the optimized velocity profiles.





5. Discussion


A description of seafloor seismic noise features is necessary for HVSR modeling and interpretation. Only by taking into account the characteristics of seismic noise is it possible to adequately select a frequency confidence range for further searching for resonant peaks associated with a contrasting reflective boundary under the seabed surface. In the present study, such a confidence frequency range was between 1 and 6 Hz. It was this frequency range that was used for the HVSR inversion (Figure 11). The level of seismic noise at frequencies below 1 Hz at the studied shelf sites strongly depended on the intensity of the wind waves of the sea, and therefore on the wind speed and the presence of ice cover. The maximum level of seismic noise during the period of time when the sea was ice-free was in the frequency ranges 0.1–0.2 Hz and 0.3–1.5 Hz (Figure 2 and Figure 3), related to primary and secondary microseisms, which are recorded everywhere and are the result of processes related to sea gravity waves and atmospheric pressure [41,44,45]. When the sea was covered with ice, this low-frequency seismic noise level decreased, but nevertheless remained, periodically increasing at certain intervals under the influence of an increase in wind speed and a drop in atmospheric pressure (Figure 2 and Figure 3). The wind effect on seismic noise has also been noticed for on-land seismographs. It is present in the low frequency range and is caused by natural wind directly blowing on the sensor [46,47,48,49].



The high-frequency seismic noise at frequencies above 6 Hz with the clear maximum at 9–10 Hz is highly distorted by the parasitic oscillations in the system “station–ballast–soft sediments” (coupling effect), which is usually observed in the high-frequency range of 5–10 Hz [41]. While the signal amplification at 10 Hz was present all the time at any wind strength, the additional parasitic oscillations maxima appear at 18 and 30 Hz with an increase in wind speed (Figure 4).



There is a clear correlation between sea level fluctuation in the 30 s–5 min spectral periods range related to infragravity sea waves [40,50,51], ambient seismic noise and wind speed, as seen in Figure 5. This pattern may be due to the supposed similarity of the mechanisms behind the generation of the ocean infragravity waves and seismic noise [51]. Long-period horizontal noise levels for sensors on the seafloor are higher than vertical noise levels [41], as also seen in Figure 2. Interestingly, sea level fluctuations in the spectral range related to infragravity waves correspond to fluctuations in wind speed better than ordinary gravity waves. Perhaps this is due to the fact that the infragravity waves have a larger length and are more stable in time. The ordinary wind-generated gravity waves and swell are less stable, since they have a shorter period (5–8 s), while the infragravity waves are more inert. This is important, especially since the reanalysis data was measured hourly. Separately, it is necessary to note the excellent agreement between the reanalysis data and the observational data.



Long-period seismic noise with spectral periods larger than 30 s is associated with both infragravity waves and seafloor currents [41]. Current-induced tilt noise is caused by seafloor currents flowing past the instrument and in eddies spun off the back of the instrument [52,53,54]. The current noise at deep seafloor sites is usually orders of magnitude larger than infragravity wave noise [41], but at shallow depths this could be the reverse, especially in view of the fact that, according to the data obtained, no obvious dependence of seismic noise on tides was revealed, i.e., characteristic periodicity, while Figure 5 demonstrates significant correlation between the amplitudes of infragravity waves and seafloor seismic noise. Thus, it can be assumed that at the considered sites, the effect of infragravity waves on long-period seismic noise is predominant.



Even though infragravity wave amplitudes decrease with increasing ocean depth, the signal remains significant to depths of many kilometers below the seabed depending on the frequency and the elastic parameters as a function of depth [41]. At shallow depths, gravity and infragravity waves can drive motions directly, tilting the instrument [41,55,56]. However, it is difficult to estimate the relative contribution of the direct tilting of the instrument to the total level of recorded long-period noise.



The HVSR time-frequency plots presented in Figure 6 show the reduced level of HVSR in the low-frequency band of 0.2–2 Hz during the period of time when the sea was free of ice. This makes the high-frequency peaks above 2 Hz more pronounced. This can be explained by the fact that an increased level of seismic noise in the frequency range 0.2–2 Hz, caused by the wind waves of the sea, is observed both on the horizontal and vertical components of seismometers. Therefore, the ratios of the smoothed spectral curves have low values in this frequency range. In the same time period, when there was ice on the sea and the seismic noise caused by the wind waves was reduced, the HVSR curve becomes flatter over the entire time and frequency range. The signal maximum at 9 Hz, which corresponds to the coupling effect, is also well pronounced on the HVSR curves.



HVSR can also be used to estimate the ellipticity of the fundamental mode Rayleigh wave, which has the advantage of defining the total depth of the soft sediments [57]. The principal problem of retrieving ellipticity from HVSR spectral ratios is to correct for the energy of body and Love waves present in the ambient vibration recordings [58,59]. This could be provided by classical polarization analysis in the frequency domain or by identifying P-SV wavelets along the signal and computing the spectral ratio from these wavelets only [59]. In the framework of this work, these methods were not considered.



Based on the characteristics of the region where the OBSs were deployed, we assumed that the sub-bottom reflecting boundary, most likely, would be the upper surface of the permafrost, and the layer of soft sediments above it would consist of silty soils. Since the exact values of soil densities and seismic wave velocities for the study area are unknown, their values were taken from reference materials. All this together leads to a significant uncertainty in the assessment of the depth of the reflecting boundary and the results of the HVSR inversion. In the case of the Typ2 site, the inversion is further complicated by the absence of a resonant peak in a representative frequency range of the HVSR curve. Therefore, the results of the inversion for the Type2 site should be treated as very approximate. It should also be noted that due to the fact that the inversion is based on the Monte Carlo method, the result obtained can be considered as only one of the possible solutions.



Many papers present formulas that correlate cover thickness with the frequency of the HVSR main peak [49,60,61,62,63,64]. All of them have the following general form:


  d =  a  f reson b    



(3)







Table 11 shows the values of the parameters a and b obtained from different sources, along with corresponding values of calculated d for the St3 site. It can be seen that the thickness values vary significantly from 11.7 to 28.9 m, which is quite understandable, because these empirical formulas were obtained in different regions and for different parameters of soils. In the present study, a thickness value of 17.7 m was obtained. The formulas from [61,62] give the closest estimate.




6. Conclusions







	(1)

	
The results of processing of the recorded ambient seismic noise, as well as the wave recorder data and ERA5 and EUMETSAT reanalysis data, showed a strong dependence of seafloor seismic noise on the presence of sea ice cover, as well as weather conditions, wind speed in particular. Wind-generated gravity waves, as well as infragravity waves, are responsible for the increase in the level of ambient seismic noise. The high-frequency range of 5 Hz and above is strongly affected by the coupling effect, which in turn also depends on wind-generated gravity waves and infragravity waves. The described seafloor seismic noise features must be taken into account during HVSR modeling and interpretation.




	(2)

	
The obtained HVSR curves plotted from the records of one of the OBSs revealed a resonant peak corresponding to 3 Hz, while the curves plotted from the records of another OBS did not show clear resonance peaks in the representative frequency range. Since both OBS were located in the area of sparse distribution of submarine permafrost, the presence of a resonance peak may be an indicator of the presence of a contrasting boundary of the permafrost upper surface under the location of the OBS. The estimation of the depth to permafrost boundary for the St3 site is around 18 m. The absence of a clear resonant peak in the HVSR curve for the Typ2 site may indicate that the permafrost boundary was either absent at this site or its depth was beyond the values corresponding to representative seismic sensor frequency band. Thus, HVSR modeling and inversion techniques can be effective for studying the position of submarine permafrost.
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Figure 1. (a) The design of the MPSSR ocean-bottom seismograph: (1) three-component broadband seismometer CME-4311, (2) three-component short-period seismometer (SV-10 and SH-10) placed in gimbal, (3) hydrophone 5007 m, (4) recorder URS-S, (5) digital compass module, (6) battery block, (7) protective half-cover for hydrophone, (8) duralumin sphere, (9) concrete ballast; (b) MPSSR external view on the R/V Akademik Mstislav Keldysh, autumn 2018; (c) the design of the Typhoon ocean-bottom seismograph: (1) three-component short-period seismometer CME-3311, (2) hydrophone 5007 m, (3) recorder URS-S, (4) battery block, (5) protective half-cover for hydrophone, (6) duralumin sphere, (7) concrete ballast; (d) Typhoon external view on the R/V Akademik Mstislav Keldysh, autumn 2019; (e) OBS deployment sites on the outer shelf of the Laptev Sea, 2019–2020. The red circle indicates the OBS accompanied by the RBR virtuoso3 wave recorder; (f) OBS deployment scheme on the shallow shelf. 
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Figure 2. Time histories of atmospheric and ice parameters (atmospheric pressure, wind speed and ice concentration) obtained from the ERA5 [26] and EUMETSAT [27] reanalyses, and their correlation with time histories of the averaged absolute values of the sea level fluctuation obtained by the wave recorder RBR virtuoso3, the smoothed averaged amplitudes of the hydrophone pressure, and three components of ground velocity obtained by OBS at the Typ2 site. Semi-transparent colored numbered rectangles indicate the specific time periods, described in the text. 
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Figure 3. The spectrograms of the ambient seismic noise obtained from the records of: (a) 1-st horizontal sensor CME-4311 at the St3 site; (b) 2-nd horizontal sensor CME-4311 at the St3 site; (c) vertical sensor CME-4311 for the St3 site; (d) 1-st horizontal sensor CME-3311 for the Typ2 site; (e) 2-nd horizontal sensor CME-3311 for the Typ2 site; (f) vertical sensor CME-3311 for the Typ2 site. Colored arrows indicate the features of the spectrogram, described in the text. 
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Figure 4. Time history of wind speed at the Typ2 site obtained from the ERA5 reanalysis [26] and its correlation with the seismic noise level shown on the spectrogram obtained for the horizontal sensor CME-3311 at the Typ2 site. Colored arrows indicate the features of the spectrogram, described in the text. 
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Figure 5. Demonstration of the correlation between smoothed amplitudes of the sea level fluctuation in the 30 s–5 min spectral periods range obtained by the wave recorder RBR virtuoso3 and its spectrogram, smoothed averaged amplitudes of the horizontal component of ground velocity, obtained by the OBS at the Typ2 site, and the wind speed obtained from the ERA5 reanalysis [26]. Semi-transparent colored numbered rectangles indicate the specific time periods, described in the text. 
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Figure 6. HVSR time-frequency plots for: (a) the OBS records obtained at the St3 site; (b) the OBS records obtained at the Typ2 site. Colored arrows indicate the features of the spectrogram, described in the text. 
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Figure 7. The example of the time window selection for HVSR modeling for (a) the OBS records obtained at the St3 site; and (b) the OBS records obtained at the Typ2 site. The input parameters for the windowing are presented in Table 6. 
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Figure 8. HVSR plots for 6–8 h-long OBS records obtained at the St3 and Typ2 sites on 25 October, 25 November and 25 December 2019. Thick lines—average curves, thin lines—maximum and minimum curves. Semi-transparent colored numbered rectangles indicate the specific frequency ranges, described in the text. 
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Figure 9. Schematic view of the OBSs deployed in the Laptev Sea, with indication of sea depths and representation of resonance effect, and its relation to soil amplification curves. 
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Figure 10. The initial velocity profiles (a) at the St3 site; (b) at the Typ2 site. 
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Figure 11. The best fit between the HVSR curves obtained for the initial (red lines) and optimized (blue lines) subsurface models for (a) the St3 site; (b) the Typ2 site. 
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Figure 12. The optimized velocity profiles (a) at the St3 site; (b) at the Typ2 site. 
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Table 1. The coordinates, types and dates of operation for the OBSs on the outer shelf of the Laptev Sea in 2019–2020 (for the station locations, see Figure 1e).
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	Site
	Type
	Latitude
	Longitude
	Depth
	Operation Period





	St3
	MPSSR
	76.392° N
	125.660° E
	51 m
	9 October 2019–5 January 2020



	Typ2
	Typhoon
	76.834° N
	127.688° E
	61 m
	10 October 2019–9 February 2020
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Table 2. Main technical parameters of the CME-4311 seismometer.
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	Frequency band *
	0.0167 Hz (60 s)–50 Hz



	Sensitivity
	2000 V/(m/s)



	Dynamic range at 1 Hz
	123.5 dB



	Power supply voltage
	12 V (9.5–16 V acceptable)



	Current consumption
	8.5 mA



	Temperature range
	−12…+55 °C



	Maximum inclination during installation
	±15°







* indicated frequency range corresponds to the flat part of the response curve.
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Table 3. Main technical parameters of the CME-3311 seismometer.
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	Frequency band *
	1–50 Hz



	Sensitivity
	2000 V/(m/s)



	Dynamic range at 1 Hz
	118 dB



	Power supply voltage
	12 V (10.5–16 V acceptable)



	Current consumption
	25 mA



	Temperature range
	−12…+55 °C



	Maximum inclination during installation
	±15°







* indicated frequency range corresponds to the flat part of the response curve.
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Table 4. Main characteristics of the URS-S recorder.
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	Number of analog channels
	4 (basic), 8 (extended)



	Number of digital channels
	1 (for reference to absolute time)



	Sample rates
	20, 25, 40, 50, 80, 100, 160, 200, 400, 800



	Time synchronization
	GPS interface



	Temperature stability of the quarts generator
	±5 × 10−9



	Dynamic range
	85–90 dB



	Memory
	SD card up to 64 Gb



	Power supply voltage
	6.5–32 V



	Power consumption
	20 mA (12 V)
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Table 5. Main characteristics of the RBR virtuoso3 wave recorder (single channel logger).






Table 5. Main characteristics of the RBR virtuoso3 wave recorder (single channel logger).





	Pressure range
	100 m (dBar)–maximum accuracy



	Initial accuracy
	±0.05% FS (full scale)



	Resolution
	<0.001% FS



	Typical stability
	0.05% FS



	Depth rating
	750 m



	Storage
	240 M readings



	Clock drift
	±60 s/year



	Power
	8 AA cells
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Table 6. The input parameters for the HVSR modeling.






Table 6. The input parameters for the HVSR modeling.





	Parameter
	Value (for St3 Records)
	Value (for Typ2 Records)





	Record duration
	~6 h
	~8 h



	Window length
	25 s.
	25 s.



	Filtering
	no
	no



	STA
	1 s.
	1 s.



	LTA
	30 s.
	30 s.



	Min STA/LTA
	0.2
	0.2



	Max STA/LTA
	2.5 (Oct); 2.5 (Nov); 3.9 (Dec)
	1.83 (Oct); 1.35 (Nov); 1.24 (Dec)



	Number of windows
	24 (Oct); 29 (Nov); 26 (Dec)
	27 (Oct); 27 (Nov); 28 (Dec)



	Horizontal

components
	squared average
	squared average



	Taper window type
	Tukey, width 5%
	Tukey, width 5%



	Smoothing
	rectangular window, width 1 Hz
	rectangular window, width 1 Hz
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Table 7. The initial subsurface model for HVSR inversion for the St3 site.






Table 7. The initial subsurface model for HVSR inversion for the St3 site.





	
Vp (P-Waves Velocity) [m/s]

	
Vs (S-Waves Velocity) [m/s]

	
Rho (Density) [g/cm3]

	
d (Thickness) [m]

	
Qp (P-Waves Damping) [%]

	
Qs (S-Waves Damping) [%]






	
430

	
210

	
1.8

	
18

	
15

	
5




	
2600

	
1100

	
1.8

	
half-space
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Table 8. The initial subsurface model for HVSR inversion for the Typ2 site.






Table 8. The initial subsurface model for HVSR inversion for the Typ2 site.





	
Vp (P-Waves Velocity) [m/s]

	
Vs (S-Waves Velocity) [m/s]

	
Rho (Density) [g/cm3]

	
d (Thickness) [m]

	
Qp (P-Waves Damping) [%]

	
Qs (S-Waves Damping) [%]






	
430

	
210

	
1.8

	
70

	
15

	
5




	
2600

	
1100

	
1.8

	
half-space
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Table 9. The optimized subsurface model obtained by HVSR inversion for the St3 site.






Table 9. The optimized subsurface model obtained by HVSR inversion for the St3 site.





	
Vp (P-Waves Velocity) [m/s]

	
Vs (S-Waves Velocity) [m/s]

	
Rho (Density) [g/cm3]

	
d (Thickness) [m]

	
Qp (P-Waves Damping) [%]

	
Qs (S-Waves Damping) [%]






	
512

	
279

	
1.8

	
17.7

	
15

	
5




	
2600

	
1100

	
1.8

	
half-space
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Table 10. The optimized subsurface model obtained by HVSR inversion for the Typ2 site.






Table 10. The optimized subsurface model obtained by HVSR inversion for the Typ2 site.





	
Vp (P-Waves Velocity) [m/s]

	
Vs (S-Waves Velocity) [m/s]

	
Rho (Density) [g/cm3]

	
d (Thickness) [m]

	
Qp (P-Waves Damping) [%]

	
Qs (S-Waves Damping) [%]






	
1833

	
611

	
1.8

	
329

	
15

	
5




	
2600

	
1100

	
1.8

	
half-space
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Table 11. Different estimates of the thickness of soft sedimentary cover above the assumed permafrost layer at the St3 site.






Table 11. Different estimates of the thickness of soft sedimentary cover above the assumed permafrost layer at the St3 site.





	Source
	a
	b
	d [m]





	Ibs-von Seht and Wohlenberg, 1999 [60]
	96
	−1.388
	20.9



	Parolai et al., 2002 [61]
	108
	−1.551
	19.7



	Guo et al., 2014 [49]
	24.87
	−0.6852
	11.7



	Abd et-aal, 2018 [62]
	90
	−1.45
	18.3



	Moon et al., 2019 [63]
	92.5
	−1.06
	28.9



	Guo et al., 2021 [64]
	116.7
	−1.367
	25.9
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