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Abstract

:

Featured Application


Resource and environmental effects of coastal region and background noise.




Abstract


The continuous data from the YL array and four AU stations during the lifetime of the cyclone TOMAS in March 2010 were downloaded from IRIS. By performing frequency-wave number (F-K) analysis on the array data, it was found that the orientation of the maximum energy of the secondary microseisms (0.1~0.5 Hz) was consistent with the movement of TOMAS when the central wind speed reached the typhoon level. The high wind speed of the cyclone could generate secondary microseisms as well as the high swell. However, the large global earthquake can affect the microseismic observations using F-K. The AU stations have a better microseism observation than the YL array, which might be due to the vibrating and tilting of the hydrophone caused by the turbulence. The F-K analysis on microseisms can produce better slowness and back azimuth observations than polarization.







Keywords:


pacific; F-K analysis; secondary microseism; polarization analysis












1. Introduction


What appears to be a randomly disturbed noise in the seismic record is actually a permanent and persistent seismic signal generated by ocean activity, which is an important non-traditional seismic signal known as ambient noise.



Ambient noise has a frequency band of about 0.05 Hz to 0.5 Hz and is mainly generated by the energy of oceanic gravity waves [1]. Ambient noise can be divided into two categories based on the frequency at which the energy is concentrated and the mechanism of generation: (1) single-frequency microseisms, known as primary microseisms, with a frequency range from 0.05 to 0.1 Hz [2]; (2) double-frequency microseisms, known as secondary microseisms, with a frequency range from 0.1 to 0.5 Hz [3].



The theory for primary microseisms is nonlinear coupling between the ocean wave and the shoal or shallow water. Seismologists have found that the sources of primary microseisms are mainly shallow marine areas near the coastline. One strong source is off the Atlantic coast [4,5,6,7], and the other two major sources of primary microseisms are along the west coast of the North American continent and in Polynesia in the South Pacific [4,8]. Secondary microseisms are modeled by the theory of linear coupling between two trains of waves with the same frequency and moving toward each other. Seismologists have used the same analysis and research methods to find that their sources are distributed in both coastal regions and pelagic deep-ocean regions [4,9], and that it has seasonal variations in amplitude. On a regional scale, the generation and distribution of secondary microseismic sources are mainly associated with local extreme weather phenomena (e.g., typhoons, cyclones, etc.) [10,11,12].



Harris [13] investigated the P-wave azimuths and slowness from a single, three-component station using the polarization method and from an array using the frequency-wavenumber (F-K) analysis method. He then contrasted the variations between the various data types and processing techniques. His results showed that an array was better at estimating P-wave azimuth than a single station with three components in the presence of noise. Kvaerna and Doornbos [14] discovered that the results generated by an array were more accurate than the slowness measurement from a single station, which is position-dependent and has a higher standard deviation. Henson [15] calculated the azimuth and slowness of 74 teleseismic events and 71 regional seismic events using F-K and found that the noise had no obvious impact on the F-K analysis.



Previous studies have concentrated on the body wave or surface wave energy in seismic events. Secondary microseisms are considered to propagate within the solid Earth mainly in the form of surface waves. Although this part of the microseismic signal is persistent in nature, its energy is much weaker than the surface wave energy in seismic events. In this paper, we use F-K and polarization analysis methods to process the microseisms excited by the cyclone TOMAS and discuss the differences between the two methods, in order to better investigate the characteristics, excitation mechanisms, and propagation of the microseisms excited by cyclones in the Pacific region, so as to predict the path, size, location, and number of cyclones and thus reduce the human casualties and economic losses caused by cyclones.




2. Data


The TOMAS cyclone with a maximum central wind speed of 115 km/h swept over the Pacific nation of Fiji from north to south from 10 March to 17 March 2010. We obtained the central wind speed and track information for TOMAS from the Joint Typhoon Warning Center (JTWC).



The hydrophone array (YL) at 175° E, 21° S in the South Pacific is the closest seismic observation array to cyclone TOMAS. We downloaded 24 h continuous observations for the YL array and the three-component seismic stations in Australia (AU) during the active period of TOMAS from the International Research Institutions for Seismology (IRIS) (Figure 1). The YL array contains 89 instruments, from which 21 stations can obtain observation data at depths ranging from 1000 to 3900 m underwater. Since the F-K analysis method targets plane waves, only eight instruments in the depth range of 2000 to 2600 m were selected to avoid excessive time differences caused by large depth differences. The YL array instrument is the LDED Standard Ocean-Bottom Seismometer, which uses a low-noise amplifier with a velocity response of 0.01–100 s. Four AU stations that use a Streckeisen STS-2 broadband seismometer and are located close to the Pacific region are chosen. This seismometer has a low power and a frequency range beyond the traditional short-period and long-period instruments uses three identical oblique mechanical device sensors to ensure that the horizontal and vertical components are tightly integrated and has a velocity response of 0.1 to 120 s. Due to its wider and comparable frequency range compared to the instrument used in AU stations, the YL array can ensure that we can conduct a comparative study on background noise.



In addition, we use ocean-wave data from the global atmospheric reanalysis data (ERA5) provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). ERA5 provides hourly estimates of atmospheric, terrestrial, and oceanic climate variables. The data is accurately gridded into 30 × 30 km and contains 137 layers of atmospheric data. To investigate the fluctuation in swell height and to contrast it with microseism observations, we acquired hourly swell data for the Pacific region throughout the TOMAS cyclone activity period from the ECMWF [16].




3. Methodology


In this paper, frequency-wave number (F-K) [17,18] and polarization analysis [19] are used to study the excitation mechanism of the microseisms generated by TOMAS and its source area.



The F-K method’s fundamental principle is to use Capon’s high-resolution methodology [16] to extract information from the covariance matrix to estimate the slowness and back azimuth of the signal arriving at the array. In order to reduce the effect of the array response on the F-K spectrum by applying station weights. This algorithm is performed under the plane wave assumption by operating on the slowness vector at a time and measuring the energy output. Since different types of seismic waves have different slowness and different source locations can have different back azimuth, F-K analysis is a grid search method in the slowness space. The basic idea is to find the best combination of slowness and back azimuth to maximize energy.



Polarization analysis uses a single-station algorithm to obtain frequency-dependent information from three-component seismic data. Our frequency domain polarization technique has been extensively discussed before [20]. The approach gives information on the noise power and the polarization properties as a function of time and frequency based on the singular value decomposition of the spectral covariance matrix. The polarization properties include the degree of polarization and the direction of arrival at the seismometer. The polarization approach, in contrast to F-K or beamforming analysis, only calculates between different components of a single station.




4. Results


4.1. Results of F-K Analysis


The non-uniform station distribution within the array can cause energy spread and leakage, which can be determined using the array response function (ARF) in the slowness domain. If the stations are evenly spaced, the ARF energy should show a two-dimensional delta function, with the maximum energy in the center and gradually decaying in all directions [21,22]. First, we choose stations based on the array response function, which displays a two-dimensional delta shape of the energy with fewer sidelobes. Only 21 of the 89 sites in the YL array have data, and the range of depth for these 21 stations is 1000 to 3900 m. We chose eight stations with depths between 2000 and 2600 m to reduce the impact of station elevation differences on the F-K analysis. The array response function with a central frequency of 0.25 Hz was obtained (Figure 2). In order to ensure the accuracy of the F-K analysis for secondary microseisms, the ARF composed of eight stations exhibits a virtually two-dimensional delta function distribution with low energy sidelobes located far from the center.



After selecting the suitable stations, we performed F-K analysis on the continuous seismic data during the TOMAS cyclone’s active period. The sampling rate of the YL array was 40 points/s. We used a sliding window to analyze hourly continuous data, with each subwindow being 16,384 points (409.6 s) long and overlapping the adjacent subwindow by 50%. Each subwindow was detrended, then filtered using a Hanning window with a bandwidth of 0.1 to 0.5 Hz, the frequency band of the secondary microseisms. During the grid search of the slowness and back azimuth, the beam was formed using fourth root stacking. We normalized the F-K calculation results through the lifetime of TOMAS, then analyzed the relationship between the TOMAS cyclone path, wind speed, ocean swell, and the seismic results (Figure 3).



On 10 March 2010, at 12:00 am, TOMAS was still in the tropical depression state (Figure 3a), with a central wind speed of only 25 km/h located north of the array. The cyclone’s energy at this time was insufficient to have a significant dragging effect on the seawater along the cyclone’s path, and the swell heights given by ERA5 were below 2 m. Although the peak energy of the F-K analysis has a surface wave velocity (3.59 km/s), its orientation is east–southeast rather than the direction of the cyclone TOMAS. Since there is a wide area with little land in the South Ocean, the region has high wave heights from a global perspective, and the seasonal variation in wave height is not significant. This feature makes the South Ocean one of the main sources of microseismic signals [23,24]. The results of F-K analysis at that moment probably came from the South Ocean. On 14 March, at 11:00 am, TOMAS upgraded to typhoon level with a maximum central wind speed of 100 km/h and was the northwest of the array (Figure 3b). The swell data from ERA5 indicated that the core of TOMAS is moving along with a high swell of roughly 6 m. The results of the F-K analysis showed that the secondary microseismic energy traveled at the surface wave velocity and had a direction that pointed to TOMAS and the high swell area. On 17 March, around 12:00 am, TOMAS still maintained typhoon level and had moved to the southeast of the array. The high swell area followed the cyclone’s movement. The results of the F-K analysis showed that the energy with surface wave velocity pointed to the cyclone’s center, which was accompanied by the high swell (Figure 3d). The peak energy of secondary microseisms from the F-K analysis was propagating at surface wave velocity (about 3 km/s), and its back azimuth varied from 120° to 300° (Figure 3). This change in the back azimuth closely matched TOMAS’ moving path, which swept roughly 24° (almost 2700 km) from north to south between 13 March and 17 March. According to the back azimuth and velocity, the secondary microseisms were generated by the high swell that closely followed the center of TOMAS when the cyclone maintained the typhoon level, which was where the wind speed was the strongest and where opposing waves were produced to generate secondary microseisms.



When a large global earthquake occurs, the secondary microseism period is dominated by the surface wave energy from the larger earthquake rather than the signal from the ocean. At 11:08:32 on 15 March, an earthquake with magnitude 6.2 occurred in Chile, 73.49° W, 35.85° S, South America. On 15 March, about 11:00 am, even though TOMAS was moving towards the YL array with the central wind speed at typhoon level, the energy in the secondary microseism period had P wave velocity and pointed to the southeast direction of the array, which was the direction of the Chile earthquake, instead of the velocity of the microseism and the direction of the cyclone (Figure 3c).




4.2. Results of Polarization Analysis


We applied polarization analysis to the three-component, hour-long continuous data for the YL array and four AU stations. Firstly, the instrument response was removed, and two differentiations were performed to obtain the ground acceleration. Then the hour-long data was divided into 27 sliding windows, each with a length of 8192 samples (204.8 s) and a sliding volume of 5096 points (127.4 s). The overlap rate between two sub-windows was 62%. Each sub-window was detrended, filtered with a Hanning window, and applied fast Fourier-transform (FFT) to perform a 3 × 3 spectral covariance matrix. Finally, an overall spectral covariance matrix of the hour-long data was obtained by averaging 27 spectral covariance matrices. The eigenvalue and eigenvector of the overall spectral covariance matrix represented the polarization of the noise over the one-hour period.



The results of the polarization analysis showed that the secondary microseism energies from the YL array were significantly higher than those from four AU stations, regardless of the level of the cyclone wind speed or the distance between the station and the cyclone center (Figure 4). A similar result had been found for the comparison between the ocean bottom seismometers and land stations [25,26,27]. This could be due to the different location of the instrument. Since the YL array was in the water, it was exposed to swell propagating from multiple source regions and ended in a broader secondary microseism frequency range and higher energies [28]. As the secondary microseism energy is mainly radiated as Rayleigh wave, which attenuates very quickly when it travels through the shoreline to the continent’s crust, four AU stations, located on land approximately 3000 km away from the YL array, exhibited substantially lower secondary microseism energy than the hydrophones.



With the north–south motion of TOMAS, the direction of the secondary microseism from four AU stations slightly shifted from northeast to southeast (Figure 4). In contrast, none of the directions from the YL array showed this change. Several peaks in the secondary microseism period caused by the swell propagating from multiple source regions would have an impact on the direction measurement. The vibrating and tilting of the hydrophone caused by the turbulence could be another factor contributing to the inaccurate direction measurement of the polarization analysis since the effect of this noise had not been removed by the method [29].




4.3. Comparison of Direction Results


We acquire the difference,   θ ,   between the direction measurements,    θ 1   , from the two analysis methods and the actual azimuth,    θ 2  ,   of the cyclone center in relation to the location of YL in order to more easily compare the direction results from F-K and polarization analysis:


  θ =  θ 1  −  θ 2  ,  



(1)







A correlation coefficient C is defined as:


  C =  {          ( 90 − θ ) / 90 ,     θ   is   between    (  0 ° ,   90 °  )        ( θ − 90 ) / − 90 ,     θ   is   between    (  90 ° ,   180 °  )                    0 ,     θ   is   90 °       ,  



(2)







The range of C is between −1 and 1. After that, the correlation coefficients C obtained from the F-K and polarization analyses within 0.1~0.5 Hz are averaged.



The F-K analysis had a high correlation with the azimuth of the cyclone center relative to the array (Figure 5), especially between 13 March and 17, when the cyclone wind speed reached typhoon level. Before 13 March, when the cyclone had low wind speeds and was far away from the array, the azimuth from the F-K analysis pointed to the South Ocean, which has high secondary microseism energy throughout the year due to less land and strong atmospheric movement. This resulted in a negative correlation coefficient. The azimuth results from the polarization analysis did not show a clear correlation with the location of the cyclone throughout the cyclone’s lifetime.



Harris [13] analyzed seismic signals using a seismic array and a single station with three components and provided the azimuth estimate error:


  V a r  { θ }  ≥    [  s i  n 2   ( φ )  S N R  (  1 +    (    2 π  λ   )   2  3  Δ 2  c o  s 2   ( φ )   )   ]    − 1   ,  



(3)




for an array with vertical elements and


  V a r  { θ }  ≥    [  s i  n 2   ( φ )  S N R  ]    − 1   ,  



(4)




for a single station with a three-component station, where SNR stands for the signal-to-noise ratio,  Δ  is the radius of the array, λ is the wavelength of the incident wave,  θ  is the azimuth angle from the north, and  φ  is the angle of incidence from the vertical. At this point, it is apparent that the azimuth error is smaller than that of a single station with three components.



Overall, the F-K analysis gave better results for azimuth estimation than polarization analysis. The fact that polarization analysis used a single-station approach while F-K employed multi-stations could be the cause of this significant difference. The constraint of the array was stronger than that of a single three-component station, which led to a more accurate estimation of the direction. Additionally, at a particular signal-to-noise ratio, the F-K was unaffected by noise, whereas the polarization analysis was also impacted by additional polarization features [13].





5. Conclusions


We processed continuous seismic data from the YL array and four AU stations using both F-K and polarization analysis and looked at the relationships between secondary microseisms, cyclones, and swell, as well as the differences between the two approaches. The results demonstrated that the direction of the secondary microseism did not closely match the route of the cyclone when the central wind speed was slow. However, due to the high wind speed, when the cyclone level reached typhoon level, the high swell area traveled along the cyclone motion and produced the secondary microseismic signal that can be observed on the seismographs. The F-K based on the multi-station approach is more accurate in estimating the direction than polarization analysis based on the single-station method. A big global earthquake could affect the measurement using F-K. The polarization results from the AU stations are better than the results from the hydrophone array.
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Figure 1. The location of YL array, green triangles, and four AU stations, red triangles. The circles represent the best tracks of the TOMOS cyclone from JTWC. Inset is the configuration of 8 YL array stations used in the study. TD stands for tropical depression with maximum wind speed 0–34 km/h. TS stands for tropical storm with maximum wind speed 34–63 km/h. TY stands for typhoon with maximum wind speed 63–129 km/h. 
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Figure 2. The array response function of YL array. 
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Figure 3. Results of F-K analysis in the range of 0.1 to 0.5 Hz at four different times during the TOMAS cyclone’s lifetime period (a–d). The comparison between the F-K result, the location of the cyclone center, and the swell is shown in the upper portion of 3 (a–d). The purple star is the location of the YL array, and the purple ray is the back azimuth from F-K. The circles are the locations of the centers of TOMAS. The back azimuth and velocity of the peak energy from F-K as a function of time are shown in the lower left part. The beginning and ending times when the F-K results have a good correlation with the cyclone are marked by the green dashed lines at 21:00 on 13 March and 03:00 on 18 March. The red dashed line marks the corresponding time of the upper portion. The lower right portion is the slowness measurement at the corresponding time of the upper portion from F-K. The P wave slowness and surface wave slowness are marked as concentric circles. 
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Figure 4. Back azimuth, black bar, and power spectral density from polarization analysis for YL and AU at four different times. (a) 10 March 2010 12:00; (b) 14 March 2010 18:00; (c) 15 March 2010 11:00; (d) 17 March 2010 12:00. Inset upper left is the PSDs for YL, black line, and AU stations, the dashed line. Inset circle is the zoom-in to show the back azimuths for YL array. 






Figure 4. Back azimuth, black bar, and power spectral density from polarization analysis for YL and AU at four different times. (a) 10 March 2010 12:00; (b) 14 March 2010 18:00; (c) 15 March 2010 11:00; (d) 17 March 2010 12:00. Inset upper left is the PSDs for YL, black line, and AU stations, the dashed line. Inset circle is the zoom-in to show the back azimuths for YL array.



[image: Applsci 13 00918 g004]







[image: Applsci 13 00918 g005 550] 





Figure 5. Correlation analysis for energy in between 0.1 and 0.5 Hz. Red: the F-K analysis results. Black: the polarization results. The error bar is the standard deviation. 
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