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Recently, the distributed acoustic sensing (DAS) measurement, which utilizes an optical fiber itself as a sensor, becomes popular for various fields and is being applied to seismic observations. The shortest spatial sampling of DAS observations reaches a few meters, and the total measurement distance becomes greater than 50 km. A high temporal sampling rate is achieved. Due to these characteristics, a DAS measurement allows for a dense seismic observation as a linear array. Applying a DAS measurement to the seafloor cable is advantageous because the quantity of data can be significantly increased in a marine area. A seafloor seismic tsunami observation cable system using an optical fiber for data transmission was deployed off Sanriku by the Earthquake Research Institute, the University of Tokyo in 1996. This seafloor cable observation system has spare fibers for extension. Beginning in February 2019, we made several DAS observations using the spare fibers of the seafloor system. Consequently, many earthquakes were recorded. Small earthquakes with a magnitude of 1.8 occurring near the cable system were recorded by the DAS system. The arrivals of P- and S-waves of the earthquake with a magnitude of 3 were clearly seen using the phase data from the DAS measurement. In addition, a teleseismic event with an epicentral distance of approximately 2,300 km and a magnitude of 6.6 was clearly observed. Because there are conventional seismometers in the Sanriku cable system, we compared records from the DAS measurement with those from the seismometer. The DAS records and the data by the seismometer showed a high coherency. The noise levels of the DAS measurement were evaluated, and there was little temporal variation of the noise levels. A spatial variation of ambient seismic noises was revealed using a spatially high-density observation with a long distance. In November 2020, a seismic survey using the DAS system and airguns was carried out, and the DAS system clearly recorded signals from the airguns. We also compared these data from the DAS system with that of the seismometer. Both records had the same characteristics, although P-wave arrivals on the DAS records have smaller amplitude.
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Introduction

The distributed acoustic sensing (DAS) measurement is a technology measuring the sensing strain or strain rate of an optical fiber using the optical fiber itself as a sensor. Initially, the DAS measurement had been applied to security surveillance, the monitoring of pipeline, and traffic monitoring (Owen et al., 2012; Dou et al., 2017). Later, for seismic explorations, such as vertical seismic profiles in a field of resource surveys, the DAS measurement began to be applied (Daley et al., 2013; Mateeva et al., 2014; Karrenbach et al., 2019). Because the DAS measurement provides spatially high-density data, a seismic observation for natural earthquakes on land has been conducted using the DAS measurement (e.g., Lindsey et al., 2017). In addition, the DAS measurement is useful to provide the information related to shallow structures (e.g., Zeng et al., 2017). Recently, the DAS measurement was applied for seafloor observation using a seafloor cable containing optical fiber (Lindsey et al., 2019; Shinohara et al., 2019; Sladen et al., 2019; Ide et al., 2021; Lior et al., 2021; Matsumoto et al., 2021). In addition, the DAS measurement was also used for the studies of other topics, such as microseisms and ocean waves (e.g., Williams et al., 2019).

The DAS measurement is an optical fiber sensing technology. A coherent laser pulse with short duration is transmitted intermittently to a single-mode optical fiber for the DAS measurement, and Rayleigh scattering occurs at inhomogeneity within the optical fiber. The backscattering light is observed at the point where the coherent laser pulse is transmitted (Posey et al., 2000). When a fiber has a small deformation due to its movement, the distance between the two scatterers where Rayleigh scattering occurs is changed. The distance of the scatterers is measured using interferometry technology. The distance of the scatterers is expressed using the phase difference between two scattered lights by optical interferometry. The travel time of a light indicates a distance to a measurement point from the laser light source, and a distance between two scatterers that is called a gauge length, for an interference measurement, corresponds to the spatial resolution of the DAS measurement. A recent interrogator has a spatial resolution of a few meters. Due to a repetition of an interference measurement with very short time intervals, a spatial measurement interval, which is usually called as a channel interval, becomes a few meters, and a measurement with a long distance on a fiber can be performed. This results in a long linear measurement array with a measurement interval of a few meters. The total length of the DAS measurement reaches more than 50 km at the present, although the recording performance of the DAS measurement seems to decrease with a distance greater than 50 km from an interrogator generally. Seismic observations using the DAS technology, which measures a strain on a fiber using interferometry, have become popular because spatially high-density data can be obtained. DAS measurements have become increasingly accurate, and the progress of the technology accelerates the increase of obtained data quality. Therefore, various sophisticated data analyses can be applied to recent DAS data; however, for data processing, DAS measures strain wave fields, which are different from those from conventional seismic measurements using the devices based on the pendulum principle.

The Earthquake Research Institute, the University of Tokyo is carrying out seafloor seismic observation using two seafloor cable observation systems off Sarinku, northeastern Japan, in the source region of the 2011 Tohoku-oki earthquake with a magnitude of 9. One system using conventional communication technology was installed in 1996 and another system using Internet technology for data transmission and system control was deployed in 2015 (Shinohara et al., 2021). The first system installed in 1996 has a total length of approximately 120 km. Three three-component seismometers and two tsunami-meters (pressure gauges) are connected in the line (Figure 1). The seafloor cable was buried using a plough-type burial machine simultaneously with the cable deployment in the region where the water depth was less than 500 m. A remote-operated vehicle buried the cable just after the deployment of the system in the range of the water depths from 500 to 1,000 m. The burial depth was estimated to be less than 1 m below the seafloor. The data from the scientific sensors are digitally transmitted to a landing station in Kamaishi, Iwate prefecture, using optical fibers in the seafloor cable, and each sensor uses a dedicated optical fiber. One optical fiber is used for the delivery of a timing clock to each sensor system. The seafloor units synchronize with the timing clock, which is generated by a Global Positioning System (GPS) receiver on the landing station. Because the seafloor cable of the 1996 system has 12 optical fibers, six spare (dark) optical fibers, including the system for future extension, are available. The seafloor cable in the 1996 system has dispersion-shifted single-mode optical fibers with a wavelength of 1,550 nm, and therefore, the spare fibers are suitable for the DAS measurement. Because the spare fibers have no repeater or connector on the seafloor, the DAS measurement can be performed up to the seaward end of the seafloor cable. In addition, the records from the DAS measurement can be compared to those obtained by three seismometers installed in the 1996 cable system. We carried out phase-based DAS measurements using a spare fiber of the Sanriku system beginning in February 2019.




Figure 1 | The seafloor cable observation system off Sanriku installed in 1996. Upper: depth profile of the cable system. The seafloor gradually deepens toward the Japan trench. Lower: the position of the seafloor cable. Black and blue lines indicate the cable route of the 1996 system. Blue lines denote a segment where the cable is buried. Black and red circles show the positions of the seismometers and tsunami-meters. Translucent red lines indicate the profile of the seismic survey using an array of large airguns. Colored circles denote epicenters of earthquakes with magnitudes greater than 1.8 occurring in 2019. Size and color of circles indicate magnitude and depth of events, respectively.





Observations

In February 2019, we made the first pilot observation of a DAS measurement using a dark fiber of the Sanriku seafloor observation system. Prior to the DAS measurement, we confirmed a good condition of the dark fibers using an optical time domain reflectometer (OTDR). The OTDR also sends laser pulse light into an optical fiber and observes backscattered light from inhomogeneity in an optical fiber. Unlike a DAS using interferometry, the OTDR uses the intensity of the backscattered light and a travel time to check the conditions of an optical fiber. The phase-based DAS interrogators have been used through the observations using the Sanriku seafloor observation system. An interrogator for the DAS measurement was installed in the landing station temporarily. A commercial DAS measurement system model N5200A from AP Sensing GmbH was used (Cedilnik et al., 2019). N5200A outputs phase data as a result of the interferometry and can measure strain for a long range of more than 70 km. Data were recorded for 100 km in length with a spatial sampling interval of 5 m and sampling frequency of 500 Hz. The gauge length was set to 40 m. The laser light with a wavelength of 1,550 nm was used for the interferometry. The DAS interrogator generated phase data that are obtained from the interferometer for backscattered lights and frequency band-extracted (FBE) data, which indicate the energy of the strain rate in a frequency band as a function of distance from the interrogator and time. Both kinds of data were collected continuously for approximately 46 h. The data were stored in the hard disks in the recording system. We copied the data of a total capacity of approximately 4 TB to an external disk after the observation.

For long-term seafloor seismic monitoring, an experimental measurement for a long-term observation was carried out in 2019. For the observation, N5200A was also used. The recording period basically depends on the capacity of a recording device. We succeeded in a obtaining a continuous DAS measurement for approximately 2 weeks using the same type of the interrogator for the measurement in February 2019. The DAS measurement using the Sanriku seafloor cable system began on November 18, 2019, and the measurement was completed on December 2, 2019. We set the same recording parameters as those of the measurement in February 2019. To reduce the dataset, a total length of the measurement was set to 48 km for the first day and extended to 70 km after the second day. The total capacity of the dataset reached 17 TB over approximately 2 weeks.

In March 2021, we performed the DAS measurements using a different interrogator on the Sanriku seafloor observation system. We used the commercial DAS system model QuantX from OptaSense Ltd., Farnborough, Hampshire, UK for this observation. The interrogator QuantX is also a phase-based DAS system with a maximum range of 100 km. The interval of the channel is 2 m; therefore, 50,000 channel data can be obtained. The aim was to obtain spatially long-range data. The interrogator was also installed in the cable landing station temporarily, and the length of data collection (array aperture) was set to 50 or 100 km. The data were recorded with various values of parameters, such as gauge length and ping rate, to evaluate the data quality. The wavelength of the interferometry was 1,550 nm. The total recording period was approximately 35 h. On the first day, we tuned the system using various tests and performed overnight recording with a gauge length of 100 m and spatial sampling interval of 2 m. Because the total channel number was 50,000, the total spatial length became 100 km. On the next day, an observation with a gauge length of 200 m and a spatial sampling interval of 1 m was carried out through the night. The ping rate was 500 Hz, and the data were decimated to the temporal sampling rate of 250 Hz through the observation. The system could store the data to an internal disk and external disk concurrently during the observation. The data size was approximately 3.4 TB.

A seismic survey using controlled sources and a DAS measurement on a seafloor optical fiber cable was carried out (Figure 1). The objectives of the survey were to evaluate the DAS data for seismic surveys and to obtain a seismic structure beneath the seafloor cable with a high resolution. The survey was performed from November 3–8, 2020, using the R/V Hakuho-maru belonging to the Japan Agency for Marine-Earth Science and Technology. For controlled seismic sources, we used two types of seismic sources. One was an array of four large airguns (Bolt 1500LL). Each 1500LL airgun had a chamber volume of 1,500 in3. The other was two GI-guns from Sercel Inc. Each Generator and Injector (GI)-gun had a capacity of 355 in3. Shooting the large-airgun array was carried out on November 5 and 6 along the profile with a length of approximately 200 km (Figure 1). The shot interval was approximately 40 s. Two GI-guns were shot on November 6 and 7. The shot interval of the GI-gun was 20 s, the length of the profile was approximately 90 km, and the cruising speed was 4.5 kts. A multichannel hydrophone streamer with a length of 1.2 km was towed during the GI-gun shootings. Seismic signals from the large-airgun array were also recorded by a two-channel hydrophone streamer with a length of 150 m. In addition to the DAS measurement, pop-up type Ocean Bottom Seismometer (OBSs) were temporally deployed on the profile before the shooting of the airguns and the pop-type OBSs recording airgun signals were recovered after the completion of the shooting. Corresponding to the airgun shooting, the DAS measurements were conducted at the landing station of the Sanriku cable system. Because the cable system has six spare fibers, we made observations with two identical systems of DAS measurement (N5200A, AP Sensing GmbH) concurrently. Each system used a dedicated fiber and recorded the data independently. The continuous recording began on November 4 and was completed on November 8. The data were recorded for 100 or 80 km of the total length with a spatial sampling interval of 5 m and temporal sampling frequency of 500 Hz. The gauge length was set to 40 m. Although one DAS system had a missing data for several hours during the airgun shooting due to a recording issue, the other system worked throughout the airgun shooting. Data with a total capacity of approximately 8 TB from two DAS systems were obtained.

The DAS measurement senses the exact distance of two scatterers approximately gauge length apart by the interferometry of backscattered light. There are three seismic stations connecting the Sanriku cable system (Figure 1). The seismic station has a conventional three-component accelerometer (JA-5; Japan Aviation Electronics Industry, Ltd., Tokyo, Japan). The direction of the X-component of the accelerometer is parallel to that of the seafloor cable. Therefore, the DAS measurement can be compared to X-component of the accelerometer.

The phase data provided by an interrogator were converted to strain:

 

where ϵxx is the principal strain for the x-direction, λl is the wavelength of used laser light in a vacuum, nc is the refraction index of a fiber, L is the gauge length, ξ is the optical-elastic coefficient for the fiber direction in isotropic media (usually set to 0.78), and Δϕ is the phase of a DAS measurement (SEAFOD, 2018). This conversion is a linear operation; therefore, strain is proportional to phase. Strain can be converted to particle velocity under an assumption of a plane wave propagation (Daley et al., 2015; Wang et al., 2018). When a plane wave propagates to the x-direction, we can express displacement as follows:



where u(x,t) is the displacement for the x-direction, A is the amplitude, k is the wave number, and ω is the angular frequency. Assuming that A is constant, we can calculate



where c is the apparent speed of the plane wave. Consequently, a simple formula is obtained:



This means that particle velocity in the media and the phase measured by the DAS have a proportional relationship, and we compared DAS data to the data recorded by a conventional seismometer using the principal of the pendulum.



Records of Earthquakes

According to the observations carried out in the periods from 2019 to 2021, the records of many earthquakes including deep earthquakes and teleseismic events were obtained through the DAS measurements. First, we inspected the FBE data for local earthquakes to evaluate the performance of the DAS records. The FBE data with a frequency range from 10 to 20 Hz were provided using the software from the supplier of the interrogator and represent the visualization of energy in some frequency band on a time domain. A local earthquake with a magnitude of 3.0 was clearly recognized in the FBE data (Shinohara et al., 2019). Because the earthquake was recorded with a high signal-to- noise (S/N) ratio, we checked the sensitivity of the DAS measurement using the records of earthquakes. The Japan Meteorological Agency (JMA) routinely determines the hypocenters of local earthquakes using land seismic networks. The earthquake catalog from the land seismic network was compared to the DAS records to evaluate the sensitivity of the DAS measurement. We identified all earthquakes with magnitudes greater than 1.8 in the JMA catalog near the cable system in the records from the DAS system (Figure 2). All earthquakes with magnitudes greater than 1.8 near the cable system were recorded by the DAS system. The DAS measurement was concluded to have an enough sensitivity for earthquake observation. In addition, a deep earthquake with a depth of 490 km occurring below the Japan Sea in February 2019 was clearly recorded. For other observations, local microearthquakes and deep earthquakes were recorded clearly. The sensitivity of the DAS measurement was examined in previous observations. Sladen et al. (2019) and Ide et al. (2021) reported microearthquakes based on DAS measurements using a seafloor cable in the region of off-Toulon, France and Nankai trough, Japan, respectively. Microseismicity in glaciated terrain has been observed using DAS technology as well (Walter et al., 2020). Because we confirmed that the DAS measurement clearly recorded earthquakes, we made a time–distance profile of earthquake records using phase data (Figure 3). The earthquake occurred on February 15, 2019, at a depth of 50 km below the cable system, and the magnitude of the event was 3.0. The phase data of each channel were filtered from 1 to 15 Hz in the frequency to increase the S/N ratio. Although there are 10,000 channels in the distance range from the landing station to 50 km from the coast, we only plotted 100 trace data at an interval of 100 channels. The arrivals of P- and S-waves were clearly seen in the time–distance section. In addition, we recognized seismic arrivals with large amplitudes in distances from 0 to 10 km after the first arrivals before the arrivals of S-waves. The S/N ratio decreases at distances greater than 50 km. The decrease in the S/N ratio is thought to be caused by the attenuation of laser light for the interferometry, which travels for a long distance. The teleseismic event was also recorded by the DAS measurement. A large earthquake occurred under the Kamchatsk Peninsula, Russia on March 16, 2021. The depth and magnitude were 13 km and 6.6, respectively, according to the US Geological Survey. The epicentral distance from the cable system was approximately 2,300 km. The earthquake was clearly observed by the DAS measurement (Figure 4). Reflecting a long epicentral distance, low frequency was dominant. The DAS records have a high S/N ratio even in the low-frequency band. Within periods ranging from 10 to 5 s, the amplitudes of the seismic signal had large variations depending on the channel positions of the DAS records. We found that the DAS measurement using the seafloor cable off Sanriku could detect teleseismic events with magnitudes greater than 6 and epicentral distances smaller than 2,000 km; however, few teleseismic events were recorded due to the short observation periods and there was no earthquake with a magnitude greater than 7 during the observation periods. To accurately evaluate the performance for recording low-frequency events such as teleseismic events, more observations for longer periods using the DAS measurement are needed.




Figure 2 | FBE data of local earthquakes recorded by the DAS measurement using the Sanriku cable system. FBE data show the energy of strain rate in a frequency band from 10 to 20 Hz. Position of the seafloor cable for the DAS measurement is indicated by blue and black lines. Event numbers are shown in the FBE data, and epicenters are indicated by numbers on the map.






Figure 3 | Time–distance profile of phase data for a local earthquake recorded by the DAS system. The phase data of each channel were filtered from 1 to 15 Hz to increase the S/N ratio. Each trace was plotted using the same amplitude scale. The horizontal axis is distance from the coast, and the vertical axis shows time. A position of the seismic station SOB3 in the cable observation system is indicated. There are 10,000 channels in the DAS measurement, and only 100 channels are plotted at an interval of 100 channels. The arrival of P-waves and S-waves are clearly seen. In addition, other seismic arrivals can be recognized. The earthquake corresponds to event No. 8 in Figure 2.






Figure 4 | Time–distance profile of phase data for a teleseismic event recorded by the DAS system. The phase data of each channel were band-passed from 10 to 5 s to increase the S/N ratio. The horizontal axis is distance from the coast, and the vertical axis shows time. Each trace is plotted using the same amplitude scale. There are 10,000 channels in the DAS measurement, and only 100 channels are plotted at an interval of 100 channels. An earthquake with a magnitude of 6.6 occurred under Kamchatka Peninsula, Russia on March 16, 2021, and the epicentral distance from the cable system was approximately 2,300 km. Amplitudes of seismic signals had variations depending on the channel positions.



Because the conventional seismometers are connected to the Sanriku cable system, we can compare the records from the DAS measurement with those from the conventional seismometers. The records of the earthquake that occurred on February 15, 2019 (Figure 3) were used for the comparison. First, we searched the DAS data and retrieved the DAS data of close channels to the seismometer SOB3, which is closest to the coast. The DAS data of the adjacent 11 channels were averaged to increase the S/N ratio. After averaging, the phase data were converted to strain data. The SOB3 is positioned at a distance of approximately 50 km from the coast. We read an apparent velocity of 3.5 km/s around a distance of 50 km from the DAS record of the earthquake (Figure 3) and obtained particle velocity data using the velocity of 3.5 km/s, which was read from the DAS record. Finally, the velocity data were differentiated to convert to acceleration because the seismometer of the SOB3 is an accelerometer. Because the X-component of the SOB3 is parallel to the cable direction, we compared the acceleration data from the DAS measurement to the X-component of the SOB3 (Figure 5). The arrivals of seismic phases on the acceleration data converted from the DAS measurement are consistent with those on the records of the SOB3, and the amplitudes of seismic phases of both records are comparable. Because the converted DAS records to acceleration had similarities with the records of the accelerometer, our results indicate that the DAS measured actual ground movement.




Figure 5 | Comparison of the DAS records and records obtained by an accelerometer connected to the cable observation system. The data from the DAS measurement were converted to acceleration to compare the data from the accelerometer (SOB 3). The X-component of the SOB3 is parallel to the seafloor cable. The DAS data for the adjacent 11 channels were averaged and transformed to particle acceleration under an assumption of plane wave propagation with a velocity of 3.5 km. Both the records were filtered from 2 s to 5 Hz. Coherency between the records from the accelerometer and the acceleration data transformed from the DAS records was calculated. The channel of the DAS records to compare the data of the SOB3 was selected using airgun signals.





Ambient Noise Analysis

Phase data can be converted to strain data using a simple equation (1) according to the principle of interferometry. We converted phase data to strain data and estimated spectra to investigate the ambient noise obtained by the DAS measurement. First, we evaluated the temporal changes of ambient noise. Because continuous records were obtained through the observation, we calculated spectra at time intervals of 15 min throughout the observation using the DAS data at distances of 10 and 35 km from the coast after the conversion of the data from phase to strain using the appropriate parameters for each observation. The data for the calculation of the spectrum included 262,144 or 131,072 samples, respectively, which correspond to 524.288 s in time length, and the spectra were smoothed on the frequency domain. We calculated the spectra for the observations in February 2019 and March 2021. We obtained a total of 184 and 51 spectra for the observations in 2019 and 2021, respectively. The probability density functions of the power spectra (McNamara and Buland, 2004; McNamara and Boaz, 2006) of the strain were estimated. (Figure 6). Although the interrogators for the observations for 2019 and 2021 were different, the noise levels at the same distance were identical. Generally, the larger the noises in the strain, the longer the periods became. On the spectra at a distance of 10 km, large noise peaks were observed at time periods around 15 s for both spectra from the data of 2019 and 2021 (Figure 6). Large noises that correspond to microseisms (Webb, 1998) were also recognized at a distance of 35 km. The noise levels of strain-meters installed at the bottom of the borehole in land ranged from -200 to -180 dB (Barbour and Agnew, 2011). Araya et al. (2017) reported the noise levels from a laser strain-meter with a 1,500 m baseline constructed at an underground site of a deep vault in Kamioka, Gifu Prefecture, Japan. The noise levels at the Kamioka site were estimated to be some of the quietest in the world. In comparison with the noises obtained from the strain-meters installed in land, the noise levels from the DAS records were larger at time periods greater than 1 s. The noise levels of the DAS records become larger in longer periods. There is a possibility that this characteristic originates from DAS interrogators. On the other hand, the noise levels of the DAS measurement in the frequency range higher than 1 Hz were comparable to those from strain-meters in land. At a frequency around 10 Hz, the DAS noise levels were close to those of the Kamioka site (Araya et al., 2017).




Figure 6 | The probability density functions of ambient noise spectra on the seafloor collected by the DAS observation carried out in February 2019 (left) and March 2021 (right). Spectra of the data at distances of 10 and 35 km from the landing station are shown. Phase data of the DAS measurement were converted to strain. Black lines show the spectra of strain-meter on land (Barbour and Agnew, 2011). The blue curve indicates a result of a laser strain-meter in deep vaults in Japan (Araya et al., 2017). The DAS measurement has low noise levels in frequency greater than 1 Hz.



One advantage of a DAS measurement is obtaining an observation with a spatially high density over a long distance. Taking advantage of a spatially high density for the DAS dataset, the spatial variations of ambient seismic noise along the seafloor cable were revealed. Spectra were calculated using the time window of 524.288 s at every 50 m to estimate the spatial variation of ambient noise (Figure 7). We estimated the spatial changes of ambient noise levels for both observations in February 2019 and March 2021 and found that both results from different observations had similar characteristics. The primary seismic noises with a large amplitude in the periods around 15 s close to the coast were recognized. There was a secondary microseismic noise with a period of approximately 1 s from a distance of 10 km. In the vicinity of the coast, large noises with a period of approximately 15 s appeared. These large, low-frequency noise levels were observed by other DAS observations using a seafloor cable (Lior et al., 2021). The frequency of the noise migrates to a lower frequency, and the amplitude becomes small. At a distance of 20 km from the coast, the large noise levels around 15 s disappeared. The peaks of the noise were observed at a frequency of 1 Hz at a distance of 10 km from the coast. The peak frequency of this noise also migrated to a lower frequency, and the amplitude of the noises increases as the distance from the coast increased. These noise levels at large distances from the coast seem to correspond to the microseisms (Webb, 1998), which are commonly observed in the ocean and have a dominant period of 4 s. There is a possibility that this phenomenon is related to the generation of microseisms in the ocean. The observation in February 2019 had slightly larger noise levels in distances greater than 50 km compared to the noise levels at closer distances to the coast. The scattered light travels over a long distance for a large offset attenuate. The small amplitude of scattered light may affect the accuracy of a measurement using interferometry.




Figure 7 | Spatial variation of ambient noise spectra on the seafloor obtained by the DAS measurements in February 2019 (upper) and March 2021 (lower). The horizontal axis is the distance from the coast, and the vertical axis shows frequency. There were large noises around a period of 15 s near the coast.



The spectra of ambient seismic noises recorded by the DAS system were compared to a noise model after the conversion of the DAS data to particle acceleration. We estimated the spectra of ambient noises using the DAS records. Ambient noises are thought to propagate as surface waves along the seafloor. Spica et al. (2020) obtained an S-wave velocity just below the Sanriku cable system using the DAS data. We adopted an apparent velocity of 500 m/s for the conversion from strain to particle velocity because there was an average velocity of 500–700 m/s for the shallow layers (Spica et al., 2020). We calculated the spectra for the observation in February 2019 at every 1,000 channels, which correspond to a spatial interval of 5 km with a time window of 524.288 s (Figure 8). The levels of the ambient noise based on the DAS measurement were close to the high-noise model (HNM) (Peterson, 1993) from the estimated spectra. Large peaks of noises around 15 s were recognized in the spectra estimated from the data collected at distances smaller than 20 km from the coast. These peaks were much larger than the HNM; however, the amplitude of these peaks decreased with the distance from the coast, and there was no peak around 15 s in the spectra calculated using the data at distances greater than 30 km. We also compared the ambient noise spectra obtained by the DAS system with those of the SOB3, which has a conventional accelerometer and is positioned at a distance of approximately 50 km from the coast. The noise levels obtained from the SOB3 were comparable to those recorded by the DAS system. Although it was inferred that the S/N ratio of the DAS record at a distance of 50 km from the coast becomes lower, the noise levels were similar to that of the conventional accelerometer. At a frequency lower than 0.03 Hz, the noise levels estimated from the DAS records become lower than those from the accelerometer at the SOB3. It can be interpreted that the sensitivity of the DAS measurement is low in this low-frequency range. We concluded that the performance of the seismic observation using the DAS system on the seafloor corresponds to that using a conventional force feedback-type accelerometer in a frequency range higher than 0.03 Hz.




Figure 8 | Ambient seismic noise spectra in acceleration on the seafloor estimated using the DAS observation data. The DAS data were converted to particle acceleration under an assumption of plane wave propagation. For the conversion, a wave propagation velocity of 500 m/s was used. The data length for the estimation of the spectra was approximately 524 s. Colors of lines indicate a distance range from the coast. The gray lines denote a typical ambient seismic noise spectrum of the X-component at the SOB3, which is positioned at a distance of approximately 50 km from the coast. The HNM and LNM are also displayed (Peterson, 1993). Noise levels of the DAS measurement are comparable to that of a conventional accelerometer in frequencies greater than 0.5 Hz.





Controlled Source Records

After a few pilot observations using the DAS measurement, we carried out a seismic survey using the DAS measurement and marine-controlled sources in November 2020. The profiles ran along the seafloor cable route of the Sanriku seafloor observation system. The shallowest water depth of the profile was approximately 200 m, and the maximum length of the profile was 213 km (Figure 1). In this section, we discuss the data-recording signals from the large-airgun array (four Bolt 1500LL) with a total capacity of 6,000 in3 due to its large energy. Shooting intervals were 40 s, which correspond to an interval of approximately 100 m at a ship speed of approximately 4.5 knots. Two identical DAS interrogators were used to record the airgun signals. Each interrogator connected separate fibers in the seafloor cable. The temporal sampling frequency was 500 Hz, and the gauge length was set to 40 m. The spatial channel interval was approximately 5 m. The main objective of the recording using two identical interrogators with separate fibers was to make redundant airgun recordings because it was difficult to repeat the shooting in the marine area. There was an additional purpose to confirm the repeatability of the DAS recording, i.e., we tried to check whether identical records using different equipment were obtained. We calculated the coherency between the two records including water wave arrivals, to confirm the repeatability of the DAS records (Figure 9). For the estimation of coherency, we applied a bandpass filter from 1,000 s to 25 Hz. As a result, high coherency was generally obtained; however, the coherency at some frequencies had low values. It is known that the airgun source has no broadband spectra. After the calculation of the spectra of an airgun source recorded by the towed hydrophone streamer, the notch frequencies in an airgun source seem to be different from the frequencies where coherency decreases. We concluded that system noises may cause this low coherency. After the records were band-passed with a narrow band filter, which is usually applied for a seismic survey, we obtained similar records. It was confirmed that there is little difference between different interrogators and fibers.




Figure 9 | Comparison of the records of airgun signals by two identical interrogators using a different fiber in the same seafloor cable. A bandpass filter from 1,000 s to 25 Hz was applied. The large amplitude of both records indicates arrivals of direct water waves from airguns. Coherency between both the records was calculated (lower). High coherency was generally obtained; however, the coherency at some frequencies was low.



The signals from the airguns were clearly recorded using the DAS measurement (Figure 10). The DAS records had a high S/N ratio until the offset distance of 40 km for the seaward side. Water waves were clearly recorded. Before the arrivals of direct water waves, the arrivals of refracted/reflected waves were also recognized. The refracted and reflected waves at offset distances up to 15 km from the seismic sources were observed (Figure 11). Because the first arrivals have an apparent velocity of approximately 3.6 km/s, we concluded they were the first arrivals of refracted P-waves. The DAS measurement using a fiber laid down on the seafloor was sensitive to the horizontal direction. The first arrivals had a small amplitude, and then waves with large amplitudes were observed. The later waves with a similar apparent velocity as the first arrivals, which were estimated to be converted to S-waves, had larger amplitudes than the first arrivals. We also compared the time–distance profiles of a common receiver gather from the accelerometer in the SOB3 to a common shot gather and a common receiver gather using the DAS measurement (Figure 12). The P-wave arrivals of the DAS records had smaller amplitudes than those of the accelerometer. In the DAS records, S-wave arrivals were more clearly seen on the DAS records compared to the P-wave arrivals. Using the travel times of water waves shooting at various positions, we precisely relocated each channel in the DAS records. The position of the accelerometer of the cable observation system was also redetermined by the travel times of airgun shooting. This information was useful to compare the data obtained by the DAS measurement with the accelerometer.




Figure 10 | Airgun records by the DAS measurements using the Sanriku cable observation system. The records of every 100 channels are plotted with a bandpass frequency filter. The horizontal axis indicates a distance from the interrogator, and the vertical axis is time. The DAS records have a high S/N ratio up to a distance of 60 km from the coast. Refracted and reflected waves were recognized until approximately 10 km from the seismic source.






Figure 11 | Time–distance profile of the airgun shooting (common shot gather) obtained by a DAS interrogator. To increase the S/N ratio, adjacent 10 traces were averaged, and the bandpass filter was applied. Before the arrivals of the water waves, the arrivals of the refraction waves are clearly seen up to offset distances greater than 10 km. The first arrivals have an apparent velocity of approximately 3.6 km/s. Later arrivals, which were interpreted as converted S-waves, have a larger amplitude than the first arrivals.






Figure 12 | Comparison of time–distance profiles obtained by the accelerometer and DAS. The DAS profiles of both the common shot gather and the common receiver gather are shown. The SOB3 profile is the common receiver gather. The X-component of the records is shown for the accelerometer in the SOB3. The data were bandpass-filtered to increase the S/N ratios. For the DAS profile, the data were displayed every 10 channels, and the adjacent 11 channels were averaged. The positions of the shot number of 355 and a channel of 10265 in the DAS records were estimated to be close to the accelerometer. Although the P-wave arrivals on the DAS records have small amplitudes, both profiles have similar features.



The DAS records and the accelerometer of the SOB3 of the airgun signals were compared to assess the performance of the DAS measurements because the DAS records could be transformed to particle acceleration under the assumption of a plane wave propagation (Daley et al., 2015; SEAFOD, 2018; Wang et al., 2018). In this case, we adopted an apparent velocity of 2.0 km/s, which is sometimes a representative value for S-waves in the sedimentary layer. To increase the S/N ratio, both records were band-passed with a frequency of 1 to 10 Hz. The transformed DAS records of the channel, which were estimated to be positioned closest to the accelerometer in the SOB3, and the records of the X-component, which were in the parallel direction to the seafloor cable, of the accelerometer in the SOB3 were compared (Figure 13). Because the position of the airgun was close to the SOB3 and the DAS records of channel 10265 and records of the accelerometer and DAS were a horizontal component, converted S-wave reflections in the crust were estimated. Both records had similarities, especially in amplitude; however, there were differences. Because the energy of the airgun signal was not large, there is a possibility that the internal noise of the interrogator lessened the similarity. A high dominant frequency of the airgun signal may have affected the similarity as well; however, there is another possibility that the difference between the records originates from that between the observations of strain and acceleration.




Figure 13 | Comparison of the DAS records and SOB3 records for airgun signals (Shot No. 355). The airguns were positioned just above the SOB3. The data from the DAS measurement were converted to acceleration with a wave propagation velocity of 2.0 km/s (lower) to compare the X-component data from the accelerometer (upper). The adjacent 11 channels of the DAS records were averaged. The position of the 10265 channel was estimated to be close to the SOB 3. Both records were filtered from 1 to 10 Hz.





Conclusions

Distributed acoustic sensing (DAS) measurements that utilize an optical fiber itself as a sensor can be applied for various purposes. An observation of earthquakes using an optical fiber deployed on the seafloor with DAS technology is promising because DAS measurements allow for a dense seismic observation as a long linear array. The spatial resolution of the observation reached a few meters. The length of the array was determined by the measurement range of the DAS interrogator deployed on the optical fiber, and a fine spatial sensor interval was configured. Phase-based DAS measurements with interferometry have become increasingly accurate, and the current state of technology allows for obtaining a high signal quality. Therefore, various sophisticated data analyses can be applied to DAS data; however, we should apply proper data processing because DAS measures strain wave fields, and a DAS measurement is different from conventional seismic measurements using devices based on the pendulum principle. In 1996, a seafloor seismic tsunami observation system using an optical fiber cable was deployed off the coast of Sanriku by the Earthquake Research Institute, the University of Tokyo. The system has six spare (dark) optical fibers that are dispersion-shifted single-mode type and have been incorporated for the future extension of the observation system. We have begun the development of a seafloor seismic observation system utilizing phase-based DAS technology on the Sanriku cable observation system as the next generation of a marine seismic observation system.

We performed seven DAS measurements using a dark fiber from the Sanriku seafloor observation system for two years beginning in February 2019. A phase-based interrogator was installed in the cable landing station temporarily, and the length of data collection (array aperture) ranged from 5 to 100 km. Different interrogators for the DAS observation were used. Data were recorded with various values of parameters, such as the gauge length, ping rate, and acquisition offset, for the evaluation of the data quality and S/N ratios. The total recording period became approximately 1 month. As a result, many earthquakes including microearthquakes were recorded in each observation period. All earthquakes with magnitudes greater than 1.8 near the cable system were recorded by the DAS system during the first observation. The arrivals of the P- and S-waves of the earthquake with a magnitude of 3 were clearly observed in the time–distance section using the phase data obtained by the DAS measurement. A teleseismic event with an epicentral distance of approximately 2,300 km and a magnitude of 6.6 was clearly captured by the DAS measurement. It seems that the sensitivity and S/N ratio of different interrogators are comparable. Because conventional seismometers are connected to the Sanriku cable system, we compared the records from the DAS measurement and those from the conventional seismometers. The phase data for the DAS measurement can be transformed to particle-acceleration data under the assumption of a plane wave propagation. The acceleration data converted from the phase data from the DAS measurement were consistent with the records of the accelerometer in the cable system. For the evaluation of the noise levels of the DAS measurement, we estimated spectra using the DAS data with distances of 10 and 35 km from the coast after the conversion of the data from phase to strain using the appropriate parameters for each observation. Then, the probability density functions of the power spectra of the strain were estimated. It was found that the noise levels were stable during the observation, and there was little variation in ambient noise. We obtained similar results from the observations using a different interrogator. A DAS measurement can yield observations with a spatially high density over a long range. We also evaluated the spatial variation of ambient seismic noise along the seafloor cable and obtained the spatial variation of ambient noise, which may be related to the generation of microseisms. We compared the spectra estimated from the acceleration data converted from the DAS measurement to that of the accelerometer in the cable system. It was found that the noise levels in acceleration estimated from the records by the phase-based DAS system are comparable to those calculated based on the data from the accelerometer in the cable system.

We carried out a seismic survey using controlled sources and DAS measurements on a seafloor optical fiber cable to determine a structure in November 2020. We shot the controlled seismic sources using a research ship. We used two types of seismic sources: four large airguns with each chamber volume of 1,500 in3 and two GI-guns with a capacity of 355 in3. The profiles were laid along the seafloor cable. The profiles had a length of approximately 200 km for the large airgun shooting. The cruising speed was approximately 4.5 knots, and a hydrophone streamer was towed during the shooting. Shot intervals were 40 s for large airguns. During airgun shooting, phase-based DAS measurements were conducted at the landing station of the Sanriku cable system. Because the cable system has six spare fibers, we made observations with two systems of DAS measurements concurrently. Each system used a dedicated fiber and recorded the data independently. The continuous recording was performed with a spatial resolution of 5 m and temporal sampling frequency of 500 Hz. The gauge length was set to 40 m. The total array length was approximately 100 km. The DAS records for the signals from the large-airgun array were evaluated because the large-airgun array released larger energy. The airgun signals were clearly recorded by both DAS systems, including seismic waves penetrating the crust. We obtained equivalent records from both DAS recording systems. It can be concluded that there is little difference between different interrogators and fibers. We compared the time–distance profiles of a common receiver gather from the accelerometer in the SOB3 with a common shot gather and a common receiver gather by the DAS measurement. Although the P-wave arrivals of the DAS records had smaller amplitudes than those of the accelerometer records, both records had the same characteristics, especially for travel times. There was a slight difference between the acceleration records converted from the DAS records and those from the accelerometers. There is a possibility that the observations of strain for a DAS and acceleration for a seismometer caused the difference.
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