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Key points: 

 
 A fiber-optic cable on the seafloor is used to locate the sources of high-frequency 

microseisms with an unprecedented precision 

 The sources of high-frequency microseisms quickly move within narrow areas of a few 

kilometers 

 The constantly changing source locations are most likely related to the ephemeral 

behaviors of wind 

 

Abstract 
 

Although microseisms have been observed for more than 100 years, the precise locations of their 

excitation sources in the oceans are still elusive. Underwater Distributed Acoustic Sensing (DAS) 

brings new opportunities to study microseism generation mechanisms. Using DAS data off the 

coast of Valencia, Spain, and applying a cross-correlation approach, we show that the sources of 

high-frequency microseisms (0.5-2 Hz) are confined between 7 and 27 km from the shore, where 

the water depth varies from 25 to 100 m. Over time, we observe that these sources move quickly A
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along narrow areas, sometimes within a few kilometers. Our methodology applied to DAS data 

allows us to characterize microseisms with a high spatiotemporal resolution, providing a new way 

of understanding these global and complex seismic phenomena happening in the oceans. 

 

Plain Language Summary 

 
Microseisms are a type of seismic noise that is ubiquitous on Earth and has been studied for over 

100 years. However, we still have no way of knowing exactly where it is generated in the ocean. 

Recent advances in underwater fiber-optic sensing bring a tremendous opportunity to better 

understand the source mechanism of microseisms. We use seafloor Distributed Acoustic Sensing 

(DAS) data to achieve for the first time a precise localization of the noise sources of high-frequency 

microseisms. We found that the sources of high-frequency microseisms are very narrow, often 

only a few kilometers. Moreover, the noise source area is constantly changing with the wind 

direction.  

 

1. Introduction 

 
There is a long history of studying ambient seismic noise, especially the predominant ocean-

generated microseisms (Hasselmann, 1963; Longuet-Higgins, 1950; Wiechert, 1904). It is well 

established that there are two main frequency bands that are referred to as the primary (0.05-0.07 

Hz) and secondary microseisms (0.13-0.40 Hz) (Hasselmann, 1963; Le Pape et al., 2021; Longuet-

Higgins, 1950; Retailleau & Gualtieri, 2021; Tanimoto, 2007; Toksöz & Lacoss, 1968; Xiao et al., 

2018). The primary microseisms are generated by direct coupling between ocean waves and 

seafloor topography in shallow ocean regions (Ardhuin et al., 2015; Hasselmann, 1963). And the 

secondary microseisms could be generated by the interaction of waves in opposite directions from 

different storms in the deep ocean or by the interaction of reflected and incident waves close to the 

coast (Ardhuin et al., 2011). Previous terrestrial research observations have shown that typically 

very little secondary microseism energy from the deep ocean reaches continental stations and 

terrestrial observations are dominated by nearshore wave activity (Bromirski et al., 2013), 

especially for the short-period microseisms (Koper & Burlacu, 2015). Other evidence shows the 

arrivals of teleseismic signals at about 0.2 Hz that are generated by far-away storms mix with 

locally generated secondary microseisms (Kedar et al., 2008; Nishida & Takagi, 2016). 

Microseisms can excite both surface and body waves (Koper et al., 2010; Nishida & Takagi, 2016; 

Retailleau & Gualtieri, 2021; Xiao et al., 2021), which are extensively used to explore and monitor 

the Earth’s interior at all scales through cross-correlations (Brenguier, Campillo, et al., 2008; 

Brenguier, Shapiro, et al., 2008; Denolle et al., 2014; Poli et al., 2012; Shapiro et al., 2005). Thus 

far, the lack of high-density offshore seismic observations prevented seismologists from fully 

characterizing the complexity of microseisms. We can now move beyond this limitation using 

distributed acoustic sensing (DAS) and existing underwater telecommunication infrastructures 

(Guerin et al., 2022; Lindsey et al., 2019; Sladen et al., 2019; Spica, Nishida, et al., 2020; Williams 

et al., 2019). 

 

DAS is a new method to measure the Earth’s vibrations with an unprecedented resolution. It uses 

the optical phase changes of Rayleigh backscattered light to turn fiber-optic cables into dense 

arrays of seismic sensors measuring dynamic longitudinal strain or strain rate. At the end of the 
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fiber, an interrogator unit (IU) sends laser pulses down the cable. The propagation of the laser 

pulses is affected by heterogeneities in the fiber and some of the energy travels back to the IU. 

When the fiber is disturbed by external forcing, phase changes of the backscattered light are 

measured by the IU and can be turned into continuous strain measurements along the fiber with a 

very high spatial resolution (Muanenda, 2018; Posey et al., 2000). For an extensive review of the 

DAS technology, we refer the reader to Hartog (2017).  

 

In this study, DAS data were recorded along a sea-bottom cable linking Valencia to Palma de 

Mallorca, Spain (Figure 1a)(Spica, Gaite, et al., 2020). By using a method based on short-term 

cross-correlation functions, we achieved for the first-time precise localization of the microseism 

sources. We report our observations on the variations of microseism source locations at 

frequencies of 0.5-2.0 Hz. To distinguish this high-frequency signal from the well-known 

microseisms, we use the term “the High-Frequency microseisms (HF microseisms)” in this study. 

Actually, the source of HF secondary microseism is ubiquitous (Gal et al., 2017; Pyle et al., 2015). 

Previous research has suggested that the HF secondary microseism source location may be 

nearshore as it correlates with nearby offshore wind speeds (Zhang et al., 2009). 

 

Data are discussed in section 2, the locating results and modal analyses of HF microseism in 

section 3, and the close relation between microseism sources with wind directions is discussed and 

concluded in section 4. 

 

2. Data 

 
(2.1) DAS experiment  

 

We used a pre-installed telecommunication fiber-optic cable operated by IslaLink that connects 

the Spanish peninsula to Mallorca Island from Valencia to Palma de Mallorca (Figure 1a). From 

September 1st to September 15th, 2020, a FEBUS Optics A1-R interrogator was connected to the 

Valencia side of the cable to probe the first 50 kilometers of the cable (Spica, Gaite, et al., 2020). 

While the total length of the cable is longer than 50 km, the maximum distance that can be probed 

with DAS is limited by the power of the laser, which rapidly attenuates with distance (Lindsey et 

al., 2019; Spica, Nishida, et al., 2020; Williams et al., 2019). The initial 8,555 meters of the cable 

are located on land, and the following 41,445 meters are under the seabed. According to the 

installation report provided by the cable operator, the cable is buried ~1 m below the seabed for 

the full length of the measurement. The data were acquired with a sampling frequency of 1000 Hz, 

a gauge length of 30.4 m, and a spatial resolution of 16.8 m, turning the first 50 km of the cable 

into a dense seismic array of 2977 channels. We only analyze the data recorded between September 

1st and September 7th, which are continuous, and exclusively focus on the underwater portion of 

the cable. 

 

(2.2) Wind and ocean waves data 

 

Waves and wind model data are also used in this study to explain our measurements and are 

obtained from the Spanish Ports Authority database (Puertos del Estado), called SIMAR 

(SImulación MARina in Spanish). SIMAR comes from WANA and is based on WAM (Group, 

1988) and WaveWatch III (Tolman, 2009). Over the years, the WANA has been improving the 
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temporal and spatial resolution of the model, and the current temporal and spatial resolutions are 

one hour and 2.1 km, respectively. The model parameters used in this study are waves peak period, 

waves mean coming-from direction, and wind coming-from direction. 

 

3. Results 
 

(3.1) Ocean surface gravity waves and Scholte waves 

 

Each channel exhibits two energy peaks in the frequency domain (Figure 1b). The first peak has a 

frequency band of 0.05-0.2 Hz. It is mainly observed in shallow waters, and its power decreases 

with increasing water depth. The same signal can be observed in the frequency-wave number 

analysis (Figure S1a) and travels with a phase velocity of ~10 m/s. This corresponds to the 

propagation of ocean surface gravity waves in the shallow waters, which directly exert pressure 

on the fiber-optic cable (Lindsey et al., 2019; Sladen et al., 2019; Spica, Nishida, et al., 2020; 

Williams et al., 2019). The second peak is found in the 0.5-2 Hz frequency band. This signal travels 

with a phase velocity of 500-1000 m/s (Figure S1b) and corresponds to the propagation of the 

fundamental-mode Scholte waves (Supplementary material and Figures S2-S4), whose energy is 

essentially trapped under the seabed (Lindsey et al., 2019; Nishida, 2017; Nolet & Dorman, 1996; 

Scholte, 1958; Sladen et al., 2019; Spica, Nishida, et al., 2020; Williams et al., 2019).   

 

Figure 1c shows 40 seconds of the strain rate data filtered between 0.5 and 1 Hz. The propagations 

of the HF microseisms are revealed through oblique stripes traveling either up to the right toward 

the land (i.e., landward) or propagating seaward down to the right. In addition, Figure 1d shows 

that ocean waves that propagate in opposite directions mainly occur in the 0.25-0.5 Hz frequency 

range (period 2-4 s in Figure 1d), which approximately corresponds to approximately the double-

frequency relationship between the microseism signals and the ocean waves. The modal analysis 

(Supplementary material and Figures S2-S6) supports that the wave-wave interactions of ocean 

surface waves generate the wavefield recorded at the seabed which dominates the HF microseisms 

(Longuet-Higgins, 1950). 

 

(3.2) The sources of HF microseisms  

 

To better understand the wavefield created by the HF microseisms, we computed cross-correlation 

functions (CCFs) of DAS data between each channel (virtual source) and a receiver channel 

located 1.5 km (i.e., 90 channels) away. To increase the stability of the CCF signals, we first 

stacked the raw strain-rate data of five adjacent channels. Then, we compute the CCFs with the 

following five stacked channels located 1.5 km away. In the CCFs, we identify acausal (negative) 

and causal (positive) wave packets propagating landward and seaward, respectively. These are the 

same propagating waves observed in Figure 1c. The correlation technique allows us to track the 

propagation directions of the HF microseisms (Figures 2a and 2b). Due to the strong energy of this 

signal, we found that stable CCFs are obtained for time series as short as 10 minutes. These 10-

minute CCFs match the 6-day-long stacked CCFs (Figures 2a and 2b), implying that Scholte waves 

are propagating parallel to the fiber. Therefore, we used the 10-minute-long time series to increase 

the temporal resolution of the phenomena captured by the CCFs. We computed the CCFs between 

all channel pairs spaced by 1.5 km for each 10-minute time series. Therefore, for every 10 minutes, 

it provides us with 2374 CCF results for the entire 2468 DAS channels along the seabed. 
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We used the signal-to-noise ratio (SNR) of CCFs to evaluate the existence and significance of HF 

microseisms. The SNR was computed by taking the maximum amplitudes of the CCF signals, 

independently for the acausal part and the causal part, and taking their ratio to the noise amplitude. 

The noise amplitude was estimated from the average amplitude in the trailing CCF coda for a 

duration of 200 sec (Figure S7). Figure 2a is an example of CCF that clearly shows the landward 

propagation of HF microseism (acausal part in red) with an SNR of 12.3. The wave propagation 

of waves toward the deeper sea (causal part in blue) is, however, unclear even though SNR is 3.1. 

Figure 2b is a case in which there are clear seaward signals but not a hint of landward propagation. 

In this case, the SNR is 9.8 for seaward propagation and 3.2 for landward propagation. In general, 

the SNR is larger than 4.0 when we see a recognizable wave packet in the CCFs. Figure 2c shows 

the results for all the CCFs computed for all 10-minute intervals over the entire six days and 

expressed as a function of their SNR for both landward (red) and seaward propagation (blue).  

 

Figure 2c illustrates that between 0 and 7 km from the coast, the causal part of the CCFs (i.e., blue 

lines) exhibit an overall SNR lower than 3, which means that there is no significant seaward wave 

propagation. However, the landward propagating signals are much larger. On the other hand, 

beyond ~27 km from the coastline, seaward wave propagation becomes dominant. The landward 

propagating signals show SNR under 4, suggesting that the wavefield beyond 27 km is dominated 

by HF microseisms propagating toward the deeper sea. Until now, the excitation source of HF 

microseisms was assumed to emit seismic waves propagating in both the landward and seaward 

directions from the source (Ardhuin & Herbers, 2013; Hasselmann, 1963; Longuet-Higgins, 1950; 

Tanimoto, 2007). However, the patterns in Figure 2c suggest that the source regions of the HF 

microseism are mostly confined within 7-27 km from the coast and the sources can radiate seismic 

waves in either landward or seaward direction and/or both. 

 

(3.3) Spatiotemporal variations of HF microseisms sources 

 

To see the temporal fluctuation of the sources, Figures 3a and 3b show the SNR results as a 

function of time. For every 10-minute interval, the SNR of seaward and landward signals are 

plotted from left to right for about six days with respect to the distance from the coast. This figure 

shows that SNR patterns change rapidly in time, meaning that the source locations are constantly 

moving. Sometimes, the source is all the way out to 25 km from the coast (black circle on Sept. 

2). This indicates that the landward propagation dominates the wavefield. On Sept. 3 (green circle), 

the wavefield mostly consists of seaward propagation, which means that the excitation source is 

about 10 km from the coast. Most of the time, the source seems to be somewhere between 15 and 

20 km from the coast (pink circle). It is important to recognize that the position of the HF 

microseism sources is constantly changing, and the extent of the source is relatively small for a 

given time instance. In this study, for the first time, we have realized the positioning of the surface 

wave HF microseism, and the positioning error is only a few kilometers, so we call it high-

precision positioning.  

 

By putting the variations of SNR in Figures 3a and 3b in a single plot, we can constrain the source 

locations for the frequency band 0.5-1 Hz (Figure 4a). The positions between the two-color regions 

(red and blue) must be the source location because away from the source, the SNR of the landward 

(red) propagating wave should become smaller toward the deeper sea, and the SNR of seaward 
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(blue) should become smaller toward the coast. This range cannot be determined precisely, but in 

Figure 4b, we show a case where we treat the region of SNR larger than 5 in both landward and 

seaward propagations as the source region. The orange area shows the source extent, which 

oscillates in time and space. For each time instance, the spatial extent of the source is limited to an 

area of a few kilometers to 10 km. A similar analysis was applied to HF microseisms for a higher 

frequency band 1-2 Hz (Figure S8) and shows that the timing of changes in source location mostly 

agrees with those in Figure 4b. These results depend on the threshold selection of SNR equal to 5, 

and a different choice would provide broader or narrower estimates of the source region. 

Nonetheless, in most cases, the extent of the source region appears to be limited to a strip of 10 

kilometers, most often within a few kilometers. The source area is constantly changing within the 

7-27 km region from the coast, which is where the bathymetry varies from 25 to 100 m in depth. 

However, in Figure 1b, the noise amplitude is higher outside the noise source area, such as 5-7 km 

and beyond 27 km from the coast. We believe that the noise amplitude is related to the velocity of 

the subsurface structure, as can be seen from Figure S9, the S-wave velocity is higher at 10-20 km, 

and the velocity is lower at 5-7 km and beyond 30 km from the coast. And previous work on 

microseisms found that for noise amplitude, the amplification effect of the sedimentary basin is 

far more important than the proximity to the noise source (Koper & Burlacu, 2015). Therefore, 

amplification effects by shallow sedimentary layer are likely responsible for the larger noise 

amplitude. 
  

 

4. Conclusions 
 

How can we explain such changes in the excitation source of HF microseisms? We theorize that 

wave-wave interaction of ocean waves, generated by local winds, can explain these behaviors. As 

Figure 1d shows, the dominant period range of opposing winds is 2-4 seconds. Through the 

frequency doubling process from the collision of opposing ocean waves (Ardhuin et al., 2011; 

Hasselmann, 1963; Longuet-Higgins, 1950; Tanimoto, 2007), they can create the seismic 

wavefield in the 0.5-1.0 Hz range found in our data. A modal analysis shows that this process 

preferentially excites the fundamental-mode surface waves (Figure S5). This mode corresponds to 

the Scholte waves as the maximum displacements occur at the sea bottom (Figure S4) and decay 

upward and downward from the seabed. Its large horizontal amplitude indicates an efficient 

excitation of extensional strain, which is the primary signal in DAS data. The constantly changing 

source locations are most likely related to the ephemeral behaviors of the wind and its related 

ocean waves (black line in Figure 4a). Locations of wave-wave interactions should naturally 

change if the wind were the source of this process.  

 

The water depth must be an influential parameter as shown in modal analysis, and thus the 

efficiency of excitation of such modes can change significantly concerning depth. A relatively flat 

and shallow Mediterranean seabed with a depth range of 25-100 m may have played a prevailing 

role in our observations. Excitation of the HF microseisms should differ under different 

bathymetric conditions. Nevertheless, more quantitative modeling of the noise source distribution 

should be performed in the future to better understand our observations. 

 

The results of this study reveal that DAS will soon play a significant role in understanding the 

excitation mechanisms of microseisms. 
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Figure 1. DAS, waves, and wind data. (a) The geographic location of the fiber-optic cable in this 

study. The red line is the portion of the fiber-optic cable we analyzed, and its color represents its 

depth. The gray line is the portion that was not used. The yellow and pink flags indicate the location 

of simulated waves and wind, respectively. (b) Power spectral densities of one-hour DAS strain 

rate data on September 2nd, 2020. (c) Forty seconds of DAS data filtered between 0.5 and 1 Hz 

along the fiber-optic cable showing HF microseism propagating landward and seaward. (d) Rose 

of the peak period of ocean waves during September 2020 at the location indicated by the yellow 

flag in (a). Note that ocean waves propagating in the opposite directions are mainly 2-4 seconds 

(0.25-0.5 Hz).  
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Figure 2. Cross-correlation function results. (a) CCF between channels 300-305 (channel 300 is 

at 5.0 km from the coast) and 390-395 (channel 390 is at 6.5 km from the coast) in the 0.5-1 Hz 

frequency band. The dashed line shows the 6-day stacked CCF result. The red and blue lines show 

the 10- minute CCF results. The positive correlation lags (blue line) are the seaward propagation, 

and the negative lags (red line) are the landward propagation of HF microseism. (b) Same as (a) 

but for channels 2000-2005 (channel 2000 is at 33.6 km from the coast) and channels 2090-2095 

(channel 2090 is at 35.1 km from the coast). (c) SNR of HF microseisms in the frequency band 

0.5-1 Hz. Each line represents the SNR variation of the Scholte wave along the fiber, obtained 

from the 10-minute CCFs. All the results for the 6 days are plotted on this graph. Beyond 27 km 

from the coast, the seaward propagation dominates, while closer to the coast at 7 km, the landward 

propagation prevails. 
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Figure 3. Variations in SNR of the HF microseisms. (a) seaward and (b) landward propagations 

from CCF with SNR higher than 6 and filtered between 0.5 and 1 Hz. The three different colored 

circles show three representative source locations of the HF microseisms. 
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Figure 4. HF microseisms source locations. (a) Same data as Figures 3a and 3b but plotted the 

intersection between the two colors to observe better changes in HF microseism source locations 

in the frequency band 0.5-1 Hz. The position between the two-color series defines the source 

locations of HF microseisms. The black line depicts the local wind direction change, measured at 

the location marked in Figure 1a. The wind direction is from 0° to 360°, where 0° represent 

absolute north and 180° represent absolute south. (b) The source regions of HF microseisms in the 

frequency band 0.5-1 Hz. We define the locations of the HF microseism source using a SNR higher 

than 5 for both seaward and landward propagating Scholte waves. 


