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Abstract 

Long-term continuous observation of seafloor pressure is effective for detecting seafloor vertical deformations that 
are associated with transient tectonic phenomena such as slow slip events. Since the aseismic slip event prior to the 
2011 Tohoku earthquake, several discoveries have been made on spontaneous slow slip events and various other 
types of slow earthquake along the Japan and Kuril Trenches. Seafloor observation network for earthquakes and tsu-
namis along the Japan Trench (S-net) is expected to provide invaluable information on slow slip activities via geodetic 
signals that are detected by pressure observation. This study inspects the quality of the S-net pressure data in view 
of seafloor geodesy by comparison with records obtained by more than 100 autonomous ocean bottom pressure 
recorders (OBPRs) deployed along the Japan Trench. OBPRs have long been standard tools in seafloor geodesy, and 
the data collected are considered a benchmark in terms of quality. Most of the S-net stations showed noise levels that 
are considerably higher than those of the OBPRs over periods of more than 2 d. We speculate that a strong correla-
tion between pressure and temperature accounts for much of the long-term noise. In this study, the temperature-
dependent fluctuation component was estimated by prediction filtering and removed from the original data, leading 
to a significant reduction in the noise level at 51 stations, which reached levels almost equivalent to those of OBPRs. 
Although no significant pressure changes have been identified as associated with the 2018 Boso SSE or repeated 
tremor bursts in the northern Japan Trench thus far, our findings indicate that these stations are sufficiently sensitive 
to detect slow slip events occurring nearby.
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1 Introduction
The 2011 Tohoku earthquake triggered an increase in 
research in the number of studies on the slow slip activity 
that occurs along the Japan and Kuril Trenches. The slow 
slip that preceded the main shock was indicated by analy-
sis of foreshock and tectonic tremor activities (Kato et al., 
2012; Ito et al., 2015; Katakami et al., 2018) and seafloor 
pressure observations (Ohta et al., 2012; Ito et al., 2013); 
the relationship between slow slips and the occurrence 
of large earthquakes has thus attracted attention (Obara 
and Kato, 2016). Accelerating aseismic slips in this region 

have also been reported as afterslips following major 
earthquakes (Kawasaki et  al., 1995; Heki et  al., 1997; 
Iinuma et  al., 2016; Itoh et  al., 2019). Ohta et  al. (2019) 
reported on the tectonic tremor activity promoted by 
the afterslip of the 2011 Tohoku earthquake in the shal-
low plate boundary in the southern Japan Trench. How-
ever, evidently, spontaneously accelerating slips occur not 
only immediately after major earthquakes, but also con-
tinuously and periodically (Uchida et al., 2016). Recently, 
frequent very low frequency earthquakes, a type of slow 
earthquake, have been reported by onshore broadband 
seismic observations in the region (Matsuzawa et  al., 
2015; Baba et al. 2020).

The 2011 Tohoku earthquake led to the development 
of an offshore observation network, Seafloor observation 
network for earthquakes and tsunamis along the Japan 
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Trench (S-net), which was established to observe subma-
rine earthquakes and tsunamis (Aoi et  al., 2020). Using 
S-net short-period seismograms, Nishikawa et al. (2019) 
and Tanaka et al. (2019) discovered that tectonic tremor 
activity is widely distributed over the shallow part of the 
subduction zone across the Japan Trench and the south-
western edge of the Kuril Trench. This finding strongly 
suggests the occurrence of shallow slow slip events (SSEs) 
in the subduction zone. However, most SSEs occur away 
from the terrestrial geodetic networks that cannot detect 
the associated crustal deformation. Thus, only Hon-
sho et  al. (2019) indicated an association between the 
horizontal displacement resulting from an SSE and an 
increase in the number of small repeating earthquakes in 
2015, which was detected by a series of campaign surveys 
using GNSS-Acoustic seafloor measurement.

Compared to that of the SSEs that occur on the down-
dip side of the seismogenic zone, knowledge of shallow 
SSEs is based on only a few observations. However, shal-
low SSE activity is key to understanding the frictional 
behavior that occurs at shallow plate boundaries, which 
has been the focus of attention since the Tohoku earth-
quake, when a seismic slip reached the trench axis (Fuji-
wara et al. 2011; Iinuma et al., 2012; Kodaira et al, 2020). 
Seafloor pressure observation is expected to be an effec-
tive tool for shallow SSE observation because it enables 
long-term continuous observation of the vertical move-
ment of the Earth’s surface just above the shallow bound-
ary of the plate. Crustal deformation due to an SSE off 
Hikurangi in 2014 was observed by both the terrestrial 
geodetic network and a network of autonomous ocean 
bottom pressure recorders (OBPRs), indicating that the 
slip extended close to the trench axis (Wallace et  al., 
2016). Seafloor pressure observations are thus being con-
ducted in several locations globally (Davis et  al., 2015; 
Fredrickson et al., 2019).

The main purpose of the S-net is to detect offshore 
tsunamis, and it has thus far provided important infor-
mation concerning various tsunami events (Kubota 
et al. 2021a, 2021b, 2022). Kubota et al. (2020) detected 
tsunamis with a wave height of less than 1 cm that were 
generated by a local M 6.0 earthquake just below the net-
work, indicating the high resolution of S-net pressure 
observation in a short-period band of less than 1 h. If the 
sensitivity to water pressure changes, such as those asso-
ciated with SSEs, remains constant over a longer period 
and is as high as it is in the tsunami frequency range, 
we can expect SSEs to be detected from pressure data 
obtained continuously over longer periods by the broad 
seafloor pressure monitoring network. Seafloor pres-
sure gauges sense vertical changes in the elevation of the 
seafloor after removing fluctuations due to the motion 
of the overlying oceans and atmosphere (Bürgmann and 

Chadwell, 2014; Wilcock et al., 2021). OBPRs, which are 
capable of continuous observation for 1 to 2 years, have 
thus far been used for SSE detection (e.g., Ito et al., 2013; 
Wallace et  al. 2016). However, OBPR observations are 
limited with respect to both period and spatial coverage. 
Observation data from a wide-area multi-point observa-
tion network are expected to provide a more comprehen-
sive picture of SSE activity. Suzuki et al. (2016) reported 
on a possible shallow SSE based on the pressure data 
that were obtained from the Dense Ocean floor Network 
system for Earthquakes and Tsunamis (DONET), which 
is deployed along the Nankai Trough. In this paper, the 
quality of S-net pressure records obtained at lower fre-
quencies than those focused upon in tsunami observa-
tions was evaluated and the possible detection of crustal 
deformation resulting from shallow SSEs was discussed.

This study focused on the power spectrum of the S-net 
pressure data to investigate the characteristics over a 
wide frequency range and compare them with OBPR data 
previously obtained for the Japan Trench. We found that 
the noise level at many S-net stations was more than 10 
times higher than that associated with OBPR in the fre-
quency bands of geodetic interest, rendering it difficult to 
detect small crustal deformations at the cm level, while 
the noise level was at least as high as that associated with 
data collected by OBPRs at the remaining 51 stations. 
Deformation that was associated with SSE events with 
magnitudes > Mw 6 occurring in the vicinity of such quiet 
stations is therefore likely to be detected.

2  Data
2.1  S‑net seafloor pressure observation
Although the details of the S-net system have previously 
been described by Aoi et al (2020), we reiterate the part 
that is related to pressure observation in this section. 
S-net consists of 150 seafloor seismic and water pres-
sure stations (Fig. 1). The network is divided into six sub-
marine fiber networks; subsystems S-1 to S-5 along the 
landward slope of the trench, and S-6, which is deployed 
on the incoming plate outside the trenches. The observa-
tion equipment is packed into anti-pressure cylindrical 
housing that is separated into wet and dry sections. The 
pressure sensors are placed in the wet section, filled with 
fluid and is isolated from seawater by bellows and dia-
phragm, constructed using flexible materials that allow 
equivalency of internal and external pressure. The dry 
section contains devices such as seismic sensors, elec-
tronic signal amplification and processing units, commu-
nication equipment, and power supply. The instruments 
at each station belonging to one subsystem are connected 
serially via submarine cables, much like the repeaters 
used for commercial communication. Observation sys-
tems that use this type of geometry are known as inline 
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systems, and a similar structure is used in many other 
cable-based submarine earthquake and tsunami obser-
vation systems in Japan (Kanazawa and Hasegawa, 1997; 
Hirata et al., 2002).

As the location where the instruments are installed 
is an active trawl fishing area, instruments were placed 
beneath the seafloor in water at depths of up to 1500 m, 
which is the operational range for trawling. The instru-
ments were buried using a plow-type burial machine, 
which is also used for laying commercial submarine 
cables, and covered by soft sediments just below the sea-
floor to a thickness of several tens of centimeters. Mean-
while, the instruments at the stations in water depths of 

more than 1500 m were not buried and just placed on the 
seafloor.

2.2  Characteristics of S‑net data
The sensor, Paroscientific 8B7000-2–005 or 8B8000-
2–005, provides continuous recording of pressure and 
temperature at a sampling frequency of 10 Hz. To inves-
tigate the nature of the seafloor pressure data for the 
purpose of detecting crustal deformation, continuous 
data comprising 1-h samples for the period from the 
beginning of observation in May 2016 to June 2022 were 
generated and analyzed. Power spectra for all 150 sta-
tions were obtained, allowing us to attain an overall pic-
ture of the characteristics obtained by S-net. The spectra 
were obtained using a moving 4096-h time window that 
was shifted 24 h, and the median value was taken as the 
representative spectrum for each individual observa-
tion station. An example of an obtained power spectra 
is shown in Additional file 1: Fig. S1a. Significant diver-
sity was observed in the power spectra for the different 
stations (Additional file  1: Fig. S1b); thus, a probability 
density distribution of the power spectrum was created 
to understand the characteristics of this diversity (Addi-
tional file 1: Figs. S1c and Fig. 2a). The results show that 
the S-net stations can be classified according to the char-
acteristics of the pressure data in the frequency domain.

The power spectra show broad distribution at the low-
est frequency. To observe the variation in power for 
the lower frequency components, root-mean-square 
(RMS) amplitudes of the pressure records were obtained 
by applying a low-pass filter with a cutoff frequency 
of 1.39E-3 cph (cycles per hour) or a period of 30 d, 
3.86E-7  Hz (1 cph = 2.78E-4  Hz). The inherent sensor 
drift in the pressure sensors is a well-known cause of 
long-period variation (Watts and Kontoyiannis, 1990; 
Polster et  al., 2009). Therefore, the RMS was calculated 
after the drift, expressed as exponential plus linear func-
tion of time, and subtracted from the filtered waveform.

Figure 3a shows the difference in the RMS for pressure 
data obtained at all S-net stations. Considering that 1 hPa of 
water pressure change is roughly equivalent to 1 cm of ver-
tical seafloor motion, it would be difficult to detect crustal 
deformation at stations where the RMS is > 10 hPa or 10 cm. 
Figure 4a and 4b shows examples of pressure records with 
large RMS. The records from station ’a’, indicated in Fig. 3a 
(Fig.  4a) showed annual variations with large amplitudes 
that are highly correlated with changes in the temperature, 
whereas irregular fluctuations were observed in the records 
from station ’b’ (Fig. 4b). These fluctuations were not cor-
related with temperature variation and were suspected to 
be due to the mechanical instability of the instruments that 
are associated with pressure sensing. The S-net pressure 

Fig. 1 Map showing distribution of the observation points 
(stations). Circles indicate S-net stations and are colored according to 
subsystems. Squares show locations of OBPRs deployed from 2008 
to 2019. Not all stations were operating simultaneously. Diamonds 
denote stations in the TM system. Crosses are seafloor benchmarks 
in the GNSS-Acoustic geodetic survey. Epicenters of tectonic tremors 
(Nishikawa et al., 2019) are plotted as gray dots. Water depth contours 
are in 500-m intervals
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data also suffered from other factors that may reduce long-
term stability, such as offsets due to strong ground motions 
that are irrelevant to the static displacement resulting from 

fault motions (Kubota et al., 2020), suggesting that it is diffi-
cult to detect long-term fluctuations exceeding one month 
from the S-net pressure data.

Fig. 2 Probability density of S-net pressure power spectra. a Raw pressure data. b Temperature-corrected pressure data. Curves ‘a’ to ‘e’ are the 
pressure spectra at  the corresponding stations shown in Fig. 3a

Fig. 3 Noise level of S-net stations defined by various quantities. a Root-mean-square (RMS) amplitude of long-period (longer than 30 d) 
component. RMS was calculated after the drift, expressed as exponential plus linear function of time, was subtracted from the filtered waveform. 
Pressure power spectra and pressure/temperature records obtained at stations indicated as ‘a’ to ‘e’ are shown in Fig. 2 and Fig. 4, respectively. b 
Logged power ratio (LPR) before temperature correction. c LPR following temperature correction. LPRs are calculated from 24 to 720 h in period
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Focusing on frequency bands that are higher than 0.001 
cph or for periods of < 1000  h, there are two prominent 
peaks in the probability density of the spectral shape 
(Fig. 3a). One peak lies around the lowest power level in 
the entire spectrum, and we classified stations with this 
peak as Group 1. The other peak is located at a power 
level of approximately a couple of hundred times higher 
than that observed in the results of Group 1. Stations 
with this peak comprised the majority of the S-net sta-
tions and were classified as Group 2. A few other sta-
tions demonstrated much higher power than the average 
power observed in Group 2.

An example of the records from a station in Group 1 
(’c’) is shown in Fig. 4c. The RMS for the long period was 
4.5  hPa, which is one of the lowest among all stations. 
Although the record at station ’a’ (Fig.  4a) has a large, 
long-period RMS (110.2  hPa), its power spectrum was 
close to that of Group 1 at high frequencies. The power 
spectrum was quiet in the short-period band, but rapidly 
and abruptly increased in the long-period side.

Examples of waveforms obtained at a Group 2 station 
(’d’) and a station with much higher power (’e’) are shown 
in Fig. 4d and 4e, respectively. The pressure fluctuations 
obtained at these stations may have a clear correlation 
with temperature changes.

Long-period instability can be expected to be removed 
as linear trends for periods of less than one month or 
thereabouts (~ 720  h). If the level of fluctuation within 
this period is small, it may be possible to detect short-
term transient signals such as those caused by short-term 
slow slip events, even at stations with large, long-period 
fluctuations such as station ’a’.

The power spectra of the S-net observations were com-
pared with those obtained by OBPRs, which have been 
proven to be sufficiently quiet to detect small tectonic 
signals (Ito et  al., 2013; Hino et  al., 2014; Wallace et  al, 
2016). The OBPR records are expected to more accurately 
elucidate the actual pressure variation on the seafloor 
because OBPR sensors are directly exposed to seawater. 
The probability density distribution of the OBPR power 
spectrum using records obtained from 122 OBPRs, which 
have been deployed since 2008 by Tohoku University, is 
shown in Additional file 2: Fig. S2. All deployed OBPRs 
were equipped with pressure sensors in the Paroscientific 
8000 series, with specifications identical to those used in 
S-net. The time window for spectral estimation was set 
to 2048  h because of the short observation period over 
which the OBPRs function. The shape of the power spec-
trum was stable with little variation although the OBPRs 
were deployed at various times and locations. Therefore, 
the median value of the OBPR power spectra can be 
regarded as the standard for seafloor pressure changes in 
this area. Superimposing the median spectrum onto the 

probability density of the S-net power spectra (Fig.  2a) 
indicates that almost all of the S-net data are much nois-
ier than the average OBPR data in all frequency bands, 
and this difference may be due to noise that is inherent in 
the S-net data.

As an indication of the quality of the S-net data, the 
logged power ratio (LPR) was calculated as follows:

where PS - net
k

(

fi
)

 represents the pressure power at the kth 
S-net station, ith frequency band; POBPR

(

fi
)

 represents 
the median of the OBPR spectra at the ith frequency 
band;   log10 P

S - net
k fi − log10 P

OBPR fi  represents 
the deviation of the S-net logged power from the OBPR 
logged power at the ith frequency band; and LPRk repre-
sents the mean of the deviations in the frequency range 
(i = 1, N), namely from 1.4E-3 to 2.1E-2 cph or from 24 
to 720 h.

The LPRs of the data from the Group 1 stations are 
distributed over a range of < 1. Compared to the OBPR 
data, the pressure data obtained at these stations differ by 
a factor of 10 in terms of power, or by up to a factor of 
3 in amplitude, and may thus be useful for detecting of 
transient tectonic signals. Figure 3b shows the LPRs for 
all the S-net stations, and it is apparent that several sta-
tions with small LPRs are located near zones with active 
tectonic tremor.

3  Results
3.1  Reduction in temperature dependence
As apparent in the pressure and temperature records 
in Fig.  4, high correlations were observed between the 
pressure and temperature variations. Histograms of the 
cross-correlations and the lag times that produce the 
maximum correlations are shown in Fig. 5. Lag (h) is pos-
itive when the pressure record appears to result from a 
temperature lag. The cross-correlation coefficients were 
nearly 1 at most stations. It should be noted that negative 
lag times dominated the results. The clear peak at ~ –8 h 
indicates that changes in temperature lead to pressure 
changes after ~ 8 h. Such significant temperature correla-
tions were not observed in the OBPR data and are con-
sidered to be inherent in S-net records.

It is unlikely that inaccurate temperature compen-
sation for the pressure sensor output accounts for 
the high correlation. If it were, the time lag would be 
shorter. The temperature-dependent pressure varia-
tion would be in the form of mechanical noise result-
ing from the structure of the observation device. Since 
the correlation seems to be more prominent at noisier 
stations (Fig.  4), we can assume that the dependence 

(1)

LPRk =
1

N

N
∑

i=1

(

log10 P
S - net
k

(

fi
)

− log10 P
OBPR

(

fi
)
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of pressure fluctuation on temperature changes is the 
major source of noise in the S-net pressure data. If it 
can be eliminated, the signal-to-noise ratio of the pres-
sure data may be improved.

To reduce the effect of temperature variation, predic-
tion filtering was applied to the pressure and temperature 
records. A filter that predicts the apparent temperature-
dependent pressure variation from the temperature record 
and subtracts the output of the filter from the pressure 
record was expected to remove any noise resulting from 
temperature disturbances. We assume that the observed 
pressure fluctuation consists of the sum of the apparent 
pressure fluctuation and the true pressure fluctuation:

(2)p(t) = p̂(t)+ p′(t,T )

where p(t) is the observed value,p′(t,T ) is the apparent 
pressure fluctuation due to the temperature disturbance, 
and p̂(t) is the true pressure fluctuation.

We further assume that the apparent pressure varia-
tion can be obtained from the temperature time series 
T (t) by applying filter F:

Here, the asterisk denotes convolution. OBPR obser-
vations indicate that the actual seafloor pressure does 
not correlate with temperature. Therefore, the equation 
below can be used to estimate the filter coefficients by 
the least-square method.

(3)p′(t,T ) = F(t) ∗ T (t).

(4)F(t) ∗ T (t − τ ) = p(t).

Fig. 4 Examples of pressure (black) and temperature (red) records. Typical examples with different pressure change characteristics are 
shown. a Example of large periodic fluctuations. b Example of slow and large irregular variations. c Example of small-amplitude fluctuations. d 
Moderate-amplitude high-frequency fluctuations. e Large-amplitude high-frequency fluctuations. Subpanels a–e) are records at stations ‘a’ to ‘e’ in 
Fig. 3a
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Note that time shift τ (< 0) needs to be applied to ensure 
causality in the S-net data because p(t) leads to T (t) lag. 
Once a filter that can predict the apparent pressure varia-
tion from temperature is obtained, the true pressure vari-
ation can be determined using the predicted error and is 
expressed using the following equation:

Since the filter estimation is equivalent to the division 
in the frequency domain,

the filter coefficients can diverge if the temperature spec-
trum T

(

f
)

 is much smaller than pressure spectrum P
(

f
)

 
in a certain frequency range. In such cases, a component 
proportional to the time-shifted temperature T (t − τ) is 
subtracted from p(t).

To evaluate the effect of the temperature correction 
using least-square filtering, the corrected S-net pres-
sure records were compared with the pressure record 
obtained by an OBPR located ~ 4  km from station  ’c’  
(Fig. 6). The LPR which was 0.50 before the temperature 
change decreased to 0.28 as a result of the temperature 
correction. Although there is a high similarity between 
the corrected waveform and the OBPR waveform, the 
long-period component is not in good agreement. 
However, we found that the similarity increased after a 

(5)p̂(t) = p(t)− F(t) ∗ T (t − τ).

(6)F
(

f
)

∝
P
(

f
)

T
(

f
) ,

band-pass filter that covered the 48–720-h period com-
ponent was applied to both this station and the  S-net 
data following temperature correction.

Figure 2b shows the probability density of the power 
spectra obtained by applying the temperature correc-
tion to the results from all stations. The power was 
significantly reduced for stations in Group 2, to which 
most S-net stations belong. The Group 1 stations also 
showed improvement, as demonstrated in the above 
example (station ’c’), and the noise level was signifi-
cantly reduced by removing the components correlated 
with temperature for many of the stations. However, 
the gap between Groups 1 and 2 remains, although it 
has been reduced. In addition, at stations where long-
period irregular variations that do not correlate with 
temperature predominate [e.g., station ’b’ (Fig.  4b)], 
the noise level has increased due to the temperature 
correction, leading to a relative increase in the fre-
quency of higher power compared to the levels prior to 
correction.

The spatial distribution of LPRs in the temperature-
corrected data is shown in Fig. 3c. Compared to Fig. 3b, 
the number of stations with LPR < 1, which is the noise 
level expected for OBPRs, increased from 40 before 
the correction to 51 after the correction. However, the 
LPRs are still > 1 at many stations even after correction, 
and stations that can detect small tectonic transients 
are limited and sparsely distributed along the Japan and 
Kuril Trenches.

Fig. 5 Histograms of a normalized cross-correlations between pressure and temperature, and b lag times of pressure changes following 
temperature changes
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3.2  Reduction in common‑mode noise
Examples of the temperature-corrected records of sta-
tions with a LPR < 1 are shown in Fig.  7a. As data gaps 
can introduce noise, time periods were selected in which 
continuous records from all stations with a LPR < 1 were 
recorded without any data gaps. Although a significant 
variation was observed in the noise level among all sta-
tions, the temperature-corrected time series shows a 
coherent component attributed to pressure disturbances 
of a non-tidal oceanographic origin. Several methods 
have been proposed to reduce such disturbances in order 
to increase the detectability of tectonic signals in the 
seafloor pressure data. Examples include a determinis-
tic approach in which the seafloor pressure fluctuations 
calculated by ocean circulation models were subtracted 
from the results of observation (Inazu et al., 2012; Mura-
moto et al., 2019; Dobashi and Inazu, 2021), and estima-
tion using obtained auxiliary oceanographic observations 
(Watts et  al., 2021). Another is to find a proxy of the 
oceanographical fluctuation using a combination of pres-
sure observations obtained in different locations. Here, 
we try to apply the latter approach.

One method that is often used for common-mode 
noise reduction is to use the pressure difference from a 
reference station (Ito et  al., 2013) located far from the 
source location of the tectonic event representing the 
oceanographic signals. Wallace et  al. (2016) set a refer-
ence station on the incoming plate side of the trench, 
where no vertical variations were expected, to detect an 
SSE signal in the OBPR data distributed on the landward 
slope. Fredrickson et  al. (2019) and Inoue et  al. (2021) 
showed that the non-tidal oceanographic fluctuations 
tend to be coherent among the sites located at stations 
with similar water depth and pointed out the advantage 
of using common-depth station pairs to obtain pressure 
differences with reduced noise.

Records that were obtained from stations on the 
incoming plate and landward sides with similar water 
depths were extracted from the high-quality S-net 
records obtained at 51 quiet stations (LPR < 1 after the 
temperature correction) in Fig.  7a and are displayed in 
Fig. 7b. The waveforms at stations 3–20 and 4–22 on the 
landward side of the trench were notably similar; how-
ever, few correlations were observed between the other 

Fig. 6 Waveforms of S-net pressure data before (gray) and after temperature correction (black). Red traces show pressure data obtained by the 
OBPR located ~ 4 km from a S-net station. a Before application of band-pass filter. b After a pass-band filter was applied for 24 to 720 h
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stations. S-net does not provide a high degree of freedom 
in the combination of stations used for common-mode 
noise reduction via pressure difference. The difference 
between the records from stations 3–20 and 4–22, with 
relatively high similarity, was therefore investigated to 
test the theory, and we found that the RMS of the pres-
sure data at station 3–20 was 1.14 and that at station 
4–22 was 1.25, showing a reduction of 1.02 hPa.

Hino et  al. (2014) showed that the common-mode 
noise can be reduced by subtracting the first principal 
component obtained by principal component analysis 
(PCA) without the use of pressure differences from a 
reference station. Similarly, we attempted to remove the 
common-mode noise in the S-net data in the same way. 
In applying PCA to the S-net data, it should be noted that 
the noise level varies greatly across stations. Here, we 
performed PCA weighted by the inverse of the variances 
of input temperature-corrected pressure data. Additional 
file  3: Figure S3 shows the results of PCA using all the 
records shown in Fig. 7a. The common-mode variations 
were reduced by subtracting the estimated first principal 

component. To evaluate the effect of PCA-based noise 
reduction, we determined the reduction rate of RMSs at 
all the stations and calculated their median, which was 
81%. At stations 3–20 and 4–22, where we attempted to 
reduce the common-mode noise by taking pressure dif-
ferences, the RMS decreased from 1.14 to 0.82 (72% 
reduction) and from 1.25 to 1.07 (86%), respectively.

From Fig. 7a, the non-tidal oceanographic component 
was not necessarily coherent over a wide area, and the 
correlation of waveforms decreased with increasing dis-
tance between stations. We, therefore, expected the noise 
reduction using PCA to be more effective if the range 
of stations used was limited to a relatively narrow area. 
Below, we applied the PCA-based common-mode noise 
reduction to the pressure records obtained at 13 quiet 
stations belonging to the S-4 system in the northern part 
of the Japan Trench. We chose these stations because 
their number and density of quiet stations were the larg-
est in the region (Fig. 7b).

Figure  8a shows the temperature-corrected pressure 
records and the first principal components obtained 
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from the temperature-corrected pressure records at the 
S-4 quiet stations selected from Fig. 7a. The color of the 
traces changes according to the depth of the stations, 
and it is apparent that the correlation was high between 
stations at similar depths, whereas the similarity of the 
waveforms decreased when stations at different depths 
were compared. Figure  8b shows the pressure records 
after the contribution of the first principal component 
was subtracted. The median of the RMS reduction rate 
was 66%, indicating a better performance when using 
stations within a narrow subarea than that when using 
broad network data. However, the noise reduction rate at 
station 4–22 was 89% (from 1.25 to 1.11), slightly worse 
than that after the noise reduction using broad network 
data.

One possible reason for the poor performance at the 
station can be the water depth dependence of waveform 

similarity. Station 4–22 was the deepest one among the 
quiet S-4 stations, the only station deployed at ~ 4,000 m 
depth, whereas six more stations located at depths simi-
lar to 4–22 were included in the PCA using all the quiet 
stations. The water depth-dependent components would 
be extracted as principal components of second or higher 
orders. However, subtracting the second principal com-
ponent did not substantially reduce the RMS values. The 
reduction rates between the records after removing the 
first component and those after removing the first and 
second components were 96% and 86%, when applied to 
all the quiet stations and to the S-4 stations, respectively. 
The high level of instrumental noise likely remained in 
the record even after the temperature correction, and 
the noise hinders the extraction of depth-dependent 
components.
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4  Discussion
4.1  Processed OBP records describing short‑term SSEs
The S-1 subsystem of S-net is located off the Boso penin-
sula, where SSEs occur on a regular basis. The significant 
crustal deformation that was associated with an event 
in June 2018 was captured by terrestrial GNSS observa-
tions (Ozawa et al., 2019). An event at almost the same 
location also occurred in 2014, and Sato et  al. (2017) 
reported that associated vertical seafloor movement 
of ~ 2  cm was detected by OBPR observations. Accord-
ing to Ozawa et al. (2019), the event in 2018, which was 
the first following deployment of the S-net, was larger 
in scale than that in 2014, and the seafloor displacement 
should have been captured by the S-net seafloor pressure 

observations. The records of the four S-net stations clos-
est to the SSE source estimated by Ozawa et  al (2019), 
with small LPRs (1–07: 0.67, 1–08: 1.47, 1–11: 1.03, 1–22: 
1.23) following temperature correction and common 
component removal by PCA, are shown in Fig.  9. PCA 
was performed on the records of four stations. The RMS 
amplitude of the OBPR records was evaluated to be 1 hPa 
when Sato et  al. (2017) observed the crustal deforma-
tion associated with the 2014 event. An RMS of 3.10 hPa 
(5.2 hPa before common-mode reduction) was observed 
in the post-processing record for 1–12, which is closest to 
the epicenter; however, the high noise level of the S-net 
pressure data rendered it difficult to detect the tectonic 

Fig. 9 S-net pressure records during 2018 Boso SSE. Records at four relatively quiet stations (indicated by colored circles in the inset) are shown. 
Records at other noisy S-net stations (shown in open circles) are not shown. Three components terrestrial GNSS data are also indicated. Note 
that vertical component is flipped in sign so that positive change means subsidence and is equivalent to a pressure increase on the seafloor. Slip 
distribution (Ozawa et al., 2019, contours in cm) is shown in the inset
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signals corresponding to the 2018 SSE, although it was 
larger (Mw 6.8) in scale than the 2014 event (Mw 6.5).

It has been pointed out that the SSEs comprise the 
background of the increased activity that is associated 
with tectonic tremor in many subduction zones. Since 
tremors occur constantly in the northern Japan Trench 
region where subsystem S-4, which includes several quiet 
stations, is located, we investigated whether any signifi-
cant fluctuations associated with tremor activity can be 
observed in the S-net seafloor pressure records. The tar-
get period of August 2016 to August 2018 was selected 
because tremor activity has been reported by Nishikawa 
et al. (2019) for some of this period. We focused on the 
data at station 4–22, which was closest to the tremor 
area and has the lowest LPR among the S-4 stations. As 
in the previous section, PCA analysis and calculation of 
the pressure difference from a reference point were used. 
Since an anomalous large fluctuation was observed in the 

data prior to October 2017 at 3–20, which is the refer-
ence point for differential pressure, only the differential 
pressure after this date was used. The resulting wave-
forms are shown in Fig. 10. The RMS of the records for 
4–22 was 1.10  hPa following noise reduction with PCA 
using the S-4 data set, and the RMS amplitude for the 
differential pressure record was 1.41. We compared the 
temporal changes of the tectonic microtremor activity 
with the processed records but could not find any change 
in the tectonic microtremor activity that could be associ-
ated with increases in tremor activity. Although the noise 
level was much lower than that of S-1 off Boso, the scale 
of the SSE-associated tremor bursts occurring in this area 
is much smaller than that of the Boso SSEs, rendering it 
difficult to detect such transient tectonic events using 
S-net.

Hino et  al. (2014) discussed the relationship between 
the OBPR noise levels and the detection ability of SSE. 

Fig. 10 Tectonic tremor activity and S-net pressure records from 2016 to 2018 in the northern Japan Trench. a Cumulative number of tremors. 
b Pressure record at station 4–22, the closest station to the tremor swarm. Black: Temperature-corrected trace. Red: Trace after common-mode 
reduction using PCA. Orange: Pressure difference from station 3–20
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They reported RMS amplitudes of ~ 1.5 hPa for the ana-
lyzed OBPR records, which were reduced by ~ 0.5  hPa 
to ~ 1.0  hPa following PCA-based noise reduction. They 
further estimated the lower detection limit of the slip 
events by considering the noise level of the OBPR records 
and concluded that events of Mw 6.0 or larger that occur 
on shallow plate boundaries near the trench can be 
detected by nearby OBPRs. The RMS amplitude at sta-
tion 4–22 was comparable to those of the OBPRs, and 
we therefore assume that the station has the same level 
of detection capability for tectonic transients. Therefore, 
possible SSEs that yield repeating tremor bursts in the 
northern Japan Trench would not be significantly larger 
than ~ Mw 6, the possible size of detectable SSEs taking 
place immediately below the quiet S-net stations.

Honsho et  al. (2019) suggested that an SSE occurred 
along the shallow subduction interface in the northern 
Japan Trench in 2015, prior to the S-net deployment, 
based on small repeating earthquakes and seafloor hori-
zontal motions observed using GNSS-A. The source 
location is located within the coverage of the S-4 sub-
system and its magnitude is estimated to have been Mw 
6.5. If an SSE of similar magnitude were to occur in the 
future, S-net would certainly be able to detect the crus-
tal deformation. The vertical motions obtained by S-net, 
together with the horizontal displacements obtained by 
the GNSS-A, will thus play an important role in con-
straining the source model of SSEs.

As a case study, we examined the detectability of crustal 
deformation in a simple manner, focusing on two regions. 
For events that are likely to occur repeatedly, such as those 
in the northern Japan Trench, significant crustal deforma-
tion could be identified by stacking the noisy data refer-
ring to the timings of tremor burst events (e.g., Frank et al., 
2015). However, owing to the high noise level, accumulat-
ing data to increase the number of stacking is important.

To improve the detection of tectonic signals related to 
SSEs, it is also necessary to improve the performance of 
reduction in common-mode variations originating from 
non-tidal oceanographic fluctuations. It is essential to 
understand the spatiotemporal characteristics of the 
common-mode components, and comprehensive studies 
performed by changing the combinations of the used for 
the analyses will be an important subject. Milliner et al. 
(2018) discussed the superiority of independent compo-
nent analysis (ICA) over PCA when it is applied to the 
decomposition of components with non-Gaussian dis-
tribution. Fluctuations of seafloor pressure are likely to 
follow non-Gaussian distribution, and application of ICA 
to the pressure data obtained by the seafloor network is 
worth investigating in the future.

Based on our evaluation, a third of the S-net stations 
were as quiet as the OBPR observations and can be used 
for monitoring the SSE activity in the region. Consider-
ing the uneven distribution of the station and large varia-
tion in noise levels across stations, pragmatic assessment 
of detectability based on numerical modeling is another 
important scope for future study.

4.2  Characteristics of seafloor temperature data
As the noise level of S-net was greatly reduced by the 
temperature correction, we expected that the noise level 
of the pressure data is strongly related to the temperature 
variation. Here, we examine the power spectrum of the 
temperature data.

The most significant influence on the characteristics of 
temperature variation observed by S-net is the location 
at which the instruments were deployed on the seafloor. 
Instruments are covered by sediments and are thus not 
in direct contact with seawater at depths shallower than 
1500  m; thus, the temperature environment is signifi-
cantly different from that of instruments that are not bur-
ied. The significantly higher mean temperature of ~ 10 °C 
for buried stations is due to the effects of the insulating 
sediment cover. Self-heating of the observation equip-
ment accounts for the significantly high temperature 
observed at the buried stations. In a buried environment, 
the generated heat is retained and not transferred to the 
seawater effectively.

The power spectra of the buried stations and the sta-
tions exposed to seawater are shown in Fig.  11a and b, 
respectively. The spectra for the buried stations show a 
steep slope, reflecting the suppression of short-period 
temperature changes because of the thermal insulation. 
The power of the temperature spectrum is very low in 
the frequency band in terms of the LPR, and the tem-
perature-correlated noise is expected to be small in the 
buried stations. The LPR tends to be smaller at stations 
shallower than 1500 m in Fig. 3b.

The spectra of the unburied stations have smaller fall-
off slopes and higher temperature fluctuation levels than 
those of the buried stations. Although the temperature 
variation tends to be greater at stations located at shal-
lower depth, no significant depth dependence is observed 
in the LPR distribution (Fig. 3b). The power spectra of the 
temperature data obtained by the OBPRs are superim-
posed in Fig. 11. Unlike the pressure data spectrum, the 
OBPR spectral shape is not significantly different from 
that of the unburied S-net stations. This means that self-
heating has little effect on the temperature data obtained 
at unburied stations.
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Fig. 11 Power spectra of temperature data at S-net stations. a Buried stations. b Unburied stations. Dot colors show the difference in station 
depths. Thick black line shows the median of the OBPR spectra and dotted lines are 25 and 75 percentiles. Blue denotes the average from TM 
stations
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4.3  Possible mechanism of temperature‑correlated noise
The temperature-correlated noise, a major reason for the 
large noise level in the S-net pressure observations, may 
be a result of the actual structure of the S-net observa-
tion system. The noise character is very similar to that of 
the pressure records obtained by the off-Sanriku cabled 
system (Inazu and Hino, 2011), hereafter the TM system. 
The TM system was also designed as an “inline system,” 
and the structure of the observation unit was almost 
identical to that of S-net. The shape of the pressure power 
spectrum for the TM system was in the range of the spec-
tra obtained for Group 2 in this study, indicating similar-
ity to most S-net stations (Additional file 4: Fig. S4). The 
shape of the temperature spectrum was also similar to 
that of the unburied S-net stations (Fig. 11). The correla-
tion between the pressure and temperature data obtained 
by the TM system and calculated in the same manner as 
the S-net data was very high (cross-correlation ~ 0.9) and 
a negative (–2 h) lag time was also observed. The strong 
dependence of the TM system on pressure data has 
already been pointed out by Inazu and Hino (2011). As 
indicated by Baba et al. (2006) and Itoh et al. (2019), the 
cabled system that was deployed off Hokkaido, another 
inline system, also showed a high correlation between 
pressure and temperature.

In contrast, there were no significant correlations 
between the pressure and temperature records obtained 
by the OBPR deployed in the Japan Trench, as pointed 
out earlier. Gomberg et  al. (2019) investigated the rela-
tionship between seafloor pressure and temperature 
observed in the Hikrangi subduction zone, New Zealand, 
using the instruments of almost identical structure with 
the OBPRs deployed in Japan. Although they pointed 
out small correlations in time scale of ~ 10 d, the correla-
tions were insignificant at lag times ~ 0 d. This report is 
consistent with our OBPR observations, but completely 
different from the characteristics identified in the S-net 
data, or in other inline observation systems.

Based on the similarity among the data obtained for 
inline systems, we suggest that the correlation between 
the pressure and temperature records is related to the 
mechanical structure of the inline system. The sensors 
comprising the inline system are not in direct contact 
with seawater, and bulkheads constructed using flexible 
materials, such as the bellows or the diaphragm, affect 
the results. If their motions were smooth, the internal 
pressure measured by the pressure sensor is expected to 
be in equilibrium with the seafloor pressure; otherwise, 
a pressure differential is created. However, the pressure 
transfer is insufficient and the internal and external pres-
sures are not in equilibrium when the bulkheads are not 
in ideal conditions. Under poor pressure transfer con-
ditions, the internal pressure is affected by the thermal 

deformation of the enclosure. This may be why the pres-
sure data correlated with temperature change and quali-
tatively explains the time lag between temperature and 
pressure observed by S-net. Pressure responds instanta-
neously to temperature changes in the enclosure, but the 
measured lag in temperature change occurs because the 
sensors are thermally shielded.

At several S-net stations, sudden and extremely large 
(> 1000  hPa) pressure increases were observed with no 
corresponding change in temperature, indicating that the 
pressure step is neither due to temperature change nor a 
failure in the measurement or data transmission system. 
These incremental changes could correspond to events 
that have occurred spontaneously in the bulkheads, 
eliminating the disparity between internal and external 
pressure. The pressure transfer mechanism, including the 
bulkhead, is composed of several parts made of different 
materials. If we assume friction along the contact sur-
faces accounts for the pressure disparity, the events could 
be slips on the surfaces. Some of these pressure steps 
were accompanied by a marked decrease in the LPR. In 
the case shown in Additional file 5: Fig. S5, the power of 
the pressure signal following the change was reduced to 
the level of the OBPR spectrum. We interpret that the 
event corresponding to this change improved the pres-
sure transfer performance, thus reducing the noise level. 
This observation supports the hypothesis that imperfect 
pressure transfer is a significant source of noise in the 
S-net data.

5  Conclusions
If small vertical crustal deformations can be detected 
using long-term, wide-area seafloor pressure observa-
tion data from S-net, significant progress in understand-
ing the SSEs occurring at shallow plate boundaries along 
the Japan and the Kuril Trenches can be made. We there-
fore investigated the data obtained over the 7 years since 
S-net started operation in 2016 to ascertain whether the 
results obtained are suitable for geodetic application by 
evaluating the power spectra and correlations with tem-
perature variation. Comparisons with data obtained by 
OBPR observations accumulated in the Japan Trench, 
which have previously been proven useful in geodetic 
studies, were used to characterize the quality of the S-net 
data for periods > 2 d, over which geodetic signals are 
expected to emerge.

The seafloor pressure data obtained at most S-net sta-
tions contained large fluctuations that are > 100-fold 
those obtained by OBPRs in terms of power. Owing 
to the extremely high noise level, detecting tectonic 
transients below the level of a few centimeters, which 
are associated with SSEs at these noisy stations, was 
difficult. The noise in the pressure data is strongly 
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correlated to temperature, which was simultaneously 
observed at the same station. Although no significant 
pressure–temperature correlations were identified in 
the OBPR data, a high correlation has been reported 
in previous studies and was confirmed in this study for 
the data obtained by seafloor-cabled observation sys-
tems other than S-net. We suggest that the tempera-
ture dependence accounts for the high noise level and 
may be caused by the mechanical structure character-
istics of the inline systems. Furthermore, we devised 
a method to remove the temperature-correlated noise 
by applying a prediction filter to the S-net pressure 
records. Although the filter reduced the noise signifi-
cantly, pressure records at more than half of the S-net 
stations still have large fluctuations that are more than 
10 times more powerful than those observed in the 
OBPR data.

Based on processed records from stations with rela-
tively low noise, we investigated whether any pressure 
changes corresponded to the 2018 Boso SSE or to pos-
sible SSEs associated with repetitive tectonic tremor 
bursts in the northern part of the Japan Trench. The 
noise level at the stations near the source of the Boso 
SSE meant that we could not detect any meaningful 
pressure change associated with the 2018 event (Mw 
6.5). More than 10 stations have noise levels similar 
to, or slightly higher than, those associated with the 
OBPRs in the northern part of the Japan Trench. How-
ever, no transient changes were detected in the seafloor 
pressure corresponding to the reported tremor bursts 
from 2016 to 2018. Based on previous studies focusing 
on detection capability evaluated using OBPR records, 
we believe that the S-net can detect geodetic signals in 
the northern Japan Trench if SSEs larger than ~ Mw 6 
occur in the vicinity of at least one station.
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