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Abstract

Seismic monitoring using ocean bottom seismometers (OBS) is an efficient method for investigating earthquakes
in mid-ocean ridge far away from land. Clock synchronization among the OBSs is difficult without direct
communication because electromagnetic signals cannot propagate efficiently in water. Time correction can be
estimated through global positioning system (GPS) synchronization if clock drift is linear before and after the
deployment. However, some OBSs in the experiments at the southwest Indian ridge (SWIR) on the Chinese
DY125-34 cruise had not been re-synchronized from GPS after recovery. So we attempted to estimate clock drift
between each station pairs using time symmetry analysis (TSA) based on ambient noise cross-correlation. We
tested the feasibility of the TSA method by analyzing daily noise cross-correlation functions (NCFs) that extract
from the data of another OBS experiment on the Chinese DY125-40 cruise with known clock drift and the same
deployment site. The results suggest that the NCFs’ travel time of surface wave between any two stations are
symmetrical and have an opposite growing direction with the date. The influence of different band-pass filters,
different components and different normalized methods was discussed. The TSA method appeared to be optimal
for the hydrophone data within the period band of 2-5 s in dozens of km-scale interstation distances. A significant
clock drift of ~2 s was estimated between OBSs sets through linear regression during a 108-d deployment on the
Chinese cruise DY125-34. Time correction of the OBS by the ambient noise cross-correlation was demonstrated as

a practical approach with the appropriate parameters in case of no GPS re-synchronization.
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1 Introduction

Hydrothermal fields at mid-ocean ridges are active areas of
magma and tectonics with frequent induced seismic activity.
Most of this activity is low magnitude earthquakes that cannot be
detected by seismic stations on land. Our study area, the Dragon
Horn field (e.g., Tao et al., 2012, 2014) is located at 49.6°E on the
Southwest Indian Ridge, which is more than 2 000 km far from
the adjacent African continent to the north and Antarctica to the
south. Ocean bottom seismometer (OBS) monitoring systems are
thus necessary to explore the microearthquakes related to mag-
matism in the hydrothermal environment. Previously, a single
OBS developed near the Longqi hydrothermal vents recorded
thousands of earthquakes with a small magnitude (M, <3) (Liu et
al., 2018). In order to improve the accuracy of the epicenter
measurements, our group conducted experiments with OBS ar-

rays during the cruises CDC 34th and 40th (hereinafter referred
to as CDC 34th and 40th of Chinese DY125-34 and DY125-40
cruises).

Time synchronization must be considered when processing
seismic data. Clock drift between OBS arrays is common because
OBSs do not have real-time synchronization with GPS, which is
in contrast to onshore monitoring stations. Generally, an intern-
al clock with a crystal oscillator reckons an OBS recording. The
frequency of the crystal oscillator can be changed depending on
its environments with regards to temperature and pressure
(Gardner and Collins, 2012). Moreover, such clock drift can accu-
mulate up to several seconds for a long observation. Application
of the double-difference technique to the relocation of microe-
arthquakes near the Longqi hydrothermal vents requires accur-
acy of tens of meters in order to study the hydrothermal circula-
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tion and detachment faults where microearthquakes are concen-
trated (e.g., Stroup et al., 2009; Pontbriand and Sohn, 2014;
Schlindwein and Schmid, 2016). Therefore, suitable correction of
clock drift is necessary for the location of earthquakes with high-
precision and tomographic inversion of velocity structure
(Gouedard et al., 2014). The instrument clock can be synchron-
ized to a GPS time prior to a typical OBS deployment, and the off-
set from GPS time is measured immediately after recovery, which
allows a linear drift to be removed from the dataset. However, in
the processing of recycled OBS in CDC 34th, GPS resynchroniza-
tion was unsound, and clock drift could not be corrected. Hence,
we use noise cross-correlation to synchronize the clocks between
station pairs among an array of OBSs based on the continuous re-
cording of ambient noise (e.g., Sabra et al., 2005; Stehly et al.,
2007; Sens-Schonfelder, 2008; Gouedard et al., 2014).

The technique of retrieving surface wave Green functions by
ambient noise cross-correlation is used to obtain group or phase
velocity for ambient noise tomography (e.g., Shapiro et al., 2005;
Yao et al., 2006, 2011), as well as to correct the time error of the
stations and measure the time variation of clock drift with the
date (e.g., Stehly et al., 2007; Sens-Schonfelder, 2008; Gouedard
et al., 2014). The possibility of using the oceanic ambient noise
cross-correlation function to estimate the time offset between
two hydrophone arrays with a large value of 35 s was confirmed
by Sabra et al. (2005). Stehly et al. (2007) separated time shifts as-
sociated with instrumental clock drift from the Green’s function
by observing the evolution of surface-wave travel times over ap-
proximately 11 years of continuous recordings. The accuracy of
this method was proposed by Sens-Schonfelder (2008) to exceed
the precision of the internal station clocks after only a single day
of uncorrected drift. It was later applied by Hannemannn et al.
(2014) to synchronize clocks of a deep water OBS arrays with a 75
km aperture, which showed that the linear drift was visible in the
correlation results of the vertical components and the hydro-
phone. Gouedard et al. (2014) presented two techniques to re-
trieve clock drift between OBSs that is the time symmetry analys-
is (TSA) method and the virtual doublet analysis method, and
discussed their advantages and drawbacks. For a fully isotropic
noise source, TSA has a superior resolution over a long time
scale.

In our experiments, two OBS arrays were developed in the
Dragon Horn area at different cruises (CDC 34th and CDC 40th).
We tested the feasibility of TSA for ambient noise cross-correla-
tion using CDC 40th dataset with known clock drift. Here we used
37-d continuous records to extract the surface wave part of the
Green'’s function. Time variation of symmetry of the noise cross-
correlation functions (NCFs) using different components, time
window duration and period bands were discussed in order to
select the best parameter for achieving the recovery of the
Green's function from ambient noise (Campillo, 2006). Further-
more, we applied these parameters to measure relative clock drift
between the OBSs of CDC 34th by the same method. Finally, the
relative clock drifts with time between station pair were calcu-
lated using the linear form y=kx+b.

2 Data and methods

2.1 Data acquisition

In 2015, we conducted an OBS experiment during CDC 34th
to better interpret the geological processes of hydrothermal cir-
culation in the Longgqi field (37.7°S, 49.6°E). Four OBSs with
three-component seismometers and a hydrophone were de-
ployed in the 2.5-3.5 km deep water near the Longqi vents from

December 2014 to April 2015. As shown in Fig. 1, there were two
kinds of OBS: (1) Geopro Sedis IV (60 s-50 Hz) made in Germany;
and (2) 1-4C long-period OBS (30 s-50 Hz) developed independ-
ently by the Institute of Geology and Geophysics, Chinese
Academy of Sciences (Ruan et al., 2010). The longest interval in
the OBS array was approximately 20 km. The OBSs recorded seis-
mic data over approximately four month with a sampling rate of
100 Hz for the German devices and 50 Hz for the Chinese ones.
During recovery, OBS did not resynchronize from GPS after rising
from the water because of instrument malfunction. Therefore the
clock drift could not be calibrated by linear regression after re-
synchronization.

49°12' 49°24 49°36’

49°48' 50°00'E

[J Sedis IV of CDC 34th
/\ 1-4C of CDC 34th A
A\ 1-4C of CDC 40th OBS08

* Longqi-1 vent
37°36'

37°48'

Depth/km

Fig. 1. Bathymetric maps of the Dragon Horn area showing the
location of OBSs. Yellow symbols denote the OBSs of CDC 34th
(the rectangles are the Sedis IV made in Germany and the tri-
angles the 1-4C made in China), orange triangles the 1-4C OBSs
of CDC 40th, and the red star the Longqi-1 hydrothermal vent.

A series of OBS arrays with a larger scale of ~30 km were de-
ployed in the same field in 2016 for a period of 37 days during the
CDC 40th. Four of them were used to calculate the clock drift by
ambient noise cross-correlation due to the known time shift in
clock drift (Fig. 1). The time shift rate of these OBSs was determ-
ined by a computed crystal oscillator difference with a range of
2-20 s per year. These large clock drifts cannot be ignored for re-
cording over a long period. The OBSs recording of CDC 40th is
used to test the feasibility of the TSA method and the appropri-
ation of different parameters such as the surface wave period
band, the instrument component and the duration of the time
window.

2.2 Time symmetry analysis method

When noise sources are distributed homogeneously, the
Green'’s function of the medium is reconstructed flawlessly, for a
pair of stations the surface wave travel time should be symmet-
rical and not vary with time. In a practice however, the recorded
wave-field is not isotropic and the travel time of the NCF is asym-
metrical. Three main factors can lead to the asymmetry of NCFs:
(1) physical property changes in the medium; (2) temporal vari-
ations in the spatial distribution of noise sources; and (3) clock
drift of the stations. In our OBS deployment, firstly, variations in
crustal velocities are usually negligibly small; secondly, in the
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seabed environment, the main noise is the secondary ocean mi-
croseisms with a period of ~4 s (Aster et al., 2008) in deep water.
We selected the secondary ocean microseisms that are distrib-
uted nearly equally in a diffuse field by filtering in a convenient
band (Webb et al., 1991; Dolenc et al., 2005), as discussed in the
following section. In this way, we assumed the asymmetry of NCF
travel time to result from the clock drift among the OBSs.

Based on the above assumptions, we used the TSA method to
determine the clock drift of each station pairs. Normally, the
clock drift can be decomposed into static clock drift (stationary)
and dynamic clock drift (changing in time). A synthetic test to
demonstrate how clock drift influences the correlation results in
30 s time windows and how to measure the static and dynamic
clock drift respectively is displayed in Fig. 2 (Hannemann et al.,
2014). Several wavelets occurring every 30 s starting at 10 s at
Trace 1 and 5 s at Trace 2 were used instead of consecutive ambi-
ent noise. A time variation clock drift of 1 s per 100 s at Trace 1
was then added (red dashed line in Fig. 2). The cross-correlation
method was applied to Trace 1 and Trace 2 in the fixed time win-
dow (blue box in Fig. 2). The static clock drift (d#st2t) and dynam-
ic clock drift (dr9y") were measured from zeros-shift of lag time
marked in the cross-correlation results. We could then estimate
the static clock drift and dynamic clock drift as a sample work-
flow extract following the method of Gouedard et al. (2014):

(1) For each pair of OBSs, we calculated a daily NCF s(¢) con-
sisting of the causal parts from one side and the anti-causal parts
coming from the opposite side, denoted as s*(¢) and s*(¢) and
written as

s(t)=s () +s"(1). } W

sT(6)=0,t<0; s (t)=0,t>0.

(2) The first daily NCF was used as our reference trace r(t)
which is decomposed into r*(¢) and r-(t), akin to what was de-
scribed in Eq. (1). The reference trace was correlated with the
correlation results of the station pairs at all other dates. The time
shift dt+ and dt for the positive and negative sides were meas-
ured by selecting the lag time for the maximum cross-correla-

tionsrt (f) @ st (¢t) and r~ () ® s~ (), respectively. Then the dy-
namic clock drift was obtained by the difference di™ — di~ as fol-
lows:

drt —dt~
— )

ar" =

(3) Likewise, the static clock drift dt***" was obtained from the

cross-correlation r* (£) ® r~ (¢) as described in the dynamic
clock drift, and finally the absolute clock drift was obtained as

' = dt™ + dr. 3)

(4) For any three stations A, B and C, the relative clock drifts
drs, de. and dtS. between each pair must satisfy the closure re-
lation:

ard, + degh — dr'eh = 0. @)

To help reduce the error in the clock drift, the closure rela-
tions between all combinations of the three stations as an addi-
tional constraint were considered. Hence, we determined the op-
timal clock drift of each station pairs at all dates by conjugate
gradient methods to find the optimal solution of the linear Eq.
(4).

The feasibility of the TSA approach was firstly verified by es-
timating the clock drift of the OBSs during the survey of CDC 34th
with the known clock drift. Secondly, the signal to noise ratio
(SNR) of NCFs in the four recording components was estimated
and the superior one was selected and cross-correlated. We also
analyzed the symmetry of the NCFs in different bands to test
which frequency band was appropriate for recovering the
Green'’s function from ambient noise. Furthermore, through ob-
serving the time variation of NCFs, the clock drift with date was
computed by linear regression and the measurement error was
estimated by comparing the estimated drift with the expected
one. Finally, we confirmed that the clock drift estimated by ambi-
ent noise cross-correlation was good, and applied it to compute
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Fig. 2. Schematic plots of generating the clock drifts by a wavelet. The black solid line represents waveforms and their correlation
results without time-shift, and the red dashed line waveform with time-shift; df*** is the static drift, dt® the dynamic time-shift, and
the total clock drift df*® = dt%™ + d**'; correlation results between Trace 1 and Trace 2 are given for un-shifted time windows (blue
boxes). This figure is modified from Figure 3 in Hannemann et al. (2014).



42

the clock drift of OBSs on CDC 34th using the appropriate para-
meters discussed in the next section.

3 Results and discussion

3.1 Time symmetry of NCFs on CDC 40th

In this study, we used the TSA method for experiments on
CDC 40th. Prior to computing the cross-correlations, several data
processing methods were considered for recovering the Green'’s
function of ambient noise and improving the SNR of NCFs.

3.1.1 Influence of component selection

The seismic data were cross-correlated between each station
pairs in 1-d records to form the daily NCFs following prepro-
cessing of down-sampling, spectrum whitening, amplitude nor-
malization and low frequency band-pass filtering. Figure 3 shows
an example of daily NCFs for four components filtered in the
period band of 2-5 s at the available pair of OBS05 and OBS07.
The hydrophone and vertical seismometer share the symmetry of
the daily NCFs. However, by selecting the maximum NCFs
(marked by the red dots in Fig. 3), the measured lag time of the
horizontal component infrequently shows the level of symmetry
expected due to low SNR of the horizontal recordings. To meas-
ure the quality of the NCFs results in different components, we
calculated the SNR according to the following method: (1) a sig-
nal window was selected around the arrival time of the surface
wave and the maximum of the absolute value in this time win-
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dow was found; (2) the mean square deviation of noise signal in
the selected window was then computed based on the actual
situation; and (3), finally the SNR of the NCFs was defined as

S (NN ®)

where §; is the signal sequence of the m length, N; is the noise se-
quence of the n length, N is the mean of noise sequence,
i=12 ... mj=12...,n.

Using the Eq. (5) the SNR of NCFs was calculated for each day
and then stacked them to a total of 37 d. We selected 5 s around
the surface wave arrival time for signal and 60-80 s of the lag time
for noise. The result indicates that the SNR of the stacked NCFs in
the hydrophone component is highest at 7.6 and the second
highest is the vertical component of 6.0. However, they are relat-
ively low in the other two horizontal components (west-east
component and north-south component) at 5.3 and 2.4 respect-
ively. Hannemann et al. (2014) found good agreement in the
clock drift behavior between the vertical seismometer and the
hydrophone by comparing their correlation results. Furthermore,
the hydrophone usually works well and the vertical component is
occasionally clamped. Combined with our study results, we used
the hydrophone component signal for cross-correlation in the
following processing.
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Daily NCFs at the pair of OBS05-OBS07 in the 2-5 s period band in four components: hydrophone component, up-down

component, north-south component and west-east component. Both positive and negative times were selected by the maximum of

each daily NCF marked by the red dots.

3.1.2 Influence of band-pass in different period bands

The NCFs in several narrow bands (1-2 s, 2-5 s, 5-10 s and
10-20 s) was investigated to determine what part of the period
band is usable, as shown in Fig. 4. The daily NCFs of the hydro-
phone recording between the station pairs in each band were
computed. In order to evaluate the SNR of the NCFs in these
bands, Eq. (5) was also used to find an appropriate band. The res-

ults show that the signal filtered in the 2-5 s band has a higher
SNR of 7.2 than those in the other bands (SNR=2.8, 1-2 s;
SNR=5.9, 5-10 s; SNR=2.1, 10-20 s) and the symmetry of the NCFs
in the band of 2-5 s is superior to the others (Fig. 4).

On the other hand, Bensen et al. (2007) summarized the em-
pirical relation Eq. (6) based on many tests on the recovery of
Green’s function:
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Fig. 4. Daily NCFs for the pair OBS05-OBS07 on the hydrophone components in different period bands: 1-2 s, 2-5 s, 5-10 s, and 10-20
s. Both positive and negative travel times are selected by the maximum of each day NCF marked by the red dots.

r
r>3)\:3cT—>T<§, 6)
where r is the interstation distances, 4 is the wavelength, c is the
surface wave phase velocity, and T is the selected period. This
means that the longest period of the recovered Green'’s function
from ambient noise recorded by the two stations should be less
than one third of the ratio of station spacing to phase speed. The
longest period adopted was 5 s because of the greatest intersta-
tion distance of 30 km and a surface wave velocity of 2 km/s. Ad-
ditionally, the SNR of cross-correlation results of the signal
filtered in 2-5 s is the highest, thus we used this period band as
an appropriate parameter in the processing of NCFs.

3.1.3 Time variation of NCFs

The fluctuation of the NCFs following the time variation us-
ing 37-d records on the hydrophone component filtered in the
period band of 2-5 s was analyzed. We also computed clock drift,
based on the time delay measurements. Before obtaining NCFs
between every two station pairs, preprocessing was necessary as
described in details by Bensen et al. (2007). These include remov-
al of instrument response, resampling, removal of mean and
trend, band-pass filter, temporal normalization and spectrum
whiting. Specifically, amplitude normalization in the time do-
main was necessary because the surface wave travel time of NCFs
is influenced by large earthquakes and any unstable noise
sources near the station. The two normalization methods are
one-bit and running-average. The latter is widely used to remove
the earthquakes effect and air gun signals during the experi-
ments to improve the SNR (Larose et al., 2004). We compared the
two methods by computing the SNR of NCFs as Eq. (5). The SNR
results using a running average were a little higher than for the
one-bit method. Hence, we used the normalization method of
the running average in our study. Additionally, we assume the in-
strument response is the same for the same kind of OBS and so
the influence from the removal of instrument response is limited.

Six pairs of daily NCFs among the four OBSs are shown in Fig.
5. We observed a clear linear trend for the NCFs with date, which

indicates the influence of dynamic clock drift between OBSs. For
example, amplitude in the positive and the negative parts
between the OBS05 and OBSO06 is different, which may be due to
inhomogeneous illumination of noise sources (Stehly et al.,
2006), but the positive and negative times are symmetrical and
change with time. Stehly et al. (2007) proposed that the clock drift
between the two stations would produce a time-shift of NCFs res-
ulting in a longer travel time in the positive time and a shorter
travel time in the negative time or vice versa and their differ-
ences would remain the same by observing evolution of cross-
correlation results with date.

To confirm that the linear variation in the positive and negat-
ive time is almost exclusively affected by clock drift, we tested
cross-correlation results of different length for one day, two day
and five day (Fig. 6). The time shifts satisfied the linear regres-
sion between the start and the end of the experiment and the dy-
namic clock drift can be obtained by the slope of the date. Table 1
shows variation rate of the dynamic clock drift per day measured
by the time shift of NCFs of one day, two days and five days using
linear regression. The theoretical dynamic clock drifts in Table 1
were obtained by the computed crystal oscillator difference of the
instrument. Compared with the standard frequency of a crystal
oscillator (12 288 000 Hz), the instruments began with a variance
recorded in the log file because of the temperature and pressure
influence of the surrounding environment. We used a simple re-
lationship in Eq. (7) to compute the theoretical dynamic drift per
day:

PCIk; — PCIk;

dithe —
v 12 288 000

x 24 x 3 600, @)

where PClk; and PClk; are the vibration frequency of crystal oscil-
lator of the ith and jth OBS respectively; i, j=1, 2, 3, 4 represent the
number of the OBS.

The clock drift rates of different day lengths were almost
identical (Table 1). The largest error was 0.003 4 s per day. There-
fore the NCF time shifts that changed linearly with date in Fig. 5
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Fig. 5. Daily NCFs on the hydrophone component in the band of 2-5 s between each pair of the four stations. The window of lag time
ranges from -60 s to 60 s, which is enough for the surface-wave arrival time in this case.
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Fig. 6. NCFs of one day, two days and five days at the pair of OBS05-OBS07 on the hydrophone components filtered in the band of 2-5
s. Both positive and negative times are indicated by the maximum of NCFs marked by the red dots.

results from the influence of the dynamic clock drift between sta-  of the deployment and the start time of all stations is synchron-
tions. Meanwhile, the dynamic shift due to a change in the spa-  ized through GPS so there is no static clock error between the sta-
tial distribution of the noise source was expected to decrease tions and the dynamic clock drift represents the whole clock drift.
when increasing the length of the correlated time-series. This ~ We found small errors in the dynamic clock drift per day of our
was because of the improved spatial homogenization of the noise  estimates and good agreement with that of the theoretical values
for a longer time. Concurrently, the time resolutions of the longer  for the majority of the stations (Table 1). The standard deviation
time become lower. In our cross-correlation results, symmetry of  of the difference between the estimated relative clock drift and
the NCFs was good and only slightly affected by the temporal  the theoretical value of the OBS pair was computed using the fol-
variations in source distribution. Therefore we utilized the time lowing equation:

series of one day for the time window of cross-correlation in this

paper.
1 N 2
o=|= X (dtdn — drthe)”, (8)
3.1.4 Estimation of time error between the estimated and theoret- N =1

ical values
In this experiment, a reference trace is defined as the first day =~ where did" is the dynamic relative clock drift and dithe is the the-
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Table 1. The dynamic clock drift estimated using the different length data

Dynamic clock drift rate per day/s-d-!

Station pairs Theoretical NCFs of one day NCFs of two days NCFs of five days
0OBS05-0BS06 0.073 8 0.066 9 0.066 1 0.067 0
0BS05-0BS07 0.0323 0.0329 0.032 8 0.0330
0OBS05-0OBS08 -0.007 1 -0.002 1 -0.000 8 -0.0011
0OBS06-0OBS07 -0.0415 -0.038 2 -0.038 5 -0.038 4
0OBS06-0OBS08 -0.0809 -0.080 5 -0.0799 -0.0800
0OBS07-OBS08 -0.039 4 -0.0407 -0.0435 -0.0441

oretical relative clock drift measured by the frequency of the crys-
tal oscillator. N is the day length of deployment.

Figure 7 illustrates the measurement of the dynamic clock
drift for OBSs related to the reference station OBS05. The stand-
ard deviation errors between the estimated clock drift and the ex-
pected value for each pairs are 0.128 s for OBS06, 0.070 5 s for
OBS07 and 0.150 1 s for OBS08 respectively.

3.2 Application of TSA on the CDC 40th

As discussed above, the TSA method of ambient noise with
suitable parameters was applied successfully to the measure-
ment of clock drift on the CDC 40th. The results confirm that the
difference between the estimated value and the theoretical value
is small enough to correct our clock drift using this method. The
same process was applied to the clock drift of OBSs on CDC 34th
with the relatively greater time drift because of a longer observa-
tion. The preprocessing for the NCF computing was as above,
and the hydrophone time series of one day with the period band
2-5 s was selected in this experiment.

For each pairs of stations, the positive time d¢* and negative
time dt of the NCFs were evaluated to the same direction sym-
metrically. The dynamic relative drift with respect to the refer-
ence trace was obtained by Eq. (2) on the assumption of linear re-
gression. Static drift was a large difference of every two OBSs be-
cause several instruments began with a static clock offset from
GPS and a different deployment time. Thus the total clock drifts
were estimated by the following linear fitting equation:

dr =K (n—1) + B, ©)
where K is the slope of the dynamic clock drift, B is the static

clock drift that is constant over time, and n=1, 2, 3, ..., 108 is the
number of day.
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Fig. 7. Time variation of clock drifts using TSA for three OBSs re-
lative to OBS05 with date. The dashed lines represent the expec-
ted value of time drift for comparison with the estimated one.

Additionally, compared with estimation of the dynamic clock
drift the static clock drift is inaccurate because the positive and
negative parts of the NCF for the first day as the reference trace
are not constantly similar. To determine the static offset to a high
precision we used the cross-correlation of r* (t) ® r™ (), where
the reference trace is rebuilt by the stack of all NCFs over the
period of the experiments after dynamic clock drift. Figure 8 illus-
trates that the symmetry of the stacked NCFs is perfectly related
to the daily NCF. This is due to sufficient averaging and, possibly,
an increased influence of an isotropic source exemplified by a
reference trace stacked by all the NCFs of OBS01 and OBS03.

Finally, the total clock drift consisting of the static and dy-
namic drift is present as in Eq. (9) for each station pair. In order
to reduce the estimated error and improve OBS precision, we
utilized a conjugate gradient algorithm to determine the optimal
results of all stations based on the relation of interstation clock
drifts described by Eq. (4). Figure 9 shows that the final clock drift
results of the OBSs related to OBS01 as a reference station, as well
as linear fitting of the clock drift with the root mean square errors
calculated by Eq. (8) where the dte*P is the linear expected result.
The standard deviation estimated using TSA are 0.062 5 s, 0.080 6
s and 0.094 5 s for the OBS02-OBS01, OBS03-OBS01, and OBS04-
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Fig. 8. An example of reference trace of a stack of 108 d NCFs
over lag time ranging from -100 s to 100 s using the hydrophone
component of OBS01 and OBS03 in the 2-5 s period band on
CDC 34th.
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Fig.9. The relative clock drifts of the OBSs related to OBS01 as a
reference station using TSA. The oblique line is the line of best fit;
the standard deviation (s) of each pair is shown on the top left.

OBS01, respectively. Although the estimated clock drift is the re-
lated value of all stations, it is adequate for correcting time con-
sistently in the same OBS array. The largest relative clock drift ac-
cumulated between two OBSs was approximately 2.2 s. This
means that research on earthquake location and tomography us-
ing the arrival time of the data will improve in accuracy by an or-
der of magnitude.

4 Summary and conclusions

Avisible linear clock drift with date was found for the NCFs in
the experiments of the OBSs deployed on both CDC 34th and
40th. Using a 1-d series recorded by the hydrophone component
filtered to the 2-5 s period bands, we verified that the symmetry
of NCFs is nearly perfect with a high SNR. The influence of amp-
litude normalization using the one-bit and running average
methods was almost identical. We evaluated the feasibility of
these parameters on the CDC 40th because the clock drift of the
OBSs was known. We then applied the same parameters success-
fully to the OBSs on the CDC 34th. Additionally, the precision of
the static drift was improved using the stacked reference trace of
all dates. We further optimized the clock drift of all the stations
based on the interstation relationship. In the end, the clock drift
between every two OBSs was estimated by linear regressions with
small deviations. After the 108 d accumulation, the largest relat-
ive clock drift exceed non-negligible level of 2 s. Thus time cor-
rection is necessary for a long term seismic observation.

In this paper, we confirmed that OBS clock drift, including the
static and dynamic offsets could be estimated using TSA tech-
niques with appropriate parameters based on ambient noise
cross-correlation. In the deep-sea environment the low fre-
quency secondary ocean microseism are taken as nearly homo-
geneous noise sources and the time shift of the NCFs results
solely from the clock drift between each OBS pair. Hence, using
the low frequent noise cross-correction technique can be partic-
ularly useful for the OBS data, especially in cases where OBSs
malfunction or there is non-linear drift.
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