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SUMMARY

Many applications in seismology rely on the accurate absolute timing of seismograms. How-
ever, both seismological land stations and ocean bottom seismometers (OBSs) can be affected
by clock errors, which cause the absolute timing of seismograms to deviate from a highly
accurate reference time signal, usually provided by GPS satellites. Timing problems can occur
in land stations when synchronization with a GPS signal is temporarily or permanently lost.
This can give rise to complicated, time-dependent clock drifts relative to GPS time, due to
varying environmental conditions. Seismometers at the ocean bottom cannot receive GPS
satellite signals, but operate in more stable ambient conditions than land stations. The standard
protocol is to synchronize an OBS with a GPS signal immediately before deployment and
after recovery. The measured timing deviation, called ‘skew’, is assumed to have accumulated
linearly over the deployment interval, an assumption that is plausible but usually not verifiable.
In recent years, cross-correlations of ambient microseismic noise have been put to use for cor-
recting timing errors, but have been limited to interstation distances of at most a few tens of
kilometres without reducing the temporal resolution. We apply noise cross-correlations to the
evaluation of clock errors in four broad-band land stations and 53 wideband and broad-band
OBSs, which were installed on and around the island of La Réunion in the western Indian
Ocean during the RHUM-RUM (Réunion Hotspot and Upper Mantle-Réunions Unterer Man-
tel) experiment. We correlate all three seismic components, plus a hydrophone channel in OBS
stations. Daily cross-correlation functions are derived for intermediate distances (20 km) for
land-to-land station pairs; stable, 10 d stacks are obtained for very large interstation distances
up to >300 km for land-to-OBS and OBS-to-OBS configurations. Averaging over multiple
station pairs, and up to 16 component pairs per station, improves the accuracy of the method
by a factor of four compared to the single-channel approaches of prior studies. The timing
accuracy of our method is estimated to be 20 ms standard deviation or one sample at a
sampling rate of 50 Hz. In land stations, nonlinear clock drifts and clock jumps of up to 6 min
are detected and successfully corrected. For 52 out of 53 OBSs, we successfully obtain drift
functions over time, which validate the common assumption of linear clock drift. Skew values
that were available for 29 of these OBSs are consistent with our independent estimates within
their observational error bars. For 23 OBSs that lacked skew measurements, linear OBS clock
drifts range between 0.2 and 8.8 msd™'. In addition to linear drift, three OBSs are affected
by clock jumps of 1 s, probably indicating a missing sample problem that would otherwise
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have gone undetected. Thus we demonstrate the routine feasibility of high-accuracy clock
corrections in land and OBSs over a wide range of interstation distances.

Key words: Time-series analysis; Seismic instruments; Seismic interferometry; Seismic

noise.

1 INTRODUCTION

A crucial requirement of many seismological processing methods is
the correct absolute timing of seismograms. For the internal clocks
of seismological land stations, accurate timing can usually be en-
sured by frequent synchronization with GPS satellites acting as a
highly accurate, external reference clock. This synchronization can
fail when reception of the GPS signal is lost, in which case the
internal clock usually starts to drift notably relative to reference
time (e.g. Sens-Schonfelder 2008). The estimation and correction
of such clock errors is a long-standing problem in seismology.

An analogous timing problem occurs in ocean bottom seismome-
ters (OBSs), because GPS satellite signals do not reach the seafloor.
Only two GPS synchronizations can be attempted: immediately be-
fore deployment and after recovery. If both GPS connections are
successful, a timing deviation between the internal clock of the data
logger that records the seismometer and hydrophone components
and GPS clock is obtained, the so-called skew value. A first-order
correction of internal clock timing can then be attempted by as-
suming that the skew accumulated gradually and linearly over the
deployment interval (e.g. Gouédard et al. 2014; Hannemann et al.
2014). This is plausible because the rate of quartz oscillators in sta-
tion clocks is expected to depend mainly on ambient temperature,
which tends to remain very stable in deep water, although ultimately
these assumptions remain unverified. If one or both GPS synchro-
nizations failed, then not even this simple linear clock correction is
possible.

Recent years have seen the rise of an independent observational
method for estimating and correcting station clock errors, using
cross-correlation functions (CCFs) of ambient seismic noise. It is
based on the principle that noise CCFs feature a causal and an
acausal part, which should occur at time lags of equal magnitude
but opposite sign. Violation of this expectation can indicate the
presence of clock errors, an ‘unphysical’ biasing process in the
sense that it is unrelated to seismic wave propagation (Stehly et al.
2007). Since Lobkis & Weaver (2001) developed the basic prin-
ciple of noise cross-correlations in ultrasound experiments, CCFs
have found wide application in seismology, including structural
studies of the crust (e.g. Shapiro et al. 2005; Sabra et al. 2005h),
global tomography (e.g. Haned et al. 2016) and the monitoring of
seismic velocity changes along faults (e.g. Brenguier et al. 2008b;
Wegler et al. 2009) and on volcanoes (e.g. Sens-Schonfelder & We-
gler 2006; Brenguier et al. 2008a; Sens-Schonfelder et al. 2014).
A smaller number of studies investigated the use of noise cross-
correlations for the correction of seismometer clocks. Stehly et al.
(2007) and Sens-Schonfelder (2008) used CCFs to detect clock er-
rors in land stations, while Sabra et al. (2005a), Gouédard et al.
(2014), Hannemann et al. (2014) and Le et al. (2018) measured
clock drifts of OBSs. In most cases, CCFs were calculated between
stations with relatively small interstation distances, ranging from
several metres (Sabra et al. 2005a), to several kilometres (Sens-
Schonfelder 2008; Gouédard et al. 2014) and up to tens of kilome-
tres (Hannemann et al. 2014; Le et al. 2018). Obtaining CCFs for
larger interstation distances usually came at expense of temporal
resolution (Stehly et al. 2007: distance 200 km, monthly CCFs).

Such long time averaging intervals may obscure the true time de-
pendence and magnitude of clock drifts (Xie et al. 2018). Prior
work used only a single-instrument channel: either the vertical seis-
mic component of land stations (Sens-Schonfelder 2008) and OBSs
(Hannemann et al. 2014) or the hydrophone component of OBSs
(Sabra et al. 2005a; Gouédard et al. 2014; Hannemann et al. 2014;
Le et al. 2018). We are aware of only one study (Stehly et al. 2007)
that uses several component pairs in order to discriminate between
Rayleigh and Love waves.

In this study, we demonstrate the great potential of the noise
cross-correlation technique for even larger interstation distances
(>300 km) and finer time resolution (CCFs from daily or 10 d in-
tervals). We also demonstrate a several-fold increase in accuracy of
clock error estimates when correlating all three seismogram com-
ponents in the case of land stations, plus a hydrophone channel (H)
in the case of OBSs. We successfully retrieve CCFs between OBSs
and land stations; prior work on this is very limited (e.g. Corela
etal. 2017; Tian & Ritzwoller 2017).

Section 2 describes our data, recorded by seismometers that were
operating for several months to 3 yr on and around the island of La
Réunion in the western Indian Ocean, as part of the RHUM-RUM
experiment (Réunion Hotspot and Upper Mantle-Réunions Unterer
Mantel, 2011-2015). Section 3 describes the various processing
steps for obtaining multichannel CCFs and estimating the clock
errors they imply. Section 4 presents results, subdivided by the
three types of station pairs encountered: land-to-land clock errors;
land-to-OBS; and OBS-to-OBS. The island stations on La Réunion
were spaced by tens of kilometres, versus 200 km or more between
two OBSs. Section 5 is a discussion, followed by conclusions in
Section 6.

We used the open-source toolboxes Python (Rossum 1995), Ob-
sPy (Beyreuther et al. 2010; Megies et al. 2011; Krischer et al.
2015) and obspyDMT (Hosseini & Sigloch 2017) for data down-
loading, processing and plotting all figures except Figs 1 and 11,
which were generated with the open-source mapping toolbox GMT
(Wessel et al. 2013).

2 DATA DESCRIPTION

The RHUM-RUM experiment was deployed between 2011 and
2015 with the primary objective of imaging crust and mantle be-
neath the volcanic hotspot of La Réunion. The island, 70 km long
and 50 km wide, is located in the western Indian Ocean, 800 km
east of Madagascar and 200 km southwest of Mauritius (Fig. 1a).
Its hotspot volcanism, time-progressive hotspot track and associ-
ated large igneous province (Deccan Traps) have long marked it
as a strong candidate for hosting a deep mantle plume underneath
(Barruol & Sigloch 2013). In order to investigate this hypothesis, 48
wideband OBSs from the German DEPAS pool and 9 broad-band
OBSs from the French INSU pool were deployed around the island
for roughly 13 months (October 2012—-November 2013), at water
depths of 2200-5400 m. An extensive performance report of the
OBSs is given by Stéhler et al. (2016). In addition, 10 broad-band
land stations were installed on La Réunion, operating for roughly 3
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Figure 1. Maps of seismological broad-band stations used in this study, installed on and around La Réunion island. Circles represent ocean bottom seismometers
(OBS:s) deployed by the RHUM-RUM experiment: coloured red if a skew measurement was available; red with a white dot if no skew had been obtained;
white if the OBS failed completely. Yellow triangles denote RHUM-RUM land stations; blue triangles denote permanent land stations operated by the OVPF
volcano observatory. Stations explicitly mentioned in the text are labelled by their station names. Black lines connect pairs of neighbouring stations for which
cross-correlations were attempted: OBS-to-OBS correlations in panel (a); land-to-land correlations in panel (b); and land-to-OBS correlations in panel (c).
Solid black lines denote usable correlations; dotted lines denote unusable correlations and dashed lines usable but noisy correlations. Grey lines in (a) indicate

plate boundaries. Figure generated with the GMT toolbox (Wessel et al. 2013).

yr (mid-2012-mid-2015). Additional RHUM-RUM island stations
on Mauritius, Rodrigues, the Seychelles, Madagascar and the Tles
Eparses were not part of our investigation. In total, the RHUM-
RUM array covered 2000 < 2000 km? of the Indian Ocean and
ocean islands.

This study arose from the initial discovery of timing errors of up
to several minutes in 4 out of 10 stations on La Réunion (yellow
triangles in Fig. 1b). All four stations featured the same type of data
logger (RefTek RT 130), in which a software failure was causing
loss of GPS synchronization. Upon detection of these timing prob-
lems, the GPS receiver units of the four malfunctioning stations
were repaired while the data loggers and seismic sensors were kept
running in the field, with their internal clocks adrift relative to GPS
reference time. After re-installation, the four repaired GPS units
provided proper clock synchronizations until the entire array was
dismantled approximately 3 months later.

The OBS deployment also encountered an unexpectedly high
rate of GPS synchronization failures. Successful synchronization
both before and after deployment, and thus a skew value, could be
obtained for only 29 of the 57 OBSs (red circles in Fig. 1a). For these

stations, the timing of the seismograms was corrected based on the
assumption of linear clock drift (Stéhler et al. 2016). For another
24 OBSs, GPS synchronization upon recovery failed because the
OBS clocks had shut down prematurely (red circles with white dot
in Fig. 1a). The likely reasons were sudden, sharp voltage drops
of the (poor quality) lithium batteries of the OBS clocks (Stahler
et al. 2016). High-quality seismograms but unknown clock errors
for these 24 OBSs prompted the extension of our terrestrial clock
study to the oceanic realm. The remaining four OBSs had failed
completely (white circles in Fig. 1a).

Our clock error study is divided into three parts: first, we evaluate
the clock errors of the four land stations (CBNM, MAID, POSS and
SALA) whose GPS units temporarily failed, setting their internal
clocks adrift. We calculate daily CCFs between these erroneous sta-
tions and five reference land stations (CAM, CIL, MAT, MVL and
PRO) whose clocks were properly synchronized to GPS through-
out the RHUM-RUM deployment. These five permanent stations
are operated by the volcano observatory of La Réunion, the Ob-
servatoire Volcanologique du Piton de la Fournaise (OVPF). Inter-
station distances on the island were 19 km on an average (Fig. 1b).
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Second, we calculate CCFs between the five OBSs located closest to
La Réunion (RR01, RR03, RR05, RR06 and RR27) and five GPS-
synchronized land stations operated by OVPF (CIL, HDL, MAT,
MVL and PRO), in order to estimate the OBS clock drifts and to
compare these estimates to measured skew values, which are avail-
able for RR01, RR03 and RRO05 (Fig. 1c). Despite significant larger
interstation distances of 140 km, we retrieve reliable results with a
temporal resolution of 10 d for the CCFs. This prompted us to take
the third step of expanding the clock error study to the entire OBS
network. We compute CCFs between neighbouring OBSs with in-
terstation distances of up to 370 km (Fig. 1a). At this scale, verified
skew-corrected OBSs serve as reference stations for OBSs that lack
skew measurements.

3 METHODOLOGY

3.1 Pre-processing

Before the CCF calculation can be performed, continuous broad-
band waveform data are pre-processed in order to remove contam-
inating signals that could overprint ambient noise, such as earth-
quakes. Our procedure largely follows Bensen et al. (2007). The
pre-processing steps are applied to day-long time-series for each
station and component (land stations: E, N and Z; OBSs: 1, 2, Z
and H). Time-series with missing samples must either be rejected or
filled with some ad hoc number. Filling of large gaps could however
distort the resulting CCF. To overcome this problem and to reduce
the effect of the numerous small gaps in our data, we divide the 24 h
long time-series into 1 hr windows with an overlap of 50 per cent,
which yields 47 hr long windows per day (records of 00:00 a.m.—
00:30 a.m. and 11:30 p.m.—00:00 a.m. are used only once). Gaps of
less than 500 samples (corresponding to 5 and 10 s for sampling rates
of 100 and 50 Hz, respectively) are filled with interpolated values,
whereas windows featuring longer gaps are rejected. The amount
of rejected windows is less than 1 per cent for the land stations.
The majority of the OBSs contain no gaps, except for three stations,
where we exclude 13 per cent (RR39), 24 per cent (RR53) and 33
per cent (RR33) of the hour-long windows. Even then a sufficient
number of windows is obtained each day to calculate daily CCFs
(see Section 3.2). The division into hour-long windows is redundant
if the number of gaps is negligible. Next, the instrument response is
removed from each hour-long window, a standard processing step
(e.g. Bensen et al. 2007), even though strictly speaking it may not
be necessary since we only rely on the CCF stability over time, not
on its physical correctness. The instrument correction is followed
by the removal of each window’s mean value and trend. Then a
zero-phase bandpass filter from 0.01-10 Hz is applied. This wide
frequency band gives us more flexibility in testing various narrower
frequency ranges without repeating the entire, computationally ex-
pensive pre-processing before settling on a specific frequency band
(see below: 0.05-0.5 Hz) for further processing.

A subsequent optional downsampling is performed as follows:
the RHUM-RUM OBSs sampled at 50, 62.5 or 100 Hz, depend-
ing on instrument type (Stahler et al. 2016). For consistency and
usability, all OBS data are downsampled to 50 Hz. Land stations
that are correlated with OBSs are also downsampled to 50 Hz; for
all other land stations, their original sampling rate of 100 Hz is re-
tained. Although more severe downsampling would render the CCF
computations less time consuming, it is avoided in order to estimate
clock errors to the highest possible temporal resolution.

Clock errors in land and OBS seismograms 2017

To reduce the effect of highly energetic signals such as earth-
quakes, each hour-long seismogram is amplitude clipped at twice
its standard deviation of that hour-long time window. These clipped
time-series are then spectrally whitened between 0.05 and 0.5 Hz
(2-20 s period). This period range is chosen because it contains
the primary (14 s) and secondary microseisms (7 s), which are
present in the La Réunion region throughout the year (Davy et al.
2015). Finally, 1-bit normalization is applied to the seismograms
with the same purpose as the amplitude clipping. Larose et al.
(2004) demonstrated in acoustic laboratory experiments that this
technique improves the signal-to-noise ratio (SNR). It is therefore,
a widely used method in ambient noise pre-processing (e.g. Shapiro
& Campillo 2004; Shapiro et al. 2005; Hobiger et al. 2012).

3.2 CCF calculation

CCFs are generally calculated using

T
CCFyyk, (51,82, 1) = d, (81, T) - Oy, (52, T — 1) dT, €Y
Lt

where dy, (S, T) represents the seismogram of station s; and compo-
nent kq, while dy, (s,, T — t) denotes the time-reversed seismogram
of station s, and component k,. The times T, and T, indicate the
start and end times of the CCF, respectively, and its lapse time is
given by t. CCFs consist of a causal and an acausal part, which
should be symmetric for homogeneously distributed noise sources.
The causal part represents the response (the so-called Green’s func-
tion) of station s, to a delta pulse at location of station s;, while the
acausal part corresponds to the impulse response of s; with a source
at position s;.

In nature, noise sources are often distributed unevenly, which
leads to asymmetric CCFs (Stehly et al. 2007). Temporal CCF
changes can be caused by several mechanisms, which are sum-
marized by Stehly et al. (2007). Velocity changes in the subsurface
would affect a CCF’s causal and acausal parts in analogous ways, by
dilating or compressing the CCF’s waveforms on either side of t =
0, corresponding to slower or faster wave propagation, respectively.
Such changes in wave propagation are expected in the vicinity of
faults after large earthquakes (e.g. Brenguier et al. 2008b) or close
to volcanoes, reflecting magma movements (e.g. Brenguier et al.
2008a; Sens-Schonfelder et al. 2014). However, there are no large
earthquake faults on La Réunion and the island’s active volcano,
the Piton de la Fournaise, is too far away to have an effect on our
CCFs (see Fig. 1b).

Temporal changes in the locations of noise source should be
observed as shape changes of a CCF’s causal and acausal parts in-
dependently of each other. This effect can be neglected because our
tropical and subtropical stations record microseismic noise sources
(2-20 s) that show little spatial seasonality (Davy et al. 2015). This
is confirmed by the marked stability over time in our CCFs (Fig. 2).

In contrast to the above, instrument clock drifts manifest them-
selves by time-shifting the entire CCF, so that its causal part moves
closer to t = 0 and its acausal part moves further away, or vice versa.
\We evaluate such shifts as described in Section 3.3. CCFs would be
affected in the same way by the occurrence of a phase change in the
instrument response.

We compute CCFs of our pre-processed, hour-long traces ac-
cording to eq. (1). Daily CCFs are obtained by averaging all hourly
CCFs in a day (up to 47). For the three OBSs (RR33, RR39 and
RR53) affected by numerous gaps, we can use the sufficient number
of 30-40 windows per day for the calculation. The start time T,
and end time T, of the hourly CCFs depend on interstation distance
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Figure 2. Examples of cross-correlation functions (CCFs) for the different types of station configurations and interstation distances. Colour shading represents
the normalized amplitudes of the time-series. (a) Station pair PRO-SALA (land-to-land correlation, distance 17 km, ZN-component, daily stacks). (b) Station
pair MAID-MVL (land-to-land, distance 13 km, ZE-component, daily stacks). (c) Station pair CIL-RR06 (land-to-OBS, 145 km, EZ-component, 10 d stacks).
(d) Station pair RR28-RR29 (OBS-t0-OBS, 288 km, HH-component, 10 d stacks). In each panel, the black time-series represents the RCF, that is, the stack
over all individual CCFs. The dashed vertical line indicates zero lapse time; interstation distance is given in the top right of each panel.

and on the expected clock error: we use lapse times from —120 to
+120 s for correlations of two land stations (Fig. 2a). An exception
was station MAID, which showed severe clock jumps of several
minutes, necessitating start and end times of +600 s (Fig. 2b). For
the larger interstation distances of land-to-OBS and OBS-to-OBS
correlations, lapse times run from —800 to +800 s (Figs 2c and d).

We characterize the quality of the daily CCFs by defining their
SNR as the ratio of the maximum absolute value of a signal window
to the standard deviation of a noise window:

SNR = .
Std(CCFnoise(t))

2

The time windows are based on interstation distance. The signal
window is chosen in the early lapse times (land-to-land correlations:
—25 to +25 s, land-to-OBS: —150 to +150 s, OBS-to-OBS: —400
to +400 s) expected to contain high energetic wave trains; the noise

window is defined in the late lapse times (land-to-land: +80 to
+120 s, land-to-OBS and OBS-t0o-OBS: £650 to +800 s), where

noise is dominant. For land-to-land station pairs, we reject daily
CCFs if their SNR is below 7. For land-to-OBS and OBS-to-OBS
correlations, this SNR threshold is chosen as 1, since we expect
a generally lower SNR for these large-distance correlations. The
mean SNR (SNRs averaged over the data period) ranges from 3.5—-
20, but we chose this much lower rejection threshold of 1 in order
to reject only obviously useless windows, not those that are noisy
but may still contain usable information. To increase the SNR of
land-to-OBS and OBS-to-OBS correlations, we stack up to 10 daily
CCFs (of SNR 1) froma 10 d time window into 10 d stacks, where
the 10 d stacking window is moved in increments of 1 d over the
entire data period.

Next we calculate a reference correlation function (RCF) by
stacking all daily CCFs that passed the SNR thresholding. For the
RCF calculation for station MAID we exceptionally consider only
the time period prior to the first extreme clock jump in January
2014 (about 1 yr of data). RCFs are displayed as black curves in
Fig. 2.
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