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Abstract

We report on the extraction of deep ocean travel time variations from time-lapse cross-correlations between a hydrophone station

and a three-component broadband seismometer. The signals we cross-correlate in this study result from repeated activity by

the Monowai seamount, one of the most active submarine volcanoes of the Tonga-Kermadec ridge. In particular, we introduce a

specific workflow to exploit repetitive hydroacoustic underwater source activity, which we detail to such extent that it serves as

an example (or “cookbook”). For this reason, we have made the source code publicly available. The workflow proposed in this

study (i) overcomes differences in instrument sensitivity and sample rates, (ii) involves the selection of eligible cross-correlations

based on a source activity criterium as well as slowness analysis, and (iii) extracts the travel time variations in distinct frequency

bands. In our case, the two frequency bands are 3-6 Hz and 6-12 Hz. We find that the estimated travel time variations in

both frequency bands consist of a complex periodic pattern superimposed on a distinct long-term linear trend. This long-term

linear trend is decreasing, which we attribute to increasing water temperatures along the propagation path of the hydroacoustic

signals.
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SUMMARY
We extract deep ocean travel time variations from time-lapse cross-correlations between a hydrophone station and a three-component broadband

seismometer.

The signals result from repeated activity by the Monowai seamount, one of the most active submarine volcanoes of the Tonga-Kermadec ridge.

The introduced workflow: (i) overcomes differences in instrument sensitivity and sample rates, (ii) involves the selection of eligible cross-

correlations based on a source activity criterium as well as slowness analysis, and (iii) extracts the travel time variations in distinct frequency

bands.

Source code and examples are publicly available (https://gitlab.com/psmsmets/xcorr)
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INSTRUMENTATION
Hydrophone triplet H03S, part of the International Monitoring System for the verification of the Comprehensive Nuclear-Test-Ban Treaty

(CTBT), sampling at 250 Hz.

Three-component Streckeisen seismometer at station RAR with location code 10, sampling at 40 Hz. We only use seismic waves in the vertical

plane (vertical and radial components only).

Figure: (a) Map of the Monowai volcanic centre (MVC, yellow star), broadband seismic stations within a 2000 km radius (red circles) and hydroacoustics

triplets H03S and H10N (blue circles). Solid circles indicate a direct line of sight through the SOFAR channel. (b) Map depicting the hydrophone triplets H03N

(obstructed line of sight) and H03S (direct line of sight) near the Juan Fernández Islands, Chile. (c) Hydrophone triplet layout in local coordinates; vertical

deviation from mean depth is indicated for the individual elements.
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CROSS-CORRELATION FUNCTIONS (CCFS)
Distant hydroacoustic observations Monowai are cross-correlated with “closer” seismic T-phase observations.

A pre-processing workflow is proposed that retains phase and spectral information for the cross-correlation analysis. We minimally pre-process

waveforms in the sense that CCFs can be filtered later in the workflow retaining as much spectral information as possible.

Figure: (a) CCF between IM.H03S1..EDH and IU.RAR.10.BHZ for 15 January 2015 (unbiased, demeaned, high-pass filtered with a zero-phase 2nd order

Butterworth filter with a 3 Hz corner frequency, and normalized). (b) Zoom-in on the signal window (top) and the corresponding spectrogram (power spectral

density) for 2.5 s subwindows with a padding factor of 4 (bottom). Indicated velocities correspond to the time lag and the relative distance between the two

receivers.
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Figure: CCFs between RAR and H03S for 15 January 2015 (unbiased, demeaned, high-pass filtered with a zero-phase 2nd order Butterworth filter with a 3 Hz

corner frequency, and normalized). All 8 CCFs with 3 h increments corresponding to the same day are plotted on top of each other. Indicated velocities

correspond to time lag and the relative distance for the given receiver pair.
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SYSTEMATIC CCF SELECTION
We propose an automatic selection criterion to account for non-continuous and spurious MVC activity. CCFs eligible for time-lapse analysis are

selected based on: (i) source activity and (ii) source directionality.

 

(i) Source activity is quantified by the signal-to-noise ratio (S/N) of the CCFs. Eligible source activity corresponds to coincidence triggered

periods with an S/N threshold of 10 and a minimum duration of one day.

signal window: time lags proportional to the velocity range for SOFAR channel propagation (1450 to 1520 m s−1) along with the

relative distance between the two receivers and the source (7,308.1 km).

noise window: 6 to 9 h posterior time lags with the same sign as the signal window.

Figure: Signal-to-noise ratio for 2014-2020 (top) and a zoom-in on an active period (bottom). Eligible source activity is indicated in grey.

 

(ii) Source directionality is estimated assuming a plane wave traversing the hydrophone triplet and is applied to the CCFs of the three acoustic

channels with the vertical seismic component.
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Figure: Estimated plane wave characteristics as a function of time using the CCF signal windows. Coloured circles in the top row correspond to S/N triggered

activity only whereas light-grey circles correspond to the non-triggered CCFs.
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TRAVEL TIME VARIATIONS
We extract frequency-dependent travel time variations from time-lapse cross-correlations for the eligible periods.

Figure: Trimmed weighted mean lag time variation with the 95% confidence interval as a function of time. Trimmed subsets per time step are confined by the

0.02 and 0.98 percentiles. Sloped horizontal lines are the corresponding linear regressions (solid red line) with the 95% confidence interval (dashed blue lines,

percentile distribution) and the 95% prediction interval (dashed green lines, parametric estimate) obtained from 20,000 bootstrap estimations.

 

We find that the estimated travel time variations in both frequency bands consist of a complex periodic pattern superimposed on a distinct long-

term linear trend. This long-term linear trend is decreasing, which we attribute to increasing water temperatures along the propagation path of

the hydroacoustic signals.
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Figure: Trimmed weighted mean lag time variation with the 95% confidence interval as a function of time for the 3–6Hz octave.

 

Figure: Trimmed weighted mean lag time variation with the 95% confidence interval as a function of time for the 6–12Hz octave.
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TIME-LAPSE CROSS-CORRELATIONS
We apply time-lapse cross-correlation analysis to the eligible CCFs spectrograms in two discrete frequency bands of 3-6 Hz and 6-12 Hz.

Figure: Time-lapse results for the 3–6 Hz octave band, filtered for spurious time combinations.
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Figure: Time-lapse results for the 6–12 Hz octave band, filtered for spurious time combinations.
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ABSTRACT
We report on the extraction of deep ocean travel time variations from time-lapse cross-correlations between a hydrophone
station and a three-component broadband seismometer. The signals we cross-correlate in this study result from repeated activity
by the Monowai seamount, one of the most active submarine volcanoes of the Tonga-Kermadec ridge. In particular, we
introduce a specific workflow to exploit repetitive hydroacoustic underwater source activity, which we detail to such extent that
it serves as an example (or cookbook''). For this reason, we have made the source code publicly available. The workflow
proposed in this study (i) overcomes differences in instrument sensitivity and sample rates, (ii) involves the selection of eligible
cross-correlations based on a source activity criterium as well as slowness analysis, and (iii) extracts the travel time variations
in distinct frequency bands. In our case, the two frequency bands are 3-6 Hz and 6-12 Hz. We find that the estimated travel time
variations in both frequency bands consist of a complex periodic pattern superimposed on a distinct long-term linear trend. This
long-term linear trend is decreasing, which we attribute to increasing water temperatures along the propagation path of the
hydroacoustic signals.
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