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Data of continuous records of low-frequency (periods from 2 to 1,000 min) seismic noise on a global network of 229 broadband stations located around the world for 23 years, 1997–2019, are analyzed. The daily values of the entropy of the distribution of the squares of the orthogonal wavelet coefficients are considered as an informative characteristic of noise. An auxiliary network of 50 reference points is introduced, the positions of which are determined from the clustering of station positions. For each reference point, a time series is calculated, consisting of 8,400 samples with a time step of 1 day, the values of which are determined as the medians of the entropy values at the five nearest stations that are operable during the given day. The introduction of a system of reference points makes it possible to estimate temporal and spatial changes in the correlation of noise entropy values around the world. Estimation in an annual sliding time window revealed a time interval from mid-2002 to mid-2003, when there was an abrupt change in the properties of global noise and an intensive increase in both average entropy correlations and spatial correlation scales began. This trend continues until the end of 2019, and it is interpreted as a feature of seismic noise which is connected with an increase in the intensity of the strongest earthquakes, which began with the Sumatran mega-earthquake of December 26, 2004 (M = 9.3). The values of the correlation function between the logarithm of the released seismic energy and the bursts of coherence between length of day and the entropy of seismic noise in the annual time window indicate the delay in the release of seismic energy relative to the coherence maxima. This lag is interpreted as a manifestation of the triggering effect of the irregular rotation of the Earth on the increase in global seismic hazard.
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INTRODUCTION
The preparation processes for strong earthquakes are accompanied by changes in the statistical properties of seismic noise (Lyubushin, 2012, 2013, 2015, 2017, 2018, 2020c). As shown in (Berger et al., 2004, Fukao et al., 2010, Koper and de Foy, 2008, Koper et al., 2010; Ardhuin et al., 2011; Aster et al., 2008; Friedrich et al. 1998; Grevemeyer et al., 2000; Kobayashi, Nishida, 1998; Nishida et al., 2008, Nishida et al., 2009, Stehly et al., 2006; Rhie, Romanowicz 2004, 2006; Tanimoto, 2001, 2005), the main source of energy of seismic noise is ocean waves affecting the shelf and coast, as well as variations in atmospheric pressure on the Earth's surface arising from the movement of cyclones. In (Lyubushin, 2012; Lyubushin, 2013; Lyubushin, 2018; Lyubushin, 2020c), changes in the temporal and spatial structure of seismic noise in Japan and California, which are precursors of strong earthquakes, are identified. The article investigates the properties of seismic noise entropy from continuous records of the global network of broadband seismic stations for 23 years, 1997–2019. The main goal of the article is to evaluate the spatial and temporal correlations of entropy changes and the relationship between the entropy of seismic noise and the length of day (LOD) parameter (day length), which is a sequence of day length values and a characteristic of the Earth’s irregularity of rotation, and to estimate the possible trigger effect of the irregularity of the Earth’s rotation on the occurrence of the strongest earthquakes.
SEISMIC NOISE DATA
The used data present vertical components of continuous records of seismic noise with a sampling time interval of 1 s which were downloaded by request from the site of Incorporated Research Institutions for Seismology by the address http://www.iris.edu/forms/webrequest/ from 229 broadband seismic stations of the following three networks:
Global Seismographic Network: http://www.iris.edu/mda/_GSN.
GEOSCOPE: http://www.iris.edu/mda/G.
GEOFON: http://www.iris.edu/mda/GE.
Seismic noise records with a sampling rate of 1 Hz (LHZ records) were considered for 23 years of registration (from January 1, 1997, to December 31, 2019). These data were converted to a time series with a time step of 1 min by calculating averages for successive time slices of 60 s. Orthogonal wavelets were used to calculate daily entropy values for low-frequency seismic noise.
An important issue in the application of the technique used to study the properties of seismic noise is that, formally, the frequency range of signals recorded using seismic sensors does not include periods from two to about 1,000 min, which are actually investigated after the transition to a time step of 1 min at a time interval of 1 day length. The question arises about the legality of the transition to such a low-frequency region of the seismic signal records. We believe that when solving the problems of geophysical monitoring, there is a fundamental possibility of a wider application of broadband seismic equipment, which exceeds the formal limitations on the operating frequency band, which is traditionally used in the study of individual earthquakes. The basis for this assumption is the estimates of the power spectra of seismic signals after the transition to a time step of 1 min and even 1 h, shown in Figure 1 for two seismic stations. In Figures 1A,B, it can be seen that the spectral estimates contain peaks corresponding to the excitation of natural oscillations of the Earth as a result of constantly occurring earthquakes of low and medium strength and peaks corresponding to the 12 and 24 h groups of tidal harmonics. From the graphs of the estimates of the power spectra after the transition to a time step of 1 h, presented in Figures 1A',B', it can be seen that the 12 and 24 h spectral peaks in Figures 1A,B are additionally split into separate tidal harmonics. Thus, broadband seismometers have a sensitivity which allows investigating fine structure of tidal spectral peaks.
[image: Figure 1]FIGURE 1 | Power spectra estimates for 2 seismic stations: AAK ((a) and (a′) - Ala Archa, Kyrgyzstan, Latitude = 42.639, Longitude = 74.494) and PFO ((b) and (b′) - Pinon Flat, California, USA, Latitude = 33.611, Longitude = −116.456). Plots (a) and (b) correspond to range of periods from 2 up to 10000 minutes, whereas (b) and (b′) - to range of periods from 6 up to 32 hours.
Let us consider an auxiliary network of 50 reference points, the positions of which will be determined using the hierarchical cluster analysis of the positions of 229 seismic stations by the “far neighbor” method. This method of cluster analysis has the ability to form compact clusters (Duda et al., 2000). The positions of both 229 seismic stations and 50 reference points are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Blue circles - positions of 229 broadband seismic stations; red numbered circles - 50 reference points.
MINIMUM WAVELET-BASED NORMALIZED ENTROPY
Let [image: image] be the time series of a certain random signal, and let [image: image] be the index enumerating the successive data points (the discrete time). Normalized entropy of the finite sample is defined by the following formula:
[image: image]
Here, [image: image] are the coefficients of decomposition by certain orthogonal wavelet basis. We used 17 orthogonal Daubechies wavelets: 10 ordinary bases with minimal support width with 1–10 vanishing moments and seven bases of the so-called Daubechies symlets (Mallat, 1999) with 4–10 vanishing moments. We defined an optimal basis providing minimum to entropy in Eq. 1.
It should be noted that the sum of squared coefficients is equal to the variance (energy) of the signal [image: image]. It means that quantity in Eq. 1 presents the entropy of energy distribution of the oscillations on the different frequencies and time scales.
The minimum normalized entropy [image: image] was suggested in (Lyubushin, 2012) and was used for investigating seismic noise properties in (Lyubushin, 2013; Lyubushin, 2014; Lyubushin 2020a; Lyubushin 2020b; Lyubushin 2020c). The used entropy in Eq. 1 could be considered as multiscale and has some common features with entropy which was introduced in (Costa et al., 2003; Costa et al., 2005) for analysis of time series. The multiscale property follows from the use of orthogonal wavelet transform of the signal which allows decomposition into discrete dyadic time-frequency “atoms” with energy equal to [image: image]. In the natural time approach (Varotsos et al., 2011; Sarlis et al., 2018), the related entropy construction was proposed for data analysis. Application of Tsallis non-extensive entropy to investigating properties of ambient seismic noise was performed in (Koutalonis and Vallianatos, 2017; Vallianatos et al., 2019).
Our choice of wavelet-based entropy in Eq. 1 is due to the fact that it has the property to take into account the variety of vibration energy distribution over a system of independent time-frequency scale atoms, due to the use of a discrete orthogonal basis of functions with a finite support. In addition, the value in Eq. 1 is very simple and fast to calculate (because of using fast discrete wavelet transform), which is important when processing large amounts of data.
Figure 3 shows graphs of values of entropy at 50 reference points, calculated daily as medians of values at the five nearest operational stations. In order to get rid of the influence of tidal and thermal deformations of the Earth’s crust and to proceed to the study of noise characteristics, before calculating the normalized entropy in Eq. 1, an operation was performed to eliminate the trend by an 8th order polynomial within each daily time window. The values presented in Figure 3 can be considered as samples of typical entropy behavior in the vicinity of reference points, covering the entire world. These 50 time series with a sampling time step of 1 day, having 8,400 samples, will be the object of investigation further on in the article.
[image: Figure 3]FIGURE 3 | Graphs of daily values of the minimum normalized seismic noise entropy for each of the 50 reference points. The values are obtained as median values from the five nearest operational stations. The green lines represent the moving averages in a 57-day window.
SPATIAL CORRELATIONS OF ENTROPY
Let us consider a sequence of time windows of 365 days in length taken with an offset of 3 days. In each such window, we calculate the correlation coefficients between the entropy values in all pairs of reference points (for 50 points, the number of such pairs is 1,225) and take the average value of their modules. In addition, we will separately consider strong correlations, the values of which exceed the threshold of 0.7.
Figure 4 shows the results of estimates of the temporal and spatial correlations of the entropy values at the reference points, obtained in a moving time window of 365 days in length, taken with a mutual shift of 3 days. The graphs are plotted depending on the position of the right end of the time window. Figure 4A represents the average values of all pairwise correlation coefficients, and Figure 4B represents maximum values of the correlation coefficient in each window. Figure 4C represents a graph of the number of strong pairwise correlations between entropy values at 50 reference points exceeding the 0.7 threshold. Figure 4D shows the maximum distances between pairs of reference points that have strong correlations.
[image: Figure 4]FIGURE 4 | (A,B) Mean and maximum values of pairwise correlation coefficients of entropy values at 50 reference points. (C) The number of pairs of 50 reference points, between which in the current time window, there is a correlation exceeding the threshold of 0.7 in absolute value. (D) The maximum distance between pairs of reference points, between which a correlation has arisen in the current time window, exceeding the threshold of 0.7 in magnitude. The red lines represent piecewise linear trends with a corner point in 2003.5.
First of all, a common feature of the graphs in Figures 4A,C,D could be noticed, the presence of a time point 2003.5 of the position of the right end of the time window, for which the downward linear trend is abruptly replaced by an upward one and its growth continues until the end of 2019. This feature is highlighted in Figure 4 by graphs of piecewise linear trends depicted by red lines. Taking into account that the window length is 365 days, this means that the temporal and spatial dynamics of the global seismic noise entropy underwent rapid changes during the year time interval from mid-2002 to mid-2003. For the average value of the correlations (Figure 4A), this feature was previously identified in (Lyubushin, 2020a), where it was associated with the peculiarities of the uneven rotation of the Earth. The rapid increase in the number of strong correlations and their spatial scale since 2004, as seen in Figures 4C,D, is a new result.
Also, note the unusual behavior of the maximum correlation coefficient in Figure 4B—a sharp drop for the timestamp of the right end of the window at the end of 2009. After this drop, outliers began in the values of the maximum distances between the reference points with strong entropy correlations (Figure 4D).
Figure 5 shows the results of identifying strong correlations between the control points. In each 365-day time window, we connect with a straight line those pairs of reference points for which the calculated correlation coefficient in absolute value exceeded the threshold of 0.7. Figure 5A presents correlation connectivity for a time window with low number of strong correlations (2003 years, 10 correlations), whereas Figure 5A′ corresponds to the time window with a large number of strong correlations (from mid-2018 to mid-2019, 43 correlations). The whole number of time windows of 365 days in length taken with a mutual shift of 3 days within 23 years of observations (1997–2019) equals 2,679. Figure 5B presents a histogram with 100 bins for the set of distances between reference points with strong entropy correlations for all time windows. This histogram has three intervals of maximum: 1,250–1,400 km, 1,810–1,950 km, and 2,790–2,630 km. A question arises whether these most frequent intervals of strong correlation distances could occur because they are most frequent for the nearest distances between reference points. The whole number of nearest distances between reference points equals 37 varying from 1,111 km up to 4,880 km. Figure 5B′ presents histogram with 12 bins for this set of nearest distances. The histogram in Figure 5B′ has two intervals of maximum with distances 2,054–2,368 km and 2,682–2,996 km. Taking into account the roughness of the histogram in Figure 5B′, we can propose that maximum in a histogram of strong correlation distances could occur due to most frequent nearest distances between reference points. After comparing histograms in Figure 5B,B′ we can conclude that strong correlation distances which exceed 4,000 km reflect important changes in the global seismic noise spatial structure which could be connected with activation of global seismic process after 2004. These changes are illustrated by a broken linear trend in Figure 4D.
[image: Figure 5]FIGURE 5 | (A,A') Red lines show pairs of reference points, between which correlations of seismic noise entropy values that exceed the threshold of 0.7 arose in two time windows of 365 days in length with a small [(A), 2003-10 correlations] and a large number of strong correlations [(A'), 2018.5–2019.5-43 correlations]. (B) Histogram of distances between pairs of reference points, between which a correlation arose exceeding the threshold of 0.7, for all time windows of 365 days in length, taken with an offset of 3 days. (B') A histogram of the values of the nearest distances between all pairs of reference points.
Temporal dynamics of strong correlations could be presented as the graphs of the number of strong correlations for each of the reference points that arose in all moving time windows. The graphs of these numbers are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Graphs of the numbers of strong correlations that arose for each of 50 reference points with some other reference point in a sliding window of 365 days in length with an offset of 3 days. Graphs are plotted in dependence on position of the right end of the moving time window.
Figure 6 shows that the reference points differ greatly from each other in the number of strong correlations and in the time of their occurrence. Reference points with a large number of strong correlations can be called “sensitive” points on the Earth’s surface. It is interesting to represent graphically the distribution of the “intensity” of strong correlations and the change of this intensity over time in the form of maps. For each time window and for each reference point, you can specify the number of strong correlations, which, according to the graphs in Figure 6, can vary from 0 to 9. For each time window, we construct a spatial distribution map of the number of strong correlations by extrapolating the number of strong correlations from the reference points to the nodes with a regular grid of 100 nodes in longitude and 50 nodes in latitude using a Gaussian smoothing kernel (Duda et al., 2000):
[image: image]
Here [image: image], are the coordinates of reference points, in our case, [image: image]; are the number of strong correlations in the reference point #k, [image: image] represents coordinates of nodes of regular grid, [image: image] is the distance from the surface of spherical Earth between points [image: image] and [image: image], and [image: image] is a smoothing parameter (bandwidth). We take the bandwidth [image: image] which corresponds to the distance ≈1,700 km from the surface of the spherical Earth. The value [image: image] is extrapolated and the number of strong correlations from reference points to the nodes of regular grid is smoothed. We will call [image: image] as the intensity of strong correlations for the node with coordinates [image: image].
After calculating the values (Eq. 2) in all nodes of regular grid of the size for some time windows, we will have the map of correlation intensities corresponding to this window. Let us call such maps as “elementary” ones. For the sequence of time windows of the length 365 days taken with a mutual shift of 3 days covering interval 1997–2019, the number of elementary maps equals 2679. By averaging all elementary maps, we will have a mean map of strong correlation intensity which is presented in Figure 7A. According to this map, the most “sensitive” regions of the Earth are sub-Arctic including Greenland in the northern hemisphere and Australia and west Antarctica in the southern hemisphere. Equatorial latitudes and most of temperate latitudes are not “sensitive.”
[image: Figure 7]FIGURE 7 | Averaged maps of intensity of correlation links which were obtained by spatial smoothing and extrapolating numbers of strong correlations within time windows of the length 365 days with a mutual shift of 3 days in 50 reference points (Figure 6) by using Gaussian kernel with smoothing radius 15°. Each map has time marks of most left and most right ends of time windows laying between two dates, given in fractional year format. Map (A) is obtained by averaging elementary maps from all time windows. Maps (B–F) correspond to averaging of equal successive number of elementary 365-day maps.
Other maps in Figure 7 present the temporal dynamics of correlation intensity as the sequence of maps which are obtained by averaging equal successive parts: 536 elementary maps in Figures 7B–E and 535 elementary maps in Figure 7F. From the sequence of maps in Figures 7B–F, it can be seen that the correlation intensity at the beginning of the considered time interval was maximum in the south, but then moved to the north.
CONNECTION OF SEISMIC NOISE ENTROPY TO IRREGULARITY OF EARTH’S ROTATION
The influence of the irregularity of the Earth’s rotation on the sequence of strong earthquakes has been studied in many works, for example, in (Shanker et al., 2001; Bendick and Bilham, 2017). This article continues the study of the relationship between the irregularity of rotation with the synchronization of the properties of seismic noise and the possible triggering effect of the irregular rotation of the planet on the seismic process, begun in (Lyubushin, 2020a; Lyubushin, 2020b).
Figures 8A,B present graphs of LOD) and mean noise entropy which is obtained by averaging all values from reference points (Figure 3). The data on the length of the day are taken from the International Earth Rotation and Reference Systems Service (IERS) database from the address https://hpiers.obspm.fr/iers/eop/eopc04/eopc04.62-now.
[image: Figure 8]FIGURE 8 | (A) Values of the length of the day [time series length of day (LOD)]. (B) Mean values of the minimum normalized seismic noise entropy for all 50 control points in Figure 3; green line presents the moving average in a 57-day window. (C) High-frequency component of LOD with periods less than 6 days. (D) Variance of high-frequency LOD component within a moving time window of 28 days in length; red lines present mean values of variance in three successive time fragments: 1997–2000.106, 2000.106–2007.926, and 2007.926–2020.
Figure 8C is a graph of high-frequency LOD component with periods less than 6 days, and Figure 8D presents an estimate of variance of high-frequency LOD variations within moving time window of the length 28 days. We can notice that evolution of high-frequency LOD component variance could be split into three time intervals, 1997–2000.106, 2000.106–2007.926, and 2007.926–2020, with different mean values which are drawn by horizontal red lines. Bounds of three time intervals in fractional years were found automatically from minimum of variance of deflections from local mean values. The time interval 2000.106–2007.926 corresponds to high power of high-frequency LOD variations. This time interval is interpreted as the reason of abrupt changes in temporal and spatial correlations of global seismic noise properties which are presented in Figure 4 (Lyubushin, 2020a; Lyubushin, 2020b).
Figure 9A shows the graphs of the logarithm of energy (Joules) released as a result of seismic events in the whole world in a moving time window of length 365 days with a 3-day shift, whereas Figure 9B is the parallel graph of bursts maxima of squared coherence between LOD and daily mean entropy in the same time windows. Information about global seismicity is taken from the USGS site from the address https://earthquake.usgs.gov/earthquakes/search/. The coherence estimation was performed using a 5th-order vector autoregressive model (Marple, 1987) with preliminary removal of linear trends and transition to increments. Figure 9C presents the time-frequency diagram of squared coherence evolution, and we can notice that bursts of coherence are mainly concentrated within narrow frequency band with periods from 11 up to 14 days. Estimates of maxima of squared coherence were already used in (Lyubushin, 2020a; Lyubushin, 2020b) when analyzing trends in the properties of global seismic noise and their relationships with the uneven rotation of the Earth.
[image: Figure 9]FIGURE 9 | (A) A plot of the decimal logarithm of the released seismic energy (Joules) in a sliding time window of 365 days. (B) The maximum values with respect to the frequencies of the quadratic coherence between length of day (LOD) and the average value of the entropy in a moving time window of 365 days. (C) A time-frequency diagram of the change in the quadratic coherence between the LOD time series and the average entropy value (see panel 8B) in a sliding window of 365 days long with an offset of 3 days. (D) The correlation function between the values of the logarithm of the released seismic energy and the maximum of coherence between the day length and the average value of entropy. Negative values of time shifts correspond to the lag in the release of seismic energy relative to bursts of coherence between LOD and noise entropy.
From Figures 9A,B, it is visually noticeable that the curve of the logarithm of the released energy often lags after the curve of the maxima of the coherence spectrum when it is calculated in a moving time window.
Let us quantitatively estimate this shift by calculating their cross-correlation function for time shifts ± 1,000 days, the graph of which is shown in Figure 9D. From the estimate of the correlation function in Figure 9D, it can be seen that its values for negative time shifts significantly exceed the values for positive shifts, which confirms the fact that the release of seismic energy is delayed, relative to bursts of the coherence measure. As for the lag time, it is not determined unambiguously, since the values of the correlation function for negative shifts actually reach a certain plateau, which contains three local maximums for shifts of -280, -510, and -720 days.
The estimation of the coherence maxima between LOD and average entropy in a 4-year window deserves special attention. Since 1 year out of four consecutive years is a leap year, the length of the 4-year time window is 1,461 days. Figure 10 shows a graph of estimates of the maxima of the quadratic coherence in a sliding time window with a length of 1,461 days with an offset of 3 days. Since the window length is four times larger than the previously used 365-day window, a model of the order 20 was used to estimate the coherence spectrum instead of the 5th-order autoregressive model.
[image: Figure 10]FIGURE 10 | Maximum values of the quadratic coherence between length of day and the average value of the entropy in a moving time window of 1,461 days (4 years).
The coherence estimate in Figure 10 is interesting because before the Sumatran mega-earthquake at the end of 2004, after which the global seismic process began to activate, the coherence estimate reaches a very significant maximum, reaching almost 0.7. We interpret this peak of coherence as a manifestation of the triggering effect of the anomaly of the uneven rotation of the Earth, previously considered in (Lyubushin, 2020a; Lyubushin, 2020b).
CONCLUSION
Software tools have been developed to study the global low-frequency seismic noise recorded continuously from the beginning of 1997 to the end of 2019 on a network of 229 broadband seismic stations located around the world. The analyzed value is determined daily at the nodes of the auxiliary network of 50 reference points as the median of the Shannon information entropy of the distribution of the squares of the orthogonal wavelet coefficients of the seismic noise waveforms at the five nearest operable stations. The time interval from mid-2002 to mid-2003 was determined, when the downward trend of the average correlation of the noise entropy changed abruptly to an upward trend, which persists until the end of 2019. Along with the growth of the average correlation, an increase in the radius of spatial correlations of the noise entropy is observed, and the increasing trend of spatial correlations persists until the end of 2019 as well.
At the same time, with an increase in the average correlation, an increase in the radius of spatial correlations of the entropy of noise is observed, and after 2010, bursts of maximum distances between the reference points with strong pairwise entropy correlations, reaching 10–15 thousand km, began to appear.
These features of the behavior of global seismic noise are interpreted as a result of the triggering effect of the unevenness of the Earth’s rotation on an increase in noise correlation and, at the same time, on an increase in the intensity of the strongest seismic events in the world after the Sumatran mega-earthquake of December 26, 2004, M = 9.3. This interpretation is confirmed by a correlation estimate of the seismic energy release lag in relation to bursts of coherence between the average entropy value and the length of the day when estimated in a sliding time window of 365 days.
The emergence of sharp bursts of an increase in the maximum distance between the reference points with a strong entropy correlation after 2010 can be associated with the destabilization of the global seismic noise field after two mega-earthquakes close in time: February 27, 2010, M = 8.8, in Chile and March 11, 2011, M = 9.1, in Japan. The persistence of an increasing trend of increasing average correlations of noise entropy and distances at which maximum correlations occur is interpreted as persistence of a high global seismic hazard that arose after 2004. A spatial measure of entropy correlations was introduced by extrapolating and averaging the numbers of strong correlations at each reference point in an annual sliding time window using a Gaussian smoothing kernel function. It turned out that areas of strong correlation are adjacent to the polar regions of the Earth, and for the period 1997–2019, the region of strong entropy correlation gradually moved from the south to the north.
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