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Early aftershocks contain important information about the physics of earthquake occurrence and postseismic relaxation processes. However, the standard catalogs of early aftershocks are usually incomplete. Many events can be missed in the main shock coda, some of which are strong enough due to the extremely high noise level. Under these conditions, the process of event identification becomes largely stochastic. Due to different network configurations and record processing methods, different agencies may register/miss different events, thus merging catalogs can improve the completeness of the aftershock sequence. When merging catalogs, the problem of identifying duplicates (records related to the same seismic event) arises. The main difficulty is discriminating aftershocks and duplicates, since both are events close in space and time. The problem is analogous to the problem of discriminating aftershocks and independent events. The solution methods are usually similar too. In this paper, we apply the nearest neighbor method modified for our problem. This method has become widespread in recent years in the problem of identifying aftershocks, and a probabilistic metric in the space of network errors in determining the epicenters and times of seismic events. It is applied for automatic identification of duplicates when merging catalogs of aftershocks for the Tohoku earthquake. An analysis of the space-time structure of duplicates and aftershocks shows their significant difference, which makes it possible to successfully solve the problem. In a sample from the global Advanced National Seismic System (ANSS) catalog ([image: image]), were found more than 700 events missed by the Japan Meteorological Agency (JMA) seismic network, which is one of the best in the world. Among the misses, there are several events with [image: image] in the first hours after the main shock. Duplicate identification reliability is >97%. The method can be used to improve the completeness of aftershock sequences. The reliable identification of duplicates allows, in addition, to study the correspondence of the magnitudes determined by different agencies. Therefore the present method is an effective tool for creating merged catalogs of earthquakes with a uniform magnitude.
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1 INTRODUCTION
Strong shallow earthquakes are followed by numerous aftershocks (Narteau et al., 2005). Early aftershocks contain important information about the physical mechanisms that lay behind the occurrence of earthquakes (Peng et al., 2006; Enescu et al., 2007; Peng et al., 2007; Enescu et al., 2009) and postseismic deformation around the fault zone (Freed, 2005; Chang et al., 2007; Freed, 2007; Shebalin et al., 2021). Early aftershocks can also help constrain the geometry of a seismogenic fault (Chang et al., 2007; Peng and Zhao, 2009; Wu et al., 2017; Yin et al., 2018). However, the standard catalogs of early aftershocks are usually incomplete: due to the extremely intense flow of earthquakes and high noise levels, many events, including quite strong ones, can be missed (Kagan, 2004; Helmstetter et al., 2006; Shebalin and Baranov, 2017). To improve the completeness of catalogs of early aftershocks, special techniques for processing station data high-pass filtered seismograms following the main shock (Enescu et al., 2007; Peng et al., 2007); waveform matched-filter technique (Gibbons and Ringdal, 2006; Shelly et al., 2007; Yang et al., 2009; Wu et al., 2017; Yin et al., 2018) are actively developed. These techniques allow to significantly increase the number of registered events. However, only standard earthquake catalogs from various agencies are available for an ordinary user, that as a rule does not have access to station records.
Under high noise conditions immediately after the main shock, the process of event identification becomes largely stochastic. Due to different network configurations and record processing methods, different agencies may register/miss different events. This is especially relevant for the Arctic, which has recently begun to be actively developed, but is still poorly studied from a geophysical point of view. We believe that merging catalogs can improve the completeness of the aftershock sequence.
When merging two or more catalogs, duplicate identification is necessary, which is not an easy task in a very dense earthquake flow. Basically, window methods are used to identify duplicates: catalogs are merged into a single file, then groups of events close in space and time are identified (Zare et al., 2014; Markušić et al., 2016; Sawires et al., 2019). Usually the difference is used within 1 minute in time and on the order of 100 km in distance. Due to the natural clustering of seismic events in space and time, with this approach, aftershocks inevitably fall into the category of potential duplicates: for example, on the first day after the Tohoku earthquake, [image: image], 2011, the JMA catalog contains 1,175 events with [image: image], and in more than half cases (599) interval between events is less than a minute. All this requires additional analysis. This analysis is often done manually (Markušić et al., 2016; Sawires et al., 2019). Shebalin (1987) proposed an automated analysis based on a pattern recognition algorithm that simulates human decision-making. However, this method was designed for catalogs of world networks with a relatively high completeness magnitude, where the earthquake density is much lower than in the modern data of regional networks.
The window method for identifying duplicates is similar to the simplest method for detecting aftershocks proposed in (Gardner and Knopoff, 1974) based on the distance between events in time and space. For each earthquake in the catalog with a magnitude M, subsequent shocks are identified as aftershocks if they occur within the specified time intervals [image: image] and distance [image: image]. Thus, the problem of identifying duplicates and aftershocks has a number of common features; in both cases, there is a need for additional visual analysis for clusters of close events. We believe that the window method is poorly suited for discriminating duplicates and aftershocks immediately after the main shock, because earthquake flow density is extremely high. In addition, when using the window method, false duplicates can often be identified due to incorrect data association. However, modern, much more advanced methods for declustering earthquake catalogs have emerged. For example, in (Molchan and Dmitrieva, 1992), it was proposed to use game theory to formulate a problem that allows using a whole class of optimal methods for identifying aftershocks. Zaliapin and Ben-Zion (2013) and Zaliapin and Ben-Zion (2016) proposed a method for separating dependent and independent events by the nearest neighbor method based on the generalized proximity function (Baiesi and Paczuski, 2004). For each pair of earthquakes {[image: image]}
[image: image]
where tij = tj −ti is the interevent time, rij the spatial distance between the epicenters, mi the magnitude of event i, df the fractal dimension of the epicenter distribution and [image: image] the slope of the earthquake-size distribution. The proximity function (1) is, in fact, the probability of occurrence earthquake with a magnitude mi in time tij, within the distance rij. As a result of the application of the nearest neighbor method (Figure 1), clusters of related events (families) are identified.
[image: Figure 1]FIGURE 1 | Nearest neighbor method for declustering the earthquake catalog. Independent events are highlighted in red.
Some events turn out to be single, if the proximity function for them exceeds a predetermined threshold value. Each event has a single generating earthquake, which is the closest preceding event to it, which reflects the causal relationship of aftershocks with the main shock. One triggering earthquake can have many “offspring.” Thus, a cluster of related events of the “tree” type is formed. The earthquake with the highest magnitude in the cluster is called the main shock. If there are several of them, then the earlier event is considered the main one. All events in the cluster that occurred after the main shock are called aftershocks, before the main one - foreshocks. Single events and main events in each cluster are declared as independent earthquakes.
Despite the common features, the problems of identifying aftershocks and duplicates have a number of significant differences. First of all, duplicates do not have a causal relationship: records of the same earthquake by different networks are independent events. Duplicates do not form a tree, but they do form pairs in which events necessarily belong to different source catalogs (we assume that duplicates in each separate catalog are excluded). In addition, proximity function Eq. 1 reflects the spatio-temporal structure of both aftershocks and unrelated events. The space-time structure of duplicates is different; it reflects the difference in the determination of earthquake parameters by different networks. All this requires, in application to the task of discriminating aftershock and duplicates, a significant modification of the method (Zaliapin and Ben-Zion, 2013; Zaliapin and Ben-Zion, 2016). In this paper, a modified nearest neighbor method and a probabilistic metric in the space of station errors are applied to identify duplicates when merging aftershock catalogs of the Tohoku earthquake. Despite the fact that both duplicates and aftershocks are close events, the analysis of the space-time structure shows their significant difference, which makes it possible to successfully solve the problem. Particular attention is paid to the analysis of the first day after the main shock, when the flow density of aftershocks is maximal.
2 MATERIALS AND METHODS
2.1 Input Data
Considering the problem of discriminating duplicates and aftershocks, we selected catalogs containing the aftershock sequence of the Tohoku earthquake, 11 March 2011, Mw = 9, as the material for study. We examine samples from the catalog of Japan Meteorological Agency (JMA) (https://www.data.jma.go.jp/svd/eqev/data/bulletin/hypo_e.html) and the Advanced National Seismic System (ANSS) catalog (ANSS Comprehensive Earthquake Catalog (ComCat), _https://earthquake.usgs.gov/earthquakes/search/). Period 1 March 2011–31 December 2011; territory 35N-41N, 140E-146E; JMA magnitudes [image: image], ANSS - all earthquakes (in fact, minimum magnitude is 4, completeness 4.7). The JMA sample includes 25,099 events, and the ANSS sample 4,709 events. In the terms defined below JMA serves as the main catalog while ANSS serves as the additional catalog.
The distribution of the JMA and ANSS earthquakes by depth and magnitude is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Depth (A) and non-cumulative magnitude-frequency (B) distributions in JMA (blue) and ANNS (red) catalogs.
In the JMA catalog, the depths are well distributed, in ANSS about 40% of earthquakes have a standard depth of 35 and 10 km. Magnitude-frequency graphs are significantly different, primarily due to the different completeness of the catalogs.
2.2 Methods
To solve the problem of discrimination aftershocks and duplicates when merging catalogs, we modified the nearest neighbor method used to separate grouped events (Zaliapin and Ben-Zion, 2013; Zaliapin and Ben-Zion, 2016), as well as the neighborhood function used in this method (Baiesi and Paczuski, 2004).
2.2.1 Modification of Nearest Neighbor Method
At the input there are two catalogs, main Catalog 1 and additional Catalog 2. We believe that neither Catalog 1 nor Catalog 2 contains duplicates within themselves. The problem is to find records in Catalog 1 for records in Catalog 2 that will correspond to the same seismic events (duplicates) and divide Catalog 2 into events that have duplicates in Catalog 1 and unique events, including aftershocks. The two-step modification of the nearest neighbor method (Figure 3) is based on the following provisions:
• Duplicates do not have a causal relationship, because records of the same earthquake by different networks are independent events, so the time difference can be either positive or negative.
• Duplicates do not form a tree, but form pairs, in which events necessarily belong to different source catalogs.
[image: Figure 3]FIGURE 3 | Modification of the nearest neighbor method for identifying duplicates in earthquake catalogs. Blue and gray circles are events of the main and additional catalogs, respectively, identified duplicates are shown by red arrows on the Step II panel.
Step I For each event of the additional Catalog 2, we look for the nearest neighbor from the main Catalog 1 in accordance with the chosen metric. This step is similar to the classic nearest neighbor method. Thus, for each event from Catalog 2, a single event from Catalog 1 is determined for which it can be a duplicate.
Step II Some events from the main catalog 1 may occur to be closest for several events from additional catalog 2. This is shown in Figure 3A, where several gray dots (earthquakes from additional catalog) are associated with the same blue dot (earthquake from main catalog). This case the closest of such events is selected as a potential duplicate. This is illustrated in Figure 2B by red arrow. Other events are declared to be non-duplicates, regardless of the metric values.After the second step, the nearest neighbors are not defined for all events, because some events from Catalog 1 were not closest to any event from Catalog 2 and vice versa. However, there may be duplicates among them. We exclude from the analysis the events of the first and second catalogs, which found their pair at the first stage. For the remaining events, we again define pairs. The procedure is repeated until all events from the catalog with a smaller number of events find their pair. At the same time, some of the pairs are not actually duplicates. Therefore, similarly to how it is done in the method of Zaliapin and Ben-Zion (2013) and Zaliapin and Ben-Zion (2016), a threshold value is introduced for the neighborhood function.As a result, we consider the events of additional Catalog 2 with the value of the neighborhood function less than the threshold one as duplicates. The rest of Catalog 2 events are declared unique and added to Catalog 1. Selection of neighborhood function and threshold determination are discussed below. Further, any number of catalogs can be sequentially added. One of the advantages of the described method is the predetermined priority of data sources. The procedure ensures that events with a higher priority are automatically included in the final catalog.
2.2.2 Neighborhood Function for Duplicates in Earthquake Catalogs: A Probabilistic Approach
When declustering the earthquake catalogs, Zaliapin and Ben-Zion (2013) and Zaliapin and Ben-Zion (2016) used the proximity function of Baiesi and Paczuski (2004) (Eq. 1), which reflects the patterns of natural grouping of earthquakes and, in fact, it is the probability of an earthquake occurring within a distance [image: image] and time [image: image] from a given event. We also rely on a probabilistic model, in our task in the station error space. It is assumed that the difference in earthquakes identified by different networks has a normal distribution for each of the parameters:
[image: image]
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Here DT, DX, DY, DZ, DT are the difference in time, longitude, latitude, hypocenter depth and magnitude between the nearest events from the main and additional catalogs; [image: image] are the corresponding standard deviations, and [image: image] [image: image] [image: image] [image: image] [image: image] are average values. All parameters are taken with a sign (not absolute values). We assume that all errors are independent, then the duplicate probability density will be the product of the error probabilities for all parameters. This will be the multivariate normal distribution:
[image: image]
Thus, we naturally arrive at the Euclidean metric.
[image: image]
If the variance of the parameters is correctly determined, the metric can be easily recalculated into the probability of this pair to be a duplicate. It is easy to see that metric Eq. 3 is simply the radius of the ball, measured in standard deviations. The metric allows to take into account the systematic error and variance of each of the parameters. It makes sense to take into account the systematic error if it has a value of the order of variance or more. Any of the parameters can be excluded from the metric if it is poorly defined in one or both catalogs. Depth is often such a parameter. Accounting for magnitude can make sense if the two catalogs of registration levels and magnitude scales are compatible. In this case, the catalogs have similar graphs, including the range of incomplete registration at low magnitudes.
The method for determining the numerical parameters of the metric, the choice of the optimal threshold and the estimation of the percentage of errors will be explained in detail using the example of the analysis of aftershocks of the Tohoku earthquake in two earthquake catalogs.
3 RESULTS
3.1 Case Study: Analysis of Aftershocks of Tohoku Earthquake From Japan Meteorological Agency and Advanced National Seismic System Catalogs
We use the simplest version of the metric (Eq. 3), which takes into account only the difference in time [image: image] and coordinates of the epicenter [image: image]. We exclude the [image: image] depth from metric, since it is poorly defined in the ANSS catalog (Figure 2A). The magnitude-frequency graphs from JMA and ANSS are significantly different (Figure 2B), so the magnitude is also not taken into account. The influence of magnitude will be studied later.
At the first stage, we need to test the hypothesis of the normal distribution for the parameters of the duplicates [image: image], [image: image], [image: image], [image: image]. If the hypothesis is confirmed, we can determine the parameters of the distributions. To do this, we perform a preliminary analysis of duplicates with distribution parameters:
[image: image]
[image: image]
The initial values of the parameters have little effect on the identification of duplicates. However, they affect the value of the probability of a duplicate and the estimate of the percentage of errors.
At the preliminary stage, about 4,000 duplicates were identified. The threshold value was chosen in accordance with the minimum distribution of the metric. For duplicates, we build the distributions [image: image], [image: image] (longitude), [image: image] (latitude) and [image: image]. We also study the dependence of the mean and variance on time after the main shock and on the magnitude of the event (Figure 4). It was verified that each of the parameters follows a normal distribution well and that the mean does not exceed half the standard deviation. It was also confirmed that the variance of all parameters is almost independent of the event magnitude and time after the main shock. We got the following numerical parameters of the metric:
[image: image]
[image: Figure 4]FIGURE 4 | (A) Distributions of [image: image]. The dependence of variance and mean values on time after the main Tohoku shock (B), and on the magnitude of events (C). Red dots and bars are population mean values and standard deviations.
The average values of the parameters are assumed to be zero.
Thus, we test the simplest three-parameter metric [image: image] (hereinafter the basic metric)
[image: image]
The distribution of the basic metric [image: image] for JMA/ANSS pairs has a rather wide minimum, approximately from [image: image] to [image: image], which corresponds to the probability of missing a duplicate (error of the first kind) from .06 to 1.e-5 (Figure 5A). To estimate the probability of an error of the second kind (false duplicate), we calculate the values of the metric [image: image] between earthquakes in the JMA catalog. This will allow to estimate the number of false duplicates that can occur due to the high density of earthquakes in the JMA catalog. The calculation algorithm is the same as for two different catalogs, only the comparison of the earthquake with itself is excluded. The distribution of the metric for JMA/JMA pairs shows that the number of pairs of earthquakes with metric values that is characteristic for duplicates, is very small (Figure 5A). The upper estimate of the probability of false duplicates is equal to the ratio of the number of JMA/JMA pairs with a metric below the threshold to the number of earthquakes in the JMA catalog. Optimization is done by assessing the probability of errors of the first and second kind, depending on the threshold value of the metric (Figure 5B). The threshold [image: image] corresponds to an equal number of errors of the first and second kind (the number of false duplicates is equal to the number of missed duplicates), the estimate of the total number of errors is approximately .6%, the range of values of the metric [image: image] minimizes the total number of errors, approximately .5%.
[image: Figure 5]FIGURE 5 | (A) Comparison of the distribution of the base metric [image: image] (Eq. 4) for ANSS/JMA pairs (blue histogram) and the same metric for JMA/JMA earthquakes (red histogram). (B) Threshold optimization: the red line shows the probability of missing a duplicate, the blue line is the probability of a false duplicate (see text), the black line is the total probability of errors of the first and second kind, the dashed line [image: image] corresponds to an equal number of errors of the first and second kind (the number of false duplicates is equal to the number of missed duplicates), the estimate of the total number of errors is approximately .6%, the gray bar shows the range of values of the metric [image: image], minimizing the total number of errors, approximately .5%.
In the JMA catalog, only 80 earthquakes have a distance to the nearest neighbor [image: image], the estimate of the probability of false duplicates is about 0.3%. At [image: image], the number of such pairs increases to 116, which corresponds to a probability of .5%. The results are summarized in Table 1, EX0. The choice of the metric threshold for identification of duplicates depends on the task of further study of the merged catalog. If it is important to guarantee the removal of duplicates, then a higher threshold is preferable; if it is important to keep the integral characteristics of the catalog, then the threshold, which ensures equality of errors of the first and second kind is preferable. To study the correspondence of magnitude scales, a lower threshold is preferable, which minimizes the probability of false duplicates.
TABLE 1 | Summary of numerical experiments.
[image: Table 1]3.2 Japan Meteorological Agency Catalog Misses
More than 700 earthquakes in the ANSS catalog that were missed in the JMA catalog were found (Figure 6A). Most of the misses occurred at the beginning of the Tohoku aftershock sequence. On the first day, only half of the events reported in ANSS have duplicates in the JMA (Figure 6B). We repeated the identification of the duplicates on the first day after the main shock. There are 660 events in the ANSS, 1,175 events in the JMA (EX 1). The distribution minimum did not shift (Figure 6D). There is no reason to change the metric parameters, since we have shown that the variance of the parameters does not depend on time (see Figure 4). Due to the very high density of earthquakes, the probability of false duplicates on the first day is significantly higher than for the entire studied period. The metric threshold is redefined to ensure that the number of the first and second kind errors is equal. At [image: image], the probability of missing 0.7% is approximately equal to the probability of a false duplicate. The estimate of the total number of errors increases to 1.4%. 347 duplicates and 313 unique events are identified in ANSS that are missed in the JMA on the first day (Table 1, EX1). All ANSS events have a magnitude of [image: image], and in JMA on the first day 704 events with [image: image] are presented, so about a third of earthquakes are missed.
[image: Figure 6]FIGURE 6 | JMA misses. (A) Tohoku Aftershock Epicenter Map (ANSS), red dots are JMA missed events. (B) Distribution in time of misses (red) and duplicates (blue). (C) Magnitude distribution of misses (red) and duplicates (blue) in time. (D) Comparison of the [image: image] metric distribution for JMA/ANSS pairs on the first day after the main shock (red) and for the entire studied period (blue).
Among the misses, there are 10 earthquakes with magnitude [image: image], five of them occurred in the first half hour after the main shock. All five missed earthquakes with [image: image] have a [image: image] metric. An illustration of duplicates and misses for the first half hour is given in Figure 7. Events close in time at the 19th and 24th minutes occurred at a great distance DL and therefore are non-duplicates, values are given in Figure 7.
[image: Figure 7]FIGURE 7 | Earthquakes registered by JMA and ANSS in the first half hour after the main shock. (A) Epicenter map. (B) Sequence of events JMA (black) and ANSS (red—JMA misses, blue—events with duplicates in JMA) without magnitude limitations. For events from ANSS missed in JMA, the values of the metric, time and distance to the nearest JMA event are given. The designations are the same as in (A).
Among misses, there are pairs with small time differences, but long distances. We check whether spatial discrepancies can be attributed to how locations in the ANSS catalog were estimated. Unfortunately, ANSS provides a location error only after 2014. In the studied area, the average error value is 7 km, and the maximum value is 15 km. We suppose that the location error was not significantly greater until 2014. The value of 7 km is less than DX = 12.3 km and DY = 15.5 km used in our study.
4 DISCUSSION
4.1 Spatial-Temporal Structure of Duplicates and Aftershocks
The distribution of distances and times between the Tohoku aftershocks from the JMA catalog and between the nearest neighbors from the JMA and ANSS catalogs is shown in Figure 8. Duplicates form a dense cluster (Narteau et al., 2000; Widiwijayanti et al., 2003; Narteau et al., 2008; Gvishiani et al., 2016), are well separated from the aftershocks. In an aftershock sequence, quite a few events have small times or small distances to the nearest neighbor, but very few events occur close simultaneously in time and space. Thus, the space-time structure is significantly different for the nearest neighbors from different catalogs and within the aftershock sequence. This allowed us to successfully solve the problem of discriminating duplicates and aftershocks.
[image: Figure 8]FIGURE 8 | Spatio-temporal structure of duplicates and aftershocks. Colored dots are JMA/ANSS pairs, black dots are the distance between aftershocks from the JMA catalog in the basic metric [image: image] (Eq. 4). Metric level lines [image: image] and [image: image] provide close to optimal separation of duplicates and aftershocks. [image: image], and [image: image].
The distribution of aftershocks and duplicates using the proximity function Eq. 1 is shown in Figure 9. We used the numerical parameters determined for Japan in (Shebalin et al., 2020). The space-time structure of duplicates and aftershocks differs slightly worse than for the Euclidean metric proposed in this paper. This confirms the robustness of result. However, the lines corresponding to thresholds of the proximity function Eq. 1 (straight lines on a logarithmic scale) poorly separate duplicates (Figures 9A,B). The potential number of errors is significant, the probability of choosing a false duplicate is high (compare with Figure 5). The proximity function Eq. 1 is good for distinguishing between aftershocks and background events. To discriminate aftershocks and duplicates, the proximity function should take into account not the probability of a causal relationship between two events, but the probability of divergence of the event parameters in two sources, and therefore rely on the rates of errors in determining the times and epicenters of earthquakes. The level lines of the Euclidean metric Eq. 4 provide a close to optimal separation of duplicates and aftershocks (Figure 8).
[image: Figure 9]FIGURE 9 | Distribution and space-time structure of duplicates and aftershocks for the proximity function η (Eq. 1), parameters as in Shebalin et al. (2020). (A) Distribution of proximity function η for duplicates (colored histogram) and aftershocks (gray histogram). The black and gray lines show possible thresholds for separating duplicates. The gray line corresponds to the minimum distribution for duplicates, the black line corresponds to an equal number of errors of the first and second kind. (B) Distribution of duplicates (colored dots) and aftershocks (black dots) in space and time. The gray and black lines show the proximity function (Eq. 1) level lines (same as in panel (A)). [image: image], and [image: image], df is the fractal dimension of the epicenter distribution and [image: image] the slope of the earthquake-size distribution.
4.2 Numerical Experiments
4.2.1 EX2. Symmetry Test
In the basic version, we chose JMA data as the main catalog and ANSS as the secondary catalog. We will study changes in duplicate identification results if the main catalog is ANSS and the secondary one is JMA.
In 48 cases, a different pair was chosen by earthquakes, but all these cases were among non-duplicates (pairs with a large metric [image: image]). The definitions of the duplicates are exactly the same. Thus, the procedure is symmetrical, the choice of the main catalog does not affect the identification of duplicates (Table 1, EX2).
4.2.2 EX3, 4. Model With Four Parameters DT, DX, DY, DM
DM is included in the metric, the number of parameters increases to 4.
[image: image]
In total, in six earthquake cases, a different pair was chosen, two among duplicates and four among non-duplicates. The optimal value of the metric threshold is [image: image] The number of duplicates is 3,948. The estimate of the number of errors is the same as for a simple model with three parameters. The classification is changed for six events (Table 1, EX3). On the first day, the metric threshold drops to 5.4, and the total number of errors increases to 1.4%. The number of duplicates is 347. The classification changes for two events (Table 1, EX4). Overall, the changes are very minor. Including magnitude falls short of expectations.
4.2.3 EX5, 6. Model Taking Into Account the Correlation of Parameters and Bias of the Mean
In the proposed methodology, the most controversial is the assumption of the independence of errors for individual parameters. It is believed that the time difference [image: image] increases with the distance [image: image] between duplicates. Taking correlations into account leads to a more complex metric.
In the case of three parameters [image: image] three additional terms (covariance) appear in the metric
[image: image]
where [image: image], [image: image], [image: image] are the linear correlation coefficients of the corresponding parameters, and [image: image].
For Tohoku catalogs [image: image], [image: image], [image: image]. There is a noticeable correlation between time difference and longitude difference (possibly related to the configuration of the Japanese network). Correlations were calculated by duplicates (3,950 events), for non-duplicates the correlations are close to 0. In addition, we included systematic shifts of parameters [image: image], [image: image] and [image: image] into the model (see Figure 4). Thus, the complicated model includes six additional numerical parameters.
80 events found another pair, but only four among the duplicates. The metric values decreased for the duplicates, while for the non-duplicates they remained approximately the same, which reflects the absence of correlations in the non-duplicates. The depth of the distribution minimum did not change, i.e. the quality of separating duplicates/non-duplicates did not improve (Figure 10).
[image: Figure 10]FIGURE 10 | Distribution of the metric [image: image] (Eq. 6) with correlations and systematic shifts (red) and basic metric [image: image] (Eq. 4) (blue, the same as in Figure 4).
The optimal threshold value [image: image] is the same as for the basic three-parameter metric. The estimate of the number of errors also did not change and amounts to 0.6%. The number of duplicates identified increases by 37 cases and amounts to 3,987. The classification is changed for 41 events. In general, the result changes for about 1% of events (Table 1, EX5).
On the first day after the main shock, the optimal metric threshold decreases to 5.1, the estimate of the number of errors increases to 1.9%. The number of identified duplicates increases by 7 and is 354. Among the additional duplicates there is an earthquake with [image: image], which was not identified in the basic case (EX1). The classification changes for 15 events, which is approximately 2.2% of events recorded on the first day after the main shock (Table 1, EX6).
Thus, there are no significant changes in the classification of events. While there is a significant correlation, in practice, a simple basic model gives nearly the same result.
The statistics of changes in the classification of events in numerical experiments allows to estimate the possible percentage of errors associated with the inaccuracy of the basic model. Over the entire study period, on average, it does not exceed 1%, on the first day after the main shock it is about 2%. Taking into account the estimate of the total number of errors of the first and second kind .6%, the efficiency of the basic model exceeds 98% for the entire period of the study. On the first day, the efficiency drops to 96% (100% −2.2% −1.3%).
5 CONCLUSION
The difficulty in registration of early aftershocks is associated with extreme seismic activity in the source zone immediately after a strong earthquake. Under conditions of extremely high noise levels, the process of event identification becomes largely stochastic. Due to different network configurations and record processing methods, different agencies may register/miss different events, thus merging catalogs can improve the completeness of the aftershock sequence. This, however, raises the problem of correct discriminating aftershocks and duplicates.
The method proposed in this paper is designed to merge modern instrumental earthquake catalogs. It was developed by analogy with modern methods of declustering earthquake catalogs. It is a modification of the nearest neighbor method (Zaliapin and Ben-Zion, 2013; Zaliapin and Ben-Zion, 2016). We also proposed a Euclidean metric for assessing the proximity of duplicates, which is based on a probabilistic assessment of the divergence of event parameters in different sources. The metric takes into account random and systematic errors in determining the temporal and spatial parameters of events. Magnitude analysis is also possible. Using the example of merging two catalogs of the aftershock sequence of the Tohoku earthquake, 11 March 2011, Mw = 9, it is shown that the proposed method allows efficiently identify duplicates.
The main advantage of the method is the automatic procedure for identifying duplicates, which, unlike the window method, does not require additional manual analysis. The method allows to calculate the probability of missing duplicates and the formation of false duplicates, and thus assess the efficiency of identifying paired events.
Using the example of the aftershock sequence of the Tohoku earthquake, it was shown that the data of one of the best seismic networks in the world, JMA, can be substantially supplemented with data from the global ANSS catalog. We found over 700 events with [image: image] that were missed by the JMA network, among them several earthquakes with [image: image]. On the first day after the main shock, about half of the events in the ANSS catalog were missed in the JMA catalog, later, the share of missed earthquakes decreases to 2–3%. The estimate of the total number of errors does not exceed 3%, which shows the high reliability of method.
For the Tohoku case, the simplest basic metric Eq. 4, which includes only the variances of the difference in the temporal and spatial parameters of earthquakes in ANSS and JMA turned out to be effective. Including the magnitude, taking into account systematic shifts, as well as correlations of individual parameters, almost does not change the result of duplicate identification. A significant complication of the procedure and an increase in the number of metric parameters does not justify possible minor improvements in the result. We believe that for most catalogs, the basic metric will be sufficient to reliably identify duplicates.
The method can be used not only to improve the completeness of aftershock sequences, but also for any merging of earthquake catalog containing data on clustered seismicity, e.g., earthquake swarms, which are an important feature of the seismicity (Ross et al., 2020). The automated procedure eliminates the manual analysis step, in which the result depends on the subjective decision of the researcher. In addition, due to the volume of modern earthquake catalogs, manual analysis becomes extremely laborious and time-consuming, and often simply impossible.
High efficiency and reliable identification of duplicates allows to study the correspondence of magnitudes determined by different agencies. Therefore, the present method is an effective tool for creating merged earthquake catalogs with a uniform magnitude.
In the near future, the authors plan to apply the algorithm developed in this article to merge a number of catalogs in order to create the most complete catalog of earthquakes for the Arctic zone of the Russian Federation.
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