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The relationship between sea surface height (SSH) and seawater density anomalies, which affects the pressure on the seafloor (PSF) anomalies off the southeastern coast of Hokkaido, Japan, was analyzed using the eddy-resolving spatial resolution ocean assimilation data of the JCOPE2M for the period 2001–2018. On an interannual (i.e., year-to-year) timescale, positive SSH anomalies of nearly 0.1 m appeared off the southeastern coast of Hokkaido, Japan, in 2007, associated with a warm-core ring (WCR), while stronger SSH anomalies (∼0.2 m) related to a stronger WCR occurred in 2016. The results show that the effects of such positive SSH anomalies on the PSF are almost canceled out by the effects of negative seawater density anomalies from the seafloor to the sea surface (SEP; steric effect on PSF) due to oceanic baroclinic structures related to the WCRs, especially in offshore regions with bottom depths greater than 1000 m. This means that oceanic isostasy is well established in deep offshore regions, compared with shallow coastal regions. To further verify the strength of the oceanic isostasy, oceanic isostasy anomalies (OIAs), which represent the barotropic component of SSH anomalies, are introduced and analyzed in this study. OIAs are defined as the sum of the SSH anomalies and SEP anomalies. Our results indicate that the effect of oceanic fluid changes due to SSH and seawater density anomalies (i.e., OIAs) on PSF changes cannot be neglected on an interannual timescale, although the amplitudes of the OIAs are nearly 10% of those of the SSH anomalies in the offshore regions. Therefore, to better estimate the interannual-scale PSF anomalies due to crustal deformation related to slow earthquakes including afterslips, long-term slow slip events, or plate convergence, the OIAs should be removed from the PSF anomalies.
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1 INTRODUCTION
Along the eastern coast of Japan, ocean trenches such as the Japan Trench and Kuril Trench are found (Figure 1A). Along the slopes of trenches, megathrust earthquakes often occur, such as the 2011 Pacific Coast of Tohoku Earthquake. It has been reported that slow slip events (SSEs) frequently occur in these regions (Shelly et al., 2007; Obara and Kato, 2016; Uchida et al., 2016; Araki et al., 2017). Recently, Nishikawa et al. (2019) pointed out that SSEs play a role in limiting the occurrence of megathrust earthquakes. Therefore, better monitoring of SSEs is useful to understand the mechanism of the occurrence of megathrust earthquakes and improve the prediction of megathrust earthquakes.
[image: Figure 1]FIGURE 1 | (A) Map of the western North Pacific. Sea surface currents (Kuroshio and Oyashio) are schematically shown by purple arrows. (B) Map for the analysis area off Tokachi and Kushiro (off the southeastern coast of Hokkaido) marked by a yellow square in (A) with bottom topography. Contour interval is 1000 m. On the contour of 1000 m depth, a contour label is shown. The ocean bottom pressure gauges (PG1 and PG2) are marked by black stars and the CTD stations at A-line by black crosses.
In contrast to conventional earthquakes, slow earthquakes including SSEs (e.g., Ide et al., 2007) do not emit seismic waves. A useful tool for monitoring slow earthquakes is the ocean bottom pressure gauge. Itoh et al. (2019) reported that crustal deformation caused by the afterslip of the 2003 Tokachi-oki earthquake occurred for 7.5 years from 2003 to 2011, using inland Global Positioning System (GPS) data in Hokkaido, Japan, and pressure on the seafloor (PSF; see Table 1 for the abbreviations and corresponding full names and units of the variables used in this study) data obtained off the southeastern coast of Hokkaido, Japan. They showed that the crustal deformation increased by approximately 2 × 10–1 m (i.e., 2 × 10–1 dbar) from 2003 to 2011. Thus, a precision of 1 × 10–2 dbar of the PSF data is required to identify such changes. In this study, we focus on the oceanic fluid changes off the southeastern coast of Hokkaido, Japan, which can affect the PSF changes in this region, and briefly discuss their relationships after the occurrence of the 2003 Tokachi-oki earthquake. As described in Section 2.3, the observed PSF data used in this study are of sufficient precision to evaluate this relationship.
TABLE 1 | Abbreviations, their full names or explanation, units, and corresponding equations and figures of the variables used in this study.
[image: Table 1]Observed PSF data include both the pressure changes due to crustal deformation as well as those due to oceanic fluid changes (Ariyoshi et al., 2016). The area off the east coast of Japan facing the North Pacific is one of the most active areas of ocean fluid variations in the global oceans owing to the very strong Kuroshio (e.g., Nitani, 1972; Kawabe, 2005; Nagano et al., 2018, 2019) and Oyashio currents (e.g., Kono, 1997; Joyce and Dunworth-Baker, 2003; Ito et al., 2004; Kuroda et al., 2015), and numerous oceanic mesoscale eddies (e.g., Tai and White, 1990; Qiu et al., 1991; Ichikawa and Imawaki, 1994; Aoki et al., 1995; Ebuchi and Hanawa, 2000; Sugimoto et al., 2017). Thus, the oceanic fluid changes related to such phenomena can affect the PSF in the areas around the Japan Trench and Kuril Trench. Therefore, to more accurately estimate the crustal deformations related to the SSEs and other slow crustal deformations such as plate motions by use of the PSF, PSF changes caused by the oceanic fluid variabilities should be removed from the PSF data.
In our previous study (Hasegawa et al., 2019), we investigated the effect of oceanic fluid change on the PSF change off the southeastern coast of Hokkaido, Japan, using observational data, as an interdisciplinary study with solid Earth science and fluid Earth science. In the previous study, we analyzed PSF data obtained by the ocean bottom pressure gauges at the PG1 and PG2 stations (Figure 1B) that were recorded by the Long-Term Deep Sea Floor Observatory off Kushiro-Tokachi in the Kuril Trench deployed by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) (Kawaguchi et al., 2000), repeated observations of conductivity-temperature-depth (CTD) data along the A-line (Figure 1B) by the Fisheries Research Agency, and altimetric sea surface height (SSH) data provided by the Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO). We focused on the effect of oceanic fluid changes related to substantially baroclinic anticyclonic eddies, called warm-core rings (WCRs), which are of the similar kind to oceanic mesoscale eddies observed along the east coast of Japan and other regions of the world (e.g., Tomosada, 1986; Itoh and Sugimoto, 2002), on PSF changes on an interannual (i.e., year-to-year) timescale.
The impact of the WCRs on the PSF in 2007–2008 and 2012–2013 was studied by Hasegawa et al. (2019). It was found that the WCRs with large positive SSH anomalies lead to retreats of the Oyashio Current after El Niño events (e.g., Trenberth, 1997; Hasegawa and Hanawa, 2003a; McPhaden et al., 2006). Hasegawa et al. (2019) also showed that although the large positive SSH anomalies due to the WCR appeared at PG2 in 2007 (i.e., the seawater volume above PG2 was larger than usual), the effect of positive SSH anomalies on the PSF change was canceled out by the effect of the negative seawater density anomalies due to the WCR (i.e., the density of seawater was reduced due to the WCR compared to the usual value), which resulted in very small changes in the PSF. Therefore, to better understand the effects of oceanic fluid changes on the PSF, a more comprehensive description of the relationship between SSH anomalies and seawater density anomalies on an interannual timescale is required.
The observational CTD data used in Hasegawa et al. (2019) do not cover the wide areas off the southeastern coast of Hokkaido, Japan, because of the limited number of in-situ observations obtained using such instrument. Instead, analyses using numerical models are useful, as demonstrated by Inazu et al. (2012) and Muramoto et al. (2019). These studies investigated the effect of oceanic fluid changes on PSF on a timescale of 2–20 days. They used a non-linear, single-layer barotropic ocean model, which is very useful for simulating oceanic barotropic variations on timescale of 2–20 days (Inazu et al., 2012). In addition to such a short timescale, interannual-timescale variations have also been found in crustal deformations related to long-term SSEs (e.g., Hirose and Obara, 2005; Ide et al., 2007; Uchida et al., 2016; Nakata et al., 2017; Kobayashi and Tsuyuki, 2019), afterslip (e.g., Miyazaki et al., 2004; Ide et al., 2007; Itoh et al., 2019), silent earthquakes (e.g., Franco et al., 2005; Ide et al., 2007), and plate convergence (e.g., Miyashita, 1987; DeMets et al., 1990). While the non-linear, one-layer barotropic ocean model is effective for the shorter timescale of 2–20 days, it is less effective for representing baroclinic ocean changes on timescales longer than 20 days (Inazu et al., 2012). To analyze the oceanic fluid variations on the interannual timescale related to the WCRs, continuously stratified ocean models accounting for both barotropic and baroclinic components are more suitable.
Our final goal is to quantitatively estimate the effects of SSH and seawater density anomalies on PSF anomalies related to the slow earthquakes (e.g., Ide et al., 2007) on an interannual timescale. To reach this aim, as the next step of our previous observational study (Hasegawa et al., 2019), the purpose of this study is to investigate the relationship between SSH and seawater density anomalies over the entire area off the southeastern coast of Hokkaido, Japan, with a special reference to WCRs, using the ocean assimilation data of the eddy-resolving ocean assimilation data (JCOPE2M; Miyazawa et al., 2017; 2019). The JCOPE2M estimates the optimal solution by using observational data and a continuously stratified numerical ocean model. In this study, we used SSH data and vertical profiles of temperature and salinity from the seafloor to the sea surface of the JCOPE2M to explore the relationship between SSH and oceanic density anomalies on an interannual timescale. In addition, we briefly discuss the effect of the ocean fluid changes estimated from the JCOPE2M assimilation data on changes in PSF observed by the ocean bottom pressure gauges at PG1 and PG2 on an interannual timescale. The analysis method used in this study for the SSH anomalies and vertical profiles of temperature and salinity of the JCOPE2M is applicable to observational data, i.e., altimetric SSH data, temperature and salinity vertical profiles obtained by shipboard-CTD, Argo profiling floats (Argo Science Team, 1998; Argo Science Team, 2001), eXpendable Conductivity Temperature Depth profilers (XCTDs), moorings, etc., not only in the region off the southeastern coast of Hokkaido, Japan, but also in other places where both interannual-scale crustal deformations caused by slow earthquakes and oceanic fluid variations exist.
The remainder of this article is organized as follows. In Section 2, the assimilation data of the JCOPE2M, observed altimetric SSH data, and observed PSF data used in this study are described. In Section 3, the relationship between the SSH and seawater density anomalies on an interannual timescale is investigated with a special reference to the WCRs. Discussions are given in Section 4, and concluding remarks are presented in Section 5.
2 DATA
2.1 Ocean Assimilation Data
The assimilation data analyzed in this study were obtained from a reanalysis experiment of the eddy-resolving spatial resolution ocean assimilation model developed by JAMSTEC (JCOPE2M; Miyazawa et al., 2017; Miyazawa et al., 2019). JCOPE2M is based on the Princeton Ocean Model, which adopts the vertical discretization of sigma coordinates (Mellor et al., 2002). The model domain is the western North Pacific (10.5°N to 62°N, 108°E to 180°E). The horizontal resolution is 1/12° in both zonal and meridional directions, and the model has 46 vertical levels from the ocean bottom to the sea surface. It is forced by surface wind stress and heat and salt fluxes derived from the NCEP/NCAR reanalysis data (Kalnay et al., 1996). The experimental period is January 1993 to the present. The multiscale 3D-VAR assimilation scheme is used in the JCOPE2M. Observation data of the SSH anomaly, sea surface temperature, and vertical profile data of temperature and salinity are assimilated in the JCOPE2M. SSH data provided by the JCOPE2M do not include the atmospheric pressure change effect (i.e., the IB component; Ponte and Gaspar, 1999). In this study, we used the outputs of the SSH data and vertical profiles of temperature and salinity from the JCOPE2M reanalysis experiment.
We analyzed monthly SSH anomalies and other variables on an interannual timescale in this study. The analysis period for the JCOPE2M outputs from January 2001 to December 2018 was chosen to cover the analysis period of the observed PSF data at PG1 and PG2. The monthly anomalies were calculated as follows. First, daily vertical profiles of the potential density of seawater from the seafloor to the sea surface at each grid point were calculated using the daily outputs of vertical profiles of the temperature and salinity from January 1, 2001, to December 31, 2018. Subsequently, monthly averaged vertical profiles of the potential density were calculated from the daily vertical profiles of the potential density at each grid point from January 2001 to December 2018. Additionally, monthly SSH data were also calculated using the daily outputs of the SSH data at each grid point for the same period. Subsequently, the monthly climatologies (i.e., long-term average) of these variables were calculated by averaging the monthly variables for the individual calendar months from January 2001 to December 2018. Thereafter, the monthly anomalies of these variables were calculated by subtracting the monthly climatologies from the monthly averaged data. A 15-months running mean filter was adopted for the monthly anomalies to highlight the interannual-scale variations of these variables.
2.2 Altimetric Sea Surface Height (SSH) Data
To evaluate the SSH anomalies of the JCOPE2M, satellite altimeter data (i.e., observed altimetric SSH data) provided by AVISO were used in this study. Daily SSH anomalies of the 1/4° × 1/4° gridded delayed-time updated mapped data (DT-SLA-H) (AVISO, 2008) from January 1, 2001, to December 31, 2018, were analyzed. Monthly SSH anomalies from January 2001 to December 2018 were calculated in the same way as the JCOPE2M SSH anomalies. A 15-months running mean filter was also adopted for the altimetric SSH data.
2.3 Pressure on the Seafloor (PSF) Data
The PSF data obtained by the ocean bottom pressure gauges at PG1 and PG2 on the Long-Term Deep Sea Floor Observatory off Kushiro–Tokachi in the Kuril Trench (Kawaguchi et al., 2000) were used to discuss the PSF anomalies and effect of oceanic fluid changes on the PSF. The locations of PG1 (41.7040° N, 144.4375° E) and PG2 (42.2365° N, 144.8454° E) are shown as black stars in Figure 1B. The PSF gauges were deployed at depths of 2218 m and 2210 m for PG1 and PG2, respectively (also see the website of the Submarine Cable Data Center of JAMSTEC, http://www.jamstec.go.jp/scdc/top_e.html, for detailed information and data usage). The ocean bottom pressure gauges of this system are digiquartz pressure transducers (Model 2813 E) manufactured by Hewlett-Packard. The accuracy and resolution of the sensors were 7 × 10–2 dbar and 5 × 10–3 dbar, respectively. The original data were observed at a sampling rate of 8 kHz.
The PSF data for PG1 and PG2 were analyzed in our previous study (Hasegawa et al., 2019) from 2003 to 2014. In this study, we extended the data length, and PSF data from October 8, 2003, to December 31, 2018, were used. The raw data were averaged to hourly data. Subsequently, the daily mean data were calculated after removing tides from the hourly data by using the tide-eliminating filter proposed by Thompson (1983). Then, the sensor drift components were removed from the detided daily mean data by exponential and linear functions as done in our previous study (Hasegawa et al., 2019). In this study, the data length for calculating the drift component was from October 13, 2003, to December 26, 2018, which is extended compared to that of Hasegawa et al. (2019). The parameters used to estimate the sensor drift in this study are shown in Table 2, and are slightly changed from those used in Hasegawa et al. (2019). After the drift component was removed from the daily PSF data, monthly averaged PSF data were obtained from the residual daily data. The PSF monthly climatologies were calculated for the period from January 2004 to December 2018. Then, the monthly PSF anomalies from January 2004 to December 2018 were calculated by subtracting the monthly climatologies from the monthly PSF data. Afterward, a 15-months running mean filter was adopted for the monthly PSF anomalies to highlight the interannual-scale variations such as SSH anomalies.
TABLE 2 | Regression coefficients A (dbar), B (d−1), C (dbar d−1), and D (dbar) for the exponential and linear functions to estimate the sensor drift component (pd) of the detided daily PSF data at PG1 and PG2. pd is represented by the equation; pd = A exp (B t) + C t + D, where t is the time (days). These parameters were calculated for the period from October 13, 2003, to December 26, 2018.
[image: Table 2]As described in Section 1, based on previous studies (Uchida et al., 2016; Itoh et al., 2019) a precision of 1 × 10–2 dbar of the PSF data is required for analysis on interannual-scale PSF anomalies in this study. Assuming a Gaussian error distribution, the random errors of the 15-months running mean filtered PSF anomalies were estimated to be approximately 1.5 × 10–6 dbar. This is much smaller than the required precision for PSF and the amplitudes of the 15-months running mean filtered PSF anomalies at PG1 and PG2 (approximately 1 × 10–2 dbar), as shown in Section 4.1.
3 RESULTS
3.1 Positive Peaks of SSH Anomalies at PG1 and PG2
First, we detected the periods in which SSH anomalies showed positive peaks of during the analysis period at PG1 and PG2, respectively. As shown in previous studies (e.g., Hasegawa et al., 2019), the WCRs were accompanied by positive SSH anomalies around PG1 and PG2. Black thick solid lines in Figures 2A,B show the timeseries of SSH anomalies from the JCOPE2M data at the grid point closest to PG1 (41.625° N, 144.375° E) and PG2 (42.125°N, 144.875° E), respectively. It is shown that the SSH anomalies of the JCOPE2M at both PG1 and PG2 show positive SSH anomalies (approximately 5 × 10–2) in the year 2007, which is consistent with our previous study using observed altimetric SSH data (Hasegawa et al., 2019). Additionally, much stronger positive peaks (approximately 1.5 × 10–1) were found in the year 2016, both at PG1 and PG2. These two positive SSH anomalies were also observed in the observed altimetric SSH (AVISO-SSH) anomalies (red thick solid lines in Figures 2A,B).
[image: Figure 2]FIGURE 2 | (A) Timeseries of the JCOPE2M SSH anomalies (black thick solid line) and the observe altimetric AVISO-SSH anomalies (red thick solid line) at PG1 (indeed, the closest grid point to the location of PG1, i.e., 41.625° N, 144.375° E). The unit is m. (B) Same as (A) but at PG2 (indeed, the closest grid point to the location of PG2, i.e., 42.125° N, 144.875° E).
The standard deviations calculated during August 2001–May 2018 (i.e., both the start and end periods of the 15-months running mean filter, in which the data cannot be adequately filtered by the running mean filter, were eliminated from the original analysis period) of the JCOPE2M-SSH and AVISO-SSH anomalies at PG1 (PG2) were approximately 5.5 × 10–2 (5.6 × 10–2) m and 4.9 × 10–2 (3.9 × 10–2) m, respectively. Thus, the difference in the standard deviation between the JCOPE2M and AVISO-SSH anomalies at PG1 (PG2) is approximately 6.0 × 10–3 (1.7 × 10–2) m for this period.
Therefore, the gross features of the JCOPE2M SSH data represent the strong positive SSH anomalies at these locations. In the following subsections, we focus on oceanic fluid changes in the years 2007 and 2016 as case studies.
3.2 SSH and Seawater Density Anomalies Related to the WCRs in 2007 and 2016
Figure 3A shows the spatial pattern of the yearly averaged SSH anomalies in 2007. As shown in Figure 3A, a WCR existed in this period around PG1 and PG2. This WCR shows a relatively large positive SSH anomaly of approximately 0.1 m around its center. In 2016 (Figure 3B), a much stronger WCR was distributed over a wide area off the southeastern coast of Hokkaido, Japan, including the locations of PG1 and PG2, with large positive SSH anomalies of approximately 0.2 m around its center. Since a 1-m increase in SSH can lead to a nearly 1-dbar increase in the PSF, the SSH anomalies had the potential to increase the PSF by nearly 0.1 dbar and 0.2 dbar around the center of these WCRs in 2007 and 2016, respectively.
[image: Figure 3]FIGURE 3 | (A) Spatial distribution of the yearly averaged SSH anomaly for the year 2007. The unit is m. The black horizontal line along 41.5° N denotes the longitude range for the longitude-depth diagram of σθ in Figure 4A. Black circles denote the location of PG1 and PG2. (B) Same as (A) but for the year 2016. The black horizontal line along 40.5° N denotes the longitude range for the longitude-depth diagram of σθ in Figure 4B.
Subsequently, we investigated the vertical profiles of seawater density related to the WCRs in the two cases. Figure 4A shows the depth-longitude diagram of the yearly averaged σθ (σθ is defined as follows: σθ = ρ – 1000 [kg/m3], where ρ [kg/m3] is the potential density of seawater) and the yearly averaged σθ anomaly along a horizontal line at 41.5° N from 143° E to 147° E, which is across the center of the WCR, in 2007 (Figure 3A). As shown in Figure 4A, relatively large negative σθ anomalies appear centered at 145° E, where the center of the WCR is located (Figure 3A), from the sea surface to a depth of approximately 900 m. Along the line, associated with the negative σθ anomalies, the isopycnal depths shown by black contours in Figure 4A display a slightly downward lens-like shape, showing the oceanic baroclinic structure due to the WCR. It is expected that such a negative anomaly of σθ generates a low seawater mass in the WCR area, when compared with the normal condition, resulting in a reduction of the PSF in this area. For the year 2016, in which much stronger positive SSH anomalies appeared (Figure 3B), negative σθ anomalies and downward lens-like shape (i.e., the oceanic baroclinic structure) were also much stronger than those in 2007 (Figure 4B). Thus, it is suggested that the effect of the positive SSH anomalies on the PSF can be canceled out by the effect of the negative seawater density anomalies on the PSF in both 2007 and 2016.
[image: Figure 4]FIGURE 4 | (A) Longitude-depth diagram of the yearly averaged σθ (contour) and σθ anomaly (shaded color) for the year 2007, along the 41.5° N-horizontal line from 143° E to 147° E which is indicated by the black line in Figure 3A. The unit is kg/m3. (B) Same as (A) but for the year 2016 along 40.5° N-horizontal line from 143° E to 147° E which is indicated by the black line in Figure 3B.
To evaluate the effect of seawater density anomalies on the PSF quantitatively and compare it with that of the SSH anomalies, we introduced a “steric effect on pressure on the seafloor” (hereafter SEP). The SEP was calculated at each grid point using daily vertical profiles of potential temperature and salinity from the ocean bottom to the sea surface of the JCOPE2M assimilation data. The SEP between the seafloor and the sea surface along the vertical pressure axis is defined as
[image: image]
where g = 9.81 m/s2 is the gravitational acceleration; p is the pressure (Pa); p1 is the pressure at the sea surface, that is, p1 is fixed to 0 Pa; p2 is the pressure close to the seafloor (if the ocean bottom depth is H m, p2 is set to H × 104 Pa); and δ is the specific volume anomaly (m3/kg). The SEP has a unit of m in this definition. The definition of the SEP is similar to that of the steric height and geopotential distance anomaly, which are widely used in physical oceanography (see Supplementary Material 1). In this study, the monthly averaged SEP anomaly was calculated from the daily SEP, and a 15-months running mean filter was adopted for the monthly SEP anomaly. If the seawater density increases (decreases) from the mean value, that is, the seawater density anomaly is positive (negative), the vertically integrated δ will decrease (increase) from the mean value. This leads to a negatively smaller (larger) SEP value compared to the mean value, that is, a positive (negative) SEP anomaly. The positive (negative) SEP anomaly leads to an increase (decrease) in the PSF from the mean value. For example, an SEP anomaly of +1 m can lead to a +1 dbar (i.e., +1 × 104 Pa) PSF anomaly. Figure 5A shows the spatial pattern of the yearly averaged SEP anomaly in 2007. The SEP anomaly pattern is very similar to that of the SSH anomaly (black contours in Figure 5A; also see Figure 3A), but with opposite anomaly signs. In 2016, the spatial pattern of the SEP anomaly (Figure 5B) was also similar to that of the SSH anomaly (black contours in Figure 5B; also see Figure 3B) with opposite anomaly signs. Thus, in both cases, the effects of positive SSH anomalies related to WCRs on the PSF were partly canceled out by the negative SEP anomalies due to the negative seawater density anomalies of the WCRs.
[image: Figure 5]FIGURE 5 | (A) Spatial distribution of the yearly averaged SEP anomaly for the year 2007 (color shades). The yearly averaged SSH anomalies for the year 2007 are shown by black contours. The unit is m. (B) Same as (A) but for the year 2016.
3.3 Introduction of Ocean Isostasy Anomaly (OIA)
To evaluate the total effect of the SSH anomaly and seawater density anomalies on the PSF anomaly, we introduced a variable called the ocean isostasy anomaly (OIA) in this study. The OIA is defined as,
[image: image]
The OIA represents the component of the SSH anomaly associated with the vertically uniform fluid motion with the same velocity as the bottom current, called the barotropic component in this study (see Supplementary Material 1). If the value of OIA is zero, it implies that the effect of the SSH anomaly on the PSF anomaly is perfectly canceled out by the SEP anomaly; that is, ocean isostasy is perfectly established when the OIA is zero. In this case, the total effect of the SSH and seawater density anomalies does not change the PSF. If the value of OIA is +1 m, that is, ocean isostasy is not perfectly established, the total effect of the SSH and seawater density anomalies will change the PSF anomaly by nearly +1 dbar.
Figure 6A shows the spatial pattern of the yearly averaged OIA in 2007. A relatively large positive OIA of approximately +0.025 m appeared around 41°N, 145°E during this period. In 2016, a relatively large OIA of approximately +0.025 m appeared at 40.5°N, 144.5°E (Figure 6B). Large positive anomalies were also found along the coast of Sanriku (around 40.5° N, 141.5° E; see Figure 1B for the location of Sanriku). It is also shown that relatively large negative OIAs of approximately −0.025 m appeared east of the positive OIA areas in 2007 and 2016. It is expected that strong negative SEP anomalies around the WCR area in 2016 (Figure 5B), related to the strong negative seawater density anomalies (Figure 4B), can effectively cancel out the strong positive SSH anomalies (black contours in Figure 5B represent SSH anomalies; also see Figure 3B). Due to such canceling effects of the SEP anomalies, the amplitudes of the OIA in 2016 were similar to those in 2007 (Figure 6), although the positive SSH anomalies were stronger in 2016 than in 2007 (black contours in Figures 5A,B; also see Figures 3A,B). As shown in Figures 3, 6, the amplitudes of the OIAs are nearly 10% of those of the SSH anomalies in large areas off the southeastern coast of Hokkaido, Japan.
[image: Figure 6]FIGURE 6 | (A) Spatial distribution of the yearly averaged OIA for the year 2007 (shaded color). The yearly averaged SSH anomalies for the year 2007 are shown by black contours. The unit is m. The bottom depths of 3000 and 6000 m are shown by the gray solid contours. (B) Same as (A) but for the year 2016.
Here, we discuss the relationship between OIAs and SSH anomalies related to the WCRs. The OIAs exhibited non-homogeneous patterns in the WCR area, indicated by relatively large positive SSH anomaly regions (black contours in Figures 6A,B; also see Figures 3A,B), in both 2007 and 2016. In 2007, a relatively large positive OIAs appeared around 40.5°N, 145°E in the southern part of the WCR (Figure 6A), while, in most parts of the WCR region, the OIA values were positive but small. In 2016, a large positive OIA existed within a large part of the WCR area, as illustrated by the strong positive SSH anomalies exceeding 0.15 m (Figure 6B). However, at the eastern limb of the WCR centered at 41°N, 145.5°E, the positive OIA values were less than those in the other areas of the WCR. Large OIAs were found to be localized at the regions of water depths greater than 3000 m (see Figure 1B), where ocean isostasy was not perfectly established or the barotropic flow component remained in the WCR structure, as observed by Owens and Warren (2001). In the other small-OIA areas, ocean isostasy was thought to be established more completely.
3.4 Regression and Correlation Relationships Between SSH and SEP Anomalies
In the previous subsections, case studies focusing on the WCRs that occurred in 2007 and 2016 were conducted. In this subsection, we explore both the regression and correlation relationships between SSH and SEP anomalies over a long period, from August 2001 to May 2018. Figure 7A shows the spatial pattern of regression coefficients between SSH and SEP anomalies calculated for the period from August 2001 to May 2018. The regression coefficients represent the ratio of SEP anomalies to SSH anomalies. Figure 7A shows that large negative regression coefficients of nearly −0.9 are distributed in the offshore regions with bottom depths greater than 1000 m. This result implies that nearly 90% of the effect of the SSH anomaly on the PSF anomaly is canceled out by the SEP anomaly (i.e., seawater density anomaly) in those regions. In other words, the amplitudes of the OIAs are nearly 10% of those of the SSH anomalies due to the canceling effect of the seawater density anomalies in those regions. That is, the barotropic component of the SSH anomalies are nearly 10% of the total SSH anomalies in the offshore region on an interannual timescale, in general, supporting the results shown in Figures 3–6. In contrast to the offshore region, negative regression coefficients are small in coastal regions with bottom depths less than 1000 m, that is, shallower than the main pycnocline in the region. Thus, ocean isostasy is better established in the deep offshore region with bottom depths greater than 1000 m rather than in the shallow coastal areas with bottom depths less than 1000 m.
[image: Figure 7]FIGURE 7 | (A) Spatial distribution of the regression coefficient between SSH and SEP anomalies. The period for the calculation of the regression coefficient is from August 2001 to May 2018. That is, both the start and end periods of the 15-months running mean filter, in which the data cannot be adequately filtered by the running mean filter, were eliminated from the original analysis period. Black solid lines show contours of bottom depths of 250, 500, and 1000 m. Black circles denote the locations of PG1 and PG2. (B) Same as (A) but for the correlation coefficient.
Figure 7B shows the spatial pattern of correlation coefficients between the SSH and SEP anomalies during the analysis period. Large negative correlation coefficients of approximately −0.95 appeared in offshore areas and small negative values in coastal areas (Figure 7B), similar to the regression coefficients (Figure 7A). This means that the SSH and SEP anomalies are negatively in-phase in offshore regions. For example, in Figure 8A, scatter plots between SSH and SEP anomalies at PG1, which located in the offshore region (see Figure 7B and Figure 1B for the location of PG1), show clear negative correlation and regression relationships. The negative correlation and regression relationships between SSH and SEP anomalies are also shown by the timeseries of SSH and SEP anomalies at PG1 (black and red solid lines in Figure 8B). The correlation and regression coefficients are −0.9983 and −0.9167, respectively at PG1. Such negative correlation and regression relationships indicate that the effect of the SSH anomaly on the PSF is almost canceled out by the seawater density anomaly (i.e., SEP anomaly). As a result, the amplitude of the OIA (green solid line in Figure 8B) is much smaller than those of the SSH and SEP anomalies, which is in line with the results shown in Figures 3–6. At PG2, similar result is obtained (not shown here) and the correlation and regression coefficients are −0.9980 and −0.9153, respectively.
[image: Figure 8]FIGURE 8 | (A) Scatter plots between SSH and SEP anomalies at the closest grid point to PG1 for the period from January 2001 to December 2018. The unit is m. (B) Timeseries of the SSH anomaly (black thick solid line), SEP anomaly (red thick solid line), and OIA (green thick solid line) at PG1. The unit is m.
4 DISCUSSIONS
4.1 Comparison Between the OIA and Observed PSF Anomalies at PG1 and PG2
In this subsection, we compare the OIA with the observed PSF anomalies at PG1 and PG2. Figures 9A,B show the OIAs from the JCOPE2M (gray solid line) and observed PSF anomalies (black solid line) at PG1 and PG2, respectively. During the analysis period, the OIAs range from approximately −1 × 10–2 to +1 × 10–2 m for PG1 and PG2. Although the PSF anomalies are nearly +5 × 10–2 dbar in 2007 at PG1 (Figure 9A), the PSF anomalies at PG1 and PG2 ranged from -2 × 10–2 to +2 × 10–2 dbar for almost the entire period except for 2007 (Figures 9A,B).
[image: Figure 9]FIGURE 9 | (A) Timeseries of OIA (in m; gray solid line), PSF anomalies (in dbar; black solid line), PSF anomalies after the OIAs were subtracted from the original PSF anomalies (PSF′) at PG1 (color shades of red and blue colors). A 1-m change in OIA is almost equal to 1-dbar change in PSF. Here, we assumed that a 1-m change in OIA is perfectly equal to 1-dbar change in PSF for calculating PSF′. OIAs were re-calculated using monthly climatologies from January 2004 to December 2018, to match the data length of the PSF at PG1 and PG2. (B) Same as (A) but for PG2.
The standard deviations of the OIAs and PSF anomalies were calculated from August 2004 to May 2018 at PG1 and PG2. At PG1, the standard deviations of the OIAs and PSF anomalies were 5.0 × 10–3 m and 1.9 × 10–2 dbar, respectively. At PG2, the standard deviations of the OIAs and PSF anomalies were 3.9 × 10–3 m and 8.6 × 10–3 dbar, respectively. As described in Section 3.3, a +1-m change in OIA will change the PSF anomaly by nearly +1 dbar. Thus, the standard deviations of the OIAs account for approximately 26 and 45% of those of the PSF anomalies, at PG1 and PG2, respectively. Therefore, it can be said that although the amplitude of the OIAs is approximately 10% of the SSH anomalies as described in the previous subsections, the amplitudes of the OIAs are not much less than those of the PSF anomalies at PG1 and PG2.
To discuss the effect of the OIAs on PSF anomalies at PG1 and PG2 after the 2003 Tokachi-oki earthquake, we calculated the PSF anomalies after the removal of the OIAs from the original PSF anomalies (hereafter PSF′) as follows,
[image: image]
The timeseries of PSF′ at PG1 and PG2 are shown as color shades of red and blue in Figures 9A,B, respectively. After the 2003 Tokachi-oki earthquake, both the PSF and PSF′ anomalies showed increasing tendencies from 2004 to 2007 at PG1 (Figure 9A). The PSF anomalies at PG1 increased from nearly −2.0 × 10–2 to +5.0 × 10–2 dbar during this period. On the other hand, positive values of PSF′ around 2007 were nearly +3.0 × 10–2 to 4.5 × 10–2 dbar in 2007, weaker than those of PSF around 2007 by approximately 1.0 × 10–2 dbar, due to the positive OIAs in this period (Figure 9A). During 2004–2005, negative values of PSF′ at PG1 were almost the same as those of PSF, since the OIAs were nearly zero during this period (Figure 9A). As a result, the increasing tendency of PSF′ from 2004 to 2007 was weak compared with that of PSF. At PG2, relatively large positive values of PSF (nearly +5.0 × 10–3 dbar) appeared around 2007, while PSF′ showed nearly zero due to positive OIAs in this period (Figure 9B). As a result, at PG2, PSF′ showed an increasing tendency from the late 2005 to mid-2006, although an increasing tendency of PSF is found from the late 2005 to early 2007.
As described in Section 3.1, the standard deviation from the JCOPE2M SSH anomalies is greater by approximately 6.0 × 10–3 (1.7 × 10–2) m than that from the AVISO-SSH anomalies at PG1 (PG2). The amplitudes of the OIAs at PG1 and PG2 were nearly 10% of those of the SSH anomalies, due to the canceling effect of the seawater density (i.e., SEP) against the effect of the SSH anomalies on the PSF changes on an interannual timescale, as described in Section 3.4. When it is assumed that the difference in the standard deviation between the JCOPE2M and AVISO SSH anomalies (hereafter, SDdif) is perfectly equivalent to the errors in the SSH anomalies of the JCOPE2M, the errors in the OIA can be estimated to be approximately 10% of the SDdif (see Supplementary Material 2). In this case, the OIA errors (PSF′ errors) at PG1 and PG2 are estimated to be approximately ±6.0 × 10–4 and ±1.7 × 10–3 m (dbar), respectively. Thus, there is a possibility that the OIA (PSF′) would be overestimated or underestimated by approximately 6.0 × 10–4 m (dbar) at PG1 and by approximately 1.7 × 10–3 m (dbar) at PG2, respectively. The error in PSF′ at PG1 (approximately ±6.0 × 10–4 dbar) is less than one tenth of the differences in the amplitude between PSF and PSF′ (i.e., amplitude of the OIA) around the year 2007 at PG1, as described above. At PG2, the error in PSF′ (approximately ±1.7 × 10–3 dbar) is approximately one third of the differences in amplitude between PSF and PSF′ around 2007, also as described above. Therefore, the difference in SSH anomalies between the JCOPE2M assimilation data and the AVISO observational data could not strongly affect the result for the year 2007 in Figure 9, especially at PG1. Additionally, it should be noted that observational errors were included in the observational AVISO-SSH data. The data assimilation could reduce the observational errors by use of the numerical ocean model simulation, if the numerical ocean model simulation adequately reproduced the real oceanic variations. Thus, the SDdif might not perfectly represent the error of the JCOPE2M SSH data; there is a possibility that the SDdif partly reflects the improvement in the SSH data accuracy by the JCOPE2M assimilation. Therefore, the error of the OIA (PSF′) would be less than the values estimated above. In future, improvement of data accuracies of both the assimilation data and the observed SSH data would provide more accurate estimations for the SSH, OIA and PSF′.
This result does not disprove the existence of the crustal deformations due to the afterslip related to the 2003 Tokachi-oki earthquake showing PSF increases of approximately 2.0 × 10–1 m from 2003 to 2011 (Itoh et al., 2019) and the periodic SSE with an amplitude of approximately 5.0 × 10–2 m (Uchida et al., 2016) around PG1 and PG2. It can be argued that subtracting OIAs from PSF anomalies on an interannual timescale would be useful to estimate interannual-scale PSF changes related to the slow earthquakes more precisely. In future, further studies focusing on the comparison between OIAs and PSF anomalies will be conducted.
In 2016, the OIAs showed an increasing tendency, while the PSF anomalies showed a decreasing tendency both at PG1 and PG2 (Figures 9A,B). The reason for this difference in tendency between the OIAs and PSF is unclear. It might be due to i) errors of temperature and salinity of the JCOPE2M assimilation data, associated with the ocean fluid structures in the 2016 WCR, ii) a remaining sensor drift component of the ocean bottom pressure gauges that was not removed by the linear and exponential functions used in this study (see Section 2.3), and iii) unknown interannual-scale seismic activities during this period. To explore the reason for this difference is beyond the scope of this study. In Section 4.5, the factors that are not considered in the JCOPE2M are described.
The results of the present study suggest that the OIAs should be estimated and compared with the PSF anomalies not only along the southeastern coast of Hokkaido, Japan, but also in other regions where oceanic currents and/or oceanic mesoscale eddies are dominant on an interannual timescale. These include areas such as the Dense Ocean floor Network system for Earthquakes and Tsunamis (DONET1 and DONET2) including the Kuroshio area, the Seafloor Observation Network for Earthquakes and Tsunamis along the Japan Trench (S-net) including the Kuroshio-Oyashio Confluence region, the Nankai Trough Seafloor Observation Network for Earthquakes and Tsunamis (N-net) including Kuroshio area, and other areas showing strong seismic activity and strong oceanic fluid variations in the world (e.g., Ariyoshi et al., 2016). If the amplitudes of OIA cannot be neglected, compared to PSF anomalies in such areas, the OIAs should be removed from the PSF anomalies to better detect the PSF changes due to crustal deformation related to SSEs and other slow crustal movements on an interannual timescale.
4.2 OIA Proxy
To calculate the OIAs, SSH and SEP anomalies are needed, as shown in Eq. (2). SSH anomalies can be calculated using the altimetric SSH anomaly data obtained from the AVISO website or other similar public institutions, instead of the SSH anomalies of the ocean assimilation data. The SEP is calculated using the vertical profile of the potential density from the seafloor to the sea surface, as shown in Eq. (1). To create the vertical profile of potential density, vertical profiles of the temperature and salinity data from the sea floor to the sea surface are required. Such data can be obtained from CTD observations by research vessels, XCTDs, mooring buoys, Argo floats, etc., as well as the ocean assimilation data and outputs of continuously stratified ocean numerical model hindcast simulations. Therefore, the analysis method used in this study, using the SSH anomalies and vertical profiles of temperature and salinity of the JCOPE2M, can be applied to such observational data and outputs of continuously stratified ocean numerical models. If vertical profiles of temperature and salinity data from the sea floor to the sea surface are not available for the analysis period, the SEP cannot be calculated directly. In this case, we can approximately estimate the OIA indirectly from the regression coefficient between the SSH and SEP anomalies, calculated using the data observed during a period before (or after) the analysis period in the analysis area. In this study, the estimated OIA using such a method is called the “proxy of OIA” (POIA). The POIA is calculated as follows: Using the regression coefficient between the SSH and SEP anomalies, the SEP anomaly is estimated as
[image: image]
where, RC is the regression coefficient between the SSH and SEP anomalies (i.e., RC is the ratio of the SEP anomaly to the SSH anomaly), as shown in Figure 7A. From Eqs. (2) and (4), POIA is calculated as
[image: image]
If RC is -0.9, as seen in the offshore area off the southeastern coast of Hokkaido as described in Section 3.4, POIA can simply be estimated from Eq. (5) as follows:
[image: image]
To demonstrate the POIA method using Eq. (5), POIA was calculated by use of the regression coefficient between the SSH and SEP anomalies from the JCOPE2M (Figure 7A), and the observed altimetric SSH anomaly (AVISO SSH anomaly) at each grid point on an interannual timescale (Figure 10). Figure 10A shows the spatial pattern of the POIA averaged for the year 2007. It is shown in Figure 10A that the positive POIAs distributed in the WCR area with the positive SSH anomalies centered at 41.5°N, 145°E. It is also shown in Figure 10A that negative POIAs distributed along the coast of Sanriku and south of Hokkaido, Japan. Such spatial pattern of the POIA in 2007 is similar to that of the OIA in 2007 (Figure 6A). However, the POIAs in the south part of the WCR area show negative values (Figure 10A), while the OIAs in this area show positive values (Figure 6A). In the year 2016, both the POIAs (Figure 10B) and OIAs (Figure 6B) show relatively strong positive values in the WCR area and the areas along the coast of Sanriku and south of Hokkaido, Japan. However, positive POIA distributed around 41°N, 147°E and around 42.5°N, 148°E (Figure 10B), while the OIAs in these areas displayed negative values in 2016 (Figure 6B). Along the south coast of Hokkaido, the positive values of the POIA (Figure 10B) is stronger by approximately 0.01 m than those of the OIA (Figure 6B). It is also shown that the amplitudes of POIA (Figure 10A) near the center of the WCR (around 41.5°N, 145°E) were smaller by approximately 0.005 m than those of OIA (Figure 6A). The differences in the spatial pattern and the amplitudes between the POIA and OIA would be caused by the error in the observed altimetric SSH anomalies used in calculation of the POIA, and that in the assimilation data used in the calculations for the OIA and for the regression coefficient between SSH and SEP anomalies. It should be also noted that the effective spatial resolution at midlatitude of the observed altimetric SSH data is estimated to be approximately 200 km (Ballarotta et al., 2019), although the horizontal grid interval of the AVISO-SSH dataset is 1/4° × 1/4° (i.e., approximately 25 km × 25 km in midlatitude). Therefore, the differences in the spatial pattern and in the amplitudes between the POIA and OIA include the error due to the low spatial resolution of the AVIOS-SSH data compared to the 1/12° × 1/12° spatial resolution of the JCOPE2M assimilation data. To evaluate quantitatively each error is beyond the scope of this study. The result in this study suggests that the POIA method could be more useful in the areas near the center of the WCRs and along the coast of the Sanriku and south of Hokkaido compared to the other areas in the analysis area, while there is a difference of approximately 0.005–0.01 m in amplitude between the POIA and OIA. It can be said that the next-generation of the observed SSH anomalies could provide more accurate POIA in the future.
[image: Figure 10]FIGURE 10 | (A) Spatial distribution of the yearly averaged POIA that were calculated by use of the regression coefficient between the SSH and SEP anomalies from the JCOPE2M (Figure 7A), and the observed altimetric SSH anomalies (AVISO SSH anomalies) at each grid point on an interannual timescale for the year 2007 (shaded color). The yearly averaged the AVISO SSH anomalies for the year 2007 are shown by black contours. The unit is m. The bottom depths of 3000 and 6000 m are shown by the gray solid contours. To make the POIA, the regression coefficient between SSH and SEP anomalies from the JCOPE2M with the 1/12° × 1/12° grid were re-gridded to match the spatial grid point of the AVISO SSH anomalies with the 1/4° × 1/4° grid by use of a spatial averaging of the regression coefficient using a 0.1° spatial window centered at each grid point of the AVISO SSH anomalies. (B) Same as (A) but for the year 2016.
Note that the definition of POIA requires that the regression relationship between SSH and SEP does not change significantly from the period in which the RC is calculated for the analysis period. For the area off the southeastern coast of Hokkaido, Japan, the regression coefficient on an interannual timescale does not seem to change significantly in the analysis period as shown in Figures 8A,B. However, there are oceanic variations longer than interannual timescales, namely, longer than the timescale of the El Niño–Southern Oscillation (ENSO), such as quasi-decadal ENSO-like variations (e.g., Luo and Yamagata, 2001; Hasegawa and Hanawa, 2003b; White et al., 2003; Hasegawa et al., 2007a, 2013), interdecadal or multidecadal variations (e.g., Tanimoto et al., 1993; Mantua et al., 1997; Minobe, 1999; Hasegawa et al., 2007b), and climate regime shifts (e.g., Nitta and Yamada, 1989; Trenberth, 1990; Yasunaka and Hanawa, 2003) in the global ocean. Thus, when the POIA is used, it is suitable to consider a possible long-term change in the regression relationship between the SSH and SEP anomalies. It should also be noted that this method should be adopted in regions where the SSH and SEP anomalies are negatively in-phase; that is, the regions in which the correlation coefficient between the SSH and SEP anomalies is negatively high. For example, Eq. (5) can be applied to the deep offshore area off the southeastern coast of Hokkaido, Japan, where the correlation coefficients between the SSH and SEP anomalies are negatively high (nearly −0.95), as shown in Figure 7B.
4.3 Increasing Trend of SSH Anomaly at PG1 and PG2
Figure 2 shows an increasing trend in the SSH anomalies of both the JCOPE2M and observational data for the analysis period. As shown in Figure 8, the positive trend of the SSH anomalies at PG1 is almost canceled by the negative SEP anomalies (i.e., negative seawater density anomalies). In addition, Figure 9 shows that the OIAs do not show strong linear trends. Thus, it can be said that linear OIA trends could be neglected on an interannual timescale in this region. Moreover, it could be speculated that if the increasing trend of the SSH anomalies in this area is generated by global warming, global warming could also cause a warming trend of the seawater. Thus, the increasing trend of SSH could be, at least partly, canceled out by the decreasing trend of seawater density (i.e., decreasing trend of SEP) due to the warming trend of seawater. To explore the linear trends and their relationship to the global warming will be further investigated in future works.
4.4 Relationship Between the Strong WCR in 2016 and the Preceding Strongest El Niño
Hasegawa et al. (2019) indicated a possible relationship between ENSO and WCRs off the southeastern coast of Hokkaido, Japan, using observational data from 2003 to 2014. They showed that positive SSH anomalies related to WCRs appeared in this region approximately 30 months after the onset of El Niño events. Thus, it is suggested that the preceding El Niño events could be used as prediction indicators for WCRs in this region. In this study, as shown in Figures 2, 3, very large positive SSH anomalies related to the strong WCR appeared in this region in 2016. It has been reported that the tropical Pacific showed the pre-condition for an El Niño event in 2014, followed by a very strong El Niño event from 2015 to 2016 (Hu and Fedorov, 2017). This El Niño event is the strongest event during the observational record. It can be speculated that the strong El Niño event leads to the strong WCR with the strong SSH anomalies off the southeastern coast of Hokkaido, Japan, in 2016. In future work, the generation mechanism of strong WCRs by strong El Niño events will be further investigated to improve the prediction skill of WCRs with a lead time longer than one year.
4.5 Factors Not Considered in the JCOPE2M
Several factors were not adequately considered in the JCOPE2M. First, the ocean model used in the JCOPE2M assimilation scheme does not include a sea ice model. Therefore, the oceanic volume changes due to sea ice change were not directly calculated in the ocean model of the JCOPE2M. The lack of such seawater volume changes could lead to uncertainties in the SSH anomalies of the JCOPE2M. Nevertheless, the changes in seawater temperature and salinity due to sea ice changes were included in the observational temperature and salinity data (CTD data) that were assimilated into the JCOPE2M. Thus, temperature and salinity data of the JCOPE2M contained the effect of sea ice changes to some degree. It would be useful to include a sea ice model in the ocean model to produce more accurate assimilation data in the future. Secondly, in the JCOPE2M, basin-wide and seasonal cycle steric effects are removed from SSH anomalies in order to effectively represent oceanic mesoscale eddies (Kagimoto et al., 2008). Thus, when seasonal cycle changes of SSH and OIA are investigated, this point should be considered. In the present study, as described in Section 2, seasonal cycle changes (i.e., monthly climatologies) of SSH data and other variables were removed from the anomalies to focus on the interannual-scale variations. The JCOPE2M does not include a tide model in its ocean model. The lack of a tide model in the JCOPE2M is favorable for this study, as we did not intend to analyze the oceanic fluid changes due to tides, as described in Section 2. Such factors may be considered in the future assimilation systems depending on the analysis target and purpose.
4.6 Future Interdisciplinary Studies
In this study, it was shown that ocean isostasy is better established in the offshore regions with ocean bottom depths greater than 1000 m. It can be speculated that the ocean bottom shape along with the bottom depth might also affect the ocean current and ocean structure that can affect ocean isostasy. In future, collaboration with theoretical studies of ocean fluid dynamics focusing on the bottom depth and shape (e.g., Uehara and Miyake, 1999; Kubokawa, 2008; Miyama et al., 2018) will be conducted to further explore the relationship between ocean bottom depth/bottom shape and degree of ocean isostasy.
In this study, we focused on ocean fluid changes due to the WCRs found off the southeastern coast of Hokkaido, Japan. It has been reported that the WCRs also play an important role in marine biogeochemical changes and fisheries resources changes (e.g., Imanaga and Hirano, 1984; Chiang and Taniguchi, 2000; Kaeriyama et al., 2013). In addition, recently Sugimoto et al. (2017) pointed out that the warm sea surface temperatures of the WCRs off Sanriku, Japan, have an impact on the local atmospheric changes in the region. The WCRs off the southeastern coast of Hokkaido, Japan, may have a similar impact on atmospheric changes. Thus, interdisciplinary studies focusing on the WCRs among seismology, physical oceanography, marine biogeochemistry, fisheries science, atmospheric science, etc. may lead to new approaches of science activities, including the promotion of joint use of various data, collaboration on in-situ observations in this area, and developing of ocean and atmosphere assimilation models including such new data. Additionally, such interdisciplinary studies would be conducted in the future, not only for the area off the southeastern coast of Hokkaido, Japan, but also for the coastal areas of Sanriku (i.e., areas including the S-net) along which WCRs propagate northward to the southeastern coast of Hokkaido, Japan, the Kuroshio area (i.e., areas including the N-net and DONET1/DONET2), and other areas in the world where seismic activity is strong, and oceanic currents and mesoscale eddies are dominant.
5 CONCLUDING REMARKS
In this study, we explored the relationship between the SSH and sea water density anomalies (i.e., SEP anomalies), with a special reference to the WCRs off the southeastern coast of Hokkaido, Japan, on an interannual (i.e., year-to-year) timescale from January 2001 to December 2018, using eddy-resolving ocean assimilation data of the JCOPE2M based on a continuously stratified numerical model. We show that positive SSH anomalies with amplitudes in the order of 0.1 m appeared off the southeastern coast of Hokkaido, Japan, in the years 2007 and 2016 in association with WCRs. During this period, negative SEP anomalies with amplitudes similar to those of the SSH anomalies but with opposite signs, related to the oceanic baroclinic structures of WCRs with negative seawater density anomalies, also appeared in this region. We further show that nearly 90% of the effect of the positive SSH anomalies on the PSF anomalies are canceled out by negative SEP anomalies (i.e., negative seawater density anomalies), especially in offshore regions with ocean bottom depths deeper than 1000 m. The results of this study support our previous observational study (Hasegawa et al., 2019) that showed that the PSF anomalies are nearly zero when large positive SSH anomalies and oceanic baroclinic structures with negative seawater density anomalies due to a WCR appeared at PG2 in 2007.
To evaluate the total effect of the SSH and seawater density (i.e., SEP) anomalies on the PSF anomalies, the OIA was introduced in this study. The results show that the amplitudes of OIAs are nearly 10% of those of SSH anomalies, ranging from −0.025 m to +0.025 m in 2007 and 2016. This is because nearly 90% of the effect of SSH anomalies on the PSF is canceled out by the seawater density anomalies in deep offshore areas with water depths greater than 1000 m. Thus, it can be said that ocean isostasy is better established in deep offshore regions than in shallow coastal regions.
The results of this study suggest that the effect of OIAs, that is, ocean fluid changes, on PSF anomalies cannot be neglected on an interannual timescale in the areas off the southeastern coast of Hokkaido, Japan. In past studies, ocean barotropic effects on PSF were explored using a non-linear, single-layer barotropic ocean model on a shorter timescale (Inazu et al., 2012; Muramoto et al., 2019). Based on the case studies concerning the WCRs off the southeastern coast of Hokkaido, Japan, including the Kuril Trench, the results of the present study suggest that the effect of the OIA changes on PSF anomalies on an interannual timescale should be taken into consideration as well as the shorter-timescale barotropic changes. Moreover, the results indicate that the effect of OIA changes should be estimated when PSF anomalies due to crustal deformation related to slow earthquakes, including long-term SSEs, are explored on an interannual timescale. Accordingly, if an OIA change is not negligible, compared with the PSF anomaly change, the OIA should be removed from the PSF change to better evaluate the PSF anomaly change due to crustal deformations, not only in the region off the southeast coast of Hokkaido, Japan, but also in other regions.
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