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ABSTRACT This study explored the possibility of using currently available data to forecast when and where
a large earthquake could occur in the near future. Such forecasts require measurements and understanding
of past and current three-dimensional (3D) displacement patterns. We analyzed the geometric patterns of 3D
displacement using coordinate data from over 1,300 global navigation satellite system stations in Japan.
We found that the monthly displacement velocities of a station were on a single flat plane, although a
significantly large earthquake had occurred, and the normal planes of all stations were on a single quadratic
curve surface. Moreover, the sum of the absolute differences in 15-d velocities indicated a significant
displacement over a wide area after the occurrence of a large earthquake.

INDEX TERMS GNSS, 3D displacement, geometric pattern.

I. INTRODUCTION
Earthquakes are among the most destructive natural disasters
worldwide in terms of casualties and damage to infrastruc-
ture. Japan has periodically experienced severe earthquakes.
For example, the Great Hanshin Awaji earthquake, with a
Japan Meteorological Agency magnitude scale of (Mj) 7.3,
which occurred mainly in the Hyogo and Osaka prefectures
on January 17, 1995 [1], [2], and the earthquake off the
Pacific coast of Tohoku, at Mj 9.0, which occurred in eastern
Japan on March 11, 2011 [3]. On January 1, 2024, the Noto
Peninsula in central Japan was hit by a Mj 7.6 earthquake [4],
[5]. An earthquake swarm was observed around this area,
and the mechanism was analyzed and reported [6], [7], [8].
It has been reported that the main trigger of an earthquake
is fluid flow in the crust [9], [10]. To mitigate the damage
caused by severe earthquakes, it is essential to monitor land
displacement on an operational basis and rapidly identify
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the signs of such an event, although this has not yet been
accomplished successfully.

Monitoring of land displacement is conducted using
remote sensing technology. Satellite-borne synthetic aper-
ture radar (SAR) images are used widely to map land
displacements. The interferometric SAR (InSAR) technique
generates an interferogram image by determining the phase
difference between two SAR images observed before and
after an earthquake. The differential InSAR (DInSAR)
technique measures land displacement by subtracting the
elevation derived from an existing source from the esti-
mated elevation. Further extensions using multitemporal
SAR images and removing irrelevant noise, such as perma-
nent scatterer InSAR (PSInSAR) [11], small baseline subset
(SBAS) [12], and SqueeSAR [13] can achieve displacement
velocities at millimeter-level accuracy [14].

The land displacement we obtained by SAR image analysis
was along the line-of-sight (LOS) direction. Techniques for
estimating three-dimensional (3D) displacement from two
LOS displacements have been investigated. SAR images are
observed in ascending or descending orbits; therefore, two
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LOS displacements at a point of interest on the ground
could be available. Pseudo-3D displacement is estimated
by compensating for a lack of observations. For example,
a 2.5-D analysis assumes that no north–south displacement
occurs [15]. Two variables, the displacement velocities along
the east–west and vertical directions, are estimated from two
LOS observations. This assumption is based on SAR obser-
vations being nearly along an east–west direction; therefore,
they are less sensitive to displacement along the north–south
direction than those along other directions. This approach
could generate an approximate 3D displacement and is effec-
tive under the limitation that no data other than SAR images
are available. However, this approach, with an unreason-
able assumption, includes bias in the estimated 3D land
displacements.

Light detection and ranging (LiDAR) can rapidly mea-
sure surface height and generate accurate coordinate data
of the surface. Using airborne LiDAR is popular; however,
the aircraft platform has a serious limitation in that a wide
area cannot be covered at acceptable cost. This platform is
not suitable for operational monitoring, although it is now
used widely for emergency cases immediately after the occur-
rence of natural disasters that cause critical damage. Apart
from aircraft, several space agencies have already used or
intend using other platforms. The US National Aeronau-
tics and Space Administration (NASA) operates a LiDAR
onboard the International Space Station (ISS), namely the
Global Ecosystem Dynamics Investigation (GEDI) [16]. The
Japan Aerospace Exploration Agency (JAXA) is preparing
the installation of a LiDAR, namely a Multi-Sensing Obser-
vation Lidar and Imager Demonstration (MOLI). The aims
of MOLI is mainly the monitoring of forest heights to under-
stand biomass [17]. Both GEDI and MOLI have limitations
as their swaths are narrow. For example, the GEDI swath is
equivalent to 5.4 km [18]. Moreover, the observation is basi-
cally at a nadir from the orbits of the ISS; therefore, it takes
several months to cover a wide area. Several LiDAR onboard
satellites have been launched, e.g., NASA has launched the
Ice, Cloud, and Land Elevation Satellite (ICESat) [19] for
terrestrial missions, and ICESat-2 [20] for glacier monitoring.
More satellite-borne LiDARs are expected to be launched but
high accuracy of airborne LiDAR is not anticipated.

Another traditional data source for 3D land displacement
is a Global Navigation Satellite System (GNSS) deployed
on the ground. Networking is key to GNSS observations for
removing errors and achieving highly accurate coordinates.
The International GNSS Service (IGS) [21] is an example
of an international GNSS network. In the United States, the
National Geodetic Survey (NGS), a division of the National
Oceanic and Atmospheric Administration (NOAA), man-
ages the NOAA Continuously Operating Reference Station
(CORS) Network (NCN). This network includes more than
1,000 GNSS stations in the United States [22]. In Europe,
the Regional Reference Frame Sub-Commission for Europe
(EUREF) Permanent GNSS Network has 420 GNSS

stations [23], [24]. In Spain, Network of GNSS Permanent
Stations of Spain (ERGNSS) operates more than 120 GNSS
stations [25]. In Germany, the Helmholtz Centre for Geo-
sciences operates a global GNSS station network, comprising
approximately 70 stations [26].
In Japan, the Geospatial Authority of Japan (GSI) has

deployed over 1,300 GNSS stations, and the processed 3D
geolocational data are available to the public. This sys-
tem is known as the GNSS Earth Observation Network
System (GEONET) [27], [28]. These collected data have
been used to understand the mechanisms of land displace-
ment and deformation [29], [30], [31], [32]. Although the
data are accurate, they are spatially sparse. The stations are
approximately 20 km apart. GNSS data are often used to
combine SAR-derived displacements to estimate 3D land
displacements. Because GNSS data are spatially sparse, geo-
statistical interpolation techniques such as kriging can be
applied to generate 3D data at points of interest [33], [34],
[35]. However, this technique has a critical issue because
the interpolated displacement could be inconsistent with the
actual displacement. This is often the case when a local
displacement feature is observed that differs from the dis-
placement trend in the area of interest. The interpolation
could fail to detect such a local displacement; therefore, the
final 3D displacement could be erroneous [36], [37]. A tech-
nique to detect inconsistencies between interpolated GNSS
data and SAR observations has been proposed to avoid errors
in 3D displacement [37].

Regarding wide areas of interest, e.g., at national or conti-
nental level, the spatial sparsity of the GNSS data network
is not important, and GNSS data could be appropriate for
estimating 3D displacement. Temporal GNSS data can sup-
port an analysis of an earthquake mechanism. The analysis
requires data measured before and after the earthquake.
However, understanding the long-term land displacement
mechanism at a national scale and deriving a specific indi-
cator to forecast significantly large displacements are still
lacking. In the current study, we investigated GNSS coordi-
nate data to determine pointers to facilitate understanding of
the land displacement mechanism.

II. DATA USED
We downloaded GEONET data for the period 2017–2024
from the GSI website [38]. The analysis to fix the station
coordinates comprises two steps, namely reference station
analysis (RSA) and GEONET station analysis (GSA) [28].
The current system, which began in April 2021, releases
three types of coordinate products, namely F5, R5, and Q5.
Although F5 is the name of the current system, it represents
one of the coordinate products. F5 and R5 are the final
and rapid-coordinate products, respectively. Q5 is an ultra-
rapid product. The root mean square (RMS) averaged over
all GEONET stations indicated extremely high accuracy of
3.2 mm (horizontal) and 7.3 mm (vertical). In this study,
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we downloaded and used the daily F5 coordinates from
GEONET stations since 2017 [38].

III. RESULTS
A. EXPERIMENTAL DESIGN
We aimed to examine a priori features to forecast a signifi-
cantly large earthquake from temporal coordinates observed
by GNSS stations. We started with a nationwide visualization
of annual displacement velocities in Japan. Subsequently,
we focused on the geometric patterns formed by the displace-
ment velocities at each GNSS station. Afterward, we investi-
gated the meaning of the geometric patterns common to the
entire GNSS station by fitting the geometric surface. Finally,
a metric was derived to understand the displacement from the
obtained results.

B. VELOCITIES FROM COORDINATES
It is often the case that the original coordinates are con-
verted into the relative coordinates to a specific GNSS
station for land displacement analysis to remove errors caused
by local climate change, ionosphere disturbance or other
factors. In this research, we calculated the relative coordi-
nates against a GNSS station ‘‘Tsukuba 1’’ that is one of
the most commonly used stations for such purpose. The
latitude and longitude of the station were 36.10611 and
140.08721, respectively as of January 1, 2025. Because the
coordinates fluctuated significantly, we applied a 15-d mov-
ing average filter. We selected the duration of the moving
average as 15-d as it was the most effective in remov-
ing noise and preventing the loss of temporal change data
stemming from over-smoothing. The averaged coordinates
in the east–west, north–south, and vertical directions were
obtained.

Figures 1, 2, and 3 show the displacement velocities along
the east–west, north–south, and vertical directions, respec-
tively. These were obtained from the coordinates of the GNSS
stations after applying a 15-d moving average filter. The
duration of the calculation for each panel was one year.

Figure 4(a), 4(b), and 4(c) shows the temporal changes in
displacement along the east–west, north–south, and vertical
directions at the Sadohara Station, Miyazaki Prefecture. The
geolocation is indicated by S1 in Fig. 1(g), 2(g), and 3(g).
This area was affected by a significantly large earthquake of
Mj 7.1 on August 8, 2024. Hereafter, we refer to this area as
Station 1. Figure 4(a) and 4(b) shows a large displacement
along the south–east direction, whereas Fig. 4(c) shows that
periodic subsidence occurred before the earthquake. Simi-
larly, Figs. 4(d), 4(e), and 5(f) show the temporal changes
in displacement along the east–west, north–south, and ver-
tical directions at Suzu Station, Ishikawa Prefecture. These
changes are indicated by S2 in Fig. 1(g), 2(g), and 3(g).
On January 1, 2024, an earthquake (Mj 7.6) occurred near this
area. Hereafter, we refer to this area as Station 2. Figure 4(d),
4(e), and 4(f) clearly shows that displacements of a few
meters occurred at this station.

C. PLANAR SURFACE ESTIMATION
We estimated the planar surface from a certain velocity period
for a GNSS station. The planar surface parameters were
obtained by minimizing the sum of the distances between the
velocities and planar surface.

aVE + bVN + cVU + d = 0 (1)

where a, b, and c represent coefficients of velocities along
east–west, north–south, and vertical directions, respectively
and a2 + b2 + c2 = 1.
The optimal parameters

(
â, b̂, ĉ, d̂

)
can be estimated by

solving (2):

argmin
∑

r2i

= argmin
∑

(aVE,i + bVN ,i + cVU ,i + d)2 (2)

where ri is the distance between a point (VE,i,VN ,i,VU ,i)
and the planar surface. The minimum eigenvalue, and thus
the minimum eigenvector, of the matrix (3), as shown at
the bottom of the next page, were calculated where V̄E , V̄N ,
and V̄U are the means of VE , VN , and VU , respectively. The
minimum eigenvector is equivalent to the optimal parameters(
â, b̂, ĉ

)
.

Figure 5 shows the monthly displacement velocity of
Stations 1 and 2 as points in the 3D coordinate system
in the east–west, north–south, and vertical directions. Each
point was tracked from month to month. The planar sur-
face area was estimated for each year using these velocities.
Figure 5(a)–5(g) shows the displacement velocities and esti-
mated planar surfaces from 2018 to 2024 at Station 1,
respectively. We estimated a single planar surface at Station 1
for all the monthly velocities from 2017 to 2024, as shown
in Fig. 5(h). The equation for the planar surface shown in
Fig. 5(h) is:

0.7758VE + 0.5727VN − 0.2650VU − 0.0045 = 0 (4)

The root mean square error (RMSE) for Fig. 5(h) was
0.010 m/year. We repeated the same process with data from
Station 2. The results are shown in Fig. 5(i)–5(p). The
equation for the planar surface shown in Fig. 5(p) is:

0.5339VE + 0.7888VN − 0.3044VU = 0 (5)

The RMSE for Fig. 5(p) was 0.009 m/year.

D. PLANAR NORMAL SCATTERING AND CURVE SURFACE
FITTING
Figure 6 shows that three components of the normal of a pla-
nar surface (a, b, c) are scattered in the 3D coordinate system.
Here, a, b, and c represent coefficients of velocities along
the east–west, north–south, and vertical directions, respec-
tively. The results of each year are shown in two panels, e.g.,
Fig. 6(a) and 6(b), 6(c) and 6(d), from different viewpoints.
The parameters of the normal planar surface (a, b, c) were

plotted into a three-dimensional coordinate system. Figure 7
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shows the results of a curve surface fitting for the two cases,
the normal coefficients and monthly displacement velocities.

The optimal parameters of a curve surface fitting,
β̂o, · · · , β̂5 were estimated by solving (6):

argmin
∑ (

ci − (βo+β1ai+β2bi+β3a2i +β4aibi+β5b2i )
)2
(6)

Figure 7(a) and 7(b) shows the results of fitting a curve sur-
face to the normal coefficients (a, b, and c) obtained from the
coordinates observed from 2017 to 2024. Figure 7(a) and 7(b)
shares the same results, but have different viewpoints. The
estimated curve surface equations for Fig. 7(a) and 7(b) are:

c = 0.4309 − 2.7278 a− 3.6426b+ 2.4672a2 + 2.2414ab

+ 3.1326b2(R2 = 0.9862) (7)

where R2 denotes the coefficient of determination for curve
surface fitting. The RMSE was 0.0056 m/year. Note that we
excluded outliers of (a, b, c) obtained. The exclusion was
based on the points being far away from the population of
other points in the feature space of (a, b, c). The thresholds
for outliers were set as b < 0.2 or c > 0.5. The number of
samples were reduced from 1, 246 to 1,199.

Figure 7(c) and 7(d) shows the results of fitting a curve
surface to the monthly displacement velocities obtained from
coordinates observed from 2017 to 2024. The estimated curve
surface equations for Fig. 7(c) and 7(d) are:

VU = −0.0074 + 1.4433VE + 1.6581VN + 1.8706V 2
E

+ 4.7791VEVN + 2.0771V 2
N (R

2
= 0.7469) (8)

where VE , VN , and VU denote the velocities along the east–
west, north–south, and vertical directions, respectively. The
RMSE was 0.0296 m/year. Note that we also excluded out-
liers of (VE , VN , VU ) obtained. The thresholds for outliers
were set as |VE | > 1.0, |VN | > 1.0 or |VU | > 1.0. The
number of samples were reduced from 125,400 (=1,320×(8
years ×12 months – 1)) to 122,993.

E. DERIVATIVE OF VELOCITIES
We calculated the sum of the absolute derivatives of velocities
for each GNSS station. We calculated the absolute difference
in velocities and divided it by time in years. The obtained
results were equivalent to the acceleration of displacement
in m/year2. In this calculation, we initially used the monthly
velocities. After this examination, we increased the temporal
resolution from monthly to an interval of 15 d. This interval
was chosen because we found that the derivative of velocities
expressed more temporal changes than those based on other

intervals, such as monthly intervals. In addition, we shortened
the calculation duration from one year to one month. This
one-month period was effective for understanding nationwide
motions and local differences. The selected results of the
sum of the absolute derivatives of velocities from the 2017 to
2024 are shown in Fig. 8.

F. ADDITIONAL ANALYSIS OF DATA OBTAINED DURING
ANOTHER PERIOD
To confirm the validity of these results, we repeated the same
processing of the data obtained for 2009–2016. Figure 9
shows the results of fitting a curve surface to the normal coef-
ficients (a, b, and c) obtained from the coordinates observed
for 2017–2024. We calculated the annual figures without
excluding any data. The estimated curve surface equations for
Fig. 9(a) and 9(b) are:

c =−0.3817 − 0.8765 a− 2.2359b+ 1.5582a2+0.8055ab

+ 2.4492b2(R2 = 0.9611) (9)

The RMSE was 0.015 m/year. We also calculated the sum
of the absolute derivatives of velocities from 15-d velocities
every six months. The selected results of the sum of the
absolute derivatives of the velocities from 2009 to 2016 are
shown in Fig. 10.

IV. DISCUSSION
A. PLANAR SURFACE FROM VELOCITIES AT GNSS
STATIONS
A1, indicated by a circle in Fig. 3(a), includes Miyagi Prefec-
ture, and shows a much larger uplift than that of neighboring
areas. Miyagi Prefecture was most severely damaged by
the 2011 Tohoku earthquake. The A1 area shows unique
displacement in both the east–west and north–south direc-
tions. Displacement or displacement velocities are suitable
for pointing out areas that exhibit extremely large displace-
ments; however, no other clues were inferred.

Interestingly, the displacement velocities were scattered
on a planar surface, as shown in Figs. 6 and 7. In almost
all instances, although a significantly large displacement
occurred, the displacement velocities remained close to those
of the same planar surface. S1 and S2 were hit by large
earthquakes on August 8 and January 1, 2024, respectively.
The severity of the earthquakes is supported by the sharp
displacement shown in Fig. 4. Figure 5 indicates that in each
year, the displacement velocities were on a planar surface, and
their normal values differed slightly from each other. How-
ever, Fig. 5(h) and 5(p) shows that the velocities from 2017 to
2024 in S1 and S2 were plotted for each planar surface, with
acceptable RMSE of 0.010 and 0.009 m/year, respectively.


∑

(VE,i − V̄E )
2 ∑

(VE,i − V̄E )(VN ,i − V̄N )
∑

(VE,i − V̄E )(VU ,i − V̄U )∑
(VE,i − V̄E )(VN ,i − V̄N )

∑
(VN ,i − V̄N )

2 ∑
(VN ,i − V̄N )(VU ,i − V̄U )∑

(VE,i − V̄E )(VU ,i − V̄U )
∑

(VN ,i − V̄N )(VU ,i − V̄U )
∑

(VU ,i − V̄U )
2

 (3)
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FIGURE 1. Annual displacement velocity along the east–west direction in Japan. Results are for (a) 2018, (b) 2019, (c) 2020,
(d) 2021, (e) 2022, (f) 2023, (g) 2024, and (h) 2017–2024. S1 and S2 denote the GNSS stations Sadohara, Miyazaki Prefecture,
and Suzu, Ishikawa Prefecture, respectively. Ref denotes a reference GNSS station, ‘‘Tsukuba 1’’ to calculate a relative
displacement.
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FIGURE 2. Annual displacement velocity along the north–south direction in Japan. Results are for (a) 2018, (b) 2019, (c) 2020,
(d) 2021, (e) 2022, (f) 2023, (g) 2024, and (h) 2017–2024.
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FIGURE 3. Annual displacement velocity along the vertical direction in Japan. Results are for (a) 2018, (b) 2019, (c) 2020,
(d) 2021, (e) 2022, (f) 2023, (g) 2024, and (h) 2017–2024. A1 denotes the Miyagi Prefecture.
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FIGURE 4. Temporal change of displacement along the east–west, north–south, and vertical directions. Results are along (a) east–west,
(b) north–south, and (c) vertical directions in Sadohara, Miyazaki Prefecture (S1), respectively. Results are along (d) east–west,
(e) north–south, and (f) vertical directions in Suzu, Ishikawa Prefecture (S2), respectively. Blue and red solid lines denote original
coordinates and 15-d moving averaging filtered coordinates, respectively.

This finding indicates that although the displacement and
monthly displacement velocities exhibit randomness, they

follow a type of regulation in which the velocities remain on
the same planar surface.
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FIGURE 5. Monthly displacement velocity plots and fitted planar surface in Sadohara, Miyazaki Prefecture (S1) for (a) to (h) and
in Suzu, Ishikawa Prefecture (S2) for (i) to (p). Results are obtained by using coordinates in (a,i) 2018, (b,j) 2019, (c,k) 2020,
(d,l) 2021, (e,m) 2022, (f,n) 2023, (g,o) 2024, and (h,p) 2017– 2024. Regarding (a) to (g) and (j) to (o), time-series monthly
displacements are connected with lines. Red points in (a) to (g) and (j) to (o) denote centroid of velocity plots in each year.
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FIGURE 5. (Continued.) Monthly displacement velocity plots and fitted planar surface in Sadohara, Miyazaki Prefecture (S1) for
(a) to (h) and in Suzu, Ishikawa Prefecture (S2) for (i) to (p). Results are obtained by using coordinates in (a,i) 2018, (b,j) 2019,
(c,k) 2020, (d,l) 2021, (e,m) 2022, (f,n) 2023, (g,o) 2024, and (h,p) 2017– 2024. Regarding (a) to (g) and (j) to (o), time-series
monthly displacements are connected with lines. Red points in (a) to (g) and (j) to (o) denote centroid of velocity plots in each
year.
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FIGURE 6. Scattering of normal of planar surface. ‘a’, ‘b’, and ‘c’ represent coefficients of velocities along the east–west,
north–south, and vertical directions, respectively. Results are obtained by using coordinates in (a,b) 2017, (c,d) 2018,
(e,f) 2019, (g,h) 2020, (I,j) 2021, (k,l) 2022, (m,n) 2023, and (o,p) 2024. For example, 8(a) and 8(b) share the same results from
different viewpoints.
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FIGURE 6. (Continued.) Scattering of normal of planar surface. ‘a’, ‘b’, and ‘c’ represent coefficients of velocities along the
east–west, north–south, and vertical directions, respectively. Results are obtained by using coordinates in (a,b) 2017,
(c,d) 2018, (e,f) 2019, (g,h) 2020, (I,j) 2021, (k,l) 2022, (m,n) 2023, and (o,p) 2024. For example, 8(a) and 8(b) share the
same results from different viewpoints.
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FIGURE 7. Curve surface fitting results. Results are obtained by fitting to (a,b) normal coefficients (a, b, c) obtained from the coordinates for 2017–2024,
and (c,d) monthly displacement velocities obtained from coordinates observed for 2017–2024. The coefficients of determination in curve surface fitting
are 0.9862 for (a,b) and 0.7469 for (c,d), respectively.

B. PLANAR NORMAL SCATTERING FEATURE
An interesting point is that the normal components (a, b, c)
of the planar surfaces form a quadratic curve surface,
as expressed by (8). As shown in Fig. 7, quadratic curve
surface fitting achieved a significantly high coefficient
of determination, R2 = 0.9862. Figure 6(a), 6(c), 6(e),
6(g), 6(i), 6(k), 6(m), and 6(o) supports this conclusion.
Additionally, the scattergrams of (a, b, c) repeated conver-
gence and divergence periodically, as shown in Fig. 6(g),
6(i), 6(k), 6(m), and 6(o). We assumed that such a move
could be an indicator of significant displacement, i.e.,
an earthquake, and investigated the temporal changes in
(a, b, c). However, attempts to derive a meaningful indi-
cator from the temporal changes in (a, b, c) were unsuc-
cessful. This factor should be examined further in future
studies.

Regarding the displacement velocities shown in Fig. 7(c)
and 7(d), fitting a quadratic curve surface was not success-
ful, with a coefficient of determination of R2 = 0.7469.
Figure 7(c) shows a scattergram of the velocities of the two
streams, and Fig. 7(c) and 7(d) show that the distances to the
curve surface were not as small as those in Fig. 7(a) and 7(b).
The displacement velocity could potentially easily explain
the physical meaning of occurrences both on and under the
surface. However, the current results do not provide such
information.

C. TEMPORAL CHANGE OF DERIVATIVE OF VELOCITIES
Based on the aforementioned results and discussion,
we focused on the derivatives of velocities. From a physics
viewpoint, the derivative denotes the acceleration of the
coordinates. We did not consider the positive or negative
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FIGURE 8. Sum of absolute derivative of velocities for each GNSS station. The velocities are based on a 15-d interval. The unit
is [m/year2]. Results are obtained by using coordinates in (a) November 2023, (b) December 2023, (c) January 2024,
(d) February 2024, (e) June 2024, (f) July 2024, (g) August 2024, and (h) September 2024. Large earthquakes occurred around S2
on January 1, 2024 and around S1 on August 8, 2024, respectively.

signs of the acceleration, but calculated the sum of the abso-
lute derivatives of velocities because the sum of the signed

derivatives could be close to zero as the positive and negative
accelerations were canceled.
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FIGURE 9. Curve surface fitting results. Results are obtained by fitting to (a,b) normal coefficients (a, b, c) obtained
from the coordinates for 2009–2016. The coefficients of determination in curve surface fitting are 0.9611 for (a,b).

Monthly velocities and 15-d interval velocities were used
for our analysis. We found that the results from the monthly
velocities did not show a significant difference between years,
but the results from the 15-d interval velocities showed many

significant differences between years. In addition, we short-
ened the duration of the calculation from one year to one
month. This one-month period was effective for understand-
ing nationwide motions and local differences. The area that
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FIGURE 10. Sum of absolute derivative of velocities for each GNSS station. The velocities are based on a 15-d interval. The unit is
[m/year2]. Results are obtained by using coordinates in (a) December 2010, (b) January 2011, (c) February 2011, (d) March 2011,
(e) April 2011, and (f) May 2011. A large earthquake whose epicenter is expressed as ‘‘Ep’’ in (c) occurred on March 11, 2011.

includes Station 2, i.e., the Noto Peninsula, was damaged by
two earthquakes that struck on May 5, 2023, and January 1,
2024. Active motion was observed in this area in December
2023 and January 2024, as shown in Figs. 8(b) and 8(c),
respectively. However, a significant motion was not observed
for the earthquake onMay 5, 2023. Note that themonthly sum
of absolute derivative were calculated from using 15-d inter-
val velocities for the one and half month period. For example,
8(b) were calculated from the data from December 1, 2023 to
January 16, 2024. In this regard, it is natural that Figs. 8(b)
includes an active motion. We can not find such an active
motion in Fig. 8(a). This means that the sum of the absolute

derivatives of velocities is not a meaningful indicator to
explain displacement before a significantly large earthquake
occurs.

A similar trend was observed at Station 1. The area, includ-
ing Station 1, was struck by an earthquake on August 8,
2024. In Figs 8(f) and 8(g), the area exhibited a much
larger sum of absolute accelerations than those of other
periods. Figures 8(f) and 8(g) used the data observed
from July 1 to August 16, 2024, and that from August
1 to September 16, 2024, respectively. Another trend was
observed in Area 1, shown in Fig. 3(a). On March 11, 2011,
the Tohoku earthquake (Mj 9.0) struck off the Pacific coast.
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Figures 10(c) and 10(d) show a significantly large sum of dis-
placement accelerations in February 2011 and March 2011,
respectively, whereas no significant trend was observed in
the previous period, i.e., January 2011. As a result, we need
a further investigation to find a more effective indicator for
warning before a large earthquake.

V. CONCLUSION
We revealed that the displacement velocities of GNSS sta-
tions were on a planar surface both in each year and for
several years. Although a significantly large displacement
occurred, the displacement velocities remained close to those
of the same planar surface. In addition, we found that the
normal components (a, b, c) of the planar surfaces form a
quadratic curve surface when we assumed the normal compo-
nents as a point in the 3D coordinate system. The scattergrams
repeated convergence and divergence periodically, but they
seem on almost the same curve surface. We also examined
the analysis to calculate the sum of absolute accelerations to
explain displacement before a significantly large earthquake
occurs. However, this indicator was not successful.

In future, we will develop an indicator to express warnings
regarding large displacements. However, a limitation is that
the geometric features shown in Figs. 6, 7(a), and 7(b) should
be used further. We calculated the dot products of (a, b, c)
obtained from the data for each year and (a, b, c) from the
data for all years. We failed to derive a universal rule for
earthquake forecasting that is applicable to all GNSS stations.
In the future, we intend examining the formulation of a
numerical index in the 3D coordinate system of (a, b, c).
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