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Abstract: Most earthquakes are considered to be caused by stress accumulating in and subsequently
releasing from the crust. To extract non-linear and non-stationary earthquake-induced signals
associated with stress accumulation, the Hilbert–Huang transform was utilized to filter long-term
movements, short-term noise, and frequency-dependent (annual and semi-annual) variations from
surface displacements measured by the global positioning system (GPS) in Taiwan. Earthquake-related
surface displacements were expressed as horizontal directions (i.e., GPS azimuths) using the
north–south and east–west components of residual GPS data to bypass influences resulted from
the inhomogeneous nature of the crust. Analytical results showed that the relationships between
earthquake occurrence and the aligned GPS azimuth passed the statistical test of the Molchan’s error
diagram. Aligned GPS azimuths were in agreement with direction of earthquake-related P axes
for 81% (26/32) studied events. Areas with the highest paralleling orientations of GPS azimuths
appeared around epicenters several days to weeks before earthquake occurrence. Durations from
aligned GPS azimuths to earthquake occurrence are roughly proportional to earthquake magnitude.
Similar variations of the GPS azimuths were observed in GPS data containing or excluding co-seismic
dislocation (i.e., one day before) in the temporal and spatial domain. These suggest that the aligned
GPS azimuth could be a promising anomalous phenomenon for studying crustal deformation
before earthquakes.

Keywords: pre-earthquake deformation; global positioning system; Hilbert–Huang transform; crustal
deformation; maximum compressive axis

1. Introduction

Reid [1] proposed the elastic rebound theory based on the observations of surface deformation
during the 1906 San Francisco earthquake. The theory held that stress accumulation would be stored in
the crust via deformation due to the elasticity of rocks. When stress accumulation exceeds thresholds of
fault rupture, subsequent release of partial stored energy results in earthquakes, stratum dislocation and
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intense vibrations. To further understand surface displacements before and after earthquakes, the global
positioning system (GPS) [2–8] was utilized in this study. The GPS comprises GPS satellites flying
in orbit and GPS receivers fixed on the ground. These GPS satellites routinely emit electromagnetic
waves from space toward the Earth’s surface, covering most of the world. The electromagnetic waves
can be received by the ground-based GPS stations that are utilized to determine the precise location
on Earth. Continuous GPS measurements can be used to understand crustal movements around
ground-based stations, and are generally utilized to study velocity of plate movements, change rates of
crustal deformation, and responses of Earth’s tides on the crust.

Several previous studies have described that slopes of linear regression GPS data can be considered
as velocities of long-term plate movements [9–12]. Meanwhile, long-term GPS movements also occur
in response to interseismic deformation caused by viscoelastic and/or elastic relaxation of the lower
crust [3]. Regarding short-term variations, offsets in GPS coordinate time-series data before and
after earthquakes are frequently presented to illustrate co-seismic dislocations [2,13–15]. In addition,
GPS signals also carry obvious annual and semiannual cycles along with tropospheric delay, ionospheric
refraction, and ocean tidal loading [16–19]. These aforementioned effects need to first be removed
from and/or mitigated in GPS data in order to effectively retrieve surface displacements in earthquake
preparation periods.

The fast Fourier transform [20] is the traditional method used to filter linear and stationary signals
from time-series data. To meet the non-stationary signals, wavelet transforms [21] have been developed
and widely applied. The annual and semi-annual effects are frequency-dependent signals in GPS
measurements and can be roughly filtered out by using either the fast Fourier or wavelet transform;
however, both methods insufficiently decompose GPS data, which are mixed with linear trends and
some non-linear components. Chen et al. [22] removed the long-term movements, short-term noise,
and frequency-dependent signals (i.e., annual and semi-annual variations) from GPS records using the
Hilbert–Huang transform (HHT) [23–25] for adapting non-linear and non-stationary nature. Disordered
orientations of horizontal movements can often be found from those residual displacements for all GPS
stations [22]. Orientations of horizontal azimuths exhibit an aligned–disordered–aligned sequence
that was observed several days during selected earthquakes in Taiwan in 2006 [22]. The disordered
orientations of horizontal azimuths presumably result from earthquake-related loading stress that
gradually reaches the threshold of rock rupture in this transient stage [26]. Note that the aligned
horizontal azimuths during pre-earthquake and post-earthquake processes exhibit opposite directions.
The aligned horizontal azimuths and the most compressive axes (i.e., the P axes) of earthquake-related
loading stress yield parallel relationships that suggest the residual displacements driven by the
physical nature of seismic activity. Meanwhile, the evolution of horizontal azimuths before and after
earthquakes agrees with the elastic rebound theory [1,22]. The aforementioned observation has been
observed only with limited events. More cases need to be examined extensively to confirm the robust
relationship between GPS azimuths and earthquakes.

In this study, time-series data with a daily resolution from 100 GPS stations operated by the Central
Weather Bureau (CWB; http://www.cwb.gov.tw) and the Department of Land Administration, Ministry
of the Interior in Taiwan (http://www.gps.moi.gov.tw/SSCenter/Introduce/InfoPage.aspx) were utilized
and examined along with 32 seismic events from earthquake catalog (ML (local magnitude) ≥ 5.0)
between 2006 and 2009. The 32 earthquakes were selected using the criterion that at least five GPS
stations were included within the epicentral distance ≤ 50 km (Figure 1; Table 1). The component of
the persistent plate movement was removed from the time-varying GPS data recorded at 100 stations
in Taiwan via the method proposed in Chen et al. [22]. The aligned horizontal azimuths of the
residual displacements were compared with the P axes of the 32 earthquakes, which were derived
from the fault plane solutions reported from Central Weather Bureau, Taiwan and the Global Centroid
Moment Tensor Catalog (http://www.globalcmt.org/CMTsearch.html) through the method proposed
in Robinson and McGinty [27] in order to examine their relationships. Notably, most earthquakes
occurring in Taiwan are dominated by stress along the most compressive axis (i.e., the P axis) due to
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the thrust fault. We make no distinction between earthquakes dominated by different fault types due
to insufficient numbers for classification. Once agreements between the aligned horizontal azimuths
and directions of the P axes were obtained, surface displacements were considered in relation to
particular earthquakes. Locations and timings of the aligned horizontal azimuths were correlated with
epicenters and earthquake magnitudes, respectively, to further advance our seismic knowledge during
earthquake preparation periods.

Figure 1. Location map of 100 global positioning system (GPS) stations (blue squares) and Central
Weather Bureau (CWB)-published epicenters of the 32 earthquakes (red stars). The solid (open) stars
denote earthquakes for which aligned GPS azimuths agreed (disagreed) with the P axes. Also labeled
is the HUAL (Hualien) station, which was illustrated as an example for the Hilbert–Huang transform
(HHT) analysis.
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Table 1. The 32 earthquakes (ML ≥ 5.0) that occurred in 2006–2009 and were used in this study. NaN denotes that a phase of stress loading was not detected. ID with *
reveals earthquakes utilized in Figure 8. The LT is the leading time that reveals the time of aligned horizontal azimuths before the earthquakes. The strikes, dips,
and slips are dislocation parameters of the faults.

ID Time ML Longitude
(◦)

Latitude
(◦) θ

LT
(Day)

Strike
(◦)

Dip
(◦)

Slip
(◦)

Direction of P axis
(◦)

1 * 2006-4-1 10:2:19.54 6.2 121.081 22.884 0.0478 34 193.6 58.9 30.2 141
2* 2006-4-15 22:40:55.37 6 121.304 22.856 0.0575 47 214.6 46.7 116.4 106
3 2006-4-28 9:5:26.96 5.2 121.611 23.985 0.0316 47 300.0 42.0 −141.5 135
4 2006-6-4 9:6:1.05 5 121.263 22.854 NaN NaN 196.9 34.4 95.1 291
5 2007-7-16 23:42:52.18 5 121.545 23.57 0.0485 11 226.1 37.6 98.8 130

6 * 2007-7-23 13:40:2.44 5.8 121.636 23.716 0.4056 12 26.1 38.0 89.9 301
7 * 2007-8-9 0:55:47.36 5.7 121.085 22.65 0.0860 27 340.3 14.7 −168.6 164
8 2007-10-11 3:5:1.7 5.2 121.85 24.749 NaN NaN 7.4 27.1 66.5 295
9 2007-10-17 14:40:0.03 5.4 121.612 23.501 0.0470 50 210.2 41.2 125.8 95

10 2007-11-28 21:5:13.72 5.4 121.976 24.781 0.0637 26 63.7 39.1 141.6 299
11 2007-12-5 1:41:42.53 5.1 121.187 23.075 0.0298 24 272.3 38.5 69.7 197
12 2008-2-17 20:33:2.32 5.4 121.461 23.307 0.1566 44 240.4 47.3 119.0 130
13 2008-3-4 17:31:47.48 5.2 120.696 23.207 NaN NaN 46.3 41.9 110.8 302
14 2008-4-14 15:39:44.45 5.1 121.333 22.834 0.0292 17 337.9 33.9 −24.8 325
15 2008-5-13 18:27:55.34 5 121.041 22.766 0.0441 26 252.8 12.6 129.6 129

16 * 2008-6-1 16:59:23.74 5.8 121.79 24.861 0.0232 4 55.2 24.2 73.4 338
17 2008-8-1 18:55:49.32 5.1 121.526 24.048 0.1000 17 219.4 44.7 75.0 140

18 * 2008-12-2 3:16:54.23 5.7 121.486 23.338 0.2251 32 232.8 42.7 126.7 118
19 2008-12-23 0:4:43.82 5.3 120.551 22.946 0.0371 8 282.4 47.9 27.0 233
20 2009-1-3 22:4:34.97 5.1 121.733 24.154 0.0393 30 165.5 20.3 4.4 143
21 2009-4-17 12:37:48.89 5.3 121.682 23.917 NaN NaN 260.0 40.7 156.5 126
22 2009-6-28 9:34:56.19 5.3 121.753 24.182 0.0667 17 217.6 9.1 79.3 137

23 * 2009-7-26 1:0:12.37 5.4 120.957 23.685 0.0262 46 356.6 36.8 72.1 279
24 * 2009-7-26 6:10:59.79 5.4 121.318 23.429 0.0497 29 88.9 51.4 145.6 323
25 2009-8-21 20:57:44.74 5.1 120.464 22.364 NaN NaN 232.5 38.5 −54.0 234

26 * 2009-10-3 17:36:6.28 6.1 121.579 23.648 0.2423 37 269.6 44.4 174.9 127
27 2009-10-22 23:5:5.13 5.1 121.488 22.685 0.0324 21 172.4 19.2 −7.5 161

28 * 2009-11-5 9:32:57.66 6.2 120.719 23.789 0.0286 4 228.1 59.0 150.9 100
29* 2009-11-5 11:34:21.26 5.7 120.755 23.769 0.0273 4 213.0 48.6 134.4 93
30 2009-11-15 14:47:49.14 5.5 122.174 24.946 NaN NaN 221.8 49.6 15.9 177
31 2009-11-21 17:27:51.26 5 121.762 24.222 0.0439 29 282.8 38.5 122.4 170

32 * 2009-12-19 13:2:16.34 6.9 121.663 23.788 0.0510 58 260.0 32.1 175.1 111
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2. Theory and Methodology

Earthquake-related strains are generally considered to be non-stationary changes based on
long-term variations of GPS data. Clarifying the earthquake-related strains in the GPS data is
very difficult due to the varying velocities of plate movements and unknown timing of the
earthquake-related stress that begins to obviously dominate faults before dislocation. Scientists
have tried to retrieve the earthquake-related strains by investigating unusual variations of strain change
rates. These investigations are generally based on an assumption of fixed velocities of plate movements
and homogeneous materials in the Earth’s crust (as illustrated in the upper plot of Figure 2).

Figure 2. Diagrams of displacements resulting from stress accumulation in homogeneous and
inhomogeneous materials. When the same stress accumulates in homogeneous materials in (a),
the quantity of displacements is associated with the Young’s modulus. In reality, because the surface
crust is comprised of materials with different values of Young’s modulus, characteristics of stress
(as shown by blue arrows) are misunderstood when only the quantity of displacements is taken
into account. On the other hand, displacements resulting from stress accumulation exhibit a similar
direction regardless of the Young’s modulus of materials (as shown by blue arrows) in inhomogeneous
materials in (b). The direction of stress-inducing displacements is a good substitute for the quantity
of the displacements and further approaches the intrinsic qualities of stress-inducing phenomena
involving inhomogeneous structures.

The simplification of homogeneous materials in the crust can affect scientific understanding of
earthquake-related stress accumulation. Different quantities of displacements can be generated by
the same stress accumulating in rock layers due to discrepancies in the Young’s modulus of materials
underground (as illustrated in the bottom plot of Figure 2). In reality, surface displacements occur in
response to inhomogeneous structures underground, such as lateral variations of elastic properties in
rock layers [28,29]. Orientations of deformation and/or displacements most likely adapt the major axis
of loading stress despite the quantities of displacements related to the Young’s moduli of materials
underground. When orientations of the major axes associated with earthquakes and large-scale tectonic
stress loading in the crust owing to plate movements are simultaneously taken into consideration,
a significant discrepancy between their orientations can often be observed. Thus, if orientations
of displacements are utilized to study earthquake-related stress accumulation, both physical issues
(i.e., underlying inhomogeneous structures and the source of strain contributions) can be simultaneously
at play, obscuring the desired clarification. In short, orientations should be normally random as long
as no significant earthquake-related stress accumulates in the crust, owing to the removal of the effects
of the long-term plate movements. Once orientations were aligned in a similar direction, the major
axes of loading stress associated with earthquakes were taken into comparison to clarify factors of
the alignments.
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Relative positions of 100 stations were calculated with respect to the Kinmen site (KMNM, located
at 118.39◦E, 24.46◦N) by assuming a static relative distance for the daily epoch using Bernese software
to process the double-differenced GPS phase observations. We corrected the tropospheric delay using
the Saastamoinen model [30] with an elevation-dependent weighting of cos2(z), where z is the zenith
distance. To estimate the wet delay of GPS signals in the zenith direction, an hourly wet tropospheric
parameter was applied [31]. The ionospheric delay was removed using a combination of GPS data at
L1 and L2 frequencies, and satellite clock errors are removed using the International GNSS Service
(IGS) precise ephemerides [32]. The coordinates of the KMNM station were determined precisely using
the international terrestrial reference frame for geocentric coordinates.

Because displacements associated with earthquakes are generally expressed as non-linear and
non-stationary signals, the HHT [23–25] was used to remove long-term movements, short-term
noise, and frequency-dependent variations from GPS data of the 100 stations. The HHT process
consisted of two steps: the empirical mode decomposition (EMD) and the Hilbert transform [23].
Initial data were processed with EMD to generate several intrinsic mode functions (IMFs) depending on
energy characteristics; these IMFs then underwent the Hilbert transform. The EMD process involved
subtracting the average envelopes of the data computed based on the cubic spline constructed from
the local maxima and minima of analyzed data (for more details, see Reference [23]). Here, IMF was
determined as long as the mean of the difference between the analyzed data and the envelopes was
less than 10−6 m. If the mean of the difference was greater than 10−6 m, the data were replaced by
the difference, and the process was repeated accordingly. IMFs obtained from the EMD process were
subsequently removed from the initial data one by one, and the residuals were used in repeating
the EMD process. Once there were no longer sufficient local maxima and minima to generate the
envelopes, the EMD process is terminated. Following the EMD process, the instantaneous frequency
and amplitude of all points in the derived IMFs were calculated via the Hilbert transform. For each
IMF, the quantitative time-domain displacements, instantaneous frequencies and frequency-domain
amplitudes can be obtained. Characteristics of derived IMFs were examined and a frequency band
is further chosen to filter out unwanted influences (i.e., noise, long-term movements, co-seismic
dislocations, etc.). Orientations of GPS-azimuths were computed from the north-south and east-west
components of the residual displacements (i.e., filtered displacements) at each station.

To examine whether GPS-azimuths were related to earthquakes or not, θw values, which were
determined by inverses of daily average difference from GPS-azimuths distributed within a moving
spatial window in a particular day (t), were computed via

θw =


∑k−1

i=1
∑k

j=i+1

∣∣∣∣(A(i, t) −A( j, t)

)∣∣∣∣
((k− 1) + 1) × (k−1)

2


−1

(1)

where k is a total number of stations located within a moving spatial window, and A(i, t) and A(j, t)
are GPS azimuths (A) at the i and j stations on day t, respectively. The spatially varying θw values
were utilized to construct θw maps in Taiwan in a particular day. Notably, the small θw values of
about 0.011 (~= 1/90◦) implied that GPS azimuths at each station were generally independent of each
other (i.e., no preference in orientation among stations) in the moving spatial window. The small
values indicated that either no significant stress accumulated in the crust, or the accumulation stress
approached the threshold of the fault rupture (see also References [22,33]). In contrast, the relatively
large θw values suggested that the disordered GPS azimuths were aligned in a similar direction
primarily due to adaptation of loading stress.

On the other hand, we determined θ(r, t) by using the inverses of average differences from GPS
azimuths of l stations located within epicentral distances, r, from 20 to 200 km, and the temporal
period, t, from 70 to 1 days prior to the earthquake, to examine relationships between GPS azimuths
and epicentral distances, if any.
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θ(r, t) =


∑l−1

i=1
∑l

j=i+1

∣∣∣∣(A(i, t) −A( j, t)

)∣∣∣∣
((l− 1) + 1) × (l−1)

2


−1

(2)

The duration of the 70 day period was determined to roughly avoid interplay between two
contiguous events, because M5 earthquakes often occur with an average interval of about 50 days
(estimated from 68 events in 9 years, 2004 to 2012) in high-seismicity Taiwan. To examine the
relationships between the relatively large θ(r, t) and fault parameters of these studied earthquakes,
the azimuths from θ(r, t) and directions of the P axes were taken into consideration simultaneously.

3. Examples and Results

We took the east–west component of the GPS data at the HUAL station (121.61◦E, 23.98◦N) in
2006–2009 (Figure 3a) as an example with which to illustrate the analytical processes of the band-pass
filter via HHT (Figure 4). The 4 year data were decomposed into 11 IMFs (Figure 3b–l) and a residual
(Figure 3m) using EMD. To better understand these IMFs, their median instantaneous frequencies
were computed and are listed in Table 2. The median instantaneous frequencies of IMF1–5 were
between 1.1127 × 10−6 Hz (period = 10.4 days) and 6.8018 × 10−7 Hz (period = 17.1 days) (Figure 3b–f).
For IMF6–11, the median instantaneous frequencies were inversely proportional to the IMFs (Figure 3g–l).
IMF11 had the smallest median instantaneous frequency at 8.6075 × 10−8 Hz (period = 134.5 days;
Figure 3l). Figure 3m shows the residual that represents the long-term movements. The slope of the
residual (about −25 mm/year) indicated the relatively moving speed of east–west motion between
Kinmen and HUAL during the study period and was consistent with previous studies [34].

Figure 3. Cont.
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Figure 3. Eleven IMFs and the residual derived by HHT from decomposition of the east–west
component of the GPS position of the HUAL station. (a) shows crustal displacements on the east-west
component at the HUAL station. (b–l) are the IMF1-11. (m) is the residual obtained after the EMD
process. MF denotes the median instantaneous frequency of each IMF.

Figure 4. The filtered deformation derived by the band pass filter for HUAL station. (a) exhibits
the noise computed by using a high-pass filter of a frequency > 5.787 × 10−7 Hz. (b) shows the
noise-free data. (c) reveals the variations of the long-term effects. (d) is the filtered displacements using
a band-pass filter of a frequency band between 7.716 × 10−8 Hz and 5.787 × 10−7 Hz. The grey lines in
(b) and (d) show the raw data.
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Table 2. Median frequency and period for the 11 IMFs shown in Figure 2.

IMFs Median Frequency (Hz) Median Period (days)

1 9.9249 × 10−7 11.7
2 8.4907 × 10−7 13.6
3 1.1127 × 10−6 10.4
4 8.6112 × 10−7 13.4
5 6.8018 × 10−7 17.1
6 4.4520 × 10−7 26.0
7 2.8028 × 10−7 41.3
8 1.8737 × 10−7 61.8
9 1.5120 × 10−7 76.5

10 1.0041 × 10−7 115.3
11 8.6075 × 10−8 134.5

We took 5.787 × 10−7 Hz (period = 20 days) as an upper bound of the filter because high-frequency
IMFs intrinsically represented the noise in this work. Figure 4a shows variations of the displacements
derived from IMFs with instantaneous frequencies higher than 5.787 × 10−7 Hz (period < 20 days).
Large fluctuations appeared in every summer period due to disturbances in the atmosphere and
ionosphere [35]. We subtracted the high-frequency noise from displacements to generate noise-free
data (Figure 4b). The long-term effects (including long-term movements, interseismic deformation,
and semi-annual and annual variations in Figure 4c), estimated from the sum of the residual and points
in IMFs with instantaneous frequencies lower than 7.716 × 10−8 Hz (period > 150 days), were further
subtracted from the noise-free data again (shown as Figure 4d). The entire process therefore involved a
critical step of using a band-pass filter with frequencies between 7.716 × 10−8 Hz and 5.787 × 10−7 Hz
to retrieve the targeted GPS displacements (i.e., the residual displacements).

Here, a land earthquake, EQ28 (5 November 2009 ML = 6.2; 23.789◦ N, 120.719◦ E, depth of 6.9 km,
Figure 5 and listed in Table 1), was taken as an example to examine the pre-earthquake changes of θw

in the spatial domain, due to its large magnitude and good coverage of GPS measurements. In this
study, the θw maps were constructed using a moving spatial window of 80 × 80 km2, which was able
to cover a sufficient number of GPS stations with a moving step distance of 5 km. The daily θw maps
for the period from 30 (EQD-30) to 1 (EQD-1) days prior to the earthquake day (EQD) of EQ28 are
shown in Figure 5. It was clearly that the entirety of Taiwan was characterized by: (1) small θw (~0.011;
pink color in Figure 5) between EQD-30 and EQD-22, (2) large θw (>0.02; yellow color in Figure 5)
between EQD-21 and EQD-11, and (3) small θw between EQD-10 and EQD-1, a short transient stage
with low-signals right before the occurrence of EQ28.

Before EQD-22, the small θw values suggest that surface crust did not experience perceptible
stress associated with EQ28. After that period, southeastward movements (~145◦) were obviously
observed in the subsurface crust and large θw (~= 0.031; also see Figure 5) values appeared between
EQD-21 and EQD-12. The direction of the southeastward movements was approximately orthogonal
to the strike of the fault (228◦ in Table 1). The persistent stress accumulation gradually approached the
threshold of rock rupture, leading affected areas to drop to small θw, which was initially observed on
the southeastern side of Taiwan. The small θw values gradually expanded to all directions between
EQD-10 and EQD-1, eventually encompassing the entirety Taiwan. We also found that an area (120.8◦N,
23.5◦E) in central Taiwan displayed relatively large θw between EQD-8 and EQD-1. Orientations of
GPS azimuths in the area with relatively large θw of about 110◦ were consistent with the azimuth of
the P axis (100◦) retrieved using the method proposed in Robinson and McGinty [27]. The existence of
this spot was caused by slight displacements and/or cracks [36–39] that would have developed before
the main rupture of EQ28.



Remote Sens. 2020, 12, 366 10 of 20

Figure 5. Maps of θw’ from 30 to 1 days before the earthquake day (EQD) in EQ28. The largest black star
is the CWB-published epicenter of the EQ28. The blue crosses depict locations of the upper 0.5% θw’,
indicating possible epicenters before EQ28 occurred. The pink and yellow colors denote areas of small
(~0.011) and large (~0.02) θw’, respectively. Black arrows show the direction of surface deformation.



Remote Sens. 2020, 12, 366 11 of 20

In short, stress accumulation in the crust led to parallel alignments of those GPS azimuths to a large
and detectable extent. When loading stress continuously approached to the threshold of crustal rupture,
parallel features yielded by aligned GPS azimuths tentatively resumed disordered and disarranged
patterns in the stressed area over a relatively short period prior to the earthquake. Areas characterized
by disordered GPS azimuths (low θw values) gradually extended due to the approach of the threshold
of earthquake-related loading stress. Similar characteristics of the parallel GPS azimuths could also be
observed before the Chi-Chi earthquake (M = 7.6 on 20 September 1999; Chen et al., 2013a) and the
Tohoku-Oki earthquake (M = 9.0 on 11 March 2011 [33]). For the aforementioned thrust-type events,
the alignments were orthogonal to the strikes of earthquake faults and/or were similar to the direction
of the P axis, which prompted to further examination of the relationships between GPS azimuths from
the residual surface displacement data and fault parameters of earthquakes.

On the other hand, the P axis of EQ32 was 111◦, which agreed with the 110◦ result obtained
from the aligned GPS azimuths of θ(50, 58) (i.e., in an area with the epicentral distance ≤ 50 km and
appeared about 58 days before EQ32; also see Figure 6). In contrast, the P axis of EQ1 was either 141◦ or
321◦. The azimuths of about 310◦, which was retrieved from functions via the relatively large θ(50, 34),
was consistent with the P axis of EQ1. Azimuths determined from relatively large θ(r, t) agrees with the
P axis of earthquakes could be observed in the 26 events of the 32 studied earthquakes. Disagreements
included five M < 5.5 offshore earthquakes (i.e., EQ4, EQ8, EQ21, EQ25, and EQ30) which would have
been caused by GPS stations located on land far away from the epicenters. In contrast, the other M
= 5.2 land event (i.e., EQ 13) showed different characteristic changes in the GPS azimuths before the
earthquake for unknown reasons (see also Reference [40]). This suggests that the analytical methods
used in this study are most suitable for large and land earthquakes. The aligned azimuths from the
residual displacements could be linked with the P axis, which was neither noise nor artifact, but was
dominated by earthquake-related stress.

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. The relationship between the P axis and θ(r, t) for the 32 studied earthquakes. Colors ranging
from pink to yellow denote quantities of θ(r, t). If θ(r, t) > 0.0211, the black arrows are shown on
the diagrams and their directions denote orientations of the GPS azimuths derived from the residual
displacements. Notably, the value of 0.0211 is the so-call anomalous band (i.e., mean+2σ) computed
from the inverse of the difference of the GPS azimuths between every pair of stations during the entire
study period. The fault plane solution of each earthquake is shown in the upper right diagram. The P
axis agreement (disagreement) with the aligned GPS azimuths is shown by using blue (black) color and
marked above on associated days (below the fault plane solutions).

To further examine the aforementioned relationships, the 12 large earthquakes with magnitudes
between 5.4 and 6.9 were qualified in this regard (shown as ID with * in Table 1). Figure 7 shows that
changes in θ(r, t) along with varying r from 20 km to 200 km were associated with the 12 events on the
t day, with the azimuths of residual surface displacements being most representative of the P axis of
earthquakes. The θ(r, t) values were inversely proportional to r only within a relatively short range,
but became relatively constant and smooth farther away. This observation suggested that surface
crust near epicenters undergoes substantial displacements due to the high loading stress associated
with earthquakes. Epicentral distances constrained by θ(r, t) values could be considered as the
affected range of accumulating stress before earthquakes. In general, the affected epicentral distances
before earthquakes with magnitudes between 6.9 and 5.4 were about 100 and 50 km, respectively
(i.e., relatively high θ(r, t) values in Figure 7a,l). The affected distances roughly agreed with the radius of
the earthquake preparation zones estimated in Dobrovolsky et al. [41]. Meanwhile, the likely locations
of epicenters were determined by using the top 0.5% of daily θw values from the θw maps associated
with EQ28 during stress accumulation periods to compare with the real (as published by CWB) one
of EQ28 via the inversely proportional relationships between θ(r, t) and r. The likely locations of
epicenters associated with EQ28 determined from high θw values were continuously found on days
between EQD-21 and EQD-12 except on EQD-13 (Figure 5). On days of EQD-20, EQD-19, EQD-17 and
EQD-12, the likely locations of epicenters were shown at two possible locations, but on other days,
only a single spot (120.35◦N, 23.75◦E) appeared. The distance difference between the CWB-published
and the likely locations of epicenters of EQ28 on the EQD-12 was about 38 km.
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Figure 7. Variations of θ(r, t) for 12 events sorted by earthquake magnitude. The red lines show θ(r, t),
and the blue lines show the percentage of GPS stations with epicentral distance < r. The horizontal
black lines indicate the anomalous band of 0.0211.

4. Discussion

The aforementioned observations showed definitive relationships between the residual
displacements and seismic parameters (i.e., strikes of faults, directions of the P axes, and areas
of earthquake preparation zones) in physical nature. The values of θ(r, t) and leading times, which were
the duration from the initial appearance of the aligned GPS azimuths that agreed with the P axis of
the subsequent earthquake occurrence, were further related to earthquake magnitudes using those
26 direction-matched events. Clearly, no apparent relationship could be found between the values
of θ(r, t) and earthquake magnitudes (Figure 8a) because some studied earthquakes occurred in the
ocean, while the GPS measurements were primarily taken on land. On the other hand, a proportional
relationship between the leading time and earthquake magnitude could be roughly obtained (Figure 8b).
Note that the Chi-Chi (M = 7.6) and Tohoku-Oki earthquakes (M = 9.0) on 20 September 1999 and
11 March 2011, with the leading times of 54 and 65 days, respectively [33,42], were included to extend
the studied scale.

The constructed θw maps for Taiwan showed that loading stress has led to developments of aligned
GPS azimuths prior to many earthquakes, and the leading time was related to earthquake magnitude.
Likely locations of epicenters could be roughly determined in these maps based on the aligned residual
displacements that occurred several days before the earthquakes. However, the aforementioned results,
which were obtained from the time-series data covering earthquake occurrence, were dominated by
co-seismic changes. To clarify the effects of co-seismic changes on our analytical results, EQ 28 was
taken as an example again. The daily θw maps for the period from 30 to 1 days prior to EQ28 were
constructed using the GPS data from 1 January 2006 to the day before EQ28 to avoid the co-seismic
effects (Figure 9), and were also compared with Figure 5. It was obvious that θw patterns of GPS
azimuths between Figures 5 and 9 were very similar. Slight discrepancies existed due to co-seismic
(or step) changes, but did not affect the earthquake-related patterns of GPS azimuths. This comparison
suggested that HHT analyses can effectively mitigate the effect of co-seismic (or step) changes from
other minor to medium earthquakes with insignificant surface ruptures. However, this observation
will not be valid if co-seismic (or step) changes are very large, as was the case in the Chi-Chi and the
Tohoku-Oki earthquakes.
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Figure 8. Relationships between the maximum of θ(r, t), leading time, and earthquake magnitude.
Relationships between the maximum of θ(r, t) and earthquake magnitude are shown in (a). In contrast,
relationships between the leading time and earthquake magnitude are shown in (b). The black circles
denote the 26 earthquakes detected during the study period. Note that the maximum of θ(r, t) and the
leading time associated with the Tohoku-Oki and Chi-Chi earthquakes were computed using different
r values (i.e., r , 50 km) because the Tohoku-Oki earthquake occurred far away from the land and due
to the relatively-low density GPS array surrounding the Chi-Chi earthquake in 1999.

Although aligned residual displacements in agreement with the P axis direction of earthquakes
were obtained in this study, we also computed the θw maps in Taiwan every day in the entire studied
period. We found no major earthquake occurrence following significant aligned GPS azimuths during
the periods of May–June 2007 and December 2007–January 2008. To examine whether the aligned
azimuths could be useful precursory information in Taiwan, we performed a statistical test by using
Molchan’s error diagram. Molchan’s error diagram is a conventional method by which to evaluate
the prediction performance of given observations for earthquake forecasting [43,44]. The diagram
plots the rate of earthquakes detected against the rate of alarmed cells. In practice, for given series of
precursory signals and related earthquake events, each prediction strategy was characterized by the
lead time of alarms and the length of the alarm window. The lead time was the time length between
a detected anomaly and its alarm, and the alarm window was the duration that an alarm lasted.
A modified area skill score measuring the area between actual prediction curve and random prediction
line in the Molchan’s error diagram [43] was used to assess the efficiency of different prediction
strategies, characterized by the lead time of alarms and the length of alarm windows [44]. A score of
0.5 indicated perfect skill and a score of −0.5 indicated complete non-skill. The expected score for a
random prediction was 0. Scores above 0 indicated that the prediction was better than random and the
observation contained precursory information [44].
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Figure 9. Maps of θw from 30 to 1 days before the earthquake day (EQD) of EQ28. The largest black
star is the CWB-published epicenter of the EQ28. The pink and yellow colors denote areas of small
(~0.011) and large (~0.02) θw’, respectively. Black arrows show the direction of surface deformation.
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Figure 10 shows the area skill score of prediction in color gradation from blue (low score) to yellow
(high score), based on the observations using different lead times and alarm windows. There were
two main high score regions (higher than 0.03): one with a lead time around few days and a long
alarm window, and the other with lead time of 14–16 days and an alarm window of less than one
week. The maximum S, which suggests the optimal prediction strategy, has a value of 0.068, and was
located at lead time 1 day and alarm window 3 days. Figure 11 demonstrates the Molchan’s error
diagram of the optimal prediction strategy based on the observations (lead time = 1 day and alarm
window =3 days). The prediction curve shown by the bold red line was clearly above the random
prediction line given by the black diagonal line. Most predictive curves here clearly exceeded the 90%
confidence interval, and quite a few even exceeded the 95% confidence interval. These results highly
suggested that the observations contained precursory information for sizeable earthquakes and could
be potentially used in short-term earthquake forecasting.

Figure 10. Area skill scores for predictions with different lead times and alarm windows based on
observations. We performed a forecasting experiment and predicted earthquakes with depths of less
than 100 km and magnitude ≥ 5.0 during the studied period in and around Taiwan.

Figure 11. The Molchan’s error diagram of the optimal prediction strategy based on the observations
(lead time = 1 day and alarm window = 3 days).



Remote Sens. 2020, 12, 366 18 of 20

5. Conclusions

Time-series GPS data contain an abundance of factors. Once the effects of unrelated signals and
artificial noise have been mitigated in long-term continuous GPS data using HHT, earthquakes occur
following short-term crustal displacements with the aligned orientations in agreement with the P axes
of earthquakes, as seen in in Taiwan. The aligned orientations before earthquakes could be consistently
obtained from GPS data before earthquake occurrence and passed the statistical test of Molchan’s
error diagram. The alignments of the short-term crustal displacements could provide potential insight
for discriminating and/or determining the timing of earthquake-related stress which significantly
accumulates in the crust before the dislocation of faults. The highest paralleling alignments revealed
the epicenter locations of forthcoming earthquakes. The durations of the disordered orientations after
the alignments were proportional to the magnitudes of the forthcoming earthquakes. This suggested
that short-term crustal displacements could be utilized as a promising indicator of seismo-crustal
displacement anomalies.

Meanwhile, the alignments of seismo-crustal displacements anomaly can be utilized as references to
examine other promising seismo-anomalies [40,45]. Negative (positive) strain changes can relate to uplift
(depression) of seismo-ground water levels. Earthquake-related stress accumulates in the crust and can
increase or decrease electrical conductivity underground, driving changes of seismo-electromagnetic
anomaly. Once GPS data recorded by a dense array over a wide area can be utilized, regions of
earthquake preparation could be determined by stations with aligned orientations. The large-scale
stress accumulation would expose the causal mechanism of the GPS TEC (total electron content) and
thermal anomaly that generally distributes in an area of more than ten thousand square kilometers
(100 × 100 km) before earthquakes. In short, these examinations shed light on the integration of
multiple physical parameters to construct a potential model that can encompass most pre-earthquake
anomalous phenomena.
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