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Abstract This study provides new insights into the
nature of seasonal variations in coordinate time series of
GPS sites located near active faults and methods of their
modeling. Monthly averaged coordinate time series were
analyzed for several pairs of collocated GPS sites situated
near the active fault intersection area, in close proximity to
the central part of the northern boundary of the Amurian
plate and the vicinity of the San Andreas Fault zone. It is
concluded that the observed seasonal variations are best
described by a breather function which is one of the
solutions of the well-known sine-Gordon equation. The
obtained results suggest that, in this case, the source of
seasonal variations may be caused by the appearance of
solitary strain waves in the fault intersection system, which
may be qualitatively treated as standing waves of
compression-extension of the geological medium. Based
on statistical testing, the limits of applicability of the
suggested model have been established.

Keywords space geodetic surveys, oscillatory move-
ments of crustal blocks, seasonal variations, Amurian
microplate

1 Introduction

The study of seasonal variations of GPS site positions is
important to better understand the various-scale natural
processes that cause them. These variations reflect the
integral impact of many contributing factors (Chen et al.,
2013). As a rule, the annual and semiannual modes of
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seasonal signals are considered, and the sinusoidal-co-
sinusoidal approximation is used to model the fluctuations.
However, the contemporary precision of GNSS observa-
tions allows for a more complicated analysis and time
series modeling by applying trigonometric functions with
variable amplitude and phase (Chen et al., 2013).

When determining the co- and postseismic displace-
ments and secular crustal movements, the observed
seasonal variations are commonly treated as colored
noise, masking the useful signal, and are removed during
GPS time series preprocessing. Several authors (e.g., van
Dam et al., 1994; Serpelloni et al., 2013) have developed
models that describe rather well the trajectory of the site
movement in the annual and semiannual cycles under the
impact of meteorological and hydrological factors. The
regional and, more explicitly, global scale parameters of
seasonal variations (maxima and minima, duration and
power of influence on the geological medium) for
collocated sites should coincide due to the identification
factors that cause them (temperature, pressure, and gravity
variations).

In this paper, we attempt to show that, in a number of
cases, the seasonal coordinate variations of GPS sites close
to the local active faults exhibit a significant phase shift
which cannot be explained by the aforementioned causes.
This is validated by the dataset analysis of long-term
geodetic observations performed at two different GPS
networks, located near the San Andreas Fault zone and the
northern boundary of the Amurian plate. Moreover, these
GPS site position time series are considerably better
described by one of the solutions of the sine-Gordon
equation, a breather (spatially localized, oscillating non-
linear function), rather than a sinusoid, as shown in Section
3 below. The experimental data and the developed model
of crustal block movement suggest that long-period
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oscillations of crustal blocks, initiated, for example, by
stress variations in the crust or tectonic stress transfer
(migrating of crustal deformation in the form of slow strain
waves), may be the source of such variations.

2 GPS observations and the extraction of
seasonal signals from GPS time series

In order to perform the analysis, we selected a few pairs of
GPS sites collocated within 2-30 km in geodynamically
active regions near active differently oriented, intersecting
faults. Stations NRGR and NRQG2 are situated close to the
central part of the Stanovoy Range, along the supposed
northern boundary of the Amurian plate (Fig. 1(a)).
Stations TWMS (33.9725° N, 117.7255° W, City Chino
Hills) and CNPP (33.8576° N, 117.6089° W, City Corona),
FZHS (34.8680° N, 118.8933° W, City Frazier Mountain)
and LJRN (34.8075° N, 118.88677° W, City Frazier Park),
accordingly, are located in the San Andreas Fault zone
(Figs. 1(b) and 1(c)). The station selection strategy was
based on their locations on sides of differently oriented
faults.

The daily GPS data of stations NRGR and NRG2 are
processed by the GAMIT software (Herring et al., 2010).
The site position time series are obtained in the ITRF2005
coordinate system (Altamimi et al., 2007).

Stations TWMS, CNPP, FZHS, and LJRN belong to the
GPS network designed to monitor recent crustal move-
ments in the southern part of the San Andreas Fault zone.
The GPS network data are processed using the GAMIT/
GLOBK software. The daily site position time series are
given in the ITRF2005 coordinate system and are available
at the SOPAC website (ftp://sopac-ftp.ucsd.edu/pub/time-
series/measures/ats/ WesternNorthAmerica/).

To reduce the impact of different short period factors, the
monthly averaged site positions are used for further
analysis. Collocation of stations in the selected pairs of
GPS sites allows for the assumption that seasonal
variations in atmospheric parameters are similarly affected
(van Dam et al., 1994).

We model the GPS site position time series using the
following additive functional model (Serpelloni et al.,
2013):

x(t) =xo+ bt +aF(wt + ) + > AgH(t-1), (1)
=

where x is the site position at the moment 7 along one of the
spatial coordinate components, x, is the initial station
position, b is the secular (annual) velocity, a, w, and ¢
denote the amplitude, frequency and initial phase of the
seasonal signals, and H is the Heaviside step function,
commonly used to determine the displacement of the site
Ax; at appropriate epochs #;. The first two summands allow
for a long-term linear drift of the site determined from its

tectonic position. The term F(wt+ ¢), as a rule, is a
sinusoidal function sin(w? + @) , where ® = 2n/T ,and T
is the period of surface loading in the site vicinity. A linear
trend and abrupt changes in the site coordinates of different
origin are estimated and subtracted from the initial time
series values to obtain the pure seasonal variations.

The ITRF2005 position time series of the sites TWMS,
CNPP, FZHS, and LJRN are taken from a file, in which the
“steps” and linear trends have already been removed (file
"WNAM_Clean DetrendNeuTimeSeries comb 2014
1114.tar"). No significant seismic events occurred near the
sites NRGR and NRG2 before and during the GPS
measurements. According to the model results (Shestakov
et al., 2012), the displacements from the March, 11, 2011,
M, = 9.0 Tohoku-Oki megathrust earthquake do not exceed
1 mm at this location. It follows that one may neglect the
influence of the fourth term on the seasonal variations.

Figures 2 and 3 show the site coordinate time series. The
southward station displacement during the winter season is
consistent with the general tendency of the GPS site
displacement in the Northern Hemisphere (Blewitt et al.,
2001). The annual harmonics of the N—S component are
represented by nearly identical curves; however, the
maximum northward displacement at the NRG2 site is
reached in May, whereas it occurs in July at the NRGR site.
A similar pattern is exhibited at other sites, affirmed by a
two-month delay in the maximum northward displacement
at the CNPP site relative to the TWMS site (Figs. 2(c) and
2(d)), with a one- to two-month delay at the LIRN site
relative to the FZHS site (Figs. 2(e), 2(f), 3(e) and 3(f)),
respectively. The E-W components of the NRGR and
NRG2, and TWMS and CNPP sites, respectively, change
in an antiphase manner (Figs. 1(a) and 1(b)). A more
complicated pattern of the LIRN site movement (Fig. 1(c))
is caused by the presence of the semiannual harmonic.

In order to verify the quantitative differences distin-
guished in the curve maxima (minima) locations for the
aforementioned pairs of sites, we calculate the correlation
coefficients for separate components. Let us illustrate our
procedure and give an overview of the calculation results.
For the pair of sites NRGR and NRG2, we obtain the
following correlation coefficient values calculated from 12
monthly averaged values for January—December: kyg(Agp
= 0) = 0.43 for the N-S component and kg (Ap = 0) =
—0.6 for the E-W component, where Ag is the phase shift
(in months) between the considered series of values. When
shifting a series of values of the N-S component for the
NRGQG2 site to November (by Ap = 2 months), and those of
the E-W component to July (by Agp = 6 months), the
correlation coefficient values are found to be kys(Ap =
2) = 0.92 and kg (Ap = 6) = 0.94. For the next pair of
sites TWMS and CNPP, these calculated values are as
follows: st(A§0 = O) = 041, kN5<A§0 = 2) = 099, kEW
(Ap = 0) = 0.37, and kg (Ap = 4) = 0.74, whereas for
the vertical component, this value is ky,(Ap = 0) =
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Fig. 1 Schemes of GPS site locations in geodynamically active regions of the world near the intersection of active differently oriented faults.
Yellow triangles show GPS site locations. The red lines in insets (a) and (b) indicate the predominant direction of displacement; lines across the faults
denote the direction of site displacements in the annual cycles.The insets demonstrate the direction of site movement: a large circle denotes the time

reference point (January); the arrows denote the direction of movement. The displacement amplitude is shown in relative value units.Inset (a) depicts GPS
sites NRGR and NRG2 at the northern boundary of the Amurian plate: 1 — the boundaries of the Chulman block; 2 — local block bordered by active faults;
3 —NE- and NW-striking faults of different kinematics.Inset at the top: Horizontal displacements of GPS sites. Figures in the circles show: 1 — NE-striking
faults, 2 — NW-striking faults. Here and in insets (b)—(f), only horizontal displacements of the sites are shown. Inset at the bottom: Tectonic sketch-map of
Northeast Asia: Eurasian (EU), North American (NA), Pacific (PA), Philippine (PH), Amurian (AM), and Okhotsk (OK) plates.Insets (b) and (c) illustrate
GPS sites TWMS and CNPP, and FZHS and LJRN, respectively, located in the San Andreas Fault zone and their horizontal displacement trajectories.
Figures in the circles show: 1 — NE-striking faults, 2 — NW-striking faults. Inset (d) demonstrates an overview map showing GPS site locations (GPS
Explorer Portal; URL: http://geoapp03.ucsd.edu/gridsphere/ gridsphere?cid = Select 4 Sites). Insets (e) and (f) show GPS sites P725 and P566, and P106
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and P716, respectively, relative to the local faults of the system and their horizontal displacement trajectories.
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Fig. 2 Cyclic variations in the GPS station positions. Approximation of the generalized normalized average monthly displacement
trajectories of the GPS sites by the shape of the theoretical curves for the normal breather and sinusoid. The annual displacements observed
during 2 cycles (years) are shown for the N—S components: sites (a) NRGR, (b) NRG2, (c) TWMS, (d) CNPP, (e) FZHS, (f) LIRN,
(g) MLFP, and (h) PPBF. The observation periods in years are shown above the plots for each station.

563



564

Relattuve amplitude

Front. Earth Sci. 2016, 10(3): 560-569

NRGR, 2010-2012

1.0

0.54

0

NRG2, 20102012

1.07

0.5

0

1 4 7 10 1 4 7 10 1
- East-West component -e-Normal breather 2 Sinusoid

@ TWMS, 2009-2013
1.0

0.5

(=]
i

1 4 7 10 1 4 7 10 1
- East-West component -©-Normal breather 4 Sinusoid

FZHS, 2007-2012
, ©

—_
(=]

1 4 7 10 1 4 7 10 1
<~ Up component - Normal breather 4 Sinusoid

MLEP, 2006-2011
(@

1 4 7 10 1 4 7 10 1
-~ East-West component -e-Normal breather #-Sinusoid

« CNPP, 2009-2013
1.0

0.5+

0

- East-West component --Normal breather 4 Sinusoid

LIRN, 2008-2013

107 @
051
O+ T

1 4 7 10 1 4 7 10 1
- Up component -©- Normal breather 4 Sinusoid

PPBF, 2006-2011
O

Month of the year
-- Up component -©- Normal breather 4 Sinusoid

Month of the year
-~ Up component -e- Normal breather 4 Sinusoid

Fig. 3 Cyclic variations in the GPS station positions. Same as Fig. 2, but for the E-W components: sites (a) NRGR, (b) NRG2,
(c) TWMS, and (d) CNPP, and for the vertical (Up—Down) component: sites (¢) FZHS, (f) LJRN, (g) MLFP, and (h) PPBF.
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ky,(Ap = 1) =0.9. The correlation coefficient has the
following values for the last pair of sites LJRN and FZHS:
kns(Ap = 0) = 0.04, kyg(Ap = 3) = 0.78, ke (Ap = 0)
=0.32, and kgy (Ap = 3) = —0.84, respectively; for the
vertical component we obtain k), (Ap = 0) = 0.58 and
kyy(Ap = 3) = 0.99. In the final analysis, it can be seen
that the time shifts between the maxima (minima) of the
trajectories of the full displacement vector components
have been distinguished for the pairs of sites considered in
this study.

Since the GPS sites are collocated (2 km separation
between stations NRGR and NRG2, and 30 km between
the sites TWMS and CNPP, respectively), their geodetic
monuments are proportionately affected by seasonal
deformations due to temperature and pressure effects.
Thus, the observed seasonal coordinate variations for
selected pairs of GPS sites cannot be explained by classical
causes. We consider periodic displacements along the
faults in close proximity to the GPS sites to be the source of
the obtained seasonal variations. The faults, in this case,
are playing a hinge role. The local northeast- and
northwest-striking faults are hinges for the sites NRGR
and TWMS, and NRG2 and CNPP, respectively.

3 Approximation of the initial displacement
curves by the functions of different types

We approximate monthly averaged data on the movement
trajectories of the GPS sites by a sinusoidal curve
Asin(wt + ¢) , minimizing the residuals between the
theoretical curve and experimental data using the least
squares method. The approximation procedure testifies that
separate components of GPS station position displacement

(a) N

Local fault

are different from the sinusoid (Figs. 2(b), 2(e), and
3(b)).

At the stage of numerical modeling, we clarify that the
shape of the best fit function approximating the experi-
mental curve coincides with one of the solutions of the
classical sine-Gordon equation, a breather (dynamic
soliton), that can be written as follows (Braun and Kivshar,
2004):

w(x,t) = darctg [( , @

—w? sin(wt)

@ ch(xV1-w?)
where o is the inner frequency of the breather, x
determines the origin of the curve, and ¢ is the independent

variable (time). The approximation error of experimental
data is calculated from the formula o =

12
I/IZZ(YE—Ykr)z, where YF Y] are the residuals
=1

between the observed and calculated monthly averaged
station positions for the sinusoid and breather. As seen
from Table 1 (columns 4 and 5), the approximation of the
breather is reducing the o-value by a factor of two or three
as compared to the conventional sinusoidal fitting.

The pattern of measured horizontal displacements shows
excellent coincidence with the solution of the sine-Gordon
equation for most studied components. This pushed us to
apply this equation for developing the model of cyclic
components of crustal block movement.

4 The model of periodic crustal block
movement

The pattern of the above described changes in the station

(b)

Local fault

Fig. 4 The generalized model of block movement in the vertical plane along differently oriented local faults of the hinge type due to
variable vertical loading. (a) The model of block movement along NE- and NW-striking faults and schemes of the full displacement vector
decomposition into components. (b) The model of block movement represented as three coupled identical pendulums (notations are given

in the text).
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positions within the annual cycles might be formulated as a
problem of block oscillation in the vertical plane. If a block
with an adjacent hinge fault (Fig. 4(a)) is considered as a
pendulum (Fig. 4(b)), then, in the simplest case, one may
choose a physical model of block interaction as a chain of
three coupled identical pendulums (Trofimenko and
Bykov, 2014).

The equation of motion of the system for the case of a
radial force acting on the middle block and deviating it on
the angle w, can be expressed as

o o

a—;é/ = fmglsinl//+rd26—xlé/, 3)
where /is the moment of inertia of the block, the term
mglsiny is the moment of the gravity force, m is the
lumped mass of the pendulum, / is the length of the

62
pendulum (the height of the block), sza_‘z// is the sum of
X

the moments of the torsion forces exerted by the adjacent
blocks, 7 is the constant of the spring torsion (rigidity of the
block contact), and d is an increment of the interblock
distance (increase or decrease depending on the type of
movement). Assuming o’ = mgl/I, ¢* =d*/I, and

introducing the dimensionless variables ' = ¢ and
x" = xw/c, Eq. (3) is transformed into the sine-Gordon
equation (Braun and Kivshar, 2004):
Py Py .
— — —5 = siny. 4)
ox'? o't

This equation has a number of analytical solutions, one
of which is a breather (dynamic soliton) described by Eq.

).

5 Discussion of the results

Figure 5 shows a change in the shape of the breather
depending on the frequency. One may note that at @ close
to 0.9, the shapes of the breather and the sinusoid are
practically identical. The asymmetry of the site trajectory
shapes appears as frequency decreases. We detected
precisely these effects in the displacement curves for the
observed GPS stations in the annual cycles (Figs. 2(a)-2
(f)). From the Table (column 3) it can be seen that the
breather oscillation frequency « minimizing the fitting
error o, varies for different GPS sites and displacement
components.

In order to test the model developed (3) and verify the
identity of the obtained results, we have arbitrarily selected
the GPS sites installed under different geological condi-
tions. These include the sites MLFP and PPBF located on
either side of the local fault in proximity of the sites
TWMS and CNPP (Fig. 1(b)), P566 and P725 located on
one side of the local fault (Fig. 1(e)), and P106 and P716

Relattive amplitude

T T T T T T T T T T

4 7 10
Month of the year

-B Breather v = 0.5

©- Breather w = 0.9

-9~ Breather = 0.8 -A- Sinusoid

Fig. 5 The sinusoid and breather shapes at different frequencies.

located in tectonically inactive areas of different local fault
systems (Fig. 1(f)).

The analysis of the data listed in columns 4 and 5 of the
Table shows that for the CNPP site, the shape of the
component of the full displacement vector in the annual
cycles most optimally corresponds to the sinusoid. The
same is true for the separate displacement components at
the sites PPBF, P106 (N-S component), P566 (UP
component) and P725 (UP component).

For sites MLFP (33.9183° N, 117.3178° W, City
Riverside) and PPBF (33.8356° N, 117.1819° W, City
Perris), located on either side of the local fault, we obtain
the following correlation coefficient values: kys(Ap = 0)
= 0.98, kgy(Ap = 0) = 0.99, and k), (Ap = 0) = 0.98.
As for remote sites P106 (39.4590° N, 112.2623° W, City
Leamington) and P716 (44.7183° N, 110.5115° W,
Yellowstone National Park), located in different local
fault systems, the calculated correlation coefficient values
are equal to kyg(Ap = 0) = 0.98, kg (Ap =0) = 0.79,
and kg, (Ap = 0) = 0.95. The below listed values of the
correlation coefficient are obtained for a pair of sites P566
(36.3244° N, 119.2293° W, City Visalia) and P725
(37.0889° N, 119.7456° W, City Coarsegold), located
on one side of the local fault: kyg(Ap =0) = 0.63,
kns(Ap =2) = 0.97, kg (Ap = 0) = 0.08, and kg (Ag
= 3) = —0.83; for the vertical component these values are
kyp(Ap = 0) = —0.58 and k), (Ap = 4) = 0.99.

From the obtained results it follows that the local fault
location in the approximate vicinity of the sites does not
always cause their displacements in adherence to the
nonlinear model (3). For example, comparing the dis-
placement curve shapes for the MLFP and PPBF sites,
approximated by a breather with a similar frequency, we
may conclude that at in-phase displacement of all
components, the MLFP site is moving in adherence to
solution (2), whereas for the PPBF site, the sinusoidal
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approximation function F(wt+ @) is sufficient (see
Eq. (1)). This means that the universal approach for the
choice of separate optimal model parameters does not exist
because the shape of the site displacement trajectories does
not depend on the slope of the block tg(y)n. the
maximum values of the displacement amplitudes of the
components, or the breather frequency (see columns 7, 6,
and 3, respectively, in the Table). The analysis of the
shapes of the displacement curves should be started at o,
values that exceed 0.06 and exhibit a discrepancy between
the statistical monthly averaged data and the theoretical
sinusoid, as shown in column 5 of the Table.

We can obtain stricter constraints by using Pirson
criterion 2. To do this, it is sufficient to consider statistical
discrepancies between the sinusoid and the breather at
different frequency values . Let us assume that the site
ordinate values for the arbitrary component in the annual
cycle correspond to the observed values of the points of the
sinusoid X7 (X5 € (0,1); i=1, 12) and a breather-shape
curve is the calculated model with the ordinates X7
(X" € (0,1); i=1, 12). If the applied model (3) correctly
describes the site displacement in the shape of a sinusoid
by the function F(wt¢+ @), then the sum of squared
deviations ((X*" —X?")? should not be large (the hypoth-
esis Hy). In our case, to measure the closeness of the

12 )
CZ(Xvism o
i=1

XP)? /x5, where C is the scale factor assigned for the
transformation of the values normalized to the unit interval
to really observed maximum displacement amplitudes
(shown in column 6 of the Table). The average values of
the determination errors for the displacement maxima
attain to =1 mm for the NS and EW components and £3
mm for the Up component, respectively. A critical value, at
which the hypothesis of homogeneity of the studied values
is rejected if the number of degrees of freedom r = k—1=
13-1, is equal to 21.026 at 5% significance level
(o = 0.05). As a result of the performed calculations, it
has been established that the hypothesis Hj is rejected at
the following ratios of real amplitudes (mm) and breather
frequencies (C,w): (4, 0.3), (7, 0.5), (14, 0.7), (27, 0.8).
Column 9 of the Table shows the theoretical frequency
values for the real displacement amplitudes of the
components. Thus, based on this criterion, the model of
nonlinear cyclic displacement of GPS sites (3) can be
applicable to sites NRG2 (Up component), FZHS (Up
component), and P716 (Up component) (see Table). The
suggested model (3) describes the shape of the site
displacement curves with less error; however, the dis-
crepancies between the shapes of the curves for the
sinusoid and the breather are insignificant and should be
taken into consideration only in the case the breather
frequency ©<0.740.05 with an allowance for the
determination errors for the displacement maxima.

observed and expected values we use y* =

6 Conclusions

We have analyzed a set of time series obtained at three
pairs of collocated GPS sites situated near the active fault
intersection area in the central part of the Stanovoy Range
and the southern part of the San Andreas Fault. All the GPS
site position time series show notable seasonal variations.

Based on statistical modeling, we have established the
applicability criteria for the above considered model of
nonlinear displacement of GPS sites (Trofimenko and
Bykov, 2014) by performing a qualitative analysis of the
shapes of the curves in the annual cycles. Resting upon the
representative data, it has been shown that the differences
in the displacement trajectories of crustal block movement
in the annual cycles are caused by the local fault system,
and as typically observed, by the state of the geological
medium and its response properties. The regional and
global factors stipulate the in-phase variations in the station
positions.

Because the meteorological factors in the annual cycles
influence the shapes of the movement trajectories of the
collocated sites equally (van Dam et al., 1994), the
observed phase residuals of the peaks of the site coordinate
variations may be linked to periodic displacements along
the fault boundaries where the GPS stations have been
installed.

The detected high correlation of the observed trajec-
tories of GPS site displacements with one of the solutions
of the sine-Gordon equation, a breather, allows us to
assume that the mechanism of such oscillations may be
related to the appearance of solitary strain waves in the
fault intersection system, which in this case, may be
qualitatively treated as standing waves of compression-
extension of the geological medium (Bykov, 2014).

A simple mathematical model (3) proposed by Trofi-
menko and Bykov (2014), that describes the oscillations of
two interacting blocks, has been successfully applied for
modeling fault dynamics, mechanisms of rotation, slippage
of crustal blocks, and also, for the interpretation of the
observable strain wave effects (Gershenzon et al., 2009;
Bykov, 2014). The other possible source of the detected
seasonal variations may be irregular in time deformations
of the fault zones due to their different types of rheology.

After examination of periodic displacements in the
annual cycles of GPS sites located in close proximity to
active faults, different types of displacements have been
established for the considered pairs of sites. These include
in-phase and anti-phase changes of the components of the
full displacement vector, the relative time delay of the
maxima and minima for separate components, and the
dissimilarities of the displacement trajectory from the
sinusoid. The causes of these dissimilarities can be related
only to the local rheology of the fault zones and tectonic
stress transfer (migrating of crustal deformation in the form
of slow strain waves).
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