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S U M M A R Y
High-rate GPS and seismic sensors are mutually contributing to seismological applications
for capturing earthquake-induced coseismic displacements. In this study, we propose an ap-
proach for tightly integrating GPS and strong motion data on raw observation level to in-
crease the quality of the derived displacements. The performance of the proposed approach is
demonstrated using 5 Hz high-rate GPS and 200 Hz strong motion data collected during the
El Mayor–Cucapah earthquake (Mw 7.2, 2010 April 4) in Baja California, Mexico. The new
approach not only takes advantages of both GPS and strong motion sensors, but also improves
the reliability of the displacement by enhancing GPS integer-cycle phase ambiguity resolution,
which is very critical for deriving displacements with highest quality.

Key words: Satellite geodesy; Transient deformation; Earthquake ground motions; Early
warning.

1 I N T RO D U C T I O N

Since Remondi (1985) first demonstrated centimetre-level accuracy
of kinematic GPS, Hirahara et al. (1994) labelled kinematic GPS
as GPS seismology, which has since attracted more and more at-
tention and applications in seismology (see, e.g. Ge 1999; Ge et al.
2000; Larson 2009). High-rate GPS observes displacements directly
and thus particularly valuable in case of large earthquakes (Niko-
laidis et al. 2001; Larson et al. 2003; Allen & Ziv 2011). In recent
years, dense GPS monitoring networks have proliferated in seismi-
cally active regions, for example, Japan’s GEONET [the GPS Earth
Observation Network System, http://www.gsi.go.jp/ (last accessed
July 2013)] and UNAVCO’s Plate Boundary Observatory [PBO,
http://pbo.unavco.org/ (last accessed July 2013)], which have the
potential to be complementary to seismic networks and may con-
tribute to earthquake/tsunami early warning and seismic risk miti-
gation (Blewitt et al. 2006, 2009; Crowell et al. 2009).

The problem with GPS displacement is that its noise level is much
higher than that from most seismic sensors. In GPS displacements,
this noise is basically white across the whole seismic frequency
band. Seismic sensors measure acceleration with a very high pre-
cision and sampling rate and the seismic displacements can be
obtained by double integration of the observed accelerometer sig-
nals. However, the acceleration is accompanied by unphysical drifts
due to sensor rotation and tilt (Trifunac & Todorovska 2001; Lee &
Trifunac 2009), hysteresis (Shakal & Petersen 2001) and impreci-

sion in the numerical integration process (Boore et al. 2002; Smyth
& Wu 2006). Its noise level, viewed in terms of displacement, will
rise with decreasing frequency: at some frequency this noise level
will exceed that of GPS. Therefore, GPS and seismic instruments
can be mutually beneficial for seismological applications because
weaknesses of one observation technique are offset by strengths in
the other.

To take full use of the complementary of GPS and seismic
sensors, we propose an approach of integrating the accelerome-
ter data into the precise point positioning (PPP, Zumberge et al.
1997) processing. Instead of combing the GPS-derived displace-
ments with the accelerometer data (Emore et al. 2007; Bock et al.
2011), a tightly integrated filter is developed to estimate seis-
mic displacements from GPS phase and range and accelerome-
ter observations. The performance of the proposed tightly inte-
grated approach was validated by the 2010, Mw 7.2 El Mayor–
Cucapah earthquake (Mw 7.2, 2010 April 4) in Baja California,
Mexico.

2 OV E RV I E W O F C O M B I N I N G G P S A N D
A C C E L E RO M E T E R DATA

GPS relative kinematic positioning is usually adopted to estimate
seismic displacements as double-differenced ambiguities can be
fixed to integers for guaranteeing high accuracy (Larson et al.
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Table 1. Collocated high-rate GPS and strong motion (SM) stations.

Station Latitude Longitude Distance to Separation
(GPS/SM) (◦N) (◦W) epicentre (km) (km)

P500 32.690 −115.300 48.4 0.56
NP5054 32.693 −115.338
P496 32.751 −115.596 61.8 0.07
NP5058 32.752 −115.595
P744 32.829 −115.508 66.4 0.14
NP5028 32.829 −115.505
P499 32.980 −115.488 83.9 1.80
NP5060 32.991 −115.513

2003; Blewitt et al. 2006; Crowell et al. 2012; Melgar et al. 2012;
Ohta et al. 2012). In relative positioning, data from a network are
analysed simultaneously to estimate station positions with respect
to at least one reference station which could also be displaced. PPP
can provide ‘absolute’ seismic displacements related to a global
reference frame defined by the satellite orbits and clocks with
a single GPS receiver (Kouba 2003; Wright et al. 2012). Espe-
cially, PPP integer ambiguity resolution, developed in recent years
(Ge et al. 2008; Geng et al. 2012; Li & Zhang 2012; Loyer et al.
2012), enables it to achieve comparable accuracy as relative posi-
tioning. Li et al. (2013a) demonstrated the performance of real-time
PPP with ambiguity resolution using 5 Hz GPS data collected during
El Mayor–Cucapah earthquake (Mw 7.2, 2010 April 4) in Mexico.

Emore et al. (2007) estimated GPS displacements based on rel-
ative network analysis using the GPS analysis software GIPSY, de-
veloped by JPL (Jet Propulsion Laboratory) with orbits held fixed
to precise IGS (International GNSS Service) final products. A con-
strained inversion technique was then used to combine GPS dis-
placements and accelerometer data from the 2003 Mw 8.3 Tokachi-
oki earthquake to estimate displacements and step function offsets
in accelerometer records, after correcting for possible misorienta-
tion of the accelerometers.

A multirate Kalman filter was proposed by Smyth & Wu (2006)
for fusing raw accelerometer with collocated GPS displacement
data and was used for bridge monitoring (Kogan et al. 2008) and
structural engineering applications (Chan et al. 2006). Bock et al.
(2011) applied the multirate Kalman filter to estimate broad-band
displacements for the 2010 Mw 7.2 El Mayor–Cucapah earthquake
by combining 1 Hz GPS displacements and 100 Hz data of col-
located strong motion sensor in southern California. Hereby the
1 Hz GPS displacement was estimated using instantaneous GPS
positioning in relative positioning mode (Bock et al. 2000). Geng
et al. (2013) proposed a seismogeodetic approach and applied it
to GPS and accelerometer observations of the 2012 Brawley seis-
mic swarm. Melgar et al. (2013) demonstrated the Kalman filter
performance for the Tohoku-oki event and analysed the spectral
differences between GPS, Kalman and accelerometer data in detail.
Wang et al. (2013) discussed the potential for an automated baseline
correction scheme for accelerometer data that does not rely on GPS
data.

In these combination procedures, the long-period stability of
GPS-derived positions is employed to constrain the seismic data.
As is well known, in kinematic positioning, precise dynamical in-
formation will give rather tight constraint on coordinates of adja-
cent epochs to strengthen the solution for more reliable ambiguity
fixing and better displacement accuracy. The precise dynamical in-
formation of the movement provided by seismic sensors cannot be
properly utilized to enhance GPS solutions if estimated coordinates
are used. Therefore, integration on the observation level is required

to have the advantages of both sensors and offset their weakness. In
this study, the accelerometer data are integrated into the ambiguity-
fixed PPP processing on the raw observation level.

3 T H E T I G H T LY I N T E G R AT E D
A L G O R I T H M

Fixing ambiguities to integers can significantly improve the GPS
positioning quality, especially for the east component (e.g. Blewitt
1989; Dong & Bock 1989). Due to the existence of uncalibrated
phase delays (UPDs) originating at receiver and satellite (Blewitt
1989), for a long time only double-differenced ambiguities between
satellites and receivers can be fixed. In the recent years, it was
demonstrated that satellite UPDs could be estimated from a refer-
ence network and applied to other stations for fixing integer ambi-
guity in PPP mode (Collins et al. 2008; Ge et al. 2008; Laurichesse
et al. 2008; Li et al. 2013b). Thus, PPP with integer ambiguity
fixing requires not only precise satellite orbit and high-rate satel-
lite clock corrections but also UPDs product. There are several IGS
real-time analysis centres providing UPDs product for PPP ambigu-
ity fixing (Ge et al. 2012; Loyer et al. 2012). With the corrections of
GPS satellite orbits, clocks and UPDs, the corresponding biases in
the observations can be removed. The receiver-dependent UPD can
be assimilated into receiver clock parameter. Hence, the linearized
equations for raw carrier phase and pseudo-range observations then
can be simplified as (Teunissen & Kleusberg 1996)

ls
j = −us · �r + ms · Z + t − I s

j + λ j N s
j + εs

j , (1)

ps
j = −us · �r + ms · Z + t + I s

j + es
j , (2)

where, ls
j and ps

j denote ‘observed minus computed’ phase and
code observables from satellite s to receiver at frequency j ; us is
the unit direction vector from receiver to satellite; �rdenotes the
vector of the receiver positions; Z denotes tropospheric zenith wet
delay; ms is the wet part of global mapping function; t are the
receiver clock errors; λ j is the wavelength of the j frequency; I s

j is
ionospheric delay on the path at the jfrequency; N s

j is the integer
phase ambiguity; es

j is the pseudo-range measurement noise; εs
j is

measurement noise of carrier phase. Other error components such
as the dry tropospheric delay, phase centre offsets and variations,
phase wind-up, relativistic effect and tide loading could be corrected
with existing models (Kouba & Héroux 2001).

Usually the ionosphere-free linear combination is employed in
PPP to eliminate the effect of ionospheric delays. To suppress the
measurement noise, instead of such linear combination we use in
this contribution raw carrier-phase and pseudo-range observations
at L1 and L2 frequencies (Schaffrin & Bock 1988). The slant iono-
spheric delays are estimated as unknown parameters and a temporal
constraint is introduced to strengthen the solution. Assuming that
nsatellites are observed by the receiver at the epoch k, the observa-
tional equations for all the satellites at this epoch can be expressed
as,

Yk = Ak · Xk + εYk , εY ∼ N (0, QY ), (3)
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⎛
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⎞
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Figure 1. Comparison of GPS-only, seismic-only and tightly integrated displacements on the collocated 5058 (seismic) and P496 (GPS) stations during the
El Mayor–Cucapah earthquake on 2010 April 4. The subparts (a)–(c) show the entire period of seismic shaking in north, east and up components, respectively.
The 5 Hz GPS-only, 200 Hz seismic-only, and 200 Hz tightly integrated displacements are, respectively, shown by the black, blue and red lines.
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Figure 2. The blowup of the first 45 s of the coseismic displacements in all three components on the collocated 5058 (seismic) and P496 (GPS) stations during
the El Mayor–Cucapah earthquake on 2010 April 4. The north, east and up components are shown in the subparts (a)–(c), respectively.

X = (
�r T �ṙ T Z t(I s

1 )T (N s
1 )T(N s

2 )T
)T

, (s = 1, · · · , n), (7)

where �ṙ denotes the vector of the receiver velocity; Jn is an identity
matrix of n dimension; jn denotes a column vector of n dimension
in which all of the elements are unity; ⊗ is the Kronecker product;
QY is the variance–covariance matrix of εY ; κ is the coefficient of
ionospheric delay.

The state equation can be described by:

Xk = �k−1 · Xk−1 + ψk−1 · ak−1 + εS k−1, εS ∼ N (0, QS), (8)
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Figure 3. Difference between the displacement series from tightly integrated filter and each of the two inputs (GPS and seismic displacements) for 5058/P496
pair. The differences between GPS-only and filter displacements are shown by the black line, while the differences between seismic-only and filter displacements
are shown by the red line. The differences in north, east and up components are, respectively, shown in the subparts (a)–(c).

Qs =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

τ3

3 · qa
τ2

2 · qa

τ2

2 · qa τ · qa

τ · qz
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τ · qi

02n

⎞
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, (10)

where, � is the system dynamics matrix; a is the system inputs
vector (raw accelerometer observations from the seismic sensor);
	 is the input matrix; τ is the accelerometer sampling interval; QS is
the variance–covariance matrix of εS ; qa is the acceleration variance
(1000 times the pre-event noise of 60 s in this paper); qz , qt and qi

are the variances for the zenith wet delay (about 2–5mm
√

hour
−1

),
receiver clock (is set to white noise with a very large value) and
ionospheric delay (generally a few millimetres for the 5 Hz data
sampling), respectively.
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Figure 4. Difference between the displacement series from tightly integrated filter and each of the two inputs (GPS and seismic displacements) for 5028/
P744 pair. The differences between GPS-only and filter displacements are shown by the black line, while the differences between seismic-only and filter
displacements are shown by the red line. The differences in north, east and up components are, respectively, shown in the subparts (a)–(c).

With the GPS observational equations of (3) and the state equa-
tions of (8), the real-time Kalman filter can be employed to estimate
the unknown parameters,

X̄k = �k−1 · X̂k−1 + ψk−1 · ak−1, (11)

Q̄k = �k−1 · Qk−1 · �T
k−1 + QSk−1 , (12)

X̂k = X̄k + Qk AT
k Q−1

Yk
· (Yk − Ak · X̄k), (13)

Qk = (
Q̄−1

k + AT
k · Q−1

Yk
· Ak

)−1
, (14)

The time update of (11) and (12) is performed at every accelerom-
eter sampling, while the measurement update of (13) and (14) is
applied at every GPS epoch. The time and particularly the fre-
quency domain performance of the filter can also be improved in
post-processing with a smoother and in near real-time with a fixed
lag smoother (Bock et al. 2011; Melgar et al. 2013).
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Figure 5. Difference between the displacement series from tightly integrated filter and each of the two inputs (GPS and seismic displacements) for 5054/
P500 pair. The differences between GPS-only and filter displacements are shown by the black line, while the differences between seismic-only and filter
displacements are shown by the red line. The differences in north, east and up components are, respectively, shown in the subparts (a)–(c).

The integer ambiguity resolution is attempted at every GPS
epoch, L1 and L2 ambiguities are fixed simultaneously using the
LAMBDA method by Teunissen (1995). With the predicted iono-
spheric delays from previous ambiguity-fixed epochs, reliable ambi-
guity resolution is achievable within few seconds for re-convergence
(e.g. Geng et al. 2010; Zhang & Li 2012; Li et al. 2013b), although
a convergence period of about 20 min for ambiguity fixing is still
required.

Another critical issue is the validation of the fixed integer am-
biguities. There are several approaches to assess the resolved in-
teger ambiguities, such as R-ratio, W-ratio as well as the Integer
Aperture-based R-ratio, and W-ratio methods (Li & Wang 2012).
In this study, the well-known R-ratio test was used to validate the
ambiguity resolution. The R-ratio is defined as the proportion of
the second minimum and the minimum quadratic distances be-
tween the integer and the real-valued ambiguities. It is used to
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Figure 6. Difference between the displacement series from tightly integrated filter and each of the two inputs (GPS and seismic displacements) for 5060/
P499 pair. The differences between GPS-only and filter displacements are shown by the black line, while the differences between seismic-only and filter
displacements are shown by the red line. The differences in north, east and up components are, respectively, shown in the subparts (a)–(c).

discriminate between the second set of optimum integer candi-
dates and the optimum one usually with a critical criterion of three
(Han 1997).

4 R E S U LT S

The 2010 Mw 7.2 El Mayor–Cucapah earthquake (2010 April 4,
22:40:42 UTC) in northern Baja California, Mexico, provides us

with a real event to evaluate the performance of the proposed
tightly integrated approach. GPS data are collected from the Califor-
nia Real-Time Network (CRTN, Genrich & Bock 2006) and Plate
Boundary Observatory (PBO, Jackson 2003). 200 Hz accelerome-
ter data are collected from strong motion stations of the Southern
California Seismic Network (SCSN) operated by the USGS (U.S.
Geological Survey) and Caltech. Table 1 summarizes the station
names, locations, distances to epicentre and separations for four
collocated stations analysed.
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Figure 7. Power spectral densities. (a) Power spectral density for tightly integrated displacement waveforms at P496/5058. The blue line denotes the results
without a smoother, while the red line denotes the results with a 5-s lag smoother. (b) Power spectral density for 5 Hz GPS displacements at P496 (the black
line), 200 Hz high-pass filtered seismic displacements at 5058 (the blue line) and 200 Hz tightly integrated displacements (with a 5-s lag smoother) at P496/5058
(the red line).

About 90 globally distributed real-time IGS stations are first
processed in simulated real-time mode using the EPOS-RT GPS
analysis software (Ge et al. 2012) for providing orbits, clocks and
UPDs at 5-s sampling interval. Based on these corrections, we
analyse the collocated high-rate GPS (5 Hz) and accelerometer data
(200 Hz).

The proposed tightly integrated algorithm is carried out on
a pair-by-pair basis. Displacement waveforms are estimated for
each collocated pair of GPS and strong motion sensors using
the presented tightly integrated filter, in a simulated real-time
mode. We compare the integrated displacements with GPS-only
displacements derived from real-time ambiguity-fixed PPP and
seismic-only displacements obtained through double integration
of seismic accelerations. The seismic-only displacements in this
study are provided by California Geological Survey [CGS/CSMIP,
http://strongmotioncenter.org/ (last accessed July 2013)]. The base-
line offsets are already corrected by applying a high-pass filter.

The GPS station P496, which is located about 60 km from the
epicentre, is collocated with SCSN seismic station 5058 (about
140 m distance). Comparison of the GPS-only, seismic-only and
tightly integrated displacements in all three components for this
pair (5058/P496) is exemplarily shown in Fig. 1 by black, blue and
red lines, respectively.

In Fig. 1(a), we show the entire period of seismic shaking in the
north component. The GPS-only and seismic-only displacements
show a high degree of similarity of the dynamic component. The
standard deviation (SD) values of the differences between GPS-only
and seismic-only displacements are found to be 1.1, 1.0 and 2.1 cm,
respectively, in north, east and vertical components. The obvious
difference is that a permanent coseismic offset of 0.2 m is visible
in the GPS-only displacements. Tilt and rotation of the seismic in-
strument result in distortions and baseline offsets. Although these
effects are largely removed by high-pass filter, low-frequency infor-
mation is lost, including the loss of permanent coseismic offset in
the seismic-only displacements (Allen & Ziv 2011). In the tightly
integrated displacements, the 0.2 m permanent offset in the north
component is clearly seen as the seismic data are constrained by
the long-period stability of GPS measurements and the baseline-
shift problem in seismic data can be overcome. The 5 Hz GPS-only
displacements are with lower sampling rate and higher noise com-
pared to the 200 Hz seismic-only displacements. The rms values
of GPS-only solution (10 min pre-event displacement series) are
found to be 1.1, 1.1 and 3.0 cm, respectively, in north, east and
vertical components. The vertical component (Fig. 1c) is the noisi-
est as expected, due to the satellite constellation configuration and
the high correlation between zenith tropospheric delays and the

http://strongmotioncenter.org/
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(a) Seconds after 22:40:50 (GPST)
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Figure 8. Comparison of the ratio values for tightly integrated and GPS-only solutions: (a) for the collocated 5058 (seismic) and P496 (GPS) pair; (b) for the
collocated 5028 (seismic) and P744 (GPS) pair. The ratio values of tightly integrated and GPS-only solutions are shown by the red and black line, respectively.

vertical component. With the aid of the accelerometer data, the
tightly integrated filter is capable of producing a more precise wave-
form. The small-amplitude seismic signal can be detected from the
tightly integrated solution (e.g. from 20 to 35 s in Figs 1c and 2c)
in spite of the diminished precision of the GPS vertical component.
This is a significant improvement compared to the GPS-only solu-
tion where earthquake signal is detected only for strong events with
significant shaking.

For clarity, the blowup of the displacement series in all three
components for its first 45 s is shown in Fig. 2. We can see that
the tightly integrated displacements are in good agreement with
GPS-only solution in terms of peak displacements and long-period
stability. Meanwhile, the displacement precision is also improved
by precise dynamical information provided by seismic sensors. The
small-amplitude details of the movement (e.g. small shakes around
47 s in Figs 2a–c), which are often covered by measurement noise
in GPS-only solution, can be clearly observed from the tightly inte-
grated waveform.

In Fig. 3, we show the differences between tightly integrated filter
and GPS-only/seismic-only displacements for the 5058/P496 pair.
The results for north, east and up components are, respectively,

shown in Figs 3a–c. One can see that the differences between GPS-
only and filter displacements show a high-frequency noise due to the
diminished precision of the GPS. The differences are more scatter
during the strong shaking period. It may be caused by the separation
between sensors (not strictly collocated) and/or an overweighting of
the accelerometer data in the filter. The differences between seismic-
only and filter displacements show a low-frequency trend because
of the baseline-shift problem of seismic data. The differenced time-
series for the 5028/P744, 5054/P500 and 5060/P499 pairs are shown
in Figs 4–6, respectively. Similar performance is also achieved at
these pairs, the results confirm that the tight integration of high-
rate GPS and very high-rate seismic measurements can take their
individual advantages and offset their weakness and improve the
displacements significantly.

Power spectral densities for filter displacements at P496/5058
are also shown in Fig. 7(a) to quantify the frequency content of the
signal. Similar to Bock et al. (2011), a saw tooth pattern in the wave-
forms associated with the multirate aspect of the filter was shown
to have an impact in the power spectra (the blue line). However, it
is a minor problem for real-time seismological applications as the
increase in noise introduced by the peaks is small compared with
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Figure 9. Comparison of the ratio values for tightly integrated and GPS-only solutions: (a) for the collocated 5054 (seismic) and P500 (GPS) pair; (b) for the
collocated 5060 (seismic) and P499 (GPS) pair. The ratio values of tightly integrated and GPS-only solutions are shown by the red and black line, respectively.

the signal. Furthermore, the spurious peaks can be removed by a
5-s lag smoother, which is also shown by the red line (Bock et al.
2011; Melgar et al. 2013). The power spectral densities of the three
kinds of displacements (5 Hz GPS, 200 Hz seismic and 200 Hz
tightly integrated filter with a 5-s lag smoother) are also compared
in Fig. 7(b). The frequency domain analysis of these waveforms
describes what frequency bands each data type is reliable in: GPS
performs better at the lower frequencies and accelerometer is better
at the higher frequencies. The power spectral densities of filter dis-
placements follow the GPS-only spectrum at the low frequencies
and the accelerometer-only spectrum at the high frequencies. From
the power spectral density analysis, we can also infer that the filter
waveform is more precise and accurate than the (5 Hz) GPS-only or
(200 Hz) seismic-only waveforms, that is, an accurate broad-band
waveform has been achieved.

Fixing ambiguities is a prerequisite to achieve high-accuracy
positioning results in GNSS applications. The ratio of the second
minimum to the minimum quadratic form of residuals (R-ratio) is
used here to decide the correctness and confidence level of integer
ambiguity candidate. The ratio value can be considered as an in-
dex to denote the reliability of ambiguity resolution. Thus, larger
ratio values denote more reliable ambiguity resolution. The ratio

values of tightly integrated and GPS-only solution for 5058/P496
and 5028/P744 pairs are, respectively, shown in Figs 8(a) and (b).
The ratio values of tightly integrated solution are shown by the red
line, while the ratio values of GPS-only solution are shown by the
black line. As shown in Fig. 8, the ratio values of GPS-only solution
are generally rather small and below 5 usually. With the aid of the
accelerometer data, the ratio values are increased remarkably com-
pared to that of GPS-only. The averaged ratio is increased from 4.5
and 3.8 of GPS-only for 5058/P496 and 5028/P744 pairs to 11.6
and 6.4 of the tightly integrated solution, respectively. The results
indicate that the proposed algorithm can significantly improve the
ability of resolving integer-cycle phase ambiguities, which is very
critical for promoting the contribution of GPS phase observations.
The comparison of ratio values for 5054/P500 and 5060/P499 pairs
are also, respectively, shown in Figs 9(a) and (b). The average val-
ues of GPS-only ratio values for these two pairs are improved from
about 3.6 and 4.8 to 8.0 and 10.1, respectively.

5 C O N C LU S I O N S

We presented an approach for tightly combing GPS and seismic
sensor data where the accelerometer data are integrated into the
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ambiguity-fixed PPP processing on the observation level. The per-
formance of the proposed tightly integrated approach was validated
using the collocated high-rate GPS and strong motion data collected
during the 2010, Mw 7.2 El Mayor–Cucapah earthquake. For tightly
integrated displacements, the peak displacements and long-period
stability are in agreement with GPS-only solution. As a typical
example, the permanent coseismic offset which is usually underes-
timated in the seismic-only solution can be now obtained exactly
in the integrated solution. Some small-amplitude seismic details,
which are not detectable in the GPS-only approach, can be detected
from the tightly integrated displacements. A power spectral density
analysis also demonstrates that an accurate broad-band displace-
ment waveform can be derived from the tightly integrated filter.
Furthermore, the ratio values of the tightly integrated solutions are
significantly improved from about four of the GPS-only solutions
to 10 on average.
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