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Abstract

Nowadays, Global Positioning System (GPS) plays an increasingly important role in retrieving real-time precise co-seismic displace-
ments for geo-hazard monitoring and early warning. Several real-time positioning approaches have been demonstrated for such purpose,
such as real-time kinematic relative positioning, precise point positioning, etc., where dual-frequency geodetic receivers are applied for
the removal of ionosphere delays by inter-frequency combination. At the same time, it would be also useful to develop efficient algo-
rithms for estimating precise displacements with low-cost GPS receivers since they can make a denser network or multi-sensors combi-
nation without putting too much financial burden. In this contribution, we present a new method to retrieve precise co-seismic
displacements in real-time using a standalone single-frequency receiver. In the new method, observations prior to an earthquake are uti-
lized to establish a precise ionospheric delay prediction model, so that precise co-seismic displacements can be obtained without any con-
vergence process. Our method was validated with an outdoor experiment as well as by re-processing of 1-Hz GPS data collected by the
GEONET network during the 2011 Tohoku Mw 9.0 earthquake. For the latter, RMS against dual-frequency receivers constituted 2 cm
for horizontal components and 3 cm for the vertical component.

We specially address the observation biases and their impact on the accuracy of single frequency positioning. Our approach makes
real-time GPS displacement monitoring with dense network much more affordable in terms of financial costs.
© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Besides monitoring secular deformation, like plate
motion (see, e.g., Wang et al., 2001; Prawirodirdjo and
Bock 2004; Lifton et al., 2013), GPS is also applied to
detect instantaneous ground shaking in real-time for geo-
hazard monitoring and early warning, for example, earth-
quake and tsunami early warning (see, e.g., Blewitt et al.,
2006; Sobolev et al., 2007; Li et al.,2013a; Geng et al.,
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2013). Several positioning approaches have been proposed
to capture ground displacements, such as Real Time
Kinematic (RTK) relative positioning (see, e.g., Ren
et al.,, 2010; Ohta et al., 2012; Sudhakar et al., 2013),
Precise Point Positioning (PPP) (see, e.g., Larson et al.,
2003; Shi et al., 2010; Li et al., 2013a). Since by relative
positioning reference stations may be subjected to the
earthquake shaking as well, reliability of the derived
co-seismic displacements may become degraded (Ohta
et al., 2012). In PPP, precise positioning is achieved based
on precise orbit and clock corrections estimated from a glo-
bal reference network. As no or only few stations are
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displaced by the earthquake, orbits and clocks are hardly
contaminated and so is the estimated displacement. More
important is that the Real-Time Service (RTS) (http://rts.
igs.org/products) of the International GNSS Services
(IGS) has been providing precise orbits and clocks opera-
tionally since last year, which enables real-time PPP for
such applications. However, real-time PPP needs a long
period (about 30 min, Geng et al., 2011) to resolve integer
phase ambiguities to achieve centimeter-level accuracy. If
an earthquake happens during PPP’s (re) convergence per-
iod or there are data interruptions caused by an
earthquake, reliability of PPP-based displacements would
be significantly reduced.

In fact, a major role of GPS in applications like tsu-
nami early warning is providing co-seismic ground dis-
placements for subsequent tsunami source inversion.
Thus, most important in this context are not absolute
positions of GPS stations but their co-seismic displace-
ments caused by an earthquake, i.e., station displacements
with respect to their positions before an earthquake (Li
et al., 2013b). Under this circumstance, the “variometric”
approach (Colosimo et al., 2011) and temporal point posi-
tioning (TPP) (Li et al., 2013b) were proposed to avoid the
long convergence of PPP solution. Furthermore, it has
been proved that these methods can be equivalent if all
error components are carefully considered (Li et al.,
2014b).

Sobolev et al. (2007) numerically analyzed the perfor-
mance of a hypothetical GPS-network on Sumatra,
Indonesia, and concluded that real-time GPS-precision
on the order of few centimeters is required to assure reli-
able GPS-based tsunami early warning. This requirement
of high precision suggests dual-frequency GPS-receivers
as first candidates for retrieving co-seismic displacements.
On the other hand, inversion for source parameters
requires, in addition to accuracy of individual displace-
ments, a dense and geographically broadly distributed
GPS-network which may comprise several hundreds of
individual stations (e.g., GEONET GPS-network in
Japan). The employment of a large number of expensive
dual-frequency receivers makes dense GPS networks
difficult to afford, especially for hazard-prone developing
countries. Compared with dual-frequency receivers,
single-frequency ones are not only cost-efficient, but also
require lower power consumption. The later one is also
very crucial for stations without regular electricity supply.

Certainly, single-frequency receivers cannot compete in
accuracy of absolute positioning with dual-frequency
devices. The main idea behind the current study is to
employ single-frequency receivers to retrieve accurate
co-seismic displacements during a very limited time inter-
val: just 3-5 min after an earthquake. In other words, we
are interested in a cost-efficient technique that can precisely
derive short-term station displacements. These time consid-
erations come from the fact that duration of local slip, that
establishes significant co-seismic offset at near-field GPS
stations, typically, does not exceed two to three minutes

in case of tsunamigenic earthquakes. Even in the case of
extremely long Giant December 2004 Sumatra—Andaman
Mw > 9.1 earthquake which lasted for more than 10 min,
local fast-slip rise time was under Smin (Lay et al.,
2005). Moreover, it is clear that giant (Mw > 9) subduction
zone earthquakes possess enormous tsunamigenic
potential and, without any doubt, must trigger tsunami
warning. Our primary goal is detection and evaluation of
tsunamigenic potential of earthquakes with smaller magni-
tudes which do not necessarily trigger tsunamis (Mw 7.5-
8.9).

In order to get accurate co-seismic displacements
directly from single-frequency observation, the ionospheric
delay must be precisely modeled, because it cannot be elim-
inated by forming the ionosphere-free inter frequency com-
bination as for dual-frequency data. Most of the
approaches developed so far to tackle ionospheric correc-
tion regularly adopt a correction model (see, e.g.,
Klobuchar, 1987; Schaer et al., 1996). Unfortunately, due
to the lack of well distributed data and simplified mathe-
matical representations, published models can only reach
an accuracy suitable for sub-meter positioning (Van Bree
and Tiberius, 2012), which is definitely not enough for
co-seismic displacement monitoring.

Considering that atmospheric delays and remaining
orbit and clock biases could be eliminated or mostly
reduced over very short intervals such as 1 s or even
shorter by epoch-to-epoch differences, the “variometric”
approach proposed by Colosimo et al. (2011) could be
extended to single-frequency as well (Benedetti et al.,
2014; Li et al.,, 2014a). Promisingly, even by using the
broadcast ephemeris, final velocity estimation can reach
millimeter per second precision. However, one important
limitation for earthquake source inversion must be noted:
integration of velocities into co-seismic displacements,
required for the inversion, introduces inevitable bias (Tu
et al., 2013).

As it was mentioned before, we are interested in dis-
placements which take place in just a few minutes. At the
same time, ionospheric delays for each satellite are
normally strongly correlated during such a short period.
This fact also implies that the delays can be feasibly repre-
sented by a low-order time-dependent polynomial and, fur-
thermore, can be predicted with an accuracy of few
centimeters (Geng et al.,, 2010; Zhang and Li, 2012).
In this study, we develop a new algorithm for retrieving
real-time precise co-seismic displacements with a stan-
dalone single-frequency GPS receiver by estimating iono-
spheric corrections based on data before earthquake and
predicting the corrections for observations afterwards.

In the following, in Sections 2 and 3 we present
technological details of the new algorithm, in Section 4
some specific issues related to the new algorithm are further
discussed. In Section 5 we validate it by an outdoor
experiment and then it is applied to process GPS dataset
recorded during the Great March 11, 2011 Tohoku Mw
9.0 earthquake.


http://rts.igs.org/products
http://rts.igs.org/products

636 K. Chen et al. | Advances in Space Research 56 (2015) 634-647

2. Basic observation equations

Following the approach and notation of Li et al.
(2014b), GPS measurements on a single frequency can be
expressed as follows

P=—u-x—0"—T"+1+B —-[+T +¢ (1)
P=—u-x—0—-7T+10,+L+T +¢ (2)

where the superscript s denotes the satellite, subscript
r-means receiver; /5 and P are the “Observed Minus
Computed” (OMC) phase and range values; u denotes
the unit vector from receiver » to satellite s; x denotes the
vector of receiver position increments relative to a priori
position x,, which is used for linearization; o°, t* and =,
stand for satellite orbit error, clock error, receiver clock
error, correspondingly; B is the phase ambiguity; /5 and
T are the ionosphere and troposphere delays and & is mea-
surement noise. For precise positioning, other effects, like
relativistic effects, phase center variations, phase wind up,
tidal loading, should be also taken into account carefully.
As range observations are much noisier than phases, they
are mainly used for getting receiver clock biases instead
of displacement.

Since the station position is usually precisely known for
any epoch ¢, before an earthquake, i.e., x(z,) in Eq. (1) is
zero, thus it can be rewritten as:

l(t,,) = *Os(tn) - Ts(tn) + Tr(tn) JFB(tn) 71(tn) + T(tn) + g(tn)
(3)

For any epoch ¢, after the starting time of an earth-
quake, we have

ty) = —u(ty) x(tn) — 0°(tn) — T°(tw) + 7 (tn)
+ B(ty) — I(t) + T(tn) + &(tn) (4)

Similar to the “variometric” (Colosimo et al., 2011) and
TPP (Li et al., 2013b) approaches, differenced observations
between epochs m and n are utilized to remove or to reduce
the biases.

Normally, for GPS stations designed for co-seismic dis-
placement monitoring the occasional loss lock of signal is
extremely rare. As a result, the ambiguity is usually
unchanged over the time of interest. Otherwise, the
epoch-differenced observations could not contribute to
the estimation (Colosimo et al., 2011; Li et al., 2014a).
Subtracting (3) from (4), an epoch-differenced measure-
ment can be formed as:

l(tm-,”) = _u(tm) : x(tm) - os(tnz<n) + Tr(tm,n) - Tx(tm.,n)
—L(tn) + T(tmn) + &(tmn) (5)

Here ¢,, indicates the difference between epoch m and
epoch n, x(t,) is the co-seismic displacements to be
estimated, and 7,(¢,,) the receiver clock as unknown as
well.

Thanks to the contribution from RTS, accuracy of
real time orbits and clocks have been improved to about

a few centimeters, their remaining biases o°(¢,,) and
©*(tn,) in Eq. (5) are further reduced by forming the
epoch-difference and, thus, can be safely neglected.

The total slant tropospheric delay is corrected by the fol-
lowing empirical model (Urquhart et al., 2014)

T:Tzhd‘Mh_FTzwd'Mw (6)

where 7., and T, are dry and wet part of zenith
delay calculated from a mathematical model (e.g.,
Saastamoinen 1972), and M" and M" are corresponding
mapping functions dependent on elevation angle (e.g.,
Boehm et al., 2006), respectively. Promisingly, these models
can reach accuracy of several centimeters (Schueler, 2014).
If meteorological condition does not change abruptly, the
tropospheric delay will change slowly against time. As a
result, the accuracy of epoch-differenced tropospheric delay
T(t,,) can be further improved. For the residual tropo-
spheric delays, they can be precisely treated as part of iono-
spheric delays, because they are rather small and
elevation-angle dependent. Hence, Eq. (5) can be simplified
as

l(tm,n) = Tr(tm.,n) - ”(tm> 'x(tm) - ](tm,n) + S(tm,n) (7)

Finally, the biggest obstacle for retrieving accurate
co-seismic displacements with single-frequency data is
quantification of ionospheric variations.

3. Precise modeling of ionospheric delays

Similar to Eq. (7), and assuming that the loss lock do
not occur before the earthquake, epoch-difference between
epoch / and n is formed before an earthquake can be
expressed as:

Wtrn) = t(t1n) — I(t1n) + €(t1) (8)

Within a short time period of few minutes the iono-
spheric delay can be represented by a low-order polyno-
mial. However, the receiver clock bias can change
rapidly, especially when using low-cost receivers. Hence,
an inter-satellite difference is formed to cancel the effect
of the unstable receiver clock. After applying the difference
between satellite s and a reference satellite j, we can write:

P(trn) = Ptin) = =1 (t1) + F(t1,) + &/ (t1,) = &(1,)  (9)
For each satellite, we assume that its ionospheric delay
is depicted by a linear model in time #:
I=a-t+b (10)
Then Eq. (9) can be then rewritten as:
V(i) — F(tin) = (ay — a;) -t + by — b + & (t1,) — € (t1.,)
(11)

Here, the multipath effect is the dominate part of the
unmodeled error sources ¢. For a permanent station, over
a short time span, its surrounding environment remain
almost the same and after epoch differencing ¢ can be
greatly canceled. With a continuous dataset, a set of
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observation equations of type Eq. (11) can be formed to
solve for the polynomial coefficients. Due to the functional
correlation between a, and g;, b, and b;, the resulting
matrix is linearly-dependent and, instead of solving for
all the four parameters, one can just estimate their differ-
ences a;, — a; and by — b;. It is easy to prove that this does
not affect the final positioning result.

First of all, for generic satellite s, Eq. (7) can be
re-written as:

P(twn) = =t (tn) - X(tm) + T (tmn) _[j(tmm)
- (]S(tm,,,) - [j(tnw)) + 'Ss(tm,n) (12)

Substituting in Eq. (12) ionospheric delay difference
between satellite s and j with their polynomial representa-
tions (Eq. (10)), we obtain for all satellites but the reference
satellite J:

ls(tm,n) = _us(tm) 'x(tm) + Tr'(tm.,n) - Ij(tm,n)
— ((as = a))t + by — b)) + & (tmn) (13)

Similarly, for the reference satellite j itself, Eq. (13) is:
P(tyn) = =t (tn) - x(tn) + T(tmn) — I (twn) + e(tnn)  (14)

In Egs. (13) and (14), one can see that for all of satellite
observations, they have the common parameter ,(,,)—
1/(t,,.,), which indicates that ionospheric delays of reference
satellite j can be absorbed by receiver clock parameter, so
that we do not need to solve for aj, by, a;, b; individually.

It was confirmed that the accuracy of predicted iono-
spheric delay changes is highly related to the time latency
tn, and the satellite elevation angle (Geng et al., 2010;
Zhang and Li 2012). Observations corrected by the pre-
dicted ionospheric delay changes should be properly
weighted. For example, in present study, following weight-
ing strategy is employed:

1.0 t < 30s
P=< 2sin(E) 30s <7< 300s & E < 30° (15)
1.0 30s <t < 300s & E > 30°

In general, predictions over a shorter time and at higher
elevations are more reliable and, hence, deserve larger
weight.

4. Implementation remarks

From the above description, the key point for retrieving
real-time co-seismic displacement is precise prediction of
ionospheric delay changes which can be well handled with
the proposed linear fitting model. However, there are still
several other aspects which may affect final solution and,
hence, deserve special consideration.

The first issue is the length of the data window prior to
an earthquake used to derive coefficients of the polynomial,
a and b (see Eq. (10)). On one hand, with a long arc of data,
the prediction accuracy could be degraded due to possible
variations of ionospheric delays that do not follow a

polynomial form. On the other hand, too few epochs
may not be enough to represent the correct trend of iono-
spheric delay changes. Since there is no rule of thumb for
selection of an optimal time window, after a number of
experimental tests we decided to use two minutes prior to
earthquake. Concerning the length of the prediction win-
dow: as was explained in the introduction, the ground
shaking of tsunamigenic earthquakes typically is limited
to 2-3 min. Having this in mind, we confine our prediction
time window to five minutes.

Secondly, although ionospheric delays of a reference
satellite could be absorbed by the receiver clock parameters
(see Eqgs. (13) and (14)), precise linear fitting and prediction
of inter-satellite ionospheric delay require that the refer-
ence satellite should not have any large nonlinear temporal
variations. Otherwise, it will introduce bias to other satel-
lites. Hence, optimization of selection of reference satellite
is absolutely necessary. Change of ionospheric slant delays
is mainly caused by the change of the satellite elevation
angle and by the change of the total electron content in
space and time. As the latter is usually rather small and
gentle over several minutes, we choose the satellite with
the highest elevation angle as a reference satellite to mini-
mize the effect of the change of elevation angle.

The stability of ionospheric delay of a satellite could be
further assessed by the fitting residuals of the inter-satellite
differenced ionospheric delays. Satellites with poor stability
should be down weighed in order to reduce their bad effect
on estimates.

Nevertheless, the predicted ionospheric delay for some
satellites could still have large bias, although their polyno-
mial fitting looks well. In order to get rid of such problem-
atic predictions, a real-time quality control procedure is
definitely necessary. We employed a very simple and com-
monly used method by checking the estimated observation
residuals. At each epoch, we carried out the estimation
with all observations. Then the problematic satellites are
identified by checking the observation residuals and con-
firmed by their residuals estimated after discarding or
down-weighting the observations of the related satellites.

Lastly, it should be pointed out that the linear model
may be not so effective if there is nonlinear change in iono-
spheric delays, for example, under the equatorial iono-
spheric anomaly and scintillation. This is still an issue
under investigation also for the method by Li et al. (2014a).

5. Outdoor validation and the application for 2011 Tohoku
earthquake

Though assessing the performance of single-frequency
GPS algorithm using L1 observations of dual-frequency
receivers is a quite common practice among geodetic com-
munity (see, e.g., Van Bree and Tiberius, 2012; Tu et al.,
2013; Li et al., 2014a), to demonstrate the reliability of
single-frequency receiver, here the new method was evalu-
ated first with a real single-frequency data of a dedicated
experiment and then it was applied to the L1 observations
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of dual-frequency receivers collected during the 2011
Tohoku earthquake.

5.1. Outdoor validation using a real single-frequency receiver

We first conducted an experiment using a
real single-frequency NOVATEL (NOVATEL
SmartAntenna in the OEM4 family) receiver. In addition,
a dual-frequency JAVAD (JAVARD Delts- with an
TRE-3 board and a Javad GrAnt G5T Antenna) receiver
was also placed within one foot to the single-frequency
receiver and they were fixed together by a piece of steel
plate, the whole device for the test is shown in Fig. 1. By
such a platform, the ionospheric delay of both receivers
should be the same and their movements can be guaranteed
to be strictly coherent .

Sampling rates of both receivers are 1 Hz, in order to
obtain converged carrier phase ambiguities and precise

Fig. 1. Experimental platform for single-frequency receiver validation.

100

receiver positions, we processed as long as 10 h JAVAD
dual-frequency data using static PPP. After its position
was determined, then position of NOVATEL was calcu-
lated in relative positioning mode with respect to the
dual-frequency receiver. At last, the two receivers were
pushed forward and backward for several times along the
fixed track from 12, March, 2015,13:06 GPS time.
Movements retrieved by dual-frequency TPP and our sug-
gested method using single-frequency data are shown in
Fig. 2. As clearly depicted, on horizontal direction, the
performance of single-frequency is almost as good as
dual-frequency, the RMS between them is at the level of
1.7 cm. For vertical component, it is slightly worse, the lar-
gest bias is almost 5 cm while the overall fit is limited to
3 cm in terms of RMS. To conclude, it is trustworthy to
use the new method when it comes to single-frequency
receiver.

5.2. Application for 2011 Tohoku earthquake

To validate the new method more broadly, we repro-
cessed 1 Hz GPS data collected by GEONET stations dur-
ing the Great Mw 9.0 Tohoku earthquake (11 March,
2011, 05:46 UTC, GPS Time-UTC = 15s). Because original
GPS data were actually collected in a dual-frequency
mode, for their replay in a single-frequency scenario we
used only C/A code and L1 phase. 75 stations across
Japan were selected for data processing. Co-seismic dis-
placements from dual-frequency TPP method was used
for benchmark of the new method.

5.2.1. Accuracy of predicted ionospheric change

As known, the geometry-free combination of
dual-frequency data gives the ionospheric delay informa-
tion according to:

50

—©— From Single Freq.
—S— From Dual Freq.

-50

-100

100

Displacement(cm)

150 200 250 300

50 100
Seconds after 13:06 (GPS Time)

150 200 250 300

Fig. 2. Displacements retrieved from single-frequency and dual-frequency receiver.
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LG: /l] 'L] —/12 'L2
fi-rfi, A
:I'C"—-l-(/q 'Nl — /A Nz)
Nifs

1 is the slant ionospheric delay, ¢, f;, 4;, N; are the speed of
light, frequency, wavelength and phase ambiguity of the
related signals, respectively.Assuming that there is no cycle
slip from epoch m to epoch n, the change of the delay on L1
can be expressed as:

1

-7

Since all the stations in the GEONET GPS-network are
equipped with dual frequency receivers, such ionospheric
delay changes could be derived as “ground truth” for eval-
uating the predicted ones.

In order to assess the accuracy of the predicted iono-
spheric delays and their impact on the estimated displace-
ments, we selected observation window of about seven
minutes length starting from the GPS-time 05:26, which
is just 20 min prior to the main Tohoku 2011 shock.
During this time window, GEONET stations experienced
no notable displacements and their positions were well
known.

First we computed the L1 residuals using Eq. (7) with
known station coordinates for the whole period. Please
note, since between-satellites single difference was adopted
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to remove the effect of receiver clock bias, residuals were
then related to a reference satellite, so that they included
mainly ionospheric delay changes and remaining errors in
satellite orbits and clocks as well as residual tropospheric
delays. The true ionospheric delay changes were also calcu-
lated with Eq. (17) using dual-frequency phase observa-
tions for comparison.

For illustration purpose, the residuals with respect to
G27 and the true ionospheric changes at the station 0219
are shown in Fig. 3 together with satellite elevation
angles.

One can see that ionospheric delay change is strongly
correlated with both the absolute value and variations of
the satellite elevation angle. For example, satellites G15
and G21 have very small change in elevation, as a result,
their ionospheric delay changes do not exceed 10 cm. In
contrast, ionospheric delay change of G18 reaches up to
65 cm. Note, despite G27 rises faster than G18, its iono-
spheric delay change is smaller because of the significantly
higher elevation. As expected, G27’sionospheric delay
change smoothly and nearly linearly supporting the feasi-
bility of linear fitting.

Ionospheric delay changes from dual-frequency data
were first converted to relative delay changes with respect
to the same reference satellite G27 and then the differences
between the two relative delay changes were calculated and
shown in Fig. 4. They agree with each other better than 1 to
2 cm in RMS. This comparison verifies once again that the
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Fig. 3. Ionospheric delay changes on L1 frequency at station 0219: blue-derived with the proposed single-frequency method and using G27 as reference
satellite; red-derived from dual-frequency observations. Elevation angles are also plotted (green). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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observations, here G27 is the reference satellite.
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Fig. 5. Residuals of the L1 phase observations corrected by the predicted ionospheric delay changes based on two minutes data before the red dash line at
station 0219, and G27 is reference satellite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

new algorithm can represent relative ionospheric variations
with enough degree of reliability.

Relative ionospheric delay changes during the first two
minutes were used to establish a linear model for the iono-
spheric delay change of each satellite. With this estimated
linear model, ionospheric delay changes for all epochs over
next five minutes were calculated and applied to the

observation equations. Pre-fit residuals shown in Fig. 5
can be considered as a quality index for the performance
of the linear model. The red dashed line divides data into
two parts: (1) two minutes before the dashed line for fitting
and (2) five minutes for displacement estimation with pre-
dicted ionospheric corrections. Residuals of the first part
can be also treated as residuals of the polynomial fitting.
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For all satellites, the residuals are smaller than 1 cm RMS.
This experiment convincingly demonstrates that within
short time intervals, ionospheric delay changes can be fitted
strictly linearly. Not surprisingly, error grows with time.
However, on the whole, accuracy remains better than 2 cm.

Applying the corrections to the single-frequency data
processing, we got the five-minute time series of displace-
ments shown in Fig. 6. Variations in both horizontal and
vertical components are limited to 2cm and 3cm,
respectively.

For comparison, positioning was also performed using
uncorrected L1 directly. As expected, the results (Fig. 7)
show an obvious linear trend. Mostly, a linear fit model

641

is suggested to remove this effect. Here we used the first
two minutes time series to obtain the corresponding linear
parameters. For east-west component, the model is quite
encouraging. However, with respect to north-south and
vertical components, the linear model causes tens of cen-
timeters misfit, which implies linear fit cannot guarantee
reliable accuracy.

5.2.2. Quality control of the predicted ionospheric delays
As mentioned above, there could be satellites with
biased ionospheric delay predictions. This may result in
contaminated displacement. Fig. 8 shows the displacement
time series of station 0008 with an obvious drift of about
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10 cm in vertical component. As there was not any tectonic
movement during the time period, the drift is most likely
caused by a significantly wrong prediction of relative iono-
spheric delays. That is supported by the plot of ionospheric
delays in Fig. 9. For satellite G28, the trend of ionospheric
changes is very different for the time before and after the
dashed line. In such a case, linear fitting produces a bias
trend for the prediction interval. Note the large prediction
error of about 13 cm for G28 in comparison with an error
of a few centimeters for all other satellites (Fig. 10).
Fortunately, bad predictions can be automatically detected
by the proposed “quality control” procedure, so that

displacements of high accuracy as shown in Fig. 11 could
still be achieved. It should be pointed out, that there is a
slight “jump” in the displacement time series after the
problematic satellite is first detected and discarded.
However, the typical “jump” is rather small (1 to 2 cm)
and can be completely avoided by re-processing the origi-
nal data without any detected problematic satellites.

5.2.3. Performance of single-frequency co-seismic
displacements retrieving

To guarantee that the approach used here was good dur-
ing the moment of earthquake, we should first make sure
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Fig. 11. Displacements at station 0008 after applying proposed quality control procedure. The jump shows the epoch from which the problematic

predictions were detected and rejected.

that ionospheric delay at this time also changed linearly.
Take station 0035 as an example, actual ionospheric delay
derived from the dual-frequency data during shaking is
then shown in Fig. 12, in which one can see ionospheric
delay keeps linear. For data processing of each station,
seven minutes of data stream were analyzed: first two min-
utes for polynomial fitting and the following five minutes
for estimation of ground displacements. Displacements
estimated by the two methods were compared, and the
RMS of their differences over the five ‘predicted’ minutes
was plotted on Fig. 13. In terms of the RMS, the horizontal
and the vertical agreements are better than 2 cm for the
whole period.

Fig. 14 shows co-seismic displacement waveforms at
three selected GEONET stations derived with our new
method for single-frequency data (blue line) and using
the TPP method for dual-frequency data (red line). The

three stations are located at different epicentral distances:
station 0035 at 250 km; station 0046 at 560 km; and station
0066 at 850 km. Their co-seismic permanent displacements
vary from about 2 meters to a few centimeters.
Nevertheless, single-frequency displacement waveforms at
all three stations are in very good agreement with the
TPP displacement waveforms: discrepancies do not exceed
a few centimeters during the whole evaluation period of
5 min. As can be expected, the discrepancy grows with time
but remains within +2.0 cm for horizontal and +5 cm for
vertical displacements, correspondingly.

Fig. 15 presents in map view the final static displace-
ments corresponding to the main Tohoku 2011 shock.
Static displacements at each station were obtained by aver-
aging displacement waveforms over the last 20 s of the five
minutes time period (refer to Fig. 14). It is vividly demon-
strated that the static displacements derived by the two
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Fig. 13. RMS of the differences between co-seismic displacement waveforms derived by the new method and the traditional dual-frequency TPP method.

methods agree with each other very well. Corresponding
differences for all 75 stations are shown in Fig. 16: RMS
of the differences is 2 cm, 2 cm and 3 cm for east, north
and vertical component, respectively. Furthermore, 10 h
data before and after the earthquake broke were also pro-
cessed by PPP static solution strategy and then static per-
manent displacements were computed by differencing.
For convenience, here we name them as ‘daily solution’,
which are also present in Fig. 15.This result clearly

demonstrates that single-frequency data can be certainly
employed for estimating co-seismic displacement for geo-
hazard monitoring and early warning.

6. Conclusions and perspective

In this study, we have demonstrated the potential of
using single-frequency GPS for retrieving co-seismic
displacements in real-time. Use of inexpensive
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single-frequency GPS receivers may be economically favor-
able for the broad and dense geodetic networks required
for earthquake and tsunami early warning. A new algo-
rithm was developed based on the precise prediction of
ionospheric delay changes over a short time window
around the earthquake. A linear prediction model was
selected to produce reliable results. We also suggest an
automatic quality control procedure for detection and
removal of problematic ionospheric corrections.

Accuracy of the new method was first tested by an out-
door experiment with simultaneous implication of single-
and dual-frequency receivers. Average RMS constituted
1.7 cm for horizontal and 3 cm for the vertical component.
We have also successfully validated our method by

re-processing 1-Hz GPS data from the GEONET network
during the 2011 Tohoku M9.0 earthquake. Kinematic and
permanent co-seismic displacements obtained from the
proposed method using single-frequency data was com-
pared with that of the TPP method with dual-frequency
data. Results evaluated at 75 GEONET stations show
good agreement in terms of RMS: 2 cm, 2 cm, and 3 cm
for east, north and vertical components, respectively.
This work suggests that using single-frequency GPS recei-
vers for monitoring and early warning of earthquake and
related geohazards, e.g., tsunamis is feasible.

Considering the rapid development of
multi-constellation-Global Navigation Satellite Systems
(GNSSs) and more and more widely used multi-GNSSs
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Fig. 16. Differences between co-seismic static displacements retrieved by the two methods at 75 GEONET stations (see description of Fig. 14).

receivers, the benefit of multi-GNSS (Li et al., 2015a,b) for
geohazard applications will be investigated in the near
future.
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