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Abstract

The transition process from coseismic to early postseismic phenomena within a half-day remains a significant topic
for understanding the slip budget and friction properties of the fault. However, the investigation of this phase has
undergone limited advancement. This is mainly due to the lack of precision pertaining to the Global Navigation Satel-
lite System (GNSS) analysis caused by difficulty of separation between fault slip and other unknown parameters such
as tropospheric delay. Therefore, we propose an alternative approach (phase-to-slip; PTS) that detects fault slip directly
from GNSS carrier phase variation without conventional positioning. Since the PTS simultaneously estimates fault slip
and other unknowns, we can quantitatively evaluate their separation accuracy and contribution in the estimation. This
study attempts to continuously estimate the coseismic and early postseismic slip of the 2011 Tohoku-Oki sequence
using the PTS method. We analyzed 1-Hz carrier phase data for approximately 2 h before and after the mainshock
origin (2011/03/11/05:46UTC). As a result, we successfully obtained the coseismic slip of the M,,9.0 mainshock and
two major aftershocks in the off-lbaraki (M,,7.8) and off lwate (M,,7.4) regions. For all three events, the estimated

slip distribution, equivalent moment magnitude, and calculated displacement field well agreed with those from

the conventional positioning. Additionally, our results suggest postseismic slip mainly in the downdip area adjacent
to the mainshock rupture. We obtained three major slip areas around the downdip region near Aomori, Iwate, and
Miyagi. The estimated slip amount reaches approximately 0.1-0.2 m in 34 min immediately after the mainshock. The
equivalent seismic moment of the slip areas near Iwate and Miyagi were approximately M,,7.4. This amount is similar
or slightly greater than the estimations based on conventional positioning. Significant overlap is observed in the
locations of the slip areas. In this manner, PTS continuously detected a series of coseismic and early postseismic slips
with timescale ranging from a few minutes to an hour. Our results demonstrate the capability of the PTS method for
broadband fault slip monitoring and its potential contribution to the investigation of early postseismic phenomena.
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1 Introduction
The cycle of earthquake occurrences results in fault slip
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strain accumulation and slip budget over one cycle of an
earthquake, it is necessary to accurately detect the broad-
band fault slip or deformation phenomena. To achieve
this goal, the traditional GNSS analysis is implemented
for broadband applications. For example, high-rate kin-
ematic positioning time series have been utilized to
detect seismic waves (e.g., Hirahara et al. 1994; Hatan-
aka et al. 1996; Larson et al. 2003; Bock et al. 2004; Ohta
et al. 2006). Larson et al. (2003) and Bock et al. (2004)
captured surface waves generated by the 2002 Denali
earthquake using a 1 Hz GNSS time series. Furthermore,
previous studies (e.g., Yokota et al. 2009; Miyazaki et al.
2004) also estimated the dynamic rupture process using
the ground motion obtained from kinematic GNSS. For
example, Miyazaki et al. (2004) inverted the spatiotempo-
ral development of the coseismic slip distribution of the
2003 Tokachi-Oki earthquake. These studies successfully
demonstrated that GNSS can be used as a seismometer.
Real-time magnitude estimation based on the coseismic
displacement detected by kinematic GNSS has also been
achieved in several studies (e.g., Blewitt et al. 2006, 2009;
Larson 2009; Allen and Ziv 2011; Colosimo et al. 2011;
Ohta et al. 2012, 2015; Melgar et al. 2012, 2013; Melgar
and Bock 2013; Minson et al. 2013). Blewitt et al. (2006,
2009) described the basic concept of applying such
rapid source estimation to tsunami warnings. Ohta et al.
(2012) demonstrated real-time source estimation based
on GNSS for precise tsunami forecasting through a case
study of the 2011 Tohoku-Oki earthquake. These studies
proposed the availability of GNSS for early earthquake
and tsunami warnings.

In contrast, daily precise static positioning time series
have been used in several studies pertaining to slip phe-
nomena with longer timescales, such as afterslip (e.g.,
Biirgmann et al. 1997, 2002; Freed et al. 2006; Ozawa et al.
2011; Barnhart et al. 2016), slow slip events (e.g., Hirose
et al. 1999; Ozawa et al. 2002; Nishimura et al. 2013),
and interseismic coupling (e.g., Ito et al. 2000; Suwa et al.
2006; Nishimura et al. 2018). For example, Ozawa et al.
(2011) estimated the afterslip distribution in the first two
weeks after the 2011 Tohoku-Oki earthquake. Such stud-
ies have remarkably expanded our knowledge regarding
the various modes of stress accumulation and release on
plate boundaries. As described above, traditional GNSS
analysis establishes acceptable performance for a time-
scale within a few minutes and beyond half a day.

However, the traditional GNSS analysis exhibits a few
problems for intermediate timescales ranging from a
few minutes to half a day. Due to the difficulty in sepa-
rating the displacement of the GNSS antenna and other
unknown parameters such as tropospheric delay during
GNSS analysis, the precision of the time series will deteri-
orate in such a time window. The available GNSS analysis
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software simultaneously estimates the time dependence
of the wet zenith tropospheric delay with the coordi-
nate time series. Hirata and Ohta (2016) investigated the
impact of process noise optimization on kinematic GNSS
site coordinate time series. They inferred that with the
use of optimized process noise, the standard deviation of
the coordinate time series could be reduced by approxi-
mately 15% in the horizontal component and 30% in the
vertical component.

However, it is challenging to optimize these process
noises for each observation site. Thus, the kinematic
GNSS time series can be significantly affected by pro-
cess noise values that are not fully optimized and other
noise sources, such as multipath errors. Thus, very few
studies exist which utilizes GNSS for this timescale. One
of the most essential phenomena in these time bands
is the occurrence of afterslip immediately after a large
earthquake.

The early afterslip probably occupies a significant frac-
tion of the total slip budget of the earthquake cycle. Lang-
bein et al. (2006) compared the coseismic displacement
amount and equivalent moment magnitude obtained
from daily time series and kinematic time series. Fur-
ther, they demonstrated that the two estimations dif-
fered by more than 10% to 30%. In other words, moment
release by early afterslip within a half-day is expected to
reach more than several tens of percent of the coseismic
moment. Furthermore, the early postseismic phase may
be essential for understanding the friction law of faults.
Several researchers have presented a theoretical explana-
tion of the temporal evolution of afterslip with various
friction models, such as rate-and-state, rate-dependent
with steady state, and Omori law. A few of them (e.g.,
Wennerberg and Sharp 1997; Perfettini and Ampuero
2008; Helmstetter and Shaw 2009) pointed out that the
early phase within a day or two days exhibits the most
considerable discrepancy between assumed friction laws,
and the latter phase can usually be fitted by both mod-
els. Therefore, a lack of resolution for minutes to half a
day causes profound misunderstanding in both the slip
budget and its controlling physics. Although several pre-
vious studies analyzed the early postseismic phase within
a half-day based on GNSS (Miyazaki and Larson 2008;
Munekane 2012; Mitsui and Heki 2013; Malservisi et al.
2015; Twardzik et al. 2019); Tsang et al. 2019), the num-
ber of such studies is small compared to that of studies
on other time periods such as coseismic and more pro-
longed postseismic deformation. Additionally, only few
of them attempted to estimate the temporal evolution of
the early afterslip. Others estimated the total amount for
a certain period. Continuous estimation of the transition
process from coseismic to early postseismic phases is still
unprecedented with sufficient temporal resolution.
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Here, we focused on a method that directly links the
GNSS carrier phase change to fault slip, instead of the
conventional method of estimating the time dependence
of the fault slip from the coordinate time series. As the
conventional positioning analysis is originally independ-
ent of the controlling physics of deformation and its
source, we cannot simultaneously investigate the con-
tribution of fault slip and other error factors. Once we
obtain the coordinate time series, the contribution of
other factors is fixed as the noise pertaining to the time
series. This is an obstacle toward improving the accuracy
of the separation between the fault slip and other errors.
Several previously conducted studies have directly used
GNSS carrier phase variations as observable. Point pre-
cise Variance Detection (PVD) developed by Issiki et al.
(2000) and VADASE (Variometric Approach for Dis-
placements Analysis Stand-alone Engine) proposed by
Colosimo et al. (2011) are pioneering methods for detect-
ing short-term relative movements of GNSS receiv-
ers, especially within a few minutes, from carrier phase
variations. These studies suggested the possibility of a
low-cost and straightforward approach based on single
receiver and raw carrier phase data, which still displayed
an accuracy comparable to that of conventional position-
ing. Cervelli et al. (2002) proposed a method of inverting
fault slip directly from carrier phase variations (hereafter
referred to as phase-to-slip (PTS)). This method relates
carrier phase and fault slip via Green’s function and geo-
metric translation from movement along the surface (e.g.,
EW-NS-UD) to that along the line of sight toward GNSS
satellites.

Furthermore, the PTS simultaneously estimates the
temporal evolution of fault slip, tropospheric delay, and
phase ambiguity from Kalman filtering. The developed
method was applied to aseismic fault slip on the south
flank of the Kilauea volcano, Hawaii. They successfully
detected a fault slip of only a few centimeters within one
day, with a time resolution of 30 s. Tanaka et al. (2019)
attempted its application to coseismic slip within a
timescale of a few minutes. They estimated the slip dis-
tribution of the 2016 Kumamoto earthquake (M,7.0)
and obtained results consistent with conventional posi-
tioning. They successfully demonstrated the applicabil-
ity of PTS for precise and robust seismic monitoring.
The PTS directly estimates the fault slip from the car-
rier phase change without conventional coordinate time
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series estimation. It may be advantageous to interpret the
trade-off between unknown parameters, such as fault slip
and tropospheric delay.

In this study, we evaluated the ability of PTS based
on the application of the 2011 Tohoku-Oki earthquake
(M,,9.0) sequence. Furthermore, we demonstrated that
the PTS can be applied not only to coseismic slip but
also to the time dependence of the major aftershocks and
early afterslip just after the mainshock. We also quanti-
tatively investigated the trade-off between fault slip and
other unknown parameters during the PTS analysis.
Finally, we discuss the capability of PTS for broadband
fault slip monitoring and its future prospects.

2 Methods and analysis

Here, we describe the principles of the PTS method
based on Cervelli et al. (2002) and Tanaka et al. (2019),
together with the explanations about its application to
the 2011 Tohoku-Oki sequence. See also the PTS flow-
chart shown in Additional file 2: Figure S1.

2.1 Input of the PTS and analysis period

Input data of the PTS are carrier phase and satellite orbit.
We used 1-Hz carrier phase data of continuous GNSS
sites established by the Geospatial Information Author-
ity of Japan, named GEONET (GNSS Earth Observation
Network). The Global Positioning Satellite (GPS) system
was solely utilized for the analysis. We applied a linear
combination of L1 and L2 to remove the ionospheric
delay. We used 73 GEONET sites in eastern Japan, as
shown in Fig. 1. The IGS final precise orbit was adopted
for our analysis (Dow et al. 2009).

We conducted two independent analyses with different
time periods and sites. In the primary analysis, we esti-
mated spatiotemporal evolution of faults slip in approxi-
mately 2 h from 05:00 (UTC) to 06:56 on March 11, using
66 sites denoted by red squares in Fig. 1. To maintain
continuity and stability of the analysis, we did not utilize
the sites located in a coastal area where data streaming
was stopped around 06:25 due to strong shaking and
power outage. In addition to the M,, 9.0 mainshock at
05:46, this period includes three large aftershocks in the
off Iwate, off-Ibaraki, and the outer rise of the off-Miyagi
region. The first M,, 7.4 aftershock (hereafter “Iwate-Oki
EQ”) occurred off Iwate at 06:08. A few minutes later,
the M,,7.8 largest aftershock (hereafter “Ibaraki-Oki”)

(See figure on next page.)

Fig. 1 Map of the focal area of the 2011 Tohoku-Oki earthquake. Focal mechanisms represent the mainshock (red), the aftershock in the off-lbaraki
(blue, hereafter “Ibaraki-Oki EQ"), and the aftershock in the off Iwate (green, hereafter “lwate-Oki EQ") estimated by NIED. Red squares denote the
GEONET sites used for the primary analysis. Blue squares are the additional sites used for the analysis of the Iwate-Oki EQ. Gray rectangles show
the assumed fault planes. Black and gray dotted lines indicate trench axis and the depth of the plate interface, respectively. Two red arrows in the
bottom right corner indicate the direction of the assumed slip basis, which are oriented 25° from plate subduction denoted by the black arrow.

Black squares indicate subfaults that are described in the following figure
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occurred off-Ibaraki at 06:15. Finally, the M,, 7.6 after-
shock in the outer rise occurred at 06:25. The CMT solu-
tions proposed by the National Research Institute for
Earth Science and Disaster Resilience (NIED) are shown
in Fig. 1. They suggested that the mainshock, Iwate-Oki
EQ and Ibaraki-Oki EQ demonstrate a thrust slip with
a compression axis orienting NNE-SSW. The outer rise
aftershock exhibited a normal fault slip with a similar ori-
entation to the compression axis. The primary analysis
focuses on the coseismic slip of the mainshock and the
Ibaraki-Oki EQ and the early afterslip of the mainshock.
In the case of the Iwate-Oki EQ, seven coastal sites
denoted by blue squares in Fig. 1 are essential to main-
tain a resolution for its minor deformation. Therefore, we
conducted an additional analysis using 73 sites, includ-
ing these coastal sites, from 05:00 to 06:25. Hereafter, we
show the results from the additional analysis as the best
estimates for the results associated with the Iwate-Oki

EQ.

2.2 Observation equation of the PTS

2.2.1 Basic observation equation for a single line of sight

In this section, we describe how the carrier phase obser-
vations are connected with unknowns. First, a basic
observation equation for a single line of sight was shown,
written as Eq. (1). Hereafter, the subscription s and super-
scription p represent site and satellite, respectively. Then,
now we show the equation for the line between site s and
satellite p. All terms in this equation are in the dimension
of length, as it relates the observed variation of carrier
phase to change in site-to-satellite range caused by fault
slip and other factors such as tropospheric delay. As fault
slip is a relative quantity before and after the focused
phenomena, Eq. (1) describes the relative variations of
all parameters. Please note that this equation does not
include error factors such as multipath noise, dispersive
delays, oscillator offsets and noise that are not modeled
in the current PTS.

IpY () — RE(t) = AL (£)(Gys(2)) + m (£)zs(t) + ANE (2)
AL(t) = (el (), n (1), 1 (1))
(1)
The left side represents observations, the relative
change in the observed carrier phase for a specific initial
epoch. #% (¢) is the observed GNSS carrier phase value,
which is multiplied by its wavelength 4. Rf (¢) is the refer-
ence range. It is the approximate range calculated from
the satellite orbit and the assumed initial coordinates of
the site. In other words, the reference range represents
the expected site-to-satellite range in the case of no
site movement since the initial epoch. Further, the sub-
traction of RY(¢) results in a relative change in the car-
rier phase. We used the daily coordinate of March 10
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obtained from static precise point positioning (PPP)
analysis for the initial site coordinate. Details of the PPP
analysis will be shown in Sect. 2.5.

The right side of the equation represents unknowns,
the relative change in the site-to-satellite range caused
by fault slip, tropospheric delay, and phase ambiguity.
In the first term, s(¢) is the slip on each fault plane. It is
converted into displacement in the direction along the
surface (e.g., east—west, north—south, and up—down) by
Green’s function, Gs. Further, the displacement is finally
converted into line-of-sight change through geometric
translation by matrix AP (#). It contains a unit vector in
the direction of line of sight which is written under the
local coordinates along surface at each site. Now, we
write the elements of this unit vector as € (¢), 7% (t), and
uf (t). zs(t) in the second term is the zenith tropospheric
delay, and the coefficient n is the mapping function.
NZ(t) in the third term represents the phase ambiguity.
Unknown parameters of the PTS are fault slip s(¢), tropo-
spheric delay z;(¢), and phase ambiguity NP ().

2.2.2 Parameter settings associated with the unknown

For Green’s function, G, we used the conventional elas-
tic half-space model proposed by Okada (1992). We
assumed 386 rectangular fault patches with an area of
approximately 22 km (Fig. 1) along the plate interface
model compiled by Kita et al. (2010). In this study, we
did not estimate strike-slip and dip-slip on each subfault.
In that case, we have to give largely different smooth-
ing strength and process noise values for two compo-
nents, since the former one will experience much more
significant variation in such thrust slip event. Instead,
we defined two slip components oriented 25° from the
reverse direction of plate subduction, as indicated by the
two red arrows in Fig. 1, to apply uniform hyperparam-
eter settings. Additionally, we adopted this acute angle
basis to give a smaller degree of freedom for along strike
direction, to the estimation stability. We assumed a uni-
form subduction direction of N67.5°W based on the plate
motion vector proposed by MORVEL (DeMets et al.
2010).

Parameter estimation of the PTS is carried out by
Kalman filtering. To capture the rapid change in coseis-
mic slip, we assumed a white noise stochastic process
for fault slip. We set a process noise value of 3.0 m for
both the slip components for the period until the main-
shock (before 05:51), and 0.3 m for the period after the
mainshock (after 05:51), considering differences of slip
magnitude of the mainshock and large aftershocks. A
discretized Laplacian spatial smoothing constraint was
employed on the slip of each subfault. We also changed
the smoothing strength at 05:51. A weaker smooth-
ing was adopted for the period until the mainshock to
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catch up with a huge coseismic slip. The process noise
values and the smoothing strength were determined
through trial and error based on the peak slip, equiva-
lent magnitude, and the root mean squared (RMS) dif-
ference between the displacement predicted by the
PTS slip and that observed by independent kinematic
PPP analysis. Results for the mainshock were utilized
to select the period until the mainshock. For the period
after the mainshock, results for the Ibaraki-Oki EQ were
implemented. Details of the PPP analysis will be shown
in Sect. 2.5. Please see also Additional file 2: Text S2,
Table S1, Figure S2 to S5, and Equations S2 to S8 for the
details of hyperparameter selections.

Niell (1996) model was used for the tropospheric delay
mapping function, m. Only the wet component was
solved as an unknown parameter. We removed hydro-
static delay as a constant value using the model of Saas-
tamoinen (1972). A random walk with a process noise of
5x 107> m s™Y2 was implemented. Finally, white noise
was assumed for phase ambiguity, with a process noise of
10Y2 m.

2.2.3 Expansion toward double differences

Next, explicit observation equations are displayed in
the form of vector and matrix, as shown in Eq. (2). As
described by this equation, the actual estimation is car-
ried out using simultaneous equations for many lines of
sight. Additionally, both sides of the equation are finally
transformed into double-differenced values to mitigate
common errors, such as the clock. Some previous stud-
ies (e.g., Odijk et al. 2016) show that we can mitigate
common errors also by using undifferenced observa-
tion equations in which various error factors are directly
parameterized. However, different from normal position-
ing, PTS uses the observations between all sites and sat-
ellites together to invert them into fault slip. Therefore, to
limit number of unknown, PTS carries out a priori elimi-
nation of common errors using double difference.

di = Hypexp + By

(¢ — R}
d; = Dx :

(=R /), (2)
H; = (D« AGD +mD % A);

Xp = <51 e SuByZ1 .- .an,Nll .. .N:g)k

Here, the subscripts k attached to vectors or matrices
represent the time. nP, nS, and nB are the total number
of satellites, sites, and fault planes used in the estimation,
respectively. np is the number of visible satellites at the
time t = k. Please note that nP and np can be different.
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On the left side, the observed carrier phase change for
each line of sight was concatenated as the observa-
tion vector dy. D is the operator matrix used to gener-
ate double differences. It extracts values for certain four
lines from the observation vector and computes a dou-
ble difference. In this study, we set one site and satellite
as reference and took pairs radially between other sites
and satellites. Please note that the operator D also varies
in time as visible satellite changes. On the right side, the
design matrix Hy contains translation matrix A, Green’s
function G, mapping function matrix m, and extraction
operator A. See Additional file 2: Text S1 and Equations
S1 for the expressions of these matrices. These coeffi-
cients convert each unknown parameter into their azi-
muthal contribution toward each line of sight, which is
identical to the observation vector. Finally, operator D
transforms them into double-differenced values for con-
nection to the observations. The values of elements inside
matrices A and m vary with time as the direction of the
lines varies with the satellite movement. Thus, the design
matrix also contains a time subscription. The unknown
vector x; includes slip on each fault plane, zenith tropo-
spheric delay at each site, and phase ambiguity for each
line of sight. B is the observation noise. As we mentioned
before, the Kalman filter estimates the temporal evolu-
tion of the above unknowns using the state-space mod-
eling. In addition to forward estimation, we also carried
out backward smoothing for the period after the main-
shock, to improve stability of early afterslip estimation.
See Additional file 2: Text S2, Table S1, and Equations
S2 to S8 for the details of application of the state-space
modeling.

2.3 Kinematic preservations of coseismic slip

The goal of this study is to continuously estimate co- and
postseismic slip. For this objective, another method was
considered to preserve the contribution of coseismic slip
inside the Kalman filtering during the postseismic period
to avoid the trade-off between other unknowns. Hereaf-
ter, we refer to this treatment as “reset.” First, as shown
in Eq. (3), the unknown parameters in the period after
the time of reset t = Tieget Ccan be written as two compo-
nents: values at ¢ = Treset and variation from them. Now,
we omit the indexes of site and satellite in this equation.

2P (t) — R(t) =A * (G(8(Treset) + 35(2))) + m(z(Treset)
+3z(2)) + AN (Treset) + SN (t))

3)

Further, if the Kalman filtering proceeds to ¢ = Tyeget,

we will obtain the estimated unknowns s(Tyeset ), Z(Treset )

and N (Tyeser). Then, in the estimation after ¢ = Tyeset,

we calculate their contribution toward line-of-sight



Tanaka et al. Progress in Earth and Planetary Science (2022) 9:55

direction, Ryese(t), and subtract it from the observation
as shown in Eq. (4). Please note that we calculate Ryt ()
at each epoch because A and m vary in time with satellite
movements.

AP(t) — R(t) — Ryeset(t) = A * (GSs(t)) + mdz(t) + L8N (¢t)
Rreset(t) = A % (GS(Treset)) + mz(Treset) + AN (Treset)
(4)
In this manner, the proceeding estimation can be trans-
ferred to that focusing on the variation after ¢ = Treget.
The estimations at £ = Tyeset Will be preserved as the fixed
solution, and additional variations §s(t), §z(¢) and SN (¢)
will result into new unknowns. We carried out “reset”
at 05:51, 5 min after the mainshock. We decided this
time considering the duration of the mainshock rupture,
which has been estimated to be 2—4 min by previous
studies using conventional positioning or seismic data
(e.g., Hayes (2011), Koketsu et al. (2011), Ammon et al.
(2011)).

2.4 Application of sidereal filter to reduce multipath noise
As shown in Eq. (1), the current model of the PTS does
not include site movements that are not associated with
fault slip. Therefore, apparent movement caused by mul-
tipath noise may contaminate the estimated slip time
series. In this study, we applied the sidereal filter (e.g.,
Bock et al. 2000; Choi et al. 2004; Larson et al. 2007) to
slip time series obtained by the PTS. We analyzed the
carrier phase data of 05:00-07:00 on March 10, under
the same parameter settings as the analysis for March
11. Then, following Larson et al. (2007), we removed the
high-frequency noise of the obtained slip time series
with a 10 s moving average. Finally, we shifted these time
series by 236 s, and subtracted them from the slip time
series of March 11. Please note that the 10 s moving aver-
age is applied only to the time series of March 10. As a
result of sidereal filtering, the noise of the slip time series
was significantly reduced, especially for a few minutes or
longer. See Additional file 2: Text S3 and Figure S6 to S7
for the details of its effect.

2.5 PPP analysis for the initial site coordinates
and the reference of displacement

We carried out static and kinematic PPP analysis for
each of the 73 GEONET sites used in this study. The
GNSS data processing package GIPSY/OASIS (Lichten
and Border 1987) version 6.4 was utilized for both two
types of analysis. We used the daily coordinates of March
10 obtained by static analysis for the initial site coordi-
nates, which is required to calculate the reference range,
translation matrix, and mapping function. We used 1 s
kinematic PPP time series to compare displacement by
PTS and that by normal positioning. We took differences

Page 7 of 20

between the time series average before and after the
event origin. We extracted 05:41-05:46 and 05:51-05:56
for the mainshock, 06:13-06:15 and 06:20-06:22 for the
Ibaraki-Oki EQ, and 06:06—06:08 and 06:13—-06:15 for
the Iwate-Oki EQ, respectively. To compare of the early
postseismic displacement, we took differences between
05:51-05:56 and 06:25-06:30.

3 Results

3.1 Overview of the estimated slip time series

This section explains the characteristics of the esti-
mated slip time series in detail, implementing a few
examples. Firstly, Fig. 2 describes the slip time series for
three subfaults near the hypocenter of the mainshock,
the Ibaraki-Oki EQ, and the Iwate-Oki EQ. However, it
is worth noting that the time series for subfault near the
Iwate-Oki is based on results from a slightly different
data set which includes an additional seven sites around
the coastal area, as mentioned before. Strictly speaking,
the following results pertaining to the Iwate-Oki EQ are
independent of the others. All of three time series start to
increase approximately one min later than the mainshock
origin. After that, they overshoot for 3 to 4 min due to
seismic waves due to the use of static Green’s function.
Finally, they show apparent coseismic offsets. Addition-
ally, the time series for Ibaraki-Oki and Iwate-Oki exhib-
its another offset that corresponds to the origin times of
the respective aftershocks. In this way, the PTS success-
fully detects a series of coseismic slips that occurred in
the subduction zone.

Figure 3 demonstrates the slip time series for sub-
faults in the downdip and northern regions adjacent to
the mainshock rupture. Now, we excluded the coseismic
offset of the Iwate-Oki EQ and the Ibaraki-Oki EQ to
emphasize aseismic small change. See also Figure S8 for
raw slip time series including aftershock coseismic slip.
As displayed, the downdip region near Iwate and Miyagi
shows an apparent postseismic slip increase that reached
approximately 0.1-0.2 m. Downdip region near Aomori
also exhibits a slip increase, although it is distant from
the mainshock rupture. In contrast, subfaults near Iba-
raki do not show significant postseismic signals.

As mentioned above, PTS successfully detected both
coseismic and early postseismic slips as a continuous
time series. As explained in advance, we added a treat-
ment called “reset” to improve the time series stability. It
has primarily helped us estimate the coseismic and early
postseismic phases precisely. Figure 4 compares the esti-
mated slip time series with and without applying “reset”
after the coseismic change. As we can clearly see, slip
time series show large drifting amounting to more than
few meters in time after the mainshock, in case we do
not apply “reset” Updip subfaults (red time series) show
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Fig. 2 Examples of the estimated slip time series. Now, we show time series for three subfaults near the hypocenter of the Iwate-Oki EQ (a),
mainshock (b), and Ibaraki-Oki EQ (c), as indicated by black squares in Fig. 1. The figures describe the slip time series calculated from the estimated
values of two slip basis. All figures cover the whole analysis period and use GPS Time. Vertical lines indicate the origin time of the mainshock and
three significant aftershocks. Please note that the scale of the vertical axis differs for each figure

negative drifting, whereas downdip subfaults (blue time
series) show positive drifting. Thus, it seems that the
coseismic slip which has been once estimated is absorbed
by the trade-off between the updip and downdip sides. In
contrast, if we apply “reset,” the obtained slip time series
become more stable and the coseismic slip contribution
is preserved correctly. In subsequent chapters, we explain
the estimated spatiotemporal evolution of fault slip while
comparing it with previous estimations based on conven-
tional positioning.

3.2 Coseismic slip distribution
Figure 5a shows the coseismic slip distribution of the
mainshock. Here, the difference between the average

slip time series at 05:41-05:46 and 05:51-05:56 was
computed. Further, we combined the values of the two
components of the slip for each subfault. A peak slip of
26 m was found near the off-Miyagi region. The equiva-
lent moment magnitude was M,, 8.94. The slip vectors
mostly pointed toward the ESE, indicating a typical
thrust slip. linuma et al. (2011) estimated the slip dis-
tribution of the mainshock based on daily coordinate
time series using conventional GNSS positioning analy-
sis. They showed a peak slip of over 30 m and a magni-
tude of M, 9.0. Although some unstable slip direction
can be observed in the northern part of the fault zone,
our results using PTS are consistent with the results of
Iinuma et al. (2011).
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figures display slip time series of 39 min after the mainshock (05:51-06:30 GPS Time) by setting its start as zero. The time series is shown for each
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Minutes from 05:46 (mainshock origin)

Figure 5 (b) and (c) shows the estimated coseismic
slip distributions of the Iwate-Oki and Ibaraki-Oki EQ.
Similar to the mainshock, the differences between the
slip time series before and after the origin times of each
event were described. The difference between the aver-
age of 06:06-06:08 and 06:13-06:15, and 06:13-06:15
and 06:20—06:22 was computed for the Iwate-Oki EQ and
Ibaraki-Oki EQ, respectively. For the Iwate-Oki EQ, PTS
estimated a typical thrust slip of 0.1-0.3 m on an area of
approximately 100 km square, highlighted by the black
dotted rectangle in Fig. 5 (b). The equivalent seismic
moment for this area was of M,, 7.24. For the Ibaraki-
Oki EQ, the PTS estimated a thrust slip of 0.2-1.6 m on
an area of approximately 150 km square, which is high-
lighted in the same manner as the Iwate-Oki EQ. The
estimated slip area extended toward the updip side of the
hypocenter. The equivalent moment magnitude reached
M,, 7.72. These moment magnitude values are consistent

with those of Nishimura et al. (2011), M,, 7.24 and 7.76,
based on the kinematic PPP time series obtained by con-
ventional positioning analysis. The estimated slip areas
also agree well with the single rectangular fault models
proposed by Nishimura et al. (2011).

The PTS estimates the time dependence of the slip
without estimating the coordinate time series at each
GNSS site. The observation is the carrier phase of
GNSS itself, and therefore, the agreement between the
observed and calculated values is not as straightforward
as it would be with conventional positioning. Hence, in
Fig. 6, we show comparison between the coseismic dis-
placement expected from the PTS estimation and that
obtained from the coordinate time series based on PPP
analysis. For each of the three events, the differences
between the same time windows as the plot of slip esti-
mated by the PTS are undertaken. In all three events,
the displacements showed good agreement between
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the PTS and PPP. Although the PTS estimated a slightly
larger eastward movement and subsidence for the
mainshock, the variance reduction (VR) reached 90.8%
for all three components. In the case of the Ibaraki-
Oki EQ, a VR of 67.5% for 21 sites within 200 km from
the epicenter was obtained. In the case of the Iwate-
Oki EQ, we obtained a VR of 57.8% for 16 sites within
200 km from the epicenter, despite a much smaller dis-
placement of approximately 7 cm in the maximum.

As shown in the above results, PTS can estimate the
coseismic slip distribution of M7 to M9 class earth-
quakes with an accuracy comparable to that of con-
ventional methods. Moreover, PTS can carry out
continuous estimation for more than two earthquakes
that occur within just one hour, whereas most previous
studies based on normal positioning carried out post

processing for individual event. Our results suggest the
capability of PTS for continuous seismic monitoring.

3.3 Early afterslip distribution following the mainshock

This section describes the details of the early afterslip
history estimated by the PTS. Figure 7 shows snapshots
of the postseismic slip after the mainshock, exclud-
ing aftershock coseismic slip. Here, the moving average
of the estimated slip time series using a time window of
five min with a step of every 30 s was undertaken. There-
fore, the net time length of this result is 34 min. For the
northern and southern part of the analyzed region, we
excluded slip increase around the time of the Iwate-Oki
EQ and the Ibaraki-Oki EQ. Please see Animation S1
for a full animation of the estimated early afterslip. We
also show the snapshots including aftershock coseismic
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slip in Figure S9. A blowup of the final slip distribution
in 34 min and seismic moment time series of significant
slip areas is shown in Figure S10. Slip increase initially
appeared in the region near Iwate at approximately 06:00,
which exceeds the noise level at approximately 06:10
(2nd to 4th snapshots in the figure, hereafter slip area
“B”). It shows a roughly constant increase reaching a final
slip of 0.21 m and a M,, of 7.27 in this region. The down-
dip region near Miyagi shows a later slip increase start-
ing at approximately 06:10, then exceeds the noise level at
approximately 06:15 (4th to 5th snapshots, hereafter slip
area “C”). Unlike the slip area B, this area slightly slows
down in the final stage of the analysis period. It finally
reaches 0.18 m at peak slip and M,, 7.17. Another slip
area can be observed near Aomori (5th to 6th snapshots,
hereafter slip area “A”). It appears at approximately 06:15

and reaches 0.17 m at peak slip and M,, 7.17, released
mainly around 30 min after the mainshock. However, this
region may have a lower resolution since it is far from the
onshore GNSS sites than other slip areas. Additionally,
the subfaults near Ibaraki (hereafter slip area “D”) also
show thrust slip. However, its amount is small, and only
three subfaults exceed the estimated uncertainty. We can
also observe a slip in the region near Fukushima in the
earlier stage of the analysis period. However, slip time
series in this area are unstable and decrease later. Hereaf-
ter we mainly discuss other slip areas A, B, and C.

As mentioned above, the PTS estimated early afterslip for
several regions adjacent to the mainshock rupture. Addi-
tionally, the PTS estimated different onset times of the early
afterslip for each slip area. This is an innovative characteris-
tic that has not been suggested in previous studies.
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Next, we compare the estimation by PTS and conven-  (see the first and the third snapshot in Fig. 7). This value
tional positioning. Although few studies have analyzed is approximately twice the value estimated by Munekane
the early postseismic phase, there exist two studies con-  (2012). On the other hand, the final moment magnitude
ducted previously on the 2011 Tohoku-Oki earthquake. appears to be similar considering its time length. Here, a
Munekane (2012) estimated the early afterslip distribu- 3.4 times more extended analysis period than Munekane
tion from a conventional positioning time series, which ~ (2012) is observed, with a PTS estimated at M,, 7.42, for
was analyzed by principal component analysis. He found  the slip area B and C. This moment value is 3.3 times
the afterslip immediately after the earthquake, which larger than Munekane (2012). Additionally, slip of 0.1

occurred in the first 10 min between the mainshock and  to 0.2 m in 26 min suggested by Mitsui and Heki (2013)

the Iwate-Oki earthquake. An initial afterslip was sug-  is very similar to our results, 0.1 to 0.2 m in 34 min. As

gested which extended toward the downdip and north of  stated above, PTS estimated early afterslip in a location
the mainshock rupture. Further, a peak slip of 4.7 cm and  similar to that in previous studies based on conventional

M,,7.08 in 10 min was estimated by the above-mentioned  positioning (Munekane 2012; Mitsui and Heki 2013) and

study. Mitsui and Heki (2013) also investigated the early  suggested a slightly larger or similar slip magnitude.

postseismic displacement of 26 min after the mainshock Finally, a comparison of the early postseismic displace-
using kinematic PPP time series for GNSS sites in the  ment from the PTS and that obtained from the kinematic
coastal regions of Iwate and Miyagi. The estimated slip  PPP time series is demonstrated in Fig. 8. In the case of
was 0.1 to 0.2 m and equivalent to M,, 7.2-7.3, assuming  PTS, the displacement fields expected from each of the
two fault planes below the analyzed region. four slip areas are also exhibited. For PPP, the displace-
If we compare these results, the slip areas B and C  ment during the Iwate-Oki and the Ibaraki-Oki EQ was
estimated by PTS overlap well with the slip distribution  excluded. Figure 8 indicates that the early afterslip esti-
suggested by Munekane (2012). Although the focused mated by PTS provides coherent eastward movement
analysis region essentially differs, the slip area B also and subsidence for several sites. The maximum hori-
intersects with the fault model suggested by Mitsui and  zontal displacement was approximately 4 cm. Slip area
Heki (2013). Although it is below the estimated standard B and C provided most of the expected displacement.
deviation, PTS estimated an approximately 8—10 cm slip ~ The slip area A shows a smaller contribution only toward
increase in the same time window as Munekane (2012) the displacement around Aomori and northern Iwate. In
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the PPP time series case, the obtained displacement field
appears to be much noisier than the PTS. Although few
sites show eastward movement, their directions seem to
be unstable. The vertical component is noisier than the
horizontal component in PPP results. However, the over-
all character of the horizontal displacement is partially
consistent with both within the error ellipsoid of the kin-
ematic PPP time series.

As explained, we estimated the coseismic and early
postseismic slip phenomena of the 2011 Tohoku-Oki
sequence continuously with high temporal resolution.
There is no previous case of such broadband estimation

ranging from a timescale of a few minutes to a few tens
of minutes. Particularly, the most important contribution
of our results is that we obtained spatiotemporal evolu-
tion of early afterslip within one hour, which has almost
never been unraveled by previous studies. As mentioned
before, our results suggest spatial heterogeneity of the
onset time of afterslip. This is an innovative characteristic
of our results. Moreover, in terms of slip area and total
slip amount at certain times, most of our results exhibit
comparable precision to post-processed estimation based
on the conventional positioning analysis suggested by
previous studies. It ensures the reliability of our results.

(See figure on next page.)

Fig. 8 Surface displacement field calculated from the estimated early afterslip. Each figure shows displacement that is expected by slip area A (a), B
(b), C (c), and the sum of them (d), respectively. Gray arrows indicate the corresponding afterslip in each area. For comparison, PPP displacement is
shown in (d). It was calculated from the same time window as PTS analysis but excluding displacement of the lwate-Oki EQ and the Ibaraki-Oki EQ.
Error bars and ellipses that indicate the standard deviation of the PPP time series (2-0) just before the mainshock are attached
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In the next chapter, we discuss future prospective for slip
monitoring based on the PTS.

4 Discussion

4.1 Estimation of coseismic slip

In this study, we successfully estimated a series of coseis-
mic slips in the subduction zone using the PTS method.
The estimated slip, magnitude, and displacement are
consistent with conventional positioning. Our results
indicate the capability of the PTS method for continuous
seismic monitoring. If we measure the detection limit of
the fault slip, we can use two types of standard deviations.
One is from the estimation inside the Kalman filter, and
the other is the calculation from the obtained slip time
series. In this analysis, the former is around 0.1 to 1.6 m,
and the latter is 0.1 to 0.4 m for the time before the main-
shock. They are equivalent to M,, 6.2-7.0 per subfault.
This seems to be a similar threshold to the estimation
based on conventional positioning. For future practi-
cal use of the PTS, the requirement to add a method to
automatically detect coseismic slip offsets may be man-
datory. It will also be related to the decision of the time of
“reset after the coseismic change” Therefore, it is essen-
tial to evaluate the estimation uncertainty of the PTS and
discuss regarding setting the threshold for coseismic slip
detection. Additionally, since we used static Green’s func-
tion in our estimations, the slip time series clearly show
large overshoot in the few minutes just after the earth-
quake origin. To avoid contamination of early afterslip
time series, handling of dynamic motion associated with
coseismic phase is important future work.

4.2 Estimation of early postseismic slip

The PTS also estimated the postseismic slip increase in
time after the mainshock. As shown in the previous sec-
tion, several slip areas appeared adjacent to the main-
shock rupture. These slip areas overlap with the early
afterslip areas deduced from the conventional position-
ing in Munekane (2012) and Mitsui and Heki (2013).
Compared to Munekane (2012), the result obtained by
the PTS shows a slightly larger slip magnitude. Another
difference is the splitting of slip area B and C as suggested
by PTS. However, initially we set weak spatial smoothing
and white noise stochastic processes to correctly estimate
the coseismic slip of two large aftershocks. Therefore, it
is not surprising that we obtained a larger slip magni-
tude and rougher slip distribution. If we apply stronger
smoothing, ignoring the coseismic slip of the two after-
shocks, the obtained slip distribution is observed to be
similar to that of Munekane (2012). Further optimization
of hyperparameters can be considered, such as introduc-
ing the time-dependent stochastic process as suggested
by Fukuda et al. (2004).
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Unlike the 10-min slip distribution suggested by Mune-
kane (2012), PTS also suggested some postseismic slip
around the region near Aomori (slip area A). Their exist-
ence can be reasonable because our analysis demon-
strated a more extended period. Additionally, Munekane
(2012) also estimated the early afterslip distribution in
4 h from 06:30, just after the end of our analysis. Fur-
ther, in that case, he suggested postseismic slip also in
the region offshore Iwate and Aomori, which are similar
to our results by PTS. Thus, there is a possibility that we
detected the onset of this slip area that were not directly
captured by two estimations in Munekane (2012).

However, in the region near Aomori, the reliability of
the estimation must be properly evaluated. In this area,
the estimated slip direction does not show a clear thrust
slip sense, but points toward the southeast. Additionally,
its expected contribution toward displacement is mini-
mal despite the considerable slip magnitude, as shown
in Fig. 8. This area is the furthest location from onshore
GNSS sites, where the strike angle of the plate interface
vastly changes. Thus, we should carefully search for the
resolution of this area and errors in Green’s function. To
discuss the slip in this area, we probably need to improve
Green’s function, including the 3-D structure, as sug-
gested by Hori et al. (2021).

To carry out discussion connected with previous stud-
ies, which searched for the later phase of postseismic
slip phenomena, the analysis period should be extended.
One of the advantages of PTS is its temporal resolution.
It provides successive estimations based on Kalman fil-
tering, whereas most previous studies carried out post-
processed inversion for the total slip in a certain period.
Further improvement of the estimation precision will
help us discuss each slip area’s exact onset time, the tran-
sition process from coseismic to postseismic processes,
and its controlling friction properties. Another important
topic is the interaction between afterslip and aftershocks.
Although we have shown the coseismic slip of two major
aftershocks (the Iwate-Oki EQ and the Ibaraki-Oki EQ)
and the early afterslip separately in the previous sections,
they are both postseismic process of the M9 mainshock
and potentially related. We should make further compar-
ison between the aftershock activity and the early after-
slip evolution to clarify their physical relationship.

4.3 Prospects of the PTS method

As stated in the introduction, the PTS method esti-
mates the fault slip and various other parameters in
parallel. This means that we can evaluate the contribu-
tions of all unknown parameters together. For example,
we presently describe the average contribution amount
of each parameter among the calculated carrier phases
in Fig. 9 (see Additional file 2: Text S5 and Equations
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S9 to S12 for the method of their calculation). Fault slip
contributes approximately 0.6 m on an average, equiva-
lent to 25%-30% of the total calculated carrier phase
in time after the mainshock. If we calculate the contri-
bution of the fault slip on each subfault separately, we
can obtain a resolution map of this estimation. Phase
ambiguity occupies the largest contribution of more
than 1.1 m and approximately 60—90% throughout the
analysis period. Thus, we can expect that the refined
ambiguity resolution can significantly improve PTS
precision. Finally, the tropospheric delay was only 4 cm
and 5-10%. It is the smallest but still in the same order
of magnitude as the expected displacement given by the
early afterslip (see Fig. 8). Upgrading the tropospheric
delay mapping function can further refine our estima-
tion of aseismic small slip phenomena.

PTS can also quantify the uncertainty and correlation
of unknown parameters through a covariance matrix,
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estimated together with the state vector. This is beneficial
for the search for the trade-off between each unknown
parameter. We show an example of the covariance matrix
in Fig. 10, normalized to the correlation coefficient
matrix. We now adopt the Pearson product-moment cor-
relation coefficient. It describes the values at 05:40 using
color scale. As shown in the figure, the phase ambigu-
ity of each site-to-satellite path generally shows a nega-
tive correlation. This is because each path is related to
another path by a double difference. We can search for
error propagation via double difference and consider the
optimum baseline setting to mitigate its influence. Trop-
ospheric delay at each site showed a strong positive cor-
relation, implying that they were nearly uniform. We can
also observe some amount of correlation between tropo-
spheric delay and fault slip, indicating that a trade-off
between them may occur. We must search for the situa-
tion and impact of the trade-off to consider its mitigation.
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Finally, the fault slip shows a strong correlation between
the neighboring subfaults. However, the correlation pat-
tern oscillates from negative to positive and sometimes
indicates a correlation between distant subfaults. It is
possible that such a complicated correlation is controlled
mainly by spatial smoothing constraints. Although PTS
itself is not a problem, we should carefully check such
trade-offs between subfaults to discuss the resolution of
the estimation.

As shown above, we can obtain various insights into
parameter separation in PTS. This comprehensive
description is complex in the case of conventional posi-
tioning. Detailed evaluation and discussion of parameter
separation remain an interesting future work to improve
the accuracy of the PTS method. Additional important
topic is an extension of the model inside PTS to include
error factors such as hardware delays, receiver phase
bias, and satellite phase bias that are ignored in current
observation equation. As pointed out by Odijk et al.
(2016), use of double difference makes error propaga-
tion complicated and prevents intuitive understanding
of results. Use of undifferenced observation equation
is additional future topic. Quantitative evaluation of

parameter separation will be also helpful for carrying out
such future works.

5 Conclusions

We investigated broadband fault slip monitoring based
on the PTS method to invert fault slip directly from varia-
tions in the GNSS carrier phase. In this study, we applied
the PTS method to the coseismic and early postseismic
slip phenomena of the 2011 Tohoku-Oki sequence. We
estimated the spatiotemporal evolution of fault slip for
approximately 2 h before and after the mainshock ori-
gin, using 1 Hz carrier phase data of 73 GNSS sites in
east Japan. As a result, the PTS successfully estimated the
series of coseismic slip of the M, 9.0 mainshock, M,, 7.8
largest aftershock in the off-Ibaraki region, and M,, 7.4
third-largest aftershock in the off Iwate region. For all
three events, the estimated slip distribution, equivalent
moment magnitude, and calculated displacement field
showed comparable accuracy with respect to the conven-
tional positioning. These results suggest the capability of
PTS for continuous seismic monitoring.
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Additionally, the PTS also estimated the postseismic
slip increase in time just after the mainshock. The slip
increase mainly appears in the region adjacent to the
mainshock rupture. We obtained three major slip areas
around the downdip region near Aomori, Iwate, and
Miyagi. The slip amount is approximately a maximum of
0.2 m and equivalent to M,, 7.4 in 34 min after the main-
shock, for the slip areas near Iwate and Miyagi. These
cumulative slip amounts seem to be similar or slightly
larger than the estimations based on conventional posi-
tioning. The locations of the obtained slip areas also well
overlap. In this manner, we succeeded in the continuous
estimation of coseismic and early postseismic slip phe-
nomena with a timescale of a few minutes to an hour and
an amplitude of less than 1 m to over 10 or 20 m. Par-
ticularly, we obtained spatiotemporal evolution of early
afterslip within one hour, which has almost never been
unraveled by previous studies. Our results indicate the
excellent capability of the PTS method for broadband
fault slip monitoring and its potential contribution to
investigating early postseismic phenomena. Although
this study mainly focused on estimating the fault slip, the
major advantage of this method is the quantitative evalu-
ation of the separation and contribution of all unknown
parameters. Based on this advantage, further improve-
ments must be made to refine the results and extend the
application of PTS.
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