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High-resolution strain rate mapping around inland plate boundary within the volcanic arc
using L-band InNSAR and dense GNSS networks
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This document consists of four text sections, two supporting tables and thirteen supporting figures:

» Text S1. InSAR time series analysis and uncertainty estimation.

L]

Text S2. InSAR long-wavelength noise correction.

e Text S3. GNSS data interpolation.

e Text S4. Strain rate estimation.

L]

Table S1.

Table S2.

* Figure S1

* Figure S2.
* Figure S3.
* Figure S4.
* Figure S5.
* Figure S6.
* Figure S7.
* Figure S8.
* Figure S9.

Details of the SAR data.

Details of the GNSS data processing.

. Time-perpendicular baseline diagram for the InSAR dataset.
Example of InSAR line-of-sight (LOS) time series.

Example of GNSS time series.

Strain rates along the profiles (R = 20 km).

Strain rates along the profiles (R = 10 km).

Strain rates along the profiles (R = 8 km).

GNSS strain rates estimated by a conventional method.

GNSS baseline length change.

* Figure S10. Comparison between InSAR- and GNSS-derived eastward velocities.

* Figure S1

1. Histogram of the estimated standard deviations for the strain rate fields.

* Figure S12. InSAR eastward velocity along the profiles.

» Figure S13. Effect of a swath gap in the strain rate estimates.

Estimated velocity gradients from eastward (InSAR) and northward (GNSS) velocities.
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S1 InSAR time series analysis and uncertainty estimation
We estimated the InSAR line-of-sight (LOS) velocities and their uncertainties using a weighted least-squares inversion'-2. We
defined the model vector m as the cumulative LOS displacement and related it to the data vector d as follows:

d = Gm,
L (Hip=Ly),
0 otherwise,

(8D

Gi,j

whered = {d; |i=1,2,--- ,N} is the LOS change of the i-th interferogram and m = {m; | j=1,2,--- ,M — 1} is the cumulative

LOS displacement relative to the first SAR acquisition; N is the number of interferograms and M is the number of SAR

acquisitions. H;; and H;> denote the primary and secondary acquisition dates of the i-th interferogram, and L; denotes the

end-date of the cumulative displacement m;, corresponding to the SAR acquisition that terminates the cumulative interval.
We quantified uncertainties of the interferograms using a theoretical standard deviation based on coherence®*:

T_ 2
G¢:;¥, (S2)
V2N, Y

where N is the effective number of looks (number of independent samples per pixel) and 7 is the interferometric coherence.
The square of 6 was assigned to the diagonal elements of the weighting matrix W:

[WIi.j = [Cov(d));,; = & ;05 (S3)
The model vector was estimated as follows’:

m®! = [GTWG]'GTWa. (S4)
The matrix A was defined as

A=[G"WG]'G™W. (S5)
Then the covariance matrix of the model vector was obtained as

[Cov(m)] = A[Cov(d)]AT, (S6)

The standard deviations of the cumulative displacements were obtained as the square root of the diagonal elements of Cov(m).
We estimated the LOS velocity by fitting a line to the cumulative displacements (Supplementary Figure S2). We propagated the
uncertainties Cov(m) to the subsequent strain rate calculations (Supplementary Figure S11) in the same way as describe above.

S2 InSAR long-wavelength noise correction

We used GNSS data to correct long-wavelength noise in the InSAR velocity fields® . First, the GNSS velocities (Figure 2) were
projected onto the line-of-sight (LOS) directions of the InSAR measurements. Assuming that the GNSS velocities represent the
true ground motion, we treated the difference between the two datasets as the residual noise in the InSAR velocities:

InSAR __ _GNSS
er_es — Z,'n e , (87)

where z}“SAR,z?NSS denote the LOS velocities estimated from InSAR and GNSS at the i-th station, respectively, and z;* is the
residual. The residual was modeled as a planar surface:
7 =5+ pxi+qyi (S8)

where x; and y; are the horizontal coordinates of the i-th station. The parameters p, ¢ and s were estimated using a least-squares
approach. We then constructed a planar surface that had the same size as the interferogram and subtracted it from all pixels to
obtain the corrected InSAR velocities.
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S3 GNSS data interpolation
To compute spatial gradients from the discrete GNSS velocity observations, we interpolated the GNSS velocities onto a regular
grid using the Kriging method®'°. We first removed a long-wavelength polynomial surface (drift) from the GNSS north-south
velocities (Figure 2b), using a least-squares method. After the trend removal, an experimental variogram Yz (h) was estimated
from these velocities:
1 N(h)
Ye( (22, — Zxy+h) % (S9)

where z,, and z,, 1 are the velocities separated by a distance of &, and N(h) is the number of samples in the distance bins. We
set the bin interval as 1 km and calculated the average values for every bin. Next, we fit the experimental variogram with a
spherical model:

3h 14
- _2f 2 <h<
b+(c b)(l 2a+2a3)’ (0<h<a) (S10)

c, (h>a)

y(h) =

where a, b, and c are the range, nugget, and sill of the variogram, respectively. We performed the regression and obtained these
constants of 8 x 10* m, 1.2 x 107% m? yr=2, 3.3 x 107% m? yr—2, respectively.

Using this variogram model, we interpolated the data into the regular grid by the weighted sum of the surrounding velocity
data z;. The weights A;, which minimize the expected variance, were determined by solving the following equation:

Y MCik=Cjp, (S11)
k

where C;x, Cj o denote the covariance between the j-th and k-th, and j-th and target point xo, respectively. The covariance
matrix C; x was constructed from both the variogram model y(h) and the standard deviation o} of k-th GNSS velocity'!*!? as
follows:

Cjk=c—Y(hjx)+6;k 0Ok, (S12)

where /1 is a distance between the j-th and k-th points, and J; x is the Kronecker delta. By solving Equations S11 and S12 for
the weights Ay, we obtained the interpolated velocity z* and its estimation variance Var(z*) at the target point xp:

=Y (2 —mo) +mo,
%

S13
Var(z*) =C— Z)chk’()' ( )
k

Here, m( denotes the average velocity (drift) at xg, previously estimated as a polynomial surface.

S4 Strain rate estimation

In order to calculate the strain rate tensor in a numerically robust way, we used a multi-point method. First, the eastward and
northward velocities u, v within a circular area of radius R were extracted together with their horizontal coordinates x, y. We
then fit a planar surface to these data to estimate the velocity gradients (Equation 2) using the weighted least-squares method”.
In this procedure, the uncertainties of the east-west InNSAR velocities (Supplementary Text S1) and the north-south GNSS
velocities interpolated by the Kriging method (Supplementary Text S3) were incorporated into the weighting matrix. Then we
obtained the velocity gradient tensor (Supplementary Figure S4) and the strain rate tensor:

d d d
[exx exy] | 5 ) (a;; 3) (S14)
Exy €y 3(E+5) &
Finally, we calculated the strain rate invariants:
Iy = ey +ey=e +eo,
1 1
Imax_shear = \/e,%y + Z(exx - eyy)z = 5 (61 - 32)7 (S15)

L= \/e§x+e§),+2e§y = \/e%—ke%,

where e, e, are the maximum and minimum principal strain rates, and 11, gy _sheqr and Ip are dilatation rate, maximum shear
strain rate, and second invariant of the strain rate tensor, respectively.
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Orbit Path Frame Beam ID (off nadir angle in degree)
Ascending | 126 710, 720 RU2_6 (29.1)
Ascending 126 710, 720 RU2_7 (32.4)
Ascending | 126 710, 720, 730 RU2_8 (35.4)
Ascending | 126 720, 730 RU2_9 (38.2)
Descending | 19 2870, 2880 RU2_7 (32.4)
Descending | 19 | 2870, 2880, 2890 RU2_8 (35.4)
Descending | 19 2880, 2890 RU2_9 (38.2)
Descending 20 2880, 2890 RU2_7 (32.4)
Table S1. Details of the SAR data.
Name Period # of stations Software Strategy | Ocean load model | Reference frame
GEONET | 2021-01-01 119 Gipsy-X Ver. 1.4 | PPP+AR FES2014b ITRF 2014
2023-12-31
University | 2021-01-01 13 Gipsy-X Ver. 1.4 | PPP+AR FES2014b ITRF 2014
2023-12-31
SB 2021-05-02 315 Gipsy-X Ver. 2.2 | PPP+AR NAO99b ITRF 2014
2023-12-31

Table S2. Details of the GNSS data processing.
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Figure S1. Time-perpendicular baseline diagram for the InNSAR dataset. The red dots indicate data acquisition dates. The blue
lines denote the interferograms used in this study. The vertical lines indicate the date of the 2014 northern Nagano earthquake
(Figure 1c).
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Figure S2. Example of InSAR line-of-sight (LOS) time series. (a,c,e) Average velocities toward the satellite. The black dot
indicates the reference point and the black arrow shows the satellite LOS direction. The white triangles indicate Holocene
volcanoes and the red lines represent active fault traces. The black rectangle in (c,e) shows the location of the fault model of the
2014 northern Nagano earthquake'®. (b,d.f) LOS time series at the blue dots shown in (a,c,e). The error bars represent standard
deviations (Supplementary Text S1). The slope of the fitted line corresponds to the average velocities plotted in (a,c,e). Details
of the data are provided in Supplementary Table S1.
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regression results (Equation 1).
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north-south coordinates are indicated as x,y, respectively. The radius R is set to 15 km.
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the red lines indicate active fault traces. (b) Baseline length change. The black dots represent the baseline length time series.
The red line denotes a linear trend estimated from the data before the 2011 Tohoku-Oki earthquake and the blue dots indicate
detrended time series.
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Figure S10. Comparison between InSAR- and GNSS-derived eastward velocities. (a) Scatter plot of InSAR versus GNSS
velocities. The black dashed line indicates the 1:1 correspondence between the two measurements. (b) Histogram of the
velocity differences between InSAR and GNSS. The orange curve represents the best-fitting normal distribution.
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Figure S11. Histogram of the estimated standard deviations for the strain rate fields. The radius R is set to 15 km

(Supplementary Texts S1, S3, and S4).
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Figure S12. Left: InSAR eastward velocity. The black rectangle shows SAR acquisition frames. Right: InSAR eastward
velocity along the profiles. The vertical lines indicate the edges of SAR frames. The black line with shaded area shows
elevation in meters.
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Figure S13. Effect of a swath gap in the strain rate estimates. Top left: an artificial velocity map (eastward), with a gap of
4 mm yr~!. The black rectangles show SAR acquisition frames. Bottom left: corresponding strain rate (dilatation rate),
calculated in the same method (R = 15 km). Top right: eastward and northward velocities along the profile. Bottom right:
profile of the corresponding strain rates. The vertical lines indicate the location of the SAR frame edges. The black line with
shaded area shows elevation.
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