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Abstract

Sentinel-1 satellite launched by the European Space Agency (ESA) offers an opportunity to apply the differential interferometric syn-
thetic aperture radar (DInSAR) in 12-day revisit, a potential solution to effectively measure surface deformation. However, for areas
affected by the Equatorial Ionization Anomaly (EIA) in a global ionosphere pattern, the total electron content (TEC) irregularity
between snapshots may induce extra fringes and further mislead the unwrapping and displacement results. To test the necessity of iono-
spheric correction, we utilize global and regional ionospheric vertical TEC maps, namely the Global lonosphere Map (GIM) released by
the International GNSS Service and the Taiwan Regional Ionospheric Map (TRIM) provided by a local GNSS network, to compensate
ionospheric phases in the interferograms.

Our experiments investigate 47 ascending image pairs in 2016 and 2017. Among them, two pairs of images whose differenced TEC
(ATEC) stronger than 16.73 TEC unit in azimuthal gradient contain the clearest extra fringes. The results show that TRIM outperforms
in reducing extra fringes caused by the ionospheric effect, with a root-mean-square error (RMSE) of the estimated satellite line-of-sight
displacement reduced from 105.03 mm to 9.94 mm as compared against ground truth data. We conclude that TRIM TEC map is able to
remove long-wavelength background of ionosphere-induced displacement when a differenced TEC gradient larger than an empirical
threshold of 15 TECU.
© 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction Owing to the enduring subduction and collision in the geo-
logical history, this interface exhibits high convergent rates

Taiwan is located on the margins of two convergent  (7-8 cm yr ') and frequent fault activities (Bos et al., 2003).
plates: the Eurasian Plate and the Philippine Sea Plate. = Except for natural forcing, Taiwan also experiences surface
deformation as a result of many anthropogenic impacts,

- such as land subsidence caused by over-pumping of
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Although the subsidence rates in recent years have been
decelerated thanks to several prevention policies, it is still
a critical issue for residence and urban development in
southwestern alluvial plain. Therefore, a systematic and
effective way to monitor land deformation countrywide is
urgently needed. One of the practical solutions is to use
the Differential Synthetic Aperture Radar Interferometry
(DInSAR) technology from spaceborne observations.

Several studies had demonstrated the efficiency and
accuracy of land monitoring by using DInSAR approach
(Pathier et al., 2003; Hsiech et al., 2011; Tung and Hu,
2012). However, in earlier years this technology had been
limited to data availability, especially the high cost of
images and processing complexity. Since the launch of
Sentinel-1 by the European Space Agency (ESA) in 2014,
many studies have investigated using satellite radar data
for large-scale surface observation (Gonzdlez et al., 2015;
Huang et al., 2016) in a regular manner. Its C-band SAR
payload and precise orbit is suitable for observing short-
term land deformation. Sentinel-1 following the open-
data policy of the Copernicus Program starts a new era
to provide wide swath and short revisit images globally
at no cost to the end user. Taking these advantages, one
can easily access time series images to generate interfero-
grams over a large area for geodetic measurements.

However, the interferometric phase in each paired image
not only contains actual land movements, but also experi-
ences external errors for various reasons, such as orbit
inaccuracy, topography, atmosphere (troposphere and
ionosphere disturbances), and phase noises. These factors
induce uncertainties between observations and actual land
motions. Although the longer wavelength, for instance L-
band (23.5 cm), encounters stronger ionospheric effect than
C-band (5.6 cm) due to the inversely proportional relation-
ship between dispersive phase and frequency under the
same amount of electron content (Feng et al., 2017), it
has been reported that C-band Sentinel-1 interferogram
could be also affected by ionosphere in some cases
(Gomba et al., 2017). Most of earlier studies in Taiwan
often cropped a relatively small spatial window to city or
county level (<50 km wide), allowing the ionospheric effect
to be mitigated by some empirical methods. However, for a
large coverage especially in latitudinal range, strong iono-
spheric anomaly would induce obvious fringes in the inter-
ferograms and deteriorate the displacement estimates. In
addition, Taiwan is situated on the north edge of the Equa-
torial Tonization Anomaly (EIA) in a global ionospheric
pattern. Diurnal ionization of the upper part of atmo-
sphere due to solar radiation would induce variant strength
of total electron content (TEC) (Tseng et al., 2010) and
form a crest drifting around +17° magnetic latitude.
Hence, the unmodeled ionospheric variations between mas-
ter and slave images are likely to induce extra fringes in the
along-track (azimuth) direction.

To solve this issue, some research used the multi-
frequency to quantify phase contribution from ionosphere.
For example, the range split-spectrum method separates

dispersive characteristic from other non-dispersive terms
in an interferogram (Brcic et al, 2010; Rosen et al., 2010;
Fattahi et al., 2017; Gomba et al, 2016, 2017). The azimuth
pixel shifts method analyzes the misalignment of pixels in a
sequence of acquisitions to derive ionospheric phase contri-
bution (Mattar and Gray, 2002; Gilman et al., 2013; Zhu
et al., 2016, 2017). However, the implementation of these
strategies either relies on the coherent/incoherent cross cor-
relation from multiple apertures and/or is sensitive to the
correctness of unwrapped phase in the interferogram. In
some extreme cases such as a spatial gap in the azimuth off-
set, these methods may not be properly carried out. Here,
we seek for the observed ionospheric data recovered from
a Global Navigation Satellite System (GNSS) network, to
obtain the TEC during each Sentinel-1 snapshot and to
assess its corresponding effect in the interferogram. This
ground-based TEC map is presumably more complete in
presentation of ionospheric patterns on different spatiotem-
poral scales. We first collect all Sentinel-1 single look com-
plex (SLC) images in its ascending track covering Taiwan
in 2016-2017, and then calculate their corresponding
TEC differences from ionospheric maps. The reason we
focus on ascending track is because of its local time
(~6 pm) that is prone to be ionosphere-contaminated. A
collection of descending passes (~6 am) over Taiwan in
the same period is also analyzed (see Appendix A). How-
ever, the TEC difference between images are generally
lower in the morning. For ascending tracks, two out of
47 pairs are detected to have prominent dense fringes,
owing to a strong along-track TEC differences as compared
with others (see later in Fig. 4). These two interferograms
are compensated with ionosphere-derived phases, and then
be unwrapped using the Statistical-Cost, Network-Flow
Algorithm for Phase Unwrapping (SNAPHU) module
(Chen and Zebker, 2002). Finally, the corrected line-of-
sight (LOS) displacements are validated with land motions
measured by GNSS continuous stations.

In the following sections, Section 2 introduces study
area and our processing diagram for Sentinel-1 data. In
Section 3, detailed data properties and methods are pro-
vided. In Section 4, comparisons of two selected cases
before and after ionosphere compensation are conducted.
An overall accuracy with or without ionosphere phase
screen is provided. TEC difference and its potential thresh-
old to influence interferograms is discussed in Section 5.
Finally, some conclusions and limitations are summarized
in Section 6.

2. Study area and workflow

Taiwan has experienced frequent land deformation due
to its particular geological location. Strong earthquakes
(ML > 5) happen occasionally every few years. However,
InSAR-derived surface deformations may be inaccurate
without applying appropriate corrections, especially for
the entire swath covering >100 km in azimuth. Two cases
showing strong TEC effects in the interferogram as
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mentioned before are fortuitously timestamped in the
preseismic and coseismic period of an earthquake occurred
on 6 February 2016 (Mpy = 6.6; depth = 14.6 km;
Epicenter = 120.54°E, 22.92°N) in Meinong District,
Kaohsiung City, Taiwan. Many infrastructures were dam-
aged during this event while 117 people were killed and
more than 500 people were injured by collapsed buildings.
This was one of the most disastrous earthquakes in Taiwan
since the Chi-Chi earthquake (M = 7.3; depth = 33 km)
struck in 1999.

The epicenter of Meinong earthquake is depicted as yel-
low star in Fig. 1, where a dense GNSS network used for
retrieving ionospheric TEC in the Taiwan Regional Iono-
spheric Map (TRIM) are denoted as blue dots. Another
GNSS network used for validating DInSAR surface defor-
mation are marked as red dots in Fig. 1. The inset map
indicates the full coverage of TRIM processed from those
blue dots in the main figure. Black line represents
Sentinel-1 ground track section for images in this study.

The imaging frame and the corresponding ionospheric pen-
etration window at 350 km are denoted as red and blue
box, respectively.

The workflow is summarized in Fig. 2, in which left part
(green) explains DInSAR process by using some default
steps in the Generic Mapping Tool SAR (GMTSAR)
open-source software (Sandwell et al., 2011, 2016; Xu
et al, 2017), and right part (red) explains ionospheric phase
correction from referenced TEC maps. Finally, the exces-
sive ionospheric phase is removed from the interferogram
and proceed with unwrapping solution to obtain the final
displacement.

3. Data and processing method
3.1. Sentinel-1 data

Sentinel-1A is the first flight unit of its twin-satellite
architecture, followed by the unit B launched two years

121 .0 12?.0'

25.0" . —
® GNSS stations for TRIM (ionosphere)
® GNSS stations for surface deformation
Meinong EQ epicenter Tsio
ETOPOT1 DEM [m] GS36
a—
0 1000 2000 3000 4000
24.0"
T
e
<
23.0"
22.0°

Sentinel-1

Sentinel-1¥
g ground g frame
track et

350 km
penetration:

Q\, windor/{\} -

T

Fig. 1. (Main) Locations of a GNSS network for retrieving TRIM ionospheric TEC (blue dots) and another GNSS network for validating surface
deformation (red dots). Meinong earthquake epicenter is denoted as yellow star. (Inset) Map area indicates the coverage of TRIM. Black line is Sentinel-1
ground track section for images in this study. The imaging frame and the corresponding penetration window at 350 km are denoted as red and blue boxes,
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Fig. 2. Flow chart of DInSAR composition and ionosphere correction by GMTSAR and MATLAB, respectively.

later in 2016. It is equipped with a C-band (5.6 cm) SAR
operated in Terrain Observation with Progressive Scans
SAR (TOPSAR) mode. TOPSAR is known to improve
the signal-to-noise ratio among sub-swaths from conven-
tional ScanSAR mode, and to provide a wide coverage of
surface observation. The Interferometric Wide (IW) swath
mode with 5 x 20 m spatial resolution is the main acquisi-
tion mode in Taiwan, where each swath covers an area of
250 km in range and 170 km in azimuth directions.
Another advantage of Sentinel-1 is the well-maintained
orbit that shortens the baseline between master and slave
images, which efficiently decreases spatial baseline decorre-
lation. Short revisit time in every 12 days provides near
real-time information for monitoring ground surfaces.
For the timespan in 2016-2017, we download 51
Sentinel-1A single-look-complex (SLC) images in the
ascending track #69, including the south frame #69 and
the north frame #74, from ESA’s Copernicus Open Access
Hub.

3.2. GIM and TRIM TEC maps

Two types of TEC maps are used in this study. Global
Ionosphere Map (GIM) generated every 2 h is released
by the Center for Orbit Determination in Europe (CODE),
using TEC data from about 200 GPS/GLONASS sites
involved in the International GNSS Service (IGS) and
other institutions (Jee et al., 2010). TEC value is calculated
from GNSS signal delay caused by the ionosphere, and

converted into electrons density. This TEC value in path
direction is further transformed from the slant TEC
(STEC) to the vertical TEC (VTEC) at the pierce point
by using a mapping function. After that, spherical harmon-
ics interpolation (Eq. (1)) (Schaer et al., 1995; Zhang and
Zhao, 2019) is applied to these scattered measurements to
produce a gridded TEC map with a spatial resolution in
5° and 2.5° for longitude and latitude, respectively
(Table 1). Spherical harmonic expansion is one of the
mathematical function-based models to avoid unreason-
able extremes in VTEC estimates in regions where the point
measurements are sparse (Schaer et al., 1998)

Nmax n

VIEC(¢, /) = Z Z;’:(Sind)) (Ccos(mi) + D7) sin(m2))
(1)

where ¢ is the geocentric latitude and 4 is the sun-fixed lon-
gitude for the penetration point in a sun-fixed geomag-

~m

netism coordinate system, P, is the normalized associated
Legendre polynomials with degree n and order m, C' and
D7 are the unknown coeflicients of the spherical harmonics
functions to be fitted. n,,,, 1s the maximum highest spheri-
cal harmonic degree depending on the designated spatial
resolution.

Taiwan Regional Ionospheric Map (TRIM) was devel-
oped by the Ionospheric Radio Science Laboratory of
National Central University, and it is now produced and
published in real time by the Central Weather Bureau
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Table 1

Characteristics of GIM and TRIM ionospheric map.

Ionosphere model GIM TRIM

Spatial coverage 180°W-180°E 115°E-127°E
87.5°S-87.5°N  17°N-32°N

Spatial resolution in longitude/latitude ~ 5°/2.5° 0.5°/0.5°

Temporal resolution 2h S or 20 min

Number of stations around Taiwan 3 100

(CWB) of Taiwan. It uses a local GNSS network mainly
operated by CWB to monitor TEC variation in the visible
sky. TRIM utilizes nearly 100 receiving stations in Taiwan,
providing every 5- or 20-min update of temporal data with
a spatial resolution at 0.5° in both longitude and latitude.
The spatial coverage of TRIM ranges 115-127° in longi-
tude and 17-32° in latitude. TRIM is also produced by
the same methods as GIM that calculates GNSS signal
delay caused from the ionosphere and converted into elec-
trons density. Fig. 3 is a demonstration of GIM (panel a)
and TRIM (panel ¢) with their full spatial coverage at
10:00 UTC on 14 February 2016. The color bar in each fig-
ure is TECU, a typical unit to describe electron density that
equals to 10'® elections per unit square meter. As seen in
the blow-up view of GIM (panel b) in the same area with
TRIM, GIM is smoother in presentation of TEC
structures.

3.3. GNSS land deformation

As mentioned before, Taiwan is located in a tectonically
active region so that GNSS is widely used for monitoring
displacements caused by earthquakes and plate motions.
GNSS measurement in this study thus provides a reference
to complement with and to validate InSAR results. A dif-
ferent network than the one mentioned in previous section
(with only a few collocations) is operated primarily by the
GPS LAB of Institute of Earth Sciences (IES), Academia
Sinica, Taiwan (Fig. 1, red dots) (http://gps.earth.sinica.
edu.tw). We chose 19 stations along the west plain for val-
idating DInSAR displacement.

Due to the varying environmental conditions, GNSS
daily solution contains high frequency oscillations. To
reduce these noises without appropriate physical meanings,
GNSS daily measurements are normally modeled in three
directions with annual, semi-annual signals and postseismic
signals, which can be presented by the following equation:

y(t) = a+ bt; + csin (2nt;) + d cos (2nt;) + esin (4nt;)

h

’)H(ttf’)Jrs (2)

t
t.

N
+ f cos (4nt;) + ng(

i=1 ¢
where #; is the time epoch, H is the step function and f'is the
postseismic exponential decay (Hsu, 2006; Helmstetter &
Shaw, 2009). The first two terms are the static offset a
and the linear rate b. Coefficients ¢ and d represent the
amplitude of annual signal while ¢ and f are those of

semi-annual signals. g is the amplitude of postseismic dis-
placement modelled by a step function and exponential
decay with the relaxation time of z.. The last term ¢ is the
residuals.

Since GNSS data shows three-dimensional displacement
in east (E), north (N), and up (U) directions, all these com-
ponents are mapped to the satellite light-of-sight (LOS)
direction to compare with DInSAR results. GNSS time ser-
ies can be projected into LOS displacement by the follow-
ing equation:

GFSy

—cosasinf] | GPSy (3)
GPSg

GPS;0s = [cos®  sinosing

where 0 is the incidence angle and « is the azimuth angle of
the satellite.

To further detail the validation procedure, a spatial win-
dow of 0.01° x 0.01° (around 1 x 1 km) centered at each
GNSSS station is set to calculate an average of DInSAR dis-
placement. This value indicates a smoothed DInSAR dis-
placement near each GNSS station between master and
slave time. Because DInSAR depicts the relative displace-
ment between two dates, we use the master date as a bench-
mark to see if the displacement after correction agrees with
GNSS time series.

3.4. Ionospheric phase in the interferogram

The causes of interferometric phase change include dis-
persive and non-dispersive mechanisms. Non-dispersive
terms are the differential path delay associated with ground
movement between two images, the topographic path
delay, and the differential tropospheric path delay
(Fattahi et al., 2017). The dispersive nature of radar waves
in the ionosphere induces a frequency-dependent pattern of
phase advances. For longer microwave wavelength or low
frequency, e.g., the Phased Array type L-band Synthetic
Aperture Radar (PALSAR) onboard the Advanced Land
Observing Satellite (ALOS) of The Japan Aerospace
Exploration Agency (JAXA), wave propagation encoun-
ters more phase advance effects in the media. For shorter
wavelength (i.e., C-band, Sentinel-1A), the signal experi-
ences relatively fewer disturbances (Meyer et al., 2006;
Jung et al., 2013; Gomba et al., 2017).

Moreover, propagation of microwave signal through
ionosphere causes phase advance of the carrier, Faraday
rotation, defocusing of SAR image, and extra shift between
SAR images in the azimuth direction (Fattahi et al., 2017).
Phase advance is the main effect considered in this study,
which can be calculated by an integration of electrons den-
sity along the two-way wave path (Gomba et al., 2016),
such as:

4nK

27K
giono(f) =2 *CLO*/ne(Z)dZ = C—fOSTEC (4)
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Fig. 3. An example of (a) full coverage of Global ionosphere map (GIM), (b) regional zoom-in of GIM, and (c) full coverage of Taiwan Regional
Tonosphere Map (TRIM) on 14 February 2016 at 10:00 UTC. Color-code is the value in TECU.

where C is the speed of light in vacuum, f, is the carrier fre-
quency of Sentinel-1A equal to 5.4 x 10° Hz, K is a con-
stant equal to 40.28 m>4%, n, is the electrons density, and
slant TEC = [ n,(z)d-.

Next, phase advance in the interferogram between mas-
ter and slave images can be modeled as:

4K 1

ADiono = cr, ATEC x cos(0) (5)
where ATEC hereafter represents VTEC (simplified from
STEC in Eq. 4) difference between master and slave images
in vertical direction. 0 is the incidence angle of satellite,
which varies from 29° to 46° in west to east for Sentinel-1
in our study area.

The spatial distribution of ionosphere is usually
assumed as a shell layer, where the height maxima of F2

layer (HmF2) indicates the height of ionosphere electron
density reaching its maximum in vertical structure. Spa-
tiotemporally varying HmF2 is available from a few
sophisticated products, such as the International Reference
Ionosphere (IRI) model. Around Taiwan area, HmF2
reaches around 350 km above the Earth’s surface. There-
fore, a constant value at 350 km is chosen as the penetra-
tion window of SAR signals (inset of Fig. 1, blue box). It
presents the strongest electrons density to influence the
propagation of microwave.

In the ascending track of Sentinel-1A, the right-looking
imaging geometry means that the ground track passes
through west of Taiwan (inset of Fig. 1, black line). Hence,
the penetration window of microwave through HmF2 is
projected in between ground track and the imaging window
along the LOS direction. Since Eq. (4) also considers the
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incidence angle of satellite (6), slant direction is calculated
for each pixel. After modeling GIM/TRIM ionospheric
phase by Eq. (4), the quantity is compensated in the origi-
nal interferogram produced by GMTSAR.

4. Results and validation

Two cases with clear ionospheric contamination are
firstly shown here to demonstrate the efficacy of ionosphere
phase screening. Case 1 is a set of preseismic images before
the Meinong earthquake happened on 6 February 2016.
The master and slave images were taken on January 9,
2016 and February 2, 2016, respectively. Case 2 contains
the coseismic pattern of Meinong earthquake, for which

the master and slave images are from February 2, 2016
and February 14, 2016, respectively (Table 2).

As displayed in Fig. 4, both original interferograms con-
tain ~10 extra fringes in the along-track direction, as shown
in panel « (Case 1) and ¢ (Case 2). Such a strong phase gra-
dient is not associated with other known error sources. For
example, an orbit error of 5 cm only induces 0.2-0.5 rad of
phase error in each 50 km on the ground from a simulation
of C-band SAR (Reigber et al., 1997). Meanwhile, the
additional path delay caused by troposphere would present
with local weather and terrain patterns, which is signifi-
cantly different from orbital or ionospheric artifacts
(Gomba et al., 2017; Yu et al., 2018). Flat terrain along
the western alluvial plains (Fig. 1) is less likely to induce
topographic errors. Therefore, the primary reason of this
phase gradient is attributed to the different strength of
TEC. Right column of Fig. 1 displays coherence map asso-
ciated with land types and their temporal variabilities.
Mountain areas with forest cover appear much lower
coherence in response to C-band radar. We will mask out
lower coherence (<0.4) pixels in the following analysis for
better visualization.

4.1. Case 1: Preseismic motion before the Meinong
earthquake

In the original interferogram of Case I, some extra
fringes induced by ionosphere exist in the west of Taiwan
(Fig. 4a). Following the flow chart specified in Fig. 2, we
first crop a spatial window to obtain the TEC difference
at 350 km in the penetration window (Table 3, middle col-
umn), and then simulate its ionospheric phase contribution
in the wrapped form (Table 3, right column). A differenced
TEC (ATEC) is calculated between master and slave tim-
ings in the blue box of Fig. 1 at the passing time of 10:00
UTC (18:00 Local Time). As seen in the left column (ATEC
near Taiwan) and middle column of Table 3, TRIM based
on regional data presents more details in ionospheric pat-
tern than GIM, especially in the meridional variation. In
ATEC map between master and slave images, TRIM shows
a clearer difference from north to south than GIM and pro-
duces more fringes in the next step. As compared with the
original interferogram, ionospheric phase calculated by Eq.
(4) for TRIM has a similar pattern of parallel fringes.

Table 4 shows the interferogram before and after iono-
spheric correction by two models. It can be seen that GIM
providing inaccurate ionospheric phases leaves obvious
extra fringes after correction. Instead, TRIM sufficiently
removes the pattern imposed by ionosphere lying along
the latitudinal direction. Furthermore, unwrapped dis-
placements before and after ionospheric correction are
demonstrated in the second row of Table 4. Here, a refer-
ence point for unwrapping is tied to SSES in Fig. 1, a sta-
tion near the center of this network. Without appropriate
correction, accumulative phase in central Taiwan contains
incorrect N-S displacement owing to the ionospheric shift
in the wrapped phases. After phase modification by TRIM,
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Table 2
Images used in Case 1 and 2.
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Master image Slave image

Case 1: Preseismic motion before the Meinong earthquake
Case 2: Coseismic motion across the Meinong earthquake

2016/01/09
2016/02/02

2016/02/02
2016/02/14

Table 3

Differenced TEC (ATEC) between master and slave images and phase contribution for Case 1.

M:2016/01/09 ATEC around Taiwan ATEC in penetration window at 350 km Tonospheric phase
S:2016/02/02
Gl M Ta[wan Rellon lonosphere Difference TECU lonosphere Difference at 350 km TECU lonospheric Phase 314
-10
-e
26 -
-15 10
. I -20
-25 3.14
15 1185 119 1195
TRIM

Taiwan Region lonosphere Difference TECU,

-3
-9
-15
21
27

Ionusphera Difference at 350 km TECU

lonospheric Phase

314

23
20
22
25 314

1185 1 1195 120 121 122

surface deformation becomes reasonable and smooth with
fair extreme values. However, sparse coverage in the cen-
tral ridge is still an inevitable problem due to dense vegeta-
tion and forest canopy, where the coherence in this area is
relatively low (Fig. 4b). In order to check the improvement
of correction over the unprocessed version, GNSS data will
be used for validation in Section 5.

4.2. Case 2: Coseismic motion across the Meinong
earthquake

As a strong coseismic movement caused by Meinong
earthquake spreading some 50 km west to the epicenter,
there are obvious concentric rings overlapped with several
error fringes caused by ionosphere in the original interfero-
gram (Fig. 4c). Following the same processing workflow,
ATEC and the estimated phase contribution are shown in
Table 5. Similar to the previous case, TRIM provides much
more detailed information about ionospheric contamination
than GIM in the penetration window. As each fringe of C-
band Sentinel-1A corresponds to 2r (—n to «t) or 2.8 cm dis-
placement along the LOS direction, a total of >12 fringes

appearing in the lower right panel of Table 5 is equivalent
to 33.6 cm of accumulated displacement in azimuth direc-
tion. In Table 6, it shows that after ionospheric correction
by TRIM, the spatial pattern of paralleled fringes is removed
while the co-seismic deformation caused by Meinong earth-
quake is well preserved. Displacement of coseismic deforma-
tion is estimated to be around 10 cm in LOS direction. The
value is consistent with an extensive survey of 2016 Meinong
earthquake conducted by Rau et al. (2017). This report also
used Sentinel-1A ascending mode data in a smaller range
window to calculate LOS deformation near the epicenter.
It means that the deformation signal will not be interrupted
by this correction method. Similar to the previous case, the
displacement estimated by TRIM-corrected interferogram
performs better than the conventional workflow, or by
GIM-corrected one.

4.3. Validation with ground truth
A comparison between DInSAR displacement and

GNSS ground measurement is displayed in Fig. 5, in which
the performance of TRIM and GIM correction over 6
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Table 4

Displacement before and after correction by TRIM and GIM, respectively, in Case 1.

Before Correction

After Correction (TRIM) After Correction (GIM)

Wrapped Interferogram

Displacement

-100-75 -50 25 0 25 50 75 100
Displacement[mm]

-3.14 0.00 3.14

-3.14 0.00 3.14 Phaselrad]

Phasef[rad]

120° 121 122"

100 -75 -50 -26 0 25 50 75 100
Displacement[mm]

-100-75 -50 25 0 25 50 75 100
Displacement[mm]

stations (mostly located in different latitudes) is visualized
in a time series manner. Most of TRIM-corrected displace-
ments (red triangles) are more consistent with GNSS time
series (black line and dots) than the uncorrected version
(blue dots). Actually, in these 19 stations dataset, a major-
ity of DInSAR points have moved closer to the fitted
GNSS time series (black line) after correction by TRIM.
In contrast, using GIM (green circles) for ionospheric cor-
rection is not as workable in reducing extra fringes in the
interferogram, where the displacement interpreted from
green circles is still misleading. The coseismic displacement
estimated by the split-spectrum (Gomba et al., 2016) and a
filtering method (Fattahi et al., 2017) is also marked in
each figure (blue triangles) for a comparison with the result
in Gomba et al. (2017). It is calculated by a newly devel-
oped module (estimate_ionospheric_phase) implemented in
GMTSAR v5.7. The result can be found in Fig. Bl in
Appendix B.

It is noted that at GS27, the closest station to the
reference point (SSES) for all methods, either TRIM or
split-spectrum still exhibit an error of 15-18 mm in coseis-
mic displacement. It indicates that the displacement after
ionospheric correction may still contains errors from other

sources. One may seek for ground controls such as leveling
and GNSS co-kriging scheme (Huang et al., 2017) for
refined solutions.

5. Discussions
5.1. Accuracy after ionosphere compensation

To quantify the accuracy before and after correction, a
root-mean-square error (RMSE) is calculated between
DInSAR and GNSS displacements for two kinds of correc-
tion method. RMSE can be computed by the following
equation:

RMSE — \/Z?I(ansl,:}kil XGNSSJ)Z (6)

where i means each of 19 station, X p;,s4z 1S DINSAR dis-
placement estimated by an average from a buffer of 1 km
around GNSS station, X gps is GNSS displacement between
two dates, and N is the number of stations.

As listed in Table 7, RMSE in Case 1 is reduced from
83.77 mm (before correction) to 6.60 mm among all 19



1456

Table 5
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Differenced TEC (ATEC) between master and slave images and phase contribution for Case 2.

M:2016/02/02 ATEC around Taiwan ATEC in penetration window at 350 km Ionospheric phase
S:2016/02/14
GIM )
20 Taiwan Region lonosphere Difference TECU_Q lonosphere Difference at 350 km TECU_‘2 lonospheric Phase 4
I I -19
118
26
-26 0
-24
I -33
22
¥ | 30 40 -3.14
115 120 125 1185 119 1195
TRIM

Taiwan Region lonosphere Difference YECU5

30 o

5
-10
26
1415
20
22 25
-30
35
18
-40
115 120 125

lonosphere Difference at 350 km _TECU lonospheric Phase i

—

1185 19 119.5 120 121 122

stations after ionospheric correction by TRIM. For Case 2,
RMSE is reduced from 125.12 mm to 12.63 mm. Here, the
RMSE of Case 2 using split-spectrum method as solved by
GMTSAR is 19.86 mm (not shown in this table), at a sim-
ilar level as TRIM’s performance. For a combination of
two, TRIM’s RMSE is reduced from 105.03 mm to
9.94 mm. It illustrates that ionospheric phase compensa-
tion assisted by a TEC map is a feasible method to improve
accuracy. However, GIM seems to be unable to provide
sufficient information for phase correction. The RMSE
down to 103.33 mm performs marginally better than the
original interferogram without phase patches. The results
are also presented in a scatter plot (Fig. 6) to show the per-
formance before and after corrections from two maps. As
moving toward to the 1:1 line (black line), TRIM-
corrected points (red dots) including both cases display a
smaller range of spread than GIM-corrected ones (green
dots) as compared against in situ data.

5.2. Comparison between GIM and TRIM

Comparing two types of TEC maps, both products pre-
sent electrons density inverted from the delay of GNSS sig-
nal while penetrating through the ionosphere layer.
However, because TEC exhibits a few tens to hundreds
kilometer of spatial wavelength, insufficient density of
ground stations would not be able to capture the detail
anomaly. GIM is a global TEC map with far fewer local
stations, in which the nominal data source only includes
3 receiving stations around Taiwan. In contrast, TRIM

consists of their own network with around 100 receiving
stations in the main and outlying islands. In GIM, the glo-
bal raster data include spherical harmonic interpolation on
a regional scale, where the difference between real TEC and
GIM could reach ~10 TECU. This difference is too large to
show the detailed pattern for ionospheric correction.
Therefore, TRIM is more suitable over this area to serve
as supplemental data for radar observation.

5.3. Effect of TEC gradient

In a total of 47 ascending pairs examined in 2016 and
2017 (Appendix A), not every interferograms are sensitive
to ionospheric activities. It depends on the strength of
TEC and its spatial gradient. Thus, TEC difference between
master and slave images in the penetration window at
350 km is important. One major finding in this research
is that the N-S difference in the penetration window dom-
inates extra fringes and misleads the original signal. As
revealed in Table 8, a strong gradient of TEC difference
could induce more fringes than a gradual gradient. In this
case, it is more likely to influence interferograms as demon-
strated in Casel and 2 (an extra test of strong azimuth
ATEC crossing the coseismic period but with a long tempo-
ral baseline (>1 month) is given in Fig. B2, Appendix B).
However, for the rest cases with fewer N—S TEC difference,
the effect on the interferogram is not that obvious,
regardless how strong the mean TEC difference between
images is (listed in Appendix A). In consequence, the effec-
tiveness of TRIM-corrected interferogram also becomes
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Table 6

Displacement of before correction and after correction by TRIM and GIM, respectively, in Case 2.

Before Correction

After Correction (TRIM) After Correction(GIM)

Wrapped Interferogram

Displacement

120° 121° 122"

12090 60 30 0 30 60 90 120
Displacement[mm]

24"

23 g

22"

120° 121" 122"
-3.14 0.00 3.14 -3.14 0.00 3.14
Phase[rad] Phase[rad]

24 24"

23"

23

22 22"

120 121° 122" 120° 121° 122

~120-90 60 30 0 30 60 90 120
Displacement[mm]

120 -90 60 30 0 30 60 90 120
Displacement[mm]

less prominent. Table 9 displays four more cases whose N—
S TEC difference is lower than a threshold of ATEC (~15
TECU) demonstrated above. As seen in the decreasing
order of Table 9, the zonal pattern of fringes becomes less
noticeable (left column) and the removal of phases from
TRIM only marginally modifies the spatial pattern of inter-
ferogram (right column). However, we also observe that
the number of fringes is not proportional to ATEC in the
cases of smaller ATEC gradient. Since the accuracy of
TRIM TEC map at 2-3 TECU level will be worse through
error propagation while generating a differenced map, and
combined with other noises neglected in this study, it
should be emphasized that the threshold (15 TECU) is an
empirical number specifically for TRIM map under its
unique spatiotemporal resolution and observational accu-
racy. The lower of ATEC estimated by TRIM, the less reli-
ability of the excessive phase it can simulate.

5.4. Limitation of spatiotemporal resolution of TEC maps

Although the TEC map provided by CWB is interpo-
lated from scattered points collected in a relative short

epoch (5 min), the accuracy may still be insufficient to rep-
resent the instant (10-20 sec) acquisition time of SAR. To
examine the possible uncertainty induced by the limitation
of ground-based measurements, a few TEC maps in the
epochs before and after the nominal satellite passing time
of Case 1 are investigated to check whether the westward
migration of EIA crest during a 5-minute interval (or
approx. 125 km in equivalent) would be an issue. Three
TEC maps before and after the central TEC map are
applied in the same workflow and to compare the corrected
LOS displacement with ground truth. Table 10 shows that
the accuracy changes much while using neighboring TEC
maps before or after the nominal SAR imaging time, espe-
cially during the increasing phase of EIA from its quiet
hours (former periods). It indicates that the temporal reso-
lution might be sensitive to this scale of spatial resolution.

It is also inferred that within this 5 min, high order iono-
spheric heterogeneities are not captured in the scattered
measurement and/or be smoothed out in the following
spherical harmonics interpolation. However, as long as
the zonal structure of long-wavelength TEC background
stays for a few minutes, the TEC gradient would pertain
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Fig. 5. Six examples of displacement estimated by GNSS and InSAR from north to south in the west plain. In each panel, black line indicates the modeled
GNSS time series, black dots are the corresponding GNSS position on 9 January, 2 February, and 14 February, and blue dot is the relative displacement
before correction in slave time. Red triangle, green circle, and blue triangle are the relative displacement from TRIM, GIM, and Gomba et al. (2017)
corrections in slave time, respectively. Magenta dash line indicates the timing of Meinong earthquake. Gray dash line indicates the same day. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 7
RMSE [mm] in Case | and 2.

Case 1 Case 2 Total
Original 83.77 125.12 105.03
Corrected by TRIM 6.60 12.63 9.94
Corrected by GIM 82.91 122.77 103.33

its formation and still can be mitigated to some degree (see
also TRIM ATEC in Tables 3 and 5). This is evidenced by
comparing Table 10 with uncorrected or GIM-corrected
statistics in Case 1 of Table 7. In summary, TRIM map
representing the “mean” condition during SAR acquisition
correction is still trustworthy to remove first-order iono-
sphere background mostly in azimuth displacement. This
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Fig. 6. A scatter plot combining both Case 1 and 2 shows the improved
InSAR displacements as compared with GNSS stations, where red dots
are TRIM corrected-displacements, green dots are GIM corrected-
displacements, and blue dots are uncorrected-displacements. A 1:1 line
in black is given for reference. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

method is not able to deal with higher order plasma insta-
bilities that cause scintillation and other local effects. A
very strong non-constant gradient of ionosphere will
induce the non-constant discontinuity in a burst (Liang
et al., 2019). It is also a challenging task for most of
existing methods.

Table 8
Differences for large gradient and small gradient in ATEC map.

1459
5.5. Different assumptions of ionosphere shell layer height

In both GIM and TRIM maps, an assumption of the
peak ion density is located in 450 km, a fixed height usually
seen in the field of global/regional ionospheric maps (Xiang
and Gao, 2019). In contrast, our assumption (350 km)
located in the middle of varying F2 layer in 250-450 km
(Wyatt and Tooley, 2013) is also commonly seen in the lit-
erature (Chuo, 2012; Liu et al., 2016; Gomba et al., 2017)
and for the wide area augmentation system (Birch et al.,
2002). Since the height is related to the projection from
STEC to VTEC while using a mapping function, an addi-
tion test about the shift of penetration height, and in con-
sequence the shift of penetration window mainly in
longitudinal direction, is conducted.

In Table 11, LOS displacement accuracy between
350 km or 450 km assumption is mostly the same for
GIM and TRIM. In Case 1 of TRIM, a shift of penetration
window to 450 km degrades the accuracy by 1.49 mm. In
contrary, TRIM’s performance in Case 2 slightly improves
by 1.31 mm while using 450 km height. It is concluded that
the shell layer height uncertainty will affect the perfor-
mance of correction. However, the order of difference is rel-
atively small as compared with the improvement from
uncorrected results.

6. Conclusion and outlook

In this study, we discuss land displacement over the mid
to south Taiwan as retrieved by Sentinel-1 interferograms

Images Time ATEC in penetration window at 350 km

N-S TEC difference

Tonospheric phase
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Table 9
Comparison of ionosphere correction with various magnitude of ATEC in North-South direction.

Date and North-South Original Interferogram TRIM-corrected Interferogram
TEC Difference
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Table 10
Comparison of displacement accuracy as corrected by the neighboring epochs of TRIM TEC map.
Local time of TEC map 09:45 09:50 09:55 10:00 10:05 10:10 10:15
TRIM-corrected accuracy [mm] 34.01 21.36 17.47 6.60 8.90 9.20 10.26
Table 11 42 2017/10/18  2017/10/30 —0.13  —4.67 127
LOS displacement accuracy as using different assumptions of penetration 43 2017/10/30  2017/11/11 2.04 2.43 59
height for ionospheric correction. (Unit: mm). 44 2017/11/11  2017/11/23  3.19 —0.40 47
Case 1 Case 2 45 2017/11/23  2017/12/05 -3.32  3.92 170

- 46 2017/12/05  2017/12/17 4.43 ~0.20 33
Original 83.77 125.12 47 2017/12/17  2017/12/29 —3.12  —5.00 35
GIM (350 km/450 km) 82.91/83.67 122.77/106.01
TRIM (350 km/450 km) 6.60/8.09 12.63/11.32

Table Al

TEC characteristics of ascending image pairs.

Pair Master image Slave image Average North to

Gradient Baseline

ATEC  South Rank [m]

between ATEC

images difference

[TECU]

1 2016/01/09  2016/02/02 16.25 16.73 2 38
2 2016/02/02  2016/02/14 24.26 17.37 1 28
3 2016/02/14  2016/03/09 31.81 2.63 66
4 2016/03/09  2016/03/21 -0.21  —0.80 80
5 2016/03/21 2016/04/14 14.36 0.43 35
6 2016/04/14  2016/05/08 8.93 0.21 29
7 2016/05/08  2016/05/20 13.67 12.64 3 100
8 2016/05/20  2016/06/01 15.47 0.79 76
9 2016/06/01 2016/06/13 11.65 1.46 50
10 2016/07/31 2016/08/12 —1.36  —7.52 6 31
11 2016/08/12  2016/08/24 —11.52 —1.13 66
12 2016/08/24  2016/09/05 6.26 0.32 139
13 2016/09/29  2016/10/11 13.76 7.75 5 50
14 2016/10/11 2016/10/23 28.77 11.56 4 22
15 2016/10/23  2016/11/04 2.29 0.89 28
16 2016/11/04  2016/11/16 4.63 —1.19 53
17 2016/11/16 ~ 2016/11/28 —7.21 —1.71 18
18 2016/11/28  2016/12/10 4.55 0.42 29
19 2016/12/10  2016/12/22 3.85 5.20 38
20 2017/01/03  2017/01/15 5.50 2.39 19
21 2017/01/15  2017/01/27 —-10.76 —3.33 6
22 2017/01/27  2017/02/08 1.51 0.47 19
23 2017/02/08  2017/02/20 —6.84 —0.47 11
24 2017/02/20  2017/03/04 -2.18  —2.09 48
25 2017/03/04  2017/03/16 6.32 3.39 95
26 2017/03/16  2017/03/28 -136 —1.72 49
27 2017/03/28  2017/04/09 —1.42 2.06 75
28 2017/04/09  2017/04/21 —-1.03  3.16 15
29  2017/04/21 2017/05/03 —4.35 —6.07 19
30 2017/05/03  2017/05/15 —0.59  0.30 30
31 2017/05/15  2017/05/27 4.22 6.90 131
32 2017/05/27  2017/06/08 1.41 —1.89 87
33 2017/06/08  2017/07/02 6.74 —1.08 33
34 2017/07/02  2017/07/26 —8.67 —2.54 14
35 2017/07/26  2017/08/07 9.21 0.40 4
36 2017/08/07  2017/08/19 -7.34  5.01 30
37 2017/08/19  2017/08/31 —5.86  —5.36 25
38 2017/08/31 2017/09/12  8.73 —2.89 35
39 2017/09/12  2017/09/24 —-5.73  —5.52 57
40  2017/09/24  2017/10/06 7.37 2.76 52
41 2017/10/06 ~ 2017/10/18 1.29 3.00 15

in two frames with three sub-swaths each. Regarding the
ionosphere effect in the interferogram, both GIM and
TRIM TEC maps are examined for the efficacy of phase
correction. TRIM based on regional data has higher tem-
poral and spatial resolution than GIM, and thus the iono-
spheric contribution can be well modeled when a N-S
difference in TEC is greater than 16.73 TECU. The preseis-
mic or coseismic deformation caused by an earthquake is
still preserved in the corrected results. We find that the
zonal pattern caused by ionosphere is obscured when the
N-S difference in TEC descends to 12.64 TECU or lower.
Regarding the accuracy of DInSAR displacement as com-
pared against GNSS ground station time series, TRIM per-
forms more consistent with in situ data than raw
measurements or corrected by a global TEC map. It lowers
the RMSE between DInSAR displacement and GNSS
ground measurement from 83.77 mm to 6.60 mm and
125.12 mm to 12.63 mm for a preseismic and a coseismic
period, respectively. By utilizing a densified TEC map,
one can model long-wavelength ionospheric phase contri-
bution and compensate it in the C-band SAR interfero-
gram successfully.

However, it is worth to mention that during these two
years the solar cycle 24 was declining from its maximum
in April 2014 with a weak strength as compared with ear-
lier solar cycles (Jiang et al., 2015). This phenomenon can
be measured by the Auroral Electrojet (AE), an index of
geomagnetic variations in the auroral zone in the northern

Table A2

TEC characteristics of descending image pairs.

Pair Master image Slave Average North to Gradient Baseline
image ATEC  South Rank [m]

between ATEC
images difference

[TECU]
1 2016/02/16  2016/02/28 14.22  10.32 1 26
2 2016/02/28  2016/03/23 1.85 ~575 6 36
3 2016/05/10  2016/06/03 2.05 -594 4 45
4 2017/08/21  2017/09/02 2.14 723 3 32
5 2017/10/08  2017/10/20 2.81 5.84 5 5
6 2017/10/08  2017/10/20 4.51 9.94 2 14
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Fig. BIl. Split-spectrum solution similar to Gomba et al. (2017) as
processed by GMTSAR v5.7. The RMSE achieves 19.86 mm as compared
with GNSS stations.
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hemisphere, and the Disturbance Storm Time (DsT) that
measures the strength of the ring current around Earth
caused by solar protons and electrons. Two datasets are
available from the World Data Center for Geomagnetism
(2015), Kyoto University. As shown in Fig. Cl(a)-(b) of
Appendix C, AE has relative lower value at the timing of
Sentinel-1 images used in this study (red dashed lines in
Fig. C1(b)). Similarly, DsT has also lower magnitude in
2016-2017 in Fig. Cl(c)—(d). Therefore, the presence of
ionospheric contamination on the scale of several hundreds
of kilometers are only 2 out of 47 image pairs. In addition,
it should be emphasized again that the correction method
deploying external TEC map is unable to remove some
local effects caused by small plasma activities, due primar-
ily to the scattered samplings from GNSS-based TEC map.
An integration with azimuth pixel shifts will be our future
work to reduce ionospheric impact on different levels.
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Fig. B2. A test of TRIM correction for the coseismic signal between 2016/02/02 and 2016/03/09. The N-S ATEC is 16.1 TECU and the accuracy LOS
displacement improves from 46.65 mm (left, before correction) to 43.16 mm (right, after correction) as validated with GNSS stations.
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Fig. Cl. (a)—(b) Daily solution of AE index in 2000-2018 and 2016-2017. (c)—(d) Daily solution of DsT index in 2000-2018 and 2016-2017. Three red dash
lines represent image time of this study. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Appendix A.

See Tables Al and A2.

Appendix B.

See Figs. Bl and B2.

Appendix C.

See Fig. CI.
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