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of MAI and RSS Measurements
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Abstract—Ionospheric phase delay can seriously affect the low-
frequency spaceborne synthetic aperture radar (SAR) systems.
Ionospheric correction is, therefore, vital to improving the mea-
surement accuracy of Interferometric SAR (InSAR). InSAR iono-
spheric correction relies mainly on two kinds of approaches, i.e.,
one uses SAR azimuth offsets measures, and the other achieves
through a range split-spectrum (RSS) technique. However, the two
approaches have different spatial sensitivities to the ionosphere,
but they can complement each other. In this study, we present an
integration InSAR ionospheric correction method. This method
uses the Helmert variance component estimation to reasonably
allocate the weights for the ionospheric measurements obtained
from the azimuth offset-based and RSS techniques to improve the
ionospheric correction performance. The azimuth offset can be
derived from a pixel offset-tracking procedure or multiple-aperture
InSAR. We demonstrated the proposed method on 28-MHz FBS
mode ALOS-1 PALSAR images acquired before and after the
Wenchuan earthquake in Sichuan Province, China, 2008. This
study also applied the proposed method to 14-MHz FBD mode
ALOS-1 PALSAR images with no significant surface deformation
and high coherence in Chile. After the ionospheric correction with
the proposed method, we found that the ionospheric errors in the
Wenchuan and Chile cases have varied from —31.0 to 21.1 cm and
—4.7 to 93.9 cm, respectively. The results show that the proposed
method can effectively remove the long-wavelength ionospheric
delay. Our study reveals that this method can also alleviate the
influence of local ionospheric disturbance simultaneously.

Index Terms—Interferometric synthetic aperture radar
(InSAR), Helmert variance component estimation (H-VCE),
range split-spectrum (RSS), SAR azimuth offset.

1. INTRODUCTION

NTERFEROMETRIC synthetic aperture radar (InSAR) has
been widely used to measure ground deformation related to
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glacier movements, landslides, earthquakes, land subsidence,
and volcanic eruptions [1]-[11]. However, the accuracy of In-
SAR measurement is strongly affected by the spatiotemporal
decorrelation of SAR signals. This accuracy may result from
the distortion of SAR imaging geometry, significant surface
topographic changes, and atmospheric phase delay [12]. The
ionosphere, which distributes 60—1000 km away from the earth’s
surface as a part of the atmosphere, is one of the primary error
sources for InNSAR measurements. Correcting for ionospheric
phase delay is especially critical to SAR sensors’ measurements
operating in low-frequency microwave bands, such as the L-band
and P-band sensors [13].

Several methods existed to correct ionospheric phase delay
[14]-[29] in InSAR measurements. These methods can be sim-
ply divided into following four categories:

1) range group-phase delay method [14];

2) Faraday rotation method [15]-[19];

3) azimuth offset-based method [20]-[23]; and

4) range split-spectrum (RSS) method [24]-[29].

The range group-phase delay method exploits the range
shift between SAR images caused by ionospheric perturba-
tion and, then, estimates the ionosphere’s phase delay. The
range group-phase delay method’s accuracy is closely related
to the SAR images’ coregistration quality in the range direction.
The current L-band SAR sensors (e.g., ALOS-1/2), however,
commonly have low range resolutions [12], and thus, it is
limiting the application of the range group-phase method. The
Faraday rotation method can obtain absolute ionospheric total
electron content (TEC) from the full-polarization SAR images
and, then, calculate the expected phase delay of the ionosphere
[25]. However, this method highly depends on the accuracy
of the earth’s magnetic field [25]. Among the four methods
earlier, the azimuth offset-based and the RSS methods are,
therefore, the most commonly used approaches to ionospheric
phase delay correction over the past years.

The azimuth offset-based method relies on the estimated SAR
azimuth offsets, which can be obtained from the SAR inten-
sity offset tracking or the multiaperture interferometry (MAI)
technique [21], [22]. Integrating the estimated azimuth offsets
along the SAR azimuth direction can then address the iono-
spheric phase delay. This method can estimate the ionosphere
spectrum’s high-frequency components but is prone to induce
significant errors over long distances because the estimation
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involves integration processing [30]. Moreover, the azimuth
offset-based method is insensitive to ionospheric variations
along the SAR range direction. The RSS method divides the
range spectrum of the SAR image into two subbands, forming
two SAR images with different center frequencies. We then used
the subband images to generate two subband interferograms. The
RSS method then exploits the phase difference between the two
subband interferograms to retrieve the InNSAR phase’s dispersive
component, referred to as the ionospheric phase delay [30],
[31]. The RSS method can accurately extract ionospheric long-
wavelength variations and effectively recover range variations
[30]. However, the RSS method generally needs spatial filtering
with a large window size to the average SAR phase due to the
narrow range bandwidth of current L-band SAR systems, which
may lead directly to the masking out of small-scale ionospheric
phase variations [32].

From the previous descriptions, both the azimuth offset-based
method and the RSS method have their advantages, and none of
them can comprehensively remove the ionospheric phase delay.
To benefit the two methods in ionospheric correction, Gomba
et al. in 2017 proposed the Bayesian combination method [25].
They assumed that the ionosphere could be represented by a
single thin layer with known height and used a power-law
spectral density function to simulate ionospheric phase as a
priori information [25]. The simulated ionospheric phase was
then employed to invert real ionospheric phase with a Bayesian
inverse method [25]. Although this method has shown good
performance for correcting small-scale variations in the iono-
spheric aurora effect and equatorial scintillation event [25], its
accuracy highly depends on the simulated a priori information.
The performance of the correction may degrade due to the
complex spatiotemporal characteristics of the ionosphere.

Given that the azimuth offset-based and RSS methods com-
plement each other, in this study, we proposed an approach
to integrate the two techniques to improve the performance
of InSAR ionospheric component correction. We employed a
Helmert variance component estimation (H-VCE) algorithm to
reasonably allocate the weights for the ionospheric measure-
ments from the azimuth offset (MAI)-based and RSS methods.
The integrated method enables us to take advantage of the two
preexisting methods in a straightforward way. We tested the
proposed method on two datasets of ALOS PALSAR images
covering the 2008 Wenchuan earthquake, China, and a coastal
area in Chile, respectively, each with different characteristics.
This study shows how the proposed approach can improve
the estimate of coseismic deformation with strong ionospheric
disturbances. In contrast to the Wenchuan case, Chile’s test area
has no evident ground deformation to better demonstrate the
proposed method’s correction accuracy.

II. METHODOLOGY

A. Estimating lonospheric Phase Using SAR Azimuth Offsets

The azimuth-offset-based method exploits the rationale that
the interferometric phase gradient along the SAR azimuth di-
rection caused by the ionosphere (Adion_azi/Aaz) is linearly
proportional to the azimuth offsets Ax between one SAR image
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pair [10]

AQz)ion_Azi
Aaz

where x and r are the line and column indexes, respectively,

AQbion_Azi = A¢101(1_Azi (Jj + 17 T) - A¢iOII_AZi(x7 T), Aaz is
the azimuth pixel spacing of the interferogram, A is the radar
wavelength, « is a factor related to the parameters of the SAR
system, and [ is an offset constant introduced by the reference
point.

Here, we estimated SAR azimuth offset from the MAI tech-
nique. MAI uses a split-beam InSAR processing that generates
forward- and backward-looking interferograms. The forward-
and backward-looking interferograms are then multiplied by
conjugate to obtain the final MAI interferogram. The relation-
ship between SAR azimuth offset and MAI phase (¢niar)is [21],
(22]

:oz~477r'A$+ﬂ (1)

l

Az = T PMAT ()
™m

where [ is the effective antenna length of the SAR sensor, and n
is anormalized squint that is a fraction of the full aperture width.

According to (1) and (2), we can calculate the ionospheric
phase ¢ion_a,i through an integration of the phase gradient along
the SAR azimuth direction

¢ion_Azi = Z |:(Oé : ﬁ : ¢MAI (u,'r) + ﬂ) : Aaz:| + C

u=1
3)
where C is the integral constant that varies with the range
position, whose estimation methods are presented in [21] and
[22]. The parameters v and /3 can be determined by a polynomial
fitting using the pixels with high coherences and no large surface
deformation.

B. Estimating lonospheric Phase Using the RSS Technique

The interferometric phase of the SAR interferogram disturbed
by the ionosphere can be divided into two parts: the nondisper-
sive and dispersive phases. The dispersive phase component is
referred to as the ionospheric phase (¢ion_Rss), 1-€.,

d)O = ¢ion_Rss+¢nondisp~ 4)

The RSS method separates the nondispersive phase from the
dispersive phase by exploiting the two components’ different
frequency behavior. The procedure consists of the generation of
two range subband images with varying frequencies of center
fr (lower frequency) and fy (higher frequency) using a band-
pass filtering processing. Two subband interferograms are then
formed from one image pair using the subband SAR images,
whose interferometric phase (¢1, and ¢5) can be expressed as
[24], [25]

{ ¢L = d)nondisp . ]f% + ¢ion7Rss . }% (5)

¢H = d)nondisp : % + ¢ion_Rss : J{;I?I

where fy represents the radar center frequency. From (4) and
(5), we can estimate @;o,_rss through a linear combination of
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(6)

C. Integrating the Offset-Based and RSS Methods Using
H-VCE

As mentioned in Section I, the SAR azimuth offset-based
and RSS methods, which have their advantages and limitations,
complement each other. Attempts of combing these two meth-
ods have been conducted using a priori information from a
power-law spectral density function [25]. Unfortunately, such
a priori information is difficult or even impossible to be accu-
rately simulated due to the ionospheric complex nature [33].
Here, we introduced a new technique by integrating the two
methods for improving the InSAR ionospheric correction. We
regarded the ionospheric estimates from two methods as two
groups of independent observations and constructed a model by
relating the ionospheric phase to the differential TEC (DTEC,
Argc) between the primary and secondary images

Gion_Azi = Bazi - ATEC +0Azi

mx1 mxm  mx1 mx1 (7)

d)ion_Rss = BRSS : ATEC + (;Rss

mx1 mxm  mx1 mx1

where ¢ion Az and @ion rss are the ionospheric phase vectors

derived from the azimuth offset-based and RSS methods, re-

spectively, m represents the dimension of the ionospheric phase

vector Ba,i = Brss = diag[(4nK) /(¢ fo)lmxm » K = 40.28

(m3/s2), §a,: and Spes are the errors of the estimates from the
two methods, respectively.

We took the ionospheric phase estimated by the azimuth
offset-based method as the first group of observation, and these
from the RSS method as the second group. We then resolved (7)
by employing the H-VCE algorithm, which has been extensively
used to determine the relative weights between different groups
of observations whose a priori uncertainties are unknown [33],
[34]. The H-VCE algorithm employs an iteration procedure to
calculate and update each observation group’s unit weight vari-
ance, from which the optimal relative weights are determined.

To make it easier to be understood, we rewrite (7) as an error
equation

V=B -Argc—L ®)

where L, B, and V represent the observations, transfer matrix,
and corrected results, respectively, i.e.,

L= [(biOH_AZi) ¢iOH_RSS]T3 B = [BAzia BRSS]T7 V= [vla UQ]T
)

where v; and vy represent the correction vectors of ¢ion Az and
®ion_Rss, respectively.

The H-VCE algorithm does not require precise initial weights
of the observations. Therefore, we determined the initial weights
by using the variances of ¢ion_ Az and ¢ion Rss, 1.€., the initial
weights of @ion_azi and @ion_Rrss are Po1 = 1/var(¢ion_a.i) and
Poy = 1/var(gion_Rrss), respectively. With (8) and (9), we can
estimate the unknown DTEC (Argc) with a weighted least
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squares method
Arpc = N"'W (10)

where N = N1—|— NQ, N1 = B}:zi P1 BAzi, N2 = B;{SS Pg
BR857 and W = W1+ WQ’ Wl = BEZi Pl d)ion_Azi’ W2 = Bgss
P2¢ion_Rss-

Considering the low computational efficiency of the H-VCE
rigorous algorithm, we adopted its simplified algorithm to cal-
culate the unit weight variance of each observation group, i.e.,

52 = v Prog

17 m—tr(N-1Ny) (11
A2 U;FPQUQ
02 = m—tr(N-1Ny)

where 6% and 63 are the unit weight variances of ¢ion A, and
®ion_Rss, respectively.

After the estimation of unit weight variances for observation
2roups Pion_Azi and @ion_Rrss, We can update the weight matrices
for the two groups through

Py =63Py; /6% (j=1,2). (12)

The proposed method’s main implementation steps are as
follows.

1) Using the coherence coefficients of ¢ion Az and @ion Rss
to determine the initial weights of the two groups of
observation, i.e., Pg; and Pgys, and calculate their initial
unit weight variances.

2) Using (10) to calculate the initial DTEC (Argc).

3) Using (8) to obtain the two group observations’ residuals
and, then, using the obtained residuals to calculate their
unit weight variances with (11).

4) Using (12) to update the weights of the observations.

5) Using the reupdated weights and (8) to calculate the resid-
uals again.

6) Repeating steps (3) to (5) until |67 — 63| < 102 and
the weight matrices from the final iteration are used to
calculate Argc, which is then converted into ionospheric
phase delay.

The estimated ionosphere phase is finally subtracted from
the original SAR interferogram to obtain the corrected InNSAR
measurements. Fig. 1 shows the main processing flow of the
proposed method.

III. EXPERIMENTAL RESULTS

Table I lists the SAR images used in this study for verification
of our proposed method. The ALOS PALSAR images, acquired
along the paths of 471 and 103, comprise nine adjacent frames
from frame 570 to 650 and seven adjacent frames from frame
6700 to 6760, respectively. Path 471 covers the eastern part of
the rupturing fault of the Wenchuan earthquake with a central
location of 105.6 °E, 31.7 °N [see Fig. 2(a)]. The Wenchuan
earthquake occurred on a reverse fault and ruptured about 400
km, releasing a vast moment equivalent to Mw 7.9. The sensing
dates for primary and secondary images are 29th February and
31st May in 2008, respectively, for the Wenchuan study site.

In contrast, the PALSAR images of path 103 cover the north-
ern part of Chile [see Fig. 2(b)], where no significant deformation
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Fig.1.  Flowchart processing of the combination method.

TABLE I
SAR IMAGES USED IN THIS STUDY

Perpendicular Temporal
Track  Frame Date Mode Baseline (m) Baseline (d)
570- 20080229
471 650 20080531 FBS s 2
6700- 20070829
103 6760 ~ 20071014 _ P8 334 46

occurred during the periods of SAR imaging (i.e., between 29th
August and 14th October in 2007). The shuttle radar topography
mission digital elevation model with a spatial resolution of 30 m
was used to remove the topographic phase in the interferograms.
We used commercial GAMMA software to process the PALSAR
images [32].

A. Wenchuan Earthquake Test Case

Using (2), we obtained the azimuth displacement from the
MALI interferogram. For the MAI interferogram generation, we
adopted a normalized squint of 0.5 in (1). We applied 12 looks
in range and 30 looks in azimuth to the MAI interferogram
to reduce phase noise, followed by a phase smoothing with a
Goldstein phase filter with a window size of 32 [36]. We also
implemented the multilooking and phase filtering to the InSAR
interferogram by adopting the same MAI processing parameters.
All the interferograms were unwrapped by the minimum cost
flow algorithm [37].

Based on (1), we estimated the system-dependent parameters
« and B with a linear fitting method. Before the estimation,
the MAI and InSAR interferograms were both masked using
a coherence threshold of 0.4. This mask processing enables a
robust estimate of the parameters since the inferior quality phase
measurements would bias the linear fitting. Here, the parameters
« and g for the Wenchuan PALSAR data were estimated to be
—3.28x107° m~! and —5.76x 107 rad, respectively.
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After estimating the parameters « and /3, we used (3) to
obtain the ionospheric phase by implementing an integration
processing [21]. Note that the integral constant C in (3) should
be carefully determined. The Wenchuan case’s SAR data strip is
long enough (nine frames), and more than three-fifths of the area
is not seriously affected by coseismic displacement and large
topographic relief. Therefore, we estimated the integral constant
using the modified integral constant estimation (MICE) method
proposed by Zhang et al. [21]. We first adopted the intensity
cross-correlation method with a window size of 128 in range and
256 in azimuth to estimate the initial range displacements, and
then, an iteration processing with a window size of 64 in range
and 128 in azimuth to refine the initial range displacements.
Afterward, the MICE method was introduced to calculate the
integral constant [21]. Finally, we used (3) to estimate the
ionospheric phase screen [see Fig. 3(b)] and remove it from
the InSAR interferogram [see Fig. 3(c)].

To estimate the ionospheric phase using the RSS method, a
bandpass filter with a bandwidth of one-third full bandwidth
is adopted to divide the entire range spectrum of SAR images.
The high- and low-frequency subband interferograms are then
formed and used for ionospheric estimation. To reduce the
influence of unwrapped error on the correction, we first masked
the regions with coherence lower than 0.4. We then used a
bilinear interpolation to fill out the masked areas. Besides, a
spatial filter with window sizes of 128 was conducted to improve
the phase quality further. The large filtering window would
facilitate the removal of phase outlier, which may be significantly
magnified by the large-scale factor of (6) [31]. After finishing
the previous steps, the ionospheric phase screen [see Fig. 3(d)]
and the corrected interferogram [see Fig. 3(e)] were generated.

This study obtained the ionospheric phase screens with the
azimuth offset-based and RSS methods, respectively. Besides,
we used the H-VCE algorithm to assign weights for the two
groups of ionospheric phase screen, whose main steps have
been described in Section II-C. The ionospheric phase screen
estimated by the proposed method is depicted in Fig. 3(f). The
corresponding corrected interferogram is presented in Fig. 3(g).

Fig. 3(c), (e), and (g) illustrates the azimuth offset-based,
RSS, and integrated methods’ corrected results, respectively.
The results show that all the approaches can effectively remove
ionospheric artifacts in InSAR interferograms. However, there
are still significant residual errors in the nondeformable regions,
both the corrected results of the azimuth offset-based and RSS
methods, such as the regions 0 to 500th rows and 4000th to
5500th rows in Fig. 3(c) and (e). After the correction and
implementing the proposed method, the residual errors have
been greatly improved [see Fig. 3(g)], but it is still not perfect.

The ionospheric contribution extracted by the azimuth offset-
based method, RSS method, and our proposed method to the
InSAR phase varied from —27.0 to 14.4 rad, —15.1 to 12.6
rad, and —16.5 to 11.3 rad, respectively. These correspond to
approximately 2.0 to —1.1 TECU, 1.1 to —0.9 TECU, and
1.2 to —0.9 TECU ionospheric disturbances along the LOS
direction, respectively, equivalent to about —50.7 to 27.0 cm,
28.4 to 23.7 cm, and —31.0 to 21.1 cm of SAR range changes,
respectively. It should be noted that the ionospheric contribution
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Locations of the study sites. The red rectangles represent the footprints of ALOS PALSAR images covering (a) the Wenchuan earthquake and (b) a coastal

region in Chile, respectively. The blue triangles and black lines in (a) represent the GPS sites and surface fault traces, respectively.
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Fig. 3. (a) Original InSAR interferogram and the corrected interferograms
from (c) the azimuth offset-based method, (e) the RSS method, and (g) the
integrated correction method proposed in this study. The ionospheric phase
screens estimated by the azimuth offset-based method, RSS method, and the
proposed method are shown in (b), (d), and (f), respectively.

of the Wenchuan case extracted by the azimuth offset-based
method is slightly different from the approach given by Zhang
et al. [21]. This is probably because 1) we used more SAR
images comparing with Zhang et al. [21], and 2) the processing
parameters (e.g., multilooking number) are different as well.

B. Chile Test Case

We compared the Chile case with the Wenchuan case. We
used the image pair of the track 103 in the Chile case with better
coherence, and no significant deformation occurred during the
image acquisition. The ionospheric phase screen was extracted

300 600 300 600 300 600 300 600
(e) [0) (2) |
’4000 4000 4000 4000
3500 3500 3500/ 3500
3000 3000/ 3000,
2500 2500/ 2500
2000 2000/ 2000
1500 1500 1500
1000 1000 1000
500 500, 500,
) _ ) r0)_ (1) (1) (1)t c1)
-0 0 5 -5 0 50 -0 0 10 -0 0 5 -0 0 10 -50 0 50 -0 0 1

Fig. 4.
case.

Similar to Fig. 3, but for the PALSAR images covering the Chile

by the azimuth offset-based method and is less affected by decor-
relation and surface deformation. We applied similar Wenchuan
case steps to obtain the ionospheric phase screen with the az-
imuth offset-based and RSS methods. The MAI interferogram
and InSAR interferogram were multilooked by 6 x 30 looks
in range and azimuth directions (~ 95 x 95 m). Also, since
the range bandwidth of the image pair is only half of that in the
Wenchuan case, the larger spatial filter window size was adopted
to smooth the ionospheric phase screen from the RSS method.
Furthermore, we first masked the sea areas and low-coherence
regions in the MAI interferogram, InSAR interferogram [see
Fig. 4(a)], and range displacement map, and then interpolated
the masked regions using an inpainting algorithm [38]. After the
two steps, we calculated the ionospheric phase screen by using
the azimuth offset-based method. Afterward, the locally move
median filter with a window size of 40 x 40 pixels was used to
remove the outliers in the interpolated range displacement field
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map. The parameters « and 3 were estimated by using (1), and
which are —1.56x10~* m~! and 1.05x10~* rad, respectively.
Considering that this image pair has no significant deforma-
tional signal, which means that we can ignore the aliasing of
deformation and ionosphere. In addition, the SAR images of the
Chile case were relatively of lower range resolution than the
Wenchuan case, which means the lower accuracy of the MICE
method to estimate the integral constant. We, therefore, used
the differential averaging integral constant estimation (DAICE)
method proposed by Jung et al. to calculate the integral constant
[22].

Similar to the Wenchuan case, we applied the H-VCE al-
gorithm described in Section II-C to combine the ionospheric
phase screens generated by the azimuth offset-based and RSS
methods. The InSAR interferograms were corrected by the
azimuth offset-based, RSS, and the proposed methods shown in
Fig. 4(c), (e), and (g), respectively. Fig. 4 depicts the estimated
ionospheric phase screens using the azimuth offset-based [see
Fig. 4(b)], RSS [see Fig. 4(d)], and the integrated methods [see
Fig. 4(f)]. It shows that the ionospheric effect is about —2.5 to
50 rad along the LOS direction. This corresponds to about 0.2
to —3.8 TECU ionospheric interferences, which caused about
—4.7 to 93.9 cm deformation errors along the LOS direction.

IV. DISCUSSION
A. Key Factors for the Accuracy of the Proposed Method

The proposed method uses the H-VCE algorithm to assign the
weights for the ionospheric phase screens of the azimuth offset-
based and RSS methods to give full play to the two methods’
advantages. Therefore, the proposed method’s ionospheric esti-
mation accuracy is closely related to the ionospheric estimation
accuracy of the two methods separately. The integral constant
is an essential factor in determining the ionospheric estimation
accuracy of the azimuth offset-based method. While the RSS
method’s ionospheric estimation accuracy mainly depends on
the coherence of image pair and the range bandwidth of the
SAR system [21], [24].

The integral operation significantly limits the azimuth offset-
based method’s sensitivity to the long-wavelength ionosphere
[25], [30], which is closely related to the integral constant.
The common estimation (i.e., DAICE) method of the integral
constant is based on the assumed correlation between the iono-
spheric phase screen and InSAR phase [21], [22].The integral
constant is calculated by averaging the difference between iono-
spheric phase screen estimator and the InSAR phase [21], [22].
However, this method is challenging to distinguish the iono-
spheric components from large ground displacements [39]. The
MICE method estimated the integral constant using the principle
that signal group delay and phase advance are equal in magnitude
and opposite in sign to combine the azimuth displacements and
range displacements [21]. This method can effectively reduce
the influence of surface deformation on the ionospheric phase
screen estimation. Still, its accuracy depends on the length of the
data strips and the range resolution of the SAR image, which is
almost unaffected by large ground deformation or substantial
topography [21].
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(a) Wenchuan (b) Chile

4000
3000

. 2000
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Fig. 5. Interferometric coherence maps for (a) the Wenchuan case (b) and
Chile case.

For the Wenchuan case, more than three-fifths of the regions
are not seriously affected by the coseismic deformation and
topographic relief. Therefore, the MICE method was used to
calculate the integral constants in this study, and it presented
a strong performance in removing the long-wavelength iono-
spheric errors [see Fig. 5(b)]. In contrast, the image pair in
the Chile case with high coherence and no significant surface
deformation during image acquisition [39]. Unfortunately, the
upper left regions of the images connect with the ocean [see
Fig. 2(b)], which results in that the length of the data strip cannot
support the accurate estimation of the integral constant with the
MICE method [21]. Additionally, the range resolution of the
SAR images is only about half of the Wenchuan case, which
limits the obtaining of sufficiently accurate range displacements
to implement the MICE method. We, therefore, adopted the
DAICE approach instead of the MICE method.

The estimated ionospheric phase screen from the RSS method
is essentially a linear combination of different interferograms
multiplied by corresponding scale factors (6). Therefore, the
accuracy of this method is closely related to the phase quality
and scale factor. However, the phase quality depends on the
coherence, and the scale factor depends on the range bandwidth.
When the coherence is low, decorrelation and phase unwrapping
errors are larger, and the phase quality is low; otherwise, it is
vice versa. Additionally, small range bandwidth can cause a
large-scale factor, which amplifies all kinds of errors. When the
scale factor is significant, a large spatial filtering window size is
often needed to smooth the ionospheric phase screen estimated
by the RSS method [24], [39]. This means that image resolution
is lost, and sensitivity to the small-scale ionospheric variations
is reduced [30], [39].

The two cases in this study are both with high coherence, and
the coherence maps of the Wenchuan case and Chile case are
shown in Fig. 5(a) and (b), respectively. The mean coherences of
the two cases are more than 0.5, which means the phase unwrap-
ping is performed without problems [24]. However, the range
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Fig. 6. Rewrapped PALSAR interferograms of the Wenchuan earthquake. (a)
Original differential SAR interferogram and the corrected interferograms from
(b) the azimuth offset-based method, (c) the RSS method, (d) the equal weight
least squares method, and (e) the proposed method.

bandwidth of the SAR data in the Wenchuan case is 28 MHz,
whereas Chile is 14 MHz. The corresponding largest scale
factors are about —34.02 for the Wenchuan case and —68.04
for Chile. Therefore, the RSS method’s implementation needed
spatial filtering with a large window size to denoise and removed
outliers in the two cases. It means that the ionospheric phase
screen maps’ resolution is lost, and the small-scale ionospheric
variations are difficult to estimate, especially in the Chilean case.

B. Comparison of Different Methods

To facilitate comparative analysis of the proposed method’s
corrected result, we rewrapped the interferograms of the
Wenchuan case obtained from the results of the original, the az-
imuth offset-based method, RSS method, weighted least squares
method, and our method. The rewrapped interferograms are
shown in Fig. 6(a)—(e), respectively. Comparing the results in
Fig. 6(a) with the results in Fig. 6(b)—(e), we found that the
ionospheric streaks have been effectively removed, and the
coseismic deformation field was recovered after ionospheric
correction with the four methods mentioned earlier. However,
after the correction and implementation of the azimuth offset-
based method, there are still significant streaks along the azimuth
direction, and only a complete phase circle was recovered [see
Fig. 6(b)]. It may be mainly due to the corrected interferogram
contained the integral constant errors and residual orbital errors.
In contrast, the RSS method has recovered three complete phase
circles, but azimuth streak still presents in the region between
3000th and 4500th in Fig. 6(c), and some patchy phases present
in the region between 3500th and 5600th in Fig. 6(c). These two
types of errors are likely caused by uncompensated orbit and
small-scale ionospheric variations.

Moreover, although the weighted least squares method can
give play to the advantages of the azimuth offset-based and RSS
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methods to some extent, the result is not ideal because of the
inaccurate weights [see Fig. 6(d)]. After ionospheric correction
using the proposed method, the patchy phases present in the
region between 3500th and 5600th in Fig. 6(c) were removed,
and three complete phase circles were recovered simultaneously
[see Fig. 6(e)]. However, the azimuth fringe that appears in
Fig. 6(c) still exists in Fig. 6(e), which is mainly residual orbital
errors.

For the Chile case, the azimuth offset-based and RSS meth-
ods’ correction results are basically the same. However, there
are still some differences in local areas, especially the interfero-
grams’ edges and the areas connected to the ocean [see Fig. 4(c)
and (e)]. The results have been greatly improved by using the
proposed method [see Fig. 4(g)]. Nevertheless, there are still
some uncertain errors, which we suspect may be mainly the
tropospheric and residual orbital errors.

To better compare the phase changes along the azimuth di-
rection of the corrected results obtained from the four different
methods, we extracted three profile lines (i.e., column 300th,
500th, and 700th) from the original and corrected interferograms
in the Wenchuan case, and the results are shown in Fig. 7(a)—(c),
respectively. Results show that interferometric phases of the
three profile lines are more flattened in the far-field. It also
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reveals that the phase standard deviations decreased significantly
after ionospheric correction with the four correction methods.
The corrected results after ionospheric correction with the az-
imuth offset-based method (green lines) are considerably lower
than the other results from the phase’s absolute value. This
is likely to say that the estimated integral constants were still
mixed with other nonionospheric terms and removed from the
interferometric phases as a part of the ionospheric phase screen.
Moreover, the standard deviations of the weighted least
squares method (orange lines) are markedly lower than that of
other methods. This is because we assigned equal weights to
the azimuth offset-based and RSS methods, which generally
made the interferometric phases smoother and increased the
local errors due to the unreasonable weights. In fact, after
ionospheric correction with the RSS method (gray lines), the
deformation field is consistent with that published in [40], which
verified to be close to GPS observations. Nevertheless, the
residual orbital errors and small-scale ionospheric disturbances
still exist [e.g., in the region between 3500th and 5600th in
Fig. 6(c)]. Our method results are relatively close to those
of the RSS method, but the former’s standard deviations are
significantly lower than that of the latter. This is because the
H-VCE algorithm can accurately weigh the azimuth offset-based
and RSS methods. This proposed method can simultaneously
compensate for the small-scale ionospheric disturbances and
remove the long-wavelength ionospheric errors. Unfortunately,
after ionospheric correction with the RSS method, the weighted
least squares method, and the proposed method, although the
corrected interferometric phases changed more flattened in the
far-field, there are still relatively stable phase deviations between
the corrected interferometric phases and zero, which may be
mainly caused by the nonionospheric phase terms, such as
residual orbital errors and coregistered offset ramp [20].

C. Comparison to GPS Measurement

To quantitatively evaluate the accuracy and reliability of the
proposed method, we used the 3-D (east, north, and up) displace-
ments before and after the Wenchuan earthquake measured by 39
available GPS sites [see the blue triangles in Fig. 2(a)] given in
Wang et al. as the truth ground displacements [41]. To facilitate
a comparison of the displacements between GPS and InSAR, we
projected the GPS displacements into the InSAR LOS direction
based on the geometry of SAR observations. The comparison
between GPS-derived and InNSAR LOS displacements is shown
in Fig. 8. The comparative results of the original interferogram,
interferogram after ionospheric correction with the azimuth
offset-based method, interferogram after ionospheric correction
with the RSS method, interferogram after ionospheric correction
with the weighted least squares method, and interferogram after
ionospheric correction with the integrated method are presented
in Fig. 8(a)—(e), respectively. As shown in Fig. 8(a), the root-
mean-squared error (RMSE) between the GPS and the origi-
nal InSAR LOS displacements is 28.39 cm. After ionospheric
correction with the azimuth offset-based method, RSS method
weighted least squares method, and the proposed method, the
RMSEs decreased to 12.23, 19.68, 13.07, and 16.94 cm, re-
spectively, which indicate that the four methods can effectively
alleviate ionospheric artifacts. However, there is a relatively
fixed deviation between the results corrected by the RSS method
and the GPS measurements, which leads to a similar situation
for the weighted least squares method and the proposed method
due to the weighting process. This is consistent with the results
shown in Fig. 7, which has been interpreted to be caused by
the nonionospheric phase terms. The accuracy of the azimuth
offset-based method is the highest due to part of nonionospheric
phases averaged into the integral constant and corrected as the
ionospheric phase.
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We used the quadratic polynomial to fit the residual errors and
subtract them from the original interferometric phases and the
interferometric phases after ionospheric correction to verify this
interpretation. The corresponding results are shown in Fig. 8(f)—
(j), respectively. After the residual error correction, we found
that the fixed deviations described earlier have been significantly
mitigated, where the RMSEs of the RSS method, weighted least
squares method, and the integrated method decreased to 7.97,
7.95, and 7.70 cm, respectively. These, on the one hand, prove
our previous suspicions to be correct, and on the other hand,
demonstrate the proposed method’s effectiveness. Moreover,
after the correction for the residual errors with the quadratic
polynomial, the most significant drop of RMSE is the original
interferogram. In comparison, the smallest drop of RMSE is
the interferogram with ionospheric correction when we used the
azimuth offset-based method. Comparing the RMSEs before and
after the quadratic polynomial correction shows the necessity
of the residual error correction. It also proves that the integral
constant mixed with the nonionospheric component to some
extent. Furthermore, after the two corrections, there are still
some differences between the InSAR and GPS displacements,
mainly due to the different temporal coverage between GPS and
InSAR data.

V. CONCLUSION

We presented an integrated method that combines the iono-
spheric measurements obtained from the azimuth offset-based
method and the RSS method based on the H-VCE algorithm to
improve the ionospheric phase correction accuracy for InSAR.
The ALOS-1 PALSAR images acquired along track 471, cov-
ering the 2008 Wenchuan (Mw 7.9) earthquake and along-track
103, covering the north of Chile with no significant deformation,
were used to test the integrated method. The two tested results
show that the integrated method can be effectively used to
correct the long-wavelength ionospheric component and local
scale ionospheric disturbances. The Wenchuan case proved the
integrated method could successfully recover the deformation
fringes near the fault without apparent cumulative error.

The proposed method provides a new idea for combining
different ionospheric correction methods. Our proposed method
is effective in correcting in correcting both long-wavelength
ionospheric components and local ionospheric disturbances.
However, phase ramps in the MAI interferogram due to the
baseline difference between forward- and backward-looking
interferograms may still retain. Further corrections are thus
needed to eliminate these errors. Moreover, our method is only
a weighted method among different data groups, which has no
practical physical meaning. Therefore, the proposed method still
has some shortcomings. Therefore, we suggest developing a new
method for InSAR ionospheric correction in future studies.
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