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Abstract 

Knowledge of the spatial distribution of interseismic deformations is essential to better understand earthquake cycles. 
The existing methods for improving the reliability of the obtained deformations often rely on visual inspection and 
prior model corrections that are time-consuming, labor-intensive, and do not consider the spatial distribution of 
interseismic deformations. Interferometric Synthetic Aperture Radar (InSAR) data provides wide-scale coverage for 
interseismic deformation monitoring over a wide area. However, the interseismic signal featured as millimeter-scale 
and long-wave deformations is often contaminated with noise. In the present study, a new workflow to correct the 
interferometric phase and quantitatively select interferograms is proposed to improve the accuracy of interseismic 
deformation measurements. Initially, the Generic Atmospheric Correction Online Service (GACOS), Intermittent Code 
for Atmospheric Noise Depression through Iterative Stacking (I-CANDIS), and plate model are combined to correct the 
atmospheric screen and long-wave ramp phase. Subsequently, the Pearson’s Correlation Coefficient (PCC) between 
the interferometric phase and the Global Navigation Satellite System (GNSS) constrained interseismic model as well as 
the STandard Deviation (STD) of the interferometric phase are introduced as criteria to optimize the selection of inter-
ferograms. Finally, the intermittent stacking method is used to generate an average velocity map. A comprehensive 
test using Sentinel-1 images covering the Haiyuan Fault Zone validate the effectiveness of our workflow in measuring 
interseismic deformations. This demonstrates that the proposed joint InSAR-GNSS workflow can be extended to study 
the subtle interseismic deformations of major fault systems in Tibet and worldwide.

Keywords  Interferometric synthetic aperture radar, GNSS, Joint workflow, Interseismic deformation, Haiyuan fault 
zone

Introduction
Monitoring interseismic deformations in active fault 
zones is necessary to understand continental deforma-
tions, earthquake cycles, and seismic hazards (Franklin 
& Huang, 2022; Kaneko et  al., 2013). Since the 1990s, 
Interferometric Synthetic Aperture Radar (InSAR) has 
been widely used to measure interseismic deforma-
tions because of its merits of independence of time and 
weather, a high spatial resolution, and wide coverage 
(Sun et  al., 2021; Taylor & Peltzer, 2006; Wright et  al., 
2001). Compared with other tectonic deformation types, 
the interseismic deformations occur in a wide area of 
hundreds or thousands of kilometers and are often 
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contaminated with long-wave signals, such as orbit and 
plate motion (Stephenson et  al., 2022) and atmospheric 
phase delay (Zebker et al., 1997), resulting in low Signal-
to-Noise Ratio (SNR) and the challenge to resolve. Sev-
eral interseismic deformation monitoring methods have 
been proposed to overcome this issue and can be classi-
fied into the velocity-based and phase-based.

The velocity-based methods that use prior models (Li 
et al., 2022b; Qiao et al., 2022) or Global Navigation Sat-
ellite System (GNSS) observations (Li et  al., 2021; Wei 
et  al., 2010) can be used to correct interseismic InSAR 
observations. However, the effect of a prior model for 
correcting velocity field depends more on the model 
itself. A simple elastic model can generate imperfect cor-
rections due to its inability to describe the actual scene 
(e.g., tectonic movement of the secondary buried fault or 
uneven deformation inside the non-rigid block (Li et al., 
2015)); GNSS-based corrections can lead to the long-
wavelength component mainly from GNSS observations 
rather than InSAR data, and this method is not applicable 
when the GNSS sites are sparse.

The phase-based methods, compared with the velocity-
based methods, directly correct the interferograms, fol-
lowed by a threshold selection procedure. Such methods 
can explore more details of time series deformation and 
are suitable for the regions with short wavelength tec-
tonic deformations (e.g., fault creep). For example, Cav-
alié et al. (2008) used a joint inversion model to estimate 
atmospheric and orbital parameters in the interferomet-
ric phase and visually determined the base value of the 
interferogram structure function as the proxy of the 
SNR for interferogram selection. Jolivet et  al. (2012) fil-
tered the stack of interferograms using both the resolu-
tion threshold of the interferogram and base value of the 
structure function. A time series analysis based on the 
screened interferograms revealed the triggering rela-
tionship between creep acceleration and small regional 
earthquakes (Jolivet et  al., 2013). Because the result-
ant interferograms with the aforementioned methods 
are mostly generated from winter acquisitions (Doin 
et  al., 2009), some studies directly used the winter Syn-
thetic Aperture Radar (SAR) images for interferometry 
and selected high-quality scenes by visual inspection 
(Huang et  al., 2022; Li & Bürgmann, 2021). However, 
the joint inversion models for phase correction require a 
prior fault slip rate. The linear slope term for the orbital 
phase likely to contains the interseismic deformations 
that may underestimates the interseismic velocity. In 
interferogram selection, the manual selection of winter 
acquisitions is limited by data processing experience. 
Additionally, the data gap in summer limits the analysis 
of the long time series. The structural function obtained 
from the non-deformation zone does not consider the 

spatial distribution of the interseismic deformations, 
thereby affecting interferogram selection.

To address the abovementioned shortcomings, we pro-
pose a novel method for phase correction by integrat-
ing the Generic Atmospheric Correction Online Service 
(GACOS), Intermittent Code for Atmospheric Noise 
Depression through Iterative Stacking (I-CANDIS), and 
plate model. The proposed workflow considers the inter-
mittent characteristics of the conventional CANDIS 
method to improve the point density and correct the 
atmospheric phase. We also introduce the plate model to 
correct the long-wave phase and avoid the aliasing prob-
lem of polynomial fitting correction. Meanwhile, two 
quantitative indicators, the Pearson’s Correlation Coef-
ficient (PCC) between the interferometric phase and 
GNSS-constrained interseismic model, and the STand-
ard Deviation (STD) of the interferometric phase are 
introduced to select high-quality interferograms by con-
sidering the spatial distribution of the interseismic defor-
mations and residual noise level. We verify the proposed 
method in the Haiyuan Fault Zone on the northeastern 
margin of the Qinghai–Tibet Plateau with the Sentinel-1 
and GNSS data.

Methods
Overview of the general workflow
The workflow diagram provided in Fig.  1 illustrates the 
proposed process chain. It contains the following three 
parts: (1) thematic phase corrections of the atmospheric 
delay and plate motion phase using external meteorologi-
cal data and a physical function model; (2) interferogram 
selection using the interseismic model from external 
GNSS data, wherein two thresholds are used to quantify 
the SNR of the observations; and (3) the average velocity 
estimation from the intermittent stacking of optimized 
interferograms. The details of each step will be described 
in “Thematic phase correction” and “Perturbational 
phase correction” sections.

Thematic phase correction
The interseismic interferometric phase �ϕ measured by 
InSAR contains multiple terms:

where ϕdef is the expected interseismic deformation, 
ϕorb is the residual orbital phase, ϕtopo is the residual ter-
rain phase, ϕnoise is the noise, and ϕturb and ϕtrop are the 
atmospheric turbulence and terrain-related atmospheric 
phase, respectively. The terrain-related atmospheric 
phase is season-dependent over steep terrain (Sam-
sonov et  al., 2014), but the turbulent atmospheric delay 
and orbital phase are random in the time domain. ϕplate 

(1)
�ϕ = ϕdef + ϕtopo + ϕorb + ϕturb + ϕtrop ++ϕplate + ϕnoise
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denotes the phase contributed by plate motions. The 
long-wavelength phase generated by plate motions will 
impact the retrieval, modeling, and verification of inter-
seismic deformation that should be estimated for a reli-
able interseismic velocity field (Stephenson et al., 2022).

Perturbational phase correction
We integrate an improved CANDIS method and GACOS 
(Yu et  al., 2018) for perturbational phase ( ϕorb , ϕturb , 
ϕtrop , ϕnoise ) corrections, as the CANDIS method cannot 
explain the seasonal tropospheric atmospheric signal well 
(LI et al., 2022a) and GACOS performed well for tropo-
spheric phase delay reduction (Wang et al., 2021).

Therefore, we first use GACOS mainly for seasonal 
tropospheric atmospheric delay correction. GACOS is a 
zenith atmospheric delay product mainly derived from 
the atmospheric numerical model and digital elevation 
model developed by the European Center for Medium-
Range Weather Forecasts using the tropospheric itera-
tive decomposition method. For each interferogram, the 
GACOS zenith atmospheric delay product is used to esti-
mate the seasonal tropospheric phase using the differen-
tial and projection operations.

Then, we propose the I-CANDIS method, based on 
conventional CANDIS for phase correction, to increase 
the point density in the inhomogeneous coherent region. 
The phase �ϕ of each interferogram can be modeled as 
follows:

where �τi,j is the deformation phase between the acquisi-
tion time i and j (stable in time), α is the perturbational 
phase in each SAR image (turbulent in time), and ε rep-
resents other noises. Assuming that α-related errors are 
randomly distributed over time, they can be estimated 
and removed by the method of common point stacking, 
as follows:

where N is the number of SAR images. It can be seen 
from Eqs. (3) that when the interferometric pixel used 
for stacking has non-uniform coherence, the phase 
estimation of the pixel will fail, thus reducing the spa-
tial resolution of the estimated phase. To solve this 
problem, we adopted the intermittent coherence 
method for phase estimation. Before common stack-
ing, we further divided all interferometric pixel pairs 
{
�ϕi,i−j , �ϕi+j,i

∣
∣j = 1 ∼ N , j �= i

}
 used for phase estima-

tion. If a certain pixel pair is incoherent, this pair of pix-
els do not participate in the common stacking. Therefore, 
each pixel may have a different stacking equation, and 
we can set a specific threshold for the number of coher-
ent pixel pairs to estimate the perturbational phase with 
different distributions. The magnitude of the quantity 
threshold affects the sampling density of point estimation 

(2)�ϕi,j = �τi,j + αj − αi + εij

(3)αi =
1
2N

(
N∑

j=1,j �=i

(
�ϕi,i−j −�ϕi+j,i + αj

)

)
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Fig. 1  Flow chart of the proposed method
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and the accuracy of phase estimation. The I-CANDIS 
method can be represented as:

where k is the number of incoherent pixel pairs in the 
interferogram stack. This method can effectively increase 
the number of estimated perturbational phase pixels and 
improve their distribution, which significantly improves 
the capability of examining vegetated areas and the areas 
with inhomogeneous coherence in time.

Although the random perturbational phase can be 
estimated more accurately for a common scene through 
increasing scene numbers, a larger scene stack applies 
an additional linear constraint to the deformation. To 
avoid strong temporal-linear constraints, this method 
uses short-time baseline interferograms to estimate the 
perturbational phase of each scene. Because the phase 
estimation cannot be well-resolved at both ends of the 
stack, we discard the first and the last three, and other 
unresolvable acquisitions. Based on the remaining acqui-
sitions, a long-time baseline stack is constructed, and the 
estimated random delays are applied to the long-time 
baseline interferograms for further interseismic velocity 
estimation.

Plate motion correction
In addition to tectonic deformation, the contribution of 
plate motion in the interferometric phase is corrected 
by the GACOS + I-CANDIS flow. The phase caused by 
plate motion represents the long-wave ground slope in 
the interferogram. This is the projection of the bulk plate 
motion in the satellite reference frame in the Line Of 
Sight (LOS) direction. The plate motion velocity Vp of Xp 
at any position on the plate can be derived from the Euler 
order � ( Vp = �× Xp ), that can be determined from the 
GNSS sites distant from the plate boundary. Therefore, 
the proposed method derives the bulk plate motion with 
the plate model (Altamimi et al., 2017) and projects it in 
LOS direction according to the satellite imaging geom-
etry. Moreover, because an external independent physi-
cal model is used, the long-wave correction for the plate 
motion will not affect the interseismic deformation.

Interferogram selection based on an interseismic fault 
model
Interferograms should be selected after atmospheric and 
plate model corrections for an improved interseismic 
deformation result. In this study, the Pearson’s Correla-
tion Coefficient (PCC) (Cohen et al., 2009) between the 

(4)
αi =

1
2(N−k)

�
��

�ϕi,i−j −�ϕi+j,i + αj
�
�


j = {m, . . .}
� �� �

N−k

, j �= i





interferogram and interseismic model and the STandard 
Deviation (STD) of the interferogram are used to select 

interferograms. The PCC can be expressed as:

where ϕm,n and φm,n represent the interferometric phase 
and model phase in row m and column n , respectively. ϕ̄ , 
and φ̄ represent their mean values. Accordingly, the STD 
of each interferogram can be expressed as:

First, the interseismic model is obtained using the 
bayesian inversion method (Bagnardi & Hooper, 2018) 
based on fault geometry and GNSS observations. By set-
ting the PCC threshold, the interferogram that is corre-
lated with the interseismic model is selected to ensure 
a significant deformation gradient. Secondly, to select 
the interferogram with a low noise level, the STD of the 
interseismic deformation model (i.e., the product of the 
interseismic velocity model and the maximum tempo-
ral baseline of the interferogram) is another selecting 
criteria. To retain more interferograms with a high SNR 
and ensure the stability of the interferogram network, 
if the proportion of the selected interferograms smaller 
than 60%, approximately 60% of the corrected interfero-
grams are retained based on the order of the interfero-
gram standard deviation. As the STD changes based on 
both the tectonic signal and spatial noise, a lower STD 
indicates a lower spatial noise, and the remaining phase 
change is mainly caused by the deformation gradient. 
The interferogram selected based on the conditions of 
the PCC and STD can suppress the spatial noise and con-
sider the interseismic deformation gradient signal inside 
the interferogram. Finally, intermittent stacking (Sowter 
et  al., 2013) is used to generate an average interseismic 
deformation velocity field.

Application in the Haiyuan fault zone
Study area and data
The Haiyuan Fault Zone—an active and large left-lat-
eral fault zone on the northeastern margin of the Qing-
hai-Tibet Plateau (Li et  al., 2009; Qiu & Sun, 2023)—is 
selected as the study area. The past century witnessed 
destructive earthquakes with magnitudes > Mw 8 (Fig. 2). 

(5)RPCC =

∑

m

∑

n (ϕm,n−ϕ)(φm,n−φ)
√
(
∑

m

∑

n (ϕm,n−ϕ)
2
)(

∑

m

∑

n (φm,n−φ)
2
)

(6)SSTD =

√
∑

m

∑

n (ϕm,n−ϕ)
2

m·n
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Between the rupture area of the 1920 Mw 8.5 earthquake 
and the 1927 Mw 8 earthquake, a 260  km seismic gap 
exists in the western section of the Laohushan Segment, 
indicating a high potential seismic hazard (Gaudemer 
et al., 1995). Therefore, determining the current interseis-
mic deformation and evaluating the strain distribution of 
the Haiyuan Fault Zone is important.

Sentinel-1 data acquired between Mar 19, 2015 and 
Nov 30, 2021, are used to construct both long-time 
(Group A) and short-time (Group B) baseline interfero-
grams to monitor deformations and estimate the per-
turbational phases. The spatiotemporal baselines are 
Group A ( Bp < 90 m, 400 d < BT < 500 d ) and Group B 
( Bp < 200 m,BT < 120 d ). Bp is the spatial perpendicular 
baseline, BT is the temporal baseline.

An interseismic deformation model is constructed 
based on regional geological structures. Two geologi-
cal traces of the active fault zone are used: Haiyuan and 
Gulang Fault zones. To avoid the boundary effect (Xu 

et al., 2018), the width and length of the fault are set as 
3000  km and 500  km, respectively. We set the lock-
ing depths of 20  km and 18  km for the Haiyuan and 
Gulang faults, respectively, according to the cut-off 
depth (96%) of the microseismic activity (Fig.  3). Since 
the study area is in the Eurasian plate, the Euler point 
w = [−0.085,−0.531, 0.770] is used to derive the plate 
velocity field. Additionally, we use 23 GNSS sites in the 
study area from the Crustal Movement Observation 
Network of China. The coseismic and postseismic defor-
mations are removed from the secular velocity solution 
(Wang & Shen, 2020).

Data processing
InSAR data processing and correction
The differential interference module in GAMMA soft-
ware (Wegmüller & Werner, 1997) is used to gener-
ate interferograms. The terrain phase is simulated and 
eliminated using the 1 arc-sec Shuttle Radar Topography 
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Mission digital elevation model (Farr et al., 2007). More-
over, a 30 × 7 spatial multi-look operator (range × azi-
muth) is used to improve the computational efficiency 
and suppress the phase noise. Classical Goldstein filter-
ing (Goldstein & Werner, 1998) is used to filter the multi-
look interferogram, and phase unwrapping is performed 
based on the minimum-cost flow method.

To illustrate the advantages of I-CANDIS and the com-
bined GACOS correction, we set the threshold of coher-
ent pixel pairs to 1, and as shown in Fig. 4a, b, compared 
with CANDIS, I-CANDIS significantly increases the 
spatial sampling of the estimated phase. The mean spa-
tial sampling of the atmospheric phase estimated by the 
I-CANDIS method is 28% higher than that estimated by 
CANDIS. Moreover, the mean STD of the I-CANDIS 
correction for Group B interferograms corrected by 
GACOS is lower than that of the I-CANDIS correction 
without GACOS (Fig.  4c). Since the mean STD of the 
interferogram changed slightly (< 0.03 rad) after two iter-
ations, we chose two rounds of I-CANDIS corrections.

As illustrated in Fig.  5, the proposed thematic phase 
correction method significantly improves the SNR of the 
interference phase in Group A. Approximately 91% of the 
interferograms showed a decrease in STD, with a mean 

reduction in STD of 30% after GACOS corrections. The 
combined GACOS + I-CANDIS phase correction results 
show that nearly all interferograms exhibit reduction, and 
the mean STD reduction rate increased roughly twofold, 
reaching 62%. Moreover, the plate model correction pro-
vides a further improvement of approximately 5%, avoid-
ing the problem of interseismic deformation absorbed by 
polynomial fitting. The PCC between the corrected inter-
ferogram and the interseismic model obtained by poly-
nomial fitting is 0.03 (Fig. 6i), while that of the corrected 
interferogram after plate motion correction reaches 0.49 
(Fig. 6g).

Interferogram selection and velocity field estimation
By setting the PCC to 0.45, 44% of the interferograms are 
retained from the original stack (Fig.  7a). The rejected 
interferograms typically show significant residual ramps 
or invisible deformation gradients across the fault zone 
(Fig. 7b, c). The first and second interferograms (Fig. 7b) 
are rejected because the threshold for neither the corre-
lation nor the STD is met. Therefore, the interferograms 
contain only large atmospheric residuals without any 
deformation signals. Furthermore, the third and fourth 
interferograms (Fig.  7b) are rejected because they do 
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not meet the STD threshold. These interferograms show 
the deformation gradients across the fault. However, the 
influence of the unwrap error or long-wave atmosphere is 
significant, leading to a bias in the target deformation sig-
nals. Similarly, the fifth and sixth interferograms (Fig. 7b) 
are discarded because the interseismic model and obser-
vation data are weakly correlated due to the dominant 
atmospheric residues of local turbulence and long-wave 
artifacts. Finally, the number of intermittent coherent 
pixels is set to 100 for the generation of a velocity field 
with the intermittent stacking method.

Results and discussion
The interseismic deformation estimated with the pro-
posed method shows a significant gradient change across 
the Haiyuan Fault (Fig.  8). The cross-fault variation in 
the deformation field is consistent with the left-lateral 
strike-slip of the Haiyuan Fault. The narrow velocity dis-
continuity near the Laohushan Fault indicates a continu-
ous shallow creep. The profile PP

′

 (Fig. 8b) also shows a 
signal superposition of the interseismic tectonic motion 
and a shallow creep. Using a simple elastic dislocation 
model (Segall, 2010), the slip rate of the Laohushan Fault 
Zone is approximately 4.4  mm/a and the creep rate is 
approximately 2.8 mm/a, indicating that the shallow part 

of the Laohushan Fault Zone has a slip deficit. Moreover, 
the slip rate of the Gulang Fault Zone is approximately 
3.4  mm/a. The inversion results are consistent with the 
previous studies within the uncertainty range (Liu et al., 
2018; Zhang et  al., 2019), which confirms the reliability 
of our deformation field. Some local subsidence signals 
(e.g., north of the Gulang Fault Zone) may be associated 
with mining, groundwater extraction, and other human 
activities.

To further evaluate the effectiveness of the proposed 
method and the accuracy of the velocity field, we com-
pare the velocity fields obtained using the uncorrected 
stacking method, the corrected stacking method, and 
the network correction method from Cavalié et  al. 
(2008) (Fig.  9a–c) with our proposed method (Fig.  9d). 
The uncorrected stacking result is notably disturbed 
by the strong atmospheric phase, and the interseismic 
strain accumulation across the fault is superimposed 
by these problematic terms leading to the largest STD 
of 2.9  mm/a and the lowest PCC of 0.42 (Fig.  9a). The 
corrected stacking result shows the improvements in 
STD and PCC, and interseismic deformation is retained 
(Fig.  9b). This indicates that the phase-correct method 
can effectively restore the deformations and suppress 
the regional atmospheric disturbances. However, the 
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long-wave disturbances still exist in the corrected veloc-
ity field (Fig. 9b). The network-based correction method 
cannot suppress the topography-related atmosphere 
(Fig. 9c), which leads to a low PCC to the model predic-
tion and significant velocity fluctuation along the fault. 
The results obtained using the proposed method (Fig. 9d) 
show it can effectively suppress the remaining long-wave 
phase and regional erroneous phases. Quantitatively, the 
velocity field obtained from the stacked network method 
has a large Root Mean Square Error (RMSE) value for the 
difference of GNSS horizontal observations of 1.7 mm/a 
(Fig.  9e). Our method can decrease the RMSE with all 
interferograms to 0.9  mm/a, and the proposed inter-
ferogram selection can further decrease the residual to 
0.6 mm/a. The QQ

′

 profile also shows that the fluctuation 
along the fault strike is further suppressed from 2.3 to 
0.25 mm/a over a distance of 100 km (Fig. 9f ).

In addition, we compare the proposed interferogram 
selection method with the energy noise based method 

(referred to selection method (1) (Cavalié et  al., 2008) 
and the energy noise and resolution combined method 
(referred to select method (2) (Jolivet et  al., 2012). We 
setup the criteria for interferogram selection method 
according to the above studies. For selection method 
1: we chose S(30)/BT > 2 rad for each interferogram, 
where S(30) represents the spatially correlated noise level 
of interferograms within 30 km. For selection method 2: 
we chose S(30) < 1 rad and the resolution threshold to 
be less than 0.75 for each SAR acquisition. The estimated 
interseismic velocity maps using these two methods are 
basically the same, with only slight differences in the 
slope along the fault, and our method outperforms these 
two methods with 5% and 30% of increase in correlation 
coefficient and consistency with GNSS.

In interferogram selection, micro-seismic depth is 
selected to determine the locking depth of the fault and 
forward inverse of the interseismic model. This meth-
odology has the following two advantages. One is sparse 
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GNSS observations can not capture the continuous 
deformations near the fault, making it difficult to con-
strain the locking depth. The other is the interseismic 
model can be estimated according to the microseismic 
distribution and geological slip rate, which are more flex-
ible and can easily be extended to other locations.

Owing to the advantages of the proposed phase cor-
rection method, only few interferograms are remark-
ably affected by atmospheric changes in the corrected 
interferogram. When the number of interferograms is 
large, their selection does not significantly influence 
the derived average deformation rate field. However, 
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interferogram selection uses fewer interferogram sets 
and results in better average deformation velocity field 
results compared to that all interferogram superposi-
tion methods are used together, thereby improving the 
computational efficiency and SNR of the deformation 
field.

Conclusions
In this study, an InSAR interseismic deformation moni-
toring method is proposed based on the framework 
flow of phase correction and interferogram selection. It 
has the following advantages: (1) GACOS and CANDIS 
can be integrated to effectively correct the phase when 
considering the different spatiotemporal characteristics 
of seasonal stratified tropospheric delays and turbu-
lent atmosphere. The I-CANDIS is proposed to replace 
CANDIS to further increase the sampling density of the 
estimated perturbational phase; (2) A plate model can 
be applied to decrease the residual long-wave signal in 
the interferograms, which avoids the problem of inter-
seismic deformation absorbed by polynomial fitting; 
(3) The interseismic deformation model (i.e., PCC and 
STD) can be used to optimize the interferogram selec-
tion and reduce the computational costs.

Furthermore, the evaluation of the method is con-
ducted in the Haiyuan Fault Zone using the Sentinel-1 
data. The results show that the estimated interseismic 
deformation field can describe the deformation char-
acteristics of the slow gradient across the fault zone. 
Several experiments, including the fault kinematic 
parameters of inversion, a comparison with GNSS 
velocity fields, the slope estimation sampled along the 
fault, and a comparison with existing correction meth-
ods, demonstrates the good performance and effective-
nessof the proposed method.
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