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 Abstract— Geodetic analysis of postseismic responses to major 
earthquakes offers insight into potential subsequent seismic 
activities and aseismic strain release. Interferometric Synthetic 
Aperture Radar (InSAR) provides a particularly high-resolution 
imaging capability for such transient events, particularly in 
regions without dense Global Navigation Satellite Systems (GNSS) 
networks. However, InSAR suffers from decorrelation errors and 
atmospheric noise, which can distort the interpretation of 
deformation patterns. To take a step towards addressing these 
challenges, this study introduces an advanced InSAR processing 
workflow and applies it to Sentinel-1 observations of postseismic 
deformation following the 2021 Haiti earthquake. We address 
decorrelation errors by employing phase linking through the Fine 
Resolution InSAR with Generalized Eigenvectors (FRInGE) 
method. We compare three methods for mitigating atmospheric 
effects, including a grouped Independent Component Analysis 
(ICA) method, and find that ICA performs best in removing 
atmosphere. Without applying these methods most of the signal is 
lost or hidden in the noise; after processing transient postseismic 
deformation, likely related to shallow fault creep, can be observed 
over ~3 months following the earthquake on the eastern EPGFZ. 
We compare the estimated cumulative slip to that obtained from 
ALOS-2 observations and find a good match, with ~3 cm of 
differential displacement on either side of the EPGFZ east of the 
rupture area. Our workflow provides a method for more precise 
characterization of localized transient deformation signals using 
C-band InSAR. 
 
Index Terms—InSAR, Atmospheric correction, Decorrelation, 
Postseismic, transient deformation, Phase linking, ICA 

I. INTRODUCTION 
n the realm of geophysical research, Interferometric 
Synthetic Aperture Radar (InSAR) has been recognized 
for its precision in monitoring Earth's surface 

deformation. Its ability to detect mm- to cm-scale deformations 
over large areas provides unparalleled insights into tectonic 
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activities. Yet, when applied to regions with mountainous 
landscapes and dense vegetation, InSAR encounters specific 
challenges. Tropospheric and ionospheric delays are larger and 
more variable at low latitudes and tropical areas, which 
significantly affect the accuracy of InSAR measurements (e.g., 
Hanssen, 2001; Bekaert et al., 2020; Zebker, 2021). 
Decorrelation is particularly problematic with Sentinel-1 C-band 
data, especially in non-arid regions.  

Decorrelation of interferograms occurs when the scattering 
properties of a pixel changes between acquisitions. This occurs, 
for some examples, as a result of vegetation growth, snow cover 
in one image but not the other, or as a result of the ground 
breaking in a landslide or earthquake. In tropical locations like 
Haiti, decorrelation is very problematic with shorter 
wavelength sensors like Sentinel-1 (C-band, ~5 cm) due to a 
combination of factors including a lack of permanent 
infrastructure, rapid vegetation growth, and erosion during 
heavy rain events. As a result, C-band interferograms with a 
temporal baseline of more than a few weeks often completely 
decorrelate (Supp. Fig. S1). Bekaert et al. (2020), although not 
working in a tropical area, developed an InSAR-based method 
for mapping and monitoring slow-moving landslides in Nepal. 
They highlighted challenges posed by precipitation and 
vegetation that contributed to decorrelation noise in their study. 
Persistent scatterer (PS) pixel methods can be applied in cases 
where there are pixels containing strong, stable reflectors like 
buildings and bare rock (Ferretti et al., 2000, 2001; Colesanti et 
al., 2003; Hooper et al., 2004, 2007; Shanker and Zebker, 2007; 
Zebker et al., 2007), but in the case of Haiti, few stable pixels 
are available because of dense vegetation and little 
infrastructure. New methods have recently been developed that 
utilize statistical filtering of both PS pixels and distributed 
scatterer (DS) pixels in order to overcome decorrelation (e.g., 
Ferretti et al., 2011, Cao et al., 2016; Ansari et al., 2018; Even 
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& Schulz, 2018). The Fine Resolution InSAR with Generalized 
Eigenvectors (FRInGE) algorithm is an open-source software 
package that provides PS+DS processing and has been shown 
to drastically reduce decorrelation and increase the number of 
useable data compared to normal time-series processing 
methods, even in highly vegetated areas (Dutta & Maurer, 
2024). The key feature of FRInGE is its ability to leverage the 
interferometric covariance matrix for each DS and its 
surrounding neighborhood of statistically-similar pixels, as 
well as the phase history of each PS (Fattahi et al., 2019). By 
using a statistical phase estimation technique to identify and 
average similar pixels, FRInGE processing produces many 
more high-quality pixels than either PS or DS processing by 
themselves.  

Numerous studies have looked at the best ways to reduce 
tropospheric noise (Hooper et al., 2012; Bekaert et al., 2015; 
Murray et al., 2019; Yu et al., 2017; Yu et al., 2018a; Yu et al., 
2018b; Cao et al., 2021; Jolivet et al., 2011; Hooper et al., 2012; 
Bekaert et al., 2015b). Several software packages and online 
services, including the Raytracing Atmospheric Delay 
Estimator for Radar (RAiDER) package and the Generic 
Atmospheric Correction Online Service (GACOS) service, 
leverage globally available Numerical weather prediction 
(NWP) model outputs to produce tropospheric predictions. 
NWP models are available from the European Centre for 
Medium-Range Weather Forecasts (ECMWF), NASA’s Global 
Modeling and Assimilation Office (GMAO), and NOAA’s 
High-resolution rapid-refresh (HRRR) model. These NWP 
models can be used to compute predicted tropospheric delays 
to correct InSAR observations, but the performance of such 
models is usually not good enough to provide highly accurate 
displacement estimates for low-magnitude, transient 
deformation without additional correction methods (Bekaert et 
al., 2015; Maubant et al., 2020). Few studies have been done 
using InSAR in tropical areas for transient deformation, but one 
such study conducted by Maubant et al. (2020) used 
Independent Component Analysis to remove tropospheric noise 
in InSAR time series covering the 2017–2018 slow slip event 
in Guerrero, Mexico. The ICA method fits within a broader 
category of corrections that have been tested for use with 
InSAR using artificial intelligence (AI) (Anantrasirichai et al., 
2018; Shamshiri et al., 2020; Rouet-Leduc et al., 2021). ICA 
worked well in that case to remove tropospheric noise, but two 
problems with that study were that most pixels in the deforming 
area were lost due to decorrelation, and there was no 
quantitative means of deciding which independent components 
were related to deformation, and which were related to 
troposphere. This ambiguity exists in all decomposition 
methods, and the only way to decide which subset of 
components to retain is to have an independent source of 
reliable displacements, such as a GNSS station, with which to 
compare. In Haiti we do not have such an independent source 
of information.  
 
A. The 2021 Haiti Earthquake 

The Enriquillo-Plaintain Garden fault zone (EPGFZ) is a major 

left-lateral strike-slip geological structure in southwestern Haiti. 
Historical records, corroborated by geologic data, reveal that the 
EPGFZ or nearby faults in the region have experienced large 
MW7+ earthquakes in 1701, 1751, and 1770 (Mann et al., 2002; 
Prentice et al., 2010; Flores et al., 2011; Martin & Hough, 2022; 
Hough et al., 2023). More recently, the MW7.0 2010 Leogane 
earthquake ruptured a blind thrust fault next to the EPGFZ 
(Calais et al., 2010, Hayes et al., 2010; DeRoches et al., 2011; 
Mercier de Lépinay et al., 2011; Symithe et al., 2013), and the 
MW7.2 Tiburon Peninsula event ruptured the EPGFZ or a nearby 
fault in 2021 (Calais et al., 2022; Maurer et al., 2022; Okuwaki 
& Fan, 2022). These events highlight the need to better 
understand the tectonic dynamics in the region and quantify 
seismic hazard on the rest of the EPGFZ, in particular in the 
seismic gap left between the 2010 and 2021 earthquakes. This 
unruptured segment of the fault includes the western end of the 
Lake Miragoâne step-over and was characterized by a lack of 
aftershocks and fault creep (Douilly et al., 2013; Douilly et al., 
2022; Yin et al., 2022; Fig. 1). These observations have spurred 
questions regarding the seismic hazard of the area and the 
tectonic processes responsible for the gap (e.g., Douilly et al., 
2013; U.S. Geological Survey (2021); Martin & Hough, 2022). 

B. Our approach 
In this study, we investigate postseismic slip on the EPGFZ 

in the seismic gap between the 2010 and 2021 earthquake 
ruptures. We utilize InSAR observations from Sentinel-1 to 
develop displacement time-series, using FRInGE to address 
decorrelation and atmospheric corrections to address 
tropospheric noise and assess which tropospheric correction 
method performs best. We compare cumulative displacements 
derived from the Sentinel-1 time-series analysis with two 
ALOS-2 interferograms that cover the whole postseismic time 
period in order to assess the reliability of the results. The 
analysis confirms the occurrence of transient deformation on 
the EPGFZ in the seismic gap region in the ~3 month period 
following the 2021 earthquake, with displacements suggestive 
of shallow fault creep amounting to ~MW5.3 magnitude 
equivalent.  

II. DATA AND METHODS 

A. InSAR Data 
 Our analysis incorporated surface displacements derived from 
ascending track 004 and descending track 142 of Sentinel-1, as 
well as ascending track 042 of ALOS-2. The spatial footprint of 
these tracks can be seen in Fig. 1. ALOS-2 has a wavelength of 
approximately 22 cm, while Sentinel-1 is approximately 5.6 cm. 
The Sentinel-1 descending data span from 2021-08-15to 2022-
01-30 (168 acquisitions total), and the ascending data from 
2021-08-19 to 2022-02-01 (166 acquisitions total). We used 3 
acquisitions available from ALOS-2 (2021-01-01, 2021-08-27, 
and 2021-12-31) in the high-resolution StripMap mode and all 
of these were in the ascending direction. We accessed Single-
look complex (SLC) data for Sentinel-1 from the Alaska 
Satellite Facility. ALOS-2 data was provided from JAXA 
through an individual research grant. 
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Fig. 1. Overview of satellite data used in this study. (a) Satellite frame footprints from Sentinel-1 and ALOS-2 are superimposed 
on a topographic map view. (b) Time span of each satellite track, color-coded by track: Orange for ALOS-2 data, green for 
descending Sentinel-1 tracks, and blue for ascending Sentinel-1 tracks. Note that the ALOS-2 bars represent the available 
interferograms, while the Sentinel-1 bars have many acquisitions available during the specified time periods.   
 

B. ALOS-2 Processing 
Number For the ALOS-2 dataset, processing is 

straightforward because there are only two interferograms and 
correlation is much better for the longer wavelength L-band 
data (~22 cm). The interferometric pair spanning from 2021-
01-01 to 2021-08-27 encompasses the August 2021 earthquake 
and, as such, predominantly captures the coseismic 
deformation, which masks the postseismic signal. To remove 
the coseismic signal from the ALOS-2 interferograms, we 
utilized the coseismic slip distribution from Maurer et al., 2022, 
by projecting the modelled surface deformations into the Line 
of Sight (LOS) of the observing satellite (Supp. Fig. S2). We 
did not remove a plane from the displacements because of the 
possibility of removing some component of the coseismic and 
postseismic signals.  

 

C. Sentinel-1 data processing 
To detail the Sentinel-1 data processing corrections used in 

our study, we present a workflow diagram in Fig. 2. This 
flowchart shows how the processing workflow we developed to 
address the two primary challenges we faced: signal 
decorrelation and tropospheric noise. The overall workflow 
includes four major steps. Initially, standard stack processing is 
performed, which includes co-registration and removal of 
topographic phase, using ISCE2. We acquired SLC images in 
the Terrain Observations with Progressive Scans in azimuth 
(TOPS) mode, with initial stack processing done using the 
InSAR Scientific Computing Environment (ISCE) v.2 
software, specifically the Sentinel-1 stack processor, 
“stackSentinel.py.” Step 2 is to use FRInGE, an open-source 
InSAR processing technique developed by Fattahi et al. (2019) 
to process PS+DS pixels, which significantly reduced signal 
decorrelation. The algorithm uses an eigenvalue decomposition 
of the full interferometric matrix of pairs (i.e., all possible 

interferometric pairs) in order to reconstruct the phase history 
of each pixel (Mirzaee et al., 2023; Dutta & Maurer, 2024). 
FRInGE produces wrapped phase time-series, which are then 
unwrapped using snaphu (Chen & Zebker, 2001; Chen & 
Zebker, 2002). Using traditional SBAS techniques in southern 
Haiti result in significant loss of coherence for temporal 
baselines >24 days, while the FRInGE method has been 
successfully applied in studies of highly vegetated areas and 
works well to retain many pixels (Samiei-Esfahany et al., 2016; 
Ansari et al., 2017). By applying phase linking through the 
FRInGE software, we are able to retain nearly all pixels in 
southern Haiti and mitigate the impact of decorrelation on our 
analysis. We use a reference pixel located on the fault trace to 
de-reference the time-series stack.  

 
Step 3 of the process is to remove tropospheric noise as much 

as possible. To do this, we tested three methods: 1) atmospheric 
phase screen (APS) estimation via common date stacking 
(Tymofyeyeva & Fialko, 2015), 2) APS estimation from NWP 
models using the RAiDER package (see Data and Resources), 
and 3) using Independent Component Analysis (ICA) to isolate 
the deformation component of the time-series (Ebmeier, 2016; 
Gaddes et al., 2018; Maubant et al., 2020; Gualandi & Liu, 
2021). Each of the methods is described in more detail in 
Section 2.3.2. The last step in our workflow is to calculate the 
cumulative displacement from the time series, which we do by 
fitting a logarithmic function to the time-series:  

   
log(t) = a	log(1 + (t − tq)/τ) + b																																												 (1) 

 
where t represents the time of observation, tq is the time of 

the earthquake, and a, b, and τ are the model parameters to be 
determined. τ in particular is the decay time constant.  

 

 



 
TGRS-2024-02369 
 

2 

 
 

Fig. 2. Workflow diagram detailing the Sentinel-1 data processing workflow employed in this study. The flowchart addresses two 
primary challenges: signal decorrelation, mitigated through phase linking using the FRInGE package, and atmospheric phase delay, 
tackled using three distinct methods: statistical-based correction (GMTSAR), RAiDER correction, and ICA analysis. 

D. Tropospheric Phase Delay Corrections 
Unlike the decorrelation problem, there is no standard or 

community-accepted single way of correcting for the 
troposphere. Tropospheric delays are often categorized into two 
separate processes, a “stratified” component, which is 
correlated with topography and generally long-wavelength, and 
a “turbulent” component, which is caused by small-scale 
variations in water vapor, temperature, and pressure. The 
turbulent component is particularly challenging to model and 
correct. As noted above, methods for correcting the troposphere 
generally fall into three classes, 1) those using auxiliary data, 
particularly global NWP models (e.g., Webley et al., 2002; 
Jolivet et al., 2014; Bekaert et al., 2015b; Cao et al., 2021), 2) 
those using statistical filtering or averaging techniques 
(Tymofyeyeva & Fialko, 2015; Kirui et al., 2022), and 3) 
decomposition methods that attempt to identify and extract 
deformation signals from the time-series (e.g., Maubant et al., 
2020; Gualandi & Liu, 2021). We test methods representing 
each of these classes of algorithms. 

 

E. Correction based on NWP 
NWP models such as the ECMWF-ERA5 model provide 

global weather model products that include predictions for 
pressure, temperature, and water vapor, from which 
propagation delays can be analytically computed. The products 
generated by NWP models represent best estimates of the state 
of the atmosphere at a particular date, time, and location 
(Kalnay et al., 1996). Although NWP models have improved 

significantly in the last decades due to increased observations 
and improved computational resources, model physics, and 
assimilation capabilities, their accuracy is still limited by low 
resolution model grids, incomplete model physics, and other 
factors (e.g., Hong & Dudhia, 2012). NWP models have been 
applied to calculate tropospheric delays for InSAR in many 
studies (e.g., Hooper et al., 2012; Jolivet et al., 2014; Bekaert et 
al., 2015; Cao et al., 2021). We use the ECMWF-ERA5 model 
to calculate delays as it is globally and freely available, and has 
a higher resolution that the GMAO model. We use the open-
source RAiDER package (see Data and Resources) to download 
ERA-5 model predictions of pressure, temperature, and water 
vapor and calculate tropospheric delays at the location of the 
InSAR pixels, which are then directly dereferenced and 
subtracted from the displacement time-series.  

 

F. Statistical filtering using common-date stacking 
The statistical atmospheric correction method implemented 

in GMTSAR capitalizes on the redundancy present in multi-
temporal InSAR datasets (Tymofyeyeva & Fialko, 2015). The 
method assumes that tropospheric delays are uncorrelated in 
time in order to remove the atmospheric contribution to the 
displacement time-series. The method relies solely on the 
interferograms themselves and does not require external data, 
which ensures global applicability and helps with reliability, but 
does require a highly redundant network of interferograms. The 
method takes differences of pairs of interferograms having a 
common date, in order to cancel out the deformation component 
on that date. By averaging a large number of pairs having the 
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same common date, the atmospheric phase screen for that date 
is estimated. The process is repeated for each date, and the time-
series of atmospheric noise is removed from the InSAR time-
series (Supp. Fig.’s S3-S6).   

 

G.  ICA-based correction 
ICA is a computational technique designed to separate 

multivariate signals into additive, independent components. It 
decomposes mixed signals into components that are mutually 
independent and exhibit non-Gaussian distributions (Hyvärinen 
and Oja, 1997). Given a set of source signals, s(t), and their 
corresponding observations, x(t), the mixing process can be 
represented as: 

𝑥(𝑡) = 𝐴𝑠(𝑡)																																												(2) 
 
where A is an unknown mixing matrix. If A is square, the 

independent components, s, can be estimated using its inverse, 
W: 

𝑠(𝑡) = 𝑊𝑥(𝑡)																																											(3) 
Before ICA application, observations are standardized to 

intermediate variables with zero mean and unit variance. 
Whitening is achieved using the Eigenvalue Decomposition 
(EVD) of the covariance matrix of x(t), transforming x(t) to 
have uncorrelated components with equal variances: 

𝑥! = 𝑉𝐷"#/%𝑉&𝑥																																				(4) 
 
Here, V contains eigenvectors, and D has eigenvalues. 

Whitening simplifies the ICA process by reducing the number 
of unknown parameters, converting the mixing matrix A into an 
orthogonal form.  

As noted in the Introduction, ICA-based methods have been 
used to estimate and remove tropospheric and other noise 
sources from InSAR data, but suffers from an ambiguity as to 
which components should be labeled as deformation versus 
tropospheric noise unless the form of the deformation signal is 
known. Typically, practitioners try to identify the desired 
source(s) by visual inspection of which independent 
components match the known deformation signal. Automatic 
selection of sources is important to develop because the true 
deformation signal may be unknown (as in the case of the 2021 
Haiti earthquake, where no continuous GNSS stations were 
operating). To address this challenge, we introduce a 
quantitative method to determine which ICA components are 
related to deformation signals, inspired by a method proposed 
by Ebmeier (2016) and drawing on principles laid out by 
Hyvärinen and Ramkumar (2013). It is based on the following 
steps and illustrated in Fig. 3:  

 
1. Unwrapped interferograms are split into two groups by 

dates, so that the dates sampled by one group are not a part 
of the second group, but both groups contain the full range 
of dates. Both groups must sample the deformation 
process in a similar manner, so we use every other date to 
split the interferograms. I.e., interferograms from one 
group contain only the 1st date from the time-series 
sequence, 3rd date, 5th date, and so on, while 

interferograms from the second ground only sample the 
2nd date, 4th date, etc.  

2. Two sets of independent components (ICs) are 
constructed by performing ICA analysis separately on 
each group of interferograms. Choice of the number of 
independent components is determined by the total 
number of dates in each group's time series sequence, 
ensuring that a full set of ICs is extracted for each group 
to accurately represent the observed deformation 
dynamics.  

3. ICs are compared across the two groups. Assuming again 
that tropospheric signals are uncorrelated in time (at least 
at time scales longer than the time period between every 
other acquisition), ICs that match between the two groups 
are identified as likely containing deformation signals. 
We use the isctest algorithm (Hyvärinen, 2011; Hyvärinen 
& Ramkumar, 2013) to compare and cluster ICs based on 
their similarity.      

4. The interferograms in each group are reconstructed based 
on the ICs identified as corresponding to deformation 
signals. 

5. Finally, we apply standard small-baseline subset (SBAS) 
processing to create the final time-series from the 
reconstructed interferograms. 

 
An important limitation of the ICA method is that in practice 

it did not perform well with multiple deformation sources. 
Following the 2021 Haiti earthquake, postseismic deformation 
occurs both east and west of the main rupture (see Results 
below), but the mode of deformation is predominately uplift 
west of the hypocenter, compared to fault creep east of the 
hypocenter that is the focus of this study. ICA on the entire 
region did not perform well, possibly because more 
deformation sources would require splitting the data into more 
groups or independent components, which would require more 
observations to constrain the sources. Because we only have 
acquisitions every 12 days and the deformation only lasts ~3-4 
months, we likely do not have enough samples to further divide 
the observations and still adequately resolve the separate 
sources. In order to isolate displacements due to fault creep east 
of the hypocenter, we apply the ICA method only to a limited 
region around that area.  
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Fig. 3. Workflow diagram illustrating the processing steps 

involved in the ICA analysis for tropospheric correction. 

 

III. RESULTS FOR 2021 HAITI EARTHQUAKE POSTSEISMIC 
A. Time-series comparison and cumulative displacements 
 

To compare results from the different methods for 
tropospheric correction, Fig.’s 4-5 show cumulative 
displacements for the ascending and descending tracks before 
and after correction. The top row presents the output from 
FRInGE without any tropospheric adjustments, while the 2nd-
4th rows illustrate the effects of each correction method 
individually. The left panel shows the performance for the full 
track width, while the right panel shows our study area. From a 
temporal perspective, Fig.’s 4g and 5g show time series plots at 
point P1 for the original data as well as after correction by each 
of the methods.  

Comparing plots, the ICA does the best of all the correction 
methods at reducing the total noise in the images. Although 
some residual atmospheric noise is clearly still present, Supp. 
Table S1 shows that the ICA method applied to the ascending 
track results in cumulative displacements with an RMS 
reduction of 23%, compared to a 16% reduction using common-
date stacking and 2% reduction using ERA-5. For the 
descending track, all methods perform better but ICA 
performed the best, reducing the RMS phase by 57%, compared 
to 48% with common date stacking and 20% with ERA-5.  
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Fig.  4. Comparison of cumulative displacement from different tropospheric correction methods for ascending track. (a-b) 
Cumulative displacement derived from FRiNGE without any tropospheric correction (labeled as "InSAR"). (c-d) Displacement 
after applying ERA-5 correction (labeled as "InSAR + RAiDER"). (e-f) Cumulative displacement after correction with common 
date stacking. (g) Time series plots comparing the original data with the corrected at point P1 and the logarithmic fit. (h) Cumulative 
displacements for the reduced study area after correction using ICA. Point R, marking the reference point, is indicated in panels a, 
b, c, d, e, f, and h. 
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Fig. 5. Comparison of cumulative displacement from different tropospheric correction methods for descending track. (a-b) 
Cumulative displacement derived from FRiNGE without any tropospheric correction (labeled as "InSAR"). (c-d) Displacement 
after applying ERA-5 correction (labeled as "InSAR + RAiDER"). (e-f) Cumulative displacement after correction with common 
date stacking. (g) Time series plots comparing the original data with the corrected at point P1 and the logarithmic fit. (h) Cumulative 
displacements for the reduced study area after correction using ICA. Point R, marking the reference point, is indicated in panels a, 
b, c, d, e, f, and h. 

 
Frictional afterslip should manifest as logarithmic time-

dependent deformation, so we fit logarithmic functions to each 
pixel in the cumulative deformation maps shown in Fig.’s 4h 
and 5h using Eq. 1 (Fig. 6, Supp. Fig. S7). The results are 
similar to the cumulative offset maps in that the descending 
track is shows lower residual atmospheric noise and a clearer 
signal of the creep, including what appears to be several cases 
of small-scale faulting away from the EPGFZ, similar to what 
Yin et al. (2022) found. Faults from Maurer et al. (2022) are 
shown for reference in black. Displacements along the eastern 
EPGFZ are consistent with shallow left-lateral creep, although 
the ascending observations are noisy, with relative 
displacements across the fault on the order of ~3 cm.  

 
 
Fig. 6. Cumulative displacements obtained by fitting 
logarithmic functions to each pixel of the of the InSAR time-
series. Faults from Maurer et al. (2022) are shown for reference 
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in black. (a) Ascending track displacements. (b) Descending 
track displacements.  
 
B. Comparison with ALOS-2 Cumulative Displacements 
We compare cumulative displacements estimated with ALOS-
2 observations to those derived from fitting Sentinel-1 time-
series. ALOS-2 is L-band data and has much better coherence 
than the Sentinel-1 observations, but does not provide good 
temporal sampling of the deformation.  
Fig. 7a-c shows the ALOS-2 observations, and 7d shows 
profiles of cumulative displacement from ALOS-2 and the 
different troposphere correction methods. Fig. 7a shows the 
first interferogram corrected for the coseismic displacement and 
Fig. 7b shows the second covering the postseismic period from 
2021-08-27 to 2021-12-31. Note that some large residual 
displacements are visible in Fig. 7a. Maurer et al. (2022) did not 
use this interferogram in their slip inversion, suggesting that 
their modeled coseismic slip did not fully capture the 
distribution of fault slip in this region. Fig. 7c shows the total 
postseismic displacements, summing both interferometric pairs 

with the estimated coseismic removed. Fig. 7d shows profiles 
of cumulative displacement derived from the ALOS-2 
observations (black line) along the profile shown in Fig. 7c, as 
well as the corresponding Sentinel-1 observations (colored 
lines) with different corrections applied. The uncorrected, 
ERA-5 corrected, and common-date stacking-corrected profiles 
all show large deviations from the ALOS-2 observations that 
are not consistent with the expected left-lateral strike-slip 
motion of fault creep; while the ICA-corrected profile aligns 
fairly well with that from ALOS-2 (deviations of roughly ~1 
cm), and is more consistent with left-lateral slip on the fault. 
ALOS-2 interferograms will still be affected by the troposphere 
and ionosphere, so the ALOS-2 displacements do not perfectly 
represent the deformation, but the long interferometric time-
period provides a much higher signal-to-noise ratio per 
interferogram than Sentinel-1. In addition, note that the 
geometry from the ALOS-2 track is not exactly the same as for 
Sentinel-1, but is close enough to warrant a basic visual 
comparison. 
 

 

 
Fig. 7. (a-c) Interferometric pairs derived from ALOS-2 data. (a) Differenced map showing the LOS displacements between 2021-
01-01 and 2021-08-27, after removing the modeled coseismic deformation based on the study by Maurer et al., 2022 
(approximating displacements between 2021-08-14 and 2021-08-27). The original coseismic interferogram is shown in the 
Supplemental Material. (b) Postseismic LOS displacements between 2021-08-27 and 2021-12-31. (c) Total deformation, 
representing the sum of the two pairs (in panels a and b), spanning the combined post-earthquake period (2021-08-14 - 2021-12-
31) for comparison with the Sentinel-1 A/B dataset. (d) Comparative profiles of cumulative LOS displacement vs. distance 
perpendicular to the EPGFZ fault line. The profiles represent displacements derived from standard InSAR processing (olive green), 
with RAiDER correction (bright green), additionally corrected with APS component reduction (red), and additionally corrected 
with ICA-based correction (blue). The reference profile from ALOS-2 observations is also depicted for benchmarking purposes 
(black). Topography is shown in shaded. 

 
 

Fig. 8 provides a further comparison between ALOS-2 and the 
Sentinel-1 time-series cumulative displacements. The left-hand 
series of panels shows the same study area as above, while the 
right-hand series of panels zooms into the seismic gap region of 

the EPGFZ east of the 2021 earthquake hypocenter, in order to 
better show the results in the region with shallow fault creep. 
Fault creep is estimated by differencing displacements on either 
side of the fault and plotted as colored dots along the fault trace. 
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Fig. 8 shows surface displacements and fault creep estimates 
from ALOS-2 (Fig. 8a-b), Sentinel-1 time-series without any 
tropospheric corrections (Fig. 8c-d), and with the ICA 
correction (Fig. 8e-f). Fig. 8g shows the fault creep estimates as 
profiles along strike of the fault. The comparison is hindered by 
the residual coseismic deformation in the ALOS-2 

interferograms, but it is clear that correction with the ICA 
method improves the match between Sentinel-1 and ALOS-2 
results and shows more realistic fault creep patterns.  
 
 

 
Fig. 8. Comparison of cumulative displacements from ALOS-2 and Sentinel-1, ascending data. (a), (c), and (e) show displacements 
for the whole study area, while (b), (d), and (e) focus on a smaller area around the EPGFZ east of the 2021 earthquake hypocenter. 
(a-b) Cumulative displacement from ALOS-2 with estimated coseismic displacements removed. Estimated cumulative fault creep 
is shown as colored dots along the EPGFZ fault line. (c-d) Equivalent views as in (a-b) but using the Sentinel-1 cumulative 
displacements without any corrections. (e-f) Equivalent views as in (a-b) using Sentinel-1 time-series with ICA correction. (g) 
Estimated cumulative fault creep along the entire line. Point R, indicated in the panels a,c and e, shows the location of the reference 
point. 
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For the descending track, we do not have ALOS-2 
observations in stripmap mode as we do for ascending, so we 
show qualitatively the improvement in the estimated 
cumulative fault creep from ICA correction in Fig. 9. Similar to 
the ascending track, we see that the ICA-corrected results show 
much lower small-scale variability in the fault creep estimates, 
and much lower noise overall. Fault creep is clearly seen east 

of the hypocenter area. An area near the hypocenter, located at 
approximately 18.4N, 73.5W, shows up in the descending data 
that is likely an area of small-scale thrust faulting during or 
shortly after the earthquake, similar to the small-scale strike-
slip faulting discussed in Yin et al. (2022).  
 

 
Fig. 9. Cumulative displacements and estimated fault creep from Sentinel-1, descending track, based on (a-b) the uncorrected time-
series and (c-d) the ICA-corrected time-series. (e) Profile of estimated cumulative fault creep before and after ICA correction. 
Point R, indicated in the panels a,b,c,d, shows the location of the reference point. 

 

IV. DISCUSSION 

A. When does the ICA method work well and when does it 
not? 

In this study we have compared three methods for removing 
tropospheric noise from Sentinel-1 time-series: NWP model-
based predictions of propagation delays, common-date 
stacking, and ICA decomposition of groups of interferograms. 
NWP models are currently insufficient in modeling the 
turbulent component of atmospheric propagation delays, and 
our study area represents an extreme case of turbulent 
atmosphere: highly mountainous topography coupled with high 
water vapor content and a very active weather system. In fact, 

Tropical Depression Grace struck Haiti on August 16th, only 
two days after the earthquake, during which time some of the 
early Sentinel-1 acquisitions were made.  NWP models, while 
valuable for capturing broader atmospheric trends and the 
stratified component of the tropospheric noise, usually fail to 
capture the details of localized atmospheric disturbances 
(Siddique et al., 2019; Hu et al., 2018; Liu et al., 2015; Kumar 
et al., 2016). In comparison, the common-date stacking and ICA 
methods we tested utilize redundant interferograms to 
determine the atmospheric delays for each date without 
requiring auxiliary data. The common-date stacking method 
assumes that deformation signals are strictly linear 
(Tymofyeyeva & Fialko, 2015), while ICA requires a single 
type of deformation source, at least in practice for the number 
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of acquisitions we had. No one method seems to perform well 
under all circumstances, but the ICA method out-performed the 
others for our case with a single deformation source and highly 
turbulent atmospheric conditions.  

While the ICA has proven capable of isolating the 
postseismic deformation signal from atmospheric noise, some 
residual troposphere remains even after correction by ICA and 
estimating cumulative deformation using logarithmic fitting. 
Further work is still needed to improve on the method, in 
particular whether and which combinations of correction 
methods could be used together to take advantage of the 
strengths of each. Application of artificial intelligence (AI) 
approaches have also been used for various aspects of the 
problem (e.g., Anantrasirichai et al., 2018; Shamshiri et al., 
2020; Rouet-Leduc et al., 2021), but not much work has been 
done to use AI to remove troposphere from time-series; most 
work to date focuses on extracting a known deformation signal 
from noisy time-series. While beneficial for particular classes 
of deformation (e.g., volcanic deformation), such a template-
matching style of method will be limited for identifying more 
general spatially-varying transient deformation that does not 
necessarily break the surface. 

 

B. Afterslip on the EPGFZ 
In this study, we find evidence for shallow fault creep on the 

EPGFZ east of the 2021 earthquake hypocenter. The 
displacements are consistent with left-lateral strike-slip motion, 
as evidenced by the opposite signs of deformation in the 
ascending and descending tracks. Analysis of the temporal 
evolution of afterslip east of the rupture in the gap area shows 
that it was consistent with logarithmic decay, indicative of 
frictional afterslip processes. These processes are typically 
governed by the redistribution of stress in the shallow crust 
following a seismic event (e.g., Diao et al., 2021; Fukuda & 
Johnson, 2021; Hong & Liu, 2021; Copley, 2014; Lange et al., 
2014) We find ~2-3 cm of fault creep (line-of-sight) occurred 
over ~3 months following the earthquake, with most of the 
deformation happening in the first two weeks after the event 
(Fig.’s 4g, 5g). The limited spatial extent of the signal suggests 
that the creep was shallow. The displacements suggest a 
slipping patch <5 km deep and ~2-3 cm in magnitude over 30-
40 km the fault, corresponding to a moment of ~1017 N m, 
assuming a 30 GPa shear modulus, or ~MW5.3 equivalent. 

 

C. Other deformation following the 2021 Haiti earthquake 
Although not the focus of our study, our results do have 

implications for deformation processes occurring elsewhere in 
the Tiburon Peninsula following the 2021 Haiti earthquake. 
When performing the analysis in this study, we processed data 
for the full Tiburon peninsula region, including areas both west 
and east of the 2021 earthquake. ICA analysis did not perform 
well with multiple deformation sources, as noted in the 
Methods section, but the time-series corrected using the 
common-date stacking and ERA-5 NWP model corrections 

both show evidence for postseismic displacements west of the 
hypocenter area following the earthquake, including some areas 
that appear to have experienced uplift. Deformation during the 
earthquake occurred on multiple faults, with evidence of very 
early postseismic deformation happening off the main EPGFZ 
fault trace (Maurer et al., 2022), so continued off-fault 
deformation is not entirely unexpected, but further analysis of 
those areas is needed to confirm the results shown in this study. 
Additionally, Yin et al. (2022) document multiple cases of 
small-scale strike-slip faulting throughout the Tiburon 
Peninsula, and some of the areas shown in their study also can 
be seen in our results (e.g., event “g” in their Fig. 7a). It is 
currently not known whether and how off-fault deformation 
accommodates some component of overall plate motion; 
studies in the western US and New Zealand have found that off-
fault deformation may account for a third to a half of the total 
(e.g., Pollitz et al., 2022; Johnson et al., 2024). Thus, these 
small-scale faulting processes may add up to a non-negligible 
portion of the plate rate over time.  

V. CONCLUSIONS 
In this study, we have presented an advanced InSAR 

processing workflow using phase linking and ICA for 
tropospheric corrections, and applied the workflow to 
investigate postseismic displacements along the EPGFZ east of 
the 2021 Haiti earthquake, in a seismic gap between the 2010 
and 2021 Haiti earthquakes. The methodology drastically 
improved coherence and reduced RMS variation in the 
estimated cumulative InSAR displacements from 1.7 to 0.75 cm 
for the descending track, an improvement of 57%, and from 
2.09 cm to 1.6 cm for the ascending track, an improvement of 
23%. We fit logarithmic functions to the resulting InSAR time-
series and find peak cumulative differential displacements 
(creep) on the segment of the EPGFZ between the 2021 
earthquake epicenter and Lake Miragone of ~3 cm in the line-
of-sight. Cumulative creep estimates from Sentinel-1 derived 
with this methodology match those from ALOS-2. The 
displacements suggest shallow creep on the EGPFZ in the 
seismic gap region, with a total (aseismic) moment 
corresponding to a ~MW5.3 earthquake. Further work is needed 
analyze the gap between the 2010 and 2021 Haiti earthquakes 
for seismic hazard. Our proposed methodology has proven 
successful in allowing us to utilize C-band time-series data in 
an area that normally would be very challenging due to 
decorrelation and atmospheric noise, paving the way for future 
work on transient deformation in this and similar areas around 
the world.  

DATA AND RESOURCES 
For this study, we utilized a combination of open-source 

packages and freely available Sentinel-1 data provided by the 
European Space Agency (ESA) and ALOS2 data available 
through the Japan Aerospace Exploration Agency (JAXA). 
Interferograms were produced using GMTSAR 
(https://topex.ucsd.edu/gmtsar/) and ISCE 
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(https://github.com/isce-framework/isce2) packages, which are 
widely recognized tools in the InSAR processing community. 
The phase linking process was conducted using the FRInGE 
package (https://github.com/isce-framework/fringe), a robust 
tool for handling InSAR data. 

 Tropospheric correction based on global Numerical Weather 
Prediction (NWP) models 
was performed using the RAiDER package 
(https://github.com/dbekaert/RAiDER).  
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