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ARTICLE INFO ABSTRACT

Edited by Jing M. Chen Tropospheric delay is a major limiting factor in ground displacement retrieval using interferometric synthetic
aperture radar (InSAR). Such delays are caused by the variations of pressure, temperature, and humidity of the
troposphere, potentially leading to elevation-dependent phases in interferograms. The atmospheric heteroge-
neity makes the phase-elevation dependence vary in both space and time, posing challenges on empirical models
that estimated the elevation-topography relationship in empirically predefined windows interferogram by
interferogram. Moreover, the portion of the deformation that is correlated with topography can be mistaken as
tropospheric delays and therefore degrade the performance of linear regression between the tropospheric phase
and the elevation. The effectiveness of these methods is further limited by the requisite knowledge presumed of
the user, particularly with regard to how to divide the scene and which observation model is suitable. These
limitations make reliable isolation of tropospheric delay challenging. We present here a novel approach that
combines tropospheric delay, deformation and possible topographic error to a joint model, enabling a precise
separation of tropospheric delay. The rationale is rooted in the distinct temporal dependencies of these pa-
rameters. To avoid empirical setting of segmentation windows, we employ quadtree to adaptively control the
spatial variability of tropospheric properties. We validate the proposed method at two volcanic areas, Bali and
Hawaii, where tropospheric delay presents notable variability coupled with elevation-correlated deformation
signals. Both ascending and descending Sentinel-1 data over the island of Bali show that the proposed method
outperforms the conventional ones. The misfit standard deviation (STD) is reduced by ~50% at the island of Bali,
where elevation-correlated deformation is simulated according to a predefined model. More impressively, at the
island of Hawaii, the misfit STD between InSAR and ground truth (i.e., GPS displacements) decreases from 25.1
to 4.5 mm. The experimental results demonstrate that the proposed method is effective in reducing the spatially
variable tropospheric delay while preserving the elevation-correlated deformation signal.
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1. Introduction

Interferometric synthetic aperture radar (InSAR) nowadays has
proven to be a powerful technique for mapping ground deformation
caused by natural or anthropogenic activities (Lu and Dzurisin, 2014;
Massonnet et al., 1993; Wu et al., 2020; Zhang et al., 2012). The accurate
retrieval of deformation signal from InSAR measurements is primarily
limited by tropospheric delay, which could lead to deformation error of
tens of centimeters (Ding et al., 2008; Zebker et al., 1997). The tropo-
spheric delay within interferogram represents the difference of atmo-
spheric delays between two SAR acquisitions, which mainly arise from
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the variations of temperature, pressure and humidity in neutral tropo-
sphere. From the point of physical origin, the tropospheric delay is split
into two terms, i.e., hydrostatic and wet delays (Berrada Baby et al.,
1988; Bevis et al., 1992). The hydrostatic delay that is related to the
distribution of pressure and temperature varies smoothly in both space
and time, leading to a compound of topography-dependent and lateral
phase variations. The wet delay occurs with the rapid variations of water
vapor and temperature in a small-scale dimension, resulting in an
irregular phase distribution (Hanssen, 2001; Markowski and Richard-
son, 2011). This study aims to solve the spatially varying tropospheric
delays in multitemporal InSAR (MTInSAR) observations for large-scale
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area.

In the past decades, various tropospheric delay correction ap-
proaches have been proposed and can be generally classified into two
categories, i.e., external data based and interferometric phase based.
The more straightforward correction approach utilizes external auxil-
iary datasets including weather reanalysis products or operational
forecasting models (Doin et al., 2009; Jolivet et al., 2014), Global
Positioning System (GPS) zenith total delay (ZTD) (Onn and Zebker,
2006; Yu et al., 2018), and multi-spectral data (Li et al., 2005), etc.
These external data based approaches have been implemented with
variable degrees of success, however, they are inherently limited by the
auxiliary data’s precision as well as spatial and temporal resolutions. For
example, the GPS-based correction can only work in the vicinity of in-
dividual GPS sites; the spectrometers are restricted by cloud-free and
daylight conditions; and the weather models require spatiotemporal
interpolation to match the interferograms, potentially introducing large
uncertainties. The integration of two or more independent data is
theoretically more robust than a single dataset, but its performance still
largely depends on the precision and distribution of the auxiliary mea-
surement(s) (Li et al., 2005; Yu et al., 2018).

The second approach, interferometric phase based correction, ben-
efits from the development of advanced MTInSAR techniques, such as
Persistent Scatterer Interferometry (PSI) (Ferretti et al., 2001; Hooper
et al., 2007; Werner et al., 2003) and Small Baseline Subset (SBAS)
(Berardino et al., 2002). The phase variations are considered to be
temporally independent and correlated in space to some extent.
Accordingly, the MTInSAR approaches mitigate the undesired phases by
adopting spatiotemporal filtering or iterative filtering process (Crosetto
et al., 2002; Wegmuller et al., 2010). However, the determination of the
filtering window size is subjective due to the fact that tropospheric delay
is not Gaussian-distributed in temporal domain (Cao et al., 2017).

An alternative phase-based correction approach involves using the
relationship between the interferometric phase and the elevation
(Bekaert et al., 2015; Liang et al., 2019). Since the hydrostatic delay in
the troposphere is path-dependent, the interferometric phase induced by
the delay has a strong correlation with elevation, especially in regions
with high relief. The scenario applies to ground-based InSAR observa-
tions, where tropospheric delay shows strong correlation with two terms
of radar-to-target distance and elevation, respectively (Deng et al., 2022;
Iglesias et al., 2014; Pipia et al., 2008). Currently, several approaches
have been developed to describe the relationship based on either linear
or power-law functions in deformation-free areas (Bekaert et al., 2015;
Falabella et al., 2022; Murray et al., 2020). However, there are several
limitations associated with current methods on correcting the elevation-
dependent phase. The first limitation in the current methods is that
window segmentation is mainly conducted empirically in terms of
window size and quantity (Bekaert et al., 2015; Deng et al., 2022;
Murray et al., 2020). The second shortcoming is about neglecting the
coupling effect between deformation and topography. When the defor-
mation has a relationship with topography (e.g., deformation at volcanic
mountains), the elevation-correlated deformation will be mistaken as
tropospheric delay in the current model, degrading the accuracy of the
deformation retrieval.

In this study, we propose an improved tropospheric correction
method to tackle the aforementioned issues. We firstly explore a window
segmentation strategy that can adaptively divide the study area based on
the statistics of phase variations. In each local window, we parameterize
the elevation-dependent and lateral tropospheric delay in a trilinear
form. We then develop a joint model to simultaneously estimate
tropospheric delay, deformation, and possible topographic error. Since
the tropospheric delay is usually considered to be temporally indepen-
dent while the deformation is correlated with time, when the two pa-
rameters are modelled, they can be separated according to their distinct
temporal behaviors. We apply the new method at the islands of Bali and
Hawaii where the signals of volcanic unrest and tropospheric delay are
usually mixed within interferograms. The performance for tropospheric
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mitigation is validated by considering both phase standard deviation
and agreement with simulated and GPS-measured displacements.

2. Methodology
2.1. Tropospheric delay modelling

Let us start with m multi-reference interferograms generated from n
+ 1 SAR images. After subtracting topographic phase components by
using external digital elevation model (DEM) (e.g., SRTM DEM), the
interferograms are unwrapped with respect to a common reference
point. In order to mitigate the spatial variability of troposphere, the
unwrapped interferograms are divided into a set of small windows with
overlapping area by quadtree segmentation (Section 2.4). For an
interferogram composed by SAR images i and j, the unwrapped phase
within a local window can be represented by the sum of multiple phase
contributions,

oo _ j ij i i
Bt = (Bop — By ) + Bl + By + B, &)

where @‘;mp and @’;mp represent the vectors of tropospheric delays in SAR
images i and j, respectively. @ée}o is the unwrapped phase vector due to

deformation between SAR acquisitions i and j, @i;,iu denotes the phase

residual vector due to inaccurate external DEM, and @kd,r refers to the

vector of remaining phase components including unmodelled deforma-
tion, turbulent delay, and decorrelation noise. Given that the tropo-
spheric delay phase in an interferogram represents the difference of
delay phases between two SAR acquisitions, we can parameterize the
delay parameters in each SAR acquisition by.

@ =deX+beY+ceXeV+deH+Q 2

trop

Where i is the index of SAR image, ai, bi, ci, d'and @6 are the unknown
coefficients to be estimated; X and Y are the vectors of spatial co-
ordinates in range direction and azimuth direction, respectively; H is the
elevation. The X e Y term that jointly modulates the range and azimuth
directions is used to account for nonlinear phase trend, while the in-
clusion of this term is optional depending on phase variation complexity.
If the local window contains s coherent points, Eq. (2) can be reformed
as
@ . =AeP (3)

rop trop
with

A=[X,Y,XY,H,1]

P, = [d.b.¢.d. @) 4)
where A is an s x 5 design matrix, Pimp isa 5 x 1 vector of unknown
coefficients at each SAR acquisition. Since the interferometric phase
reflects the difference of signals that are strictly closed in temporal loop
(e.g., atmospheric, topographic and geophysical signals), the tropo-
spheric delays in m interferograms can be linearly expressed as the
combination of those of n + 1 SAR images (Biggs et al., 2007; Zhang
et al., 2014),

q>fr0p =B trop ® P trop 5)

with

B, = AQF

Py = [P‘ P ....pt ! ©)
frop trop?* trop? % trop

where ) represents the Kronecker tensor product,Bp is an (s x m) x
(5 x n) design matrix, Py represents a (5 x n) x 1 vector of unknown
coefficients of n SAR images with respect to a reference SAR acquisition.
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F is an m x n transfer matrix from SAR image to interferometric pair,
which has the form of

mxn

0 0 1 O

where 1 and — 1 represent the primary and secondary SAR images in an
interferometric pair, respectively. For simplicity without the loss of
generality, we assume tropospheric delay coefficients in the reference
image are zeros. The column corresponding to the reference SAR image
has been deleted.

2.2. Deformation and topographic error modelling

As mentioned previously, the tropospheric phase-elevation depen-
dence can be biased by deformation and topographic error, especially
when the deformation signal is correlated with elevation. Considering
the deformation and the tropospheric delay have distinct temporal de-
pendencies, we model the temporal low-pass (LP) component of defor-
mation signal jointly with the tropospheric delay and the topographic
error. The cubic polynomial is employed to characterize the temporal
behavior of displacement. For a given pixel p in an interferogram within
a local window, the sum of the deformation and the topographic error is
expressed as

y ar [ 1_ > 1 3 dr
Bivtosiopop = FRa (lj - ti) +§aﬁ (t/' - ’i) +gAaﬁ (tj - t") )} + 7
i
. BY éhp )
rsind

where v,, @, and Ag, are three unknown parameters related to the mean
velocity, the mean acceleration, and the mean acceleration variation,
respectively. 1 is the radar wavelength, r is the slant range distance
between SAR sensor and ground surface, 0 is the look angle, B | L] is the
perpendicular baseline of the interferogram, and Ah, denotes the topo-
graphic error. Note Eq. (8) can be easily extended to include seasonal,
Heaviside, and exponential/logarithmic terms to represent the defor-
mation associated with groundwater, cos-seismic/co-eruptive, and post-
seismic/post-eruptive processes, respectively (Agram et al., 2013).
Considering m interferometric pairs, Eq. (8) can be reformed as

Defo-riopop = [G ® Dsety. Diopo] ® Pictorviopor 9
with
- (t1-10)’
1 l2 0 5
1 4t =21 (—10)* (11 1)’
4r 2 6(12—11)
Dy, = > °
3 3
i+t =2ty (ta—10)” — (tas1 — 10)
2 6(ty — tu-1)
L d nx3

m T
Dy = [P BL dm B dn BT
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Patoriopop = [Vps 0y AT, AR (10

where G is an m x n transfer matrix. The generic element G(k,[) can be
determined as: if the kth interferogram is constructed by SAR images i
and j (i <j), then G(k,) = t;;1 — tyfori <1 <j, and G(k,l) = O elsewhere.
t; represents the acquisition date of the Ith SAR image. Dy, isanm x 1
vector that is related to the coefficient of topographic error. Pgefo- topo, p is
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a4 x 1 vector of unknown parameters related to the deformation and
the topographic error. Considering s pixels are available for estimation,
the phase contributions due to the temporal LP deformation and the
topographic error in m interferograms are expressed as

DPiepo+10po = Baepo-siopo ® Pateforrroy 1
with

Buego-rtopo = |G ® Dategyr, Dropo ] s

Paoriopo = [Pacforiopo,1s Paetosiopo:2s *+*» Pacforiopos] (12)

where Bgefo + opo is an (s x m) x (4 x s) design matrix, Pgefo opo TEPTESENts
a (4 x s) x 1 vector including unknown parameters of the deformation
and the topographic error for s points. Is.s is an s x s identity matrix.

2.3. Parameter estimation

In order to simultaneously estimate the tropospheric delay, the
deformation and the topographic error, we combine Eq. (5) and Eq. (11)
to a joint model. Therefore, the relationship between the unwrapped
phase observations and the modelled phase contributions in m in-
terferograms and s points can be expressed as

b =BeP+R (13)
with

B = [Bd(ff0+!0])0 s Blrap}

P = [Pt Py (14)

where Risa (5 x n+ 4 x s) x 1 residual vector that contains the sum of
unmodelled deformation, turbulence, decorrelation noise. Because Eq.
(13) is a large sparse linear system, sparse matrix factorization is a better
choice than ordinary least squares (LS) to solve the equation (Zhang
et al., 2014). In this study, we employ Golub-Kahan bidiagonalization
with L2-norm minimization to iteratively derive the optimal solution
(Fong and Saunders, 2011). Once the unknown parameters are obtained,
the tropospheric delay within the local window for each SAR acquisition
is derived by using (2) and (3). The corrected interferogram phase in
each local window is obtained by

i — o5 i i
@l or = Drta = (B = By as)

Note that after correcting the tropospheric delay in each local win-
dow, the spatial variability of troposphere might cause phase disconti-
nuities between adjacent windows. To tackle this, we adopt Delaunay
triangulation to convert the point phases into the phase differences of
arcs. In the overlapping areas, the phase differences of common arcs
might be slightly different because of independent estimation in each
local window. The inconsistent phase differences can be smoothed by
using average values. Then, the corrected phases at points and the phase
differences at arcs are linked by

ABY 0 =C O D (16)

where (7)3017750,, represents a vector of corrected phases at points, and
A@i;gp, corrfepresents a vector of corrected phase differences at arcs. C is
transfer matrix relating point to arc in the whole interferogram, which is
composed of 1, —1 and 0 elements. Note that the column relative to the

reference point in C has been deleted to avoid rank deficiency. The

~ij .
corrected phases ¢y, ., can be derived by sparse least squares.
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Fig. 1. The flow chart of the proposed tropospheric correction.

2.4. Local window segmentation

As described above, the elevation-dependent tropospheric delay
varies significantly over large-scale areas, thus the single linear function
cannot fully describe the spatial variability of troposphere over the
whole interferogram. Although previous studies have attempted to
mitigate the heterogenous effect by segmenting the interferogram into
predefined windows (Bekaert et al., 2015; Liang et al., 2019), the defi-
nition of window size largely relies on the experience of the InSAR op-
erators. In a smaller window there might be insufficient observations for
reliable estimation which can lead to overfitting of turbulence, while
within a larger window, the spatial variability of the troposphere can
prevent accurate modelling. To balance the computation efficiency and
the fitting accuracy, we propose an adaptive segmentation based on the
statistics of phase variations. We first assume the phase variation is
mainly attributed to tropospheric delay. For m interferograms, the
overall phase variation is modelled as a function of tropospheric delay,

®=B,,eP,,+ & 17
where & represents a vector of phase residuals that contain deforma-
tion, topographic error and unmodelled tropospheric delay. If the phase
variation cannot be fully described by Eq. (2), the window needs to be
further divided into smaller windows. In this context, we adopt the
quadtree strategy to divide the windows. Accordingly, the size of the
divided window is determined by two threshold values, i.e., the fitting
degree of tropospheric delay model and the predefined minimum win-
dow size. The former is defined by the phase standard deviation (STD) of
the temporally averaged interferogram. Because the atmospheric noise
in the averaged interferogram is reduced by \/m times (Zebker et al.,
1997), the phase variation in the averaged interferogram is mainly
contributed by the deformation signal. If the STD of & is larger than the
STD threshold, the window is further divided into quadrant windows
until the size of the divided window reaches the threshold of minimum
window size. The window size threshold can be determined by either a
priori knowledge or a tradeoff between the resulting fit to the phase and
the number of windows, such as using L-curve method based on phase
misfit STD (Murray et al., 2020).

2.5. Practical considerations

It should be noted that the computational burden of this method can
become high, particularly in a large-scale area with abundant

interferograms and dense coherent points. To reduce the computation
burden, the multi-reference interferograms can be converted to
consecutive interferograms before the tropospheric correction. Because
the contributed signals (i.e., deformation, topographic error, tropo-
spheric delay, etc.) within interferograms fulfill the closure condition
over a closed interferogram loop (Agram and Simons, 2015), the con-
version can be achieved via least squares or singular value decomposi-
tion (Berardino et al., 2002; Liang et al., 2021). It is worth noting that
the conversion of consecutive interferograms may introduce non-closure
phase bias possibly due to soil moisture (Ansari et al., 2021) and/or
processing errors (Molan et al., 2020). The undesired phase bias can be
mitigated by using phase linking with all possible interferograms (Ansari
et al., 2021) or triplet-based correction model only with small baseline
interferograms (Falabella and Pepe, 2022; Maghsoudi et al., 2022;
Zheng et al., 2022).

In addition, because the tropospheric delay is modelled as the com-
bination of X, Y, and H in Eq. (2), the intercorrelations between the
variables may cause structural multicollinearity, which possibly results
in unreliable estimation. In this situation, mean-centering and/or stan-
dardization of independent variables can help to lower their correlations
(Kumar, 1975). The flowchart of the whole processing is drawn in Fig. 1,
and the main steps are summarized as follows.

1. Model the phase variation as a function of tropospheric delay by
Eq. (17).

2. Calculate the misfit STD and determine whether the window needs
to be further divided into quadrant windows.

3. Repeat step 1 and 2 until the size of divided window reaches the
threshold of minimum window size.

4. In each local window, model the phase variation as a combination
of tropospheric delay, deformation and topographic error by Eq. (13).

5. Correct the tropospheric delay in local windows.

6. Construct Delaunay network in all local windows, smooth the
inconsistency of phase differences in overlapping areas by average
values.

7. Conduct spatial integration from arc to point over the whole
interferograms.

It is noting that the tropospheric delay is modelled twice in the whole
process. The first is to determine whether window segmentation is
needed or not, while the second is to estimate tropospheric delay
together with deformation and topographic error.
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Fig. 2. (a) & (c) Overview of the study area covering the island of Bali with quadtree segmentation; (b) & (d) spatiotemporal baselines for processed Sentinel-1
datasets. Red lines represent the consecutive interferograms; (a) & (b) ascending track; (¢) & (d) descending track;

3. Performance analysis of tropospheric delay correction in
MTInSAR

3.1. A case study: Island of Bali

3.1.1. Reduction in phase variability

We first evaluate the performance of the proposed method at the
island of Bali that hosts two active stratovolcanoes, Agung and Batur.
The andesitic stratovolcano Agung show signs of reawakening in recent
years. The signs of unrest include a seismic swarm and fumarole activity,
which last for three months before an eruption on 21 November 2017.
Batur volcano has been active in the past ~200 years with the most
recent eruption in 1999-2000 (Hidayati and Sulaeman, 2013). We
collect both ascending and descending Sentinel-1 SAR images over this
island in the period from August 2016 to August 2017, during which the
deformation of the volcano is subtle but is masked by the tropospheric
delay. Based on the collected SAR images, we generate 82 ascending
interferograms and 100 descending interferograms with multilook
number of 20 and 4 in range direction and azimuth direction, respec-
tively. To improve the phase quality and to determine the integer

ambiguity, we use the arc-based phase linking method proposed in Liang
etal. (2021) to derive 22 unwrapped consecutive interferograms in both
tracks. The tropical environment poses challenges for deformation
detection due to the complex lateral variations of water vapor. In this
context, we apply the proposed method to correct the tropospheric de-
lays within interferograms and compare the outcome with two
commonly used correction methods, i.e., (1) empirical linear correction
based on phase-elevation correlation, and (2) weather model correction
using Generic Atmospheric Correction Online Service (GACOS) (Yu
et al., 2018). During the quadtree segmentation, the thresholds of re-
sidual STD are determined as 0.14 rad (ascending track) and 0.11 rad
(descending track) by computing the temporal stacking interferograms.
The lower bounds of the segmentation window size are determined as 4
km for both tracks. The segmented window distributions are overlaid on
Fig. 2a and Fig. 2c.

Fig. 3 and Fig. 4 show examples of tropospheric correction by the
three methods in ascending track and descending track, respectively. As
expected, the interferometric phases in tropical regions are dominated
by elevation-dependent tropospheric delays and lateral variations,
highlighting the importance of tropospheric correction. After correction
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Fig. 3. (a) Example of uncorrected interferogram in ascending track (20170509-20170521); delay phases estimated by (b) linear method; (c) GACOS model; (d) the
proposed method; (e) elevation versus phases for the uncorrected interferogram (gray), the linear estimation (green), GACOS estimation (blue), and the joint model
estimation (red); (f-h) residual phase maps after the respective corrections shown in (b-d). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4. (a) Example of uncorrected interferogram in descending track (20160902-20160926); delay phases estimated by (b) linear method; (c) GACOS method; (d)
the proposed method; (e) elevation versus phases from the uncorrected interferogram (gray), the linear estimation (green), GACOS estimation (blue), and the
proposed estimation (red); (f-h) residual phase maps after the respective corrections. Point A and B are located at the centers of volcanic peaks, Agung and Batur,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

by the three methods, they all cause reduction in spatial variability of
phases to some degree. For the linear correction, the standard deviation
(STD) of interferogram phase decreases from 5.71 rad to 5.12 rad in
ascending track and from 4.31 rad to 4.23 rad in descending track. For
GACOS, the phase STD decreases from 5.71 rad to 4.75 rad in ascending

track and from 4.31 rad to 2.07 rad in descending track. Although
GACOS method performs better than the linear approach, they both
remove a small portion of tropospheric delays in interferograms. It is not
surprising that the proposed method, which accounts for the spatial
variability by quadtree segmentation, largely reduces the local phase
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Fig. 6. LOS time-series displacement comparison of point A (a & ¢) and B (b & d) before and after tropospheric correction. (a & b) ascending track; (¢ & d)
descending track. The shaded area represents the standard deviation calculated within a 500 m window surrounding the central point at each epoch.

variations with lower standard deviations of 0.91 rad in ascending track
and 0.71 rad in descending track. Looking further at the STD statistics
for all involved interferograms (Fig. 5), in the results from linear method
and GACOS method, some interferograms after tropospheric correction
still show large phase variability. This is because the spatiotemporal
variability of tropospheric properties might be too complex so that they
cannot be fully described by global linear model or weather model. In
contrast, the proposed correction method achieves large reductions in
phase STD with less than 1 rad for all interferograms. The remaining
phase residuals are likely caused by localized turbulence, unmodelled
deformation, and decorrelation noise.

3.1.2. Reduction in displacement fluctuation
To assess the impact of the tropospheric delay on deformation
retrieval, we compare the time-series displacements from August 2016

to August 2017 with and without tropospheric delay correction. As the
Agung volcano and the Batur volcano at Bali island experience decades
of quiescence before the active seismic swarm, and the deformation in
the observation period is considered to be stable (Albino et al., 2019).
Fig. 6 shows the time-series line-of-sight (LOS) displacements at two
selected points that are located at the centers of Agung volcano and
Batur volcano. We can see that the uncorrected time-series displace-
ments show large fluctuations caused by the tropospheric delay,
hampering the extraction of ground deformation trend. After correction
by the proposed method, the amplitude of temporal variation in
displacement is largely reduced, thus enabling a more accurate inter-
pretation for the volcanic activities.

3.1.3. Semi-experiment in separation between the coupled signals
As mentioned, the empirical linear phase-elevation correction can
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Fig. 8. (a & e) Simulated interferograms containing only deformation signals; (b & f) original interferograms; (c & f) interferograms by combining original phases
and simulated deformation signals; (d & h) interferograms after tropospheric correction by the proposed method; (a, b, ¢ & d) ascending track interferogram
(20170708-20170813); (e, f, g & h) descending track interferogram (20170711-20170828). To illustrate the deformation signal more clearly, interferograms with
long temporal baselines are selected.

partially remove the true deformation signal if the deformation pattern proposed method can avoid the mistake, we simulate a scenario where
is correlated with elevation. The erroneous removal is quite common in the elevation-correlated deformation is included in the interferograms.
situation of volcanic inflation and deflation. To validate whether the We use Mogi model (Mogi, 1958) to generate a deformation field that
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has nonlinear temporal variation at the volcanic edifice of Agung can be separated based on their temporal properties. The simulated
(Fig. 7). Fig. 8 displays examples of simulated interferograms and time-series displacements are well preserved with a 50% reduction of
tropospheric corrections in ascending track and descending track, misfit STD after adopting the proposed correction (Fig. 7 ¢ & f). We
respectively. It can be seen that, despite that the elevation-correlated further calculate the misfit STDs for all pixels in space. As shown in
deformation and tropospheric delay are coupled in space, they still Fig. 9), the average misfit STD decreases from 10.6 mm to 5.2 mm for
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ascending track and from 10.1 mm to 4.0 mm for descending track, mountainous area are possibly due to localized turbulence which cannot
respectively. The percentages of STD decease in both tracks exceed 50%. be fully described by quadtree segmentation and trilinear function.
The results suggest that the proposed method can separate the tropo-

spheric delay from the deformation even though the two signals have a

strong correlation in space. Note that the remaining misfit STDs, espe-

cially the relatively large values (10 mm) at the east coastline and
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3.2. A case study: Island of Hawaii

3.2.1. Reduction in phase variability

The second case study is conducted at the island of Hawaii (Fig. 10a),
home to Kilauea volcano, one of the most active volcanoes in the world.
We collect 32 Sentinel-1 descending SAR images spanning from January
to December 2017. After co-registration process, the SAR images are
used to generate 87 interferograms with multilook number of 20 and 4
in range direction and azimuth direction, respectively, resulting in a
spatial resolution of around 80 m. The multi-reference interferograms
are unwrapped and converted to 31 consecutive interferograms
(Fig. 10b). Then the proposed method is adopted to correct the tropo-
spheric delays in the interferograms. During the quadtree segmentation,
the STD threshold and minimum size of divided window are determined
as 0.14 rad and 4 km, respectively (Fig. 9a). The resulting interfero-
grams are shown in Fig. 11, where the interferograms are corrected by
the linear method, GACOS and the proposed method. It can be observed
that the linear method and GACOS cannot fully remove the tropospheric
delay patterns in space, leading to undesirable deformation results. The
proposed method produces significant reductions in both elevation-
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correlated and lateral phase variations. Looking into the phase STD
statistics of all interferograms (Fig. 12), it is noted that the conventional
methods can only account for the phase variations in a portion of in-
terferograms, while the proposed method works for all interferograms
because their phase STDs are all reduced.

3.2.2. Reduction in displacement fluctuation

The GPS measurements provided by the Nevada Geodetic Laboratory
(NGL) (Blewitt et al., 2018) are used to validate the deformation
retrieval from InSAR. Before projecting the GPS displacements onto LOS
direction, we remove the tectonic movement trend in the GPS mea-
surements. Then InSAR and GPS displacements are referenced to the
first SAR acquisition in time and a GPS station (uwev) in space. The
comparison between InSAR and GPS deformation rate is presented in
Fig. 13. We find that, before the tropospheric correction, the elevation-
correlated ramp causes false uplift at Mauna Kea and Mauna Loa. The
false uplift results in a low correlation value (0.19) between InSAR and
GPS rate measurements. After tropospheric correction by the proposed
method, the false uplift signal is removed, leading to a noticeable in-
crease of correlation value (0.9). This result suggests the importance of
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site). GPS measurements (gray) are plotted with the uncorrected (blue) and corrected (red) InSAR displacements. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

tropospheric correction in volcanic areas. We further compare the time-
series displacements for InSAR and GPS at selected GPS sites (Fig. 14). It
can be seen that the temporal variability of InSAR displacements is
reduced after applying the proposed tropospheric correction. The
average misfit STD decreases from 25.1 mm to 4.5 mm. The improve-
ment of InSAR deformation retrieval could facilitate interpretation and
early warning of magma transport and volcanic eruption in future.

We notice that the subsidence phenomena at the northwestern
corner of the island is preserved after the tropospheric correction. To
examine whether the deformation pattern is caused by turbulence, we
analyze the time-series displacements in these areas. The results are
presented in Fig. 15, it is observed that before the tropospheric correc-
tion, there is a downward trend in the time-series displacements at the
mountainous terrains of the northwestern corner. However, their tem-
poral evolutions are contaminated by the tropospheric delays, leading to
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severe fluctuations, which are demonstrated by the nearby GPS dis-
placements at Mauna Kea (Fig. 15c¢). Through the proposed tropospheric
correction, the undesired temporal variation is largely alleviated,
showing a consistent movement. This result suggests that the proposed
method has ability to mitigate the tropospheric delay and meanwhile
preserve the underlying ground movement signals.

3.2.3. Comparison with GPS zenith delay

Considering that the NGL provides zenith delay products every 5 min
from the GPS stations, we compare the GPS-derived Zenith Total Delay
(ZTD) against the GACOS-derived and the InSAR-derived ZTDs. The
comparison at GPS stations is presented in Fig. 16. It can be seen that the
ZTDs derived from the proposed method fit well with those derived from
GPS measurements, verifying the effectiveness of the proposed method.
Taking the GPS-derived ZTDs as reference values, we then calculate the
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Table 1
Cumulative running time of the proposed method in three data sets.

Data set Data size Running time
(number of interferogram/ (min)
point)
Bali island (ascending) 22/689350 6.2275
Bali island (descending) 22/705026 6.3437
Hawaii island 30/2391225 43.0863

(descending)

root-mean-square (RMS) of the GACOS-derived and the InSAR-derived
ZTDs, respectively. Fig. 17 presents the RMS statistics at all 24 GPS
stations. This result indicates that the proposed method possesses a
lower RMS with an average value of 7.8 mm compared with GACOS. The
biases are mainly attributed to the turbulent artifacts and the spatio-
temporal inconsistence between InSAR and GPS observations.

3.3. Computation efficiency

In order to assess the computation efficiency, the cumulative pro-
cessing time for each of the three datasets is provided in Table 1. The
operating environment is MATLAB in a workstation with Intel Xeon CPU
and 384 GB memory. To ensure a fair assessment, the pre-processing
steps (e.g., phase unwrapping and interferogram conversion) have
been excluded when counting the running time. From Table 1, it can be
seen that the processing time of the new method is relatively long,
especially for the entire scene with hundreds of interferograms. The high
demand for time is mainly attributed to the joint estimation of intensive
parameters. However, considering the by-products, e.g., deformation
and topographic error, are simultaneously obtained, the computation
cost is acceptable.

4. Conclusion and discussion

Tropospheric delay is one of the main impediments to deformation
retrieval from InSAR measurements. Accurate separation of tropo-
spheric delay from deformation field has long been a challenging issue.
In this study, we provide a generic solution aiming to tackle the two
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intractable issues in conventional tropospheric correction methods, i.e.,
the spatial variability of tropospheric properties and the coupling be-
tween deformation and topography. We first develop a quadtree seg-
mentation strategy to mitigate the spatial variability of troposphere
based on the statistics of phase variations instead of empirical settings.
The coupling effect between deformation and elevation-dependent
tropospheric delay is reduced by exploring their distinct temporal
characteristic and jointly modelling.

We validate the effectiveness of the proposed method over the
islands of Bali and Hawaii, where the volcanic displacements are
obscured by tropospheric delays. At Bali island, the misfit STDs from
simulated displacements are reduced by ~50% after applying the pro-
posed correction. At Hawalii island, the average misfit STD between
InSAR and GPS displacements decreases from 25.1 mm to 4.5 mm
through the proposed correction. The experimental results also
demonstrate that the method can separate tropospheric delay from
deformation even though the two signals have a strong correlation.

It should be noted that the temporal correlation assumption for
deformation holds in most cases, but there are exceptions that the
transient deformation signal is temporally uncorrelated, such as co-
seismic deformation. The model unfitting would degrade the accuracy
of tropospheric delay estimation. This is the potential limitation of the
method. Nevertheless, one possible solution to this problem is to divide
the interferogram stack into two sub-stacks by setting the transient
deformation event as a midpoint. Then the proposed method is adopted
separately in each sub-group of interferograms where deformation
signal is considered to be temporally correlated.

Another limitation of this proposed method is the computation
burden for large volume data. As the tropospheric correction in local
windows is independent, our future work is to build a parallel processing
framework which is expected to enhance the algorithm efficiency
especially for big SAR data processing.
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