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Tropospheric Atmospheric Heterogeneities of
ALOS-2 Interferograms in the Greater Bay Area

Peng Liu and Xiaofei Chen

Abstract—L-band advanced land observing satellite-2 (ALOS-2)
images are a good source of radar data with better coherence
than C-band images. However, significant ionospheric effects are
often associated with L-band interferograms. In addition, the tro-
pospheric delay can also be severe in subtropical coastal environ-
ments. In this work, different methods are adopted, adapted, or
proposed to evaluate the tropospheric signals in ALOS-2 interfer-
ograms in the Shenzhen region. Ionospheric effects are estimated
by the split spectrum method. Tropospheric delays are estimated
through their height dependence or numerical weather prediction
models. In addition to the conventional weighting methods that
consider distance, variation, and Gaussian models, a stepwise ap-
proach to estimate tropospheric signals from height or to scale
numerical weather models is proposed in this study. A combina-
tion of spectrometer observation and air mass trajectories is also
proposed to assess topography-independent tropospheric signals,
specifically the moderate resolution imaging spectroradiometer
(MODIS) water vapor fields and the Hybrid Single-Particle La-
grangian Integrated Trajectory model. Meanwhile, possible cloud
and wind patterns are observed from interferogram. This work
demonstrates the feasibility of stepwise estimation of stratified
signals using height information or numerical weather models. It
also shows the potential for air mass trajectories to move water
vapor fields to mitigate the influence of time difference between
SAR and spectrometer acquisition times.

Index Terms—Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) air mass trajectory, InSAR atmospheric
effects, InSAR stratified delay, MODIS water vapor, numerical
weather prediction (NWP) model, topography-independent
tropospheric delay.

I. INTRODUCTION

IONOSPHERIC effects and tropospheric effects are ob-
served in repeat pass radar interferometry synthetic aper-

ture radar (InSAR) and are major components of atmospheric
phase screen (APS). Ionospheric effects are due to ionospheric
heterogeneities at image acquisitions [1]. The free electron
density in ionosphere varies with the activity of the Sun, the

Manuscript received 18 March 2024; revised 6 May 2024; accepted 11 June
2024. Date of publication 13 June 2024; date of current version 1 July 2024. This
work was supported in part by the National Natural Science Foundation of China
Programs under Grant 42274036, in part by Shenzhen Science and Technology
Programs under Grant JCYJ20220530112812029, in part by the Guangdong
Provincial Key Laboratory of Geophysical High-resolution Imaging Technology
under Grant 2022B1212010002, and in part by the open fund of the State Key
Laboratory of Geodesy and Earth’s Dynamics under Grant SKLGED2021-5-1.
(Corresponding author: Peng Liu.)

The authors are with the Guangdong Provincial Key Laboratory of Geophysi-
cal High-Resolution Imaging Technology and the Department of Earth and Space
Sciences, Southern University of Science and Technology, Shenzhen 518055,
China (e-mail: liup3@sustech.edu.cn; chenxf@sustech.edu.cn).

Digital Object Identifier 10.1109/JSTARS.2024.3414111

earth magnetic field, and the atmospheric parameters [2], [3],
[4]. The ionospheric phase change across the interferogram is
related to the total electron content difference between two SAR
acquisitions. Ionospheric effects are frequency dispersive and
have a greater impact on L-band interferograms than on shorter
wavelength C- or X-band interferograms [5], [6]. Various iono-
spheric estimation methods are developed to remove ionospheric
effects from the interferogram, including range split spectrum
[6], range group delay [7], azimuth shift [8], and Faraday rotation
[9] methods. This work uses a split spectrum approach to correct
for ionospheric effects. The split spectrum method synthesizes
two subband interferograms with different central frequencies
at high and low bands. The ionospheric effects are estimated by
cancelling nondispersive phase components through a combina-
tion of subband interferograms and frequencies [10] .

Tropospheric variations, such as water vapor, pressure, and
temperature, together contribute to the tropospheric atmospheric
heterogeneities of interferograms. Tropospheric distortion is
independent of frequency but is dominant error in wet regions
for C- and X-band interferometric products [11] and, therefore,
another major error in L-band interferogram besides ionospheric
effects.

InSAR time-series processing can be used to mitigate tropo-
spheric atmospheric components [12], including stacking [13],
spatiotemporal filtering, stochastic model [14], [15], interfer-
ogram selection [16], and deep learning methods [17]. Atmo-
spheric filtering can be used to separate tropospheric signals
from deformation through a combination of temporal high-pass
and spatial low-pass filtering [18] if a sufficient number of
images are available. Tropospheric effects are characterized by
stratified signals and turbulent signals based on the empirical
mathematical model (i.e., topography-correlated models), which
are not deterministic as turbulent signals are highly variable in
both spatial and temporal dimensions [19]. Stratified signals can
be estimated from its height dependence by empirical methods
with linear and power law relationship assumptions between
stratified tropospheric delay and height [20], [21]. The residual
components after removing the stratified signals are usually
considered to be turbulent signals.

In addition to empirical models and InSAR time-series al-
gorithms, external datasets can also be used to estimate tropo-
spheric delay [22], [23], [24], [25]. Tropospheric signals can be
deterministically divided into the wet delay and the hydrostatic
delay. Although the hydrostatic delay is usually greater than the
wet delay, the wet delay changes are greater than the hydrostatic
delay changes for the interferogram by one order of magnitude
[26]. Generally, spectrometer measurements can only be used to
capture wet delay changes [27], while global navigation satellite

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/

https://orcid.org/0000-0002-2529-8726
mailto:liup3@sustech.edu.cn
mailto:chenxf@sustech.edu.cn


11778 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

system (GNSS) measurements [28] and numerical weather pre-
diction (NWP) models can be used to obtain both the wet delay
changes and hydrostatic delay changes [29]. Theoretically, NWP
models provide the total delay, including both the stratified and
turbulent signals, although the small-scale delays are hard to
reconstruct due to the coarse resolution. Hence, tropospheric
estimation from NWP models is mostly topography dependent.

Both the topography-dependent (TD) APS from the empirical
model and the tropospheric estimates from the NWP model
require scaling before correction. Spatial segmentation meth-
ods, such as regular grids [21] and irregular quadtree blocks
generated from topography gradients [30], can be used to locally
estimate the relationship between phase and height [30] or lo-
cally scale the relationship between phase and NWP predictions
[21], to better accommodate variable phase–height or variable
phase–NWP relationships in different regions within a single
interferogram. However, it should also be noted that fine segmen-
tation may overfit turbulence, while coarse segmentation may
not be able to model the spatial variation of atmospheric delays
[31]. Weighting methods [21], [32] or adaptively segmentation
methods [31] can improve the performance of local window
estimation. Alternatively, in this work, a stepwise estimation
approach (SWEA) for variable phase–height or variable phase–
NWP relationships is proposed for stratified tropospheric delay
to mitigate overfitting of turbulence.

However, it should also be noted that when topography-
independent APS dominates the InSAR atmospheric effects, the
empirical model or NWP model correction may fail, especially
for the subtropical coastal areas. Therefore, this work also aims
to assess the InSAR atmospheric effects in this region when
empirical models or NWP models exhibit different APS patterns
from the interferograms.

Spectrometer observations can provide insights into both
stratified and topography-independent signals. However, Li et al.
[33] pointed out that the time difference between moderate res-
olution imaging spectroradiometer (MODIS) and SAR may be
a limitation to their integrated approach. Atmospheric advection
or convection in subtropical coastal environments is expected to
cause rapid changes in water vapor. The spectrometer observa-
tion and InSAR water vapor field maybe misaligned as time dif-
ference exist between SAR and spectrometer observation times
and water vapor field has changed during that period. For such
reasons, this article also proposes to use air mass trajectories to
improve the timeliness of spectrometer observations.

Trajectories are considered when correcting InSAR APS us-
ing GNSS observations. Onn and Zebker [34] used frozen flow
hypothesis [35] to obtain a denser network of GNSS-derived wet
delay for InSAR APS correction. The wind speed and direction
are acquired from GPS-derived zenith wet delay (ZWD) time
series to implement this hypothesis. Chang and He [36] also
used the frozen flow hypothesis for InSAR APS correction with
GNSS wet delay, but with the difference that mean wind is
extracted from national centers for environmental prediction
final (NCEP FNL). There exists another model named Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
[37], [38], developed by the Air Resources Laboratory of Na-
tional Oceanic and Atmospheric Administration (NOAA). HYS-
PLIT has been used to track atmospheric aerosol patterns such
as industrial emissions [39], dust storm [40], and volcanic ashes

Fig. 1. Study area. The figure outlines the InSAR frame, DaLing (DL) hill,
GuanYin-YinPing (GY-YP) hills, YangTai-TangLang-YinHu (YT-TL-YH) hills,
and LamTsuen-TaiLam (LT-TL) Hills.

[41], among others. Air mass trajectories may help mitigate the
mismatch between SAR and MODIS by their time difference.

In this article, we use the split spectrum method to estimate
ionospheric signals. For stratified signals, in addition to the exist-
ing spatial segmentation and weighting methods, we propose to
estimate them using an SWEA for stratified tropospheric delay
in height intervals and a stepwise scaling approach for NWP de-
lays. For interferograms dominated by topography-independent
tropospheric effects, we use MODIS near-infrared (IR) water
vapor fields for correction. MODIS water vapor fields without
obvious changes before and after SAR acquisition are used. We
propose to consider the air mass trajectories of HYSPLIT to
reduce the effect of the time difference between MODIS and
SAR acquisition times.

II. DATA AND METHODS

A. SAR Data

The L-band advanced land observing satellite-2 (ALOS-2)
SAR images from Path32 Frame 3160 are used for this study.
The data were acquired in SM1 mode and HH polarization from
a descending orbit with an incidence angle of 38.2° off nadir.
The delivered SAR images have a spatial resolution of 3 m and
a width of 50 km. It covers part of China’s Greater Bay area,
including southern Dongguan, western Shenzhen, and northwest
Hong Kong (see Fig. 1). A total of eight interferograms were
formed using nine SAR images from 20170415 to 20180707
with the common reference image on 20171125 (row 1 in Fig. 2).

B. Spatially Segmented Scaling Approach for
Topography-Dependent APS (SSSA-TD APS)

The height-dependent linear model and the power law model
of stratified atmospheric delay can be written as

Δφl
s = klh ·Δh+ c (1)

Δφp
s = kph · (hp

r − h)α (2)

where klh and kph are the coefficients for linear and power law
relationship between phase and height, respectively. Δh is the
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Fig. 2. Ionospheric delays for different interferograms formed with a common
reference image on November 25, 2017. The first, second, and third rows are the
original interferograms, the ionospheric phase estimated by the split spectrum
method, and the ionospherically corrected interferograms, respectively.

height from digital elevation model (DEM) and c is the TD APS
at DEM reference level. h is the power law model height. The
power law reference height hp

r and the power law coefficient α
can be estimated from balloon sounding data [21].

A unified phase–height relationship can model some height-
dependent atmospheric effects (Fig. 16 in the Appendix). How-
ever, the model may be biased if there is a nonlinear relationship
between phase and height. The spatially segmented methods are,
therefore, used in this case to accommodate spatial variations
in topography dependence. However, patchy patterns and an
overfitting of the topography-independent signals (turbulence)
can be seen from the estimated atmospheric delays using spatial
segmentation of regular grids and irregular quadtree blocks (see
Fig. 17 in the Appendix).

To mitigate the influence of topography-independent sig-
nals during stratified signal estimation, a spatially segmented
scaling approach (SSSA) through a combination of quadtree
decomposition [30] and weighting factors [32] is used to model
height-dependent atmospheric signals.

First, the DEM is downsampled to 900 m to reduce the number
of bins from later quadtree decomposition.

Second, quadtree decomposition is implemented on the re-
sampled DEM by thresholding the gradient, e.g., 100-m height
change in this case. The bins whose height changes are less
than the threshold remain unchanged and the bins whose height
changes are greater than the threshold are divided into four
quadrants. The process terminates when the height changes of
all bins are less than the set threshold.

Third, a least squares inversion is performed between the
deramped unwrapped phase and the persistent scatterer (PS)
height to retrieve scaling factors in each quadtree bin. Note that
although a downsampled DEM (900 m) is used for quadtree
composition, the PS points are aligned with the height of original
DEM (30 m) for TD APS estimation

[
ki ci

]T
=

[
hi onesi

] \uwi,deramp (3)

a(h)i = ki · hi + ci. (4)

Fourth, a weighting method combining distance, estimation
uncertainty, and Gaussian filter [21], [32] is employed to smooth
the scaling factors ki and ci. There arem patches for n PS points

after quadtree decomposition. The estimated TD-APS and its
residual phase with the deramped unwrapped phase are used to
calculate the variance weighting factor in each quadtree patch i

wv,i =
var (a(h)i)

var (uwi,deramp − a(h)i)
, i ∈ (1,m) . (5)

The distance between each patch i and point j, along with a
Gaussian filter, is used to calculate the distance weighting factor
for that point

wd,i,j =
1

2πσ2
e
−

x2
i,j

+y2
i,j

2max(x2
i,j

+y2
i,j) , j ∈ (1, n) (6)

wa,i,j = wv,i · wd,i,j (7)

where xi,j and yi,j are the coordinate differences between patch
i and point j.

Different from previous weighting methods, this study not
only combines the variance weighting factor and the distance
weighting factor, but also normalizes them to generate a weight-
ing matrix from each patch i to point j

kj =

m∑
i=1

wa,i,j∑m
i=1 wa,i,j

· ki (8)

cj =

m∑
i=1

wa(h), i,j∑m
i=1 wa(h), i,j

· ci. (9)

The weighting factors kj and cj of each point are the weighted
sum of all quadtree patches.

a(h)j = kj · hj + cj . (10)

Fifth, the smoothed weighting factors are used to generate a
scaled TD APS to mitigate patchy pattern and overfitting of the
unwrapped phase.

C. Stepwise Estimation Approach for Topography
Topography-Dependent APS (SWEA-TD APS)

As an alternative to the SSSA, an SWEA is proposed in
this study to estimate TD atmospheric effects over a series of
consecutive height intervals, rather than local windows, to avoid
overfitting turbulence in coastal areas.

First, PS points are grouped by height intervals. In this case,
with a height increment of 100 m, eight height intervals are
formed from below 100 m to between 700 and 800 m.

Second, a least squares inversion is performed between the
deramped unwrapped phase and the height to obtain scaling
factors in each height group.

Third, if the estimates of scaling factors for lower height
intervals are affected by significant turbulence signals, they are
adjusted by extrapolation from other higher intervals.

Fourth, the weighted scaling factors are used to obtain scaled
TD APS.

D. Tropospheric Delay Estimation From NWP Models

There are different refractivity models for calculating tropo-
spheric delay using NWP models. The toolbox for reducing
atmospheric InSAR noise (TRAIN) [20] used the refractivity
model proposed by Smith and Weintraub [42]. Tropospheric
delay is the integration of refractivity from ground to the upper
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TABLE I
NWP MODELS AND PRODUCTS (AFTER [53])

boundary of troposphere in terms of the following equations
[42]:

Ntotal = Nhydrostatic +Nwet = k1
P

T
+ k2

e

T
+ k3

e

T 2
(11)

ΔL =
−4π

λ

10−6

cos θ

∫ r2

r1

Ntotalds

=
−4π

λ

10−6

cos θ

∫ r2

r1

(
k1

P

T
+ k2

e

T
+ k3

e

T 2

)
ds (12)

where k1, k2, and k3 are the constants for atmospheric refractive
index, T is the temperature, e is the partial pressure of water
vapor, andP is the dry pressure. The stratified delay is converted
from zenith to line-of-sight (LOS) direction by radar incidence
angle without considering bending effect. A factor of 2 is applied
for two-way propagation.

Radar interferometry calculation tools (RINC) [43] used the
refractivity model proposed by Bevis et al. [44], [45]; GACOS
[46] used the refractivity model proposed by Berrada Baby et al.
[47]. Different refractivity models are available for tropospheric
delay calculation, though their differences would have limited
significance [48]. This work uses TRAIN for NWP APS correc-
tion; the refractivity model parameters k1, k2, and k3 are 0.776
(K/Pa), 0.716 (K/Pa), and 3.75e3 (K2/Pa) respectively.

Two typical approaches are used in tropospheric delay estima-
tion, including delay integration along the radar LOS path e.g.,
TRAIN, and an iterative tropospheric decomposition approach,
e.g., GACOS [49].

Various NWP models are available for atmospheric correc-
tions (see Table I). ERA-Interim (ERA-I) [50], ERA5 [51],
MERRA2 [52], and NWP-generated APS correction product
GACOS are supported by TRAIN. Some of the NWP models
are used for stratified APS correction in this study.

ERA-I products resolve 0.75°×0.75° latitude/longitude grid
and are available every 6 h at 00, 06, 12, and 18 UTC. ERA-I
covers the period from January 1979 to August 2019 and is being
phased out by ERA5. TRAIN supports the use of an application
programming interface (API) to obtain ERA-I data. The acquired
ERA-I data boundaries are 20°–26°N and 111°–117°E. They
have 37 pressure levels between 1 and 1000 hPa at unequal
intervals (about 12 layers below 125 hPa). The size of ERA-I data
tiles retrieved from european centre for medium-range weather

forecasts (ECMWF) API is 9×9×37 for longitude, latitude, and
levels.

Due to the relocation of data center, the resources of ERA5
are migrated. ERA5 retrieval moves from ECMWF API to
Copernicus climate data store (CDS) API. Therefore, ERA5
data from CDS are directed to TRAIN for ERA5 APS. The
ERA5 dataset has a higher spatial and temporal resolution than
ERA-I, with a spatial resolution of 0.25°×0.25° and a temporal
resolution of 1 h. The 6°×6° ERA5 data tile retrieved from CDI
is on a 25×25-point grid, and they have the same 37 levels as
ERA-I.

MERRA2 dataset is retrieved from NASA GESDISC DATA
ARCHIVE application with 0.5° latitude and 0.625° longitude
resolution. MERRA2 data are available every 6 h at 00, 06,
12, and 18 UTC. The area setting for MERRA2 is 20°–26°N
and 111.25–116.875°E on a 13×10-point grid. MERRA2 data
provide 42 pressure levels (about 18 layers below 100 hPa).

The air temperature, geopotential, pressure level, and relative
humidity in data tiles are used for NWP APS. Despite the
resolution differences, the spatial patterns of ERA-I, ERA5,
and MERRA2 parameters are visually similar. The geopotential
is first converted to geopotential height and then to geometric
height. Temperature, pressure, and humidity are interpolated in
steps of 15 m from zero altitude to the upper troposphere at about
15-km altitude. These parameters are then used to calculate the
hydrostatic and wet delays using numerical integration in the
form of (12).

GACOS service provides delay files instead of NWP model
parameters upon request with specified area, time of interest,
and dates. The hydrostatic and wet components are combined
as zenith total delay in GACOS products. GACOS products are
distributed in a spatial resolution of 90 m.

E. Spatially Segmented Scaling Approach for Tropospheric
Delays From NWP Models (SSSA-ERA5)

Scaling of NWP-simulated APS in height-dependent quadtree
blocks helps reduce its difference with the unwrapped interfero-
gram, but at the cost of overfitting the unwrapped interferogram.
The SSSA that has been used for TD APS estimation is also used
to scale ERA5 APS. SSSA-scaled ERA5 APS takes advantage
of both topography gradient and ERA5 APS as follows.
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First, the DEM is downsampled to a resolution comparable to
the numerical weather model, e.g., about 900 m in this case, to
match the 1-km resolution of ERA5.

Second, quadtree decomposition is implemented on the re-
sampled DEM by setting a gradient threshold. The height change
threshold in this case is 100 m.

Third, a least squares inversion is performed between the
deramped unwrapped phase and the ERA5 APS to obtain the
scaling factors in each quadtree bin.

Fourth, the scaling factors are weighted by distance, estima-
tion uncertainty, and Gaussian filters and normalized to reduce
patchy pattern and overfitting of the signal.

Fifth, the weighted scaling factors are used to obtain the scaled
ERA5 APS.

F. Stepwise Estimation Approach for Tropospheric Delays
From NWP Models (SWEA-ERA5)

Alternatively, an SWEA is proposed to estimate TD APS over
multiple height intervals from the NWP models as follows:

First, PS points are grouped by height intervals. In this case,
with a height increment of 100 m, eight height intervals are
formed from below 100 m to between 700 and 800 m.

Second, a least squares inversion is performed between the
deramped unwrapped phase and the ERA5 APS to obtain scaling
factors in each height group.

Third, the weighted scaling factors are used to obtain the
scaled ERA5 APS.

G. Tropospheric Correction Using MODIS Water Vapor Fields
and HYSPLIT Air Mass Trajectories (MODIS+HYSPLIT)

GACOS estimates both stratified and turbulent signals us-
ing ECMWF’s operational high-resolution atmospheric model
(HRES). HRES occupies a horizontal resolution of 9 km and a
vertical resolution 137 levels. The wavelength of topography-
independent signals in coastal area is beyond the resolution of
HRES. Alternatively, 1-km-resolution spectrometer water vapor
fields by MODIS are employed for topography-independent
signal study.

TRAIN suggested OSCAR JPL-MODIS service for MODIS
spectrometer estimate. However, OSCAR MODIS service is no
longer operational, and OSCAR is now an acronym assigned for
ocean surface current analysis by JPL. Alternatively, MODIS
water vapor product 05_L2 established by NASA is directed to
TRAIN for water vapor delay [54], [55]. Combined with the
trajectory information of HYSPLIT, the near-IR total column
precipitable water vapor field with a spatial resolution of 1 km
near the SAR acquisition time was displacement compensated
and differenced to generate a water vapor difference map for
interferogram.

The HYSPLIT trajectories are available upon request from
the NOAA Air Resources Laboratory. The HYSPLIT trajectory
model can use global or regional meteorological data, such as
GDAS, GFS, REANALYSIS, etc. GDAS is an NCEP weather
and climate model that interpolates data from various observing
systems and instruments on a 3-D grid. We compute archive
trajectories in a 6×6° matrix type using GDAS datasets at
1° (GDAS1) and 0.5° (GDAS0p5) resolution. Since the lower
atmosphere carries more water vapor, the model parameters are

Fig. 3. Unwrapped interferogram after removing ionospheric effects by the
split spectrum method and removing phase ramps by quadratic planes. The color
range of the first to eighth interferograms is narrower than the color range of
the ninth interferogram for better display. The wrapped phases of the second,
third, eight, and ninth ionospherically corrected interferograms showing small-
to-medium-scale heterogeneities are also given.

set to a lower ground level, e.g., 50 m. The model was run for
3 or 4 h, spanning the period of two MODIS images. There are
only individual differences in matrix elements between GDAS1
and GDAS0p5, and GDAS0p5 was chosen to ensure overall
consistency between matrix elements.

III. RESULTS

Ionospheric corrected interferograms show a substantial de-
crease of fringe rate for all interferograms (see Fig. 2).

A series of interferograms with a common reference image
on 20171125 are formed for each secondary image (see Fig. 3).
The interferometric patterns vary greatly, indicating the presence
of atmospheric effects. TD atmospheric effects, e.g., 20170930
(see Fig. 3) can be found in DaLing (DL) hill, GuanYin-YinPing
(GY-YP) hills, YangTai-TangLang-YinHu (YT-TL-YH) hills,
and LamTsuen-TaiLam (LT-TL) Hills (see Fig. 1). Small-scale
(e.g., 2017061, 20170805, and 20180512) to medium-scale (e.g.,
20180707) topography-independent heterogeneities can also be
identified, which are discussed later in Section IV-C.

A. Stepwise Estimation Approach for Topography-Dependent
APS (SWEA-TD APS)

The stepwise method models the TD APS by a multipiece
linear function, and the results show a good approximation of
the TD APS by the multipiece function with no gaps between
adjacent intervals for interferogram 20171125–20170930 (see
Fig. 4).
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Fig. 4. TD APS estimated in stepwise height intervals for interferogram
20171125–20170930 (SWEA-TD). (a) Unwrapped phase after removing phase
ramp. (b) SWEA height intervals. (c) Phase–height relationship and its multi-
interval estimation. (d) SWEA-estimated height-dependent APS. (e) Residual
phase.

Fig. 5. TD APS estimated using a stepwise approach for a series of interfero-
grams (SWEA-TD). The solid line in the last three panels is the topography
dependence estimated by SWEA. The dashed line extrapolated topography
dependence for the interval below 100 m.

The phase versus height relationship in the results for
20170610, 20180120, and 20180317 shows a sign change at
100-m height (see Fig. 5). Another study also observed a sign
change of delay-to-height ratio but in a range of 1000–1500 m
in Lake Mead [26], while, in this case, the sign change is around
100-m height. The rapid sign change and the limited sign length
to the left of the sign change make it more likely to be the result of
strong turbulence signals rather than real stratification changes.

Fig. 6. (a) Tropospheric atmospheric delay estimated from the ERA5 model.
(b)–(d) Deramped unwrapped phase, ERA5 APS, and residue for 20171125–
20170930, respectively.

The humidity and temperature parameters of NWP models did
not show similar stratification changes either. Alternatively, the
topography dependence relationship in the interval of 100–200
m is assigned to the interval below 100 m to model TD APS (see
Fig. 5).

B. Stepwise Estimation Approach for Stratified Tropospheric
Delays From NWP Models (SWEA-ERA5)

NWP models can be used to simulate the atmospheric ef-
fects associated with each interferogram. ERA-I (see Fig. 18
in the Appendix), MERRA2 (see Fig. 19 in the Appendix),
and ERA5 (see Fig. 6) show consistent APS pattern, with only
minor differences in the amplitude of APS. However, with the
exception of the scene formed in 20170930 [see Fig. 6(b)], most
of the ERA5 simulated APS (see Fig. 6) fail to resemble the
pattern of the interferograms (see Fig. 3). This indicates that
NWP models mainly model the stratified atmospheric effects
rather than topography-independent atmospheric effects due to
limited spatial and temporal resolutions. The ERA5 APS is
further scaled by the SWEA to better model tropospheric signals
(see Fig. 7).

C. Comparison of SSSA-TD, SWEA-TD, SSSA-ERA5, and
SWEA-ERA5.

For comparison, existing spatially segmented scaling methods
SSSA-TD (see Fig. 8) and SSSA-ERA5 (see Fig. 9) are also
implemented.
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Fig. 7. (a) ERA5 APS scaled using a stepwise approach (SWEA-ERA5).
(b)–(d) Deramped unwrapped phase, SWEA-ERA5 APS, and residue of in-
terferogram 20171125–20170930, respectively.

Fig. 8. TD APS for a series of interferograms estimated in quadtree blocks,
and weighted by distance and variance (SSSA-TD).

The four tropospheric atmospheric effects’ estimation or
scaling approaches SSSA-TD, SWEA-TD, SSSA-ERA5, and
SWEA-ERA5 are compared as follows.

1) SSSA-TD APS Versus SWEA-TD APS: The amplitude of
SSSA-TD APS (see Fig. 8) is larger than SWEA-TD APS (see
Fig. 5) in the higher elevation areas of interferogram 20180512,
such as GY-YP hills. SSSA-TD APS is greater than or equal to

Fig. 9. ERA5 APS scaled in quadtree blocks and weighted by distance and
variance (SSSA-ERA5).

SWEA-TD APS in interferograms 20170805 and 20170930 at
higher altitudes (e.g., DL hills, GY-YP hills, YT-TL-HL, and LT-
TL hills). SSSA-TD APS and SWEA-TD APS are comparable
on interferogram 20180317.

When local strong topography-independent signals occur,
as shown in the interferograms 20170415, 20170610, and
20180707, SSSA-TD APS exhibits smaller amplitudes than
SWEA-TD APS in higher elevation regions (e.g., GY-YP hills).
SSSA fails to model TD APS on 20180120 when it is affected by
large-scale, smooth, topography-independent signals of similar
amplitude.

In general, SWEA-TD can be less affected by topography-
independent signals than SSSA-TD.

2) SSSA-TD APS Versus SSSA-ERA5 APS: The SSSA-TD
APS (see Fig. 8) is similar to SSSA-ERA5 APS (see Fig. 9),
but there are some differences in amplitude. In interferograms
20170415, 20180805, 20170930, 20180317, and 20180512,
SSSA-TD APS outperforms SSSA-ERA5 APS in higher eleva-
tion areas (e.g., DL hills, GY-YP hills, YT-TL-HL, and LT-TL
hills), possibly due to the lower resolution of ERA5 (1 km)
compared to DEM (30 m).

SSSA-TD APS and SSSA-ERA5 APS are comparable on
20180707. They both fail on 20180120, and SSSA-ERA5 APS
fails on 20180317 either.

The amplitude of SSSA-TD APS is smaller than the SSSA-
ERA5 APS on the GY-YP and LT-TL hills in interferogram
20170610, possibly because the ERA5 corresponding to this
interferogram also shows a long-wavelength mode of the NW-
SE trending (see Fig. 6).

One advantage of SSSA-ERA5 is that the long-wavelength
signals of ERA5 are preserved in SSSA-ERA5 (e.g., 20170610),
although its trend is not necessarily consistent with the cor-
responding interferogram. But optimism is that if the long-
wavelength stratified APS is well modeled by ERA5, it will
also be kept in SSSA-ERA5.
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TABLE II
STANDARD DEVIATION OF DERAMPED UNWRAPPED PHASE (UWDP) AND THE CORRECTED PHASE (C.P.) USING UNIFIED PHASE–HEIGHT RELATIONSHIP

(UNI-TD), SSSA-TD, SWEA-TD, SWEA-TD∗, ERA5, SSSA-ERA5, AND SWEA-ERA5

3) SWEA-TD APS Versus SWEA-ERA5 APS: SWEA-TD
APS (see Fig. 5) is comparable to SWEA-ERA5 APS (see
Fig. 7), except for 20180707, which may be due to the presence
of long-wavelength modes in its corresponding ERA5 APS.

4) SSSA-ERA5 APS Versus SWEA-ERA5 APS: For almost all
pairs, SSSA-ERA5 APS (see Fig. 9) exhibits smaller amplitudes
than SWEA-ERA5 APS (see Fig. 7) at high altitudes (e.g., GY-
YP, DL, YT-TL-YH, and LT-TL hills). SWEA-ERA5 models
height-dependent APS in higher altitudes better than SSSA-
ERA5, but SWEA-ERA5 fails to preserve the long-wavelength
pattern of ERA5 that can be preserved by SSSA-ERA5, such as
20170610.

The standard deviation of each interferogram was calcu-
lated using the tropospheric-corrected residual phase (see Ta-
ble II). The standard deviations of the interferograms corrected
by SSSA-TD are smaller than the standard deviations of the
uncorrected interferograms except 20170610 and 20180317.
The standard deviations of the interferograms corrected by
SWEA-TD are all smaller than the standard deviation of the
uncorrected interferograms, except that the topography depen-
dence relationship in the interval of 100–200 m is assigned to
the interval below 100 m for TD APS modeling (SWEA-TD∗
in Table II).

The standard deviations of the interferograms corrected by
ERA5 directly are greater than the standard deviations of the
uncorrected interferograms except for 20170805 and 20180120
(see Table II). The standard deviation of the SSSA-ERA5-
corrected interferogram increases in half of the cases and de-
creases in the other half compared with the standard deviation
of the uncorrected interferogram. The standard deviations of the
interferograms corrected by SWEA-ERA5 are all smaller than
the standard deviation of the uncorrected interferograms.

For interferogram 20171125–20170930, SSSA-TD APS and
SWEA-TD APS help to scale TD-APS for hills such as DL,
GY-YP, YT-TL-YH, and LT-TL without overfitting. TD APS
scaled by SSSA or SWEA methods have smaller discontinuities
than TD PAS obtained directly from quadtree blocks.

For this interferogram-stratified APS signals of the hills, such
as DL, GY-YP, YT-TL-YH, and LT-TL hills can also be identi-
fied from ERA5 before applying SSSA or SWEA, but with obvi-
ous differences in amplitude (see Fig. 10). SWEA-ERA5 helps
scale ERA5 APS. SSSA-ERA5 APS underestimates TD APS
compared with SWEA-ERA5 APS. The TD-APS-corrected var-
iograms show significant improvements in variance with respect
to distance (see Fig. 10).

The land reclamation areas of Qianhai and Houhai in Shen-
zhen are subsiding [56]. Possible overfitting effects by the pro-
posed methods on the deformation are also evaluated in Qianhai
and Houhai areas in interferogram 20171125–20180512 (see
Fig. 20 in the Appendix). The unscaled TD APS phase pattern
estimated in quadtree blocks is similar to the interferometric
pattern in the Qianhai region, but since the size of the quadtree
block is larger than the deformation scale of this flat region, the
effect of overfitting on the deformation is not obvious. The strat-
ified atmospheric effects estimated by SSSA-TD, SWEA-TD,
SSSA-ERA5, and SWEA-ERA5 do not exhibit overfitting to
deformation.

D. Tropospheric Delays From MODIS Water Vapor Fields and
HYSPLIT Air Mass Trajectories

This section shows the example of assessing tropospheric
delay using MODIS (see Fig. 11) and HYSPLIT (see Fig. 12)
when the pattern of interferogram [see Fig. 13(a)] differs from
TD APS or NWP APS [see Fig. 13(b)]. The source-receptor
air mass trajectory model HYSPLIT is used to track the move-
ments of MODIS near-IR water vapor products MOD05_L2
and MYD05_L2 that are collected by Terra and Aqua plat-
forms [54].

The observation time of ALOS-2 images used in this work is
UTC 04:16, and the MODIS image time in this area that is close
to ALOS-2 imaging time is usually around UTC 03:00 and UTC
06:00. Therefore, the MODIS images provide observations of
water vapor field before and after ALOS-2 acquisition. A pair
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Fig. 10. Stratified APS estimation in hilly areas in interferogram 20171125–20170930. The TD APSs estimated from quadtree blocks without further scaling and
the residuals are shown in column 2. SSSA-TD APS, SWEA-TD APS, SSSA-ERA5, and SWEA-ERA5 and the residuals are shown in columns 3–6, respectively.
Panels (1)–(12) show the LamTsuen and TaiLam (LT-TL) areas. Panel (1) is the deramped unwrapped phase of LT-TL. Panel (7) is the ERA5 APS. Panels (2)
and (8) are the TD APS estimated in quadtree blocks and its residuals from deramped unwrapped phase. Panels (3) and (9) are the SSSA scaled TD APS and its
residuals. Panels (4) and (10) are the SWEA-estimated TD APS and its residuals. Panels (5) and (11) are the SSSA-scaled ERA5 APS and its residuals. Panels (6)
and (12) are the SWEA-scaled ERA5 APS and its residuals. Panels (13)–(24) show the range of YangTai-TangLang-YinHu (YT-TL-YH) hills, in the same order
as for Panels (1)–(12). Panels (25)–(36) show the range of GuanYin-YinPing (GY-YP) hills. Panels (37)–(48) show the range of DaLing (DL) hill. The variograms
of the stratified APS estimated are given alongside the plots of LT-TL, YT-TL-YH, GY-YP, and DL hills, respectively. DL, GY-YP, YT-TL-YH, and LT-TL hills
are outlined in Fig. 1.

of MODIS images before and after SAR imaging can be used
to analyze the water vapor field of the ALOS-2 interferogram.
The advantage of a pair of MODIS images over a single MODIS
image is that the reliability of the MODIS water vapor field can
be assessed (see Fig. 11).

MODIS images taken just a few hours apart are visually
inspected. The correlation of water vapor fields at 03:50 and

05:20 UTC on September 30, 2017 and January 20, 2018 is
stronger than that on other dates. Therefore, the differential water
vapor fields are generated from the two pairs of MODIS images
and further compared with their corresponding interferogram
20170930–20180120.

The MODIS-HYSPLIT approach to assess topography-
independent signals is implemented as follows.
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Fig. 11. MODIS water vapor near-IR and HYSPLIT trajectories covering this period. The temporal resolution of the trajectory matrix is 1 h, and the starting
point, middle points, and end point of each trajectory are represented by circles, triangles, and squares, respectively.

First, the virtual water vapor field at the SAR acquisition
time is derived from MODIS water vapor field considering
the offsets of HYSPLIT between MODIS imaging time and
SAR imaging time (see Fig. 12). For 20170930, the correlation
coefficient between the 03:50 [see Fig. 12(a)] and 05:20 [see
Fig. 12(d)] MODIS water vapor fields is 0.30 (169 pairs). After
HYSPLIT correction [see Fig. 12(b) and (e)], the correlation
coefficient between the 04:16 virtual water vapor field inferred
from 03:50 [see Fig. 12(c)] and the 04:16 virtual water vapor field
inferred from 05:20 [see Fig. 12(f)] is 0.48 (153 pairs). A rise
of correlation between water vapor fields is seen for 20170930
after HYSPLIT correction.

Second, the virtual water vapor fields generated from the
MODIS images taken before the SAR imaging time are dif-
ferenced to generate a virtual water vapor difference map of the
interferogram [see Fig. 13(f)]. The same operation is performed
on MODIS images taken after the SAR imaging time to generate

another virtual water vapor difference map of the interferogram
[see Fig. 13(g)].

Third, although the two virtual water vapor difference maps
have already been corrected by HYSPLIT, they are further
weighted by the time baselines between MODIS and SAR
acquisitions and superimposed to calculate a weighted water
vapor difference map of the interferogram [see Fig. 13(h)].

The calibration coefficient of MODIS water vapor field is
6.2 [57]. The MODIS water vapor difference maps inferred
from 03:50 and 05:20 and their weighted superimposed MODIS
water vapor difference map show a larger phase gradient than
the unwrapped interferogram. Additional scale factors can help
reduce the discrepancy between the unwrapped phase and
the MODIS water vapor difference map. The weighted wa-
ter vapor difference map is scaled to the phase range of un-
wrapped interferogram 20170930–20180120. The difference in
water vapor between the north and the south [see Fig. 13(h)]
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Fig. 12. MODIS water vapor fields of interferogram 20170930–20180120.
The first column is the MODIS water vapor fields of 20170930 and 20180120.
The second column is the air mass offsets of HYSPLIT air trajectory model
from SAR acquisition time to MODIS image time. The third column is the
virtual water vapor fields at the time of SAR acquisition. (a) MODIS water
vapor field at 20170930 03:50. (b) HYSPLIT offsets from 20170930 04:16
to 03:50. (c) 20170930 04:16 virtual MODIS water vapor field inferred from
20170930 03:50. The same order as (a)–(c), (d)–(f) are MODIS+HYSPLIT at
20170930 05:20, (g)–(i) are MODIS+HYSPLIT at 20180120 03:50, and (j)–(l)
are MODIS+HYSPLIT at 20180120 05:20.

can also be found in the unwrapped interferogram [see
Fig. 13(a)].

IV. DISCUSSION

Previous studies have shown that the atmospheric effects of
InSAR are different in different climate zones. Water vapor is the
major factor affecting InSAR atmospheric effects. Pressure and
temperature are expected to cause smaller and evenly distributed
atmospheric effects compared to tropospheric wet changes [11].
For example, in the polar regions, the atmospheric stratification
is very stable and the cold air does not hold much water vapor, so
the polar InSAR atmospheric effects are significantly different
from the rest of the earth [58]. For most other places, water vapor
changes less in dry areas, while water vapor content in wet areas
varies greatly in space and time [11]. According to statistics from
the Shenzhen Meteorological Observatory, the average annual
precipitation in Shenzhen is 1932.9 mm, and the average annual
precipitation days (the number of days with precipitation ≥ 0.1
mm) are 130.1 days. Therefore, the InSAR wet delay in this
region can be significant.

Weather in coastal areas is another factor that affects In-
SAR atmospheric delays. Affected by atmospheric convection,

Fig. 13. (a) Unwrapped interferogram of 20170930–20180120. (b) ERA5 APS
for interferogram 20170930–20180120. (c) 20170930–20180120 03:50 MODIS
water vapor difference map. (d) 20170930–20180120 05:20 MODIS water vapor
difference map. (e) Weighted superposition of water vapor difference maps
(c) and (d). (f) Virtual water vapor difference map of 20170930–20180120 04:16
inferred from the MODIS water vapor difference map of 20170930–20180120
03:50 using the HYSPLIT air trajectory model. (g) Virtual water vapor difference
map of 20170930–20180120 04:16 inferred from the MODIS water vapor
difference map of 20170930–20180120 05:20 using the HYSPLIT air trajectory
model. (h) Weighted superposition of water vapor difference maps (f) and (g).
(i) Variograms of APS and unwrapped phase before and after APS correction
using MODIS water vapor fields only or HYSPLIT-assisted MODIS near-IR
water vapor fields.

rainfall and severe thunderstorms often occur in coastal areas.
These turbulences also produce InSAR tropospheric delays.
Hanssen [58], [59] reported that the tropospheric delay caused
by thunderstorms in coastal areas of The Netherlands was sev-
eral times greater than during calm weather without significant
convection.

Water vapor irregularities and winds cause atmospheric delay
heterogeneity. Previous studies found that water vapor irregular-
ities are “frozen” into the atmosphere and carried by prevailing
winds [11], [60], producing both spatial and temporal variability.

The study area is in a subtropical coastal environment, and
tropospheric delays are expected to occur due to multiple factors
mentioned earlier. The tropospheric delay in this region and its
influencing factors are discussed further below, e.g., stratified
delay and height (water vapor), topography-independent tropo-
spheric delays (turbulence), and possible cloud and wind pattern
(water vapor irregularities).

A. Stratified Delays and Height

The ERA5 wet delay variation is an order of magnitude higher
than ERA5 dry delay variation (see Fig. 21 in the Appendix).
The ERA5 wet delay versus height relationship has a similar
trend to the InSAR-derived phase versus height relationship (see
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Fig. 14. (a) InSAR unwrapped phases and their corresponding ERA5 APS versus height in a series of interferograms. The ERA5 values are not scaled but double
differenced to the same reference level of InSAR. (b) Daily ERA5 delay-to-height ratios and InSAR delay-to-height ratios. (c) Near-surface air-specific humidity
closest to the center of the study area published by ITPCAS-CMFD dataset with a temporal resolution of 3 h [61].

Fig. 21), as the wet delay variation contributes most to the total
delay variation.

We calculate the delay-to-height ratio for each interferogram
using InSAR phase and height changes (see Fig. 14). The
InSAR delay-to-height ratio of reference image date 20171125
is assigned zero as a reference. The delay-to-height ratios can
be estimated from height bins at different height intervals.
However, the interferometric phase of the lower height bins
can be easily affected by turbulence. To avoid the influence
of topography-independent signals, the InSAR delay-to-height
ratio is averaged only from the upper two height intervals in the
range of 600–700 m and 700–800 m in the stepwise estimation
approach (SWEA-TD APS).

We calculate the daily ERA5 delay-to-height ratio from 2015
to 2018 using the nearest ERA5 files before (UTC 04:00) and
after (UTC 05:00) SAR acquisition times (UTC 04:16). Since
the InSAR phase is double differenced in space and time,
the ERA5 daily delay is also double differenced to be com-
parable with InSAR. Temporally, the ERA5 delay on InSAR
reference date of 20171125 is set as the reference in ERA5
delay series. Spatially, the mean value of each delay is set as
its reference.

The InSAR delay-to-height ratios also follow the trend of
ERA5 delay-to-height ratios [see Fig. 14(b)]. Generally, the
tropospheric delay-to-height ratio curvature reaches a trough in

summer, which means that the phase delay of the same thickness
of the atmosphere is greater in summer than in winter. It can be
seen from (11) that the water vapor partial pressure is positively
correlated with the phase delay. The near-surface air-specific
humidity of China meteorological forcing dataset (CMFD) for
the same period shows that the humidity increases in the study
area in summer [see Fig. 14(c)] [61], [62].

InSAR-derived stratified tropospheric delay-to-height ratios
range up to 10.8 cm/km. Another study showed that stratified tro-
pospheric delay-to-height ratio ranges were 5, 6, and 12 cm/km
in the Lake Mead area, Haiyuan, and Afar regions, respec-
tively [26]. There are regional differences in the delay-to-height
ratio.

B. Topography-Independent Tropospheric Delays

ERA5 can be used to model long-wavelength and TD APS
signals, while topography-independent signals can also be sig-
nificant in the subtropical coastal environment. This can also be
seen from the phase–height distribution of each interferogram.
The interferograms exhibit a wider phase range than that of
ERA5, especially for lower altitude regions (see Fig. 14).

In this case, according to the HYSPLIT model, the air mass
can travel up to tens of kilometers between the SAR and MODIS
acquisition times. The rise in correlation of MODIS water vapor
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Fig. 15. Wind pattern in interferogram 20180317–20171125. (a) 20180317
03:00 UTC MODIS water vapor field. The solid rectangle is the InSAR frame
and the dashed rectangle is the InSAR frame considering the motion of the
nearest HYSPLIT element. (b) 20180317 06:10 UTC MODIS water vapor field.
(c) 20180317 03:00 to 07:00 UTC HYSPLIT trajectory. (d) 20171125 03:00
UTC MODIS water vapor field. (e) 20171125 06:10 UTC MODIS water
vapor field. (f) 20171125 03:00 to 07:00 UTC HYSPLIT trajectory. (g) Edges
extracted from 20171125 03:00 MODIS water vapor field. (h) Extracted edges
superimposed on the unwrapped phase.

fields after HYSPLIT correction indicates the necessity of con-
sidering air mass movement when using MODIS to analyze tro-
pospheric delay. MODIS- or MODIS+HYSPLIT-corrected var-
iogram shows a substantial improvement in distance-dependent
variance beyond 20 km [see Fig. 13(i)]. The uncertainty in
the HYSPLIT+ MODIS water vapor field can be attributed to
turbulence (i.e., atmospheric convection) that are more compli-
cated than horizontal movement (i.e., atmospheric advection),
the accuracy of water vapor field itself, and the spatiotemporal
resolution of the HYSPLIT model. Nonetheless, it still provides
a finer resolution of the water vapor field than global numerical
weather models and can sometimes provide a better approxima-
tion of the APS.

C. Possible Cloud and Wind Pattern

Some kilometer-scale small-scale heterogeneities can be
identified, e.g., 20170610 and 20170805 (see Fig. 3). These
heterogeneities do not stay in the same place and are not likely
to be consistent displacements or TD APS. The PS points shown
were selected according to time-series coherence and the hetero-
geneities are spatially correlated, so they are unlikely to be decor-
relation noise either. Furthermore, these heterogeneities can also
be found in the wrapped interferogram (see Fig. 3), so they
are not phase unwrapping errors. Small-scale heterogeneities
appear on 20170610 and 20170805, and the medium-scale phase
delay appears on 20180707, when Shenzhen was in a hot and
humid summer. We, therefore, suspect that the kilometer-scale
turbulences may be the phase delay of radar waves passing
through isolated clouds.

The phase pattern of interferogram 20180317–20171125
looks like a phase ramp from orbit error. Given that the precision

of ALOS-2 precise orbit product after 2015 is better than 5 cm
(RMS) [63], the phase ramp may not be caused by orbit errors.
The edge extracted from MODIS near-IR water vapor field on
November 25, 2011 is spatially correlated with the phase pattern
observed in interferogram 20180317–20171125, and the edge
direction is similar to the direction of the phase constant of
the interferogram (see Fig. 15). The direction of phase constant
agrees well with the northeast trade winds from the subtropical
high to the equator. This is also confirmed by the contemporary
HYSPLIT model. Therefore, the phase ramp can be lateral
heterogeneities associated with NE Trade winds. Unfortunately,
only one pair of phase ramp is found, as it also requires that the
phase pattern of the other image in this interferometric pair does
not obscure the ramp. We suspect that this is a wind pattern, but
there is no guarantee, and we will leave this to the future to see
if we can find more phase ramps associated with water vapor
field and wind direction.

In addition to air mass trajectories, NWP models also provide
wind speed information. Wind direction fields at multiple model
heights are synthesized using the eastward and northward wind
speed fields from MERRA2 (see Fig. 22 in the Appendix).

V. CONCLUSION

The atmospheric effects of ALOS-2 interferograms in Shen-
zhen are investigated in the study. For stratified tropospheric
delay, a stepwise approach to estimate stratified atmospheric
effects based on their height dependence or to scale NWP models
is proposed and compared with the existing spatial segmen-
tation approach. Both the stepwise and spatial segmentation
approaches can reduce the TD APS using DEM or NWP.

For the dataset used here, the stepwise method gives better
correction results than the spatial segmentation method, with
smaller global standard deviation and more robust estimates in
the presence of turbulence. SWEA methods are recommended
when the topography-independent APS is significant. For the
stepwise approach, the TD APS from DEM is slightly better
than or equivalent to the APS of the NWP models in terms of
global standard deviation.

For the spatial segmentation method, the TD APS derived
from the DEM is better than the APS derived from NWP model,
with smaller global standard deviation and no significant local
underestimation. DEM is recommended for SSSA when the
rate of height change exceeds the resolution of NWP. If long-
wavelength modes are present in the APS and can be modeled
well by NWP, it is recommended to use NWP for SSSA instead
of DEM. SSSA-NWP is also better suited than SWEA-NWP to
preserve the long-wavelength modes in NWP.

For the topography-independent APS, the MODIS water va-
por field can be closer to the APS than the NWP model. MODIS
water vapor products can be combined with HYSPLIT air mass
trajectory models to mitigate the water vapor inconsistency
caused by the time difference between SAR and spectrometer
observations. Better correlation of MODIS images separated
by several hours can be achieved after applying HYSPLIT
correction. Both the weighted differential MODIS water vapor
field and the HYSPLIT-assisted weighted differential MODIS
water vapor field show similar trends to the interferogram.

Furthermore, this article suspects that kilometer-scale hetero-
geneities may be cloud patterns, and image-scale phase ramp
may be wind patterns.
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APPENDIX

Fig. 16. TD APS estimated from a single linear phase–height relationship for
each interferogram.

Fig. 17. Estimation of TD APS in interferogram 20171125–20170930 in
segmented windows. The first row corresponds to the case where the stratified
APS is estimated using a regular grid with a step size of 1 km. The second
row corresponds to the case of quadtree decomposition with 100 m as its
height variation threshold. The third row corresponds to the case that quadtree
decomposition is completed with 200 m as its height change threshold. The
three columns from left to right are the unwrapped phase, the modeled APSs,
and their residuals, respectively.

Fig. 18. ERA-Interim APS.

Fig. 19. MERRA2 APS.



LIU AND CHEN: TROPOSPHERIC ATMOSPHERIC HETEROGENEITIES OF ALOS-2 INTERFEROGRAMS IN THE GREATER BAY AREA 11791

Fig. 20. Stratified APS estimation in land reclamation areas in interferogram 20171125–20180512. The dashed lines in panels (1) and (8) are the coastline in
1979. Panels (1)–(7) show the Qianhai area. Panels (8)–(14) show the Houhai area.

Fig. 21. Distribution of InSAR unwrapped phase, ERA5 dry delay, and wet delays with height, and their phase-to-height ratios.

Fig. 22. Four different levels of wind speed and direction fields in MERRA2.
Each level is marked with its average height.
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