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Spatiotemporal Ocean Tidal Loading in InSAR
Measurements Determined by Kinematic PPP

Solutions of a Regional GPS Network
Wei Peng , Qijie Wang , F. Benjamin Zhan , and Yunmeng Cao

Abstract—The coastal crustal deformation caused by ocean tidal
loading (OTL) varies spatially and temporally, and this spatiotem-
poral variation in satellite-based interferometric synthetic aperture
radar (InSAR) measurements needs to be determined. In this
article, we propose a spatiotemporal modeling method to esti-
mate the OTL displacements in InSAR measurements using the
kinematic precise point positioning (PPP) solutions of a regional
GPS network. We tested the method through an experiment using
25 Sentinel-1B images and long-term observations of 172 GPS
reference sites from Southern California. The experimental results
suggest that there are significant OTL and solid Earth tide effects
in the differential InSAR interferogram, which is greater than
40 mm. We find that the spatial characteristics of OTL variations
can be expressed as a high-order polynomial in the two variables
of latitude and longitude, and the spatiotemporally modeled PPP
tidal estimates of the high-density GPS sites can provide high
precision OTL correction for all the pixels in the interferogram.
In the last part of the study, we show that the spatial large-scale
signals in the differential interferograms of Sentinel-1B data are
mainly atmospheric delay, solid Earth tidal, and OTL effect, and
demonstrate the importance of the tidal correction in the InSAR
measurements.

Index Terms—InSAR measurements, kinematic PPP tidal
displacements, least-squares support vector machine, ocean tidal
loading.

I. INTRODUCTION

THE Interferometric synthetic aperture radar (InSAR) is a
powerful tool for mapping the Earth’s ground displace-

ments, and the Sentinel-1 measurements in coastal areas usually
contain tectonic deformation, atmospheric delay, the ocean tidal
loading (OTL) effect, solid Earth tidal (SET) effect, orbital
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error, residual topographic phase error, and decorrelation noise
[1]–[3]. The OTL effect is the response of the solid Earth to
ocean mass redistribution due to the gravitational force changes,
its gradient nonlinearly decreases from cm/100-km scale in the
coastal area to mm/100-km scale in the area 200 km away from
the coast [4]–[6]. For the other spatial large-scale signals, the
spatial wavelength of the SET effect is more than one order larger
than the OTL effect, and its spatial variation in the range of the
Sentinel-1 SLC image tends to be a lower-order curve [7]. The
atmospheric delay maps provided by the Generic Atmospheric
Correction Online Service for InSAR (GACOS) and precise
orbital files are commonly used to reduce atmospheric delay
and the orbital error [8], [9]. However, the residual signals of
the atmospheric delay and orbital error in the differential InSAR
(DInSAR) interferogram may introduce the spatial large-scale
error in the determination of the OTL displacements, so we used
the ocean tide models and kinematic precise point positioning
(PPP) tidal estimates of a regional GPS network to analyze the
temporal and spatial variation of the OTL effect in the InSAR
measurements.

Tide models such as TPXO8, EOT11A, DTU10, FES2014b,
and so on, are established by assimilating satellite altimeter or
geodetic tide station data into a hydrodynamic model [10]–[12].
The tide models provide the tidal heights of the ocean to the
Love-numbers-derived mass loading Green’s function for calcu-
lating the OTL displacements [13], [14], but the accuracy of the
OTL displacements depends on the computational method, Earth
model, and tide model. The tide models have high precision
in the deep ocean, but the precision is lower in offshore areas
[15]. Therefore, some researchers have suggested that GPS tidal
estimates can be used instead of tide model predictions in regions
where tide models are less accurate or inaccurate [16], or where
constraints are provided on the selection of the tide model at
coastal stations [17].

As the number of GPS reference sites worldwide is grow-
ing continuously [18], [19], studies of the spatial feature of
the OTL effect have become possible. There are dense GPS
reference stations in Southern California that provide a lot of
long-term GPS observations for building a spatial tidal con-
stituent model. These GPS data of the ground-based network
can measure the spatiotemporal displacement of the OTL effect
directly. The kinematic and static PPP techniques have been
proved to be able to estimate the OTL displacements in the
temporal analysis of the OTL effect [20], [21]. In addition,
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Fig. 1. Frame of the Sentinel-1B SAR image and distribution of the selected
GPS sites in Southern California.

the parameters of the amplitude and phase delay of the tidal
constituents in the temporal analysis relate to the spatial position,
so that the phasors constructed by the amplitude and phase delay
can reflect the spatial features of the tidal constituents [22].

We use the least-squares support vector machine (LSSVM)
method to model the phasors, to avoid the problems of a
small sample size, nonlinearity, high dimensions, and local
minimization when predicting OTL correction of the pixels of
the interferograms. The method transforms the low-dimensional
nonlinear problem into a high-dimensional space by using kernel
functions, and then obtains the optimal solution by solving the
linear Karush–Kuhn–Tucker (KKT) system [23], [24]. We use
the regression function of the LSSVM method when modeling
the phasors of the tidal constituents. The kernel function of the
LSSVM method is based on the spatial characteristics of the tidal
constituents. The spatial trend of the OTL displacements from
coast to inland is close to the bivariate polynomial [6]. In this
article, we further consider the selection of the kernel function
based on the spatial variation of the phasors of the tide model
and the PPP tidal estimates.

II. DATA PROCESSING

An area covering Southern California and its adjoining ocean
was selected as the study site for analyzing the OTL effect in
the InSAR measurements. The Sentinel-1B SLC image has high
coherence in this area, and the distances between the GPS sites
are 5–25 km in the SAR range. The frame of the Sentinel-1B
SAR imageries and distribution of the 172 GPS reference sites
are shown in Fig. 1.

A. InSAR Data Preprocessing

A total of 25 Sentinel-1B SLC images acquired between
January 01, 2017 and December 01, 2017, were used in the
experiment. The imaging time is about 01:49:00 UTC, and the
revisit period is 12 days. The perpendicular baseline is less than
120 m (Fig. 2).

The procedures of image coregistration, interferogram gener-
ation, flat-earth phase removal, phase unwrapping, and geocod-
ing were performed using GAMMA software [25]. The orbit
file of the precise orbit ephemerides (POE) was added into the

Fig. 2. Perpendicular baseline history of the SAR images.

TABLE I
INPUT FILES FOR THE KINEMATIC PPP PROCESSING

data processing. The topography phase was removed using the
shuttle radar topography mission-1 (SRTM-1) digital elevation
model (DEM), and the minimum cost flow (MCF) method
was used for the phase unwrapping. The small baseline subset
(SBAS) method was used for generating the time series of SAR
measurements [26].

B. GPS Data Preprocessing

GPS observations from January 01, 2014, to December 31,
2018 are available from the Scripps Orbit and Permanent Array
Center (SOPAC). The GPS observations were processed by the
standard procedures of Bernese GNSS software version 5.21 in
kinematic PPP mode into ambiguity-float solutions [27]. The
sample interval is 10 min; the elevation cutoff angle is 3°. The
International GNSS Service (IGS) precise ephemeris, clock,
and Earth rotation parameters were used, and the tropospheric
mapping function used the gridded Vienna Mapping Function
(VMF1). The Solid Earth tide, atmospheric tide and pole tide
correction were included in the data processing, while the ocean
tide loading correction was not (Table I).

The kinematic PPP coordinates time series were preprocessed
to eliminate the outliers. The missing data are less than 30% of
the PPP coordinate time series of the 172 GPS sites [16], as
shown in Fig. 3.

Then, the noises of the PPP coordinate time series were
reduced using a wavelet filter. The filtered PPP coordinates were
converted to the north, east, and up directions, and then projected
into the line-of-sight (LOS) direction of the SAR system [28].

1Online. [Available]: http://www.bernese.unibe.ch/docs/DOCU52.pdf

http://www.bernese.unibe.ch/docs/DOCU52.pdf
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Fig. 3. Percentage of the missing data of the PPP coordinate time series of the
172 GPS sites.

Fig. 4. Principle diagram of the InSAR and GPS measuring tides effect.

The incidence angles of the selected Sentinel-1B measurements
are in the range of 27.34° to 39.80°, and the angle between the
flight direction and the north direction of the satellite is−12.98°.

III. METHODOLOGY

InSAR deformation monitoring uses the differential phases
to measure the changes of the crustal deformation. The spatial
difference of the tides displacements between the GPS sites near
sea P1 and inland P2 can be measured in the interferometric
phase (Fig. 4).

The vector tides displacement of the h1and h2 can go up
to several decimeters, and the largest spatial difference h2 −
h1 in the LOS direction of the Sentinel-1B measurements is
greater than 40 mm in this research. Therefore, the displacements
of a pixel i in an unwrapped differential interferogram can be
expressed as

di = dTectonici + dOTL
i + dSET

i + dAtm
i + dTopoi + εi (1)

where dTectonici represents the tectonic crustal deformation;
dOTL
i is the OTL displacement; dSET

i is the SET displacement;
dAtm
i is the atmospheric delay error; dTopoi represents the resid-

ual topographic phase; and εi is related to the phase unwrapping
error, the decorrelation noise, etc.

According to the tide algorithm of the IERS convention 2010,
the site SET displacement can be accurately estimated by the use
of a two-step procedure [29]. While, the inaccuracy of the OTL
displacements based on IERS 2010 mostly related to the tide

TABLE II
PERIODS OF THE MAIN TIDAL CONSTITUENTS AND PARAMETER ωktp

models [16]. Therefore, the kinematic PPP coordinates in the
LOS direction are modeled using a tidal harmonic function to
improve the OTL displacements. The OTL displacement of eight
diurnal and semidiurnal constituents can be written as [18]

dOTL
n (t) =

8∑

k=1

fkAk,ncos(ωkt+ χk + μk − Φk,n) (2)

where n is the nth GPS site, the spatial distribution density of
GPS network depends on the spatial characteristics of the OTL
deformation signal, preferably at less than 25-km level near the
coast; Ak and Φkare the amplitude and phase delay of a tidal
constituent k, respectively; χk is the initial astronomical angle;
ωk is the angular frequency; fk and μk are the node factor and
the astronomical angle, respectively.

A. Temporal Analysis

The temporal features of the tidal constituents are related to
the parameter ωkt. The displacements of the tidal constituents
in (2) can be expressed as

dk,n(tp) =
[
fkAk,ncos(B) −fkAk,nsin(B)

] [ cos(ωktp)
sin(ωktp)

]

(3)

B = χk + μk − Φk,n (4)

where the fkAk,n cos(B) and−fkAk,n sin(B) are not related to
the time change; tp is the SAR imaging time. The characteristics
of the time-varying parameter ωktp depend on the revisit period
of the SAR satellite and the period of the tidal constituents
(Table II).

The revisit period of the SAR satellite is an integral multiple
of the period of constituent S2, so the effect of constituent S2
on the SAR measurements is an offset. The time varying of the
vector composed of the cos(ωktp) and sin(ωktp) in (3) for the
first 10 Sentinel-1B SAR images are shown in Fig. 5.

B. Spatial Analysis

The parameters of the amplitude and phase lag are related to
the locations of the GPS sites. The tidal constituent kin (2) can
also be transferred to

dk,n(t) =
[
fk cos(ωkt+ χk + μk) fksin(ωkt+ χk + μk)

]
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Fig. 5. Time-varying characteristics of the tidal constituents at 12-day intervals
for the first 10 Sentinel-1B SAR images

Fig. 6. Phasor constructed by the amplitude A and phase delay Φ of a tidal
constituent.

×
[
Ak,ncos(Φk,n)

Ak,nsin(Φk,n)

]
. (5)

The spatial characteristics of the tidal constituents are deter-
mined by the Phasork,n constructed by the amplitude Ak,n and
phase delay Φk,n

Phasork,n = (Ak,ncos(Φk,n), Ak,nsin(Φk,n))i. (6)

The vector construction of the phasor of a tidal constituent in
the (6) is shown in Fig. 6.

To predict Phasork,i at the pixel i of the interferogram, the
Phasork,n of theN GPS sites are modeled using the LSSVM
method. The Phasorn of a tidal constituent and the spatial
positions of the GPS sites are taken as training samples S =
(xn, yn), n = 1, . . . , N , where xn ∈ R2 denotes the longi-
tude and latitude of the nthGPS site, and yn ∈ R denotes the
Phasork,n of the tidal constituent. The theoretical regression
model of the LSSVM method is expressed as follows:

y = wT • ϕ(x) + β (7)

where w is the weight coefficient vector, ϕ(•) is the mapping
function that maps the samples into the high-dimensional feature
space, and β is a bias term.

Based on the principle of structural risk minimization and
the KKT optimum condition, the (7) can be transferred to a
least-squares regression model

y =

N∑

n=1

αnH(x, xn) + β (8)

where αn(n = 1, . . . , N) is the Lagrange multiplier, and
H(x, xn) is the kernel function.

Fig. 7. Flowchart of spatiotemporal analysis of the OTL effect in the Sentinel-
1B data

Fig. 8. Comparison of the amplitudes of the tidal constituents between the
TPXO8 tide model and the PPP tidal estimates.

C. Flowchart of Spatiotemporal OTL Analysis

The flowchart of the spatiotemporal analysis of the OTL effect
in the Sentinel-1B data is shown in Fig. 7.

IV. SPATIAL AND TEMPORAL ANALYSIS OF THE TIDAL

CONSTITUENTS IN INSAR MEASUREMENTS

The variation of the tidal constituents is vector variation
in high-dimensional space, which is related to the horizontal
position, the phasors of the tidal constituents, the periods of the
tidal constituents, and the SAR satellite revisit.

A. Spatial Analysis of the Tidal Constituents

The parameters of the amplitude and phase delay of the tidal
constituents in the GPS sites were estimated using (2). Mean-
while, the tidal parameters of the TPXO8 tide model were also
calculated using the Some Programs for Ocean-Tide Loading
(SPOTL) software [30]. We compare the amplitudes of the tidal
constituents between the TPXO8 tide model and the PPP tidal
estimates, which is shown in Fig. 8.

We analyzed the eight tidal constituents in magnitude, preci-
sion, and spatial features based on the results shown in Fig. 8.
According to the TPXO8 tide model, the maximum spatial
difference of the amplitudes of the M2 constituent is 5.4 mm,
and that of the K1 and O1 constituents is 5.3 and 3.4 mm,
respectively. The smallest spatial difference is constituent K2
(less than 0.5 mm). The amplitudes of the M2, O1, and N2
constituents calculated using PPP tidal estimates have higher



3776 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

precision, and the constituent K2 has the largest error with the
smallest spatial difference. In previous studies, the bias of the
constituents K1 and K2 was found to be related to GPS satellite
orbit errors and the multipath effect of the GPS station [31]–[33].
Therefore, we used the phasor of the constituent K2 of the tide
model to replace the phasor estimated by the PPP tidal method.

The phasor of the Q1, O1, P1, K1, N2, and M2 constituents
were estimated using the kinematic PPP solutions. Meanwhile,
the phasors of the tidal constituents of the TPXO8 tide model
were calculated. We compare the phasor of the PPP tidal esti-
mates and TPXO8 tide model, and the vector differences of the
phasor (Fig. 9).

The vector length and direction of the phasor differences
between PPP tidal estimates and TPXO8 tide model are similar,
and the difference of the amplitude and phase delay are shown
in Fig. 10.

In the Fig. 10, the differences of the amplitude and phase
delay of the tide constituents are considered as systematic bias.
The systematic bias of PPP tidal estimates generally involves the
solid Earth tide model uncertainties, atmospheric tide loading,
tidal geocentric motions, GPS orbit errors, and higher-order
ionosphere effects, and the tide models have lower precision
in offshore areas [34].

The spatial features of the tidal constituents of the GPS
network are close to a high-order polynomial in the two variables
of latitude and longitude, and the orders of the polynomial func-
tions for the eight tidal constituents are different. The polynomial
kernel of the LSSVM method in (8) can be written as

H(x, xn) =
(
xTxn + e

)r
(9)

where e is the intercept and r is the degree of the polynomial.
The optimal degrees of the tide constituents of the PPP tide
estimates are 3,4,4,3,4, and 4, and the optimal degrees of the
Q1, O1, P1, K1, N2, and M2 constituents based on TPXO8
model are 3,3,3,3,4, and 4. Based on the determined polynomial
kernel, the phasors of the tidal constituents of the GPS sites are
modeled using LSSVM method. The Lagrange multiplier and
bias terms in the (8) are calculated to predict the phasors of the
pixels in the differential interferogram.

The PPP tidal estimates in SAR images can be calculated ac-
cording to sptial modeled phasor. To evaluate the spatiotempo-
rally modeled PPP tidal estimates, the RMSE values of the differ-
ences between the spatiotemporally modeled PPP tidal estimates
and the tide models (DTU10, EOT11A, TPXO8, FES2014b, and
HAMTIDE) in the 25 SAR images were calculated (Fig. 11).

The RMSE values of the misfit between the tide models and
the spatiotemporally modeled PPP tidal estimates are less than
0.3 mm, and the TPXO8 tide model has lesser misfits. For
the 25 SAR measurements, the spatiotemporally modeled OTL
displacements of the PPP tidal estimates and the TPXO8 tide
model are shown in Fig. 12.

The magnitude and spatial characteristics are mostly the
same, and the most significant spatial OTL displacement reaches
14.1 mm. For a further explanation of the differences between
the spatiotemporally modeled PPP tidal estimates and the results
from the TPXO8 model, the RMSE misfit values of the spatial
OTL displacements between the two methods at the pixels of
the 25 SAR images were calculated (Fig. 13).

Fig. 9. Phasor estimated by the PPP tidal estimates and TPXO8 tide model,
and the phasor difference between the two methods.

In Fig. 13, the RMSE values of pixels in inland areas are
less than 0.4 mm, and a larger difference is seen between
the spatiotemporally modeled PPP tidal displacement and the
TPXO8 tide model displacement in areas close to the coast-
line. High-density GPS stations near the coastline can directly
measure the OTL variations, and the temporally and spatially
modeled PPP tidal estimates can reflect the OTL effect more
accurately. Therefore, we used the spatiotemporally modeled



PENG et al.: SPATIOTEMPORAL OCEAN TIDAL LOADING IN InSAR MEASUREMENTS 3777

Fig. 10. Amplitude and phase delay difference between the PPP tide estimates
and TPXO8 model.

Fig. 11. RMSE values of the differences between the spatiotemporally mod-
eled PPP tidal estimates and the OTL estimates of the tide models in the 25 SAR
images.

Fig. 12. Spatiotemporally modeled PPP tidal estimates and the TPXO8 model
tidal estimates at the 25 SAR imaging times in the study area.

Fig. 13. RMSE misfit between the spatiotemporally modeled PPP estimates
and the TPXO8 model tidal estimates at the pixels of the 25 SAR images.

PPP tidal displacements to correct the OTL in time-series InSAR
measurements.

B. Correction of the OTL in InSAR Measurements

72 differential interferograms are generated from 25 Sentinel-
1B SLC images according to the small baseline principle, and

Fig. 14. Maximum spatial difference of the PPP tidal displacements in the 25
Sentinel-1B SAR images.

Fig. 15. (a) Correction of the atmospheric delay, SET, and spatiotemporally
modeled PPP tidal displacements. (b) Corrections in the Sentinel-1B measure-
ments acquired on April 15, 2017 and July 20, 2017.

Fig. 16. (a) Correction of the atmospheric delay, SET, and spatiotemporally
modeled PPP tidal displacements. (b) Corrections in the Sentinel-1B measure-
ments acquired on July 20, 2017 and October 24, 2017.

the maximum spatial difference of OTL displacements in the 25
Sentinel-1B SAR images are calculated by using the PPP tidal
displacements (Fig. 14).

We selected two differential interferograms as experimental
samples (red line in Fig. 14), whose OTL effect is greater than
1.5 cm. The atmospheric delay in the interferogram is corrected
by using the GACOS products, and the SET displacements
are corrected using the SET correction model. In addition, the
spatiotemporally modeled PPP tidal displacements are applied
to correct the OTL in the interferogram (Figs. 15 and 16). The
procedure of best planar fitting is not added in the data processing
of the differential interferograms.
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Fig. 17. Corrections of the GACOS, SET model, and spatiotemporally mod-
eled PPP tide correction in the pixels of the line from P1 to P2.

Fig. 18. Comparative analysis of the residual displacements in the line from
P1 to P2of the differential interferograms of the 04/15/2017–07/20/2017 and
07/20/2017–10/24/2017 after the atmospheric delay, SET, and OTL corrected.

The atmospheric delay, SET, and OTL correction in the pixels
of the line from P1 to P2 (Figs. 15 and 16) were conducted.
The residuals in the Fig. 17 of the two selected interferograms
after the corrections have high similarity. The orbital errors have
been basically eliminated in the InSAR data processing. The
large-scale signals in the unwrapped differential interferograms
are mainly atmospheric delay errors, SET, and OTL signals. The
topography-related errors in the interferograms are reduced after
subtracting tropospheric corrections, and the small spatial-scale
signals of the atmospheric turbulence, decorrelation noise, and
crustal deformation still exist in the interferograms [35]. After
the atmospheric delay is corrected, the trend signal in the inter-
ferograms is similar to the tidal displacements. Among the tidal
displacements, the SET correction is close to the lower-order
curve, and the spatiotemporally modeled PPP tidal estimates
trend to the higher-order curve. The atmospheric delay, SET, and
OTL corrected interferograms show that the spatial large-scale
signals are substantially reduced.

The comparative analysis of the residual displacements after
the atmospheric delay, SET, and OTL correction were conducted
(Fig. 18). The residuals in the line from the point P1 to point
P2 of the two selected interferograms showed a highly negative

correlation, the R-square value is 0.84 and RMSE is 4.53 mm. In
addition, the experimental results show that atmospheric delay
error is the most important factor, but the tidal effect becomes
a major signal in coastal areas that need to be corrected in
the InSAR measurements. Particularly, the high-order OTL dis-
placements in the coastal area cannot be removed by linear ramp.

V. CONCLUSION

In this article, we have proposed an approach for determining
the spatiotemporal OTL effect in InSAR measurements. This
approach uses the tidal harmonic function and the LSSVM
method to estimate the spatiotemporal OTL displacements. An
experiment based on Sentinel-1B measurements and regional
GPS network data from the study area of Southern California
was conducted, and the results showed that: 1) The spatial char-
acteristics of the eight tidal constituents are very close to a high-
order polynomial; 2) after the phasors of the tidal constituents are
modeled by the polynomial kernel-based LSSVM method, the
RMSE values of the difference between the spatiotemporally
modeled PPP tidal estimates and the TPXO8 tide model esti-
mates in the inland area are less than 0.4 mm. However, within
a distance of 35 km from the coastline, it is found that there are
larger misfits between the two methods. The spatiotemporally
modeled PPP tidal estimates can provide higher precision spatial
OTL displacements than TPXO8 model, in consideration of the
lower accuracy and spatial resolution of the TPXO8 model in
the offshore; and 3) the spatial large-scale signals in unwrapped
differential interferogram of the Sentinel-1 measurements are
mainly atmospheric delay, SET, and OTL effect, and the OTL
signals can be corrected using the spatiotemporally modeled PPP
tidal estimates. With this preparatory work, we have shown that
the PPP tidal estimates can show the spatiotemporal variations
of the OTL effect in InSAR measurements, and the correction of
the high-order tides displacements is necessary for the InSAR
data processing.
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