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Assimilation of SBAS-InSAR Based Vertical
Deformation Into Land Surface Model to Improve the

Estimation of Terrestrial Water Storage
Kun Chen , Guoxiang Liu , Wei Xiang, Tao Sun, Kun Qian, Jiaxin Cai, Saied Pirasteh , and Xiao Chen

Abstract—The gravity recovery and climate experiment
(GRACE) provides an unprecedented opportunity to detect the
spatial and temporal variation of the terrestrial water storage
(TWS) for regional to continental scales. However, the GRACE
system’s coarse temporal resolution (∼monthly) and data discon-
tinuity missing perplexed the TWS research during the operation.
In this article, the data assimilation (DA) method was employed to
integrate the vertical deformation obtained from the small base-
line subset (SBAS) InSAR processing into the NASA catchment
land surface model (CLSM), which improved the estimation of
the TWS. First, we used a one-dimensional ensemble Kalman
filter for DA research to estimate the TWS in Dali Prefecture,
southwestern China. Finally, we compared the estimated TWS
with the GRACE-based TWS from December 2, 2018 to January
21, 2021. The unbiased root-mean-square of the open loop (OL;
without DA) method and the SBAS-InSAR DA method are 61 mm
and 30 mm in Dali Prefecture, respectively. Results revealed that the
numerical difference between the estimated TWS and the GRACE
TWS retrievals was significantly decreased by the SBAS-InSAR DA
method than the OL method. In addition, the temporal resolution
of the SBAS-InSAR DA-based TWS was improved to 12 days
compared with GRACE-based TWS. Furthermore, we recovered
the discontinuous deletion and blank of GRACE-based TWS from
2015 to 2018 by the SBAS-InSAR DA method.

Index Terms—Catchment land surface model (CLSM), data
assimilation (DA), ground deformation, small baseline subset
(SBAS) InSAR, terrestrial water storage (TWS).

I. INTRODUCTION

T he uneven spatiotemporal distribution of terrestrial water
resources is a serious problem troubling the survival and

development of the human society. Moreover, the terrestrial
water resource is an essential factor affecting the regional climate
change and the ecological environment. Therefore, it is crucial
to accurately estimate the terrestrial water storage (TWS) [1].
However, due to the limited coverage of the network space, it
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is a challenge to obtain a large-scale TWS with high accuracy
using conventional ground observations [2], [3]. Estimating the
variations of TWS by land surface models (LSMs) is similarly
hindered by LSM characteristics, model parameters, and me-
teorological conditions [4]. The gravity recovery and climate
experiment satellite (GRACE) launched in March 2002 has
unprecedented accuracy in capturing the medium and long wave
parts of the Earth’s gravity field [5]. The GRACE provides a
new method for analyzing the seasonal and long-term changes
of TWS [6]. However, the discontinuous GRACE data from
2011 to 2018 [7] has perplexed the research on terrestrial water
reserves. Moreover, the low spatiotemporal resolution (∼400
km and ∼monthly [5]) in GRACE-based TWS monitoring data
limits its application in small regions and submonthly scales.

Data assimilation (DA) is a conciliatory process between the
measurement and the estimate with uncertain boundary. The
DA uses specific rules (or algorithms) to process two kinds of
data that are complementary in time or space. Thus, we can
obtain more accurate and richer information than any single data
[8]. Using DA to optimize TWS adds GRACE-based TWS to
LSMs and effectively refine the spatial and temporal resolution
of TWS [9]. The GRACE TWS anomalies (the change in TWS
after deducting the long-term average) were first assimilated
into the catchment land surface model (CLSM) by using the
Kalman smoother (ENKS) filters in 2000 [10]. Compared with
open loop (OL; without DA), the estimation of groundwater
change assimilation has a higher correlation with the measured
groundwater [9]. GRACE DA has been used in drought studies
in North America [11] and Western and Central Europe [12].
The GRACE-DA-based TWS could be used to replace the lack
of groundwater and soil moisture measurements [11], [12]. In
recent years, many researchers have carried out a lot of com-
plementary work on improving GRACE DA capacity [13]–[15]
and multiple assimilations [16], [17].

In addition, using the DA to process the vertical deformation
derived from the elastic response of the Earth’s surface is another
approach to estimate the TWS. The global positioning system
(GPS) DA experiments demonstrated the ability of data fusion
methods to estimate TWS variations using temporal vertical
deformation [18]. Although using the vertical deformation ob-
served by GPS to infer TWS changes can improve the temporal
resolution, GPS observation stations are sparse and unevenly dis-
tributed in space. In addition, GPS data needs to be interpolated
to obtain continuous spatial estimates of vertical deformations
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Fig. 1. River systems in the study area, the yellow dotted lines indicate the
boundaries of different watersheds, the solid yellow line indicates the boundary
of the study area.

[19]–[21], which increases the uncertainty of using vertical
deformation to infer TWS changes [22].

The small baseline subset (SBAS) InSAR technique devel-
oped in recent years provides a new alternative method for TWS
estimation. Compared with the GPS method, the SBAS-InSAR
method can obtain the surface deformation with high spatial res-
olution in a large scale [23]. It is a primary method for studying
the movement mechanism of various geological activities. In
the past few years, SBAS-InSAR has been widely used in the
detection of surface deformation fields such as urban subsidence
[24], volcanic deformation [25], surface deformations associated
with earthquakes [26], and even the elastic response of the
Earth’s surface to the rainy season [27]. However, there are
relatively few studies on using the SBAS-InSAR technique to
estimate the TWS.

The purpose of this study was to demonstrate whether the
time-series deformation obtained by the SBAS-InSAR and DA
processing can estimate the TWS. The time-series deformation
obtained by SBAS-InSAR was added to the DA framework to
improve the inversion precision of the TWS for the first time.
For validation purposes, we conducted a DA experiment in Dali
Prefecture, which is a draught-prone area in the southwestern
part of Yunnan Province. The TWS estimates were validated by
using the GRACE inversion results.

II. MATERIALS AND METHODS

A. Study Area

Dali Prefecture is located at the junction of the Yunnan-
Guizhou Plateau and Hengduan Mountains (Fig. 1). The ele-
vation of the study area is higher in the northwest and lower in
the southeast, with complex and diverse landforms. There are
several large lake basins in the prefecture. There are 18 basins
with an area of more than 1.5 km2, covering a total area of
1871.49 km2, accounting for 6.6% of the prefecture’s total area.
There are more than 160 rivers in the shape of plumes throughout

TABLE I
ENSEMBLE PERTURBATION PARAMETERS FOR MODEL PROGNOSTIC VARIABLES

IN THE NASA CATCHMENT LSM

SWE, snow water equivalent; A, additive perturbation; and M, multiplicative pertur-
bation.

the region. The area includes four river systems: Jinsha River,
Lancang River, Nujiang River, and Red River (Yuanjiang).

The study area has a typical subtropical karst landscape, sensi-
tive to climate change, environmental change, and human activi-
ties. Jointly controlled by multiple monsoon systems, especially
the Asian monsoon climate, Dali Prefecture is prone to drought,
accompanied by severe soil erosion and ecological degradation
[28]–[30]. The regional difference and abrupt changes in climate
in this area are pronounced. According to the water resources
bulletin (1962∼2020) shared on Dali People’s Government
portal1, the annual average temperature and precipitation are
15.8°C and 836 mm in the study area, respectively. And the
annual rainfall is mainly concentrated in summer. Taking 2020 as
an example, precipitation from June to August in Dali Prefecture
accounts for 58.8% of the yearly rainfall.

B. Predictive Land Surface Model

NASA CLSM [10], [31] was used in this study, which is a
terrestrial model component of the Goddard Earth Observing
System. Compared with traditional soil-based LSMs, CLSM
significantly simulates the horizontal heterogeneity of soil mois-
ture and defines its impact on evapotranspiration and runoff
[10]. In addition, CLSM also includes an essential representation
of changes in shallow (unconfined) groundwater reserves [32].
However, CLSM cannot adequately simulate dynamic surface
water hydrology or deeper multilayer aquifers [16]. Meanwhile,
CLSM does not consider surface storage and anthropogenic wa-
ter resource management [32], [33], which weakens its response
to TWS changes in surface water storage.

The three CLSM prognostic variables are used to define the
rootzone excess(rzexc), surface excess (srfexc), and catchment
deficit (catdef). The catchment deficit is defined as the average
increase in water depth required to make the catchment to
saturation. The perturbation parameters for model prognostic
variables are shown in Table I following Yin et al. [18].

CLSM was established on the Equal-Area Scalable Earth Grid
2.0 [34] at 625 km2 ( = 25 km×25 km), with a 1-day interval.
However, in this study, CLSM was used from December 2,
2018 to January 20, 2021, with an interval of 12 days. The
study period and the time resolution were determined by the
data availability of GRACE and the looking into continents
from space with synthetic aperture radar (LiCSAR) [35]. The
GRACE system provided data from April 2002 to February

1[Online]. Available: http://www.dali.gov.cn/dlrmzf/c100639/common_list.
shtml

http://www.dali.gov.cn/dlrmzf/c100639/common_list.shtml
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TABLE II
LICSAR FRAMES, OBSERVATION PERIODS, AND NUMBER OF DATA

IFG: interferograms.

Fig. 2. Spatiotemporal baselines of the interferograms derived from 155
images.

2021, but GRACE data from January 2011 to September 2018
were missing uninterrupted. Comet-liCSAR website provides
LiCSAR data covering Dali Prefecture from November 5, 2014
to February 25, 2021, with a minimum interval of 12 days. This
study used GRACE data after two months of the continuous
regular operation of GRACE satellites; therefore, the study
period was shortened to December 2, 2018, solstice, January
20, 2021.

C. SBAS-InSAR Measurement

The Sentinel-1 unwrapped, geocoded interferogram and the
corresponding coherent data (0.001° resolution) were published
on the Comet-LiCSAR website2 after processing by the LiCSAR
system [35]. As of May 1, 2021, there are 3 frames (1 and 2 in
ascending and descending orbits, respectively) covering Dali
(Table II). LiCSAR frame ID is NNND_AAAAA_BBBBBB,
with NNN, D, AAAAA, and BBBBBB denoting the number of
the relative orbit, the orbital direction, the colatitude identifier,
and the number of included bursts, respectively [35]. In this
study, the descending orbital data are not used, because the
number of data is small (Table II). Among the 477 interferograms
obtained from the ascending data, 448 interferograms from
July 3, 2015 to February 25, 2021 were selected to monitor
the temporal deformation. The spatiotemporal baselines of the
interferograms are shown in Fig. 2. The average time interval

2[Online]. Available: https://comet.nerc.ac.uk/COMET-LiCS-portal/

Fig. 3. LOS deformation in Dali Prefecture from July to September in 2020.
(a) Deformation map before masking the pixes with large deformation rate.
(b) Deformation map after the masking. (c) Deformation map after down-
sampling.

for the ascending data before the end of 2016 was 24 days.
After 2017, with the launch of Sentinel-1B, the time interval was
reduced to 12 days [35]. When the study area is located within the
area monitored by the Looking Inside the Continents from Space
(LCS) project, its products can be obtained directly without
downloading and preprocessing steps. The atmospheric phase in
the interferogram was corrected by using the tropospheric delay
product provided by Generic Atmospheric Correction Online
Service (GACOS) system [36].

Before obtaining the time-series deformation of the surface
and applying it to the TWS estimation, it is necessary to remove
the subsidence funnel and the point of sharp uplift. To minimize
the influence of deformation caused by non-TWS changes on
DA, threshold method was adopted in this study to eliminate
the points with absolute deformation rate greater than 5 mm. In
addition, it is necessary to conduct down-sampling processing
(by averaging the deformations of all pixes in each grid, and the
averaged deformation is the grid value.) and convert line-of-sight
(LOS) deformation measurement data into the vertical direction.
The transformation function can be expressed as follows:

Svertical = Slos/cos (β) (1)

where Svertical and Slos represent the vertical deformation, and
the LOS deformation, respectively, and β represents average
incidence angle.

As shown in Fig. 3, the surface temporal deformation of
SBAS-InSAR was down-sampled to a 25 km×25 km grid.
Fig. 3(a) shows the deformation map before masking the pixes
with large deformation rate, Fig. 3(b) shows the deformation
map after the masking, and Fig. 3(c) shows the deformation map
after down-sampling. The vertical surface deformation from July
to September in 2020 in Dali Prefecture is calculated using the
down-sampled results. Each image in the SBAS-InSAR results
will be down-sampled and transformed to vertical deformation.
According to the water resources bulletin of Dali Prefecture,
there is very little groundwater exploitation in Dali Prefecture, so
we believe that the surface deformation is caused by the change
of mass load. The changes of vertical deformation observation
are affected by TWS changes and nonhydrological loads such
as atmosphere and tide. This study considered that the influence
of atmosphere and hydrology is negligible compared with that
of hydrology. Therefore, this study directly uses the vertical sur-
face deformation obtained by SBAS-InSAR without removing
atmospheric and tidal effects for TWS estimation.

https://comet.nerc.ac.uk/COMET-LiCS-portal/
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Fig. 4. Simplified flowchart of the SBAS-InSAR DA.

D. Framework of Data Assimilation

In this study, TWS via CLSM is used as the prior (uncondi-
tioned) estimate of Green’s function forward model and EnKF.
First, the modeled TWS was converted into the vertical defor-
mation by Green’s function forward model. Then, we computed
and stored the TWS-related model states. Finally, we repeated
the simulation for N times, and the optimal TWS estimation
is obtained. The simplified flowchart of SBAS-InSAR DA is
shown in Fig. 4.

1) Ensemble Kalman Filter: The one-dimensional (1-D) in-
tegrated Kalman filter [37] framework was adopted to assimilate
the temporal surface deformation based on LiCSBAS into the
LSM. An essential feature of 1-D EnKF is that the computational
units are processed independently, with the minimum spatial
error correlation between the different departments. The EnKF
is flexible in the treatment of error in LSMs [38]. The EnKF has
been triumphantly applied to soil moisture and snow inversion
[39], [40]. However, EnKF is used to estimate the TWS by
processing the time series deformation of the SBAS-InSAR
for the first time. The model state and error covariance matrix
based on the mean and spread of ensemble members are used
in the Bayesian merging process of the LSM and SBAS-InSAR
time-series deformation [18].

The EnKF carries out two steps in the execution process:
prediction and measurement update. In the prediction process,
the TWS state vector xti−(i = 1, …, N) obtained from the
LSM is taken as the prior estimate of the model at time t. The
model forecast xt− is given by the ensemble mean. During the
propagation phase, the updated state vector xti+ is calculated by
the following equation:

xi+
t = xi−

t +Kt[yt −H(xi−
t )] (2)

where Kt is the Kalman filter gain matrix, yt is the observation
value at time t, and H(.) is the Green’s function forward model
that transforms the model-like state vector into the surface defor-
mation. Kt is used to assign the weight between the estimated
and the observed values, and Kt is related to the observation

accuracy, which is calculated by the following equation:

Kt = Cov
[
x−
t , H

(
x−
t

)] [
Cov

[
H

(
x−
t

)
, H

(
x−
t

)]
+ Cvv

]−1

(3)
where Cov[xt−, H(xt−)] expresses the error covariance of the
prior TWS estimate of the model and the predicted observa-
tions, Cov[H(xt−), H(xt−)] express the error covariance of the
predicted observations, and Cvv expresses the observation error
covariance.

In this study, N = 24 ensemble replicates were used following
the GRACE TWS DA procedure outlined in Girotto et al. [16].
The standard deviation of observation error is 9 mm, including
the errors (i.e., decoherence, DEM error, baseline error) during
SBAS-InSAR data processing. See Section III.B for a further
description of the standard deviation of observation error.

2) Green’s Function Forward Model: According to previous
studies [41], when surface water, ice and snow, and atmosphere
act on the solid Earth, the Earth’s surface will produce defor-
mation. Deformation of the Earth by surface loads includes
horizontal and vertical directions, and the vertical deformation
is sensitive to the load source. In addition, the TWS variation can
be mapped to the vertical surface deformation by using Green’s
function. Therefore, based on the Preliminary Production Earth
Model (PREM) [42], this study used Green’s function forward
model [43] as the observation operator. Assuming that there is
a water quality disk nuclear load with an angular radius α on
the surface of the Earth. The Green’s function of the vertical
deformation Sup, caused by the water disk can be expressed as
follows:

Sup =

∞∑
n=0

hnΓn
4πGa

g(2n+ 1)
Pn(cos θ) (4)

where Pn is the Legendre polynomial of degree n; θ is the angular
distance from observation position to the center of the disk; G is
the gravitational constant; a is the radius of the Earth; hn is the
load love number(LNN); and g is the gravitational acceleration.
In this study, h1 = −0.284 was used corresponding to the LNN
for elastic Earth model PREM [44]. The derivation formula of
the Гn function is as follows:

Γn =
1

2
[Pn−1(cosα)− Pn+1(cosα)] (5)

Γ0 =
1

2
(1−cosα) . (6)

In this study, CLSM was run on a 625 km2 (= 25 km×25 km)
EAE-Grid 2.0 [34]. The area of the grid is roughly equal to the
disc with a radius of 14 km. Fig. 5 shows The ground deformation
response to a homogeneous disc load with an equivalent water
height of 1 m and a radius of 14 km. The most significant feature
is that the vertical deformation maximizes in the center of the
disc and then decreases rapidly away from the center. At the edge
of the disk, the resulting vertical deformation is about 1.5 mm.
The vertical deformation can be ignored when the distance from
the center of the disk exceeds 300 km. The OL-based vertical
deformation of each point on the land surface is calculated by
convolving the impact of the TWS changes for each 25 km ×
25 km pixel on the land surface [22].
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Fig. 5. Ground deformation response to a homogeneous disc load with an
equivalent water height of 1 m and a radius of 14 km. (a) Schematic diagram
of 1-D vertical deformation, where the dashed line represents the edges of the
disk. (b) 3-D schematic diagram of vertical deformation.

It should be noted that the TWS changes outside the research
area still influence the vertical deformation. The results may
lead to some discrepancy between the SBAS-InSAR-based ob-
servations and the vertical deformation prediction observations
based on Green’s function. In order to reduce this discrepancy
during DA simulation, the area used in the model to estimate
the deformation should be larger than the TWS study area. In
this way, the model-based predicted vertical deformation was
effectively included in the vertical deformation caused by TWS
variations outside the study area.

E. Appraisal Procedure

The TWS estimates from OL, and SBAS-InSAR DA simula-
tions were evaluated with the TWS by the GRACE inversion. In
this study, to quantify the accuracy of the model estimation, Un-
biased root-mean-square difference (ubRMSD) and correlation
coefficient (R) were used [18].

1) GRACE TWS: The validation data is the result of a 2-stage
GRACE terrestrial grid(25 km×25 km) TWS inversion based on
the Releasing 06 (RL06) spherical harmonic function provided
by the Center for Space Research (CSR), University of Texas.3

The TWS product of GRACE inversion is used to evaluate the
accuracy of OL-based TWS and SBAS-InSAR DA-based TWS.
Based on the inversion period of GRACE TWS [45], the OL-
based TWS and SBAS-InSAR DA-based TWS were converted
into monthly averages, and these results were then evaluated
using GRACE TWS inversion.

3[Online]. Available: http://www2.csr.utexas.edu/grace/RL06_mascons.html

2) Appraisal Indicators: Both the TWS from the inversions
of OL and SBAS-InSAR DA were compared with TWS based on
GRACE. R and ubRMSD were used to quantify the differences
in the model estimate relative to the measured values. The
consistency of time variations between model estimates and
measurements can be reflected by R. It can be expressed as
follows:

R =

t=1∑
Nt

(xest,t − xest) (xmeas,t − xmeas)√
t=1∑
Nt

(xest,t − xest)
2
t=1∑
Nt

(xmeas,t − xmeas)
2

(7)

where Nt is the months’ number during the study period; xest,t is
an average population estimate calculated from OL-based TWS
or DA-based TWS at time t; xmeas,t is the measured value at
time t; and xest and xmeas represent the time-average variables
obtained by model estimation and measurement, respectively.

The greater the amplitude and phase discrepancy between
different data sets, the greater the ubRMSD. After subtracting
the long-term average between the estimate and the measured
value, the calculation of ubRMSD can be expressed as follows:

ubRMSD

=

√√√√ 1

Nt

t=1∑
Nt

(xest,t − xmeas,t)
2 − (xest − xmeas)

2. (8)

III. RESULTS

A. Deformation in Dali Prefecture

In order to monitor the temporal and spatial variation trend
of land subsidence in Dali Prefecture from 2015 to 2021, the
LiCSBAS interferometric synthetic aperture radar method was
used to detect the ground deformation. Fig. 6 shows the temporal
deformation velocity of Dali Prefecture from 2015 to 2021.
As can be seen from the figure, there is no large-scale surface
subsidence or uplift in Dali Prefecture. The annual deformation
rate is small on the whole, with the annual deformation rate
ranging from −5 to 5 mm/year in most areas. In Fig. 6, three
points (A, B, and C) were selected along the diagonal direction
of the research area, and the time-series deformation diagram
was shown in Fig. 7(a). It can be seen from the figure that the
surface deformation at the selected site is stable all year-round,
and there is apparent seasonal deformation in the year. In the
region with noticeable seasonal variation, the maximum annual
amplitude of surface deformation can reach 60 mm. In Fig. 6,
there are two subsidence funnel areas with deformation rates
significantly exceeding 5 mm/year in the eastern part of Dali,
which cannot be caused by TWS changes. Therefore, points
with the same time series trend with points D and E will be
deleted, before the SBAS-InSAR DA. In Binchuan County (D),
as shown in Fig. 7(b), the maximum subsidence from 2015 to
2021 is greater than 100 mm; In Xiangyun County (E), as shown
in Fig. 7(b), the maximum subsidence from 2015 to 2021 is
greater than 140 mm.

http://www2.csr.utexas.edu/grace/RL06_mascons.html
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Fig. 6. Temporal deformation velocity of Dali Prefecture from 2015 to 2021.
The feature points A, B, and C are selected for the seasonal subsidence analysis,
D and E are selected for the subsidence funnels analysis.

Fig. 7. Time-series deformation of the selected feature points. (a) Time-series
deformation of the selected points (A, B, and C) along the diagonal of the study
area. (b) Time-series deformation of the two obvious subsidence funnels.

B. Normalized Innovation Sequence

In this study, we intend to use normalized innovation (NI)
series to test the suitability of the specified error standard devi-
ation in the DA processing [33]. It is assumed that all errors
are independent of each other and conform to the Gaussian
distribution and both the CLSM and the observation operator are
linear. If the DA is optimal in the sense of minimum variance,

Fig. 8. Dali Prefecture SBAS-InSAR DA NI sequence statistics. Different
markers represent the different standard deviations of observation errors (7 to
12 mm).

then the NI sequence should meet a Gaussian distribution with a
standard deviation of 1 and mean 0 [46]. In this study, given that
these assumptions are not fully fulfilled, we need to explore the
NI sequence to provide helpful support into the SBAS-InSAR
DA method. The following formula can express the relationship
between the NI sequence and time in the study region by using
the average estimation of time t:

NIt =
yt −H

(
x−
t

)
√
Cvv+Cov

[
H

(
x−
t

)
, H

(
x−
t

)] . (9)

The numerator represents the difference between the mea-
sured value and the simulated value calculated by the forward
model. The denominator represents the square root of the sum of
the observation error covariance and the observation prediction
error covariance. Then, the time mean (NI) and time standard
deviation (σNI) of NI were calculated using the study area mean
NI sequence. Finally, the different values of the standard devia-
tion of observation error (from 7 to 12 mm) in the SBAS-InSAR
DA simulation process were tested, the corresponding NIand
σNI of Dali Prefecture are calculated, as shown in Fig. 8.

It can be seen from Fig. 8 that the values calculated by using
the standard deviations of different observation errors NI are
all greater than 0. This suggests that the model predictions
contain a seasonal bias relative to the SBAS-InSAR observations
where the model contains too little water during certain times
of the year. This can be seen via Fig. 9, where the SBAS-
InSAR DA effectively increases equivalent water height at foot.
With the measurement error standard deviation increasing, the
time standard deviation σNI tends to decrease, and NI tends
to approach 0. In other words, in the process of DA, due to
noise in the SBAS-InSAR measured value, the weight of the
SBAS-InSAR measured value will be reduced to obtain a more
accurate estimate value. For example, according to Fig. 8, when
the standard deviation is 9 or 10 mm, the measured data can
occupy an appropriate weight in the assimilation process and
obtain more accurate DA results.
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Fig. 9. Average TWS anomalies time series from December 2018 to January
2021. The green line indicates the OL SC (Spline Curve), the purple line indicates
the SBAS-InSAR SC, and the red line indicates the GRACE TWS SC.

TABLE III
STUDY AREA CORRELATION COEFFICIENT (R) AND UNBIASED

ROOT-MEAN-SQUARE DIFFERENCE (UBRMSD) COMPUTED BETWEEN GRACE
TWS RETRIEVALS AND THE ENSEMBLE MEAN OF ESTIMATED TWS

ANOMALIES (I.E., THE OL AND SBAS-INSAR DA)

C. Terrestrial Water Storage Changes of Dali Prefecture

The average TWS anomalies time series simulated by OL and
SBAS-InSAR DA and the independent GRACE TWS retrievals
results are shown in Fig. 9. For seasonal variations of TWS, three
different datasets all show good consistency. The amplitude of
the TWS based on the SBAS-InSAR DA is generally smaller
than that of OL, with a tendency to add water mass from May to
June and reduce mass from September to October. The amplitude
range of TWS obtained by the SBAS-InSAR DA method is
smaller than that obtained by CLSM directly, thus reducing the
uncertainty of TWS estimation using the DA method.

Daily estimates of OL and SBAS-InSAR DA for the entire
TWS study period (December 2018 to January 2021) were
converted to monthly averages based on the GRACE TWS re-
trievals period. First, the correlation coefficients R and ubRMSD
between the average TWS values (i.e., OL and SBAS-InSAR
DA) obtained by the model and GRACE TWS retrievals were
calculated. Then the mean R and ubRMSD of Dali Prefecture
for different study periods are calculated, as shown in Table III.
The R of SBAS-InSAR DA was slightly smaller throughout the
study period than the OL (0.960 and 0.964 for SBAS-InSAR and
OL, respectively). However, there was a significant difference
in ubRMSD (30 mm for SBAS-InSAR and 61 mm for OL).

In this study, the surface vertical deformation time series
obtained by SBAS-InSAR and CLSM was used to calculate the
TWS changes of Dali Prefecture from 2015 to 2021 accord-
ing to the DA framework. As can be seen from Fig. 10, the
SBAS-InSAR DA TWS in May 2016 was significantly higher
than that in adjacent months (this result may be problematic and
will be further analyzed in the discussion section of this article).
In addition, the TWS changes in Dali Prefecture have distinct
seasonality, with its maximum value in October (late summer)
and its minimum value in April (late winter). The maximum

Fig. 10. Average TWS anomalies time series from July 2015 to January 2021.
The green line indicates the OL SC (Spline Curve) and the purple line indicates
the SBAS-InSAR SC.

annual amplitude of TWS in Dali obtained by SBAS-InSAR
DA from 2017 to 2021 is about 360 mm; the minimum value is
about 220 mm.

IV. DISCUSSION

A. Anomaly of Average Terrestrial Water Storage

The vertical deformation of the Earth’s surface is affected by
geological activities such as volcanic eruptions and earthquakes,
which all affect the accuracy of TWS estimation. In Fig. 10, the
most obvious feature is the abnormal increase of SBAS-InSAR
DA TWS from May to June 2016, which may be due to the
abnormal surface deformation caused by the M5 earthquake4

in Yunlong County, Dali Prefecture on May 18, 2016. DA adds
this information to the TWS estimate, resulting in an abnormal
increase in the TWS. Therefore, this part of the data cannot be
considered a reliable estimate of TWS. Thus, the data of May
and June should be removed from the TWS data recovered in
this study.

B. Spatial Distribution Characteristics of R and ubRMSD

R and ubRMSD of a single-pixel in the study area were
computed between the modeled TWS anomalies (i.e., the OL
and SBAS-InSAR DA) and GRACE TWS retrievals during the
study period.

The spatial distribution of R and ubRMSD is shown in Fig. 11.
Fig. 11(a) and (b), respectively, show the R derived by the
GRACE TWS retrievals and the estimated TWS anomalies (i.e.,
the SBAS-InSAR DA and OL), respectively. As can be seen,
R was high for both methods throughout the study period.
However, the R between SBAS-InSAR DA TWS and GRACE
retrievals in some pixels is lower than that between OL TWS
and GRACE retrievals. This may be because the surface defor-
mation data obtained from the downsampling cannot accurately
represent the deformation caused by TWS changes. It can be
seen from the figure that the most significant feature is that
the ubRMSD of SBAS-InSAR DA is lower than that of OL in the
whole study area. The reduction of ubRMSD indicates that the

4[Online]. Available: http://www.yndzj.gov.cn/yndzj/300518/371724/
371726/index.html

http://www.yndzj.gov.cn/yndzj/300518/371724/371726/index.html
http://www.yndzj.gov.cn/yndzj/300518/371724/371726/index.html
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Fig. 11. Spatial distribution of the correlation coefficient (R) and the unbiased
root-mean-square difference (ubRMSD). (a) and (b) R derived by the GRACE
TWS retrievals and the estimated TWS anomalies (i.e., the SBAS-InSAR DA
and OL), respectively. (c) and (d) ubRMSD derived by the GRACE TWS
retrievals and the estimated TWS anomalies (i.e., the SBAS-InSAR DA and
OL), respectively.

method of SBAS-InSAR has a better performance in reducing
the difference with GRACE TWS. It should be noted that in
the northeastern part of Dali Prefecture (Jinsha River Basin),
both SBAS-InSAR and OL methos showed large ubRMSD.
Especially, the OL method has a maximum ubRMSD of 120 mm
during the study period. This large ubRMSD may be because
the changes of surface water reserves (such as lakes and rivers)
are not fully reflected in the CLSM [13].

V. CONCLUSION

Surface temporal series deformation obtained by SBAS-
InSAR provides vertical deformation indirectly related to TWS.
This study is the first time to assimilate the SBAS-InSAR
time-series vertical deformation into the LSM based on the
Earth elastic load theory (the elastic response of solid Earth
to load changes). To acquire more reliable TWS estimation, the
SBAS-InSAR time-series vertical deformation is integrated into
the LSM through the DA processing.

The TWS obtained from SBAS-InSAR DA and OL were
evaluated using GRACE TWS. For the whole study area, the
average TWS changes obtained by SBAS-InSAR DA and OL
demonstrate the superiority of the SBAS-InSAR DA method.
In particular, the SBAS-InSAR DA improved ubRMSD and
reduced the average TWS ubRMSD in Dali Prefecture from 61
to 30 mm. However, for R and ubRMSD of a single pixel, there
are some unsatisfactory results. In some pixels, the value of R
is lower after DA than before. The ubRMSD values of the two
methods are both too high in some areas, which may be caused
by the CLSM’s lack of the explicit river regulation modeling.

More work toward obtaining the permanent scatterer points
containing rich information of TWS changes of TWS estimates
is needed in the future. Additionally, to provide more valuable
guidance for the DA processing, the influence of the down-
sampling method on the vertical deformation of the grid and the
SBAS-InSAR DA results need to be further explored. Despite
these potential problems, the findings of this study suggest that
the SBAS-InSAR DA method can be used to recover GRACE
data missing and provide an informative reference for other
studies.
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