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In this paper, we carried out a combination of permanent scatterer and quasi permanent scatterer time-series InNSAR image
analyses to extract geometric information over the area of the Three Gorges Dam. For the first time, we measured and analyzed
the deformation of the Three Gorges Dam and its surrounding area using 40 SAR images acquired from 2003 to 2008. Our re-
sults indicate that the temporal deformation of the left part of the dam has ceased and that the deformation of the dam was in-
fluenced by the changing level of the Yangtze River. Seasonal deformation due to varying temperature is also observed. The
obtained results agree well with the published results of the Three Gorges Dam deformation obtained by employing conven-
tional survey methods. We also found that there is an area of abnormal subsidence near Zigui County. This paper demonstrates
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the potential of time-series InNSAR image analysis in the monitoring of dam stability and measurement of subsidence.
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China is presently in an era of rapid urbanization and infra-
structure construction, and many projects have been con-
structed and begun operation. The Three Gorges Project
(TGP), the largest hydroelectric project in the world, is one
of the most significant recent construction projects in China.
The three main functions of the TGP, namely, flood control,
power generation and navigational assistance, have brought
about remarkable economic, social and environmental
benefits. With completion of the dam, a 660 km long res-
ervoir was formed. Owing to the high pressure of the res-
ervoir on the riverbed and water infiltration, there is poten-
tial crust instability along the river. The crustal structure
and dynamic variations in the gravity field in this area have
been studied after the river was dammed [1-3]. Besides the
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rising water, the weight of the dam itself has applied sub-
stantial pressure on the riverbed crust and caused deforma-
tion.

Indeed, deformation is unavoidable for any dam. Al-
though small deformations are acceptable, when the defor-
mation reaches a certain level, there is great risk to the dam
and obviously the downriver areas [4]. Since the safety of
the Three Gorges Dam relates to millions of people living
on the downriver plain, monitoring of stability is important
[5].

The main part of the TGP is a concrete gravity dam, for
which there are two types of deformation. One is vertical
subsidence caused by the weight of the dam itself, and it is
usually monitored using high-precision leveling. The other
type of deformation is caused by the pressure of the upriver
water and is perpendicular to the main axis of the dam.
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Monitoring this type of deformation is complicated, and the
surroundings have to be theoretically considered. Conven-
tional methods include the collimation line method, trian-
gular mesh intersection method, and the triangulation net-
work method [4]. In addition, a differential global position-
ing system (GPS) technique has been applied to the moni-
toring of the horizontal deformation of a dam [6].

Since the Three Gorges Dam was built in a highly stable
basin, dam deformation occurs at the millimeter level, and
thus, high-precision deformation measurement methods are
needed [5]. Although nowadays, dam deformation monitor-
ing systems are capable of making high-precision meas-
urements with a certain spatial density, no matter which
survey method is employed, it is necessary to install and
maintain monitoring stations. Therefore, it is difficult to
increase the number of measurement points. Furthermore,
some survey methods (e.g., leveling) are time consuming in
terms of obtaining measurement data. In general, conven-
tional dam deformation methods are able to acquire
high-precision measurements; however, high financial and
labor costs are unavoidable.

As coherent imaging radar working in the microwave
frequency, Synthetic Aperture Radar (SAR) allows us to
acquire data over a wide area under all conditions (i.e., day
or night and for any weather). The applications of SAR are
significant in cloudy areas, where it is difficult to acquire
data through optical remote sensing [7]. Interferometric
SAR (InSAR) is one of the most important applications of
SAR. The InSAR technique takes advantage of coherent
phases of SAR echoes to extract precise geometric informa-
tion; the basic principle is to inversely obtain the terrain
elevation from the phase differences and orbital parameters
of two SAR images taken while illuminating the same sur-
face [7-12]. Moreover, when the topography is available
and can be subtracted from the corresponding interferogram,
the residual phases represent the deformation of the illumi-
nated ground. As the technique is based on InSAR, it is re-
ferred to as differential InNSAR (D-InSAR). D-InSAR is able
to obtain high-spatial density centimeter-level deformation
measurements. The D-InSAR technique has been success-
fully applied to the monitoring of coseismic ground defor-
mation, volcanic deformation and mining deformation
[13-17].

The conventional D-InSAR technique is suitable for ob-
taining large ground deformation over a wide area; however,
it cannot reach the level of precision required for the moni-
toring of dam deformation. There are four reasons for this: 1)
the wavenumber shift caused by normal baseline dispersion
reduces the interferogram coherence (i.e., there is geometric
decorrelation) [18], 2) there is temporal decorrelation due to
changes in the ground physical characteristics, 3) there is an

atmospheric phase screen (APS) difference between master
and slave images [19, 20], and 4) there are system noise,
processing errors and other errors.

To overcome the above limitations of D-InSAR, the
permanent scatterer (PS)-InSAR technique was proposed
and has since became the core concept in precisely measur-
ing earth deformation from a time series of SAR images
[21-23]. Instead of extracting information from each pixel
of an interferogram, PS-InSAR firstly identifies certain arti-
ficial or natural point-like stable reflectors; i.e., PSs from a
long time series of interferometric SAR images. For a target
on the ground to be a PS, three conditions have to be ful-
filled: 1) the target has to remain physically stable during
the time series, 2) the target has to be sufficiently small
(smaller than the SAR resolution cell) to avoid geometric
decorrelation and 3) the backscattering coefficient of the
target has to be much higher than the coefficients of other
targets within the SAR resolution cell [21, 22, 24]. From a
sparse graph of PSs, one can separate topography, deforma-
tion, and APS phases according to their different spatial and
temporal characteristics. Finally, high-accuracy deformation
measurements can be obtained [25, 26]. The PS-InSAR
technique takes advantage of 20-year archived SAR images
and has been successfully applied in earth deformation
monitoring, particularly urban subsidence monitoring
[27-29]. Meanwhile, research groups have developed sev-
eral open-source scientific PS systems that are widely used
in the earth science community [30, 31].

The PS-InSAR technique is the first to allow millime-
ter-level deformation monitoring through a space-borne
Earth-observation dataset, and its contributions are un-
doubted. However, because of the strict PS selection re-
quirements, information hidden in the distributed targets
that partially maintain coherence in both temporal and spa-
tial dimensions has to be disregarded. Therefore, applica-
tions of the PS technique are limited in areas where few
stable point-like targets are available. By loosening the PS
restrictions and applying new spatial and temporal filtering
techniques, new methods that extract topography and de-
formation information from a small baseline dataset have
been proposed [31-33]. We also presented the quasi-PS
(QPS) technique by considering different interferometric
combinations in time-series SAR images". All these tech-
niques expand the PS technique into geological fields such
as the monitoring of landslides and the study of fault de-
formation [31, 33-35], allowing us to monitor deformation
over the area of the Three Gorges Dam.

Since 2003, the Advanced Synthetic Aperture Radar on
board the Envisat satellite of the European Space Agency
(ESA) has been acquiring SAR images over the area of the
Three Gorges Dam (the shortest revisiting time is 35 days).

1) Perissin D, Wang T. Repeat-Pass SAR Interferometry with Partially Coherent Targets. Submitted to IEEE Transactions on Geoscience and Remote
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With the completion of the TGP in 2009, we try to extract
and analyze the deformation of the Three Gorges Dam and
its surroundings from time-series SAR images in this paper.
Since there are various types of targets in this area, we pro-
pose a combination of PS and QPS analyses to measure the
deformation of the Three Gorges Dam from space-borne
Earth-observation data. The deformation trends that we ob-
tained closely fit those of previous studies obtained by em-
ploying conventional survey methods [36], and show the
potential of using time-series SAR images in monitoring
dam stability and ground deformation at dam sites.

1 Time-series SAR image analysis techniques

We first briefly recall the basic principle and algorithms of
the PS technique, and then present our new QPS algorithm.
The target distribution of the Three Gorges Dam site is
complicated, and there are both stable point-like artificial
targets and distributed targets such as bare land and rocks.
In this paper, we carry out both QPS and PS analyses;
therefore, a reasonable number of measurements can be
obtained for the QPS analysis and the deformation can be
measured with high accuracy in the PS analysis.

1.1 PS technique

Let us denote with s; the i-th complex SAR image (where
i=1, .-, N). The interferogram between images i and k

can thus be expressed as 1% =5, .5, (where * indicates
the complex conjugate operator). Taking target p, as a ref-
LI of
PsPo
target p depends on its geometrical location as well as its
displacement, atmospheric disturbance and noise. In par-
ticular, the terms that depend on the target height difference

Ahp % and linear deformation difference Avp p, are ex-

pressed respectively as [9]
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where Ah, . and Av, p, Aare the height and deformation

differences between p and po, B.* is the interferometric

n
normal baseline, Bli’k is the temporal baseline, A is the

radar wavelength, R is the sensor-target distance of target p,
and @is the viewing angle of the SAR sensor.

In the original PS technique, the height and deformation
of the targets are usually estimated by maximizing the tem-
poral coherence &, [21]:

(Ah,,AD,) = arg{max(| &, )}, 3)
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Here, A¢[";k is the acquired interferometric phase (after
flattening and external topographic correction), A¢;}]fp is

the topography-related phase in eq. (1), and A¢g{‘p is the
deformation-related phase in eq. (2).
The temporal coherence estimate fp can be approxi-

2
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mated as a function of phase dispersion: efp =e Fi-

nally, the dispersions of the PS-estimated height and defor-
mation velocity (55, and &:,) can be expressed approxi-

mately as functions of the phase dispersion, 5;, interfer-

ometric normal and temporal baselines (57 and &3, ), and

the number of interferograms M [23]:
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Egs. (5) and (6) show that the accuracies of the height
and deformation velocity estimates obtained by employing
the PS technique are functions of the temporal coherence
and baseline distribution. The model is independent of the
interferometric combination, and thus the expressions are
useful for all time-series InNSAR analysis techniques.

1.2 QPS technique

If we use the concepts of the vertices and edges from graph
theory to represent time-series SAR images and interfer-
ometric connections, the original PS and StaMPS tech-
niques are represented by star-like graphs; i.e., all the
time-series SAR images are coregistered with a single mas-
ter image. There are two benefits in using this interferomet-
ric configuration: 1) it is possible to carry out phase un-
wrapping in the temporal dimension [31] and 2) with higher
5§h and 5§V in egs. (5) and (6), estimates of higher ac-
curacy can be obtained. However, as discussed at the begin-
ning of this section, the information contained in the dis-
tributed and decorrelated targets cannot be extracted from
the single-master interferometric configuration. To continue
studying the time-series SAR image combination with
graph theory, we have to find weight to index interfero-
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grams with different qualities to optimize the interferomet-
ric combination.

Naturally, coherence is the most commonly used index in
InSAR literature. Coherence is a measure of the similarity
of complex InSAR echoes, whose mathematical definition
is [36]

. Els; -s;} . e
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Here, E{} is the mathematical expectation and s; and s;
are an interferometric image pair. Since the mathematical
expectation of radar signals is not attainable in practice,
coherence is usually estimated by spatially averaging the
radar echoes in a moving window:
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Here, n represents the n-th pixel in the coherence estimation
window. Since the topography-related phase in the coherent
signal will under-bias the coherence estimates, an external
digital elevation model (DEM) is usually used to remove
this part of the interferometric phase @(n) [37].

By calculating the coherence of all the interferometric
combinations in the time-series SAR dataset (we usually use
the average coherence of selected pixels as the approximate
coherence values for the interferograms), we are able to use
1—77,_k as the index of the connections between SAR im-

ages i and k. The minimum spanning tree (MST) algorithm
[38] is then proposed to obtain the optimum interferometric
subset {7;;}:

I }=min) (1-7,). 9)

On the basis of the MST-generalized interferometric
configuration, the QPS technique differs from the PS tech-
nique in both temporal and spatial dimensions. In the tem-
poral dimension, since the interferograms in the QPS image
configuration contain also partially coherent targets, | }?;,'k |
is used as the weight in eq. (4), and we obtain the QPS
temporal coherence definition:

Z 7k o/ (A9 =D, =Ad )
p
(i.k)
Sp = ik (10)
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During the procedures of maximizing &, when a target
shows low coherence in some interferograms, the interfer-
ometric phase cannot influence other measurements [39].

In the spatial dimension, considering the baseline decor-
relation [40], spatial filtering techniques that are seldom
used in the PS technique have to be applied to all interfero-
grams to extract more information from the time-series In-
SAR dataset.

The QPS technique maximizes the temporal coherence
by estimating the elevation and deformation-related phases
from a selected subset of interferograms for time-series
SAR images. The technique modifies the interferometric
combination strategy of the PS technique; nevertheless, it
can be easily inserted in the processing chain described in
the literature without requiring remarkable changes. More-
over, the same theoretical accuracy of the PS technique can
be used to validate the QPS estimates.

1.3 Combination of PS and QPS analyses

The QPS technique is proposed to resolve the problem of
how to increase the number of measurement points in the
time-series InSAR dataset in the extra-urban areas where
there are not enough stable point-like targets to employ the
PS technique. However, the shortcoming is that the accu-
racy of the points extracted using the QPS technique is lim-
ited. There are two reasons for this. One reason is that the
interferograms with high coherence are limited to image
pairs with short temporal and spatial baselines, and the low

5; and 5; restrict the measurement accuracy. The

other reason is that the spatial filtering reduces the accuracy
of information extraction.

The PS and QPS techniques are quite complementary. In
urban areas where many artificial stable targets can be iden-
tified, the PS technique can achieve highly accurate results.
On the other hand, in extra-urban areas where distributed
and decorrelated targets dominate the reflected signal, the
QPS technique is more flexible.

The test site of this paper is around the Three Gorges
Dam, where there are not only stable point-like targets on
the body of the dam, but also many partially coherent tar-
gets present during the construction of the dam. The large
number of distributed targets makes it difficult to obtain
enough PSs in this area. Although the QPS technique can
increase the number of measurement points, the accuracy of
the results is insufficient for dam stability monitoring be-
cause of the short temporal baseline image pairs.

For the situation at hand, it is impossible to obtain a sat-
isfactory result by employing either the PS or QPS tech-
nique alone. Moreover, since the Three Gorges Dam is a
huge artificial target, the terrain of the entire dam site
changed significantly, and thus, it is difficult to estimate the
elevation without an up-to-date DEM. Therefore, in the area
of the Three Gorges Dam, we propose a combination of
QPS and PS analyses as the solution. First, we implement
the QPS technique to measure the elevation and deforma-
tion trends of the detected targets, and then the QPS results



are used as the initial values in PS processing. Finally, we
interpret the measured deformation of the dam using hy-
drological data published by the TGP Corporation.

2 Test site and dataset

The Three Gorges Dam is located in the town of San Doup-
ing, which is 40 km from Yichang, Hubei Province. There
was a small island in the middle of the Yangtze (Zhongbao
Island) before the construction of the dam. The presence of
the island was helpful in constructing the dam in three dif-
ferent parts. The geologic basin consists of granite that has
high compressive resistance. The lithesome is well ce-
mented and no fault crevice has developed. With very weak
hydraulic permeability, the geologic environment is suitable
for constructing a concrete dam. The weathering crust is
thick (2040 m) along the mountain bodies. Earthquake
activity around the dam is low in intensity and frequency
[41].

The different parts of the dam are shown in Figure 1 with
its surroundings; there is bare land, hills, the body of the
dam, ship locks and other types of natural and artificial tar-

gets. The main part of the TGP consists of the dam, hydro-
logical generator plants and navigation instruments. The
body of the dam is 2355 m in length and has a highest ele-
vation of 185 m. The width of the dam is 115 m at the base
and 40 m at the top. The spillway is in the middle of the
dam where the main river canal was. The 23 sluice gates
installed at the base of the dam are used to control the ca-
pacity of the upstream reservoir and to wash alluvial sands
to the downstream area. The power plants, flanking the
spillway (on left and right riverbanks), accommodate a total
of 26 sets of hydrologic turbine generators. The first gen-
erator in the left-riverbank plant house began operation in
2003, and the construction of the right-riverbank plant
house was finished in 2008. The navigational part of the
Three Gorges Project was built on the left riverbank and
consists of permanent ship locks and a ship lift.

In this paper, 40 scenes of Evisat ASAR images, ac-
quired from August 2003 to April 2008, are used as the data
source. The wavelength of this SAR sensor is 5.62 cm, and
the spatial resolutions are about 5 m in azimuth and 25 m in
range. The hydrologic data published by the TGP Corpora-
tion are also referenced in this work. Figure 2 shows the
image acquisition date and the corresponding upriver water

Figure 1 Studied area over the Three Gorge Dam site. The optical image is taken from Google Earth software. A, spillway; B, right planthouse; C, left
planthouse; D, dam lookout; E, Tanziling Hill; F, permanent ship lock; G, temporal ship lock; H, ship lift; I, platform at 185 m elevation; J, memorial park;
K, dyke; L, dyke; M1, the Yangtze River (upriver); M2, the Yangtze River (downriver); N, ship lock lookout.
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Figure 2 Water levels during the Envisat data acquisition period.

T Envisat SAR image



level. From (Figure 2), we find that before the first image
was acquired in 2003, the water level rose nearly 90 m, and
in the middle of 2006, the water level rose about 20 m. In
the following discussions, we analyze the effect of the water
level on the stability of the dam from the time-series InNSAR
results.

Figure 3 shows the incoherent mean amplitude values of
the 40 SAR images. Because the line of sight is towards the
downriver part of the dam (see Figure 1), the power plants,
spillway and body of the dam can be observed by the satel-
lite. The right part of the dam (part B in Figures 1 and 3)
was under construction during the time span of our dataset.
As a consequence, the mean amplitude image represents
targets on the construction site; the cofferdam was disman-
tled in June 2006 but can still be seen in Figure 3.

3 Results and discussion

3.1 Interferometric combination

Before the time-series analysis, all 40 SAR images are
oversampled in the range dimension with factor 2 and co-
registered with the master image, which was acquired on 25
September 2005. After the procedures, 40 SAR images with
the same grid as the master image are generalized with 12 m
resolution in range and 5 m resolution in azimuth.
According to the previous discussions, the interferomet-
ric combination methods of the PS and QPS techniques are
different. Figure 4(a) and (b) are the graphs formed by the
SAR images (as vertices) and interferograms (edges). The
graph representing the PS technique is star-like. The colors
of the edges in Figure 4(b) represent the coherence of each
interferogram. The interferometric graph generalized by the
MST algorithm can achieve the optimum interferometric
combination; moreover, the tree characteristics in graph
theory ensure the graph matrix is invertible. Thus, topogra-
phy and deformation parameters can be easily inverted from

Range

500
Azimuth

all the interferograms. The standard deviation of the normal
and temporal baselines of PS and QPS interferogram combi-
nations were Opgg, =258 m, Spgy =512 day, Sypgp, =

58 m, 5PSB, =210 day, respectively. With the interfero-

grams, the pixels with average coherence greater than 0.25
were selected as the target candidates [28], from which the
final measurement targets are selected.

3.2 Topography and deformation measurements

In the time-series InSAR analysis, a DEM derived from
Shuttle Radar Topography Mission (SRTM) data is usually
used to obtain initial topographic parameters. However,
since the mission was carried out in 2000, at the very be-
ginning of dam construction, the SRTM DEM does not rep-
resent the up-to-date topography of our test site. Therefore,
in this paper, we first obtain the DEM of our test site by
employing the QPS technique. As shown in Figure 5, high
temporal coherence is achieved using the QPS algorithm.
The left and top parts of the dam show very high coherence
owing to temporal stability and strong reflectivity. More-
over, except for vegetated areas, stable distributed targets
such as Tanziling Hill and the upriver bank protection also
show high coherence. On the contrary, the spillway, the
navigation instruments and the right part of the dam show
low temporal coherence. We leave discussion about the
low-coherence areas to the next section. According to the
normal and temporal baseline distributions, we set 0.75 as
our threshold to select QPS points. Within the 60 km? area,
11,463 QPSs are detected, and their elevation and deforma-
tion are shown in Figures 6 and 7.

According to eq. (5), the accuracy of the obtained eleva-
tion of QPS points is better than 3 m. Since we cannot find
any published topographic map of this area, the results are
validated by investigating the results for some known loca-
tions: 1) the tail water platform of the left part of the dam is
at 83.5 m, 2) the top of the left plant house is at 117.2 m, 3)

600

Figure 3 Incoherent amplitude mean of time-series SAR images. The letters match those from Figure 1.
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Figure 4 Different interferometric combinations. Each vertex indicates an SAR image acquired in a different temporal and spatial location. (a) PS image
graph; the red point indicates the master image acquired on 25 September 2005. (b) QPS image graph; the color for each edge indicates the coherence of the

interferogram that connects two SAR images.

the top of the dam is at 185 m, and 4) the spillway weir is at
158 m. The locations denoted by the letters in Figure 3 and
the corresponding elevations levels estimated by employing
the QPS technique in Figure 6 closely fit the actual levels
on the ground. In addition, since the downriver part of the
dam is in the line of sight of the satellite, the elevation of

the left of the dam can be represented as three parts: the
elevations of the tail water platform, the top of the plant
house, and the top of the dam. The elevation of the lifting
equipment on top of the dam was measured to be about 200
m. Five levels of the permanent ship locks, although there
are not so many QPS points, can also be observed. The
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Figure 5 Temporal coherence obtained by employing the QPS technique. The background is the amplitude mean values of processed SAR images.
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Figure 6 Measured elevation of QPSs. The threshold to select a QPS is 0.75.
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Figure 7 Measured deformation for QPSs. The threshold to select a QPS is 0.75.

above analysis indicates that the elevation measured by em-
ploying the QPS technique is reliable and can be used as the
initial height values for PS analysis.

The trends of deformation measured by employing the
QPS technique are shown in Figure 7. Since the interfero-
grams obtained by employing the QPS technique usually

have short temporal baselines, the accuracy of the deforma-
tion measurements is low. Nevertheless, the trends of the
deformation estimates show that the theoretical accuracy
still can reach 1 mm/a.

Figure 7 shows that there are only slight deformation
trends around the dam; i.e., the Three Gorges Dam is quite



stable during the time span of our dataset. There are three
types of deformation of a dam [42]: 1) deformation related
to water pressure, 2) deformation related to temperature and
3) temporal subsidence. The deformation related to water
pressure is caused by the pressure of the upriver reservoir
acting in downward and downriver directions, the deforma-
tion related to temperature is caused by thermal dilation,
and the temporal subsidence is caused by pressure over the
earth crust due to the newly built dam. Since the left part of
the Three Gorges Dam was completed in 2003, the temporal
subsidence caused by the weight of the dam has ceased, and
the basin of the dam has become stable [36]. Moreover, it is
impossible to determine the deformation related to tem-
perature from the velocity of the deformation. Therefore, we
only analyze deformation related to water pressure using the
QPS results.

As shown in Figure 8, there are three types of deforma-
tions related to water pressure: 1) the upriver reservoir
presses the earth crust and inclines the basement of the dam,
and thus, the dam is inclined in the upriver direction, 2) the
upriver reservoir pushes the dam in the downriver direction
and 3) there is flexing deformation due to upriver pressure
and all are shown in Figure 8(a)—(c), respectively. Figure
shows that on the top of the left part of the dam, the slight
deformation trends are away from the satellite, whereas the
plant houses at the base of the dam have deformation trends
toward the satellite. We presume that the dam declined
slightly on account of the upriver water pressure over the
riverbed crust during 2003-2008, and this is the main rea-
son for deformation of the Three Gorges Dam. However,
the factors of dam deformation are complicated; thus, it is
difficult to interpret the displacement of the dam only from
the deformation trends. In the following discussions, we
also consider the time series phases from PS processing in

“
(o]
~

Upriver water level
Upriver water level

analyzing the deformation pattern of the dam.

For the dam surroundings, we detected several subsi-
dence areas on the left riverbank, especially along the axis
of the dam to the area between the ship lift and permanent
ship locks. We presume that construction of the navigation
establishments changed the distribution of the underground
water and caused surficial subsidence. In addition, several
areas of slight subsidence are observed near the Yangtze.
According to Figure 7, synthetically, there was frequent
surficial subsidence near the water area of the Yangtze and
the subsidence is greatest on the upriver embankment near
Zigui County. The highest subsidence velocity exceeds 10
mm/a, and we highlight the observed phenomenon for con-
sideration by the local government.

Using the QPS processing results, PS analysis was car-
ried out with the same dataset. Since the PS technique can
precisely measure deformation for PS targets from the re-
sidual phases, the deformation of the dam can be analyzed
by considering the effects of the water level and tempera-
ture. In the QPS process, we set 0.75 as the threshold for
selecting a PS; however, only about 2000 PSs are detected,
most of which are on artificial targets such as the dam and
the ship lock lookout.

From the QPS results, we presume that the temporal sub-
sidence of the dam almost ceased after construction of the
concrete building. Therefore, water pressure and tempera-
ture are the main factors for the deformation of the dam.
Figure 9(a) and (b) show the time-series residual phases of
two PSs on the dam. Figure 9(a) relates to a target on top of
the dam and (b) to a target on the tail water platform. Figure
9(c) and (d) show the upriver-downriver water level differ-
ence and upriver water level respectively for the duration of
data acquisitionz), from which, similar trends can be ob-
served. The three red dashed lines in Figure 9 indicate the

Upriver water level

€

(a) (b)

(c)

Figure 8 Three types of dam deformation caused by the pressure of water. The arrow indicates the radar line of sight. (a) The upriver reservoir presses the
earth crust and inclines the basement of the dam; thus, the dam is inclined in the upriver direction. (b) The upriver reservoir pushes the dam in the downriver

direction. (c) Flexibility deformation due to horizontal upriver pressure.

2) The hydrologic data were acquired from the website of the Three Gorges Project Corporation (http://www.ctgpc.com.cn).
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times when the upriver-downriver water level difference
reached local maximum values, and they divide the time
span into four parts denoted I-IV. The red triangle shows
the time point of the demolition blasting of the cofferdam.

As indicated by the PS residual phases, when the upriver
rose to its highest levels during time spans I-III, remarkable
deformation was detected when employing the PS technique.
After the dam had been operational for several months, the
deformation trend became relatively consistent. After the
cofferdam was dismantled in June 2006 and the Three
Gorges Dam first tested while running at a water level of
156 m, the stability reduced, and fluctuating deformation
was observed in the PS results. In addition, seasonal defor-
mation caused by thermal dilation was observed at each
stable period. According to Figures 9(a) and (b), the defor-
mation values for the top of the dam are larger than those at
the base. Our result agrees with the theory that the effect of
temperature is greater at the top of the dam than the base
[42].

By modeling the QPS and PS measurements from 2003
to 2008, we presume that the left part of the Three Gorges
Dam declined slightly upriver on account of the upriver
water pressure over the riverbed crust. The temporal subsi-
dence of the dam has since ceased and only slight deforma-
tion due to different water levels and temperatures were
detected. To validate our results, we referred to a published
study that drew two conclusions from long-term deforma-
tion measurements of the Three Gorges Dam, considering
only the same period as for SAR acquisition [36]. They
were: 1) In terms of vertical deformation, the subsidence of
the dam basement has ceased and there has been some re-
bound. 2) In terms of horizontal deformation, although the
dam basin is very stable, there is displacement of the dam in
the upriver direction at 175 m elevation. Clearly, the results
closely fit our measurements by employing time-series In-
SAR analysis.

3.3 Interpretation of results for areas of low temporal
coherence

Figure 5 shows that areas of low coherence are mainly in
the middle and right parts of the dam and navigational es-
tablishments. Because the ship locks open and close when a
ship passes through, the temporal coherence is greatly re-
duced, even for the selected interferometry-image subset.
There are only a few PS candidates (PSCs) for the plant
houses on the right side of the dam, since it was under con-
struction during the time of data acquisition. Nevertheless,
the topography and deformation were still measured for the
cofferdam. Moreover, some QPSs are detected on top of the
spillway and the navigation establishments. The results
demonstrate the adaptability of the QPS technique in com-
plicated situations.

Although there are many PSCs on the spillway, their es-
timated temporal coherence was very low. From amplitude

11

analysis over the 40 SAR images, we find that there are two
states for the spillway, namely the states of releasing and
storing water. When the sluice gates are open, the released
water scatters the radar signal and a very low amplitude is
observed in the corresponding SAR image. This problem
can explain the low temporal coherence we observed when
employing the QPS technique. The logarithm mean ampli-
tude maps for the two different states are shown in Figure
10(a) and (b). In Figure 10(c), the difference between (a)
and (b), focusing on the spillway, is shown, from which
even individual sluice gates can be observed owing to their
different reflective characteristics in different states. In the
case of mid-resolution SAR images, it is difficult to deter-
mine structural details on such a scale. The number of im-
ages acquired when the gates are closed is insufficient to
carry out a reliable time series analysis, and thus we could
not obtain the deformation for the sluice gates. However,
time-series InSAR analysis along with the archiving of data
and collection of high-resolution SAR images will allow
measurement of the deformation for the right plant house
and spillway of the dam.

4 Conclusions

In this work, we present time-series InSAR analysis by em-
ploying PS and QPS techniques. Our results demonstrate
the feasibility of deformation monitoring using time-series
SAR images and we present measurements of the elevation
and deformation over the area of the Three Gorges Dam.
Compared with conventional survey methods, the benefits
that can be gained from the time-series InSAR dataset are as
follows. 1) Field work and a monitoring station are not
needed. If necessary, corner reflectors can be installed
within the dam site to improve the accuracy of the meas-
urements; nevertheless, our results demonstrate that corner
reflectors are not a requirement. 2) The coverage of SAR
images allows us to monitor the deformation on a large
scale. For example, one ESA SAR image can cover an area
of 100 kmx100 km; thus, the whole upriver reservoir can be
monitored with only 7-8 tracks images. On such a scale, we
can measure not only the deformation of the dam, but also
the geologic deformation along the river (e.g., we have ob-
tained the deformation around Badong [35]). 3) The density
of observation points collected by employing the PS-InSAR
technique is much higher than that in conventional survey
methods; over the dam site, we can obtain tens and even
hundreds of PSs and QPSs per square kilometer.
Time-series InSAR analysis allows us to extract precise
geometric parameters using remote sensing data. The den-
sity and coverage of the measurement points can be much
higher than conventional survey methods. For example,
although the differential GPS technique can obtain millime-
ter-level deformation monitoring results, the measurement
number and coverage area usually cannot be guaranteed. If
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Figure 10 Logarithm mean amplitude maps when the spillway was open and closed, and their difference. The spillway is indicated by the black rectangle.
(a) The spillway is closed. (b) The spillway is open. (c) Enlarged portion of the differential image between (a) and (b).

we use the precise measurements from GPS to model the de-
formation pattern in the time-series InNSAR analysis, the
measurement accuracy as well as the density and coverage of
the monitoring points can be significantly improved. The
combination of the two deformation measurement methods
allows us to monitor the deformation with acceptable expense
and identify areas of abnormal deformation in time for appro-
priate action to be taken. Recently, new-generation satellites
with higher resolution and shorter revisiting times have been
launched, and thus the accuracy of monitoring deformation
from time-series SAR images will be improved further [43,

44]. Therefore, along with conventional survey methods such
as GPS and leveling methods, high-accuracy and high-density
dam stability monitoring results can be expected.

This work was supported by National Basic Research Program of China
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