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1. INTRODUCTION
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Satellite SAR (Synthetic Aperture Radar) is one of remote sensing
technologies which makes it possible to measure distributions of ground surface
deformations over a wide area, and it has been commonly used to evaluate
crustal displacement due to earthquakes and volcanic activity, as well as
landslides.

Recently, researches on external deformation measurements for dams
using satellite SAR data have been conducted [1] to [8]. For the purpose of
technological development to contribute to the rationalization and efficiency of
dam deformation measurements, the authors have already shown the external
deformations of five rockfill dams using satellite SAR data [6]. The authors have
found that the satellite SAR produced external deformation measurements which
were with an accuracy of about 5 mm when compared with the external
deformation measurements obtained by GPS or electro-optical survey.

This paper reports on the results of external deformation monitoring of
nineteen rockfill dams in Japan using satellte SAR data. The external
deformation of dams for about two years by satellite SAR was measured and
compared with other existing geodetic measurements such as GPS or electro-
optical survey.

2. EXTERNAL DEFORMATION MONITORING OF NINETEEN ROCKFILL
DAMS USING SATELLITE SAR DATA

2.1. OUTLINE OF NINETEEN ROCKFILL DAMS AND SATELLITE SAR DATA FOR STUDY

Fig. 1 shows the locations of the dams for study. Table 1 shows main
specifications of nineteen rockfill dams and observational data of satellite SAR for
study. In Table 1, ASC and DSC mean ascending and descending orbits of
satellite SAR shown in Fig. 2, respectively. A total of 135 scenes of SAR data
was used.
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Fig. 1
Locations of Nineteen Dams for Study
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Table 1
Main Specifications of Dams and Observational Data for Study

Name of . Crest Orblt.Of Numbers Observation day
Height(m) satellite | of data
dam length(m) (year/month/day)
SAR used
A 785(+1) 595(x1) ASC 6] 2015/7/30] 2015/8/13] 2015/11/5] 2016/5/5] 2016/6/16] 2016/7/28
B 161 427.1 DSC 6] 2014/8/24] 2015/9/20] 2015/11/29| 2016/3/6] 2016/6/12] 2016/8/21
c 412 440 ASC 5| 2015/5/23]  2015/6/6] 2015/10/24| 2015/11/7| 2016/6/4
D 89.9 786 ASC 6 2015/4/7] 2015/5/19] 2015/6/16] 2015/7/28] 2015/9/8] 2016/6/28
E 52.5(+1) 210(+1) ASC 6| 2014/9/4] 2014/10/16] 2015/5/28] 2015/8/6] 2015/10/29] 2016/5/26
F 127 723 ASC 6] 2015/4/7] 2015/5/19] 2015/6/16] 2015/7/28] 2015/9/8] 2016/6/28
G 112 510 ASC 5| 2014/9/9]  2015/6/2] 2015/8/11] 2015/11/3] 2016/5/31
2014/10/21] 2014/12/16] 2015/2/10] 2015/3/10] 2015/6/30] 2015/8/25
H % 565 ASC 8 2015/11/17] 2016/6/14
1 66 348.2 ASG 5| 2014/9/9]  2015/6/2] 2015/8/11] 2015/11/3] 2016/5/31
J 119.5 4195 DSC 6| 2014/10/28] 2014/11/11] 2015/6/23| 2015/9/15] 2015/11/24] 2016/6/7
2014/10/9] _ 2015/5/7] 2015/5/21| _2015/6/4] 2015/6/18] _2015/7/2
K 1%8 520 psc 10 2015/7/16] 2015/10/22] _2016/4/21] 2015/7/14
L 1275 a6 DSG ;| _2014/9/30[ 2014/10/14] 2014/11/25[ 2015/10/13] 2016/4/12] 2016/7/5
2016/9/13
2014/10/24] 2015/2/27| 2015/5/22| 2015/6/5] 2015/9/11] 2015/11/6
M 8 420 AsC 8 2016/2/12] _ 2016/6/3
2015/2/9] 2015/2/23|  2015/9/7] 2015/9/21] 2015/11/30] _ 2016/3/7
N 35 244 DSC 15| 2016/4/18]  2016/5/2| 2016/5/16] 2016/6/13| 2016/6/27| 2016/7/11
2016/7/25| 2016/8/8]  2016/9/5
2014/10/11] 2014/12/20] 2015/4/25| 2015/7/18] _2016/1/2] 2016/4/9
° 86eD) 33001) ASC 8 2016/5/21] 2016/1/16
2014/10/11] 2014/12/20] 2015/4/25| 2015/7/18] _2016/1/2] _2016/4/9
P o7 260 ASC 2016/5/21] _2016/1/16
a o6 s ASG 2(2)(1);12%5? 2015/4/10 _ 2015/7/3| 2015/12/18] 2016/3/25| 2016/5/6
= 665 198 ASG ;| 2014/9/27 2015/4/11] 2015/7/4] 2015/12/19] 2016/3/26] 2016/5/7
2016/7/2
S 37 500 DSC 6] 2015/2/28] 2015/3/28] 2015/9/26] 2015/12/5] 2016/3/12] 2016/6/18
ASC : Ascending, DSC : Descending
*1 : Rockfill dam part of combined dam
Observation area A
in ascending orbit ™~
Ascending '
Descending

(km)
30

Fig. 2
Ascending and Descending Orbits and Observation Areas

20 10

Observation area
in descending orbit

In this paper, we used satellte SAR data obtained by Advanced Land

Observing Satellite 2 (ALOS-2) with a Phased Array L-band SAR (PALSAR)
sensor (hereinafter referred to as "ALOS-2") [9]. ALOS-2 was launched by Japan
Aerospace Exploration Agency (JAXA) in January 2014 and is currently operated.
The wavelength and the spatial resolution of the ALOS-2 are 23.6 cm and about
3 m, respectively.
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In addition to SAR data, 2 m Digital Elevation Models (DEM) of study areas
by Laser Profiler (LP) were used as initial dam body shapes to improve external
deformation accuracy.

2.2. EXTERNAL DEFORMATION MONITORING USING SATELLITE SAR DATA

Fig. 3 shows external deformations of nineteen rockfill dams by satellite
SAR in the line-of-sight direction from the first SAR observation to the last SAR
observation day shown in Table 1. The red arrows in Fig. 3 show the observation
directions of the ALOS-2. From the results of preliminary examinations, the multi-
look [10], [11] for noise reduction of SAR data was set at 2 x 2 pixels (a spatial
resolution of about 5m) in this paper, and the distributions of external
deformations in Fig. 3 are expressed with a spatial resolution of about 5 m.
Negative values in Fig. 3 mean that the dam surface deforms away from the
satellite and it is almost the same direction of settlement of the dam. In the case
of Dam N in Fig. 3, which showed a relatively large amount of external
deformation, it was clarified with electro-optical survey after the Kumamoto
earthquake in April 2016 that there had been settlement of several centimeters
due to the earthquake, and earthquake-induced settlement was well measured
by satellite SAR.

In order to evaluate the accuracy of satellite SAR based external
deformation monitoring, Fig. 4 shows root mean square error (RMSE)
distributions at existing GPS or electro-optical survey measurement points.
RMSE is calculated using Eq. [1].

RMSE = \/% > (sar — up)? [1]

Where n is the number of satellite SAR data, usar is the external
deformation measured by satellite SAR, and uo is the external deformation
measured by GPS or electro-optical survey, respectively. If GPS data has been
obtained, RMSE in Eq. [1] is calculated from the differences of external
deformations between SAR and GPS measurement values at the GPS
measurement points. If no GPS data has been obtained, external deformations
by electro-optical survey at the SAR observation days were estimated by linear
interpolation of two electro-optical survey data and RMSE was calculated from
the differences of external deformations between SAR and electro-optical survey
at the electro-optical measurement points.

Most RMSE values show less than 5 mm in Fig. 4 and it means that
external deformations by satellite SAR have good accuracy by comparing to GPS
or electro-optical survey.

Fig. 5 shows the comparisons of temporal changes of external
deformations by SAR and GPS/electro-optical survey at the existing geodetic
measurement points on the crests in the maximum cross sections of nineteen
studied dams. Although there were small variations among the results between
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Fig. 3

External deformations of nineteen rockfill dams using satellite SAR data
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Comparisons of external deformations between SAR and GPS/electro-optical

survey at crests of maximum cross sections
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SAR and GPS/electro-optical survey, the results of satellite SAR based external
deformation measurements agreed well with the results by GPS or electro-optical
survey. In the case of Dam N in Fig. 5, which showed a relatively large and
sudden settlement by the Kumamoto earthquake in April 2016, earthquake-
induced settlement was well measured by satellite SAR.

Table 2 shows the average RMSE on upstream, crest and downstream
surfaces and all existing geodetic points of nineteen rockfill dams. Although there
are some variations among the results of RMSEs in Table 2, more than half of
the average RMSEs are less than 5 mm and most values are less than 10 mm.
On the other hand, several RMSEs in Table 2 show more than 10 mm and the
RMSE of the downstream surface of Dam N shows more than 20 mm. It is well
known that deterioration in accuracy of SAR based deformation measurements
occurs when ground surface is covered with vegetation [10]. Because
downstream surface of Dam N has been covered with vegetation, it leads to the
relatively large RMSE of downstream surface of Dam N. Table 2 shows that
external deformation monitoring using satellite SAR data is generally accurate,
but we must pay attention to factors that cause reduction of the accuracy such as
ground surface vegetation.

Table 2
RMSE of external deformations between SAR and GPS/electro-optical survey on
upstream, crest and downstream surfaces

\ . . RMSE (mm)

ame o \ rest :

dam | MEEE™ | ot (m) soart?n: Noufn:j:i? Al |Upstream | o | Downstream

SAR used surface surface

A 78.5(x1) 595(1) ASC 6 4.4 7.5 3.2 44
B 161 427.1 DSC 6 3.2 2.8 2.9 3.4
C 41.2 440 ASC 5 2.3 1.7 2.1 2.8
D 89.9 786 ASC 6 7.3 11.8 4.1 6.0
E 52.5(x1) 210(x1) ASC 6 2.2 1.4 2.5 2.2
F 127 723 ASC 6 6.0 3.3 4.6 7.4
G 112 510 ASC 5 4.6 4.2 2.9 5.2
H 90 565 ASC 8] 10.2 4.3 5.9 145
I 66 348.2 ASC 5 7.9 -| 114 4.6
J 119.5 419.5 DSC 6 6.3 6.5 5.5 6.7
K 158 520 DSC 10 6.9 - 6.0 7.0
L 127.5 366 DSC 7 4.4 - 4.6 4.2
M 83 420 ASC 8 3.3 - 3.1 3.4
N 35 244 DSC 15( 147 74 8.9 23.8
0 35(*1) 330(*1) ASC 8 3.4 3.6 4.4 2.3
P 91.7 260 ASC 8 4.6 = 1.5 3.1
Q 66 445 ASC 7 2.1 1.7 2.5 1.9
R 66.5 198 ASC 7 2.0 - 1.5 2.1
S 37 500 DSC 6 4.3 5.0 3.8 3.1

*1 : Rockfill dam part of combined dam.
“-“ means no existing geodetic measurement data has been obtained.
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3. CONCLUSION

With the aim of carrying out a development of satellite SAR-based external
deformation measurement of rockfill dams, this paper focused on nineteen rockfill
dams in Japan. A total of 135 scenes of satellite SAR data was used over a
period of nearly two years from late 2014 to early 2016 for study. External
deformations of nineteen rockfill dams were measured by satellite SAR and
compared with existing GPS or electro-optical survey data. The average RMSE
of nineteen rockfill dams between SAR and existing geodetic measurements was
about 5 mm. As earthquake induced settlement up to several centimeters was
also well measured by satellite SAR data, satellite SAR data is useful both in
normal times and after earthquakes. In order to conduct accurate external
deformation measurements using satellite SAR data, it is important for us to pay
attention to factors that cause reduction of the accuracy such as ground surface
vegetation.

Because we find that the satellite SAR based external deformation
measurement of rockfill dams is accurate and useful, we will continue our
research to put our research results into practical use.
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SUMMARY

It is important to develop a new method of effective and efficient monitoring
of dams such as external deformation measurement of embankment dams.
External deformations of nineteen rockfill dams in Japan using satellite SAR data
were measured in about two years, and the results of external deformations using
SAR data were compared with those by GPS or electro-optical survey data. We
found that the results of external deformations using satellite SAR data agreed
well with those by existing geodetic data and the average error of the external
deformations between SAR and existing measurements was about five
millimeters. Although external deformation monitoring of rockfill dams using
satellite SAR data is generally accurate, it is important to pay attention to factors
that cause reduction of the accuracy of satellite SAR based deformation
monitoring such as ground surface vegetation.
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