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ABSTRACT

The Calaveras fault passes directly through Coyote Dam
located near Gilroy, California. The earthen structure of the
dam was constructed to withstand the expected deformation
due to fault creep at a rate of 10 to 15 mm/year. As part of a
possible dam retrofit, the Santa Clara Valley Water District
initiated a series of measurements using a Ku-Band terrestrial
interferometer to accurately localize the fault trace through
the dam. Measurements over the period 12-May 2016 to 18-
Nov-2016 were acquired from 4 different positions situated
around the down-stream face. Time series of measurements
from each position were obtained after performing
corrections for variable tropospheric phase delay. These
measurements were combined using least-squares estimation
to generate three-dimensional maps delineating both stable
and rapidly deforming regions.

Index Terms— differential interferometry, terrestrial
radar, tectonic deformation

1. INTRODUCTION

The Calaveras fault cuts through the southwestern side of
Coyote Dam, located near Gilroy, California as shown in
Figure 1. This was known in 1934 when the dam was
constructed and the clay core earthen dam structure was built
to withstand substantial fault motion. Now, 80 years since the
dam was constructed, over 80 cm of deformation has taken
place. The Santa Clara Valley Water District initiated a set of
measurements of both the upstream and downstream faces of
the dam using a Ku-Band terrestrial radar interferometer from
February 2015 until July 2015. The dam is covered with large
stable boulders making it an ideal structure for long-term
deformation measurement with radar interferometry. The
purpose of these radar measurements is to precisely
determine the deformation zone in the dam structure. This is
essential for evaluation of dam safety and planning a possible
retrofit. Line-of-Sight (LOS) deformation measurements
from an upstream pier were acquired approximately every 3
weeks and stacked to obtain the deformation map shown in
Figure 2 [1]. The instrument is the GPRI-II real-aperture
FMCW radar operating at a center frequency of 17.2 GHz
with a range resolution of 0.9 meters and azimuth angular
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resolution of 0.38 degrees equivalent to between 1 and 2
meters in azimuth over the face of the dam [2].

Figure 1: Fault Map of Coyote Dam showing the Calaveras Fault
zone.

Upstream GPRI

Results from July 31 measurements.
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Figure 2: Upstream face deformation 20-Mar-2015 to 31-Jul-
2015 showing ~3mm deformation along the line of sight.

Deformation on downstream side of the fault was measured
from a single down-stream pier as shown in Figure 2. The
deformation measured from the down-stream pier was
inconsistent with a simple fault deformation model.
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Consequently, a second campaign was proposed and
approved to evaluate the deformation from multiple aspect
angles to measure fault motion perpendicular to the LOS
from the down-stream pier.

2. CAMPAIGN DESCRIPTION

Three additional concrete piers were set up to observe the
downstream dam face. Each concrete pier stands about 1
meter above ground and permits accurate repositioning of the
radar within 1-2 mm using a stainless-steel positioning plate
bolted to the pier. A network of 19 corner reflectors was
deployed over the dam face to facilitate accurate terrain
georeferencing and coregistration of the images acquired
from the different piers. The locations of the corner reflectors
and pier positions are shown in Figure 3.

Figure 3: Pier and corner reflector positions for the extended
Coyote measurement campaign. The reference point is visible
from Piers A, B, C and D/S.

The new measurement positions were located along the crest
of the dam looking onto the downstream face, and the original
downstream position was near the dam outlet looking
upstream towards the dam crest. An accurate survey was
made of each pier and at each radar reflector. The corner
reflectors were especially useful for confirming co-
registration of the radar images. A common phase reference
point was established with multiple reflectors pointing at each
of the measurement piers. The reference point was selected
in an area believed to be stable and clearly visible from all
four piers.

The observation plan was to acquire a stack of approximately
24 images every 2 to 4 weeks at each pier. A larger number
of acquisitions is preferred because it leads to reduced
variations in the interferometric phase due to tropospheric
water vapor and systematic phase errors due the antenna
tower not being exactly vertical.
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Figure 4: GPRI-II located at Pier B. Note the large rectangular
silicate block close to fault plane just below the dam crest.

3. DATA PROCESSING

The GPRI-II data are acquired in polar format with distance
as the radial coordinate and angle corresponding to the
rotation angle of the radar. For each epoch, approximately 24
images were acquired and stacked (complex average) to
improve both SNR and coherence, as well as suppress local
atmospheric phase variations. The phase at the reference
point was subtracted from each SLC prior to stacking, thereby
effectively setting the atmosphere and deformation at the
reference point to zero. Differential interferograms were then
generated from the stacked SLCs, one stacked SLC per
epoch.

For each date, we also stacked the detected intensity images
derived from the SLCs. The averaged multi-look intensity
image from the start of the observations on 12-May-2016
were terrain geocoded using a DEM obtained by LIDAR with
a grid posting of 25 cm. Due to the precise survey, the only
unknown is the precise value of the initial scan angle. The
corner reflectors were used to determine the exact azimuth
orientation.

Interferograms were produced in the series AB, BC, CD
DE... where A, B, C, D... are different epochs. These
interferograms were filtered and spatially unwrapped using
minimum cost flow phase unwrapping algorithm.

Atmospheric related phase trends were modeled using a
linear fit of the interferometric unwrapped phase in a
polygonal region known to be stable. This phase model is
subtracted from the interferogram phase and any residual
phase offset at the reference point is also removed.

The corrected differential phases were then added together to
get the time-series. A more advanced approach would be to
form a network of short time interferograms and solve this



network in a least-squares sense using an SBAS based
approach [4].

The times series data were then terrain geocoded and
interpolated to reduce gaps between the coherent regions.
Particularly at Pier A, the view angle and position was such
that the downstream slope view was at a small grazing angle
resulting in numerous very bright scatterers with significant
shadow that made spatial phase unwrapping problematical as
can be seen in Figure 5.

Figure 5: Terrain geocoded differential interferogram
acquired from Pier A for the dates 16 May—> 16 August.
Note the decorrelation of the phase of the vegetation.

The unwrapped phase was converted to deformation along
the LOS by the simple scale factor —4m/A and then terrain
geocoded. Data were acquired on the same day +/- 1 day with
few exceptions. An example of the integrated deformation for
21-Oct-2016 is shown in Figure 6. The LOS deformation data
are then used to solve for the three-dimensional deformation
in East/North/Up (ENU) coordinates using least-squares (LS)
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Figure 6: LOS deformation as viewed from each pier. Yellow
denotes motion away from the radar.
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estimation. The solution is implemented using singular value
decomposition (SVD) to ensure numerical stability.

First the look vector of each point in the scene is determined
in the ENU basis. Note that the deformation measurement
from a pier is the projection of the three-dimensional
deformation vector onto the look vector for that position. The
look vector is defined as the vector from the radar antenna
phase center to the point in the scene. With 4 different
positions, there are more constraints than vector components
to solve for. None the less, the vertical deformation
component is poorly constrained due to the near planar
geometry of the 4 observation points for some parts of the
scene. The projection of the LOS deformation into an
orthonormal geometry can be very important for
interpretation because of the rapidly changing look vector
angle when close to the region of interest. This is not the case
for satellite imaging. An example of a 3D deformation map
is shown in Figure 7.

Vertical displacement [m]

L

Figure 7: Deformation field in ENU coordinates for 21-Oct-
2016. Color scale represents vertical deformation and the vector
length is proportional to vector sum of motion in East and North
directions.

4. CONCLUSIONS

It is possible to measure slow mm-scale deformation due to
fault-creep or other processes using a ground-based Ku-Band
band radar. The GPRI2 is particularly well suited for this
application because it can be repositioned with high accuracy
permitting acquisitions from multiple sites. Selection of the
observation points for multi-aspect imaging is important to
ensure that region of interest is clearly visible in each field of
view. The stability of the boulder field covering the dam was
sufficient for measurement of LOS deformation at sub-
millimeter scale. The LOS deformation acquired can be



combined to solve for three-dimensional deformation time
series. This study demonstrates how the data were reprojected
to ENU coordinates in a frame work that can extended to
include satellite, LIDAR, and GPS data. The deformation
field showed significant temporal and spatial variability. The
stability of large parts of Coyote Dam was confirmed. There
is a region northwest of the block that is rapidly subsiding
whereas the large block is both subsiding and rotating in a
counter clockwise direction.

11. REFERENCES

[1] Baker, B., R. Cassotto, M. Fahnestock, C. Werner, M.
Boettcher, “Measurement of Creep on the Calaveras Fault at
Coyote Dam using Terrestrial Radar Interferometry (TRI),” AGU
Fall Meeting 2015,
https://agu.confex.com/agu/fm15/meetingapp.cgi/Paper/75970.

[2] Werner, C., A. Wiesmann, T. Strozzi, A. Kos, R. Caduff, and
U. Wegmiiller (2012), “The GPRI multi-mode differential
interferometric radar for ground-based observations”, 9th European
Conference on Synthetic Aperture Radar, EUSAR, 23-26 April,
Nuremberg, Germany.

[3] Caduff, R., et al. “A review of terrestrial radar interferometry
for measuring surface change in the geosciences”, Earth Surf.
Process. Landforms 40, 208-228 (2015)

[4] Werner, C., et al. “Deformation Time-Series of the Lost-Hills
Oil Field using a Multi-Baseline Interferometric

SAR Inversion Algorithm with Finite-Difference Smoothing
Constraints,” AGU Fall Meeting 2012, San Francisco, Dec. 3-7.
http://abstractsearch.agu.org/meetings/2012/FM/G43A-0910.html

952




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


