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Abstract. Results of application of the DInSar and PSInSaethaods of
interferometric processing of radar data for mamip of subsidence of a terrestrial
surface in areas of oil and gas production of WasBtberia are presented. Features
of reception and initial data handling of ERS-2\SAiRRthe antenna TNA-9 complex
are considered. Results of processing of a sefigseomulti-temporal these sensors
of ERS-2\SAR, ENVISAT\ASAR, ALOS\PALSAR on the basif the developed
software of PSI technique in the environment of IM@at on high-productive
distributed computing cluster are given. For preoes of radar images are used this
synchronous sub-satellite of measurements.

Keywords: radar interferometry, corner reflector, SAR, ASARRALSAR,
GeoServer, geodynamic polygon, subsidence, mould.

AnHoraums. I[IpeacraBnensl pe3ynbraThl NpuMeHeHUs MetoqoB DInSaru PSInSar
uHTepepomMeTpruueckor 00pabOTKH paJapHbIX TaHHBIX IS MOHUTOPUHTA POCATI0K
36MHOM TMOBEPXHOCTH B paroHax HedTemoObrum 3amagHoit Cubupu. PaccmoTpeHsl
0COOCHHOCTH TpHeMa U MepBUYHON 00padoTku maHHbIXx ERS-2\SARHa npuemMHbIii

komruiekc THA-9. IlpuBenensl pesynbrarel 00pabOTKHM CEpUH MHOTOBPEMEHHBIX

naHHbIx ceHcopoB ERS-2\SAR, ENVISAT\ASAR, ALOS\PALSARHa ocHoBe
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pa3paboTaHHOTO TporpaMMHOTO obOecrnedeHus Mmerona PSI| B cpeme MatLab na
BBICOKOTIPOM3BOIUTEIILHOM  PACTIPEICTICHHOM BBIUYMCIUTENBHOM Kiactepe. [lpm
0o0paboTKe pamapHBIX HW300paXEHUH  WCIOJIB30BAaHBI  JaHHbIE CHHXPOHHBIX
MO/ICITY THUKOBBIX NU3MEPEHUM.

KawueBble ciaoBa: pamapHas uHTepdepoMeTpusi, YroJKOBBIH oTpaxkarenb, SAR,

ASAR, PALSAR, GeoServergoauHaMuuecKuii MOJIUTOH, MPOCATKH, MYJIbIA.

Introduction

Results of processing of radar data are given irkwa the territory of Siberia
and Arctic, and also application of the presenesiiits for long-term monitoring of
offsets are given in areas of intensive oil andmyasluction.

Earlier authors showed possibility of applicatiohMAZ-1, SIR-C, JERS-1
radar images for identification of specific struetiand damages of forest, selections
of glacial moraines complexes in mountains, detectif traces of catastrophic water
streams [1-9]. The great attention is given to tgweent of methods of airplane
microwave radiometry of moisture of the soil, ssalt definition, measurements of
levels of ground waters [10-12].

Field supervision and sub-satellite of measurensértharacteristics of open
rocks, soil and vegetation were carried out on gbbgon created for the NASA
programs: test site E-80 «Altai» for mission «SIR-6TS-59u 68 (April and
October, 1994), «<SRTM» STS-99 (February, 2000)0Alsst site «Altai» survey
from satellites of remote sensing of Earth in aggtlwand was carried out. Survey by
radar «<KALMAZ-1» and synchronous field measuremeritsnoistness of soils and
supervision of a roughness of opened fields arewdgd on October 26, 1991 [13].

Results of investigations into thematic interprnetabf orbital images recorded
with the SIR-C/X-SAR radar with synthetic apertureéhe L- and C-bands for HH,
VV, and HV polarization states are given. Problerhsecognition of characteristics
of forest and agricultural vegetation, erosion psses of soil on the regional scale on
the plain and foothill territories of the Altay fieg are examined. Influence of

filtration of the speckle noise is studied and iemgre classified by the kernels in the
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contrast - mean intensity space. Results of claasibn have been compared with the
ground-based data and orbital scanning and phgibgramages obtained in the
optical range.

The comparative analysis of results of identificatof glacial relief forms on
perspective images constructed with use of spaegéesiand 3D models relief of
maps constructed on basis of heights, showed thhematically glacial moraines are
allocated, if spatial resolution of digital model a relief coincides with space
distribution of image.

Results of digital processing of spring and autamplitude images of SIR-C
and land supervision are compared. The capabpimji@ation of the radar and optical
space images for a decoding of surface relief gh herraces Biya and Katun rivers
after passage of catastrophic water flows is caneil

Use of MSU-E and MSU-SK optical images and ERS-R3Adar amplitude
data for monitoring of grain cultures in Altai regi was considered [14-15]. The
capabilities of interpretation and processing @f ithages together with model of bio
efficiency are investigated. The reliability of uéis was confirmed by sub-satellites
ground experiments in 1998-2001.

The main advantage of satellite radar is possibf obtaining images
irrespective of cloudiness and conditions of sofeadiating. However technical
features of formation of radar dates don't allonwug® completely the methods of
interpretation applied to photographic and multctpse space images.

As part of the studies of ice cover «seismic actiwignd its communication
with deformations on the interblock boundary thechteque of differential
interferometry, speckle-tracking method and theue analysis of radar images
ALOS\PALSAR along the southern part of Lake Baiklalring the freezing-over
period 2008-2011 was developed [16]. The spechleking method has appeared to
be most productive for the estimation of horizomtaktions of ice areas.

Oil and gas reserves on the territory of Westebei$a are extracted in area of

continuous and discontinuous permafrost, peat blodjg;frozen in winter shallow
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lakes, thermokarst provinces and in zone of raenosion as a result of technogenic
top-soil failure [17].

Negative geodynamic processes cause pipeline Ingsakit different depths in
wells on active oil-and-gas fields, intrafield amain ground-surface pipelines. As a
result of the spatial analysis of breakdown susic#ipt of pipelines in connection
with a site of local breaks it has been establishbdt a repeating breakdown
susceptibility of oil pipelines is dated for thdeeal breaks. From the point of view
of physics and the geomechanics, studied structymesre as dynamically
deformation processes, however without explosivieingements of thickness of
breeds. Many researches show, that influence @l lbeeaks of an earth crust on
pipelines considerable, and can lead to destructiguipelines.

At the same time nature landscape features present¢hat area place a
certain limitation on interferometric processingdarequire more detailed data
analysis. The main objective of the research werkanstruction of displacements
maps of ground surface and detection of subsidsribat have a negative impact on
objects of oil and gas production. The complexhef tesearches spent using remote
sensing data is addition to the land geological gadphysical works which are
carried out by oil-extracting companies.

Differential radar interferometry is an effectiveetinod for estimation of plane
and vertical displacements caused by breakdowctatel movements. At the same
time nature landscape features presented in tleat glace a certain limitation on
interferometric processing and require more dedaidlata analysis. Method of
Persistent Scatterers Interferometry allows cogntmelocity of displacements in
isolated bright points on the basis of a set oéatgd radar imaging.

The scientific side of work consists in researchevadoping and
implementation of methods of processing of radaasueements in the conditions of
high temporal decorrelation. The practical sideosinected with monitoring of a
surface of oil and gas deposits and detection aiam® caused by hydrocarbons

extraction.
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During the research work ERS-2\SAR, ENVISAT\ASARIa&ALOS\PALSAR

radar data were used. The estimation of appli¢glmfi C-band and L-band radar data

based on coherence distribution is made. Complakysis of temporal and spatial
decorrelation depending on sensing conditions,isgrseason and different natural
landscapes of Western Siberia revealed the adwandég -band radar data for
research territory. PALSAR data allowed constrigctiisplacements maps reflecting
the ground surface dynamics of Samotlor oil fiehdl &ubkin gas-condensate field
during the 2006—2011 period. GPS measurements iotspf geodynamic polygons
were used as ground control points during diffeaénnhterferometric processing.
Joint analysis of spatial profiles and displacemenaps on territory of Samotlor and

Gubkin deposits shows decreasing of subsidencdrigrthe trough.

ERS-2\SAR data acquiring, processing and sub-satellite inter pretations

Per 2005-2011 years Remote Sensing Center of UgsedRch Institute of
Information Technologies (URIIT) on Khanty-Mansiys&gular reception of all-
weather radar images from ESA satellite ERS-2 rgathout. Space images ERS-
2\SAR and also AQUA, TERRA\MODIS receiving on OPTE&nd TNA-9 antenna
complexes. The strip of image of scanner SAR maké&skm, resolution of 12.5 m,
an interval between strips of overlapping of 3 dagndard period of recurrence sub-
satellite lines of 35 day, an interval of recurrem orbit with overlapping in half of
staff of 17 day. Sessions are accepted by dur#tlidi©O minutes that corresponds to
extent of 4000 km. The sensor from the lengthieatavof 5.6 cm (C-band) and
polarization of VV carried out sensing twice a daynorning and night orbits.

The ERS-2 demodulator is provided by the ESA foecetion of research
grants of Category-1. Time expenses for constrnctib one georeferenced SAR
scene the following: generation in format PRI froine initial radar hologram on
specialized Silicon Graphics Challenge Server -n@ifiutes, geotransformation in
package IDL 6.2 on supercomputer SUN FIRE 15K - rithutes, additional

georeferenced in interactive mode on referencetpoith use LANDSAT-7 images
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- 15 minutes. In figure 1 the mosaic covering ofsféen Siberia from occurring at
different times orbit ERS-2 in 2005-2006 year isuleed.

Figure 1. ERS-2\SAR images coverage on Westermri&ifvem July 2005 to
September 2006.

In language IDL software is developed for batcndfarmation of standard
scene in size of 100*100 km in projection UTM amkrative construction geocoded
quick-looks with resolution 150m [18]. The software developed for batch
transformation ERS-2 scene 100*100 km of size ajgmtion UTM. For construction
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of full multi-time covering of territory followinginds of processing are carried out:
overlay in mosaic of geotransformed scene, coomctf geocoding references
overlays strips for each orbit for concurrence ofwring at different times orbit to

within pixel. In a figure 2 results of shooting Wibverlapping in 3 days are provided.

) i
o mdu

Figure 2. ERS-2\SAR images coverage on Ugra regitnoverlapping in 3 days in
the summer 2005.

Field researches and overseeing in sub-satellpjererents by a condition of
vegetative covers, forest, ice situation on thersy regions of oil spill on soil and
bogs for working off of technology satellite momnitay of long distance pipe lines
were carried out [19-21]. Detailed research ofcitiee of vegetative covers (fig. 3) in
the south of Western Siberia were carried out @62&nd 2010 [15].

Field supervision for decoding specific structure vegetation’s in radar
images ERS-2 were spent per 2006 synchronouslyspiiee observations in various
areas of Novosibirsk and Altay territory. It is asished, that color RGB synthesis
from pictures executed in June, July and Augusttiten same territory allows to
divide following cultures visually: sunflower, wheaorn, millet [15]. Wheat and an

oats that is connected with concurrence of phemmdbgohases of development
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cultures are not divided. At inclusion in color #yesis of pictures for May and

September steam fields, vegetative rests and hatorapened steppe used under a
pasture are authentically allocated.

Figure 3. 35-day repeat cycle ERS-2\SAR multi-terapimnages color composite
coverage on Altai region from July to October 2010.

Distortions due to local deposits of fields whiciva dropped out on separate
groups have not allowed to use image ERS-2 for Aydiath for correct decoding
specific structure grain crops on greater areas. ddmp ground is allocated in the
form of strips with extent up to 200 km. More sigbnthis effect is shown on salted
soils and observed on the cleaned fields in autom@005-2010 years on ERS-
2\SAR images on regions of East Ural, Northern Khgtan and south of Western
Siberia. It confirms need of the accounting of ieadtudied features of salty soils for

anomalously dry condition [22]. Deposits which hdweeally dropped out on dry
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ground at strong wind bring distortion in images3=Rin form of light strips. It is
connected with change of dielectric permeabilityngdasoils and plants. In a figure 3
to the region of salty and dry chestnut soils @poad dark blue color in a south-
west part of coverage image of 2010. The color ausite covering is created on the
basis of SAR_PRI data for three dates during tm®gdérom July to October, 2010.

RGB color composite ERS-2\SAR images for differdates display variety
phenological phases of development of grain cropwarious climatic zones of
Western Siberia. Distinctions are connected witmgeof sowing in connection with
long spring and non-uniformity of loss of rain @mrttory in year months. Groups of
fields with one culture and separate steam fields authentically allocated.
Occurring at different times data of all-weatheaspradar ERS-2 of mid-resolution
allow to define specific structure of cultures, wathin field, for all territory of
Western Siberia in rainy years with greater nundbendy days. For various climate
zones attraction of the information from test sisd expert estimations on
accommodation of basic cultivated cultures is resgli

During an ice drift and ice formation per 2006-2Git&alysis of a condition of
an ice surface of rivers Ob and Irtysh, Ob gulf &ada sea water area under radar
images ERS-2\SAR and optical images of scanner MBOWIith resolution 250 m
from satellites TERRA and AQUA was spent. Time iné between flights of
satellites in the morning made 10-30 minutes. [teisd ground visual decoding
synchronous with radar images on distance of 2Grkem of city Khanty-Mansiysk
on rivers Ob and Irtysh. It has allowed establighimequivocally, that dark sites
correspond to a smooth snow ice crust on rivemtaca and shallows, and light - to
ice hummocks in height up to 0.7 m snowdrifts o fnummocks.

On radar image ERS-2 for March, 3rd sites of icemmaocks are more contrast,
than in a picture for April, 7th. From ground supsion in April also it is visible,
that there is a destruction of ice hummocks anduameously the roughness on
snow ice crust due to thawing increases. As a tresuitrast on executed after

approach of thawing weather radar images ERS-2dmgtvgites of hummocks both
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an equal ice and a snow decreases. Ice-holes onvdrs in it are abnormal cold
winter of 2005-06 with temperatures up to -49 degree not found out.

All-weather radar images ERS-2 during an ice dnfMay, 2006-2010 were
operatively processed and transferred within 2 &oaifter flight of satellite in
EMERCOM KhMAO-UGRA region administration for demsi-making on a degree
of danger of flooding. Georeferences with topographap geocoded and contrasted
images ERS-2 combined with a map allow expertsyidrd broad gullies to map
authentically places of a congestion of an ice ljpmihe water at any time and a

continuous cloudy cover (figure 4).

Y
20070113, 100 C

2007/02/17,-32°C

20061227 2007/02/16

Figure 4. Ice-hole and hummocks on river IrtysHHRS-2\SAR and surface survey.

ERS-2/ENVISAT tandem campaign was carried out frdugust 2008 until
April 2009 and from July 2010 until November 20Remote sensing center of
URIIT acquired satellite data ERS-2\SAR out of aeof the review of ESA stations
on territory south Western Siberia and central Ealseria. Further SAR data were
transferred to ESA-ESRIN on DLT tapes.

From March 11 to July 7, 2011 the ERS-2 satelltange orbit was transferred
by a way to 3-days repeat cycle. Remote sensingcara®d out on restricted number
of orbits and territories [23]. In this mode of aadtemporary and spatial
decorrelation of terrestrial covers decreased. &lveais a possibility to study fast-
flowing past planned and high-velocity moving’s tefrestrial covers in north of
Western Siberia and Arctic. In a figure 5 the ifésygram constructed on radar data

10
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with an interval of 3 days of acquired at URIIT (K&fiation on figure 5) is shown.
Also short term displacements of frozen soils (feg6) are revealed on the
peninsulas of Yamal, Gydansky, Tazovsky where ibcated big purely developed

gas fields and gas pipelines [19, 21].

Figure 5. ERS-2\SAR acquisition plan by 3-day r¢épeade.

More than 76000 scenes are acquisitions and savesb® DLT tapes. The
covering territory data of ERS-2\SAR stretches fidorway to Baikal. Input data’s
on streamer tapes are used for synthesis of imagi®e formats RAW, SLC, PRI.
All ERS-2\SAR data and Silicon Graphics Challengav8r also are transferred
officially by European Space Agency for further ggesing and scientific use in
Baltic federal university in 2011.

11
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Figure 6. ERS-3\SAR interferogram (15.03-18.03.3@k1site with frozen sail,
permafrost and ice displacements and moving ondsNovaya Zemlya.

Archiving of ENVISAT and ALOSradar data

In this work data of radar satellites ENVISAT, ALG8e used. With the
support of the grant of European Space Agency ESWIEAT-AO ID 365 the
archive consisting of 57 ENVISAT\ASAR radar scengseived from 2003 till 2004
is ordered. Sensing was made using Image Mode (@it vertical polarization
combination (VV, C-band), spatial resolution 12.5amd swath width 100 km and
the minimum temporal baseline is 35 days. Image®rcthe most part of Khanty-
Mansiyskiy Autonomous Okrug (KhMAO-Ugra), basicalerritories of intensive oil
extracting, and also a permafrost zone behind aorthorder of the region. On figure
7 show result InSar processing ENVISAT\ASAR on 8913.09.2004 for DEM
generations.

12
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Figure 7. 3D view of Fedorov oil field: ASAR DEMajpped ETM.

The archive of ENVISAT ASAR Wide Swath Mode imagery medium
resolution with complete number of scenes 9300arhaime 1.5 Tb is accumulated.
In realization of a grant ESA.C1P.9359 data in W&ivinat of were available 30
minutes after the completion of reception througdt Fprotocol in acquireon centers
for ESA - Kiruna, Matera, ESRIN. In figure 8 fragmieof amplitude image with
resolution of 75 m to Baltic Sea is presented.

Figure 8. Wind situation on sea surface in ENVISXSM from 5.06.2011

13
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With the support of the grants of Japan Aerospaqadeation Agency 340
scenes which have been received in 2006-2011 angotd the ALOS observation
strategy, are ordered. Parameters of the PALSARIsgrsignal: wave length is
23cm (L-band), sensing mode is Fine Beam, incidamcge is 38 degrees, maximum
spatial resolution is 5 m or 10 m and the minimemporal baseline is 46 days.

Using PALSAR data acquired during 2007-2010 dig#alvation models of all
research regions were constructed (figure 9). Qunmerferometric processing and
digital elevation model generating correction usgrgund reference control points
was carried out. Triangulation points and heightk®sgoresented on topographic
maps of scale 1:50000 were used as ground refepaces. Digital elevation model
of ground surface generated using this approadactefheight of relief taking into
account envelope of vegetation covers predominanthis territory. All digital
elevation models were converted from radar azirsight range coordinates to UTM

projection with proper zone. Accuracy on height sgk0 m.

Figure 9. PALSAR digital elevation model: a) Saraotil field b) territory along
trunk oil and gas Beloyarskiy pipeline.

Regions selected for research are either greandilgas fields or important oil
and gas production objects. Also significant argotveas availability of additional
data and earlier made investigations. First areeewsed as a test polygon for
different methods and ideas checking. More detecgssing was carried out for

Samotlor oil field and additional Gubkin gas fidlocated in Yamalo-Nenetskiy

14
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autonomous Okrug. On territory of this deposits dy@amic polygons were
developed and much volume of additional ground nnesmsents data is available.
In the research work PALSAR data of two observatiomdes were used:
- Fine Beam Single (FBS): spatial resolution ~5m earg5m azimuth, acquisition
during snow season;
- Fine Beam Dual (FBD): spatial resolution ~10m rgrfgbm azimuth, acquisitions
during snowless season;
- Only HH (radiating and receiving and horizontallglgrized signal) polarization
mode were used.
For the current time in connection with the ternima of a resource of
serviceability radar satellites finished work in arit: ALOS - on April 22, 2011,
ERS-2 - on July 7, 2011, ENVISAT - on April 8, 2012

Main principles of radar interferometry used on research

The method satellite radar interferometry usesceftéd an interference of
electromagnetic waves and is based on mathematicaéssing of several coherent
amplitude and phase measurements of the samefggt®und surface with shift in
space of the receiving antenna of radar. Two orenimiages received by the sensor
at repeated flight of the space vehicle over theesaerritory are used for this
purpose. As a result of manipulation with phase mpoments of radio signals it is
possible to obtain elevation of one resolution @etirelative to another from what
further to construct digital elevation model witfarence to reflective surface, and
also to estimate the changes of the elevation whaste happened in time between
acquisitions. The method of interferometric prooegss a powerful tool which is
well described in many books and papers [24-26¢ Jimort description of principles
of radar interferometry made on the basis of theduscientific literature is given
below.

The interferogram is generated by multiplicatiortwed radar images presented

in complex values:
| :31[5*2: /}é?ﬁl Dé‘ejfﬁz = f\eajé%‘?ﬁz) - ﬁﬁj%

15



XYPHAI PAOUOINEKTPOHUKW, N6, 2012

where | is the complex interferogranty is the radio signal in complex values

received during first (master) acquisitiohsz Is the complex-conjugate signal
received during second (slave) acquisitidy, A, are amplitudes of the signalg,,
@, are phase values of the signabs- is the resultant interferometric phase.

The geometrical scheme of calculation of altituflgmund surfaceHl ) and
displacement £h) in time between acquisition is given in the figut0. The used
method of interferometric processing allows to deiee the given values on the
basis of known arguments: a satellite position murfirst acquisition He,); a
relative positioning of satellites at multi-temploaaquisitions (length and attitude of
a baselineB); a difference of distances from the antenna ofdar to a point on

ground surface at repeated acquisitioRs« R,).

Slave

M aster
4

Hie

Figure 10. Interferometric configuration of two-pasadar acquisition.

The topographic component of an interferometricsgh@epends on the relative
height of a site of ground surface:

__4m By
Po ) Rsing

where A is the wavelength of the sensing signal (0.23nug®ad PALSAR data)B

H+® gy

is the perpendicular (normal) projection of thedlia®, R is the distance between

satellite position during first acquisition and pioion ground surfaceg is the

16
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incidence angleH is the height of a site of ground surface ovesfarence ellipsoid,

®..: is the predetermined phase calculated from mddelreference ellipsoid.
The phase componeri® is proportional to displacememth of a site of

ground surface in time between acquisitions ime-bf-sight direction:

45T
®, . =——Ah
def 1

Instruments, defining orbital arguments of saklitiotion, allow to evaluate a

position (Hg,;) accurate within 1m. The difference of distanagesfthe antenna of a

radar to a point on ground surface is determined pbase difference of the radar
signals received at repeated acquisitions. SenSbERR allows to determine plane
co-ordinates of a site of ground surface to withidm. To correlate the produced
radar measurements with a site of ground surfacehwbne in time between
acquisitions in addition to all modified its positi from R on B, co-registration and
resampling of radar data are carried out. With el of sub-pixel co-registration
accuracy of radar frames overlapping reaches™éfGpatial resolution (~10m for
PALSAR data).

The radar interferometry singularity consists incakation of altitudes and
displacements of sites of a surface relative toceoring adjacent, therefore
computational values are a little subject to inficiag of orbital errors. Only length
and orientation of a baselin®] exactly their variation along the satellite orb#n
introduce a notable error to the end results. Usadditional ground terrestrial
reference points for baseline refinement, it issgae to make bring accuracy of its
determination to 1mm.

Standard chain of the stages executed during arterfetric processing:

- source images co-registration;
- interferogram generation;
- interferogram flattening;
- interferogram filtering;
- coherence map generation;
- interferometric phase unwrapping;
17
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- unwrapped phase editing;

- baseline refinement;

- relative heights computation;

- relative displacements computation.

For elimination of a topographic component in th@cess of differential
interferometry as reference digital elevation medatcessible data GTOPO 30,
ASTER GDEM, the digitized topographic maps of scale0000 were used. SRTM
(Shuttle Radar Topography Mission) don't existtfas territory.

Also the configuration of radar frames during 4gasquisition was used:

Oy = H* Ky +V* T 47”

By = H* Ky +V* T 47”

where ®;,®, are interferometric phases for first and seconufspeespectively,
K., K, are height to phase conversion factdgs], temporal baselines of first and

second pairs respectively.

In figure 11 present schemes for ALOS\PALSAR data %-paierferometric
processing. First stage is the reference digialalon model constructing based on
interferometric pair with spatial baseline 3000mc@w stage is the differential
interferometric processing using pair of images wiinimal spatial baseline.
Topographical component removing is based on reéer®EM.

Uncoherent multi-looking of interferogram pixel efegbto reduce phase noise
due to temporal decorrelation. New filtering techiqealized in MatLab allows to
re-introduce detail topographic information to tpkase image (Dan Meng, The
University of New South Wales, Sydney, Australia). Rasy interferogram is

generated from 3 multi-looked phase image using@ite value mask.

18



XYPHAI PAOUOINEKTPOHUKW, N6, 2012

Firzt image

Second image

Topographicinterferometric pair

Interfercgram
(multilooking 2x2}

Interferogram
(multilooking 4x4)

Interferc gram
(multilooking 8x3}

Coherences

I
Filtening with re-

intreducing detail
information to the
phase image

Flltenng| with re-

introducing detail

information to the
phaze image

Flltenng| with re-

intreducing detail

information to the
phase image

Interferograms combining

I

Reference DE M constructing

Firzt image

Third image

Differential interferometric pair

Interferogram
(multilooking 2x2}

Interferogram
(multilooking 4x4)

Interfero gram
(multilooking Sx3)

Standard adaptive
filtering

Standard adaptive
fittering

Standard adaptive
filtering

Coherencs

Interferograms combining

Tepographic component
remaoving

Digplacement map construding

Figure 11. 3-pass interferometric processing scheme

The original method of interferogram processingcase of high temporal
decorrelation is offered [20]. After interferogrditiering stage phase unwrapping
(addition of 277k value wherek is an positive or negative integer number) isiedrr
out. However significant noise level due to higimperal decorrelation leads to
incorrect algorithm functioning and so unwrappedenferogram contains phase
discontinuities. In the presented research workreoonstruct absolute phase 3
interferograms generated with consistent multi-loskndow size were used.

Unwrapped interferograms is corrected under forrpudsented below.
19



XYPHAI PAOUOINEKTPOHUKW, N6, 2012

D11, ]) = Pryans i ) mod 27+ 21 ® 33,,d() )/ 21]
Do (i,]) =P opansll ] Y MOA 27+ 21 @ 35,,d(} )/ 21]

where ®;, . and ®,,. are adjusted phase valueapd denotes means residue of

division; [ ] - denotes the integer pam; jnss P 20 ans P 33 ap @re unwrapped phase

values obtained from interferograms generated tuth 2x2 and 3x3 multi-looking

respectively;i is the azimuth pixel indexj is the slant range pixel index. The given

formula has correct result provided that during tilabking fringe integrity has not
been upset.

The final phase valugby,(i,j) at each pixel is selected on the basis of

coherence map.

Pazans(i: 1) V1>V )2 Ve
Phin(1,]) = Pooc,]), Vo>y (i )zys
Di1.30,)), vz y,
where y(i,]) is the coherence value at the point witland j coordinatesy,,, 4,V

are thresholds coherence values{, <), <), <1).

The threshold values are based on analysis ofdherence distribution over
the scene area. As a result the final interferogramains areas with different spatial
resolution and height accuracy. During PALSAR datacessing next defaults

threshold coherence values are get 0.25); = 0.15y,, = 0. which can be changed

depending on decorrelation influence.

For construction of digital elevation models anttakation of displacements it
IS necessary to select and order pairs of radanefsawith certain arguments of
sensing. Critical values in this case are tempamal spatial baselines. Increasing of
the first parameter leads to lowering of coheresfaadar measurements occurring at
different times owing to variations of a vegetatoaver and the dielectric properties
of reflective surface. Increasing of the seconGpeeter leads to increasing of part of
topographic contribution of interferometric phagegwrtional to reflective surface
altitudes.
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Radar interferometry method is based on processingoherent signals
reflected from ground surface at various times. €bkerence value (from O to 1)
mirrors the level of corrupting of the interferograis calculated as correlation of two
signals in complex values and is a standard ofatpidly of pair of frames for the
further processing.

SS

yzdasmgs

whereS, S, are the complex values of reflected signals fosteraand slave frames.

For C-band synthetic aperture radars observatioedaout during late spring,
summer and early autumn seasons is acceptablatéfarometric processing [27-
32]. The maximum temporal baseline value at whiok there is no interferogram
decorrelation amounts 70 days. The distance betwesadar antenna at repeated
orbits should not exceed 600m, otherwise it leadsotrupting of an interferometric
phase caused by spatial decorrelation. It is nacgss note that critical value of
normal baseline length for ENVISAT\ASAR (with ineidce angle 23and spatial
resolution 3®) amounts 1.1km.

Coherence comparing between pairs of frames ratdlyeENVISAT\ASAR
and ALOS\PALSAR and also between ALOS\PALSAR pasrsarried out under
various conditions of observation. Co-registratandifferent coherence maps was
based on geocoding using orbital data and observgtarameters. Comparing
showed that owing to longer wavelength (0.23m) a®d consequence higher
penetrating effect correlation of ALOS\PALSAR irfeometric pairs is considerably
higher. This conclusion is confirmed by comparinfgcoherence maps based on
interferometric pairs of frames on territory of tRedorov oil field given in Tab. 1.
Mean value of coherence of ALOS\PALSAR pair is leghdespite spatial

decorrelation as a result of significant lengthha& normal baseline value.

Table 1 Comparing of mean coherence of ENVISAT\AS#IR ALOS\PALSAR

interferometric pairs acquired in summer seasotis minimal temporal baseline
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Sensor Master Slave | By,m 14

ASAR 10.07.2004 | 14.08.2004; 60 0.319
PALSAR | 12.06.2008 | 28.07.2008 2323 0.451

Comparing of coherence maps (Tab. 2) of ALOS\PALS»®RS on territory of
the Samotlor oil field with different spatial basels, showed the high corrupting of
phase of the interferogram owing to spatial dedatian. In this connection it is not
possible to construct digital elevation model ofodderritory for which one pairs

with a baseline more than 3000m are used.

Table 2 Comparing of mean coherence of ALOS\PALSARrferometric pairs with

long and short normal baseline

Sensor Master Slave By,m y

PALSAR | 19.08.2007 04.10.200419 0.584
PALSAR | 06.07.2008 21.08.2008465 0.251

Moreover coherence of an interferometric pair wahgth normal baseline
more than 3000m decreasing with increasing of gmteé angle. Mean value of
coherence at far-range observation area is les8.134 than at near-range zone
therefore accuracy of height reconstruction redwedéls moving away from sensor
antenna..

Unlike ENVISAT\ASAR data for ALOS\PALSAR interferogiric pairs (Tab.
3) during observation of snow surface it is possiiol generate stable (informative)
interferogram even with temporal baseline more thaear. Values of deformations
obtained as a result of interferometric processinginter season acquisitions reflect
movements of earth crust block more accurately tduemall influence of seasonal

changes of peat bogs surface level.
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Table 3 Comparing of mean coherence of ALOS\PALS#ARrferometric pairs

acquired at snow and snowless seasons.

Sensor Master Slave Bo,m |V

PALSAR | 19.08.2007] 04.10.200419 0.533
PALSAR | 18.12.2007| 02.02.200889 0.471
PALSAR | 04.10.2007] 06.07.2008954 0.156
PALSAR | 30.01.2007] 18.12.2002731 0.266

Thus, application of data acquired with synthetperéure radar with high
wavelength (PALSAR, 0.23m) eliminates small vegegatovers masking influence
and allow generating interferogram more inconvétibagainst temporal
decorrelation. High accuracy of digital elevationduls is reached because of usage
of interferometric pairs of snowless surface withidence angle from 36.6o 38.7
(near-range). To estimate long-term ground surfdisplacements PALSAR data

acquired at any season can be used. But the tehtyas&ine can’t exceed 4 years.

Estimation of relative seasonal displacements of ground

On a basis of pair of ENVISAT\ASAR radar frames.Qi202004 — 14.08.2004)
map of relative seasonal displacements of groumniael was constructed. For used
interferometric pair temporal baseline is the mumm possible period between
repeated passes for ENVISAT\ASAR (35 days). Pengefat spatial baseline is
65m that does not require precise reference digialation model (DEM) and so
Global TOPO 30 DEM was used for reducing of toppgyacomponent of the
interferometric phase. For the territory coveredBWWISAT\ASAR scenes Global
TOPO 30 data does not contain any artifacts sudines of edges between neighbor
sheets of topographic maps.

On the figure 12 map of relative seasonal displargsof ground surface of
Fedorov oil field based on interferometric procegsof ENVISAT\ASAR frames is

showed. Areas of maximum subsidence’s and raisargsselected by color. It is
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established that negative displacements are cazohecth discharge of bog in a river
network and positive displacements are connected saising of level of subsoil
water in peat bogs in the field of internal draindaanthropogenic sites. An
abundance of water observed on LANDSAT-7\ETM (fitRb) optical image

indicates drainless areas on peat bogs.

Figure 12. Seasonal displacements on Fedorovetd &) result of INSAR processing
of ENVISAT\ASAR (10.07.2004-14.08.2004) b) LANDSA/RETM optical image
(02.06.2001) with the overlapped map of coherence.

In spring, summer and autumn season level of psgd presented on territory
of West Siberia region is changed; as a consequdrspgacement of reflective
surface is happened. In case of long-term defoomatmonitoring such seasonal
movements have masking effect and does not allodetect small vertical shifts
caused by oil extraction. Displacements on peatsbogused by water level
interseasonal fluctuations were confirmed during@ thround investigations in
October, 2007. It is well appreciable in field pbwtof an oil spill (figure 13).
Comparison of calculated displacements with thesehof dynamically stress zones
constructed by science center “Geoecologiya” (Sirgmm a basis of lineament
analysis using optical satellite images is cargatl Such short-period displacements
make negative impact on oil and gas pipelines aader their breakdown
susceptibility. The raised breakdown susceptibiityoil field pipelines in places of
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crossing with dynamically stress zones can be adede with the seasonal
displacements of ground surface which have beerectbet by the radar
interferometric method.

Seasonal displacements of ground surface also lleated as a result of
interferometric processing of PALSAR radar datehviemporal baseline of 46 days.
Interferometric pair of radar frames with about 80perpendicular spatial baseline
was processed. In this case 3-pass differentiaiferometric processing with use of

reference DEM based on PALSAR data was made.

Figure 13. Seasonal changes of surface water deveil spill areas with defective
pipeline at Fedorov oil field. Sub-satellite ALOBserving on October 2007.

As a result of differential interferometric procegsof PALSAR data mapping
of seasonal displacements on surface of peat bagsdane. Positive and negative
shifts up to 4cm for 46 days were fixed. It is b&hed that negative displacements
are connected with discharge of bog in a river nétvand positive displacements are
connected with raising of level of subsoil watempmat bogs in the field of internal
drain and anthropogenic sites.

Combined analysis of PALSAR and LANDSAT-7/ETM optiadmages was
carried out. An abundance of water observed ortalptnage indicates dryness areas
on peat bogs. Displacements on peat bogs causedabsr level interseasonal
fluctuations were confirmed during the ground inigedions in October, 2007. It is

well appreciable in photos of oil spills appearédrgpipeline damage.
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Application of corner reflectors and technogenic objects for geocoding of SAR
images

Ground reference points setting conformity betwaeamxel on radar image in
azimuth and slant range coordinates and a refleathject on ground surface in
geographic projection coordinates are applied ¢toeimse accuracy of geocoding. For
territory of the city of Khanty-Mansiysk which oneas the test site during research
work checkout of capability of detection of theh&dral corner reflector at platform
for rotating with edge length 1.25m on PALSAR imggéigure 14).

lF |

Figure 14. Corner reflector for SAR applicationslm side length on Altai steppe,
SRTM 2000 b) 1.25m size installed on site of weashation of Khanty-Mansiysk
city ¢) 2.5m size for PALSAR sub-satellite expenhd)-e) 1m size for ERS-2 sub-

satellite experiment f) objects of typical multiplesll platform.

Under condition of a minimal backscattering fronchkground surface such
corner reflector is probably to detect on a PALSAdne.

Placing of enough of corner reflectors with edgeth enough for detection on
the radar image on the long-lived period in thedtions of an inaccessible terrain is
labor-intensive and cost intensive process. Thelpasblem consists in delivery and
installation of corner reflectors to an olil fieldnalysis of the amplitude component
of radar images received from satellites ERS-2, B\, ALOS, TerraSAR-X,
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revealed high backscattering from oil productioneots. For oil extraction on
territory of license districts the large quantifynaultiple-well platforms is disposed.

On each multiple-well platform which one is presehin the figure 15 mining
rotary balanced jacks and other concomitant objetsdisposed. Each metal object
which is located on territory of a multiple-wellgtlorm represents industrial and
technogenic corner reflector and is dedicated waitbright point on a radar image.
Standard electric control unit of rectangular fdras higher then background.

For synthetic metal corner reflectors presentefigure 16 level of reflection
exceeds background values from 2 to 74 values. Biroghof a receiving antenna
TNA-9 (figure 16 up) on ALOS and ERS-2 satelliteasancarried out during their
remote sensing of Khanty-Mansiysk city. Level dfigetion of the TNA-9 antenna

exceeds background in 200 values.

Figure 15. Oil production objects on ALOS imagesMR2 (17.07.2007) and
PALSAR (4.10.2007).

During sub-satellite measurements in terrain ool gas fields of KhMAO-
Ugra using GPS receiver coordinates of ground obmgoints were determined.

These coordinates are used to improve geocodiRPALEAR radar images.
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Figure 16. Receiving antenna of TNA-9 and ERS-2\3%Rge with a reflection
beam from TNA-9 mirror. Color composite dates: R@M07/20, G:2005/08/24,
B:2005/07/05.

Coherencedistribution analysis

Radar interferometry method is based on processingoherent signals
reflected from ground surface at various times. Vakie of complex correlation
(coherence) reflects the degree of interferograstrdetion and it is a measure of
applicability of pair of radar images for furtheropessing. Decrease of signals

coherence is promoted by some factor (sourcesaufroation):
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Y =Ygeom*Yvol XYtemporal

where Voo IS the spatial (geometrical) decorrelation as sulteof difference of

ground observation angles during the repeat passesing, ), is the volume
decorrelation caused by propagation of radar ssgtrabugh growth}iemporal IS the

temporal decorrelation due to changes of reflecpv@perties of objects and their
reorientation inside the resolution element.

In landscapes of Western Siberia basically marsisiamd territories occupied
with dense coniferous wood prevail. Interferomejniacessing of images received by
radars with 5.6cm wave length (C-band) does naiwalbbtaining exact results
because of low coherence of signal due to rematsirsg from repeated passes. The
signal with 5.6cm wave length has low ability abgeigation through vegetative
covers and so volume and temporal decorrelationiraneases. PALSAR sensor
installed on ALOS satellite uses L-band sensingnaig(23cm) that excludes
influence of snow and small vegetation.

However even for PALSAR areas of interferogram wiémporal baseline
more than one year corresponding to wood terrggp@ssess low coherence caused
owing to volume and temporal decorrelation. L-basignals reflected from
marshland and areas with low vegetation at diffetene have enough level of
coherence (>0.25). Thus coherence remains evexdar image pairs with temporal
baseline more than two years are processed. Howesas of interferogram with low
coherence have considerable noise level. Besides kind of specificity of natural
landscapes of the north of Western Siberia, tharraijnal is reflected not from a
mineral ground, and from surface of peat bogs. T¢thange of a vegetative cover
reduces coherence of radar signals received atelft times.

Coherence of multi-temporal radar signals depends goound surface
reflection power and so this value is non-uniforrdigtributed across the area of a
scene. On the displacements map obtained as 4 ofsaterferometric processing

considerable area corresponding to forest territimgtains incorrect phase values
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destructed by high temporal decorrelation. Suchasarare cut before phase
unwrapping step and the threshold value is 0.25.

Owing to non-uniformity of coherence allocation pdlee&ements map (2007-
2008) for the southeast part of the Samotlor a@ldficonsists of set of small
fragments. Such fragments correspond to high leivebherence, but on small-scale
charts are identified as noise and do not givelaigful information at the analysis

of a subsidence map.

Processing of displacement maps Gubkinsky oil-gas condensate field

The importance of the given work is defined by rssdg of decrease
breakdown susceptibilities of oil and gas pipelindsthe same time Earth surface
displacements monitoring in oil and gas fields ansaregulated by «The Instruction
on Surveying Operations. RD-07-603-03» by «Gosgbriadzor» (Russian State
Engineering Supervision Instance). This monitormgst include creation of the
fixed reference points system both in limits of toahrbon field contour and outside
of it (i.e. in the area of possible man-caused mhe&tion and outside of this area).
Traditional methods of regular measurements (mdaily class leveling) should be
applied on this system of points. Differential radaterferometry is an effective
method for estimation of plane and vertical disptaents in big areas caused by
breakdown structure movements. High cloudinesssaaav period duration caused
by location of investigated territory in north tatles make difficulties for monitoring
of ground surface by optical remote sensing data.

High rates of development of the Gubkinsky oil-gaadensate field located in
the Yamalo-Nenetskiy Autonomous Okrug created ayenir need of an objective
assessment of the common condition of the geolbgimaronment and technological
objects of oil and gas production. For this assess$nt is used data of complex
monitoring on the geodynamic range within borddremountain branch where there
are main technological and social objects [29, 32].

The Gubkinsky geodynamic range is constructed B0ZZ001. The laying of
the centers is executed by a drilling method. Depta freezing of soils on a site of
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works was accepted — 2m. Proceeding from it, depthn laying of reference points
was accepted — 4m.

Key feature of structural model of the Gubkinskys geeld is its tectonic
iInhomogeneity — a crust-block structure of the ggmial environment which is
displayed on cards and in a configuration of areaulth displacement, and also
proves to be true the quantitative indices of mooftsupervision of the geodynamic
range. It differently the vector values of horiz@ntnd vertical displacements
received by high-precision geodetic measuremeniigy Tconfirm the nature and
"life" of each of blocks, both regarding dynamidsamplitudes of vertical motions,
and regarding a differentiated intense and strginondition of subsaoil.

Ground measurements on the Gubkin geodynamic polygere carried out
only in 2000 and 2006 there is no additional infation for processing.
Deformations detected on Gubkin gas field are fr@ntm to +4 cm during 2007-
2008 and from -5cm to +7cm during 2007-2009. Tenyesf positive and negative
displacements of ground surface remain keeps duBingonsecutive cycles of
measurements and so validity of deformation dedras confirmed.

Basis of the analysis of geodynamics is the schemgynamically intense
zones executed on technologies of creation of nsoafedh crust-block structure of oil
fields. On the square of Gubkinsky gas field thieesge of lineament is constructed
and the lineament analysis is carried out. Zonesr@gsing of lineament created 42
blocks. Imposing of area of mould displacement loe $cheme of blocks allowed
receiving displacement area in block option (fig@yeThe analysis of the lengthiest
axes of blocks revealed their good correlation witientation of the lengthiest axes
of area of displacement that points to participatd intense and straining processes
in formation of area mould sedimentation.

For the first time in the studied territory the med of a space radar
interferometry is applied to an assessment of dedtions of a terrestrial surface from
falling of sheeted pressure at the long-lived gasdpction. This method allows to
trace remotely sizes of vertical motions of a t&mal surface during various time

frames — from the minimum period of retakes to s&lvwgears. For the ALOS satellite
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the period of repeated flight made 46 days. It gitree chance to divide with a split-
hair accuracy participation of natural and techmog@rocesses in formation mould
displacement, and also on the basis of calculatb@rferometric data’'s to show
annual change of a form mould sedimentations.

Perfecting of a method of a satellite radar interfeetry allows to receive
planned estimates of heights to within the firstter® and shifts to within the first
centimeters. The single restriction which brings tdonsiderable mistake in result of
processing, the space and temporary de correlegtithrat for the territory of Western
Siberia is caused by feature of a landscape stei@nd fast changes of a masking
vegetative cover.

Using INSAR technology estimation of displacemeantsGubkin gas field was
carried out. Geodynamic polygon is also developedhis gas field. However in
comparison with the Samotlor geodynamic polygorelggound measurements were
not carried out for a long time and so less add#ionformation is enabled for
interferometric processing. 8 scenes of PALSAR dataered area of the Gubkin gas
field were ordered. Sensing was carried out in Beam Single mode with 5m
spatial resolution.

Maps of displacements for 2007-11, constructeddsylts of interferometric
processing of radar-tracking measurements, alloweatesignate zero border mould
sedimentations (yellow line on figure 17 up-righfiprmed on the Gubkinsky gas
field. Constructed mould displacement, in larget pae areas well correlates with
features of dynamics of sheeted pressure andsiipposed that mould fields (1999-
2011) are to some extent formed as a result ofignte and long-term development.

Vertical and horizontal displacements of a dayaefas a result of intensive
topping from a collector average 1.7 to 2.3 mm ar yehen falling sheeted pressure
upon one atmosphere that is characteristic for ta@ed hydro carbonic fields
within average duration of development of 9-12 gedihe analysis of maps of the
taken gas and thickness of lifting of the gas-wateartact, constructed on the basis of

instrumental land measurements, shows that digpkce moulds for 2007-2011
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defined by a method of a multi-pass radar interfeatwy are well correlated with
sizes of volume of topping gas and lifting of leeégas-water contact.

2 year: 25.01.2007-15.12.2008

2 year: 28.07.2007-02.08.2009 3 vears: 28.01.2008-05.02.2011

Figure 17. Multi-time monitoring of ground surfagisplacements at Gubkin gas
field using ALOS\PALSAR InSar data.
As a result of interferometric processing referemdeM reflecting ground
surface state of the Gubkin gas field were constricDisplacements computation
was carried out with ground control points and eastructed maps reflect relative

subsidence of ground surface for the time intebetlveen radar sensing. Areas of
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negative displacements correlate with points of imarn gas extraction on the
Gubkin gas field.

Displacement maps on Samotlor oil field

On the territory of the Samotlor oil field and tgeodynamic range long-term
monitoring of sags of a terrestrial surface on lllasis of ALOS\PALSAR data was
carried out. According to the ecological progranofigplex system of geodynamic
safety in the license area of Samotlor oil fieltised company scientific production
association “Center of applied geodynamics” the @fmn geodynamic polygon has
been being developed during 2001-2002 years. 0062 yearly in summer season
on the geodynamic polygon leveling, GPS-measuresnamdl gravitational survey is
carried out. West Siberian Branch of Institute efrBleum Geology and Geophysics
of the Siberian Branch of Russian Academy of Sa@eparries out mining and
ecological monitoring of claim of Samotlor oil fie[19].

In spite of great amount of deep reference markd4 monuments) installed
on the geodynamic polygon point ground measurenalt® to do plane estimation
only using additional interpolation. Therefore ahgri 2008-2011 interferometric
processing of PALSAR data was carried out in otderonstruct displacement map of
Samotlor oil field.

In previous researches [27-32] results of procgssihradar frames on the
territory of the Samotlor geodynamic polygon fro602 till 2008 were discussed and
DEM and vertical displacements map were construdigsplacements map (figure
18) based on INSAR data reflects current geodynataite of the Samotlor oilfield
produced during more than 40 years and is quaktgtiadjusted with subsidence
mould based on ground geodetic measurements grettyynamic polygon.

In 2009 the problem of construction of displaceraenap of Samotlor oilfield
and adjoining territory is set to estimate influerd adjacent oilfields on subsidence
mould forming. Additional task is improvement ofriteal component accuracy. In
summer, 2009 the next cycle of geodetic operatmmghe Samotlor geodynamic

polygon points including "2 grade of accuracy leveling and gravimetric and GPS
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measurements was carried out. Additionally diffaednnterferometric processing of

radar data was made.

B-42.. -21cm
21 .. -12em
A-B
-1.2... 0.3cm ol
W03 +05cm

Figure 18. Vertical displacements on Samotlorieibdfand transects over subsidence
mould. PALSAR processing on 2007 — 2008.

Accuracy of ground surface displacements detedipmadar interferometry
method depends on coherence of source amplitud@laaske measurements. Mean
error of subsidence map of the Samotlor oilfieldesn. Mean error of values outside
the Samotlor geodynamic polygon for area withowtugd control points is 4cm.
Joint analysis of displacements map during 2008 20®ws reduction of subsidence
forming the mould.

As materials for interferometric processing 18 sseof ALOS\PALSAR from
two orbits with overlapping data covered Samotldfiebdd and adjacent territory
were used (figure 19). As a result of differentiaterferometric processing 6
displacements maps covering research area werdrecesl. To obtain absolute
values of ground surface displacements height a@warfiked on the Samotlor
geodynamic polygon points from 2008 till 2009 weised. Negative and positive
displacements of Earth crust blocks over the Iasi years testify validity of
detection subsidence by radar interferometry amroéhe negative shifts are bound
with the fissile subsidence moulds on several ®ld§ located in this territory,

positive are dated for vegetation development.
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Thus 3 cycles of interferometric processing of radata on territory of the
Samotlor oll field were carried out. Mean errordigplacement values is 2cm. Zero
values of isohyps of the subsidence mould basedairrials of geodetic monitoring
using shifts of reference points of Samotlor ge@ayic polygon fixed during 2007-
2010 are well correlated with results of differahinterferometry. Conjectural zero
isohyps of the subsidence mould in area withoutughanstalled ground markers
was corrected on the basis of results of PALSAR: gabcessing. Central the most
down part of the subsidence mould with displacemahties from -10mm to -14mm
are well correlated with interferometric measureteeRadar data also allow to make
zero isohyps more accurate.

As a result of combination displacements maps armdemals of ground
measurements interpretation 4 epicenters of negateformations were detected.
Such combination adds assurance in conclusions soisidence zones are
corresponded to anomalous areas of Earth massesntaation.

In 2009 and 2010 the problem of construction ofpldisements map of
Samotlor oilfield and adjoining territory is set @stimate influence of adjacent
oilfields on formation of subsidence mould. Addmab task is improvement of
vertical component accuracy. In summer season©@® 2nd 2010 next"7and &
cycles of geodetic operations on the Samotlor geachyc polygon points including
2nd grade of accuracy leveling and gravimetric &RE5 measurements was carried
out. Additionally differential interferometric pressing of radar data was made. As
materials for interferometric processing 59 scenfeALOS\PALSAR data covered
Samotlor oilfield and adjacent territory were uséts a result of differential
interferometric processing 6 displacements mapseroy research area were
constructed. To obtain absolute values of groundase displacements height
changes fixed on the Samotlor geodynamic polygont@drom 2008 till 2009 were
used. For territory without geodetic measurementsiigd control points with zero

displacement were used [30].
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Figure 19. Map of ground surface long-term vertdiaplacements (m) in area of the
Samotlor oilfield 2008-20009.

Application PSInSar for an assessment of velocity of subsidence
Temporal and baseline decorrelation factors anaspireric inhomogeneities

does not allow classic radar interferometry apgno@ac became an effective
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mathematic instrument for monitoring of ground aud deformations occurred
during long-lived period (more than 3 years). Dwe temporal decorrelation
interferometric measurements for areas with dereggetation and for sites where
electromagnetic properties and-or positions of elaary reflectors inside the
resolution cell are changed in time become impdtessib

Geometric decorrelation limits quantity of intedaretric pairs which can be
used in processing. Atmospheric inhomogeneity'sitere phase shift which one is
superposed with each radar image and reduces aganfraisplacement estimation.
Besides atmospheric phase shift generates sloweptienge within a radar scene
depending on water vapor distribution and cannovddaed and eliminated on the
basis of the coherence map.

Results of interferometric processing can be spatiaps, in case of
landscapes, and point wise, in case of technoganjects. Offset of technogenic
objects can be provided in in temporal dynamicstha form of diagrams and
graphics. The graphic information on dynamics déeif, analytical information on
detection of points of "burst", the prognostic esties received on the basis of
statistical techniques is provided to the ultimader.

Persistent Scatterers Interferometry (PSI) approadhs developed at
Politecnico di Milano in 1999 and is well describadscience literature. Advantages
of this approach are based on specific properfigoimt objects that keep high level
of the radar signal backscattering during manyagzemulti-temporal acquisition.

Often size of such point reflective object is I#san resolution cell therefore
coherence is high enoughx0.5) even for pairs of frames with spatial basehmore
then the critical value. In the condition that asploeric phase shift was estimated
and eliminated heights of persistent scatterers/altbe reference surface can be
reconstructed with accuracy better than 1m andatiements precision is better than
lcm.

For monitoring of petroleum objects located onitery of oilfields of Khanty-
Mansiysk Autonomous Okrug method of persistent teoats interferometric

processing described at the paper [32] was realiddds approach contains

38



XYPHAI PAOUOINEKTPOHUKW, N6, 2012

algorithms of master and slaves scenes selectemsjspent scatterers detection and
calculation of atmospheric phase shift, heights digglacement velocities. Three
main moments that were used in this research werbkresented below.

PSI approach useHl +1 multitemporal radar images of the observable dite
ground surface. One of them is selected as a masteothersK are referenced as
slaves andK interferograms are generated. Selection of mastene is based on

minimization of influence of factors that reducéemerometric coherence.
1 K
J%:Eikx&mBmxmanaxqum,mw
k=0

1-|x/c mpu[X<c
0 pu ‘X‘ZC

MK©={

where B .,, Ty nand fdg ,, are the values of the normal baseline, the tenhpora

baseline and the mean Doppler centroid frequenfégrednce of each pair of frames;
B, T

o Ior» fdG, are the critical values of given parameters.

Initial scenem with maximum value o/, is selected as a master [34].

The next stage is selection of points which capdysistent scatterers.
An object can be a candidate of persistent scattiérg has high and stable
backscattering level (pixel amplitude), than phatéhe radar signal received from
such object has low dispersion. Standard approastdoon coherence map is useless
due to:
- compex interferometric coherence is subjected ftuence of spatial baseline
variations and reference elevation model errors;
- during coherence map generation averaging of vawésn moving running
window is carried out and so individual points tenlost.

Another approach consists in using the conditiopixél amplitude stability.

o
o,=—+=D,

% .

m 4
where g, is the phase dispersion valug, is the amplitude dispersion valuB;, is

the dispersion index.
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For persistent scatterers candidates selectionthttesshold value is set to

DA <0.25. The main condition is that amplitude images stidut radiometricaly
corrected and normalized.

Further processing is carried out f&¢ interferometric pairs and foH
individual pixels represented as persistent seateEstimation of atmospheric phase
shift, heights and displacement velocities is earrout in accordance with next
system of equations.

AP=al' + Pt + s + BAY + TV + E (1)
where
- AD[K x H] are differential interferometric phase values;
- a[Kx1] are constant phase values;

- P Kx1]Jandp,[Kx1] contain the slope values of the linear phase coepis,

along the azimuthf[H x1] and slant rangej[H x1] direction due to atmospheric
phase contributions and orbital fringes;

- B[Kx1] contains the normal baseline values (referrechéorhaster image). For
large areasB cannot be considered constant, and the affagx1] may become a
matrix B[K x H] ;

- AG[H x1] contains phase vales proportional to the elevatibeach persistent
scatterer;

- T[K x1] contains the time interval betwe&n slave images and the master one;

- V[H x1] contains slant range velocities of the persisieatterers;

- E[Kx H]contains residues that include atmospheric effadifferent from

constant and linear components in azimuth and stéangfe direction, phase noise due
to temporal and spatial decorrelation, and the ceffeof possible random pixel
motion.

As formulated in (1), the problem would be linefathie unwrapped values of

matrix phase A® were available. We haveH (K equations and3K + 2H
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unknowns:a, Pg, B,, AG, v. Data ara®, &, /7, B, T. Thus, in principle, (1)

could be inverted to get the local topography, tktcity field, and constant and
linear phase contributions. In practice, howevee, face a nonlinear system of
equations (phase values are wrapped mddu)oto be solved by means of an
iterative algorithm, and an available digital efiema model should be exploited to
initialize the iterations. Reference digital elesatmodel is used for interferogram
flattening and reducing known topography.

The nonlinear system of equations (1) can be sqgivedded that:
1) the signal to noise ratio is high enough (tlee,H selected pixels are only slightly
affected by decorrelation noise);
2) the constant velocity model for target motionadid;
3) the atmospheric phase shift distribution ovee thresearch area can be
approximated as a phase ramp.
The convergence depends on the following factors:
1) space-time distribution of the acquisitions (@thishould be as uniform as
possible: spatial and/or temporal “holes” in théadset should be avoided);

2) reference digital elevation model accuradyj(should generate small phase

contributions for lowB);
3) dimensions of the area of interest (atmosph@rase shift distribution and orbital
fringes should be well approximated by linear phasmaponents);
4) target motion should be slow enough to avoidsatig and be well approximated
by the constant velocity model. For convergengeshould generate small phase
contributions for lowT .

Accumulation of sufficient volume of retakes of &aRdALOS\PALSAR which
Is successfully functioning in an orbit in 2006-2Cdllowed to apply the PSI method
on the oil production region with a large numberpoihctual technogenic objects.
Examples of successful multi-temporary monitorimgags of a terrestrial surface are
known by the fissile technogenic development on t¢basiderable depths for a

method of a radar interferometry.

41



XYPHAI PAOUOINEKTPOHUKW, N6, 2012

Displacements velocities were computed using d@eeldPSIVelocityComp”
software [32] based on classic PSINSAR approaclcritbesl by A.Ferretti [25].
Negative displacements computed by radar data gsowe were also confirmed by
ground geodetic measurements including GPS andlrigv®©n territory of the power
station industrial monitoring on basis of 300 benwrks is carried out yearly.

PSInSar of computation long on time for 6-8 scenleASAR and PALSAR
are executed in environment of MatLab on distridutduster from four 8 kernel
personal computers with memory 12Gb. Maximum nundfguoints of calculation
makes from 200 to 500 (figure 20).

Figure 20. Relative velocities of displacements (penyear) calculated by PSInSar
on 2006-2010. a — displacements velocities, b — IRMNoptical image (17.07.2007).
1 — Izluchinsk State District Power Station; 2 la¢hinsk settlement.

Result of PSInSar of computation is file containinfprmation on the relative
offsets in points. The software of representatidn results is developed for
organization of multi-user access to results innenimode with use of GeoServer and
Google Maps technologies (figures 21-22). The ap#drget data for publication in

GeoServer is stored in database PostgreSQL.
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Figure 21. Absolute displacement time series athaktitg calculated by Persistent
Scatterers Interferometry on 2006-2011on Samotldiedd.

Also larger calculations are carried out in theiemment of MatLab on a
cluster of 128 DELL Power Edge M600 Servers witlakpperformance 12 Tflops,
random access memory 4 Tbh and 256 Quad-core pmsedss a client node has
performed a personal workstation. Managing site plased on the control node of
the cluster. For data used internal network resouataster. This configuration of the
computer system allows for the preparation of desigta in streaming mode, which

improves system performance by minimizing downtir@® each compute node
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holds six of computational processes. The totalmemof computing processes was

132.

a)

SoNE ] 7
- - 1

Figure 22. Absolute displacement time series atacitg calculated by Persistent
Scatterers Interferometry on 2006-2011: a) Gubkinky Izluchinsk State District

power station.

The number of reflecting points of calculation makem 5000 to 40000 for

15-30 scenes of SAR, ASAR and PALSAR. Computati@me executed in
supercomputer of Research Institute of Applied dmiatics and Mathematical

Geophysics of Immanuel Kant Baltic Federal Univgrsi
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Main resultsuse DInSar PSInSar technique for surface subsidence

Thus, for 2007-2011 four cycles of interferomefrocessing of radar data on
territory of the Samotlor oil field and the Gubkias field have been carried out.
Trend of negative and positive displacements offEenust blocks over the last two
years testify to validity of detection subsidengeaddar interferometry method.

On basis of interferometric processing resultsofeihg conclusion can be
made:

1. Displacements map displays subsidence of engetdsurface reflecting
radar signal and so detected displacements promeasking influence of natural
growth. For areas with low vegetation which is sj@arent for L-band sensing signal
computed displacements correspond to the Earth blousks. Using of radar sensing
results of the same months of different years mesiinfluence of seasonal changes
of peat bogs level.

2. To increase accuracy of displacements deteasorg of persistent scatterer
interferometry is recommended. This method willldaao measure subsidence of
separate petroleum objects. Method of interferogfaecessing based on radar
interferometry stochastic model and using complexltifooking to reduce
uncorrelated noise was developed. The approacHesnabcompute absolute phase
for areas with low coherence and to measure greurfdce height with precision up
to 5m and displacements with precision up to 2cm.

3. Using introduced method of processing of intedeam noisy due to high
temporal decorrelation reference Digital Elevatidhodels were constructed.
Reference DEMs were used in order to detect sebd@mpacements on wide areas.
It was able to ascertain that negative displacesnard associated with peat bogs
discharge into river network. Positive displacemseate connected with lifting of
water level in peat bogs in areas without drainagd technogenic regions (oil
extraction objects).

4. Developed methods are used during research geaogecal monitoring on
territory of oil and gas fields. Displacements mbpsed on radar data interferometric

processing make it possible to precise and cotectlers of subsidence mould
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obtained during geodetic measurements. The congdléxe researches spent using
remote sensing data is addition to the land gecédgind geophysical works which
are carried out by oil-extracting companies.

5. New method of interferometric phase filtering swmeealized and checked
during DEM and displacements map computing ontteyriof West Siberia.

6. Method of estimation of precision of DEMs andpliacements map using
topographic maps and precision measurements orygawic polygons.

7. Degree of exceeding a back reflection level olackground area was
experimentally detected on amplitude X-, C- andbhnd SAR images. Method of
radar frames geocoding based on using of brightitpaof oil extraction objects
appearing as an artificial corner reflector.

8. Optimal conditions of radar sensing in orderctampute interferogram
minimally destructed by temporal decorrelation est@blished:

- for C-band (5.6cm) SAR images to compute informatinterferogram
preferable sensing season is late autumn and symuinen the least changes in plant
cover structure is occurred,;

- for West Siberian region with predominant wetlenand forests L-band
(23cm) SAR images are preferable for interferorngirocessing rather than C and X
band (3cm).

9. On basis of developed method of preliminary ysialof radar data batch
processing of large archives of ENVISAT\ASAR, ERS2ZR, ALOS\PALSAR
Images was realized in order to compute cohereraggsrand further visual analysis
and selection of interferometric pair good for DEMdnstruction and displacements
detection.

10. Subsidence maps on territory of intensive i gas extraction in Ugra and
Yamal regions. Interferometric pairs with tempdrakeline up to 3 years were used.
Considering seasonal displacements ground surfatsidence caused by oill
extraction were detected. Using displacements gatueasured by means of high
precise methods (GPS-measurements and leveling)pmnts of geodynamic

polygons it is possible to construct absolute dispments map. Joint analysis of
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spatial profiles and displacements maps on teyrivbiSamotlor and Gubkin deposits
shows decreasing of subsidence forming the trough.

11. Using persistent scatterers interferometry @gogr displacements velocities
of technogenic objects on territory of Izluchinskwer station as an area of
geodynamic risk.

12 The development of methods and technologies InSarndemhse monitoring
will be continued with the launch of new radar Biade ALOS-2, SENTINEL-1,
KONDOR-E [33-35].
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