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NPEAUCITIOBUE
Llenu n 3apauun kypca «UHTepchepomeTpusi»

Mpeanaraemoe y4vyebHoe nocobue npegHasHadeHo ANt paboTbl NO PasBUTMIO HaBLIKOB
YCTHOM peyn B rpynnax acnmpaHToB 1 Hay4HbIX COTPYAHMKOB HESI3bIKOBbIX CneunanbHOCTEN By30B
B KayecTBe MPOABUHYTOro atana rpynnoBoro obyyeHuss obLLEeHNS Ha aHINIMMCKOM s3blke B cdpepe
cBoel npodeccmoHanbHon geatenbHocTu. OHO Takke MOXET ObiTb UCNONb30BaHO CTyAEHTaMu
N acnupaHTaMm TEeXHUYECKUX BY30B, HaYYHbIMW COTPYAHMKAMU U UHXEHepamu, Xenarowumu
CaMOCTOSTENbHO OBMafeTh HaBblkaMn YCTHON peyn Ha 6a3e Hay4YHOW NEKCUKMN.

B HacTosiwem nocobunm uCnonb3oBaHbl OpUrMHarnbHble Hay4YHble TEeKCTbl, B3fiTble U3
COBPEMEHHbIX Hay4HbIX XXYPHaroB 1 Hay4YHO-MONYNAPHbLIX KHUT. ABTOPOM Oblnin 0TOGpaHbl TEKCTHI,
Tak WM WHaye CBA3aHHble C HayyHouW paboTonM WM HOBbIMM TexHomorvsasmMu B obnacTtu
nHtepdepomeTpmmn. MNpn paspaboTke Kypca aBTop CcTpemuncs oTobpatb dabyrnbHble TeKCTbl,
noggatoLmecs obCyXOeHWo 1 nepeckasy n cogepxallme fNekCUYecKnin matepuarn, XapakTepHbIn
AN HAaY4YHOW peyn.

Takum o6pasom, TeKCTbl nocobuss cogepxaT He TONbko HeobXoouMbli  S3bIKOBOMW
mMaTepwuan, HO, O4HOBPEMEHHO, M PacLUMPSIOT 3HaHMA 00y4YatoLMXCa NPeaCcTaBnasa onpeaeneHHbIv
WHTEpPEC, YTO ABNSAETCH YCNOBUEM YCNELIHON paboTbl NPy U3YyYEHUN A3bIKa.

B kaxgom ypoke Kypca AOnsi BCeX TEKCTOB paspaboTaHbl ynpakKHeHusl, Lerib KOTOpPbIX
3aKpenuTb HEOBXOOUMbBIN NEKCUYECKUA U FpaMMaTUYeCcKuin Matepuan u CTUMyNupoBaTb YCTHYIO
peyb. Mpu cocTaBneHnn ynpaxHeH1n aBTop PyKOBOACTBOBASICS CNeayloLwnumMmn npuHLmMnaMmm: obinm
oTOOpaHbl roTOBble peyeBble MOAENW, KOTopble 3aKpennsalTcs MNyTeM  MHOFOKPaTHOro
N pas3Hoobpa3HOro NOBTOPEHMS TPEHMPOBOYHOrO XapakTepa B pasfuyHbIX BuAax YynpaxHEHWN.
CHavana obyvarowmmcs npeanaralTcs ynpaxHeHuMs TPEHMPOBOYHOrO Xapaktepa, 3ateM uayT
yrpaxHEeHUss NOSTyTBOPYECKOrO XapakTepa W, HaKOHeL, YnpaXXHEeHUsl TBOPYECKOro Xapakrepa,
CTUMYNUPYIOLLME BbiCKa3blBaHWe MO KakoMy-nnbo BONPOCy, CBA3AHHOMY C TEMaTMKOW OCHOBHOIO
TeKcTa Unn NPporAEHHOro Mmatepuana.

Mocobue nocTtpoeHo Ha 6a3e OTOBPaHHOro NeKkcudeckoro marepvana ob6bemoM OKOJSo
1300 nekcmyeckux eguHuUL, U paccymtTad Ha 68 — 72 y4ebHbIx Yaca (30 — 36 yacoB M3 KOTOPbIX
ayauTtopHble). OH MoOXeT OblTb peanu3oBaH B pasnuyHon YyyebHOW ceTke 4acoB, OAHAKO
peKoMeHAyeTCst NPOBOAUTL HE MeHee 6 — 8 YacoB 3aHATUI B HEOENHo.

Mo okoH4YaHWIO Kypca 0By4YaeMblil JOMKEH yMeTb:
— ofwartbcsa B pamkax TeMatuku y4ebHoro nocobms (noHMmaTb pedb B €CTECTBEHHOM TEMME U
roBOPUTb C AOCTATOYHOW CTEMEHbI rpaMMaT4eCcKon KOPPEKTHOCTN);
— yuTaTb HayuHylo nuTepaTtypy B obnactu nHtepcgpepomeTpun ¢ o6LLUM NOHUMAHNEM CMbICa
NPOYUTAHHOTO;
—  COCTaBNATb M NPeACTaBNATb NPe3eHTaLMm Hay4YHbIX BbICTYMMEHUIA N NEKUMA Ha aHIIMACKOM
A3bIKE.

Mpn paboTe Hag OaHHbIM NOCOOGMEM aBTOP Y4YuTbIBaN TPAKTOBKY W WUIMOCTPATUMBHBIN
MaTtepuan, NpeAacTaBnNeHHbIN B cnegyowmx paboTax:

1. A. Ferretti, A. Monti-Guarnieri, C. Prati, F. Rocca, D. Massonnet. INSAR Principles:
Guidelines for SAR Interferometry Processing and Interpretation. ESA Publications,
2007.



2. Matthew E. Pritchard. INSAR, a Tool for Measuring Erath’s Surface Deformation. American
Institute of Physics, 2006.

3. M. Simons, P. A. Rosen. Interferometric Synthetic Aperture Radar Geodesy. California
Institute of Technology, 2007.

4. P. A. Rosen. Principles and Theory of Radar Interferometry. UNAVCO Short Course, Jet
Propulsion Laboratory, 2009.

ABTOp BblpaxkaeT GonbLuyto 6rnarogapHOCTb 3a pekoMeH4auun 1 NOMOLLb, OKa3aHHY npu
pa3paboTke 1 anpobaumm Kypca ero nepBbIM crylaTensiM, acnupaHTam U HayYHbIM COTPYAHUKaM
Cunbupckon rocygapcTBeHHOM reogesmdeckon akagemumn A. YepmoweHuesy, J1. JlunamHukosy,
M. AnmeiHuesy, 1. Kukury, A. TposiHy n A. CemeHuosy.

OtpenbHas 6GnarogapHocTb EkamepuHe [oneywuHol 3a pa3paboTKy KOMMbIOTEPHOWM
NporpaMmbl Mo 3anOMUHAHMWIO Y KOHTPOJ0 YCBOEHHOMO FIEKCMYECKOro MaTepuana Kypca.



Unit 1

INSAR

Phrases to learn:

ambient illumination — okpyxarouwee two-pass method — memod c dsyms
oceeuieHue rnpoxodamu

outgoing wave — ucxodsuwas 80sHa externally derived — nonyyeHHbIl u3gHe

phase difference — pazHocmb ¢pas residual phase — ocmamouyHas ¢pasa

phase shift — usmernerue ¢hasbi incidence angle — yeon nadeHus

summed contribution — cymMmmupogaHHbIl poor coverage — ciraboe nokpbimue
ekrag, partial pressure — napyuanbHoe dasrneHue

adjacent pixels — cmexHble nukcesnu spurious sighal — s10xkHbIU cueHar

altitude of ambiguity — HeoOHO3Ha4YHOCMb
8bICOMbI

Interferometric synthetic aperture radar

Interferometric  synthetic aperture radar, also abbreviated INSAR or IfSAR, is
radar technique used in geodesy and remote sensing. This geodetic method uses two or
more synthetic aperture radar (SAR) images to generate maps of surface deformation or digital
elevation, using differences in the phase of the waves returning to the satellite or aircraft.
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SAR amplitude image of Kilauea(NASA/JPL-Caltech) Interferogram produced using ERS-2data from 13 August and 17
September 1999, spanning the 17 AugustIzmit (Turkey)
earthquake. (NASA/JPL-Caltech)
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The technique can potentially measure centimeter-scale changes in deformation over time
spans of days to years. It has applications for geophysical monitoring of natural hazards, for
example earthquakes, volcanoes and landslides, and also in structural engineering, in particular
monitoring of subsidence and structural stability.

Technique

Synthetic aperture radar
Synthetic aperture radar (SAR) is a form of radar in which sophisticated processing of radar

data is used to produce a very narrow effective beam. It can only be used by moving instruments
over relatively immobile targets. It is a form of active remote sensing - the antenna transmits
radiation which is then reflected from the target, as opposed to passive sensing, where the
reflection is detected from ambient illumination. The image acquisition is therefore independent of
the natural illumination and images can be taken at night.

Radar uses electromagnetic radiation with microwave frequencies; the atmospheric absorption
at typical radar wavelengths is very low, meaning observations are not prevented by cloud cover.

Phase
Most SAR applications make use of the
amplitude of the return signal, and ignore the
Y 1 phase data. However interferometry uses the
phase of the reflected radiation. Since the
» | outgoing wave is produced by the satellite, the
phase is known, and can be compared to the
phase of the return signal. The phase of the
return wave depends on the distance to the
ground, since the path length to the ground
and back will consist of a number of whole

Radar

; uE <§§} ® >

wavelengths plus some  fraction of a

wavelength.
Phase difference
~ ?"\' This is observable as a phase difference or
o oA phase shift in the returning wave. The total
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&N 221 whole wavelengths) is not known, but the extra

.
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W fraction of a wavelength can be measured
B extremely accurately.

In practice, the phase is also affected by
several other factors, which together make the
raw phase return in any one SAR image
essentially arbitrary, with no correlation from
pixel to pixel.

To get any useful information from the phase, some of these effects must be isolated and
removed. Interferometry uses two images of the same area taken from the same position (or for
topographic applications slightly different positions) and finds the difference in phase between
them, producing an image known as an interferogram. This is measured in radians of phase
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difference and, due to the cyclic nature of phase, is recorded as repeating fringes which each
represent a full 21 cycle.

Factors affecting phase

The most important factor affecting the phase is the interaction with the ground surface. The
phase of the wave may change on reflection, depending on the properties of the material. The
reflected signal back from any one pixel is the summed contribution to the phase from many
smaller 'targets' in that ground area, each with different dielectric properties and distances from the
satellite, meaning the returned signal is arbitrary and completely uncorrelated with that from
adjacent pixels. Importantly though, it is consistent - provided nothing on the ground changes the
contributions from each target should sum identically each time, and hence be removed from the
interferogram.

Once the ground effects have been removed, the major signal present in the interferogram is a
contribution from orbital effects. For interferometry to work, the satellites must be as close as
possible to the same spatial position when the images are acquired. This means that images from
two different satellite platforms with different orbits cannot be compared, and for a given satellite
data from the same orbital track must be used. In practice the perpendicular distance between
them, known as the baseline, is often known to within a few centimeters but can only be controlled
on a scale of tens to hundreds of meters. This slight difference causes a regular difference in
phase that changes smoothly across the interferogram and can be modelled and removed.

The slight difference in satellite position also alters the distortion caused by topography,
meaning an extra phase difference is introduced by a stereoscopic effect. The longer the baseline,
the smaller the topographic height needed to produce a fringe of phase change - known as
the altitude of ambiguity. This effect can be exploited to calculate the topographic height, and used
to produce a digital elevation model (DEM).

If the height of the topography is already known, the topographic phase contribution can be
calculated and removed. This has traditionally been done in two ways. In the two-pass method,
elevation data from an externally-derived DEM is used in conjunction with the orbital information to
calculate the phase contribution. In the three-pass method two images acquired a short time apart
are used to create an interferogram, which is assumed to have no deformation signal and therefore
represent the topographic contribution. This interferogram is then subtracted from a third image

contributions have been removed the
interferogram contains the deformation signal,
along with any remaining noise. The signal
measured in the interferogram represents the
change in phase caused by an increase or
decrease in distance from the ground pixel to
the satellite, therefore only the component of the
ground motion parallel to the satellite line of
sight vector will cause a phase difference to be
observed. . 3 Aifes < FERBY

For sensors like ERS with a small incidence Corresponding interferogram of Kilauea, showing topographic
angle this measures vertical motion well, but is fringes (NASA/IPL-Caltech)



http://en.wikipedia.org/wiki/Reflection_(physics)
http://en.wikipedia.org/wiki/Dielectric
http://en.wikipedia.org/wiki/Topography
http://en.wikipedia.org/wiki/Stereoscopic
http://en.wikipedia.org/wiki/Digital_elevation_model
http://en.wikipedia.org/wiki/Digital_elevation_model
http://en.wikipedia.org/wiki/European_Remote-Sensing_Satellite
http://en.wikipedia.org/wiki/Incidence_angle
http://en.wikipedia.org/wiki/Incidence_angle
http://en.wikipedia.org/wiki/Kilauea

insensitive to horizontal motion perpendicular to the line of sight (approximately north-south). It
also means that vertical motion and components of horizontal motion parallel to the plane of the
line of sight (approximately east-west) cannot be separately resolved.

One fringe of phase difference is generated by a ground motion of half the radar wavelength,
since this corresponds to a whole wavelength increase in the two-way travel distance. Phase shifts
are only resolvable relative to other points in the interferogram.

Absolute deformation can be inferred by assuming one area in the interferogram (for example a
point away from expected deformation sources) experienced no deformation, or by using a ground
control (GPS or similar) to establish the absolute movement of a point.

Difficulties with INSAR

A variety of factors govern the choice of images which can be used for interferometry. The
simplest is data availability - radar instruments used for interferometry commonly don't operate
continuously, acquiring data only when programmed to do so. For future requirements it may be
possible to request acquisition of data, but for many areas of the world archived data may be
sparse. Data availability is further constrained by baseline criteria. Availability of a suitable DEM
may also be a factor for two-pass INSAR; commonly 90m SRTM data may be available for many
areas, but at high latitudes or in areas of poor coverage alternative datasets must be found.

A fundamental requirement of the removal of the ground signal is that the sum of phase
contributions from the individual targets within the pixel remains constant between the two images
and is completely removed. However there are several factors that can cause this criterion to fail.
Firstly the two images must be accurately co-registered to a sub-pixel level to ensure that the same
ground targets are contributing to that pixel. There is also a geometric constraint on the maximum
length of the baseline - the difference in viewing angles must not cause phase to change over the
width of one pixel by more than a wavelength. The effects of topography also influence the
condition, and baselines need to be shorter if terrain gradients are high. Where co-registration is
poor or the maximum baseline is exceeded the pixel phase will become incoherent - the phase
becomes essentially random from pixel to pixel rather than varying smoothly, and the area appears
noisy. This is also true for anything else that changes the contributions to the phase within each
pixel, for example changes to the ground targets in each pixel caused by vegetation growth,
landslides, agriculture or snow cover.

Another source of error present in most interferograms is caused by the propagation of the
waves through the atmosphere. If the wave travelled through a vacuum it should theoretically be
possible (subject to sufficient accuracy of timing) to use the two-way travel-time of the wave in
combination with the phase to calculate the exact distance to the ground. However the velocity of
the wave through the atmosphere is lower than the speed of light in a vacuum, and depends on air
temperature, pressure and the partial pressure of water vapour. It is this unknown phase delay that
prevents the integer number of wavelengths being calculated. If the atmosphere was
horizontally homogeneous over the length scale of an interferogram and vertically over that of the
topography then the effect would simply be a constant phase difference between the two images
which, since phase difference is measured relative to other points in the interferogram, would not
contribute to the signal. However the atmosphere is laterally heterogeneous on length scales both
larger and smaller than typical deformation signals. This spurious signal can appear completely
unrelated to the surface features of the image, however in other cases the atmospheric phase

8


http://en.wikipedia.org/wiki/GPS
http://en.wikipedia.org/wiki/Shuttle_Radar_Topography_Mission
http://en.wikipedia.org/wiki/Shuttle_Radar_Topography_Mission#No-data_areas
http://en.wikipedia.org/wiki/Image_registration
http://en.wikipedia.org/wiki/Speed_of_light
http://en.wikipedia.org/wiki/Vacuum
http://en.wikipedia.org/wiki/Partial_pressure
http://en.wikipedia.org/wiki/Homogeneous
http://en.wikipedia.org/wiki/Heterogeneous

delay is caused by vertical inhomogeneity at low altitudes and this may result in fringes appearing
to correspond with the topography.

Data Sources

Early exploitation of satellite-based InSAR included use
of Seasat data in the 1980s, but the potential of the technique was
expanded in the 1990s, with the launch of ERS-1 (1991), JERS-
1 (1992), RADARSAT-1 and ERS-2 (1995). These platforms provided the
stable, well-defined orbits and short baselines necessary for INSAR. More
recently, the 11-day NASA STS-99 mission in February 2000 used a
SAR antenna mounted on the space shuttle to gather data for the Shuttle
Radar Topography Mission. In 2002 ESA launched the ASAR instrument,
designed as a successor to ERS, aboard Envisat. Seasat (NASA/JPL-Caltech)

While the majority of INSAR to date has utilized the C-band sensors, recent missions such as
the ALOS PALSAR, TerraSAR-X and COSMO SKYMED are expanding the available data in the L-
and X-band.

I. Vocabulary

absorption (n) — noanoweHue integer (adj) — uesnsid

acquisition (n) — céop (0aHHbIX) interaction (n) — e3aumodeticmeaue
alter (v) — uameHssimb, MeHsIMb isolate (v) — omOdensime

arbitrary (adj) — npousgosibHbIl laterally (adv) — namepanbHo (8 cmopoHe
availability (n) — docmynHocmb om)

baseline (n) — 6asuc observation (n) — HabrrodeHue

beam (n) — syy prevent (v) — npedomepauwjame
constraint (n) — oepaHu4yeHue propagation (n) — pacripocmpaHeHue
ERS - European Resource Sensor random (adj) — cny4alHbit
establish (v) — ycmanasnueame resolvable (adj) — paspewumslii
expand (V) — pacripocmpaHsime sparse (adj) — pedkut

fringe (n) — usemosas nuHus, nomnoca sub-pixel (adj) — modnukcenbHbIl
homogeneous (adj) — 00HOPOOHHkIU subsidence (n) — nMoHuUxeHue
incoherent (adj) — HecoanacoeaHHbIL transmit (v) — nepedasams

infer (v) — ebi800UMBb vapour (n) — nap

inhomogeneity (n) — HEOOHOPOGHOCMb velocity (n) — ckopocTb

insensitive (adj) — HewyscmeumersibHbIU

Il. Reading

absorption [ab'zapf(ain] , acquisition [&kwi'zilizin],  alter['=l=a], arbitrary ['o:hitr(z)r], availability
[a.weila'hilat], beam [bim], constrain [kan'streint], establish[is't==hli]], expand [ik'spzend], fringe
[frind3], homogeneous|.homa'dzinias], incoherent[.inkau'hiar(zint] , infer [in'fa], insensitive [in'sen(f)sativ]
integer [intidza] , interaction [intar'z=k|(=)n], isolate ['aisaleit], laterally['l==ti=)r(=2)li] , observation
[.obza'veil(a)n], prevent [pri'vent], propagatior[.propa'geifizin], random ['r==ndam], resolvable
[n'zokab?l], sparse [spois], subsidence [sab'saidizin(fs], transmit[tr=znz'mit], vapour [weipa],
velocity [vi'losati], baseline ['beislain],
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SARER S A

Comprehension check
What do abbreviations INSAR or IfSAR mean?
Where InSAR technique can be applied?
How does the SAR work?
What is the atmospheric absorption of typical radar wavelengths?
What factors affect the phase?
What is the most important condition to make interferometry work?
What effect can be exploited to produce a digital elevation model?
Which methods are used to calculate the topographic phase contribution?
What does the measured signal represent in the interferogram?
What factors are crucial when choosing the images used for interferometry?
How effects of topography can influence the baselines?
What influences the velocity of the wave when travelling in atmosphere?

Repeat the following statements after the teacher, then change them to questions
supplying short answers.

The technique can measure centimeter-scale changes in deformation.

It has applications for geophysical monitoring of natural hazards.

SAR is a form of radar in which sophisticated processing of radar data is used.

Most SAR applications make use of the amplitude of the return signal.

The phase of the return wave depends on the distance to the ground.

This means that images from two different satellite platforms with different orbits cannot be
compared.

The slight difference in satellite position also alters the distortion caused by topography.
This effect can be exploited to calculate the topographic height.

The signal measured in the interferogram represents the change in phase caused by an
increase or decrease in distance from the ground pixel to the satellite.

Another source of error present in most interferograms is caused by the propagation of the
waves through the atmosphere.

. Remake the following sentences according to the given pattern.

A. Interferometric synthetic aperture radar is abbreviated as INSAR or IfSAR.
Interferometric synthetic aperture radar will be abbreviated as INSAR or IfSAR
SAR is a form of radar in which sophisticated processing of radar data is used.
The image acquisition is taken at night.
The atmospheric absorption is very low if observations are not prevented by cloud cover.
The most important factor affecting the phase is the interaction with the ground surface.
In the two-pass method, elevation data from an externally-derived DEM is used in conjunction
with the orbital information to calculate the phase contribution.
B. The technique can potentially measure centimeter-scale changes in deformation.
Centimeter-scale changes in deformation can be potentially measured by the
technique.

. Radar uses electromagnetic radiation with microwave frequencies.
. Several factors affect the phase of the returned signal.
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. You can’t compare images from two different satellite platforms with different orbits.
. The signal measured in the interferogram represents the change in phase caused by an

increase or decrease in distance from the ground pixel to the satellite.

. Vertical inhomogeneity at low altitudes causes spurious signals completely unrelated to the

surface features of the image.
C. Observations are not prevented by cloud cover.
Cloud cover does not prevent observations.
The total distance to the satellite is not known.

. To get any useful information from the phase, some of these effects must be isolated and

removed.

. This effect can be exploited to calculate the topographic height, and used to produce a DTM.

One fringe of phase difference is generated by a ground motion of half the radar wavelength.

. The two images must be accurately co-registered to a sub-pixel level to ensure that the same

ground targets are contributing to that pixel.
D. Change the sentences into negative.
It can only be used by moving instruments over mobile targets.
The atmospheric absorption at typical radar wavelengths is very high.
Most SAR applications make ignore the amplitude of the return signal.
Vertical motions and components of horizontal motion parallel to the plane of the line of sight
can be separately resolved.
The atmosphere is laterally homogeneous on length scales both larger and smaller than typical
deformation signals.

VI. Ask questions to which the following sentences could be answers.

1.

9.

Geodetic method uses two or more synthetic aperture radar (SAR) images to generate maps
of surface deformation or digital elevation.

The technique can potentially measure centimeter-scale changes in deformation over time
spans.

The total distance to the satellite is not known.

Interferometry uses two images of the same area taken from the same position to produce an
image known as an interferogram.

A slight difference in satellite position alters the distortion caused by topography.

The signal measured in the interferogram represents the change in phase caused by an
increase or decrease in distance from the ground pixel to the satellite.

If the height of the topography is already known, the topographic phase contribution can be
calculated and removed.

The effects of topography influence the accuracies, so baselines need to be shorter if terrain
gradients are high.

The velocity of the wave through the atmosphere is lower than the speed of light in a vacuum.

10. The atmospheric phase delay is caused by vertical inhomogeneity at low altitudes.
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VII. Correct the wrong statements using the given phrases.

on the contrary; | do not believe that; to my mind; as is known; as far as | know; it is considered

that; it seems to be wrong; | am afraid you are mistaken; | can’t agree with you; it seems unlikely

that; in my opinion.

1. Geodetic and remote sensing methods do not use synthetic aperture radar images to generate
maps of surface deformation or digital elevation.

2. The SAR technique can’t measure centimeter-scale changes in deformation over time spans
of days.

3. The image acquisition is dependent of the natural illumination and images can’t be taken at
night.

4. The reflected signal back from any one pixel is only its individual contribution to the phase.

5. In practice the perpendicular distance between two satellites, known as the baseline, is often
known to within a few metres.

6. Only two factors govern the choice of images which can be used for interferometry.

7. An optional requirement of the removal of the ground signal is that the sum of phase
contributions from the individual targets within the pixel remains different between the two
images and is completely removed.

8. There is no geometric constraint on the maximum length of the baseline.

9. The velocity of the wave through the atmosphere is much higher than the speed of light in
a vacuum.

10. Phase shifts are impossible to observe when making an interferogram.

VIII. Give Russian equivalents to the following phrases.

geodetic method, remote sensing, digital elevation, geophysical monitoring, processing of radar
data, relatively immobile, passive sensing, microwave frequencies, essential arbitrary, summed
contribution, adjacent pixels, ground effects, stereoscopic effect, slight difference, digital elevation
model, phase difference, data acquisition, poor coverage, varying smoothly, vegetation growth,
deformation signal.

IX. Give English translation of the following phrases. Use them in your own sentences.
ucxodswas eosiHa;, CMEXHble rnukcenu, memod c¢ deymsi npoxodamu; criaboe noKpbimue
meppumopuu; nceedo cuzHas;, pa3Hocmb a3, M[POMEXYMOK BpeMeHU; OucmaHUUOHHOEe
30HOUpOBaHUE;, OMpa)KeHHasi B0JIHa; M/1a8HO U3MEHAMbCS;, cbop daHHbIX; HEOOHOPOOHOCMb
ammocgepbl; 0CHO8HOoe mpebosaHue.

X. Put a proper preposition if necessary.

1. The SAR technique can measure centimeter-scale changes ... deformation over time spans ...
days to years.

2. Itcan be used ... moving instruments over relatively immobile targets.

3. The image acquisition is independent ... the natural illumination and images can be taken ...
night.

4. The phase of the return wave depends ... the distance to the ground.

5. Another source of error present ... most interferograms is caused by the propagation of the
waves ... the atmosphere.
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10.

XI.

1.

The slight difference causes a regular difference ... phase that changes smoothly ... the
interferogram.

In the two-pass method, elevation data from a DEMis used ... conjunction ... the orbital
information to calculate the phase contribution.

There is also a geometric constraint ... the maximum length of the baseline.

The difference in viewing angles must not cause phase to change ... the width of one pixel ...
more than a wavelength.

The velocity of the wave ... the atmosphere is lower than the speed of light ... a vacuum, and
depends ... air temperature, pressure and the partial pressure ... water vapour.

Put the words from the brackets in the right order.
The signal measured in the interferogram (caused by, the change in, increase, represents, an,
phase, or decrease, in distance) from the ground pixel to the satellite.

. (in which, data, form of radar, is, a, radar, sophisticated, is used, SAR, processing of) to

produce a very narrow effective beam.

. The phase of the return wave depends on (length to, the since, distance, to, path, the ground,

the) the ground and back will consist of (wavelengths, some, of, whole, plus, a number, fraction)
of a wavelength.
Phase shifts (relative to, points, only resolvable, are, in, the interferogram, other).

. The SAR technique can potentially measure (years, centimeter-scale, in, days, over,

deformation, spans of, time, to, changes).

XIl. Choose the correct form from the two, given in the brackets.

1.
2.

It can only (be used, is used) by moving instruments over relatively immobile targets.
When the height of the topography (knows, is known), its phase contribution can be calculated
and removed.

. Another source of error present in most interferograms (is caused, will cause) by the

propagation of the waves through the atmosphere.

. One fringe of phase difference (generated, is generated) by a ground motion of half the radar

wavelength, since this corresponds to a whole wavelength increase in the two-way travel
distance.

. This slight difference causes a regular difference in phase that changes smoothly across the

interferogram and can (modelled, be modelled) and removed.

XIIl. Translate the texts into English using the words and phrases supplied below.

A.

NHTepdepomeTp — nameputensHbln  Npubop, nNpuHUMN OEWCTBUA KOTOPOro OCHOBaH Ha
ABMEeHUN HTepdepeHumn. MpuHunn aenctena nHTepdepomMeTpa 3akroyaeTcs B cnegyolem:
My4OK 3NIEKTPOMarHMTHOrO M3ny4yeHus (ceBeTta, paguoBOSH WU T. M.) C MOMOLBLI TOr0 UM UHOrO
yCTpONCTBa NPOCTPaHCTBEHHO pasgenseTcs Ha OBa unm GonbLuee
KONMYECTBO KOrePEeHTHbIX My4KoB. Kaxabih U3 ny4koB NPOXOAUT pasfnnyHble ONTUYecKue nyTu u
BO3BpALLAeTCA Ha 3KpaH, co3faBas WHTEPMEPEHUMOHHYK KapTWHY, MO KOTOPOW MOXHO
YyCTaHOBUTb CMeLLeHne a3 nyyKkos.
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NHTepcdepoMeTpbl MPUMEHSAIOTCA KaK MpPU  TOYHbIX W3MEPEHUsX AONIMH, B 4acTHOCTU B
CTaAHKOCTPOEHUM U MALUMHOCTPOEHUN, TaK M A1 OLeHKN KayecTBa ONTUYECKUX NMOBEPXHOCTEN U
NPOBEPKN ONTUYECKMUX CUCTEM B LIESIOM.

nHTepdepomeTp — interferometer TOYHbIN — accurate

N3MepUTENbHbIN — measuring MaLumHocTpoeHne — machine-building
onTuyeckun — optical oLeHKa kadecTBa — quality control
3KpaH — screen noBepxHOCTb — surface

npumeHaTb — apply
B. Cambin npocton cnocob OUEHKM CMELWEHWA W BPEMEHHbIX W3MEHEHUA COCTOUT B
MCNONb30BaHWM Napbl CMYTHUKOBbIX WM300paXeHUN, caenaHHbiX C HEKOTOpPbIM MHTEpPBarioM
BpEMEHM.
[iBe uHTepdeporpamMmmbl MO3BONAT YBUMAETb MtoOble M3MEHEHWs!, KOTOpble MpPOM3OLWN B
nosepxHoctn 3emnu. [duddepeHunanbHas UHTepdEepOMETPUS MO3BONSET ONpedensaTb Ha
Manbix MacwTabax CcmelleHne 3eMHOW MOBEPXHOCTM  (OMOMN3HM WU NPEeABECTHUKK
3eMneTpsACeHNn), a TakKe OTCNexXuBaTb M3MEHEHWEe XapakTepUCTUK paguocurHanoB u3-3a
CMeEHbI BNaXXHOCTW NOYBbI (MPoGnemMbl NoATONNEHNS).
Ana nonydyeHus AOCTOBEPHbIX pe3ynbTaToB HEOBGXOAMMO BbINOSIHEHWE HEKOTOPbIX YCIOBUA,
Takux, Kak BblBEAEHME CMyTHMKA ANS MOBTOPHOM 3KCNo3vummM B 06nacTb KOCMUYECKOro
npocTpaHcTBa, 6nn3Kyo K NepBoMYy CHUMKY; OAMH CE30H CbEMKM (XOTb M B pasHble roabl) Ans
cobntoaeHnss CXOAHOro COCTOSIHUSI OTpakatolwen MOBEepPXHOCTU (pacTUTENbHbLIN MOKPOB,
rmagporeonornyeckme ycnosus). 3Tu Npobnembl B OOMblUen Mepe peliarTcs C MOMOLbIO
crneumansHou nporpammel « TaHaem» Ha 6ase ABYX CMYTHUKOB, KOTOpble paboTatT N0 OAHUM U
TEeM e opbuTam C BpEMEHHbLIM MHTEPBAIIOM NporieTa poBHO 24 yaca.
onon3eHb — landslide [OCTOBEpHbLIN — reliable
noysa — soil CHUMOK - shapshot
3atonneHue — floods
XIV. Translate the text into Russian.
Applications of INSAR
Tectonic
INSAR can be used to measure tectonic deformation, for example ground movements due
to earthquakes. It was first used for the 1992 Landers earthquake, but has since been utilized
extensively for a wide variety of earthquakes all over the world. In particular the 1999Izmit and
2003 Bam earthquakes were extensively studied. INSAR can also be used to monitor creep and
strain accumulation on faults.
Volcanic
INSAR can be used in a variety of volcanic settings, including deformation associated
with eruptions, inter-eruption strain caused by changes in magma distribution at
depth, gravitational spreading of volcanic edifices, and volcano-tectonic deformation signals. Early
work on volcanic InSAR included studies on Mount Etna, and Kilauea, with many more volcanoes
being studied as the field developed. The technique is now widely used for academic research into
volcanic deformation, although its use as an operational monitoring technique for volcano
observatories has been limited by issues such as orbital repeat times, lack of archived data,
coherence and atmospheric errors. Recently INSAR has also been used to study rifting processes
in Ethiopia.
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DEM generation
Interferograms can be used to produce digital elevation maps (DEMSs) using the stereoscopic
effect caused by slight differences in observation position between the two images. When using
two images produced by the same sensor with a separation in time, it must be assumed other
phase contributions (for example from deformation or atmospheric effects) are minimal.
In 1995 the two ERS satellites flew in tandem
with a one-day separation for this purpose. A
second approach is to use two antennas
mounted some distance apart on the same
platform, and acquire the images at the same

time, which ensures no atmospheric or _
. . . Kamchatka Peninsula, Landsat data draped over SRTM
deformation signals are  present. This digital elevation model (NASA/JPL-Caltech)

approach was followed by NASA's SRTM mission aboard the space shuttle in 2000. InSAR-
derived DEMs can be used for later two-pass deformation studies, or for use in other geophysical
applications.
Subsidence

Ground subsidence from a variety of causes has been
successfully measured using InSAR, in particular
subsidence caused by oil or water extraction from
underground reservoirs, subsurface mining and collapse
of old mines. It can also be used for monitoring the
stability of built structures, and landscape features such
as landslides.
Ice Flow

Glacial motion and deformation have been
successfully measured using satellite interferometry. The
technique allows remote, high-resolution measurement
of changes in glacial structure, ice flow, and shifts in ice

dynamics, all of which agree closely with ground Rapid ground subsidence over the Lost Hills oil
observations. field in California. (NASA/JPL-Caltech)
Persistent Scatterer INSAR

Persistent or Permanent Scatterer techniques are a relatively recent development from
conventional INSAR, and rely on studying pixels which remain coherent over a sequence of
interferograms.

In 1999, researchers at Politecnico di Milano, ltaly, developed a new multi-image approach in
which one searches the stack of images for objects on the ground providing consistent and stable
radar reflections back to the satellite. These objects could be the size of a pixel or, more
commonly, sub-pixel sized, and are present in every image in the stack.

Politecnico di Milano patented the technology in 1999 and created the spin-off company Tele-
Rilevamento Europa — TREin 2000 to commercialize the technology and perform ongoing
research.

Some research centres and other companies, like the Dutch TU Delft spin-off Hansje Brinker, were
inspired to develop their own algorithms which would also overcome INnSAR's limitations. In
scientific literature, these techniques are collectively referred to as Persistent Scatterer
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Interferometry or PSI techniques. The term Persistent Scatterer Interferometry (PSI) was created
by ESA to define the second generation of radar interferometry techniques.

Commonly such techniques are most useful in urban areas with lots of permanent structures, for
example the PSI studies of European cities undertaken by the Terrafirma project. The Terrafirma
project (led by Fugro NPA) provides a ground motion hazard information service, distributed
throughout Europe via national geological surveys and institutions. The objective of this service is
to help save lives, improve safety, and reduce economic loss through the use of state-of-the-art
PSI information. Over the last 5 years this service has supplied information relating to urban
subsidence and uplift, slope stability and landslides, seismic and volcanic deformation, coastlines
and flood plains.

XV. Read the text and ask your group mates several questions.
Producing interferograms

The processing chain used to produce interferograms varies according to the software used and
the precise application, but will usually include some combination of the following steps.

Two SAR images are required to produce an interferogram; these may be obtained pre-
processed, or produced from raw data by the user prior to INSAR processing. The two images
must first be co-registered, using a correlation procedure to find the offset and difference in
geometry between the two amplitude images. One SAR image is then re-sampled to match the
geometry of the other, meaning each pixel represents the same ground area in both images. The
interferogram is then formed by cross-multiplication of each pixel in the two images, and the
interferometric phase due to the curvature of the Earth is removed, a process referred to as
flattening. For deformation applications a DEM can be used in conjunction with the baseline data to
simulate the contribution of the topography to the interferometric phase, this can then be removed
from the interferogram.

Once the basic interferogram has been produced, it is commonly filtered using an adaptive
power-spectrum filter to amplify the phase signal. For most quantitative applications the
consecutive fringes present in the interferogram will then have to be unwrapped, which involves
interpolating over the 0 to 21 phase jumps to produce a continuous deformation field. At some
point, before or after unwrapping, incoherent areas of the image may be masked out. The final
processing stage involves geocoding the image, which resamples the interferogram from the
acquisition geometry (related to direction of satellite path) into the desired geographic projection.

: i
Terrestrial SAR Interferometer (TINSAR) a) 2D interferometric displacement map; b) displacement

time series of pixel

Terrestrial SAR Interferometry (TINSAR)
Terrestrial SAR Interferometry (TINSAR) is a remote sensing technique for the displacement

monitoring of slopes, rock scarps, volcanoes, landslides, buildings, infrastructures etc. The TINSAR
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technique is based on the same operational principles of the Satellite SAR Interferometry, but the
Synthetic Aperture of the Radar is obtained by an antenna moving on a rail instead of satellite
moving around an orbit. SAR technique allow 2D radar image of the investigated scenario to be
achieved, with a high range resolution (along the instrumental line of sight) and cross-range
resolution (along the scan direction). The antenna emits and receives microwave impulses, and by
the measurement of the phase difference between two images it is possible to compute the
displacement of all the pixel of the SAR image. The accuracy in the displacement measurement is
on the scale of millimeters or less than a millimeter, depending on the specific local and
atmospheric conditions.

XVI. Read and learn the dialogue by heart, then enlarge it with your own phrases.
a.
M.: Hello, Dr Hart. Do you happen to know anything about SAR?

M.: I've also read several articles. But it was difficult to understand them completely. How can | get
a DEM using SAR?

H.:....
M.: | heard that SAR could be used for decoding vegetation. It was in one TV-program on “National
geographlc” What type of SAR should be used in this case?

M.: I think SAR is a rather perspective kind of survey. So | will try to do something with SAR data in
my research work.

L.: Probably, the most important thing of any technique is the field where it can be used. Since we
have been studying InSAR, ...?

A.: There are various fields in which INSAR is applied. In fact, all fields of application can be
divided into two: .... The second field comprises tectonic deformation and volcanic studies, ice flow
monitoring. Can you add anything?

L.: And | would also add subsidence monitoring. In my opinion ... not only for scientific or
economic purposes but also for hazards mitigation. | read about persistent scatter INSAR (or PSI),
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which is used particularly in the frame of Terrafirma project for providing a ground motion hazards
information service. Have you heard about PSI?

A.: Yes, | have heard about it too. In fact, PSl is ..., such as Politecnico di Milano and Technical
University of Delft. The technique implies use of multiple images of objects on the ground providing
consistent and stable reflections back to the satellite.

L.: You are right. Commonly such techniques ....

XVII. Dialogue of the Unit. Learn the dialogue in roles, then change them and learn it again.
P.. Dear friends, today | would like to discuss such an issue as Interferomerty and its historic
background. As far as | remember your home task was to find some preliminary information on
INSAR. So, who is ready to start? Ah, Bill, the floor is yours?

B.: Thank you, professor. In 1993, Goldstein presented the first satellite-based interferometric
synthetic aperture radar map showing large strains of the Earth’s solid surface.

P.: Please, specify the details. What was mapped?

B.: In this case, the deforming surface was an ice stream in Antarctica. The same year, Massonnet
showed exquisitely detailed and spatially continuous maps of surface deformation associated with
the 1992 Landers earthquake in the Mojave Desert in southern California. These papers heralded
a new era in geodetic science, whereby we can potentially measure three-dimensional surface
displacements with nearly complete spatial continuity, from a plethora of natural and human-
induced phenomena. An incomplete list of targets to date includes all forms of deformation on or
around faults (interseismic, aseismic, coseismic, and postseismic) aimed at constraining the
rheological properties of the fault and surrounding crust, detection and quantification of changes in
active magma chambers aimed at understanding a volcano’s plumbing system, the mechanics of
glaciers and temporal changes in glacier flow with obvious impacts on assessments of climate
change, and the impact of seasonal and anthropogenic changes in aquifers.

P.: Thank you, Bill. Who will continue the topic? Leo, please.

L.: Beyond detection of coherent surface deformation, INSAR can also provide unique views of
surface disruption, through measurements of interferometric decorrelation, which could potentially
aid the ability of emergency responders to respond efficiently to many natural disasters.

P.: So, that INSAR can take advantage of a satellite’s perspective of the world permits one to view
large areas of Earth’s surface quickly and efficiently. In solid Earth geophysics, we are frequently
interested in rare and extreme events (e.g., earthquakes, volcanic eruptions, and glacier surges).
Go on, Leo.

L.: Therefore, if we want to capture these events and their natural variability, we cannot simply rely
on dense instrumentation of a few select areas; instead, we must embrace approaches that allow
global access. Given

easy access to data (which is not always the case), this inherently global perspective provided by
satellitebased INSAR also allows one the luxury of going on geodetic fishing trips, whereby one
essentially asks “I wonder if ...?”, in search of the unexpected.

P.: In essence we must not limit ourselves to hypothesis testing, but rather tap the inherently
exploratory power of INSAR. Fine, thanks Leo. Now, who will give us a short overview of INSAR?
Alex.

A.: Well, operating at microwave frequencies, SAR systems provide unique images representing
the electrical and geometrical properties of a surface in nearly all weather conditions.
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P.: Since they provide their own illumination, SARs can image in daylight or at night. Alex.

A.: SAR mapping systems typically operate on airborne or spaceborne platforms following a linear
flight path. Raw image data are collected by transmitting a series of coded pulses from an antenna
illuminating a swath offset from the flight track. The echo of each pulse is recorded during a period
of reception between the transmission events. When a number of pulses are collected, it is
possible to perform 2-D matched-filter compression on a collection of pulse echoes to focus the
image.

P.: Correct. This technique is known as SAR because in the along-track, or azimuth, direction, a
large virtual aperture is formed by coherently combining the collection of radar pulses received as
the radar antenna moves along in its flight path. Continue, please.

A.. Although the typical physical length of a SAR antenna is on the order of meters, the
synthesized aperture length can be on the order of kilometers. Because the image is acquired from
a side-looking vantage point (to avoid left-side/rightside ambiguities), the radar image is
geometrically distorted relative to the ground coordinates.

P.: Well, Bill, do you want to add something?

B.: Yes, thank you. By coherently combining the signals from two antennas, the interferometric
phase difference between the received signals can be formed for each imaged point. In this
scenario, the phase difference is essentially related to the geometric path length difference to the
image point, which depends on the topography.

P.. Well done. Are you aware that with knowledge of the interferometer geometry, the phase
difference can be converted into an altitude for each image point? In essence, the phase difference
provides a third measurement, in addition to the along- and cross-track location of the image point,
or ‘target’, to allow a reconstruction of the 3-D location of the targets. Alex, sorry for interruption.

A.: Bill, professor Higgins, thank you for your help. | will continue. The INSAR approach for
topographic mapping is similar in principle to the conventional stereoscopic approach. In
stereoscopy, a pair of images of the terrain are obtained from two displaced imaging positions. The
‘parallax’ obtained from the displacement allows the retrieval of topography because targets at
different heights are displaced relative to each other in the two images by an amount related to
their altitudes.

P.. Sure, but the major difference between the INSAR technique and stereoscopy is that, for
INSAR, the ‘parallax’ measurements between the SAR images are obtained by measuring the
phase difference between the signals received by two INSAR antennas. These phase differences
can be used to determine the angle of the target relative to the baseline of the interferometric SAR
directly. Does anybody know what accuracies we can speak about when discussing InSAR
parallax measurement?

L.: The accuracy of the INSAR parallax measurement is typically several millimeters to centimeters,
being a fraction of the SAR wavelength, whereas the parallax measurement accuracy of the
stereoscopic approach is usually on the order of the resolution of the imagery, several meters or
more.

P.: Thank you, Leo. Typically, the postspacing of the INSAR topographic data is comparable to the
fine spatial

resolution of SAR imagery, while the altitude measurement accuracy generally exceeds
stereoscopic accuracy at comparable resolutions. What else can you add Alex?
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A.: The registration of the two SAR images for the interferometric measurement, the retrieval of the
interferometric phase difference, and subsequent conversion of the results into digital elevation
models of the terrain can be highly automated, representing an intrinsic advantage of the INnSAR
approach.

P.. We are going to discuss that in detail in later seminars, but | will mention in passing. The
performance of INSAR systems is largely understood both theoretically and experimentally. These
developments have led to airborne and spaceborne InSAR systems for routine topographic
mapping. The InSAR technique we have just described, using two apertures on a single platform,
is often called ‘crosstrack interferometry’ or XTI in the literature. Other terms are ‘single-track’ and
‘single-pass’ interferometry. Have you came across any other SAR technique when getting ready
for the seminar?

B.: Another interferometric SAR technique was advanced by Goldstein and Zebker in 1987 for
measurement of surface motion by imaging the surface at multiple times. The time separation
between the imaging can be a fraction of a second to years. The multiple images can be thought of
as ‘time-lapse’ imagery. A target movement will be detected by comparing the images.

P.: Unlike conventional schemes in which motion is detected only when the targets move more
than a significant fraction of the resolution of the imagery, this technique measures the phase
differences of the pixels in each

pair of the multiple SAR images. Bill.

B.: If the flight path and imaging geometries of all the SAR observations are identical, any
interferometric phase difference is due to changes over time of the SAR system clock, variable
propagation delay, or surface motion in the direction of the radar line of sight (LOS). In the first
application of this technique described in the literature | found, Goldstein and Zebker augmented a
conventional airborne SAR system with an additional aperture, separated along the length of the
aircraft fuselage from the conventional SAR antenna. Given an antenna separation of roughly 20m
and an aircraft speed of about 200 ms™, the time between target observations made by the two
antennas was about 100 ms. Over this time interval, clock drift and propagation delay variations
are

negligible.

P.: Thank you, Bill. This technique has been dubbed ‘along-track interferometry’ or ATI because of
the arrangement of two antennas along the flight track on a single platform. In the ideal case, there
is no cross-track separation of the apertures, and therefore no sensitivity to topography. Is there
anybody here who can cast light on ATI? Wow, so Leo first, and then Alex will continue.

L.: ATl is merely a special case of space ‘repeat-track interferometry’ also known as RTI, which
can be used to generate topography and motion. The orbits of several spaceborne SAR satellites
have been controlled in such a way that they nearly retrace themselves after several days. Aircraft
can also be controlled to accurately repeat flight paths. If the repeat flight paths result in a cross-
track separation and the surface has not changed between observations, then the repeat-track
observation pair can act as an interferometer for topography measurement. For spaceborne
systems, RTl is usually termed ‘repeat-pass interferometry’ in the literature you gave us. If the flight
track is repeated perfectly such that there is no cross-track separation, then there is no sensitivity
to topography, and radial motions can be measured directly as with an ATI system. However, since
the temporal separation between the observations is typically days to many months or years, the
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ability to detect small radial velocities is substantially better than the ATI system we have just
discussed above.

P.: Do you happen to know that the first demonstration of RTI for velocity mapping was a study of
the Rutford ice stream in Antarctica? The radar aboard the ERS-1 satellite obtained several SAR
images of the ice stream with near-perfect retracing so that there was no topographic signature in
the interferometric phase, permitting measurements of the ice stream flow velocity of the order of 1
m yr-1 (or 3 x 10® ms™) observed over a few days. Alex.

A.: Most commonly for repeat-track observations, the track of the sensor does not repeat itself
exactly, so the interferometric time-separated measurements generally comprise the signature of
topography and of radial motion or surface displacement. The approach for reducing these data
into velocity or surface displacement by removing topography is generally referred to as ‘differential
interferometric SAR.” The first proof of concept experiment for spaceborne InSAR using imagery
obtained by the SeaSAT mission was conducted in 1988. In the latter portion of that mission, the
spacecraft was placed into a near-repeat orbit every 3 days.

P.: | will make an example. In 1989 Gabriel and his colleagues used data obtained in an
agricultural region in California, to detect surface elevation changes in some of the agricultural
fields of the order of several cm over approximately a 1-month period. By comparing the areas with
the detected surface elevation changes with irrigation records, they concluded that these areas
were irrigated in between the observations, causing small elevation changes from increased soil
moisture. They were actually looking for the deformation signature of a small earthquake, but the
surface motion was too small to detect. These early studies were then followed by the
aforementioned seminal applications to glacier flow and earthquake induced surface deformation.
All civilian INSAR-capable satellites to date have been right-looking in near-polar sun-synchronous
orbits. This gives the opportunity to observe a particular location on the Earth on both ascending
and descending orbit passes. With a single satellite, it is therefore possible to obtain geodetic
measurements from two different directions, allowing vector measurements to be constructed. Who
has any idea how it can be done?

B.: The variety of available viewing geometries can be increased if a satellite has both left- and
right-looking capability. Similarly, neighboring orbital tracks with overlapping beams at different
incidence angles can also provide diversity of viewing geometry.

P.: Good. In an ideal mission scenario, observations from a given viewing geometry will be
acquired frequently and for a long period of time to provide a dense archive for INSAR analysis.
The frequency of imaging is key in order to provide optimal time resolution of a given phenomena,
as well as to provide the ability to combine multiple images to detect small signals. Of course,
many processes of interest are not predictable in time, thus we must continuously image the Earth
in a systematic fashion in order to provide recent ‘before’ images. But what will happen if the data
on the area of interest is not viable?

L.: For a given target, not all acquisitions are necessarily viable for INSAR purposes. The greatest
nemesis for

INSAR geodesy comes from incoherent phase returns between two image acquisitions. This
incoherence can be driven by observing geometry, | mean the baseline is too large, or by physical
changes of the Earth’s surface, for example, snowfall. Thus any InSAR study begins with an
assessment of the available image archive.
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P.: Thank you, guys. | am afraid out time is up. We will continue our discussion next week. Please,
be ready for discussing INSAR related techniques.
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Unit 2

Interferometric SAR image processing and interpretation

Phrases to learn:

operational capability — akcrinyamauuoxHbie
Kayecmea

accurate measurements — moyHble
usmepeHus

operational control — ynpaeneHue nonémamu

to be in orbit — HaxoOumbcsi Ha opbume

in combination with — 8 couemaHuu ¢

look angle — yeos 0630pa

to be acceptable for — 6bimb npuemnemsim
onsa

ascending (descending) orbit — socxodswas
(Hucxodsuwas) opbuma

to be foreshortened — ykopayusamscs
(8bi2risidems Kopoye)

a wealth of information on — 6onbwot 06Lem

factors contributing to — gpakmopsi sHocsAwue
ekrad 8

a number of smth — psd vezo-nubo

mode of operation — pexum pabomsi,
pabouutll pexxum

primary objectives — enasHbie uenu

factors affecting smth — gpakmopei
OKasblearoujue soszdelicmeue Ha Ymo-iubo

due to the curvature of — 88udy KpuBU3HbI
ye20-1ubo

incidence angle — yeon naderus

to be associated with — omHocumcs K,
accoyuuposamscs ¢

resolution cell dimension — pa3speweHue
pasmepa s4elKu

UHghopmayuu o

Introduction

Synthetic Aperture Radar (SAR) is a microwave imaging system. It has cloud-penetrating
capabilities because it uses microwaves. It has day and night operational capabilities because it is
an active system. Finally, its ‘interferometric configuration’, Interferometric SAR or InSAR, allows
accurate measurements of the radiation travel path because it is coherent. Measurements of travel
path variations as a function of the satellite position and time of acquisition allow generation of
Digital Elevation Models (DEM) and measurement of centimetric surface deformations of the
terrain. This part of the INSAR principles manual is dedicated to beginners who wish to gain a basic
understanding of what SAR interferometry is. Real examples derived from ESA satellites, ERS-1,
ERS-2 and Envisat, will be exploited to give a first intuitive idea of the information that can be
extracted from INSAR images, as well as an idea of the limits of the technique.

Introduction to ERS

The European Remote Sensing satellite, ERS-1, was ESA’s first Earth Observation satellite; it
carried a comprehensive payload including an imaging Synthetic Aperture Radar (SAR). With this
launch in July 1991 and the validation of its interferometric capability in September of the same
year, an ever-growing set of interferometric data became available to many research groups. ERS-
2, which was identical to ERS-1 apart from having an extra instrument, was launched in 1995.
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Shortly after the launch of ERS-2, ESA decided to link the two spacecraft in the first ever ‘tandem’
mission, which lasted for nine months, from 16 August 1995 until mid-May 1996. During this time
the orbits of the two
spacecraft were phased to orbit the Earth only 24 hours apart, thus providing a 24-hour revisit
interval. The huge collection of image pairs from the ERS tandem mission remains uniquely useful
even today, because the brief 24-hour revisit time between acquisitions results in much greater
interferogram coherence. The increased frequency and level of data available to scientists offered
a unigue opportunity to generate detailed elevation maps (DEMs) and to observe changes over a
very short space of time. Even after the tandem mission ended, the high orbital stability and careful
operational control allowed acquisition of more SAR pairs for the remainder of the time that both
spacecraft were in orbit, although without the same stringent mission constraints.
The near-polar orbit of ERS in combination with the Earth’s rotation (E-W) enables two acquisitions
of the same area to be made from two different look angles on each satellite cycle. If just one
acquisition geometry is used, the accuracy of the final DEM in geographic coordinates strongly
depends on the local terrain slope, and this may not be acceptable for the final user.
Combining DEMs obtained from ascending (S-N) and descending (N-S) orbits can mitigate the
problems due to the acquisition geometry and the uneven sampling of the area of interest,
especially on areas of hilly terrain. The ERS antenna looks to the right, so for example a slope that
is mainly oriented to the West would be foreshortened on an ascending orbit, hence a descending
orbit should be used instead.
In March 2000 the ERS-1 satellite finally ended its operations. ERS-2 is expected to continue
operating for some time, although with a lower accuracy of attitude control since a gyro failure that
occurred in January 2001.
Introduction to Envisat
Launched in 2002, Envisat is the largest Earth Observation spacecraft ever built. It carries ten
sophisticated optical and radar instruments to provide continuous observation and monitoring of
the Earth’s land, atmosphere, oceans and ice caps. Envisat data collectively provide a wealth of
information on the workings of the Earth system, including insights into factors contributing to
climate change.
Furthermore, the data returned by its suite of instruments are also facilitating the development of a
number of operational and commercial applications. Envisat’s largest single instrument is the
Advanced Synthetic Aperture Radar (ASAR), operating at C-band. This ensures continuity of data
after ERS-2, despite a small (31 MHz) central frequency shift. It features enhanced capability in
terms of coverage, range of incidence angles, polarisation, and modes of operation. The
improvements allow radar beam elevation steerage and the selection of different swaths, 100 or
400 km wide.
Envisat is in a 98.54° sun-synchronous circular orbit at 800 km altitude, with a 35-day repeat and
the same ground track as ERS-2.
Its primary objectives are:
* to provide continuity of the observations started with the ERS satellites, including those
obtained from radar-based observations;
* to enhance the ERS mission, notably the ocean and ice mission;
* to extend the range of parameters observed, to meet the need for increasing knowledge of the
factors affecting the environment;
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* to make a significant contribution to environmental studies, notably in the area of atmospheric
chemistry and ocean studies (including marine biology).

SAR images of the Earth’s surface

What is a strip-map SAR imaging system?

A SAR imaging system from a satellite (such as ERS or Envisat) is sketched in Figure 1. A satellite

carries a radar with the antenna pointed to the Earth’s surface in the plane perpendicular to the

orbit (in practice this is not strictly true, because it is necessary to compensate for the Earth’s

rotation).

The inclination of the antenna with respect to the nadir is called the off-nadir angle and in

contemporary systems is usually in the range between 20° and 50° (it is 21° for ERS). Due to the

curvature of the Earth’s surface, the incidence angle of the radiation on a flat horizontal terrain is

larger than the off-nadir (typically 23° for ERS). However, for the sake of simplicity we assume here

that the Earth is flat, and hence that the incidence angle is equal to the off-nadir angle, as shown in

the figure.

Satellite orbit

Plang
lang Permendioytu
10 the orhiy

/ Azimuth
sirpP

Ground range

Slant range

Figure 1. A SAR imaging system from a satellite.

Currently, operational satellite SAR systems work in one of the following microwave bands:

* C band — 5.3 GHz (ESA’s ERS and Envisat, the Canadian Radarsat, and the US shuttle
missions)

* L band — 1.2 GHz (the Japanese J-ERS and ALOS)

* X band — 10 GHz (the German-Italian X-SAR on the shuttle missions)

In the case of ERS, the illuminated area on the ground (the antenna footprint) is about 5 km in
the along-track direction (also called the azimuth direction) and about 100 km in the across-
track direction (also called the ground range direction).

The direction along the Line of Sight (LOS) is usually called the slant-range direction.

The antenna footprint moves at the satellite speed along its orbit. For ERS, the satellite speed is
about 7430 m/s in a quasi-polar orbit that crosses the equator at an angle of 9° and an elevation of
about 800 km. The footprint traces a swath 100 km wide in ground range on the Earth’s surface,
with the capability of imaging a strip 445 km long every minute (strip map mode).

What is a complex SAR image?
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A digital SAR image can be seen as a mosaic (i.e. a two-dimensional array formed by columns and
rows) of small picture elements (pixels). Each pixel is associated with a small area of the Earth’s
surface (called a resolution cell). Each pixel gives a complex number that carries amplitude and
phase information about the microwave field backscattered by all the scatterers (rocks, vegetation,
buildings etc.) within the corresponding resolution cell projected on the ground. Different rows of
the image are associated with different azimuth locations, whereas different columns indicate
different slant range locations. The location and dimension of the resolution cell in azimuth and
slant-range coordinates depend only on the SAR system characteristics.

In the ERS case, the SAR resolution cell dimension is about 5 metres in azimuth and about 9.5
metres in slant-range. The distance between adjacent cells is about 4 metres in azimuth and about
8 metres in slant range. The SAR resolution cells are thus slightly overlapped both in azimuth and
in slant-range.

I. Vocabulary.
acceptable (adj) — npyuemnemsin, 4OMNYCTUMbIN improvement (n) — yny4dwieHue
accuracy (n) — TOMHOCTb inclination (n) — HaKkmnoH
altitude (n) — BbIcoTa insight (into) (n) — npeacTtaeneHue (o0 Yem-
antenna footprint — KOHTYp AuMarpaMmmbl nn6o)
HanpaBneHHOCTU aHTEHHbI L-band (n) — gMana3oH cBepXBbICOKUX YaCTOT
apart from (adv) — nomumMo, 3a UCKMNIOYEHNEM (ot 300 go 1550 merarepu)
assume (v) — npMHMMaTb launch (v) — 3anyckaTtb (B KOCMOC)
azimuth direction (n) — asumyTanbHoe line of sight (LOS) — nMHWA NpsMon BUANMOCTH
HanpasreHne microwave (adj) — MMKPOBOJSTHOBBIW

backscattered (adj) — paccesiHHbIN B 06paTHOM  mitigate (V) — yMeHbLUaTb, CMAr4aThb

HanpasneHun mosaic (n) — Mmo3anka
C-band (n) — anana3oH YacToT, BblAENEHHbIN near-polar (adj) — okonononsipHbIN

OISl YaCTHOM U crny>xeBOHOoM CBA3N overlap (v) — nepekpbiBaTh
circular (adj) — Kpyrnbl, OKpyrnbIv path (n) — nyTb
cloud-penetrating (adj) — NpoHVKatoLWmn CkBO3b  payload (n) — nonesHasi Harpyska

obrnaka phase (V) — noaTanHo ocyLecTBNATb (4TO-1.)
comprehensive (adj) — BCECTOPOHHWI, NOMHbIN plane (n) — NNockocTb
dedicate to (v) — nocssiiaTe point out (v) — oTmMeyaThb
enhance (v) — ycunueats, yny4watb quasi-polar (adj) — okonononsipHbIN
environment (n) — okpyxatoLlas cpeaa resolution (n) — paspeLuaroLLas cnocobHOCTb
equator (n) — akBaTop revisit time (n) — Nep1oz NOBTOPHOI CheMKM
ever-growing (adj) — HEyKNnoHHO pacTyLun sampling (of) (n) — o6paseu, BbiGOpKa
extract (v) — nsenekatb set of (n) — HaBop Yero-nn6o
facilitate (v) — cnocobcTBOBaTH slant-range (n) — HakNoOHHas AanNbHOCTb
generation (n) — reHepupoBaHue, co3faHune slope (n) — YKMOH, HaKMoH
ground range (n) — ropu3oHTanbHas AanbHOCTb steerage (n) — ynpasneHxue
gyro failure — owmbka rupockona stringent (adj) — CTPOruii, TOUHbIN
image pair (n) — cTepeonapa strip (n) — nonoca
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strip-map (n) — kapTa MmapLpyTa two-dimensional array (n) — AByXMepHbIN

suite (of) (n) — komnnekT, Habop (4Yero-nNnbo) MaccuB

sun-synchronous orbit — opbuta conHe4yHo- validation (n) — npoBepka 4OCTOBEPHOCTU
CUHXPOHHOIO CMyTHMKA X-band (n) — (4acToTHbIN) AnanasoH X (oT 5,2

swath (n) — nonoca o63opa no 11 1Twu)

terrain (n) — MECTHOCTb, TEpPUTOPUA

[I. Reading.

acceptable [ak'septakl], accuracy ['==kjarasi], altitude ['=litjud] , assume [2'sjum] |, circular ['s=:kjzla],
dedicate ['dedikeit], enhance [in‘*hcen()s], gyro ['dzaizrau], inclination [inkli'neif(ain], launch [lzntf],
microwave '['maikraweiu], mitigate  ['mitigeit], mosaic [m=u'zeiik], payload ['peilzud], slant [slo:nt],
steerage ['stizridz], stringent ['strindzant], synchronous ['sigkranas] , swath [sw3], extract [ik'straski].

[ll. Comprehension check.

1.

o bk wND

V.

What kind of an imaging system Synthetic Aperture Radar is?

Why does InSAR allow accurate measurements of the radiation travel path?

What does ERS mean?

What did ESA decided to do shortly after the launch of ERS-27?

What factors offered scientists a unique opportunity to generate detailed elevation maps and
to observe changes over a very short space of time?

When does the accuracy of the final DEM in geographic coordinates strongly depend on the
local terrain slope?

What can lead to the foreshortening of a slope in the image?

How the inclination of the antenna with respect to the nadir is called?

What does LOS stand for?

How can the SAR system characteristics affect the location and dimension of the resolution
cell in azimuth and slant-range coordinates?

Repeat the following statements after the teacher, then change them to questions

supplying short answers.

1.

A satellite carries a radar with the antenna pointed to the Earth’s surface in the plane
perpendicular to the orbit.

Operational satellite SAR systems work in one of C, L, and X microwave bands.

The footprint traces a swath 100 km wide in ground range on the Earth’s surface.

The SAR resolution cell dimension is about 5 metres in azimuth and about 9.5 metres in slant-
range.

One of its primary objectives is to provide continuity of the observations started with the ERS
satellites, including those obtained from radar-based observations.

A digital SAR image can be seen as a two-dimensional array formed by columns and rows of
pixels.

The distance between adjacent cells is about 4 metres in azimuth and about 8 metres in slant
range.

The two spacecraft were phased to orbit the Earth only 24 hours apart, providing a 24-hour
revisit interval.
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9.

Measurements of travel path variations as a function of the satellite position and time of
acquisition allow generation of DEM.

10. Each pixel is associated with a small area of the Earth’s surface called a resolution cell.

V. Remake the following sentences according to the given pattern.

ga b~ W DN PP

A. InSAR showed that it had very good cloud-penetrating capabilities.
It was found to have very good cloud-penetrating capabilities.
They wanted that ERS-1 carried a comprehensive payload including an imaging Synthetic
Aperture Radar (SAR).

. ESA decided that two spacecraft could be linked in the first ever ‘tandem’ mission.
. They know that these two satellites will allow them to extract some additional information from

INSAR images.

They were certain that the near-polar orbit of ERS in combination with the Earth’s rotation would
enable two acquisitions of the same area to be made from two different look angles on each
satellite cycle.

. They expect that the data returned by ERS-1 and ERS-2 instruments are facilitating the

development of a number of operational and commercial applications.
B. Restate the following sentences beginning each one with on the one hand ....
... on another
Measurements of travel path variations allow generation of DEM and measurement
of centimetric surface deformations of the terrain.
On the one hand measurements of travel path variations allow generation of DEM
on another they allow measurement of centimetric surface deformations of the
terrain.
The SAR system characteristics affect location and dimension of the resolution cell in azimuth
and slant-range coordinates.

. ERS-2 is expected to continue operating for some time, although with a lower accuracy of

attitude control since a gyro failure that occurred in January 2001.

. The signal measured in the interferogram represents the change in phase caused by an

increase or decrease in distance from the ground pixel to the satellite.

. It carries sophisticated optical instruments and an InSar to provide continuous observation and

monitoring of the Earth’s land.

. Combining DEMs obtained from ascending (S-N) and descending (N-S) orbits can mitigate the

problems due to the acquisition geometry and the uneven sampling of the area of interest,
especially on areas of hilly terrain.
C. Restate the following sentences according to the pattern:
It did not show cloud-penetrating capabilities.
No cloud-penetrating capabilities were shown by it.

. They do not know the total distance to the satellite.

. They could not obtain any useful information from the images.

. This effect cannot be exploited to calculate the topographic height.

. They do not make a significant contribution to environmental studies.

. The increase of data available to scientists did not offer a unique opportunity to generate

detailed elevation maps.
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D. The increased frequency as well as level of data available to scientists offered a
unique opportunity to generate detailed elevation maps.
Both the increased frequency and level of data available to scientists offered a
unique opportunity to generate detailed elevation maps.

1. Measurements of travel path variations as a function of the satellite position and time of
acquisition allow generation of Digital Elevation Models as well as measurement of centimetric
surface deformations of the terrain.

2. The satellites carry sophisticated optical instruments as well as an InSar.

3. InSars make a significant contribution to environmental studies, notably in the area of
atmospheric chemistry as well as ocean studies.

4. The improvements allow radar beam elevation steerage as well as the selection of different
swaths, 100 or 400 km wide.

5. Due to the fact that INSAR is an active system it has day as well as night operational
capabilities.

VI. Ask questions to which the following sentences could be answers.
1. Synthetic Aperture Radar is a microwave imaging system.

The technique can allow generation of Digital Elevation Models (DEM).
Because it uses microwaves.

The SAR resolution cell dimension is about 5 metres in azimuth.

o bk wNDN

The inclination of the antenna in contemporary systems is usually in the range between 20°
and 50°.

In the case of ERS, the antenna footprint is about 5 km in the along-track direction.

Each pixel associated with a small area of the Earth’s surface is called a resolution cell.

It carries ten sophisticated optical and radar instruments.

Operational satellite SAR systems work in one of C, L, or X bands.

10. The footprint traces a swath 100 km wide on the Earth’s surface.

© ©o N

VII. Give Russian equivalents to the following phrases.

A number of image pairs, to be in orbit, cloud-penetrating systems, set of phases, Earth’s surface,
total distance, contemporary INSAR system, to be acceptable for, mode of operation, resolution
cell, primary objectives, factors contributing to, accurate measurements, in combination with, to
be foreshortened, factors affecting the accuracy, due to the curvature of the orbit, incidence angle.

VIIl. Correct the wrong statements using the given phrases.

on the contrary; | do not believe that; to my mind; as is known; as far as | know; it is considered

that; it seems to be wrong; | am afraid you are mistaken; | can’t agree with you; it seems unlikely

that; in my opinion .

1. A satellite carries a radar with the antenna pointed to the Earth’s surface in the plane parallel
to the orbit.

2. A considerable time after the launch of ERS-2, ESA decided to link the two spacecraft in the
first ever ‘tandem’ mission, which lasted for nine months.

3. The inclination of the antenna with respect to the nadir is called the off-nadir angle and in
contemporary systems is usually in the range between 80° and 90°.
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9.
10

IX.

Due to the curvature of the Earth’s surface, the incidence angle of the radiation on a flat
horizontal terrain is smaller than the off-nadir.

With this launch and the validation of interferometric capability, an ever-growing set of
interferometric data became unavailable to many research groups.

SAR resolution cells are largely overlapped both in azimuth and in slant-range.

The direction along the Line of Sight (LOS) is usually called the ground range direction.

Each pixel gives a complex number that carries amplitude and phase information about the
microwave field backscattered by rocks or buildings.

All operational satellite SAR systems work in one microwave C band.

. A digital SAR image can be seen as an integrated image of small picture elements.

Give English translation of the following phrases. Use them in your own sentences.

yMeHbLUaTb, CNOCOGCTBOBAThL, U3BMNEKaTb, Nofoca, KOHTYp Anarpammbl, YKIOH, owmnbka rupockona,

nosfnoca 0630pa, HaKIioH, co3gaHne, MEeCTHOCTb, MpOBEPKa AOCTOBEPHOCTWU, BbICOTA, [MaBHbIE

Lenu, Ononi3eHb, TOYHOCTb, pas3pelleHne pasmepa s4enkn, bonblon obbem MHGOpMauun o

MeCTHOCTM, pa3peLlaroLlas cnocobHOCTb paaapa, pacnpocTpaHeHWe curHana, OKonononspHbIn.

X.
1.
2.

No o A

10.

XI.

A.

Put a proper preposition if necessary.
A digital SAR image can be seen ... a mosaic ... small picture elements (pixels).
The SAR resolution cell dimension is about 5 metres ... azimuth and about 9.5 metres ...
slant-range.
Measurements of travel path variations ... a function of the satellite position and time ...
acquisition allow generation of DEM.
The direction ... the Line of Sight is usually called the slant-range direction.
The antenna footprint moves ... the satellite speed ... its orbit.
Each pixel is associated ... a small area of the Earth’s surface.
A satellite carries a radar ... the antenna pointed ... the Earth’s surface in the plane
perpendicular ... the orbit.
The inclination ... the antenna ... respect ... the nadir is called the off-nadir angle.
Envisat is ... a 98.54° sun-synchronous circular orbit ... 800 km altitude.
The near-polar orbit ... ERS in combination ... the Earth’s rotation (E-W) enables two
acquisitions of the same area to be made ... two different look angles ... each satellite cycle.

Translate the texts into English.

OHBucar (aHrn. Environmental Satellite) — cnyTHuk, nocTpoeHHbI EBponerickum Kocmuyecknm
AreHTCTBOM Ons uccnegoBaHua 3emnu u3 kocmoca. CnyTHuk 3anyweH 1 mapta 2002 roga
pakeTon-HocuTenem ApuaH-5 Ha COMHEYHO-CUHXPOHHYI0 MONSApPHY opbuTy BbicoTon 790110
kunomeTpoB. OgnH obopoT aenaet 3a 101 MuHyTy. Ha gaHHbIn MomeHT (cepeamHa 2007) oH
ABNAETCA CaMblM KPYMHbIM CMYTHUKOM, 3anyLleHHbIM EBpONEnckuM KOCMUYECKMM areHTCTBOM
(EKA).

Ha ©opTy OHBUCAT HECET OeBATb MHCTPYMEHTOB, cobupalowmx MHdopMaumio O cylle, Boge,
nbae 1 atmocdepe, NCnonb3ys pasnuyHbie cnocobbl U3MepeHus.
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- ASAR (Advanced Synthetic Aperture Radar) HabniogaeTr 3emnio B MWKPOBOSHOBOM
cnektpe oT 4 0o 8 ITuy. 3TOT MHCTPYMEHT NO3BOMSET OTCNEXUBATb U3MEHEHUE BbICOTbI
NMOBEPXHOCTU C CYyOMUNITMMETPOBON TOYHOCTbIO.

- MERIS (MEdium Resolution Imaging Spectrometer) — cnekTpoMeTp, UCCReayL i CBET,
oTpaxaembln 3eMnén (MoBepXHOCTbIO N aTMocepor). OCHoBHas Lienb cnekTtpomeTpa —
n3y4daTb LUBET OKeaHa, Hanpumep Ans Toro, YTobbl A4aTb OLEHKY KOHLEeHTpaumm xnopodwuna
N TBEPAbIX YacTuL.

- AATSR (Advanced Along Track Scanning Radiometer) namepsietr temnepatypy MOpPCKOW
NMOBEPXHOCTH.

- RA-2 (Radar Altimeter 2) — pagap, Habnogawowmnn gea 3NEKTPOMarHMTHbIX gManasoHa:
Ku-gmnanasoH n S-avanasoH (2-4 [Tu); cnyXuT uUenu M3y4yeHUss OKeaHCKOW Tonorpadum,
HabnogeHns 3a NbAOM 1 U3MEPEHMUS BbICOT CYLLN.

- MWR (Microwave Radiometer) nsmepsieT Konuyectso BOAAHOrO napa B aTMocdepe wu
coaepxaHue Xunakov Boapl B obnakax.

- DORIS (Doppler Orbitography and Radiopositioning Integrated by Satellite) ——
MUWKPOBOJSTHOBas crnegsiias cucrema, BbINOMHALWAa 3agavy TOYHOrO NO3VULUNOHUPOBAHNS
cnyTHMKa.

- GOMOS (Global Ozone Monitoring by Occultation of Stars) HabniogaeT 3a 3Bé3gamu
CKBO3b aTMocdepy 3emnu; no N3MEHEHUIO UX LiBETa MOXHO MHOrO CKkas3aTb O KONM4ecTBe
pasnuyHbIX ra3oB, HaNpUMep 030Ha, U UX pacnpegeneHnto no BoicoTe.

- MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) —dypbe-
CMEeKTpoOMeTp ANnsd cpefHero WH(pakpacHoro AwanasoHa; 9TOT AvanasoH BaXeH Ang
CrnexXeHus 3a razamu, urparoLmmMmm 0onbLUy ponb B KnuMmarte 3eMnu.

- SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY)
— CMEeKTPOMETP, KOTOPLIN CpaBHMBAET CBET, nayLmn ot ConHua, Co CBETOM, OTpaaembiM
3eMnén; aTo NO3BONSAET NONyYnTb MHGPOpMaUno 06 atmocdepe, Yepes KOTOPY NPOXOAUT
OTpaXXEéHHbIN CBET.

UHTepdepomeTpus

Pagunonokaumsa ¢ cMHTE3NpPOBaHHOW anepTypon omKkcupyeT amnnutyay u dasy OTpaXXeHHOro

curHana. OgHo usobpaxeHue, nonyvyeHHoe ¢ nomouibio PCA, B GOnbLUMHCTBE CrnyyaeB He

UMeeT NpakTU4EeCKOro 3HayeHus, Toraa kak gsa cHumka PCA (MHTepdepeHuMoHHas napa),

nofnyYeHHble NoAd pPasnuYHbiMKM  yrinamu, MOryT ObiTb MCMNONb30BaHbl ANA  NONyYEeHUS

umdpoBon Moaenu penbeda, KoTopasi, B CBOKO ovepenb, MOXeT gatb uHdopmauuio o6

N3MeHeHVAX NaHgwadTa u ynyywmnTb paspeLleHme.

Kak n3BectHO, nnockass MOHOXpomaTmMyeckas BOflHa pPacnpoCTpaHsaeTcsl Takum obpasom, 4To

BEKTOP anekTpuyeckoro nonsa E, Bektop marHmutHoro nons H 1 BonHosown Bektop k obpasytoT

opTOroHarnbHyt0 cuctemy. [nss SToM BOMHbI ypaBHeHus MakceBenna wmeT BuA:

VX E(r) = —japH(r) V3 H(r) = jouB(r) (Vxk)E=0 . W3 KOTOpbIX CreayeT, uTo

pacnpocTpaHeHMe NIOCKOM MOHOXPOMAaTUYECKOM BOSHbI MOXEeT OblTb OnMcaHo B

E(rp) = Bt

BMae C Gason Kk*r, roe j — MHMMaa eavHUua, r — paguyc-BeKTop

HabnogaemMon TOYKM, € U U — AMSNEKTPUYECKAs U MarHWTHasi NPOHMLAEMOCTM cpefbl

l=m. /2
COOTBEeTCTBEHHO, w - 4acToTa pacnpocTpaHeHuns BOJ1HbI, a | | e
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NHTepdepomeTpna  KOMOMHMPYET  KOMMSEKCHble  M300paxeHusi,  3adpuKCUMpoBaHHbIE
aHTEHHaMW NoA pasnuMYHbIMK yrnamyn HabnwaeHns unu B pasHoe Bpems. o pesynbtatam
CpaBHEHMs1 [OBYX CHMMKOB OOHOrO W TOr0O e yvacTka MECTHOCTM nony4atoT
nHTepdeporpammy, npeacTaBnawoWyd cobo CceTb UBETHbIX MOSOC, LMpUHA KOTOPbIX
COOTBETCTBYET pasHOCTM pa3 no oboum akcnosvumsMm. bnarogaps BbICOKOM 4acToTe
N3NyYeHns NOABWXKN PETMCTPUPYIOTCS C TOYHOCTBIO MUNNTMMETPbI-NEPBbIE CaHTUMETPLI. Bee
AaHHble CbEMOK MPeACTaBnslnTCa B UMGPOBOM Buae, YTO obecneymBaeT OOBHEKTUBHOCTb U
O[HO3HAYHOCTb UHTEpPNpeTauUmm.

XIl. Put each word from the first group with a suitable word from the second one.

1. Ever, look, poor, summed, spurious, operational, sun-synchronous, resolution cell, two-pass,
ambient, cloud-penetrating, adjacent, azimuth, incidence, primary, accurate.

2. System, illumination, dimension, measurements, coverage, method, capability, objectives,
pixels, direction, contribution, growing, angle, signal, orbit.

XIll. Read the text and put the proper sentences into the gaps, then translate it into Russian.
The detected SAR image

The detected SAR image contains a
measurement of the amplitude of the radiation
the radar by the objects
(scatterers) contained in each SAR resolution
cell. This amplitude depends more on the
roughness than on the chemical composition of
the scatterers on the terrain. Typically, exposed
rocks and urban areas show strong amplitudes,
whereas smooth flat surfaces (like quiet water
basins) show , since the radiation is
mainly mirrored away from the radar. The
detected SAR image is generally visualised by
means of grey scale levels as shown in the
Figure 2: ERS SAR detected age of Milan (Itly). he image example of Figure 2. Bright pixels correspond
size is about 25 km in ground range (vertical) and 25 km in to areas of strong backscattered  radiation
azimuth (horizontal). (e.g. urban areas),

whereas correspond to low backscattered radiation (e.g. a quiet water basin).

The phase SAR image

The radiation transmitted from the radar has to reach the scatterers on the ground and then
come back to the radar in order to (two-way travel). Scatterers at different distances
from the radar (different slant ranges) introduce different delays between transmission and
reception of the radiation.

Due to the almost nature of the transmitted signal, this delay T is equivalent to a
phase change ¢ between transmitted and received signals. The phase change is thus proportional
to the two-way travel distance 2R of the radiation divided by the transmitted wavelength A . This
concept in Figure 3.
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Figure 3: A sinusoidal function

sin @ is periodic with a 2m Wave|ength

radian period. In the case of a )\’

relative narrow-band SAR (i.e.

ERS and Envisat), the @ ® ®

transmitted signal can be
assimilated, as a first
approximation, to a pure Adiam e so asciiay S . Eiomerncy e R i iseentend piias gl
sinusoid whose angle or phase
¢ has the following linear

dependence on the slant range 2R
coordinate r: ¢ = 21 r /A (Where
A is the SAR wavelength). o @ e
Thus, assuming that the phase
of the 5 ¢ < tw i
o-way distance
transmitted signal is zero, the phase sinusoidal signal Y
received signal that covers the 2 4
distance 2R travelling from the ¢ . - T 7R =8 T R
satellite to the target and back, = Z, e = /1
shows a phase @ = 4mR/A
radians.
However, due to the of the signal, travel distances that differ by an integer multiple of
the wavelength introduce exactly the same phase change. In other words the phase of the SAR
signal is a measure of just the last fraction of the two-way travel distance than the

transmitted wavelength. In practice, due to the huge ratio between the resolution cell dimension (of
the order of a few metres) and wavelength (~5.6 cm for ERS), the phase change passing from one
pixel to another within a single SAR image looks random and is of

a. dark pixels f. reflected radiation
b. backscattered toward g. purely sinusoidal
c. that is smaller h. low amplitudes
d. form the SAR image i. periodic nature
e. isillustrated j- no practical utility

XIV. Read the text and ask your group mates several questions.

Speckle

The presence of several scatterers within each SAR resolution cell generates the so-called
‘speckle’ effect that is common to all coherent imaging systems. Speckle is present in SAR, but not
in optical images. Homogeneous areas of terrain that extend across many SAR resolution cells
(imagine, for example, a large agricultural field covered by one type of cultivation) are imaged with
different amplitudes in different resolution cells. The visual effect is a sort of ‘salt and pepper’
screen superimposed on a uniform amplitude image. This speckle effect is a direct consequence of
the superposition of the signals reflected by many small elementary scatterers (those with a
dimension comparable to the radar wavelength) within the resolution cell. These signals, which
have random phase because of multiple reflections between scatterers, add to the directly
reflected radiation. From an intuitive point of view, the resulting amplitude will depend on the
imbalance between signals with positive and negative sign. An example of speckle is shown in
Figure 4. Here the ‘salt and pepper’ effect is clearly visible on the homogenous fields that surround
the Linate Airport as seen by ERS-2. The same area as seen from the SPOT optical system is
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shown in Figure 5. Here no speckle is present and the fields that surround the Linate Airport
appear homogeneous. Speckle has an impact on the quality and usefulness of detected SAR
images. Typlcally, |mage segmentation suffers severely from speckle. However, by taking more

£ ' : images of the same area at different times or
from slightly different look angles, speckle can
be greatly reduced: averaging several images
tends to cancel out the random amplitude
variability and leave the uniform amplitude level
unchanged. An example of speckle reduction is
shown in Figure 7. Here the average of 60
separate ERS-1 and ERS-2 SAR images of the
area surrounding the Linate airport in Milan is
shown. A comparison between this image and
the single SAR image shown in Figure 5 gives
‘ 2 L ! 7 an idea of the speckle reduction achieved and
Figure 5: ERS-2 SAR detected image of the Linate Alrport in of the improved visibility of detail. SAR

the eastern part of Milan: the speckle effect on the resolution cell projection on the ground
homogeneous fields surrounding the airport is clearly visible

The terrain area imaged in each SAR resolution cell (called the ground resolution cell) depends on
the local topography.

It strongly depends on the terrain slope in the
plane perpendicular to the orbit (ground range
direction), and on the terrain slope in the
azimuth direction. The dimension of the ground
resolution cell in azimuth is related to that of the
SAR resolution cell by the usual perspective
deformation we experience every day looking at
surfaces from different angles (e.g. a postcard
seen at 90 degrees is a line).

The dimension of the ground resolution cell in
range is related to that of the SAR resolution cell
by an unusual perspective deformation.

As the terrain slope increases with respect to a

Figure 6: Obtical image of Linate Airport taken from the
SPOT satellite. No speckle is visible and the fields that flat horizontal surface (i.e. as the normal to the
surround the airport look homogeneous terrain

On the other hand, when the terrain slope decreases with respect to the flat horizontal reference
surface, the resolution cell dimension decreases. The minimum resolution cell dimension (i.e.
equal to the slant range resolution) is reached when the terrain is parallel to the

LOS. This is also the lower slope limit that can beimaged at all by a SAR system, since
beyond this angle the terrain is in shadow. It should be pointed out that foreshortening has a strong
impact on the amplitude of the detected SAR image. Foreshortened areas are brighter on the
image because the resolution cell is larger (hence more power is backscattered towards the
satellite) and the incidence angle is steeper. An example that illustrates this effect is shown in
Figure 8 with reference to the area of Mount Vesuvius (Italy) as seen by ERS-1. It should be
pointed out that foreshortening has a strong impact on the amplitude of the detected SAR image.
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Foreshortened areas are brighter on the image
because the resolution cell is larger (hence more
power is backscattered towards the satellite) and
the incidence angle is steeper.

Referring to the same area, Figure 9 shows how
the regular resolution grid in SAR coordinates
(azimuth and slant-range) is deformed by the
topography when projected on the ground.
Geometric deformation from ascending and
descending ERS passes. With ERS there is the
possibility to observe the same scene with
incidence angles of both plus and minus 23
degrees. Observation of the whole of the Earth’s
surface is achieved by combination of the orbital
satellite motion along the meridians (almost polar
orbits) and the Earth’s rotation in the equatorial
plane.

This possibility comes from the fact that during
orbits that go from South to North (ascending
passes) and from North to South (descending
passes), the SAR antenna pointing is usually fixed
to the same side of the orbital plane with respect to
the velocity vector (e.g. the radar antenna is
always pointed to the right side of the track for
ERS and Envisat).

Thus, the same scene on the ground is observed
by the SAR antenna from the east during the
descending passes and from the west during the
ascending passes.

Here two detected ERS images of Mount Etha
(Italy) taken from ascending and descending
passes are shown together with an elevation
model of the imaged area. A comparison of
these two images clearly shows the effect of the
different perspective: the summit is shifted away
from the coastline in the ascending (left) ERS SAR
image and towards it in the descending (right)
image. From these images it is also evident that
high resolution details of the western flank of the
volcano are obtained from ERS ascending passes,
whereas the eastern flank is ‘squeezed’ into a few
pixels of the SAR image; the opposite happens
with descending ERS passes.
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Figure 7: Average of multiple ERS SAR images of Linate

airport: the speckle effect on the homogeneous fields

Figure 8: ERS-2 SAR image of Mount Vesuvius (ltaly), as
detected. The slant range direction is vertical on the image
(near range is in the upper part of the image). Brighter

d attered radiatio

Figure 9: Deformation of the reular resolution grid on the

ground when projected in SAR coordinates.
deformation is due to topography.
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Thus, both ascending and descending passes should be exploited to get a high resolution SAR
image of the whole area. It is necessary, however, to resample both images on a common
reference grid in order to be able to make such a combination.

XV. Explain the meaning of following words in English.
Cloud-penetrating system, active system, digital elevation model, orbit, look angle, radar,
atmosphere, elevation, satellite, resolution, slant-range direction, swath.

XVI. Complete the dialogue with proper sentences, then reproduce it with your partner.
A.: Hello Professor! | heard that ERS-2 differs from ERS-1. It has much better resolution. It is

possible to

P.: I can’t agree with you. ERS-2 is identical to ERS-1. It has the same resolution but there are
some extra instruments not influencing on the SAR images.

A.: So what ERS-2 was launched for?

P.: It was launched to get a greater interferogram coherence, because ERS-2 was linked to ERS-1.
It was a so called “tandem” mission.

A.: Do you remember what orbit ERS operates in?

P.: ERS operates in the near-polar orbit.

A.: How does this orbit influence the acquisition geometry?

P.: It influences the final DEM. It strongly depends on the local terrain slope. We should combine
DEM’s obtained from ascending and descending orbits.

A.: And what can you say about foreshortening in the hilly terrain for these two orbits. Which one is
more

P.: If a slope is mainly oriented to the west, a descending orbit should be used. If not, then an
ascending orbit should be taken into consideration.

A.: | heard these satellites finished their mission. Is it true?

P.: Yes. It's true. ERS-1 finished its operations in 2000 and ERS-2 stopped its mission in 2011.

A.: What

P.. Envisat is the largest Earth Observation spacecraft. It has better resolution and other
parameters.

A.: How many instruments does it carry?

P.: There are 9 instruments collecting information about land, water, ice and the atmosphere using
various methods of measurements.

A.: Ok. That is all | wanted to know. Thank you a lot.

P.: 1 am glad | could help you. Have a nice day.

A.: Good bye, professor.

XVII. Dialogue of the Unit. Learn the dialogue in roles, then change them and learn it again.
P.: Good morning. A week has passed and | am glad to see you all again at the seminar. Today we

are going to speak about INSAR related techniques. Who wants to be the first? You are welcome
Alex.

A.: InSAR and other space geodetic techniques are primarily designed to measure the
displacement of Earth’s surface over time. The particular characteristics of the measurements are
tied to the specific implementation of the INSAR instrument and the mission characteristics.
Clearly, there is a close link between the science that can be done with an INSAR mission and the
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design of that mission. It is important for the research community to understand this link in order to
accomplish their goals. A simple example of this would be avoiding the use of data from a mission
that provides an image over an area once per month, when the phenomenon of interest has
changes that occur on timescales of days.

P.: Thanks, Alex. Today | would like you all had a better understanding of the discussed subject.
So, who is able to give us the flow from scientifically driven measurement needs to the basic
parameters of an INSAR mission. With such an understanding, it is then possible to characterize
the performance of existing missions and productively discuss the design trades for future
systems. Leo, please, do start.

L.: It is worth stating that INSAR measurements are a poor proxy for what scientists really would
like to know about geophysical systems. The desired starting point to address larger geophysical
guestions — for example, what are the mechanics of earthquakes and how do fault systems
interact? — would be measurements of the state of the crust, its pressure, temperature, and
distribution of material properties throughout medium, to use as input to geophysical models.
These in situ measurements at depth are impossible to obtain, so scientists model them through
observations of the motions of Earth’s surface.

P.: Thus, you want to say that it is important initially to understand the sensitivity relationship
between model parameters and surface displacements, don’t you, Leo?

L.: Yes, that is exactly what | want to say. For example, if any reasonable change in a model
parameter changes the modelled surface displacement by 1mm, there is limited value in
measuring deformation to only 1 cm accuracy.

A.: May | ask a question?

P.: Sure, what is it?

A.. The question is: what can we reasonably expect to measure with an InSAR system, and
conversely, what is required of that system in order to advance science?

P.: Leo, | see you know the answer, but let Bill do it.

B.: A repeat-pass INSAR system measures the range displacement of any image element through
a differencing of the phase from one epoch to another. Using a time series of observations, a
repeatpass INSAR system measures a spatial distribution of range displacements in discrete time
intervals. To use INSAR displacement measurements in geophysical models, the measurements
must have adequate displacement accuracy, both absolute and relative, spatial resolution, spatial
coverage, and temporal sampling. These requirements differ for each specific scientific
investigation.

P.: For a given system, we have seen that the accuracy of the range displacement measurement is
determined by noise induced by decorrelation of the radar echoes, by random phase delays
introduced by propagation effects through the time-variable atmosphere, and by systematic
knowledge uncertainties in the radar path delays and orbit. In addition, the incidence angle and
azimuth angle of the observation can affect the accuracy of the measurement greatly; measuring a
horizontal displacement with a system that looks steeply down toward nadir is not desirable. Go
on, Leo.

L.: As it was already said earlier, decorrelation is comprised of principally three components:
thermal decorrelation that is related to the noise level relative to the signal level of the radar
system; geometric decorrelation which is related to the arrangement of scatterers on the surface
and how they change with differences in time or viewing geometry; and other decorrelation terms
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that derive from noise, for example quantization, ambiguities, or sidelobes, that is dependent on
the signal level itself.

P.: 1 should note that there is a strong functional dependence of these decorrelation terms on
system parameters such as power, antenna size, wavelength, etc., and great interplay among
them. So, Bill, do you have anything to add?

B.: | would say that the range resolution of a SAR system is inversely proportional to waveform
bandwidth. The required range resolution is usually set by the scale size of the ground feature that
is being mapped. For INSAR

systems, however, there is a relationship between system bandwidth and desirable interferometric
baselines. Finer resolution implies less decorrelation due to nonzero baselines. Thus, even if the
final map resolution desired is only 100 m, one might require a system to have 10m resolution in
range so that the constraints on the repeat-orbit accuracy are manageable.

P.: Good, what about you Alex?

A.: The along-track resolution of a conventional strip map SAR system is equal to half the along-
track length of the antenna, independent of range and wavelength. | can illustrate it schematically
in the blackboard. Here the antenna size is grossly exaggerated in size relative to the antenna
beam width and the range, so that the salient characteristics can be viewed on a single page. The
resolution alongtrack is determined by the spread in frequency content a given surface element
experiences as the SAR beam illuminates it.

P.: Do you know that because of its beam width, the radar signal experiences Doppler shifts across
its beam, such that the received echo contains a spectrum of information. Leo, you must be good
at it, can you describe us this phenomenon?

L.: Certainly. The beam width is given by @p=A/L, where A is the wavelength of the radar tone and
L is the length of the antenna along-track. The frequency bandwidth associated with the Doppler
shifts within this beam width is given by Afy=2v@p/ A =2v/L. In spatial coordinates, the spatial
frequency bandwidth is Afy,=2/L, which implies a resolution of L/2. Thus, while wavelength and
antenna length determine the beam width of the antenna, the spatial frequency content is not
dependent on the wavelength in SAR.

P.: Thank you, Leo. For ScanSAR systems the resolution is determined by the length of the burst
of pulses in a given scan, which is generally related to the number of ScanSAR beams. For
spotlight SAR systems, the resolution is determined by the length of time over which the
observation is made. But what about other noises met in radar systems?

B.: In addition to the thermal noise present in a radarsystem, there are a number of noise sources
that play a significant role in the design of a radar and the accuracy one can expect to achieve for
INSAR displacements. SAR systems point to an angle off nadir to avoid echoes from both sides of
the nadir track: such echoes would be ambiguously combined in the SAR receiver and could not
be distinguished from each other. Even with off nadir pointing, the transmitted and received energy
cannot be completely localized in time as the signal spreads throughout the illumination area,
resulting in a wide range of time over which a given echo can return, as well as some energy from
the opposite side of nadir in some cases.

A.: Also, because the radar transmits pulses of energy over 1000 times per second for typical
space borne systems in order to properly sample the Doppler spectrum, it can often occur that
energy from time intervals outside the area of interest defined by this sampling rate, for example,
from a previous or later pulse, arrives at the receiving antenna at the same time as the desired
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echo energy. These corrupting echoes, generally occurring at much lower amplitude, are called
range ambiguities. The magnitude of these are controlled by the pulse rate — generally lower pulse
rate allows more time to collect all echoes from a pulse — and by shaping the illumination area by
manipulating the shape of the antenna pattern.

P.: On the other hand one cannot lower the pulse rate below the point where the along-track
pulses become undersampled. As we have seen earlier, to create a narrow Doppler spectrum, we
desire a long antenna in the along-track direction. Physical constraints on the size of the flight
system, as well as a common desire for reasonably high resolution, limit this size, and therefore
limit the minimum pulse rate. The illumination pattern in the along-track direction also has extent
beyond the nominal beam width (antenna sidelobes), so the pulse sampling rate will naturally
cause aliasing of some energy from beyond the along-track antenna main beam extent. To first
order, then, if a wide swath is desired, then a low pulse rate must be chosen to allow enough time
between pulses for the received echo to be unambiguously acquired. This then requires that the
Doppler bandwidth, and hence the antenna beam width, be narrow, which then mandates a long
antenna in the along-track direction. Furthermore, the antenna must be limited in size in the
elevation direction to create a wide-enough beam to receive energy from the wide swath of
interest. How can we determine the swath size for a particular satellite altitude?

L.: For a particular spacecraft altitude, the swath size is determined by these ambiguity constraints
for most practical spaceborne systems. As the radar antenna of fixed beam width is pointed at
greater distances off nadir, the swath illuminated on the ground becomes broader from projection
effects, but the usable swath extent is usually narrower because of ambiguities. This then means
that the antenna must be larger in the elevation dimension to limit the swath to maintain
performance.

B.: These effects then influence mission design for an InSAR system. Scientists studying
deformation want to be able to observe any point on the Earth at some regular interval. They also
would like rapid repeat coverage to be able to track rapid changes of the Earth.

P.: Ok, guys, but suppose the mission requirement is to repeat an orbit every 8 days. For exact
repeat, this requires an integer number of orbits in this time. There is an 8-day repeat polar orbit at
about 760 km altitude that contains 115 orbits in 8 days.

A.: This then implies that the separation of the orbit tracks at the equator will be 217378/115=340
km. Thus, the SAR must be able to cover 340 km of swath, either all at once with a very wide
swath from a very long and skinny antenna (giving very low resolution), or using multiple smaller
beams with smaller swaths covering different angles off nadir at different times.

L.: ScanSAR, where the radar sends a collection of pulses illuminating one subswath, then
electronically steers the antenna to the next subswath off nadir and sends the next collection of
pulses, and so on with multiple beams, allows full coverage of the wide swath in one pass again, at
the expense of resolution, and somewhat degraded ambiguity performance.

P.. These design space possibilities — frequency, resolution, antenna size, orbit altitude and
control, system power, viewing angle, repeat period, observation modality — are the playground of
scientists, working with system designers, to optimize a mission to capture meaningful geophysical
signals in the presence of the noise sources that are present in radar measurements. Space faring
nations are increasingly relying on SAR and InSAR for scientific discovery and monitoring, with the
trend moving away from large multimode systems to simpler instruments that do a few things well.
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One of these missions will no doubt be dedicated INSAR mission, a true geodetic instrument in the
model of GPS, but with global reach and dramatically improved denser coverage of the Earth.

That is all for today. Thank you all for a well done work. Next time we will discuss ScanSAR or
Wide Swath Interferometry. The list of literature for the next meeting is in the screen. Have a good,
but fruitful week.
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Unit 3

SAR interferometry: applications and limits

Phrases to learn:

slightly different — cneaka omnuvarowutics adjacent discontinuities — cmexHbie
cross-multiplying — nonepey4+Hoe HeoO0HopoOHOCMU
rnepemMHo)xeHue the higher ... the more ... — yvem
dominant point scatterer — mouxa, ebiwe...mem bonbuwe
8HOCAWas MakcumarsibHbIl pacceusarowjuli temporal change — epemeHHbIe Uu3MeHeHuUsI
aghgpekm a comparison between — cpasHeHue mexdy
it should be noted that — crredyem take into consideration — npuHumMams 80
3amemumsb 8HUMaHue

draw attention — obpaliatb BHMMaHme

Introduction

A satellite SAR can observe the same area from slightly different look angles. This can be done
either simultaneously (with two radars mounted on the same platform) or at different times by
exploiting repeated orbits of the same satellite. The latter is the case for ERS-1, ERS-2 and
Envisat. For these satellites, time intervals between observations of 1, 35, or a multiple of 35 days
are available.

The distance between the two satellites (or orbits) in the plane perpendicular to the orbit is called
the interferometer baseline (Figure 1) and its projection perpendicular to the slant range is the
perpendicular baseline.

The SAR interferogram is generated by cross-multiplying, pixel by pixel, the first SAR image with
the complex conjugate of the second. Thus, the interferogram amplitude is the amplitude of the first
image multiplied by that of the second one, whereas its phase (the interferometric phase) is the
phase difference between the images.

Terrain altitude measurement through the interferometric phase

Let us suppose we have only one dominant point scatterer in each ground resolution cell that does
not change over time. These point scatterers are observed by two SARs from slightly different look
angles as shown in Figure 1. In this case the interferometric phase of each SAR image pixel would
depend only on the difference in the travel paths from each of the two SARs to the considered
resolution cell. Any possible phase contribution introduced by the point scatterers does not affect
the interferometric phase since it is cancelled out by the difference.

Once a ground reference point has been identified, the variation of the travel path difference Ar
that results in passing from the reference resolution cell to another can be given by a simple
expression (an approximation that holds for small baselines and resolution cells that are not too far
apart) that depends on a few geometric parameters shown in Figure 2.
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Interferometer baseline satellite orbit 2

atellite orbit 1

i \ Perpendicular bascline

Ground range

Slant range

Figure 1: Geometry of a satellite interferometric SAR system. The orbit separation is called the interferometer baseline, and its
projection perpendicular to the slant range direction is one of the key parameters of SAR interferometry.

The parameters are:

1. The perpendicular baseline Bn

2. The radar-target distance R

3. The displacement between the resolution cells along the perpendicular to the slant range, gs.

Interferometer baseline

Ground range

\&ant range
Y

Figure 2: Geometric parameters of a satellite interferometric SAR system

The following approximated expression of Ar holds:
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Ar = —2Bnds 1
R

The interferometric phase variation A¢@ is then proportional to Ar divided by the transmitted
wavelength A:
__2mAr 2_71%
Ap = A A1 R 2

Interferogram flattening

The interferometric phase variation can be split into two contributions:

1. A phase variation proportional to the altitude difference g between the point targets, referred to
a horizontal reference plane

2. A phase variation proportional to the slant range displacement s of the point targets

_4m Bnq  4m BypS
A(p_ A Rsinf A Rtan®
where 8 is the radiation incidence angle with respect to the reference.
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Figure 3: Left: interferogram of a portion of the Italian Alps and the Pianura Padana that has been obtained from ERS data.
Right: flattened interferogram. Here the phase discontinuities resemble the contour lines.

It should be noted that the perpendicular baseline is known from precise orbital data, and the
second phase term can be computed and subtracted from the interferometric phase. This
operation is called interferogram flattening and, as a result, it generates a phase map
proportional to the relative terrain altitude.

An example of interferogram flattening is shown in Figure 3. An interferogram of a portion of the
Italian Alps and the Pianura Padana that has been obtained from ERS-1 and ERS-2 data (taken
one day apart with a normal baseline of about 30 metres) is shown on the left. The flattened
interferogram is shown on the right side. Here the phase discontinuities resemble the contour lines.
The altitude between two adjacent discontinuities is called the altitude of ambiguity (symbol h,)
and can be computed from the interferometer parameters.

Altitude of ambiguity

The altitude of ambiguity h, is defined as the altitude difference that generates an interferometric
phase change of 2m after interferogram flattening. The altitude of ambiguity is inversely
proportional to the perpendicular baseline:
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ARsin®
he = 2B, 4
In the ERS case with A = 5.6 cm, 8 = 23° and R = 850 km, the following expression holds (in

metres):

9300
Bn

5

h,=

As an example, if a 100 metre perpendicular baseline is used, a 21T change of the interferometric
phase corresponds to an altitude difference of about 93 metres. In principle, the higher the
baseline the more accurate the altitude measurement, since the phase noise is equivalent to a
smaller altitude noise. However, it will be shown later that there is an upper limit to the
perpendicular baseline, over which the interferometric signals decorrelate and no fringes can be
generated. In conclusion there is an optimum perpendicular baseline that maximises the signal to
noise power ratio (where the signal is terrain altitude). In the ERS case, such an optimum baseline
is about 300—400 metres.

Phase unwrapping and DEM generation

The flattened interferogram provides an ambiguous measurement of the relative terrain altitude
due to the 21 cyclic nature of the interferometric phase. The phase variation between two points
on the flattened interferogram provides a measurement of the actual altitude variation, after
deleting any integer number of altitudes of ambiguity (equivalent to an integer number of 21T phase
cycles). The process of adding the correct integer multiple of 21 to the interferometric fringes is
called phase unwrapping.

An example of phase unwrapping is shown in Figure 4, in which the SAR interferometric phase, its
unwrapped version and a map with the correct integer multiple of 21 added to the original phase
are shown together.

Figure 4: Left: SAR interferometric phase generated by means of two ERS images. The 21 phase discontinuities are clearly
visible as black/white transitions. Middle: Unwrapped phase. Right: The 2 phase discontinuities have been eliminated by
adding or subtracting an integer multiple of 21 to each pixel of the original interferometric phase image.

There are several well-known phase unwrapping techniques. However it should be noted here that
usually phase unwrapping does not have a unique solution, and a priori information should be
exploited to get the right solution. Once the interferometric phases are unwrapped, an elevation
map in SAR coordinates is obtained. This is the first step towards getting a DEM. The SAR
elevation map should then be referred to a conventional ellipsoid (e.g. WGS84) and re-sampled on
a different grid (for example UTM).

As an example, the flattened interferogram and the relative DEM of Mount Etna obtained through
phase unwrapping and re-sampling are shown in Figures 5, 6, 7.
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Terrain motion measurement: Differential
Interferometry

Suppose that some of the point scatterers on
the ground slightly change their relative
position in the time interval between two
SAR observations (as, for example, in the
event of subsidence, landslide, earthquake,
etc.). In such cases the following additive
phase term, independent of the baseline,

appears in the interferometric phase:

N

where d IS the relative scatterer igure 5: Flattened interferogram of Mount Etna generated from
displacement projected on the slant range ERS tandem pairs. The perpendicular baseline of 115 metres

direction. generates an altitude of ambiguity of about 82 metres.
This means that after interferogram
flattening, the interferometric phase contains
both altitude and motion contributions:

_Am _Bnq | 4m
A " 1 Rsin® Ad 7

Moreover, if a digital elevation model (DEM)
is available, the altitude contribution can be
subtracted from the interferometric phase
(generating the so-called differential
interferogram) and the terrain motion
component can be measured. In the ERS

Figure 6: Perspective view of Mount Etna as seen from the

case with A = 5.6 cm and assuming & nportheast. The DEM of Mount Etna has been generated by

perpendicular baseline of 150 m (a rather unwrapping and re-sampling the flattened interferogram of Figure 5:
The estimated vertical accuracy is better than 10 metres. Contour

common value), the following expression lines are shown below the DEM.
holds:

Ap =—-L+225d 8

From this example it can be seen that the
sensitivity of SAR interferometry to terrain
motion is much larger than that to the altitude
difference. A 2.8 cm motion component in
the slant range direction would generate a

. . . . Figure 7: Perspective view of Mount Etna as seen from the
2m interferometric phase variation. Northeast. The average of many detected ERS SAR images has
been draped on the DEM.

As an example, the differential interferogram showing the surface deformation that occurred during
the Mount Etna eruption of July 2001 is shown in Figure 8.

The atmospheric contribution to the interferometric phase

When two interferometric SAR images are not simultaneous, the radiation travel path for each can
be affected differently by the atmosphere. In particular, different atmospheric humidity, temperature
and pressure between the two takes will have a visible consequence on the interferometric phase.
This effect is usually confined within a 21 peak-to-peak interferometric phase change along the
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image with a smooth spatial variability (from a few hundred metres to a few kilometres). The effect
of such a contribution impacts on both altitude (especially in the case of small baselines) and
terrain deformation measurements.

As an example, the atmospheric phase
contribution to the ERS interferogram
generated on the Pianura Padana valley (North
Italy) is shown in Figure 9. Here the
perpendicular baseline is quite small (30
metres) and the differential turbulence effect is
clearly visible on the interferogram where an
almost flat phase contribution is expected from
the known topography.

Other phase noise sources

In the previous sections it has been
hypothesised that only one dominant stable
scatterer was present in each resolution cell.
This is seldom the case in

reality. We should analyse the situation where

Figure 8: The differential interferogram of the Mt Etna eruption .
that occurred in July 2001. The interferogram has been Many elementary scatterers are present in

generated by means of two ERS images taken before (11 July agch resolution cell (distributed scatterers),
2001) and after (15 August 2001) the eruption. The topography

has been removed by means of an available DEM. Contour €ach of which may change in the time interval
lines of the DEM are shown in black. between two SAR acquisitions. The main effect

W

*

of the presence of many scatterers per
resolution cell and their changes in time is the
introduction of phase noise.
Three main contributions to the phase noise
should be taken into consideration:
1. Phase noise due to temporal change
of the scatterers
In the case of a water basin or densely
vegetated areas, the scatterers change totally
after a few milliseconds, whereas exposed
rocks or urban areas remain stable even after
years. Of course, there are also the

intermediate situations where the
Figure 9: An example of atmospheric phase contribution to the i i . .
ERS interferogram generated on the Pianura Padana. The interferometric phase is still useful even if

perpendicular baseline is about 30 metres and the altitude of corrupted by change noise.
ambiguity (from black to white in the grey scale used) is about
300 metres.

2. Phase noise due to different look angle
Speckle will change due to the different combination of elementary echoes even if the scatterers
do not change in time. The most important consequence of this effect is that there exists a critical
baseline over which the interferometric phase is pure noise. The critical baseline depends on the
dimension of the ground range resolution cell (and thus also on the terrain slope), on the radar
frequency, and on the sensor-target distance. In the ERS case, the critical baseline for horizontal
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terrain is about 1150 metres. It decreases for positive terrain slopes and increases for negative
ones.
This phase noise term, however, can be removed from the interferogram by means of a pre-
processing step of the two SAR images known as spectral shift or common band filtering.

3. Phase noise due to volume scattering
The critical baseline reduces in the case of volume scattering when the elementary scatterers are
not disposed on a plane surface but occupy a volume (e.g. the branches of a tree). In this case the
speckle change depends also on the depth of the volume occupied by the elementary scatterers.
Coherence maps
The phase noise can be estimated from the interferometric SAR pair by means of the local
coherence y. The local coherence is the cross-correlation coefficient of the SAR image pair
estimated over a small window (a few pixels in range and azimuth), once all the deterministic
phase components (mainly due to the terrain elevation) are compensated for. The deterministic
phase components in such a small window are, as a first approximation, linear both in azimuth and
slant-range. Thus, they can be estimated from the interferogram itself by means of well-known
methods of frequency detection of complex sinusoids in noise (e.g. 2-D Fast Fourier Transform
(FFT)).
The coherence map of the scene is then formed by computing the absolute value of y on a moving
window that covers the whole SAR image.
The coherence value ranges from 0 (the interferometric phase is just noise) to 1 (complete
absence of phase noise). As an example, a coherence map of the North East part of Sicily is
shown in Figure 10.
Here the exposed lava on Mount Etna shows a
very high coherence value, whereas vegetated
areas appear dark, showing lower coherence
values. Note the very low coherence value of the
sea (dark in the image), which changes completely
in the one day interval between the two ERS
observations. The exact relation between the
interferometric phase dispersion and coherence
can be found through complicated mathematical
computation.
However, if the number of looks (NL) is greater
than four, then independent pixels with the same
coherence are averaged after topography
compensation (multi-look interferogram) and the
following simple approximation holds:

_ 1 Jyi-y?
® = 2NL y
From a mathematical point of view, this formula is
a good approximation of the exact phase
dispersion shown in Figure 11 when o ¢ < 12°. That is, when NL is large and y close to one.
However, for most practical applications of SAR interferometry, the approximated formula can be
suitably exploited for coherence values higher than 0.2 and NL > 4.

o 9

Figure 10: Coherence map of the North East part of Sicily
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A comparison between the exact and approximated curves is shown in Figure 12.

The phase dispersion can be exploited to estimate the theoretical elevation dispersion (limited to
the high spatial frequencies) of a DEM generated from SAR interferometry:

o

h=o,

RAsin@ 10

? anB

On the other hand, low spatial frequencies of the DEM error cannot be predicted from the
coherence map since the coherence estimation is carried out on small windows. The information
carried by the coherence map can be usefully exploited to help image segmentation.

— NL=10

Phase std. (deg.)

s
6 .\\
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Figure 11: Interferometric phase dispersion (degrees) as a
function of the coherence for varying numbers of looks (NL)

I. Vocabulary

ambiguous (adj) — ABYCMbICIIEHHbIN

assume (V) — npyuHMMaTb, 4onycKaTb

averaged (adj) — ycpeaHEHHbIN

black/white transition (n) — yepHo-6enbin
nepexos

cancel out (v) — ypaBHOBeLUMBaTb, B3aNMHO
YHUYTOXaTbCA

common band (n) — obwas nonoca 4YactoT

complex conjugate (adj) — kOMANeKCHo-
COMNPSAXXEHHbIN

confine (v) — orpaHnynBaThb

conjugate (adj) — coeQUHEHHbIN, CBSA3aHHbIN

consequence (n) — pesynbTar, NOCNeacTBMe

consider (v) — paccmatpusaTtb

contour lines (n) — KOHTypHasA NUHUS;
ropuM3oHTanb

conventional ellipsoid (n) — oBwenpuHATLIN
annuncoung

corrupt (v) — nckaxatb

cross-correlation coefficient (n) — koadduuneHT
B3aUMHOW Koppensauuu
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Figure 12: Interferometric phase dispersion exact values (blue
curves) and approximated ones (red curves)

eliminate (v) — ycTpaHsiTb, UcknoyaTb

far apart — Ha 60nbLIOM paccTosiHUKM Opyr OT
Apyra

flatten (v) — crnaxuBaTb; BblpaBHUBATb

hypothesize (v) — cTpouTb runoTesy

inversely proportional (adj) — o6paTHo
NpPOnopLUNOHanbHbI

multiple (adj) — KpaTHbI, HEOAHOKPATHBIN,
NoBTOpPSOLLMIACA

multiple (n) — kpaTHOe yncrno

phase discontinuity (n) — ckadok ¢asbl

phase unwrapping (n) — pa3sépTbiBaHne dasbl

pre-processing step (n) — atan
npeasaputenbHon o6paboTkn

radar(-resolution) cell (n) — anemeHT
paspewenus PJ1C

reference plane (n) — 6a3oBas NNOCKOCTh;
ONoOpHasi NNIOCKOCTb; NIIOCKOCTb OTCYETA

relative position (n) — B3anmMHoe NosIoOXeHune,
OTHOCUTENbHOE MONOXeHUe, B3aMMHOe
pacnonoxeHve



simultaneously (adv) — ogHOBpeMEHHO, spectral shift (n) — cnekTpanbHbIN caBUr

CUHXPOHHO split into (v) — pasbuBaTtb Ha
slant range(n) — HakNoOHHasa AanbHOCTb subtract (v) — BblunTaTh
speckle (v) — cnekn (andpakuMoHHOE NATHO wavelength (n) — anuHa BONHbI

n3o6paxeHuns)
Il. Reading

ambiguous [==m'bigjuzs] , averaged ['==w(=)ridsd] | transition [traen'zifizin] , conjugate ['kondzugst],
confine['kanfain], consequence ['kan(tsikwanifls], consider [kan'sida], conventional [kan“wen(fif(=in{=2]l],
ellipsoid [i'lipsoid], corrupt [ka'rapt], coefficient [kaui'fifizint], eliminate [i'limineit], hypothesize
[hai'poBasaiz], inversely ['in“va:sli], proportional [pra'pzf(=in{=)l], multiple ['maltipl], discontinuity
[dis.konti'njuiti], simultaneously [ sim(@)lteiniasli], slant[slcent], range [reindz], subtract [sakb'traski].

lll. Comprehension check

1. What can a SAR satellite observe from different look angles?

2. Which time intervals are available for ERS-1 and ERS-2?

3.  What do scientists call the interferometer baseline?

4. How is the SAR interferogram generated?

5. Where is the perpendicular baseline known from?

6. How is the altitude between two adjacent discontinuities called?
7. What is the meaning of phase unwrapping term?

8. What can affect simultaneousness of two interferometric images?
9. What are the three main contributions to the phase noise?

10. What can be estimated when the phase dispertion is exploted?

IV. Repeat the following statements after the teacher, then change them to questions

supplying short answers.

1. The information carried by the coherence map can be usefully exploited to help image
segmentation.

2. A comparison between the exact and approximated curves is shown in Figure 1.

3. The exact relation between the interferometric phase dispersion and coherence can be found
through complicated mathematical computation.

4. A 2.8 cm motion component in the slant range direction would generate a 21 interferometric
phase variation.

5. The phase noise can be estimated from the interferometric SAR pair by means of the local
coherencey.

6. Speckle will change due to the different combination of elementary echoes even if the
scatterers do not change in time.

7. When two interferometric SAR images are not simultaneous, the radiation travel path for each
can be affected differently by the atmosphere.

8. If a digital elevation model (DEM) is available, the altitude contribution can be subtracted from
the interferometric phase and the terrain motion component can be measured.

9. The second phase term can be computed and subtracted from the interferometric phase.
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10. The SAR interferogram is generated by cross-multiplying, pixel by pixel, the first SAR image

a s~ wnNPE

1.
2.

with the complex conjugate of the second.

. Remake the following sentences according to the given pattern.

A. Applying an InNSAR showed very good cloud-penetrating capabilities.
Very good cloud penetrating capabilities were shown by applying an INSAR.

. A satellite SAR can observe the same area from slightly different look angles.
. The interferometer baseline is the distance between the two satellites in the plane perpendicular

to the orbit.
Two SARs observe the point scatterers from slightly different look angles.
Figure 3 shows an example of interferogram flattening.

. The interferometer parameters allow us to compute the altitude of ambiguity.

B. There is an upper limit to the perpendicular baseline.
Is there an upper limit to the perpendicular baseline?
There is not an upper limit to the perpendicular baseline.
There is no upper limit to the perpendicular baseline.

. There is an optimum perpendicular baseline that maximises the signal to noise power ratio
. There are some extra instruments carried by ERS-2.
. There were some instruments collecting information about land, water, ice and the atmosphere

using various methods of measurements.
However there are several factors that can cause this criterion to fail.

. There was also a geometric constraint on the maximum length of the baseline.

C. ESA made some ERS-1 images available.

Did ESA make any ERS-1 images available?

ESA made no ERS-1 images available.
They had to isolate and remove some of these effects .
It will usually include some combinations of the following steps.
These two satellites will allow them to extract some additional information from INSAR images.
ERS-2 is expected to continue operating for some time.
The desert environment raised some hopes that the interferometric comparison of radar images
acquired a long time apart could work.

D. Each target should be summed accurately each time, and be removed from the

interferogram. (more)
Each target should be summed more accurately each time, and be removed from
the interferogram. (much)
Each target should be summed much more accurately each time, and be removed
from the interferogram. (as accurately as)
Each time each target should be summed as accurately as possible, and be
removed from the interferogram.

There are some dominant point scatterers in each ground resolution cell that change slowly.

It should be noted that the perpendicular baseline is known from precise orbital data.
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VI.

1.

10.

11.

12.

The flattened interferogram provides an ambiguous measurement of the relative terrain altitude
due to the 21 cyclic nature of the interferometric phase.
The radiation travel path for each can be affected differently by the atmosphere.

. The information carried by the coherence map can be usefully exploited to help image

segmentation.

Ask questions to which the following sentences could be answers.

The information carried by the coherence map can be usefully exploited to help image
segmentation.

The exact relation between the interferometric phase dispersion and coherence can be found
through complicated mathematical computation.

The coherence value ranges from 0 (the interferometric phase is just noise) to 1 (complete
absence of phase noise).

The phase noise can be estimated from the interferometric SAR pair by means of the local
coherence y.

The most important consequence of this effect is that there exists a critical baseline over which
the interferometric phase is pure noise.

The main effect of the presence of many scatterers per resolution cell and their changes in
time is the introduction of phase noise.

The effect of such a contribution impacts on both altitude and terrain deformation
measurements.

A 2.8 cm motion component in the slant range direction would generate a 21 interferometric
phase variation.

There are several well-known phase unwrapping techniques but usually phase unwrapping
does not have a unique solution.

The process of adding the correct integer multiple of 21t to the interferometric fringes is called
phase unwrapping.

The altitude of ambiguity h, is defined as the altitude difference that generates an
interferometric phase change of 21 after interferogram flattening.

The SAR interferogram is generated by cross-multiplying, pixel by pixel, the first SAR image
with the complex conjugate of the second.

VII. Give Russian equivalents to the following phrases, then make some sentences using all

of the given phrases.

resolution cell dimension, mode of operation, outgoing wave, two-dimensional array, adjacent
discontinuities, altitude of ambiguity, look angle, due to the curvature of, summed contribution,

incidence angle, residual phase, to be associated with, spurious signal, accurate measurements, to

be

acceptable for, to be foreshortened, operational capability, factors affecting smth, ever-growing

capabilities, take into consideration, slightly different.

VIIl. Learn the rules of formula pronunciation, given at Appendixes 1 and 2, then write and

read the formulae of the main text of the unit.
a. B b. ARsin®
Ar = -2 nds h, =——
R 2B,
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C. _ 2nAr  2m Bnqs g. b 9300

=T TR «~ g
d. Am B,q A4m B,S h, Arr
Ap = — = Ao, = —
® = I Rsin0 1 Rtanod ¢a =
e. 4t B,q 41 j- q
_am il Ap = ——— 4+ 225d
Ap A Rsin9+ A d ¢ 10
f. 1 1—Y2 k. RAsin @
0. = Op= Oy ————
" ZNL Y ¢ 4nB

IX. Correct the wrong statements using the given phrases.

on the contrary; | do not believe that; to my mind; as is known; as far as | know; it is considered
that; it seems to be wrong; | am afraid you are mistaken; | can’t agree with you; it seems unlikely
that; in my opinion.

1.

Low spatial frequencies of the DEM error can be predicted from the coherence map since the
coherence estimation is carried out on small windows.

The phase dispersion can be exploited to estimate the real elevation dispersion of a DEM
generated from SAR interferometry.

The coherence map of the scene is formed by computing the theoretical value of y on a
moving window that covers the whole SAR image.

In the ERS case, the critical baseline for vertical terrain is about 1150 metres.

Four main contributions to the phase noise should usually be taken into consideration.

When two interferometric SAR images are not simultaneous, the radiation travel path for each
can be affected equally by the atmosphere.

There are several well-known phase unwrapping techniques, and usually phase unwrapping
has only unique solution.

The flattened interferogram provides a certain measurement of the relative terrain altitude due
to the 21 cyclic nature of the interferometric phase.

The altitude of ambiguity h, is defined as the altitude difference that generates an

interferometric phase change of 2 %n after interferogram flattening.

10. A satellite SAR can observe the same area from equal look angles.

X. Give English translation of the following phrases. Use them in your own sentences.

obLas nonoca 4acrtoT, aTan npeaBapuUTeribHON 06paboTkM, cnekTpanbHbli CABWUI, FTOPU3OHTarb,

BPEMEHHblEe M3MeHeHusi, 6a3oBas NMOCKOCTb, KO3(PMULUMEHT B3aUMHOW KOpPpensauuun, HaknoHHas
AanbHOCTb, pa3BépTbiBaHME dasbl, KOMMMEKCHO-CONPSXXEHHbIN, YepHO-Oenbin nepexond, TOuKa,

BHOCSLLAA MakCMMarbHbI paccenBaroLmnii apekT, NpUHMMaTL BO BHUMaHKE.

XI. Translate the texts into English.

A. Nutepdepometpuueckas PCA (ganee — wuHTepdepomeTpusi) - 9TO anbTepHaTuBa

TpaguLMOHHOW CcTepeodoTorpadu4eckon TexHUKe ANs co3faHusa Tornorpaduyecknx kKapt C
BbICOKUM paspeLleHnemM BHe 3aBMCUMOCTW OT NMOrOAHbIX YCIOBUA U BPEMEHU CYTOK MPU CbEMKE.
KoHeyHo, pana 9TOro  HeobXxoAuMO  UCMOMb30BaTb  MOHOXpOMaTU4Yeckund nogxon, T.e.
3NEeKTPOMarH1THble BOMHbI, U3Nydaemble C KOCMWUYECKOro annapara, OOSDKHbl OMucblBaTbCA
nepuoanyeckon BO BpeMEHN (YHKLUNEN.
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Kaxxgass Touka KOMMMEKCHOro CHMMKa MOXeT ObiTb onucaHa B obwem Buage kak Z(x,y)

= I(x,y)ei‘f’(x'y), roe | — WHTEHCMBHOCTb, NPUXOAALLasica Ha Hee, @ - dasa TOYKU, X U Y —

KoopauHaTbl. «[lepeMHOXeHNe» CHUMKOB B kaxgon Touke gaet p(x,y) = z,(x,y) - z,(x,y)
= I'(x,y) - e2?®Y)  rne I’ — uHTepdepoMeTpuyeckasi MHTEHCMBHOCTbL Touku, Ap(x,y) -
nHTepgepomeTpmnyeckaa asa. B npaktuke nonyvyeHHble wn300paxeHna z; U Z, MOryT
pasnuyaTtbCa UK3-3a BHOCUMbIX, Hanpumep, artmocgepon, norpewHocten. KoadhdpuumeHT
KOrepeHTHOCTU g MeXay HUMKN MOXeT ObiTb BBEAEH Kak

(z1(x, ) - 2,(x, )

(ry) =
S A mE )P Z4

S1 S2
PasHuua ¢as (MHTepdepomeTpuyeckas dasa) mexagy x c;:-r B »o
Bn.- Y

ABYMS COOTBETCTBYIOLMMM OpYyr Apyry TOYKamMym Ha
UHTepdepeHUNOHHON nape nNponopLmMoHanbHa pasHoCTH g >
xoga 2Ary, (KoappuumeHT 2 yka3blBaeT Ha [OBOMHOE \

NpoXoXaeHve nyTu BOMHaMMu) M paBHa4%Ar0, roe A - X Ty

~ \\
ANVHA U3My4YeHHOW BONHbl. PasHOCTb xo4a BOIMHbI Arg N ol -af-’() P2

MHOro 6Gonblle AnvHbl  BOMHbl (B GOSMbLUMHCTBE
NpakTU4YEeCKUX CriyyaeB, pasnuume B NyTM OT CMyTHMKA r
MOXeT ObITb MopsiAka HECKONbKUX COTEH METPOB,

TOorga Kak ucnonb3yemas AnvHa BOMHbl MMEeeT AMNWHY HECKONMbKMX CaHTUMETPOB), U PasHOCTb
a3 MOXeT MHTEPNPETUPOBATLCHA ABYCMbICIIEHHO.

Ha pucyHke wnsobpaxeHbl nonoxeHus aAByx ceHcopoB PCA (S1 n S2) n nx napannensHoe (B;) u
HopmanbHoe (B, ) cMelleHne OTHOCUTENbHO NMHUKM HabnwaeHus. Takke Tam 3adUKCMpoBaHO
pacrnonoXeHne ABYyX TOYEK y4yacTka M MX CMeLLeHUsi, HopMarnbHOe N, U napannenbHoe Iy, Mno
OTHOWIEHUO K JNMHUKM HabnogeHusa. OcHOBHbIM Byaem nonaratb nonoxeHne S1 ¢
COOTBETCTBYIOLLEN TOYKOM P1 C pacctosHMeM mexgy Humu Ar,. VIaMeHsis ero nonoxexwue,
paccTosiHMe MeXay y4aCTKOM NOBEPXHOCTU U A4aTYMKOM U3MEHUTCS:

2 2
r=J(r0+rp—Br) +(np—Bn). 1
B Hawem crniyyae, Korga pacctosiHue mMexay AByMs aHTeHHamMu S1 1 S2 mano no cpaBHEHUIO C
lo, Mbl MOXXEM 3anuncbiBaTb M3MEHEHNe nHTepdepomMeTpudeckon dasbl B MPUBIIKEHUN:

Ap = —ZEA(Arp) =

4TT'Bp'n
oo 2
OTOT pesynbTaT NOKa3biBaeT HaM, YTO €CNN Mbl 3HAEM OTHOCUTENbHOE CMeLLeHne ABYX opbut
HOpManbHO K NMHMKM HabniogeHus Bn, pacctosHue rO M ANWHY BOJHbI, MCMOMb3yeMyr Mnpu
nokauuu, Torga BenuymMHa Ag 3aBUCUT NALLL TOSMBKO OT Ny,

Takum o06pas3om, wHTEpdEepPEHLMOHHOE un300paxeHne dasbl npeacTtasnseT cobon KapTy
OTHOCUTENbLHOIO BO3BbIWEHUS naHawadTa OTHOCUMTENbHO nMHUKM HabnogeHusa. [locne

HEeKOTOpbIX NPeobpa3oBaHuUii, ypaBHEHUE AN 2 MOXHO nepenvcaTb B BUAE:

4T By
Ap = _qu =27 , 3
A1ysin@ do
2Bn
roe q = Az eCTb OTHOCUTENbHOE BO3BbLILLEHUE U Qo = Trsing
Tor
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Pa3BepTka ha3sbl

OueBugHo, 4TO ypaBHeHue (3) cogepxuT B cebe MHOro3Ha4YHOCTb, CBA3AHHYHO C BbIYMCIIEHNMEM

3Ha4eHuMs nepuoamyeckon oyHkunm exp(i - Ap).

A £ 4
OpurnHanbHasa dasa (0pi to 2pi)

MHTepdepomeTpuyeckass dasa MoXeT ObiTb OOHapyXeHa B WHTepBane OT -m A0 7, HO ee
AencTBUTENbHAA BenuMUMHA MOXET BbIXOAUTb 3a 3TW npedensl. PaseepTka d¢asbl nossonseT

PaseepHyTas casa (Opi to 8pi)

BOCCTAHOBUTb UCTMHHOE ee 3HayeHWe MOCPEeACTBOM A0GaBneHus Unu BblYMTaHUSI KpaTHOro 21
yncna kdase Ap Takum obpasom, 4YTOObl caenatb COOTBETCTBYHLLYIO (ha3oBYH KapTUHY
MakcumanbHO rnagkon. Pa3BepTKy ¢hasbl HECNOXHO BbIMNOMHATL AMS Y4acTKOB MOBEPXHOCTU C
BbICOKOW KOT€PEHTHOCTbI0. YacTo, anroputMbl pasBepTKU OCTaBMSOT «OTBEPCTUSI», IAe OHU He
MOryT onpeenuTb akTuyeckyto dasy, HO, TEM He MeHee, 3Ta onepauus No3BONseT NONy4nTb
BECbMa TOYHOE NnpeacTaBrieHne o Tornorpadgum NoBepXHOCTY.

Pektucpukaumsa mogenm penbeda

Za
S
xR
\
N
L \\_
\, p
N\ Xa0 g2
N
Y s{x — -A »
N Yun ;
N - ™ y
\\.
x
r
Cnegyet 3amMeTuUTb, 4YTO Mbl

cebsa cTpoeHus, neca un T.4.
B. HOuddhepeHumnanbHas nHtepdepomeTpus

M3BeCcTHO, 4TO reornorMyeckue rpouecchl, opMupylolmne naHgwagT 3eMHOW MNOBEPXHOCTH,
NPOXO4AT Ha NepBbIX CTaAMsX HE3aMETHO 41151 OOMbLUMHCTBA OBLENPUHATBIX CPEaCTB KOHTPOIS.
Ho BnocneacTteuu, Kak NpaBuno, HEOXMOaHHO, BO3HUKAIOT pa3rioMbl, MOABWXKA U 3eMIETPSACEHNS.

nonyyaem

U3 pucyHka BMOHO, 4YTO TOPU3OHTAllIbHOE MNOJ1I0XKEeHNe
TOYEK OTHOCUTENbHO HadarbHOM TOYKM OTCYEeTa 3aBUCUT
OT KOoopauHaT S1P1 n ux BO3BbILWEHUA OTHOCUTENBHO

HayanbHOro YPOBHS. MpocTble reomeTpuyeckme
coo6pa>|<eH|/|s| Mo3BONAT HAM HANTU mMexay HUMU CBA3b:
Ar - q(r)
y(r.q) = sind tg_B

C nomouiblo 3TOM PYHKUMN CTPOUTCA TakK HasbiBaeMasd
undpposaa mogene penbeda (Digital Elevation Model). K
ee NOCTPOEHMIO NPUMEHSAIOTCS
KOppensaumoHHble  dyHKLMK,
aTMocdepbl, TemnepatypHble 3 deKThI,
KOTOPbIX BbIXOAMWT 3a nNpeaenbl 4aHHOW paboTbl.

BKIOYAIOLLYIO B

Takke
onucbiBaloLWye BnvsHUE
paccMoTpeHne

KapTy 3eMHON MOBEPXHOCTW,
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TexHonorns cnyTHUKOBOW pagvovHTepdepoMeTpun obecnedvmsBaeT U3mMepeHne BepTUKanbHOro m
FOPU3OHTANbHOMO CMELLUEHUS 3EMHOW MOBEPXHOCTU C TOYHOCTbIO HECKOSIbKO MUMMMETPOB C
PacCTOSAHUSI COTHU KMTOMETPOB M3 KOCMUYECKOro NPOCTPaHCTBA.

10T MeToa ¢ 1992 roga peanusyetcs EBponenckum kocmmyeckum areHTcteom (EKA) n aensietca
aHarnorom CTepeoCbeMKM W OCHOBaH Ha ob6paboTke [OBYyX paguoONOKaUMOHHbIX CHUMKOB,
nony4yaeMblX CyTHMKaMU Ha OTHOCUTENbHO Manon 6ase (paccTtosHue Mexay CeHcopamu) OKOSo
300 m.

OunddepeHunansHaa nHTepdepomeTpus ucnonbdyeT aABa nsobpakeHus (MHorga Tpu) TOro xe
camoro 3emenbHOro ydyactka. [lpoxoabl cnytHuka (1) wu  (2) wucnonb3ylTCcHd, YTOObLI
nony4nTb MHTepdeporpammy Tonorpaduu naHawadra, Ncnonbays OCHOBHYIO
NHTEPMEPOMETPMNYECKYIO METOAMKY. TOYHO TaK >Xe [OaHHble, MOSlyYEeHHblE MPU MPOXOXAEHUM
CnyTHMKOB 2 ”n 3, NPOU3BOAAT  CreayloLLyko
NHTEpdeporpaMmmy Towm e camol obnacTu.

PasHocTb a3 Ap, COOTBETCTBYHOLlAA  M3MEHEHIO
penbeda,  nponopuMoHanbHa  CMeLeHuo As BOONb
NMHWM HabnogeHna T pacnpocTpaHeHuss EM BomH, u

ypaBHeHne (3) MoxeT OblTb nepenucaHo B Buge
4mBnny 2_As

e + (4).
CambInn npocTor cnocob OLEHKN CMELLLEHNA N BPEMEHHbIX
M3MEHEHWA  COCTOMT B MCMOSMb30BaHUW  napbl

Ap = Apy + Ap, =

CMYTHMKOBbIX N306paXkeHni, caenaHHbIX C HEKOTOPbIM UHTEPBANIOM BPEMEHMW.

[Be wvHTepdeporpamMmmbl MO3BONAT YBUMAETb Mobble M3MEHEHWUd, KOTOpble MpoOU3oLnn B
nosepxHoctn 3emnun. [duddepeHumanbHas MHTEPEPOMETPUS MO3BONSET OMNpedensaTb Ha
Manbix MacwTabax cMmeLleHne 3eMHON NOBEPXHOCTM (OMON3HU N NPELBECTHUKN 3EMIIETPSCEHUI),
a Takke OTCNeXuBaTb N3MEHEHME XapaKTepPUCTMK PaguoCUrHanoB U3-3a CMEHbl BNAXHOCTU MOYBbI
(Mpobrembl nogToNMeHus).

Ana nonyyeHus AOCTOBEPHbIX pe3ynbTaToB HeobXoOUMO BbINOSIHEHME HEKOTOPbIX YCIOBWUWA,
TakuMx, Kak BblBeAeHWe CryTHUKa And NOBTOPHOM 3KCNo3vuum B 06MacTb KOCMUYECKOro
npocTpaHcTBa, 6NM3Kyl0 K NepBOMYy CHUMKY; OAMH CE30H CbeMKWU (XOTb W B pasHble rogbl) Ans
cobnogeHNss  CXOOHOrO  COCTOSAHUS  OTpaXkatollen MNOBEPXHOCTM  (pacTUTENbHbLIA  MOKPOB,
rmaporeonornyeckue ycnosust). 3T npobnembl B 6onbluein Mepe pellarTcss C NOMOLLbIO
crneumanbHon nporpammel « TaHgem» Ha 6ase OBYX CMYTHUKOB, KOTOpble paboTalT No OOHUM U
TeM e opbuTam C BpEMEHHbIM MHTEPBAIOM NponeTa poBHO 24 yaca.

XIl. Read and translate the text into Russian, then remake it into the dialogue and reproduce
it with your partner.

SAR Differential Interferometry basics and examples

Introduction

‘Differential interferometry’ is the commonly used term for the production of interferograms from
which the topographic contribution has been removed. However, the term may occasionally be
misleading, because on the one hand interferometry is a differential technique right from the
beginning, and on the other hand, the subtraction process can be pushed further as well as in
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other directions (e.g. subtraction of an expected geophysical contribution through earthquake or
volcano dynamic modelling).

Landers co-seismic deformation

On 18 June 1992, a very large earthquake occurred in the desert northeast of the city of Los
Angeles. It was named after the small city of Landers, which is nearby this largely unpopulated
area. Its magnitude of 7.3 on the Richter scale made it one of the largest of the century in
California. The earthquake was strongly felt in the whole area, including Los Angeles, but it caused
few casualties and little damage because of its remote location. To geophysicists, the Landers
Earthquake was an excellent opportunity to study the mechanisms of a large earthquake using the
most recent geodetic and seismological instrumentation, which had previously been put in the field
in the area, making it (along with Japan) one of the most densely instrumented areas in the world.
In a much less publicised way, the radar imaging community was eager to demonstrate the power
of radar interferometry applied to displacement mapping. The Landers Earthquake was also an
excellent opportunity for radar scientists. It took place after ERS-1 had been placed on its 35-day
orbit, which was to be maintained for most of the useful life of the satellite and which guaranteed a
regular flow of high quality data. The desert environment raised some hopes that the
interferometric comparison of radar images acquired a long time apart could work, since the
degradation of the soil during the time elapsed might be minimal, despite some previous
pessimistic estimations that predicted a decay in a matter of days. Another positive was the
availability of a topographic model of the area, of reasonable accuracy. Such a model would allow
removal of the effect of topography in the interferograms, so that just two radar images would
suffice to catch the displacements. Finally, that the area was so heavily instrumented and being
studied was a great benefit, because other geodetic measurements could at the same time confirm
the radar measurement and provide the highest level of ‘geodetic competition’ against
interferometry.

The study of the Landers Earthquake actually exceeded all expectations. In the first study two
images acquired before the earthquake (24 April 1992) and after it (7 August 1992) combined into
a nice interferogram despite the 105 days elapsed. A third image (3 July 1992) was used in
combination with the 7 August image. This combination did not include the earthquake. It
demonstrated the quality of the topographic model used in conjunction with the first interferogram
and produced the error bars.

The result of the study went beyond the mere demonstration of interferometry. It was a big surprise
for geophysicists, who did not expect such a revolutionary way of looking at the Earth, but it also
sets a new aesthetic standard in the geosciences. The cover of the magazine Nature popularised
the ‘fringes’ as a new way to look at ground deformation with coloured, and sometimes shaky,
contour lines, each amounting to 3 cm or so of additional deformation.

The interferometric image of Figure 1 provides a striking collision of scales: it shows the central
part of the 100 km by 300 km area under study, where displacements are recorded with millimetre
accuracy from 800 km away in space. The ratio of the width of the scene and the potential
accuracy is 10°. The ratio of the distance of observation and the maximum amplitude of the
displacement in the image is 10°. One year later, another study demonstrated that the fringes were
even more robust than anticipated. The interferogram in Figure 1 was actually part of this second
study, and was made from two images separated by 18 months. Landers was also a good test site

56



for demonstrating the method using three radar images, which does not need a topographic model
and for testing various mixes of geodetic and seismological data to refine earthquake modelling.
Because it created a large surface rupture, R N - .

the Landers Earthquake could be modelled
rather accurately by elastic modelling based on
the rupture parameters, which are easier to
determine when they are evidenced by fault
shifts that reach the surface. The striking
resemblance between the artificial fringes
inferred from the geophysical elastic modelling
and the actual interferogram was crucial to
making people simply believe the result. The Big
Bear Earthquake that took place three hours
after Landers did not create a surface rupture
and was much more difficult to model. On the
interferogram, it is the set of six or seven large,
circular fringes south of Landers. The same
interferogram thus proved both the validity of the Figure 1: The Landers Earthquake of 18 June 1992
method (with Landers) and its unique capabilities (with Big Bear).

Small earthquake modelling

Unlike Landers, the earthquake that struck the northern side of the San Bernardino mountain range
had nothing spectacular to draw attention. It had a small magnitude of 5.1 and was located far from
populated centres. It took place on 4 December 1992, more than five months after the Landers
Earthquake. It was, however, well recorded as a small concentric deformation in the southwest part
of the previous illustration, which is considerably zoomed on the left panel of Figure 2.

-

Figure 2: Fawnskin earthquake (left) and its modelling (right)

In interferometry, all the deformations occurring in the time elapsed between the images are
stacked together, regardless of their date. The event is therefore superposed on a network of
fringes created by the other, more powerful, earthquake in the area. We can see two of the fringes
that cross our zoom obliquely. The smaller earthquake created four fringes of its own.

The sign of these fringes, which is somewhat obscured because they are represented by an
arbitrary colour table, indicates that the deformation brought the terrain closer to the radar during
the second pass.
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An anticipated limitation of interferometric geodesy that was expected to be serious before actual
experiments took place, is that only the line-of-sight displacement is measured. Therefore,
deformations that are basically 3-D are projected on 1-D. This limitation was not such a nuisance in
practice because, for most events, geophysicists can recognise the nature of the displacement and
propose a likely model. The radar data is then used to find the few free parameters of the model.
The model starts from hypotheses of what the fault rupture mechanism at depth might be. This is
well illustrated by the specific study of Fawnskin earthquake. Using an approach which has
become routine since then, ten parameters are required to characterise a rupture on a single
planar patch:

the position of the lower corner of the patch (3 coordinates)

— the two angles for the orientation of the plane (2 coordinates)

— the size of the ruptured rectangle (2)

the vector indicating the amount of slip in direction and amplitude (3)

In the case of this study, Kurt Feigl and co-workers found that the patch was 2.9 by 3.1 km with an
average 2.6 km depth. To infer this information from the radar data, which deals only with the
surface deformation, geophysicists consider the Earth as being made of an elastic material like
rubber. The rupture at depth, or ‘focal mechanism’ as it is called, is then equivalent to a cut in the
rubber, followed by a relative displacement of the two lips of the cut. Mechanical equations are
then used to convert the at-depth displacement into a 3-D surface displacement, using an
assumption about the elastic modulus of the crust material. This displacement is itself converted to
a line-of-sight displacement and scaled as fringes. The process lasts until the agreement between
the model and the result is satisfactory. The best fit obtained is represented on the right of Figure
2.

Amusingly, when these elastic models were refined during the eighties, some approximations were
made. The general feeling was that elastic modelling might have some flaws but that no geodetic
method would ever provide measurements with sufficient density to reveal these flaws. This
opinion was doubly pessimistic, as radar interferometry provided the required 100 or more
measurements per square kilometre, and... proved that this modelling is basically sound and
flawless!

The quiet but complicated deformation after an earthquake

The excitement over Landers as an ideal test site did not fade after the initial studies. Crucial
guestions were still unanswered. Is such a large earthquake preceded by geodetic precursors?
What precisely happens to the ground in the months or years following the earthquake? For these
studies a wealth of data became available as time went by after the earthquake and as ERS-1 and
then ERS-2 continued to gather compatible data over the site.

Unfortunately the amount of radar data before the event remained small, and the first of these
guestions, perhaps the most important in terms of hazard mitigation, remains unanswered.

During the course of these experiments, significant new facts concerning the interferometric
technique were uncovered. In particular, the importance of atmospheric artefacts was suspected
and fully characterised mainly on the Landers site. Two studies aimed to model the post-seismic
displacement that continued to take place on the site after the earthquake. Different mechanisms
of post-seismic fault slip were proposed. Radar interferometry is all the more important in this
activity since most of these displacements were aseismic, and therefore went unnoticed by
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conventional seismological records. The scale on the post-seismic interferogram, Figure 3, speaks
for itself. It is clear that, to catch the smallest structures of displacement with ground
instrumentation such as GPS receivers, it would be necessary to literally cover the ground with
instruments.

Such a density is not realistic. On adequate
surfaces, such as those that can be found in
Iceland, the western United States, Chile and
many more places, having a radar archive
suffices for study of any upcoming event in the
most remote regions. In this regard, an archive
such as the global coverage of the land surface
gathered by ERS-1 and ERS-2 is a genuine
‘memory of the Earth’ that can be compared with
new acquisitions taking place years later, possibly
by another satellite. In a sense, radar
interferometry can turn every pebble into a GPS
receiver.

A case of coherence loss

One of the drawbacks of the academic way of
communicating is that failures are never published.
One of these failures are described here.

After the disastrous earthquake of Latur, in India,
ESA made some ERS-1 images available.

S.km

34.26.116.70 11664

Figure 3: lllustration of post-seismic displacement

; é;. N,

2 SRS
Figure 4a shows the typical landscape: a mostly Figure 4b shows a co-seismic interferogram created from ERS-1
agricultural landscape with many small cities and orbits 8409 and 11916, i.e. between 23 February 1993 and 26
villages scattered from place to place. Some mild October 1993. The quality of the interferogram, which includes a
topography is detectable in the south of this amplitude negligible topographic component because of a very small orbital
image. separation, does not allow a clear recognition of any ground
displacement. The task is further aggravated because no reliable
modelling of the expected displacement exists.

Unfortunately, the images show a mostly incoherent result. The area is used mainly for agriculture
and located in a monsoon region with heavy rainfalls.

Surprisingly, the only areas that retained coherence are the cities and villages, despite the large-
scale destruction they experienced. This is not a unique case; often cities heavily damaged by
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earthquake remain quite coherent. This might be an indication that the main contributors in the
radar signal of a city are not much damaged by earthquakes. In any case, one should not restrict
interferometric studies of damaged cities for this reason.

A case of damaged raw data, studying a large earthquake in Chile

Very large events emphasise the usefulness of the wide-area surveying that is possible with radar
interferometry. Sometimes, however, the deformation field is so wide that even the wide 100 km
swath of ERS cannot catch it entirely. A large earthquake took place in Chile in July 1995, and was
studied, among others, by the IPGP (Figure 5).

This example illustrates an unusual error in data
management. The large earthquake that struck the
Atacama region in Chile on 30 July 1995 was an
opportunity for interferometry very similar to the
Landers example: a large earthquake in a mostly
desert environment. Figure 5 shows the typical
behaviour of an interferometric signal (left is
amplitude, right is co-seismic phase). The area
covered by ocean, around the Mejillones peninsula, is
not coherent. The rest of the landscape is
exceptionally coherent (except for the interruption of
fringe continuity which is explained below). This

Figure 4c shows another interferogram created from
orbits 8409 and 5403, i.e. between 23 February 1993
example illustrates how very big events can and 28 July 1992. The quality of the interferogram is

. . . . similar to the previous one, and includes a topographic
actually outspan the size of ERS images, in spite of signature especially visible in

the south of the image.

their being the widest radar images available in
standard mode (i.e. not SCANSAR).

Another striking aspect of this example is the
very smooth deformation pattern, without any
visible surface rupture  (again discounting
the processing artefacts mentioned above).
The data from this site that were processed,
analysed in cooperation with the IPG of Paris,
were generally made of strips of four or five
ERS images in length.

The interruption in the fringe continuity is due
to missing lines in the raw data. The
interferometric technique relies heavily on the
strong self-consistency of the geometry of
radar images. Missing lines can break this
consistency. There are ways, however, to
detect missing lines in raw data. Denoting the : . )17
complex samples of a data take as A(i), Figure 5: Large deformation field with errors: Chile earthquake
where i represents the range pixels (from 1 to N) and j represents the pulse lines, we can form the
complex number:
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This quantity is similar to the one formed on interferograms to compute the coherence. Here the

p(j) =

result is a complex number. The phase <p(p(j)) of this complex number is an estimator for the
mean Doppler of the scene D, once it has been multiplied by the pulse repetition frequency PRF:

D) = f(r;(:))

The amplitude of p (j) is also very interesting because it gives the correlation between adjacent
lines of raw data. For ERS, this amplitude should be about 0.3, and if two lines exhibit a lower
value (for instance 0.1 or less), it means that the two lines of raw data are not really adjacent, and
so there must be at least one missing line between them!

The test is really easy to implement and can be used to check the raw data. Unfortunately, it
cannot tell whether there is one or several missing lines between two lines which are found to be
not adjacent.

- PRF

XIII. Put a proper preposition if necessary.

1. This can be done either simultaneously (with two radars mounted on the same platform) or ...
different times.

2. The distance between the two satellites (or orbits) ... the plane perpendicular ... the orbit is
called the interferometer baseline.

3. The interferogram amplitude is the amplitude ... the first image multiplied ... that of the second
one.

4. The interferometric phase ... each SAR image pixel would depend only ... the difference in the
travel paths from each of the two SARs ... the considered resolution cell.

5. A phase variation is proportional ... the altitude difference q between the point targets.

6. The perpendicular baseline is known ... precise orbital data, and the second phase term can
be computed and subtracted ... the interferometric phase.

7. Aninterferogram ... a portion of the Italian Alps and the Pianura Padana is shown ... the left.

8. Once the interferometric phases are unwrapped, an elevation map ... SAR coordinates is
obtained.

9. In such cases the following additive phase term, independent ... the baseline, appears ... the
interferometric phase.

10. When two interferometric SAR images are not simultaneous, the radiation travel path ... each
can be affected differently ... the atmosphere.

11. These main contributions ... the phase noise should be taken ... consideration.

12. Low spatial frequencies of the DEM error cannot be predicted ... the coherence map since the
coherence estimation is carried out ... small windows.

XIV. Put the words from the brackets in the right order.

1. ‘Differential interferometry’ is the commonly used term for the production (the, from which,
topographic, has been, interferograms, contribution, of, removed).
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2. To geophysicists, the Landers Earthquake was (mechanisms, an, excellent, using, to study,
opportunity, the, earthquake, a large, of) the most recent geodetic and seismological
instrumentation.

The Landers Earthquake (an, scientists, also, was, for radar, excellent, opportunity).

This (include, did, earthquake, combination, the, not).

The (the, of, of, potential, width, the, the, and, scene, ratio) accuracy is 108,

The Big Bear Earthquake that (place, not, create, three, after, hours, Landers, took, did) a
surface rupture and was much more difficult to model.

7. We can (fringes, the, two, of, cross, that, see, zoom, our) obliquely.

8. The radar data (free, is, find, used, the, parameters, to, few, then) of the model.

9. The process lasts (model, result, the, agreement, between, until, the, the, is, and) satisfactory.
10. The (on, scale, for, itself, speaks, interferogram, post-seismic, the).

I

XV. Choose the correct form from the two, given in the brackets.

1. From this example it can (be seen, see, seen) that the sensitivity of SAR interferometry to
terrain motion is much larger than that to the altitude difference.

2. The effect of such a contribution (was impacted, impacts, impacting) on both altitude and terrain
deformation measurements.

3. A 2.8 cm motion component in the slant range direction would (to generate, generated,
generating, generate) a 21 interferometric phase variation.

4. This is the first step towards getting a DEM. The SAR elevation map should then be (referring,
referred, refer) to a conventional ellipsoid.

5. The critical baseline (depends, depending, depend) on the dimension of the ground range
resolution cell, on the radar frequency, and on the sensor-target distance.

XVI. Use the given in the electronic version of Appendix 3 Presentation to make a report.

XVII. Dialogue of the Unit. Learn the dialogue in roles, then change them and learn it again.
P.: Dear friends, | am sorry for being late. The traffic is very busy in the mornings. So, what
wasyour task for today?

A.: We are to discuss Wide Swath Interferometry.

P.: Aha, Wide Swath Interferometry, it must be an interesting discussion. Are there any volunteers?
Bill is ready to break the ice.

B.: For previously flown SAR systems, the width of the swath has been limited to somewhat less
than 100 km. As we discussed last week, SAR antennas must satisfy particular minimum area
criteria to ensure noise due to ambiguities below a required level. For wide swath, they must also
be quite long, which can be difficult and costly to implement. For example, to achieve a 300 km
swath in typical Earth orbits using the typical strip mapping method, the antenna would have to be
over 40m in length. To achieve wide swaths with an antenna sized for a swath smaller than 100
km, the ScanSAR technique has been developed.

P.: And what does this technique require?

L.: ScanSAR requires an antenna with rapid electronic steering capability in the elevation direction.
In ScanSAR, the antenna is electronically steered to a particular elevation angle and radar pulses
are transmitted and echoes received for a time period that is a fraction (say one-tenth) of the
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synthetic aperture time. After that ‘dwell period,” also known as the ‘burst period,’ the antenna is
electronically steered to another elevation angle (and other radar parameters such as the PRF,
bandwidth, and antenna beam shape are changed), and observations are made for another short
dwell period. This process is repeated until each of the elevation directions, needed to observe the
entire wide swath is obtained at which point the entire cycle of elevation dwell periods is repeated.
P.: Anything else?

A.: For any given elevation direction, or subswath, there are large gaps in the receive echo
timeline, yet after processing the data, a continuous strip mode image can be formed.

P.: This is true because the extent of the antenna beam in the along-track direction on the ground
is equal to the synthetic aperture length. As long as the dwell periods for any given subswath occur
more than once in the synthetic aperture time, there is guaranteed continuous coverage of all
points on the ground.

A.: It is important to understand this method of generating radar data because it has strong
implications for the quality of the geodetic data that are derived, and for the constraints that are
imposed on the use of the data. First we note that the data contained in any given pulse include
the full Doppler spectrum of information. We are transmitting over a broad range of angles (the
beam width) and that defines the Doppler frequency content.

P.: So each burst of pulses contains the full Doppler spectrum of information, does not it? Bill.

B.: If one were to derive the spectrum in the along-track dimension, the full Doppler bandwidth
would be represented. However, we should note that any given scattering element within a burst
period only contributes a portion of its full Doppler history because it is not observed over the full
synthetic aperture time. Thus each scattering element is only resolved commensurate with the
burst period relative to the synthetic aperture time: if the resolution in strip mode is L/2, then, the
resolution in ScanSAR mode is (L/2) T./Ty, where T, is the synthetic aperture time, and T, is the
burst duration. If one were to attempt to achieve maximal resolution possible, one would divide the
synthetic aperture time by the number of subswaths needed, and set the burst duration to this time.
L.: However, it is generally better to create several short bursts within one synthetic aperture. This
degrades resolution further, but improves the radiometric characteristics of the data. For
interferometry, the most important aspect of ScanSAR is the fact that each scattering element
provides in a burst only a small portion of its total Doppler history.

A.: This is equivalent to the statement that each scattering element is observed over a small range
of azimuth angles within the beam. In order for interferometry to work, a scattering element must
be observed with the same range of Doppler frequencies from one pass to the other. Only then will
the images be coherent, with similar speckle patterns.

P.: This implies that from pass to pass, each observation must observe from the same group of
angles. What will you say to that?

B.: In the case of strip mode SAR, this implies that the intrinsic pointing of the antenna beam be
the same from pass to pass. In this case, the Doppler history of each scattering element will follow
the same course. For ScanSAR, this condition also implies a timing constraint on the bursts.

L.: I can also add that each burst must occur at the same location in space relative to a scattering
element from pass to pass. This constraint makes it much more challenging for mission operators,
particularly with short bursts.

A.: For a satellite in a long repeat period orbit, for example 32 days, the ground swath will be sized
to achieve global coverage, around 85 km for the 32-day repeat period orbit. So from an
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interferometric point of view, using ScanSAR with this period does not improve on the
interferometric interval intrinsically.

P.. However, ScanSAR will increase the number of times a given scattering element will be
observed by a factor of the number of ScanSAR beams. For a four-beam ScanSAR with 340 km
swath in a 32-day repeat orbit, a scattering element will be observed roughly every 8 days, so one
could make interleaved 32-day repeat interferograms.

A.: Alternatively, one could place the radar in a shorter repeat period orbit, for example 8 days, and
observe always in ScanSAR mode with four beams. This would allow 8-day interferograms with no
interleaving.

L.: And the advantage of the latter is that decorrelation will be less of an issue in the basic repeat-
pass measurement. The advantage of the former is that there will be greater angular diversity in
the measurement, potentially resulting in better constrained models of deformation.

P.: Our lesson has come to its end. See you next time at the exam. Be prepared and good luck.

64



Stop & check

Word dictations, Tests, and Dialogues

Unit 1

I. Words and phrases.
a. Translate the following words and phrases into Russian
I Il I

screen accurate interferometer
measuring observation quality control
interaction machine-building alter

beam velocity constraint
establish acquisition incoherent
homogeneous inhomogeneity prevent
arbitrary laterally propagation
vapour resolvable insensitive
fringe baseline absorption
sub-pixel sparse subsidence

b. Translate the following words and phrases into English
I Il 1]

oTAEnaTb pacnpocTpaHeHne HEeO4HO3HA4YHOCTb BbICOTbI
HabntoaeHne NPOW3BOJSIbHbLIN nap

cnyyanHblIin nepegasaTtb paspeLummbIi

OLIeHKa KadecTBa NMOBEPXHOCTb npegoTepallaTb
noanuKCernbHbIN oTaensATb JIOXHBIW cUrHarn

yron nageHus cnaboe nokpbITNe ornonaeHb

narteparnbHO (B CTOPOHE OT) noysa CKOpOCTb

OKpyXatoLLlee ocBelleHne ncxogsiiasa BosiHa n3MeHeHue dasbl
pas3HOCTb (ha3 peakumn CHMUMOK

CYMMWPOBaHHbIN BKNag ocTaToyHas dasa CMEXHbIE MUKCEeNn

II. Choose proper phrases to complete the sentence.
1. Interferograms to produce digital elevation maps (DEMs) using
caused differences in between the two images.

a. can be used b. byslight c. the stereoscopic effect d. observation position e. short

baseline
2. INSAR can be used in a variety of volcanic , including deformation associated
with , inter-eruption strain caused by changes in at
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depth, gravitational spreading

a. eruptions

3. If the wave travelled through
accuracy of timing) to use the two-way

b. effects

of volcanic edifices,

c. settings

and volcano-tectonic

d. magma distribution

deformation

e. signals

it should theoretically be possible (subject to sufficient

distance to the ground.

a. travel-time

b. a vacuum C.

reflective

d. the phase

of the wave in combination with to calculate

e. the exact

Unit 2
I. Words and phrases.

a. Translate the following words and phrases into Russian

I
operational capability
accurate measurements
operational control
to be in orbit
in combination with
look angle
to be acceptable for
ascending orbit
descending orbit
to be foreshortened

Il
a number of smth
mode of operation
primary objectives
factors affecting smth
due to the curvature of smth
incidence angle
to be associated with
resolution cell dimension
acceptable
accuracy

b. Translate the following words and phrases into English

|
3KCMryaTauMoHHble KayecTBa
HaxoAMTbCs Ha opbuTe
ObITb NpUemMnemMbiM Ans
chakTopbl BHOCALLME BKNag B
yron nageHus
TOYHOCTb
ycunuBeaTh, ynydluarb
cTepeonapa
3anyckaTtb
nonesHasi Harpyska

Il. Exercise XVI.

1
TOYHbIE M3MEPEHMNS
B COYETaHuM C
BOCXOAsLas opbuTa
pabounin pexxum
accounmnpoBaTbCs C
BbICOTa
NPOHMKaKLWLMI CKBO3b 0bnaka
NYHUA NPSMON BUAMMOCTH
paspeLuatoLas crnocobHOCTb
TOYHbIE U3MEPEHUS

1]
dedicate to
enhance
facilitate
ground range
inclination
mitigate
overlap
payload
point out
slant-range

"
yrnpasneHue nonétamu
yron o63sopa
HucxoasLasa opburta
rnaBHble Lienn
paspeLleHne pa3mepa SYENKu
asumyTanbHoOe HanpasreHue
noceswaTb
ropu3oHTanbHas AanbHOCTb
OKOIOMONSAPHbIN
ABYXMEpPHbIA Maccus

A.: Hello Professor! | heard that ERS-2 differs from ERS-1. It has much better resolution. It is
possible to distinguish all the houses in SAR images.
P.: | can’t agree with you. ERS-2 is identical to ERS-1. It has the same resolution but there are
some extra instruments not influencing the SAR images.
A.: So what ERS-2 was launched for?
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P.: It was launched to get a greater interferogram coherence, because ERS-2 was linked to ERS-1.
It was a so called “tandem” mission.

A.: Do you remember what orbit ERS operates in?

P.: ERS operates in the near-polar orbit.

A.: How does this orbit influence the acquisition geometry?

P.: It influences the final DEM. It strongly depends on the local terrain slope. We should combine
DEM’s obtained from ascending and descending orbits.

A.: And what can you say about foreshortening in the hilly terrain for these two orbits. Which one is
more preferable?

P.: If a slope is mainly oriented to the west, a descending orbit should be used. If not, then an
ascending orbit should be taken into consideration.

A.: | heard these satellites finished their mission. Is it true?

P.: Yes. It's true. ERS-1 finished its operations in 2000 and ERS-2 stopped its mission in 2011.

A.: What do you know about Envisat?

P.. Envisat is the largest Earth Observation spacecraft. It has better resolution and other
parameters.

A.: How many instruments does it carry?

P.: There are 9 instruments collecting information about land, water, ice and the atmosphere using
various methods of measurements.

A.: Ok. That is all | wanted to know. Thank you a lot.

P.: 1 am glad | could help you. Have a nice day.

A.: Good bye, professor.

Unit 3

I. Words and phrases.

a. Translate the following words and phrases into Russian
I Il 1]

slightly different cross-multiplying dominant point scatterer
adjacent discontinuities temporal change take into consideration

ambiguous draw attention cancel out
complex conjugate confine contour line
eliminate flatten phase unwrapping
pre-processing step reference plane far apart

phase discontinuity simultaneously relative position
hypothesize multiple slant range
speckle split into wavelength

inversely proportional

spectral shift

b. Translate the following words and phrases into English

I
nornepevyHoe nepeMHoXeHue
yCPELaHEHHbIN
orpaHumyuBaTtb
obLasa nonoca YyacTtot
paccmaTtpuBaTtb
nckaxartb
YCTPaHATb, UCKMYaTb

1l
B3aMMHO YHUYTOXaTbCHA
NPYHMMaTb BO BHUMaHMe
COENHEHHbIN, CBA3aHHbIN
cnerka oTnmyaroLmncs
obLwenpuHATLIN annuncoung
obpawatb BHUMaHUE
pesynbTaT, NnocrneacTeune
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cross-correlation coefficient

1]
CMEXHble HEOQHOPOL4HOCTH
YyepHo-6enbI nepexon
KOMMIIEKCHO-COMPSKEHHbIN
ropusoHTanb
OBYCMbICITEHHbIN
KO3h. B3aMMHOM Koppensunm
crnaxvBaTtb; BblpaBHMBATb



0bpaTHO NPONOPLMOHANbHbIN
pa3BépTbiBaHMe hasbl
crnekTpanbHbIA caBuUr

KpaTHbIN

anemeHT paspelueHus PJIC
cKayok asbl

ANVHA BOSHbI
O[HOBPEMEHHO, CUHXPOHHO
pa3buBaTtb Ha

Vocabulary

Vocabulary of the course

absorption (n) — nornowueHne

acceptable (adj) — npuemnembin,
A0NyCTUMbIiA

accuracy (n) — TO4HOCTb

accurate (adj) — ToOYHbIN

acquisition (n) — c6op (aaHHbIX)

advantage (n) — npenmyLLecTBO

aforementioned (adj) — BbILLEYNOMSAHYTbLIN

aliasing (n) — HanoXxeHne CNekTpoB

alter (v) — U3MeHsATb, MEHATb

altitude (n) — BbICOTA

altitude of ambiguity — HeonpeaeneHHoOCTb
BbICOT

ambient illumination — okpyxatoLlee
OCBeLLEHNe, BHELLHSAS 3acBeTKa

ambiguous (adj) — 4ByCMbICNEHHbIN

amplify (v) — pacwmpsaTb, yBenuumsaTtb

antenna footprint — KOHTYp AMarpammbl
HanpaBfEeHHOCTN aHTEHHbI

anticipate (v) — oxvugartb

apart from (adv) — nomMmMmo, 3a NCKNKYEHNEM

apply (v) — npumeHsaTb

aquifer (n) — BOAOHOCHbIN Criou

arbitrary (adj) — npon3BonbHbLIN

arbitrary (adj) — npon3BOnbHbIN, CryYariHbIN

arrangement (n) — knaccudukauus,
cucTemaTmsaums

aseismic (adj) — He nogaaroLwmMncs
paspyLUeHNsM

assume (v) — npuHUmaTh, 4oMnyckaTb

augment (V) — 4ONOMHATL, yCUnueaTtb

availability (n) — gocTynHocTb
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averaged (adj) — ycpeoHEHHbIN

avoid (v) — nsberaTb, YKIOHATLCA

azimuth direction (n) — asaumyTanbHoe
HanpaBneHune

backscattered (adj) — paccesiHHbIN B
obGpaTHOM HanpaBrneHum

bandwidth (n) — wupwrHa nonockl (30HbI)

baseline (n) — 6asuc

beam (n) — nyy

black/white transition (n) — 4epHo-6enbIn
nepexos

cancel out (v) — ypaBHOBeLLUMBaTb, B3aUMHO
YHMYTOXaTbCA

casualty (n) — yenosek, nocTpagasLLMi OT
Hec4acTHOro cryyas

C-band (n) — AgnanasoH 4acToT, BblAENEHHbIN
AN YacTHoW un cnyxebHown cBA3n

circular (adj) — KpyrnbIv, OKpyrnbi

cloud-penetrating (adj) — npoHukatoLLmin
CKBO3b Obnaka

collapse (n, v) — obpyLueHne, pyLumTbCA

commensurate (adj) — consmepumbin,
copasMmepHbIn

common band (n) — o6wasa nonoca yactoT

complex conjugate (adj) — KOMnEKCHO-
CONPSPKEHHbIN

comprehensive (adj) — BCECTOPOHHWIA,
NOJSTHbIN

comprise (V) — cogepxaTtb, 3aknio4aTtb B cebe

confine (v) — orpaHnymeaThb

conjugate (adj) — coeaMHEHHbIN, CBA3aHHbIN



conjunction (n) — cBA3bIBaHWeE, CLENNeHne,
coeavHeHue

consecutive (adj) — nocnegoBaTenbHbIN

consequence (n) — pesynbTar, NOCNeacTBMe

consider (v) — paccmaTtpuBaTh

constraint (n) — orpaHn4eHne

contour line (n) — KOHTypHas NMHKS;
ropu3oHTanb

contribution (n) — Bknag

conventional ellipsoid (n) — o6LWenpUHATLIN
annuncouna

conversely (adv) — obpaTHo, HaobopoT

corrupt (v) — nckaxatb

creep (V) — MeaneHHo ABUraTbCsl, KpacTbCs,

cross-correlation coefficient (n) —

KO3 pnUMEHT B3aMMHOM KOppensaumm
cross-multiplication (n) — nepeMHoXeHne
crust (n) — kopa (3eMHas)
curvature (n) — BbIrMG, N3rnb, CKpUBNEHNE,

KpMBMU3Ha
dedicate to (v) — nocBawaTb
degrade (v) — yxyawaTtb
densely (adv) — rycto, nnoTHO
drawback (n) — nomexa, npenatcreme
dub (v) — pybnuposaTtb
duration (n) — ANUTENBLHOCTD,

NPOAOIHKUTENBHOCTD
dwell period (n) — Bpems (BbINONHEHUS Y.-11.)
eager (adj) — cTpacTHoO xenarowmmn
edifice (n) — coopyxeHune, CTpoeHne
efficiently (adv) — agpdbekTnBHO
elapsed (p.p.) — npongeHHoe (Bpems)
elevation angle (n) — yron Bo3BbILEeHNS
eliminate (v) — ycTpaHsiTb, UCKITOYaATb
embed (V) — BHeOpsATb, BCTaBNATb
embrace (v) — BOCNonb30BaTbCA
enhance (v) — ycunueatb, ynydwartb
ensure (v) — obesonacutb cebs ot
environment (n) — okpyxatowasa cpena
equator (n) — aksaTop
ERS — European Resource Sensor
eruption (n) — n3BepxxeHne
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essentially (adv) — 1) no cywecTtBy; no
CylLecTBY gena 2) CyLecTBEHHO,
CyLLECTBEHHbIM 00pa3om

establish (v) — yctaHaBnuBeaTtb

ever-growing (adj) — HeyKNnoHHO pacTyLmn

exceed (v) — npeBbIWaTh, BbIXOAUTL 3a
npegenol

expand (V) — pacnpoCTpaHaTb

exploit (v) — nonb3oBaTbCs, UCNONb30BaTb

exquisitely (adv) — coBepLueHHO

extract (v) — mssnekaTb

facilitate (v) — cnocobcTBOBaTH

far apart — Ha 6onbLLIOM paccTosiHAM ApYyr OT
Apyra

flatten (v) — crnaxuBaTb; BblpaBHUBATb

flaw (n) — 6pak, nopok

flood (n) — HaBOOHEHME

flood plain — novma, 3anvueHon nyr

fraction (n) — gons, nopums, YyacTb

fringe (n) — uBeTOBas NMHKUSA, Nnorioca

gap (n) — 6pewsb

generation (n) — reHep1MpoBaHue, co3gaHne

govern (V) — onpegenaTb, o6ycnaBnueaTb

ground range (n) — ropuM3oHTanbHas
AanbHOCTb

ground subsidence (n) — ocegaHue
NMOBEPXHOCTUN 3EMIN

gyro failure — owmbka rmpockona

hazard (n) — puck, onacHoCTb

hence (adv) — noaTomy, criegosaTternbHO

herald (v) — nsBewatb, ypeAoMnNATb

homogeneous (adj) — ogHOpPOAHbIN

hypothesize (v) — cTpouTb runoTesy

ice flow (n) — noTok Nnaey4yero neaa

image pair (n) — ctepeonapa

immobile (adj) — HeaBUXUMbIN;
HenoaBWXKHbIN, CTaOUNbHbLIN,
CTaunoHapHbIN

implementation (n) — ocyLecTBneHue,
peanusauus

implications (n, pl)— nocnegcrtens
HEeHaaEXHOCTH

impose (v) — HanaraTb (06A3aTensLcTea)



improvement (n) — ynyJweHune

in essence (adv) — B CyLLIHOCTH

in situ — Ha mecTe NpoBeaeHust paboT

inclination (n) — HaKknNoH

incoherent (adj) — HecornacoBaHHbIN

induce (V) — BbI3bIBaTb, MPUBOANUTL K Y.-1.

infer (v) — genatb, 3akno4eHne, BbIBOAUTD

inhomogeneity (n) — HEOAHOPOAHOCTb

initially — B Havane

insensitive (adj) — He4YyBCTBUTENbHLIN

insight (into) (n) — npeacTtaenexue (o Yem-
nun6o)

integer (adj) — uenvin

interact (v) — B3aumogencTesoBaTb

interaction (n) — B3aMmogencTeme

interferometer (n) — nHTEpdepomMeTp

interferometric synthetic aperture radar
(INSAR, IfSAR) — nHTepcepomeTpudecknin
pagap C CUHTE3MPOBaHHOW anepTypon.

interleaved (adj) — nepemexatomimnca

intrinsic (adj) — npucyLnin, CBONCTBEHHBIN

intrinsically (adv) — B oencTBUTENBbHOCTH

inversely proportional (adj) — o6paTHO
NPOMNOPLMOHANbHbIN

isolate (v) — otaensaTb

landslide (n) — onon3eHb

laterally (adv) — naTepanbHO (B CTOPOHE OT)

launch (v) — 3anyckatb (B KOCMOC)

L-band (n) — gnana3oH CBEPXBbICOKNX YaCTOT
(ot 300 po 1550 merarepu)

line of sight (LOS) — nuH1A npsamon
BMOMMOCTH

machine-building (n) — mawmHocTpoeHne

machine-tool building (n) — cTaHkocTpoeHue

maintain (v) — nogaepxmsaTtb (B COCTOSIHUN)

manageable (adj) — nogaatowmmncsa
ynpaeneHunto

matched-filter (n) — cornacoBaHHbIN HUNBLTP

measuring (adj) — namepuTenbHbIf

mention in passing — ynoMsiHblBaTb BCKOSb3b

microwave (adj) — MMKPOBOSTHOBbIV

mining (n) — ropHoe Aeno; ropHas
NPOMBILLNIEHHOCTb
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misleading (adj) — BBogsAwwmM B 3abnyxgeHune

mitigate (V) — ymeHbLlUaTb, CMArYaThb

monsoon (nN) — MyCCOH

mosaic (n) — Mo3auka

multimode (adj) — MHOroOpeXnuMHbIN

multiple (adj) — KpaTHbIN, HEOQHOKPATHbIN,
NOBTOPSOLLMNNCS

multiple (n) — kpaTHOE Yncno

narrow (adj) — y3kuin

near-polar (adj) — okonononsipHoI

nemesis (n) — 6ena, Boamesgue

obliquely (adv) — Hanckocb

observation (n) — HabnogeHne

occur (V) — npoucxoauTb, Cry4aTbCs

ongoing (adj) — HenpepbIBHbINA, MOCTOSHHbIN

optical (adj) — onTuyeckni

overlap (v) — nepekpbiBaTb

path (n) — nyTb

payload (n) — nonesHas Harpyska

permanent (adj) — NOCTOAHHbIN, HEN3MEHHBbIN;
[ONrOBPEMEHHBIN;

persistent (adj) — ANUTENbHbIN,
NPOAOCIHKNTENbHbIN

phase (V) — noaTanHo ocyLecTBNATb (4TO-11.)

phase discontinuity (n) — cka4ok dasbl

phase unwrapping (n) — pa3BépTbiBaHue
dasbl

plane (n) — nnockocTb

plethora (n) — nsobunwue, N3bbITOK

point out (v) — oTMeuvaTb

predict (v) — npeackasbiBathb,
NpPOrHo3mpoBaTb

preliminary (adj) — npeaBapuTernbHbIn

pre-processing step (n) — atan
npeaBapuTenbHOn 0bpaboTku

prevent (v) — npegoTBpawlatb

primarily (adv) — nepBoHa4arnsHO

prior (adj) — npexHui, ObIBLINIA;
npeaLecTByOLLUIA

propagation (n) — pacnpoctpaHeHne

quality control (n) — oueHka kayecTBa

guantification (n) — nogcyéT

quasi-polar (adj) — okonononspHbIn



radar(-resolution) cell (n) — anemeHT
paspeLueHust PJ1C

random (adj) — cny4anHbIn

rapid (adj) — GbICTPbIA, CKOPOTEYHbIV

reference plane (n) — 6asoBas NNOCKOCTh;
OrnopHas NNOCKOCTb; NNOCKOCTb OTCYETA

regardless of — HeB3upas Ha

relative position (n) — B3aMMHoe nonoxexue,
OTHOCUTENbHOE MNOSoXeHne, B3aMMHoe
pacnonoxeHue

reliable (adj) — HageXHbIN, 4OCTOBEPHbI

residual (adj) — ocTaTo4HbIN

resolution (n) — paspeLuatoiasi CnocobHOCTb

resolvable (adj) — paspewnmbIn

resolve (v) — pasgendartb, pasnaratb (Ha
COCTaBHble YacTw)

retain (v) — aepxaTtb, yaepxvsaTb

revisit time (n) — nepmMoa NOBTOPHOW CbEMKM

rift (n) — TpewmHa; paccenunHa; pasnom;
Lienb; paspbiB

rifting (n) — packansiBaHue,
pudpToobpasoBbiBaHNE

rupture (n) — paspbiB

salient (adj) — 6pocatoimiica B rnasa

sampling (of) (n) — obpaseu, BbIGOpKa

scarp (n) — oTKoC, ycTyn

scatterer (n) — pacceuBaTernb, OTpaXaTenb

screen (n) — akpaH

sensitivity (n) — 4YyBCTBUTENbHOCTL

set of (n) — Habop 4Yero-nMbo

simultaneously (adv) — ogHOBpeMeHHo,
CUMHXPOHHO

slant range(n) — HakNoOHHasa AanbLHOCTb

slope (n) — YKMOH, HaKMOH

shapshot (n) — cHUMOK

soil (n) — rpyHT, Nno4Ba

sophisticate (v) — yCNOXHATL; NULIATb
NPOCTOTbI;

sparse (adj) — peakun

speckle (v) — cnekn (andpakuMoHHoE NATHO
n3obpaxeHus)

spectral shift (n) — cnekTpanbHbIN coBUr

spectrum (n) — cnekTp
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split into (v) — pa3buBatb Ha

spread (v) — pacnpocTpaHaTbes (Mo)
NMOBEPXHOCTU

spurious signal — noXHbIA curHan

steeply (adv) — kpyTO

steerage (n) — ynpasneHne

strain (n) — pedopmaums

stream (n) — noTokK

striking (adj) — nopasuTenbHbIN,
N3YyMUTENbHbIN

stringent (adj) — cTporum, TOYHbLIN

strip (n) — nonoca

strip-map (n) — kapTa mapLupyTa

sub-pixel (adj) — nognukcenbHbIN

subsidence (n) — NoHWxeHne

substantially (adv) — no cyLwiecTsy, B
OCHOBHOM

subtract (v) — BbluMTaTh

suffice (v) — ynoBneTBOpsTH

suite (of) (n) — komnnekT, Habop (4Yero-nnbo)

sun-synchronous orbit — opbuta conHe4vHo-
CMHXPOHHOTO CMYyTHMKA

surface (n) — NOBEPXHOCTb

surge (n) — 6onbLuas BosHa

swath (n) — nonoca o63opa

terrain (N) — MECTHOCTb, TEPPUTOPUS

throughout — Ha BCeM NpOTSXKEHUMU

time-lapse (n) — NpoMeXyToK BpeMeHU

toward (prep) — K, N0 HanpaBNEHUIO K

transmit (v) — nepegaBaTb

two-dimensional array (n) — AByXMepHbIN
MaccuB

unambiguously (adv) — ogHO3Ha4HO

unwrapped (p.p) — pasBepHyThIN

uplift (n) — nogbem

validation (n) — npoBepka 4OCTOBEPHOCTH

vapour (n) — nap

variability (n) — n3ameH4MBOCTb

velocity (n) — ckopocTb

viable (adj) — xun3HecnocobHbIv

wavelength (n) — gnvMHa BONHbI

X-band (n) — (4acToTHbIN) gnana3oH X (oT 5,2
no 11 1Tu)



Appendix 1

OCHOBHbIe apmbmemqecxue BblpaXeHux, (bOpMyan, YpPaBHeHUuA U npaBuna nx 4tTeHus Ha

()

{}

[]

a=b
azb
a>b
a, > aq
b<a
a>>b
azb
X = o
X7 x”

In x, log x

X

1/x

f(x)
Jim ()
dy/dx
sin X
COS X

tan x
(tg x)
cot x
(ctg x)

aHrMUNUCKOM fAA3bIKe.

round brackets; parentheses
curly brackets; braces
square brackets; brackets
aequals b;oraisequaltob
aisnotequaltob

ais greater than b
a second is greater than a dth

b is less than a

a is substantially greater than b
a is greater than or equal to b
X trends to infinity

x double prime, triple prime
logarithm of x

is proportional to

X squared, x cube

X to the power n

x nought

X ith, X sub i

one over X

X prime

f of x

the limit of f of x as x approaches 0

dy by dx (derivative)
sine of x
cosine of x

tangent of x (CokpalleHue - tan X)

cotangent of x (cokpalleHue - cot x)
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9.510
32+8=40
20-5=15

atb

1x1=
2x2=4
6 x10=60

work = force % distance

1
N

Olul WIN Wk NI-k W

NN
N| =

2.01

0.007

nine thousand five hundred and ten

thirty-two plus eight is (are) forty;

or, thirty-two plus eight equals forty;

or, thirty-two plus eight is equal to forty;
or, eight added to thirty-two makes forty

twenty minus five is fifteen;

or, twenty minus five is equal to (equals) fifteen;
or, twenty minus five leaves fifteen;

or, five from twenty is (leaves) fifteen

a plus or minus b
once one is one

twice two is (equals) four;
or, twice two makes four

six multiplied by ten equals sixty;
or, six multiplied by ten is (equal to) sixty;
or, six times ten is sixty

work is (equal' to) the product of the force multiplied by

the distance;

or, work is (equal to) the product of force times the

distance

twelve divided by three equals (is) four

a (one) half

a (one) third

two-thirds

five-ninths

four and a half

eight and three-quarters

point six

five point thirty-four;
or, five point three four

two point nought one;
or two point o [ou] one

point nought nought seven;
or, point two oes [ouz] seven
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8:4=2

20 16
5 4

(a + b)?

L =+/R? + x?

X+ +/x%—y?

a2 + b2

F+A
2xd"

3[3

I
3

ﬁ
3

the ratio of eight to four is two.

the ratio of twenty to five equals (is equal to) the ratio of
sixteen to four;
or, twenty is to five as sixteen is to four

twenty degrees

pi (nan)

six minutes; also, six feet

ten seconds; also, ten inches
a prime

a second prime;
or a double prime;
or a twice dashed

a triple prime

nine square,
or, the square of nine
or, nine to the second power

six cubed;
or, six to the third (power)

c [si:] to the eighteenth (power)

three by ten to the fifteen

a [ei] to the minus tenth (power)

the square root (out) of four is (equals) two
the square root of a

the cube root of a

the fifth root of a square

a plus b all squared

L equals the square root (out) of R
square plus x square

X plus square root of x square minus y square all over y

the tenth root (out) of a square plus b square

square root out of F first plus A divided by two xd th
twice dashed (or double prime)

a to the m/n th power equals the n™ root out of a to the
m™ (power)
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dz
dx
y=fx)

0%z 0%z

6x2+6_yZ=0

f dx
JZ
fﬂ
0
d X
— | Xdx
dx fxo
1
4c+ W, +2mya’ + R, = 33§

V =u+/sin?2i —cos?i=u

tani

tanr = —
l

log2 =0.301
a=log.d

u:ffl(x)dx+ffz(}’)dy

=

n
= m.aXZ|aij(t) ,(t € [a,bl;)
)=
=12..n)
1 wl,wl,
Vmax ~ E ) r
p (1)2L2
\/RZ <R1 + ™ 1)
pwmaw?L?

A, =

w?L?
7 [a)zmz +R, <R1 + ™ )]

dz over dx

y is a function of x

partial d two z over partial dx plus partial d two z over
partial dy equals zero

indefinite integral of dx (divided) by the square root out
of a? minus x?

integral from zero to y (mu)

d (divided) by dx (or d over dx) of the integral from x
nought to x of X large dx

4c plus W second plus 2 m first a prime plus R a™
equals thirty-three and one-third

V equals u square root of sine square i minus cosine
square i equals u

tangent r equals tangent i divided by |

the logarithm of two equals zero point three o[ou] one
a is equal to the logarithm of d to the base ¢

u is equal to the integral of f sub one of x multiplied by
dx plus the integral of f sub two of y multiplied by dy

K is equal to the maximum over j of the sum from i
equals one to i equals n of the modulus of a; of t
where t lies in the closed interval ab and where j runs
from one ton

Avmax iS equal to one half mu by r pth omega L second
omega L first (divided) by square root out of R second
round brackets opened R first plus omega square L first
square by r pth round brackets closed

Av is equal to mu omega m omega square L square
(divided) by r pth square brackets opened omega
square m square plus R second round brackets opened
R first plus omega square L square (divided) by r pth
round and square brackets closed
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Appendix 2

MpousHoLweHue rpeyeckoro ancgasnTa B aHIMUANCKOM TPAHCKpMNLUUN
Capital Low-case Greek Name
A a Alpha ['zelfg]
Beta ['bi:to]
Gamma ['geema]
Delta ['delto]

Zeta ['zeito], ['zi:to]
Eta ['eita],['i:ta]
Theta ['Beita],['0i:to]
lota [ai'outs]

Kappa ['kaepa]
Lambda [leemda]
Mu [mju:], [mu:]

Nu [nju:], [nu:]

Xi [zali], [sal], [ksi:]
Omicron ['oma::kron]
Pi [pali]

Rho [rou]

Sigma ['sigma]

Tau [to:], [tou]
Upsilon [ju:psa::lon],['apsa::lon], Brit :

4 M T J0mMmzZ=>X—0INMPBPD
- DS N m O< ™
T
©
e,
<}
S
©
©
D
2
o
=
w
.
&
o)
o
o
Q.
o
=)

- »n O 4 O vmm < T > X

[

[jup'sailen]

Phi [fai], [fi:]

Chi [kai]

Psi [sal], [psi:]

Omega [ou'mi:ga],[ou'meiga],[ou’'megs],
['oumegs]

0 € X 6 <
€ < 6

€
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