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Headi ng

In its recent radar imaging mssion, the Shuttle I maging
Radar satellite (SIR C) devoted three days to repeat-track
interferonetry. We have anal yzed the data froma test. site in
t he Mojave desert of California. Al t hough good topography (10 m
on 21 m postings) was obtained, nost of the error was caused by
turbul ent water vapor in the |ower atnosphere. Spatial structure
of 6 kmand all smmller sizes was observed. The RMS, one-way
time delay was found to be .24 cm Essentially identical results
were obtained at two wavel engths, 24 and 5.7 cm
I ntroduction

The earliest application of interferometry to radar was by
Rogers and Ingalls (ref 1), to renopve an anbiguity in radar
echoes from the planet Venus. For such distant reflectors there
are, in general, two places on the surface that have the sane
range and the sane range rate, the so-called north/south
anmbi guity. In that work, surface topography was assunmed to be
zero.

The earliest application of interferometry to topography was
by zisk (ref. 2), who, for the case of the Mon, had enough
antenna directivity to avoid the anbiguity. Later, Gaham (ref

3) applied interferometry to an aircraft radar to obtain contours

of interference, related to topography.
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Al of the above work enployed two antennas, sinultaneously,
to formthe interferograns. It is possible, however, to use one
antenna at two different tinmes to serve the same purpose. The
first denonstration of two-pass interferometry was by Li and
Goldstein (ref. 4), who studied topography construction via the
mul ti ple baselines afforded by the Seasat radar satellite.

For successful two-pass interferometry, two conditions mnust
be net. The satellite (or aircraft) nust return closely enough
to its original position so that coherence is obtained (usually
closer than 500 m) , and the surface nust not have been unduly
di sturbed during the tine between observations. If the surface
is perturbed too much, coherence will be lost; if noved only
slightly, the topography can still be in error

There is nmuch current activity in obtaining topography by
two-pass interferonetry, enploying data from the European
satellite ERS-1, the US satellite SIR C, and the soon to be
| aunched Canadi an satellite RADARSAT. We study here the effects
of Earth’s ionosphere and/or troposphere on topographic accuracy,
as revealed by adding a third pass to the data set.

Gven a third observation, two interferograns can be forned.
It is the small inconsistencies between the two interferograns
that are of interest here. Gabriel and Goldstein (ref. 5) have
used three-pass interferonetry from Seasat data to detect surface
notions of less than a centineter for irrigated fields in the
I nperial Valley of California. For this work, we apply the
technique to a region of the Mojave desert of California, where
little was expected to change in the interval between

observations . This desert is high, very dry, and except for an
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occasi onal earthquake, is anobng the world’s nost stable areas.

The Space Shuttle

The Shuttle Imaging Radar (SIR-C) was | aunched on Septenber
30, 1994, on a ten day m ssion. Its primary task was to
investigate a large nunber of sites with synthetic aperture
radar, at three different wavel engths and a nunber of
pol ari zati on conbi nati ons. The last three days were devoted to
an experinment to repeat as precisely as possible a single ground
track, for nulti-pass interferonetry. The repeat tracks were
separated by 23 mn less than 24 hours.

The Shuttle navigation turned out to be superb, resulting in
sonme baselines within a few dozens of neters. For our site, the
conmponents of the two baselines perpendicular to the line-of-
sight were contained within 67 neters. The data were taken on
Cctober 7, 8 and 9, 1994, at the end of the |ong, hot summer.

The Data Set

We have for study three radar observations of the sane site,
each at two wavel engths, 24 cmand 5.7 cm The radar inmages have
slant-range resolution of 3.3 mand along track resolution of 5.2
m We have averaged 16 adjacent pixels to give a ground
resolution, and pixel spacing, of 21.min both directions.

Figure 1 is a print of a 24 cm wavel ength inmage, 21.4 km by
18.8 km North is marked on the figure. The Shuttle flight line
is downward, along the left edge of the figure. The angle of
i nci dence of the radiation was 42°. Because this image has not
been corrected for topography, the mountain peaks appear to |ean
to the left - the “layover” phenonenon of radar inmages, which

have slant range as one of the coordinates.
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To forman interferogram two inmages are co-registered and
an inmage of the phase difference between corresponding pixels is
created. Figure two is such an interferogramfor t-he 24 cm
images, wWith an inset of the shorter wavel ength, of October 7 and
9. As can be seen fromthe figure, the correlation is excellent;
the surface changed little in the two intervening days.

Layover is much nore promnent in the fringes of the 5.7 cm
inset of figure 2. On sone of the nountain peaks, fringes from
greater heights actually cross over |ower ones.

If the baseline is accurately known, the phases of figure 2
can be used to determ ne the topography. W have used 7 tie-
points from a published map of the area ‘to solve, in the |east
squares sense, for the baseline. The resulting altitudes are
presented in figure 3, where one color fringe represents a height
change of 200 m Layover has been ‘corrected in figure 3. A
radar brightness inmage, at low contrast, has been superinposed on
the figure
Thr ee- Pass

The geonetry of the three observations is given in figure 4.
The plane of the page is represented as perpendicular to the SIR-
C orbits, which are shown noving out of the page. B,, and B,, are
the baselines, separated by the angle a. O is a function of the
topography, p is the slant range and the 4, are possible del ays

caused by the Earth’s ionosphere or troposphere.




The three phases observed for the pixel of figure 4 are:

b, - 4—):" (p+d,-B,,cos (B+a) ) (1)

4,3:_4% (p+d, ~B,,cos (e) )

The phases of the two interferograms are sinply the

di fferences :

$,, - _éizt_ (B,,cos(0+a)+d,-d,)
(2)

.5

4_;‘ (B,,cos (8) +d,-d,)

Wien 6 is elimnated from equation 2, and the extra del ays
are neglected, the curve of ¢,, versus ¢,; is an ellipse. Only a
small arc of the ellipse is significant since the excursion of ©
islimted to only 3.3° by the swath wi dth. The extra
(atnmospheric) tine delays are revealed by the neasured points not
falling on the ellipse.
The Troposphere

Fol l owi ng the nethod of ref(5), we have fit.ted a quadratic
function (in lieu of an arc of an ellipse) to the phase data for
the two 5.7 cminterferograns, and present the residuals of the
fit in figure 5. The peak-to-peak variation in residual tine
delay (l-way) is about 2.8 cm the RMS, about 0.3 cm

A simlar fit made to the 24 cm data produces a result that
is all but indistinguishable fromfigure 5. Since there is no
frequency dispersion in the observed effect, we conclude that the

i onosphere cannot be responsi bl e. It nmust be the troposphere .



It is likely that the extra delay features of figure 5 are
the results of water vapor and turbulence in the troposphere.
The features show little, if any, correlation with the topography
of the area (shown in figure 3), so they are not confined to
ground | evel.

A spatial spectrum of the delay features is given in figure
6, where a line with -8/ 3 slope which, is a characteristic of
turbulence (ref. 6), is marked on the spectrum The departure
fromthe -8/ 3 slope at about 1 cycle per 6 km shows the scale
hei ght of the phenonenon; the departure at 1 cycle per 0.4 km
shows where the radar phase noise begins to domnate the effect.

The residuals of figure 5 are the result of the tropospheric
di sturbances of three separate days. Fromthe fit of ¢,, versus

¢, it follows that:

$,, - C+Sob,, (3)
where Cis the constant and S is the slope of the fit. The

quadratic termis very small and has no effect on the analysis to

fol |l ow.
The tropospheric induced residuals would then be:
e= Ad,,-sAd,,
e = d,-d,-s(d,-d,) (4)
<e’) = <d>(1-8)2+<di>+s2<dd>
where the brackets <.> indicate average, and the separate days

are assuned independent.



If the effects of each day are of the sane mmgnitude, which

we di scuss bel ow, then:

O,

Op- ‘[?—(:fﬁﬁ): (5)

Application of equation 5 leads to an RMS path |ength
variation of . 24 cm for each day of the observations. Such a
variation in effective path length maps into an error of 6.7 m
RMS for our elevation estinates. Larger baselines would lead to
smaller errors; shorter ones would lead to greater.
G obal Positioning Satellite Data

W are fortunate to have avail able GPS tracking data (ref.
7) fromwithin a few kmof the radar site. Satellite GPS28
overflew the area within 30 min of SIRC, and at alnost the same
el evation angle, but at a different track angle. The RMS
residuals of the time delays for the three days in question are
.57, . 53 and .58 cm

The data were sanpled every 5 min and are largely
uncorrel at ed. These values are larger than the SIR-C results,
above, which can be expected since the GPS28 altitude is nuch
hi gher. GPS28 orbits at an altitude of about 20,000 km SIR-C
was at about 210. The preponderance of the Earth’s ionosphere
was above SIR-C, but bel ow GPS28.
Wat er Vapor Radi oneter Data

W are also fortunate to have available data from a water
vapor radioneter close to the radar site and at. the tines of the
SIR-C overflights (ref. 8). The radionmeter neasured zenith radio

tenperatures at a wavelength of 1..45 cm  The t.enperatures are




related to an integrated column of water vapor, which in turn are
related to residual tine del ays.

These residuals were sanpled every 4.2 rein, and, except for
the first day, are also uncorrelated. The RMVS results for the
three days are .37, .23 and . 24 cm- very close to the radar
result. The larger variation on the first day appears to be
caused by a steady change in the water vapor content over several
hours, an effect that would be unnoticed by the radar.
Concl usi ons

Tropospheric turbul ence, coupled with water vapor content,
appears to limt the accuracy of notion detection and topographic
estimation by two-pass radar interferonetry.

For our test site in the Mojave desert, the tropospheric
tinme delay errors were .24 cm The RMS error caused by receiver
and baseline noise was much less, . 046 cmat 5.7 cm wavel engt h.
For nore humd | ocations, the tropospheric error can be expected
to be greater.

W note that this limt does not apply if interferonetry is
performed with two antennas, sinultaneously.
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Fi gures

Conventional radar inmage of test site in the Mojave desert

of California. Image is 21.4 by 18.8 km resolution is 21
m Radar wavelength is 24 cm

Radar interferogram of same area as figure 1. Phase is
encoded as color, each fringe represent.s 12 cm (2.8 cmin
the inset) difference in slant range between two observation
points . Fringes are 4.3 tinmes nore dense on the
corresponding interferogram of 5.7 cm wavel engt h.

El evation map derived from the shorter wavel ength

i nterferogram Each fringe represents el evation contours.
They are separated by 200 m Layover has been corrected in
this imge.

Geonetry of three-pass interferometry. Three positions of
SIR-C, on three separate days, are shown. The |ine-of - si ght
is to one particular resolution elenent. Tr opospheric

del ays are shown schematically.

An image of phase inconsistencies, attributed to water vapor
t ur bul ence. The sanme color code is used as in figure 2.

One fringe represents 2.8 cm of anomalous tine delay, spread
over the three days.

Power spectrum of the data presented in figure 5. The added
line follows the -8/3 slope to be expected from radar

through a turbul ent atnosphere containing water vapor
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