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Abstract: Atmospheric effects on interferometric synthetic aperture radar( INSA R) measurements are quantitatively
studied based on a tandem pair of SAR data and a month long continuous GPS tracking data obtained at six stations.
Differential atmospheric signals extracted from the SAR data for two selected areas show apparent pow er law charae
teristics. The RM S values of the signals are 2.04 and 3. 66 rad respectively for the two areas. These differential de
lays can potentially cause in the two areas peak to peak deformation errors of 3.64 and 6.52cm, respectively, at the
95% confidence level and Gaussian distribution. The respective potential peak to peak DEM errors are 123 and 221
m. The GPS tropospheric total zenith delays estimate indicates that a peak to peak error of about 7.8 c¢cm can poten
tially be caused in a SAR interferogram with only 1 d interval at the 95% confidence level. The errorincreases to a
bout 9. 6 em for 10 d interval. The potential peak to peak DEM and deformation errors estimated from GPS total
zenith delay measurements are however quite similar to those estimated from InSAR data. This provides us with a
useful tool to pre estimate the potential atmospheric effects in a SAR interferogram before we order the SAR ima

ges. Nevertheless, the results reveal that even in a small area the atmospheric delays can obscure centimetre level

ground displacements and introduce a few hundred meters of errors to derived DEM .
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1 INTRODUCTION

Interferometric synthetic aperture radar (In
SAR) has been widely applied in recent years. Its
all weather, day and night imaging capabilities,
and unprecedented spatial coverage and resolution
make it a unique technology for topographic map
ping and ground displacement monitoring. InSAR has
however some weaknesses. One of the most intractable
problems is the atmospheric effect, especially the at

. [1-7]
mospheric water vapor, on repeat pass SAR data .
Due to the highly variable nature of the atmosphere, it
is difficult to construct an accurate model and correct
the atmosphericeffects, especially in humid regions” .

This paper aims to assess the atmospheric
effects on InSAR measurements in humid regions
using both InSAR and GPS data. The principles of
repeat pass InSAR and atmospheric effect on In
SA R will be briefly outlined first. The processing
of the SAR and GPS data will then be introduced

and the results are finally analyzed.
2 REPEAT PASS INSAR

The phase measurements of repeat pass In

SAR system can be written as (Fig. 1),
‘k:%@l, ‘2243—;92 (1)

where O and © are the slant ranges of the first
and second acquisitions, respectively, and Ais the
radar wavelength. The interferometric phase ¢ is

then

o= b- 4=T(0 _p,) (2)

Under the far field approximation,
o= - ¢~ —Fp Gin (4+0-a) (3)

A
where ais the orientation angle of the baseline
and 0 is the look angle.
Assuming a surface without topographic relief
as shown in Fig. 1, the interferometric phase be

comes:

%:%B sin( &b — a) (4)

Combining Eqns. (3) and (4), the “flattened”

phase is:

Cri=P- P %%Bcos (O —a) 89%4%3786 (5)
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Fig.1 Interferometric geometry

Thus the topographic height can be expressed
as

ha0®- sin &:#psineo% (6)

If there exists a ground deformation & along
the radar line of sight (LOS) direction betw een the
two acquisitions, it will also manifest itself in the
interferometric phase:

4t B 4
_ A —A
(G xpsineoH o (7)

3 ATMOSPHERIC EFFECTS ON REPEAT PASS
INSAR

Two types of errors may potentially be intro
duced when microwave propagates through the
troposphere, the ray bending and the propagation
delays. The latter dominates in case of InSAR
measurements. Taking into consideration the prop
agation delay errors in InSA R, the phase measure
ments become:

G=F(0+00), $=T(at0e) (8

The interferometric phase is then
o= G- 4="(0 —o)+ (20 - 20) (9)

4_;(Apl — A% ) is the contributions from

w here

atmosphere, which can be cancelled out if the at
mospheric profile remains the same between the
two acquisitions. Besides, the atmospheric effects
will also be cancelled out if the atmosphericin
duced interferometric phase shifts are the same for
all the resolution cells in an area of interest' . The
two conditions however rarely occur. First, the
troposphere, especially the tropospheric water va
por varies significantly over a periods of a few
hours or even shorter. It is therefore difficult to

have the same atmospheric profiles even over the
shortest revisitinterval of 1 d(for ERS 14 2). See

ond, it is also highly unlike for the relative tropo
spheric delays to be constant for all the resolution
cells due to local turbulent mixing of troposphere.
The atmospheric signatures are easily mis interpre
ted as the topographic or ground deformation sig
nals or noise.

An SAR interferogram generated by complex
conjugate multiplication of two SAR images is a
superposition of information on topography height,
surface deformations, differential atmospheric de
lays between the acquisitions and the noise!* . If
there is no surface deformation between the two
image acquisitions or if the deformation is known,
the atmospheric signatures can be extracted from
an interferogram by eliminating the contribution of
the topography and suppressing interferometric
noise.

An ESA ERS Tandem pair acquired on M arch
18 and 19, 1996 over southern China is used for
this purpose. The perpendicular baseline of the
SAR pairis 100 m. As the two images have only an
interval of 1 d, it can be safely assumed that there
is no surface deformation between the SA R acquisi
tions. Since satellite orbit errors generate in an in
terferogram long wavelength phase shifts similar to
the long wavelength atmospheric disturbances' ",
careful baseline refinement is necessary in the in
terferometric processing. Besides, the phase ramp
that is caused by residual flat earth phase and rest
due orbit errors are removed with linear model
Fig. 2 shows one of the amplitude images, where
rectangles A and B, a flat and a hilly areas respee
tively, are chosen for further study. The two areas
are about 6 km>< 11 km and 5 kmX 10 km respee
tively in size. Since even the small scales traveling
ionospheric disturbances have a wavelength of tens
of kilometers, the ionospheric effects on these two
relatively small areas can be considered neglect
able!™ .

For area A, since the perpendicular baseline is
not too large and the majority of the surface varies
within 5 = 10 m except for a small ridge in the
northwest part, the variations of the interferomet
ric phase are largely due to radar signal path delays
caused by the atmosphere. For area B, a DEM cre
ated from the digital map was used to remove the
topographic component from the interferogram.
Fig. 3 shows the unwrapped interferometric pha
ses, 1.e., differential atmospheric phases, in the
two areas. The mean differential atmospheric de
lays in each of the areas are then calculated and re
moved from their unwrapped interferogram. A 2D
Fast Fourier Transform (FFT) is performed next
for each of the areas and the results are squared to
obtain the power spectra. The 1D rotationally av
eraged power spectra are given in Figs. 4 and 5, re
spectively.

The power spectra of the, differential atmos
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Fig 2 SAR amplitude image
(A and B are flat and hilly areas, respectively)

Range

Fig.3 Unwrapped interferometric
phases for areas A (a) and B(b)

with topographic phase removed

pheric delays in both of the areas on the whole fol
low the power law, which is commonly associated
with the Kolmogorov turbulence'®. The results
are in good agreement with those presented by
Hanssen'*” . The dashed lines in the figures fol
low a slope of —8/3. The power law index varies
with the scales slightly, which is consistent with
the turbulence behavior of such phenomena as inte
grated water vapor, and the wet delays in radio
ranging This power law spectra characteristic
is very usefulin the handling of atmospheric effects
in InSAR. For example. Ferretti et al'' took ad
vantage of the particular spectra (or frequency)
characteristics to estimate the atmospheric effects
and the noise powers separately for each interfero
gram,and;based on the results developed a method

10°F
3
E 102 L
g
&
S o}
10°
£
10_2 L L
100 102
Wave number

Fig.4 Power spectrum of differential
atmospheric delays for area A
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Fig.5 Power spectrum of differential
atmospheric delays for area B

to combine the resulted SAR DEMs by means of a
weighted average in wavelet domain instead of the
simple average!''™; Ferretti et al'" utilized the
frequency characteristic to design filters to separate
atmospheric effects from nonlinear subsidence; LI
et al *'? incorporated the power law nature in desig
ning algorithms to integrate CGPS and meteorological
data for atmospheric effects mitigation.

Though in both of the areas the power spectra
follow the power law, the absolute power of differ
ential atmospheric delay in area B is larger than
that of area A. This more or less indicates the se
vereness of atmospheric effects in these two areas.
As noted by Hanssen' ', in flat area only the tur
bulent mixing process of troposphere will affect In
SAR measurements, whilst in mountainous area
both turbulent mixing and vertical stratification
exert effects.

The RMS errors of the differential atmospher
ic delays for the two areas are 2. 04 and 3. 66 radi
ans, respectively. On the assumption of Gaussian
distribution, the differential atmospheric delays
might vary from -4.08 10 4.08 radians in area A,
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and from —7.32 to 7. 32 radians in area B at the
95% confidence level. This constitutes in these
two areas the peak to peak variabilities of 8. 16 and
14. 64 radians, respectively. The potential peak to
peak DEM (assuming a 100 m perpendicular baseline)
and deformation errors thus introduced are listed in Ta
ble 1. This level of tropospheric variations can make
cm level ground displacements unobservable and intro
duce hundreds of meters error in DEM.

Table 1 Potential errors in InSAR measurements
(estimated from InSA R data)
Area A Area B
3.64 6.52
123 221

Peak to peak deformation error/cm

Peak to peak DEM error/m

4 COMPARISON WITH GPS TRACKING DATA

Tropospheric total zenith delays ( TZD) at
Continuous GPS (CGPS) stations can be estimated
along with other geodetic parameters. The accura
cy of TZDs estimated from GPS measurements is
generally better than 10 mm, and may reach 5
mm''” . Since the troposphere is a non dispersive
medium, we can use the TZDs estimated from CGPS
to assess the atmospheric effects on InSAR after they
are converted to the radar LOS direction.

There are currently six CGPS stations in the
area covered by SAR interferogram. The stations
all started operations in 2000 or earlier. In this
study, we applied the GPS data for one month
(March 1st to 31st, 2001) at the six stations and

five IGS stations, i.e., LHAS, SHAO, TAIW,
WHHN and XIAN, to resolve the hourly TZDs of
the stations. The IGS precise orbits were used in
the solutions and the cut off angle chosen for the
GPS data was 20. SHAO was fixed and the other
stations were tightly constrained. The variations of
the TZDs were treated as first order Gauss M arkov
processes. Due to some data recording problems,
the hourly TZDs on March 26th, 27th 2001 could
not be used for all the stations, neither could those
on March 20th, 21st and 22nd 2001 for Siulangshui
and on March 6th 2001 for Kauyichau. The estimated
TZDs for the six stations are shown in Fig. 6. The dis
continuities in the plots are due to data gaps.

Since it is the differential atmospheric delays
that affect the InSAR measurements, we will look
more closely at the differentiated TZDs. The dif
ferentiated TZDs at each of the GPS stations for
one day and ten day intervals are calculated firstly,
then hourly standard deviation (SD) of the differ
entiated TZDs at six GPS stations is calculated. A
summary of the SDs is given in Table 2.

For the one day interval, the largest, smallest
and mean SDs of the differenced TZDs are 2. 31,
0. 16 and 0. 90 cm, respectively. The 0.90 cm mean
SD is translated into a 95% confidence interval of
— 1.8 cm to 1. 8 em with the assumption of Gaussi
an distribution. The corresponding mean SD for
the ten days interval is 1. 09 cm and its 95% confi
dence interval is —2.2 c¢m to 2. 2c¢m. When assum
ing the looking angle to be 2 3° ( the looking angle
of the mid scene of the ERS- 1 /2images). the vari
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Fig. 6 Hourly tropospheric TZD values at six GPS tracking stations
(a) —Fanling; (b) —Kantin; (c¢) —Kauyichau; ( d) —Lam tei, (e — Siulangshui; (f) —Shatin
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Table 2 Standard deviations of the differenced TZDs

Interval /d Maximum Minimum Mean
value /cm value/cm value /em

1 2.31 0.16 0.90

10 2.38 0.21 1.09

ations are translated into 7. 8 em and 9. 6 cm of
round trip radar signal delays. The potential peak
to peak DEM and deformation errors introduced
are listed in Table 3. This level of tropospheric varia
tions can also make cm level ground displacements un
observable and introduce hundreds of meters error in
DEM for a perpendicular baseline of 100 m.

Table 3 Potential errors in InSAR measurements

(estimated from GPS data)

1d 10 d
Peak to peak deformation error/em 3.9 4.8
Peak to peak DEM error/m 132 163

From Table 3, it can be seen that the magnt
tudes of the potential peak to peak DEM and de
formation errors for 1 d interval are quite similar to
those estimated from InSAR data(see Table 1).
This demonstrates that GPS TZDs can be used to
quantitatively assess the degree of atmospheric
effect on InSA R prior to InSAR processing. This
can be severed as a caution for InNSAR image plan
ning.

5 CONCLUSIONS

Atmospheric effects on InSAR measurements
have been quantitatively studied for southern China
region based on an SA R tandem image pair and a
month long GPS data obtained at six stations. The
differential atmospheric delays determined from the
SAR interferogram for two selected areas clearly
follow the power law, consistent with results ob
tained by other researchers. The RMS values of
the differential atmospheric delays for the two are
as are 2. 04 and 3. 66 rad, respectively. On the as
sumption of Gaussian distribution and at 95% con
fidence level, they can potentially cause in the two
areas peak to peak deformation errors of 3. 64 and
6. 52 cm, respectively. The respective potential
peak to peak DEM errors in these two areas are
123 and 221 m on the further assumption of 100 m
perpendicular baseline. The atmospheric effects
are more serious in mountainous regions than in
flat region.

The tropospheric TZDs estimated from GPS
measurements have show n significant temporal and
spatial variations. They can potentially cause a
peak to peak error of about 7. 8c¢m to aSAR inter
ferogram at the 95% confidence level for the one
day interval. The error increases to about 9. 6 cm
for 10 d interval. The magnitude of the potential
peak to peak errors thus estimated are quite similar

to those estimated from InSA R data. This demon
strates that GPS TZDs can be used to quantitative
ly assess the degree of atmospheric effect on In
SAR. Nevertheless, even in a small experiment ar
ea in humid region the atmospheric delays can ob
scure centimetre level ground displacements and in
troduce a few hundred meters of errors to the
measured terrain heights.
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