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Abstract

Like other space geodetic techniques, interferometric synthetic aperture radar (InSAR) is limited by the variations of

tropospheric delay noise. In this paper, we analyze the double-difference (DD) feature of tropospheric delay noise in SAR

interferogram. By processing the ERS-2 radar pair, we find some tropospheric delay fringes, which have similar patterns

with the GMS-5 visible-channel images acquired at almost the same epoch. Thirty-five continuous GPS (CGPS) stations

are distributed in the radar scene. We analyze the GPS data by GIPSY-OASIS (II) software and extract the wet zenith

delay (WZD) parameters at each station at the same epoch with the master and the slave image, respectively. A cosine

mapping function is applied to transform the WZD to wet slant delay (WSD) in line-of-sight direction. Based on the DD

WSD parameters, we establish a two-dimensional (2D) semi-variogram model, with the parameters 35.2, 3.6 and 0.88.

Then we predict the DD WSD parameters by the kriging algorithm for each pixel of the interferogram, and subtract it

from the unwrapped phase. Comparisons between CGPS and InSAR range changes in LOS direction show that the root of

mean squares (RMS) decreased from 1.33 cm before correction to 0.87 cm after correction. From the result, we can

conclude that GPS WZD parameters can be effectively used to identify and mitigate the large-scale InSAR tropospheric

delay noise if the spatial resolution of GPS stations is dense enough.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past 2 decades, interferometric synthetic
aperture radar (InSAR) has been widely used in the
measurement of topography, surface deformation
e front matter r 2006 Elsevier Ltd. All rights reserved
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and flow velocities (cf. Massonnet and Feigl, 1998;
Rosen et al., 2000; Hanssen, 2001). In all of the
above applications, the useful information is ob-
tained from the interferogram by the complex
conjugation of the master image and the slave
image. Like any other space geodetic technique,
InSAR is also limited by the spatial and temporal
variations of atmospheric delay noise. The early
reports on the atmospheric delay effect in the
interferogram can be referred to Massonnet et al.
.
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(1994), Tarayre and Massonnet (1996), Massonnet
and Feigl (1995), Bevis et al. (1996), Rigo and
Massonnet (1999), and Goldstein (1995).

Since the similar aspect in the interferogram is
caused by geophysical signal and atmospheric
artifact, it is difficult to discriminate them directly
(Massonnet and Feigl, 1995). Studies on InSAR
atmospheric errors have been carried out both in
stochastic and deterministic ways. Through spatial
spectrum analysis of delay features in the interfer-
ogram observed in Mojave desert in California,
Goldstein (1995) found the �8/3 power-law for the
spectrum of the atmospheric delay noise, and
deduced that the noise was mostly caused by water
vapor turbulence. In more detail, Hanssen (1998)
analyzed a set of 26 tandem ERS SAR differential
interferograms, covering relatively flat areas around
the Dutch provinces Groningen and Flevoland, and
found that the power spectra of the atmospheric
delay noise in all of the interferograms were
consistent with the Kolmogorov turbulence theory.
The methods on the mitigation of InSAR atmo-
spheric delay noise can be classified into two
categories: statistical method (e.g. Zebker et al.,
1997; Emardson et al., 2003) and calibration
method (e.g. Delacourt et al., 1998; Williams
et al., 1998). In the statistical method, the atmo-
spheric delay noise is regarded as white noise, and
multiple independent interferograms of the same
area are stacked to reduce the artifact. Although
this method is easy to carry out, it has at least two
limitations: the deformation is assumed to be stable
during different interferograms, which is not often
the truth for geophysical process, besides, many
independent pairs with high coherence are needed
for stacking. In the calibration method, the atmo-
spheric delay parameters from independent sources,
such as meteorology, GPS, etc., are used. In spite of
the lower spatial resolution of these sources, it is still
feasible because of the power-law nature of the
atmospheric delay noise variation (Williams et al.,
1998). Delacourt et al. (1998) applied a semi-
empirical approach with ground-based meteorolo-
gical parameters to calibrate the interferogram in
Etna. The tropospheric delay with the accuracy of
1 cm can be obtained by continuous GPS (CGPS)
network observations (Williams et al., 1998). Thus
GPS or the integration of GPS and meteorology
data will be an optimal method to mitigate the
atmospheric delay in InSAR. Several studies on the
mitigation of InSAR atmospheric delay noise by
GPS wet zenith delay (WZD) have been carried out
in SCIGN and Mount Etna area (e.g. Bonforte
et al., 2001; Wadge et al., 2002; Li et al., 2003, 2004,
2005; Buckley et al., 2003). As one of the densest
CGPS arrays in the world, GEONET can also play
an important role in InSAR atmospheric delay
study. Tokyo, which is surrounded by Tokyo Bay,
tends to be affected by atmospheric delay. Yonezawa
and Takeuchi (2003) found the atmospheric delay
fringe patterns in the interferograms in Tokyo area.
With CGPS WZD data in the same area, Janssen
et al. (2004) analyzed different interpolation algo-
rithms during the atmospheric delay mitigation. In
this paper, we will first analyze the atmospheric
delay effect in SAR interferogram. Then, using the
same SAR images and CGPS measurements with
those used by Yonezawa and Takeuchi (2003) and
Janssen et al. (2004), we will utilize the double-
difference (DD) model and geostatistical algorithm
to mitigate the atmospheric delay noise in the
interferogram.

2. Atmospheric delay feature in repeat-pass InSAR

The atmospheric delay consists of bending and
propagation delay (Bean and Dutton, 1968). Bean
and Dutton (1968) have shown that even for
extreme refractivity, the bending error can be
neglected for zenith angles less than 871. Therefore,
only propagation delay will affect InSAR for the
small zenith angle of these satellites. Thus, the total
zenith atmospheric delay can be expressed as

Dra ¼ Drh þ Drw þ Drl þ Dri, (1)

where Drh is the hydrostatic zenith delay compo-
nent, Drw is the WZD component caused by
precipitable water vapor, Drl is the liquid zenith
delay component caused by liquid water in the air
and Dri is the ionospheric zenith delay component.

Considering the atmospheric delay error, the
absolute phase for a point p in the coregistered
master and slave image can be expressed as

j1 ¼ �
4p
l

r1 þ Dr1a;p

� �
þ j1

scat,

j2 ¼ �
4p
l

r2 þ Dr2a;p

� �
þ j2

scat, ð2Þ

where l is the wave length, j1
scat and j2

scat are the
scattering phases, r1, r2 are the slant ranges, Dr1a;p
and Dr2a;p are slant atmospheric delay in the master
image and the slave image, respectively.

For repeat-pass InSAR, the interferometric phase
is the phase difference between the master image
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and the slave image if the scattering phase is
regarded as invariant, see (3):

j ¼
4p
l

r1 � r2 þ Dr1a;p � Dr2a;p

� �
. (3)

Therefore, the additional phase shift caused by
the atmospheric delay can be expressed as

Dja ¼
4p
l

Dr1a;p � Dr2a;p

� �
¼

4p
l
Dr1;2a;p. (4)

InSAR is a relative measurement, and only
wrapped phase is recorded in the interferogram.
After phase unwrapping, the unwrapped phase,
instead of the absolute phase, can be obtained.
Therefore, the information deduced from interfero-
gram is relative to the reference point selected
during phase unwrapping. From this point of view,
the atmospheric delay after phase unwrapping can
be accurately expressed as a DD model:

Dja ¼
4p
l

Dr1;2a;p � Dr1;2a;f

� �
¼

4p
l
Dr1;2a;p;f , (5)

where the lower index f is the reference point during
phase unwrapping. Since the temporal stability of
the hydrostatic delay and the large-scale (450 km)
variation property of ionospheric delay in most
cases (except for polar and equatorial area), both of
Fig. 1. DEM image and CGPS stations in Tokyo area. The backgroun

the position of CGPS station, and the inner color represents the LOS
them can be neglected in the interferogram for the
DD model. Therefore, the total atmospheric delay
for repeat-pass InSAR can be written as

Dja ¼
4p
l
Dr1;2a;p;f ¼

4p
l

1

MðyÞ
Dr1;2w;p;f ; þ Dr1;2l;p;f

� �
, (6)

where M(y) is the mapping function and y is the
zenith angle of ray in the air, Dr1;2w;p;f is the DD WZD
mainly caused by water vapor in the air, and Dr1;2l;p;f
is the DD liquid zenith delay caused by propagation
through volume filled with liquid droplets. For a
cumulus congestus, Dr1;2l;p;f can be up to 5.6mm, but
it is less than 1mm under usual atmospheric
circumstances (Hanssen, 2001). Hence, for the
atmospheric delays observed in the interferogram
water vapor will be the main driving force. In many
space geodetic techniques, e.g. GPS, the total wet
delay is measured.

3. InSAR data and GPS measurement in Tokyo

In GEONET, 35 CGPS stations are distributed
near the radar scene (24 stations are in the inner,
and 11 ones are around) (Fig. 1). The average
baseline length of the stations is about 15 km. We
process the GPS observations with NASA/JPL
d color represents the height of DEM. Each half-circle represents

WZD. The black rectangular is the frame of radar images.
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GIPSY-OASIS (II) software (Webb and Zumberge,
1993). Using the precise point positioning (PPP)
method, we extract the WZD parameter, including
Drw and Drl in Eq. (1), series for 5-min interval. By
the average of the parameters 2-before and 2-after
the radar epoch, we obtain the WZD parameter at
each station for the interferogram. Using the cosine
mapping function, i.e. MðyÞ ¼ cosð231Þ in (6), the
line-of-sight wet delay (WSD) can be obtained
(Fig. 1). The peak-to-peak WSD difference is
85.8mm between S3039 and S3013.

Two SAR images were acquired during descend-
ing passes of ERS-2 satellite at UTC 01:22 on
February 8 and August 2, 1999 in Tokyo, Japan
(Track 489/Frame 2889/Orbit 19882 and 22387).
The SAR images were processed with Atlantis EV-
InSAR software by the DEM-elimination (DEME)
approach (Massonnet and Feigl, 1995). In this
approach, the effect of topography was removed
by an external DEM with the resolution of 50m
from the Geographical Survey Institute of Japan
(Fig. 1). After interactive removal of the linear trend
of orbit error, we obtained the interferogram
(Fig. 2). The interferogram was unwrapped with
SNAPHU software developed by Curtis W. Chen in
Stanford University (Chen, 2001) (Fig. 3). The
Fig. 2. Interferogram obtain
regions whose coherence is less than 0.2 are masked
during phase unwrapping because SNAPHU will
unwrap every pixel of the interferogram, even for
those with zero coherence.

The Japanese Geostationary Meteorological Sa-
tellite (GMS-5) images are taken over the Tropical
Western Pacific (TWP) region and over each of the
TWP sites. It carries a Visible and Infrared Spin
Scan Radiometer (VISSR) with four channels, one
in the visible part of the spectrum and three in the
infrared. The ground resolution is 1.25 km in the
visible channel and 5 km in the infrared. We
calculate the albedo difference with the GMS-5
visible-channel images obtained at 01:30 UTC on
February 8 and August 2, 1999 (Fig. 4). It shows
similar cloud patterns in Figs. 3 and 4, although
there is about 8-min interval between them.

4. Semi-variogram model and universal kriging

algorithm

The structure function is commonly used to
investigate the spatial and temporal relationship
between geospatial data separated by a vector h or
span t (Goovaerts, 1997). Unlike the covariance
and correlation function, which are measures of
ed by 990208/990802.
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Fig. 3. Unwrapped phase with SNAPHU software.

Fig. 4. Difference of the albedo images for Tokyo acquired by GMS-5 at 01:30 on February 8 and August 2, 1999.
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Fig. 5. Variogram model fitted by GPS LOS wet delay.
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similarity, the semi-variogram and variogram func-
tions are the measures of dissimilarity between data.
The semi-variogram function has already been used
to investigate the variability of water vapor delay in
GPS, InSAR and other space geodetic techniques
(Goldstein, 1995; Hanssen, 1998; Emardson et al.,
2003; Williams et al., 1998). All above studies have
shown that the variation of water vapor conforms
to the Treuhaft and Lanyi (TL) model on the
assumptions of Kolmogorov turbulence theory
(Treuhaft and Lanyi, 1987). Since the experimental
variogram is a statistical value of the observations,
the nugget effect, relating to measurement error
and/or spatial sources of variation at distances
smaller than the shortest sampling interval, must be
considered. In the present study, we fit the semi-
variogram model by a power model with the nugget
effect using the robust estimation method (Cressie
and Hawkins, 1980). Before calculation of the
experimental semi-variogram, the linear trend has
been removed. The final model in our study is

ĝ ¼ 35:2þ 3:6� h0:88. (7)

In TL model, the power index ranges from 2/3 for
h up to O(103) km, and 5/3 for h smaller than 1km.
Hanssen (1998, 2001) also estimated the index close to
1 from the differential tandem InSAR pairs. Emard-
son et al. (2003) estimated that the value is close to 1
too. The power index in our estimation is 0.88, which
is close to their studies. However, the nugget effect is
neglected in the former two studies. Emardson et al.
(2003) regarded the additional variance is caused by
the height difference. In Tokyo area, the peak-to-
peak height difference is less than 800m, so we do not
attribute the nugget effect to the height difference. In
our model, the nugget effect is 35.2mm2, which
should be caused by the WZD observation variance,
ranging 25–81mm2 (Figs. 5 and 6).

Numerous of studies have confirmed that the
kriging algorithm is most successful in the geospa-
tial data prediction (Goovaerts, 1997). Firstly,
kriging allows a great flexibility to control the
characteristics of the prediction surface by the
modification of variogram model. Secondly, it
weighs the information locally, and the influence
of a support point on the target value is controlled
by the spatial correlation. In addition, kriging has
the advantage to provide the expected mean square
error of prediction in comparison with non-stochas-
tic methods (Stein et al., 2002). In this study, the
universal kriging (UK) algorithm is made use of to
predict the wet delay. In UK, it is customary to
decompose the predicted value into a deterministic
component, the so-called trend, which models the
large-scale variation, and a stochastic component,
modeling the smooth small-scale fluctuations and
the irregular part of the variation. The general
model of UK is given as follows:

Ŷ ðs0Þ ¼ x00b̂þ s0S�1ðY � X b̂Þ, (8)

where x0 is the coordinates of prediction target, b̂ is
trend parameters estimated by the observations, X is
the design matrix with the explanatory variables, Y

denotes the vector with the random variables
modelling the observations, and s denotes an n-
vector with the covariance between the values at the
prediction and the observation locations, S is the
matrix with the covariance of those random
variables. x00b̂ is deterministic component, and

s0S�1ðY � X b̂Þ is a stochastic component.
Four steps are accomplished in the prediction:
(1)
 Fitting the trend parameters b̂ by a bi-linear
function with the WSD parameters at the 35
stations.
(2)
 Calculating the experimental variogram and
fitting the semi-variogram model.
(3)
 Calculating the weight s0S�1 by the semi-
variogram model and the distance between
support points and target points.
(4)
 Predicting the WSD at each pixel. Noting that
the linear trend has been removed during orbit
error correction, only the stochastic component
will attribute to the artifact in the interferogram,
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instead of adding the trend back. The peak-to-
peak stochastic component is 40mm in the
predicted image (Fig. 7).
Fig. 6. The LOS wet delay after double d

Fig. 7. Interpolated GPS L
After UK prediction, we obtain the cleaned
unwrapped phase by subtracting the WSD from
the original unwrapped phase (Fig. 8). S0224 is
ifference and linear trend removal.

OS wet delay by UK.
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Fig. 8. Unwrapped phase after tropospheric delay mitigation.
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regarded as reference pixel before and after the
correction. The displacements of GPS stations,
which are in good coherent regions, are projected
into LOS direction and compared with InSAR
range changes. The root of mean squares (RMS)
decreased from 1.33 cm before correction to 0.87 cm
after correction.

In area A, more yellow patterns appear in the
corrected image than that in the original one.
Yonezawa and Takeuchi (2003) have shown that
the maximum vertical displacement derived by
InSAR and leveling measurement was about
3–4 cm in this area from the observation of 23 July
1995 to 15 March 1999. In our corrected image, it is
about 1 cm from 8 February 1999 to 2 August 1999,
which is consistent with Yonezawa and Takeuchi
(2003). So the subsidence signal must have been
partly counteracted by WSD. In area B, no
subsidence has been measured; however, there is
about one fringe in the interferogram. After wet
delay correction, part of the fringe has been
removed. The displacements in LOS at S0225, for
instance, are 2.53 and 0.61 cm before and after
correction, respectively. The GPS displacement at
this station is 0.76 cm. So the accuracy has been
increased about 1.8 cm at S0225. The coherence is
less than 0.2 in area C, so we conclude that the red
patterns are caused by the noise of decorrelation,
instead of wet delay effect. Therefore, they cannot
be removed by the correction of wet delay.
5. Conclusions and suggestions

Tropospheric delay effect is almost the most
serious limitations for InSAR applications. From
our WSD acquired by CGPS, the peak-to-peak
value is up to 85.8mm in the radar scene. Even after
linear trend removal, the peak-to-peak value is still
up to 40mm. So we conclude that the deformation
information is not reliable without mitigation of the
tropospheric delay effect.

With GPS WZD parameters, the power semi-
variogram model is fitted, and the parameters are
35.2, 3.6, and 0.88. In our opinion, the nugget effect
has to be fitted, for which relate to measurement
error and/or spatial sources of variation at distances
smaller than the shortest sampling interval. Our
estimation value of the power index, i.e. 0.88, is
consistent with the former studies.
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With GPS WZD parameters and the fitted semi-
variogram model, we predict the WSD for each
pixel of the radar interferogram by UK algorithm.
By comparison of unwrapped phase and CGPS
range changes in LOS direction, the RMS decreased
from 1.33 to 0.87 cm before and after correction.
From our results, we can conclude that the GPS
WZD parameters are effective to identify the
geophysical signal, which do not appear in the
interferogram, e.g. area A, and mitigate the large-
scale wet delay noise, e.g. area B.

Different from GPS, in which the WZD is
regarded as symmetrical in spatial and identical in
several consecutive epochs, it has no redundant
observations in InSAR because there is only one
epoch and one zenith angle for each pixel. So we
think that it is almost impossible to eliminate the
tropospheric delay noise by InSAR itself under
current conditions. Before the installation of InSAR
constellation or multi-squint measurement, the
calibration method may be an effective alternative.
Since the sparse spatial resolution of GPS, the pixel-
size resolution tropospheric delay parameters may
be achieved by the integration of GPS, MERIS and
other meteorology observations.
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