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Water-Vapor Correction for Mapping Postseismic
Motion After the 2003 Bam (Iran) Earthquake
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Abstract—Atmospheric water-vapor effects represent a major
limitation of interferometric synthetic aperture radar (InSAR)
techniques, including InSAR time-series (TS) approaches (e.g.,
persistent or permanent scatterers and small-baseline subset). For
the first time, this paper demonstrates the use of InSAR TS with
precipitable water-vapor (InSAR TS + PWYV) correction model
for deformation mapping. We use MEdium Resolution Imaging
Spectrometer (MERIS) near-infrafred (NIR) water-vapor data for
InSAR atmospheric correction when they are available. For the
dates when the NIR data are blocked by clouds, an atmospheric
phase screen (APS) model has been developed to estimate at-
mospheric effects using partially water-vapor-corrected interfer-
ograms. Cross validation reveals that the estimated APS agreed
with MERIS-derived line-of-sight path delays with a small stan-
dard deviation (0.3-0.5 cm) and a high correlation coefficient
(0.84-0.98). This paper shows that a better TS of postseismic
motion after the 2003 Bam (Iran) earthquake is achievable after
reduction of water-vapor effects using the InSAR TS 4+ PWV
technique with coincident MERIS NIR water-vapor data.

Index Terms—Bam earthquake, interferometry, postseismic
motion, synthetic aperture radar (SAR), time series (TS), water-
vapor effects.

I. INTRODUCTION

MAIJOR source of error for repeat-pass interferometric

synthetic aperture radar (InNSAR) is the phase delay in
microwave signal propagation through the atmosphere. The part
due to tropospheric precipitable water vapor (PWV) only can
cause errors as large as 10-20 cm in deformation retrievals
[1]. Reduction of the spatio-temporal variations of InSAR
path delays using space-based near-infrafred (NIR) water-vapor
data [e.g., the NASA Moderate Resolution Imaging Spectrora-
diometer (MODIS) and the ESA MEdium Resolution Imaging
Spectrometer (MERIS)] has been successfully demonstrated
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[2], [3]: Each model has its natural advantages and inherent
limitations, but each is capable of improving the accuracy of
InSAR-derived deformation signals from 10 to 5 mm. Although
MERIS and MODIS NIR water-vapor products are sensitive
to the presence of clouds, they can play an important role
in Middle East, North Africa, South Africa, Australia, Chile,
Antarctica, Southern California, and North Mexico as these
regions show cloud-free frequencies as high as > 60% [4].

The small-baseline subset algorithm (SBAS) is a robust
InSAR time-series (TS) analysis approach, which uses inter-
ferograms (Ifms) with small baselines to minimize the effects
of baseline decorrelation and inaccuracies in topographic data
used [5]-[7]. Unlike persistent scatterer InSAR analysis, phase
is unwrapped in 2-D image space first for SBAS rather than
in time or in 3-D, making it easy not only to implement in
standard interferometric processing but also to integrate with
existing water-vapor correction models. The SBAS algorithm
is perfect for processing data over arid and urban regions
where the coherence is generally high even for long periods
with the existing C-band radar archives of ERS, ENVISAT,
and RADARSAT-1. Therefore, it appears that the integration
of SBAS and MERIS/MODIS water-vapor correction mod-
els has the potential for mapping small deformation signals
over certain regions (such as the aforementioned desert areas):
1) it has the ability to map surface deformation as it evolves in
time, and 2) it is able to better separate transient deformation
signals from water-vapor effects. This paper attempts to assess
this potential by integrating SBAS with MERIS water-vapor
correction model and then applying it to an investigation of the
postseismic surface deformation following the 2003 My 6.6
Bam (Iran) earthquake, using ENVISAT Advanced Synthetic
Aperture Radar (ASAR) and MERIS data.

A. Coseismic and Postseismic Observations for the 2003 Bam
(Iran) Earthquake

On December 26, 2003, an My 6.6 earthquake devastated
the town of Bam, destroying over 50% of its buildings, causing
more than 26 000 fatalities, and rendering 100 000 homeless.
Previous InSAR studies suggest that the largest magnitude of
the fault slip occurred at depth and did not reach the surface.
Maximum offsets across the surface ruptures were only 0.25 m,
but slip at depth was more than 2 m [8]-[10], which has
also been confirmed by other measurements including cross-
correlation of optical imagery [11] and leveling data [12]. The
stable surface around Bam, combined with low relief and a lack
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Fig. 1. ENVISAT images from descending track 120: two cloudy dates

(denoted by black circles with a label of date in format: YYYYMMDD) and
25 cloud-free dates (denoted by black square and triangles with date labels).
The black square marks the reference date for the TS. The reference image was
chosen to minimize the atmospheric effects on the TS, because atmospheric
delay variations in the reference image will be mapped into all of the other
dates. Gray dashed lines, connecting triangles, and dots represent radar Ifms
with perpendicular baselines shorter than 400 m. The vertical thick black line
indicates the date of the 2003 Bam earthquake.

of vegetation, gives high coherence in the Ifms (even for those
with along temporal baseline of up to three years), which, in turn,
provides an outstanding opportunity for InNSAR TS analysis.

Standard InSAR TS analysis (without water-vapor correc-
tion) showed that the postseismic motion is one order of
magnitude smaller than the coseismic deformation and that
the signals in individual Ifms were affected strongly by at-
mospheric variations [13], [14]. These atmospheric effects pre-
vented the measurement of postseismic deformation signals
with spatial scales larger than about 10 km where the signal-
to-noise ratio was too small.

B. Data Availability and Interferometric Processing

Fig. 1 and Table I show all 27 ENVISAT ASAR images avail-
able in the first three years after the earthquake on descending
track 120 (Frame 3015): two were collected under cloudy con-
ditions (indicated by black dots), while 25 were collected under
cloud-free conditions (indicated by black square and triangles).
Note that descending track ENVISAT data are acquired during
the daytime. In this paper, 130 Ifms with a small perpendicular
baseline (< 400 m) were produced from the 27 ASAR level 0
(raw data) images using the JPL/Caltech ROI_PAC software
(version 2.3) [15], and a subarea around Bam (72 km by 72 km)
unwrapped with the SNAPHU program [16].

II. MERIS INSTRUMENT AND ITS WATER-VAPOR
CORRECTION MODEL

MERIS was launched together with the ASAR instrument
on the ESA ENVISAT spacecraft on March 1, 2002. MERIS
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TABLE 1
ENVISAT IMAGES FROM TRACK 120 (DESCENDING) USED IN THIS PAPER.
FOR REFERENCE, DATES ARE GIVEN IN YEAR-MONTH-DAY
(YYYYMMDD) FORMAT, AND AS NUMBER OF DAYS SINCE THE
EARTHQUAKE. PERPENDICULAR BASELINE IS GIVEN RELATIVE TO THE
REFERENCE DATE OF 20040211; THIS REFERENCE DATE WAS CHOSEN
BECAUSE OF THE LIMITED ATMOSPHERIC EFFECTS ON THIS
CORRESPONDING SAR IMAGE

Image Date Number Baseline Cloud
Number (YYYYMMDD) of days (m) conditions
1 20040107 12 -581 Cloud free
20040211 47 0 Cloud free
3 20040317 82 -804 Cloud free
4 20040421 117 -370 Cloud free
5 20040526 152 -561 Cloud free
6 20040630 187 805 Cloud free
7 20040804 222 -106 Cloud free
8 20040908 257 -859 Cloud free
9 20041013 292 -570 Cloud free
10 20041117 327 216 Cloud free
11 20041222 362 136 Cloud free
12 20050126 397 7 Cloud free
13 20050302 432 -26 Cloudy
14 20050511 502 =766 Cloud free
15 20050720 572 =717 Cloud free
16 20050928 642 -49 Cloud free
17 20051102 677 -615 Cloud free
18 20051207 712 25 Cloud free
19 20060111 747 671 Cloud free
20 20060215 782 320 Cloudy
21 20060322 817 =245 Cloud free
22 20060531 887 784 Cloud free
23 20060705 922 -1003 Cloud free
24 20060809 957 -1002 Cloud free
25 20061018 1027 309 Cloud free
26 20061122 1062 474 Cloud free
27 20061227 1097 -436 Cloud free

is a push-broom passive imaging instrument and measures the
solar radiation reflected from the Earth’s surface and clouds
in the visible and NIR spectral range during the daytime with
a swath width of 1150 km for the entire 68.5° field of view
[17]. MERIS has 15 narrow spectral channels in the near-
IR, and the radiance ratio between two of these channels can
be used for the remote sensing of water vapor either above
land or ocean surfaces under cloud-free conditions [18] or
above the highest cloud level under cloudy conditions [19]. The
wavelengths of these NIR channels have been chosen by the
MERIS science team to minimize the effects of different spec-
tral slopes of the surface. The two channels (i.e., channel 14:
885 nm and channel 15: 900 nm) are only 15 nm apart, and
spectral variations of surface reflectance are generally small
[18]. In order to further minimize the spectral surface effect,
a simple correction algorithm based on the ratio between
MERIS channel 10 (753.75 nm) and channel 14 (885 nm)
has been implemented in the ESA MERIS water-vapor re-
trieval algorithm to account for variations in surface albedo
spectral slope; a simulation testing indicated a reduction of
25% in the rms error after correction [20]. MERIS NIR water-
vapor products are available at two nominal spatial resolutions:
0.3 km for full-resolution (FR) mode and 1.2 km for reduced
resolution mode. In [3], MERIS NIR water-vapor products were
used to correct water-vapor effects on ENVISAT ASAR Ifms,
showing that the order of water-vapor effects on Ifms can be
reduced from ~10 to ~5 mm after correction.
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The MERIS NIR water-vapor product has several advantages
for correcting ASAR measurements: 1) Because MERIS and
ASAR data are acquired simultaneously, there is no difference
in timing, and both have a virtually identical propagation path,
and 2) MERIS FR mode has a high spatial resolution of up to
300 m.

On the other hand, MERIS NIR water-vapor products are
sensitive to the presence of clouds. Because MERIS is limited
to wavelengths between 0.4 and 0.9 pym and very valuable
thermal measurements with information on liquid and ice water
absorption at 1.6 and 3 pum are not available (these bands are
used for the NASA MODIS cloud masks), the ESA standard
MERIS cloud mask is not “perfect,” particularly when the
clouds are thin [3]. A “conservative” cloud mask [3], [21] using
the relationship between surface pressure and topography can
detect and mask out thin clouds to obtain better water-vapor
estimates than those obtained using the ESA official level-2
(L2) cloud-mask product [22].

Over Bam, patches with relatively high water-vapor values
were observed in several FR MERIS images, and their spatial
patterns were highly correlated from one image to the other. A
detailed analysis revealed that their corresponding reflectances
(bands 1-7) were negative, implying a bug in the current
MERIS NIR water-vapor algorithm, which is being investigated
at Free University of Berlin (Rene Preusker, personal commu-
nication, 2007). Since the patches always showed consistently
larger water-vapor values, a threshold was defined to remove
those patches in this paper.

For InSAR atmospheric correction, zenith path delay differ-
ence maps (ZPDDMs) have been derived from MERIS data
through the following four steps [3].

1) MERIS-PWV needs to be converted into zenith wet
delay (ZWD) using surface temperature measurements,
which were obtained from radiosonde data in this study.
Radiosonde data with a temporal sampling of 12 h
can be downloaded from the University of Wyoming
(http://weather.uwyo.edu/upperair/sounding.html).

2) A ZPDDM can be calculated by differencing two 2-D
ZWD fields (i.e., ZPDDM = ZW Dy — ZW D1 ); note
that we are assuming that the zenith dry delay (path delay
from the dry part of the atmosphere) has the same spatial
distribution and cancels out in the difference map.

3) An improved inverse distance weighted interpolation
method [23] can be applied to fill in the missing pixels
due to the presence of small areas of clouds and/or
problematic reflectance values.

4) To suppress the inherent noise of MERIS-PWYV, a low-
pass filter can be applied to the ZPDDM with an average
width of 0.6 km for FR MERIS data. Assuming that pixel-
to-pixel PWV errors are uncorrelated, the accuracy of the
ZPDDM increases by a factor of two at the expense of the
spatial resolution.

To reduce water-vapor effects on the Ifms, ZPDDMs are
inserted into the interferometric processing sequence after the
removal of topographic signals by use of a precise digital eleva-
tion model (DEM) such as that produced by the Space Shuttle
Radar Topography Mission (SRTM) [24]. The procedure used
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Fig. 2. Rewrapped phases superimposed on an SRTM DEM shown as shaded
relief. (a) Original Ifm: 040211-061018. (b) ZPDDM-corrected Ifm using two
cloud-free MERIS NIR water-vapor images. The inset shows the location of
Bam in southeast Iran. Thick black lines show locations of coseismic fault
ruptures mapped from InSAR [9]. The phases are rewrapped so that each 27
color cycle from blue to red to blue represents an increase of 2.83 c¢m in the
range from ground to satellite. The width of the area shown is 72 km.

for InSAR water-vapor correction has been successfully incor-
porated into the JPL/Caltech ROI_PAC software (readers can
refer to [2] and [25] for more details). Fig. 2 shows an example
of the MERIS water-vapor correction model. It is clear that
the strong gradient from the southwest to the northeast in the
original Ifm [Fig. 2(a)] was removed and the real geophysical
signals were enhanced after correction [Fig. 2(b)]. In this paper,
“ZPDDM-corrected” Ifms refer to those corrected with two
cloud-free MERIS NIR water-vapor images.

III. InSAR TS WITH A WATER-VAPOR CORRECTION
MODEL (InSAR TS + PWYV)

We have developed a method of inserting water-vapor correc-
tion into the SBAS TS analysis method [5]. We start with the
standard SBAS formulation [5]. Let ¢ be a vector of SAR acqui-
sition dates in chronological order. For a data set containing N
Ifms constructed from S acquisitions on different dates, after
removing the flat earth and local topography, the unwrapped
differential interferometric phase at pixel (z, ) computed from
the SAR acquisitions at times ¢y, (for the master image), the
start time, and tg (for the slave image), the end time, can be
written as follows:

3tts(@,1) = 001P0 (2, 7) + 6,0 (2, 7)

+ 0GP () + 000 (. 7)
R T (1)
di; 7
6¢t1\;$s ( ) = 4T [d(t37 €T, T) - d(tMv €, T)]
6(;5?;?%5 ( ) = 4771' [datm (t57 €, T) — datm (tM7 z, T)}

where A is the transmitted signal central wavelength; d(tg, x, )
and d(tpr,x,r) represent the cumulative deformation in the
line of sight (LOS) at times tg and tp;, respectively, with
respect to the reference instant ¢, i.e., implying d(tg, z,7) =
0,Y(z,r); and AZ(x,r) is the topographic error present in
the DEM used for Ifm generation, and its impact on defor-
mation maps is also a function of the perpendicular baseline
component B ¢,,+., the sensor—target distance r, and the look
angle 0. The terms datm (tas, ©,7) and dagm(ts, x, ) account
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for temporal atmospheric variations at pixel (z, ), and the last
term 5@5?3?2 (z,r) accounts for temporal decorrelation, orbital
errors, and thermal noise effects.

In our InNSAR TS + PWYV analysis, we note that after
PWYV correction, atmospheric effects on the corrected Ifms are
limited, and their residuals can be considered as random noise,

so that 6¢2% _(x,r) can be neglected in (1)

tmts

55T (x,7) = 6y°P (x,7) + Ot (1)

+ OBpo (2, 1) @
5¢§1(\)4r§s (l‘ 7") = 6¢t1VItS (.T/' T) - ZPDDMtMtS
SGFO (2, 7) = 0RO (2, 1) + Spesidual (2, 1)

where 0§ (w,7) represents corrected phase values and

6¢§fws§dsual(x,r) represents residual water-vapor effects after
correction.

In order to avoid large discontinuities in cumulative defor-
mations and to obtain a physically sound solution, it is usually
preferable to use the mean velocities between time-adjacent

acquisitions in the network inversion [5]

S () = S [dlts, v,r) — dltng, 2.7)]

5-
7T
=5 E U k1 (th1 — th) 3)
k=M

where vy ;41 is the velocity between the kth and (k + 1)th
time. For a given pixel, let V be a vector (of size (S — 1) x 1)
of successive velocities for each interval between dates (i.e.,
VT =[vo1 wvia vs_2.5-1]), let Z be a parameter of
DEM errors, and let R be a vector of Ifm range changes in the
LOS (of size N x 1). Equation (1) can be generalized into a
matrix equation for the entire set of Ifms

v
2, 5]l
Nx(S-1) Nx1 Z Nx1

5 1x1 5 @
OT = [r)\ rs}?xrz@ o Tb%\ll\é]
RY = [{70¢1 £:062 - §:0¢n]

where the N x (S — 1) matrix T references time intervals of
each Ifm. If all the acquisitions are well connected (i.e., they
belong to a single subnetwork), we should have N > S, and

T C ] is an S-rank matrix. Therefore, (4) is a well-
Nx(S-1) Nx1

determined (N = S) or an overdetermined (N > S) system,
and its solution can be easily obtained in a least squares sense.
Berardino et al. [5] also show how solutions can be found for
disconnected subnetworks that overlap in time. As shown in
Fig. 3, the InNSAR TS + PWV technique allows us to map
surface deformation as it evolves in time together with a mean
velocity field, with a key feature: there is less need for an
a priori deformation model in InSAR TS analysis with water-
vapor correction.

It is clear in Fig. 4 that atmospheric effects can be greatly
reduced after using the InNSAR TS + PWYV technique. However,
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Fig.4. InSAR TS results. The LOS range changes on date: 20060809 (relative
to date: 20040211). (a) Without MERIS water-vapor correction. (b) With
MERIS water-vapor correction. Thick black lines show locations of coseismic
fault ruptures mapped from InSAR [9].

the temporal resolution (or sampling rate) of the retrieved
deformation TS may decrease because the data availability of
MERIS NIR water-vapor product is limited due to the presence
of clouds. For example, 2 out of 27 MERIS images used in this
paper were cloudy (> 80% cloudy pixels) (Fig. 1). In addition,
the January 7, 2004 scene has substantial cloud cover in part
of the area of interest. Therefore, we developed an atmospheric
phase screen (APS) model to estimate atmospheric effects for a
given date using PW V-corrected Ifms.

IV. APS MODEL FOR InSAR TS + PWV
A. APS Model: Algorithm

In order to make full use of water-vapor data in the APS es-
timation, a new term, i.e., single-PWV-ZPDDM, is introduced.
If water-vapor data are available at time ¢;, but not available at
time ¢;, a single-PWV-ZPDDM can be calculated by assuming
that ZWD at time ¢; is zero

Single — PWV — ZPDDM,,;, = ZWD,, — ZW D,
= ZWD;, 0. (5)
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Fig. 5. Rewrapped phases superimposed on shaded-relief SRTM DEM.
(a) Original Ifm: 050302-061018. (b) Single-PW V-corrected Ifm using a single
cloud-free MERIS NIR water-vapor image collected on 061018. The phases are
rewrapped so that each 27 color cycle from blue to red to blue represents an
increase of 2.83 cm in the range from ground to satellite.
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Fig. 6. ENVISAT subnetwork used for estimating the APS on the date of
20050302 (denoted by a black dot). Relative perpendicular baselines are plotted
as a function of acquisition dates (format: YYYYMMDD). Black triangles
represent the cloud-free dates used in the APS estimation, while black squares
indicate the dates not used due to the partial presence of clouds or atmospheric
ripples (see text). The 38 dashed gray lines represent ZPDDM-corrected Ifms,
while the ten black dashed lines represent single-PW V-corrected Ifms. The
solid thick line indicates the date of the Bam earthquake.

As an example, it was cloudy over the Bam region on
March 2, 2005, and thus, there was no MERIS NIR water-
vapor data on that day. However, a MERIS NIR water-vapor
image was available on October 18, 2006. Assuming ZWD
on March 2, 2005 to be zero, a single-PWV-corrected Ifm is
shown in Fig. 5(b). It is clear that there are about two more
fringes in the single-PWV-corrected Ifm [Fig. 5(b)] than the
original one [Fig. 5(a)], indicating that, except for deformation
signals, topographic artifacts, and orbital errors, the single-
PWV-corrected Ifm includes contributions of about two fringes
(5.6 cm) from atmospheric effects on March 2, 2005.

In order to estimate atmospheric effects on March 2, 2005,
ten single-PWV-corrected Ifms were generated (Fig. 6): 1) the

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 47, NO. 9, SEPTEMBER 2009

other date should be cloud free, and 2) the perpendicular base-
line should be smaller than 400 m. It should be noted in Fig. 6
that several dates were discarded in the APS estimation due to
the partial presence of clouds (e.g., 20060215) or atmospheric
ripples (e.g., 20040421). All the cloud-free images in the sub-
network were also combined into 38 ZPDDM-corrected Ifms.
By using both types of water-vapor-corrected Ifms, (4) can be
expressed as

V
(S-1)x1
T A C ] D = [ R } (6)
Nx(S-1) Nx1 Nx1 1x1 Nx1
1x1

where D is the APS variable for the date of March 2, 2005 and
the elements of the IV x 1 vector A for this specified date tapg
are given by

Apyts =0, (tam # taps and tg # taps)
Apyts = =1, (tam =taps and ts # taps) (7
Atyts = +1, (tar # taps and tg = taps).

Based on the fact that the atmospheric signal phase compo-
nent is highly correlated in space but poorly in time [26], a
spatial low-pass filter, together with a temporal high-pass filter,
can be used to separate atmospheric effects from deformation
signals. This can be easily implemented if a temporal deforma-
tion model is known

Vv = M xP ®)
(S-1)x1 (S-1)xp px1

where vector P contains p model parameters (typically less
than four) and M is the model matrix describing the velocity
vector V. Hence, (6) can be written as

P
px1
G cl|D|l=|R ©)
Nxp Nx1 Nxl1 1x1 Nx1
1x1
where G = T x M . The total number of un-
Nxp Nx(S-1) (S-1)xp

known parameters decreases from S + 1 in (6) to p + 2 in (9)
(i.e., p+ 2 < S + 1, because the number of parameters in the
temporal model must be less than the number of dates in the TS
for them to be determined by the data) after using the temporal
deformation model, and the left-hand matrix in (9) generally
turns out to be nonsingular, thus making the equation easy to
solve.

It should be noted that characterizing the temporal pattern of
deformation is commonly one of the aims of any deformation
study, and the assumption of a temporal deformation model will
usually have impacts on the separation of deformation signals
from atmospheric effects, orbit errors, and other noise (see more
discussion in Section IV-B). However, the Bam postseismic
motions do appear to be appropriately characterized by a log-
arithmic function derived from InSAR TS analysis with and
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without cloud-free MERIS PWYV correction (see Section V and
[14] and [27])

L(At;) =a+b x log(t; — trq)

=a+ b x log(At;) (10)
where L(At;) is the range change due to postseismic motions
in the LOS at time At; =t; — tgq (referenced to the rupture
epoch tgq). In this case, the velocity at time ¢; is

L(At;11) — L(At;
U(tl) _ ( +1) ( )
(tivr —t:)
_ log(At;11) — log(At;) b (11
(tiv1 —ti)
Thus, (9) can be expressed as
b
1x1
G A C} D —{R] (12a)
Nx1 Nx1 Nx1 Nx1
1x1
G = T X M
Nx1 Nx(S-1) (S-1)x1
log(At;y1) — log(At;
- T x {Og( +1) — log )] (12b)
Nx(S-1) (ti+1 — ti)
(S-1)x1
Note that G = T x M is a matrix relating
Nx1 Nx(S-1) (S-1)x1

model parameters to observations in (12). Because there is
only one model parameter in the logarithmic model [i.e., p = 1
in (9)], the total number of unknown parameters is three, which
can be easily solved in a least squares sense. As shown in
Fig. 7, by using the retrieved APS from (12), the single-PW V-
corrected Ifms can be further corrected to produce ZPDDM-
corrected Ifms that are required in the InNSAR TS + PWV
analysis.

It should be noted that spatial information has not been taken
into account in (9) because it is on a pixel-by-pixel basis.

Assuming that the atmospheric effects on each pixel within a
given window (K = k X k pixels, where k is a positive odd and
can be determined using pixel sizes and atmospheric correlation
distance) are identical, (9) can be expressed as

Gi A O o - 0 Ry

Nxp Nx1 Nx1 Nxl1 Nx1 P Nx1

Gy Ay 0 Co - 0 pxi Ry

Nxp Nx1 Nx1 Nx1 Nx1 1D1 =| Nx1

Gk Ax 0 0 Ck | Lxx1 Rk

Nxp Nx1 Nx1 Nxl1 Nx1 Nx1
(13)

In (13), the DEM error for each pixel is introduced as an
independent unknown parameter. It is clear that when K =1,
(13) is exactly the same as (9). When K > 1, the number of
unknown parameters slightly increases from p 4 2 in (9) to
p+ K + 1 in (13), while the number of observation equations
increases considerably from N to NV x K. In this case, (13) is
an overdetermined system and can be easily solved in a least
squares sense. It is certain that this spatial filter can effectively
prevent unphysical oscillatory variations in the APS estimates,
but it requires higher computational power and longer compu-
tational time.

If no temporal deformation model is known, a temporarily
linear velocity (TLV) model can be employed to estimate the
APS at time ¢;

(i=1)
(i#1landi#S)
(i=2.9).

V1,2 = V2,3,
Vi1, = Vijit1s
V§-2,8-1 = VUS-1,S,

(14)

It is clear that the TLV model only makes an assumption on
two consecutive intervals and thus has a minimum impact on
the whole TS. Following (6), (14) can be rewritten as

Vv
(S-1)x1

F 0 0 D = 0. (15)
1x(S-1) 1x1 1x1 1x1
Z
1x1
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Fig. 8.

APS and InSAR TS results (relative to date: 20040211) superimposed on shaded-relief SRTM DEM. (Left column) APS models for dates 20050302,

20060215, and 20040107, respectively. (Middle column) InSAR TS results without APS correction for dates 20050302, 20060215, and 20040107, respectively.
(Right column) InSAR TS results with APS correction for dates 20050302, 20060215, and 20040107, respectively. Thick black lines show locations of coseismic
fault ruptures mapped from InSAR [9]. The color from blue to white to red implies that the surface moves away from the satellite (except for 20040107 in
(h) and (i), i.e., before the reference date, so the sense of time is reversed). Positive values indicate that the pixel exhibits subsidence in the LOS (e.g., the black
open rectangle labeled as A). Negative values imply that the pixel exhibits uplift in the LOS (e.g., the black open square labeled as B). Vice versa for (h) and (i).

Combining (6) and (15), we have

T A C (Sf‘l/)xl

Nx(S-1) Nx1 Nx1 _ N.ZEI (16)
F 0 0 Ix1 0 |-
1x(S-1) 1x1 1x1 7 1x1
1x1

If all the acquisitions are well connected (i.e., they belong
to a single subnetwork), we should have N > S, and (16) is a
well-determined (N + 1 = S + 1) or an overdetermined (N +
1> 5+ 1) system, and its solution can also be obtained in a
least squares sense.

B. APS Model: Results and Validation

The logarithmic model shown in (10) was employed to
estimate APS on a pixel-by-pixel basis in this paper, i.e., no
spatial filtering was applied. Fig. 8(a) shows the estimated APS
for the date of March 2, 2005 in which an obvious gradient
from west to east can be observed. Relative to the InSAR TS
result without APS correction [Fig. 8(b)], the one with APS
correction [Fig. 8(c)] is much flatter except for the deforming
area (indicated by a black open square).

For the dates of February 15, 2006 and January 7, 2004, there
are some “ripples” (most likely caused by gravity waves in air
flowing over the mountains southwest of Bam) in the estimated
APS [Fig. 8(d) and (g)], which are highly correlated with those
in the InSAR TS result without correction [Fig. 8(e) and (h)].

It is clear in Fig. 8(f) and (i) that the ripples were completely
removed after the APS correction.

To assess the impacts of different deformation models on
the APS model, the TLV model was also implemented to
estimate the APS for two dates: 20040107 and 20050126. It
turned out that the TLV-derived APS estimates agreed to those
derived using the logarithmic model with a standard deviation
of 0.1 cm for both cases, indicating that the impacts of these
two deformation models on the final APS estimates can be
neglected. Because the APS model is only applied to a single
SAR image without coincident PWV data (or with atmospheric
ripple effects) at a time, the impacts of the assumed deformation
models are minimized.

In order to validate the APS model, we calculated an APS
for cloud-free MERIS scenes and compared it to the slant
path delays (SPDs) (i.e., path delays in the satellite LOS)
derived from the MERIS NIR water-vapor products. Because
the estimated APS includes contributions from orbital errors, it
is not appropriate to compare APS with MERIS-derived SPD
directly. In this paper, a best fit plane was calculated from
the differences between APS and MERIS-derived SPD and
then subtracted from the APS. Spatial comparisons were finally
performed between the adjusted APS and the MERIS-derived
SPD (Fig. 9). High correlation coefficients, 0.84-0.98, were
observed with standard deviations of the differences between
APS and SPD as small as 0.3-0.5 cm, indicating that the
APS model holds promise for estimating water-vapor effects
on Ifms.
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Fig. 9. Comparisons between InSAR-derived APS and MERIS-derived SPD. (a) Date: 20040421 (format: YYYYMMDD). (b) Date: 20050126. (c) Date:
20040107. Note the following: 1) SPD-versus-APS points have been color coded according to density, on a scale ranging from blue, turquoise, green, chartreuse,
and red, where red is the maximum; 2) the SPD/APS scale increases for (a)—(c), due to the large temporal water-vapor variations; 3) InNSAR-derived APS estimates
have been shifted so that they have the same mean value as MERIS-derived SPD; and 4) the dashed red line represents a perfect fit (i.e., unit line), while the solid

black line indicates a least squares regression line.
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Fig. 10. TS of averages for areas of strong LOS displacements. Blue triangles represent TS without PWV correction, while black squares indicate TS with PWV
correction. (a) Area of strong subsidence due to dilatancy recovery [14] (0.48 km X 2 km, black rectangles in Fig. 8). (b) Area of rapid uplift due to afterslip [14]
(2 km x 2 km, black squares in Fig. 8). Note the following: 1) formal errors were estimated from rms of the area of interest; 2) fits to points were made with
different functions: log(t) function (indicated by solid blue lines): A + B x log(t); exp(t/7) function (indicated by dashed black lines): A + B x (1 — et/7);
and log-exp(P&A) function (indicated by dotted red lines) [29]: S + C' x log(1 + d x (et/T — 1)); and 3) only the lines fitting the TS with PWV correction are

shown.

Assuming the relationship between them to be linear, i.e.,
APS =a x SPD + b, a least squares fit gives a scale factor
and an offset at zero for each case. It is clear in Fig. 9 that
the scale factor varied widely from case to case (0.82-1.99)
and decreased with an increase in MERIS-derived SPD, i.e.,
InSAR-derived APS estimates appeared to be greater than
MERIS-derived SPD when the amount of atmospheric water
vapor was small, while they appeared to be smaller than the
latter when the amount of atmospheric water vapor increased.
A possible cause of the large variation of the scale factors is
orbital errors and hydrostatic (dry air) delays included in the
APS estimates.

V. POSTSEISMIC MOTIONS AFTER THE 2003
My 6.6 BAM EARTHQUAKE

The distribution of the postseismic surface deformation indi-
cates that at least two different processes were involved, with

different spatial scales and at different depths in the crust [27].
A narrow zone (roughly 500 m wide) located where the surface
ruptures of the 2003 earthquake were observed, south of the
city of Bam (black open rectangles in Fig. 8, labeled as A),
continued to move away from the descending satellite at least
three years after the event [Fig. 10(a)]. Since signals with a
similar magnitude can be seen on two ascending tracks (156
and 385, not shown in this paper), the displacement must be
vertical [27]. This can be interpreted as localized and shallow
compaction of material that dilated during the earthquake [14].

A wider region moving toward the satellite can be observed
in the area indicated by black open squares in Fig. 8 (labeled
as B), i.e., the southeast end of the main subsurface coseismic
rupture inferred from InSAR measurements [28]. Since the
ascending tracks (156 and 385) show much smaller signals
over a smaller area (not shown in this paper), this displacement
must include both uplift and eastward components [27]. Fig. 10
shows that this displacement decays more rapidly with time
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TABLE 1I
SUMMARY OF FITS TO InSAR TS WITH DIFFERENT FUNCTION FORMS
Region Function' InSAR TS (no correction) InSAR TS + PWV
Decay time RMS Decay RMS
(yr) (cm) time (cm)
(yr)

A? log(t) - 0.29 - 0.14
exp(t/tau) 0.84 0.29 0.99 0.14
log-exp(P&A) 2.59 0.28 1.41 0.13

B log(t) . 0.27 - 0.14
exp(l/tau) 0.56 0.29 0.51 0.19
log-exp(P&A) 9.70 0.27 9.24 0.15

Note: : Function forms: log(t) function: A + B x log(l) ; exp(t/tau) function: A + B x (1 - e’/’) ;

and log-exp(P&A) function [29]: §+C x log(l +d x (e’/T - 1));
% Subsidence region indicated by a black open rectangle (with a label of A) in Fig. 8;
*: Uplift region indicated by a black open square (with a label of B) in Fig. 8.

than the shallow compaction. The displacement is believed to
be due to afterslip above and to the south of the main coseismic
slip asperity that ruptured during the 2003 earthquake [14].

It is shown in Fig. 10 that InSAR TS (with and without
PWYV correction) can be fitted with three different functions that
have been used for postseismic processes: 1) log(t) function:
A+ B x log(t); 2) exp(t/7) function: A+ B x (1 —e€'/7);
and 3) log-exp(P&A) “Perfettini & Avouac” function [29]:
S+ C xlog(l+dx (/7 —1)), where A, B, S, C, d, and
T are constants and ¢ is time in years since the earthquake (note
that 7 is different in (2) and (3) functions). Strong variations can
be observed in the InSAR TS without PWV correction, with a
misfit rms of 0.27-0.29 cm, in both the shallow compaction
[Fig. 10(a)] and the afterslip regions [Fig. 10(b)]. In contrast,
the InNSAR TS 4+ PWV TS appeared to have a smaller misfit
rms of 0.13-0.19 cm (i.e., about 50% in reduction) in both
deformation regions. In Table II, changes in the estimated decay
times can be observed after applying water-vapor correction,
particularly for the shallow compaction region (labeled as A),
e.g., the decay time for the log-exp(P&A) function is 2.59 years
without PWV correction, while it decreases to 1.41 years with
PWYV correction.

Despite the significant reduction in the atmospheric errors
after the PWV corrections, it was still not possible in this case
to determine which of the three postseismic time functions fits
the data best (see Fig. 10 and Table II), primarily because the
first ASAR image was acquired 12 days after the earthquake
[14]. An InSAR satellite with a shorter repeat interval would
have better resolved the time function.

VI. DISCUSSION AND CONCLUSION

As shown in Fig. 8(e) and (h), atmospheric ripples with a
wavelength of 3—5 km can be observed in four out of the total 27
ASAR images used in this paper, of which three have coincident
MERIS data available (e.g., 20040107 and 20050126). Similar
short-wavelength signals can be seen in the MERIS water-vapor
data for those three days, owing to their high spatial resolution
(up to 300 m). This indicates that these signals resulted from

spatial variations of the water vapor. Because atmospheric
ripples can be easily identified due to their large amplitudes and
short wavelengths, a proper selection of Ifms (e.g., excluding
those with obvious atmospheric ripples) makes it possible to
reduce the impacts of atmospheric ripples to a minimum at an
expense of temporal resolution in InSAR TS analysis. We have
shown that residual water-vapor effects are small in the selected
ZPDDM-corrected Ifms, and no a priori deformation model is
required to estimate spatially dense deformation TS as well as
a mean deformation map, which is the key advantage of the
InSAR TS + PWV approach.

By using the deformation TS from the TS analysis with the
properly selected ZPDDM-corrected Ifms, a temporal deforma-
tion model can be derived and then used for estimating the APS
for a given date. Alternatively, the TLV model can be adopted in
the APS estimation. It is evident that the APS model proposed
in this paper cannot only reduce long-wavelength but also short-
wavelength water-vapor effects on the InNSAR TS results (Fig. 8
and supplementary GIF movie).! Since the APS model is only
applied to a single SAR image without coincident PWV data
(or with atmospheric ripple effects) at a time, the impacts of the
assumed deformation models (or temporal filter) on the final
TS results are minimized (see Section IV-B), which is another
key advantage of the InNSAR TS + PWYV approach over several
existing InSAR TS techniques. It should be noted that the extent
to which the impacts of the assumed deformation models can

"This paper has supplementary downloadable material available at
http://ieeexplore.ieee.org, provided by the authors. This includes a GIF format
movie clip, which shows InSAR time-series results for postseismic motions
after the 2003 My 6.6 Bam (Iran) earthquake: (a) without water-vapor
correction and (b) with water-vapor correction. Note the following: 1) thick
black lines show locations of coseismic fault ruptures mapped from InSAR [9];
2) the 20040211 image was chosen as the reference for the time-series analysis
due to its limited atmospheric effects, so it has zero values by definition;
3) the color from blue to white to red implies that the surface moves away from
the satellite except for the date of 20040107 (because it is before the reference
date, the sign of its postseismic deformation is opposite to the others); and
4) except for the date of 20040107, positive values indicate that the pixel
exhibits subsidence in the LOS, e.g., the area labeled as A; negative values
imply that the pixel exhibits uplift in the LOS, e.g., the area indicated by the
black open square and labeled as B. This material is 6.4 MB in size.
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be depends on two factors: The first factor is the time intervals
between the date of interest and its two neighboring dates.
The shorter the intervals, the smaller the impacts will be. The
second factor is the actual deformation pattern during the period
spanned by the date of interest and its two neighboring dates.
When the change in the temporal deformation pattern is small,
the impacts of the assumed deformation models (e.g., the TLV
model) can be trivial.

The performance of the APS model also depends on the
structure of the SAR subnetwork (Fig. 7): 1) The black dot
(i.e., the APS date) is preferably located in the center of the
subnetwork in order to optimize the estimation of the deforma-
tion model parameters; in other words, the greatest impacts of
uncertainties in the deformation model on the APS estimates
occur if the black dot is located at either end of the subnetwork
(i.e., either the first or the last date—this is especially true
for the first date with the log(¢) time function because of its
inherent feature; its displacement velocity sharply decreases
with time, and there is a large uncertainty in the exact amount
of curvature in the time function, so extrapolation to the first
date has larger errors), and 2) the more baselines (i.e., ZPPDM-
corrected and single-PWV-corrected Ifms), the more robust
the subnetwork, and the better the APS solution is expected
to be. This indicates that water-vapor data availability is an
issue that should be considered. MERIS and MODIS near-
infrared water-vapor data sets are usable only under cloud-
free conditions and during the day, while dense continuous
GPS networks are currently only available in certain regions
(e.g., Southern California and Japan). Since numerical weather
models (NWMs) can provide estimates of tropospheric path
delays with a global coverage, 24 h a day in all weather, it is
likely that the use of NWM will expand the application of the
InSAR TS + PWYV approach for deformation mapping, which
will be an important issue in future work.
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