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Abstract. With its global coverage and all-weather
imaging capability, Interferometric SAR (InSAR)
has been revolutionizing our ability to image the
Earth’s surface and the evolution of its shape over
time. In turn, this has led to many new insights into
geophysical and engineering processes, such as volca-
noes, earthquakes, landslides and mining activity. In
this study, we used an advanced InSAR time series
technique to map ground motion of an area in
Northern Tibet using ENVISAT images acquired be-
tween 2003 and 2007. In order to minimise the e¤ects
of baseline decorrelation, a subset of possible pairs
having a perpendicular baseline (i.e. orbital separa-
tion) of less than 400 m was chosen for the InSAR
time series analysis. The time series results reveal an
‘unexpected’ nonlinear ground motion: the area of in-
terest was relatively stable during the period from
2003 to the middle of 2004, whilst it has exhibited a
nearly linear uplift of about 8 cm since the middle of
2004. Examination of high-resolution ALOS PRISM
images shows that the uplift signal occurred over the
Huatugou oil field and is most likely caused by water
injection. This study highlights the potential of In-
SAR as an early detection tool of surface deforma-
tions.

1. Introduction

Interferometric SAR (InSAR) techniques utilize the
phase di¤erences in complex (amplitude and phase)
Synthetic Aperture Radar (SAR) images acquired
under similar geometric conditions, but at two di¤er-
ent epochs, to measure the component of the surface
displacement (i.e. range changes) in the direction
of the radar line of sight (LOS) with tens-of metres
horizontal spatial resolution over large regions (e.g.
100 km! 100 km). With its global coverage and all-
weather imaging capability, InSAR has been revolu-
tionizing our ability to image the Earth’s surface,
which in turn has led to many new insights into geo-
physical and engineering processes, such as volca-
noes, earthquakes, landslides and mining activity
(Lu et al. 2007, Massonnet and Feigl 1998).

The original purpose of this study was to map the in-
terseismic motion of the Eastern Altyn Tagh Fault so
as to provide evidence for or against the existence of
rigid plate deformation in the Tibetan plateau (e.g.
Thatcher 2007) using ENVISAT SAR. The interfero-
grams produced generally span about 8 degrees of
latitude (i.e. a north-south distance of 888 km). This
paper however, focuses on an ‘‘unexpected’’ localized
uplift signal over a small area (4.5 km! 2.7 km) re-

vealed by our time series analysis. The main structure
of this paper is as follows: A description of the small
baseline (SB) InSAR time series technique is given in
Section 2. The main InSAR error sources are pre-
sented in Section 3, followed by our InSAR time
series results and a detailed discussion. In Section 4,
we draw our conclusions.

2. Methods

2.1. Phase measurements

After removing the flat earth and local topography,
the unwrapped di¤erential interferometric phase at
pixel ðx; rÞ (x and r are the azimuth and range co-
ordinates respectively) computed from the SAR ac-
quisitions at times tM (start time) and tS (end time)
can be written as follows (Berardino et al. 2002):

dftMtSðx; rÞ ¼ df topo
tMtS

ðx; rÞ þ dfdisp
tMtS

ðx; rÞ
þ dfatm

tMtS
ðx; rÞ þ dfnoise

tMtS
ðx; rÞ;

df topo
tMtS

ðx; rÞ ¼ 4p

l

B?tMtSDZðx; rÞ
r sin y

;

dfdisp
tMtS

ðx; rÞ ¼ 4p

l
½dðtS; x; rÞ ' dðtM ; x; rÞ(;

dfatm
tMtS

ðx; rÞ ¼ 4p

l
½datmðtS; x; rÞ ' datmðtM ; x; rÞ(;

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

ð1Þ

where l is the transmitted signal central wavelength
in mm (e.g. 56.3 mm for ASAR, and 236 mm for
ALOS PALSAR), dðtS; x; rÞ and dðtM ; x; rÞ respec-
tively represent the cumulative deformation in the
line of sight at times tS and tM with respect to the ref-
erence time t0, i.e. implying dðt0; x; rÞ ¼ 0 for all
ðx; rÞ; DZðx; rÞ is the topographic error present in
the DEM used for interferogram generation, its im-
pact on deformation maps is a function of the per-
pendicular baseline component B?tMtS , the sensor-
target distance r, and the look angle y. The terms
datmðtM ; x; rÞ and datmðtS; x; rÞ account for temporal
atmospheric variations at pixel ðx; rÞ, and the final
term dfnoise

tMtS
ðx; rÞ for temporal decorrelation, orbital

errors and thermal noise e¤ects.

In equation (1), it is clear that the smaller the perpen-
dicular baseline, the less the impact of DEM errors
on a deformation map. Assuming a nominal inci-
dence angle of 23) and a perpendicular baseline of
100 m, the typical topographic errors in the SRTM
DEM (8.7 m in Eurasia (Farr et al. 2007)) might
lead to a phase error of 0.61 rad, which is well below
the typical phase noise level of the InSAR pairs, on
the order of P0.70 rad (Hanssen 2001). Therefore,
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the topographic contribution can be considered negli-
gible for InSAR pairs with a perpendicular baseline
of 100 m or shorter (see more details in Section 3.1).

Atmospheric e¤ects were first identified in repeat-
pass InSAR measurements by (Massonnet et al.
1994) when they studied the 1992 Landers earth-
quake. Zebker et al. (1997) suggested that a 20% spa-
tial or temporal change in relative humidity could re-
sult in a 10–14 cm error in deformation measurement
retrievals, independent of any baseline parameter. It
should be noted that the atmospheric phase compo-
nent in equation (1) also includes ionospheric e¤ects
(Hanssen 2001). However, because the occurrence of
phase scintillation due to small-scale ionospheric dis-
turbances is limited in the equatorial and auroral re-
gions, and extremely rare in mid-latitude regions; and
ionospheric e¤ects on InSAR measurements should
be P17 times less at C-band than at L-band, an as-
sumption is made in this paper that ionospheric ef-
fects will not significantly a¤ect phase variations in
C-band SAR images, although they may lead to
long wavelength gradients which can be removed us-
ing a best-fit plane (Massonnet and Feigl 1998).

2.2. InSAR time series (InSAR TS)

Over the past few years, reduction of atmospheric ef-
fects on InSAR measurements have been successfully
demonstrated using independent water vapour mea-
surements (Ding et al. 2008), e.g. GPS (Janssen et al.
2004, Li et al. 2006a, Li et al. 2004, Onn and Zebker
2006, Xu et al. 2006), the NASA Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) (Li et al.
2005) and the ESA MEdium Resolution Imaging
Spectrometer (MERIS) (Li et al. 2006b, Li et al.
2006c). After water vapour correction, atmospheric
e¤ects on the corrected interferograms are limited
and their residuals can be considered as random
noise, so that dfatm

tMtS
ðx; rÞ ¼ ZPDDMþ dfresidual

tMtS
ðx; rÞ

(where ZPDDM is Zenith Path Delay Di¤erence
Map (Li et al. 2006a, Li et al. 2009b, Li et al. 2005))
can be cancelled out in equation (1):

dfcorr
tMtS

ðx; rÞ ¼ df topo
tMtS

ðx; rÞ þ dfdisp
tMtS

ðx; rÞ

þ dfnoise2

tMtS
ðx; rÞ;

dfcorr
tMtS

ðx; rÞ ¼ dftMtS ðx; rÞ ' ZPDDMtMtS ;

dfnoise2

tMtS
ðx; rÞ ¼ dfnoise

tMtS
ðx; rÞ þ dfresidual

tMtS
ðx; rÞ;
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where dfcorr
tMtS

ðx; rÞ represents corrected phase values

and dfresidual
tMtS

ðx; rÞ residual water vapour e¤ects after
correction.

The small baseline subset algorithm (SBAS) is a ro-
bust InSAR time series analysis approach, which
uses interferograms with small baselines to minimize
the e¤ects of baseline decorrelation and inaccuracies
in topographic data used (Berardino et al. 2002,
Casu et al. 2006, Lanari et al. 2007, Lanari et al.
2004). As shown in Figure 1, let t be a vector of
SAR acquisition dates in chronological order. For

a dataset containing N interferograms constructed
from S acquisitions on di¤erent dates, assuming
vk;kþ1 is the mean velocity between the time-adjacent
(e.g. the kth and ðk þ 1Þth time) acquisitions, the de-
formation phase can be written as (Berardino et al.
2002):

dfdisp
tMtS

ðx; rÞ ¼ 4p

l
½dðtS; x; rÞ ' dðtM ; x; rÞ(

¼ 4p

l

XS'1

k¼M

vk;kþ1ðtkþ1 ' tkÞ: ð3Þ

For a given pixel, let V be a vector (of size
ðS ' 1Þ ! 1) of successive velocities (i.e. VT ¼
½v0;1 v1;2 * * * vS'2;S'1(), Z a parameter of DEM
errors, and R a vector of interferogram range
changes in the line of sight (of size N ! 1). Equation
(2) can be generalized into a matrix equation for the
entire set of interferograms (Berardino et al. 2002):

!
T

N!ðS'1Þ
C

N!1

" V
ðS'1Þ!1

Z
1!1

2

4

3

5 ¼ R
N!1

! "
;

CT ¼ B?1

r sin y

B?2

r sin y
* * * B?N

r sin y

! "
;

RT ¼ l

4p
dfcorr

1

l

4p
dfcorr

2 * * * l

4p
dfcorr

N

! "
;

8
>>>>>>>>>><

>>>>>>>>>>:

ð4Þ

where the N ! ðS ' 1Þ matrix T references the time
interval of each interferogram, e.g.

T
N!ðS'1Þ

¼

t1 ' t0 t2 ' t1 0 * * * * * * 0

0 t2 ' t1 t3 ' t2 0 * * * 0

* * * * * * * * * * * * * * * * * *
0 0 * * * * * * tS'2 ' tS'3 tS'1 ' tS'2

2

66664

3

77775
:

ð5Þ

Figure 1: InSAR time series schematic.
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If all the acquisitions are well-connected (i.e. they be-
long to a single sub-network), we should have NbS,
and ½TN!ðS'1Þ CN!1( is a matrix with rank S. There-
fore, equation (4) is a well determined ðN ¼ SÞ or an
over-determined ðN > SÞ system, and its solution can
be easily obtained based on the least squares princi-
ple.

3. Huatugou oil field

Figure 2 shows the perpendicular baseline lengths of
all 20 ENVISAT images collected during the period
between 6 April 2003 and 2 September 2007 over the
region of interest. In this study, 90 interferograms
with a small perpendicular baseline (a400 m) were
produced from the 20 ASAR level 0 (raw data) im-
ages using the JPL/Caltech ROI_PAC software (ver-
sion 3.0) (Rosen et al. 2004), and then unwrapped
with the SNAPHU program (Chen and Zebker
2000). E¤ects of topography were removed from the
interferograms using a 3-arc-second posting (P90 m)
digital elevation model (DEM) produced by the
Space Shuttle Radar Topography Mission (SRTM)
(Farr et al. 2007).

3.1. InSAR error sources

The main error sources of InSAR, together with their
corresponding reduction strategies are demonstrated
in this section.

Topographic error. The DEM used to remove topog-
raphy from an interferogram can introduce errors
(Bürgmann et al. 2000). As shown in equation (1),
the sensitivity of interferometric phase measurements

with respect to height errors increases proportionally
to the perpendicular baseline length. The longer the
perpendicular baseline, the bigger the impacts of
height errors (Figure 3), indicating that pairs with
short baselines should be chosen to reduce the impact
of height errors on the deformation. However, it is
clear from Figure 2 that some pairs with relatively

Figure 2: ENVISAT images from descending track 176: Im-
ages are denoted by black triangles with a label of date in for-
mat: YYYYMMDD. Black solid lines connecting triangles
represent radar interferograms with a perpendicular baseline
shorter than 400.

Figure 3: Topographic errors with di¤erent perpendicular baselines: (a) 041226-051211 (Perpendicular baseline: 10 m);
(b) 041226-070311 (Perpendicular baseline: 332 m).
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long baselines are required in the InSAR time series
to form a connected network. Therefore, to obtain a
reliable deformation time series, height errors are es-
timated in the InSAR TS for each pixel, bearing in
mind their sensitivity to the perpendicular baseline
length.

Orbital ramp. The knowledge of satellite orbits is lim-
ited; it is believed that a realistic total orbit error of
around 10 cm is applicable to ENVISAT, with radial
accuracy being around 3 cm (Otten and Dow 2004).
After known geometrical contributions have been re-
moved using precise orbits, residual phase ramps re-
main in interferograms. In northern Tibet, orbital

ramps can be easily observed even in a small region
(e.g. two fringes in an area of 53 km! 66 km, Fig-
ures 3(b) and 4). A conventional way to reduce or-
bital errors is to subtract a best-fit plane or quadratic
surface directly from the unwrapped phase. Note that
this approach may also remove the long-wavelength
component of deformation signals. The signals of in-
terest in this paper are localised, and therefore this
approach should be su‰ciently accurate.

Phase unwrapping error. Interferometric phase mea-
surements are modulo 2p radians, and a fringe is
equivalent to ground motion of half the radar wave-
length (e.g. 2.8 cm for the Envisat satellite) in the sat-

Figure 4: Orbital ramps: (a) 031207-070520; (b) 040215-070415.

Figure 5: Examples of interferometric coherence maps over the area of interest: (a) 041226-051211 (spanning about 1 year);
(b) 040111-070311 (spanning 3 years and 2 months).
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ellite line of sight. The discontinuous map of phase
di¤erences is unwrapped to form a continuous map
of the LOS range changes. Since the coherence is
generally good (Figure 5) even for long-term pairs
due to the arid climate, low relief variations and a
lack of vegetation, the performance of phase unwrap-
ping is quite robust, which was validated with a
phase closure technique (Biggs et al. 2007) in this
study. The basic idea of the phase closure technique
is that the phase contributions behave in a conserva-
tive manner, i.e. fln ' flm ' fmn ¼ 0, where fmn is the
phase contribution of interferogram mn constructed
from acquisitions n and m. In contrast, phase un-
wrapping errors do not follow this rule so can be eas-
ily identified by summing around a loop and check-
ing residuals (Biggs et al. 2007).

Atmospheric e¤ect. A major source of error for
repeat-pass InSAR is the phase delay in radio signal
propagation through the atmosphere (especially the
part due to tropospheric water vapour) (e.g. Figure
6). It is demonstrated that a better time series of post-
seismic motion after the 2003 Bam (Iran) earthquake
can be achieved after reduction of water vapour ef-
fects using an InSAR Time Series with a Precipitable
Water Vapour correction model (InSAR TSþ PWV)
generated from coincident full resolution (0.3 km)
MERIS near IR water vapour data (Li et al. 2009a).
However, only reduced resolution (1.2 km) MERIS
data is available over Tibet and the signals of interest
have a comparable scale of (2 km! 3 km). Examina-
tion of the 90 small baseline interferograms reveals
that water vapour e¤ects are smaller than half a
fringe in all cases, which is only one sixth of the uplift
signals observed. Therefore, all 90 the small base-
line interferograms can be e¤ectively considered as

ZPDDM-corrected interferograms, and water vapour
e¤ects were considered as white noise in our InSAR
time series.

3.2. InSAR time series results

Figure 7 shows the flowchart of the InSARþ PWV
technique (Li et al. 2009a) used in this study. The
InSARþ PWV technique allows us to map surface
deformation as it evolves in time together with a

Figure 6: InSAR atmospheric e¤ects: (a) topography-dependent atmospheric signals: 031207-040215; (b) topography-independent
atmospheric signals: 030406-030615.

Figure 7: Flowchart of InSAR TSþ PWV (Li et al. 2009a).
Note: all the 90 small baseline interferograms used in this
study can be e¤ectively considered as ZPDDM-corrected in-
terferograms due to their limited water vapour e¤ects and the
small area of the Huatugou oil field.
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mean velocity field, with two key features: (1) no a
priori deformation model is required in InSAR time
series analysis, after water vapour correction is ap-
plied and/or when water vapour e¤ects are limited;
(2) the capability to provide spatially dense deforma-
tion maps is preserved by only using SAR pairs with
small baselines.

Figure 8(a) shows the mean velocity of the study area
during the period from 2003 to 2007. A maximum
range change rate ofP2.2 cm/yr in the satellite LOS
direction, corresponding to P2.3 cm/yr of vertical
deformation (assuming no horizontal motion), is ob-
served in Region A (indicated by a red rectangle),
whilst the rest of the region is relatively stable. On
closer inspection of the InSAR-derived deformation
time series over Region A, it is found that Region A
did not start to uplift until May 2004, and that the
uplift signal is nearly linear with a mean velocity of
2.3 cm/yr (Figure 8(b)). In contrast, the time series
of Region B appears to be flat (i.e. the mean velocity
is 0.0 cm/yr) (Figure 8(c)). It should be noted that
similar patterns are observed in the time series over
dozens of regions (e.g. C, D, E and F) that are al-
most evenly distributed across the whole area of in-
terest.

In Figure 8(b), there is no obvious seasonal signal ob-
served during the period from 30 May 2004 and 02
September 2007, indicating that it is unlikely that
natural water recharging caused the uplift signal.

Examination of 2.5 m ALOS PRISM images reveals
that there are several buildings (indicated by black
arrowheads) and roads (indicated by red rectangles)
around the nonlinear uplift signal (indicated by red
circle) (Figure 9). It is also clear in Figure 9 that the
uplift signal is located at a doubly-plunging anticline,
which is a favoured location for oil and natural gas
drilling. A phone investigation suggests that the uplift
signal corresponds to the location of Huatugou Oil
field where water injection has been employed since
2004 (Z. Xu, personal communication, 2008). Note
that Bawden et al. (2001) reported that the Baldwin
Hills oil fields in southern California uplifted at
5e 9 mm/yr because fluid injection had exceeded
withdrawal since 1993. It appears that the Huatugou
Oil field follows a similar uplift mechanism, that is,
the observed uplift signal is more likely caused by
water injection.

Figure 8: (a) Mean velocity over the region of interest during the period between 2003 and 2007. (b) Displacement time series
over region A. Blue dashed line indicates the mean velocity from 06 April 2003 to 30 May 2004, whilst red dashed line represents
the mean velocity between 30 May 2004 and 02 Sep 2007. (c) Displacement time series over region B. Blue dashed line indicates
the mean velocity from 06 April 2003 to 02 Sep 2007. Note: For simplicity, the range changes in the satellite line of sight in Fig-
ures (b) and (c) are converted into the vertical direction by assuming no horizontal motion (though horizontal movements cannot
be ruled out based on the available InSAR data only).
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4. Conclusions

In this paper, Small Baseline (SB) InSAR time series
technique has been successfully employed to map
ground motions of an area in Northern Tibet during
the period between 2003 and 2007 using ENVISAT
pairs with a perpendicular baseline (i.e. orbital sepa-
ration) of less than 400 m. A nonlinear ground uplift
motion was detected over the Huatugou oil field: the
area of interest was relatively stable during the period
from April 2003 to May 2004, whilst it has exhibited
a nearly linear uplift since May 2004 with a total dis-
placement magnitude of about 8 cm between May
2004 and September 2007. It should be noted that
no deformation model was assumed in the InSAR
time series analysis; therefore the consistency of the
uplift rates between 2004 and 2007 not only suggests
that the signal itself is ‘real’, but also indicates that
SB InSAR can be employed for very precise defor-
mation monitoring in oil fields.

It is also worth noting that the ground motion was
‘‘unexpected’’ in our study since our aim was to map
the interseismic motion of the Eastern Altyn Tagh
Fault. However, the overall nonlinear ground motion
was easily observed when a time series analysis was
performed, which shows the potential of SB InSAR
as an early detection tool for surface deformations.

On the one hand, longer wavelength SAR data (e.g.
L-band ALOS PALSAR) is available with better co-
herence (i.e. less temporal decorrelation) than C-
band due to its capability to penetrate more deeply
through vegetation. As a result, this makes InSAR
deformation mapping possible over longer time inter-
vals at wider scales than before. On the other hand,
advanced InSAR techniques (e.g. InSAR time series)
are being developed to combine multi-temporal,

multi-wavelength SAR data together for mapping
time-variant ground surface deformation. Therefore,
it is reasonable to believe that InSAR will become
a practical deformation monitoring tool in the near
future.
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