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Abstract Landslides constitute one of the major natural hazards that could cause sig-

nificant loss of life and various human settlements. Mansa Devi hill near Haridwar city has

encountered with such potential hazard for several years due to the instability of the slopes.

Therefore, preparedness both on regional and site-specific basis at spatial level in the form

of surface movements is extremely important to diminish the damage of human life and

settlements. Though the surface movement measurement through field-based technique is

always very accurate, this technique is time-consuming and unfeasible over a widely

affected region. Therefore, areal and satellite remote sensing is gaining importance in

landslide investigation due to its wide coverage. In recent years, synthetic aperture radar

has already proven its potential for mapping ground deformation due to earthquake,

landslide, volcano, etc. Therefore, in this study, an attempt has been made to identify the

potential landslide-affected region in Mansa Devi area using one multi-temporal SAR

technique and intensity tracking technique. Intensity tracking technique has identified

significant mass movement in the landslide-affected region where the other conventional

multi-temporal technique, SBAS, fails. An error analysis has been carried out in order to

demonstrate the applicability of intensity tracking technique. This study demonstrated that

intensity tracking can be considered as an alternative to conventional interferometry for the

estimation of land surface displacement when latter is limited by loss of coherence due to

rapid and incoherent surface movement and/or large acquisition time intervals between the

two SAR images.
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1 Introduction

Landslide is one of the most dangerous threats to the population of the Indian Himalayas.

Landslides and other mass movements are serious geo-environmental hazards in the

Himalayas (Bhasin et al. 2002). Many villages and vital transport routes are endangered

by landslides and losses of lives and important infrastructure are not uncommon.

Therefore, the landslide incidences have been of serious concern to the society. It has

been estimated that the annual economic losses due to landslide damages alone in the

Himalayan region exceed 1 billion US dollars, including hundreds of human fatalities.

(Dahal et al. 2009). Therefore, monitoring the mass movement of the land surface is an

important task in order to identify potential landslide-affected area. However, due to

large spatial extent of affected areas, field surveys may not be feasible. Further, esti-

mation of repetitive displacement through field surveys at spatial level may be difficult.

This may hamper the planning and monitoring processes. In areas where large landslides

cannot be stabilized and may accelerate suddenly, space-based remote sensing is often

the only solution to monitor the mass movement of the land surface. Therefore remote

sensing and GIS based technique are used extensively to landslide application worldwide

(Saha et al. 2005; Kundu et al. 2013; Pradhan 2011; Pradhan and Lee 2010; Pradhan

et al. 2010, etc.). Though the availability of high-resolution optical sensors has provided

enormous thrust to the landslide research, meteorological conditions such as clouds and

fog and restrictions on time of imaging sometimes make it difficult to fully exploit these

sensors.

To overcome these difficulties, radar remote sensing, which allows mapping irrespec-

tive of meteorological conditions both day and night, has gained its importance. Among

them, InSAR technique appears to be most attractive for detecting small-to-large mass

movement due to different natural and man-made hazards such as earthquakes (Massonnet

et al. 1994; Fialko et al. 2001; Jonsson et al. 2002; Pathier et al. 2003; Wright et al. 1999;

Bhattacharya et al. 2012a, 2013, 2014, etc.), landslides (Fruneau et al. 1996; Rott et al.

1999, etc.) and mining subsidence (Wright et al. 1999; Michaela et al. 2003; Bhattacharya

et al. 2012b, etc.). First InSAR applications to measure slope motion have been reported by

Fruneau et al. (1996) for a landslide (Saint-Etienne-de-Tinee) in southern France. After

that, numerous studies have been carried out by several researchers around the globe (Rott

et al. 1999; Rizzo and Tesauro 2000; Nagler et al. 2002; Squarzoni et al. 2003; Berardino

et al. 2003; Colesanti et al. 2003; Rott and Nagler 2006; Bovenga et al. 2006; Colesanti and

Wasowski 2006; Yin et al. 2010; Bovenga et al. 2012, etc.). Though DInSAR technique

looks promising to monitor slope motions, several researchers have highlighted some

limitations due to the atmospheric variability and the temporal decorrelation (Ding et al.

2008). Several algorithms have been used to mitigate the atmospheric effect in DInSAR

processing. Among them, permanent scatterer SAR interferometry (PSInSAR) and small

baseline subset (SBAS) have proved to be effective in estimating deformation at inter-

mittent time periods in various regions around the globe. PSInSAR is based on identifi-

cation of stable image pixels that are coherent over long time intervals in a stack of

interferograms generated with the same master image (Ferretti et al. 2000; Hooper et al.
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2004). On the contrary, SBAS uses SAR image combinations with short spatial and

temporal baseline to reduce the effects of spatial and temporal decorrelation (Berardino

et al. 2002; Hooper 2008, etc.). These two multi-temporal techniques have been used in

various studies to detect small to rapid surface movement due to different natural disasters

(Hilley et al. 2004; Colesanti and Wasowski 2006; Lauknes et al. 2010; Bhattacharya et al.

2013, 2014, etc.). PSInSAR has been found to be appropriate in urban areas where man-

made structures such as bridges and high-rise buildings act as strong persistence scatterers;

however, fails in areas covered with thick vegetation like mountainous region. The SBAS

algorithm has been optimized for the distributed scattering mechanism where several

adjacent resolution cells represent the same physical deformation phenomenon (Lauknes

et al. 2010) and therefore appears appropriate in estimation of surface displacements in the

thick vegetated area. However, for loss of coherence, because of thick vegetation, unre-

liable phase unwrapping sometimes affect this technique. Recently two image-to-image

patch offset techniques, known as feature tracking technique, have been developed to

monitor displacement which can minimize the limitations associated with the conventional

multi-temporal techniques (Strozzi et al. 2002). Most of the applications till date are,

however, still limited to measure the glacier flow only (Strozzi et al. 2002; Pritchard et al.

2005; Quincey et al. 2009; Huang and Li 2011; Jiang et al. 2012; Holt et al. 2013, etc.). To

the best of our knowledge, very limited landslide studies, using only X-band SAR data,

have been conducted by offset measurement technique (Raucoules et al. 2013; Singleton

et al. 2014).

The feature tracking technique can be classified as intensity tracking, based on patch

intensity cross-correlation optimization, and coherence tracking, based on patch coherence

optimization. Though InSAR can be considered as the most accurate technique to measure

the displacement in slant range direction with very high spatial resolution, most of the time

it is difficult to fully exploit this technique due to loss of coherence and the reduced

feasibility of phase unwrapping. Reliable phase unwrapping is only possible for areas of

high coherence. In some cases, disconnected areas of high coherence separated by areas of

low coherence cannot be properly analyzed (Strozzi et al. 2002). Moreover, InSAR can

only estimate the displacement in slant range direction, whereas feature tracking can

estimate displacement in both range and azimuth directions. Like InSAR, coherence

tracking is also suitable for areas of high coherence, but the accuracy and resolution of

coherence tracking are poorer than those of InSAR. Moreover, long processing times are

required to track the motion of large areas at high spatial resolution. However, intensity

tracking has several advantages over conventional InSAR and coherence tracking.

Atmospheric disturbances and cloud cover cannot affect the SAR intensity but can affect

the phase considerably. Another big advantage of using intensity information is that it is

not affected by coherence due to change of vegetation cover (Strozzi et al. 2002). More-

over, SAR intensity is not affected by the signal saturation due to high displacement.

Therefore, in most of the vegetated areas such as Mansa Devi, the successful analysis of

SAR image pairs with large acquisition time intervals is restricted to intensity tracking.

This is particularly important to exploit most of the archive data, since all the previous and

current SAR missions have a long revisiting time. Though this technique has gained its

reliability due to the presence of ionospheric disturbances, sometimes erroneous offset

estimation in azimuth direction can be identified. However, Raucoules et al. (2013)

demonstrated that longer wavelength radar signals (L-band) are mainly affected by such

ionospheric disturbances. It is thus assumed that the results obtained by using C-band data

are less affected by ionospheric disturbances.
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Mittal et al. (2011) reported that during the monsoon season of 1998 to 2000, a major

landslide along with a number of small-scale isolated landslides and rock falls occurred on

the slopes of the Mansa Devi hill. However, before 2006, no such continuous monitoring of

the landslide or slope instability has been done for this area. Therefore, in this study, an

attempt has been made to identify the affected areas using intensity tracking and SBAS

techniques and also to demonstrate the potential of intensity tracking technique by using

ERS-1/2 C-band SAR data to identify landslide-related mass movement. The results

obtained from SBAS and intensity tracking have also been compared for stable and

landslide-affected region. Finally, an error analysis has been carried out in order to

demonstrate the acceptability of intensity tracking technique for landslide application.

2 Study area

Mansa Devi hill is located near the city of Haridwar. The study area is located between

longitude 77�5903000E and 78�1203000E and latitude 29�5703000N and 30�0200000N in the

Haridwar district of Uttarakhand (Fig. 1). It is one of the several landslide-prone areas in

Uttarakhand. The landslide area became active a decade ago and threatens the larger part of

the city of Haridwar and a stretch of about 300 m of the Haridwar bypass road. Railway

track, residential and commercial establishments are situated all along the base of the hill.

Historically, the Mansa Devi hill has witnessed many small-to-large landslides along the

slopes of the Mansa Devi hill (Gupta et al. 2013). They pose a danger to the intensively

built-up areas that have developed along the foothills and in the adjoining areas on and

around Mansa Devi hill, specifically along the Bhimgoda road, Haridwar. The area comes

under subtropical climate with moderate to heavy rainfall during monsoon. About 70 % of

the rain occurs during July to September, and moderate to heavy rainfall also occur during

January and February. The study area also has been affected by severe tectonic movement

(Bhattacharya et al. 2013, 2014) which have occurred along the Bhimgoda Thrust, Ganga

Tear Fault and several other minor faults located in the vicinity of the study area (Bartarya

et al. 2007). It has been reported that the continuous seepage of water from channels

located in immediate vicinity of this area is continuously undergoing slow mass movement

which indicates that mass has been mobilized by increase in pore water pressure over years

(Mittal et al. 2011).

Fig. 1 Areal extent and DEM of the study area. Rectangular box represents the approximate extent of the
SAR images
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3 Data selection

The criteria for effective data selection are very critical for such kind of study and may vary

widely from one technique to another. The SBAS technique is generally used to capture

slow mass movement, and requires sufficient number of data to properly exploit these

techniques. On the other hand, intensity tracking is used to capture rapid mass movement, so

to capture the slow land mass movement image pair having long temporal baseline should

be used. Keeping the above-mentioned criteria in mind, the best possible available archive

dataset has been selected for this study as described in the following paragraphs in detail.

A total of 25 ERS-1/2 SAR raw images from 1992 to 2004 from descending orbit

covering the study area have initially been selected for SBAS study. There were no archive

data available in the year 1994, 1995 and 2001. Finally, from these 25 images, only 19

images from 1992 to 1998 have been selected based on the small perpendicular baseline

criteria of 250 m. On the other hand, in order to effectively capture the slow mass move-

ment, one image for each year from 1992 to 2004 has been selected for intensity tracking.

PSInSAR is another effective multi-temporal technique which can be used for this

study. However, the data gaps for the year 1994, 1995 and 2001 of ERS stacks would affect

considerably in the PSInSAR processing. Moreover, if longest continuous section from

these dataset would have been considered, only 13 images could take part in the processing

(1992–1993). This is insufficient for PSInSAR processing, where minimum 30 images are

required to exploit this technique properly (Ferretti et al. 2000; Lauknes 2004). Therefore,

PSInSAR technique has been excluded from this study. The detailed description of the

datasets is given in Table 1.

Apart from SAR images, Shuttle Radar Topographic Mission (SRTM) digital ele-

vation model (DEM) has been used to remove the topographic phase. The state vector

information, instantaneous position and velocity of the satellite components expressed in

Earth-centered Cartesian coordinate system have been used in this study to convert the

raw data to single-look complex (SLC) data. These are necessary because the number of

state vectors provided with the image data might be insufficient and imprecise for correct

processing or cover an area that is too small compared to the length of the image to be

processed. For ERS data, two types of orbital information from external sources are

available: DELFT orbits provided by DEOS and PRC precision orbits provided by DLR.

To extract state vectors from ERS-1 and ERS-2 PRC precision orbit, state vector files

have been used in this study. The PRC data are available from an ftp server in Germany

with a delay of about 1 month after data acquisition by ERS.

4 Brief description of the methods

In the following section, a brief methodology of SBAS and intensity tracking techniques

has been described for the sake of completeness of the manuscript. For detailed descrip-

tion, several literatures are available and may be referred.

4.1 Small baseline subset (SBAS)

The small baseline methods are optimized for the distributed scattering mechanism, where

several adjacent resolution cells represent the same physical deformation phenomenon.

The basic concept behind the SBAS algorithm is to minimize the atmospheric artefacts and
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topographic errors in time chronological interferograms, and to obtain multi-temporal

deformation information. Interferograms with a short spatial baseline are combined, in

order to minimize the spatial decorrelation. To achieve deformation time series informa-

tion from multiple interferograms, the SBAS algorithm estimates the mean deformation

rate and the topographic error. The atmospheric artefacts are mitigated through spatial low-

pass and temporal high-pass filtering of interferograms. Most of the time, the interfero-

grams are not adjacently linked (there may be temporal overlap or underlap between them).

Therefore, SBAS uses the singular value decomposition (SVD) approach based on a

minimum norm criterion of the deformation rate to derive time series deformation mea-

surements. The basic flow diagram of the SBAS technique is shown in Fig. 2. For more

details on descriptions of SBAS technique, one can refer Berardino et al. (2002), Casu et al.

(2006), Lanari et al. (2007), etc.

4.2 Intensity tracking

Intensity tracking is one type of feature tracking technique where normalized cross-cor-

relation of certain samples of master SAR intensity image is estimated with chips from the

corresponding search area of a slave image. The location of the peak of the two-dimen-

sional cross-correlation function yields the image offset. Due to thick vegetation, it is much

more robust approach to estimate intensity values resulting from backscatter from

Table 1 ERS-1/2 scenes of Mansa Devi area used for SBAS and intensity tracking technique

ERS-1/2 scenes used in SBAS processing ERS-1/2 scenes used in intensity tracking

Date BPERP (m) BTEMP

(days)
No of SBAS
interferograms

Date BTEMP

(months)

1992-05-22 -1364 -1458 0 1992-05-22 19

1992-07-31 156 -1388 6 1993-12-03

1992-09-04 307 -1353 6 1993-12-03 34

1992-10-09 450 -1318 4 1996-10-07

1992-11-13 -269 -1283 3 1996-10-07 4

1992-12-18 -1683 -1248 0 1997-02-24

1993-02-26 336 -1178 5 1997-02-24 12

1993-04-02 345 -1143 4 1998-02-09

1993-06-11 -485 -1073 2 1998-02-09 16

1993-08-20 -473 -1003 2 1999-06-14

1993-10-29 473 -933 2 1999-06-14 37

1993-12-03 574 -898 0 2003-07-28

1996-02-04 169 -105 2 2003-07-28 8

1996-04-14 297 -35 0 2004-03-29

1996-05-19 0 0 2

1996-06-24 -222 36 2

1996-10-07 -611 141 1

1997-02-24 -232 281 1

1998-02-09 -462 631 0
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prominent surface features. In this technique, the registration offsets, in both slant range

and azimuth directions, of two SAR images are generated and used to estimate the dis-

placement (Strozzi et al. 2002; Pritchard et al. 2005). The estimated offsets are unam-

biguous values which mean that there is no need for phase unwrapping (Strozzi et al.

2002). Therefore, this technique is free from some difficult steps involved in SAR inter-

ferometry which are generally most prone to errors.

Intensity tracking method can be performed by following steps: initial estimation of the

offset, determination of the bilinear polynomial function for both directions in order to co-

register master and slave image with sub-pixel accuracy, precise estimation of the offsets

in range and azimuth directions using normalized cross-correlation and then computation

of the velocity map in range and azimuth directions.

The first coarse shift is based on the orbital data and the provided DEM. If the orbital

data are not provided or do not suffice accuracy requirements, a large central window is

used instead. For the second shift, a cross-correlation function is calculated which opti-

mizes the result to a sub-pixel accuracy. This is done by defining a grid of small windows

on the master image. For each window, an individual cross-correlation function is calcu-

lated. The maximum of this function is refined by oversampling of the data and is finally

taken to compute the residual shift.

After the co-registration is done successfully and images are superimposed to sub-

pixel accuracy, the estimation of the shift between displaced features can be started. The

calculation relies on a normalized cross-correlation of small image patches that are X

(range) and Y (azimuth) pixels at a set of positions in the scene. The normalized cross-

correlation coefficient (NCC) of intensity image chips (Nagler et al. 2012) is given by

Eq. (1)

Coregistered Intensities

Pixel Thresholding Delauney Triangulation and 
Interpolation

Phase Calibration

LP temporal Deformation and Residual 
Topography Estimate

Residual Topography and LP component 
Removal

Phase Calibration

LP Temporal 
Deformation 
Component

Deformation Estimate via 
SVD

Spatial LP and Temporal 
HP Filtering

LP Temporal Deformation 
Component

Coherence Images Differential
Interferograms 

Phase Unwrapping of Differential Interferograms

Unwrapping of Residual Phase 
Component 

Time Sequence 
Deformation 

Fig. 2 SBAS workflow for displacement estimation
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NCC M;Nð Þ ¼
P

X;Y f x; yð Þ � �fM;N

� �
t x�M; y� Nð Þ � �t½ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
X;Y f x; yð Þ � �fM;N

� �2P
X;Y t x�M; y� Nð Þ � �t½ �2

q ð1Þ

where f is the intensity value of master image, t is the intensity value of reference window

with pixel position at (M, N) and (x, y) is the pixel position in the reference image. �t and
�fM;N are the mean intensity values of the reference and master window, respectively. The

NCC is calculated in a regular range grid and calculated image offsets in both range and

azimuth directions. To get the correct offset value, the algorithm searches for the location

of the highest peak within the cross-correlation function (Fig. 3). To increase the accuracy,

the data are additionally oversampled. The potentiality of this technique depends on the

existence of identical and distinguishable characteristics in intensity data that are easily

identified within the image patch under comparison (Strozzi et al. 2002).

RAW SAR MASTER IMAGE RAW SAR SLAVE IMAGE 

SAR SLC MASTER IMAGE SAR SLC SLAVE IMAGE 

PRECISION 
ORBIT FILE

Selection of optimum 
search window size and 

SNR

Master Image Slave Intensity Intensity Image

Reference Block Test Area

Offset in Range and Azimuth Direction
(SAR Co-ordinate System)

Offset in Range and Azimuth Direction 
(UTM, WGS84 Co-ordinate System)

Digital Elevation 
Model (DEM)

Fig. 3 Flow chart of offset estimation in range and azimuth directions using intensity tracking technique
after Kääb and Vollmer (2000)

2108 Nat Hazards (2015) 79:2101–2121

123



5 Data processing and results

5.1 SBAS data processing and results

In SBAS processing, a total of 42 interferograms have been constructed from 19 images

using a threshold of 250-meter perpendicular baseline and 4-year temporal baseline

(Bhattacharya et al. 2014). It can be assumed that the SAR scenes that are weakly linked,

i.e., long perpendicular baseline and large temporal baseline, are more susceptible to

unwrapping errors. Therefore, two images (May 22, 1992, and December 18, 1992) with

extreme baselines have been excluded, thereby reducing the number of images being used in

the study from 19 to 17. The overall processing has been performed by applying a complex

multi-look operation. For each complex interferogram, the best-fitting linear phase ramp

due to imprecise orbit knowledge has been estimated and removed (Berardino et al. 2002).

Then in de-trending process, the phase delay elevation profile for each interferograms has

been estimated and a linear inversion has been used to obtain the phase delay profiles for

each dataset. After de-trending, out of 42 interferograms, 20 interferograms, where distinct

fringes were visible, have been selected visually for SBAS processing.

In order to eliminate de-correlated areas from the study and to make phase unwrapping

more robust, a pixel thresholding technique has been adopted (Berardino et al. 2002).

About 284,763 pixels have been identified which exhibit coherence higher than 0.3 in at

least 30 % of the computed interferograms. Freely available phase unwrapping software,

Statistical Cost Network Flow Algorithm for Phase Unwrapping (SNAPHU), developed by

Stanford University (Chen and Zebker 2001) has been used for phase unwrapping purpose.

Since the phase unwrapping operation has been applied only to the pixels that exhibit a

coherence value greater than the coherence threshold, to join all the sparse data a Delauney

triangulation interpolation has been used (Lauknes et al. 2010). After phase unwrapping,

the phase has been calibrated with respect to one high-coherence pixel located in a stable

area.

Next the atmospheric effect is eliminated using a filtering operation. For this, a space–

time filtering operation has been performed on each selected pixel as described in Bhat-

tacharya et al. (2014). Once the atmospheric component has been estimated by filtering

operation, it is subtracted from the estimated phase signal. In the next step, the velocity

map has been estimated using L2-norm-based SVD decomposition method (Berardino et al.

2002). Figure 4 shows the estimated mean LOS velocity map in mm/year. The LOS

velocity values have been obtained for those pixels which have been selected through

coherence threshold. For the velocity map, it can be seen that the reliable coherence has

been achieved in the urban area of Haridwar and along those parts of the riverbed with only

sparse vegetation. The mountain range to the western part of the city shows very poor to no

coherence, so that no displacements could be measured in the areas near landslide-affected

area.

It is very difficult to infer any conclusion from these results because most of the

displacement signal covers the non-landslide area. However, three points, shown in Fig. 4,

have been selected to understand the displacement nature of this study area. The relative

displacements of point 1 and point 2 with respect to point 3 have been studied. Subtracting

the velocity offset of point 3, which was about 6 mm/year, a slightly negative displace-

ments of point 1 and point 2 (Fig. 5) have been observed. However, the reliability of these

displacement magnitudes cannot be estimated with full confidence due to the less spatial

extent of the detected area and low coherence. Though it is known that the detected area, in
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fact, was prone to small-scale landslides in the year 2011 (Vöge et al. 2015) (Fig. 6), based

on the initial results we cannot deduce whether these slides were caused by a larger

deformation mechanism which started decades ago or just purely rain-induced small mass

movement. Therefore, due to low coherence in mountainous region, SBAS technique has

not been able to produce any strong evidence of surface movement in Mansa Devi hill

slope.

5.2 Intensity tracking data processing and results

Intensity tracking has been employed to ERS-1/2 data from 1992 to 2004 to retrieve

displacement values in Mansa Devi region. For each year, one ERS data have been selected

for intensity tracking. In order to compute the initial co-registration offset, precise orbit

information has been used.

Initial co-registration has been performed in two subsequent stages, i.e., coarse and fine

registrations. In coarse registration, the offsets in azimuth and range direction are calcu-

lated using orbit information (Small et al. 1993), and then cross-correlation intensity (CCI)

algorithm is used in fine registration. In this study, a set of image chips of sizes 64 9 64

have been selected and the initial offsets from coarse registration have been determined

(Small et al. 1993). After offset estimation, a 4-parameter model in range and azimuth

directions has been developed using least squares (LS) analysis (Small et al. 1993). To

perform the LS analysis, pixels having signal-to-noise ratio (SNR) greater than 7.0 have

been identified using a 64 9 64 pixel correlation search windows of 24 9 24 pixels in

range and azimuth directions, respectively.

Fig. 4 Mean velocity map for the ERS image stack (1992–1998) using SBAS over Mansa Devi
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Fig. 5 Displacement time series of a point 1 and b point 2 with respect to point 3 of Mansa Devi area

Fig. 6 Two small landslides that had occurred in 2011 at the identified locations in the Mansa Devi area
(picture taken during field visit)
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After the co-registration, the estimation of the shift between displaced features can be

started. The calculation relies on a normalized cross-correlation of small image patches. To

get the correct offset value, the algorithm searches for the location of the highest peak

within the cross-correlation function. To increase the accuracy, the data are additionally

oversampled by a factor 2.

For the present study with ERS SAR data, patch sizes of 64 9 64 and 64 9 128

windows have been systematically tested, which corresponds to around 1300 m by 250 and

1300 m by 500 m, respectively, in ground range and azimuth directions. The sampling

interval was considered as 1 9 5 pixels in range and azimuth directions, respectively,

which is relatively less dense, approximately 20 9 20 meters in ground range and azimuth,

respectively, with the intention that total affected area due to mass movement could be

sufficiently large. The displacement magnitude and sum of ground range and azimuth

displacement are shown in Fig. 7a–g for all the ERS pair.

The displacement has been measured in two directions, i.e., ground range direction and

azimuth direction. However, due to the unavailability of ground truth data, the displace-

ment magnitude has not been directly compared. Several error analyses have been per-

formed and discussed in order to check the processing results. However, it is clearly visible

from the Fig. 7 that the intensity tracking technique could estimate displacement in areas

which exhibited low coherence due to thick vegetation in Mansa Devi area. It has been

reported that during the monsoon season of 1998, a major landslide and several moderate

landslides activities during 1998 to 2000 have occurred in this region (Mittal et al. 2011).

Moreover, slightly high displacement value in northwestern part of the Mansa Devi

Temple also can be observed form displacement magnitude images (Fig. 9). Various small-

and medium-size landslides can also be identified from Google image in this region.

Fig. 7 Displacement magnitude of all ERS-1/2 pairs using intensity tracking a 1992–1993, b 1993–1996,
c 1996–1997, d 1997–1998, e 1998–1999, f 1999–2003 and g 2003–2004
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Though in order to understand the landslide activities at a finer scale, a long-term obser-

vation along with a ground-based monitoring is needed, intensity tracking technique can be

considered as an effective tool to recognize and identify new and existing landslides in

complex steep mountain region.

6 Comparison of the results

Though SBAS technique is very useful for determining ground displacement (Bhattacharya

et al. 2014), due to several unfavorable conditions this technique failed to produce any

displacement signal in the landslide-prone area. In the next paragraph, several possible

factors affecting the results of SBAS processing have been identified.

In order to exploit the SBAS technique in low-coherence area, it has been recommended

that at least 25–30 images should be used (Lauknes 2004). In this study, however, among

19 available images, two images, acquired on May 1992 and December 1992, have been

excluded from the dataset due to very low coherence. Further, in interferogram selection

stage, another image (July 1996) has also been excluded by visual inspection. Thus, a total

of 16 images could be effectively used in the processing which is considered to be still less

as compared to the recommended number of image for SBAS. Moreover, the irregular

sampling, absence of available images in the period between 1994 and 1996 also affected

the results especially in phase unwrapping stage. Further, the number of interferogram

combinations also improves the stability of the method since possible phase unwrapping

errors can be mitigated due to the data redundancy. It can be expected that if few inter-

ferograms are computed with respect to a particular SAR scene, the SVD inversion will be

less robust and the noise level will be high (Lauknes 2004). It can be observed from

Table 1 that number of SBAS interferogram combinations was very limited for most of the

images. Another important step of SBAS method is the requirement of phase unwrapping

and this leads to ambiguity error into the final result. On the other hand, the offset esti-

mated in intensity tracking is unambiguous which mean that there is no need for phase

unwrapping (Strozzi et al. 2002). Therefore, this technique is free from most erroneous and

difficult steps in SAR interferometry. In addition, displacement in azimuth direction

obtained from intensity tracking procedure can be combined with slant range displacement

obtained from any DInSAR procedure in order to retrieve a two-dimensional displacement

map when SAR data of only one orbit configuration are available.

The results of SBAS and intensity tracking method have finally been compared in some

positions from stable as well as landslide-prone area. SBAS can detect the displacement in

radar line of sight or slant range direction, whereas intensity tracking can detect dis-

placement in 2D displacement field such as ground range and azimuth directions. There-

fore, in this study, the ground range displacement components of some randomly selected

pixels in the stable terrain have been selected for comparison and are shown in Table 2.

Detail procedure for generating ground range displacement component of SBAS technique

has been discussed in Bhattacharya et al. (2014). The mean displacement value of those

randomly selected pixels achieved from intensity tracking was slightly less as compared to

the SBAS technique. However, the error associated with the displacement estimate in

intensity tracking technique was relatively high as compared to SBAS technique. The

reason may be because intensity tracking technique is more useful to estimate large dis-

placement field, and in the contrary, multi-temporal InSAR like SBAS is more effective to

detect slow displacement field. Therefore, the surface displacement for stable areas has

been better estimated by SBAS technique.
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Moreover, in order to examine the displacement behavior, some points have been

selected from the area which were identified as mostly affected region by the Centre of

Excellence for Urban Development and Climate Change, India, during 1998 to 2000

(https://www.scribd.com/doc/29839775/Reconnaissance-land-slide-Survey-Report-of-

MNSA-Hill-Haridwar). The ground range displacement history of such points using

intensity tracking technique has been estimated and is shown in Fig. 8. However, no

displacement signal could not obtained for those points by using SBAS technique (last two

columns of Table 2). It can be inferred from Fig. 8 that the average displacement rate

during the year between 1998 and 2003 is much more as compared to the overall average

displacement of whole time span. Therefore, the displacement estimated by intensity

tracking technique also supports the reported event in Mansa Devi area.

7 Error analysis of intensity tracking technique

In order to demonstrate the applicability of intensity tracking procedures, an error analysis

has been carried out (Jiang et al. 2012). The significant errors in intensity tracking have

been related to the co-registration, transformation of velocity in horizontal direction and

systematic errors (Strozzi et al. 2002; Nakamura et al. 2007; Jiang et al. 2012). The

theoretical error of offset in the horizontal direction caused by co-registration is shown in

the following equation:

Eh ¼
2 Range offset� dRange þ Azimuth offset� dAzimuth

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Range offset2 þ Azimuth offset2

p ð2Þ

where Eh is the theoretical error in the horizontal direction, dRange is the standard deviation

of co-registration in the range direction and dAzimuth is the standard deviation of co-

registration in the azimuth direction. In order to calculate the error associated with intensity

tracking processing, the standard deviation of the final polynomial model fit in ground

range and azimuth directions has been estimated for all pairs of data and is shown in

Table 3. It has been observed that for most of the cases, the theoretical errors of offset in
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Fig. 8 Displacement in ground range direction of some selected pixels in the landslide-affected region
(negative sign indicated away from the satellite)
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horizontal direction, as given in Eq. (2), are larger than H2 times the sum of the range and

azimuth errors (last column of Table 3), and less than two times of either the range or

azimuth errors. Strozzi et al. (2002) suggested that the theoretical error in horizontal

direction can be considered as roughly the sum of the errors in range and azimuth direc-

tions, respectively. This assumption has been considered in this study to estimate the

theoretical errors of intensity tracking.

However, the theoretical error is not the true error associated with the processing (Jiang

et al. 2012). True error can be estimated by analyzing the processing results in stable area

(Jiang et al. 2012) which also neglect the effect of systematic noise and the ionospheric

effects (Strozzi et al. 2002; Pritchard et al. 2005). In glacier study, the non-glaciated

regions or the areas nearly 100 m away from rivers have been considered as stable area

(Jiang et al. 2012). However, in this study, higher-coherence pixels in urban areas have

been considered to represent for near-stable area. These pixels have been designated as

near stable because negligible displacement has already been observed by several studies

(Bhattacharya et al. 2012a, 2013, 2014). The mean and standard deviation (true error)

values of such stable (nearly 360,000) pixels have been calculated and are shown in

Table 4. The theoretical errors for the stable areas also have calculated using the method

referred to Strozzi et al. (2002) and are shown in Table 4. For example, the theoretical

error of the 1992–1993 pair has been computed as 0.31 m per year, which has been

obtained as 7.9 9 0.028 ? 3.99 9 0.069 = 0.49 m in 19 months (equivalent to 0.31 m

per year). The pixel size of ERS-1/2 data is roughly 7.9 and 3.99 m in range and azimuth

directions, respectively. The standard deviation of the final polynomial model fit in ground

range and azimuth directions, as shown in Table 3, has been estimated as 0.028 and 0.069,

respectively. For all other datasets, the theoretical errors have calculated in the same

manner. It has been observed that the theoretical errors are considerably high as compared

to the true error. This may be due to the fact that the theoretical error has been calculated

by using the standard deviation of the final polynomial model fit of high SNR pixels of the

overall image in range and azimuth directions. Due to the thick vegetation and rugged

terrain condition, less amount of pixels exhibited high SNR value; therefore, overall

Table 3 Theoretical error of offsets in horizontal directions for all data pairs used in intensity tracking
technique (64 9 64 search window size)

No Data 1 Data 2 64 9 64 search window size

Range
offsets
(pixels)

Azimuth
offsets
(pixels)

SD in co-
registration
in range
(pixels)

SD in co-
registration
in azimuth
(pixels)

Theoretical
error of offsets
in horizontal
direction given
in Eq. (2)
(pixels)

Sum of
range and
azimuth
errors
(pixels)

1 19920522 19931203 9.72 9.77 0.028 0.069 0.137 0.097

2 19931203 19961007 14.11 14.84 0.035 0.091 0.180 0.126

3 19961007 19970224 4.15 21.43 0.022 0.056 0.118 0.078

4 19970224 19980209 13.74 12.89 0.028 0.068 0.133 0.096

5 19980209 19990614 21.16 22.58 0.031 0.081 0.160 0.112

6 19990614 20030728 4.12 38.39 0.037 0.115 0.236 0.152

7 20030728 20040329 7.58 8.07 0.027 0.086 0.162 0.113
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standard deviation of the polynomials in both directions is quite high. On the other hand,

the true error has been estimated from the standard deviation of the displacement mag-

nitude of the stable areas. It can be expected that more SNR pixels can reduce the overall

standard deviation of the final polynomial model and hence the theoretical error.

The selection of search window size also considerably affects the offset estimate (Jiang

et al. 2012). The search window size strongly depends upon the applications. In glacier

application, several search windows (64 9 256 for Greenland glacier (Pritchard et al.

2005); 64 9 64 for surge of Monacobreen in northern Svalbard (Strozzi et al. 2002);

128 9 256 for glaciers on Karakoram Mountains (Jiang et al. 2012)) have been used

depending on the nature of the glacier flow. In this study, the displacement statistics of the

stable areas have been used to study the effect of the windows size. Two search windows

size of 64 9 128 and 64 9 64 have been compared for all set of data. Distribution of the

displacement magnitude for those stable pixels has been computed using two search

windows and is shown in Figs. 9 and 10. It can be observed from the Table 4 that the

results are not much affected by the choice of the search window size. However, slightly

less true error value has been obtained by using 64 9 64 search window size for all

datasets, except the data pair of 1999–2003. Therefore, 64 9 64 search window size has

been chosen for the processing of all the datasets.

8 Conclusions

SAR multi-temporal technique such as SBAS and intensity tracking has been used in

Mansa Devi hill, Haridwar region, to identify the mass movement due to landslide. Due to

low coherence and insufficient effective number of dataset, the SBAS technique was not

able to produce any strong evidence of surface movement in the landslide-affected region.

Intensity tracking can be considered as a feasible method to identify surface movement

over long acquisition time intervals due to landslide, especially for highly vegetated area

like Mansa Devi hill slope. Very limited studies have exploited intensity tracking tech-

nique to observe mass movement due to landslide. In this study, it has been observed that

Table 4 Theoretical and true errors of displacement in stable area using intensity tracking technique

No Data 1 Data 2 Displacement using
64 9 128 search window in
stable area (intensity
tracking)

Displacement using 64 9 64
search window in stable area
(intensity tracking)

Theoretical
errors
(Strozzi et al.
2002)
in (m/year)

Mean error
(m/year)

True errors
(m/year)

Mean error
(m/year)

True errors
(m/year)

1 19920522 19931203 0.015 0.071 0.012 0.071 0.31

2 19931203 19961007 0.011 0.050 0.010 0.041 0.22

3 19961007 19970224 0.018 0.120 0.011 0.090 1.08

4 19970224 19980209 0.013 0.066 0.012 0.050 0.49

5 19980209 19990614 0.016 0.083 0.011 0.067 0.42

6 19990614 20030728 0.010 0.105 0.013 0.150 0.24

7 20030728 20040329 0.015 0.090 0.012 0.075 0.83
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Fig. 9 Distribution of displacement magnitude over stable areas using 64 9 128 search window size
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Fig. 10 Distribution of displacement magnitude over stable areas using 64 9 64 search window size
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not only X-band data but also C-band data can be effectively used to detect the mass

movement. However, due to lack of ground truth data, the results have been analyzed

qualitatively. A detailed error analysis has been carried out to demonstrate the effective-

ness of intensity tracking. Several portions of the images show a considerable amount of

ground displacement, and various small-to-moderate landslides can be observed in these

locations from other optical image sources. The displacement magnitude of intensity

tracking technique also indicated a much faster displacement during 1998–2003 which

agrees with the reported landslide activities in this region. Intensity tracking is particularly

important to exploit most of the archive data, since all the previous and current SAR

missions have a long revisiting time. Moreover, in some cases, intensity tracking is the

only technique that can be applied for very large and incoherent displacements as the result

of fast moving mass or large acquisition time intervals between two SAR images. Com-

bining the range and azimuth displacement from both ascending and descending orbit has

been recommended to understand the complete 3D surface velocity. To understand the

landslide activities at a finer scale, a long-term observation along with a ground-based

monitoring are also recommended, but intensity tracking technique can be considered as an

effective tool to recognize and identify new and existing landslides in complex steep

mountain region.

Acknowledgments The corresponding author would like to acknowledge the research funding from the
Alexander von Humboldt (AvH) Foundation. The ERS-1/2 data have been provided by the European Space
Agency. We also acknowledge the helpful and constructive reviews of the anonymous reviewers.

References

Bartarya SK, Mazari RK, Virdi NS (2007) Bhimgoda slide of August 24, 1994 in the Siwalik rocks near
Haridwar: a success story of landslide control measures. In: Varma OP, Mahajan AK, Gupta V (eds)
Natural hazards: special publication of indian geological congress, pp 155–167

Berardino P, Fornaro G, Lanari R, Sansosti E (2002) A new algorithm for surface deformation monitoring
based on small baseline differential SAR interferograms. IEEE Trans Geosci Remote Sens
40(11):2375–2383

Berardino P, Costantini M, Franceschetti G, Iodice A, Pietranera L, Rizzo V (2003) Use of differential SAR
interferometry in monitoring and modelling large slope instability at Maratea (Basilicata, Italy). Eng
Geol 68:31–51

Bhasin R, Grimstad E, Larsen JO, Dhawan AK, Singh R, Verma SK, Venkatachalam K (2002) Landslide
hazards and mitigation measures at Gangtok, Sikkim Himalaya. Eng Geol 64:351–368

Bhattacharya A, Sharma ML, Arora M (2012a) Surface displacement estimation along Himalayan frontal
fault using differential SAR interferometry. Nat Hazard 64(2):1105–1123

Bhattacharya A, Arora MK, Sharma ML (2012b) Usefulness of synthetic aperture radar (SAR) interfer-
ometry for digital elevation model (DEM) generation and estimation of land surface displacement in
Jharia coal field area. Geocarto Int 27(1):57–77
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Vöge M, Frauenfelder R, Ekseth K, Arora MK, Bhattacharya A, Bhasin RK (2015) The Use of SAR
Interferometry for Landslide Mapping in the Indian Himalayas. In: The international archives of the
photogrammetry, remote sensing and spatial information science, XL-7/W3, pp 857–863. doi:10.5194/
isprsarchives-XL-7-W3-857-2015

Wright TJ, Parsons BE, Jackson JA, Haynes M, Fielding EJ, England PC, Clarke PJ (1999) Source
parameters of the 1st October 1995 Dinar (Turkey) earthquake from SAR interferometry and seismic
body-wave modeling. Earth Planet Sci Lett 172(1–2):23–37

Yin Y, Zheng W, Liu Y, Zhang J, Li X (2010) Integration of GPS with InSAR to monitoring of the Jiaju
landslide in Sichuan, China. Landslides 7:359–365

Nat Hazards (2015) 79:2101–2121 2121

123

http://dx.doi.org/10.5194/isprsarchives-XL-7-W3-857-2015
http://dx.doi.org/10.5194/isprsarchives-XL-7-W3-857-2015

	Potential of SAR intensity tracking technique to estimate displacement rate in a landslide-prone area in Haridwar region, India
	Abstract
	Introduction
	Study area
	Data selection
	Brief description of the methods
	Small baseline subset (SBAS)
	Intensity tracking

	Data processing and results
	SBAS data processing and results
	Intensity tracking data processing and results

	Comparison of the results
	Error analysis of intensity tracking technique
	Conclusions
	Acknowledgments
	References




