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1 Landslide Volumetric Analysis Using
: Cartosat-1-Derived DEMs

3 Tapas R. Martha, Norman Kerle, Victor Jetten, Cees J. van Westen, and K. Vinod Kumar

4 Abstract—The monitoring of landscape changes can lead to
5 the identification of environmental hot spots, improve process
6 understanding, and provide means for law enforcement. Digital
7 elevation models (DEMs) derived from stereoscopic satellite data
8 provide a systematic synoptic framework that is potentially useful
9 to support these issues. Along-track high-resolution stereoscopic
10 data, provided with rational polynomial coefficients (RPCs), are
11 ideal for the fast and accurate extraction of DEMs due to the
12 reduced radiometric differences between images. In this letter, we
13 assess the suitability of data from the relatively new Cartosat-1
14 satellite to quantify large-scale geomorphological changes, using
15 the volume estimation of the 2007 Salna landslide in the Indian
16 Himalayas as a test case. The depletion and accumulation vol-
17 umes, estimated as 0.55 X 10% and 1.43 x 10° m3, respectively,
18 showed a good match with the volumes calculated using DEMs
19 generated only with RPCs and without ground control points
20 (GCPs), indicating that the volume figures are less sensitive to
21 GCP support. The result showed that these data can provide an
22 important input for disaster-management activities.

23 Index Terms—Cartosat-1, disaster management, landslide,
24 volume estimation.

25 I. INTRODUCTION

26 ARGE-SCALE anthropogenic landscape changes, such as
27 those caused by mining and urban waste disposal, and
28 those of natural origin, such as landslides and glacial melting,
29 are primary topographic change drivers [1]-[4]. Small or subtle
30 changes are readily quantified using techniques such as radar
31 interferometry or, where available, laser scanning data. Volu-
32 metric analysis has the potential to monitor and quantify also
33 large-scale events and can be useful in implementing proper
34 risk-management strategies or enforcing environmental regula-
35 tions. For example, reliable information on material volume can
36 help government agencies in estimating the value of contract
37 and the number of days required to clear the debris from
38 transportation routes in case of a landslide [5] or the amount
39 of material required to reclaim the land in case of open-pit
40 mining as a mandatory requirement under a mine control act
41 [6]. In the past, such assessments have typically been done
42 through time-consuming field measurements, although those
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tend to suffer from difficulties in establishing accurate baseline 43
topography. Photogrammetric techniques have been increas- 44
ingly used because of their capability to rapidly reconstruct 45
the 3-D topography from aerial photographs [4], [7], [8] and, 46
provided such data exist for different time periods, allow objec- 47
tive change detection. More recently, civilian Earth-observation 48
satellites have offered stereoscopic data with sufficient spatial 49
resolution to allow aerial data to be effectively replaced [9]- 50
[12]. In addition, new-generation satellites such as Cartosat-1 51
have considerable advantages over airborne stereo imagery, due 52
to their high periodicity, synoptic view, high data quality, rela- 53
tively low cost, and quick extraction of digital surface models 54
(DSMs) using rational function models (RFMs) [11], [13]. 55

Cartosat-1, launched by the Indian Space Research Organ- 56
isation in 2005, is a global mission planned for cartographic 57
mapping, urban studies, and disaster management [14]. It car- 58
ries two cameras, PAN-aft and PAN-fore with —5° and +26° 59
viewing angles, respectively, acquiring images of a 900-km? 60
area (12000 x 12000 pixels) with a gap of 52 s. The ground 61
sampling distance of Cartosat-1 is 2.5 m, and the base-to-height 62
ratio is 0.62. Detailed specifications of Cartosat-1 are provided 63
in [14]. Data from Cartosat-1 are 10 b and provided with 64
rational polynomial coefficients (RPCs) for photogrammetric 65
processing and extraction of 3-D information using RFM. In 66
principle, therefore, Cartosat-1 data are well suited for fast and 67
accurate 3-D surface reconstruction, although, in practice, there 68
can be potential problems due to shadows, occlusions, and steep 69
slopes depending on the terrain [11], [13]. With Cartosat-1 70
acquiring along-track data, image matching is less problematic 71
than that for across-track images due to the reduced radiometric 72
variation between the two images of a stereo pair [10]; however, 73
factors such as valley orientation, sun elevation angle, and poor 74
texture frequently hinder the accurate extraction of elevation 75
data [11]. We addressed some of these problems through the 76
Satellite Image Precision Processing (SAT-PP) photogrammet- 77
ric software, particularly developed for high-resolution satellite 78
data and which previously demonstrated the ability to process 79
such stereoscopic data due to its superior image-matching 80
algorithm [12] compared with other commercial off-the-shelf 81
(COTS) software types [11]. 82

In this letter, we tested the use of Cartosat-1 data for vol- 83
ume analysis based on cut-and-fill assessment, an established 84
method for estimating the volume of large landslides [4], [9], 85
[15]. We used the 2007 Salna landslide in the Indian Himalayas 86
as a test case, which offers a great challenge to automatic digital 87
elevation model (DEM) extraction due to steep slopes and large 88
topographic shadows [11]. Previous studies have demonstrated 89
the utility of DEMs extracted from satellite data for monitoring 90
topographic changes due to glacial melting [3], [8], landslides 91
[9], and rehabilitation planning of coal mining areas [16]. 92
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93 The purpose here is to assess if Cartosat-1-derived DEMs are
94 sufficiently accurate to quantify such changes and to monitor
95 compliance with related legislation.

96 A. Landslide Volume Estimation

97  Landslides are major mass-wasting processes and landscape-
98 building factors in mountainous terrains. They are primarily
99 triggered by seismic activity, rainfall, or road construction and
100 cause enormous destruction to properties and lives in those
101 areas. Some of the major earthquakes that have created sev-
102 eral deep-seated landslides in the recent past are the Kashmir
103 earthquake in India and Pakistan in October 2005 and the
104 Sichuan earthquake in China in May 2008. Apart from direct
105 damage, landslides also contribute sediments to river systems
106 and create siltation problems in reservoirs, reducing their ca-
107 pacity for hydropower generation. They also have the poten-
108 tial to create artificial lakes by blocking river courses, thus
109 generating potential flash floods in downstream areas [17],
110 [18]. Knowledge of failure volumes is also critical for a more
111 accurate understanding of the landslide process [e.g., [19]] and
112 the preparation of susceptibility maps, which show potential
113 areas of future landslide occurrences. For example, landslide
114 susceptibility maps will be more accurate if volume, instead of
115 the area of the landslide, is used to calculate the weights of the
116 terrain parameters. Okura et al. [20] showed how the volume of
117 a landslide directly affects its travel distance, while Dai and Lee
118 [21] demonstrated that frequency—volume relationships can be
119 used to predict rainfall-induced landslides.

120  Traditionally, failure volumes have been estimated by mea-
121 suring landslide dimensions (length, width, and depth) on the
122 ground, using assumptions about the shape of the landslide
123 [22]. Such ground-based methods may provide accurate volume
124 figures, although these are time consuming, error prone, and, at
125 times, not possible due to terrain inaccessibility. Pre- and post-
126 failure topographic maps can also be used for calculating the
127 landslide volume using change-detection techniques. However,
128 topographic maps are typically not updated immediately after
129 the event or lack sufficient accuracy [4]. In order to overcome
130 these problems, multitemporal aerial photographs were initially
131 used to estimate landslide extents and volumes [2], [7]. Dewitte
132 and Demoulin [7] generated DEMs with high accuracy from
133 aerial photographs using photogrammetric techniques to esti-
134 mate the volume of 13 deep-seated landslides in the Flemish
135 Ardennes. However, with advancements in image-processing
136 techniques and increasing availability of high-resolution stereo-
137 scopic satellite data, quantitative studies on landform changes
138 using DEMs based on satellite data have become a viable option
139 [23]. Recently, Tsutsui et al. [9] used SPOT-5 stereoscopic data
140 and generated 5-m DEMSs to calculate the volume of landslides
141 triggered due to an earthquake and a cyclone in Japan and
142 Taiwan, respectively. However, their estimated volume showed
143 a mismatch with the reference volume due to inaccuracies in
144 the DEM resulting from poor texture in 8-b SPOT images
145 and topographic shadow. The problems of poor texture can be
146 reduced by the use of 11-b images from IKONOS or QuickBird
147 [12]. However, their low swath width and high cost render those
148 sensors impractical for routine volumetric analysis. Moreover,
149 prefailure images essential for volume estimation are mostly
150 not available from these satellites. Kerle [4] and Scott et al.
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Fig. 1. Location map of the study area. (a) Three-dimensional perspective
view of the Salna landslide with the Cartosat-1 image draped over a DEM,
(b) and (c) pre- and postlandslide DEMs, respectively, showing the distribution
of control and check points, (d) field photograph showing the synoptic view
of the landslide, (e) view of the quartzite bedrock exposed in (the area above
the black dotted line) the scarp, and a part of the zone of accumulation as seen
from the temporarily constructed road, and (f) large angular boulders with large
voids in between, signaling a volume increase during deposition.

[19] showed how lack of knowledge of prefailure topography 151
and limited access to the site led to a ground-based volume un- 152
derestimation of the 1998 flank collapse at the Casita Volcano, 153

Nicaragua, of almost an order of magnitude eight. 154
II. AREA AND DATA ANALYSIS 155
A. Test Area 156

The test area is located in one of the landslide-prone areas in 157
the Himalayas (30°23'38” N and 79°12'42"” E). It is located in 158
the Nagol Gad (River) subcatchment in the High Himalayas 159
in the Uttarakhand state of India (Fig. 1). Nagol Gad is a 160
part of the Alaknanda catchment, which witnessed several 161
major coseismic landslides during the Chamoli earthquake in 162
March 1999 and lies very close to the Main Central Thrust [24]. 163
Rocks such as banded quartzite at the crown, and quartzite in- 164
terbedded with mica schist at the toe of the landslide, belonging 165
to the Proterozoic era are exposed in this area. However, the 166
landslide investigated for this volumetric analysis was triggered 167
by heavy rainfall in July 2007. It occurred near the Salna 168
village in the Chamoli district of the Uttarakhand state. The 169
landslide-affected area is completely exposed to sun in both 170
pre- and postlandslide images [Fig. 2(a) and (b)]. The general 171
topography is steep, with slopes ranging from 18° to 63°. The 172
elevations of the crown and tip of the landslide are 1636 and 173
1261 m, respectively. The Salna landslide is a translational 174
rock slide, meaning that the failure has taken place along a 175
planar surface of rupture. Its length (crown to tip) is 530 m, 176
with a maximum width at the center of the landslide of 260 m 177
[Fig. 1(a)]. Although there were no fatalities, the major road 178
connecting the surrounding area with the Chamoli town was 179
blocked for several months, causing hardship to local popula- 180
tion and damage to the regional economy. 181
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Fig. 2. Salna landslide. (a) Cartosat-1 orthoimage of April 6, 2006, showing
the prelandslide area outlined in white. It was a distressed zone with the
presence of two minor landslides acting as a precursor to the main event.
(b) Cartosat-1 orthoimage of December 16, 2007, showing the landslide that
occurred in July 2007. (c) Postlandslide map showing the (MS) main scarp and
(MS-1) minor scarps. (d) Nonuniform vegetation-height surface created by the
interpolation of heights measured from 74 trees and postlandslide effects. The
new road now has a convex outward shape, and the original river was pushed
outward due to the deposition of debris at the foothill region. The profile along
A-B is shown in Fig. 3.

182 B. DEM Generation

183 Two sets of stereoscopic Cartosat-1 data, acquired on
184 April 6, 2006 (prelandslide) and December 16, 2007 (postland-
185 slide), were processed using the SAT-PP software. Compared
186 with established COTS photogrammetric packages, SAT-PP has
187 an improved image-matching algorithm based on the combined
188 matching results of feature points, grid points, and edges,
189 leading to superior results also in steep terrain [11], [12]. DSMs
190 with 10-m grid size were generated using RPCs determined
191 from the RFM and provided by the data vendor. RFM is a
192 generic sensor model and is used as an alternative to physical
193 sensor models for the block orientation of the stereo-image
194 pair. RPCs are terrain independent and require refinement with
195 ground control points (GCPs) at block level to increase the
196 absolute geolocation accuracy of DSMs [13]. Therefore, we
197 used six GCPs with good planimetric and vertical distributions
198 to refine the orientation result of the RFM [Fig. 1(b)] [13]. The
199 GCPs were collected in a differential GPS (DGPS) survey using
200 a dual-frequency (L1 and L2) Leica 520 receiver. The standard
201 deviations of the errors of the elevation, longitude, and latitude
202 of the points surveyed range between 0.10 and 0.46 m, 0.04 and
203 0.15 m, and 0.04 and 0.21 m, respectively.

204  The necessity of high DEM accuracy for an elevation-change
205 analysis has been emphasized by previous researchers [4],
206 [25]. Kerle [4] showed how, particularly, the combination of
207 errors in the vertical accuracy of photogrammetrically derived

DEMs and the landslide thickness, typically being the smallest 208
dimension, readily combine to produce substantial uncertainty. 209
Errors in the elevation difference can either result from the 210
misregistration of the pre- and postevent DEMs [25] or from 211
the low spatial accuracy resulting from sun illumination and 212
valley orientation with reference to the satellite track [11]. 213
Along-track satellite data such as those from Cartosat-1 offer 214
improved results of image matching due to the reduced radio- 215
metric variation between images of a stereo pair [10]. However, 216
the distortion of feature geometry due to the steep terrain and 217
variable viewing angle of Cartosat-1 has compromised some 218
of these advantages. This problem can be overcome using the 219
SAT-PP software, which relies on robust point-, grid-, and 220
feature-based image-matching techniques [12]. Topographic 221
shadow in mountainous areas is another problem that creates 222
inaccuracies in a DEM. SAT-PP is also capable of generating 223
the adequate number of match points required for an accurate 224
DEM generation for relatively small shadow areas; however, 225
large shadows still remain a problem [11], [12]. 226

In an earlier study, we assessed the absolute accuracy of the 227
prelandslide DEM using ten independent check points obtained 228
from the DGPS survey, resulting in vertical and planimetric 229
root-mean-square errors of 2.31 and < 1 m, respectively [11]. In 230
addition, the spatial accuracy of the prelandslide DEM was esti- 231
mated by a drainage line comparison method, wherein drainage 232
lines were used as a proxy to estimate the error due to spatial au- 233
tocorrelation in the absence of a very accurate reference DEM 234
[11]. Subsequently, the refinement of the orientation result of 235
postlandslide RFM was done by using three GCPs common in 236
the overlap area [Fig. 1(c)]. Thus, both DEMs were brought into 237
the same spatial framework. However, to verify the vertical and 238
coregistration accuracies of two DEMs, a residual analysis was 239
carried out between the two DEMs in an area adjacent to the 240
landslide [Fig. 1(a)]. This area is unvegetated, and no morpho- 241
logical changes have occurred during the observation period. 242
The residual analysis showed a vertical mean and standard 243
deviation of errors of 0.11 and 0.06 m and corresponding 244
planimetric errors of 0.09 and 0.05 m, respectively. The low 245
errors indicate that both DEMs are coregistered properly and 246
have a good vertical accuracy relative to each other. There- 247
fore, any change in height can be attributed to morphological 248
changes, such as those due to landslides, allowing volumes to 249
be calculated. 250

C. Volumetric Analysis 251

As volume calculation must be based on the actual pre- 252
and postlandslide terrain surfaces, vegetation that may have 253
covered the area before failure, or that was possibly retained 254
during the landslide, must be corrected for, as it forms part 255
of the photogrammetric surfaces. The accurate estimation of 256
vegetation height has previously been shown to be challenging 257
[4]. In the area of the Salna landslide, mainly chir trees are 258
found. The height of some of the uprooted and standing trees 259
(in the adjacent area) was measured on the ground. This height, 260
in conjunction with the height of the trees measured through 261
the manual interpretation of stereo images, was used to create 262
a nonuniform vegetation-height surface [Fig. 2(d)]. A total of 263
74 trees (7 on the ground and 67 in the stereo image) with a 264
mean height of 11.87 m (minimum of 4.29 m and maximum 265
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landslide. The gray dotted line shows the possible extension of the surface of
rupture over which debris is temporarily deposited. The heights of some of the
chir pine trees were measured on the ground (e.g., an uprooted tree in the inset
photograph).

266 of 19.67 m) were used for the creation of the nonuniform
267 vegetation-height surface. Subsequently, this surface was sub-
268 tracted from the automatically generated prefailure DSM, and a
269 vegetation-corrected digital terrain model (DTM) was created.
270 Vegetation correction was not required for the postfailure DSM
271 since trees were completely uprooted. After vegetation correc-
272 tion, the area and volume of the Salna landslide were calculated
273 by subtracting the postlandslide DTM from the prelandslide
274 DTM, using the cut-and-fill operation in ArcGIS. This oper-
275 ation summarizes the areas and volumes of change using the
276 surfaces of a given location at two different time periods and
277 identifies regions of surface-material removal and addition and
278 no change.

279 III. RESULTS AND DISCUSSION

280 The Salna landslide was triggered due to excessive rainfall,
281 and the prelandslide Cartosat-1 image already showed the
282 existence of small active landslides in the area [Fig. 2(a)].
283 The slope length of the main scarp below the crown of the
284 landslide is approximately 50 m [Fig. 2(c)]. The landslide
285 completely buried the road with material displaced from the
286 crown part. The new road [Fig. 1(d)], which was temporarily
287 constructed to allow traffic to resume, is now positioned 62 m
288 outward from its previous location, and the shape of the road
289 is convex outward [Fig. 2(d)], indicating the deposition of a
290 large amount of material and the development of a hummocky
291 structure. Similarly, the Nagol Gad (River) was pushed 25 m
292 to its right bank by the landslide [Fig. 2(d)]. Fortunately, no
293 damming of the river occurred due to the landslide. Debris
294 mainly composed of boulders of banded quartzite is seen in the
295 zone of accumulation [Fig. 1(e) and (f)].

296  From the profile (Fig. 3) and from the extent of the volume
297 gain [Fig. 4(b)], it is clear that the area of the zone of depletion
298 is smaller than the area of the zone of accumulation, indicating
299 expansion, or bulking, of material after the displacement due to
300 the fragmentation of the bed rock. The elevation-change map
301 shows that maximum deposition of material has taken place
302 at a height of approximately 1420 m [Fig. 4(a)]. The cut-and-
303 fill volumes, i.e., the volumes of depleted and accumulated

and accumulation, respectively.

TABLE 1
QUANTITATIVE COMPARISON OF VOLUME

Volume loss (10°m?) | Volume gain (10° m3)
Before After Before After
DEM type Bulking
vegetation | vegetation | vegetation | vegetation
correction | correction | correction | correction
DEM (with GCP) 0.77 0.55 1.34 1.43 2.60
DEM (without GCP) 0.76 0.54 1.31 141 2.61
DTM (spot height) 0.67 1.26 1.88

material, were estimated as 0.55 x 10% and 1.43 x 108 m?, 304
respectively (Table I). 305

So far, we have estimated the landslide volume from DEMSs 306
derived with the use of additional GCPs. However, the need for 307
field-measured control points, a strict requirement in traditional 308
photogrammetry, severely undermines the utility of satellite 309
data for rapid and independent postlandslide assessment. To 310
assess the dependence of accurate volume estimation on addi- 311
tional field-mapped GCPs, we also created DEMs only with the 312
RPCs provided with Cartosat-1 data. Such a step is reasonable, 313
as additional GCPs primarily affect the absolute accuracy of 314
the DEM and lessen the relative elevation value distribution. 315
Nevertheless, the effect of integrating two such relative surfaces 316
for accurate change assessment was unknown. Table I shows 317
that the estimated volume values based on RPC-only DEMs 318
fall to within 1%-3% of the GCP-supported DEM values, 319
indicating that the volume figures are less sensitive to GCP 320
support than expected. 321

The bulking factor (ratio of volume gain to volume loss) of 322
2.60 (Table I) is comparable with previously reported values for 323
similar events, such as the bulking following the flank collapse 324
of the Casita Volcano, Nicaragua, studied by Scott et al. [19]. 325
The bulking of the Salna landslide is due to two factors: 1) 326
incomplete separation of loss area from gain area, due to 327
which the material is still lying at the bottom of the hidden 328
rupture surface [2], which is impossible to be reconstructed 329
from postfailure stereo data (Fig. 3), and 2) poor sorting of 330
large and angular broken quartzite rock fragments [Fig. 1(f)] 331
created by the translational rock slide, leading to a possible 332
overestimation of the gain volume. However, the estimated 333
volume can be considered realistic, since the postlandslide 334
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335 surface was generated shortly (approximately five months) after
336 the occurrence of the landslide, suggesting limited deposition
337 material loss due to surface erosion and further remobilization.

338 A. Accuracy Assessment of Volume

339  The global accuracy of the DEM has been verified by in-
340 dependent check points, although previous studies have shown
341 that digital photogrammetry with low global errors can still
342 lead to substantial local errors, particularly in areas of low
343 contrast (e.g., uniform vegetation and landslide failure flanks).
344 Volume accuracy assessment in such small local areas is thus
345 a challenge, particularly with only limited reference data, i.e.,
346 without a dense network of ground check points for both pre-
347 and postlandslide affected areas. Due to the absence of detailed
348 verification data for the relatively small landslide area (i.e., part
349 of the large DEMs for which accuracy has been checked), we
350 manually extracted spot heights [4], identifying 85 and 129
351 points from the pre- and postfailure data sets, respectively,
352 using StereoAnalyst in ERDAS Imagine, and compared the
353 volume obtained from spot-height data with the automatic
354 results (Table I). The number of points is sufficient for a
355 reliable comparison since they were collected with particular
356 emphasis on break-in-slope and scarp areas, leading to a surface
357 that models the actual failure area well. Spot heights from
358 the prefailure image were collected by selectively measuring
359 ground elevations in between trees, thus eliminating the need
360 for further vegetation correction, and directly on the failure
361 and deposition surfaces in the postfailure image. These points
362 were interpolated using the TOPOGRID algorithm in ArcGIS
363 to derive reference DTMs [26].

364 IV. CONCLUSION

365 Updated elevation data are essential for identifying areas
366 of large-scale topographic changes for disaster management
367 or enforcement of environmental legislation. The purpose of
368 this letter was to assess the potential of a new generation of
369 spaceborne sensors to provide DEMs for the quantification
370 of landscape changes. In this letter, DEMs with 10-m grid
371 size corresponding to two different time periods, generated
372 from Cartosat-1 data using digital photogrammetric methods,
373 were used to quantify large-scale topographic changes resulting
374 from a landslide. Following photogrammetric conventions, we
375 generated DEMs with a grid size equivalent to three to four
376 times of the ground sampling distance. With some data types,
377 such as from SPOT-5, higher resolutions can be achieved, for
378 example, the 2.5-m resolution DEMs produced by Tsutsui et al.
379 [9], using superresolution processing [27]. Interestingly, the
380 previously reported requirement for additional GCPs [13] was
381 found to be of lesser importance, allowing us to create surfaces
382 with comparable relative accuracy also without such field-
383 based measurements. This requires the actual coregistration
384 of pre- and postfailure DSMs rather than the use of absolute
385 coordinates. This means that RPCs alone are sufficient for the
386 estimation of volume, thus freeing rapid postfailure volume
387 assessment entirely from field data requirements, although the
388 refinement of the RFM orientation result is required to improve
389 the absolute geolocation accuracy necessary for cartographic
390 applications. Knowledge on prefailure topography is crucial for
391 the accurate estimation of volume [4]. Cartosat-1 was launched

in 2005, and its data were systematically acquired, providing 392
substantial archives of images for major parts of the world. 393
The availability of postfailure data sets from Cartosat-1 shortly 394
after the event then enabled us to do rapid volume estimation. 395
The cut-and-fill volumes derived from automatic DEMs showed 396
a reasonably good match with the reference volume derived 397
from DEMs generated using manually extracted spot-height 398
data. This indicates that a 10-m DEM from Cartosat-1 data 399
can be effectively used for large-scale elevation change and 400
volumetric analysis such as that for a deep-seated landslide. 401
The information on landslide volume can effectively be used 402
to establish magnitude—frequency relationship for quantitative 403
estimation of a landslide hazard. However, the volume values 404
calculated based on manually extracted spot heights show de- 405
viations of about +18% and —12% for the volume loss and 406
gain areas, respectively, resulting also in a bulking factor that 407
is 27% lower than that based on automatic DEMs with GCPs. 408
These deviations of volume values can be attributed to the steep 409
slope (51°) near the crown of the landslide, where automatically 410
generated DEMs are prone to error [9]. 411

This letter has shown that Cartosat-1 data have the potential 412
to derive volume information critical for disaster assessment, 413
in principle, without any additional GPS field measurement, 414
provided that any present vegetation artifacts are removed from 415
the DEMs used in the change assessment. It must also be noted 416
that, with landslide thickness, i.e., z, typically being the small- 417
est dimension, elevation errors resulting from photogrammetric 418
artifacts or inaccurate DSM-to-DTM correction will have a 419
correspondingly large consequence on volume calculations. 420
The quantitative estimation of similar large-scale changes in 421
the landscape, e.g., due to open-pit mining and urban waste 422
disposal, although not shown in this letter, can, in principle, 423
also be done with Cartosat-1-derived DEMs since they require 424
multitemporal DEMs similar to the ones used in this letter. 425
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1 Landslide Volumetric Analysis Using
: Cartosat-1-Derived DEMs

3 Tapas R. Martha, Norman Kerle, Victor Jetten, Cees J. van Westen, and K. Vinod Kumar

4 Abstract—The monitoring of landscape changes can lead to
5 the identification of environmental hot spots, improve process
6 understanding, and provide means for law enforcement. Digital
7 elevation models (DEMs) derived from stereoscopic satellite data
8 provide a systematic synoptic framework that is potentially useful
9 to support these issues. Along-track high-resolution stereoscopic
10 data, provided with rational polynomial coefficients (RPCs), are
11 ideal for the fast and accurate extraction of DEMs due to the
12 reduced radiometric differences between images. In this letter, we
13 assess the suitability of data from the relatively new Cartosat-1
14 satellite to quantify large-scale geomorphological changes, using
15 the volume estimation of the 2007 Salna landslide in the Indian
16 Himalayas as a test case. The depletion and accumulation vol-
17 umes, estimated as 0.55 X 10% and 1.43 x 10° m3, respectively,
18 showed a good match with the volumes calculated using DEMs
19 generated only with RPCs and without ground control points
20 (GCPs), indicating that the volume figures are less sensitive to
21 GCP support. The result showed that these data can provide an
22 important input for disaster-management activities.

23 Index Terms—Cartosat-1, disaster management, landslide,
24 volume estimation.

25 I. INTRODUCTION

26 ARGE-SCALE anthropogenic landscape changes, such as
27 those caused by mining and urban waste disposal, and
28 those of natural origin, such as landslides and glacial melting,
29 are primary topographic change drivers [1]-[4]. Small or subtle
30 changes are readily quantified using techniques such as radar
31 interferometry or, where available, laser scanning data. Volu-
32 metric analysis has the potential to monitor and quantify also
33 large-scale events and can be useful in implementing proper
34 risk-management strategies or enforcing environmental regula-
35 tions. For example, reliable information on material volume can
36 help government agencies in estimating the value of contract
37 and the number of days required to clear the debris from
38 transportation routes in case of a landslide [5] or the amount
39 of material required to reclaim the land in case of open-pit
40 mining as a mandatory requirement under a mine control act
41 [6]. In the past, such assessments have typically been done
42 through time-consuming field measurements, although those
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tend to suffer from difficulties in establishing accurate baseline 43
topography. Photogrammetric techniques have been increas- 44
ingly used because of their capability to rapidly reconstruct 45
the 3-D topography from aerial photographs [4], [7], [8] and, 46
provided such data exist for different time periods, allow objec- 47
tive change detection. More recently, civilian Earth-observation 48
satellites have offered stereoscopic data with sufficient spatial 49
resolution to allow aerial data to be effectively replaced [9]- 50
[12]. In addition, new-generation satellites such as Cartosat-1 51
have considerable advantages over airborne stereo imagery, due 52
to their high periodicity, synoptic view, high data quality, rela- 53
tively low cost, and quick extraction of digital surface models 54
(DSMs) using rational function models (RFMs) [11], [13]. 55

Cartosat-1, launched by the Indian Space Research Organ- 56
isation in 2005, is a global mission planned for cartographic 57
mapping, urban studies, and disaster management [14]. It car- 58
ries two cameras, PAN-aft and PAN-fore with —5° and +26° 59
viewing angles, respectively, acquiring images of a 900-km? 60
area (12000 x 12000 pixels) with a gap of 52 s. The ground 61
sampling distance of Cartosat-1 is 2.5 m, and the base-to-height 62
ratio is 0.62. Detailed specifications of Cartosat-1 are provided 63
in [14]. Data from Cartosat-1 are 10 b and provided with 64
rational polynomial coefficients (RPCs) for photogrammetric 65
processing and extraction of 3-D information using RFM. In 66
principle, therefore, Cartosat-1 data are well suited for fast and 67
accurate 3-D surface reconstruction, although, in practice, there 68
can be potential problems due to shadows, occlusions, and steep 69
slopes depending on the terrain [11], [13]. With Cartosat-1 70
acquiring along-track data, image matching is less problematic 71
than that for across-track images due to the reduced radiometric 72
variation between the two images of a stereo pair [10]; however, 73
factors such as valley orientation, sun elevation angle, and poor 74
texture frequently hinder the accurate extraction of elevation 75
data [11]. We addressed some of these problems through the 76
Satellite Image Precision Processing (SAT-PP) photogrammet- 77
ric software, particularly developed for high-resolution satellite 78
data and which previously demonstrated the ability to process 79
such stereoscopic data due to its superior image-matching 80
algorithm [12] compared with other commercial off-the-shelf 81
(COTS) software types [11]. 82

In this letter, we tested the use of Cartosat-1 data for vol- 83
ume analysis based on cut-and-fill assessment, an established 84
method for estimating the volume of large landslides [4], [9], 85
[15]. We used the 2007 Salna landslide in the Indian Himalayas 86
as a test case, which offers a great challenge to automatic digital 87
elevation model (DEM) extraction due to steep slopes and large 88
topographic shadows [11]. Previous studies have demonstrated 89
the utility of DEMs extracted from satellite data for monitoring 90
topographic changes due to glacial melting [3], [8], landslides 91
[9], and rehabilitation planning of coal mining areas [16]. 92

1545-598X/$26.00 © 2010 IEEE

AQ1

AQ2



AQ3

93 The purpose here is to assess if Cartosat-1-derived DEMs are
94 sufficiently accurate to quantify such changes and to monitor
95 compliance with related legislation.

96 A. Landslide Volume Estimation

97  Landslides are major mass-wasting processes and landscape-
98 building factors in mountainous terrains. They are primarily
99 triggered by seismic activity, rainfall, or road construction and
100 cause enormous destruction to properties and lives in those
101 areas. Some of the major earthquakes that have created sev-
102 eral deep-seated landslides in the recent past are the Kashmir
103 earthquake in India and Pakistan in October 2005 and the
104 Sichuan earthquake in China in May 2008. Apart from direct
105 damage, landslides also contribute sediments to river systems
106 and create siltation problems in reservoirs, reducing their ca-
107 pacity for hydropower generation. They also have the poten-
108 tial to create artificial lakes by blocking river courses, thus
109 generating potential flash floods in downstream areas [17],
110 [18]. Knowledge of failure volumes is also critical for a more
111 accurate understanding of the landslide process [e.g., [19]] and
112 the preparation of susceptibility maps, which show potential
113 areas of future landslide occurrences. For example, landslide
114 susceptibility maps will be more accurate if volume, instead of
115 the area of the landslide, is used to calculate the weights of the
116 terrain parameters. Okura et al. [20] showed how the volume of
117 a landslide directly affects its travel distance, while Dai and Lee
118 [21] demonstrated that frequency—volume relationships can be
119 used to predict rainfall-induced landslides.

120  Traditionally, failure volumes have been estimated by mea-
121 suring landslide dimensions (length, width, and depth) on the
122 ground, using assumptions about the shape of the landslide
123 [22]. Such ground-based methods may provide accurate volume
124 figures, although these are time consuming, error prone, and, at
125 times, not possible due to terrain inaccessibility. Pre- and post-
126 failure topographic maps can also be used for calculating the
127 landslide volume using change-detection techniques. However,
128 topographic maps are typically not updated immediately after
129 the event or lack sufficient accuracy [4]. In order to overcome
130 these problems, multitemporal aerial photographs were initially
131 used to estimate landslide extents and volumes [2], [7]. Dewitte
132 and Demoulin [7] generated DEMs with high accuracy from
133 aerial photographs using photogrammetric techniques to esti-
134 mate the volume of 13 deep-seated landslides in the Flemish
135 Ardennes. However, with advancements in image-processing
136 techniques and increasing availability of high-resolution stereo-
137 scopic satellite data, quantitative studies on landform changes
138 using DEMs based on satellite data have become a viable option
139 [23]. Recently, Tsutsui et al. [9] used SPOT-5 stereoscopic data
140 and generated 5-m DEMSs to calculate the volume of landslides
141 triggered due to an earthquake and a cyclone in Japan and
142 Taiwan, respectively. However, their estimated volume showed
143 a mismatch with the reference volume due to inaccuracies in
144 the DEM resulting from poor texture in 8-b SPOT images
145 and topographic shadow. The problems of poor texture can be
146 reduced by the use of 11-b images from IKONOS or QuickBird
147 [12]. However, their low swath width and high cost render those
148 sensors impractical for routine volumetric analysis. Moreover,
149 prefailure images essential for volume estimation are mostly
150 not available from these satellites. Kerle [4] and Scott et al.
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Fig. 1. Location map of the study area. (a) Three-dimensional perspective
view of the Salna landslide with the Cartosat-1 image draped over a DEM,
(b) and (c) pre- and postlandslide DEMs, respectively, showing the distribution
of control and check points, (d) field photograph showing the synoptic view
of the landslide, (e) view of the quartzite bedrock exposed in (the area above
the black dotted line) the scarp, and a part of the zone of accumulation as seen
from the temporarily constructed road, and (f) large angular boulders with large
voids in between, signaling a volume increase during deposition.

[19] showed how lack of knowledge of prefailure topography 151
and limited access to the site led to a ground-based volume un- 152
derestimation of the 1998 flank collapse at the Casita Volcano, 153

Nicaragua, of almost an order of magnitude eight. 154
II. AREA AND DATA ANALYSIS 155
A. Test Area 156

The test area is located in one of the landslide-prone areas in 157
the Himalayas (30°23'38” N and 79°12'42"” E). It is located in 158
the Nagol Gad (River) subcatchment in the High Himalayas 159
in the Uttarakhand state of India (Fig. 1). Nagol Gad is a 160
part of the Alaknanda catchment, which witnessed several 161
major coseismic landslides during the Chamoli earthquake in 162
March 1999 and lies very close to the Main Central Thrust [24]. 163
Rocks such as banded quartzite at the crown, and quartzite in- 164
terbedded with mica schist at the toe of the landslide, belonging 165
to the Proterozoic era are exposed in this area. However, the 166
landslide investigated for this volumetric analysis was triggered 167
by heavy rainfall in July 2007. It occurred near the Salna 168
village in the Chamoli district of the Uttarakhand state. The 169
landslide-affected area is completely exposed to sun in both 170
pre- and postlandslide images [Fig. 2(a) and (b)]. The general 171
topography is steep, with slopes ranging from 18° to 63°. The 172
elevations of the crown and tip of the landslide are 1636 and 173
1261 m, respectively. The Salna landslide is a translational 174
rock slide, meaning that the failure has taken place along a 175
planar surface of rupture. Its length (crown to tip) is 530 m, 176
with a maximum width at the center of the landslide of 260 m 177
[Fig. 1(a)]. Although there were no fatalities, the major road 178
connecting the surrounding area with the Chamoli town was 179
blocked for several months, causing hardship to local popula- 180
tion and damage to the regional economy. 181
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Fig. 2. Salna landslide. (a) Cartosat-1 orthoimage of April 6, 2006, showing
the prelandslide area outlined in white. It was a distressed zone with the
presence of two minor landslides acting as a precursor to the main event.
(b) Cartosat-1 orthoimage of December 16, 2007, showing the landslide that
occurred in July 2007. (c) Postlandslide map showing the (MS) main scarp and
(MS-1) minor scarps. (d) Nonuniform vegetation-height surface created by the
interpolation of heights measured from 74 trees and postlandslide effects. The
new road now has a convex outward shape, and the original river was pushed
outward due to the deposition of debris at the foothill region. The profile along
A-B is shown in Fig. 3.

182 B. DEM Generation

183 Two sets of stereoscopic Cartosat-1 data, acquired on
184 April 6, 2006 (prelandslide) and December 16, 2007 (postland-
185 slide), were processed using the SAT-PP software. Compared
186 with established COTS photogrammetric packages, SAT-PP has
187 an improved image-matching algorithm based on the combined
188 matching results of feature points, grid points, and edges,
189 leading to superior results also in steep terrain [11], [12]. DSMs
190 with 10-m grid size were generated using RPCs determined
191 from the RFM and provided by the data vendor. RFM is a
192 generic sensor model and is used as an alternative to physical
193 sensor models for the block orientation of the stereo-image
194 pair. RPCs are terrain independent and require refinement with
195 ground control points (GCPs) at block level to increase the
196 absolute geolocation accuracy of DSMs [13]. Therefore, we
197 used six GCPs with good planimetric and vertical distributions
198 to refine the orientation result of the RFM [Fig. 1(b)] [13]. The
199 GCPs were collected in a differential GPS (DGPS) survey using
200 a dual-frequency (L1 and L2) Leica 520 receiver. The standard
201 deviations of the errors of the elevation, longitude, and latitude
202 of the points surveyed range between 0.10 and 0.46 m, 0.04 and
203 0.15 m, and 0.04 and 0.21 m, respectively.

204  The necessity of high DEM accuracy for an elevation-change
205 analysis has been emphasized by previous researchers [4],
206 [25]. Kerle [4] showed how, particularly, the combination of
207 errors in the vertical accuracy of photogrammetrically derived

DEMs and the landslide thickness, typically being the smallest 208
dimension, readily combine to produce substantial uncertainty. 209
Errors in the elevation difference can either result from the 210
misregistration of the pre- and postevent DEMs [25] or from 211
the low spatial accuracy resulting from sun illumination and 212
valley orientation with reference to the satellite track [11]. 213
Along-track satellite data such as those from Cartosat-1 offer 214
improved results of image matching due to the reduced radio- 215
metric variation between images of a stereo pair [10]. However, 216
the distortion of feature geometry due to the steep terrain and 217
variable viewing angle of Cartosat-1 has compromised some 218
of these advantages. This problem can be overcome using the 219
SAT-PP software, which relies on robust point-, grid-, and 220
feature-based image-matching techniques [12]. Topographic 221
shadow in mountainous areas is another problem that creates 222
inaccuracies in a DEM. SAT-PP is also capable of generating 223
the adequate number of match points required for an accurate 224
DEM generation for relatively small shadow areas; however, 225
large shadows still remain a problem [11], [12]. 226

In an earlier study, we assessed the absolute accuracy of the 227
prelandslide DEM using ten independent check points obtained 228
from the DGPS survey, resulting in vertical and planimetric 229
root-mean-square errors of 2.31 and < 1 m, respectively [11]. In 230
addition, the spatial accuracy of the prelandslide DEM was esti- 231
mated by a drainage line comparison method, wherein drainage 232
lines were used as a proxy to estimate the error due to spatial au- 233
tocorrelation in the absence of a very accurate reference DEM 234
[11]. Subsequently, the refinement of the orientation result of 235
postlandslide RFM was done by using three GCPs common in 236
the overlap area [Fig. 1(c)]. Thus, both DEMs were brought into 237
the same spatial framework. However, to verify the vertical and 238
coregistration accuracies of two DEMs, a residual analysis was 239
carried out between the two DEMs in an area adjacent to the 240
landslide [Fig. 1(a)]. This area is unvegetated, and no morpho- 241
logical changes have occurred during the observation period. 242
The residual analysis showed a vertical mean and standard 243
deviation of errors of 0.11 and 0.06 m and corresponding 244
planimetric errors of 0.09 and 0.05 m, respectively. The low 245
errors indicate that both DEMs are coregistered properly and 246
have a good vertical accuracy relative to each other. There- 247
fore, any change in height can be attributed to morphological 248
changes, such as those due to landslides, allowing volumes to 249
be calculated. 250

C. Volumetric Analysis 251

As volume calculation must be based on the actual pre- 252
and postlandslide terrain surfaces, vegetation that may have 253
covered the area before failure, or that was possibly retained 254
during the landslide, must be corrected for, as it forms part 255
of the photogrammetric surfaces. The accurate estimation of 256
vegetation height has previously been shown to be challenging 257
[4]. In the area of the Salna landslide, mainly chir trees are 258
found. The height of some of the uprooted and standing trees 259
(in the adjacent area) was measured on the ground. This height, 260
in conjunction with the height of the trees measured through 261
the manual interpretation of stereo images, was used to create 262
a nonuniform vegetation-height surface [Fig. 2(d)]. A total of 263
74 trees (7 on the ground and 67 in the stereo image) with a 264
mean height of 11.87 m (minimum of 4.29 m and maximum 265
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Fig. 3. Pre- and postfailure surface profile from the crown to tip of the the volume loss and volume gain, which corresponds to the zones of depletion

landslide. The gray dotted line shows the possible extension of the surface of
rupture over which debris is temporarily deposited. The heights of some of the
chir pine trees were measured on the ground (e.g., an uprooted tree in the inset
photograph).

266 of 19.67 m) were used for the creation of the nonuniform
267 vegetation-height surface. Subsequently, this surface was sub-
268 tracted from the automatically generated prefailure DSM, and a
269 vegetation-corrected digital terrain model (DTM) was created.
270 Vegetation correction was not required for the postfailure DSM
271 since trees were completely uprooted. After vegetation correc-
272 tion, the area and volume of the Salna landslide were calculated
273 by subtracting the postlandslide DTM from the prelandslide
274 DTM, using the cut-and-fill operation in ArcGIS. This oper-
275 ation summarizes the areas and volumes of change using the
276 surfaces of a given location at two different time periods and
277 identifies regions of surface-material removal and addition and
278 no change.

279 III. RESULTS AND DISCUSSION

280 The Salna landslide was triggered due to excessive rainfall,
281 and the prelandslide Cartosat-1 image already showed the
282 existence of small active landslides in the area [Fig. 2(a)].
283 The slope length of the main scarp below the crown of the
284 landslide is approximately 50 m [Fig. 2(c)]. The landslide
285 completely buried the road with material displaced from the
286 crown part. The new road [Fig. 1(d)], which was temporarily
287 constructed to allow traffic to resume, is now positioned 62 m
288 outward from its previous location, and the shape of the road
289 is convex outward [Fig. 2(d)], indicating the deposition of a
290 large amount of material and the development of a hummocky
291 structure. Similarly, the Nagol Gad (River) was pushed 25 m
292 to its right bank by the landslide [Fig. 2(d)]. Fortunately, no
293 damming of the river occurred due to the landslide. Debris
294 mainly composed of boulders of banded quartzite is seen in the
295 zone of accumulation [Fig. 1(e) and (f)].

296  From the profile (Fig. 3) and from the extent of the volume
297 gain [Fig. 4(b)], it is clear that the area of the zone of depletion
298 is smaller than the area of the zone of accumulation, indicating
299 expansion, or bulking, of material after the displacement due to
300 the fragmentation of the bed rock. The elevation-change map
301 shows that maximum deposition of material has taken place
302 at a height of approximately 1420 m [Fig. 4(a)]. The cut-and-
303 fill volumes, i.e., the volumes of depleted and accumulated

and accumulation, respectively.

TABLE 1
QUANTITATIVE COMPARISON OF VOLUME

Volume loss (10°m?) | Volume gain (10° m3)
Before After Before After
DEM type Bulking
vegetation | vegetation | vegetation | vegetation
correction | correction | correction | correction
DEM (with GCP) 0.77 0.55 1.34 1.43 2.60
DEM (without GCP) 0.76 0.54 1.31 141 2.61
DTM (spot height) 0.67 1.26 1.88

material, were estimated as 0.55 x 10% and 1.43 x 108 m?, 304
respectively (Table I). 305

So far, we have estimated the landslide volume from DEMSs 306
derived with the use of additional GCPs. However, the need for 307
field-measured control points, a strict requirement in traditional 308
photogrammetry, severely undermines the utility of satellite 309
data for rapid and independent postlandslide assessment. To 310
assess the dependence of accurate volume estimation on addi- 311
tional field-mapped GCPs, we also created DEMs only with the 312
RPCs provided with Cartosat-1 data. Such a step is reasonable, 313
as additional GCPs primarily affect the absolute accuracy of 314
the DEM and lessen the relative elevation value distribution. 315
Nevertheless, the effect of integrating two such relative surfaces 316
for accurate change assessment was unknown. Table I shows 317
that the estimated volume values based on RPC-only DEMs 318
fall to within 1%-3% of the GCP-supported DEM values, 319
indicating that the volume figures are less sensitive to GCP 320
support than expected. 321

The bulking factor (ratio of volume gain to volume loss) of 322
2.60 (Table I) is comparable with previously reported values for 323
similar events, such as the bulking following the flank collapse 324
of the Casita Volcano, Nicaragua, studied by Scott et al. [19]. 325
The bulking of the Salna landslide is due to two factors: 1) 326
incomplete separation of loss area from gain area, due to 327
which the material is still lying at the bottom of the hidden 328
rupture surface [2], which is impossible to be reconstructed 329
from postfailure stereo data (Fig. 3), and 2) poor sorting of 330
large and angular broken quartzite rock fragments [Fig. 1(f)] 331
created by the translational rock slide, leading to a possible 332
overestimation of the gain volume. However, the estimated 333
volume can be considered realistic, since the postlandslide 334
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335 surface was generated shortly (approximately five months) after
336 the occurrence of the landslide, suggesting limited deposition
337 material loss due to surface erosion and further remobilization.

338 A. Accuracy Assessment of Volume

339  The global accuracy of the DEM has been verified by in-
340 dependent check points, although previous studies have shown
341 that digital photogrammetry with low global errors can still
342 lead to substantial local errors, particularly in areas of low
343 contrast (e.g., uniform vegetation and landslide failure flanks).
344 Volume accuracy assessment in such small local areas is thus
345 a challenge, particularly with only limited reference data, i.e.,
346 without a dense network of ground check points for both pre-
347 and postlandslide affected areas. Due to the absence of detailed
348 verification data for the relatively small landslide area (i.e., part
349 of the large DEMs for which accuracy has been checked), we
350 manually extracted spot heights [4], identifying 85 and 129
351 points from the pre- and postfailure data sets, respectively,
352 using StereoAnalyst in ERDAS Imagine, and compared the
353 volume obtained from spot-height data with the automatic
354 results (Table I). The number of points is sufficient for a
355 reliable comparison since they were collected with particular
356 emphasis on break-in-slope and scarp areas, leading to a surface
357 that models the actual failure area well. Spot heights from
358 the prefailure image were collected by selectively measuring
359 ground elevations in between trees, thus eliminating the need
360 for further vegetation correction, and directly on the failure
361 and deposition surfaces in the postfailure image. These points
362 were interpolated using the TOPOGRID algorithm in ArcGIS
363 to derive reference DTMs [26].

364 IV. CONCLUSION

365 Updated elevation data are essential for identifying areas
366 of large-scale topographic changes for disaster management
367 or enforcement of environmental legislation. The purpose of
368 this letter was to assess the potential of a new generation of
369 spaceborne sensors to provide DEMs for the quantification
370 of landscape changes. In this letter, DEMs with 10-m grid
371 size corresponding to two different time periods, generated
372 from Cartosat-1 data using digital photogrammetric methods,
373 were used to quantify large-scale topographic changes resulting
374 from a landslide. Following photogrammetric conventions, we
375 generated DEMs with a grid size equivalent to three to four
376 times of the ground sampling distance. With some data types,
377 such as from SPOT-5, higher resolutions can be achieved, for
378 example, the 2.5-m resolution DEMs produced by Tsutsui et al.
379 [9], using superresolution processing [27]. Interestingly, the
380 previously reported requirement for additional GCPs [13] was
381 found to be of lesser importance, allowing us to create surfaces
382 with comparable relative accuracy also without such field-
383 based measurements. This requires the actual coregistration
384 of pre- and postfailure DSMs rather than the use of absolute
385 coordinates. This means that RPCs alone are sufficient for the
386 estimation of volume, thus freeing rapid postfailure volume
387 assessment entirely from field data requirements, although the
388 refinement of the RFM orientation result is required to improve
389 the absolute geolocation accuracy necessary for cartographic
390 applications. Knowledge on prefailure topography is crucial for
391 the accurate estimation of volume [4]. Cartosat-1 was launched

in 2005, and its data were systematically acquired, providing 392
substantial archives of images for major parts of the world. 393
The availability of postfailure data sets from Cartosat-1 shortly 394
after the event then enabled us to do rapid volume estimation. 395
The cut-and-fill volumes derived from automatic DEMs showed 396
a reasonably good match with the reference volume derived 397
from DEMs generated using manually extracted spot-height 398
data. This indicates that a 10-m DEM from Cartosat-1 data 399
can be effectively used for large-scale elevation change and 400
volumetric analysis such as that for a deep-seated landslide. 401
The information on landslide volume can effectively be used 402
to establish magnitude—frequency relationship for quantitative 403
estimation of a landslide hazard. However, the volume values 404
calculated based on manually extracted spot heights show de- 405
viations of about +18% and —12% for the volume loss and 406
gain areas, respectively, resulting also in a bulking factor that 407
is 27% lower than that based on automatic DEMs with GCPs. 408
These deviations of volume values can be attributed to the steep 409
slope (51°) near the crown of the landslide, where automatically 410
generated DEMs are prone to error [9]. 411

This letter has shown that Cartosat-1 data have the potential 412
to derive volume information critical for disaster assessment, 413
in principle, without any additional GPS field measurement, 414
provided that any present vegetation artifacts are removed from 415
the DEMs used in the change assessment. It must also be noted 416
that, with landslide thickness, i.e., z, typically being the small- 417
est dimension, elevation errors resulting from photogrammetric 418
artifacts or inaccurate DSM-to-DTM correction will have a 419
correspondingly large consequence on volume calculations. 420
The quantitative estimation of similar large-scale changes in 421
the landscape, e.g., due to open-pit mining and urban waste 422
disposal, although not shown in this letter, can, in principle, 423
also be done with Cartosat-1-derived DEMs since they require 424
multitemporal DEMs similar to the ones used in this letter. 425
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