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Abstract—Accuracy of the Digital Elevation Model (DEM)

affects the accuracy of various geoscience and environmental

modelling results. This study evaluates accuracies of the Advanced

Spaceborne Thermal Emission and Reflection Radiometer

(ASTER) Global DEM Version-2 (GDEM V2), the Shuttle Radar

Topography Mission (SRTM) X-band DEM and the NRSC Car-

tosat-1 DEM V1 (CartoDEM). A high resolution (1 m)

photogrammetric DEM (ADS80 DEM), having a high absolute

accuracy [1.60 m linear error at 90 % confidence (LE90)],

resampled at 30 m cell size was used as reference. The overall root

mean square error (RMSE) in vertical accuracy was 23, 73, and

166 m and the LE90 was 36, 75, and 256 m for ASTER GDEM

V2, SRTM X-band DEM and CartoDEM, respectively. A detailed

error analysis was performed for individual as well as combinations

of different classes of aspect, slope, land-cover and elevation zones

for the study area. For the ASTER GDEM V2, forest areas with

North facing slopes (0�–5�) in the 4th elevation zone

(3773–4369 m) showed minimum LE90 of 0.99 m, and barren with

East facing slopes ([60�) falling under the 2nd elevation zone

(2581–3177 m) showed maximum LE90 of 166 m. For the SRTM

DEM, pixels with South-East facing slopes of 0�–5� in the 4th

elevation zone covered with forest showed least LE90 of 0.33 m

and maximum LE90 of 521 m was observed in the barren area with

North-East facing slope ([60�) in the 4th elevation zone. In case of

the CartoDEM, the snow pixels in the 2nd elevation zone with

South-East facing slopes of 5�–15� showed least LE90 of 0.71 m

and maximum LE90 of 1266 m was observed for the snow pixels

in the 3rd elevation zone (3177–3773 m) within the South facing

slope of 45�–60�. These results can be highly useful for the

researchers using DEM products in various modelling exercises.

Key words: DEM, ASTER GDEM, SRTM X-band DEM,

NRSC CartoDEM, Slope, Aspect, Land cover, Accuracy, Error,

Remote sensing, GIS.

1. Introduction

MAUNE et al. (2001) defined Digital elevation

model (DEM) as a generic term normally implied for

the elevation of bare earth without vegetation and

buildings. Freely available height models (i.e., SRTM

DEM, ASTER GDEM, and NRSC CartoDEM)

derived from satellite remote sensing data sets are

actually Digital Surface Models (DSMs) and include

the elevation of reflective earth surface, including

buildings and vegetation. However, they are called

DEM by the data distribution agencies. Hence,

adopting the same pattern, we are using the term

DEM for the used height models in this study which

are actually DSMs by definition.

DEM is a key element in today’s digital geo-

science world to understand and to explore the

landscape of the earth surface (PANDIT et al. 2014).

DEM and its derived products (slope, aspect, curva-

ture, drainage pattern and others) provide basic

terrain-related information. These products are used

as inputs to various studies like, avalanche (SNEHMANI

et al. 2013), glacier (SNEHMANI et al. 2014) and flood

mapping (BHATT and AHMED 2014), terrain visual-

ization (ZHANG et al. 2004), geomorphometry (YADAV

et al. 2014), meteorological studies (THORNTON et al.

1997), mass movement (PRADHAN and YOUSSEF 2010),

runoff (HUSS et al. 2008) and hydrological modelling

(MAATHUIS and WANG 2006). An accurate DEM is the

basic requirement for physiographic rectification as

well as co-registration of temporal remotely sensed

images, acquired with diverse incidence or sun ele-

vation angles (KAAB 2005). Owing to such reliance of

these mapping and modelling exercises on DEM and

its by-products, the performance of models varies

widely based on the accuracy of the DEM used

(ZHANG and MONTGOMERY 1994). Thus, it is essential

to consider the accuracy of the topographic data used
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in various geoscientific applications (CHEN 2010). It

is unfortunate that maximum users of DEMs are

uninformed about the used DEM’s accuracy and they

ignore the influences of errors on the resultant

derivatives, such as slope, aspect, curvature (AGUILAR

et al. 2010a). Hence, it is very important to acquire

the information about spatial resolution, precision

and accuracy of the used DEMs before any type of

geoscientific modelling application (HOLMES et al.

2000).

Usually, accuracy measures are based on the

hypothesis that errors follow a normal dispersal (SAX-

ENA and SINGH 2005; TOSCHI et al. 2015). However, it

should be revised carefully. The historical ideawas that

errors were additive and nearly independent of the

method of measurement. But, in most of the instances,

this is not true with DEM as objects above the terrain,

such as vegetation and buildings are ignored during the

filtering process, especially in the case of complex

mountainous terrain. Thus, the accuracy of DEMs

depends on several factors such as the source and

technique of measuring elevation data, the density and

distribution of sampling points, methods of the DEM

creation, and the precision in the representation of the

elevation data along with the topographic complexity

of the corresponding landscape (CHANG and TSAI 1991;

GONG et al. 2000). Considering all these factors, ref-

erence data in adequately large number are crucial for

validating DEMs (HÖHLE and HÖHLE 2009).

There are several freely accessible DEMs such as

the Global Topographic (GTOPO) DEM (*1 km

global), the SRTM C-band DEM with spatial resolu-

tion of 30 m for USA and 90 m for other areas

(GOROKHOVICH and VOUSTIANIOUK 2006), the SRTM

X-band DEM (30 m global), the ASTER GDEM V2

(30 m global) and the CartoDEM (30 m for India

only). Many attempts have beenmade for checking the

vertical accuracy of various DEMs. For example,

KRUPNLK (2000) examined the accuracy and reliability

of the automatically generated DEMs from the SPOT

(Societé Pour l’Observation de la Terre) images for

different kind of land covers, such as desert, agricul-

tural, urban, and mountainous terrain with respect to

the manually measured DEMs. They carefully marked

out the areas that indicated failures of the automatic

DEM generation procedure, further, predicting and

improving the quality of the resulting DEMs.

MILIARESIS and PARASCHOU (2005) assessed vertical

accuracy of SRTM DTED (Digital Terrain Elevation

Data) level 1 product with respect to topographic maps

at scale 1:250,000 for Crete Island (Southern Greece).

They found the vertical accuracy of the SRTM product

to be terrain class dependent. The greater mean error

was observed for SW,WandNWaspect regions, while

overall accuracy (RMSE) approached 25 mwhich was

far more than the specified 16 m in the mission speci-

fication document. KIEL et al. (2006) analysed Shuttle

Radar Topography Mission (SRTM) water surface

elevation data in both X and C bands, to assess the

capacity of interferometric radar for future surface

water missions. SU and BORK (2006) evaluated the

influence of factors such as vegetation, slope and

sampling angle on the overall accuracy of a LiDAR

(Light Detection And Ranging)-derived DEM.

KOLECKA and KOZAK (2013) evaluated vertical accu-

racy of open source SRTM X-band DEM in a

mountainous area (Polish Tatra Mountains) with

respect to a high-resolution aerial photogrammetric

DEM and found RMSE of 38.47 m in measurements.

They observed that the presence of forest cover, local

incidence angle, slope, aspect and radar beam geom-

etry were the main factors affecting the accuracy of

SRTM X-band DEM. They found out that the C-band

DEM had better accuracy in most of the instances.

The present study evaluates freely available

ASTER GDEM V2, SRTM X-band DEM and Car-

toDEMwith respect to the high resolution (1 m) aerial

photogrammetric DEM (ADS80 DEM) for parts of

Himalayas. This high-resolution DEM was generated

using digital aerial photogrammetric survey data of

40 cm Ground Sampling Distance (GSD), captured

through airborne ADS80 push-broom camera for the

first time in Indian Himalayan context. In an earlier

attempt, SINGH et al. (2014) assessed the vertical

accuracy of this high-resolution DEM and observed

high absolute vertical accuracy with RMSE of lesser

than 1 m and linear error of 1.60 m at 90 % confidence

interval (LE90). This high accuracy ADS80 DEMwas

resampled to 30 m spatial resolution for using it as the

reference DEM. Elevation differences were obtained

by subtracting the elevations of DEMs from the ref-

erence DEM and further used for the statistical

analysis. A more detailed, accurate analysis was done
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for different terrain scenarios (all possible combina-

tions of different terrain parameters, e.g. slopes, aspect

directions, elevation zones and land cover classes)

consisting of various classes of aspect, slope, land

cover and elevation of the study area. ASTER GDEM

V2 was found to be the best representation of the ter-

rain, followed by SRTM-X DEM and CartoDEM. The

results are discussed, in detail, in Sect. 5 for the pos-

sible explanations.

2. Study Area

The study area (Fig. 1) lies in the NW-Hi-

malaya, covering parts of Kullu and Lahaul and

Spiti districts of Himachal Pradesh, India. The

geographical extent of the study area is from

77�0400000E/32�2903100N to 77�1604600E/32�1304300N
with the presence of high, rugged mountains,

narrow valleys, and deep gorges consisting of very

high slope gradient. The mean altitude of the area

is 4431 m above MSL (mean sea level). This

study area was selected because of the presence of

the high accuracy aerial DEM as a reference for

only this part of the Himalaya. In addition, this

study area represents all the possible terrain

classes in case of a complex mountainous ter-

rain. Thus, this extent of the study area could be

taken as a representative of the entire Himalayan

terrain.

Figure 1
Study area (right Landsat 5 TM, 4-3-2 false colour composite image)
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3. Materials and Methods

3.1. Data Used

3.1.1 ADS80 High Resolution DEM

The ADS80 high-resolution DEM at 1 m spatial

resolution was generated by SASE (Snow and

Avalanche Study Establishment) through photogram-

metric processing of airborne ADS80 linear push

broom sensor captured stereo images (GUPTA et al.

2014). The ADS80 stereo images of 40 cm GSD were

acquired in the month of February, 2011. SINGH et al.

(2014) tested the accuracy of this DEM with 20

DGPS (Differential global positioning system) points

reported RMSE and standard deviation of 0.97 and

0.99 m, respectively, along with LE90 of 1.36 m.

3.1.2 ASTER GDEM V 2.0

Development of ASTER GDEM V2 was a collabo-

rative effort of the Ministry of Economy, Trade, and

Industry (METI), Japan and the National Aeronautics

and Space Administration (NASA), United States of

America (ROBINSON et al. 2014). The ASTER sensor

was launched in December 1999 on-board NASA’s

Terra spacecraft with along-track stereoscopic capa-

bility (HIRANO et al. 2003). The GDEM product is

generated using automatic stereo correlation of

millions of stereo pairs acquired through ASTER

near infrared spectral band nadir-viewing (3N) and

backward-viewing (3B) telescope (MUKHERJEE et al.

2013). ASTER GDEM is considered very useful for

terrain research and application areas because of its

free accessibility and global coverage (SCHNEEVOIGT

et al. 2008). ASTER GDEM V2 is generated with a

spatial resolution of about 30 m (1 arc-second) from

the original 15 m ASTER image GSD in the

horizontal plane (AREFI and REINARTZ 2011). Accord-

ing to ASTER GDEM V2 validation report

(TACHIKAWA et al. 2011), absolute vertical accuracy

of the ASTER GDEM V2 (released on October 17,

2011) is 17 m LE95 (linear error at 95 % confidence)

when compared to 18,000 geodetic control points.

ASTER GDEM V2 was downloaded from http://

gdem.ersdac.jspacesystems.or.jp.

3.1.3 SRTM X-Band DEM

SRTM X-band DEM was generated using X-band

synthetic aperture radar (SAR) data (CZUBSKI et al.

2013). The X-band data were acquired during the

Shuttle Radar Topographic Mission, collaborated by

the NASA/JPL (National Aeronautics and Space

Administration/Jet Propulsion Laboratory, USA),

the Italian Space Agency (Italian: Agenzia Spaziale

Italiana; ASI), and the German Aerospace Center

(DLR) in 2000 (FARR et al. 2007). With the objective

to generate a global high-resolution DEM, two

interferometric radar systems (C-band and X-band)

on board the Space Shuttle Endeavour acquired data

from February 11 to 22, 2000 (SUN et al. 2003).

SRTM C-band DEM (3-arc-second, 90 m resolution)

is freely available for the entire world and can be

downloaded freely from the USGS website. The

X-band data that cover approximately 58 million km2

were processed by DLR (RABUS et al. 2003). The

freely available SRTM X-band DEMs (covering

entire globe between 60�N and 56�S) were generated
through interferomeric processing of X-band SAR

data acquired during SRTM mission (HOFFMANN and

WALTER 2006). The coverage of the X-band DEM is

not continuous because it covers approximately half

of the area covered by C-band SAR sensor due to its

narrower ground track (KOLECKA and KOZAK 2013).

According to DLR SRTM X-SAR DEM readme file

(https://centaurus.caf.dlr.de:8443/eoweb-ng/license

Agreements/DLR_SRTM_Readme.pdf) provided

with the data, absolute and relative vertical accuracy

is ±16 of ±6 m, respectively, for 90 % of the data.

SRTM X-band DEM was downloaded from EOWEB

official web portal (https://centaurus.caf.dlr.de:8443/

eoweb-ng/template/default/welcome/entryPage.vm).

3.1.4 CartoDEM

Cartosat-1 satellite was launched by the Indian Space

Research Organization (ISRO) on May 5, 2005

(MARTHA et al. 2010). Cartosat-1 is equipped with

in-orbit stereo capabilities, useful for DEM genera-

tion (GIANINETTO 2009). The freely available 30 m

spatial resolution Cartosat-1 DEM was downloaded

from the NRSC website (http://www.bhuvan.nrsc.
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gov.in). The operational procedure of CartoDEM

generation comprised stereo strip triangulation of

500 9 27 km segment with 30 m posting (MURA-

LIKRISHNAN et al. 2013). Absolute vertical accuracy

for CartoDEM for hilly area claimed by NRSC is 8 m

(LE90) (MURALIKRISHNAN et al. 2011).

3.1.5 Landsat 5 TM Image

A cloud-free Landsat 5 TM (Thematic Mapper)

satellite image of 22 October, 2011, with 30 m spatial

resolution, covering an area of 185 9 185 km2 was

downloaded from the USGS global visualization

viewer (glovis.usgs.gov) to obtain land cover classes

within the study area.

3.2. Methodology

Consideration of the terrain parameters individu-

ally is only a partial indicative of the vertical

accuracy of DEMs. In the real earth scenario,

different combinations of parameters exist and

Figure 2
Methodology followed
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considering the combined effect of all these condi-

tions would give an actual estimate of the errors.

Therefore, the proposed methodology (Fig. 2) pre-

sents a workflow for generation of such scenarios and

accuracy assessment. Following paragraphs discuss

the steps involved.

3.2.1 Projection, Pixel Size Matching and Co-

Registration

ADS80 DEM was in UTM WGS84, Zone 43 N

projection. All other data were re-projected to this

projection system. The datasets were resampled using

the nearest neighbour algorithm to a pixel size of

30 m for further processing.

The two DEMs are sensitive to misregistration for

areas with significant relief as a shift of fraction of a

pixel may cause significant changes in the elevation

difference (NI et al. 2014). The error caused by

subpixel misregistration of the two DEMs was greater

than or equal to the true difference between the two

models (NIEL et al. 2008). Precise co-registration of

DEMs is difficult due to their continuous nature and

very less tonal and textural variations in between the

nearby pixels. Shaded-relief matching approach

proposed by AGUILAR et al. (2010b) is useful for the

precise co-registration of DEMs. The Landsat image

was co-registered with the aerial photographs. The

error statistics for co-registration process is given in

Table 1.

3.2.2 Vertical Datum Matching and Void Area

Masking

The vertical datum of various elevation datasets used

in the study differs (Table 2). To conduct a consistent

comparison among the two height data sets, heights

must refer to the same vertical datum (BAGHDADI et al.

2011). As evident in Table 2, all the DEMs except

ASTER GDEM V2 were in WGS84 datum. There-

fore, to bring uniformity for further analysis, EGM96

geoid datum of ASTER GDEM V2 was converted to

WGS84 using Eq. 1 given in MUKHERJEE et al. (2013):

E ¼ H þ G ð1Þ

Equation 1 represents the geoid separation/geoid

undulation (G), the ellipsoid height (E) and the height

above the geoid surface/orthometric height (H).

For fair comparison and analysis purpose, voids in

(29.89 % of total area) SRTM X-band DEM (Fig. 3a)

Table 1

Error statistics for co-registration

S. No. Data type Observed RMSE in

X direction

after co-registration

in ground units (m)

Observed RMSE in

Y direction

after co-registration

in ground units (m)

Observed

RMSE (m)

1 ADS80 DEM Master DEM

2 ASTER GDEM 1.06 5.54 5.64

3 SRTM-X Band DEM 6.90 4.34 8.15

4 CartoDEM 8.50 11.73 14.49

5 Landsat 5 TM 9.53 (with respect to

aerial photographs)

3.23 (with respect to

aerial photographs)

10.06

Table 2

Datum information of used DEMs

S. No. DEM Provider Projection/datum Vertical datum Spatial resolution % Coverage of

study area

1 ADS80 SASE UTM 43/WGS84 WGS84 1 m 100

2 ASTER GDEM V2.0 METI and NASA Geographic (Lat/Long)/WGS84 EGM96 1 arc second 100

3 SRTM-X Band DEM DLR Geographic (Lat/Long)/WGS84 WGS84 1 arc second 70

4 CartoDEM NRSC Geographic (Lat/Long)/WGS84 WGS84 1 arc second 100

Source: ASTER and CartoDEM handbooks, SRTM-X ‘Read me’ file
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were masked out and the same masks were applied to

other DEMs used in this study. Figure 3b shows all

three DEMs after applying the void mask. Table 3

presents the statistics for the resampled 30 m DEMs

used in this study before and after applying void

mask.

3.2.3 Derivation of Terrain Attributes, Difference

Images and Land Cover Classes

The parameters derived from ADS80 DEM were

slope (Fig. 4a), aspect (Fig. 4b) and elevation zones

(Fig. 4c). These were taken as real terrain conditions

Figure 3
a DEMs: left to right ADS80, ASTER GDEM, CartoDEM, SRTM X band DEM; b void masked DEMs: left to right ADS80, ASTER GDEM,

CartoDEM, SRTM X band DEM; c elevation difference images with respect to ADS80 DEM: left to right ASTER GDEM, CartoDEM, SRTM

X band DEM
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and hence the reference because of very high

accuracy of the DEM. JONES (1998) reported four-

cell method as the most accurate one for calculating

slope and aspect directions. This method had been

adopted for generating slope and aspect in the present

study. Four-cell method considers two orthogonal

components (in x and y directions) of slope. Corre-

sponding aspects were computed for these slopes.

The DEM was reclassified into five elevation zones

based on the quantiles. Also, the difference images

(Fig. 3c) for statistical analyses were generated for

freely available DEMs by subtracting them from

ADS80 DEM.

Indices (NDSI—Normalized Difference Snow

Index, NDVI—Normalized Difference Vegetation

Index) based classification was performed on the

Landsat 5 TM image to demarcate four land cover

classes, i.e., barren land/exposed rocks, shrubs, forest,

snow and/or ice (Fig. 4d).

3.2.4 Scenario and Statistics Generation

Terrain scenarios were generated using different com-

binations of terrain parameters. Intersection operation

was performed between all the layers of importance and

statistics was generated for each scenario having at least

one representative pixel. Finally, LE90 was computed.

LE90 represents the linear vertical distance between

90 % of reference points and their respective twin

matching counterparts acquired in an independent

survey. LE90 is the 90th percentile linear error, i.e.,

minimum of 90 % of vertical errors falls within the

stated LE90 value. In case the vertical error is normally

distributed, the factor 1.6449 is multiplied with RMSE

to compute vertical accuracy at the 90 % confidence

level (GREENWALT and SHULTZ 1968). But in our case,

the errors were not normally distributed as evident from

the skewness and kurtosis values in Table 4. Therefore,

we reported the LE90 bymanual sorting of linear errors.

4. Results

4.1. Visual Comparison and Statistical Summary

of Used DEMs

A visual comparison between the DEMs can be

easily made by looking at Figs. 3a and 5. It is

perceivable that ASTER GDEM V2 most closely

matches with the ADS80 DEM at higher elevations.

The reference ADS80 DEM has very smooth appear-

ance in which, ridges and gullies look very sharp, and

are easily identifiable. Also, all the major and minor

drainage lines are visible. ASTER GDEM V2 in

terms of visual quality appears to be a coarser version

of the ADS80 DEM in which ridges (B1 part in

Fig. 5) and gullies are identifiable. The ridges are

better distinguished in ADS80 (B) and SRTM X-band

DEM (B3 part) than in B1 and B2. Part of valley in

ADS80 (C) and SRTM X-band DEM (C3) is better

represented than C1 and C2. The inherent spikes in

ASTER GDEM V2 can be clearly seen in the form of

small rough patches (compare A1 part with A in

Fig. 5). A2 represents the inherent mosaicing error in

CartoDEM. Y represents the voids in SRTM-X DEM.

Another very interesting observation is shown with

dashed polygons on SRTM X-band DEM in Fig. 5. It

is evident that all the inherent spikes (noise) are on

North-East, East and South-East facing slopes.

Table 3

Statistical summary of used DEMs

Used DEMs Before void mask After void mask

Number of

Pixels

Mean (m) Median (m) Min (m) Max (m) Number of

Pixels

Mean (m) Median (m) Min (m) Max (m)

ADS80 659,520 3760 3784 1791 6039 462,364 3718 3756 1791 5847

GDEM 659,520 3788 3813 1812 6013 462,364 3717 3759 1784 5735

CartoDEM 659,520 3740 3773 1791 6027 462,364 3697 3748 1791 5394

SRTM-X DEM 659,520 -380 3278 -9999 5829 462,364 3721 3763 1758 5829
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Figure 4
a Slope, b aspect, c elevation zones and land cover using Landsat 5 TM image
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Numerous numbers of these spikes are also an

explanation for the distinct peaks in the histogram

of SRTM X-band DEM (Fig. 6).

4.2. Statistical Summary of Error DEMs

Table 4 and quantile–quantile (Q–Q) plot repre-

sented in Fig. 7 are representative of statistical

summaries of the difference/error DEMs. Least

differences in elevation were shown by ASTER

GDEM V2, whereas the CartoDEM varied widely

from ADS80 DEM. Subsequently, ASTER GDEM

V2 showed lower standard deviation (23.86 m) and

RMSE (23.87 m). Given below are the statistical

observations of error DEMs with respect to different

terrain conditions (Fig. 8).

4.2.1 Slope Wise Statistical Summary of Error DEMs

Table 5 shows the statistical parameters derived to

comment upon the accuracy of the DEMs in different

classes of slope. All the DEMs showed overall

increasing LE90 with increasing slope. ASTER

GDEM V2 gave better accuracy at all the slopes and

increase in LE90 was nearly constant. As given in

Fig. 8, there was a steep increase in LE90 observed

between 30� and 60� slopes in SRTM X-band DEM.

CartoDEM showed a decreasing trend for LE90 till 30�
slopes, but a sharp increase beyond that. Figure 9

shows Q–Q plot of elevation differences of ASTER

GDEM V2, SRTM X-band DEM and CartoDEM,

respectively, for various classes of slope with respect

to ADS80 DEM. As mentioned in Table 5, slope class

3 (15�–30�) contains highest numbers of pixels with

LE90 of 26.55, 44.47, and 161.60 m for ASTER

GDEM V2, SRTM-X DEM and CartoDEM,

respectively.

4.2.2 Aspect Wise Statistical Summary of Error

DEMs

Table 6 gives an idea about the accuracy of DEMs

in different classes of aspect. ASTER GDEM V2

gave consistency in accuracy in all the classes of

aspect with LE90 within the range of 27–47 m

(Fig. 8; Table 6). SRTM X-band DEM showed more

variation with LE90 varying from 28 to 202 m
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(Fig. 8; Table 6). SRTM X-band DEM showed a

particular trend from North-East to South-East

aspects as the accuracy improved significantly

(Fig. 8). CartoDEM gave poorest accuracy for all

the aspect classes (Fig. 8). Figure 10 shows Q–

Q plot of elevation differences of ASTER GDEM

V2, SRTM X-band DEM and CartoDEM, respec-

tively, for various classes of aspect with respect to

ADS80 DEM. For all the DEMs, the highest number

of pixels is represented by aspect classes 6 (SW)

and 7 (W).

4.2.3 Elevation Zone Wise Statistical Summary

of Error DEMs

Table 7 tells about the accuracy of the DEMs in

different classes of the elevation zones. ASTER

GDEM V2 gave consistency in accuracy in all the

Figure 5
Painted relief images of DEMs (B, B1, B2, and B3 ridges and gullies; C, C1, C2, C3 valley; compare A1 with A for observing inherent spikes

in the ASTER GDEM V2; V voids in the SRTM X-band DEM, A2 mosaicing error in the CartoDEM). Dashed polygons on the SRTM X-band

DEM show inherent spikes on North-East to South-East facing slopes
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elevation zones with LE90 within the range of

28–48 m (Fig. 8; Table 7). From the 4th elevation

zone onwards, there was a sudden linear increasing

trend in LE90 (Fig. 8) in case of ASTER GDEM V2.

But the interesting thing to observe was that linearly

increasing LE90 of SRTM X-band DEM stabilized

and became almost constant beyond the 4th elevation

zone (Fig. 8). CartoDEM again showed poorest

accuracy with fluctuating trend for LE90. Figure 11

shows Q–Q plots of elevation differences of ASTER

GDEM V2, SRTM X-band DEM and CartoDEM,

respectively, for various classes of elevation with

respect to ADS80 DEM. For all the DEMs, the

highest numbers of pixels is represented by elevation

classes 3 and 4.

Figure 6
Histograms of different DEMs. X axis shows elevation in meter

Figure 7
Quantil–quantile plot of difference images. Y axis shows difference

in elevation in meter with respect to the ADS80 DEM
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4.2.4 Land Cover Wise Statistical Summary of Error

DEMs

Table 8 tells about the accuracy of the DEMs in

different land cover classes. Among all DEMs,

ASTER GDEM V2 gave better accuracy with

minimum LE90 of 29 m for shrubs and maximum

LE 90 of 43 m for snow and ice class (Fig. 8;

Table 8). All DEMs gave their best accuracies in

shrubs and forest classes and their worst in snow/

ice and barren classes (Fig. 8). Figure 12 shows Q–

Q plots of elevation differences of ASTER GDEM

V2, SRTM X-band DEM and CartoDEM, respec-

tively, for various classes of land cover with

respect to ADS80 DEM. For all the DEMs, the

highest number of pixels is represented by eleva-

tion classes 1 (barren and exposed rocks) and 2

(shrubs).

4.3. Error Estimation for Various Terrain Scenarios

The analyses discussed above are accounting for

one terrain condition at a time. But in the real earth

scenario, all these conditions co-exist and their

combinations decide the final accuracies of DEMs.

In the real world where the slopes exist not in

isolation, but they have some aspects also along with

particular elevations and land covers. Thus, talking

about the errors in any one of these terrain charac-

teristics in isolation is not realistic and a combination

of these all can give a real estimate. To the best of our

knowledge, this is the first of such attempt to describe

accuracies of DEMs based on combinations of

different terrain conditions in the high mountains.

Figures 13 and 14 show mean error and the LE90,

respectively, for various terrain scenarios. It is clearly

evident that ASTER GDEM V2 is giving the best

Figure 8
LE90 (linear error with 90 % confidence) in meter observed for various terrain classes of slope, aspect, elevation zones and land cover

(elevation zones: 1 = B2581.76 m, 2 = 2581.76–3177.79 m, 3 = 3177.79–3773.83 m, 4 = 3773.83–4369.86 m, 5 = C4369.86 m)

Table 5

Slope wise statistical summary of error DEMs

Slope class Valid N ADS80-GDEM (m) ADS80-SRTM-X DEM (m) ADS80-CartoDEM (m)

Mean SD RMSE LE90 Mean SD RMSE LE90 Mean SD RMSE LE90

1 11,066 -0.94 11.72 11.75 17.34 5.02 27.57 28.03 19.71 -39.2 116.36 122.78 209.83

2 47,661 -2 13.7 13.84 21.03 2.35 40.54 40.61 28.21 -9.18 114.26 114.62 161.03

3 183,532 -1.1 17.02 17.06 26.55 0.6 49.09 49.09 44.47 8.11 130.31 130.56 161.6

4 165,350 1.8 24.99 25.06 39.22 -5.67 81.51 81.71 91.45 32.9 184.96 187.87 315.57

5 47,690 6.04 39.37 39.83 63.19 -14.91 121.72 122.63 175.3 60.17 227.67 235.49 406.57

6 7065 9.71 52.25 53.14 88.65 -21.56 138.03 139.7 217.87 68.78 229.09 239.17 403.62

Slope class 1 = B5�, 2 = 5�–15�, 3 = 15�–30�, 4 = 30�–45�, 5 = 45�–60�, 6 =[60�
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accuracies at all the combinations followed by SRTM

X-band DEM. CartoDEM is widely in disagreement

with all the DEMs in terms of elevation. The error in

CartoDEM is typically higher at many terrain con-

dition combinations.

In case of ASTER GDEM V2, forested, north

facing (0�–5�) slopes falling under the 4th elevation

zone showed minimum LE90 of 0.99 m. On the

contrary, barren or exposed rocks with East facing

([60�) slopes falling under the 2nd elevation zone

showed maximum LE90 of 166 m. For SRTM

X-band DEM, the pixels with South-East facing

slopes of 0�–5� falling under the 4th elevation zone

covered with forests showed least LE90 of 0.33 m

while maximum LE90 of 521 m was observed in the

barren area with[60� North-East facing slope in the

4th elevation zone. In case of CartoDEM, the snow

and/or ice pixels falling between 2581 and 3177 m

elevation range with South-East facing slopes of 5�–
15� showed least LE90 of 0.71 m while maximum

Figure 9
Quantile–quantile plot of elevation difference of different DEMs with respect to the ADS80 DEM for various slope classes. Y axis shows

difference in elevation in meter with respect to the ADS80 DEM

Table 6

Aspect wise statistical summary of error DEMs

Aspect class Valid N ADS80-GDEM (m) ADS80-SRTM-X DEM (m) ADS80-CartoDEM (m)

Mean SD RMSE LE90 Mean SD RMSE LE90 Mean SD RMSE LE90

1 46,719 -7.06 25.12 26.09 39.20 -14.33 109.63 110.57 153.99 11.38 145.55 146.00 237.27

2 52,092 -2.26 27.85 27.95 40.49 -17.40 129.77 130.93 202.18 15.67 152.85 153.66 253.09

3 45,630 11.74 27.62 30.02 47.85 2.90 102.90 102.94 145.65 14.89 172.75 173.39 279.18

4 55,892 12.77 24.39 27.53 43.14 8.81 55.20 55.90 62.34 22.58 189.29 190.63 303.66

5 64,902 7.40 22.25 23.45 36.42 1.16 38.20 38.22 47.61 35.28 175.32 178.83 275.00

6 74,649 0.33 18.25 18.26 27.99 -3.90 27.78 28.05 40.96 31.83 168.98 171.95 270.28

7 66,588 -6.96 16.54 17.94 27.72 -2.58 26.56 26.69 28.34 17.99 154.92 155.96 192.63

8 55,892 -8.88 19.45 21.34 33.36 -3.29 54.29 54.39 35.59 4.70 150.95 151.02 201.16

Aspect 1 = N, 2 = NE, 3 = E, 4 = SE, 5 = S, 6 = SW, 7 = W, 8 = NW
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Figure 10
Quantile–quantile plot of elevation difference of different DEMs with respect to the ADS80 DEM for various Aspect directions. Y axis shows

difference in elevation in meter with respect to the ADS80 DEM
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LE90 of 1266 m was observed for the snow and/or

ice pixels in the 3rd elevation zone within the South

facing slope of 45�–60�.

5. Discussion

A detailed visual comparison of the DEMs

showed that CartoDEM described major hydrological

features on the lower reaches in a clearer way than

ASTER GDEM V2 and SRTM X-band DEM. This

may be attributed to the observation that CartoDEM

represented the lower elevations better than ASTER

GDEM V2 and SRTM X-band DEM. On the other

hand, CartoDEM was a poorer representative of

higher elevations and ridge lines. Owing to this, the

mean elevation of CartoDEM was also very different

from reference DEM. In slope wise statistical sum-

mary of error DEMs (Table 5), CartoDEM showed a

decreasing trend for LE90 till 30� slopes but the

accuracy decreased sharply beyond that. This again

proves that CartoDEM is able to capture flat valley

portions in a better way than steeper higher slopes.

Slope wise statistical summary of error DEMs

(Table 5) showed a sudden increase in LE90 between

30� and 60� slopes for SRTM X-band DEM. This

may be attributed to ‘side looking’ way of data

acquisition making these slopes particularly suscep-

tible to vertical errors. This may also be a possible

explanation for improved accuracy of SRTM X-band

DEM specifically from the North-East to the South-

East aspects. The elevation zone wise statistical

summary of error DEMs (Table 7) showed a consis-

tent performance by SRTM X-band beyond 4000 m

elevation.

Land cover wise statistical summary of error

DEMs (Table 8) showed that all DEMs gave their

best accuracies in shrubs and forest classes and their

worst in snow/ice and barren classes (Fig. 8). This

may be attributed to the fact that source data acqui-

sition times for all the DEMs were different.

Vegetation cover is generally detectable in all the

source data because it can come over snow cover

beneath, but barren and snow covered parts are highly

variable in the temporal domain.

The combination of terrain scenarios was thought

as a better representative of the DEM errors as it

simulated the real earth scenarios. In case of the error

estimation for various terrain scenarios, error in

CartoDEM was found to be typically higher in most

cases. Despite the fact that both, ASTER GDEM V2

and CartoDEM are photogrammetrically derived

DEMs, one of them showed better accuracy (ASTER

GDEM V2) than that of the other (CartoDEM).

Certainly, the methods of DEM generation and

interpolation seem to be possible causes of this dif-

ference in accuracy. The inherent reasons behind

such performance of the freely available CartoDEM,

despite better spatial resolution of the source data,

need a proper investigation though.

LI et al. (2013) reported 26 m (RMSE) absolute

vertical accuracy for ASTER GDEM V2 by com-

paring high-accuracy GPS benchmarks elevation

values with ASTER GDEM V2 at five study sites in

China. In the present study also, the reported RMSE

for ASTER GDEM V2 is approximately 24 m

(Table 4). During the quality assessment and valida-

tion of SRTM X-band DEM based on the

trigonometric points and reference DTM for a test

site in south of Hannover (Germany), KOCH et al.

Table 7

Elevation zone wise statistical summary of error DEMs

Elevation zone Valid N ADS80-GDEM (m) ADS80-SRTM-X DEM (m) ADS80-CartoDEM (m)

Mean SD RMSE LE90 Mean SD RMSE LE90 Mean SD RMSE LE90

1 35,840 2.17 17.38 17.52 28.12 10.02 30.00 31.63 41.27 -89.31 126.05 154.48 244.05

2 76,094 2.96 21.55 21.75 34.22 4.79 48.33 48.57 56.09 3.68 99.88 99.95 149.37

3 123,301 -1.48 20.87 20.93 30.87 -4.87 71.23 71.40 75.97 -19.19 158.86 160.01 105.22

4 130,355 -1.27 23.18 23.21 34.60 -6.92 85.77 86.05 86.91 22.03 152.59 154.17 269.55

5 96,774 4.05 30.62 30.88 48.01 -7.70 83.44 83.80 98.73 122.26 189.86 225.82 425.44

Elevation zone (in m) 1 = B2582, 2 = 2582–3178, 3 = 3178–3774, 4 = 3774–4370, 5 =[4370
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(2002) observed maximum height difference of about

450 m in this area. Again, this maximum elevation

difference is supported by the present study (Table 4)

with a slight increase in height difference (189 m)

due to the complexities of the Himalayan terrain. Till

now, only one study (MURALIKRISHNAN et al. 2013)

performed a multi-approach evaluation of CartoDEM

with respect to the ground control points, the relative

difference between SRTM, ASTER DEMs and the

ICESat (Ice, Cloud, and land Elevation Satellite)

GLAS (Geoscience Laser Altimeter System) eleva-

tion values. The reported absolute height accuracy in

hilly areas was 7 m vertical and 14 m horizontal

accuracy. With respect to the SRTM over Indian

Figure 11
Quantile–quantile plot of elevation difference of different DEMs with respect to the ADS80 DEM for various elevation classes (zones). Y axis

shows difference in elevation in meter with respect to the ADS80 DEM. Class description: elevation zone 1 = B2581.761, elevation zone

2 = 2581.761–3177.796, elevation zone 3 = 3177.795633–3773.829, elevation zone 4 = 3773.829928–4369.864, elevation zone

5 =[4369.864
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landmass, 90 % of the pixels reported were in range

of ±8 m difference. Contrary to the MURALIKRISHNAN

et al. (2013) study, in the present study, CartoDEM

was found to be performing worst for Himalayan

terrain (Table 4).

6. Conclusions

This is the first study to look into real earth sce-

narios which affect the accuracy of generated DEMs

in the complex terrains like Himalayan Mountain

systems. The sources, base data and methodologies

adopted in generating the DEMs taken for the study

vary widely. Taking terrain parameters individually is

only partially indicative of the vertical accuracy of

Table 8

Land cover wise statistical summary of error DEMs

Land cover class Valid N ADS80-GDEM (m) ADS80-SRTM-X DEM (m) ADS80-CartoDEM (m)

Mean SD RMSE LE90 Mean SD RMSE LE90 Mean SD RMSE LE90

1 183,899 -0.95 26.88 26.90 41.30 -12.90 93.46 94.34 105.46 35.63 180.70 184.18 306.19

2 152,853 0.36 19.23 19.23 28.85 4.01 52.12 52.27 57.68 1.04 152.00 152.00 223.40

3 93,440 3.58 22.21 22.49 35.18 4.82 51.74 51.96 55.95 -7.92 117.18 117.45 154.93

4 32,172 4.07 28.50 28.79 43.04 -6.66 74.88 75.17 96.33 107.05 207.00 233.04 424.43

Land cover class 1 = barren land/exposed rock, 2 = shrubs, 3 = forest, 4 = snow and ice

Figure 12
Quantile–quantile plot of elevation difference of different DEMs with respect to the ADS80 DEM for various land cover classes. Y axis shows

difference in elevation in meter with respect to the ADS80 DEM. Class description: land cover class 1 = barren land/exposed rock, land cover

class 2 = shrubs, land cover class 3 = forest, land cover class 4 = snow and ice

Figure 13
Mean error for various terrain scenarios. Y axis represents the mean

error (elevation difference with respect to the ADS80 DEM) in

meter. On X axis, the four numbers in each code represent class

number for land cover, aspect, slope and elevation, respectively. In

Y axis, the maximum and minimum values are fixed to 250 and

-250, respectively, for enhancing the visibility. Values written in

red colour for the CartoDEM) and in blue colour for the SRTM-X

DEM represent terrain scenarios where values are crossing the

fixed range of -250 to 250

c
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the DEMs. Different combinations of these parame-

ters give actual estimates of error. Usually the error in

elevation increases with increasing altitude and slope.

The vertical accuracies calculated for all three DEMs

exceeded the mission specifications in high altitudes.

ASTER GDEM V2 performed the best while Car-

toDEM gave poor vertical accuracies in the

mountains. The main problems with SRTM X-band

DEM were the voids or discontinuity in elevation due

to layover and foreshortening effect on the micro-

wave data.

Overall, ASTER GDEM V2 and CartoDEM

showed underestimation of height while SRTM

X-band DEM showed slight overestimation related to

ADS80 DEM (Table 4). The positive and negative

biases again vary with terrain scenarios. The findings

of the study are important to understand the error

associated with freely available DEMs with respect to

a highly accurate ADS80 DEM. The study also

depicts the terrain-based characteristics of the DEM

error for various slopes, aspects, elevations and land

cover. The study suggests that these freely available

elevation models can be very useful for studying

terrain parameters in high mountains, provided we

are aware of the errors associated with them.

Based on accuracy achieved for different land

cover classes (Table 8), we can say that source of

error in the stereo photogrammetric-based DEMs

(ASTER GDEM V2 and CartoDEM) was snow and

ice and within the microwave-based SRTM X-band

DEM was barren or exposed rocks followed by snow

and ice. Interestingly, the presence of vegetation had

less effect on accuracies of all these DEMs. Aerial

survey in peak winter when most of the mountainous

slopes are covered with snow should, therefore, be

avoided to bypass such errors. But unlike land cover,

the influence of the slope gradient on DEMs accuracy

cannot be mitigated prior to sampling. When talking

about over and underestimation of elevation, another

interesting thing to note in Table 5 is that optical

stereoscopic DEMs show overestimation in the lower

slopes (up to 30�) and underestimation in higher

slopes. On the contrary, the microwave-based SRTM

X-band DEM shows underestimation till 30� and

overestimation beyond that. CartoDEM still needs

refinement on the part of producers for applications in

the high mountains as the error exceeds the claimed

one by a big margin.
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GADO, J., & NEGREIROS, J.G. (2010b). Shaded-reliefs matching as

an efficient technique for 3d geo-referencing of historical Digital

Elevation Models. International Archives of the Photogramme-

try, Remote Sensing and Spatial Information Science, Kyoto

Japan, 38(8), 1002–1007.

AREFI, H., & REINARTZ, P. (2011). Accuracy Enhancement of

ASTER Global Digital Elevation Models Using ICESat Data.

Remote Sensing, 3, 1323–1343.

BAGHDADI, N., LEMARQUAND, N., ABDALLAH, H., & BAILLY, J. S.

(2011). The Relevance of GLAS/ICESat Elevation Data for the

Monitoring of River Networks. Remote Sensing, 3, 708–720.

BHATT, S. & AHMED, S.A. (2014). Morphometric analysis to

determine floods in the Upper Krishna basin using Cartosat

DEM. Geocarto International, 29(8). DOI: 10.1080/10106049.

2013.868042.

CHANG, K.-t., & TSAI, B.-w. (1991). The Effect of DEM Resolution

on Slope and Aspect Mapping. Cartography and Geographic

Information Systems, 18(1), 69–77.

CHEN, Q. (2010). Assessment of terrain elevation derived from

satellite laser altimetry over mountainous forest areas using

airborne LiDAR data. ISPRS Journal of Photogrammetry &

Remote Sensing, 65, 111–122.

CZUBSKI, K., KOZAK, J., & KOLECKA, N. (2013). Accuracy of SRTM-

X and ASTER Elevation Data and its Influence on Topographical

and Hydrological Modeling: Case Study of the pieniny Mts. in

Poland. International Journal of Geoinformatics, 9(2), 7–14.

FARR, T. G., ROSEN, P. A., CARO, E., CRIPPEN, R., DUREN, R.,

HENSLEY, S., KOBRICK, M., PALLER, M., RODRIGUEZ, E., ROTH, L.,

SEAL, D., SHAFFER, S., SHIMADA, J., UMLAND, J., WERNER, M.,

OSKIN, M., BURBANK, D., & ALSDORF, D. (2007). The shuttle radar

topography mission. Reviews of Geophysics, 45, 1–33.

GIANINETTO, M. (2009). Evaluation of Cartosat-1: Multi-Scale

Digital Surface Modelling Over France. Sensors, 9, 3269–3288.

GONG, J., LI, Z., ZHU, Q., SUI, H., & ZHOU, Y. (2000). Effects of

Various Factors on the Accuracy of DEMs: An Intensive

Experimental Investigation. Photogrammetric Engineering &

Remote Sensing. 66(9), 1113–1117.

GOROKHOVICH, Y., & VOUSTIANIOUK, A. (2006). Accuracy assess-

ment of the processed SRTM-based elevation data by CGIAR

using field data from USA and Thailand and its relation to the

Figure 14
LE90 for various terrain scenarios. Y axis represents the linear error

with 90 % confidence in meter. On X axis, the four numbers in each

code represent class number for land cover, aspect, slope and

elevation, respectively

b

Vol. 173, (2016) Scenario-Based Validation of Moderate Resolution DEMs Freely 483

http://dx.doi.org/10.1080/10106049.2013.868042
http://dx.doi.org/10.1080/10106049.2013.868042


terrain characteristics. Remote Sensing of Environment, 104,

409–415.

GREENWALT, C., & SHULTZ, M. (1968). Principles of Error Theory

and Cartographic Applications. St. Louis, MO: Aeronautical

Chart and Information Center.

GUPTA, R.D., SINGH, M. K., SNEHMANI, & GANJU, A. (2014). Vali-

dation of SRTM X band DEM over Himalayan Mountain. The

International Archives of the Photogrammetry, Remote Sensing

and Spatial Information Sciences, XL-4. DOI: 10.5194/

isprsarchives-XL-4-71-2014.

HIRANO, A., WELCH, R., & LANG, H. (2003). Mapping from ASTER

stereo image data: DEM validation and accuracy assessment.

ISPRS Journal of Photogrammetry & Remote Sensing, 57,

356–370.

HOFFMANN, J., & WALTER, D. (2006). How complementary are

SRTM-X and -C Band Digital Elevation Models? Photogram-

metric Engineering & Remote Sensing, 72(3), 261–268.
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