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Topographic index is an important attribute of digital elevation model (DEM) which indicates soil saturation. It is used for estimation of run-oﬀ, soil moisture, depth of ground water and hydrological simulation. Topographic index is derived from DEMs; hence the accuracy of DEM inﬂuences its computation.
Commonly the raster based grid DEM is widely used to simulate hydrological model parameter, and
accuracy varies with respect to DEM grid size and morphological characteristics of terrain. In this study
topographic index is evaluated in terms of DEM grid size and terrain roughness. The study was carried out on four small watersheds, having diﬀerent roughness characteristics, located over the Himalayan
terrain. Topographic index surface is derived for each watershed from diﬀerent grid spacing DEM (10–
150 m), analysed and validated. It is found that DEM grid spacing aﬀects the topographic index. The
surface representation is smooth in the coarse grid spacing and the pattern of topographic index changes
with grid spacing. The spatial autocorrelation of topographic index surface reduces when calculated
from larger spacing DEM. The mean of the topographic index surface increases and standard deviation
decreases with the increase of grid spacing and the eﬀect is more pronounced in the rough terrain. Accuracy of the topographic index is also evaluated with respect to grid spacing and terrain roughness by
comparing the topographic index surface with respect to reference data (10 m grid spacing topographic
index surface). The RMSE and mean error of topographic index surface increases in larger grid spacing
and the eﬀect is more in rugged terrain.

1. Introduction
Terrain relief is the ﬁrst order control on the various natural process of any watershed. It inﬂuences
gravity and movement of water in a catchment and
therefore it must be taken into account in modelling like ﬂow path of the run-oﬀ, distribution of
soil moisture and depth of the ground water level,
etc. (Wolock and Price 1994). Digital elevation
model (DEM) is an approximation of continuous
ground surface and commonly used for the representation of terrain relief (Demoulin et al. 2007;

Yue et al. 2007; Saadat et al. 2008; Dragut and
Eisank 2011). It is a quantitative representation
of the Earth’s surface and is typically given in one
of the three formats: grid DEM, elevation in a
triangulated irregular network (TIN) and digital contour. Grid DEM has been widely used to
characterize the terrain relief for simulation of
hydrological process. The information required for
simulation can be derived from DEM in terms
of primary and secondary attributes. The primary attributes are slope, aspect, proﬁle curvature, catchment area and the secondary attributes
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are upslope area, topographic index, stream power
index, radiation index and temperature index
(Wilson and Gallant 2000; Kennelly 2008).
Topographic index (TI) is an important parameter for natural resource management. It is used
for predictive vegetation modelling (Van Niel et al.
2004), potential distribution of rainforest structural characteristics (Mackey 1994), spatial distribution of soil water (Gómez-Plaza et al. 2001),
prediction for plant species number for biodiversity
management (Zinko et al. 2005), spatial organization of soil moisture (Grayson et al. 1997; Western
et al. 1999, 2004), mapping of soil organic matter (Pei et al. 2010), classiﬁcation of landform elements from DEM (Irvin et al. 1997), mapping
of landslide susceptibility (Yesilnacar and Topal
2005), identifying the relationship between crop
yield and topographic variation (Si and Farrell
2004), assessment of ﬁre severity and species diversity (Wimberly and Reilly 2007), identiﬁcation of
ground water recharge inﬂuencing factor (Nolan
et al. 2007), mapping of forest using classiﬁcation
of topo-climatic data (Burrough et al. 2001), etc.
Topographic index is also important in the ﬁeld
of hydrological modelling. It is a popular means
to hydrologists to parameterize or characterize
the terrain relief (Chappell et al. 2006; Kakembo
et al. 2007). Topographic index has been introduced by Beven and Kirkby (1979) in their ‘Topography based Watershed Model’ (TOPMODEL) for
characterizing the distribution of moisture status
in a basin (Quinn and Beven 1993; Huang and
Jiang 2002; Hjerdt et al. 2004; Tombul 2007).
The eﬀect of terrain relief on watershed hydrology is represented in TOPMODEL as the spatial distribution of the topographic index. Another
hydrological model ‘TOPOG’ examines the pattern of surface saturation using the topographic
index (O’Loughlin 1986). Topographic index is a
compound terrain attribute, computed from speciﬁc catchment area of a point and the local slope
(Schmidt and Persson 2003). It reﬂects the spatial
distribution of soil saturation (Beven and Kirkby
1979) and indicates the accumulated water ﬂow
at any point in a catchment. A high value of the
topographic index indicates the region has higher
potential to be saturated (Raaﬂaub and Collins
2006). A high value of upslope drainage area and
low slope results in a high topographic index, hence
a high probability of occurrence of soil saturation.
Many studies used the topographic index since
year 1979 and modiﬁcation has been done by
researchers dealing with three types of topographic
indices:
(i) Topographic Index: Ln(α/tan β) also known
as ‘Wetness Index’ or ‘TOPMODEL topographic index’, where α (speciﬁc catchment

area) represents upslope area per unit contour
length which means the area above a certain
contour that contributes ﬂow across the contour. It indicates the amount of water that
can ﬂow through location. For grid data, contour length is equivalent to grid spacing, and
tan β is local down slope (Raaﬂaub and Collins
2006).
(ii) Soil topographic index: Log(α/T tan β) where
α is drainage area per unit contour length and
T is lateral transmissivity of soil (Merot et al.
2003).
(iii) Climato-topographic index: Log(V r/tan β)
where Vr is volume of annual precipitation
(Merot et al. 2003).
Topographic index is derived from a DEM. Like
other spatial datasets, DEMs are subjected to different types of errors such as gross errors during data collection, deﬁcient orientation of stereo
images (systematic error) when photogrammetrically determining elevation values, transformation method of control points, mathematical model
used for construction of surface and random error.
The other issues related to DEM accuracy are grid
spacing, interpolation techniques used and morphological characteristics of terrain (Tempﬂi 2000;
Yue et al. 2007). Hence, the errors associated with
the DEMs aﬀect the accuracy of the topographic
index (Peifa et al. 2006). Researchers have analysed the various properties of topographic index.
Vaze et al. (2010) studied the eﬀect of DEM grid
spacing on topographic indices and found that
the slight change in maximum and minimum elevation and substantial change in elevation diﬀerence in the coarser spacing DEM. The mean of
slope decreases and variation in calculation of hillshade and stream network are found in coarse
grid spacing DEM. Mean of topographic index
increases progressively with DEM grid spacing
which negatively aﬀects the eﬃciency of model prediction (Brasington and Richards 1998). Zhang and
Montgomery (1994) found that as topographic
index value increases progressively in higher grid
spacing, the percentage of predicted saturated area
calculation also increased. Signiﬁcant diﬀerence
was found in the spatial pattern of topographic
index computed from 5 to 50 m grid spacing DEMs
(Quinn et al. 1991). Wolock and Price (1994)
generated the elevation model from 1:24,000 and
1:250,000 scale toposheets and compared the eﬀect
of both DEMs map scale and data resolution on
the statistics of topographic index and found that
mean of topographic index increases with increase
of grid size. The eﬀect of DEM error on topographic
index was investigated by using Monte Carlo Simulation (Raaﬂaub and Collins 2006), suggested
that error of topographic index is more sensitive to
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the number of neighbours used in the slope algorithm and the error is more along the drainage
network. Topographic index is used by diﬀerent
researchers considering diﬀerent DEM grid spacing for their application at local and regional scale
(Kumar et al. 2000; Wu et al. 2007). Grid spacing
directly aﬀects the calculation of upslope area as
well as the topographic index (Quinn et al. 1995).
Yong et al. (2009) analysed the eﬀect of terrain
smoothening and discretisation of DEM grid spacing on topographic index and found that smoothening eﬀect is relatively higher in the relatively cliﬀy
terrain while discretisation eﬀect is dominant in
ﬂat areas. The eﬀect of smoothening and discretisation were closely related to local terrain
characteristics.
However, the assessment of the topographic
index is very important because any variation in
the topographic index calculation may aﬀect the
accuracy of its applications and outcome of the
model prediction (Raaﬂaub and Collins 2006). It
is also important to study the characteristics of
topographic index in Indian landscape especially
in Himalayan terrain. In this study an attempt
has been made to evaluate the topographic index
(TOPMODEL topographic index) in Shivalik
Himalayan terrain considering DEM grid spacing and terrain ruggedness characteristics. The
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study analyse how the DEM grid spacing and terrain roughness aﬀect the statistical properties and
accuracy of topographic index.

2. Study area
Western part of Dehradun, India is taken as the
study area which is geographically situated within
30◦ 8 30 –30◦ 27 3 N
and
77◦ 43 2 –78◦ 2 52 E
(ﬁgure 1a). It is situated in the tropical (Joshi
et al. 2011) climatic region, although it varies
from warm in summers to severely cold in winters,
depending upon the season and the altitude of the
speciﬁc location. The district being hilly, temperature variations due to diﬀerence in elevation are
considerable. Summers (March–June) have maximum temperature of 35◦ C and minimum of 17◦ C.
Winters (December to February) have maximum
of 22◦ C and minimum of about 3◦ C. During the
monsoon season heavy rainfall occurs. The area
receives an average annual rainfall of 2100 mm.
Most of the annual rainfall is received during the
months from June to September. Signiﬁcant relief
variation is present in this area. Geomorphologically the area is characterized by hills and valleys.
The lower middle part of the study area is highly

India

(a)
Figure 1(a). Cartosat DEM of study area and location of four drainage basins.
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rugged and mainly dominated by hills. Because of
the high slope, the area is dissected by number
of small rivers. The northern part of this area is
the foot of the Mussoorie hill, having less terrain
relief in comparison to the lower middle part.
Central part of the terrain has little undulation
but southern part is completely ﬂat (ﬁgure 1a).
Type of forest is mixed; within this Sal forest is
dominating and density is medium to scattered.
The hilly area is partially covered by the vegetation and very small vegetation cover is present
along the river valley.
The present study analysed the impact of grid
spacing and terrain roughness on the topographic
index. Ruggedness implies the variation of slope
in a terrain. It indicates the undulation or variation
of relief. In order to identify the inﬂuence of terrain
roughness, four small drainage basins of diﬀerent
relief characteristics (very rough to undulated)
have selected and named as per the surface roughness; Highly rugged, Rugged, Moderately rugged
and Undulated basin (ﬁgure 1b). For each basin,

elevation versus distance curves were also plotted
to understand their surface roughness characteristics by selecting two cross-sections (A–B and C–
D) in the upper and lower portions of the basins
(ﬁgure 1c). Initially the basins were identiﬁed from
the Survey of India (SOI) toposheets and inspected
during the ﬁeld survey to segregate the basin as
per relief characteristics. Qualitative and quantitative analysis carried out on the basin relief are
discussed in section 4.1. The boundary of drainage
basins were delineated using automatic catchment
selection algorithm and the basin outlets were identiﬁed from SOI toposheet nos. 53J/3,4, 53F/15,16
at 1:50,000 scale. Information of the basins is given
in table 1.
3. Material and methods
The methodology adopted in this study for assessment of the topographic index is given in sequential
manner in ﬁgure 2.

(b)
Figure 1(b). Enlargement of the basins showing the relief of terrain and altitudinal variations.
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(c)
Figure 1(c). Cross section of upper and lower portion of each basin showing the terrain roughness characteristics.
Table 1. Basin characteristics.
Catchment type
Highly rugged
Rugged
Moderately rugged
Undulated

Area (km2 )

Stream order

Outlet elevation (m)

7.06
9.88
15.97
9.13

4
4
5
4

495
463
454
442

3.1 DEM generation
High resolution (2.5 m) Cartosat-1 data was used
in this study. Cartosat-1 satellite has a forward
(F) and aft (A) panchromatic camera which gives
the along track stereo, with a tilt of +26◦ and
−5◦ respectively in ﬂight direction (Baltsavias
et al. 2007). Stereo imagery of 2 October 2005
(Path/Row – 0526/0258) was used for generation
of DEM. DGPS (Diﬀerential Global Positioning
System) survey was conducted in the Dehradun
area and 20 well distributed GCPs (ground control points) over the scene were collected. Initially

Outlet coordinate
30◦ 16 35 N,
30◦ 10 43 N,
30◦ 20 39 N,
30◦ 20 10 N,

77◦ 46 28 E
77◦ 57 31 E
77◦ 56 21 E
77◦ 52 50 E

Perimeter (m)
13551.84
16058.05
25419.03
19176.85

stereo block was oriented with RPCs (rational
polynomial coeﬃcients) which comes with the
satellite data. Then GCPs were added in the stereo
model to avoid the systematic error. 15 GCPs were
used as control points and 5 GCPs were used as
check points to orient the stereo model. LPS software, version 9.2, has been used for the orientation
of the stereo block. From the oriented stereo block,
DEM at 10 m grid size has been generated with
overall accuracy (RMSE) of 1.06 pixels and vertical check point accuracy of 1.11 m (RMSE). After
that from the same block DEMs at grid size 30, 50,
90, 110 and 150 m were produced.
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(raw GCPs)
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Sink Filling
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Slope
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Topographic index
(10m, …, 150m)

Figure 2. Flow diagram of DEM generation and calculation of topographic attributes.

3.2 Sink ﬁlling and catchment delineation
Presence of sink or artifacts is a common problem for extraction of drainage network using DEM.
If the elevation value of surrounded cell is higher
than a particular cell then the down slope ﬂow
path of that cell has been conﬁned and the sink
occur (Grimaldi et al. 2007; Wu et al. 2008). The
sink can be real component of DEM or artifacts
produced during the DEM generation process. It
causes diﬃculties in hydrological calculation and
need to be removed by increasing the values of cell
in each sink by the value of cell with lowest value
on sink boundary (Jenson and Domingue 1988).
Sink ﬁlling was carried out for all DEMs before
delineation of catchment and generation of terrain
attribute. After the sink ﬁlling, drainage network
was extracted with the help of ﬂow direction and
ﬂow accumulation and ﬁnally the catchment was
delineated.
3.3 Computation of topographic index
According to the algorithm (Ln (α/tan β)), two
parameters are needed to derive the topographic

index; speciﬁc catchment area (α) and slope
(tan β).
3.3.1 Calculation of speciﬁc catchment area (α)
The calculation of speciﬁc catchment area requires
the total area draining into each cell, i.e., upslope
contributing area and ‘contour length’. For a grid
DEM ‘contour length’ is considered to be the grid
spacing.
Upslope area (A) = (No. of upslope cells + 1)
× (grid cell area)
Speciﬁc catchment area (α) = A/L,

(1)
(2)

where L = grid spacing.
Various algorithms are used for the calculation of
upslope contributing area. Among them single ﬂow
direction algorithm (SFD) and multiple ﬂow direction algorithm (MFD) are most commonly used
by the hydrologists for modelling. SFD method
(Jenson and Domingue 1988) directs water ﬂow
from each grid cell to one of eight nearest neighbours
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based on steepest downslope direction (Wolock and
McCabe 1995). Whereas MFD algorithm assumes
that water ﬂows from a cell to its entire downslope
neighbours with weighting by slope (Quinn et al.
1991; Pan et al. 2004). SFD method is suitable for
zone of convergent ﬂow and well deﬁned valleys,
while MFD method is accurate for overland ﬂow
analysis in hill slope (Wu et al. 2008). In this study
SFD algorithm was used for calculation of upslope
area. The elevation of each grid cell was compared
with the elevation of its octagonal neighbours and
the steepest downslope direction was assigned to
each cell.
3.3.2 Calculation of slope (tan β)
At a given point on a surface, height value is Z =
f(x, y). The ﬁrst derivative of elevation describes
the rate of change of elevation, which is slope.
Together, slope in x direction and slope in y direction (partial derivatives of z with respect to x and
y directions), deﬁne gradient vector of the surface.
The maximum slope can be determined by taking the norm of this vector. On a grid DEM, slope
calculation is done using 3 × 3 moving window
to derive ﬁnite diﬀerential. In this study, second
order ﬁnite diﬀerence is used. Four closest neighbours (FCN) algorithm (Guth 1995; Raaﬂaub and
Collins 2006) is used for computing the slope. It
takes into account, two orthogonal components of
slope, slope in x direction and slope in y direction.
In other words, the algorithm used the four cardinal neighbours, i.e., north, south, east and west
representing a second order ﬁnite diﬀerence relationship. This deﬁnes the steepness and downhill
direction. The algorithm is described below:
 
 2
2
dz
dz
Slope =
+
(3)
dx
dy
dz
(z8 − z2 ) dz
(z6 − z4 )
=
,
=
dx
2g
dy
2g

(4)

where dz is the diﬀerence in elevation value, dx is
the distance in x direction, dy is the distance in y
direction, z2 , z4 , z6 , z8 are height value of 2nd , 4th ,
6th and 8th neighbouring cells of the central pixel
of the 3 × 3 window.
4. Results and discussion
4.1 Basin relief characterization
Present study concentrated to identify the impact
of terrain roughness on topographic index. Hence,
the relief characteristics of the basins were analysed. The roughness characteristics of the basins
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were segregated based on both qualitative and
quantitative analysis. For qualitative analysis,
cross proﬁle of the surface taken from 10 m grid
spacing DEM and the visual interpretation of contour pattern of SOI toposheet (1:50,000 scale, 20 m
contour interval) were studied. Contour pattern
is one of the indicators of the terrain roughness.
It was found that in highly rugged and rugged
basins, the spacing of the contours was very less,
indicating high slope. Also the contour lines were
highly curved implying highly varied terrain relief.
Two cross sections of each basin, shown as A–B
and C–D in ﬁgure 1(b), were taken in upper and
lower parts of each catchment, which reﬂected the
variation of relief in the study area. As shown in
ﬁgure 1(c), the change of elevation with respect
to distance was very high in highly rugged and
rugged basin. Most of the areas of these two basins
were situated above 500 m elevation and the area
was highly dissected. The roughness was more in
the upper catchment. The relief of the moderately
rugged and undulated basins were very low and
less dissected because of the few drainage line. The
relative relief of the entire proﬁle was much lower
compared to rough terrain.
The quantitative analysis of the basin roughness
was carried out based on three parameters:
• Surface slope,
• Curvature, and
• Topographic roughness index (TRI).
Roughness of the terrain can be identiﬁed by
the surface slope (change of elevation). In rough
terrain, diﬀerence in elevation of an area with its
neighbourhood is high and thus rugged terrain is
having high slope. Slope map was generated for all
basins and classiﬁed into eight classes of 10◦ equal
interval. Percentage of area within each slope class
to total area of the basin was calculated and plotted as shown in ﬁgure 3. It was found that more
than 80% area of undulated basin, 63% of moderately rugged basins were having less than 10◦
slopes, while rugged and highly rugged basins have
more area in 20◦ –30◦ slope category.
But slope cannot be the absolute measure of the
terrain roughness because in a highly inclined terrain, the slope of the area may be high and that
does not mean the terrain is rugged. Ruggedness
implies the variation of slope in a terrain which is
indicated by curvature. It determines the rate of
change of slope along the direction at that point.
A positive curvature indicates that the surface is
upwardly convex and negative curvature indicates
that the surface is upwardly concave at that cell.
A value of zero indicates that the surface is ﬂat.
Proﬁle curvature of all the four basins were calculated and divided into eight classes. Percentage of
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area within each class to total area of the basins
were calculated and plotted. According to the classiﬁcation, the area having curvature value within
−0.02 to 0.02 could be considered as ﬂat terrain.
It was found (as shown in ﬁgure 4) that more than
80% area of undulated basin was falling under this
category. In the highly rugged and rugged basins,
the change of slope was more in comparison to
undulated basin and thus curvature was high.
TRI was computed (Moreno et al. 2005) to segregate the basins as per terrain relief. TRI represents the amount of elevation diﬀerence among the
adjacent cells of a DEM. The process computes the
diﬀerences in elevation value from central cell to its
eight neighbours. TRI is derived by taking the rootmean-square of the elevation diﬀerences. It reﬂects
average elevation change between any point on a
grid and its surrounding areas. The mean value of
TRI was taken into consideration and it was found
to be 5.34, 4.61, 1.87 and 1.26 for highly rugged,
rugged, moderately rugged and undulated basins,
respectively.

4.2 Eﬀect of DEM grid spacing and terrain
roughness on spatial autocorrelation
of the topographic index
Topographic index was computed for all four
drainage basins from low to high (10–150 m) grid
spacing Cartosat DEMs. It was found that computation of the topographic index was aﬀected by grid
spacing of DEM. For higher grid spacing, the topographic index of a catchment reﬂected only higher
order stream and was tend to ignore the existence
of low order channels (ﬁgure 5). Due to the high
smoothing eﬀect at larger spacing, small channels
were ‘hidden’ within the grid cells. In smaller
grid spacing, the spatial pattern of topographic
index matched with the drainage network. Near
the drainage network, topographic index values
were high and it declined away from the drainage
lines. This reﬂected the spatial correlation of the
topographic index with respect to its spatial location, which was referred as spatial autocorrelation. But towards the large grid spacing, spatial
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Figure 5. Topographic index computed from 10 to 150 m grid spacing of DEM for highly rugged basin. It shows the high
value of topographic index near the drainage line.

autocorrelation of the topographic index was violated. Spatial autocorrelation index was investigated in terms of Moran’s I index (Dale and Fortin
2002; Cai and Wang 2006; Shortridge 2007) for the
topographic index surfaces at diﬀerent grid spacing
(ﬁgure 6). The value of Moran’s I index varied from
+1 to −1. Positive value indicated that the objects
were highly correlated or clustered whereas negative value indicated the dissimilarity (Goodchild
1986). It showed that Moran’s I value of topographic index surfaces declined with increase in
the grid spacing which signiﬁed that pattern of
the topographic index surface was changing and
becoming more random with the increase of grid
spacing.
4.3 Eﬀect of DEM grid spacing and terrain
roughness on the topographic index statistics
It was found that grid spacing of DEM has
great impact on the derivation of the topographic
index. The statistics of topographic index surface
(table 2) for all basins have changed with the grid

spacing. Minimum value of the topographic index
surface has increased and the maximum value
decreased with higher grid spacing. The range and
standard deviation values were also found to be less
when the topographic index was computed from
DEMs with larger grid spacing. It was also found
that grid spacing has signiﬁcant impact on the
mean of topographic index. Mean of topographic
index was continuously increasing with increase in
grid spacing (ﬁgure 7). Mean of topographic index
plot showed that the overall trend of the curves
was parabolic in nature, but up to 90 m resolution this trend was found close to linear function.
It was observed that mean of topographic index
was more in the undulated basin in comparison to
rugged basin, because the smooth area was having more potential to be saturated due to lower
ground slope and the potentiality of soil saturation and topographic index both would be higher.
If the grid spacing of DEM was increased, the representation of surface became smoother. A smooth
surface has high value of topographic index. But
the mean elevation (ﬁgure 8) did not change with
increase in spacing which showed the behavioural
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Figure 6. Moran’s I index calculated for topographic index surfaces at various grid spacing.

Table 2. Statistics of diﬀerent grid spacing topographic index surfaces.
Grid spacing
Statistics
Highly rugged basin
Minimum
Maximum
Mean
Standard deviation
Rugged basin
Minimum
Maximum
Mean
Standard deviation
Moderately rugged basin
Minimum
Maximum
Mean
Standard deviation
Undulated basin
Minimum
Maximum
Mean
Standard deviation

10 m

30 m

50 m

90 m

110 m

150 m

0.98
17.99
4.56
2.05

3.23
17.76
6.09
1.93

3.93
15.28
7.00
1.82

4.36
15.57
15.57
1.71

5.48
15.02
8.14
1.73

6.38
14.58
8.68
1.58

0.63
19.63
4.71
2.04

0.85
16.55
6.23
1.89

1.89
15.57
7.06
1.74

2.75
15.23
7.93
1.72

3.16
15.33
8.17
1.68

3.81
15.58
8.6
1.66

0.8
20.66
5.84
2.11

1.54
18.74
7.42
2.1

2.16
19.71
8.15
2

2.67
17.2
8.97
1.89

3.08
17.09
9.24
1.79

3.7
15.94
9.65
1.73

1.08
20.94
6.2
2.12

4.65
17.92
7.9
1.95

5.53
17.25
8.59
1.96

6.77
15.27
9.3
1.73

6.68
16.34
9.72
1.99

7.68
15.09
9.99
1.56

dissimilarity of DEM and topographic index. Computation of the topographic index depends on
speciﬁc catchment area and slope. It is directly proportional to speciﬁc catchment area and inversely
proportional to the slope. It was observed that
(ﬁgure 9) speciﬁc catchment area increased with
grid spacing for all basins which led to overestimation of the topographic index.
The mean of slope curve (ﬁgure 10) has
decreased with increase in grid spacing due to

smoothening of the surface and the smoothening
eﬀect was more pronounced in the rough terrain.
With the increase of grid spacing from 30 to 90 m,
the mean of slope of highly rugged and rugged
basins decreased 2 times and 1.9 times, respectively but 1.6 times in undulated basin (table 3).
The rate of change in mean of slope curve (figure 8)
was much higher for rough terrain up to 90 m
grid spacing and after that it was stabilized. The
relationship (ﬁgure 11) between mean of slope and
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Figure 7. Mean of topographic index with DEM grid spacing.
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Figure 8. Mean elevation of DEM of four basins shows that although in the larger grid spacing the representation of the
terrain become smooth, the mean elevation is constant.

mean of topographic index was also observed as
negative in nature and highly correlated; the R2
value was 0.80. It signiﬁed that with the higher
grid spacing of DEM, the representation of surface
slope decreased causing the increase in the mean
of topographic index.
In order to ﬁnd out the inﬂuence of terrain relief
on the mean of topographic index, related to grid
spacing, linear regression has been generated considering grid spacing of 10–150 m (independent)
and mean of topographic index (dependent) for
all drainage basins (ﬁgure 12). R2 values ranging
from 0.87 to 0.85 were obtained, which were statistically signiﬁcant. The gradient of the regression
lines for highly rugged, rugged and moderately
rugged basins were more inclined than undulate

basin, which suggested that the computation of the
topographic index in the higher grid spacing was
more aﬀected in rough terrain in comparison to
smooth terrain. If the grid spacing increased, the
terrain model became smoother. A smoother surface implied a larger mean of topographic index.
The smoothing eﬀect of increasing the DEM spacing was stronger for the most rugged terrain. But
the undulated terrain was less inﬂuenced by grid
spacing in terms of smoothing eﬀect. Hence, it
could be said that the inﬂuence of grid spacing
on the topographic index deterioration depended
on terrain variability. The eﬀect was larger in the
more rugged terrain in comparison to moderate
and undulated terrain which was also observed in
the spatial autocorrelation.
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Figure 9. Mean of speciﬁc catchment area computed for all the basins.
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Figure 10. Mean of slope calculated for all the basins. Slope value decrease 10 m grid spacing to 90 m grid spacing and
after that stabilized.

Table 3. Mean of slope.
Basin/resolution

10 m 30 m 50 m 90 m 110 m 150 m

Highly rugged
26.41 16.01 10.79 7.39
Rugged
23.87 14.74 10.37 7.76
Moderately rugged 10.32 5.93 4.39 3.28
Undulated
6.83 3.40 2.81 2.12

6.91
7.23
2.87
2.03

5.28
6.39
2.59
1.70

4.4 Eﬀect of DEM grid spacing and terrain
roughness on accuracy of the topographic index
DEM represents the surface of the Earth. Higher
the resolution, the representation of the Earth surface is much more detailed. Because of this reason,

accuracy of the topographic index is evaluated
in terms of interscale comparison to ﬁnd out
the behaviour of the topographic index surface
computed from DEMs with diﬀerent grid spacing.
According to Zhang and Montgomery (1994), 10 m
grid size topographic index provided a substantial
improvement over 30 and 90 m data, but 2 or 4 m
data provided only marginal additional improvement for the moderate to steep gradient terrain.
Brasington and Richards (1998) investigated that
the eﬃciency of TOPMODEL prediction decreased
with respect to grid size of the topographic index.
As the DEM grid spacing increased, the mean
of topographic index and predicted overland ﬂow
also increased, and the eﬃciency of model reduced.

Topographic index in relation to terrain roughness and DEM grid spacing

Figure 11. Relationship between slope and topographic
index.

The previous study has also revealed that to simulate the geomorphic and hydrological processes,
10 m grid size datasets made a rational compromise
between increasing grid spacing and data volume.
Hence, the topographic index compute from 10 m
resolution DEM has been taken as ‘reference surface’ for interscale comparison because it described
the near real ground surface representation. From
the Cartosat-1 stereo data, the optimal resolution
DEM that could be achieved, is 10 m to avoid
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the blunders and blind valley which result during
the image matching process while generating the
DEM at high resolution (better than 10 m). Topographic indices derived from diﬀerent grid spacing
DEMs (30, 50, 90, 110 and 150 m) were compared
with the ‘reference data’. The speciﬁc grid spacing (30, 50, 90, 110 and 150 m) topographic index
surfaces were evaluated in this study because of
their availability and uses in the hydrological study.
ASTER DEM of 30 m grid spacing is available
for the entire globe and SRTM 30 m (1 arcsec)
and 90 m (3 arcsec) grid spacing DEMs are freely
available for the USA and whole world. DEMs with
50, 110 and 150 m resolution can be generated
from contours of any topographic map using the
interpolation techniques.
The evaluation of topographic index was done in
terms of RMSE (root mean square error) and ME
(mean error).

1/2
n

2
−1
RMSE = n
(T Iref10 − T I)
(5)
i=1


ME = n

−1

n



(T I − T Iref10 )

(6)

i=1

where TI ref10 is reference topographic index at
10 m grid spacing and TI is topographic index at
diﬀerent resolution.
The RMSE gives a measure of accuracy. It
exhibits how far, on average; the observed values
are from the assumed true value. The ME tells us

Figure 12. Relationship between grid spacing and mean of topographic index.
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Figure 13. RMSE of topographic index with respect to change in grid spacing.
Table 4. RMSE of topographic index.

Table 5. Mean error of topographic index.

Basin/resolution

30 m

50 m

90 m

110 m

150 m

Highly rugged
Rugged
Moderately rugged
Undulated

2.93
2.86
3.09
3.20

3.54
3.41
3.59
3.69

4.33
4.15
4.19
4.10

4.92
4.83
4.34
4.36

5.33
5.10
4.60
4.47

whether a set of measurements consistently underestimate (negative ME) or overestimate (positive
ME) the true value. The RMSE is a single quantity characterizing the error surface, and the mean
error reﬂects the bias of the error surface. RMSE
and ME were computed by ﬁnding the diﬀerence
between the reference topographic index and the
topographic index at larger grid spacing (30, 50,
90, 110 and 150 m). Topographic index surface at
larger grid spacing was up-sampled into 10 m surface and compared with the reference topographic
index surface to compute the RMSE and ME.
It has been observed that accuracy curve
(RMSE) of the topographic index surface
(ﬁgure 13) was increasing with the increase in
grid spacing. In the ﬁner grid spacing (30 m and
50 m) RMSE of the topographic index surface was
higher in smooth terrain (undulated basin), but
with the increase in grid spacing the topographic
index surface of rough terrain became more erroneous. The RMSE range (table 4) of highly rugged
and rugged basins (2.40 and 2.24) were higher in
comparison with moderately rugged and undulated basins (1.27 and 1.51). The RMSE curve
of the topographic index surface increased more
rapidly up to 90 m resolution and after that rate of
change was lower. This was mainly because varying

Basin/resolution

30 m

50 m

90 m

110 m

150 m

Highly rugged
Rugged
Moderately rugged
Undulated

1.55
1.52
1.58
1.71

2.47
2.37
2.33
2.41

3.48
3.27
3.16
3.12

3.68
3.52
3.42
3.58

4.21
3.96
3.85
3.78

degree of smoothening occurred in larger grid
spacing DEMs.
The mean error (table 5) has also increased with
increase in grid spacing indicating the overestimation of the topographic index value, as shown
in ﬁgure 14. It was initially higher in undulated
basin in comparison to highly rugged and rugged
basins. Steepness of the ME curve was high up
to 90 m grid spacing and after that the rate of
change was lower. In higher grid spacing, the representation of the surface slope was smooth and a
smooth surface led to high value of the topographic
index. It was also observed that in larger grid spacing, the topographic index surface of the highly
rugged and rugged basins were more aﬀected by
overestimation.
In order to ﬁnd out the eﬀect of terrain roughness
on the topographic index accuracy, RMSE of the
topographic index surface was plotted with respect
to grid spacing and the linear regression line was
ﬁtted. It was found that slope of the regression line
(ﬁgure 15) was more steep in highly rugged and
rugged terrain in comparison with undulated terrain which indicated that the topographic index
accuracy was inﬂuenced by the terrain roughness.
Mean of topographic index has increased with
grid spacing, thus the RMSE of topographic index
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Figure 14. Mean error of topographic index with respect to change in grid spacing.

Figure 15. Relationship between grid spacing and RMSE of topographic index.

surface has also increased. Therefore, it was necessary to ﬁnd out whether the dispersion of the
topographic index also increased with grid spacing or not. In order to ﬁnd this, RMSE (table 6)
has been computed by subtracting the mean from
each topographic index surface (standard error).
Curve of the standard error showed that the ‘dispersion RMSE’ of the topographic index increased

Table 6. Standard error of topographic index.
Basin/resolution

30 m

50 m

90 m

110 m

150 m

Highly rugged
Rugged
Moderately rugged
Undulated

2.48
2.43
2.66
2.70

2.54
2.46
2.73
2.79

2.57
2.55
2.75
2.65

2.61
2.52
2.68
2.83

2.55
2.54
2.63
2.57
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Figure 16. Dispersion accuracy of topographic index calculated for all basins at various grid spacing.

very slowly up to 90 m grid spacing and after
that it decreased (ﬁgure 16). This observation
again supported the ﬁnding that terrain roughness
was a relevant terrain characteristic for the topographic index accuracy and increasing mean was
the prime deterioration factor of the topographic
index.
5. Conclusions
The present study evaluates topographic index in
the tropical climatic region considering four watersheds with diﬀerent relief characteristics, located in
Himalayan terrain. The results achieved from the
statistical analysis reveal that grid spacing of DEM
inﬂuences the calculation of topographic index.
The statistics (minimum, maximum, mean and
standard deviation) of topographic index changes
when computed from larger spacing DEMs. Representation of the ground surface is smooth in larger
spacing DEM and calculation of topographic index
value is higher. The mean of topographic index
surface is continuously increasing with higher grid
spacing DEMs and the trend is close to linear function up to 90 m grid size. The mean is higher in
the undulated basin than highly rugged and rugged
basin because of the inverse relationship between
surface slope and topographic index. The mean of
topographic index is highly (R2 is 0.809) correlated
with the mean of slope which implies the inﬂuence slope on the calculation of topographic index.
It is also found that mean of topographic index is
more aﬀected in the rough terrain in larger grid
spacing.

The behaviour of the DEM and topographic
index is diﬀerent when increasing the grid spacing.
The mean of topographic index shows an increasing trend when calculated from coarse spacing
DEMs but the mean elevation remains constant
irrespective of grid size and terrain roughness. The
spatial autocorrelation of topographic index surface declines when computed from larger spacing
DEMs. The small channels are invisible within
the coarse grid and the pattern of the surface is
changing.
Analyzing the accuracy of the topographic index,
the study found that grid spacing and terrain
roughness aﬀect the calculation of topographic
index. In the rough terrain, the accuracy of the
topographic index is violated while moving towards
larger grid spacing. RMSE of topographic index
surface is 2.93 at 30 m grid spacing which increases
to 5.33 at 150 m grid spacing in highly rugged
basin. But in undulated basin, the RMSE varies
from 3.20 to 4.47 when the grid spacing is increased
from 30 to 150 m. Higher the grid spacing of a
DEM, calculated slope is less and the topographic
index is overestimated. The overestimation of topographic index is higher in the rough terrain which
is due to terrain relief. Terrain relief determines the
slope as well as change of slope of any basin and
the topographic index is inversely proportional to
slope. The higher value of mean error in the rugged
terrain signiﬁes the fact.
The present study concludes that for the given
setting beyond 90 m grid spacing, the topographic
index becomes unreliable with respect to the topographic index calculated from a 10 m grid spacing
DEM. Since after 90 m grid spacing accuracy of

Topographic index in relation to terrain roughness and DEM grid spacing
the topographic index highly deteriorates which is
more pronounced in rugged terrain.
Further investigation can be made to evaluate
the accuracy of topographic index considering the
following issues:
• Identiﬁcation of most suitable algorithm (single ﬂow direction or multiple ﬂow direction) for
derivation of the topographic index in a speciﬁc
terrain.
• Analysis of the accuracy of topographic index
on the hydrological model outcome and their
relationship.
• Applicability of the present study in various climatic regions considering more number of watersheds.
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