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Abstract

With a plethora of digital elevation models (DEM) available for elevation extraction and catchment morphometric analysis, it is
essential to compare and investigate their accuracy and parameter uncertainty derived from them. To serve that purpose, in this
study, we have compared the DEMs of different resolution obtained from Shuttle Radar Topography Mission (SRTM),
CARTOSAT, and topographic maps (1:25000) in terms of vertical accuracy and morphometric parameters. The investigation
was performed on a sub-basin of Champavathi River which is located in Andhra Pradesh, the southern part of India. The vertical
accuracy of the DEMs was estimated using elevation from about 1180 points obtained from the Differential Global Positioning
System (DGPS) survey. The morphometric analysis showed that the basin is elongated with low relief ratio, mild/rolling slopes,
and medium drainage density, and the results were comparable from different DEM sources indicating that most of the mor-
phometric parameters were not significantly dependent on the scale and source of the DEM. Further, vertical accuracy estimation
showed that the CARTOSAT DEMs (10 m and 30 m) have a lower root mean square error (4.53 m and 5.89 m) when compared

with the SRTM DEMs (6.11 m and 7.19 m).
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Introduction

With increasing urban population, the stress on existing water
resources is multiplying manifolds. Further, with the uncer-
tainties associated with the frequency and intensity of the
rainfall, it becomes pertinent to evaluate the water resources
availability as they play a significant role in the sustainable
development of the economy. The excessive demand due to
urban sprawl in countries like India puts stress in the available
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ground and surface water supplies (Maheswaran et al. 2016;
Sachindra et al. 2018), and it is essential to understand the
present status of water resources before undertaking develop-
mental projects.

The morphometric analysis is a critical component in eval-
uating the water resources and identifying the recharge sites,
runoff modelling (Abdulkareem et al. 2018), soil erosion and
flood susceptibility (Arabameri et al. 2020; Sarkar et al. 2020;
Jothimani et al. 2020; Bajabaa et al. 2014), groundwater map-
ping, and watershed delineation (Thomas et al. 2012).
Morphometric analysis results in useful information such as
nature of the drainage pattern, topography, channel length,
geological setup, nature of the rocks exposed, and slope of
the terrain and quantitative description of drainage texture,
pattern, and shape of the watershed. Strahler (1957), Smith
(1950), and Horton (1945) provide the pioneering work in
the area morphometry and form the basis of morphometric
analysis and interpretation of their interrelationship
concerning land and water management. With the advance-
ment of technology, in terms of availability of satellite data
and geographical information system (GIS) tools, the estima-
tion of the morphometric parameters has become time-
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efficient, accurate, and reliable (Jothimani et al. 2020; Niyazi
etal. 2019; Banerjee etal. 2017; Grohmann et al. 2007; Hlaing
etal. 2008; Javed et al. 2009). One of the critical inputs for the
morphometric studies is the topographic elevation data. In this
regard, digital elevation models (DEMs) have become essen-
tial data for not only morphometric analysis but also for hy-
drology and climatology studies (Jothimani et al. 2020; Setti
et al. 2020; Kasi et al. 2020; Pankaj and Kumar 2009). DEMs
have been frequently used for the morphometric analysis of
river basins by extracting topographic parameters. DEM can
be defined as a gridded representation of the spatial variation
of the relief (Burrough et al. 2015).

The DEMs can be obtained from different sources, viz.,
topographic maps, field surveying using DGPS, radar inter-
ferometry, satellite data, drones, and contour maps. Out of
these, satellite-based DEMs have gained popularity owing to
the ease of availability and use. Some of the prominent satel-
lite DEMs include SRTM (Farr et al. 2007), ASTER GDEM
(Tachikawa et al. 2011), TanDEM-X (Gruber et al. 2012),
ALOS AW3D DEM (Tadono et al. 2014), and CARTOSAT
(Das et al. 2016; Patel et al. 2016). Several studies in the past
have successfully used these DEMs for morphometric analy-
sis of river basin all across the globe (e.g. Korup 2005;
Lindsay and Evans 2008; Jacques et al. 2014; Caraballo-
Arias et al. 2014; Masoud 2016; Rather et al. 2017;
Jothimani et al. 2020; Abdeta et al. 2020). In the Indian con-
text, some of the prominent studies which have used DEMs
for morphometric analysis, river basin studies, and water re-
source evaluation include Setti et al. (2020); Sarkar et al.
(2020); Ray et al. (2020); Agarwal et al. (2012); Aher et al.
(2014); Banerjee et al. (2017); Das et al. (2016);
Balasubramanian et al. (2017); Gopinath et al. (2018);
Kannan et al. (2018); Satheeshkumar and Venkateswaran
(2018); Prakash et al. (2019); Prabhakar et al. (2019); and
Nitheshnirmal et al. (2019).

It is essential that the accuracy and precision of the results
obtained from the morphometric analysis is a function of the
spatial resolution of the DEM used, and it is generally accept-
ed that the higher resolution DEMs are more precise and lead
to accurate determination of the morphometric parameters
(Das et al. 2016). Several studies have investigated the accu-
racy of individual DEMs and their effects on the extracted
parameters such as drainage pattern, drainage area and length,
and other morphometric parameters (Cook et al. 2012; Vaze
etal. 2010; Weydahl et al. 2007). However, there are very few
studies which have compared the accuracy of the different
DEMS. For example, on the other hand, Rawat et al. (2019)
compared the vertical accuracy of the SRTM, ASTER, and
CARTOSAT (30 m) DEMs based on 20 ground control
points. Mukherjee et al. (2013) evaluated open-source
DEMs such as ASTER and SRTM using high postings
CARTOSAT DEM and Survey of India (SOI) toposheet.
Dikpal et al. (2017) used CARTOSAT(30 m) for
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morphometric analysis of small watershed in Pinakini River
Basin. Gopinath et al. (2015) compared the drainage network
obtained using SRTM data with the ones obtained using the
toposheet. Suwandana et al. (2012) compared the inundation
area obtained using ASTER GDEM 2 with that of the
GDEMI1 and SRTM DEM. Other similar studies include
Hosseinzadeh (2011) and Hirt et al. (2010). The studies, as
mentioned above, were mainly directed towards the compar-
ison of the absolute elevation parameters, and less focus was
given to the various morphometric parameters. Within the
knowledge of the authors, only a few studies have compared
the morphometric analysis obtained using different DEMs and
also for a specific region. For example, Das et al. (2016) have
compared SRTM (30 m), ASTER (30 m), and CARTOSAT
(30 m) in terms of the morphometric parameters derived using
the corresponding DEMs for mountainous terrain. It is to be
noted that there are few studies on comparing both vertical
accuracy of the DEMs and the morphometric parameters from
the DEMs. Further, there is no any study reported on the
assessment of the fine resolution CARTOSAT DEM (10 m)
in terms of morphometric analysis.

Therefore, the main aim of this study is to compare the
morphometric properties derived from different DEMs
sources and compare their vertical accuracy using the field-
collected elevations. For this purpose, in this study, we have
compared the morphometric properties of a small watershed
draining to a lake in Andhra Pradesh, India, using freely and
commercially available DEMs of different spatial resolution
(CARTOSAT( 10 m and 30 m) and SRTM (30 m and 90 m))
and topographic maps. This study compares morphometric
properties, to name a few, like streams length, perimeter, basin
length, basin relief, main channel fall, main channel length,
relief ratio, basin relief/length, bifurcation ratio, drainage den-
sity, and main channel slope. Further, the vertical accuracy of
the DEMs was estimated against the field-collected elevations
at selected locations using DGPS survey.

Study area

In this study, we have considered a small watershed (shown in
Fig. 1) which is draining through a lake/pond called Pedda
Cherruvu (PC, hereafter). The study area is a sub-basin of the
Champavathi River Basin in Southern India. The location of the
watershed is between the latitude of 18° 11’ North and longitude
of 83° 40" East. The physiography of the watershed is dominated
by plain areas with occasional small mountain ranges. The alti-
tude ranges from 26 to 334 m. A substantial part of the study area
is above 50-m elevation above the mean sea level. The major
land cover and land use include agricultural tracts, urban area, hill
slope, grasslands, and water bodies. The climate is characterized
as high humidity almost throughout the year with extreme sum-
mer and adequate seasonal rainfall. The summer is generally
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Fig. 1 (a) Index map showing the geographical location of the study area belongs to Southern part of India and also shows (b) lithology map of the study

region (Source NRSC, India)

from March to June. The rainy season is followed in the form of
South-West monsoon until the middle of October. Retreating
monsoon is followed until November. The normal rainfall in this
region is around 1100 mm.

From Fig. 1, it can be seen that the study area consists of
consolidated formations which include crystallines
(khondalites, charnockites, and granitic gneisses) and
metasediments (the dolomites, shales, phyllites, and quartz-
ites) of Archaean and Precambrian periods, respectively
(NRSA 2007). The khondalite group of rocks can be seen as
prominent hill ranges (strike ridges). Most parts of the study

area can be categorized as pediplain where the geomorpholo-
gy features multi-concave, rock-cut erosion surface formed by
the coalescence of two or more adjacent pediments and occa-
sional desert domes, and representing the result of the mature
stage of the erosion cycle.

Datasets and methods

The traditional approach for extracting the morphometric
properties was based on manual calculation from the
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topographic maps. However, such an approach has several
limitations such as (i) the degree of drainage elaboration de-
pends on the scale of the topographic map, (ii) errors may arise
due to the disappearance of the channels as they reach the
foothill zones (Das et al. 2016), and (iii) non-availability of
the toposheet for certain parts due to security and defence
reasons and many other as quoted by Das et al. (2016).

These limitations can be overcome by using the satellite-
based DEM data; however, the accuracy and the reliability of
these DEMs in representing the reality have to be estimated. The
present study compares the DEMs derived from CARTOSAT-
10 m DEM (commercially available), CARTOSAT-30 m,
SRTM-30 m, and SRTM-90 m DEM and also evaluates the
elevation accuracy using the DGPS data.

CARTOSAT-10 m and 30 m DEM

CARTOSAT is an 8Indian Satellite which was launched May 5,
2005, by Indian Space Research Organization (ISRO).
CARTOSAT-1 satellite consists of a panchromatic camera
which gives a long track of stereo, with a tilt in flight direction
of £ 26° and + 5°. CARTOSAT spacecraft gives the stereo
images which can be used in different applications like large-
scale mapping and terrain modelling (Kasi et al. 2020). It has
coverage of 1 Arca Degree second, i.e. 30 m resolution. It can be
freely downloaded from https:/bhuvan.nrsc.gov.in. Further,
CARTOSAT DEM of higher resolution (10 m) is made
available and can be acquired from the National Remote
Sensing Centre (NRSC), India. CARTOSAT-10 m resolution
data has been used for this study area for comparison and was
purchased from the National Remote Sensing Centre (NRSC).

Shuttle Radar Topography Mission (SRTM 30 m and
90 m)

The Shuttle Radar Topography Mission (SRTM) is an interna-
tional project lead by the National Geospatial-Intelligence
Agency and the National Aeronautics and Space
Administration (NASA) (Zheng et al. 2015; Yue et al. 2017). It
is a modified radar system which flew on an 11-day mission
during February 2000 with onboard Space Shuttle Endeavour.
The SRTM elevation data are derived from X-band, and C-band
interferometric synthetic aperture radar (InSAR) sensor consists
of'a wavelength of 5.6 cm and frequency of 5.3 GHz. The SRTM
digital elevation models (DEM) is obtained on a near-global
scale from 56°S to 60°N (Farr and Kobrick 2000; Kasi et al.
2020). The SRTM DEM 30 m and 90 m datasets are freely
available in https://earthexplorer.usgs.gov/ and can be
downloaded based on scenes or tiles.
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DGPS points

To calculate the accuracy of the DEMs, we have used the
elevation data obtained from DGPS survey. For this purpose,
we have considered around 1180 control points spread across
the study area. The DGPS survey results were obtained from
GEOCON Survey, Visakhapatnam, India. Kinematic GNSS
approach using R95 receiver, which has a 95% confidence
level. The vertical and horizontal accuracy of the equipment
is 1.02 m and 0.6 m, respectively. The elevation from the
DGPS locations was considered as an exact reference to esti-
mate the error in DEMs.

SOl topsheet

The SOI topographical maps (Metric Edition, map sheet num-
bers 64 D/8 N) at 1:25,000 scale have been used for the prep-
aration of the base map. These maps were prepared based on
the surveys carried out in 1962-1963. In the selected study
area, the streams were digitized manually, and in places where
streams are not connected, they were connected based on the
Google Earth images.

Datum correction

The publicly available DEM datasets like CARTOSAT,
SRTM, and SOI toposheet have different horizontal and ver-
tical datum, and the same has been presented in Table 1.
Generally, the Differential Global Positioning System
(DGPS) uses the vertical datum as WGS84 and takes the rel-
ative height as default (Mukherjee et al. 2013; Kaplan and
Hegarty 2006). The derived DGPS elevation point is entirely
different with obtained the earth surface elevation point,
which is derived from mean sea level (MSL). The difference
is due to variation among the WGS84 ellipsoid and geoid
(local mean sea level). The geoid height is the constant
geopotential surface or equipotential surface, which corre-
sponds to mean sea level (MSL). The geoid height (or) geoid
undulation (N) represents the difference between the geoid
height and ellipsoid height at a particular point. Figure 2 com-
pares the ellipsoid height (%) and orthometric height () which
is measured above the geoid surface. Therefore, Eq. (1) rep-
resents how the ellipsoidal height (%) is computed using

Table 1  Horizontal and vertical datum of datasets used

S.No Datasets Horizontal datum Vertical datum

1 Cartosat DEM ~ WGS84 WGS84

2 SRTM DEM WGS84 ECM 96

3 DGPS WGS84 WGS84

4 SOI toposheet Everest Mean sea level (MSL)
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orthometric height () and geoid height (V):
h=H+N (1)

Usually, the error present in the DEM datasets is estimated
by taking the difference between the reference elevation data
(Shortridge and Messina 2011). For comparison, DEM
datasets like CARTOSAT, SOI toposheet, and DGPS eleva-
tion points were transferred from WGS84 to EGM96 geoid as
a datum (Mukherjee et al. 2013; Kaplan and Hegarty 2006).

The geoid correction, i.e. orthometric heights to ellipsoidal
height conversion, is done for CARTOSAT and DGPS data.
The geoid correction conversion is done using ARC GIS tool.
This tool applies the geoid model (EGM96) correction to the z
values (elevation). For the conversion of vertical datum for
different datasets, i.e. from orthometric heights to ellipsoidal
heights using ARCGIS tool, the conversion process is avail-
able in https://desktop.arcgis.com/en/arcmap/10.3/manage-
data/raster-and-images/wkflw- converting-from-orthometric-

to-ellipsoidal-heights.htm.
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Table 2  Drainage morphometric parameters and their mathematical expression

S.No Drainage morphometric parameters Defined by Derivation
Measurements Symbol Dimensions

1 Basin area A Km? Horton (1945) -

2 Streams length L, Km Horton (1945) -

3 Perimeter P Km Smith (1950) --

4 Basin length Ly, Km Schumm (1956) -

5 Basin relief H, m Horton (1945) and Strahler (1964) Hb= Z,Zpin

6 Main channel fall H. m - -

7 Main channel length Cn Km Strahler (1964) and Muller (1968) -

8 No. of first-order streams N; No Strahler (1964) -

9 No. of second-order streams N, No Strahler (1964) -

Variables

10 Relief ratio R m. Km™! Schumm (1956) =1
R = basin relief/length

11 Drainage density Dd Km. Km Horton (1945) Dd:LA—“

12 Main channel slope SI m. Km™' Horton (1945) Sl:% s

13 Elongation Se Dimensionless Schumm (1956) Se = (@x2) (L x 7°3)

14 Compactness constant Sc Dimensionless - Sc:M (4 x )

15 Length of overland flow Lg km Horton (1945) LgZﬁ

16 Relative relief Rm Dimensionless Melton (1957) R,= (%)

17 Ruggedness number Rg Dimensionless Strahler (1958) Rg= (%)

18 Stream frequency F Km2 Horton (1945) =N 4

19 Drainage intensity Di Km™' - D= (L)

20 Bifurcation ratio R, Dimensionless Horton (1945) Bz%

21 Drainage texture D, Km'! (Horton, 1945) D,= N,/P

22 Form factor Fr Dimensionless Strahler (1952) Fr= ALy

23 Shape factor Sk Dimensionless (Miller 1953) Sp=L,%/A

24 Circulatory factor Cr Dimensionless Strahler (1964) Cr= (4*1*A)/P°

Methodology We have used the eight-direction (D8) pour point model

Pre-processing of data

The pre-processing of the datasets was iteratively performed
in terms of filling the data gaps, pit removal, and depression
filling following the procedure outlined in Jenson and
Domingue (1988). The derivation of DEMs from the SOI
toposheet (1:25000) involved a time-consuming, laborious
exercise which includes digitizing of the contour lines. Then,
these were georeferenced using ground control points. The
various contour lines thus obtained were used for generating
the surface models with WGS84 as a datum.

Generation of stream networks and drainage area
Using the DEMs thus obtained from SOI toposheet and the

satellite data, the stream network and drainage area of the
study area were delineated using the following procedure.

@ Springer

(Fairfield and Leymarie 1991) for calculating the flow direc-
tion for each pixel. Flow direction was calculated for each
pixel using the filled DEM, i.e. the direction in which water
would flow out of the pixel to one of the eight surrounding
pixels. This concept is called the eight-direction (D8) pour
point model (Fairfield and Leymarie 1991). Further, we have
considered the Strahler (1954) method for ordering the
streams, wherein each of the finger-tip tributaries was labelled
are Order 1. When two streams of the same order meet, the
order of resulting stream will increase by one.

The morphometric parameters were extracted from the
datasets. The list of the parameter and the corresponding for-
mulae and reference for estimating them is provided in
Table 2. Most of the studies (Prabhakaran and Jawahar Raj
2018; Das et al. 2016; Banerjee et al. 2017; Mukherjee et al.
2013) used the parameters mentioned above for morphometric
analysis. Further, other derived parameters which provide in-
formation about the linear, aerial, and relief aspects of
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drainage are computed based on the formulas developed by
Strahler (1952), Horton (1945), and Strahler (1964) as men-
tioned in Table 2. The definition and detailed discussion on
the importance of each of these parameters can be found in the
supplementary material.

Vertical error analysis

After the computation of the morphometric parameters, the ver-
tical elevation error analysis was performed for the different
DEMs with reference to DGPS points. We have considered the
elevation of ground reference points obtained from the DGPS
survey. The geographical spread and location of the DGPS points
are shown in Fig. 3. It was also made sure that the DGPS survey
points were collected in level areas within the basin and away
from trees to reduce the errors due to signal tracking. Assuming
that the values obtained from the DGPS survey is accurate of all
the data sources. It is essential to mention that the data obtained

83°25'0"E 83°26'0"E 83°27'0"E 83°28'0"E

for different DEMs are converted to the same datum so that any
error incurred due to difference in the datum is eliminated.
Finally; the vertical accuracy comparison is estimated using
DGPS control points, and other elevation values which are ex-
tracted from DEM generated from the CARTOSAT-10 m,
CARTOSAT-30 m, and SRTM-30 m and SRTM-90 m.

The elevation points from the different DEMs were extract-
ed using “point sampling tool” which is used as a plugin in
QGIS. The accuracy of the DEMs was evaluated using the
following measures: (i) root mean square error (RMSE) and
(i1) mean absolute error (MAE):

RMSE — \/va_li( Z{)EM_ZBGPS)Z (2)

N
é\il ) ’Z{)EM_ZEGPS ’
N

MAE = 3)
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Fig. 4 Error distribution from 300 400
different DEMs in comparison
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where —Z¢, ., is elevation obtained using DGPS at i" sam-
pling location, Z},, is the elevation obtained using DEM at "
sampling location, and /V is the total number of sampling points.

The performance evaluation metrics (RMSE and MAE) are
based on the assumption that the errors follow a normal dis-
tribution. To test this, the frequency histograms are produced
for each DEM, and the results show that the vertical errors
follow the normal distribution (Fig. 4).

Results

Variation in morphometric parameters obtained from
the different datasets

The quantitative drainage morphometric parameters were ex-
tracted from different DEMs. In the present study, the water-
shed for each of the case was delineated using the Arc Hydro
Toolbox in ArcGIS-10 version. The watershed area and the
stream networks are delineated and are found to be having
dendritic drainage pattern, as shown in Fig. 5. According to
Strahler (1954), dendritic drainage pattern shows homogene-
ity in texture, and there is no structural control. From each of
the corresponding drainage network and the watershed area,
the morphometric parameters were evaluated, and the same
can be grouped as linear, relief, and areal parameters. In the
following section, each set of parameters is discussed in detail,
and their variation with respect to the DEM is used.
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100

10

Error

Linear parameters

The linear parameters, such as area, perimeter, stream order,
number of streams for each order, bifurcation ratio, and length
of streams, have been estimated and reported in Table 3. It was
found that there is a small variation in the basin areas extracted
from different DEMs, but there were significant changes in the
basin shape measured in terms of the perimeter. Figure 6
shows the superposition of the catchment boundary as obtain-
ed from different datasets. The basin length was found to be
similar for all the datasets used in this study. Analysis of the
basin elevation in terms of minimum and maximum shows
that there is a difference in the on the order of 614 m between
the CARTOSAT 10 m and other DEMs.

Stream order (N) It is observed that CARTOSAT 30 m and
SRTM 90 m generate the maximum numbers of streams.
Moreover, the highest order of 4 (obtained using the scheme
given by Strahler 1954) is depicted by all the datasets. The log
of the number of streams for each order is plotted (see Fig. 7)
against the stream order, and it reveals an inverse geometric
sequence. In practice, when logarithms of the number of
streams of a given order are plotted against the order, the
points lie on a straight line (Horton 1945). The streams ob-
tained using all the DEMs showed linear relationship, whereas
the fine resolution CARTOSAT 10 m is close to the one ob-
tained using the toposheet 1:25000. Overall, from the pattern
of relationship between the number of streams in a given order
and order number, it can be said that the whole area has
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Fig. 5 Maps showing the catchment boundary, draining pattern obtained using (a) Cartosat 10 m, (b) Cartosat 30 m, (¢) SRTM 30 m, and (d) SRTM 90 m

CARTOSAT 10 m and 30 m. On the other hand, there is a
decrease in length obtained from the SRTM DEMs. Further,
the DEMs obtained from the topographical maps result in a
lower number of streams as the numbers of contour lines were
minimal in the study area.

uniform lithology, and there has been no probable uplift in the
study area.

Stream length (Lu) In the case of stream lengths, it is observed
that the overall stream lengths were highest for the
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Table 3

The morphometric properties of the Pedda Cherruvu watershed derived from the different datasets

S.No Drainage morphometric parameters

Cartosat 10 m Cartosat 30 m  SRTM 30 m

SRTM 90 m SOI toposheet 1:25000

Measurements Symbol Units
1 Basin area A Km? 33.73 32.78 33.15 32.15 34
2 Streams length Lu km 91.27 86.89 82.43 82.50 81.69
3 Perimeter P km 56.34 50.44 48.74 43.83 55
4 Basin length L, km 9.02 9.02 9.02 9.02 9
5 Basin relief H, m 311 303 297 290 272
6 Main channel fall Hce m 11 8 9 11 13
7 Main channel length Cm Km 3.02 2.83 2.92 2.75 2.72
8 No. of first-order streams N1 No 74 85 75 87 105
9 No. of second-order streams N2 No 13 14 15 15 51
Variables
10 Relief ratio R mKm™' 0.034 0.034 0.033 0.032 0.0322
R = basin relief/length
11 Drainage density Dd Km. Km™ 2.70 2.65 248 2.55 2.69
12 Main channel slope SL mKm™ 3.63 2.82 2.87 226 4.79
13 Elongation ratio Se Dimensionless 0.72 0.71 0.72 0.70 0.73
14 Compactness constant Sc Dimensionless 2.74 2.00 2.38 2.18 2.66
15 Length of overland flow Lg km 0.184 0.188 0.201 0.195 0.18
16 Relative relief Rm Dimensionless 0.0055 0.006 0.0061 0.0066 0.0054
17 Ruggedness number Rg Dimensionless 0.83 0.80 0.68 0.741 0.73
18 Stream frequency F Km™ 2.58 3.02 2.72 3.17 2.6
19 Drainage intensity Di Km! 1.610 1.945 1.807 2.103 2.29
20 Bifurcation ratio R, Dimensionless 5.69 6.07 5 5.8 4.05
21 Drainage texture D, Km 1.54 1.96 1.85 233 4.94
22 Form factor Fr Dimensionless 0.42 0.40 0.41 0.39 0.4
23 Shape factor Sk Dimensionless 2.41 248 245 2.53 2.38
24 Circulatory factor Cr Dimensionless 0.13 0.16 0.17 0.21 0.135

Fig. 6 Catchment boundray
delineated using different sources
of DEM
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Bifurcation ratio (Rb) Bifurcation ratio is a function of geolog-
ical structure and permeability of the surface strata (Strahler
1964; Esper Angillieri 2008; Giusti and Schneider 1965;
Chow 1964), and according to the Horton (1945), it can be
considered as an index of relief. For basins, with no distur-
bance from geologic structures, the general range of bifurca-
tion ratios is between 3.0 and 5.0 (Strahler 1964). Mesa (2006)
suggests that for basins with R, more than 10, show the in-
fluence of geological structures on the drainage pattern.

Analysis of hydrographs and evaluation of surface water
potential of a watershed can be done using the bifurcation ratio
(Esper Angillieri 2008; Jain et al. 2000).

From Table 3, the bifurcation ratio for the first two orders of
streams obtained from all DEMs and SOI toposheet has values
between 4 and 6, indicating that the streams formed inhomoge-
neous rock with minimal or no influence of geological structures.
The bifurcation values imply that for every second-order stream,
there are approximately 46 first-order streams.

Relief parameters

Basin relief (H;) This parameter plays a significant role in
drainage development, surface and sub-surface water flow,
permeability, landform development, and erosion properties
of the terrain (Obi Reddy et al. 2004). Further relief measures
are essential in understanding the denudational characteristics
of the landforms and the watershed (Farhan 2017). Generally,
higher basin relief (H,) value indicates that gravity flow
would dominate, resulting in low infiltration and high runoff
in the basin (Ozdemir and Bird 2009). For the study area,
basin relief (H,,) values obtained from the different data vary
from 272 (using SOI toposheet) to 311(CARTOSAT 10 m),
and the values from the different DEMs do not vary
significantly from each other. Overall, the results show that
the basin relief value of the study area is moderate, indicating
that the basin generates low runoff and has more infiltration
(Strahler 1954).

Relief ratio (R;) It is the ratio of the basin relief to the longest
basin length parallel to the principal stream (Schumm 1954). It
provides an estimate of the overall steepness of the basin
(Schumm 1956), and it is a measure of the intensity of erosion
process (Ajibade et al. 2010) and also an indicator of available
potential energy for driving water and sediment movement
(Sarkar and Gundekar 2007). The relief ratios obtained from
the DEMs are in the close range, and it can be said that the
basin has low relief ratio on the order of 0.03. The value of
relief ratio from all the DEMs was found to be having com-
parable values around 0.032, indicating that the presence of
gentle/rolling slopes in the catchment leading for the lower
intensity of erosion process in the basin.

Ruggedness number (R,) Ruggedness number (R,) is a non-
dimensional parameter. It is a product of drainage density and
relative relief. R, captures slope steepness and length and rep-
resents the structural complexity of the terrain (Strahler 1957).
High values of R, would occur when both variables, relative
relief and drainage density, are large, and for such basins, the
slopes are not only steep but are also long. Basins with high R,
values are highly susceptible to erosion and, therefore, suscep-
tible to an increased peak discharge.

On the other hand, lower values indicate mild slope and
moderate length leading to a lesser chance of erosion. For the
study area, CARTOSAT DEM shows that the basin is having
a value of ruggedness number around 0.8, whereas the SRTM
DEM-based analysis shows the value varies between 0.68 and
0.74. From these values and referring to Altaf et al. (2013) and
Prabhakaran and Jawahar Raj (2018), the ruggedness number
is low, and therefore, the basin is not susceptible to erosion.

Areal parameters

Elongation ratio (R,) It is defined as the ratio between the
diameter of the circle of the same area of a circle having area
as that of the watershed and maximum length of the catchment
(Schumm 1956). Generally, the values of Re vary between 0.6
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and 1.0 depending on the geology and climate of the catch-
ment. The values can be categorized into three groups, name-
ly, (i) circular (> 0.9), (ii) oval (0.9 to 0.7), and (iii) elongated
(< 0.7). Higher values Re close to unity are associated with
low relief, whereas values in the range of 0.6-0.8 are usually
connected with high relief and steep ground slope (Strahler
1964). Also, higher values of R, (> 0.7) indicate low relief and
high infiltration, and low runoff and lower values of R, indi-
cate high erosion and lesser infiltration rates (Strahler 1954,
Obi Reddy et al. 2004; Rai et al. 2017).

For the study region, the elongation ratio was found to be
varying from 0.72 to 0.73 from the different DEMs, indicating
that the basin is oval shape and possesses flat slope, more
infiltration, and lower runoff.

Stream frequency (F,) Stream frequency, according to Horton
(1945), is the total number of streams of all orders per unit area
of the catchment. In the study area, the stream frequencies
obtained from all DEMs are in a similar range varying from
2.58 to 3.17 streams per sq. Km. Stream frequency is directly
related to runoff (Pankaj and Kumar 2009) and degree of
dissection and inversely related to infiltration and mean annu-
al rainfall (Morisawa 1962). Comparing the results from the
other studies such as Das et al. (2016) and Prabhakaran and
Jawahar Raj (2018), the value of F§ for the present study
region can be considered low, thereby implying a general
tendency to have more infiltration and less runoff.

Drainage density (D,) The drainage density is computed as the
ratio of the length of the streams and area of the watershed
(Horton 1932). Drainage density is having direct relationship
with rock resistivity (Sangireddy et al. 2016), mean annual
rainfall (Morisawa 1962), rainfall intensity, and an inverse
relationship with infiltration capacity (Horton 1945), perme-
ability (Strahler 1956) and vegetation cover (Prabhakaran and
Jawahar Raj 2018). The lower values of D, results in the areas
have permeable subsoil material or highly resistant, low relief
and have dense vegetation (S K Nag 1998). Higher values of
D, correspond to catchment having a more significant number
of streams and thus result in rapid stream response, whereas
low drainage density implies lower runoff and higher infiltra-
tion (Chorley 1969).

Strahler (1957) classified the basins into different catego-
ries based on D, values: (i) course (< 5 km 1), (ii) medium
(5.00 to 13.7 km 1), (iii) fine (13.7 to 155.3 km ), and (iv)
ultra-fine (> 155 km ).

From the results obtained for the study area, the D, values
from different DEMs vary from 2.48 to 2.70 km ' correspond
to coarse drainage density indicating lower runoff and more
infiltration characteristics, permeable subsurface material and
has dense vegetation (Agarwal et al. 2012; Chopra et al.
2005). These characteristics suggest that the study area is
highly suitable for groundwater recharge.

@ Springer

Length of overland flow (Lg) Horton (1945) defines the length
of overland flow as half the reciprocal of drainage density, and it
describes the length of the water flow over the surface before it
joins the streams. For the present study, the values of Lg vary
from 0.18 to 0.20 km, and variation among the different dataset is
minimal. Generally, in a catchment with smaller Lg values (<
0.01 km), the overland flow runoff would enter the stream faster,
and even small amount of rainfall can contribute to a significant
quantity of the streamflow. Olszevski et al. (2011) suggest that
lower values of Lg indicate flooding situation in the catchment
during days of heavy rainfall due to less contact with the soil
surface and thereby low infiltration. Based on the above infer-
ences, for the study region, the length of overland flow is mod-
erate; thereby, rainfall would enter the streams slowly with lag
time and less prone to the flooding situation.

Drainage texture (T) It is defined as the ratio of a total number
of streams of all orders to the perimeter of that area (Horton
1945). According to Horton (1945), infiltration capacity can
be recognized as the single critical factor which influences
drainage texture and considered drainage texture to comprise
both drainage density and stream frequency. However, Smith
(1950) showed that drainage texture depends on several phys-
ical factors such as rainfall, climate, soil type, vegetation, re-
lief, infiltration capacity, and stage of development of the
basin. Based on the drainage texture values, Smith (1950)
classified it into the five different groups, very fine (> 8), fine
(6-8), moderate (4-6), coarse (2—4), and very coarse (< 2).
Coarser drainage texture implies the watershed has larger ba-
sin lag periods than the fine-textured basins. From the values
for drainage texture reported in Table 3, the DEM-based anal-
ysis shows that the study region is very coarse, whereas the
SOI toposheet-based results indicate that it moderate.

The form factor (Fz) The ratio of the area of the basin to the
square of the basin length is defined as the form factor (Horton
1945). The form factor is one of the critical parameters which
represents the shape of the catchment area. The form factor
value 0.7854 would be indicative of the circular catchments,
and hence, form factor value should be less or equal to the
circular catchments value (Chopra et al. 2005). Higher form
factor leads to a peak flow of the shorter duration, whereas the
basins with lower form factor have an elongated shape, and
lower peaks flow for longer durations. For the present case
study, the form factor values vary in between 0.39 (SRTM 90
m) and 0.42 (CARTOSAT-10 m) and represent the catchment
shape as elongated shape and having the lower peak flow for
the longer duration.

Shape factor (Sz) The shape factor is inverse of the form factor
and is defined as the ratio of the square of the basin length to the
area of the basin (Horton 1945). The measured shape factor does
not show much variation (least 2.41 CARTOSAT 10 m and
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Table 4 Assessment of vertical
accuracy of Different DEMs S.NO  Statistic CARTOSAT-10 CARTOSAT-30 SRTM-30 SRTM-90
using the DGPS survey M M M M

Mean elevation (m) 34.08 34.10 34.86 35.21

Variance of elevation (m)  69.03 68.89 79.87 85.96

Root mean square error 4.53 5.89 6.11 7.19

(m)
4 Mean absolute error (m) 4.39 5.40 6.22 6.64

highest 2.53 SRTM 90 m) for the present study area from the
different source and values from all sources indicates that the
basin flat and having the low peak flow for the longer duration.

Circulatory factor (C) The circulatory factor is the ratio of the
basin area to the area of the circle having the circumference as
the perimeter as a basin (Miller 1953). The parameters like
length, land use/land cover, climate, relief, frequency of the
streams, and geological structure of the basin will influence
the circulatory factor. The higher the circulatory factor indi-
cates that the catchment is circular and will indicate higher
peaks to the shorter duration and vice versa. In the present
study, circulatory factor values are calculated for the same
basin by using the four different sources of the available data
(mentioned in Table 3). The highest value is 0.21 for the
SRTM 90 m, and lowest is being 0.13 for the CARTOSAT
10 m. The values from all the sources of the data indicate that
the catchment is flatter, and lower peaks will be obtained for a
longer duration.

Vertical error

From the above analysis, it was observed that the morphomet-
ric attributes of the basin are least sensitive to the type and
resolution of the dataset from which they were derived. We
have compared the obtained DGPS elevation points with the
ones obtained from DEMs. Using the difference in elevations,
the vertical error analysis was performed for all the DEMs.
The RMSE and the MAE were calculated using 200 points,
and the results statistics are tabulated in Table 4. The analysis
of the results in terms of RMSE shows that the CARTOSAT
10 m DEM show less deviation from the DGPS data, whereas
the SRTM DEMs show higher level of error. The RMSE of
the CARTOSAT 10 m data is around 5 m which is consider-
ably less when compared with the SRTM DEMs. 1t is noted
that these observations are contradictory to the ones obtained
by Das et al. (2016), where it was observed that for mountain-
ous region, SRTM performed better than the CARTOSAT 30
m DEM.

Therefore, it can be inferred with a reasonable degree of
confidence that CARTOSAT DEMs are reliable options for

morphometric analysis, particularly in regions where topo-
graphic maps are not available at fine resolution.

Discussion

Overall, the present study compared different DEMs in terms
of vertical accuracy and morphometric analysis. The present
study is unique owing to the availability of DGPS data which
were used to estimate the vertical accuracy of different DEMs.

From the results of the morphometric analysis in terms of
different parameters, it was observed that for most of the pa-
rameters, the values from the different DEMs were not vary-
ing much and were within the comparable range of SOI
toposheet-based estimates. This indicates that the DEMs can
be reliably used in the study area for conducting morphomet-
ric studies. Each of these parameters has a certain implication
on hydrology and water resources management in the study
region. Drainage morphometric analysis of the watershed re-
veals information about the evolution of land surface process
and its formation and also the hydrologic behaviour of water-
shed (Rahmati et al. 2019; Aouragh and Essahlaoui 2018;
Arabameri et al. 2018).

For the watershed considered in the study, it was observed
that there is no significant influence of geological structures
on drainage development. The area is well drained by streams
of order up to 4 showing moderate runoff generation from the
watershed. Likewise, from the stream length results, there is
no likely uplift in the basin because the watershed area de-
pends only on the drainage characteristics for movement of
water. Therefore, the longer movement of water makes the
watershed hydrologically very active (Luo and Harlin 2003).
The geometric relationship between the stream order and the
stream number implies that the watershed has uniform under-
lying lithology, and it is geologically stable. Likewise, stream
length values suggest that there is no likely uplift in the basin
because the watershed area depends only on the drainage
characteristics for the movement of water. The stream fre-
quency values imply that the watershed has adequate infiltra-
tion capacity and a fair amount of vegetation. Due to high
infiltration capacity in the watershed, the discharge takes a
longer time to peak. The bifurcation ratio 5—6, concerning

@ Springer



1050 Page 14 of 17

Arab J Geosci (2020) 13: 1050

the hydrology and water resources, in the study area, is highly
welcome as it is favourable for watershed development activ-
ities, particularly in the semi-arid regions of the Vizianagaram
district. The drainage texture and the form factor showed that
the basin is having moderate to coarse drainage and is elon-
gated in shape characterized by low peak discharges. Lower
values of drainage density in the study area imply low surface
runoff and high infiltration and therefore comparably are good
sites for water harvesting structures (Dodov and Foufoula-
Georgiou 2005; Chopra et al. 2005; Luo and Harlin 2003).
From the different morphological parameters investigated in
this study, it is concluded that the study region is permeable
and is suitable for groundwater recharging and water harvest-
ing structures. This information can help in watershed man-
agement practices and flood management.

Conclusion

Morphometric analysis plays a vital role in many applications
related to water resources management and flood control.
With the advancement of technology, the digital elevation
models have been increasingly used in geomorphological
studies and have, to a greater extent, replaced the traditional
methods based on topographic maps. This is mainly because
of the ease in obtainability, using and extracting the parame-
ters. However, with the availability of different sources of
DEMs, it becomes pertinent to choose the right one for the
analysis. With this motivation, the present study was aimed
towards comparing the different commonly used DEMs and
identifies the best for computing the morphometric parameters
for a plain area. From the analysis of the results obtained from
the different DEMs, it is observed that the CARTOSAT 10 m
and 30 m are more accurate in comparison with the SRTM
DEMs in terms of vertical elevation. However, based on the
morphometric analysis, the parameters estimated were not
highly sensitive to the data sources (used in this study) and
therefore resulted in similar results. It is also observed that the
comparison between CARTOSAT 10 m and 30 m showed
comparable results, and thus, these DEMs can be reliably used
for drainage delineation where toposheet is not available.

Based on the morphometric analysis of the study region, it
is concluded that this region in Champavathi River Basin is
mild sloped, with vegetation cover and high infiltration capac-
ity and low runoff, and therefore, it is having good groundwa-
ter prospect and suitable for water harvesting structures.
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