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Classification of Geophysical Basins Derived
From SRTM and Cartosat DEMs via

Directional Granulometries
Kannan Nagajothi, Member, IEEE, and B. S. Daya Sagar , Senior Member, IEEE

Abstract—Spatial patterns from terrestrial surfaces have great
potential to better understand the surficial phenomena and pro-
cesses. This article provides an approach for classification of the
hierarchically partitioned basins, subbasins, and watersheds with
respect to high-directional granulometric index, low-directional
granulometric index, and global granulometric index. Grayscale
global and directional granulometric indexes of basin and cor-
responding watersheds derived from Shuttle Radar Topographic
Mission (SRTM) and Cartosat digital elevation models (DEMs)
of the Lower Indus subbasin of peninsular India are computed.
The end results shown are in the forms of watersheds categorized
and classified according to global and high- and low-directional
grayscale granulometric indexes. It is interesting to observe that
the classification of watersheds derived from SRTM and Cartosat
DEMs, respectively, yielded similar results, suggesting it would be
worthwhile to explore the potential relationships between the direc-
tional granulometric indexes of the watersheds and their resistance
to perturbations caused by endogenic and exogenic forces. It is also
observed that the orientation of watersheds and the general flow
direction within those watersheds are in the direction in which the
watersheds yield high-directional granulometric index.

Index Terms—Classification, digital elevation model (DEM),
granulometries, mathematical morphology, subbasin, watershed.

I. INTRODUCTION

S PATIAL patterns from terrestrial surficial data available in
the forms of digital elevation models (DEMs) include val-

leys and ridges, peaks and pits, and basins and watersheds. The
quantitative analyses of such terrestrial patterns provide clues
about the terrestrial composition. Morphometric characteriza-
tion of such surfaces has been done via fractal analysis [1]–[10].
One among the aforementioned patterns is the basins that are par-
titioned from the terrestrial surficial data. Traditional approaches
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employed in basin characterization include morphometric and
hypsometric analyses. These analyses, respectively, require river
networks and elevation contours usually traced from topographic
maps. With the advent of DEM, mathematical morphology based
algorithms provided novel ways to quantitatively characterizing
basins that not only complement the classical morphometric
analysis but many times also outperform it.

Terrestrial surficial data available in the form of DEMs depict
elevation values in a normalized form at all spatial positions.
DEMs are derived from remotely sensed satellite data acquired
via either microwave or active/passive sensing mechanisms.
Such remotely sensed satellite data paved ways to generate
DEMs at multiple spatial and temporal scales by exploiting
the stereoscopy and interferometry principles. Now very high
resolution LiDAR DEMs, though expensive, are available. These
DEMs provide a great tool for geoscientists in various fields
of research such as quantitative analysis of complex geometric
features, to understand the spatio–temporal behavior of terres-
trial processes and visualization in a real-time mode. Though
DEMs available for whole earth terrestrial and earth-like plan-
etary surfaces, and they offer huge benefits for the geoscientific
community, it is our view that these global scale DEMs have been
underutilized in quantitative basin and watershed characteriza-
tion. All branches of geosciences and geography would find
DEMs immensely useful for better understanding the dynamics
of terrestrial surfaces and processes [11]–[17].

DEM data of geophysical basins available across very fine to
very coarse spatial and temporal scales are an excellent source to
perform powerful computations to derive morphologically and
geometrically significant information. Publicly available DEM
data include Shuttle Radar Topographic Mission (SRTM) and
Cartosat DEMs [18], [19]. These DEMs facilitate researchers
to develop and apply robust algorithms to: 1) retrieve surficial
features [20]–[33]; 2) classify of data [34]–[44]; 3) quantitatively
characterize surficial roughness [45]–[47]; 4) carry out quanti-
tative spatial planning [48]–[50]; and 5) model, simulate, and
visualize the terrestrial surface processes [51]–[56]. Geophys-
ical basins and watersheds derived from DEMs possess varied
surficial complexities that have relationships with geometrical
properties and geophysical functions and processes. We em-
ployed the directional structuring elements in our earlier studies
related to automatic orientation detection of planar river basins
(spatial objects). Directional structuring elements are popular in
image analysis, but employed for the first time in this study on
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Fig. 1. DEMs of the Lower Indus subbasin. (a) SRTM DEM (11 135 columns
× 5162 rows, minimum and maximum elevations, respectively, are 716 and 8583
m). (b) Cartosat DEM (11 130 columns × 5173 rows, minimum and maximum
elevations, respectively, are 663 and 7640 m). (c) 31 watersheds within the lower
Indus subbasin.

DEM analysis and surficial characterization. Classification of
watersheds based on surface roughness indexes that vary from
direction to direction is addressed here. It is hypothesized that the
classification based on directional roughness of the watersheds
would be a first step to relate the distinct surficial phenomena
with watershed-wise geophysical processes, and also with the
dominant flow direction within the watersheds.

Grayscale morphological interpolation and the use of mor-
phological distances have shown promising results in morphing
the source DEM into the target DEM [55], and in pairing the
hierarchically partitioned DEMs [32]. Grayscale granulometric
analysis, a technique of mathematical morphology [57]–[59]—
that yielded promising results in the context of processing and
analysis of remotely sensed satellite data [34]–[44]—is applied
for classification of the watersheds derived from DEMs. In par-
ticular, grayscale directional granulometric analysis is applied
for classification of 31 watersheds derived from SRTM and
Cartosat DEMs of the Lower Indus subbasin [see Fig. 1(a)–(c)].
The Indus basin extends over China (Tibet), India, Afghanistan,

Fig. 2. Directional structuring elements (a) B1, (b) B2, (c) B3, (d) B4, and
compact structuring element (e) B.

and Pakistan draining an area of 1 165 500 km2. In India, the
basin spreads over an area of 321 289 km2, which is nearly 9.8%
of the total geographical area. The Indus basin is subdivided
into 14 subbasins. The geographical extent of the study area
viz. Lower Indus subbasin lies between 73° 11′ to 76° 44′ East
Longitudes and 34° 42′ to 36° 9′ North Latitudes. Lower Indus
subbasin has a total catchment area of 23 894 km2 and is divided
into 31 watersheds with size ranging from 319 to 1270 km2.

The characterization of terrestrial surfaces via fractal dimen-
sions [1]–[10] has no option to compute the direction-specific
roughness. In this article, we show how SRTM and Cartosat
DEMs (both with spatial resolution of 30 m) and the basins and
corresponding watersheds decomposed from them have been
employed in directional granulometry based classification of
watersheds in order to automatically determine: 1) the direction
in which the watershed is vulnerable to perturbation, and 2) the
orientation of the watershed.

This article is organized as follows. Section II summarizes the
basic grayscale morphological transformations. Methodology
and its demonstration on a geophysical subbasin are given in
Section III. Section IV provides experimental results obtained
for 31 watersheds represented by SRTM and Cartosat DEMs,
and concluding remarks are given in Section V.

II. GRAYSCALE MORPHOLOGICAL TRANSFORMATIONS

Nonlinear grayscale mathematical morphological transfor-
mations such as dilation, erosion, opening, and closing [58] are
important in processing and analysis of grayscale, multispectral,
and hyperspectral images. They are immensely useful in all areas
of spatial data sciences [15], [52]. We restrict this section to
explain only essential grayscale morphological transformations
that include dilation (1), erosion (2), opening (3), and their
multiscale versions (4)–(6).

Let f be a raster image depicting elevation values in a grayscale
form across the spatial coordinates (x, y). Let B [see Fig. 2(e)]
be a structuring element with certain characteristic information
employed to probe f(x, y) to retrieve morphological descriptors.

A. Grayscale Dilation, Erosion, and Opening

The dilation (erosion) of f by flat structuring element B
replaces the value of f at a pixel (x, y) by the maxima (minima)
of the values of f over a structuring element B [16], [17].
Morphological grayscale dilation and erosion of f with respect
to B are defined as (1) and (2), respectively

f ⊕B = max
i,j∈B

{f(x+ i), (y + j)} (1)

f �B = min
i,j∈B

{f(x+ i), (y + j)}. (2)
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Morphological opening transformation, which is an idempo-
tent transformation, involves morphological erosion followed by
dilation of f by B as follows:

f ◦B = (f �B)⊕B (3)

where o is the symbol for morphologic opening. We shall denote
the dilation, the erosion, and the opening of f by B, respectively,
by(f ⊕B), (f �B), and(f ◦B).

B. Multiscale Morphological Transformations

Multiscale morphological transformations (4)–(6) can be per-
formed by varying the size of the structuring element nB, where
n = 0, 1, 2, …,N. Dilation, erosion, and opening can also be
performed iteratively as follows:

f ⊕ nB = (f ⊕B)⊕B ⊕ · · · ⊕B (4)

f � nB = (f �B)�B � · · · �B (5)

f ◦ nB = (f �B)�B � · · · �B ⊕B ⊕B ⊕ · · · ⊕B.
(6)

The primitive structuring elements are shown in Fig. 2(a)–(e);
note that all the structuring elements are symmetric about the
origins that are chosen at the center. The sizes of structuring
elements would be increased by dilating the primitive B with
itself to get the size increased to 2B, and 2B would be dilated
with B to get 3B, and nth size B is typically achieved by B ⊕
B ⊕ · · · ⊕B for n times. The reader is referred to [57]–[59] for
a more detailed exposition of these fundamental transformations
and their algebraic properties.

C. Directional Structuring Elements

Structuring element (B) of primitive size 3 × 3 with nine
elements, square in shape, and symmetric about the origin
[see Fig. 2(e)], and four directional structuring elements [see
Fig. 2(a)–(d)] that could be decomposed from Fig. 2(e) are
considered to compute a host of basic parameters.

These directional structuring elements, respectively, denoted
as B1, B2, B3, and B4 represent NW–SE, N–S, NE–SW, and
E–W directions; they are symmetric about origin and satisfy the
following properties.

1) B1 ∪B2 ∪B3 ∪B4 = B.
2) f ⊕ (B1 ∪B2 ∪B3 ∪B4) = f ⊕B.
3) f � (B1 ∪B2 ∪B3 ∪B4) = f �B.
4) f ◦ (B1 ∪B2 ∪B3 ∪B4) = f ◦B.
5) Bi ⊕Bi ⊕Bi ⊕ · · · ⊕Bi = nBi =

⋃4
i=1 nB

i = nB.
6) f �⋃4

i=1 nB
i = f � nB.

7) f ⊕⋃4
i=1 nB

i = f ⊕ nB.
8) f ◦⋃4

i=1 nB
i = f ◦ nB.

III. GRANULOMETRIES IN WATERSHED ROUGHNESS

Granulometric indexes and shape–size complexity measures
quantify the surficial roughness [49], [50]. In what follows in
this section includes computations of global and directional
granulometric index values of subbasin (f), watersheds (fk) of
f, as well as high- and low-directional granulometric indexes.

A. Granulometry

Recursive application of grayscale morphological opening
of a function (subbasin) f by sequentially changing the size
of structuring element B, without changing other characteristic
information such as the shape, orientation, and symmetry, leads
to grayscale granulometric analysis. Principle of granulometries
[57], [58] is the main idea involved in automatic classification
of basins and watersheds. Such granulometric analysis of f(x,y)
with respect to B involves the following sequential steps:

1) iterative multiscale grayscale morphological opening of
f(x,y), f ◦ nB, where n = 0, 1, 2, …, N;

2) computation of pattern spectra PS(f/B) as the areal differ-
ence between f ◦ nB and f ◦ (n+ 1)B;

3) computation of granulometric index of f(x,y) with respect
to B, H(f/B).

Granulometric index would be computed for subbasin (f), and
watersheds (fk) partitioned from DEMs according to (7). Under
the increasing cycles of opening (foreground granulometries),
the area under the function gets diminished, and the loss of
information under two successive cycles of opening is termed
by the pattern spectrum at the particular order

H (f/B) = −
N∑

n=0

pn ln pn (7)

where

pn =
A (f ◦ nB)−A (f ◦ (n+ 1)B)

A (f)
, n = 0, 1, 2, . . . N

(8)
where A(f) =

∑

x,y
f(x, y) is the area of the 2-D function.

The quantitative characterization of basin surfaces partitioned
from DEMs via directional structuring elements is important, as
direction-specific roughness values provide us with:

1) general flow direction and orientation of the basins;
2) direction-specific vulnerability under the perturbations in

that direction;
3) intrarelationships among the watersheds of a basin.

B. Directional Granulometry

Instead of choosing a structuring element (B) that is a circle
in eight connected grids, four directional structuring elements
(Bi), where i = 1, 2, 3, 4, that are symmetric about the origins
would be considered to compute pn and H(f/Bi). In turn, (7)
and (8) would take the form of (9) and (10)

H
(
f/Bi

)
= −

N∑

n=0

pn ln pn (9)

where

pn =
A
(
f ◦ nBi

)−A
(
f ◦ (n+ 1)Bi

)

A (f)
(10)

where n and i denote size of the structuring element and index
of the directional structuring element, respectively. The compu-
tations of global and directional granulometric index values of
subbasin (f) denoted as H(f/B) and H(f/Bi) could be extended
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TABLE I
GRAYSCALE GRANULOMETRIES

to the watersheds (fk). The notations for watershed level are
H(fk/B) and H(fk/Bi).

C. High- and Low-Directional Granulometric Index

Besides watershed-specific global granulometric index val-
ues (11), high (low) directional granulometric index values,
HDGI(fk) and LDGI(fk), could be derived for each watershed
from its corresponding four directional granulometric index
values, H(fk/Bi), according to (12) and (13)

GI
(
fk/B

)
= H

(
fk/B

)
(11)

HDGI
(
fk/Bi

)
= max

∀i
(
H

(
fk/Bi

))
(12)

LDGI
(
fk/Bi

)
= min

∀i
(
H

(
fk/Bi

))
. (13)

Granulometric index of fk is Bi dependent. We adopted the
global and directional granulometric index values of subbasin
and the corresponding watersheds for automatic classification
of watersheds into several classes.

D. Automatic Detection of Watershed Orientation

The direction in which the watershed yields highest granu-
lometric index is the orientation of the watershed. Out of four
directional structuring elements employed here, if the watershed
under transformation yields 4, 3, 2, and 1 granulometric index
values, respectively, with respect to B1, B2, B3, and B4, then the
orientation of the watershed is from north-west to south-east.

E. Model Demonstration

According to (7)–(10), granulometric indexes were computed
for the Lower Indus subbasin and its 31 watersheds derived from
DEM data. Multiscale morphological openings were performed
on SRTM and Cartosat DEMs of the Lower Indus subbasin to
derive granulometric indexes (see Table I) with respect to the
compact structuring element B [see Fig. 2(e)], and the four di-
rectional structuring elements [see Fig. 2(a)–(d)]. Mathematical
morphology operations were performed using the tools avail-
able in MATLAB and for surface volume estimations, ArcGIS
software was used.

SRTM DEM of the Lower Indus subbasin [see Fig. 1(a)]
under the influence of grayscale opening cycles of 10, 100,
1000, and 5000 with respect to B is shown in Fig. 3(a)–(d). With
increasing cycles of opening the DEM loses information, in other
words the area, as shown in Fig. 3(a)–(d). The DEM under the
influence of 100 cycles of opening by four directional structuring

Fig. 3. Lower Indus basin shown in Fig. 1(a) after multiscale opening by
(a) 10, (b) 100, (c) 1000, and (d) 5000 cycles.

Fig. 4. Lower Indus subbasin subject to multiscale openings by (a) B1, (b) B2,
(c) B3, and (d) B4 after 100 cycles.

elements is shown in Fig. 4(a)–(d). Global granulometric indexes
computed for the Lower Indus subbasin DEM (both SRTM
and Cartosat) with respect to compact and symmetric flat B
are 2.68 and 2.16, respectively (see Table I). Further similar
granulometric analysis is performed on each of the watersheds
derived from SRTM and Cartosat DEMs fk with respect to four
directional structuring elements. The pattern spectra values of
all 31 watersheds computed are shown as a function of B and
four directional structuring elements (Bi) [see Fig. 5(a) and (b)].

For every fk, granulometric index was calculated according
to (7)–(10) with respect to each directional structuring element.
Watersheds representing in grayscale forms of this region [see
Fig. 1(c)] are subjected to grayscale granulometric analysis with
respect to one compact structuring element [see Fig. 2(e)] and
four directional structuring elements—B1, B2, B3, and B4 [see
Fig. 2(a)–(d)]. Table II depicts granulometric indexes of 31 wa-
tersheds of the Lower Indus subbasin derived from SRTM DEM
(values in parentheses are derived from Cartosat DEM). The
higher the index value, the higher is the roughness with respect
to that specific Bi. There would be n number of granulometric
index values for a spatial field that is subjected to grayscale
granulometries with respect to n distinct structuring elements.

Selected snapshots of f19 subject to multiscale openings by
B, B1, B2, B3, and B4 at cycles 0, 200, 400, 600, 800, and 1000
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Fig. 5. Pattern spectra values of 31 watersheds of the Lower Indus subbasin
plotted as functions of B, B1, B2, B3, and B4 till converging cycles. (a) SRTM
DEM. (b) Cartosat DEM.

TABLE II
GRANULOMETRIC INDEXES OF 31 WATERSHEDS

Fig. 6. Evolution of watershed 19 under recursive opening cycles with respect
to B, B1, B2, B3, and B4.

Fig. 7. Behavior of watersheds from Cartosat DEM under multiscale opening
of (a) f31 by B1, (b) f7 by B2, (c) f4 by B3, and (d) f18 by B4, at the cycles 0, 50,
100, 150, and 200.

are shown in Fig. 6. Watershed 19 [see Fig. 1(b)] was subjected
to various higher cycles of opening, for instance, cycles of 0,
200, 400, 600, 800, and 1000, respectively, with respect to B
[where B is the structuring element shown in Fig. 2(e)]. The first
row of Fig. 6 depicts the result.

For better understanding, the evolution of four watersheds
under the influence of multiscale opening, with respect to the
structuring elements that have yielded higher roughness, is
shown in Fig. 7. The figure shows that the pattern behaviors of
fks yielded higher granulometric indexes in different directions.

IV. WATERSHEDS CLASSIFICATION: RESULTS AND ANALYSIS

In earlier studies, surficial roughness values had been com-
puted via granulometries with respect to a compact symmetric
flat structuring element and also via fractal dimensions. None
of the earlier studies has provided directional roughness values.
For the first time, in this study the directional roughness values
have been computed via granulometries with respect to four
directional structuring elements. Furthermore, the watersheds
decomposed from the basin are categorized based on the high-
and low-directional granulometric values. We hope that this



5264 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 12, NO. 12, DECEMBER 2019

Fig. 8. Normalized granulometric indexes. (a) SRTM DEM. (b) Cartosat
DEM. Categories: 1) 0–0.25, 2) 0.26–5.0, 3) 0.51–0.75, and 4) 0.76–1.0.

study would provide insights to geoscience and remote sensing
researchers. For automatic classification of watersheds repre-
sented as grayscale DEMs according to directional granulomet-
ric analysis, we considered a subbasin [see Fig. 1(a) and (b)] and
its corresponding 31 watersheds denoted with f1, f2, …,f31

[see Fig. 1(c)]. Application of directional granulometries, as
explained in the previous section, is extended for automatic
classification of watersheds derived from SRTM and Cartosat
DEMs [see Fig. 1(a) and (b)]. The granulometric index values
computed with respect to four Bis for each watershed are given
in Table II. The granulometric indexes obtained are grouped into
four categories by normalization. Fig. 8 shows the maps gener-
ated based on the classification of watersheds via granulometric
index values computed with respect to B according to (11).

It is observed that the watersheds with orientation similar to
Bis yield higher directional granulometric indexes (see Table II).
From Table II, it is also seen that the watersheds 25 and 31 are
rough in the direction of NW–SE (B1). Watersheds 2, 18, 20,
and 23 are rough in direction similar to the B4. The direction of
the structuring element for which the resulting granulometric
index is highest (lowest) among the four directional possibilities
for each of the 31 watersheds is the direction of highest (lowest)
roughness. Maps generated based on the classification of water-
sheds with respect to high- and low-directional granulometric
indexes computed according to (12) and (13) are shown in Figs. 9
and 10, respectively. Fig. 9(a) and (b), respectively, shows the 31
watersheds derived from SRTM and Cartosat DEMs categorized
with respect to high-directional granulometric index values.
Fig. 10(a) and (b) shows the classification with respect to
low-directional granulometric index values.

Fig. 9. High-directional granulometric index values of 31 watersheds derived
from (a) SRTM DEM, (b) Cartosat DEM, and (c) variations in results across
SRTM and Cartosat DEMs (cross wired symbols).

It is observed from Figs. 9 and 10 that the classification results
shown for 31 watersheds derived from SRTM and Cartosat
DEMs are significantly similar. Classification of geophysical
basins and watersheds with respect to various surficial roughness
parameters computed via directional grayscale granulometric
analysis is shown in this article. Studying the behavior of spa-
tial fields like DEMs via directional grayscale granulometries
provides a solution for automatic classification of watersheds,
and is superior to those methods that involve approximations.
This classification approach is stable due to the fact that 1) every
pixel of each spatial field would be involved in the process of
multiscale opening, and 2) shape–size content of the field is in-
vestigated with respect to Bi. Spatial fields such as DEMs that are
in raster format are better inputs for developing spatio–temporal
models to explain the dynamical behavior of phenomena and
processes.

The present study only considered SRTM and Cartosat DEMs
of 30-m spatial resolutions per pixel, which were generated
using two different methods. However, we plan to implement
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Fig. 10. Low-directional granulometric index values of 31 watersheds derived
from (a) SRTM DEM, (b) Cartosat-1 DEM, and (c) variations in results across
SRTM and Cartosat-1 DEMs (cross wired symbols).

a similar approach to see variations in the granulometric index
values (with respect to B, B1–B4) of basins with the change of
spatial resolutions of DEM data. The numbers of directions that
are now considered are four (NW–SE, N–S, NE–SW, E–W).
The number of directions could be increased to eight by taking
the bipoint structuring elements as NW, N, NE, W, SE, S, SW,
and E. However, these structuring elements are asymmetric
about the origin, and while performing multiscale opening based
granulometries, one needs to make sure that the structuring
element is transposed during the dilation process. It would be
interesting to adopt the line (directional) structuring elements,
in an interpolated way to get a large number of directional
options [60]–[62] instead of four directions considered in this
article, and to compute a large number directional granulometric
indexes that might result in more categories in the classification.
Furthermore, a most interesting and worthwhile study is to apply
the approach proposed in this article on global elevation model

such as NASADEM and the ASTER GDEM [63] to classify
hierarchically partitioned basins and watersheds with respect to
both global and directional granulometric index values.

V. CONCLUSION

An approach based on directional grayscale granulometries
is provided for classification of watersheds derived from both
SRTM and Cartosat-1 DEMs. We hypothesize that the water-
sheds with high granulometric index in the Bi direction are the
watersheds weak in that direction, and are prone to have higher
capacity to change under perturbations. In all, 31 watersheds
derived from both SRTM DEM and Cartosat DEM were cate-
gorized into four categories with respect to directional granulo-
metric values. Classification results shown for the 31 watersheds
derived from both SRTM and Cartosat DEMs are significantly
similar. The direction-specific classification of watersheds pro-
vides insights for domain experts to explore potential links with
several parameters of significance to geophysics, seismology,
geomorphology, and geology. It has also been found that the
orientation of watersheds and the general flow direction within
those watersheds are in the direction in which the watersheds
yield high-directional granulometric index. Application of this
approach on the physiographically distinct fluvial, tidal, and
desert basins derived from DEMs is interesting and would
provide further insights. Extending the approach demonstrated
in this article on the watersheds of the Lower Indus basin to the
DEM of whole earth and earth-like planetary surfaces for the
classification of hierarchically partitioned geophysical basins
ranging from very large basins to microwatershed level would
be a worthy exercise for domain experts to explore the links
between surficial processes and subsurface processes.
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