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Abstract

Digital elevation models (DEM) have become very useful for delineating catchment
basins to obtain more accurate area estimations in the last decades. As a
discretization of a continuous surface, DEM’s ground sample data (GSD) delimit
the elementary watershed boundary segments. The finer the GSD resolution, the
closer tends to be the true drainage basin edge and its area to those estimated by
DEM processing. Our goal is to establish the minimum area estimation that fits a
desired degree of reliability for any catchment shape, considering the GSD of the
DEM, the admitted tolerance and the shape of the basin. This approach starts with
the area assessment of perfect circles which are then converted to raster format
using a regular matrix of pixels. The squared Gravelius Index of a watershed is
taken as a multiplicative factor that will allow the comparison between different
shapes of basins, aiming to establish the minimum circular area compliant with the
desired tolerance, in this case acknowledged as 0.5 percent and an equivalent GSD
of 3-second-arc (90m) from SRTM. The estimation of mean response for the
minimum area according to a least squares regression model is 0.641 Kmz2,
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1. Introduction

The determination of contribution areas of hydrography branches is crucial for
many activities related to hydrology and water resources management. Since digital
elevation models (DEM) have improved in vertical reliability and data availability
in the last decades, they play an important role in watershed modelling.
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One of the most used DEM in hydrological studies is the Shuttle Radar
Topography Mission (SRTM) (Tulu, 2005; Rossetti and Valeriano, 2006; Pryde et
al., 2007; Mantelli et al., 2009; Alcantara et al., 2010.). World public free
distribution of its finished dataset is available for a regular grid with 3-second-arc
(approximately 90 m in Equator Line) resolution (USGS, 2011). Due the
continental dimensions of Brazil, SRTM is widely adopted by Agéncia Nacional de
Aguas (National Water Agency) for delineating catchment basins.

Nevertheless, a DEM is a discretization of a continuous space and its ground
sample data (GSD) delimits the elementary surface unit and watershed boundary
segments. The finer the GSD resolution, the closer tends to be the true drainage
basin edge and its area to those estimated by digital elevation model processing.

Considering the extremely irregular shapes of many watersheds with their
recesses, it is needful to check if the estimated areas established by basin
delineations from DEMs achieve a desired tolerance.

The Gravelius Index (Kg) represents the ratio of the perimeter of a shape to the
perimeter of a circle having the same area and it is one of the several
geomorphologic indexes (Barberis et al., 2003).

Based on Kg, our working hypothesis is that the squared Gravelius Index of any
shape can be taken as a multiplicative factor of a minimum area of a circle that
achieve a desired tolerance in order to establish the smaller catchment basin area
that complies with the same tolerance.

After testing the concept for general shapes, this work aims to estimate the
minimum area of an equivalent DEM digitized circle that fits a desired degree of
reliability. This value of area should be multiplied by for any watershed squared
Gravelius Index, considering the same GSD and determined tolerance. We have
chosen SRTM and 0.5% tolerance for practical reasons in most hydrological
applications.

2. Methodology

The methodology includes two steps: the proof of concept and the estimation of
the minimum area A", for an equivalent ground sample data of 3-second-arc
(90m) from Shuttle Radar Topography Mission.

2.1. Conceptual proof

Assuming the perimeter Psand area As of a shape, the conceptual proof is based
on the development of the general Gravelius Index formula Kg = Pg/[2(nAs)"?] to
demonstrate the relationship between the minimum area Ay, of a circle and the
squared Gravelius Index of any other shape (Kg2) to determinate its minimum area
that can be estimated within a certain degree of reliability.

Squaring both terms of the general formula, we get:

P, 2
KGZ.AS =ﬁ (l)

The right term of Equation (1) is the area of a circle in function of its perimeter
and, since the unity is the lowest value for Kg, we conclude that As = An, if it is a
circular shape.
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In order to calculate An;,, we have to solve [n(r + 4r)*/nr?] < 1 + Tol, assuming
Ar as a little gap for the radius r of a circle in the continuous surface that should
include or exclude a boundary pixel in the equivalent DEM. So, we can establish
the minimum radius ry;, for which a new gap causes no relative variation on its
previous area greater then a tolerance Tol and calculate App.

Thus, the minimum area Ay, is:

4 < Ar )2 )
i VIi+Tol-1

According to Kg formula, for an equal sides | quadrilateral and an equilateral
triangle, we have squared Gravelius Indexes QKg2 and TKg?, respectively.
Following the same reasoning presented for the circle, in order to calculate the
minimum quadratic and triangular shape areas QAni, and TA,, for which a new gap
Ar causes no relative variation on their previous area greater then a tolerance Tol,
we get:

2
(Hl#r) <1+ Tol 3)
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From the regular quadratic shape and equilateral triangle Gravelius Indexes
QKg? and TKg?; the Equations (2), (4) and (6), we conclude that QAnin = QKg2.Anin,
and TAnin = TKg2.Anin, the conceptual proof.

2.2. Estimation of the minimum raster area A", in the discrete space

Since the discretization of circles causes boundary pixels which compensate
elementary areas themselves and must not be completely overestimated, we need an
appropriate approach to evaluate the minimum circular area in the discrete (raster)
space A" in through least squares regression model technique.

Due the positional variability of central point of circles inside a pixel at the grid
of digital elevation model (Figure 1), Monte Carlo experiments will be conducted
in order to generate 100 randomly positions for each radius origin in a group of 300
circles (n = 300). The initial radius ry is set to be 30m and the gap 4r, also 30m.
These are the inputs to determinate the best fit regression function in the next
processes.
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Figure 1: Positional variability of circles considered in Monte Carlo experiments.

The area, the perimeter and the Gravelius Index for the n circles (An, Pn, Kgn)
and their respective discretized polygons mean parameters (A.*, P.,*, Kgp*)
according to SRTM ground sample data are then calculated.

Following the procedures, all the absolute relative difference areas
(AbsRelDifArea, = | (AA*) -1 | ) are computed to construct the regression model
with A,* as response variable.

Finally, the best fit function can be established and the point of mean response
for A", when the absolute relative difference area (required tolerance) equals to
0.5% (A", = A"min), the goal of this work, is estimated.

3. Results

An example of vector circle — dashed line — and its equivalent SRTM raster
polygon is illustrated in the (Figure 2).

Figure 2: Vector circle (r = 300m) and its equivalent SRTM raster polygon.

(Figure 3) illustrates the best fit function for all processed data — fulfilled line, its
regression equation and the coefficient of determination R2.
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A,* = 107 AbsRelDifdrea,
R?2=0.9328

At [Km’] (mean)
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AbsRelDifArea, (mean)

Figure 3: Best fit function (fulfilled line), regression equation and R2.

Considering the tolerance of 0.5% (AbsRelDifArea, = 0.005), the estimation of
the point of mean response for A, according to the regression equation is 0.641
Km2,

It was also noted that the greater the radius of Monte Carlo simulated circles, the
closer is the Gravelius Index Kg,* to 1.27 for their minimum, mean and maximum
equivalent SRTM raster polygons (Figure 4). It indicates a correction for Gravelius
Index of watershed shapes obtained from SRTM before applying this squared index
as a multiplicative factor of the minimum area A i
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Figure 4: Convergence of Gravelius Indexes.

4. Conclusion

This work is aimed at estimating the minimum area A", of raster SRTM
polygons equivalent to digitized perfect circles that achieve a 0.5% relative
difference area tolerance and its relationship with any other watershed shape.
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It has been proved that the squared Gravelius Index of a shape is a multiplicative
factor for a minimum area of a circle which satisfies the same relative difference
area tolerance.

Data from Monte Carlo experiments vector circles and their equivalent SRTM
digitized raster polygons have established a least squares regression equation which
contemplates highly correlated response (A,*) and explanatory (AbsRelDifArea,)
variables — Rz = 0.9328.

Considering the tolerance of 0.5%, the estimation of the point of mean response
for A" pin is 0.641 Km2.

The Gravelius Indexes tend to 1.27 as the areas of raster circles increase. This
constant should be a correction for Gravelius Index of a watershed shape before
applying this index’s squared value as a multiplicative factor in order to obtain the
minimum area that fits the desired tolerance for that shape.

The focus of this paper is the reliability of watershed area estimation using
SRTM, but the same reasoning can be followed for another digital elevation model,
like ASTER/GDEM (Advanced Spaceborne Thermal Emission and Reflection
Radiometer/Global Digital Elevation Model), and for others natural resources
necessities, like analysis of deforestation area reliability using digital images from
satellites.
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