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[1] New methods for automatic delineation of drainage basins from contour elevation
data are presented. As a fundamental preprocessing step, the points defining a set of
contour lines are used to compute the Delaunay triangulation, the Voronoi diagram,
and other structures known in computational geometry as the crust and the skeleton
(or medial axis transform). By exploiting the skeleton extracted from contour lines, a
recursive algorithm is then developed to solve critical topographic structures such as
ridges, saddles, and peaks in a fully automated and accurate manner. Finally, the algorithm
is further extended to deal with the construction of flow nets. Numerical experiments
based on high-accuracy contour elevation data of real terrains show that the
proposed methods are able to process automatically complex topographic structures and
to produce results comparable to those that can be interpreted visually from contour lines.
The gain in accuracy over current state-of-the-art solutions is generally found to be
significant and to increase as the contour interval increases.
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1. Introduction

[2] The drainage basin determines the area which con-
tributes water and sediments to a given channel cross
section and is therefore considered to be the fundamental
unit of study of geomorphological and fluvial processes
[e.g., Leopold et al., 1964, p. 131]. Using a topographic
map, a drainage basin is commonly delineated by searching
upslope the lines intersecting contour lines at right angles
from the endpoints of the draining cross section [Maxwell,
1870]. Lines drawn at right angles to the contour lines are
called slope lines and can be either flow lines (describing
the gravity-driven movement of water and sediments)
or drainage divides (separating one drainage basin from
another). In delineating drainage basins, flow lines are
generally drawn so as to connect the draining cross section
endpoints to the closest ridges and the drainage divide is
drawn along ridges, saddles, and peaks. As an extension of
the drainage basin concept, flow nets have been developed
to allow a distributed description of gravity-driven trans-
port processes across a drainage basin [e.g., Onstad and
Brakensiek, 1968; O’Loughlin, 1986; Moore et al., 1988].
A flow net can be derived by partitioning the drainage
basin in a number of elements, each of them being formed
by an upper and lower contour segment (for the top and
bottom sides of the element) and two flow lines connecting
the upper and lower contour lines (for the left and right
sides of the element). These flow nets offer, at least
in principle, a series of advantages over more efficient
and straightforward digital elevation models (e.g., gridded

(regular network) or triangulated irregular network (TIN)
digital elevation models) since they explicitly reproduce the
way in which water and sediments flow on the land
surface.
[3] Several studies have been carried out to improve the

accuracy and the degree of automation in the delineation of
drainage basins and construction of flow nets. In the
pioneering work by Onstad and Brakensiek [1968], slope
lines were specified manually. O’Loughlin [1986] first
proposed an automated, robust computation of slope lines,
but he did not organize them into a flow net. Moore and
Grayson [1991] promoted the potential of flow nets in
catchment hydrology, but their automated algorithm for
flow net construction was not robust as it required arbitrary
adjustment of the boundary in order to operate. Dawes and
Short [1994] advanced the treatment of critical points such
as peaks and saddles arguing that this is an important task
for landscape description. Maunder [1999] strived to make
the process of partitioning a catchment into contour-based
elements as simple and automated as possible. Menduni and
Riboni [2000] and Menduni et al. [2002] emphasized the
role of the drainage network in contour-based partitioning
of a drainage basin. In fact, all these methods are still
semiautomated since they require user-specified procedures
to identify and solve accurately some critical topographic
structures that may be found in complex terrains. The
deficiency of current methods for the automatic delineation
of drainage basins and the construction of flow nets, as well
as the strategy adopted to remedy this deficiency, are out-
lined below, after introducing some necessary concepts on
the determination of flow lines and drainage divides.
[4] As mentioned above, slope lines (either flow lines or

drainage divides) are lines drawn so as to be everywhere at
right angles to the contour lines. A curved slope line
segment between two adjacent contour lines may therefore
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be drawn in such a way as to be perpendicular to both the
upper and lower contour lines. However, this curved slope
line segment is not entirely defined, since the morphology
of the terrain lying within two adjacent contour lines is
unknown, and it must be inferred from the geometry of
contour lines. When drawing a curved slope line segment
manually, human discernment is used to identify the path
that is most likely followed by an imaginary drop of water
flowing from the upper contour line to the lower contour
line. On the other hand, when slope lines are drawn using a
computer program, no inference on the morphology of the
terrain lying within adjacent contour lines is normally made.
Moreover, a curved slope line segment between two adja-
cent contour lines is approximated by a (single) straight line
segment, which is generally unable to satisfy perpendicu-
larity to both contour lines. As noted by Maxwell [1870]
and emphasized by Dawes and Short [1994], in determining
ridge lines by searching successively from one contour line
to the next, there is a theoretical necessity to consider the
minimum distance from points lying on the originating
contour line to the upper contour line, by searching upslope
the (perpendicular) intersection with the upper contour line,
whereas flow lines should be calculated and confluences
located by ‘‘minimum distance searching downslope.’’
However, as emphasized by Maunder [1999], ridges, sad-
dles, and peaks remains critical topographic structures since
large errors may be made when processing these structures
even by using Maxwell’s [1870] prescriptions, resulting in
intersections between adjacent flow lines, flow lines inter-
secting contour lines at nonright angles, or flow lines that
cross the same contour line more than once. These large
errors make the automatic solution of complex ridges,
saddles, and peaks inaccurate or impossible in most cases,
especially when coarse resolution elevation data are used
[Dawes and Short, 1994; Maunder, 1999].
[5] The deficiency of current methods that may prevent

the accurate and automatic determination of flow lines and
drainage divides is ascribed here to the inability of a (single)
straight line segment (used to approximate slope lines
between adjacent contour lines) to be everywhere at right
angles to the contour lines, and, more generally, to the
inability of these methods to make inferences on the most
plausible morphology of the terrain lying within adjacent
contour lines from the set of contour lines considered as a
whole. The strategy investigated in this study to remedy this
deficiency is based on the application of skeleton construc-
tion techniques to contour elevation data. The skeleton (or
medial axis transform) of a curve defined by a set of sample
points is a geometric structure that can be derived from the
Delaunay triangulation and the Voronoi diagram (of this set
of sample points), and is fairly well known in computational
geometry, computer graphics, and computer vision [Blum,
1967; Kirkpatrick and Radke, 1988; Amenta et al., 1998;
Fabbri et al., 2002]. Skeleton construction techniques have
recently been applied in terrain modeling to extract accurate
TIN from contour elevation data [Gold, 1999; Thibault and
Gold, 2000; Gold and Snoeyink, 2001; Dakowicz and Gold,
2003]. The purpose of this investigation is to determine
whether the skeleton extracted from contour lines allows for
morphological information implicitly present in these con-
tour lines, and normally recognized by human observers, to
be explicitly revealed and correctly processed by a computer

program, so that critical topographic structures such as
ridges, saddles, and peaks can be identified and automati-
cally treated for the delineation of drainage basins and the
construction of flow nets.

2. Methods

[6] The methods developed in this paper employ funda-
mental constructs that are known in computational geome-
try as the Delaunay triangulation, the Voronoi diagram, the
crust, and the skeleton (or medial axis transform) [Voronoi,
1907; Delaunay, 1934; Kirkpatrick and Radke, 1988;
Amenta et al., 1998]. The definitions of these geometric
constructs are given in section 2.1. The skeleton extraction
from a set of contour lines is described in section 2.2,
whereas the use of this skeleton for the delineation of
drainage basins is presented in section 2.3. Section 2.4
shows how methods can be extended to allow the construc-
tion of a flow net. Practical aspects are finally reported in
section 2.5.

2.1. Fundamental Geometric Constructs

[7] The definitions of Delaunay triangulation, Voronoi
diagram, crust, and skeleton are illustrated in Figure 1. A
Delaunay triangulation of a set of points in the plane (P1,
P2, . . . in Figure 1a) is a triangulation (of this set of points)
with the property that no point in the set of points falls
inside the circumcircle of any triangle (circle which passes
through all the three vertices of that triangle) in the
triangulation. A Voronoi diagram of a set of points in the
plane (P1, P2, . . . in Figure 1a) is a subdivision of the plane
into polygonal regions (some of which may be infinite),
where each region is that set of points closer to some input
point than to any other input point. The Voronoi diagram is
the geometric dual of the Delaunay triangulation. The
vertices of Voronoi diagrams (V1, V2, . . . in Figure 1a) are
the centers of circumcircles associated to Delaunay trian-
gles. The crust and the skeleton of a set of points can be
computed on the basis of the related Delaunay triangulation
and Voronoi diagram. A Delaunay edge (P1P2 in Figure 1b)
belongs to the crust when a circle exists through its two
endpoints (circle in dashed line in Figure 1b) that does not
contain either of its associated Voronoi vertices (V1 and V2

in Figure 1b). If this condition is not met (the smallest circle
through P1 and P2 drawn in dashed line in Figure 1c, as well
as any other circle, does not exclude both the associated
Voronoi vertices V1 and V2), then the corresponding Voronoi
edge (V1V2 in Figure 1c) belongs to the skeleton.
[8] As suggested by Gold [1999], crust and skeleton

elements can be determined by performing a simple incircle
test applied to each Delaunay/Voronoi edge pair. A circle
passing through the endpoints of the Delaunay edges (P1

and P2 in Figures 1b and 1c) and the closest Voronoi vertex
(V1 in Figures 1b and 1c) is drawn (circles in solid line in
Figures 1b and 1c) and a check is made to assess whether
the second Voronoi vertex is inside the circle. A line
segment which connects two Delaunay triangle vertices
(P1 and P2 in Figure 1b) belongs to the crust if by drawing
a circle (circle in solid line in Figure 1b) through them and a
corresponding Voronoi vertex (V1 in Figures 1b), the circle
does not include the second Voronoi vertex (V2 in Figure 1b).
A line segment which connects two Voronoi vertices (V1

and V2 in Figure 1c) belongs to the skeleton if the circle
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(circle in solid line in Figure 1c) through one of them (V1 in
Figure 1c) and the two corresponding Delaunay triangle
vertices (P1 and P2 in Figure 1c) also include the second
one (V2 in Figure 1c).
[9] Amenta et al. [1998] showed in their seminal study

that the crust and the skeleton extracted from a set of sample
points lying on a curve can be used to reconstruct an
approximation of this curve. The procedure suggested by
Amenta et al. [1998] is illustrated in Figures 2a–2c in the
simple case of a set of sample points lying on the border of a
rectangle. This set of sample points (Figure 2a) is used to
compute the Delaunay triangulation and the Voronoi dia-
gram (Figure 2b), which allow for the extraction of a crust
that is found to reconstruct the border of the rectangle
(Figure 2c). Clearly, no algorithm for the computation of
the crust can reconstruct any curve from any set of sample
points and some condition on the quality of the set of
sample points is needed. Amenta et al. [1998] found that the
reconstruction of a curve is guaranteed if the distance from
any point of the curve to the nearest sample point is less
than or equal to 0.252 times the distance between this point
(of the curve) to the nearest point of the computed skeleton.
The concepts illustrated in this section can be applied to

closed curves such as that considered in Figures 2a–2c, or
to a set of open curves such as that shown in Figures 2d–2f.

2.2. Skeleton Extraction From Contour Lines

[10] As first noted by Gold [1999], the theory developed
by Amenta et al. [1998] can be applied, although from a
different perspective, to a set of contour lines exhibiting the
morphology of a terrain. While Amenta et al. [1998] were
mostly interested in the crust as a means for reconstructing a
curve from a given set of sample points, in terrain analysis
the curves, namely the contour lines, are given (i.e., they
need not to be reconstructed) and the attention is rather
focused on the skeleton of the contour lines as a possible
means for reconstructing the most plausible morphology of
the terrain lying within adjacent contour lines or within a
closed contour line. The simple cases shown in Figure 2
may be used as examples to explain the rationale of this
strategy. Assuming that the rectangle’s border is a contour
line defined by a set of points (Figure 2a), it can be observed
that the crust reconstructs the contour line and the skeleton
reveals a plausible morphology of the terrain within this
contour line (Figure 2c). If the contour line contains a peak
(and not a depression), then the skeleton provides the ridge
lines for the terrain lying within this contour line, revealing
a plausible ‘‘hipped roof geometry’’ of the peak. The
skeleton in the central part of the rectangle is generated
from opposite (parallel) rectangle sides and represents in
this case the main ridge of the roof, whereas the skeleton in
the regions near the corners of the rectangle is generated
from contiguous (markedly nonparallel) rectangle sides and
represents in this case the secondary ridges running along
the hips of the roof. It is noted here that the skeleton may be
obtained by connecting Voronoi vertices lying outside the
associated Delaunay triangles (see, for instance, the Delau-
nay triangle P1P2P3 and the related Voronoi vertex V in
Figure 2b).
[11] The open curves defined by a set of points as shown

in Figure 2d are assumed here to represent two contour lines
representing different elevations, with the higher elevation
represented by the (straight) top contour line. As shown in
Figures 2e and 2f, the skeleton resulting from Delaunay
triangles with vertices distributed over both the two contour
lines provides a sort of intermediate contour line, whereas
the skeleton resulting from Delaunay triangles with all
vertices on the same contour line provides a ridge line.
The simple cases shown in Figure 2 can be used to illustrate
a classification of skeleton lines computed from points
defining contour lines that is crucial for the development
of the methods presented in this study. A skeleton line
generated from a set of points lying on contour lines
representing different elevations is a skeleton stem (line
labeled ‘‘skeleton stem’’ in Figure 2f), whereas a skeleton
line generated from a set of points lying on the same
contour line or on two contour lines representing the same
elevation is a skeleton branch (lines labeled ‘‘skeleton
branch’’ in Figures 2c and 2f). It is noted here that Delaunay
triangles with all three vertices lying on the same contour
line, which are problematic cases when standard (TIN-
based) methods for the description of terrain morphology
are used, do not constitute a critical point when skeleton
construction techniques are used, and are rather crucial to
determine skeleton branches revealing important morpho-
logical features of the terrain [Gold, 1999]. The theory

Figure 1. Definition of the fundamental geometric con-
structs used by the proposed method: (a) Delaunay
triangulation andVoronoi diagram, (b) crust, and (c) skeleton.
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developed by Amenta et al. [1998] ensures that, if contour
lines are defined by a sufficiently dense set of points,
the associated crust reconstructs these contour lines and
the associated skeleton reveals a plausible description of the
morphology of the terrain lying within the contour lines.
The issues about the density of sample points introduced in
section 2.1 are not critical for the problem addressed in this
study since contour lines are given and a sufficiently dense
set of points lying on these contour lines may always be
generated, if necessary, to meet the well-defined require-
ments provided by Amenta et al. [1998].
[12] Further details on the skeleton extracted from a real set

of contour lines can be provided by referring to the cases
shown in Figure 3. As shown in Figure 3a, between adjacent
contour lines representing different elevations a skeleton
stem is always generated and provides a sort of intermediate
contour line (lines labeled ‘‘skeleton stem’’). Where contour
lines are markedly nonstraight, the skeleton is branched and
skeleton branches (lines labeled ‘‘skeleton branch’’) gener-
ally form a tree structure that can be ordered in such a way
that the first-order skeleton branches are those which connect
the skeleton stem to the closest contour line (skeleton branch
labeled ‘‘1’’), the second-order skeleton branches are those
which connect first-order skeleton branches to the same
contour line (skeleton branches labeled ‘‘2’’), and similarly
for higher-order skeleton branches. It is specified here that in
this study the endpoint of each skeleton branch is connected

to the closest contour line in order to provide a continuous
system formed by the contour lines and the related skeleton
structure. The skeleton branches reveal plausible morpho-
logic features such as minor ridges or valleys as described in
the following paragraphs.
[13] A ridge connecting two contour lines representing

higher elevations indicates a saddle (line segments SL
(n)SR

(n) in
Figures 3b and 3c). As shown in Figures 3b and 3c, a first-
order skeleton branch that has both the endpoints belonging
to skeleton stems (and neither of them belonging to the
contour line) is used to identify and characterize a saddle.
Two types of saddle can be found: type 1 saddles are those
identified by a skeleton branch with both the endpoints
lying on the same skeleton stem (see the small inset below
the label ‘‘type 1 saddle’’ in Figure 3b), whereas type 2
saddles are those identified by a skeleton branch with
endpoints lying on different skeleton stems (see the small
inset below the label ‘‘type 2 saddle’’ in Figure 3c). In
practice, the two different types of saddles are distinguished
by considering the Delaunay triangles associated to the
endpoints of the skeleton branch that identifies and charac-
terizes the saddle. A type 1 or type 2 saddle is identified
depending on whether two (out of three) vertices of these
triangles lie on the upper (e.g., triangle P1P2P3 in Figure 3b)
or lower (e.g., triangle P1P2P3 in Figure 3c) contour lines,
respectively. It is noted here that the midpoint of the saddle
branch used to identify and characterize the type 1 and

Figure 2. Computation of the crust and the skeleton from a set of (sample) points lying (a, b, and c) on
the border of a rectangle and (d, e, and f) on two adjacent open curves: set of sample points (Figures 2a
and 2d), Delaunay triangulation and Voronoi diagram (Figures 2b and 2e), and crust and skeleton
(Figures 2c and 2f).
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Figure 3. Essential features of the skeleton extracted from contour lines and of the drainage basin
delineation algorithm developed by exploiting this skeleton: (a) draining line segment connecting two
assigned points and upslope searching algorithm, (b) type 1 saddle identification and solution, (c) type 2
saddle identification and solution, (d) peak identification and closure of the drainage basin, (e) group of
peaks lying between adjacent contour lines, and (f) group of depressions lying between adjacent contour
lines. The flow net for approximately the same area as that shown in Figures 3e and 3f is given in Figure 6b.
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type 2 saddles determines the saddle point. In type 1
saddles, the characteristic saddle branch curves down and
is used to determine a transverse saddle line SL

(n)SR
(n) which

curves up. In type 2 saddles, the characteristic saddle branch
curves up and belongs to the saddle line SL

(n)SR
(n) which

clearly curves up as well.
[14] A region lying within a closed contour line (with no

enclosed contour lines) indicates a peak or a depression
(Figure 3d). The closed contour line describes a peak or a
depression depending on whether the surrounding contour
lines represent lower or higher elevations, respectively. As
shown in Figure 3d, the skeleton contained within the closed
contour line is used to identify and characterize the peak or
depression. The skeleton stem is not present and the
skeleton branches are ordered using a system similar to that
introduced above. The first-order skeleton branch (skeleton
branch labeled ‘‘1’’) connects two points of the closed
contour line (PR

(c) and KR
(c)), second-order skeleton branches

(skeleton branches labeled ‘‘2’’) are those which connect the
first-order skeleton branch to the closed contour line, third-
order skeleton branches (skeleton branches labeled ‘‘3’’) are
those which connect the second-order skeleton branches to
the closed contour line, and similarly for higher-order
skeleton branches. The skeleton branches lying within a
closed contour line describing a peak or a depression reveal
a system of ridge lines or flow lines, respectively.
[15] When a complex terrain is represented by a set of

contour lines having a contour interval that is too large to
yield a detailed description of the terrain morphology,
topographic structures composed of groups of peaks and/
or depressions lying between adjacent contour lines may be
observed (Figures 3e and 3f). As shown in Figures 3e and
3f, in the region lying within the adjacent open contour lines
representing the elevations 345 m asl (above sea level) and
350 m asl, the closed contour lines representing the eleva-
tion 350 m asl (those labeled P1, P2, and P3 in Figure 3e)
describe a group of peaks since they represent an elevation
that is equal to the elevation of the upper contour line
(350 m asl), whereas the closed contour lines representing
the elevation 345m asl (those labeledD1 andD2 in Figure 3f)
describe a group of depressions since they represent and
elevation that is equal to the elevation of the lower contour
line (345 m asl). The cases under consideration can be
identified and characterized using the skeleton of contour
lines. However, the skeleton elements need to be analyzed
and the closed contour lines representing peaks or depres-
sions need to be connected to the upper or the lower contour
line, respectively, in order to provide a well-defined, plausi-
ble characterization of the morphology of the terrain lying
within the adjacent contour lines. Although the group of
peaks and the group of depressions are solved using the same
methods, these two cases are dealt with separately in the
following paragraphs.
[16] As shown in Figure 3e, the topographic structure

composed of the open contour line representing the eleva-
tion 350 m asl and of the closed contour lines representing
the elevation 350 m asl (peaks P1, P2, and P3) can be
recognized from the skeleton branches labeled ‘‘character-
istic branch’’ (B1B2, B2B3, B2B4, B4B5, and B4B6). These
characteristic branches are derived from Delaunay edges
connecting points with the same elevation (as occurs for all
skeleton branches) and lying on different contour lines (as

occurs for the saddle branches shown in Figures 3b and 3c),
but are characteristic since at least one of their endpoints lies
on a skeleton branch (and not both their endpoints lie on
one or two skeleton stems as occurs for the type 1 and type 2
saddle branches shown in Figures 3b and 3c, respectively).
Each closed contour line describing a peak may be
connected to the open contour line on the basis of two
simple rules: (1) the connection may be direct or achieved
through the other closed contour lines describing the peaks,
and (2) among the possible connections, that displaying the
minimum distance is chosen (lines labeled ‘‘connecting
line’’). In the example shown in Figure 3e, the connecting
lines are those intersecting the characteristic branches B2B3,
B4B5, and B4B6. The morphology of the group of peaks is
well defined by the characteristic branches and the obtained
connecting lines. It is noted that (1) the intersection
between a connecting line and the related characteristic
branch defines a saddle point, (2) a connecting line curves
up and represents a saddle line connecting two higher
elevations (350 m asl), and (3) a characteristic branch
intersected by a connecting line curves down and defines
two plausible flow paths originating at the saddle point and
extending along the two opposite sides of the saddle. A
characteristic branch that is not intersected by a connecting
line (B1B2 and B2B4) does not identify a saddle but rather a
simple flow path.
[17] As shown in Figure 3f, the topographic structure

composed of the open contour line representing the eleva-
tion 345 m asl and of the closed contour lines representing
the elevation 345 m asl and describing the depressions D1

and D2 can be recognized from the skeleton branches
labeled ‘‘characteristic branch’’ (B1B2, B2B3, and B2B4).
These characteristic branches are determined as described
above when dealing with the case of the group of peaks. In
the example shown in Figure 3f, the connecting lines are
those intersecting the characteristic branches B2B3 and
B2B4, and are determined as described above when dealing
with the case of the group of peaks. In this case, however, it
is noted that (1) the intersection between a connecting line
and the related characteristic branch defines a saddle point,
(2) a characteristic branch intersected by a connecting line
curves up and represents a saddle line connecting two
higher elevations, and (3) a connecting line curves down
and defines two plausible flow paths originating at the
saddle point and extending along the two opposite sides
of the saddle. A characteristic branch that is not intersected
by a connecting line (B1B2) does not identify a saddle but
rather a simple ridge line.

2.3. Drainage Basin Delineation

[18] A recursive algorithm for the delineation of drainage
basins that exploits the skeleton computed from a set of
contour lines is presented in this section. The essential
features of this algorithm are illustrated by considering the
topographic structures shown in Figure 3. The real case
applications shown in Figures 4 and 5 are also used to
provide some illustrative examples of the behavior of the
proposed method with respect to methods currently in use.
These real case applications will be described in more detail
in section 3. The algorithm constructs the drainage divide
from two assigned points (PL

(a), PR
(a) in Figure 3a) for each

pair of adjacent contour lines working from the lowest to the
highest contour line. Subscripts ‘‘L’’ and ‘‘R’’ are used in
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this context to denote the ‘‘left’’ and ‘‘right’’ relative
locations of two points for an observer located within the
drainage basin and looking upstream. Superscripts ‘‘(a),’’
‘‘(c),’’ and ‘‘(n)’’ are used to denote the ‘‘assigned,’’
‘‘current,’’ and ‘‘next’’ points, respectively, in the step-by-
step determination of the drainage divide. A drainage divide
element between two adjacent contour lines (e.g., element
PR
(c)KR

(c)PR
(n) in Figure 3a) is normally formed by a couple of

contiguous straight line segments (e.g., PR
(c)KR

(c) and KR
(c)PR

(n)

in Figure 3a) joined at a point lying on the skeleton stem
(e.g., KR

(c) in Figure 3a), and oriented in such a way as to
intersect both the lower and upper contour lines at right
angles (e.g., at points PR

(c) and PR
(n), respectively, in Figure 3a).

This capability of the proposed method, highlighted in the
bottom inset of Figure 4, allows to remedy a major deficiency
of current methods mentioned in section 1 and highlighted in
the bottom inset of Figure 5.
[19] The assigned points (PL

(a), PR
(a) in Figure 3a) can be

chosen arbitrarily along a selected contour line or in the
region lying within two adjacent contour lines. The divide
segments originating at the assigned points (PL

(a), PR
(a)) are

identified by distinguishing the cases in which these
assigned points lie immediately downslope from a contour
or a skeleton stem line. In the first case (shown in Figure 3a),
from the assigned points the lines perpendicular to the upper
contour line are computed and the points of intersection
(PL

(c), PR
(c)) determined. In the second case (not shown in

Figure 3a), the lines perpendicular to the lower contour line
and passing through the assigned points are computed and
the points of intersection between these lines and the upper
skeleton stem line (KL

(c), KR
(c)) are determined. From these

skeleton points the lines perpendicular to the upper contour
line are searched upslope and the points of intersection (PL

(c),
PR
(c)) determined. Having found the current points (PL

(c), PR
(c))

on the first contour line lying upward from the assigned
points (PL

(a), PR
(a)), the recursive algorithm can initiate.

[20] The divide elements connecting two adjacent contour
lines are determined in two phases. In the first phase, the
lines perpendicular to the lower contour line from the
current points (PL

(c), PR
(c) in Figure 3a) are computed and

the points of intersection with the skeleton stem (KL
(c), KR

(c) in
Figure 3a) determined. In some specific cases, where this
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Figure 4. Delineation of drainage basins in the Ca’ Lita area (44�2703100N, 10�3803800E) using the
proposed method. The essential features of the delineation method are shown in the insets. The three
drainage basins labeled DB1, DB2, and DB3 are used to evaluate the method numerically as described in
section 3.2. The contour interval is 1 m. The datum is mean sea level.
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line meets a skeleton branch (before the intersection with
the skeleton stem), the divide is forced to follow this
skeleton branch, and eventually other lower-order skeleton
branches until the skeleton stem is reached. In the second
phase, the minimum distances from the points lying on the
skeleton stem (KL

(c), KR
(c) in Figure 3a) to the upper contour

line is computed and the points of intersection (PL
(n), PR

(n) in
Figure 3a) are determined. This ‘‘minimum distance search-
ing upslope’’ criterion normally allows that the drainage
divide intersects the upper contour line at right angle. At
some singular points the upper contour line may not be
smooth (e.g., it may display a cusps). The algorithm
(automatically) identify these singular points and use them
to delineate the drainage basin if they satisfy the criterion of
minimum distance (although with no intersection at right
angle). When the specific cases mentioned above are not
met, the proposed method ensures that upslope and down-
slope searching will provide the same results.
[21] As mentioned above, the delineation of the drainage

basin divide is carried out step by step, using at each step
the current points (PL

(c), PR
(c)) to determine the next points

(PL
(n),PR

(n)). The procedure continues as long as the points
KL
(c), KR

(c) lying on the skeleton stem upward from the current
points (PL

(c), PR
(c)) do not coincide or, in other terms, until a

peak is found. If the two next points are found to lie on
different contour lines, a saddle identification procedure is
applied. If a type 1 saddle is met (Figure 3b), the midpoint
(BM) of the associated skeleton branch is determined and
the two closest next points (SL

(n), SR
(n)) among those of the

upper contour lines are searched. If a type 2 saddle is met
(Figure 3c), the endpoints (BL, BR) of the associated
skeleton branch are considered and the two closest next
points (SL

(n), SR
(n)) among those of the upper contour lines are

searched. In both type 1 and type 2 saddle cases, two pairs
of points are obtained. One pair, conventionally denoted as
the left one (PL

(n), SL
(n) in Figures 3b and 3c) are considered as

the input for a new call of the recursive procedure. This call
terminates when a peak is found. As shown in Figure 3d, a
peak is normally described by a closed contour line with no
enclosed contour lines and by an ordered set of skeleton
branches within the closed contour line. From each of the
current points (PL

(c), PR
(c)), the set of skeleton branches is

Figure 5. Delineation of drainage basins in the Ca’ Lita area (44�2703100N, 10�3803800E) using the
current state-of-the-art method. The essential features of the delineation method are shown in the insets.
The three drainage basins labeled DB1, DB2, and DB3 are used to evaluate the method numerically as
described in section 3.2. The contour interval is 1 m. The datum is mean sea level.
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