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Abstract

Extracting drainage networks from raster DEMs is a necessary requirement in almost
all hydrological and environmental analyses and determining surface water flow direc-
tion is a fundamental problem. In a raster environment, surface water flow direction
of each cell can be directed to the neighboring cell with the steepest downslope drop5

(The basic D8, deterministic eight-neighbour method), which is inadequate for routing
flow over pits and flats. Several improved algorithms are proposed to find the outlet
of pits and flats, which typically use entirely different procedures for processing pits
and flats. Being different from others, this paper presents a new method to route flow
through the pits and flats by searching for the outlet using the heuristic information to10

compensate inadequate searching information of other methods. Heuristic information
can reveal the general trend of the DEM and help the proposed algorithm find the outlet
of pits and flats accurately. Furthermore, the proposed algorithm can handle pits and
flats effectively in one procedure. This new algorithm is implemented in Pascal and
experiments are carried out on actual DEM data. It can be seen from the comparison15

of the drainage networks generated by the proposed algorithm and ArcGIS 9.2, the
proposed algorithm with heuristic information can get a closer match result with exist-
ing river networks and avoid the generation of the unrealistic parallel drainage lines,
unreal drainage lines and spurious terrain features.

1 Introduction20

A digital elevation model (DEM) in raster format, carries elevation information for many
applications in hydrologic studies (Freeman, 1991; Vieux, 1993; Arun et al., 2005).
Cell-wise elevation information in a DEM can be used to find the drainage structure,
which gives the basic information for runoff analysis and sediment transport studies
(Jana et al., 2007; Mandlburger, 2009).25
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The basic and important problem of hydrological and environmental analyses is to
determine flow direction of cells in a raster DEM. The most commonly used algorithm
is known as D8 (O’Callaghan and Mark, 1984; Jenson and Domingue, 1988; Martz
and Garbrecht, 1998; Lin et al., 2008), but the continuity of drainages does not extend
across pits and flats.5

Over the past 20 years, there have been many improved methods for routing flow
through pits and flats. But when searching for the outlet, most of these methods
checked only the eight adjacent cells of pit or flat and did not consider the general
trend of the DEM.

In this paper, we present a novel algorithm to handle pits and flats with heuristic10

information. Heuristic information is often applied to finding the shortest path (Huang
et al., 2007; Zeng and Church, 2009). While searching for the outlet, the proposed
algorithm not only checks the eight adjacent cells of pit or flat, but also takes the general
trend of the DEM into considerations.

2 Overview of the methods used for drainage delineation15

Numerous methods have been proposed for automated drainage recognition in raster
DEMs. The basic D8 (deterministic eight-neighbor method) algorithm is probably the
most popular method (O’Callaghan and Mark, 1984; Jenson and Domingue, 1988;
Martz and Garbrecht, 1998). However, it has a number of deficiencies. In this method,
the flow direction of each cell in a raster DEM is determined by the comparison between20

the cell’s elevation and its eight adjacent neighbors, the cell with the maximum drop is
identified as the flow direction. The generation of parallel flow lines in flat areas that
restricts the formation of concentrated channel flow has been identified as a limitation
of this method. In particular, pits and flats, both real and spurious present challenges
for the automated derivation of fully connected drainage patterns (Kenny et al., 2008).25
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Pits and flats are areas where the cell’s flow direction cannot be determined with
reference to its eight neighbouring cells. A pit is defined as a point none of whose
eight neighbors have lower elevations, flats are areas of level terrain (slope=0). Pits
and flats can be naturally occurring but are generally viewed as spurious features that
result from elevation data capture errors (Oimoen, 2000; Lindsay and Creed, 2005) or5

errors introduced during DEM generation (O’Callaghan and Mark, 1984; Band, 1986).
Pits and flats can be found in all DEMs (Kenny et al., 2008).

In order to find the outlet, many methods are proposed to assign flow direction
of either pit or flat. One of most common methods is proposed by Jenson and
Domingue (1988). The method works in two stages. In the first stage, pits are “filled”10

by increasing the elevations of the nodes within each depression to the level of the
lowest node on the depression boundary. The procedure essentially converts every
depression into a flat area that has at least one external node on its border which has
a lower elevation than the flat. The second stage assigns flow directions to the nodes
in flat areas by an iterative procedure. In each iteration, nodes are assigned flow di-15

rections that point to a neighboring node if the neighboring node has a flow direction.
Flow direction assignments iteratively grow into the interior of the flat from the outlet
node(s).

DEM filling assumes that pits are created by an underestimation of elevation values
within the pits. However, Outlet breaching method modifies DEM filling by assuming20

that the pits are created by an elevation overestimation at the obstruction (Martz and
Garbrecht, 1999). Outlet breaching involves identifying the breach points for each pit
and lowering the elevation values in these areas, subject to user-specified tolerances.
An advantage of outlet breaching is that it typically involves making fewer alterations to
a DEM than filling and much of the original interpolated elevation values, and therefore25

flow directions within a pit, are preserved (Kenny et al., 2008).
Imposing relief across flats is a different method for flat areas. Flats in a raster DEM

are not exactly level in nature because DEM can not represent elevation difference
less than vertical resolution (Martz and Garbrecht, 1993). The method introduced
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a relief algorithm to impose a finite gradient over the flats (Martz and Garbrecht, 1992).
This method required less computer memory compared to the algorithm proposed by
Jenson and Domingue (1988). First, this algorithm searched the perimeter of a flat
for valid downslope cells (exit points). These exit points were used as a source and
neighboring cells within the flat were assigned a small fixed elevation value slightly5

higher than the outlet cell(s). The process is repeated iteratively until the entire flat had
been consumed, thereby creating a gradient across flats based on Euclidian distance
from the outlets. In more advanced forms of relief imposition, a secondary shallow
gradient was imposed to force flow from the higher terrain surrounding a flat (Garbrecht
and Martz, 2000). This second gradient ensured that flow within the flat was consistent10

with the topography surrounding the flat surface and avoided parallel flow paths across
flats that could be witnessed in the methods proposed by Jenson and Domingue (1988)
and Martz and Garbrecht (1993) (Kenny et al., 2008).

A unique partial solution to the problem of pits in a raster DEM is to utilize the ANU-
DEM (Australian National University DEM) thin-plate spline interpolation method (called15

TOPOGRID in ArcInfo) (Hutchinson, 1989, 1996, 1997). The method uses a flow-
directed, single-line hydrology network as a boundary condition during interpolation,
ensuring a downslope gradient for all cells along the hydrology network (Kenny et al.,
2008).

A new method was developed for flow tracing, in which the pits were handled in20

a more realistic way (Tribe, 1992). Spurious pits and real pits were identified and
treated separately. The method involved defining a main flow path through the flat to
an outlet and directing the flow paths for nearby points in the flat towards the main
path. However, because the main flow path was defined as a straight line, it could cut
through an area of higher elevation (Jones, 2002).25

A stochastic approach was proposed in order to solve the directional problem of
the D8 algorithm (Fairfield and Leymarie, 1991). The method solved the directional
limitation of D8, but it brought new problem, it was less efficient and could introduce
undesirable feature in other areas (Jones, 2002). Multiple flow directions were also
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a method (Tarboton, 1997). Drawbacks of the method were the elimination of the uni-
modal link between the flow directions and the complications in defining the catchment
boundary due to the multiple flow direction from a cell (Jana et al., 2007).

The algorithm proposed by Jones (2002) could effectively process both pits and flats.
When processing a flat or pit cell the algorithm searched for a nearest cell with low-5

est elevation (exit point) and found a shortest drainage path between the two cells.
After finding the exit point and shortest drainage path, the algorithm would lower the
elevation of all points along the shortest drainage path to create a consistent gradi-
ent downslope drainage path between the original flat or pit point and the outlet point
(CatchmentSIM, 2007). But in case of very large flat areas, the algorithm did not10

incorporate the aspect into consideration and flow was randomly directed to the neigh-
bouring cell satisfying the priority criteria locally (Jana et al., 2007).

3 Proposed algorithm

3.1 Heuristic information

While searching for outlet of pit or flat, the methods described above only check the15

eight adjacent cells of pit or flat and do not consider the general trend of the DEM. In
other words, they have no additional information about states beyond that provides in
the problem definition. All they can do is generate successors and distinguish a goal
state from a nongoal state. These methods can find the outlet, but they are incredible
and inefficient in most cases. Unrealistic parallel drainage lines, unreal drainage lines20

and spurious terrain features are most likely to be generated.
DEM digitizes the continuous and complex three-dimensional surfaces at discrete

points on a regular grid. In the digitizing processing, a certain amount of information
is lost. The pits and flats could be created by overestimation and underestimation of
elevation values. Checking only the eight adjacent neighbors of pit and flat can not find25

the optimal outlet.
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Heuristic information about the state space can prevent algorithms from blundering
about in the dark (Stuart and Peter, 2003). The proposed algorithm uses the heuristic
information to find the optimal outlet.

3.2 Proposed method

3.2.1 Calculating the incipient flow direction using the basic algorithm5

One of the keys to deriving hydrologic characteristics about a surface is the ability to
determine the direction of flow from every cell in the raster DEMs. A 3-by-3 moving
window is used over a DEM to locate the flow direction for each cell.

The direction of flow is determined by finding the direction of maximum drop from
each cell to its eight adjacent neighbors. When a direction of maximum drop is found,10

the output cell is coded with the value representing that direction. If all eight adjacent
neighbors are no lower than the central cell, the central cell is a pit or flat and has an
undefined flow direction. The cell with an undefined flow direction is then processed by
the algorithm proposed by this article.

3.2.2 Finding the optimal outlet of pit or flat using the proposed algorithm15

After calculating the incipient flow direction, the cell with an undefined flow direction (pit
and flat cells) need advanced processing with the proposed algorithm. The proposed
method is based on heuristic information. The main purpose of the algorithm is to
handle pits and flats with heuristic information in one procedure.

The method would require two data structure, closed list and open list. The closed20

list stores every checked node and the open list keeps the unchecked nodes.
The proposed algorithm uses the heuristic information to evaluate the importance

of the node n. The heuristic information consists of two elements, actual cost and
estimated cost, according to:

f (n)=g(n)+h(n) (1)25
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Where, f (n) is heuristic information of node n, g(n) is actual cost, the difference of ele-
vation between the starting node and the node n, h(n) is estimated cost, the arithmetic
average elevation of the cells in 5-by-5 window centred the node n.

The proposed algorithm is initialized by putting the cell with an undefined flow di-
rection in the closed list. The first node added to the closed list is the starting node5

and all eight adjacent nodes are added to the open list. The nodes in the open list are
evaluated by their heuristic information.

In turned, the node with the maximum heuristic information is added to the closed
list and removed from the open list and its adjacent nodes are added to the open list.
The iteration continues until a node in the open list satisfies the terminating criteria,10

which is an “outlet” for the drainage. The terminating criteria require only one node
with the maximum heuristic information and it has a lower elevation than the starting
node. Finally, the nodes in the closed list are traced from the outlet back to the starting
node in the closed list and assign the flow direction to the node on the path from the
starting node to the outlet.15

While searching for the outlet of the cell with an undefined flow direction, checking
only the nearest eight neighbors is not enough. Since a very small area cannot reveal
the general trend of the DEM. The proposed algorithm always selects the node in
the open list with the maximum heuristic information as the next node to be checked.
This heuristic information ensures the proposed algorithm only tries to select nodes20

that most likely to lead to the direction towards the outlet. The heuristic information
predicates the general trend of the slope, which help find the best outlet with least
time. Schematic diagram of the proposed algorithm is shown in Fig. 1.

When all cells with undefined flow direction are processed by the proposed algorithm,
we can get the flow direction matrix. Using the flow direction matrix as input, the flow25

accumulation matrix is determined. The drainage networks can be derived from the
flow accumulation matrix by specifying a constant threshold.
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4 Experimental results

To examine the suitability and performance of the proposed algorithm, we implement
it in Pascal and make experiments on actual DEM data. For presentation purpose all
raster maps are converted into vector format.

We select the SRTM for our study. The SRTM digital elevation data (Jarvis et al.,5

2008), produced by NASA originally, is a major breakthrough in digital mapping of the
world, and provides a major advance in the accessibility of high quality elevation data
for large portions of the tropics and other areas of the developing world. The SRTM
90 m DEMs have a resolution of 90 m at the equator. The SRTM digital elevation data
has been processed to fill data voids and to facilitate its ease of use by a wide group of10

potential users.
The study area (Fig. 2), between longitude 67◦ to 68◦ E and latitude 34◦ to 35◦ N,

locates in the middle of Afghanistan. The general elevation of the area varies from
2054 to 5048 m and 1200 rows by 1200 columns in the DEM. “Rivers Geospatial Data
Presentation Form” (vector digital data) (USAID, 1990) are used to validate the re-15

sults. Rivers depicts line river features from United States Defence Mapping Agency
(USDMA; 1967–1988) 1:100 000 scale topographic maps.

Figure 3 shows the basic algorithm to extract drainage network from the study area
which contains 1 440 000 nodes and 10 937 pits and flats with undefined flow direction.
Due to the pits and flats, the basic algorithm fail to produce continuous flow lines and20

larger rivers are not delineated.
Figure 4 shows the drainage networks generated using ArcGIS 9.2 which is wide

used by GIS practitioners. The hydrologic modelling functions in ArcGIS Spatial Ana-
lyst provide methods for extracting drainage networks form DEMs. Using the fill tool,
flow direction tool and flow accumulation tool, we can creates a raster of accumulated25

flow to each cell by accumulating the weight for all cells that flow into each downslope
cell. A constant threshold (500) is selected by trial and error. Flow accumulation data
can be used to produce the final drainage networks when cells with values greater than
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the threshold with the con tool. It is obvious that major drainage could be delineated
satisfactorily but the spurious parallel flow channels can be seen and the detailed in-
formation is lost. It is obvious in the red square area in Fig. 4. It is due to the error in
selecting the flow direction of pits and flats.

Figure 5 shows the proposed algorithm for extracting drainage network from the5

study area. In order to compare to Fig. 4 the threshold is also 500. It can be seen
from Fig. 5 that continuous drainage network and major drainage are delineated. The
detailed information can be retrieved and the spurious parallel flow lines can not be
found. In order to avoid these cases, the proposed algorithm takes heuristic information
for hydrologic analysis and tries to capture the general trend of the study area. It is10

more obvious in Fig. 6.
The Fig. 6 shows the detail from the same square region of Figs. 4 and 5 along with

the existing river networks (Rivers Geospatial Data Presentation Form) at the selected
areas. It can be seen from the ten regions that the concentrated flow paths generated
by the algorithm proposed by this article show a close match with the existing river15

networks. But the flow paths generated by the ArcGIS 9.2 show unrealistic parallel
drainage lines, unreal drainage lines and spurious terrain features. From the compar-
ison, it is be found that the proposed algorithm get better and closer match than the
ArcGIS 9.2.

5 Conclusion and discussion20

This paper presents a new method to flow through the pits and flats by searching for
the outlet using the heuristic information to compensate inadequate searching informa-
tion of other methods. Furthermore, the proposed algorithm can handle pits and flats
effectively in one procedure.

The proposed algorithm has been tested with actual DEM data, and the experimental25

evidence suggests that the proposed algorithm can extract drainage networks better
and fully than ArcGIS 9.2. From the comparison of the drainage network generated by
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the proposed algorithm and ArcGIS 9.2, it is be concluded that the extracted drainage
network by the proposed algorithm cannot be entirely matched with the existing river
networks but the propose algorithm shows a closer match and get better result than
ArcGIS 9.2. We believe that if affecting factor of rainfall, soil, vegetation and others is
added to the heuristic information, a closer match result may appear and this is our5

future work.
DEMs digitize continuous and complex three dimensional surfaces at discrete points

on regular grid based on sampling data. However, sampling data are limited and DEMs
are approximate simulation of real surfaces. Elevation sampling error, discrete sam-
pling error, horizontal resolution, and vertical resolution may cause error of topography.10

Heuristic information can reveal the general trend of the DEM and help the proposed
algorithm find the outlet of pits and flats accurately. The proposed algorithm is more
appropriate for the processing of large-scale DEMs, which can be used for spatial
decision-making with regard to large regional sustainable development projects, such
as the planning of drainage areas, formulating responses to flood disasters, determin-15

ing borderlines and other applications.
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Fig. 1. Schematic diagram showing the proposed algorithm.
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Fig. 2. Elevation distribution of the study area.
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Fig. 3. Drainage networks generated using the basic algorithm.
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Fig. 4. Drainage networks generated using the ArcGIS 9.2.
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Fig. 5. Drainage networks generated using the proposed algorithm.
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Fig. 6. Detail of square regions.
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