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Abstract

Distributed hydrological models of sediment and
runoff estimation for simulating the sediment-
runoff-precipitation  processes in  watershed
surfaces require digital maps and some other
information of the basin’s elevation. For example,
the correct execution of erosion models which,
according to the RULSE method, work in a
distributed environment greatly depends on the
quality of such information. The Digital Elevation
Model (DEM), slop, flow direction and
accumulative flow are considered as topographical
derivations, a number of which can be extracted
by standard Geographical Information Systems
(GIS). According to the kind of interpolation
method and DEM cell size, errors like digital
holes and flat zones occur in the DEM. These
errors usually cause some problems in the
representation of the basin runoff and sediment
delivery by hydrological and erosion models. In
order to examine different methods of eliminating
DEM errors, three algorithms are compared in this
paper, namely: D8, DE and combination D8 and
DE. The parameters used in these algorithms are:
length profiles of the main river, the basin’s
accumulative flow, basin slope and comparison of
built DEMs. The result shows that the algorithm
in which the DE (Drainage Enforcement) takes
place primarily and then the elimination of ditches
in the conventional way executed by some GIS
software systems is the most appropriate method.
Conformity of the drainage with paper maps and
also the removal of digital ditches is a way that the
drainage directions in the DEM point correctly to
the water channel, is the main adventage of this
research.

Keywords: hydrology, models, DEM error, filling
methods, DE, DS.
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Introduction

Hydrological models of sediment and runoff of the
event-based type are the main mathematical
instruments for converting rainfall to runoff and
estimating sediments in aquiferous basin surfaces.
Floodwater estimation is considered to be one of the
model’s uses in hydrological engineering. While
traditional  hydrological models have usually
considered the watershed as a monotone unit, new
models have a distributed nature.

The application of GIS for the preparation of the
distributed models data has greatly expanded in the
last few years.

The elevation, slope and flow direction which are
some of the data needed for these models are included
as maps with a suitable scale. Considering that digital
methods in most distributed models are of the limited
subtraction kind, the basin is ruptured as a cellular net.
The preparation of a DEM with a cellular net structure
is of great importance in the effective application of
distributed models.

Preparing a DEM also for hydrological purposes is
especially important because of the element known as
an effective factor in spatial rainfall changes and some
other elevation factors.  Furthermore, many
hydrological processes including water penetration in
the soil, runoff flow direction and speed are
dependents of the watershed elevation and its gradient.
Hence, maps showing topographical derivations
including the slope the dominant slope direction or the
flow direction are needed for the simulation of the
basin’s runoff quantity using hydrological distributed
models. The extraction of these maps is considered to
be a dependent of the method of production and the
quality of the DEM. Moreover, some models use the
changes in the length profile and also the flow
accumulation quantity, which is derived from the
DEM with a specific operation.

In fact, the main method of DEM preparation is
based on the interpolation function existing in the GIS
on the maps which themselves are the result of the

digitalization of the contour lines maps. However, the

production DEM has local errors in comparison with
topographical paper maps considering the basin’s
topographical complexity, the distance between
contour lines, the degree of the basin’s highs and lows,
the size of the chosen cell, the primary precision in the
digitalization of topographical maps and also the
method type.

One of the most significant errors is the creation of
digital pits, areas without sloping or flat areas. These
kinds of errors produced in the DEM are considered to
be some of the main obstacles for the usage of
hydrological models, because areas with artificial pits
or flat surfaces prevent the runoff from running in the
correct direction. Furthermore, by not including the
share of these areas in the basin’s existing runoff they
usually cause some disturbances in the stages of
simulation by the models. One of the basic elements of
reform and comparison of models is a digitalized map
of the watershed drainage and thus making the best
match between the DEM and the topographical paper
maps (as the main accessible source of the
topographical data) is desired.

In this paper, DEM errors are dealt with and then
the method for correcting these errors for the
preparation of a DEM with a hydrological basis is
examined. To achieve this, the software Arc/Info
GRID (ESRT, 1997) watershed with all known
methods of hydrological DEM production were used.
It should be mentioned that the problem errors in the
paper maps are not examined and the field work is not

included.

Study Area
The study area comprises one of the sub-basins of the
Ekbatan dam; the city of Hamadan is located on the
northwestern part of the basin (Figure 1). The highest
point of the basin has an elevation of 3,560 m and the
outlet height of the basin, the lowest point, is 1,960 m.
The area of the basin is around 45.28 kn1’.

The base map of this research is the topographical
map of the geographical department of the army with a
scale of 1 / 50,000, which is used, in most

hydrological and physiographical studies.
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Figure 1- Location of study area (Ekbatan dam)

Flow Direction Determining Algorithm in the GIS
The flow direction determines the direction of the
runoff movement and the speed of the movement of
the runoff. Flow accumulation or the drainage area’s
TCA (Total Contributing Areas) are made available
depending on the flow direction. On the basis of the
DEM many algorithms have been designed in the GIS
that usually use the dominant slope or the direction of
slope for determining the flow direction. The D8
algorithm was first suggested by O’Callaghan and
Mark (1984). In this method, the flow is only emptied
and spilled over from one cell into one of its adjacent
cells, and the chosen cell is the one which has the
highest slope or difference of elevation with that
specific cell. This algorithm is used in some standard
GIS’s like GRID or STAND. The simplicity of this
method and its harmony in declined areas has
expanded its use. But two of its main limitations,
which are the one-dimensional flow in the vertical or
diametrical directions, will not meet the analysis of the
flow in the divergent and convergent areas in which
the width of the flow cut changes towards the
downside.

Other algorithms such as Rho 8, Lea (1992),
DEMON (Costa Cabral and Burges, 1994) and Doo
(Tarboton, 1997) that have not yet been used in
standard GIS have also been designed. The

comparison of these algorithms is not the subject of
this paper. In this research the most commonly used
algorithm which is the D8 that is supported by GRID
ARC/INFO is employed.

Digital Pits and the Algorithm of their
Elimination
In the D8 algorithm, cells without flow direction are
considered as artificial pits. In other words, artificial
pits are cells that have no flow towards any of their
neighboring cells, and their elevation is lower than the
cells around them. With a reduction in the cell sizes,
the number of the pit cells in the DEM increases. The
first examination shows that roughly less than 5
percent of the DEM cells depending on the kind of
method and cell size can be considered pits. The
production of digital pits in the DEM can be caused by
errors of elevation data entering the method or the
bilferal effect of the cell size with the distance of
contour lines in areas with a low slope. Researches
have shown that, even with the elevation data taken as
completely correct, because of the nature and the kind
of methods which enter mathematical estimations into
the calculations the existence of pits in the DEM is
inevitable.

Many algorithms for the elimination of artificial

pits have been presented; the first of them operates by
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the increase of the pit elevation to the lowest elevation
of the eight neighboring cells (the Filling Method).
This method was later on completed more precisely by
O’Callaghan and Mark (1984) and then Band (1986);
Jonson and Dominique (1989) also elevated it. The
main problem of the primary method (Filling) is that it
changes the pit cells into flat areas, and its advantage
is that it does not interfere with the rest of the cells.
Unfortunately, changing the pits into flat areas can
cause the displacement of the location of the drainages
from their main situation. In the method which was
suggested by O’Callaghan and Mark (1984) for the
elimination of flat areas the elevation of every cell in
the DEM is replaced with the according to weight
mean of the elevation of its eight surrounding cells.
This method which is a kind of smoothing filter, gains
some suitable results through a small number of
repetitions in small flat areas where more repetition is
needed it results in the increase of error and an over
smoothing takes place. Nelson and Jones (1995) with a
similar method, used the N by N filter which has a
great application in satellite image processing, but
when it came to execution, many cells were inferred
with.

One of the algorithms suitable for eliminating the
errors is the DE method which was presented by
Hutchinson (1988) and Hutchinson and Dowling
(1991) based on the ANUDEM program. The basis of
this algorithm is the utilization of drainage digital
maps so that the DEM in the location of drainage is
reformed in the direction of the basin slope and the
ultimate effort is also taken to eliminate pits in the
whole basin. But there is no insurance for the complete
elimination of all pits. Furthermore, in this algorithm
the elimination operation of pits in the drainage cells is
a dependent of a maximum limit. This maximum limit
is suggested to be half the quantity of the distance of
the level lines. This method is very effective in the
elimination of pits and the preservation of the model
and the situation of the drainage (Hutchinson and
Dowling, 1991)

Methods and Materials

The following algorithm has been chosen for the
comparison of different methods of eliminating digital
pits in this research. Before executing the algorithms,
first the 100 m and drainage lines were digitalized.
Then, using the ANUDEM method with the 60-meter
cell size, the primary DEM was extracted. The end
result and the expanse of the primary model pits are
shown in Figure 1. Also, in order to examine the three
different algorithms, three independent parameters
were used. These three algorithm parameters are: the
main river length profile, flow accumulation and basin

slope.

Algorithm 1

In this algorithm, a method called fill (Jenson and
Dominique, 1998) which is one of the existing
dependents in the software ARC/INFO was used. The
main result of this method showed that the elevation of
the outlet is 1,960 m and the drainage area in the outlet
is equal to 46.24 km’. After executing the extraction
dependent, the flow direction and the flow
accumulation (Figure 2), a digital drainage map was
also obtained in which the displacement in comparison

with drainage was seen.

Algorithm I1

In this algorithm the DE method was used. The
elevation of the outlet was 1,960 m and the drainage
area was calculated to be 43.5 km®. Although all the
pits are not necessarily eliminated by this method, if a
pit is situated in the path of a river, the accumulative
flow continues to increase along the drainage (through
the execution of the DE method). The situation of the
remaining pits after the execution of this algorithm is

shown in Figure 1 and the flow model in Figure 3.

Algorithm 111

In algorithm Illa, algorithms I and II were used such
that the out put of was regarded as the Input for
algorithm I. In this method the outlet elevation was

equal to 1,960 meters and the drainage area in this area
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was calculated to be 45.9 km? (Figure 4). In algorithm equal to three cells. The outlet of this algorithm is then

IIIb, algorithm II is executed in another way because placed as the entry point of algorithm I; the elevation
this algorithm changed all the elevations of the DEM of outlet is equal to 1,960 m and the drainage area in
cells, while the DE is performed in algorithm IIIb by this algorithm is 45.5 kilometers square (Figure 5)

determining a distance from the river. This region is

R river

@ pits in original DEM
# pitsin algorithm II

Elevation

i 119522183
C12183-2414
] 2414-2645
[ 2645-2875
I 28753106
I 3106-3337
I 3337-3568

Flow Accumulation r~

IR0
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25-100
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Figure 2- DEM and drainage with spatial distribution of pits.
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Figure 3- Flow accumulation map for algorithm I.

WA Ll “,H”Lu:, t‘AJLG% Jle osas e).L:
ENVIRONMENTAL SCIENCES Vol.4, No.3, Spring 2007

mS53m



Flow Accumulation

0-5

5-25

25-100
100-500
500-1000
1000-5000
5000-10000
10000-12089

IRINALL]

!

TCA=43.5 km*

Figure 4- Flow accumulation map for algorithm II.
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Figure 5- Flow accumulation map for algorithm Illa.
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sudden falls. In algorithms 2 and 3, this phenomenon

l

Flow Accumulation
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Figure 6- Flow accumulation map of algorithm IIIb.

Results
By executing algorithms I, II and III the reformed
DEM were created. Then, according to the DEM, the
flow direction and flow accumulation were also
calculated. Using the accumulative flow map and
dividing it into groups, the new drainage map was
produced and compared with the existing map
(extracted from the digitalization of a topographical
paper map). The results of examination parameter are
as follows:
Main River Length Profile

In Figure 7 the main river length profile in all
three algorithms is shown along with the primary
profile of the paper map. The length profile drawn is a
part of the main drainage path from the basin outlet to
the elevation of 2,655 m. As it can be seen in the
profile resulting from algorithm I, parts of the path are

systematically low sloping and as a result they have

is not seen because of the nature of these algorithms
which is the entrance to a drainage net for the
optimization of the DEM in order to match the built
Dem with the existing drainage model, and also no
pits are seen in the path of the drainage in algorithms
II and III. As was expected, the match of the profiles
of algorithms II and III with the existing profile is
better. Table 1 also shows the displacement of the
main drainage extracted from the three algorithms
with the main drainage (extracted from the digital

map) according to cell number.

Table 1- Statistical results of the drainage moving index between

algorithms I and III and a major river of the basin.

Algorithm I Algorithm IIT
Difference =1pixel 66 0
Difference =2 pixel 2 0

WA Ll te\}a.ubJLA.:.l ‘ﬁJLG%, J bvas f\"Lﬁ
ENVIRONMENTAL SCIENCES Vol.4, No.3, Spring 2007

m55m



wr = = —=

8000 1000 1200 1400

Distance from outlet

Figure 7- Main River Length Profile in three algorithms
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Flow Accumulation

Bearing in mind the importance of the element of flow
accumulation, maps of this element were also obtained
based on all three algorithms. Frequency changes in
flow accumulation were compared in Figure 8. As can
be seen, the distribution of the quantity of flow
accumulation in algorithms II, III and IIIb compared to
algorithm I, cells with low flow accumulation are a
greater percentage and the distribution of the quantity
of the flow accumulation in algorithms II and III is
close to one another. The reason for this is the similar
drainage structure in algorithms II, IIla and IIIb for the
use of drainages. This drainage structure, as is clear in
Figure 8 showing the flow accumulation of these
algorithms, it has a paw form which causes low flow
accumulation cells to reach a greater percentage.
Moreover, the whole basin drainage area in the three
algorithms is different from one another and this is

because of the existence of a pit in algorithm II, on the

one hand, and the entrance of a number of outside
basin cells in the drainage area in algorithms I, Illa
and IIIb. In the primary DEM 35 cells and in the DEM

of algorithm II, 13 cells were recognized as pits.

Basin Slope

One of the most important elements needed for
hydrological models is the basin slope. The final
results of building a slope map in all three algorithms
are compared in Figure 9. While the results of
algorithms II and Illa are almost the same, the similar
distribution of slope resulting from algorithm I and the
primary DEM slope also show the limited number of
pits as a result minor changes in the primary DEM.
Moreover the distribution of the slope in algorithm
IIIb, solely because it changes the elevation of the
cells close to drainage, is closer to the slope resulted

from algorithm I and the primary DEM slope.
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Figure 9- Slop frequency distribution.
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Comparison of the Built DEM’s

Subtraction of the main DEM from the used
algorithms’ DEM showed that algorithm I is slightly
different from the main DEM (Table 2), which is due
to the elimination of a number of 35 pits in this
algorithm. But algorithm II and Illa have a great
difference because of entering the river into building
the DEM. The amount of this difference is the same in
both algorithms (Table 2), and the reason for this
similarity is that algorithm Illa only fills pits present in
algorithm II and algorithm IIIb by determining a
region of drainages that interferes with the DEM. This
region is equal to three cells. In this algorithm, the
percentage of cells in the main DEM has changed.

Summary and Conclusion

In this paper, three algorithms were examined in order
to eliminate DEM digital errors and their effect on
some basin elevation elements. To achieve this goal,
first the primary DEM was produced on the basis of
contour lines digital maps with the ANUDEM method.
Algorithm I only attempts to eliminate digital pits by
increasing their elevation. Furthermore, the drainage
resulting from it does not necessarily match the digital
drainages. Algorithm II deals with the execution of the
DE method channel network combination and

maintains the main drainage directions in drainage.

Algorithm III is a mixture of the execution stages of
algorithm II and then III. The comparison of results
was carried out on the main drainage length profile,
the flow accumulation distribution or the basin’s area
of drainage and slope. The comparison of the length
profiles showed that algorithms II and III successfully
simulated the profiles extracted from paper maps.
Algorithm I only tries to eliminate the pits without
considering the situation of the drainage nets and
caused major errors in the length profile. For the flow
accumulation and basin slope, algorithms II and III
reached similar results.

In sum, it can be said that for the basin under study
algorithm IIlb, as a combination of the other two
algorithms, (on the condition that DEM changes only
take place in one section of the drainages), can
preserve the general drainage model and may be
regarded as the most suitable method for the correction
of DEM errors. Algorithms I and II cannot by
themselves present suitable results for the elimination
of the DEM errors and the sustenance of the drainage
model at the same time even in such a relatively
sloping basin. A basin with a moderate slope needs a
special examination of their own because the
probability of having DEM errors is many times

higher than basins with a high slope.

Table 2- Differences between the original DEM and three algorithms.

Standard Cells have
Min Max Mean Deviation changed
Algorithm I- original DEM -1 -0.0025 0.018 35
Algorithm IIl(a)- original DEM -197 755 15 60 12656
Algorithm III(b)- original DEM -4 1.32 2.8 2135
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