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Abstract: Hydrological cycle research requires a detailed analysis of the involved parameters to
understand watershed behavior comprehensively. In recent decades, both Geographic Information
Systems (GIS) and Digital Elevation Models (DEMs) were implemented and took a substantial role in
watershed geomorphological parameterization; however, the variability of these instruments remains
a challenge, together with high-resolution DEMs being unavailable, requiring digital processing to
improve resolution. This research aims to merge DEMs and evaluate GIS geoprocessing algorithms
to determine drainage networks and the geomorphological parametrization of a semiarid watershed.
DEMs with resolutions of 1.5, 5, 12.5, and 30 m, the Jenson/Domingue (J/D) and Wang/Liu (W/L)
fill algorithms; and D8, D, KRA, and MFD flow routing algorithms were used. One of the research
findings proved that the divergences of the drainage networks are mainly attributed to filling
algorithms and not flow routing algorithms; the shifts between the networks obtained in the processes
reach horizontal distances up to 300 m. Since the water movement within the watershed depends on
geomorphological characteristics, it is suggested that DEM-based hydrological studies specify both
the resolution and the algorithms used in the parametrization to validate the rigidity of the research,
improving estimate areas of high hydrological risk.

Keywords: fill algorithm; DEM; GIS; drainage networks

1. Introduction

One of the most important components for understanding the behavior of natural
resources in a watershed is geomorphometry. Through mathematical measurements and
terrestrial surface processing, geomorphometry allows for knowing how drainage pat-
terns function, as well as water conservation, sediment production, and the soil erosion
state within a hydrological system [1–4]. With the geomorphological data, it is possible
to generate hazard and flood risk maps [5], estimate flows for hydraulic purposes, and
to analyze anthropogenic activity effects [6]. The hydrological, geomorphological and
ecological processes of an environment are susceptible to the topographic surface [7–9]. In
particular, the hydrological response of the watershed is significantly controlled by geomor-
phological parameters [10,11]. The surface and sub-surface runoff dynamics are intimately
linked to the slopes and drainage networks of the watershed channels; the geomorphology
mainly impacts the catchment area, the travel times, and the flow hydrogram changes [12].
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Therefore, determining geomorphological parameters is crucial to generating accurate
maps and modeling the water redistribution within the watershed [13].

Initially, the terrain configuration was achieved through collaborator mapping, fol-
lowed by field studies [14]. After this, techniques such as photogrammetry based on analog
restorers were added. Years later, the use of DEM derived from implementing GIS and
remote sensors became popular [4,15–17]. These advances were driven by the existing
databases that provide DEM from practically anywhere on the planet. Advanced technol-
ogy was incorporated to obtain surface information, including digital photogrammetry,
Light Detection and Ranging (LiDAR), and laser scanners. Digital algorithms can be added
to these advances to process information more quickly and accurately [1,2,5]. The evolution
in geomorphometric characterization allowed for important progress in the determination
of the physical parameters of the watershed, thereby achieving a better understanding of
the behavior of the hydrological cycle.

The geomorphometric characterization was carried out by traditional approaches
(as conventional topographic surveys, geodesics, among others) [14], geoprocessing, and
two-dimensional modeling with high-resolution data [12]. Geoprocessing-based methods
generally used a raster DEM as a base source ranging from medium to coarse resolu-
tion, depending on availability, followed by the geomorphometric characterization of
the watershed [18]; this processing is usually carried out using GIS with different algo-
rithms. The processes based on DEMs are widely selected and various research works
applied this approach, using programs such as ArcGIS (e.g., [1,13,19–33]) and SAGA GIS
(e.g., [7,15,34–36]). It is worth mentioning that only few studies use high-resolution data,
and they correspond to small study areas [12,15,35,37,38]. In many regions around the
world, there are no high-resolution DEMs [17,39,40], and producing high-resolution to-
pography presents various difficulties, such as economic or technical disadvantages, the
processing time, inaccessibility, and remoteness from study areas, among others.

The literature agrees that DEM resolution is vital for hydrological
modeling [5,12,37,39,41–44], as well as the susceptibility of the results in consideration
of the flow fill and routing algorithms [45–47]. Most studies are limited to the systematic
use of the tools available for hydrological geoprocessing, and just a few assess the effec-
tiveness of these methodologies. Some studies analyze routines from a computational
cost approach [46], while others evaluate basin scale dispersions [47]. Still, the sequels at
the sub-basin scale or channel orders are not explicitly determined. This research details
the relevance of DEM resolution as the hydrological geoprocesses within the GIS envi-
ronment simultaneously. The aims of this research were: (1) assess the efficiency of the
Jenson/Domingue (J/D) and Wang/Liu (W/L) fill algorithms, the flow routing algorithms
D8, D∞, MFD, and KRA for watershed delimitation and drainage network generation; and
(2) analyze the effect produced by the DEM with resolutions of 30 m and 1.5 m (merged)
on the geomorphological parameterization of a watershed.

2. Methodology
2.1. Study Site

The watershed “Chilitas” is located in the center of Mexico, in the state of Zacate-
cas, 20 km south of the capital; it has an approximate area of 100 km2, as illustrated in
Figure 1. The geographic coordinates of the centroid are approximately 22◦39′17′′ N and
102◦39′57′′ W, datum WGS84. It is a rural watershed with a population minor to 500
inhabitants distributed in two towns; no sewage is discharged into the streams and there
are practically no reservoirs over the streams or appreciable depressions. Regarding the
use and soil covering, 62.4% of the surface is natural pasture, 18.6% is dedicated to annual
seasonal agriculture, 9.3% is crasicaule scrub, 4.2% is for annual agricultural watering, 3.6%
is secondary shrub vegetation, 0.43% is urban construction, and less than 0.03% is pine
forest. The predominant soil type is phaeozem, with 61.8% of the surface, followed by
kastañozem with 32.5%, and 3.7% leptosol [48]. The climate is semi-arid, with rains in
the summer, mainly from June to September [49]. The average maximum and minimum



Water 2022, 14, 2363 3 of 25

temperatures are 29 ◦C and −2.8 ◦C, respectively, with a mean precipitation of 428 mm per
year; the values were obtained by the weather station installed in the watershed and were
cross-match referenced with data from [50]. The study area features four rain gauges and
two hydrometric stations (Figure 1). It is assumed that the watershed is possibly one of
the groundwater recharge sites of the “Benito Juarez” aquifer, one of the most important
aquifers in the region, hence the interest of study.
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Figure 1. Location of the study site.

2.2. Data Set Used

DEMs with resolutions of 1.5, 5, 12.5, and 30 m were used; the literature recommends
high resolutions [5,12]. Resolutions of 1.5 and 5 m DEMs were obtained from the National
Institute of Statistics and Geography (INEGI, Mexico) [51]; the high resolution without cost
was the primary requirement. The DEM of Phased Array type L-band Synthetic Aperture
Radar (PALSAR) produced by the Advanced Land Observing Satellite (ALOS) with 12.5
m resolution was employed to complete a DEM that covered the entire study area with
the higher resolution without cost. INEGI DEMs were derived from airborne sensors and
remote satellite data. The Phased Array type L-band Synthetic Aperture Radar (PALSAR)
DEM produced by the Advanced Land Observing Satellite (ALOS) with 12.5 m resolution
completed a DEM that covered the whole study area with a higher resolution without cost.
The Advanced Space Thermal Reflection and Emission Radiometer (ASTER) Global Digital
Elevation Model third version (GDEM3) (freely available), with DEM 30 m resolution, was
used as a reference due to less elevation void area than other DEMs of equal resolution.
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The hydrographic map in vector format of the area was obtained from the topographic
maps scale 1:50,000, a product of INEGI derived from digital photogrammetry [52]. Control
points were measured in the field with a dual-frequency Topcon (Hiper Lite) GPS receiver
with two antennas at a static relative position to the riverbed centers. The points were
initially identified with satellite images and then verified in the field. The 60 control point
positions were used to evaluate the effectiveness of the results in the generation of drainage
networks.

2.3. Geomorphological Parameterization

The methodology for geomorphology parameterization in a GIS environment is re-
sumed in Figure 2, which was developed using ArcGIS version 10.5 and SAGA GIS version
2.3.2 (free software) [7,15,18,30,33,36,37,53].

Water 2022, 14, x FOR PEER REVIEW 4 of 25 
 

 

[52]. Control points were measured in the field with a dual-frequency Topcon (Hiper Lite) 
GPS receiver with two antennas at a static relative position to the riverbed centers. The 
points were initially identified with satellite images and then verified in the field. The 60 
control point positions were used to evaluate the effectiveness of the results in the gener-
ation of drainage networks. 

2.3. Geomorphological Parameterization 
The methodology for geomorphology parameterization in a GIS environment is re-

sumed in Figure 2, which was developed using ArcGIS version 10.5 and SAGA GIS ver-
sion 2.3.2 (free software) [7,15,18,30,33,36,37,53]. 

 
Figure 2. Workflow chart of geomorphological parameterization: (a) flow diagram of the general 
methodology in GIS environments for geomorphological analysis; (b) watershed assessment de-
rived from the different delimitations; and (c) assessment of drainage networks for each scenario. 

2.3.1. Preprocessing 
This research proposed merging DEMs to achieve the highest resolution freely avail-

able from the study area. As illustrated in the area marked with a red dashed line within 
Figure 2a, two preprocesses to the DEMs were applied. In the first preprocess, the 1.5, 5, 
and 12.5 m resolution DEMs were used to obtain the DEM called “merged DEM”; the 
second preprocess was applied to the 30 m resolution DEM to get the DEM called “DEM 
30 m”. The preprocesses were carried out in ArcGIS software version 10.5. To achieve the 
merged DEM, the 5 and 12.5 m DEMs were resampled to a cell size of 1.5 m, thus stand-
ardizing the cell sizes; then the DEMs were merged with the 1.5 m DEM. It is worth men-
tioning that the use of resampled DEMs dos not imply that the level of detail of the DEM 
is increased; the zones that initially had a larger cell size continue to be areas that represent 
entities of the surface of 5 and 12.5 m. 

Figure 2. Workflow chart of geomorphological parameterization: (a) flow diagram of the general
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from the different delimitations; and (c) assessment of drainage networks for each scenario.

2.3.1. Preprocessing

This research proposed merging DEMs to achieve the highest resolution freely avail-
able from the study area. As illustrated in the area marked with a red dashed line within
Figure 2a, two preprocesses to the DEMs were applied. In the first preprocess, the 1.5,
5, and 12.5 m resolution DEMs were used to obtain the DEM called “merged DEM”; the
second preprocess was applied to the 30 m resolution DEM to get the DEM called “DEM
30 m”. The preprocesses were carried out in ArcGIS software version 10.5. To achieve
the merged DEM, the 5 and 12.5 m DEMs were resampled to a cell size of 1.5 m, thus
standardizing the cell sizes; then the DEMs were merged with the 1.5 m DEM. It is worth
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mentioning that the use of resampled DEMs dos not imply that the level of detail of the
DEM is increased; the zones that initially had a larger cell size continue to be areas that
represent entities of the surface of 5 and 12.5 m.

On the other hand, in attention to the vector hydrographic network extracted from the
topographic map, the 30 m DEM was reconditioned by considering that a lower spatial
resolution implies fewer cells per unit area; this preprocess is indicated in the area marked
with a red dashed line in Figure 2a. Reconditioned DEMs were utilized in previous
studies [39], ensuring that the lowest cells of the DEMs are located in the course indicated
by the hydrography.

Filling Depressions

Depressions in DEM are generally considered obstacles to hydrological
analysis [15,43,54,55]. Depressions (sinks) are cells surrounded by others with higher
elevation; this scenario does not offer defined flow continuity or direction and is presented
in most DEMs [38,39,56–61].

Although not all depressions should be labeled as errors, there are surfaces naturally
dominated by descents and endorheic areas [15,38,42,62,63]. Therefore, not all DEMs with
a fill process should be “corrected”. However, to ensure hydrological connectivity by flow
routing algorithms, most methods to delimit basins and define drainage networks are
based on DEMs without depressions [24,45,64–68].

The study area has no domain of either natural or anthropogenic depressions; the
first phase is to eliminate the sinks remaining with a DEM fill processing. This research
examines the methodologies proposed by Jenson and Domingue (J/D) [66] and Wang and
Liu (W/L) [59] to perform the filling with the help of ArcGIS and SAGA GIS software.

The J/D algorithm performs a series of iterations to fill the cells within each sink to
the lowest elevation of the depression-contributing area [66]. It is one of the most widely
used algorithms for hydrological processing software, for example, ArcGIS [57], HEC GEO-
HMS [69], and GRASS GIS [70]. Possible drawbacks of the J/D algorithm are smoothing
if applied excessively and loss of representative information from the original DEM in
trouble-free areas [59].

The W/L algorithm identifies and fills cells by considering, if required, preservation
of the downstream slope along the flow path [59], thus avoiding zero slopes between the
filled cells [56].

2.3.2. Hydrological Processing

The following stages are required to establish a catchment area and drainage network
channels of a watershed in environment GIS (the area marked with a blue dashed line
within Figure 2a exhibits the hydrological process).

Flow Directions

Each cell directs the flow to one or more of the eight adjacent cells; the cells with
the greatest slope are selected. This procedure can present variations in consideration
of the GIS or the fill algorithm. Flow directions in ArcGIS are determined by applying
the eight-direction or deterministic 8 (D8) method, which is one of the oldest and most
used algorithms [61]. D8 is a unidirectional flow routing algorithm (single-flow direction
method), which tracks each cell separately within the DEM to the limits [26,66]. If one or
more downstream cells have the same elevation value in several directions, the flow is
directed according to the most probable orientation [71]. It is worth mentioning that some
authors consider D8 inadequate since generating dispersion in the flow and contributing
areas is indefinite in the DEM [72–74]. On the other hand, the W/L algorithm simultane-
ously fills depressions and identifies the optimal spill path between the cells in SAGA GIS.
Therefore, based on the elevation delivered by the W/L filling process, it is revealed to
which of the eight neighboring cells the flow is directed [56,60]. For both methods, a raster
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map is obtained, in which each cell indicates the numeric value corresponding to the flow
direction.

Flow Accumulation

The catchment zone, known as flow accumulation, is the most crucial parameter
for hydrological processing [8,60]. Flow accumulation algorithms provide a structured
representation of terrestrial flow, the watershed for quantifying runoff [47]. The flow
accumulation of a cell constitutes the amount of water mass that comes from upstream
cells that are eventually contributors [24,73,74]. The methods used to generate a grid of
catchment areas differ according to the flow routing algorithm. A raster map is obtained
showing the accumulated flow for each cell; it was determined by the accumulation of the
weight of all cells flowing into each cell downstream [39,56,60].

Cells with high flow accumulation are considered to be flow concentration areas [57]
and can be used to identify streams. Unidirectional flow routing algorithms D8 and
Kinematic Routing (KRA) [58] were used to determine the drainage network. D8 sends the
entire water mass from a cell to a unique adjacent cell with a lower elevation [73]. KRA
assumes that the flow originates in the center of the source pixel and travels kinematically
as a source point. Similar to a ball rolling through the DEM, without restricting its position
to the center of the cells, and without angular limitations and the flow rolls through the
DEM [58].

Three flow routing algorithms were used in the delimitation of the watershed, the D8
algorithm and the algorithms of two-dimensional flow Deterministic infinity (D∞) [31] and
the divergent flow called Multiple Flow Direction (MFD) [72] were included. The D∞ algo-
rithm considers that the topographic surface is composed of interconnected overlapping
triangular faces; the water mass flows from the center of a cell to the two adjacent cells with
the greatest decrease [31,60,73]. The MFD algorithm delivers the water mass to more than
one adjacent cell, achieving a dispersed flow pattern [72].

Determination of Drainage Network and Watershed Delimitation

The drainage network is determined by applying map algebra on the raster map
of the accumulated flow. It is necessary to define a threshold for quantifying the flow
accumulation value; therefore, multiple networks can be generated. A viable criterion for
determining the threshold is to use known data, such as a hydrographic network, prior
measured areas, or high spatial resolution images of the study area [17,39].

Concerning the delimitation of the watershed, the outlet must be established to deter-
mine the flow contribution area. Afterward, the desired flow routing algorithm is applied
to quantify the contributing area to the indicated site. The result is the watershed water
dividing line, from which it is possible to measure diverse geomorphological parameters.

Geomorphological Parameters Quantification

The parameters considered in this study are summarized in Tables 1 and 2. Basic
parameters of the watershed are achieved with spatial analysis tools within a GIS environ-
ment. The mean slope of the main channel and the remaining parameters are calculated by
the equations listed in Tables 1 and 2.

Table 1. System of methods and principles used for the computation of the geomorphometric
parameters of basic and shape.

No. Name Equation Reference

Basic parameters

(1) Area (A) A = Watershed surface area (km2) [75]
(2) Perimeter (P) P = Watershed perimeter (km) [75]
(3) Main channel length (Lc) Lc = Main flow channel length (km) [75]
(4) Stream order (u) u = Stream order (unitless) [76]
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Table 1. Cont.

No. Name Equation Reference

Basic parameters

(5) All number of flow channels (Nu) Nu = Number of flow channels [75]

(6) All channel lengths (Lu) Lu = Length of all the flow channels
in the watershed (km) [75]

(7) Mean slope of the main
channel (Sc) Sc =

(
Hmax−Hmin

Lc

)
100 (%) [75]

Shape parameters

(8) Compactness coefficient (Kc) Kc =
P

2
√

πA
(unitless) [77]

(9) Circularity ratio (Rc) Rc =
4πA

P2 (unitless) [78]
(10) Elongatio ratio (Re) Re = 1.128

√
A

L (unitless) [79]

Table 2. System of methods and principles used for computation of geomorphometric parameters
related to drainage.

No. Name Equation Reference

Drainage parameters

(11) Stream frequency (Fu) Fu = Nu/A (channels/km2) [80]
(12) Drainage density (Dd) Dd = Lu/A (km/km2) [75]
(13) Overland flow length (Lof ) Lo f = 1/2Dd (km) [75]
(14) Constant channel maintenance (C) C = A/Lu = 1/Dd (km) [79]
(15) Concentration time (Tc) Tc = 0.066

(
Lc√
Sc

)0.77
(h) [81]

(16) Texture ratio (T) T = Nu/P (channels/km) [82]
(17) Drainage intensity (Di) Di = Fu/Dd (unitless) [83]
(18) Average extent of runoff (E) E = A/4Lu (km) [84]
(19) Torrential coefficient (Ct) Ct = Nu1/A (channels/km2) [85]

3. Results and Discussions

Scientific literature reports that DEM resolution should be as high as possible (<5
m) [37,41,42]; however, in countries where available DEM are of coarse resolution (most
of the terrestrial surface), other alternatives are required. On the other hand, it is stated
that the implications of some algorithms used in the hydrological processing of the DEMs
are negligible [15]. Therefore, both DEM resolution and processing algorithms SIG should
be considered a significant influence on the characterization of the watershed, and conse-
quently, on the hydrological behavior of the water. Pre-treated DEMs (merged DEM and
reconditioned DEM 30 m) were subjected to the processing algorithms.

3.1. Comparative of Fill DEMs

The watershed obtained with the most excellent area derived from the DEM dataset
process was designated as the surface extent for analyzing the results in the fill and flow
direction raster. To exhibit divergences between the J/D and W/L fill algorithms, the
difference in elevation between each cell of pre-treated DEMs against the fill DEMs was
determined for each resolution (Figure 3).
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Histograms of elevation differences expressed were determined in percentage,
including the minimum and maximum variations; the data found are summarized in
Table 3. The differences in elevation show mostly values close to zero (0–2 m); however,
important differences in the fill DEM 30 m were detected when using the algorithm of
W/L, in both negative and positive values (56.2% of the cell range from −2 to 0 m), the
product of a DEM smoothing. SAGA GIS generated a DEM smoothing within the same
cell-filling tool for this algorithm. The W/L algorithm induces the highest elevation
changes for two reasons: the slope gradient (in this research, a gradient of 0.1◦ was
applied) and the smoothing (implicit in the SAGA GIS). In agreement with Engelhardt
et al. [6], smoothing originates flattening of local topographic characteristics, changes in
both slopes and water dividing lines and also affects the calculation of flow direction.
The maximum increase in the elevations of some cells (19–27.2 m), showing a more
significant effect over the DEM 30 m (Table 3). According to the results, the less affected
raster by the filling is the merged DEM; the smoothing does not affect this resolution.
Meanwhile, the J/D algorithm elevates cells without considering the slope, where cells
with the same elevation can be presented. It is noticeable that the original topography
suffers alterations on a coarse resolution.

Fill DEMs with the same resolution reveal a change in elevation similar, though not
identical. Contrary to Pardo-Igúzquiza’s [15] report that the methodologies of J/D and
W/L produce the same result; in this research, it is evidenced that significant differences are
caused by fill algorithms; the impact increases by decreasing the DEM resolution (Table 3).
The difference increases by employing a higher slope gradient in the W/L algorithm. It
is worth mentioning that the fill DEM is the foundation of the following processes and
variations have a significant impact.
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Table 3. Percentage of elevation variation between the pre-treated DEMs and the fill DEMs.

Elevation Difference
(m)

Cells Percentage (%)

Fill Merged DEM Fill DEM 30 m

J/D W/L J/D W/L

<−2 0 0 0 9.8
−2 to 0 0 0 0 56.2
0 to 2 99.1 98.3 96.5 26.3

>2 0.9 1.7 3.5 7.7
Min. value (m) 0.0 0.0 0.0 −9.0
Max. value (m) 19.0 19.4 29.4 27.2

The impact of the filling can be observed on the watershed slopes by assessing the
obtained average slopes and the area percentages regarding the relief type (listed in Table 4)
in agreement with the IGAC classification [86]. The main variation occurs on the flat
and lightly flat relief, again due to resolution and slope gradient. The difference between
the mean slopes of the watershed is approximately 1% for the two resolutions. Some of
the geomorphological parameters that are directly influenced by the relief slope are the
concentration time (Tc), the mean slope of the main channel (S) and the slope of the hillsides
of the watershed.

Table 4 shows that in the highest resolution DEM (merged DEM), the relief of the
watershed is predominantly flat (average of 68.9%). In case the DEM of 30 m prevails, there
is a lightly flat and inclined relief of 70.7%. The relief was verified with a field visit, finding
that the study site corresponds to a light flat. Flat reliefs are more susceptible to changes
by smoothing or aggregation due to changes in the appearance of slopes [41]. The slope
variations directly affect the water speed travel (in advance and recession), the hypsometric
curve, the hydrographs, the flood peak times, the soil erosion, and consequently the
runoff estimates and the flow design that support the waterworks safety. At the sub-basin
scale, the effects of slopes on hillsides and channels propagate in surface and subsurface
runoff [21,28,87,88].

Table 4. Area percentage regarding the relief type and mean slope of the watershed.

Relief Type Range Slope
(%)

Watershed Area (%)

Fill Merged DEM Fill DEM 30 m

J/D W/L J/D W/L

Flat 0–3 68.9 69.0 18.7 21.7
Lightly flat 3–7 1.0 1.0 41.8 44.3

Lightly inclined 7–12 0.0 0.1 28.9 26.1
Strongly undulating 12–25 20.6 20.7 10.2 7.7

Strongly inclined 25–50 8.7 8.4 0.4 0.2
Steep 50–75 0.7 0.7 0.0 0.0

Very steep >75 0.0 0.0 0.0 0.0
Mean slope of the watershed 7.20 7.08 6.59 6.04

3.2. DEM Comparison Flow Direction

Flow directions influence the quantification of flow accumulation [46], parallel to
delineating the watershed and drainage networks. The results of the flow directions raster
were compared between DEM resolutions (see Table 5). There is an apparent difference
between the flow directions of the two resolutions. The north (N) flow direction prevailed
and the average maximum difference was 9.6%.
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Table 5. Cell percentage according to flow directions.

Flow Direction

Cells Percentage (%)

Merged DEM DEM 30 m
Max Difference

J/D W/L J/D W/L

E 24.2 23.0 14.1 13.7 10.5
SE 0.8 1.5 10.3 9.3 9.6
S 23.3 23.2 14.5 15.1 8.8

SW 0.6 1.1 8.8 9.0 8.3
W 21.0 21.5 11.9 14.6 9.6

NW 0.8 1.5 10.0 9.7 9.1
N 28.3 26.6 18.9 18.3 9.9

NE 0.9 1.6 11.5 10.3 10.6

Raster maps were generated to analyze the differences in the direction of each cell, post
the filling process. Figure 4 displays the areas with significant unequal directions (white
zones) that coincide with the sites where the fill algorithms mainly affected the original
DEM (flat reliefs). Flat reliefs were pointed out by Nardi et al. as generators of technical
issues for identifying channels [45]. In the DEM 30 m (Figure 4b), 28.5% of the total area
displayed unequal flow direction patterns, while the merged DEM (Figure 4a) resulted in
17.5% of the area with distinct flow directions. Engelhardt et al. [6] compared directions
between original DEMs and smoothed or aggregated DEMs and found that resolution
affects further than the type of algorithm selected, which coincides with the results of this
investigation.
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3.3. Geomorphometric Parameterization

The geomorphological parameters were determined to understand that the estimates
of tributary areas and flow concentrations depend on the routing algorithms [89,90] and the
DEM resolution [44,91]. Based on flow routing algorithms D8, D∞, and MFD, the watershed
area (A) and perimeter (P) were obtained (see Table 6). The watershed areas W1, W2, W3,
and W4, correspond to the four scenarios illustrated in Figure 2b. The range of values
for the area was 100.381 km2 to 103.524 km2 and the average area of the watershed was
101.544 km2. According to the classification of Faustino and Jimenez [92], the watershed



Water 2022, 14, 2363 11 of 25

is classified as a micro-basin. The area value provided by the MFD algorithm over the fill
DEM of W/L reaches 1.9% more than the average area—it was the most scattered. There is
a greater difference in the estimated areas over a coarse resolution. On the other side, the
average perimeter was 74.514 km, with a maximum variation of 19.351 km, representing
approximately 26% of the difference. The perimeter directly affects the shape parameters
that define the form of the watershed and provide an idea of the behavior of the runoff.

Table 6. Watershed area and perimeter calculation.

DEM Fill Algorithm Routing Algorithm Area (km2) Perimeter (km)

Merged DEM

J/D D8 (W1) 101.069 72.699

W/L
D8 100.767 71.946

MFD 102.820 89.133
D∞ (W2) 100.914 72.531

DEM 30 m

J/D D8 (W3) 101.099 72.375

W/L
D8 100.381 70.385

MFD 103.524 77.261
D∞ (W4) 101.776 69.782

Max difference 3.144 19.351

Achieving the highest accuracy in quantifying the watershed area is vital since it
influences the estimates of most theoretical hydrological models. Wooding [93] and Lee [87]
referred to the direct influence of the area in hydrological investigations. Similarly, dos San-
tos and Fewtrell expressed that the discrepancies in the watershed area impact simulations
for estimating rainwater and sediment distribution.

Comparing areas of each scenario manifest the MFD algorithm overestimation in
delimitation since it includes adjacent areas of other watersheds. Figure 5 displays some
watershed boundaries of the merged DEM where the D8 and D∞ algorithms delineation
were similar, contrasting with the delineation executed by the MFD algorithm. The MFD
algorithm exhibited greater discrepancy and overestimation in concave hillsides, while
in convex hillsides, the delimitation approaches the other algorithms. These findings are
consistent with Seibert [46] and Huang [73] about unrealistic dispersion generated by
multidirectional algorithms.
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Meanwhile, the drainage network was generated with the accumulated flow obtained
by the D8 and KRA algorithms. The stream order of the watershed in this research was esti-
mated at five. The geomorphometrics quantification results are summarized in Table 7. The
average length of the main flow channel (Lc) was 20.665 km, with a maximum variation of
1.445 km (approximately 7%). The average slope of the main channel (Sc) resulted in 1.21%,
with a maximum difference of 0.167%. The values of Lc and Sc affect the concentration
time Tc, generating a maximum variation between the scenarios of 0.398 h (24 min). This
significant difference may disturb the peak flood time estimated, and thereby the safety of
the areas adjacent to the main channel. In general, the shape parameters show minimum
variations, the value compactness coefficient (Kc >1.54) indicates a lobular watershed [91],
and the circulatory ratio value (Rc ranging from 0.24 to 0.26) implies low relief and an
almost impermeable surface [1,78]. Nevertheless, the low value in the elongation ratio (Re)
indicates that the watershed is on an undulating or steep relief [79], discordant with the
slope analysis and Rc; the contradiction is probably due to the high sinuosity of the mean
channel. The shape parameters imply almost symmetrical hydrograms at the watershed
outlet. Regarding drainage parameters, no significant variations were found between the
variables, except in drainage density (Dd), concentration time (Tc) and texture ratio (T).
Based on the drainage parameters obtained, the watershed presents a rapid response to
runoff.

Table 7. Quantitative geomorphometry.

Subclassification Symbol Units
Merged DEM DEM 30 m Max

DifferenceD8 (W1) KRA (W2) D8 (W3) KRA (W4)

Basic parameters Lc km 21.3802 21.1426 20.2043 19.9349 1.445
Sc % 1.127 1.149 1.274 1.294 0.167

Shape parameters
Kc unitless 2.040 2.037 2.031 1.951 0.089
Rc unitless 0.240 0.241 0.243 0.263 0.022
Re unitless 0.530 0.536 0.561 0.571 0.040

Drainage parameters

Fu channels/km2 3.136 3.221 2.948 2.928 0.293
Lof km 0.870 0.887 0.820 0.795 0.092
C km 0.575 0.563 0.610 0.629 0.065

Dd km/km2 1.740 1.775 1.639 1.591 0.184
Tc h 3.923 3.860 3.582 3.525 0.398
T no. channels/km2 4.360 4.481 4.117 4.270 0.363
Di unitless 1.803 1.815 1.798 1.841 0.042
E km 0.144 0.141 0.153 0.157 0.016
Ct unitless 1.573 1.595 | 1.484 1.552 0.122

Important variations are denoted by analyzing each network concerning the stream
order (see Table 8). Drainage networks were similar for the same resolution, whereas
the results with different resolutions show that the drainage density exhibit the greatest
difference. The largest differences are presented in stream order 2, with a maximum of 21
channels and a length of 13.8 km. Furthermore, the stream order 5, particularly for the
D8 algorithm (DEM 30 m), the number and length of the channels are nearly half of those
displayed in the other scenarios. In general, the lower resolution (DEM 30 m) exhibited
the greatest variability. Variations imply that the number of sub-basins is different in each
scenario, including the geomorphometric characteristics of each one. In investigations of
non-urban watersheds where the unit of analysis is the sub-basin for estimates of water
travel times (e.g., [21,28,29,87,88,94]), it is logical that the results are affected by the DEM
resolution and also for the algorithms of the hydrological processing used. Similarly, the
unit base for estimations in urban flood assessment studies is the sub-basin [37,95].
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Table 8. Quantification of number and lengths channels.

Order
Merged DEM DEM 30 m

Mean Max
DifferenceD8 KRA D8 KRA

1
No. Channels 159 161 150 158 157 11
Length (km) 84.8717 86.0173 82.2345 87.7623 85.2215 5.53

2
No. Channels 78 80 74 59 72.8 21
Length (km) 46.4873 48.2381 46.7814 34.4391 43.9865 13.8

3
No. Channels 46 47 45 40 44.5 7
Length (km) 25.4547 25.296 22.3186 21.7334 23.7007 3.72

4
No. Channels 12 15 18 17 15.5 6
Length (km) 7.3698 8.0719 7.9344 7.5575 7.7334 0.7

5
No. Channels 22 22 11 24 19.8 13
Length (km) 11.6603 11.4627 6.4404 10.3935 9.9892 5.22

All Number of Flow Channels (Nu) 317 325 298 298 309.5 27
All Channel Lengths (Lu), in km 175.8438 179.086 165.7092 161.8858 170.6312 17.2

3.4. Drainage Networks Analysis

Output raster maps display the difference in each stage process (filling, flow direction,
and flow accumulated), which were reflected in the drainage networks and generated
uncertainty [8,13,35,96]. To reduce uncertainty due to drainage network discrepancies, the
plane distances between control points and each channel network in the four scenarios
were calculated. Sixty control points were acquired, distributed as follows: 11, 16, 13, 8,
and 12 points, corresponding to current orders 1, 2, 3, 4, and 5, respectively. The drainage
networks were analyzed for each stream order, to expose the impact of algorithms and
resolutions. Results in Figure 6 show the maximum, the minimum, average, and the root
mean square error distances between the control points and the nearest channel for each
scenario. Overall, a significant susceptibility to DEM resolution was found in modeling
by mesh-based routing algorithms, in agreement with Li [44]. The higher accuracy was
observed in the merged DEM in comparison with DEM 30 m, except for stream orders 4
and 5 (Figure 6d,e, respectively). The differences in distance for channels of the stream
order 1 were similar in the four sceneries (Figure 6a), despite reaching a maximum of
20 m; furthermore, resolutions or processing algorithms in stream order 1 exhibited no
appreciable advantages or disadvantages. In the case of the channels of stream order 2
(Figure 6b), no important divergence was perceived for merged DEM, whereas, in the
lower resolution DEM 30 m, the distances were more remarkable and increased for the
KRA algorithm. Similarly, in channels of stream order 3 (Figure 6c), the distances increased
with the decrease in DEM resolution and the distances were more remarkable for the
KRA algorithm (maximum 145 m). On the contrary, channels of stream orders 4 and 5
(Figure 6d,e) showed greater separation for the higher resolution (merged DEM); with a
maximum distance higher than 200 m. The KRA routing algorithm on the DEM filled with
the W/L algorithm presented the highest distance differences in the drainage networks
(300 m for stream order 5).
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Comparative raster maps were generated to visualize differences between stream
orders of drainage networks. The automatic methods identified different stream orders
from reality channels and presented variations of orders even for the same resolution
(Figures 7–11). Accordingly, algorithms are another variable to consider in DEM-based
automatic methods. The variations in shape and length of the channels observed in
Figures 7–11 were reflected in the quantifications of the geomorphological parameters in
Table 7 andescription by stream order in Table 8. To visualize some control points (five)
of stream order 1, it was considered a part of the watershed (Figure 7); the differences in
shape, location, and length of the channels between the two resolutions used are significant.

Regarding the stream order 2, the areas marked with a red dashed line within Fig-
ure 8 exhibit channels with erroneous stream order, demonstrating that routing and fill
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algorithms affect them significantly. The most critical differences in the number and length
of channels resulted from applying the KRA algorithm to the filled DEM with the W/L
algorithm, which corresponds with Tables 7 and 8.
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The accumulative length of the stream order 3 channels in Table 8 showed a small
difference between D8 and KRA algorithms on a single resolution (0.1587 km in the merged
DEM and 0.5852 km over the DEM 30 m). However, reviewing the channels of order 3
concerning the control points, the location of the channels was different in each scenario
(see Figure 9). Some channels were identified under another order. The area marked within
Figure 9c,d corresponds to the higher magnification image in Figure 9e, with the X-X’ axis.
Cells most affected by the fill algorithms were included in Figure 9e.

Water 2022, 14, x FOR PEER REVIEW 16 of 25 
 

 

The accumulative length of the stream order 3 channels in Table 8 showed a small 
difference between D8 and KRA algorithms on a single resolution (0.1587 km in the 
merged DEM and 0.5852 km over the DEM 30 m). However, reviewing the channels of 
order 3 concerning the control points, the location of the channels was different in each 
scenario (see Figure 9). Some channels were identified under another order. The area 
marked within Figure 9c,d corresponds to the higher magnification image in Figure 9e, 
with the X-X’ axis. Cells most affected by the fill algorithms were included in Figure 9e. 

 
Figure 9. Drainage networks, control points, channels of stream order 3, and X-X’ axis over filled 
cells. 

Figure 12 exhibits the topographic profiles of the X-X’ axis corresponding to the pre-
treated DEM 30 m, fill DEM by the J/D algorithm and fill DEM by the W/L algorithm. The 
elevation change by the fill algorithms and the slope gradient of the W/L algorithm was 
evidenced. The location of the channels generated by the flow routing algorithms (channel 
W/L and channel J/D) was included in Figure 12, highlighting the horizontal distance sep-
arating the channels (approximately 72 m). The main reason for the distance difference 
between the drainage networks was that the lowest point location was established at a 
different site in each filled DEM. Additionally, the two resulting channels in the DEM 30 
m were considerably distant from the real channel. It is noteworthy that Habtezion [97] 
noted that the areas filled and slopes modified were induced a greater arrangement of 
channels, which simultaneously contributes to underestimating or overestimating the sat-
uration zones. 

On the other hand, the channels of stream order 4 showed an important difference in 
the location over the merged DEM (Figure 10a,b). The same issues were repeated as in the 
previous orders. Again, the marked area within Figure 10a,b can be observed at higher 
magnification in Figure 10e; the Y-Y’ axis and cells filled by the W/L and J/D algorithms 
are displayed. 
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cells.

Figure 12 exhibits the topographic profiles of the X-X’ axis corresponding to the pre-
treated DEM 30 m, fill DEM by the J/D algorithm and fill DEM by the W/L algorithm. The
elevation change by the fill algorithms and the slope gradient of the W/L algorithm was
evidenced. The location of the channels generated by the flow routing algorithms (channel
W/L and channel J/D) was included in Figure 12, highlighting the horizontal distance
separating the channels (approximately 72 m). The main reason for the distance difference
between the drainage networks was that the lowest point location was established at a
different site in each filled DEM. Additionally, the two resulting channels in the DEM 30 m
were considerably distant from the real channel. It is noteworthy that Habtezion [97] noted
that the areas filled and slopes modified were induced a greater arrangement of channels,
which simultaneously contributes to underestimating or overestimating the saturation
zones.

On the other hand, the channels of stream order 4 showed an important difference
in the location over the merged DEM (Figure 10a,b). The same issues were repeated as in
the previous orders. Again, the marked area within Figure 10a,b can be observed at higher
magnification in Figure 10e; the Y-Y’ axis and cells filled by the W/L and J/D algorithms
are displayed.
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Figure 11. Drainage networks, control points, and channels of stream order 5.

Figure 13 shows the Y-Y’ axis topographic profiles corresponding to the merged DEM,
fill DEM W/L, fill DEM J/D, with W/L and J/D channels. The elevation increases, realized
with the W/L algorithm (blue line), were the most significant due to the slope gradient
(0.1◦). The channel separation was similar to the previous stream order, the distance
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extended from channel W/L to channel J/D, up to approximately 163 m. Furthermore, the
channel obtained in the W/L fill DEM with the KRA algorithm was the furthest from the
real channel; this circumstance was potentially attributed to the filling process.
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Channels of stream order 5 exhibited the most significant separation concerning the
control points, as shown in Figure 11; the drainage network obtained by the KRA algorithm
was the furthest. It is essential to highlight that the reduced length of the channels of stream
order 5 resulted in the DEM 30 m with algorithm D8 (Figure 11c); this difference could be
attributed to the routing algorithm. Furthermore, the most important location variations of
the channels coincided with the filled areas. The issue areas identified in the maps were
examined, and the channels presented direction changes at close distances and narrow
sections. Another factor identified in the issue areas was the existence of plain terrains
adjacent to the channels upstream of the sites with the highest cell fill.

To illustrate the allocation of the elevations in a DEM; a hypothetical channel is
provided in Figure 14a, together with a raster elevation data set (Figure 14b,c). The channel
(blue area) exhibits direction changes at close distances and section narrowing (Figure 14a).
In the higher resolution DEM (Figure 14b), the flow (magenta cells) in the natural channel
was recognized due to less or equal cell size to the channel width, despite the section
narrowing. In contrast, in a lower resolution DEM (Figure 14c), the cells acquired the
dominant elevation, which is the elevation of the terrain adjacent to the channel (with cells).
The area marked with a red dashed line within Figure 14c indicates the assigned cells with
a higher elevation than the channel (Figure 14c).
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Consequently, the cells upstream of the narrowing of the channel were considered
with lower elevation (depressions). From the above analysis, it can be argued that the
coarse DEM is not representative of a relief since it establishes non-real depressions. It is
worth mentioning that the problem expanded when adjacent plain terrains existed. The
filling process modified the topography in depressions, which was increasing by employing
a slope gradient, such as the W/L algorithm (Figure 3b,d). Recently, Erdbrügger [41] also
verified that the areas with the most significant discrepancy in drainage networks coincided
with the sites modified by fill algorithms. It seems that the assumption that DEM-based
automatic approaches are more consistent and objective than the manual approach [6] can
be re-examined.
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4. Conclusions

This research proved that merging DEMs is feasible to achieve a more satisfactory
base data condition in geoprocessing, particularly in regions where high-resolution data
are lacking, and furthermore, to assessed the hydrological processing algorithms most
widely used in the watershed geomorphological parametrization. Therefore, the following
conclusions are obtained.

The research suggests conducting a thorough analysis of the DEM used in geoprocess-
ing to identify and differentiate between natural depressions or possible errors generated
by the cell size of the DEM, as non-real depressions were manifested as narrowing and
changes in channel direction at close distances.

Choosing the fill algorithm in treating DEM is fundamental, as it significantly influ-
ences the lower elevation cell locations to identify drainage networks. Moreover, the slope
gradient does not guarantee an improvement because it considerably modifies the origi-
nal DEM topography. The most significant discrepancies in drainage networks from this
research can be associated with the variations of the filling process since they correspond
with the most noticeable elevation change places in a range of 2 to 30 m.

The 1.5 resolution-merged DEM generated in this research presented better deport-
ment than the DEM of 30 m in the drainage network for the stream orders from 1 to 3
since its variations remained below 20 m, with a root mean square error between 3 and 6
m. In contrast, channels with 4 and 5 stream orders shift away from the existing network
over 50 and 300 m—the maximum range; this can be attributed mainly to the topography
change affected by the gradient slope of the W/L algorithm. This research suggests not
to use a slope gradient for the filling of depressions, and it is recommended to carry out
a reconditioning before being merged to the lower resolution DEM if reliable hydrology
vector information of the zone is available.

The D8 and D∞ algorithms estimated the watershed area and perimeter more accu-
rately, exhibiting a difference of less than 1%; however, the MFD algorithm manifested
area overestimations of the order of 2%, because it showed problems in identifying the
water dividing line in topography concave forms. Concerning the main channel length,
the D8 and KRA algorithms present a difference of 1.4 km, impacting the estimation of
the concentration time, with a difference of 24 min; this variation considerably affects the
watershed peak discharge response.

The research proved that the drainage network divergences are mainly attributed to
filling algorithms (J/D and W/L) and not flow routing algorithms (D8 and KRA). Therefore,
it is suggested that DEM-based hydrological studies specify both the resolution and the
algorithms employed in obtaining the geomorphological parameters to validate the rigidity
of the study since the surface movement of water in the watershed directly depends on the
characteristics of the topography, consequently in estimating floods and high hydrological
risk delineation.

Recommendations and approaches for future work: to obtain the slopes on the original
DEM and not on the DEM modified by the filling algorithms; identify issue zones (e.g.,
plains adjacent to channels, changes of direction, and narrowing); and, if possible, reform
the base DEM, by merging with direct or indirect survey product DEMs.
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