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ABSTRACT

Many hydrological algorithms have been developed to automatically extract drainage networks from

DEM, and the D8 algorithm is widely used worldwide to delineate drainage networks and catchments.

The simulation accuracy of the SWAT model depends on characteristics of the watershed, and previous
studies of DEM resolution and its impacts on drainage network extraction have not generally considered
the effects of resolution and threshold value on uncertainty. In order to assess the influence of different
DEM resolutions and drainage threshold values on drainage network extraction using the SWAT model, 10
basic watershed regions in China were chosen as case studies to analyse the relationship between extracted
watershed parameters and the threshold value. SRTM DEM data at 3 different resolutions were used in this
study, and regression analysis for DEM resolution, threshold value and extraction effects was done. The
results show that DEM resolution influences the selected flow accumulation threshold value; the suitable
flow accumulation threshold value increases as the DEM resolution increases, and shows greater variability
for basins with lower drainage densities. The link between drainage area threshold value and stream network
extraction results was also examined, and showed a variation trend of power function y = ax’ between the
sub-basin counts and threshold value, i.e., the maximum reach length increases while the threshold value
increases, and the minimum reach length shows no relation with the threshold value. The stream network
extraction resulting from a 250 m DEM resolution and a 50 000 ha threshold value was similar to the real
stream network. The drainage network density and the threshold value also shows a trend of power function

y = ax’ the value of b is usually 0.5.
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INTRODUCTION

Drainage networks are important characteristics of watershed
systems and are a fundamental part of building a hydrological
model. With the development of computers, drainage networks
are now generally and directly extracted from the digital
elevation model (DEM) (Shen et al., 2013). Due to the fact that
DEM includes abundant information regarding the topography
and geomorphology, it is widely used in hydrological and
geomorphological fields, with the advancement of digital
watershed modelling and relevant technologies (Bahadur,
2009; Li et al., 2013). In hydrology, DEM is mainly used

for hydrological characteristic extraction and hydrological
process modelling. The uncertainties of DEM and the
extraction algorithm are the main factors which influence the
hydrological characteristic extraction results. The scale effect
of DEM is an important factor that influences the hydrological
process simulation results. The uncertainties of DEM stem
mainly from the uncertainty of the data and the uncertainty of
the modelling method. Global DEM data which are currently
available, such as GTOPO30, SRTM DEM, ASTER GDEM

and World DEM, are the basis of the wide application of

DEM (Ang et al., 2016; Ang et al., 2017). The constraint of
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the uncertainty of DEM data and the results of this on its
application are gradually being eliminated by studies on the
application suitability of DEM data from different sources in
different regions (Athmania and Achour, 2014; Suwandana
etal., 2012). When topographic patterns are extracted from
DEM, due to the influence of different designed extraction
algorithms on the extraction results, the D8 algorithm becomes
a practical algorithm. The D8 algorithm has been widely
applied and is used in most of the available software, based on
which different improvements have been made (Li and Yang,
2004; Liu et al., 2006). This includes scale effects of horizontal
resolution and vertical resolution; with the scale effect of
horizontal resolution being the focus of this study, including
the relation between the horizontal resolution of DEM and
topographic attributes, catchment runoff and sediment yield
in watersheds. No theory has been developed regarding the
scale effect of vertical resolution. Although some scholars
have addressed the issue of morphology accuracy based on
the topography, the over-pursuit of computational accuracy
may render the topography results meaningless. Therefore,
further study is needed in watersheds at different altitudes for
comparative analysis.

The SWAT model is a semi-distributed hydrological model
which is widely applied at present. Its main input data include
DEM, land use, soil and meteorology data, among which DEM
data are the basis of modelling. The digital drainage network
of a watershed is extracted through depression processing and
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computation of flow direction and flow accumulation from
DEM. With the continuous development of the SWAT model,
a mature processing method has been developed (Chaubey et
al., 2005; Geza and McCray, 2008). When hydrological process
modelling is conducted in the SWAT model, DEM resolution
also influences the extraction and simulation results of the
watershed parameters, and DEM resolution has a different
influence on parameters such as the watershed area, total
reach length, maximum reach length and drainage density
at different watershed scales (Chaubey et al., 2005). The DEM
data include abundant landform information as well as the
hydrological parameters of the SWAT hydrological model.
These parameters are the basis of hydrological modelling.
Watershed boundary, drainage networks, sub-basin boundary,
sub-basin export and main export of the watershed are
generated according to the input DEM data. The DEM data
resolution influences not only slope and reach length, but
modelling time. Chaplot et al. (2005) have studied the influence
of DEM resolution in the range of 20-500 m on runoff and
sediment. The results showed that DEM data with 50 m
resolution are suitable for simulation of the study area (Chaplot,
2005). Numerous scholars have analysed the influence of DEM
data with different resolutions (in the range of 20 to 2 000 m)
and the watershed subdivision method on simulation results of
the SWAT model. They found that the influence of watershed
subdivision method on the simulation results is also related to
the resolution: the sub-basin count generated from DEM with
a resolution of more than 300 m decreases as the resolution
decreases, and the maximum relative deviation of the
simulation results involving different counts of sub-basins is no
more than 5%. The change in DEM resolution and watershed
subdivision method have a less significant influence on the
simulation results, and the relative deviation of simulation
results generated from DEM with 100 m spatial resolution is
less than 1%. The SWAT model has been extensively applied
in numerous countries, and especially the United States.
There have been many studies regarding the selection of an
appropriate resolution for different watershed studies. Previous
studies have shown that a DEM resolution between 100 and
300 m is generally suitable for studies of large watersheds; for
smaller study areas, e.g., less than 100 km? a DEM with high
resolution is generally used to obtain a better simulation result
(Szczeéniak and Piniewski, 2015). At present, the application
of SWAT in China is not yet mature; there are few study results
available for the selection of appropriate DEM resolution and
determination of appropriate drainage area threshold value and
no universal methods have been developed.

The automatic extraction of a drainage network by
setting an appropriate drainage area threshold value based
on DEM data is a universal extraction method for drainage
networks that is used at present. The drainage network
extracted can be compared with the real drainage network
to verify its accuracy (Lin et al., 2006). The drainage area
threshold value is the minimum drainage area necessary to
maintain the permanent existence of rivers, and is used to
determine statistical characteristics such as drainage density
and morphology. In addition, it has a direct influence on the
distribution and concentration of slope and drainage networks,
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and is more sensitive to the peak flow of the basin and flood
duration. Studies show that during the extraction of drainage
networks, different drainage networks will be obtained when
different drainage area threshold values are selected. The
extracted drainage networks are sparse when the drainage
area threshold value is large, and vice versa. For this reason,
the drainage area threshold value determines how well the
simulated drainage network fits the real drainage network.
The drainage area threshold value not only influences the
extraction of drainage networks, but also indirectly influences
the simulation resulting from the SWAT model. Setting
appropriate threshold values is an important step for extraction
of drainage networks from DEM, and mainly influences the
topological relation and geometric characteristic of drainage
networks. With the increase in depth and detail of watershed
studies, extraction and determination of drainage networks
at different levels of detail is required. However, it is difficult
to extract real drainage networks for many low-level rivers
or high-level tributaries. Therefore, this study focuses on
watershed hydrological modelling to select suitable methods
to extract drainage networks of low-level rivers. As a semi-
distributed hydrological model based on physical mechanisms,
SWAT has the advantages of high computational efficiency,
high visualization and convenient management of data, and
plays an important role in extracting drainage networks of low-
level rivers. The drainage network extraction results depend
on DEM resolution. Better simulation results are obtained by
setting different threshold values when the drainage networks
are extracted in the SWAT model at different DEM resolutions.
However, few studies have been published on drainage area
threshold values and the SWAT model, mainly because this
model has its own drainage network extraction procedures,
which provides the range and recommended value for drainage
area threshold value and renders the extraction of drainage
networks in the modelling process more convenient (Hou et
al., 2011). However, there has been no quantitative research on
the effect of changing the drainage area threshold value on the
drainage network extraction results. The variables’ correlation
has not been further studied, and there are few studies on the
relation between the maximum and minimum reach length.
In order to study the applicability of different DEM data
in different watersheds and regions of China and to determine
the appropriate drainage area threshold value when extracting
the drainage network in different regions, we choose 10
primary regions as case studies according to the distribution
of watershed regions in China. The SWAT model and spatial
analysis function of a geographic information system were used
to comparatively study the difference in watershed extraction
from DEM data at different scales, such as 250 m, 500 m and 1
km, and under different drainage area threshold values, and to
study the change rule for the extraction results for watershed
characteristics under different drainage area threshold values.
This was done to enable determination of the optimal drainage
area threshold value when extracting the drainage network in
different regions, to provide a reference basis for the application
of the SWAT model in China, selection of DEM data in
different regions and the setting of drainage area threshold
value for hydrological process modelling.
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MATERIALS AND METHODS TABLE 1
Primary regions used
Study area /N | Primary region Area Number of
yreg (10000 km?) | secondary regions
The study area included 10 watershed regions of China, 1 |Southeast Region 23.87 7
with a total area of 9.6 million km?. 10 primary regions 2 |Haihe Region 31.88 4
were selected from these 10 watershed regions to extract the 3 | Huaihe Rezion 32.93 s
watershed characteristics in the SWAT model. Level 1-5 river 5 - .
data are selected from the national fundamental geographic 4 |Huanghe Region 7949 8
information system as the real stream data (Figure 1). 5 |Liaohe Region 31.48 6
The primary regions used are shown in Table 1. The area 6 |Songhuajiang Region 92.23 8
;)f the Nor’;lhv;rlest Region is 3.3571 million km? aILdlis t}l:e 7 | Northwest Region 335.71 14
argest with the most secondary regions, at 14; while the 8 | Southwest Regi 3516 6
area of the Southeast Region is 238 700 km?, making it the o m{es eg19n .
smallest; in the Haihe Region, the secondary regions are the 9_|Changjiang Region 178.07 12
fewest, at 4. 10 | Zhujiang Region 57.54 10
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Figure 1
Study area - watershed regions of China
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Data processing

ArcGIS Desktop, provided by the Environmental Systems
Research Institute (ESRI), was used for the basic data
processing. The data were obtained from SRTM DEM V4.1
(Shuttle Radar Topography Mission). These data were first
released in 2003, and the latest version is V4.1, after many
revisions (Reuter et al., 2007). In this study, we chose DEM
data at three resolutions, i.e., 250 x 250 m, 500 x 500 m and
1 x 1 km. The parameters of the different DEM data are as
shown in Table 2, and the partition information of the study
area is as shown in Table 3.

TABLE 2

DEM source information
Data sources SRTM DEM V4.1
Period 2007 2007 2007
Data format TIFF TIFF TIFF
Projection GCS/WGS84 | GCS/WGS84 | GCS/WGS84
Coverage Global Global Global
Spatial resolution | 250 x 250 m |500 x 500 m |1 x 1 km

Stream network extraction

As yet, there is no simple and reasonable method to determine
the drainage area threshold value. The disadvantages of
extraction from DEM for the SWAT model influence the
determination of the drainage area threshold value. Since no
quantitative relationship between the drainage area threshold
value and drainage network extraction results has been
derived, some uncertainties are brought to the hydrological
modelling in the SWAT model. This paper aims to build a
regression relation between the drainage area threshold value
and extraction results of the watershed characteristics. The
coefficient of determination (R?) is selected to assess the fit of
the regression equation; a higher R* would indicate that the
observed value is closer to the fitted value.

R 1. SSE

SST

The drainage network was extracted from DEM in the SWAT
model and the parameters of sub-basin counts, maximum and
minimum reach length and total length, which are generated
under different threshold values were computed in ArcGIS
based on the SWAT model. A drainage area threshold value
was assumed, and all grids with drainage area greater than this
threshold value became the unit of the drainage network. The
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Figure 2
Flow routing scheme of the D8 method

drainage network of the watershed is formed after such grid unit
is connected. The D8 algorithm is a widely applied algorithm.
In the D8 algorithm, the flow direction of the grid is determined
by comparing this grid with the slope of the nearest 8 grids. The
linear direction from the centre of the selected grid to the centre
of the grid unit with the largest slope among the nearest 8 grids
is defined as the flow direction of the processed grid. The flow
direction of a grid is expressed with a feature code (Ariza-
Villaverde et al., 2013; Dombradi et al., 2007). The effective flow
directions are northeast, east, southeast, south, southwest, west,
northwest and north, which are expressed respectively with 8
effective feature codes, of 128, 1, 2, 4, 8, 16, 32 and 64 (Fig. 2).
The drainage density refers to the ratio of the total reach
length of the main stream and tributaries to the watershed area.
Since the drainage density method is not sensitive to changes
in the watershed area, and the data required by the drainage
density method can be obtained quickly from the SWAT
model, the drainage density method was used to determine the
appropriate drainage area threshold value:

D=XL/A

where: D refers to the drainage density in km™, L refers to the
length of a section of river in km, and A refers to the watershed
area in km?. A trial-and-error method is used to determine the
actual drainage area threshold value of the watersheds based
on the drainage density of the real drainage network, so as to
obtain the digital drainage network.

TABLE 3
Elevation ranges of DEM data
. . DEM (250 m) DEM (500 m) DEM (1 km)

S/N | Primary region - - -
Min. Max. Min. Max. Min. Max.
1  |Southeast Region -38 3916 -62 3793 -10 3783
2 | Haihe Region =51 3050 -19 3037 -5 3024
3 |Huaihe Region -91 2046 21 2069 -117 1881
4 | Huanghe Region -9 6244 -8 6247 -6 6217
5 |Liaohe Region 272 2 347 -221 2289 -154 2279
6 | Songhuajiang Region 1 2 369 2 2612 0 2650
7 | Northwest Region -183 8572 -179 8179 -157 7716
8 | Southwest Region 72 8771 80 8614 79 8 446
9 | Changjiang Region -94 7107 —-83 7120 -39 7079
10 | Zhujiang Region =51 2 847 -40 2834 =60 2848
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Figure 3
Relation between area and sub-basin counts

According to the computation results, we analysed the
difference between the extraction results from different DEM
and at different threshold values, the difference between the
extraction results and actual results, and the relation between
the extraction results of watershed counts, the maximum
reach length, the minimum reach length, drainage density and
DEM resolution as well as extraction threshold value. First,
three DEM data were cut according to the 10 primary regions
and the SWAT model built with the cut data as the input data.
According to the actual situation and area of the different
regions, the extracted threshold value was set to 1 000-10 000 ha
and a point was taken every 1 000 ha. A point is taken every

10 000 ha when the threshold value is between 10 000 and

100 000 ha, and a point is taken every 100 000 ha when the
threshold value is between 100 000 and 1 000 000 ha. For
DEM with different resolutions and data in different regions,
an independent project was built to extract them. The total
number of sample points extracted for each region was 28.

RESULTS

Relation between threshold value and sub-basin counts

It can be seen from the extraction results (Figure 3) that the
sub-basin counts extracted reduce rapidly and are basically
linear distributions when the threshold value stays between

0 and 5 000 ha; when the threshold value is greater than

200 000 ha, the sub-basin counts extracted basically tend to
level off and are linear distributions. Threshold values between
5000 ha and 200 000 ha are the optimal threshold values that
can be extracted with the SWAT model, can be used to obtain
a better extraction result, and basically are power exponent
distributions. According to the results of the global fitting of
curves, a power function distribution is shown.

DEM data with different resolutions have little influence on
the extraction results, and the main range of influence is from
5000 ha to 200 000 ha; when the DEM resolution stays within
the range of 250 m - 1 km, the higher the resolution is, the
larger the sub-basin counts extracted from the same threshold
value will be. When the threshold value is less than 5 000 ha,
the change of DEM resolution may have a great influence on the
sub-basin counts extracted; when the threshold value is greater
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Influence of variation of the value of b on the
fitted curves for different regions

than 200 000 ha, the change in DEM resolution basically has
no influence on the extraction result. During sparse drainage
network extraction, DEM data with high resolution can be
adopted to extract with a small threshold value; during dense
drainage network extraction, DEM data with low resolution
can be adopted to extract with a large threshold value.

The smaller the threshold value is, the higher the demand
on computer processing and the longer the process will take.
Therefore, it is necessary to develop a method that can be used
for the computation of a more reasonable threshold value. It
can be seen from the curve fitting results (Table 4) that the
relation between the sub-basin counts and threshold value
is a power exponential distribution, and the fitted curve for
the different threshold value extraction results obeys the
following form:

y=ax"

In addition, the value of a is generally 2 x 107 and the R? values
for 30 fitted curves are all above 0.99. Even 0.9999 can be
achieved on the best fitted curve.

It can be seen from the variation of the value of b in the
fitted curves for different regions that when the DEM data
resolution is 250 m ~ 1 km, the value of b increases with the
decrease of resolution and the variation is not obvious when
the variation range is —0.9 ~ —1.1 (Fig. 4). Therefore, it can be
deduced that when extracting drainage networks in SWAT
based on the DEM data, the sub-basin counts and the DEM
resolution obey the power function exponential distribution
of y = ax. In general, parameter a is 2 x 107 and the range
of variation of parameter b is 0.9~ —1.1. When b = -1, the
following formula applies:

B

)/:

Relation between the threshold value and maximum
reach length

It can be known from the relation between maximum reach
length and threshold value that in the range of 0-200 000 ha
the maximum reach length increases as the threshold

value increases. In the range of 200 000—700 000 ha, the
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TABLE 4
Curve fitting formulae for extraction results of data at different resolutions
. 250 m 500 m 1km
Regions
Formula R? Formula R Formula R
Southeast Region y=2x107x1" 0.9987 y=2x107x" 0.9984 y=2x107x"% 0.9983
Haihe Region y=2x10"x"" 0.9999 y=2x107x710% 0.9999 y=2x107x7102 0.9995
Huaihe Region y=2x107x"% 0.9997 y=2x107x"08 0.9998 y=2x107x" 0.9998
Huanghe Region y=6x107x"0% 0.9997 y=5x107x10% 0.9998 y=5x107x"0 0.9999
Liaohe Region y=1x107x7"00 0.9996 y=1x10"x" 0.9992 y=2x107x7100 0.9978
Songhuajiang Region y=4x107x % 0.9983 y=5x107x"% 0.9987 y=6x107x"10" 0.9996
Northwest Region y=2x108x70% 0.9995 y=2x108x71012 0.9991 y=2x 1087109 0.9985
Southwest Region y=6x107x"" 0.9987 y=6x107x"0 0.9991 y=6x107x"17 0.9994
Changjiang Region y=1x10%"0¢ 0.9996 y=1x10%x"0 0.9994 y=1x10%"" 0.9995
Zhujiang Region y=6x10x"% [ 0.9988 =8 x 107x07 0.9965 y=6x 107x10% 0.9976
maximum reach lengths of the Huaihe Region, Liaohe Region, 2000000 -

. . . . v ]1km
Songhuajiang Region, Northwest Region, Southwest Region 1800000 4 777 500m
and Zhujiang Region remain stable, while the maximum reach 1600000 . R 250m
lengths of the Southeast Region, Haihe Region, Huanghe Region € ] g
and Changjiang Region increase as the threshold values increase; 35 1400000 g N
for threshold values larger than 700 000 ha, the maximum reach & 12000004 é
lengths of the 10 regions tend to level off (Fig. 5). rpp— g

The difference in elevation is also related to the threshold L é
value. The larger the difference in elevation is, the smaller § 800000+ é
the threshold value will be. When the DEM data resolution iy é
stays within the range of 250 m - 1 km, the maximum reach € 4000004 g gs
length is less influenced by the DEM data resolution and < g é§
. . . . 200000 - Nl N
the extraction results under different resolutions display 7 NV N
: : o BNV NIZNIZ NIZNIZIN
04
great differences (Fig. 6). The main difference appears after S
200 000 ha. According to the relation between sub-basin counts 5 » ® ® ® ®» B B B B
and threshold value mentioned above, the optimal threshold o E E E E "g, s £ g, §,
value range is 5 000~200 000 ha. Therefore, in this section, the E k] g g 85 % g £ & £
maximum reach length variation within this range is discussed. 3 T -g, s 32 &8 N
When the DEM resolution varies between 250 m and 1 km, 38 2
the extraction result of the maximum reach length shows little
change and increases slightly with the DEM data resolution. Figure 6

In the Huanghe Region, after the DEM resolution changes from
1 km to 500 m, the extraction result of the maximum reach
length increases from 800+ km to 1 600+ km, while when it
changes from 500 m to 250 m no obvious change is observed.
In the Southwest Region, when the DEM resolution changes
from 1 km to 500 m, the extraction result of the maximum
reach length no change is noticeable to about 600 km, while
when it changes to 250 m there is an obvious increase (to

1400 km). Therefore, it can be assumed that when the watershed
has steep terrain and there is an obvious difference in elevation,
the gravitational erosion is more marked and the drainage area
needed to form a channel with a certain flow is smaller, and the
threshold value is smaller as the flow velocity increases.

Relation between the threshold value and minimum
reach length

It can be known from the relation between the extraction result
of the minimum reach length and the threshold value that in
the range of 0-200 000 ha, the extraction result of the minimum
reach length remains stable and the change in minimum reach
length is not obvious. For threshold values larger than 200 000
ha, the variation of the minimum reach length falls into one

of two situations: (i) in the Southeast Region, Huaihe Region,
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Extraction result of the maximum reach length in different regions

Songhuajiang Region, Northwest Region, Southwest Region,
Changjiang Region and Zhujiang Region, the minimum reach
length does not change with threshold value; (ii) in the Haihe
Region, Huanghe Region and Liaohe Region, the minimum
reach length increases as threshold value increases. When

the DEM data resolution is 250 m — 1 km, the variation of

the minimum reach length is influenced by the DEM data
resolution, and the variation trends of the minimum reach
length extracted on the basis of the DEM data with 500 m and
1 km resolutions show strong agreement (Fig. 7).

Relation between threshold value and drainage density

If one plots the relation curve of the drainage area threshold
value and drainage density, based on the extraction results of
drainage networks for curve fitting, it will be noticed that the
drainage density decreases dramatically with the increase in
drainage area within the range of 0-20 000 ha, and tends to
level off after that. The fitted curve conforms to the following
power function distribution.

y=ax"
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Figure 5
Relation between area and maximum reach length
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Figure 7
Relation between area and minimum reach length
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Figure 8
Function between threshold value and drainage density
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At the same time, since the drainage density is under the
influence of DEM resolution, the higher the resolution is, the
larger the drainage density will be under the same threshold
value, and the influence of resolution becomes weaker and
weaker with the increase in the threshold value. Under

the influence of DEM resolution, the extraction results for
drainage density in several regions, such as Haihe Region,
Huanghe Region and Liaohe Region, show some similar
properties. The curves of the Haihe Region and Liaohe
Region at 250 m and 500 m resolution overlap, and those of
the Huanghe Region at 500 m and 1 km resolution and of the
Songhuajiang Region and Northwest Region at 250 m and
500 m resolution also overlap (Fig. 8).

We can conclude that all of the R? of the fitted curves are
above 0.99, representing a good fit (Table 5). The value of a
increases with the increase in region area and DEM resolution;
the value of b varies between —0.4 and —0.8, and generally
maintained at around —0.5.

Relation between extraction stream and real stream

Different DEM data resolutions may result in different
accuracies of drainage network flow direction; the general
law is: with a decrease in DEM resolution, the delineation of
the drainage network becomes clearer, and the main stream
and tributary streams gradually become distinct (Fig. 9).
Asmentioned above, the optimal threshold value range
extracted is 5 000-200 000 ha; the smaller the threshold value
is, the more accurate the extraction results will be. To analyse
the difference between the extraction stream and the real
stream, it is necessary to compare the differences between the
extraction stream and real stream when the DEM data with
250 m resolution are used for extraction at different threshold

values. The results show that the drainage network extracted
under 100 000 ha is better than the real drainage network in
terms of degree of fitting.

It can be seen from the SWAT extraction results that the
sub-basin counts change regularly with the threshold value.
Drainage networks in southeast areas such as the Changjiang
Region and Zhujiang Region have strong extraction results.
The extraction results of drainage networks in the Northwest
Region are distorted and do not correspond with the situation
of the real stream, which shows that the SWAT model has its
own deficiencies in terms of drainage network extraction. It
is shown in the study by Ariza-Villaverde et al. (2013) that the
extraction results of the D8 algorithm are relatively sparse;
therefore it is necessary to determine the proper threshold
value to extract and obtain accurate drainage networks. Some
scholars have made comparisons among the different extraction
results of different threshold values, but the watersheds selected
were small watersheds which are not representative enough,
and the DEM data used were data with high accuracy of 5 m
and 10 m, and these are not appropriate for use in studies
related to China, where the areas investigated are relatively
large and involve various landforms, including mountain,
gorge, plain and hill. According to Luo Yunxiang et al. (2011),
who studied the plain drainage network areas, the river ways in
plain-drainage network areas are always bifurcated or shown
as networks, which renders them unable to be identified by
the SWAT model, and causes discrepancies in the extractions
of the river courses and watersheds. The improvement of data
accuracy was not able to enhance the extraction results of the
plain-drainage network areas. Therefore, low-resolution data
was used in the current study. In this way, the drainage network
extraction in plain areas obtained a relatively realistic drainage
network, but the extraction in the Northwest Region failed to
obtain a satisfactory result.

TABLE 5
Parameter information of fitted curves
250 m 500 m 1km
Region
a B R? a b R? a b R?
Southeast Region 6.01 -0.517 0.9991 25.69 -0.522 0.9990 92.10 -0.533 0.9988
Haihe Region 25.46 —-0.469 0.9998 28.46 —-0.480 0.9999 97.40 —0.486 0.9997
Huaihe Region 29.77 -0.483 0.9999 78.54 -0.484 0.9998 94.38 -0.478 0.9998
Huanghe Region 73.59 -0.495 0.9996 333.18 -0.549 0.9984 349.49 -0.554 0.9991
Liaohe Region 12.28 -0.472 0.9994 67.11 -0.473 0.9996 60.53 -0.469 0.9989
Songhuajiang Region 36.59 -0.483 0.9998 76.54 -0.495 0.9999 218.09 -0.496 0.9998
Northwest Region 238.27 —-0.533 0.9995 10967.90 -0.803 0.9896 10933.49 -0.689 0.9952
Southwest Region 65.45 -0.446 0.9996 50.78 -0.471 0.9987 155.66 -0.482 0.9991
Changjiang Region 167.67 —0.455 0.9998 31.06 -0.467 0.9999 383.70 -0.486 0.9995
Zhujiang Region 74.66 —-0.496 0.9999 14.67 -0.513 0.9998 62.55 -0.516 0.9998
http://dx.doi.org/10.4314/wsa.v43i3.10
Available on website http://www.wrc.org.za
ISSN 1816-7950 (Online) = Water SA Vol. 43 No. 3 July 2017
Published under a Creative Commons Attribution Licence 459


http://dx.doi.org/10.4314/wsa.v43i3.10
http://www.wrc.org.za
https://creativecommons.org/licenses/by/2.0/za/

Real Stream
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Figure 9
Comparison of drainage network extraction result

DISCUSSION

The processing mode for DEM is roughly similar in different
hydrological models. DEM resolution influences the extraction
of topographic information and fitting results in models other
than the SWAT model (Ariza-Villaverde et al., 2013; Dombradi
et al., 2007). Callaghan and Mark (1984) adopted the minimum
drainage area and Martz and Garbrecht (1998) held that the
drainage area threshold value can comprehensively reflect the
complicated interactive relation of influencing factors for the
development of drainage networks. However, when there are
many geomorphic types in the study area, different drainage
area threshold values must be set according to the spatial
variation rule of the geomorphic parameters (Pelletier, 2013;
Rahman and Lu, 2015). The study conducted by Sun Liqun et
al. (2008) shows that appropriate-precision DEM data should
be selected when building a hydrological model; 300 m DEM
data are the key to ensuring that the simulation efficiency and
simulation result improve as the DEM resolution increases.
Zhang et al. (2014) found that when the DEM resolution is
greater than 500 m, it also has an influence on the water quality
model in the SWAT model (Zhang et al., 2014), but when

the DEM resolution reaches a certain value, the accuracy of
simulation with models is increased insignificantly regardless
of how the data accuracy is improved. Therefore, when a
region with a large area of watershed is selected for simulation,
appropriate DEM data are selected and a reasonable threshold
value is determined (Gitau and Chaubey, 2010; Van de Sande
etal,, 2012). Cotter et al. (2005) found that when they built a
hydrological model in Arkansas, DEM resolution was the key
influencing factor of simulation, the simulation results were
very sensitive to size of the DEM pixels, and the extraction
results of the drainage network had a great influence on the
simulation results, especially in regions with small areas of
watershed (Gassman et al., 2007). The study conducted by Li

et al. (2004) shows that the sensitivity of watershed confluence
to the threshold value indicates that selecting an appropriate
threshold value is essential to improving the descriptive power
of the digital drainage network and confluence network about
the characteristics of watershed confluence, and they derived

a relation between the drainage area threshold value and
watershed slope of y = alnx + b. A variation trend between the
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drainage area threshold value and watershed slope is indeed
shown, but there is no obvious turning point as both of them
increase. When the maximum R?is 0.75, the fitting results are
not good (Li et al, 2006). However, in this study, the R? of the
fitting curves of sub-basin counts and drainage area threshold
value are above 0.99, and the fitting results are reliable.

The watershed parameters of the extracted drainage
network from different scales of DEM are obviously different.
The accuracy of the extracted drainage network from small-
scale DEM is higher than that from large-scale DEM. Reach
length, slope, average elevation and average slope vary greatly
(Chaplot, 2014; Zhang and Chu, 2015). The findings for small
watersheds show that the change in DEM resolution has little
influence on the watershed area and the maximum reach
length, but has a great influence on the total reach length,
drainage density and average slope. The influence rule for the
extraction of watershed characteristics is that the extracted
watershed characteristics are rougher as the DEM resolution
decreases (Chaplot, 2014; Zhang and Chu, 2015). The relation
between the maximum and minimum reach length and
drainage area threshold value is not obvious, and no curved
line relation is built in this study. The researchers set the
extraction threshold values of the sub-basins to 10, 12, 15, 30,
50, 100 and 200 km? in the study on Xingzihe watershed, and
the results show that when the extracted threshold value of
the sub-basins is between 12 and 100 km?, different watershed
subdivisions have little influence on sediment yield. If this
range is exceeded, the sediment yield is underestimated by
the models. Thus it can be seen that an appropriate threshold
value has a great influence on the watershed simulation, and
a DEM with a resolution of less than 15 m does not reflect the
hydrological and topographic information of small watersheds
very accurately (Qiu et al., 2012). However, since the resolution
of the DEM data used in this study are relatively high, the real
hydrological and topographic information can be reflected, and
considering the purpose of this study is to analyse the impacts
of DEM resolution and extraction threshold on drainage
network, the impacts should be considered in large watersheds.

The study results in large watersheds are different
from those in small watersheds. The preparation of closed
depressions and flat regions in DEM, flow determination
and DEM resolution directly influence the extraction quality
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and efficiency of watershed characteristics (Gao and Zhang,
2009; Gokgoz and Baker, 2015). The drainage area threshold
value is not only related to topography, but also to climate,
vegetation, soil and geological properties, which determine
that the drainage area threshold value is distributed unevenly
in watersheds, and may vary with the underlying surface
(Datta and Schack-Kirchner, 2010). Most drainage networks

in the loess area of China are dendritic or fan-shaped. The
study of a loess area shows that the optimal threshold value for
extracting drainage networks is 1 000 km? in order to obtain a
reasonable drainage network structure. In this study, Huanghe
Region has a good extraction result, while the extraction
results in Northwest Region are poor. More consideration
shall be given to the influence of topographic factors in future
research. Although AEDNM, developed by Ye et al. (2005)

can resolve the problems caused in the extraction of drainage
networks due to depressions and flat land in DEM, it is still
not used to extract relatively realistic drainage networks in

the Northwest Region (Ye et al., 2005). Ariza et al. (2013) have
also pointed out that when the appropriate drainage area
threshold value is determined for drainage network extraction,
the geomorphologic features of the study area should be
considered, because these features influence the drainage area
threshold value. Sun et al. (2013) built a regression equation
for the quantitative description of the influence of mean
annual rainfall, average slope, stream diameter and leaf area
indexes on drainage area threshold value, through a study

of 50 Chinese watersheds. In the regression equation, the
average slope makes the greatest contribution to the threshold
value, which proves the regressive relation between drainage
network and drainage area threshold value (Sun et al., 2013).

A regression equation y = ax’ is derived in this study by
analysing the relation between drainage density and drainage
area threshold value. R? is also above 0.99, and the fitting results
are reliable.

CONCLUSION

The analysis of the relation among the sub-basin counts,
maximum and minimum reach lengths, drainage density and
drainage area threshold value provides a reference basis for

the determination of drainage area threshold value required

by the SWAT model, eliminates the randomness that results
when DEM is used for extraction of drainage networks, and
reduces the simulation workload with the SWAT model. The
sub-basin counts decrease exponentially with drainage area
threshold value. Gravitational erosion is more marked as the
elevation difference increases, and as the flow velocity increases
the drainage area required to form a river course with a certain
flow is smaller and the threshold value is lower. High-resolution
DEM data can provide higher accuracy and reduce errors, but
an appropriate threshold value by which to select the area of
study also influences the reading of DEM data. The appropriate
threshold value determined in this paper is between 5 000

and 200 000 ha and is applicable to the primary regions in

10 watersheds of China. The extracted sub-basin counts
decrease exponentially as the threshold value increases and the
variation trend is y = axb. The maximum reach length increases
continuously as while the threshold value increases, and the
minimum reach length shows no relation with the threshold
value, the DEM resolution (250 m™' km) has less influence on
the result of the drainage network extraction.
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The drainage network is extracted with a slope
concentration model based on DEM, and the flow direction
is determined with the D8 algorithm. The extracted drainage
network is different from the real drainage network due to the
DEM data resolution. Determining the appropriate threshold
value according to the drainage network data of Level 5 rivers
in China can help to quickly extract the digital drainage
network of rivers. The direct extraction method for extracting
the drainage network from DEM significantly reduces the
amount of human labour required, and the extracted drainage
network is almost the same as the real drainage network,
so as to completely meet the requirements for hydrological
modelling. It is important to research and develop a
distributed hydrological model. However, the extraction
results for the Northwest Region in this study are poor and
distorted. At this point, this difference is only expressed
from the macro-level onward, it is not detailed for each grid
unit, and even the position error is difficult to determine.
When the drainage networks are extracted, the accuracy of
the drainage network extraction depends on the different
drainage area threshold values determined, but the extraction
results are judged mainly by the human eye. For this reason,
the influence of different geomorphologic types on drainage
network extraction requires further study, due to the influence
of geomorphologic type.
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