Hydrol. Earth Syst. Sci. Discuss., 7, 3237—-3248, 2010 _"\Hydrology and
www.hydrol-earth-syst-sci-discuss.net/7/3237/2010/ Earth System
doi:10.5194/hessd-7-3237-2010 5 Sciences

© Author(s) 2010. CC Attribution 3.0 License. Discussions

This discussion paper is/has been under review for the journal Hydrology and Earth
System Sciences (HESS). Please refer to the corresponding final paper in HESS
if available.

Technical Note: Automatic river network
generation for a physically-based river
catchment model

S. J. Birkinshaw

School of Civil Engineering and Geosciences, Newcastle University, Newcastle upon Tyne,
NE1 7RU, UK

Received: 10 May 2010 — Accepted: 21 May 2010 — Published: 31 May 2010
Correspondence to: S. J. Birkinshaw (s.j.birkinshaw @ ncl.ac.uk)

Published by Copernicus Publications on behalf of the European Geosciences Union.

3237

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

HESSD
7, 32373248, 2010

Automatic river
network generation

S. J. Birkinshaw

: “““ I““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/3237/2010/hessd-7-3237-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/3237/2010/hessd-7-3237-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

SHETRAN is a physically-based distributed modelling system that gives detailed sim-
ulations in time and space of water flow and sediment and solute transport in river
catchments. Standard algorithms for the automatic generation of river channel net-
works from digital elevation data are impossible to apply in SHETRAN and other similar
models because the river channels are assumed to run along the edges of grid cells.
In this work a new algorithm for the automatic generation of a river channel network in
SHETRAN is described and its use in an example catchment demonstrated.

1 Introduction

There is a long history of research that has been carried on the automatic generation
of river networks from digital elevation models (DEM’s) (Jenson and Domingue, 1988;
Tarboton et al., 1991). There are three parts in a typical procedure. Firstly, to remove
the pits from a DEM, secondly, to calculate the upstream contributing area (or flow
accumulation) for each grid square and, thirdly, to initialise a river channel when the
upstream contributing area is greater than some suitable threshold value. A number
of algorithms exist for the removal of pits (Grimaldi et al., 2007) although some can
result in flat areas which can cause problems when generating river networks (Nardi
et al., 2008). A considerable number of different methods exist for the calculation of
upstream contributing areas; some of these are compared in Erskine et al. (2006). In
a single-direction algorithm the upstream contributing area is calculated by consider-
ing that all the flow is transferred from one cell to its downslope neighbour, whereas
in multiple-direction algorithms the flow can be portioned to several neighbouring cells.
The D8 (O’Callaghan and Mark, 1984) method is a single flow direction method in
which each cell discharges into one of its eight neighbours (4 sides and 4 vertices), the
one located in the direction of steepest descent. The p8 method is also a single flow
direction method which randomly assigns the direction of flow to the downslope neigh-
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bours with the probability proportional to the slope. Multiple flow methods include the
MD8 method (Quinn et al., 1991), DEMON (Costa-Cabral and Burges, 1994), Doco (Tar-
botton, 1997) and MDoo (Seibert and McGlynn, 2007). Multiple flow methods appear
to generally produce better results (Erskine et al., 2006; Wilson et al., 2007). All the
above methods calculate a contributing area for each grid square and a river channel is
then generally initialised when the upstream contributing area is greater than a thresh-
old value (Montgomery, 1993). The threshold value is usually defined by comparing
with real river network; however, some automated methods are available for channel
initialisation (Lin et al., 2006).

Many hydrological models for water flow in a river catchment make use of the up-
stream contributing area and automatic generation of the river channel network. In
TOPMODEL (Quinn et al., 1991) the topographic index depends on the upstream con-
tributing area. ArcHydro (Maidment, 2002) is a geospatial and temporal model that is
based around the automatically generated river channel network, it is not itself a sim-
ulation model but it supports hydrological simulation models. Some lumped hydrolog-
ical models split the catchment into sub-catchments or response units and these can
be automatically generated in a GIS using the above techniques, e.g. ArcGIS-SWAT
(Olivera et al., 2006) and WATFLOOD (Shaw et al., 2005). In some distributed hydro-
logical models the channels can be defined using the above techniques. For example,
in Thales (Neumann et al., 2010) the upstream contributing area is calculated using
a Doo method and a channel is defined if the upstream contributing area is greater
than a threshold value. In this case the entire grid square is considered to be a chan-
nel element. However, in some physically based distributed models (PBDM’s), e.g.
SHETRAN (Ewen et al., 2000) and MIKE SHE (Graham and Butts, 2006), the channel
runs along the edge of the grid square. In these models the standard techniques used
above to generate a river channel network do not work This work describes a new al-
gorithm for the automatic generation of river channel networks for a PBDM where the
river channel runs along the edge of grid squares. It is based on SHETRAN but could
be applied to any similar model.
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2 SHETRAN

SHETRAN (www.ceg.ncl.ac.uk/shetran) is a PBDM for water flow, sediment and solute
transport in river catchments (Ewen et al., 2000) which includes hydrological compo-
nents for simulating: rainfall interception by vegetation; evaporation and transpiration;
snowpack formation and snowmelt; overland and channel flow; variably saturated sub-
surface flow; and river/aquifer interactions. It solves the governing, physics-based,
partial differential equations for flow and transport on a rectangular finite difference
grid. Examples applications include: Birkinshaw and Webb (2010) and Birkinshaw and
Bathurst (2006).

The most convenient way of thinking about SHETRAN is that it represents the catch-
ment as a set of columns, with each column divided into a stack of finite difference
cells. The lower cells contain aquifer materials and groundwater, higher cells contain
soil and soil water, and the uppermost cells contain surface waters and the vegetation
canopy. Figure 1a shows the tops of the columns in plan view, and also shows how the
river channel network lies along the edges of the surface finite difference cells. Setting-
up the river channel network has traditionally been carried out manually with the data
input into text files. This time consuming activity was prone to error. For example, it was
easy to define a catchment in which the river network was not connected or a catch-
ment in which there was not a downward flow pathway for water in the river channel.
A Graphical User Interface (GUI) for SHETRAN has been developed (Birkinshaw et al.,
2010) and this allows a prototype simulation to be produced rapidly giving a starting
point for detailed work. A key part of the GUI is the automatic generation of the river
channel network and this is described here.

3 River network generation

The procedure for the automatic generation of the river channel network in SHETRAN
initially follows the typical approach (Tarbotton, 1991): the pits in the DEM are removed,
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an upstream contributing area is calculated for each grid square, and a threshold value
defined for channel initialisation. However, it is more complicated than typical approach
because the river channels flow along the edge of the grid squares.

Figure 2 shows a simple example on a 5 by 5 grid, and assumes that all the grid cells
are within the catchment and that the threshold value for channel initialisation is 2 grid
squares. The algorithm proceeds as follows:

1. The lowest cell is assigned as the outlet. In Fig. 2a this is cell (4,1) at 103 m.

2. Remove DEM pits by increasing their elevation until they are higher than one of
their neighbours. There are no pits in Fig. 2a.

3. Accumulate the flow along the steepest downhill gradient (only north-south and
east-west flows allowed), to calculate the upstream contributing area for each cell
(Fig. 2b).

4. Use the results from 3 to calculate the upstream contributing area for each grid
corner, as the maximum seen in the cells that meet at the corner (Fig. 2c). The
upstream contributing area in outlet corners (4,1) and (5,1) are increased by one.

5. Systematically work through all the cells, starting from the highest, initiating chan-
nels where appropriate. The details of the approach are demonstrated in “a” to “c”
below and in Fig. 2b to f. For any cell, a river channel is initiated if the upstream
contributing area is greater than or equal to the threshold value for channel ini-
tialisation. This channel is then followed downhill, from corner to corner, taking
the route of maximum upstream contributing area, until the outlet or another river
channel is reached.

(a) In Fig. 2b the first river channel starts at cell (4,5) with an elevation of 113 m
and an upstream contributing area of 2. The channel (Fig. 2d) is located
along the side of the cell, starting at corner (5,6) and going to corner (5,5)
[the channel is located on the eastern side of the cell rather than the western
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side because the adjacent grid square has a lower elevation, 125m at cell
(5,5) compared to 126 m at cell (3,5)]. Of all the corners connected to (5,5)
the highest accumulation is at (5,4), so the channel goes to (5,4), and so an
all the way to the outlet at (5,1).

(b) The next cell to initiate a channel is (2,4), with an elevation of 112m and an
upstream contributing area of 3 (Fig. 2e). The process proceeds as before.
To maximise the flow accumulation, the channel starts at corner (2,5) and
goes to (2,4), then (2,3), (3,3) and (4,3). It is now only one cell away from the
existing channel, Instead of following the usual rule and going to (4,2), it goes
to join the existing channel at (5,3). The maximum upstream contributing area
rule is here overridden by a rule demanding maximum connectedness.

(c) The third and final cell to initiate a channel is (3,2), with an elevation of 105m
and a flow accumulation of 2 (Fig. 2f). The channel starts at corner (3,2), uses
the maximum flow accumulation rule to go to (4,2), then uses the maximum
connectedness rule to go to (5,2).

The elevations and widths of the channels are calculated automatically. The elevations
are calculated during the above procedure by initially setting the base of the channel
to be a set distance below the lowest adjacent grid cell (user defined parameter) and
then, if necessary, reducing it so that it is lower than the upstream channel elevation.
A rectangular channel is assumed and the channel width is set as a function of the
upstream contributing area (Leopold and Maddock, 1953).

The network shown in Fig. 1a for the 1 km? Gais Gill catchment, Upper Eden, North-
ern England was created using the above algorithm. A 50 m DEM was used and 20 grid
squares (5 ha) was defined as the threshold value for channel initialisation. The derived
network compares well with the river line shown on the 1:50 000 OS Map (Fig. 1b). The
procedure has been tried on several other catchments (not shown) and has produced
river networks very similar to those shown on the OS maps.
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Theoretically the algorithm can be used for a DEM with any size and number of grid
squares (unless the size of the grid squares in the DEM is so small and the catch-
ment so large that the width of the river channels becomes larger than the size of the
DEM). However, from a practical viewpoint the number of grid squares (and their corre-
sponding size) needs to appropriate for SHETRAN as it is limited by the run time within
SHETRAN. The maximum number of grid squares used in SHETRAN is a 200 by 200
grid. However, typically a 50 by 50 grid is used, with a one year simulation on a modern
PC taking about 5 min.

In stage 3 above, the D4 algorithm was used, as flow in SHETRAN is restricted to
its four neighbours, i.e. diagonal flows are impossible. The algorithm produces a well
defined river channel network in which there is always a downwards flow pathway.
Further tests using a multiple direction algorithm are planned.

4 Conclusions

SHETRAN is a powerful tool for studying hydrological and environmental impacts as-
sociated with land-use and climate change and land erosion and pollution. However,
it has been difficult and time consuming to set-up for new catchments, the main prob-
lem being the production of the data set containing the river channel network and its
elevations. This work has been performed to make it easier to use SHETRAN, a lim-
ited version of which can be freely downloaded at www.ceg.ncl.ac.uk/shetran. Using
standard algorithms for the automatic generation of the river channel network has been
impossible, as the river channels in SHETRAN run along the edge of the grid squares.
A new algorithm has been described here which is suitable for SHETRAN and other
hydrological models where the channels run along the edge of the grid squares. The
algorithm has been shown to work well for the 1 km? Gais Gill catchment, Upper Eden,
Northern England producing a similar river channel network to that seen on the OS
map.
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Fig. 1. Gais Gill Catchment, Upper Eden, Northern England. (a) SHETRAN mesh (50 m grid
squares) (b) map of catchment.

3247

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

HESSD
7, 32373248, 2010

Automatic river
network generation

S. J. Birkinshaw

(8)
@

]
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/3237/2010/hessd-7-3237-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/3237/2010/hessd-7-3237-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

a) b) c)
122 (130 | 126 | 113 | 125 0o/ 0|20 o of o 2 2[ o
15 | 112 | 118 | 110 | 120 3050 T3 3 5§ 5 o
122 (108 | 114 | 107 | 115 s ol 71 o 15 5 7 7 o0
120 (106 | 105 | 105 | 110 7 919 o o 7 9 19 19 0
110 | 107 | 105 | 103 | 107 10 2|24 0 Q 7| 9 24 24 0
0 1 2 25 25 O

d) e) f)
o of o 2[ 2f o of 2[ 2f o 0 o‘ o 2 2] o
3 3 5 5 o0 3 5 5 o0 1 3r 3 5 5 o0
5 8 7 7] o0 5 7 7 o 18 5 7 7 o
d 7/ 9 19 19 o 9 19 19 o0 0 7 9 19 19 o
o 7] 9o 24 24/ o of 24 24/ o0 0 7| 9 24 ?4]*0
0 1 2 25 25 O 2 25 25 0 0 1 2 25 25 0

Fig. 2. Automatic generation of river channel network for a 5 by 5 example. (a) DEM data (m),
(b) upstream contributing area for each grid cell, (¢) upstream contributing area for each cell
corner, (d) add first channel, (e) add second channel, (f) add third channel.
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