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Abstract:

Suburban areas are subject to strong anthropogenic modifications, which can influence hydrological
processes. Sewer systems, ditches, sewer overflow devices and retention basins are introduced and
large surface areas are sealed off. The knowledge of accurate flow paths and watershed boundaries in
these suburban areas is important for storm water management, hydrological modelling and
hydrological data analysis. This study proposes a new method for the determination of the drainage
network based on time efficient field investigations and integration of sewer system maps into the
drainage network for small catchments of up to 10 km®. A new method is also proposed for the
delineation of subcatchments and thus the catchment area. The subcatchments are delineated using a
combination of an object-oriented approach in the urban zone and GIS based terrain analysis with flow
direction forcing in the rural zone. The method is applied to the Chaudanne catchment, which belongs
to the Yzeron river network, and is located in the suburban area of Lyon, France. The resulting
subcatchment map gives information about subcatchment response and contribution. The method is
compared to six other automatic catchment delineation methods based on stream burning, flow
direction forcing and calculation of subcatchments for inlet points. None of the automatic methods
could correctly represent the catchment area and flow paths observed in the field. The watershed area
calculated with these methods differs by as much as 25% from the area computed with the new
method.

KEY WORDS suburban drainage network, watershed delineation, sewer network, artificial ditches, storm
water management, subcatchments

INTRODUCTION
Growing urbanisation mainly affects suburban areas, which are subject to fast changes due to
human activity (Douglas, 2006). Anthropogenic alterations affecting the hydrological
processes in these areas include land-use changes, increase of impervious areas and artificial
channels (Graf, 1977), and alterations to the natural drainage regime. These modifications
increase the peak discharge and accelerate the catchment response (Zheng and Baetz, 1999).
They also raise overland flow causing erosion problems (Jones et al., 2000), and reduce
infiltration, groundwater recharge and river base flow. Water quality is equally affected by
sewer overflows and urban pollutants being washed from the surface (Niemczynowicz, 1999).
A good understanding of the hydrological functioning of suburban areas can contribute to
reducing the mentioned risks and improving the overall water management as natural land is
urbanized. In particular, in depth knowledge about the drainage system and contributing areas
is relevant for several applications in drainage and storm water management (e.g. sizing and
location of sewer pipes and retention basins, and construction of hydrological models).
Moreover, information about catchment response and pollution risks can be deduced from the
land-use properties of contributing areas. However, despite increasing data availability, the
determination of drainage networks and catchment borders remains a difficult task in
suburban areas, due to their heterogeneity. These areas consist of a mix of purely natural areas
without anthropogenic influence, rural areas with dispersed settlements and urban areas,
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where most of the ground is occupied by built-up cadastral units and natural surfaces are
reduced to spots in urban terrain.

In natural areas, digital elevation models (DEMs) and geographical information systems
(GIS) have allowed the implementation of algorithms for automatic watershed delineation
(e.g. O’Callaghan and Mark, 1984; Jenson and Domingue, 1988; Lea, 1992; Costa-Cabral and
Burges, 1994, Tarboton, 1997). The most commonly used is the d8 flow direction algorithm
(O’Callaghan and Mark, 1984), in which the flow direction follows the steepest gradient
towards one of eight neighbours. These algorithms are combined with routines to remove
sinks, accumulate the flow, extract the stream network and delineate the watershed and
subcatchments. Many studies have improved erroneous watershed delineations in flat areas
with missing topographic details (e.g. Garbrecht and Martz, 1997; Augusto et al., 2009).
Other aspects to be carefully addressed when computing watershed delineation include the
precision and minimum resolution of DEMs (Quinn et al., 1991; Nie et al., 2002; Hammond
and Han, 2006), and the threshold value of upstream contributing area to determine the stream
network. If river network maps are available, this problem can be overcome by using stream
burning methods (Maidment, 1996; Saunders, 2000), surface reconditioning (Hutchinson,
1989; Hellweger, 1997) or flow direction forcing methods (Kenny and Matthews, 2005). All
of these three methods improve catchment delineation (Callow et al. 2007; Kenny and
Matthews, 2005). Stream burning considers decreases in the elevation of known stream grid
cells prior to computing flow directions. Surface reconditioning reduces the elevation of
known stream grid cells and cells within a buffer zone around the river network to obtain a
smooth slope towards the streams. For the flow direction forcing, the stream network is
integrated into the DEM derived flow direction matrix instead of directly altering the DEM
(Kenny and Matthews, 2005). Stream burning can lead to watershed distortions (Saunders,
2000) and the creation of parallel streams (Hellweger, 1997). Furthermore, the calculated
catchment area depends on the burn depth (Callow et al., 2007). Kenny and Matthews (2005)
and Callow et al. (2007) showed that flow direction forcing and surface reconditioning
perform better than stream burning. Overall, automatic methods usually result in satisfactory
watershed delineation and drainage networks in natural areas when carefully applied (Fried, et
al. 2000).

In areas under urban influence flow does not always follow topography (Djokic and
Maidment, 1991; Smith and Vidmar, 1994) due to the presence of streets, buildings and
underground sewer pipes (Denver Council of Governments, 1969; Djordjevic et al., 1999;
Smith M.B., 2006). Thus, in most cases drainage patterns and catchment areas cannot be
deduced from pure terrain analysis (Djokic and Maidment, 1991; Smith 1993; Doan 2000),
even if a number of studies continue to do so (Choi et al., 2003 and 2005; Zheng and Baetz,
1999; Runman et al., 2005).

Different methods have been proposed to account for the impact of anthropogenic flow paths
on the catchment hydrology. In rural areas, a Light Detection And Ranging (LiDAR) derived
raster representation of the DEM with a fine resolution (e.g. 1m) can already reveal most of
the anthropogenic objects like streets and ditches (Murphy et al., 2008). However
underground pipes and culvert crossings cannot be detected. Murphy et al. (2008) proposed to
integrate culvert crossings manually into the LIDAR derived DEM. Even with integrating
field mapped culvert crossings into a 1m-resolution LIDAR DEM Sarrazin et al. (2012) only
detected up to 66% of the connected drainage network in a rural setting.

The integration of artificial objects as hydrological correction can also be seen in several other
studies based on DEMs with a coarser resolution. Streams, streets and sewers are burned in
urban areas (e.g. Lhomme et al., 2004, Gironds et al., 2010), or elevation of cells
corresponding to buildings are raised (Elgy, 1993; Zech et al., 1994; Nie et al., 2002). The
burn depth is usually constant and varies for each study. For urban areas, Gironas et al. (2010)
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developed a method in which the elevation of streets and pipes is used for determining
variable burn depths. They compared this method to a representation where only streets are
burned using variable depth while the complete drainage network (natural channels and sewer
pipes) is represented in a separate vector layer connected to the surface through defined inlets.
They concluded that variable burn depths result in more realistic catchment borders than using
a constant burn depth or the raw DEM. Instead of modifying the DEM, Smith and Vidmar
(1994) and Kenny and Matthews (2005) forced the flow direction grid to follow the street
network. In rural areas, Duke et al. (2003, 2006) integrated ancillary data of artificial drainage
elements into DEMs. They classified roads as flat, raised and with ditches, and included
information from road cross-sections into the DEM. Road data and location of irrigation
channels were used to create forced flow direction grids, in which cross-flow patterns due to
siphons, flumes, culverts and split flow elements were also included. They defined dead ends
in flow paths and disconnected the corresponding contributing areas from the watershed.
Resulting watershed limits were more realistic than those obtained using the d8 algorithm.
Djokic and Maidment (1991) manually incorporated anthropogenic objects into a Triangular
Irregular Network (TIN) representation. Bocher and Martin (2009) are developing an
application for the TANATO2 model (Bocher, 2005) to automatically integrate artificial
objects in the TIN representation. Carluer and Marsily (2004) integrated man-made networks
into a model mesh consisting of contours and streamlines (Moore and Grayson, 1991,
Vertessy et al., 1993) in a rural setting. However, the integration did not change the catchment
borders. Hammond and Han (2006) and MacNutt et al. (2004) combined automatic catchment
delineation with manual delineation based on maps including artificial features. For urban
areas, an object oriented approach, where single cadastral units are connected to the closest
and lowest sewer pipe was adapted in storm water modelling (Greene and Cruise, 1995;
Mitchell and Diaper, 2005; Rodriguez et al. 2003, 2005, 2008). Object oriented refers here to
spatial objects as opposite to a pixel approach and not to the programming design.

None of the previous studies and methods was specifically developed for suburban areas,
where slow-growing sewer networks of different types (i.e. urban and rural) coexist. Such
mixture of elements does not facilitate the precise identification of the integrated drainage
system in suburban catchments. Narrow ditches in rural areas are not easily captured from
aerial photographs or DEMs, and underground sewer pipes cannot be detected by DEMs.
Detailed sewer data are necessary for the object oriented approach and stream burning.
However, these data, which are mostly gathered during the installation of the pipes, are often
out of date or consider the wastewater system only. Moreover, the effect of flow conditions
typical of urban systems, on catchment delineation is not taken into account by the traditional
methods previously discussed. This includes sewer overflow and pumped networks. The
approach of Duke et al. (2003, 2006) seems to be a good solution for rural areas, but it does
not include underground sewer pipes either. Furthermore, detailed field campaigns are
necessary to derive the road cross sections. Finally, a manual integration of a significant
number of anthropogenic objects into the watershed delineation can be quite tedious,
especially in strongly urbanized locations.

In this study, we propose and evaluate a method particularly designed for suburban areas
which combine the DEM based methods more adapted to natural zones, and object-oriented
methods, which are more applicable to urban settings. The new method allows the
determination of the rainwater drainage network based on data analysis and time efficient
field investigations for small (up to 10 km?) suburban catchments with multiple outlets. The
data analysis includes the differentiation between combined, separated and ditch networks and
the integration of sewer overflow devices and pumping stations. The outline of the paper is as
follows: In the materials and methods section we describe the relevant hydrological objects in
suburban areas for network delineation, as well as the necessary data and general hypotheses.
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We also present the methodology for drainage network determination and subcatchment
delineation. Next, the method is applied to a study area, and compared to six other catchment
delineation methods. Finally, we discuss the different methods and present our main
conclusions.

MATERIALS AND METHODS

The method is structured in three principal parts (see Figure 1). In the first step, a preliminary
catchment border has to be defined in order to better target the field work. For this, three sub-
steps, referred to as A to C in Figure 1, are necessary. They are further explained in the
following text. The second step consists of the drainage network determination and results in
the final drainage network. This is taken as input for step three in which the urban and rural
subcatchments are delineated. The method results in the final subcatchment map. For a better
understanding the different steps will be referenced as 1A to 3B in the following text.

1. Preliminary catchment border

A Topographic B | catchment | | €| Maximal

catchment outlets theoretical
border contributing area
v
2. Drainage network
A | Connection B pitch : Final
points mapping |[Choicel® grainage
network
|
v 4
3. Sub-basins
A B i
Urtt:an 4 Rut:al Manual Final map
SHD- suD- corrections
basins basins

Figure 1: Scheme of the proposed method. The final drainage network and the final map represent the
results of the described method. The final drainage network is necessary as input for step 3.

General hypotheses

This method builds on the assumption that subsurface flow follows topography. This means
that there are no underground source or sink terms. In case of a known discrepancy with this
assumption, the resulting catchment boundary should be adapted manually. Only rain water is
considered for the catchment delineation; waste water and drinking water are not considered.
The method applies to small multi- or single outlet catchments (1-10 km?).

Description of hydrological objects relevant to network delineation in suburban areas
The drainage network in suburban areas can consist of the following network types:

- The combined sewer system evacuates waste and rainwater in the same pipe system
towards a waste water treatment plant (WWTP). Some parts of the network can be
connected to a pumping station in order to direct all water, even against topography,
towards the WWTP. In case of surcharge the network can be connected via storm
water overflow devices to the natural river. If no storm water overflow device is
installed for extreme rainfall events, the water will flow out of the manholes onto the
street. In this study only sewer overflow devices are considered.
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- The separated sewer system consists of two unconnected rain and waste water
networks. The rainwater network is often directly connected to the natural river,
whereas the waste water flows to the WWTP. Retention or infiltration basins and oil
water solid separators are sometimes located upstream of rain water injection points to
the natural river.

- Roads in rural areas can function as corridors, barriers, sinks or sources (Jones et al.,
2000). They are often sided by ditches which intercept surface runoff. The ditches can
be connected to the natural river network or end in a dead end (Duke et al., 2006). In
this study we only consider the corridor effect of connected ditches.

- Road independent artificial ditches in rural areas might be used for irrigation or
drainage purposes.

- The natural river and lake network.

Input data

Some data are required and additional data can also be useful for the determination of
drainage network and subcatchment delineation. A DEM is essential and the higher its
resolution, the better the results (Vaze et al., 2010). Either aerial photographs, cadastre or
detailed land use maps are required; they must correspond to the time period of interest, as
suburban areas can change quickly. A map of the river network, preferably one which
includes temporary reaches, and a topographic map can be helpful for the field work. All the
maps must be digitized and georeferenced. Furthermore, all possible information about the
drainage network is useful. This means maps of the sewer network, including flow directions,
depth and slope of the pipes and information about the kind of network, the location of sewer
overflow devices, pumping stations and retention basins. Information about ditches and
rainwater drainage networks is gathered by means of field work here. The amount of field
work is reduced if a large number of digital information is available. The contact with local
authorities can provide further data and information about intended building projects and
modifications of the sewer system.

Determination of preliminary catchment border and catchment outlets

A preliminary topographic catchment border (1A in Figure 1) for the river of concern has to
be determined in order to better target the area for field investigations. This limit determines
the area in which all water converge naturally towards the same river (Figure 2). The
topographic catchment border can be calculated using standard terrain analysis methods based
on DEMs, which are implemented in most GIS softwares. At this step, a drainage network
based on the topography of the catchment is also calculated.

Suburban catchments equipped with a sewer system connected to a WWTP outside the
topographic catchment border have at least two catchment outlets (1B): the natural river and
the pipe towards the WWTP (Figure 2). In some cases, additional overflow devices towards
other sewer systems can be installed. These outlets have to be determined in order to get a
downstream catchment limit. In most cases, a measurement station at the natural river or a
confluence will define the river outlet. The sewer system outlets are then determined in
reference to this natural outlet. All sewer pipes leading outside the catchment, which are
located downstream of the last connection to the natural river are regarded as outlets, refer to
Figure 2.

After determining the catchment outlets, a first approximate catchment border including the
urban zones can be determined. This area should encompass the whole connected sewer
system (combined and separated) upstream of the catchment outlets, see Figure 2. Thus, it
represents the maximal theoretical contributing area (1C) and limits the area of interest for the
next steps.
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Figure 2: A virtual catchment showing the natural and the artificial drainage network composed of
combined sewer system and ditches. The topographical and the maximal theoretical catchment border are
indicated, as well as the measurement station at the river and two outlets of the sewer system located after
connection points to the river.

Determination of the drainage network.

A further analysis of the sewer network data and the distinction between combined and
separated sewer systems can give information about sewer overflow devices and possible
connection points between sewer system and river network (2A), see Figure 2. The rainwater
part of separated systems is often directly connected to the natural river. Therefore, special
interest should be taken in areas with separated systems close to the river. All the connection
points should be mapped in the field after walking along the natural river.

Not many data bases provide sufficient information about ditch and rainwater networks. The
collection of this information often requires a considerable mapping effort. In order to limit
the extent of the field work we propose a systematic approach for ditch mapping (2B). The
ditches are only mapped in the subsequent areas of interest:

- Areas with separated systems, where only the location of the waste water pipes is
known. This is due to the fact that the rain water will have to flow somewhere and will
probably be drained by ditches.

- Along the road network inside the topographic catchment area, as the accumulated
water on the impervious surfaces is often collected by ditches. Gravel roads and foot
paths can also function as flow paths without a ditch.

- Intersections between the road network and the topographic catchment border. Often
the catchment border is influenced by roads, as surface runoff tends to follow the road-
ditch network.

- Areas outside the topographic catchment border, connected to pumping stations or
close to the neighbouring river network may contain ditches with inverse flow
direction, following topography.

- In the case of an available high resolution DEM (e.g. LIDAR data), the calculated
drainage network indicates gullies where channel flow is probable (Sarrazin et al.,
2012). The calculated river reaches, which extend the normal river network can give
information about possible stream locations.

As the ditches follow mostly artificial objects, such as roads which are visible on aerial
photographs or topographical maps, they can be noted on these maps during the field work. If
a higher accuracy is desired the start and end point of the ditches can be measured with a
GPS. Next, retention basins have to be mapped, if they are not known from the available
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data. The final step is the construction of the drainage network out of the collected data. The
drainage network will be the basis for the delineation of the subcatchments and consequently
the total catchment area. Thus, the choice of the network parts, which will be connected to the
natural river, should be done carefully. As we have seen in the description of drainage
networks, rainwater systems are often directly connected to the natural river following
topography instead of being pumped to another catchment. Therefore, we propose not to
connect the rainwater part of separated sewer systems located outside the topographic
catchment boundary to the studied network. Combined sewer network parts located in natural
areas outside the topographic catchment are excluded from the final drainage network,
because inflow to the sewer system usually happens by means of connected houses, which are
non-present in natural parts. Each connection point and all retention basins should be
connected to part of the artificial drainage network.

Delineation of subcatchments

The method of subcatchment and hence watershed delineation proposed here combines
different approaches for urban and rural areas.

The delineation of the urban subcatchments (3A in Figure 1) follows the object oriented
approach (Rodriguez et al., 2003) mentioned before. Depending on the data availability
(vector data like cadastre or land use maps or aerial photographs) the delineation can be done
automatically using GIS functions and scripts (Rodriguez et al., 2003) or manually based on
aerial photographs and topographic maps. The principle is the same for both techniques: each
cadastral unit with a building is connected to the closest drainage pipe or ditch of the derived
drainage network following the principle of proximity (Rodriguez et al., 2003), illustrated in
Figure 3. In case a cadastral unit is located at equal distance to two sewer pipes, the cadastral
unit will be connected to the lowest sewer pipe following the principle of gravity. This results
in the delineation of the urban subcatchments due to the structure of the drainage network.
Each set of retention basins or sewer overflow devices is regarded as a local outlet, and the
upstream area is delineated as separate subcatchment to get an estimation of the contributing
area.

Legend ! $) v
R
[JUrban suﬁ%{agﬁ bound —
Figure 3: The aerial photography (BD ORTHO® IGN) shows urban cadastral units connected via pipes to
the closest sewer system, which leads to the sub-basin delineation (white). The sub-basin is connected to a
retention basin. This object-oriented sub-basin delineation does not consider the fact that part of the
runoff might not be intercepted in the pipe system but drain to rural sub-basins.

The subcatchments in the rural area (3B) are delineated automatically using standard terrain
analysis methods based on the d8 flow direction algorithm and flow direction forcing (Kenny
and Matthews, 2005), as explained in the introduction, with the extended river network
including the ditches. The free software Taudem (Tarboton, 2008), which is based on the
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algorithms developed by O’Callaghan and Mark (1984) and Garbrecht and Martz (1997) can
be used for this task. One subcatchment is calculated for each network reach.

The rural and urban maps are merged using standard GIS software by replacing the urban part
on the rural subcatchments map with the urban subcatchments. The question arises of how to
treat dispersed settlements and small villages in the rural part. To account for the fact that
buildings are mostly connected to the closest drainage network part, we propose to correct the
outside catchment boundary in these dispersed settlements manually following the principle
of proximity. This means that, in rural areas outside the topographic catchment boundary,
only cadastral units next to a ditch leading inside the catchment are included in the catchment
area. In contrast, built-up areas inside the topographic catchment area connected to an outside
leading drainage network are excluded from the catchment area. Basic GIS coding can be
used to automate the subcatchment delineation process, including the urban and rural
subcatchment delineation and their merging.

APPLICATION TO THE CHAUDANNE CATCHMENT

Catchment description

The Chaudanne catchment, part of the Yzeron catchment, is an experimental catchment
operated by Cemagref Lyon since 1997. Located in the suburban area south-west of Lyon,
France, it was chosen to study the urban influence on hydrology and water quality (Figure 4).

Legend
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Figure 4: Location and topography of the Yzeron and Chaudanne catchment. The streamflow and rainfall
gauges are indicated. The extent of the LIiDAR survey is also shown. The Yzeron river network was
provided by IGN.

It is one of the study sites of the Field Observatory for Urban Water Management (OTHU,
2010), which gathers eight research institutes and thirteen laboratories. It was equally chosen
as a study site for the AVUPUR (Assessing the Vulnerability of Peri-Urban Rivers, Braud et
al., 2010) project, to which this study contributes. The project aims at enhancing the
understanding and modelling capacity of water fluxes within suburban areas. The watershed
covers a surface of about 3.5 km?. Its headwater is located in a rural area and the lower part of
the catchment in an urban area. The catchment geology consists of metamorphic rock of the
Monts du Lyonnais series except one alluvial fan in the headwaters (BRGM, 2010) producing
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soils of silty and argillaceous sand (SIRA, 2010). The climate is temperate with alternating
Continental and Mediterranean influences (Gnouma, 2006). The average annual precipitation
between 1997 and 2008 was 747.9 mm with a standard deviation of 168.4 mm (Michel,
2009). The Chaudanne is an intermittent stream with a moderate discharge in winter, due to
saturated zones and typically a dry period in summer, when the river can become completely
dry. A sewer network, consisting of combined and separated rain water and sewer pipes,
covers the lower urban part of the catchment. It is connected to a WWTP outside the
catchment area. During heavy rain events, the capacity of the sewer system is exceeded,
which leads to storm water overflows of mixed water towards the natural river (Lafont et al.,
2006). The sewer water has to be pumped at several places. The catchment also contains
several retention basins.

Available data
A DEM (BDTopo® IGN, Institut Geographic National) with a resolution of 25 m is available
for the whole catchment area, as well as a 2 m resolution DEM from LIiDAR data, acquired in
the framework of the AVUPUR project (Braud et al., 2010, Sarrazin et al., 2012) for the north-
western part (Figure 4). The cadastre of the area is provided by CCVL (Communauté de
Communes des Vallons du Lyonnais) and Grand Lyon (urban communities). A map of the
Chaudanne stream and four temporary tributaries is available (BD Topo® IGN). The location
of four storm water overflow outlets, the pumping station, the combined sewer system and the
waste water pipes of the separated sewer system was provided by the SIAHVY (Syndicat
Intercommunal d'Assainissement de la Haute Vallée de I"Yzeron, local authority in charge of
sewer systems), shown in Figure 5. No digital data of the rainwater network were available in
zones with separated sewer systems.
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Figure 5: Topographical and maximal contributing catchment area for the Chaudanne river. The
drainage network composed of the natural river (BD TOPO®, IGN), the rainwater ditches and pipes, the
combined sewer system (SIAHVY), waste water pipes (SIAHVY) and ditches flowing in the opposite
direction of the sewer system are shown. Most of the ditches follow roads, as can be seen from the
cadastre, provided by CCVL. The connection points with the natural river, catchment outlets, pumping
stations (SIAHVY) and sewer overflow devices (SIAHVY) are indicated. a, b and c indicate areas of
special interest.
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Determination of drainage network

The topographic catchment border (Figure 5) was calculated by means of the 25 m DEM in
the eastern part of the catchment and the 2 m LIDAR DEM in the western part. The resulting
polygons were merged using standard GIS software. In addition to the natural catchment
outlet, two sewer system outlets were defined: the main pipe towards the WWTP and an
overflow towards another sewer system in the north-east of the catchment. For the maximal
theoretical catchment border the whole sewer system is included, which leads to a 55% bigger
catchment area than the topographic catchment. Eleven connection points could be mapped on
the natural river from which three are combined sewer overflow devices. The other
connection points are linked to rainwater pipes or ditches. It was possible to map the missing
rainwater network in zones with separated sewer systems with the help of field investigations
and interviews with the sewer system operator. All roads and major foot paths inside the
maximal contributing area were investigated and all connected ditches were mapped
graphically on a topographical map. A close examination of the intersections between roads
and the topographic catchment border led to the extension of the catchment area in four
locations, marked as “a” in Figure 5. In the area outside the topographic catchment several
ditches with flow directions inverse to the sewer network were found (black arrows in Figure
5). Separated sewer network pipes (marked as b in Figure 5) and combined sewer network
pipes in natural areas (marked as c) which were located outside the topographic catchment
were excluded from the final network which is shown in Figure 7. The field work took about
two days.

Subcatchment delineation

The rural subcatchments were calculated with the Taudem software (Tarboton, 2008). The
delineation was conducted using flow direction forcing (Kenny and Matthews, 2005) of the
extended river network, including natural, rainwater and ditch networks. Due to the
integration of this network into the flow direction matrix one subcatchment is calculated for
each river branch (Figure 6a), even if the river network is not in the valley floor, as is often
the case for artificial ditches. The urban subcatchments were delineated manually with the
help of the aerial photography by connecting the cadastral units to the closest and lowest
sewer pipe (Figure 6Db).

Rural and urban maps were merged by replacing the urban part of the rural map with the
urban subcatchments, see Figure 7. Manual corrections were necessary in built-up zones
located in rural areas outside the topographic catchment. Here, instead of the calculated area,
only the cadastral units close to the ditches were connected (see “a” in Figure 7). Cadastral
units inside the topographic catchment, but connected to other sewer systems were excluded
(b in Figure 7).

The final map of subcatchments (Figure 7) corresponds to the maximal drained area: the
subcatchments drained by the combined sewer system (dotted in Figure 7) are connected only
during wet periods if a threshold discharge is exceeded. These sewer drained sub-basins are
not necessarily connected at the same time. Consequently, the watershed area varies with the
discharge, which has to be considered for the calculation of runoff coefficients. For the
Chaudanne catchment, the dry period watershed with a surface area of 2.9 km? expands up to
4.1 km? during wet periods. Furthermore, in these “sewer drained” subcatchments, never
100% of runoff is connected to the natural stream as part of the water remains in the sewer
towards the WWTP. The wet period watershed is 30% bigger than the topographic catchment
area. Contrarily to its design, the sewer overflow devices in the Chaudanne catchment are
activated nearly at each big rain event. For example, in 2007 a sewer discharge exceeding 5
I/s was measured about 25 times at one of the sewer overflow devices. In addition, the map of
subcatchments was classified depending on the drainage type: natural, ditch drained or urban.

10



Author-produced version of the article published in Hydrological Processes, 27(25), 3747-3761
The original publication is available at onlinelibrary.wiley.com/ doi: 10.1002/hyp.9506

Legend :

O Connection points % N[ 4 S KRR
Ditches —
~—— Rainwater Pipes (SIAHVY)
@ Chaudanne river (IGN)

=== Topographic catchment border

" 0 250 500 1000 1500 2000
I calculated rural sub-basins I Meters

Legend

O Connection points
—— Ditches
Rainwater pipes (SIAHVY)
—— Combined sewer (SIAHVY)
e Chaudanne river (IGN)
—-—-- Topographic catchment bord
~ Calculated urban sub-basins y

Figure 6: a) The rural subcatchments (grey scale), calculated with the d8 algorithm and flow direction
forcing and, b) the urban subcatchments (coloured) following the borders of cadastral units. The sub-
basins have only different colours in order to differentiate them better. The aerial photography (BD®
Ortho) was provided by IGN.
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Figure 7: Final map of subcatchments. Urban subcatchments are in dark grey, rural subcatchments in
white and subcatchments drained by ditches in light grey. The dotted subcatchments are only connected
via stormwater overflow devices to the river. The subtraction of the dotted area from the wet catchment
area results in the dry catchment area. Locations a and b indicate areas of special interest.
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COMPARISON OF DIFFERENT CATCHMENT DELINEATION METHODS

Description of methods

In order to evaluate the benefit of the field work, the presented method for subcatchment
delineation and network determination, here referred to as Method 1, was compared to six
other methods (listed in Table 1), which were only based on digital data. As input for these
methods we used the combined sewer system (CSS), the natural stream network (NSN), the
road network and a new 5 m DEM interpolated from the available 25 m DEM (DEM25-5).
Method 2 consists of flow direction forcing with the combined sewer network and the natural
river network using the Taudem software (Tarboton, 2008) as explained for Method 1. Hence,
the flow direction matrix based on the original DEM is modified in order to integrate the flow
directions of the drainage network. Then, the subcatchments are determined based on this
flow direction matrix.

Table 1: Catchment delineation methods used in this study and the corresponding input data. DEM25-5
and DEM2 are the digital elevation model with a resolution of 25 and 2 m, CSS the combined sewer
system and NSN the natural stream network.

ID Method Input data

1 Proposed method with field DEMZ25-5, LIDAR DEM2, CSS, NSN,
observations aerial photography, field observations
Rural: flow direction forcing (ditches, rainwater pipes)
Urban: Object oriented approach

2 Flow direction forcing with CSS and DEM25-5, CSS, NSN
NSN

3 Calculation of sub-basins for points/ | DEM25-5, sewer inlet points as vector

ArcGIS Watershed tool + topgraphic | data
catchment boundary

4a Stream burning of road with variable | DEM25-5, road vector data with altitudes
depth (Gironas et al., 2010) of start and end point

4b 4a + Stream burning of CSS and NSN: | DEM resulting from 4a, CSS and NSN
1m depth

4c 4a + Stream burning of CSS and NSN: | Same as 4b
5m depth

4d 4a + Stream burning of CSS and NSN: | Same as 4b
10m depth

In Method 3 contributing areas were calculated from the original DEM25-5 for each sewer
inlet point by means of the ArcGIS Spatial Analyst/Hydrology/Watershed tool. The distinctive
feature of Method 3 is the calculation of subcatchments for points instead of lines. As the
calculated subcatchments of Method 3 correspond only to the catchment area of the sewer
system, the surface was merged with the topographic catchment boundary of Method 1. This
topographic catchment border was chosen for the catchment area of the natural stream, as it is
the most currently used catchment border in catchment delineation processes and it is not
particularly specific to Method 1. Like in Method 2, in Method 3 the network length
corresponds to the length of the natural stream and the combined sewer system.

Several variants of stream burning were tested in Method 4. Burned objects were the natural
stream network, streets, the combined sewer system and buildings. The addition of buildings
5m in size or greater was tested and found to only have a minor influence on flow paths and
catchment area. Therefore, the results are not shown here. An attempt was made to apply the
variable road and sewer system burning proposed by Gironas et al. (2010). However, only the
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variable road burning could be applied successfully because of missing sewer pipe depth data.
The BD TOPO (IGN) provided the altitude data for the roads. This method will be referred to
as Method 4a (see Table 1). Constant burning of roads with different depths (0.5m, 1m, 5m,
10m, 20m) was equally tested, but will not be shown here, as the variable burning gave more
realistic results. In order to compensate for the altitude data of the sewer pipes different burn
depths (1m for Method 4b, 5m for Method 4c and 10m for Method 4d) of the combined sewer
system and natural river network were tested based on the DEM resulting from the variable
road burning (4a). The subcatchments and river networks were calculated for the modified
DEMs (4a-d) using the Taudem software without the flow direction forcing option. As the
drainage networks of Methods 4a to 4d arise from raster maps, the Douglas and Peucker
(1973) algorithm for line simplification with 5m threshold was applied. Without this
correction, the network length is not representative because the raster based network would be
longer than the normal, rather straight, network.

Description of validation criteria

Several criteria of watershed area and drainage network produced by each method were
chosen to evaluate the different methods. Method 1 is regarded as the reference, as it is based
on additional field information. The criteria are presented in the following list:

i) Watershed area: total calculated watershed area.

i) Overlapping surface: results from intersection of the concerned watershed area
with the area of Method 1. This criterion shows the capability of the methods to
represent the same watershed area.

iii) Excessive surface: arises from subtraction of the overlapping surface from the
watershed area of Method 1. It shows the overestimated surface.

iv) Surface drained by sewer system: sum of all subcatchments drained by the
combined sewer network. Often this surface is the basis for the sizing of sewer
pipes.

V) Network length: The length of the calculated network.

vi) Total network agreement: The length of the calculated network of a given
method that lies within a zone defined by a buffer of 10 meters around the total
network consisting of combined sewer system, rainwater network and the natural
stream is compared to the length of this total network (Figure 8).

vii)  Combined and natural agreement: the length of the calculated network of a
given method that lies within a zone defined by a buffer of 10 meters around the
network consisting of combined sewer system and the natural river is compared to
the length of this network.

viii)  Excessive network: consists of the difference of the total network length and the
total network agreement of a given method in km, compared to its total network
length. It defines erroneously detected network parts.

iX) Detected ditches: The network length detected in a buffer of 10 meters around the
ditches is compared to the total ditch length. It shows the capability of representing
the artificial ditches without field work.

Results of comparison

Table 2 shows the calculated criteria for all of the methods. The maps of the subcatchments
and drainage networks are presented in Figure 9. Inset 3 of Figure 9 shows the calculation of
contributing areas for inlet points in Method 3, which results in a discontinuous catchment
area with many small subcatchments. All the other watersheds have continuous surfaces.
Methods 2, 4c and 4d have the largest watershed areas and overlap to 98 and 96% (4c and d)
the reference watershed, respectively. However, they overestimate the catchment by 12 to
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15%. This occurs mainly in the southern part outside the topographic catchment border, where

natural and artificial
10).

flow paths intersect (an enlargement of this region is shown in Figure
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Figure 8: Visualization of the network agreement criterion, which represents the network length falling
inside a buffer of 10 meters around the total network (i.e. combined sewer system, rainwater network and
the natural stream). Drainage networks of Methods 4a (only based on the road network) and 4b (using
road, combined sewer system and natural stream) are compared to this buffer and the road network.
Method 4b reduces the network density and enhances thus the agreement with the real network (buffer),
but detects less roadside ditches or pipes.

Table 2: The results for the different criteria and methods. Method 1 is the proposed method, Method 2
uses flow direction forcing, Method 3 contains subcatchments for inlet points and Methods 4a -d use
different kind of stream burning: (a) uses just variable road burning; (b), (c) and (d) use variable road
burning and the burning of the drainage network of 1, 5 and 10m, res

ectively.

Criteria/Method | Unit | Method 1 | Method 2 | Method 3 | Method 4

a b Cc d
Watershed area km? [4.10 4.55 3.516 3.095 3.10 428 [4.28
Overlapping % 100 97.88 89.91 85.35 85.43 |96.21 [96.20
surface
Excessive surface [% 0.0 15.10 04.02 0.99 0.99 11.58 | 11.58
Surface drained km® [1.22 2.20 0.66 0.0 0.68 1.97 |2.0
by sewer system
Network length km [32.19 22.38 22.38 21.23 9.65 11.03 | 37.85
Total network % 100 68.52 68.52 30.41 24.15 |33.64 |70.95
agreement
Combined and % 100 100 100 31.32 33.59 |48.95|89.82
natural
agreement
Excessive network |% |0 0.38 0.38 53.38 18.58 |0.76 |39.01
Detected ditches |% [100 0 0 28.98 3.44 0 29.98
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Figure 9: Subcatchment maps and calculated drainage networks for Methods 1, 2, 3, 4a-d. Polygons
correspond to calculated sub-basins, lines represent the calculated drainage networks and the points
(panel 3) are the sewer inlets, which were used for the calculation of the corresponding sub-basins.

In Method 1 surface runoff in natural areas drains towards the natural streams (a, b and ¢ in
Figure 10), which are tributaries of the Yzeron river and not the Chaudanne stream.
Consequently, the natural areas in Figure 10 are excluded from the Chaudanne catchment as
far as surface runoff is considered. Methods 2 and 4c do not make the difference between
urban and natural areas and include thus these surfaces into the target watershed, which leads
to a wrong representation of the surface flow paths. However, uncertainty remains in pumped
areas (c in Figure 10), where ditches and combined sewers flow in opposite direction. Part of
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the surface runoff is probably drained by the ditches towards the natural stream leading
outside the Chaudanne catchment, and the other part is drained by the combined sewer
system. Only Methods 1 and 2 included this pumped area to the watershed.

A
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Figure 10: Enlargement of the southern part of the catchment showing a comparison of the watershed
limits using Methods 1, 2, 4c and the topographic catchment border. Field observations showed that the
surface runoff in the natural areas (dotted) flows to tributaries of the Yzeron (a, b, ¢), which are not
connected to the Chaudanne stream, whereas the urban areas are drained by the combined sewer system.
Only the object oriented Method 1 makes a difference between urban and natural areas and excludes the
areas drained by the tributaries of the Yzeron.

The comparison of Methods 4b, ¢ and d (refer to Figure 9) show the importance of the burn
depth parameter on the catchment delineation. There seems to be a certain threshold burn
depth (between 1 and 5 m), which is necessary to connect areas outside the topographic
catchment border against the slope direction to the study catchment.

None of the automatic methods correctly represent the surface drained by the sewer system.
Methods 3, 4a and b underestimate the surface by at least 44 %, whereas Methods 2, 4c and d
overestimate it by 60 %.

As can be seen in Figure 9, the longest network length can be found with Method 4d, caused
by the stream burning depth of 10 m. The complete network is best represented by Methods 2,
3 and 4d, which is shown by the total network agreement. However, looking at the excessive
network criterion, we can see that nearly 40% of Method 4d’s network does not correspond to
any network observed in the field. Consequently, Methods 2 and 3, which are also the only
methods capable of reproducing 100% of their input network, lead to a more realistic result.
Nevertheless, these two methods cannot detect artificial ditches. These could only be detected
with Methods 4a and 4d. Figure 8 shows an extract of the urban part of the watershed. The
drainage networks of Method 4a and 4b are compared to the road network and the buffer
around the drainage network of Method 1. We can see that the introduction of the sewer
system stream burning reduces the network density, but enhances the agreement with the real
network represented by the buffer. Nonetheless, the agreement with the road network
decreases.
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DISCUSSION
The proposed method is as general as possible. However, differences in suburban catchment
characteristics caused by differences in climate, geology and population as well as differences
in available data will mean that the method might have to be adapted when applied to other
catchments.
As we have seen, drainage patterns in suburban areas can be quite complex. In case sewer
systems were not mapped during installation, the detection of their location and connections
during field surveys can be difficult. Many ditches are also piped in some parts and the
determination of flow directions and links to other pipes, especially on road cross-sections or
roundabouts, can require tracer investigations. This involves time consuming field
investigations.
The calculation of the rural subcatchments is based on the DEM and thus its resolution plays
an important role. In our case, we had the LIDAR DEM with 2m resolution only for part of
the rural catchment area and a DEM with a resolution of 25m for the rest of the catchment. It
would be interesting to see the results based on a LIDAR DEM for the whole catchment area,
especially for the urban part.
Concerning the delineation of the urban subcatchments only the manual method based on
aerial pictures was shown. This method allows the determination of subcatchments in a more
general manner. The automatic method will strictly connect only plots of land classified as
urban cadastral units leading to a spotted subcatchment map. Hence, the automatic method
depends even more on the input data, such as classification of land use units. No parallel
sewer systems are permitted in the automatic method. This means that the results of the
automatic and manual methods will not necessarily be the same, which can have an impact on
the calculation of runoff coefficients (here defined as ratio of cumulative discharge/rainfall for
a certain interval of time).
Concerning the object oriented approach, the question arises as to whether or not it is correct
to consider an administrational cadastral unit as hydrological unit. Does the water in the yard
really flow to the same place as the building, which is connected via underground pipes
(Rodriguez et al. 2008)? The answer might lie between the object oriented and the
topographical approach. And there is also uncertainty in the drainage network to which a
building is actually connected when there are several close by.
The comparison with the digital data based methods showed that none of them were capable
of capturing all the field observations. Either the catchment area was too small, as for methods
3, 4a and 4b, or too big as for methods 2, 4c, and 4d.
Due to the continuous development of suburban areas, a wide variety of drainage networks
can be found in these areas. It is difficult to reproduce these drainage networks, as they
consist of different sources, such as the sewer system, the natural stream and ditches. By
means of the variable road burning, part of the ditches can be detected, but without
verification in the field, they cannot be distinguished from the erroneous detected flow paths.
The methods of comparison are mainly based on topography, except Method 3, which makes
it complicated to represent cross-flow patterns, different flow directions of the drainage
network and parallel networks. By calculating subcatchments for each inlet point, as used in
most storm water models, the drainage network is independent of the topography and cross-
flow patterns can be reproduced. However, this results in many miniscule subcatchments, and
the continuity of the flow along ditches is no longer represented. Only with Methods 2 and 3
it was possible to obtain the complete input network, and thus include the pumped area.
The catchment delineation in Method 1 is based on both surface and pipe flow paths. For
regions outside the topographic catchment area, the consideration of subsurface flow and
drainage by sewer pipes has an influence on the catchment boundaries. Thus, the subsurface
catchment boundary would correspond to the boundary of Method 2, as sewer pipes in both
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natural and urban parts intercept the subsurface flow (Figure 10). In areas outside the
topographic catchment border, surface and subsurface catchment borders can thus differ.

The process times of the individual methods vary significantly. The flow direction forcing and
constant stream burning is relatively straightforward, as the necessary GIS algorithms can be
automated using standard GIS functions provided by most available software. In contrast, the
preparation of the data for the variable stream burning revealed to be quite tedious. In
addition, elevation data for sewer pipes are typically not available. The time spent in the field
for Method 1 was only about two days. The treatment of the field data and calculation of
subcatchments took about one week. However, cost of fieldtrips might be relevant,
particularly when the basin is in a location not easy to access. Once all field information is
gathered, most steps of Method 1 can be done automatically.

These results show the importance of field investigations and the difficulty to capture all
observed suburban drainage characteristics with one method. Thus, a combination of different
approaches as in Method 1 provides better representation of the urban and natural features of
suburban areas. It enables the capturing of all of the networks with cross-flow patterns, sewer
overflow devices with split flow patterns, parallel drainage networks and pumped areas.

CONCLUSIONS
Slowly growing suburban areas often have complex drainage systems, consisting of a
combination of ditches, sewer systems, sewer overflow devices, pumping stations and
retention basins. The knowledge and accurate representation of the drainage system and
contributing watershed area are important for storm water management, water quality
questions, calculation of hydrological criteria as runoff coefficients and hydrological
modelling.
This paper specifies a systematic approach to collect the information required for the
delineation of suburban watersheds and to build the necessary database. It proposes then a
semi-automated approach for the derivation of drainage areas based on minimal manual
manipulation. This semi-automated approach is then compared to other documented
automated approaches.
The comparison points out that the current purely automatic methods for catchment
delineation and calculation of drainage systems based on DEMSs are not able to correctly
represent the suburban terrain. Unfortunately the relevance of field observations is many
times disregarded when automatic methods and digital information are available. This study
showed that a time efficient field survey (without topographical survey, but only mapping
based on cadastral maps) can considerably improve the catchment delineation. Contact with
local authorities is also recommended as they can provide further data and information about
intended building projects and modifications of the sewer system.
Once the field data are collected, the combination of the object oriented approach and the
flow direction forcing allowed us to represent relatively well both the urban and the rural
zones. Most catchment delineation steps of this combined method can be done automatically,
as shown by Jankowfsky (2011). Further research and developments would probably allow
the automatization of the remaining manual steps, such as the corrections of built-up areas
outside the topographic catchment area. A larger catchment composed of several
subcatchments (each of these subcatchments being the size of the Chaudanne) would probably
be more suitable for this purpose.
This study shows the significance of dry and wet period watershed variability, which is often
not considered. Taking a constant watershed area instead of a variable one can introduce
errors, e.g. when calculating runoff coefficients. Furthermore, the wet period watershed area
is relevant for the activation of sewer overflow devices. In the Chaudanne catchment, the
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SODs are activated at nearly each big rain event contrarily to its design, which has negative
effects on the water quality.

The distinction in urban, natural and ditch-drained subcatchments can give information about
the response time, as urban subcatchments with a higher impermeable fraction will respond
faster than natural subcatchments. Because of the road runoff, ditch drained subcatchments
have a quicker response time than natural subcatchments. The resulting subcatchment map is
also interesting for water quality issues. The contamination risk in urban and ditch drained
subcatchments is higher than in natural subcatchments. If a natural subcatchment is located
downstream of an urban subcatchment the water quality might improve due to dilution. The
resulting subcatchment map can be directly used for storm water management questions and
hydrological modelling. The hydrological model PUMMA (Peri-Urban Model for landscape
MAnagement) was designed based on the drainage network and subcatchments determined in
this article (Jankowfsky et al., 2011; Jankowfsky, 2011).

To further reduce the uncertainties still incorporated in the map, it would be interesting to
perform some tracer investigations at points of interest. Also, the gathering of data about road
cross-sections would permit the application of the approach described by Duke et al. (2003,
2006) and thus allow the determination of hydrologically unconnected areas.

It would be interesting to validate the subcatchment map by means of detailed discharge data
from subcatchment outlets. This would also allow the estimation of flow threshold values for
the sewer overflow devices, and it would permit the determination of the flow threshold
which defines the limit between dry and wet period catchment area.
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