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a b s t r a c t

Flowpaths are significantly affected by land use change and engineered elements across urban catch-
ments. Conventional GIS-based tools for extracting drainage networks were not developed for urban
terrains. This work presents Geo-PUMMA, a GIS toolbox to generate vectorial meshes for terrain rep-
resentation in distributed hydrological modeling, and to extract drainage patterns in urban and peri-
urban catchments. Geo-PUMMA generates well-shaped Hydrological Response Units (HRUs) and Ur-
ban Hydrological Elements (UHEs). The toolbox was used in peri-urban catchments of Chile and France to
generate three model meshes with different levels of treatment, and extract and compare their corre-
sponding drainage networks. A recommended mesh is identified, which replicates the main morpho-
logical and hydrological features of the reference drainage network, and is able to preserve features at
small to medium spatial scales (~80e150 m). Overall Geo-PUMMA can be used to represent the terrain in
distributed hydrological modeling applied to urban and peri-urban scales.

© 2017 Elsevier Ltd. All rights reserved.
Software availability

Availability: https://forge.irstea.fr/projects/geopumma
Additional technical documentation: A user manual with an

example database available from the same web address.
Year First Available: 2016
Hardware Required: Desktop/Laptop with 2 GHz CPU, 4 GB RAM or

more
Operating System Required: Ubuntu 14 (64b) or newer
Software required: Geo-MHYDAS, GRASS GIS 6.4, QGIS 2.12. These

software and other plugins and libraries are packaged in a
Virtual Box Machine available from the sameweb address
0, Santiago, Chile.
Cost: Free
Program Language: Python
License: GNU General Public License

Geo-PUMMA was developed in GRASS 6.4 in a virtual machine
with Ubuntu 14 (64b). Although programming skills are not
needed, Geo-PUMMA requires some knowledge on spatial analysis
and hydrological modeling. It is necessary to be familiar with the
use of commands and to have basic knowledge of urban hydrology
that allow making decisions when representing urban features.
1. Introduction

Urban development significantly changes the hydro-
geomorphology of natural river catchments and their drainage
networks (Booth and Henshaw, 2001; Booth and Fischenich, 2015;
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Vietz et al., 2015). Some of the most impacted areas are located in
so-called peri-urban catchments, where urban development is
often ongoing, and natural, rural and urban areas coexist (Santo
Domingo et al., 2010). Peri-urban catchments are particularly
vulnerable to environmental change with urban development
drasticallymodifying the landscape (Lee and Heaney, 2003; Shuster
et al., 2005) and changing the connectivity of surface and sub-
surface flowpaths (Braud et al., 2013b). Thus, the accurate charac-
terization and representation for modeling purpose of these
catchments becomes essential.

The representation of surface flowpaths at small scales is critical
in hydrological modeling of urban and peri-urban areas. Such
representation must consider not only channelized elements, but
also the connectivity of impervious and pervious surfaces (Sanzana
et al., 2013; Rossel et al., 2014). In small catchments, surface routing
is sensitive to the presence of relatively small channels, which can
be highly responsive to intense and short rainfall events (Singh,
1995). Moreover, Rossel et al. (2014) showed that the connectivity
among pervious and impervious areas affects the magnitude and
relative contribution of the different mechanisms that ultimately
influence the overall catchment response. Finally, Jankowfsky
(2011) showed how the use of inappropriate polygon meshes to
represent the terrain affects the correct connectivity of hydrological
elements.

Several GIS tools have been developed to represent and visualize
landscapes and extract information for hydrological modeling.
Classical methodologies of drainage extraction and catchment
delineation use Digital Elevation Models (DEM) and raster-based
flow direction algorithms, such as the D8 (O'Callaghan and Mark,
1984) or Multiple Flow Directions (MFD) algorithm (Holmgren,
1994; Toma et al., 2001; Seibert and McGlynn, 2007). Further-
more, mathematical filters can be used with high-resolution DEM
to detect curvatures and slope directions, and define valleys and
likely channelized locations in the catchment (Lashermes et al.,
2007; Passalacqua et al., 2010; Sangireddy et al., 2016). These al-
gorithms only extract well-defined streams and work fine in nat-
ural and non-flat areas at regional or medium scales
(~100e1000 km2), but tend to fail at smaller scales associated with
urban and peri-urban areas and catchments (<0.1e10 km2), where
surface and subsurface infrastructures can modify dramatically
flow paths and catchments' boundaries (Giron�as et al., 2010b;
Jankowfsky et al., 2013; Rodriguez et al., 2013). These tools repre-
sent the terrain using cells of the same shape and size (e.g. square
grid cells), but other non-uniformmeshes composed of triangles or
polygons can also be used to avoid the oversimplification of in-
terfaces between hydrological elements, while reducing as much as
possible the number of elements in the final model mesh.

Good examples of GIS tools on raster-based are GRASS-HRU
(Schwartze, 2008), WINHRU (Viviroli et al., 2009) and GRIDMATH
(Viviroli et al., 2009), and vector-based are AVSWAT (Di Luzio et al.,
2004), and PIHMgis (Bhatt et al., 2014). These tools use Hydrolog-
ical Response Units (HRUs) as elementary units, but they were
developed to represent medium and regional scale areas, so urban
and peri-urban elements are normally not well captured. Tanato2
(Bocher and Martin, 2012) is a GIS tool that uses Triangular Irreg-
ular Networks (TINs) to represent complex urban and peri-urban
terrains and their special features and elements, as well as the
interface between hydrological elements. Nonetheless, the final
mesh is composed only of triangles, and thus has notably more
elements than irregular meshes. Geo-MHYDAS (Lagacherie et al.,
2010), a tool that uses meshes conformed by irregular shape
polygons developed for agricultural areas, is not suitable for rep-
resenting urban elements either, as it cannot deal with topological
problems typically found in urban terrain meshes (e.g., non-convex
polygons, complex boundary interfaces and large polygons).
Despite the afore mentioned advances in terrain representation
for hydrological modeling, the extraction of flow paths and the
hydrological analysis of urban and peri-urban environments
handling man-made hydraulic features (e.g., ditches, channels and
pipes) is still an open scientific question. To the best of our
knowledge, no specific tool is available yet to generate good quality
polygonal meshes for urban and peri-urban catchment, i.e. a mesh
composed of the least possible number of properly interconnected
well-shaped elements. A well-shaped element is a not-so-thin-
and-slim pseudo-convex polygon hydrologically homogenous,
which allows the identification of the hydrologic connectivity
defined by the terrain, and ensure the efficient application of hy-
drological models.

The objective of the paper is to present and illustrate the use of
Geo-PUMMA, a GIS tool to generate polygonal meshes for urban
and peri-urban terrain representation, from which a spatial char-
acterization of the hydrological attributes, as well as an accurate
connectivity for distributed hydrological modeling, are obtained.
After describing its structure and main components, we illustrate
an application of Geo-PUMMA for hydro-geomorphological char-
acterization of peri-urban catchments, with a particular focus on
their drainage network and its representation with different mesh
alternatives whose quality are assessed using geometrical and hy-
drological descriptors. Generally, the expression “drainage
network” refers to the network of pipes and streams conveying
flow to the outlet. In this paper, this concept refers to the whole
connectivity structure among the hydrological elements within the
catchment contributing to the channelized system (streams,
ditches and sewer). Two catchments located in different landscapes
and climatic conditions were chosen: the Estero El Guindo catch-
ment (Santiago, Chile), and the Mercier catchment (Lyon, France).

2. Geo-PUMMA

2.1. General presentation of Geo-PUMMA

Geo-PUMMA is a semi-automatic toolbox to spatially represent
urban and peri-urban catchments and the explicit hydrological
connectivity among their components, for the subsequent imple-
mentation of semi-distributed and distributed hydrological
modeling. It uses a vectorial approach to produce irregular shape
elements that are representative of the principal physiographic
units of small catchments (0.1e10 km2). Geo-PUMMA can explicitly
consider not only natural features, but also artificial infrastructures
implemented in urban and peri-urban environments (e.g., hy-
draulic infrastructure, detention and retention devices, pipes and
streets). Urban features are represented using Urban Hydrological
Elements (UHEs) (Rodriguez et al., 2008), while natural/rural areas
are depicted using Hydrological Response Units (HRUs) (Flügel,
1995). These units are represented using varying-size, irregular
shape polygons.

Geo-PUMMA builds upon the tools initially developed to pro-
cess geospatial information and represent peri-urban terrain in the
hydrological model PUMMA (Jankowfsky et al., 2014). This devel-
opment is reported elsewhere in the literature (i.e., Paill�e, 2010;
Brossard, 2011; Jankowfsky, 2011; Sanzana et al., 2013). These
tools were developed using different computer languages and
software (i.e. SQL, R scripts and GRASS functions). Geo-PUMMA not
only consolidates these tools in order to simplify their use and the
data processing, but also includes new functionalities. Geo-PUMMA
is implemented on the GRASS platform (GRASS Development Team,
2015) and QGIS (Quantum GIS Development Team, 2015), and the
corresponding codes are written in Python programming language
(python.org) due to the advantages of topological management and
available commands to process vector grids.
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Geo-PUMMA considers four main steps covering the whole
analysis process going from data gathering and digitalization up to
the derivation of the hydrological connectivity. The first step (Step
A) corresponds to data collection, digitalization and quality
improvement of all the geospatial maps relevant for the modeling
of urban and peri-urban hydrologic processes. The second step
(Step B.1) corresponds to the description of the urban area, inwhich
all the UHEs are delineated and characterized using attributes such
as average height, area, percentage of imperviousness, green area,
and distance from the centroid to the closest sewer or street. In the
third step (Step B.2) the initial HRUs segmentation is improved
using triangulation and dissolution processes based on the so-
called geometric indexes. In this step HRUs can also be
segmented to lump the topographic properties obtained from the
DEM (Sanzana et al., 2013), including the slope, aspect, etc. In the
fourth step (Step B.3), the drainage network is extracted using a
recursive algorithm for identifying surface and sub-surface flow
directions, and considering hydrological connections among the
different units. The obtained drainage network is composed of the
channelized infrastructure, natural streams and the entire con-
nectivity among the HRUs and UHEs draining to the channelized
system (streams, ditches and pipes). A final step not performed by
Geo-PUMMA is needed to transform the geospatial features into
database tables to be processed by the hydrological model. For
example, in the case of the PUMMA model (Jankowfsky, 2011;
Fuamba et al., 2015), this step uses SQL scripts developed by
Jankowfsky (2011). The resulting features can also be used in other
models such as SWMM (Giron�as et al., 2010a), SWAT (Neitsch et al.,
2005), URBS (Rodriguez et al., 2008) or MHYDAS (Moussa et al.,
2002). Table 1 summarizes the different scripts implemented in
Geo-PUMMA, which can be of optional or compulsory use. The
Geo-PUMMA Tutorial (Geo-PUMMA Team, 2017) provides details
and an example on how to use these scripts, that will give the user
an idea of the computing times involved.

Although Geo-PUMMA is a self-contained tool including the
scripts developed to implement this 4 step methodology, certain
GRASS and Geo-MHYDAS scripts (Lagacherie et al., 2010) are
needed for some specific steps, and should be installed together
with Geo-PUMMA (Appendix 1 presents the main functions used in
Table 1
Tasks in each step of Geo-PUMMA and the corresponding scripts.

Script/Plugin Task (optional/compulsory)

Step A p. clean_topology.py Cleaning topological polygons (compulsory)
p. clean_polyline.py Snapping, breaking and joining polylines (optional

Step
B.1

p.sidewalk_street.py Segmenting part of sidewalk and street in front of
p.uhe.py Creating the UHE shapefile (compulsory)
p.a.average_altitude.py Getting the mean altitude and statistical paramete
p c.wood_surface.py Getting the green area percentage of each UHE (op
p.length.py Getting the distance from the centroid to the stree
p.built.py Getting the building percentage of each UHE (optio

Step
B.2

p.polygons_holes.py Segmenting the HRU with island inside (optional)
p.shape_factors.py Calculating shape factors (convexity index, solidity
Triangle Plugin Segmenting the bad-shaped HRU using library Me
p.convexity.py Dissolving using convexity and area criterion recom
p.formfactor.py Dissolving using form factor and area criterion, rec
p.raster_segmentation.py Segmenting units with high variability of a given p

Step
B.3

p.all_interfaces.py Identifying all the interfaces between polygons and
p.river_segm.py Segmenting the river considering the WTI and WT
p.wtri.py Identifying all interfaces between HRU/river and U
p.wti.py Identifying all interfaces between HRU/UHE (comp
p.olaf.py Extracting the drainage network considering overl
p.geo_descriptors.py Updating the database from the model mesh, cons

and area functions (compulsory)
p.river_direction.py Changing all directions of the river's segments con
p.rebuild_ditch_segments.py Dissolving all river segments, allows simplifying th
p.river_h_s.py Getting the altitude and slope of each river segmen
addition to Geo-PUMMA). From now on in the text, m. script and v.
function correspond to external Geo-MHYDAS scripts and GRASS
functions respectively. Readers are referred to the GRASS (GRASS
Development Team, 2015) and Geo-MHYDAS (Lagacherie et al.,
2010; Fabre et al., 2010) documentation to learn about the use
and implementation of these scripts. Nonetheless, a Virtual Box
Machine with all the tools and external scripts is available from the
Geo-PUMMA downloading site. More details and examples are
available in the Geo-PUMMATutorial. What follows is a description
of the four steps considered in Geo-PUMMA.
2.2. Step A: data collection and maps digitalization

The aim of Step A is to collect and pre-process all the relevant
maps containing spatial information, including urban cadastral
maps, land use maps, vegetation, soil type and geology layers, as
well as natural and urban channelized networks (Fig. 1). The pre-
processing allows generating maps with clean topology to be
used in the next steps. In addition to digitalized private and public
lots, the cadastral maps should include public built areas (e.g.,
streets, squares and parks, sport and recreation areas, trails and
bike paths). Certain infrastructures can be digitalized from high-
resolution aerial photos, LiDAR (Light Detection and Ranging) im-
ages or similar, with resolutions finer than 0.5 m. Much of this in-
formation is available on-line, but some is found in urban data
banks prepared and maintained by municipalities and public or
private institutions. Green and natural areas as well as crops can be
identified from satellite information and manually digitalized
(Banzhaf et al., 2013; Jacqueminet et al., 2013). Finally, minor hy-
draulic infrastructure such as diversion elements, culverts and
drains can be identified from field surveys.

Although most of the algorithms developed for remote sensing
images consider a raster format, the resulting maps are vector
layers (i.e., polygons, polylines). As expected, the quality of these
maps and the subsequent computation of lumped properties such
as height, slope and aspect, depend strongly on the resolution of
the original DEM.

Once the basic polygonal layers have been collected, we
recommend correcting linear elements such as rivers to avoid
)
each urban lot (compulsory)

rs of each UHE (compulsory)
tional)
t centerline (compulsory)
nal)

index, form factor and compactness) (compulsory)
shpy and Software Triangle implemented in QGIS (compulsory)
mended for highly non-convex polygons (compulsory)

ommended for thin and needle-shaped polygons such as streets (compulsory)
roperty from raster information (optional)
/or linear features (WTI and WTRI) (compulsory)
RI elements (compulsory)
HE/river (compulsory)
ulsory)
and flow, natural streams and channelized infrastructures (compulsory)
idering the update of distance and cumulative area as input for computing width

sidering upstream (�1) or downstream (1) direction (optional)
e number of final segments, keeping their properties uniform (optional)
t (compulsory)



Fig. 1. Tasks and output maps associated with Step A, digitalization and pre-processing of input information.
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topological mistakes in the intersection step (Fig. 2a), in which all
the polygon or polyline layers are overlapped. Thus, the channel-
ized network must be adjusted to one side of the street or to the
closest edge elements to avoid the creation of small irrelevant units
for hydrological modeling (Fig. 2b). Additionally, at this step the
edges of the lower resolution maps (e.g., soil type and geology)
must be adjusted to those with higher resolution (i.e., cadastral
maps). Linear elements can only be adjusted manually in a very
time consuming manner given the length of channelized networks.
Nevertheless, as such correction is not included in Geo-PUMMA, we
recommend using a semi-automatic snapping tool such as the m.
snaplp script, which allows snapping automatically the vertex of the
polyline to the nearest element (Fig. 2c).

The next step is the delineation of the catchment and sub-
catchment boundaries using all the available related maps (e.g.,
land use, sub-catchments, soil and geology). If a single stream
network exists, the delineation based on the DEM can be a first
approximation, and drainage infrastructures (e.g., sewers and
ditches) can be used later to refine the boundaries. In fact,
Fig. 2. Correction of linear elements to avoid topological mistakes when intersecting differen
polygons) and a digitalized storm sewer (blue polyline). (b) a sliver area (red polygon) is crea
snapping the polyline to the nearest polygon boundary (yellow line). (c) After the correction,
colour in this figure legend, the reader is referred to the web version of this article.)
stormwater or combined sewer networks can hinder the delinea-
tion and definition of urban sub-catchments, and field surveys
become crucial to achieve this task (Jankowfsky et al., 2013). Finally,
the limits of each of the input maps must coincide exactly to
generate the initial overlapped map. Each shapefile must be im-
ported into a GRASS database using p. clean_topology.py and p.
clean_polyline.py to avoid topological problems in polygonal and
polylines features respectively.
2.3. Step B.1: delineation and characterization of UHEs

To create the UHEs, urban lots, land plots and streets are first
extracted from the land-use layer (Fig. 3, step B.1) in which all the
built elements are digitalized. A relevant input for the definition of
the UHEs is the polyline representing the axis of every street, from
which the distance to each UHE is computed. Because no specific
script is available in Geo-PUMMA, these street axes must be ob-
tained from public or private database, or digitalized from the ur-
ban street layer either manually or using computer-assisted tools
t maps. (a) a particular urban location containing polygons from the initial mesh (white
ted when intersecting the storm sewer and the initial mesh, which can be removed by
the storm sewer overlaps the polygon boundary. (For interpretation of the references to



Fig. 3. Flowcharts showing Step B.1 (UHE characterization), Step B.2 (HRU characterization) and Step B.3 (Hydrological connectivity description).
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proposed elsewhere (Hu et al., 2004; Haunert and Sester, 2008;
Leninisha and Vani, 2015). Only scripts from Geo-PUMMA are
needed to create the UHEs, and no extra tool is required. The p.
sidewalk_street.py script generates the sidewalk and street layer,
and identifies the sidewalk and half of the street in front of each lot.
This layer and the cadastral map are used by the p. uhe.py script to
create the UHEs (see an example of final UHEs in Fig. 4). Different
scripts are then used to assign different attributes to each UHE,
including: average height (p.average_altitude.py), distance from the
centroid to the center of the street (p.length.py), built area in each
lot (p.built.py), and the fraction of trees by lot (p.wood_surfaces.py)
Fig. 4. Example of UHEs generation in Geo-PUMMA. (a) Aerial Photography; (b) L
in case a detailed digitalization of each lot is available. Alternatively,
Banzhaf et al. (2013) propose digitalizing the green areas of a
random representative set of lots to build a simple statistical rela-
tionship between the lot area and the percentage of green area.

2.4. Step B.2: segmentation of HRUs

2.4.1. Initial HRUs
The first step to obtain the initial HRUs is to intersect the main

vector layers selected in Step A, excluding the UHEs. Usually, the
tools to intersect layers in GIS platforms only operate with polygon
ot þ Sidewalk þ Middle of street in front of each lot, and (c) final UHEs map.
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layers (e.g. land use, sub-catchments, soil, and geology), but cannot
intersect polygons with polylines (e.g. rivers and channels). Such
capability is very relevant for peri-urban catchments. Thus, we
propose using the script m. seg, although polygons features could
also be intersected first, and subsequently the polylines features
could be manually used to cut the polygons they intersect. Subse-
quently, the scripts m. dispolygseg and m. sliverpolygseg should be
used to clean the resulting layers; m. dispolygseg dissolves the
smallest areas to a certain threshold value, whereas m. sliverpo-
lygseg dissolves areas with an elongated thin shape. One could also
consider using the GRASS function v. clean, although it dissolves all
the longest boundaries of the units below an area threshold.

The direct intersection of maps allows the identification of areas
with homogeneous properties, although the initial mesh is
composed of elements of very irregular geometry. As the distances
between the centroid of the polygons are commonly used to
represent the mean flow distance among units, bad-shaped ele-
ments must be corrected to avoid affecting hydrologic simulation.
We define a good quality polygonal mesh for urban and peri-urban
catchments as a mesh composed of the least possible number of
properly interconnected well-shaped elements, with homogenous
hydrological properties, that are representative of the terrain and
ensure the efficient application of hydrological models. Hence, the
following criteria must be satisfied (Sanzana et al., 2013): (1) the
centroid must be inside each element, (2) the boundaries must be
smooth, (3) the area of each element must be in a certain range, and
(4) narrow and elongated elements must be avoided. In the
following subsections, we present the process to correct the bad-
shaped elements.

2.4.2. Identification of bad-shaped HRUs
Bad-shaped elements can be identified after using the script p.

shapefactors.py, which computes for each HRU the geometric in-
dexes Convexity Index (CI ¼ Ac/A) and Form Factor (FF ¼ 16 A/P2),
where A is the area of the polygon, Ac is the convex area and P is the
perimeter of the polygon. CI allows identifying HRUs with irregular
shape in which the centroid is generally outside, whereas FF allows
identifying thin and long units. CI ¼ 1 for regular shape polygons
such as circles, squares and rectangles, whereas CI < 1 for any non-
convex units. On the other hand, FF ¼ 1 for square polygons, and
FF < 1 for thin and long units. Finally, elements with a large area
must be partitioned into new smaller areas.

A good quality mesh will be composed of well-shaped elements
whose areas range between a minimum and maximum value (Amin
and Amax respectively), and for which CI and FF are larger than
certain threshold values CImin and FFmin. First, the small elements
with no relevant physical significance must be dissolved by means
of the m. dispolygseg or v. clean scripts. A threshold area of
Amin ¼ 10 m2 is recommended for peri-urban landscapes. Subse-
quently, elements with area larger than Amax must also be identi-
fied and segmented. A value Amax ¼ 2 ha is recommended for peri-
urban areas. Second, elements with FF < FFmin (i.e. narrow and thin
units) and elements with CI < CImin are identified.

As a result, three independent bad-shaped subsets associated
with the geometric or area criteria are generated. The subset with
small polygons (A < Amin) must be dissolved and is not considered
in the segmentation procedure. Because the bad-shaped units will
be triangulated to avoid increasing the processing times, the user
must verify that the number of vertexes of each subset does not
exceed a certain value using the v. info script. We suggest a
maximum of 500 vertexes/ha to represent spatial features such as
green areas. Nevertheless, the function v. generalize can be used to
simplify those elements in GRASS, with its option for reducing the
number of vertexes in a boundary using either the Douglas-Peucker
(Douglas and Peucker, 1973) or Snakes (Kass et al., 1988) algorithm.

2.4.3. Improvement of bad-shaped HRUs
To improve bad-shaped units Geo-PUMMA uses a divide and

conquer approach, in which the bad-shaped HRUs are segmented
into a subset of triangles using the software Triangle (Shewchuck,
1996) prior to grouping new well-shaped units. Two options are
considered for triangulation: (1) R scripts developed by Sanzana
et al. (2013) to compile Triangle, or (2) the Triangle Plugin avail-
able in QGIS, which uses the Meshpy library to perform a triangu-
lation over the shapefiles. Finally, the triangulated subset obtained
using the convexity criteria (CI > CImin) is dissolved utilizing the p.
convexity.py script, whereas the p. formfactor.py script is used for the
subset obtained using the form factor criteria (FF > FFmin). The
divide and conquer algorithm allows the segmentation using not
only a convexity criterion already presented in Sanzana et al.
(2013), but alternatively a form factor criterion developed espe-
cially for Geo-PUMMA, whose pseudo-code is presented in
Appendix 2 and illustrated in Fig. 5. The urban area in Fig. 5a in-
cludes a street surrounding a square, which corresponds to a bad-
shaped element with FF ¼ 0.06 (Fig. 5b.1). The segmentation of
this polygon considers adding vertexes every 5 m or less (Fig.5b.2),
the subsequent triangulation (Fig.5b.3) and dissolving to generated
10 pieces with FF > FFmin ¼ 0.4 (Fig.5b.4). Finally the new mesh is
composed of well-shaped and small elements (Fig. 5c).

This process produces a good quality mesh made up of well-
shaped elements that still may have small area units and/or elon-
gated triangles. A new application of the p. shapefactors.py routine
allows identifying units with A < Amax, CI < CImin and FF < FFmin

values. The iterative application of the divide and conquer approach
using CI or FF criteria can produce new small bad-shape elements,
as these criteria may sometimes not be compatible. Small elements
without hydrological meaning are finally dissolved, whereas the
others are kept in the final mesh despite not fulfilling the geometric
criteria.

Fig. 6 illustrates the use of the script p. convexity.py in the seg-
mentation of a bad-shaped unit. The unit (Fig. 6a) is divided in
triangulated units (Fig. 6b), which are dissolved into polygons using
threshold values of CImin ¼ 0.95 (Fig. 6c) and CImin ¼ 0.85 (Fig. 6d).
Fig. 7 illustrates the use of the script p. formfactor.py in the seg-
mentation of a bad-shaped unit with a thin and long shape. The
thin element (Fig. 7a) is divided in triangulated units (Fig. 7b) that
are dissolved into polygons using threshold values of FFmin ¼ 0.50
(Fig. 7c) and FFmin ¼ 0.20 (Fig. 7d).

2.4.4. Segmentation by raster criterion
The final segmentation step using the p. raster_segmentation.py

routine (Sanzana et al., 2013) is applied to the HRUs with high in-
ternal variability of topographic attributes, such as slope or aspect.
This script creates newmore homogeneous units and facilitates the
extraction of a more realistic hydrological connectivity.

2.5. Step B.3: hydrological connectivity

The hydrological connectivity of surface flow paths and sub-
surface interfaces is extracted from the improved mesh (Fig. 3, Step
B.3). Routing algorithms are applied considering the centroid of the
units directly connected to the drainage system. The length of the
interface between adjacent units is used to estimate the lateral
subsurface flow between two units (HRU or UHE) or between one
unit and the river. The hydrological interfaces are identified using
the p. all_interfaces.py routine. Then, the initial river (Fig. 8a) is



Fig. 5. An example of a bad-shaped polygon improvement. (a) a long and thin street surrounding a square is generated. (b) The street corresponds to a bad-shaped polygon with
FF ¼ 0.06, which is treated to generated 10 elements with FF > FFmin ¼ 0.4). (c) Final improved mesh.

Fig. 6. HRU segmentation according to Convexity Criterion. Initial Polygon (a), Triangulated Polygon (b), Dissolved with CImin ¼ 0.95 (c) and CImin ¼ 0.85 (d).
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segmented based on the boundary of the adjacent units using the p.
river_segm.py routine (Fig. 8b). In addition, the p. wti.py and p.
wtri.py scripts are used to identify all the interfaces through which
flow exchange between the river and neighboring units occurs.
These interfaces are defined as WTRI (Water Table River Interfaces)
and WTI (Water Table Interfaces) (Fig. 8b).

The p. olaf.py routing algorithm (Brossard, 2011) connects first
all river segments bordering HRUs and all the isolated HRUs with
only one neighbor. Then, for the remaining HRUs, it looks for the
minimal height until reaching the river or channel section. As a
result, a vector layer with the hydrological connectivity of the HRUs
and UHEs is obtained. If a loop is generated within the process, the
algorithm recursively looks for an alternative route from the unit
starting the loop until reaching the drainage system (the pseudo-
code of the OLAF algorithm is presented in Appendix 3, its flow-
chart in Fig. 9 and an example of application in Fig. 10). Because the
sub-catchments are delineated as an intermediate step, the search
is only carried out inside each sub-catchment, and avoids leaps to
neighboring catchments as the topographic boundaries previously
imposed are respected. The p. olaf.py algorithm also delivers the
HRUs subset that could not be connected to the general system. In
this case, the heights must be verified and the routine run again. A
manual checking and connection is eventually needed only when
bad-shaped elements or big flat units produced by the previous
segmentation still remain.

The p. geo_descriptors.py routine can be used to perform a
detailed analysis of the spatial distribution of the connected area.
This routine stores the area -or any other property whose value is
spatially distributed- and distance to the outlet point. This infor-
mation can then be used to compute the width and area function,
two geomorphological functions utilized later to characterize the
drainage networks generated by Geo-PUMMA. In a final step, the
direction of the drainage system can be defined from downstream
or upstream with the p. river_direction.py script. Furthermore, in
order to minimize the number of stream reaches and reduce
computation time, portions of them with similar characteristics



Fig. 7. HRU segmentation according to Form Factor Criterion. Initial Polygon (a), Triangulated Polygon (b), Dissolved with FFmin ¼ 0.50 (c) and FFmin ¼ 0.20 (d).

Fig. 8. Initial River (a) and Segmented River (b) based on HRU neighbors.
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(particularly height) can be dissolved with p. rebuild_ditch_seg-
ments.py, while the height and slope are reassigned with the p.
river_h_py script.
3. Application of Geo-PUMMA to two case studies

As an application example, Geo-PUMMA was implemented in
two peri-urban catchments located in different geographical re-
gions, to create and geomorphologically and hydrologically
compare 3 particular meshes generated by the model and the
corresponding drainage networks. This application illustrates the
performance and flexibility of Geo-PUMMA when used in diverse
landscapes with different data availability and format, and allows
recommending strategies and parameter values to obtain good-



Fig. 9. OLAF algorithm flowchart.

Fig. 10. An example of the OLAF algorithm. a) Connection of neighboring river units to the river and isolated polygons with neighbor polygon, b) routing upper units into
downstream unit and c) routing until connecting all units.

P. Sanzana et al. / Environmental Modelling & Software 91 (2017) 168e185176
quality meshes. In addition, the final segmentation obtained with
Geo-PUMMA is qualitatively compared against the application of a
traditional raster-based approach, in order to show the advantage
of the Geo-PUMMA vectorial approach. As a reference, the appli-
cation of Geo-PUMMA to the study catchments here described
implied computing times of ~60 h.
3.1. Study areas and available information

3.1.1. Estero el Guindo catchment, Santiago (Chile)
The Estero El Guindo catchment (Fig. 11a) is located in the An-

dean foothill, in a rapidly expanding peri-urban area in the pied-
mont of Santiago, Chile (Romero et al., 1999, 2010; Romero and
Vasquez, 2005; Pavez et al., 2010; Banzhaf et al., 2013). The catch-
ment has an area of 6.5 km2 and elevations range between 788 and
1310 m. The geology is composed of permeable layer of fluvial
deposits with andesitic rocks in the impermeable bottom. There is
an unconfined aquifer with shallow depths in the upper portion of
the catchment and larger depths in the lowest part. The natural
area is covered by native vegetation (51%) and the urban area
covers the remaining 49%.

The land use map was generated using information provided by
the Chilean Areal Photographical Service and the Municipal Master
Plan (Municipalidad de Lo Barnechea, 2012) whereas soil types and
geology information were obtained from technical studies (DGA-
AC, 2000; DGA-Arrau, 2008). Contours every 1 and 2.5 m and
1:2500 and 1: 5000 maps were available from DOH-EIC (2004) for
the urban and natural portions of the catchment, respectively.
Finally, the channelized network was identified from field surveys,
and information provided by DOH-CADE (2001) and DOH-EIC
(2004).
3.1.2. Mercier catchment, Lyon (France)
The Mercier catchment (Fig. 11b) is part of the Yzeron peri-

urban watershed (150 km2) located southwest of Lyon, France. It
has an area of 6.8 km2 and elevations range between 300 and
785 m. The geology consists mainly of gneiss and granite, and soils
are quite shallow, especially in upslope areas, leading to an overall



Fig. 11. Study areas. a) Estero el Guindo Catchment, Chile, and b) Mercier Catchment, France.
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low water storage capacity. Fifty percent of its area is for agricul-
ture, 40% is covered by forests, and 10% is either urban or imper-
vious (Braud et al., 2013a).

The available information includes a detailed land use map
obtained by manual digitalization (Jacqueminet et al., 2013), a
pedology map (SIRA, 2011), a geology map (BRGM, 2011), a 2 m
DEM (Sarrazin, 2012), a sub-catchment map generated using the
method proposed by Jankowfsky et al. (2013), maps with ditches
(Jankowfsky, 2011), and the sewer network provided by the Syn-
dicat Intercommunal pour l'Am�enagement de la Vall�ee de l'Yzeron.

3.2. Modeling meshes and associated drainage networks

In this application, three meshes are defined:

� Initial Mesh (IniM): this mesh is obtained from intersecting the
land use, soil type, sub-catchments and geology layers, but
without applying step B2 on HRUs. CI and FF values for this mesh
are not restricted, and thus no correction to the mesh elements
is implemented.

� Reference Mesh (RefM): this mesh was created using high
values of the geometric indexes, i.e. CImin ¼ 0.975, FFmin ¼ 0.5,
and Amax¼ 2 ha. This is the bestmodel mesh to be obtained from
the available information, which allows the best topographic
fidelity while avoiding topological problems. This mesh ensures
a high degree of segmentation and significantly increases the
number of final elements.

� RecommendedMesh (RecM): This mesh is obtained when using
the default values of CImin ¼ 0.75, FFmin ¼ 0.20 and Amax ¼ 2 ha.
This mesh is a compromise between the initial and reference
meshes. It relies on CI and FF values that allow getting well-
shaped elements, without significantly increasing their number.
3.3. Characterization and assessment of the meshes and drainage
networks

3.3.1. Width and area functions
To characterize the drainage network extracted from eachmesh,

we use the width function W(x) and area function A(x). W(x) cor-
responds to the number of drainage segments located at a given
distance x from the catchment outlet along the drainage network,
whereas A(x) is the portion of contributing area associated to this
flow distance x (Rodriguez-Iturbe and Rinaldo, 1997). Both W(x)
and A(x) allow the characterization of the arrangement of flow
paths and contributing areas in the catchment, which have strong
implications on its hydrologic response (Rodríguez-Iturbe and
Rinaldo, 1997). Indeed, W(x) has previously been used to compare
drainage network representations (Richards-Pecou, 2002; Moussa,
2008; Rodriguez et al., 2013; Sanzana et al., 2013), and to assess the
effect of urbanization on the drainage network structure and po-
tential impacts in the resulting hydrograph response (e.g., Smith
et al., 2002; Giron�as et al., 2009; Ogden et al., 2011).

In particular, we compare W(x) and A(x) of the IniM and RecM
against the RefM to identify the locations and spatial scales at
which the drainage networks associated with the different meshes
differ. To assess the goodness-of-fit against the RefM, we use the
Mean Absolute Error (MAE) and the Nash-Sutcliffe efficiency co-
efficient (CNS, Nash and Sutcliffe, 1970). The MAE is a residual
measure to evaluate the goodness-of-fit in the units of the variable
(Bennett et al., 2013), whereas the CNS is a relative error measure,
which combines the correlation coefficient and observed and
simulated means and standard deviations, to assess similarities in
the overall function patterns (Legates and McCabe, 1999; Bennett
et al., 2013). Values of CNS < 1 are associated with differences in
the connectivity of the modeling meshes.

Because both W(x) and A(x) allow reducing the 2D drainage
structure to a 1D mathematical function, they can be analyzed and
compared using power spectral analysis. This analysis quantifies
the distribution of power per unit frequency of discrete series, and
is a useful tool to get information about their structure in the fre-
quency domain. Such analysis has been previously applied to W(x)
and/or A(x) (Rodríguez-Iturbe and Rinaldo, 1997; Veneziano et al.,
2000; Richards-Pecou, 2002; Puente and Sivakumar, 2003;
Moussa, 2008; Sanzana et al., 2013). For each of the three meshes,
we compare the cross power spectral density (CPSD) of W(x) (and
A(x)) against that of W(x) (and A(x)) of the RefM. The CPSD is the
power spectral of the cross-covariance between two series (Shynk,
2012), which allows quantifying the power shared by a given fre-
quency for the two series. Hence, it can be used to identify at which
spatial scalesW(x) (and A(x)) of the IniM and RecM differ fromW(x)
(and A(x)) of the RefM. Note that the CPSD of the same series is
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simply the power spectral density of the series. All the CPSD were
computed using Matlab®.

3.3.2. Instantaneous unit hydrograph (IUH)
The basin geomorphology has been proven to be closely linked

to its hydrologic response (Rodriguez-Iturbe and Rinaldo, 1997). In
particular, A(x) incorporates some essential characters of the hy-
drologic response because the travel time from the subareas in the
catchments is related to the flow distance to be traversed. Thus, by
normalizing A(x) to obtain a unit area under the curve, and defining
constant overland and channelized flow velocities, the spatial scale
of A(x) can be transformed into a temporal scale to generate an
instantaneous unit hydrograph (IUH), i.e. the hydrologic response
of the basin when represented as a linear system. This trans-
formation has been implemented elsewhere in the literature (e.g.
Rinaldo et al., 1995; Morrison and Smith, 2001; Smith et al., 2005;
Giron�as et al., 2009) and is proposed here to better understand the
hydrologic impacts of the catchment representation using different
modeling meshes computed by Geo-PUMMA. Following what is
proposed by the UDFCD (2006), for Estero El Guindo we adopted a
velocity VH ¼ 0.75 m/s for natural hillslopes or HRU (mean slope
34%), a velocity VU ¼ 0.27 m/s for urban areas or UHE (mean slope
7%) and a velocity VCh¼ 2.2 m/s for the channelized network (mean
slope 3%, mixed natural/concreted channel). For the Mercier we
adopted values of VH ¼ 0.27 m/s (mean slope 13%), VU ¼ 0.60 m/s
(mean slope 8%) and VCh ¼ 1.85 m/s (mean slope 9%, mostly natural
channel).

3.3.3. Discretization error metric
Finally, we also use the sub-basin discretization error metric DLs

associated with a certain schematic representation s (Liu et al.,
2016) to compare IniM and RecM against RefM. DLs is given by:

DLs ¼ Lo � Ls ¼
Pn

i¼1 AioLioPn
i¼1 Aio

�
Pm

j¼1 AjsLjs
Pm

j¼1 Ajs
: (1)

where Lo and Ls are the area-weighted in-channel routing lengths of
the reference schematic representations o and the representation s,
and Aio (Ajs) is the areas contributing to the routing channel i (j) of
representation o (s), whose length is Lio (Ljs). Although originally
Fig. 12. Modeling meshes for El Guindo (a) and Mercier (b) catchments: Initial (grey), Rec
pretation of the references to colour in this figure legend, the reader is referred to the web
proposed for channelized network, this error metric can be used
with meshes in which the different subareas have their corre-
sponding drainage segment. Note that DLs is a priori discretization
error metric to estimate the hydrologic information loss by any
discretization scheme as compared to a reference discretization
(Liu et al., 2016). Hence, this metric complements the computation
and analysis of the IUH in quantifying the hydrologic impact of
different terrain representations without running a comprehensive
hydrologic model.
4. Results and discussion

4.1. Main characteristics of the various modeling meshes

Fig. 12 shows the three meshes generated for the Estero El
Guindo catchment (Fig. 12a) andMercier catchment (Fig. 12b). Grey
lines represent the initial polygon segmentation (IniM), red lines
the recommended mesh (RecM), and black lines the reference
mesh (RefM). The corresponding drainage networks of El Guindo
and Mercier are presented in Fig. 13. For each mesh, the drainage
density (Dd), defined as the ratio between the total length of the
drainage network and the total area of the catchment, was
computed (Table 2). For the Estero El Guindo, the segmentation
procedure increases Dd from 24.2 km/km2 (IniM) to 32.9 km/km2

(RefM), while for RecM, Dd ¼ 26.2 km/km2. For the Mercier catch-
ment, the segmentation procedure increases the drainage density
from 23.6 km/km2 (IniM) to 31.6 km/km2 (RefM), while for RecM,
Dd ¼ 26.4 km/km2. In both cases, Dd of the RecM increases by ~10%
as compared to the IniM. This increase is ~30% for the highly
detailed segmentation of the referenced mesh. Thus, RefM im-
proves the representation of flow paths without increasing signif-
icantly the drainage density of the initial mesh. The segmentation
procedure increases the drainage density of both catchments as the
final number of hydrological response units also grows up. In
addition, the increase of hydrological connectivity allows avoiding
topological problems in the drainage network, due to the
improvement of the flow paths representation.

Table 2 summarizes the main characteristics of the HRUs for
each mesh, including their number, minimum, maximum and
average areas (Amin, Amax, Aave), and the number of well-shaped
ommended (red), and Reference (black) segmentation units are identified. (For inter-
version of this article.)



Fig. 13. Initial (a), recommended (b), and reference (c) drainage networks of el Guindo. Initial (d), recommended (e), and reference (f) drainage networks of Mercier.

Table 2
Main characteristics of the Initial Mesh (IniM), Recommended Mesh (RecM) and Reference Meshe (RefM) obtained for the Mercier and El Guindo Catchments.

Mesh Dd(km/km2) HRU Amin (m2) Amax (m2) Aave (m2) HRUFF>0.2 HRUCI>0.75

IniM El Guindo 24.2 2057 0.1 243,133 2119 767 (83.8%) 737 (80.5%)
RecM El Guindo 26.2 2016 10 38,663 1862 1270 (94.9%) 1145 (85.5%)
RefM El Guindo 32.9 3749 10 29,466 1427 2370 (98.4%) 2229 (92.6%)
IniM Mercier 23.6 915 2.0 192,144 3118 1644 (79.9%) 2037 (99.0%)
RecM Mercier 26.4 1338 10 20,275 2354 1849 (91.7%) 1998 (99.1%)
RefM Mercier 31.6 2408 10 19,337 1811 3480 (92.8%) 3745 (99.8%)
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HRUs for which CImin > 0.75 and FFmin > 0.20 (i.e. HRUFF>0.2 and
HRUCI>0.75). Furthermore, regardless of the mesh, there are 2169
UHEs for El Guindo catchment and 290 for the Mercier catchment.
The UHEs are considered as well-shaped elements, so they are
preserved in all meshes. The segmentation of non-convex, thin and
very large HRUs produces meshes RecM and RefM that are more
homogeneous than IniM, as reflected by the increase in HRUFF>0.2
and HRUCI>0.75. Although in some cases the initial percentage of
well-shaped elements is high (e.g., IniM Mercier HRUCI>0.75 ¼ 99%),
they can be relevant in terms of area, so they must be included and
improved to avoid connectivity distortions in the drainage net-
works. Such improvement ensures a more representative overland
flow connectivity. For example, the segmentation removes long
streets acting like walls that artificially interfere the flow routing
(Jankowfsky, 2011). Overall, Geo-PUMMA creates a good quality
mesh and a representative drainage network that can be useful for
any hydrological model applied to urban and peri-urban
landscapes.
4.2. Assessment and comparison of drainage networks

4.2.1. Width and area functions
Fig. 14 compares W(x) and A(x) of each mesh and catchment.

W(x) of IniM significantly differs from that of the RefM for Estero El
Guindo (CNS ref-ini ¼ 0.463 and MAE ref-ini ¼ 6.95, Fig. 14a) and
Mercier (CNS ref-ini ¼ 0.575 and MAE ref-ini ¼ 7.41, Fig. 14b), whereas
such difference is much less substantial when comparing RecM and
RefM, both in Estero El Guindo (CNS ref-rec ¼ 0.901 and MAE ref-

rec ¼ 2.22, Fig. 14a) and Mercier (CNS ref-rec ¼ 0.768 and MAE ref-

rec ¼ 6.27, Fig. 14b). In the case of the Mercier catchment, W(x) of
IniM and RecM considerably differ in the upper part (from
x ¼ 3500e5200 m, Fig. 14b), as the segmented HRUs are mainly
located in natural sections at the foothill area of the catchment
(Fig. 12b).

A(x) of the IniMdiffers significantly fromthatof theRefMboth for
Estero El Guindo (CNS ref-ini ¼ 0.080 and MAE ref-ini ¼ 0.023, Fig. 14c)
and Mercier (CNS ref-ini ¼ 0.313 and MAE ref-ini ¼ 0.028, Fig. 14d). This
poor representation of the reference A(x) occurs because there are
large areas not segmented in the IniM that contribute directly to
specific locations in the drainage network, which in turns causes
major fluctuations of the IniM A(x) functions for both catchments
(Fig. 14c and d). On the other hand, A(x) of RecM and RefM aremore
similar (CNS ref-rec ¼ 0.120 and MAE ref-rec ¼ 0.017 for El Guindo,
Fig. 14c and CNS ref-rec ¼ 0.446 and MAE ref-rec ¼ 0.023 for Mercier,
Fig. 14d). Although these CNS values are not very high, the overall
shape of A(x) resembles better than of the RefM, particularly as the
largefluctuations previously identified for the IniMare not observed
here. Note that improvements associatedwith the RecM in Estero El
Guindo take place across different values of x, as bad-shaped ele-
ments were homogeneously located throughout the catchment. In
the case ofMercier, bad-shaped elementsweremostly located in the
upper zone, so most of the improvements in W(x) and A(x) are
observed for the largest values of x.

Fig. 15 shows the CPSD of W(x) and A(x) for both catchments.



Fig. 14. W(x) of El Guindo (a) and Mercier (b) catchments. A(x) of El Guindo (c) and Mercier (d) catchments. Each panel shows the results for the IniM (grey dotted line), RecM
(continuous red line), and RefM (continuous black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Here we define PRefM, RefM as the CPSD between RefM and itself,
PRefM, IniM as the CPSD between RefM and IniM, and PRefM, RecM as
the CPSD between RefM and RecM. The more similar to PRefM, RefM a
cross-spectrum is, the more similar the corresponding W(x) or A(x)
is to that of the Reference mesh. For W(x) in the Estero El Guindo
(Fig. 15a), PRefM, RefM and PRefM, IniM differ at high frequencies with
length scales of t1 z 120 m or less, whereas PRefM, RefM and PRefM,
RecM differ for length scales of t2 z 60 m or less. On the other hand,
for the Mercier catchment (Fig. 15b) PRefM, RefM and PRefM, IniM differ
at high frequencies with length scales of t1 z 80 m or less, whereas
PRefM, RefM and PRefM, RecM differ for length scales of t2 z 60 m or
less. Hence, in both catchments, the results from the CPSD analysis
confirm that W(x) of the RecM is better than that of the IniM in
resemblingW(x) of the RefM at smaller scales. This improvement is
relevant as small-scale features are fundamental in explaining the
different mechanisms influencing the hydrologic response of urban
catchments (Rossel et al., 2014). Moreover, previous studies
concluded that high-frequency components of W(x) may be useful
for classification of river network topology and regionalization of
floods (Richards-Pecou, 2002; Lashermes and Foufoula-Georgiou,
2007; Moussa, 2008).

For A(x) in the Estero El Guindo (Fig. 15c), PRefM, RefM and PRefM,
IniM also differ at high frequencies with length scales of t1 z 150 m
or less, whereas PRefM, RefM and PRefM, RecM differ for length-scales of
t2 z 100 m or less. For the Mercier catchment (Fig. 15d) PRefM, RefM
and PRefM, IniM differ at high frequencies with length scales of
t1 z 150 m or less, whereas PRefM, RefM and PRefM, RecM differ for
length-scales of t2 z 55 m or less. Again, the results from the CPSD
analysis show that A(x) of the RecM resembles better than of RefM
at smaller scales than A(x) of IniM.

Our results reinforce the idea that the main impacts associated
with different terrain representations are observed at small length-
scales, typical of residential lots and streets (Sanzana et al., 2013),
and that the recommended mesh to represent the terrain is able to
minimize these impacts while being efficient in terms of computing
time cost. Indeed, using geometrical restrictions to generate the
terrainmeshes for both catchments improved the representation of
the drainage network.
4.2.2. IUH extracted from hydrological meshes
The IUHs computed from A(x) of the different drainage networks

are presented for El Guindo (Fig. 16a) and the Mercier (Fig. 16b)
catchments. As expected, all the hydrographs are positively
skewed, and the degree of similarity among them is much higher
than for the case of A(x), regardless the drainage network from
which they come. Nonetheless, for both catchments the IUH for
RecM resembles much more that of the RefM than the IniM (CNS ref-

ini ¼ 0.476 vs. CNS ref-rec ¼ 0.845 for El Guindo, and CNS ref-ini ¼ 0.854
vs. CNS ref-rec ¼ 0.959 for Mercier), as part of the fluctuations of A(x)
for IniM is transferred to the corresponding IUHs.



Fig. 15. CPSD of W(x) for El Guindo (a) and Mercier (b) catchments. CPSD of A(x) for El Guindo (c) and Mercier (d) catchments. Each panel shows the IniM (grey dotted line), RecM
(continuous red line), and RefM (continuous black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 16. IUH derived from IniM, RecM and RefM for El Guindo (a) and Mercier (b) catchments.
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4.2.3. Discretization error metric
After defining RefM as the reference schematic representation in

Eq. (1), for each catchment we computed DLini and DLrec of the IniM
and RecM respectively. For the Estero El Guindo, DLini ¼ 140-
57 ¼ 83 m and DLrec ¼ 82-57 ¼ 26 m, whereas for the Mercier
catchment DLini ¼ 91-67 ¼ 24 m and DLrec ¼ 77-67 ¼ 10 m. Hence,
for both catchments the recommended mesh produces a lower
discretization error metric, which is in agreement with the better
resemblance with the reference IUH achieved using the recom-
mended mesh.
Fig. 17. HRU generated using HRU-DELIN (raster approach) and Geo-PUMMA (vectorial appr
both tools and the corresponding aerial photograph are presented for upstream (a, b, c, g,
4.3. Qualitative comparison of Geo-PUMMA with a classical raster
approach

Finally, we assessed the results fromGeo-PUMMA by comparing
the terrain generated for both catchments with that produced by
HRU-DELIN (Tilmant et al., 2015), a tool that uses the raster
approach implemented in GRASS-HRU (Schwartze, 2008). The
implementation of HRU-DELIN used a high resolution 2 m DEM,
and considered a minimum area threshold of 10 m2 for generating
the HRU. For the upstream portion of El Guindo, Fig.17aec illustrate
oach) in El Guindo (I) and Mercier (II) catchments. Comparisons of HRU produced with
h, i) and downstream (d, e, f, j, k, l) portions of both catchments.
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the HRU produced with HRU-DELIN, Geo-PUMMA and the corre-
sponding aerial photograph, respectively, while Fig. 17 def illus-
trate the same for the downstream portion of the catchment. Fig. 17
gei and Fig. 17 jel present the same for the upstream and down-
stream portions of the Mercier catchment, respectively. Because it
is a vectorial polygonal mesh generator, in both catchment some
thin features (Fig. 17 a,g) or physical boundaries (Fig. 17 d,j) not well
captured by HRU-DELIN, are preserved by Geo-PUMMA (Fig. 17 b,e
and Fig. 17 h,k). Furthermore, despite the huge number of HRUs
generated by HRU-DELIN for both catchments (over 30,000 units),
some land use features are lost. Geo-PUMMA can represent the
terrainwith a muchmore reasonable number of HRU (~2000 HRUs)
without major losses of land use features. Overall, these results
show that Geo-PUMMA is an appropriate tool to represent urban
and peri-urban terrains, while tools such as HRU-DELIN are more
suitable for representing medium and regional scales in rural or
natural catchments.

5. Conclusions and future work

This paper presents and describes Geo-PUMMA, a polygonal
mesh generation tool for representing urban and peri-urban ter-
rains and create the main inputs for distributed hydrological
modeling. Geo-PUMMA considers the main physiographic units
available in natural and urban landscapes, represented by means of
Hydrological Response Units (HRUs) and Urban Hydrological Ele-
ments. The tool allows the generation of high quality polygonal
meshes in which the numerous bad-shaped units, created by the
initial intersection of GIS maps (land use, soil type, geology, river
network), are improved. In particular, the tool succeeds in seg-
menting non-convex, thin and large elements and assigning more
homogeneous properties to the different HRUs in the mesh. Geo-
PUMMA represents urban and natural elements and extracts the
hydrological interfaces and the drainage network with routing
scripts. The generated vectorial mesh and corresponding databases
provide useful information for any distributed hydrological model
that requires a detailed representation of urban and peri-urban
terrains. Geo-PUMMA is a computer-aided, semi-automatic tool,
so the active involvement of the modeler is required to obtain good
results.

Geo-PUMMAwas applied to two peri-urban catchments located
in different geographical regions (El Guindo, Chile and Mercier,
France). We generated three spatial meshes with different degrees
of segmentation, defined by threshold values of geometric con-
straints (i.e convexity index CI, form factor FF and maximum HRU
area Amax). The quality of the topography and drainage network
representation increased with the degree of segmentation, but the
computing-time grew as well. For both catchments a recom-
mended mesh was identified, which represented the terrain well
without highly increasing the number of HRUs. In addition, this
mesh was demonstrated to provide a hydrologic connectivity very
similar to that obtained for the most detailed possible represen-
tation. This mesh considered threshold values of CI ¼ 0.75, FF ¼ 0.2
and Amax ¼ 2 ha, which are recommended for future applications of
Geo-PUMMA. Overall, the application to both catchments shows
the flexibility of the tool with different geographical conditions.

Other examples of decomposition of non-convex polygons into
“approximately convex” elements implemented by Lien and Amato
(2006) (ACD algorithm) and Liu et al. (2014) (DuDe algorithm) only
consider convexity criterion strictly. It would be interesting to
compare these geometrical algorithms against the one proposed in
Geo-PUMMA, in order to evaluate its possibility to use other
geometrical criteria. Moreover, a more detailed analysis could be
performed to better assess and justify the threshold values of CI and
FF here proposed, and to improve the computational complexity of
the geometrical algorithms developed in Geo-PUMMA.
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APPENDIX 1. List of additional GRASS and Geo-MHYDAS
commands

The following are the additional GRASS and Geo-MHYDAS
scripts of optional or compulsory use.
GRASS GIS commands

v.generalize: Vector based generalization. Used to simplify
contour and vertexes necessary to represent an irregular shape
unit (Optional Tool).
v.clean: Toolset for cleaning topology of vector map. Used to
clean small areas (Optional Tool).
Geo-MHYDAS commands

m.snaplp: Adjusting geometry of linear features. Used to adjust
river polyline to the closet boundaries (Optional Tool).
m.seg: Overlaying geographical objects. Used to create the first
intersection of polygons and polylines features (Compulsory
Tool).
m.dispolygseg: Selective dissolving small areal features. Used to
dissolve areas with area lower than certain threshold (Optional
Tool).
m.sliverpolygseg: Selective dissolving sliver areal features.
Used to dissolve thin and long units (Optional Tool).
APPENDIX 2. Form factor segmentation script
(p.form_factor.py)

1. For each polygon P with FF � FFmin
2. - Split boundaries inserting vertex dmax ¼ 5 m
3. - Apply Triangle
4. - While P has triangles not yet dissolved
5. - Select triangle with the largest area
6. - Select triangle neighbor with the largest area and

create new group P0
7. - While FF of P’ � FFmin

8. - Search the neighbor triangles with the
largest area

9. - Dissolve boundaries of this group
10. - Compute the FF of this new group

11. - end while

12. - Update P ¼ P e P0
13. - end While
14. - Dissolve areas < area threshold
15. - end For
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APPENDIX 3. OLAF algorithm (p.olaf.py)

1. For each sub-catchment S

2. Find isolated URH or UHE in the border (only with one

neighbor)
3. Connect them with nearest neighbor

4. Find the URH or UHE which share a boundary with
channelized system
5. Connect the URH or UHE with channelized drainage

6. Find the highest URH or UHE
7. Connect it with the lowest neighbor until reaching the

channelized system

8. If it does not reach the channelized drainage

9. Go back one neighbor element upstream
10. Connect it whit the second lowest neighbor

11. If there is a loop
12. Go back to the unit upstream the loop
13. Connect it with the second lowest neighbor
14. Collect all the OLAF path-ways
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