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Abstract:

This paper addresses the effect of accurately mapping spatially heterogeneous drainage densities in high-altitude alpine basins on
Rescaled Width Functions (RWFs), used in some applications as a minimalist model of the hydrologic response. The channel
network and 373 of its channel heads were mapped in the field in a high mountain catchment in the Swiss Alps. The mapped
channel network is characterized by highly uneven drainage density, here described by the distribution of the length to the first
channelized site computed along steepest descent from any unchannelled site. Various channel networks were extracted from a
1m lidar-derived digital terrain model and compared with the field-mapped channel network using geomorphologic parameters,
hillslope-to-channel distance and RWFs. Our results show that the channel network derived by statistical analysis of surface
morphology is consistent with the field-mapped network. Larger discrepancies were observed when the channel network was
obtained with classical threshold-based approaches relying on cumulative drainage area and local slope. The actual arrangement
of the drainage densities has a significant impact on the RWFs. The discrepancy was largest between RWFs derived from
classical extraction methods and RWFs derived with the field-mapped network, indicating an inappropriate extraction of the
channelled portion of the high-altitude catchment that is a reflection of the variety of channel initiation processes. Our results
suggest that spatial heterogeneity of the drainage density might play an important role in modelling streamflow generation.
Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

The recent increased availability of remote-sensing
techniques has led to new understanding of Earth surface
processes. In particular, airborne and terrestrial LiDAR
(Light Detection And Ranging) have been used to
produce high resolution topographic maps, opening new
opportunities for studying river and basin geomorphology
(e.g. Jaboyedoff et al., 2012; Tarolli, 2014). LiDAR-
derived Digital Terrain Models (DTMs) provide fine-
scale knowledge of a watershed’s geomorphology, which
is crucial for environmental, agricultural and flood
management applications. High-resolution DTMs also
serve as a basis for modelling the hydrological response
in poorly monitored basins (Beven, 2011) and are
instrumental in describing shallow landsliding or debris
flow (Simoni et al., 2008; Tarolli et al., 2012; Cavalli
et al., 2013). In this context, spatially explicit hydrolo-
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gical models that describe the geomorphology accurately
are often used to reproduce hydrographs (Szilágyi and
Parlange, 1999; Schaefli et al., 2014; Singh et al., 2014;
Comola et al., 2015). Among these is the Width Function
Intantaneous Unit Hydrograph model, which is mainly
based on the analysis of DTMs. In the Width Function
Intantaneous Unit Hydrograph model, the width function,
defined as the number of channelized pixels located at a
distance from the outlet along the streams divided by the
number of channelized pixels, is used as a probability
density function of travel length (Kirkby, 1976; Troutman
and Karlinger, 1985; Mesa and Mifflin, 1986; Gupta and
Mesa, 1988). However, this approach does not take into
account the hillslope travel length that might be valid only
in large basins when the travel length in the basin is
dominated by the channel network (D’Odorico and
Rigon, 2003). Following the idea of Van der Tak and
Bras (1990), Rinaldo et al. (1995) introduced the
Rescaled Width Function (RWF), defined as the number
of cells located at a distance L taken as the sum of flow
path inside the river network Lc and the flow path across
the hillslope Lh. In this approach, the hillslope flow path
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is amplified to account for smaller hillslope celerities
compared with channel celerities.
The RWF formulation has been extensively used to

analyse the contribution of hillslopes and channels to the
hydrologic response (Botter and Rinaldo, 2003; D’Odorico
and Rigon, 2003), for regionalization and scaling proper-
ties of storm hydrographs (Di Lazzaro, 2009; Di Lazzaro
and Volpi, 2011) and to model the hydrological response
during flood events (Giannoni et al., 2003; Borga et al.,
2007; Zoccatelli et al., 2010). The RWF is also used to
estimate a catchment’s geomorphological instantaneous
unit hydrograph by dividing the flow path inside the river
network Lc and the flow path across the hillslope Lh by their
respective celerities. Recent studies have proposed varying
the hillslope celerity spatially, with local values depending
on land use or topographic characteristics (Grimaldi et al.,
2010; Grimaldi et al., 2012; Petroselli, 2012). However,
the hillslope and channel celerities are usually assumed to
be uniform within the catchment, and to be typically
separated by an order of magnitude. They can be
randomized and made nonstationary, yielding proper
ensemble averages (Rinaldo et al., 1995).
The RWF relies on an accurate partitioning of the

landscape into hillslope and channel network portions and
is therefore eminently suited to studies that compare
various distributions of the partitioning of the channel
network derived from different extraction procedures.
Surprisingly, few studies have addressed the impact of
channel identification procedures on RWF. The simplest
and most widely used method to automatically extract the
channel network is to compute the contributing area of
each cell of the DTM, i.e. computing the number of cells
draining in each cell following the steepest path among the
eight neighbouring cells. Then, a constant critical support
area is chosen (e.g. O’Callaghan and Mark, 1984) as the
criterion for channel initiation. Gandolfi and Bischetti
(1997) analysed the effect of the area threshold on the
geomorphologic instantaneous unit hydrograph, width
function and geomorphological indices in two small alpine
basins using DTMs with 10-m resolution. Their result
showed that the choice of area threshold significantly
impacts the hydrologic response modelling. Using the
area threshold method, Nardi et al. (2008) assessed the
impact of flow direction computation and flat area
removal on the RWF and geomorphological parameters.
The second most widely used method to automatically

extract the channel network is based on experimental data
from Montgomery and Dietrich (1992). They proposed an
empirical threshold for channel intiation depending on
contributing area A and local slope S, in the form ASk.
Unlike the method based solely on contributing area
thresholding, this method allows the drainage density to
vary spatially; this is also its main advantage. Giannoni
et al. (2005) proposed a procedure to objectively and
Copyright © 2016 John Wiley & Sons, Ltd.
automatically establish the ASk threshold and studied the
effect of the threshold on the hillslope path length
frequency distribution and on the RWF.
The thresholds used for channel initiation are usually

assumed to be constant on the catchment scale. However,
several studies have shown that a unique threshold for
channel head identification and channel network extrac-
tion might not exist at the catchment scale (Jaeger et al.,
2007; Tarolli and Dalla Fontana, 2009; Passalacqua et al.,
2010a; Orlandini et al., 2011; Jefferson and McGee,
2012). Whereas the threshold approaches were intended
to predict the occurrence of channels based on coarse
resolution DTMs under the assumption of landscape
equilibrium (Montgomery and Foufoula-Georgiou, 1993),
it also became evident that high-resolution DTMs are
needed to detect geomorphic parameters related to
channel heads and first-order streams in complex terrains
(Tarolli and Dalla Fontana, 2009; Pirotti and Tarolli,
2010; Orlandini et al., 2011). Moreover, new extraction
methods relying on high-resolution DTMs and computa-
tion of local topographic parameters are now available
and able to suitably detect channel heads and channel
networks (see Tarolli, 2014 for a review). In alpine terrains,
Passalacqua et al. (2010a), Orlandini et al. (2011) and
Henkle et al. (2011) outlined two main processes for
channel initiation related to surface erosion/landsliding and
lateral and upward groundwater seepage.
Several studies have also highlighted the importance of

differentiating between perennial and intermittent net-
works, which yields seasonal fluctuations in drainage
densities (Buttle et al., 2012; Godsey and Kirchner,
2014). In most hydrological models, the channel network
is extracted from DTMs and compared with orthophotos
or channel networks derived from official maps
established by public agencies. However, a differentiation
between intermittent and perennial streams is seldom
noted because a field-mapping campaign would be
required. All the aforementioned problems become more
critical in high-mountain settings for a number of
hydrologic processes and factors that are highly seasonal
(Lehning et al., 2006; Simoni et al., 2011).
In this work, we investigate the ability of various

automatic extraction methods to accurately capture the
spatial variability of the channel network. In particular,
we study the effect of using different channel networks, as
well as the effect of differentiating between intermittent
and perennial streams in the channel network, on the
RWFs and on geomorphological characteristics in a high
alpine headwater catchment. Although issues of
nonstationarity and variance in the hydrologic response
are currently the subject of much debate, especially with
regard to source areas roughly identified here as
unchannelled sites (McDonnell, 1990; Davies et al., 2013;
McDonnell and Beven, 2014), and thus the utility of RWFs
Hydrol. Process. 30, 2138–2152 (2016)
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are not universally agreed upon, we argue here that the
RWF concept is useful in comparing the effects of a
spatially heterogeneous channel network on key features of
the catchment hydrologic response. The RWF concept is
used here as a comparative tool to assess the accuracy of
various extraction methods that are used to describe of the
channelled portion of the watershed.
The manuscript is organized as follows: After a

description of the study site, the available dataset and the
mapping campaign are presented in Section on Study Area
and Survey, the various extraction techniques and channel
network comparison criteria are presented in Section on
Methods and the results of the study are shown in Section
on Results. After considering some implications and limits
of our study in Section on Discussion, the conclusions are
reported in Section on Conclusions.
STUDY AREA AND SURVEY

Field site

The Val Ferret watershed (Figure 1) is located in the
Swiss Alps in the southernmost ridge that borders Italy. It
covers a total surface of 20.4 km2 with elevation ranges
from 1773m above sea level (a.s.l.) at the outlet of the
catchment, to 3236ma.s.l. (mean elevation: 2422.8ma.s.l.).
The catchment is studied in Simoni et al. (2011) and the
Figure 1. Topographic map of the study area. Channel heads and their type,
shown in the map, along with the locat

Copyright © 2016 John Wiley & Sons, Ltd.
watershed is described in detail there. The slopes are
moderate to steep (mean slope: 31.6°, maximum: 88.9°),
and the valley is mainly oriented southeast to northwest.
Vegetation covers 60% of the area, consisting of mountain
grassland (58%) and shrubs (2%); bare ground covers
37.4%, consisting of talus deposit (24.7%) and bedrock
outcrops (12.7%). Shallow landslides are also present in the
north region of the catchment (Figure 1). A small glacier
(glacier des Angroniettes) covers 2% of the total area, and
the remaining 0.4% is made up of three small lakes (lacs de
Fenêtre) that feed the main river throughout the year. The
climate of the study area is Alpine; snow covers the area
from late fall until late spring.
This site has been monitored since 2008 with several

gauging stations and a wireless network of small meteoro-
logical stations using Sensorscope technology (Ingelrest
et al., 2010). Apart from a water intake of maximum 17 l per
second and four cottages in the valley, the anthropogenic
influence on the hydrological regime and the micro-
meteorological processes is minimal. This field site has been
used to study the spatial variability of the main forcing on
hydrological models (Simoni et al., 2011), to develop new
types of rating curves (Weijs et al., 2013), to link streamflow
recession flows to basin geomorphology (Mutzner et al.,
2013), to study katabatic and anabatic flows on steep slopes
(Nadeau et al., 2012; Oldroyd et al., 2014) and to analyse
controls on diurnal streamflow cycles (Mutzner et al., 2015).
channels and their state, gauging stations and land surface properties are
ion of the photos shown in Figure 2

Hydrol. Process. 30, 2138–2152 (2016)



2141HETEROGENEOUS DRAINAGE DENSITIES IN A HIGH-ALTITUDE ALPINE CATCHMENT
A 1-m resolution LiDAR-derived DTM was acquired
in September 2010 by the company Helimap System SA.
The survey point density was specified to 4–5 points per
square metre, with absolute vertical and horizontal
accuracy advertised by the company of respectively 10
and 15 cm in flat areas. Aerial 0.25-m resolution
photographs were obtained from the Swiss Federal Office
of Topography (see www.swisstopo.ch for more details).

Survey of the channel network and channel heads

In August 2011, an intensive field campaign was
conducted in the Val Ferret watershed to map the channel
heads and the channel network. At this time of the year, the
main river was in its low flow regime, mainly fed by the
release of groundwater and glacier melt. We systematically
walked up all continuous drainage lines of the watershed
using a high-precision Global Navigation Satellite System
((GNSS), Topcon GRS-1 based on global positioning
system and GLObal Navigation Satellite System
(GLONASS) horizontal accuracy of approximately half a
metre) in order to locate and map 373 channel heads
(Figure 2a). Similarly to Orlandini et al. (2011) and
Passalacqua et al. (2010a), the positions of the channel
heads were defined as the upstream limit of concentrated
flow, where the hillslope converges to an observable
drainage line and downstream flow path. Based on field
observations, and according to Orlandini et al. (2011) and
Passalacqua et al. (2010a), the channel heads were
classified into two categories: (1) 190 groundwater channel
heads due to lateral and upward groundwater seepage,
driven by perennial flow (Figure 2a), and (2) 183 runoff
channel heads initiated by soil erosion or landslide
processes due to surface or fast sub-surface runoff, driven
by ephemeral flow during rainfall or snowmelt-induced
events (Figure 2b). Four additional channel heads were
mapped in the southernmost part of the watershed; these
are initiated by water coming out of the moraine fed by
glacier melt and are indicated as glacier channel heads in
Figure 2. Examples of (a) a channel head formed by groundwater seeping up
of flow accumulation and slope, with soil er

Copyright © 2016 John Wiley & Sons, Ltd.
Figure 1. Some channel heads that were inaccessible but
nonetheless well defined as surface runoff channel heads
were also mapped using a 1-m-resolution hillshade map
and aerial photographs and verified with pictures taken in
the field. Based on observations during the field survey, the
channels were classified as perennial when there was water
flowing in the transect and as intermittent when there was
no water flowing (Figure 1). The bankfull width of the
mapped channels ranged from 1–2 up to 15–20m at the
outlet. In the following, we refer to the channel network
resulting from the survey as the mapped network and the
wet part of this network as perennial network.
METHODS

Channel network extraction

Our study site is characterized by the presence of a
small glacier in the southernmost part of the watershed
(Figure 1). This area results in a complex morphology
with pronounced surface concavities/convexities that are
completely unrelated to the channel network. Therefore,
we decided to mask these areas to prevent glacial
channels from being erroneously considered as part of
the river network. This area, depicted in Figure 1 as
‘glacier catchment’, represents 8.3% of the total water-
shed. In this work, we considered the following three
different channel network extraction methods:

Area and slope-area threshold approaches. The area
threshold and the slope-area threshold methods are widely
used in the literature and are defined as ‘classical
approaches’ for extracting the channel network. After
removing depressions in the DTM, the flow direction is
computed by following the steepest path among the
neighbouring cells (d8 method, O’Callaghan and Mark,
1984). A concentrative method was used instead of a
multiple flow direction method (Tarboton, 1997) to avoid
ward flow in a low-slope area; (b) a channel head formed by a combination
osion in the Val Ferret experimental area

Hydrol. Process. 30, 2138–2152 (2016)
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numerical dispersion of area from one cell to all neighbouring
cells (Orlandini et al., 2003; Di Lazzaro, 2009). The
contributing area and the local slope, which is defined per
cell as the drop over distance ratio along the steepest descent,
were computed for each of the channel heads mapped in the
field. Averaged values of all channel heads were used to
determine the drainage area threshold At and the slope-area
threshold ASk. We used the function ASk with k=2 as
suggested by Montgomery and Dietrich (1992). The network
is then extracted by identifying cells with values larger than
the aforementioned thresholds and by following the steepest
path until the outlet is reached. The resulting channel networks
will be referred to as area threshold and slope area threshold.
In addition, we also determined larger thresholds so

that the resulting networks would have the same channel
network length as the mapped network, i.e. the same
Hortonian drainage density Dd, defined as the total length
of stream channels divided by the area they occupy
(Horton, 1932). These two resulting channel networks are
referred as area threshold 2 and slope area threshold 2.

Statistical approach. A statistical approach has also
been applied to obtain automatic extraction of a channel
network (Sofia et al., 2011). As this approach integrates
both curvature (Evans, 1979) and topographic openness
(Yokoyama et al., 2002), it is less affected by errors in the
original topographic data. The openness, which is an
angular measure of the relation between the surface
morphology and horizontal distance, indeed avoids
uncertainties related to the second derivative operation.
This approach also provides a framework for an
automatic definition of the optimum scale needed to
analyse topographic attributes. Changing the size of the
moving window manually, selecting windows that are too
large or too small with respect to the correct one, could lead
to biased results. However, Sofia et al. (2011, 2013, 2015)
proved the robustness of the automatic methodology for
different datasets in the absence of errors in the DTMs.
The core idea of the Sofia et al. (2011) methodology is

to use statistical descriptors to objectively identify
channels in which terrain geometry denotes a significantly
convergent topography. Surface convergences are identi-
fied using two topographic attributes: minimum curvature
(Evans, 1979) and openness (Yokoyama et al., 2002).
The choice of the optimum scale of analysis (kernel) is
automatic, and it relies on a statistical analysis of the
topographic attribute distributions: The optimum kernel is
the one that provides the greater asymmetry in the
topographic parameter distribution (Sofia et al., 2011). In
our study case, the kernel is found to be 15m for
openness and 11m for curvature.
Once the kernel is identified, the network extraction

procedure is then a three-step method based on (i) the
normalization and overlapping of openness and minimum
Copyright © 2016 John Wiley & Sons, Ltd.
curvature in order to highlight the more likely surface
convergences, (ii) a weighting of a multiple-flow upslope
area (Quinn et al., 1991) according to such normalized
maps to identify drainage flow paths and flow accumu-
lation consistent with terrain geometry and (iii) the use of
a value derived from the z-score normalization of the
weighted upslope area as non-subjective threshold for
channel network identification (Sofia et al., 2011). To
obtain a fully connected network, a noise-filtering and
connection procedure is applied to the potential extracted
network (Sofia et al., 2011). Morphological methods
based on curvature, in fact, can result in a skeleton
network that appears disrupted. In Lashermes et al.
(2007), the choice of which channels to trace is user
dependent. In Passalacqua et al. (2010a,2010b), the
introduction of a contributing area criterion eliminates
all the isolated pixels with positive curvature above the
threshold but that are not part of the channel network. In
Sofia et al. (2011), false positives are discarded according
to a majority filter: Cells belonging to the extraction are
filtered based on the majority of their contiguous
neighbouring cells. This filter requires neither any
additional parameters nor a priori knowledge of the area.
The basic idea is that thresholding extractions are
typically characterized by fragmentation, and of these
fragments, network fragments are fairly linear and
regular, whereas noise is characterized by localized pixels
or groups of pixels with a more rounded shape. Users can
visually inspect the extraction map, and if localized
nonlinear elements are present, apply the majority filter
until they are discarded. The connection of the final
network is then based on a shortest cost path approach,
where the cost of travelling from one cell to the other is
given by the Euclidean distance of that cell from the
extracted network (Sofia et al., 2011). The resulting
channel network extracted with this method will be
referred as the statistical approach.
Geomorphological characterization of the channel network

We use several geomorphological descriptors to
compare the channel networks obtained with the different
extraction methods: (1) the Hortonian drainage density
Dd, expressed in km/km2, (2) the watershed order Ω, (3)
the drainage frequency expressed in number of streams
per unit of area (#/km2) and (4) the distance from the
farthest channel head to the outlet along the network
(metre). These parameters, sensitive to the extraction
method, are often used to compare basins of different size
or to establish catchment-scale hydrological parameters.
We also compute the local hillslope-to-channel dis-

tance Lh, defined per cell as the length covered following
the steepest descent path among the eight neighbouring
cells until a channelized cell is reached. The classical
Hydrol. Process. 30, 2138–2152 (2016)
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Hortonian drainage density Dd is approximately taken as
the inverse of two times the mean hillslope-to-channel
distance (Horton, 1945). Hence, the hillslope-to-channel
distance Lh can be seen as a local measure of the drainage
density (Tucker et al., 2001). As proposed in Tucker et al.
(2001), the hillslope-to-channel distance Lh is treated as a
spatial random function allowing one to compute the
probability distribution function and covariance function
of Lh. It is expected, as in Rinaldo et al. (1995), that the
length distribution calculated in this manner, at least in
shallow soils punctuated by bedrock emergence and
topographic complexity, is an essential ingredient for
determining the ensemble mean hydrologic response. The
covariance function, computed under the assumption of
isotropy and second-order stationarity (Tucker et al.,
2001), is fitted with an exponential model with an
effective range, a widely accepted model in geostatistics
(Goovaerts, 1997). The computation of this effective
range is used to find a suitable scale to use to map
drainage density at the sub-catchment scale.

Width function and rescaled width function

The width function is computed as the number of cells
located at a given distance from the outlet following the
river network, normalized by the total number of cells
belonging to the channel network. When the hillslope’s
contribution to total travel length is taken into effect in the
calculation, we can compute the RWF defined as follows
(Rinaldo et al., 1995; Grimaldi et al., 2010):

τ x; yð Þ ¼ Lh x; yð Þ
uh

þ Lc x; yð Þ
uc

(1)

where τ is a theoretical lag time from every cell to the
outlet, Lc is the flow path across the channels and Lh is the
hillslope-to-channel distance. The parameters uh and uc
are the hillslope and channel celerity, respectively, that
control the propagation of a pressure wave and that are
not to be confused with water velocities that control water
transport (McDonnell and Beven, 2014). The RWF,
corresponding to a catchment’s geomorphological in-
stantaneous unit hydrograph, is then obtained by
normalizing the lag time τ of each cell by the total
number of cells, i.e. the catchment area. This lag time
Table I. Statistical characteristics of drainage area and local slope o
term std stands for s

Area (m2)
Mean Median

All channel heads 6092 1296
Groundwater 2879 895
Runoff 8983 2246

Copyright © 2016 John Wiley & Sons, Ltd.
does not describe flow or transport travel times, the ones
involved in runoff generation, also driven by celerity, nor
solute transport, driven by advective velocities but rather
describes the geomorphic effect on the hydrologic
response through the RWF.
The computation of the RWF requires the estimation of

the two parameters uh and uc. In our study, we decided to
use a constant channel celerity of 2m/s and to compute
the RWF for three different cases of hillslope celerity,
namely, uh=0.04m/s, uh=0.2m/s and uh=0.1m/s. Effects
of major variations in the ratio uh/uc have been dealt with
elsewhere (Rinaldo et al., 1995; Botter and Rinaldo, 2003;
D’Odorico and Rigon, 2003). Our purpose here is
comparative, i.e. to test whether the extracted channel
networks are able to reproduce the RWF when taking the
mapped network as a reference, and the particular choice of
the parameters uh and uc does not affect our conclusions.
The choice of the channel celerity value of 2m/s was
motivated by observation of glacier melt-induced
streamflow diurnal cycles at the outlet of a sub-catchment
and at the outlet of the watershed (Simoni et al., 2011;
Mutzner et al., 2015). The channel celerity, computed as
the time difference in the occurrence of maximum
streamflow divided by the distance between the two outlets
along the channel network, was found to be relatively
constant at values oscillating between 1.5 and 2.5m/s. The
choice of different hillslope celerities will be discussed
later, but the three hillslope celerities used in our study are
comparable with values used in other RWF-based studies.
Note that the hillslope celerities were considered uniform
across the basins so that variability of the hillslope celerity
within the catchment was not taken into account. This will
be discussed in a later section.
RESULTS

Location and characterization of channel heads

The mean, median and standard deviation of the
drainage area and local slope of the mapped channel heads
are shown in Table I. A box plot of drainage area and local
slope for both channel head types is shown in Figure 3. The
groundwater channel heads tend to present a lower critical
support area and lower slope compared with the runoff
f the mapped channel heads with and without classification. The
tandard deviation

Slope (mm�1)
std Mean Median std

17649 0.447 0.411 0.275
6801 0.407 0.361 0.273
23863 0.488 0.484 0.272

Hydrol. Process. 30, 2138–2152 (2016)



Figure 3. Box plots of contributing area and local slope for each channel
head types
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channel heads. Moreover, the standard deviation of the
local drainage area is much larger than the mean, indicating
a large spatial variability in the channel initiations.
We performed a non-parametricMann–WhitneyU test at

a level of significance α=0.05 to test the null hypothesis that
groundwater and runoff channel heads have identical
continuous distributions of drainage area and local slope.
In the channel head drainage areas, we found a small p-value
(1.24 ∙10�13) suggesting a highly statistically significant
difference between groundwater and runoff channels. In the
case of the local slope, the p-value was larger (0.003) but
still indicates that the distribution of the slope of the two
channel head groups is different. This simply suggests that
the contributing area is a better descriptor than local slope
for separating groundwater channel heads from runoff
Table II. Geomorphological feat

Extraction method
Drainage density
Dd (km/km2)

Wate
orde

Mapped network 5.27 6
Statistical approach 4.82 5
Area threshold 11.50 6
Slope area threshold 27.18 7
Area threshold 2 5.27 5
Slope area threshold 2 5.27 5
Perennial network 2.79 5

Copyright © 2016 John Wiley & Sons, Ltd.
channel heads. A power lawwas fitted through least squares
between the contributing area and the local slope, but the
correlationwas found to beweak for each channel head type
(R2=0.0044 for groundwater channel heads and R2=0.031
for runoff channel heads).

Channel network characterization

Thresholds of 6092 and 1675m2 were respectively
used to extract the channel networks’ area threshold and
slope area threshold. These thresholds correspond to an
average of all the mapped channel heads without
distinction (Table I) and are also referred as field-based
thresholds. For the channel networks area threshold 2 and
slope area threshold 2, values of 21959 and 25475m2 were
used as thresholds to obtain the same Hortonian drainage
density as the mapped network. Table II summarizes some
geomorphological parameters of the extracted networks.
As expected, all the parameters change with the differently
extracted channel networks. The difference in Hortonian
drainage density obtained with the classical methods and
field-based thresholds is particularly large. Between the
two classical methods, the discrepancy is the largest for the
slope-area method. Even though the watershed order
obtained with the statistical approach is not correct, the
drainage density and drainage frequency are close to those
obtained with the mapped network. We also note that the
area and slope-area methods appear to do satisfactorily
when used with a larger threshold (area threshold 2 and
slope area threshold 2). In particular, the drainage
frequency is relatively close to that obtained with the
mapped network. Finally, we note that the distance from
the farthest channel head to the outlet is similar in the
different channel networks, although the area threshold 2
and the slope area threshold 2 networks tend to
underestimate it. For the mapped network, we found that
over the total channel network length, 52.9% of the
channels are perennial and the remaining 47.1% are
intermittent channels activated during rainfall or snowmelt
events. The Hortonian drainage density and the drainage
frequency of the perennial network therefore make up
almost half of the mapped network.
ures of the extracted networks

rshed
r Ω

Drainage frequency
(#/km2)

Longest distance
to outlet (m)

32.99 8046.12
33.97 8002.32
92.45 8291.07
457.06 8348.38
26.27 8207.21
26.23 8013.11
16.27 8046.12

Hydrol. Process. 30, 2138–2152 (2016)
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The width function obtained with the various networks
is shown in Figure 4. We note some common features,
although significant differences can be observed between
the different extraction methods. For example, except for
the perennial network, the dominant flow distance
(roughly located between 0.5 and 0.65) is well captured
by all the extraction methods. This is due to the fact that
the highest-order channels are well identified by all the
methods. When considering only the classical methods,
the discrepancy is the largest for normalized flow
distances between 0.3 and 0.4. The discrepancy is also
important for all methods at large flow distances, i.e. for
the low-order streams with some peaks of the mapped
network width function that none of the channel network
extraction methods is able to capture.

Study of the hillslope-to-channel distance

Figure 5 shows both the extracted channel networks in
blue and the colour-coded hillslope-to-channel distance
Lh obtained in the case of the different channel networks.
For clarity, the results obtained with the perennial
network are not shown in Figure 5. As can be seen in
panel (a), the mapped channel network is characterized by
a local drainage density that is spatially heterogeneous. In
particular, we observe a high density of channels in the
westernmost and southwesternmost parts of the catchment
resulting in low values of Lh. On the contrary, we observe
a very low density of channels relatively close to the
outlet and close to the glacier catchment that none of the
classical methods is able to capture. The classical methods
with low field-based threshold values (c and d) clearly
exhibit a much larger extent of channelled portions of the
Figure 4. Width function of the watershed using the different network
extraction methods

Copyright © 2016 John Wiley & Sons, Ltd.
landscape than indicated by the mapped network. When
used with larger threshold values (e and f, same Hortonian
drainage density as the mapped network), the classical
extraction methods present a better match in spatial
distribution of the hillslope-to-channel distance Lh.
However, with this larger threshold value, the two
classical methods are not able to capture the high density
of channels observed in the westernmost and southwest-
ernmost parts of the catchment. We note from Figure 5
that the hillslope-to-channel distance Lh tends to be larger
in the areas covered by bedrock emergences, such as in the
easternmost part of the catchment.
As previously mentioned, Lh is treated as a random

function, allowing the computation of a probability
distribution as in Tucker et al. (2001), which is presented
in Figure 6 for the different channel networks. The
distances have been normalized by the largest hillslope-
to-channel distance found for the mapped network
(Lh,max=1529.9m, note that the maximum distance Lh of
2470.2mmentioned in Figure 6 is to be found in the glacier
catchment that has been discarded in our calculations, see
section on Methods). The mean, maximum and standard
deviations for the different extraction methods are listed in
Table III.When used with the lower field-based thresholds,
the classical methods completely underestimate the
hillslope-to-channel distance, leading to a severe overes-
timation of the Hortonian drainage density. This is
especially the case for the slope-area method with a mean
hillslope-to-channel distance of 63.6m, more than four
times smaller than the value found with the mapped
network. The maximum hillslope-to-channel distance is
also greatly underestimated with the classical network
methods. When used with larger threshold values, the
classical methods also tend to underestimate the hillslope-
to-channel distance Lh. Interestingly, the slope-area
method is closer to the mapped network than the area
method when used with a larger threshold value. The
discrepancy between the statistical approach and the
mapped network is smaller, although the statistical
approach tends to overestimate the hillslope-to-channel
distance. The discrepancy is also relatively large when only
the perennial channels of the network are considered.
Indeed, the hillslope-to-channel distance tends to be larger
when the intermittent channels are not considered, leading
to an increase in the mean and maximum hillslope-to-
channel distance of, respectively, 56.3% and 27.9%.
The covariance functions of Lh are presented in

Figure 7. As expected, Lh is strongly autocorrelated at
the scale of individual hillslopes (short lag distance r). At
larger scales, the covariance breaks down to values
oscillating around zero. The covariance of the different
networks has been computed for maximum radial
distances of 1600m. Note that the covariance of the
perennial network also oscillates around zero, but for
Hydrol. Process. 30, 2138–2152 (2016)



Figure 5. Hillslope-to-channel distance Lh and channel network for different methods: (a) mapped network, (b) the statistical approach, (c) the area
method with field-based threshold, (d) the slope-area method with field-based threshold, (e) the area method with larger threshold and (f) the slope-area

method with larger threshold
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larger lags, which for purposes of clarity are not shown in
Figure 7. The covariance function of the statistical
approach is close to that of the mapped network, whereas
the correlation breaks down faster with the classical
methods and more slowly for the perennial network. An
exponential model with an effective range has been fitted
to all the computed covariance functions of Figure 7; the
values of the effective range can be found in Table III
along with the coefficient of determination. The results
show again that the statistical approach agrees better with
Copyright © 2016 John Wiley & Sons, Ltd.
the mapped network results than the classical network
approaches. Even though the results improve when we
use a larger value of the threshold for the classical
methods (area threshold 2 and slope area threshold 2),
the effective range is still approximately half the value of
that found in the mapped network. Among the two
classical methods used with larger threshold values, the
covariance of the slope-area method (slope area threshold 2)
is closer to the mapped network than the area method. In the
case of the perennial network, the effective range increases
Hydrol. Process. 30, 2138–2152 (2016)



Figure 6. Frequency distribution of the hillslope-to-channel distanceLh for the different extractionmethods. The local distance to channel has been normalized
by the maximum value of Lh (Lh,max = 1530m) computed with the mapped network. Upper right plot: frequency distribution of Lh without normalization

Table III. Properties of the hillslope-to-channel distance obtained with the different extracted networks

Extraction method Lh,mean (m) σL (m) Lh,max (m) Effective range (m) R2

Mapped network 280.66 256.31 1529.91 645.39 0.9696
Statistical approach 284.82 261.96 1574.52 674.1 0.9403
Area threshold 100.89 81.65 713.04 243.69 0.9646
Slope area threshold 63.60 57.29 595.3 124.75 0.9719
Area threshold 2 179.76 138.41 1058.93 330.13 0.9555
Slope area threshold 2 219.07 170.95 1066.55 395.27 0.9575
Perennial network 438.81 366.74 1957.76 791.02 0.9597

Figure 7. Covariance functions of the hillslope-to-channel distance Lh for
the different channel network extraction methods. The values have been
normalized by the variance of the hillslope-to-channel distance Lh for

each method
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by 22.5% compared with the mapped network. As proposed
by Tucker et al. (2001) and based on our results obtained
with the mapped network, the hillslope-to-channel distance
Copyright © 2016 John Wiley & Sons, Ltd.
could be averaged spatially by using a circular moving
window of 645m. This method allows the spatial variability
of the drainage density to be quantified.
Comparative analysis of RWFs

The RWFs are presented in Figure 8 for three different
cases of hillslope celerity. Their first three statistical
moments along with the estimated time to peak and
coefficient of determination are summarized in Table IV.
As expected, the mean and standard deviation of the
RWFs increase with decreasing hillslope celerity. For the
mapped network, the estimated time to peak of the
distribution is a relatively constant 50min for all the three
cases. All the channel networks are able to represent the
estimated time to peak satisfactorily when compared with
the mapped network, with small relative errors ranging
from 7.5% for the area threshold network up to 13.5% for
the slope area threshold 2 network. We also observe that
the amplitude of the RWF maximum decreases with
decreasing hillslope celerity (Figure 8).
Hydrol. Process. 30, 2138–2152 (2016)



Figure 8. Rescaled width functions (RWFs) of the watershed using the
different channel network extraction methods and different hillslope
celerities. The legend in (b) and (c) is the same as in (a). For clarity, the

RWFs in (c) have been truncated at 500min
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As expected (Rinaldo et al., 1995), the RWFs become
skewed positively with decreasing hillslope celerity
(Table IV). Achieving a positive skewness is necessary
to reproduce real recession events using the RWF
approach. In the first case, where the channel and hillslope
celerity are only separated by an order of magnitude, the
skewness of the RWFs obtained with the mapped network,
perennial and statistical approach networks is small (0.65,
0.66 and 0.54, respectively) and almost not skewed in the
case of the classical approaches (�0.01, 0.04, �0.02 and
0.22). The skewness of the RWFs increases with
decreasing hillslope celerity for all the networks. In the
three different cases, the RWF of the statistical approach is
similar to that obtained with the mapped network (average
R2 of 0.998). The discrepancy between the classical
approaches distributions and the mapped network distri-
bution is larger when the lower field-based thresholds are
used (average R2 of 0.418 and 0.008 for the area threshold
and slope area threshold networks, respectively). How-
ever, as can be seen in Figure 8 and Table IV, the difference
between the classical approaches and the mapped network
is smaller when a larger threshold is used (average R2 of
0.872 and 0.967 for the area threshold 2 and slope area
Copyright © 2016 John Wiley & Sons, Ltd. Hydrol. Process. 30, 2138–2152 (2016)
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threshold 2 networks, respectively). In particular, the RWF
of the slope area threshold 2 is closer to the mapped
network than that obtained with area threshold 2. For the
perennial network, the discrepancy with the mapped
network is large and similar in all three cases of hillslope
celerity (average R2 of 0.851).
DISCUSSION

As illustrated in Figure 2, some low-order channels have a
bankfull width that is in the same order of magnitude as the
DTM resolution. Using DTMs of coarser resolution would
result in an underestimation of the drainage frequency and
the drainage density, because some channel heads that are
separated by only a few metres would be unresolved, and
the low-order channels would not be captured by the coarse
pixel size. This is in agreement with Tarolli and Dalla
Fontana (2009), who showed that when dealing with
detection of channel heads based on statistic thresholds of
topographic parameters, finer resolutions were indeed
more reliable.
We note that groundwater channel heads occur at lower

total contributing drainage area when compared with
ephemeral runoff-controlled channel heads, confirming
that the initiation processes are of different nature, in
agreement with previous findings in alpine contexts
(Passalacqua et al., 2010a; Henkle et al., 2011; Orlandini
et al., 2011). Groundwater channel heads present lower
values of local slope with respect to runoff channel heads,
but the local slope is a less powerful criterion to
differentiate the two groups of channel heads. High-
altitude environments present a complex scenario in
which different channel initiation processes coexist and
where exposed lithology and shallow soil profiles are
reflected by very heterogeneous drainage density. This is
partly driven by groundwater seepage and saturation from
below and partly by other processes unrelated to
contributing area and local slope (e.g. precipitation,
snowmelt events or vertical cliff erosion in hollows).
Given the high variability of contributing area and local
slope of the channel heads, our results also confirm earlier
findings that a unique threshold for channel head
identification might not exist at the catchment scale
(Jaeger et al., 2007; Tarolli and Dalla Fontana, 2009;
Passalacqua et al., 2010a; Orlandini et al., 2011; Jefferson
and McGee, 2012).
The drainage density was found to be quite heteroge-

neous at the catchment scale. In particular, we observed a
high density of streams in the parts of the catchment
where a high density of groundwater channel heads was
surveyed and lower channel density where runoff channel
heads were mapped. Even though we used averaged values
of the mapped channel as thresholds (i.e. field-based
thresholds), the classical extraction methods severely
Copyright © 2016 John Wiley & Sons, Ltd.
overestimated the drainage density of the watershed. To
obtain a drainage density equal to that of the mapped
network, the thresholds chosen had to be much larger than
the average of the mapped channel heads. These higher
thresholds are not representative of the different channel
head initiation processes, however, thus exemplifying the
problem inherent to choosing a unique threshold for
channel initiation.
The spatial variability of the drainage density was also

illustrated by large variations of the hillslope-to-channel
distance. The autocorrelation scale of the hillslope-
to-channel distance was much smaller than the catchment
width, illustrating that drainage density is highly uneven
in this mountainous environment. When classical
methods were used with larger thresholds, the results
obtained with the slope area threshold 2 network were
better than the ones obtained with the area threshold 2
network (Table III and Figures 6 and 7). This is due to the
ability of the slope-area method to account for uneven
drainage densities. However, even though the Hortonian
drainage densities of the area threshold 2 and slope area
threshold 2 networks were equal to the drainage density
obtained with the mapped network, large discrepancies
were observed in the frequency distribution and the
covariance function of the hillslope-to-channel dis-
tance using these methods. This shows that none of the
classical methods is able to accurately capture the
spatial variability of the drainage density and high-
lights some limits of the classical definition of the
Hortonian drainage density. Indeed, the classical
definition of the Hortonian drainage density is a good
descriptor of how dissected a landscape is by channels,
but does not reflect the marked heterogeneity in the
spatial distribution of channels observed in mountain-
ous regions. This had already been noted by Marani
et al. (2003), who observed major differences between
Hortonian and actual drainage densities in tidal
environments in the northern lagoon of Venice. We
therefore support the approach of Tucker et al. (2001)
in adopting the framework that describes drainage
density through the features of the probability distri-
bution of unchannelled lengths.
The analysis of the RWFs showed that the results are

sensitive to the channel network extraction methods. The
different channel networks used in this study are able to
reproduce the estimated time to peak satisfactorily with
little differences in the occurrence of the distribution
maximum. However, larger discrepancies were observed
for longer lag times (Table IV). Indeed, the classical
extraction methods tend to underestimate the hillslope-to-
channel distances compared with those obtained with the
mapped network and the statistical approach. Whereas
classical methods were intended to predict the occurrence of
channels when only coarse DTMs were available, the
Hydrol. Process. 30, 2138–2152 (2016)
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statistical approach and other new methods based on high-
resolution DTMs, such as the statistical approach used in
this study, allow to detect topographic signatures of channel.
Moreover, the classical methods are valid under the
assumption of landscape equilibrium, which is not the case
in alpine terrains such as the Val Ferret. It is therefore
certainly not surprising that the statistical approach
outperforms the classical approaches when the RWFs and
the other descriptors used in this study are compared with
the ones obtained with the mapped network. However, the
classical methods remain by far the most widely used
methods in the scientific community. Our results show that
more advanced techniques should be used in complex
environments, if a high-resolution DTM is available, given
that the partitioning of the landscape into hillslope and
channel network could affect the hydrological modelling as
exemplified here within the RWF formalism.
It is also important to mention that hydrodynamic

dispersion in the channels has not been taken into account
in the calculation of the RWFs. However, a large positive
skewness is already achieved when the hillslope and
channel celerities are separated by two orders of magni-
tude. We acknowledge that our approach of using spatially
constant hillslope and channel celerities is simplistic. It is
known that hillslope celerities are state dependent (say, on
soil moisture deficits) and vary both in space and time
(McDonnell and Beven, 2014). However, our goal is not to
discuss the validity of RWF-based models that account for
spatially varying celerities (Grimaldi et al., 2010; Grimaldi
et al., 2012; Petroselli, 2012) but rather to focus on the
effect of the spatially heterogeneous channel network on
RWFs, which are in turn seen as surrogates of expected
features of the hydrologic response.
We argue that taking into account the state of the

channels (intermittent or perennial) could play an impor-
tant role in modelling real hydrographs in the RWF
formalism. Even though the peak of the RWF was well
captured when only the perennial network was used, the
difference was larger for the decreasing part of the RWF.
However, unless field-mapping campaigns are undertaken,
it is a difficult task to identify the perennial part of the
channel network based solely on remote sensing tech-
niques. In addition, errors might be introduced in field-
mapping campaigns when separating perennial streams
from intermittent streams; some channels drying out late in
the season might be incorrectly labelled as perennial
channels. In our case, this error is unlikely because the
mapping campaign was undertaken during low-flow
conditions. To provide a realistic perennial network to
use as reference, it is therefore important to carry out field
mapping campaigns of channel heads and channels when
the river is in its low-flow regime. Moreover, further
research is needed to understand and model the possible
ephemeral character of the active drainage network which
Copyright © 2016 John Wiley & Sons, Ltd.
in high mountain catchments can be conceptually linked to
a seasonal evolution induced, for instance, by snowmelt in
snow-covered catchment.
CONCLUSIONS

The accurate representation of stream networks is of
fundamental importance in many hydrological and
geomorphological applications. In this work, we studied
the influence of spatially heterogeneous drainage densities
on common geomorphological parameters, hillslope-
to-channel distance and RWFs. The channel network
and the channel heads were carefully mapped in the field
using a high-precision GNSS device. We compared the
mapped channel network with different channel networks
obtained with (1) a statistical approach that considers
statistical analysis of surface morphology and topographic
parameters such as curvature and openness and (2)
classical approaches using thresholds related to cumulative
drainage area and local slope. Unlike the statistical
approach, the classical methods were not able to reproduce
the spatial variability of the drainage density nor the
distribution of the hillslope-to-channel distance distribu-
tion and RWFs. Our results suggest that inaccurate channel
delineation in high mountain catchments might affect the
accuracy in models of the receding part of the storm
hydrograph. For mountainous environments, we therefore
recommend avoiding standardized channel network extrac-
tion criteria and suggest using techniques that rely on the
analysis of surface morphology via high-resolution DTMs.
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