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A Robust Channel Head Extraction Method Based on High-
Resolution Topographic Convergence, Suitable for Both Slowly
and Fastly Eroding Landscapes
Aude Lurin!

, Odin Marc! (2, Patrick Meunier?, and Sébastien Carretier!

!Géosciences Environnement Toulouse (GET), UMR 5563, CNRS/IRD/CNES/UPS, Observatoire Midi-Pyrénées, Toulouse,
France, *Ecole Normale Supérieure de Paris, Laboratoire de Géologie, Paris, France

Abstract Channel networks exert a key control on drainage basins shape and dynamics, including the
transfer of water and sediments throughout basins, and thus hydrosedimentary hazards. Landscape dissection
by channels results from the competition between hillslope processes and channelized erosion processes such
as overland flow or debris flows. In contrast to fluvial channelization, the transition from hillslopes to colluvial
channels remains understudied, and high-resolution LIDAR DEMs open new perspectives for the extensive
extraction of channel heads. Several channel extraction methods exist but none is yet robust on fast eroding
landscapes. Here we develop the CO2CHAIN method which identifies the hillslope to channel transition in
drainage basins based on relative changes of local and upstream measures of flow convergence. We calibrate
CO2CHAIN by fitting its results to channel head mapping made by geomorphologists in four contrasted basins
in the United States and France with moderate to high erosion rates. Compared to two state-of-the-art channel
extraction methods, it fits best the experts' mapping in terms of average characteristics and variability without
needing to be recalibrated and does not have to implement a drainage area threshold although it imposes a
length scale threshold. This allows to revisit studies on channelization that have not yet included high erosion
rate basins.

Plain Language Summary Channels are carved by erosive processes such as water or debris

flow. At the scale of a drainage basin, they form a channel network which impacts on the water and sediment
dynamics of the basin, for example, by controlling its response to storms events in terms of flood and

sediment exportation. Understanding how and where channels begin to form is thus of great interest for
geomorphologists. However, in steep landscapes, channel heads are hard to identify on the field and the erosive
processes acting just below channel heads are not fully understood. Therefore, more data is needed to constrain
their location and geometry. High-resolution topographic data have opened up new perspectives in order to

get this data. Here we present the CO?CHAIN method which automatically extracts channels from digital
elevation models. CO?CHAIN is consistent with visual channel head mapping made by geomorphologists on
four different catchments and seems to perform better than previous methods. This method could be used to
revisit the conditions that allow channels to appear in a landscape, including fast eroding basins, and to better
understand the competition between unchannelized and channelized erosion processes in these landscapes.

1. Introduction

Landscapes are shaped by different erosion processes. Together, these processes structure landscapes by creating
different domains through which water and sediments transit. These are, mainly, the channelized domain, or
drainage network, shaped by fluvial and debris-flow erosion, and the hillslope domain shaped by mass-wasting
and diffusive erosion. The extent of the drainage network has great implications for landscapes morphology
and dynamics. It controls how finely basins are dissected and the length of hillslopes (Tucker & Bras, 1998). It
impacts the response of basins to rainfall events and the initiation of floods (Chorley & Morgan, 1962; Pallard
et al., 2009). Finally, most (80%) of the relief of drainage basins and mountain range is supported by channels,
thus they have a strong control on the relief and elevation of mountain ranges (Whipple et al., 1999). Therefore,
identifying the boundaries of the channelized domain is a fundamental step for understanding how landscapes
form and evolve and how sediments are produced and travel through them (Montgomery & Dietrich, 1988).

It has been observed since the beginning of the XXth century (Gilbert, 1909; Horton, 1945) that drainage networks
only develop beyond a spatial scale threshold. This threshold has been interpreted as a characteristic scale at
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which erosion by overland flow dominates over diffusive processes. Since then, many physically based models
have been used to characterize the hillslope-channel transition quantitatively (Dietrich & Dunne, 1993). The
initiation of erosion by overland flow in competition with hillslope diffusion has been explored in details (Izumi
& Parker, 2000; Kirkby, 1986; Loewenherz, 1991; Smith & Bretherton, 1972; Tarboton et al., 1992; Willgoose
et al., 1991), and other slope processes such as landsliding have also been considered (Dietrich et al., 2020;
Roering et al., 1999). In a pioneering study, Tucker and Bras (1998) showed the importance of the nature of
various processes (e.g., fluvial transport, overland flow, shallow landsliding, soil creep) acting on a landscape
in controlling its morphology and in particular its drainage density. Their models suggested that each process
combinations led to specific slope-area relationships and to specific relations between drainage density and
erosion rate, precipitation and relief.

However, in some high erosion rate landscapes, evidence points toward the existence of a distinct channelized
domain located between hillslopes and rivers, that we call hereafter the colluvial channels domain. It is period-
ically scoured by debris flows and does not have the same slope-area signature as the fluvial domain (DiBiase
et al., 2012; Hergarten et al., 2016; Stock & Dietrich, 2003). While the stream-power erosion framework
(Lague, 2014) has yield substantial insights on fluvial erosion and its impact on landscape evolution, long-
term erosion in colluvial channels remain poorly understood. Only a few attempts have been made to upscale
the behavior of single debris flow events and derive long-term erosion laws (McCoy et al., 2010; McGuire
et al., 2022; Shelef & Hilley, 2016; Stock & Dietrich, 2006).

Perron et al. (2008, 2012) showed that the limit between fluvial channels and hillslopes is strongly dependent on
fluvial erosion parameters, and the same must be true for colluvial processes. Therefore, precisely identifying
channel heads is a major requirement in order to understand erosion in the colluvial channels as well as the forma-
tion and evolution of drainage networks in fastly eroding landscapes. However, there are inherent difficulties
when comparing theory to data regarding channel heads. Dietrich and Dunne (1993) defined channels heads as
the upslope boundary of concentrated water flow and sediment transport between definable banks. However, few
channel heads follow exactly this definition. They can migrate downstream and upstream (Doyle & Harbor, 2003;
Hattanji et al., 2021), or upstream channels can be discontinuous (Leopold & Miller, 1956), which makes it diffi-
cult to assess with certainty whether a channel head feature is active. Furthermore, in rapidly eroding landscapes,
channel heads are mainly located on steep slopes and often hardly accessible. High-resolution DEMs may help
to address these issues by allowing to identify channel heads at the basin scale and to statistically characterize
them. However, this requires to define a suitable channel identification criterium since definable banks are rarely
distinguishable on channels even in 1-m resolution DEMs. In this study, we define channels as zones of confined
flow and consider that such areas are shaped by channelized erosion processes.

Several methods have been proposed to automatically extract drainage networks from DEMs. Two distinct
families exist: “geometric” methods where topographic metrics are compared to empirical thresholds, and
“process-based” methods where the topographic conditions defining the domains rely on model predictions of
specific erosion processes. The most simple and used methods rely on a drainage area threshold (O’Callaghan
& Mark, 1984) or on a threshold relating slope and drainage area (Montgomery & Dietrich, 1992). However,
Orlandini et al. (2011) showed that these methods tended to find more channels than there actually was. The most
recent process-based method, DrEICH (Clubb et al., 2014), is based on the steady-state topographic signature
of the fluvial network and the chi-metrics (Perron & Royden, 2013). Thus, the DrEICH method is likely to give
erroneous results in transiently adjusting basins or in steady-state catchments where colluvial channels dominate
in the upper network (DiBiase et al., 2012; Hergarten et al., 2016). Geometric methods have been proposed based
on combining thresholds on contour curvature, area, and slope-area as well as advanced filtering and network
construction methods (Grieve, Mudd, Milodowski, et al., 2016; Passalacqua et al., 2010; Pelletier, 2013; Tarboton
& Ames, 2001). However, most geometric methods have user-defined thresholds which need to be adjusted to
the specificity of the studied DEM and are still often implemented together with an area or slope threshold.
Sofia et al. (2011) proposed an advanced method combining two independent geometric parameters, curvature
and openness, and applying statistically derived thresholds. However they found that it did not work well in high
erosion catchments.

Here we present a new channel extraction method with limited need for calibration: the CO?CHAIN method
(COnvergence and COncentration Channel HeAd IdentificatioN). This method considers channels as geomorphic
features where any potential flow of water or sediment is laterally confined, and relies on the fact that at the tran-
sition from hillslopes to channels, the concentration of the flow increases both on a local and zonal scale.
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We tested CO?*CHAIN on four basins spanning low to high erosion rates, in which we have asked six geomor-
phologists to locate channels heads based on visual inspection of the LIDAR DEMs. Compared to two other
state-of-the-art automatic methods, CO*CHAIN allows to better account for the average characteristics as well as
the variability of channel head location, without the need to recalibrate the method for each basin.

2. Data Sources

In order to test CO?CHAIN across various settings, we have chosen four basins for which we could retrieve a
LiDAR DEM and a long-term erosion rate based on cosmogenic radionuclides (1°Be). They are located in the
United States and in France and differ in terms of erosion rates, lithologies as well as morphology (e.g., degree
of dissection and roughness, see Figure S1 in Supporting Information S1). The San Bernardino Mountains (SB)
basin in California (Yucaipa Ridge 3 in Binnie et al. (2007)) is a fast eroding basin (1.18 mm/yr) in a granitoid
massif. It has a very patchy soil cover and mostly exhibits rough bedrock. The San Gabriel Mountains (SG)
basin (DiBiase et al. (2010), SGB6) has an erosion rate of 0.45 mm/yr. Its soil cover is sometimes patchy, expos-
ing the anorthosite bedrock. The Oregon Coast Range (OC) basin (Penserini et al. (2017), CRN 501) has an
erosion rate of 0.12 mm/yr and is carved in sandstone. It is entirely forested. The Alpes-de-Haute-Provence (HP)
basin (Godard et al. (2020), TV-N,O,P) erodes at a rate of 0.03 mm/yr. It is composed of unevenly consolidated
conglomerates and is mostly soil covered.

3. Methods

CO?CHAIN first detects the transition from unconfined to confined flow on all flowpaths starting from the
crests within the DEM by monitoring two variables that we call the local flow concentration and the upstream
flow convergence. We obtain a preliminary channel network that we correct by removing erroneous channel
heads.

3.1. Channel Heads Extraction With CO2CHAIN
3.1.1. Processing the DEM

We use 1-m LiDAR-derived DEMs of small (1-10 km?) basins. We process them using the Matlab Topotool-
box (Schwanghart & Scherler, 2014). First, for 1-m resolution DEMs, we resample them to a resolution of 3 m
using bi-linear interpolation. We then filter the DEM in order to remove meter-scale irregularities, which are
indeed likely to be fallen boulders or uprooted trees that are erased by long term processes such as hillslope
diffusion and sediment transport by rivers and debris flows. We therefore apply the Wiener filter included in
the Topotoolbox.

3.1.2. Extracting the Crests Within the DEM

We first need to extract all the pixels corresponding to crests in the basin. The first criterion to identify the crests
is the drainage area. We selected the pixels that have a drainage area of only one pixel according to a D§ algo-
rithm, that is, those that do not have any upstream contributor. This includes isolated pixels that are higher than
all their immediate neighbors but do not belong to any crest. To remove them, we impose an additional criterion
based on a topographic position index (TPI) threshold. We define the TPI of one pixel as the difference between
its elevation and the mean elevation of the DEM within a radius of 50 m. We select the pixels with a TPI over
0.5. This threshold has been adjusted to maximize the number of pixels belonging to crests by verifying that even
some pixels manifestly not belonging to crests were kept. This allows to keep even the smallest crests, so that
every potential channel can be extracted (Figure S2 in Supporting Information S1).

3.1.3. Hillslope/Channel Transition
3.1.3.1. Extracting All Possible Flowpaths

The next step consists in extracting each flowpath starting from the crest pixels and in identifying the transitions
from hillslopes to channels. We use a D8 routing algorithm to extract these flowpaths. Around 90% of the basin
is covered by the flowpaths starting from all the crest pixels (Figure S2 in Supporting Information S1). One out
of two pixels can be discarded for efficiency without affecting the results.
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Figure 1. Flow convergence U, and local flow concentration L_ along two flowpath in the SG basin, resampled to 3 m.
Continuous and dashed blue lines represent respectively the flow convergence and its derivative, yellow lines are local
flow concentration and dashed yellow lines are their upper envelope calculated as explained in the text. Red circles indicate
significant convergence jumps and the red dotted line indicates pixels where the local flow concentration envelope is above
a certain threshold (L} = 0.5 here). The maps on the right side show the flowpath on the DEM. The red cross is the pixel
identified as the hillslope/channel transition. The red crosses indicate the location of the transition found by the method.

3.1.3.2. Local and Integral Metrics of Convergence

Since we define channels as laterally confined flow areas, we consider two variables which characterize conver-
gence at an integrated or local scale. We expect these two variable to increase at the transition from distributed to
confined flow. We combine two thresholds for these variables to locate this transition. We define the first variable
as the upstream flow convergence, and the second one as the local flow concentration.

The upstream flow convergence is the ratio of the upstream drainage area of a considered pixel, A, to the flowpath
length between the ridge and this pixel, D.

U.=2 (1)

We compute A using the D-infinity flow direction algorithm described by Tarboton (1997) because it allows for
finer quantification of flow emergence on gradually converging slopes. We observed that the transition from a
hillslope to a channel is characterized by a large step-increase of U,. However, local variations in high-resolution
DEM:s generate high frequency variations and short length discrepancies of U, due to the differences in the two
algorithms we use (DS for flowpath and D-infinity for drainage area). In order to better identify the largest steps
of U, we bin it logarithmically along the flowpath. In order to have the same bin distribution for every flow-
path of every basin, we limit the flowpath length to 400 m downstream from the ridge, which is longer than the
length of all the hillslopes in our basins. We then define 30 bins along the path and set the bin U, value to the
median of U, on all pixels included in the bin. This allows us to derive a less noisy U, and improves the identifi-
cation of steps (Figure 1).

The local flow concentration, L, is the fraction of the flow that is distributed to the lowest neighboring pixel by
a multiple flow algorithm computed following the method of Qin et al. (2007). In a well-entrenched channel,
we expect L to reach one, whereas on a planar hillslope we expect L, ~ 0.3 because flow must be distributed
between three downslope pixels (Figure 1c). L, is also very noisy, especially in channels or valleys broader than
one pixel. At one pixel, the steepest slope is not necessarily oriented exactly toward one of the eight surround-
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ing pixels and this can lower a lot the concentration value. Therefore L, is
sensitive to every slight change in the steepest slope direction. We avoid
this problem by considering the upper envelope of the downstream curve
of L_, which corresponds to flow concentration on pixels where the steepest
slope points toward one of the eight neighbor pixels. We simply compute the
envelope by picking out for every pixel the maximum of flow concentration
in a window of 15 m centered around the pixel on the flowpath. We chose
this window size because we observed that L, maxima varies at this length
scale.

3.1.3.3. Hillslope/Channel Transition From Flow Convergence and
Concentration

In order to locate the transition from hillslope to channel, we focus on joint
variations of U, and L, along flowpaths. We isolated two different cases
(Figure 1). The first case (Figures 1a and 1b) is when the flow path is situated
at the top of a zero-order basin. L, and U, therefore change gradually near
the transition. The second case (Figures 1c and 1d) is when a lateral planar
hillslope directly ends in a well-formed channel. L. and U, then exhibit a
single abrupt step at the transition. The initial and final values of U, and the
magnitude of the step are highly variable depending on where the flowpath
is situated between these two end-members and on the local roughness of the

Figure 2. Correcting the channel network. Results of CO’CHAIN on a DEM DEM. This variability prevents us from defining an absolute threshold of U,
resampled to 3 m in the SG basin. On all panels, the corrected network is red to define a channel.

and the raw results are yellow or blue. Panel (a) shows the elimination of the

channel heads located on the floodplain. Panels (b—d) show the elimination of ~ Instead, we use a statistical threshold based on the upstream (hillslope) vari-

the multiple channel heads at the top of the basins: all the blue segments are ability of U,. At each bin, we compute the convergence change with respect

removed either because they are shorter than 20 m or through the systematic
scanning of neighboring channel heads. Panel (c) shows another configuration
where two adjacent channels should probably be merged: the part where they

to the previous bin dU, as well as the mean and standard deviation of dU,
from the beginning of the flowpath to the current bin (dU, and 64y,). We

run alongside each other is circled in black. Panel (d) shows which pixels are consider that dU. is statistically different from the upstream portion (and thus

investigated around a channel head (highlighted by the yellow star). Since may be associated with the hillslope-channel transition) when:
eight of them are channel pixels (the red ones), the blue path is removed.

dU. > dU. + k*oau,. )

where k* is a constant that needs to be calibrated (see Section 3.2). Similarly, we calibrate a threshold of L, L,
such that the desired transition corresponds to L, = L.

Preliminary tests showed that the two criteria do not perform well on their own since some small scale roughness
in the DEM can cause independent variations in both metrics. Instead, where both an upstream flow convergence
and local concentration steps are found at the same place, it is highly likely that it corresponds to a channel head.
Therefore, we locate the first bin satisfying Equation 2 and located less than 15 m away from a pixel where the
envelope of L, exceeds L; (Figure 1), and then identify the pixel with the largest dUc within this bin. To do this,
we must find all the significant U, steps (Equation 2), based on the value of o,y, found at the first step. Fixing
o4u, is required to find the following steps because after the first step the upstream standard deviation increases
drastically making following variations of dU, insignificant.

3.1.4. Channel Network Correction

Despite the combination of two channelization criteria, not all of the channel heads found with these criteria are
geomorphologically meaningful. We have to apply three different corrections: removing heads on floodplains,
removing duplicate channel heads and removing small parallel features branching on channels in a feather-like
pattern.

Channel heads appear on floodplains because the D8 routing algorithm concentrates all the flow in a single pixel,
leaving the wider floodplains out of the main flowpath. Therefore, it is possible that the transition from lateral
slope to floodplain is wrongly characterized as a channel head (Figure 2a). We remove all channel heads with
elevation and slope gradient below the 10th and 20th percentiles of the whole DEM distribution, respectively.
This efficiently removes channel heads in floodplains but not elsewhere (Figure 2a).
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Upstream, several channel heads are often identified for only one channel (Figures 2b and 2c). Indeed, numerous
flowpaths descending from one crest lead to the same channel but the transition does not occur exactly at the same
pixel for each of them. This yields channel duplicates that immediately join the main channel. Similarly, the tran-
sition is not always detected at the same exact location for planar lateral hillslopes. This results in few-pixel-long
features branching into the main channel (Figure 2c¢).

Removing all segments smaller than 20 m allows us to remove most duplicate channels. However, some of these
features run alongside the main channel for several tens of meter before joining it and thus could not be corrected
by this minimum length threshold. To correct these, we inspect all of the remaining channel heads and compute
for each of them the number of channelized pixels in the 24 neighboring pixels (i.e., within a two pixels radius).
For an isolated channel head, there are at most five channelized pixels in this area. Beyond five channelized
pixels, we consider that there are two adjacent channels which should likely be the same one, and we remove the
investigated channel head (Figure 2d). This might remove actual channels if they are really close, but this is a rare
case. This correction is also resolution-dependent and we adapt it at lower resolutions.

Finally, duplicated channels may also occur further downstream but not close to the channel head, and will thus
not be removed by our correction (Figure 2c). This may slightly increase channel density but is an issue that
cannot be automatically treated without attributing a width larger than a single pixel to the channels, thus we did
not try to correct these.

3.2. Threshold Calibration Based on Expert Mapping
3.2.1. Systematic Mapping of Channel Heads by Geomorphologists

One key point to be able to calibrate and evaluate the algorithm is to have data to compare it with. Channel extrac-
tion methods are often developed and verified on DEMs of basins where some channel heads have been precisely
mapped in the field (Clubb et al., 2014; Sofia et al., 2011).

However, beyond its very time consuming nature, extensive field mapping of channel heads is unlikely to be satis-
fying in catchments with high erosion rates and stochastic processes such as debris flows, for at least two reasons.
First, because in such catchments most channels may be intermittently active, and thus many hydrological criteria
(such as flow or banks) may not apply. Second, because such catchments often display steep relief and difficult
terrain simply preventing access to map channel headwaters (Clubb et al., 2014).

As an alternative, we propose a mapping based on independent inspection of a relief map by six geomorphol-
ogists considered as experts. We ask them to map all of the detectable channel heads on a hillshade map of the
four studied basins. Since CO2CHAIN is designed to find areas of concentrated flow, considered as sites where
channelized erosion processes occur (and not hillslope processes), we ask experts to look for the transition from
diffuse slopes to a channel where flow is confined between two walls, independently of other criteria. Although
the results reflect to some extent the perception of the experts, the combination of their results should draw out
geomorphologically relevant features.

Since we expect different results for different grid resolutions, the mapping exercise was repeated at three grid
resolutions: 3, 10 and 30 m. Note that the experts would click on a pixel with a limited precision, thus being some-
times slightly offset of the pixel with high flow concentration. We found the mean distance between the manually
selected pixel and the pixel with the maximum drainage area in the vicinity to be 10 m. Thus, we look for the main
flowpath (i.e., the flowpath receiving the maximum drainage area) in the chosen pixel surroundings within a radius
of 10 m, and if the chosen pixel does not belong to this flowpath, we assign the head to the closest pixel which does.

3.2.2. Comparison of Expert Mapping and Automatic Extraction

We test CO2CHAIN by running 80 tests for each DEM with k* ranging from 6 to 24 (Equation 2) and L} ranging
from 0.3 to 0.7. For each simulation, we compare the results with the experts' results using three different metrics:
the drainage area distribution at channel heads, the drainage density, and the location of a few robust channel
heads. As for the drainage density, we compute the quadratic distance between the expert results and CO?’CHAIN
method results, d, defined by:

3

LURIN ET AL.

6 of 18

95U017 SUOWILIOD) SAIES.D) 3]gedl[dde ay) Aq peusenof ae Sapie YO ‘8sn Jo SajnJ Joj Aeiqi UIjUQ AS]IA UO (SUONIPUOI-PU-SWLB)W0D A8 | 1M AleIq Ul Uo//:Sdny) SUONIpUOD pue sWe | 8U188S *[£202/0T/0z] Uo Ariqi suljuO AS|IM ‘soueld aueIyo0D Aq 666900-r2202/620T OT/I0p/W0d A8 1M Aselqipuluo'sqndnfe//:sdny wouy pepeojumoq ‘6 ‘20z ‘TT0669TZ



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2022JF006999

Where Dd is the drainage density and Dd, is the drainage density derived from each expert's results. We then
normalize the value of the quadratic distance using the mean of the six experts' drainage density.

As for channelization drainage area, we compare the probability density functions (PDF). The number of channel
heads in one basin is between 50 and 100, which is too few to reliably use classical similarity tests such as the
Kolmogorov-Smirnov test (Massey Jr, 1951). Instead, we compute the overlapping area minus the separated area
below both PDF curves. Our drainage area misfit metric is equal to one minus this difference. Therefore, it is
equal to zero when the PDF are the same.

Finally, we identify zero-order basins where at least three experts identified a channel head, and define the bary-
center of these experts' heads as robust heads. We count how many of them have been found by the method and
compute the mean of the distances between the reference heads and the corresponding method channel heads. If
a reference head has not been found, the distance is the length of the whole corresponding zero-order channel.

3.3. Comparison With Other Methods

To assess the skills of CO2CHAIN we compare it to two recent channel extraction methods that are implemented
in the LSDTopoTools software (Clubb, Mudd, Milodowski, Grieve, & Hurst, 2017): the DrEICH and the Wiener
methods.

The DrEICH method is process-based and extracts the fluvial channels based on their signature in chi-space
and their contour curvature (Clubb et al., 2014). LSDTopoTools provides several adjustable parameters to cali-
brate the method. The ones that are specific to this method are the number of network junction over which to
perform the chi-analysis and the concavity value of the river network. A pruning drainage area to remove channel
heads under a certain drainage area and a minimum length required for a convex feature to be considered as a
valley can also be set (Clubb & Mudd, 2019).

The Wiener method implemented in LSDTopoTools is inspired by the methods of Pelletier (2013) and Passalacqua
et al. (2010) and was first used in Grieve, Mudd, Milodowski, et al. (2016). It is a geometric method which iden-
tifies the valley network in the same way as the DrEICH method, then extracts the channel network based on a
tangential curvature threshold chosen based on the PDF of curvature in the basin and prunes the obtained network
using a drainage area threshold. It can be calibrated using the two previously cited parameters that are not specific
to the DrEICH method (Clubb & Mudd, 2019).

These two methods are specifically calibrated in LSDTopoTools for 1-m DEMs. We used their default parameters
when running them on 1-m DEMs and recalibrated them using the same metrics as described earlier at lower
resolutions.

4. Results
4.1. Channel Heads Identified by Experts

We start by assessing the level of agreement of the different experts in mapping channel heads (Figure 3). Indeed,
for the expert mapping to be considered a good benchmark to evaluate automatic channel extraction methods,
dispersion among experts must be minimal. Dispersion either occur because different experts place the channel
head more or less upstream an identified valley, or simply because some topographic features may be considered
a channel by some experts while discarded by others. This yields differences both in drainage density and chan-
nelization drainage area (Figure S3 in Supporting Information S1).

In the HP basin, robust channel heads (i.e., mapped by at least three experts) represent 60% of all heads, and
the mean dispersion between experts around these robust heads is 16 m. Five experts identify almost always the
same channels, and considering only them, the robust heads would represent 83% of all channel heads mapped,
and drainage densities would range between 0.0036 and 0.044. Only one expert identifies significantly more
subchannels and thus has a slightly higher Dd (0.0052 m~"). In OC, robust heads represent 78% of channel heads
with a mean dispersion of 11 m. However, the Dd values are more dispersed. Indeed some channels up to 100 m
long are not mapped by every expert. We assume that this is due to the fact that the channel are less narrow and
incised in this DEM. However, A, distribution and drainage densities are still similar.

As for the two other basins, their drainage networks are less simple to map. Because their erosion rates are higher
than the two first basins, the soil cover is patchy, with bare bedrock outcropping in several places, especially at
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Figure 3. Channel heads mapped by the experts, robust drainage network and CO?CHAIN drainage network. The resolution
of the DEMs is 3 m. The colored dots are the experts' mappings. Each color represents one person. The thick black lines
represent the channel network extracted using the robust heads (i.e., mapped by at least three experts). The blue dashed lines
are CO2CHAIN' channel networks.

the head of the basins. In these bedrock areas, especially in SB, channels are not well defined, leading to more
disagreement among experts. As a result, robust heads represent 50% of all heads in SB with a mean dispersion
of 18 m. This yields various drainage densities, ranging from 0.003 to 0.006 m~'. In the SG basin, bedrock
also outcrops in multiple places at the head of the basin. Furthermore, convergent slopes turn to channels in a
very progressive fashion and not all channels are well defined. Consequently, some experts extract a lot more
channels than others and the channel heads are placed at various drainage area. Nevertheless, robust heads repre-
sent 69% of all heads with a mean dispersion of 15 m. Five experts out of six found similar drainage densities
(0.0065-0.0079 m~"), and one found a significantly lower drainage density (0.0052 m~').

Overall, we find the statistics are close enough in the SG, OC and HP basins to consider the experts' mapping as
a good benchmark to evaluate the accuracy of our automatic extraction method. We used it also in the SB basin,
with the caveat that the expert's results are more dispersed.

4.2. Calibration of CO?CHAIN

We seek to calibrate CO2CHAIN by finding parameters that are not necessarily the optimal values for each basin,
but give misfits that are close to the minimum for all three metrics of all basins. For three basins (SG, OC and
HP), the best fitting parameters are in similar ranges, typically L} between 0.4 and 0.5, and k* between § and 14
even if the optimal value is slightly more variable. Therefore, we isolated a pair of parameters (12 for k* and 0.45
for L¥) which satisfies our requirements.

As for the last basin (SB), the optimal parameters would be L = 0.55 and k* = 12, however, this is the basin
in which the experts disagreed the most. Consequently, we did not take into account these results to choose the
optimal parameters. We will take a closer look at the results in the SB basin in the next section.
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These results also show the sensitivity of CO?CHAIN to both thresholds, and show that in spite of some trade-
off none of the tests are sufficient alone to extract a network similar to the one of the expert (Figure 4). The
convergence step test allows to locate precisely where the transition occurs, while the local flow concentration
test determines which potential transition is selected to be the channel head, and they are both equally essential.

4.3. Characteristics of the Drainage Network Obtained With CO?CHAIN

We ran CO?CHAIN in the four basins at a 3-m resolution using the best parameters found in the previous section.
We then compared the channel heads extracted automatically to the ones mapped by the experts by looking at Dd,
A, distribution and robust channel heads location.

In the HP basin, 77% of the robust heads have been extracted by CO?CHAIN and the mean distance between
these heads and the corresponding CO?CHAIN heads is 26 m. This yields a mean distance of 35 m when taking
into account the robust heads that are not found. Some thin and poorly incised channels have been extracted by
some experts and not by CO?CHAIN (Figure 3). Conversely, in spite of the corrections applied to the network,
some spurious channels remain on the floodplain. As a result, Dd is almost identical to the mean of the experts
(Figure 5). The median of A_ is also very close to the mean of the experts (94%).

In the OC basin, 82% of the robust heads have been identified with a mean distance of 27 m. This yields a mean
distance of 30 m when taking into account the robust heads that are not found. Channels start mostly downstream
or between the channel heads mapped by the experts, and more rarely upstream from them (Figure 3). Some
features that have been considered as channel by several experts (between two and four out of six) are not detected
by CO?CHAIN, because they are too wide to meet the local flow concentration criteria. Dd is still really close to
the one of the experts (Figure 5). Since the channel heads of CO?CHAIN are mostly downstream or between the
experts' ones, the median A, is above (160%) the experts' mean.

In the SG basin, where the channels are more ambiguous, CO?CHAIN extracts most of the channels that have
been mapped by at least three experts (67%), and the channel that are not extracted are mostly short channels
(Figure 3). The mean distance between the experts' and CO?CHAIN channels is only 22 m. This yields a mean
distance of 29 m when taking into account the robust heads that are not found. A lot of features that have been
considered as channels by only one or two experts are extracted, thus Dd is close to the experts' mean. There does
not seem to be a clear trend regarding whether channels start upstream or downstream from the experts (Figure 3),
but the A_ distribution given by CO?*CHAIN is also slightly shifted toward higher drainage areas compared to the
experts' distribution (median A_ is 150% of the experts' mean).

In the SB basin, CO?CHAIN finds many more channels than the robust channel heads, resulting in a much higher
(158%) Dd. 97% of the robust heads are found with a mean distance of 41 m, or 40 m when taking into account the
robust heads that have not been found. However, we note that most of the channels extracted by CO?CHAIN have
also been extracted by at least one expert. The A, median is close to the one of the experts (120% of the experts'
median A ). Also, since all experts mapped different channels, we constructed a drainage network combining
all of their channel heads (Figure S4 in Supporting Information S1). This network is close to the one found by
CO?CHAIN and has a drainage density of 0.0072 m~! (95% of the CO?CHAIN method Dd). The best parameters
to fit this combined data set are L} = 0.5 and k = 10, but L} = 0.45 and k = 12 also fits these results. In other
words, if we consider that in this difficult terrain, the union of the experts gives a more accurate result than each
of them taken separately (or their average), the threshold chosen for the three other basins would also be optimal
for SB.

4.4. Slope-Area Scaling of Channel Heads Found by CO?CHAIN

We investigate the relationship between S and A for the channel heads extracted by the CO?CHAIN method
(Figure 6). In SB, SG, and OC, channel heads have steep slopes (0.4—1) and 75% of them are located within a
narrow domain defined by power-law functions of A (S = (1.7 + 0.25)A~%1). In HP there is no clear relationship
between A and S, and only a few heads are in the power-law domain identified for the other basins. Our results
concerning channel heads statistics can be biased by the fact that our correction does not eliminate all spurious
channel heads on floodplains. However, this does not mean that the power law observed itself is biased: in the
SG basin, for example, all of the remaining channel heads on floodplains (seven out of 87) are situated outside
of the power law domain.
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Figure 4. Misfit in drainage density and drainage area distribution and mean distance from the heads computed by CO?CHAIN to the ones deduced from the
experts' mapping, computed as explained in Section 3.2.2. We run CO2CHAIN on 3-m resolution DEMs using different values for the thresholds. Vertical axis is the
convergence change threshold k*, given in number of standard deviations as explained in Section 3.1.3.3, and horizontal axis is the local flow concentration threshold
L}, without units. The red crosses show a set of parameters that give satisfying results for SG, OC, and HP basins.
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the mean distance between channel heads extracted by the methods and the robust channel heads. Black: averaged experts'
statistics, red: DrEICH, yellow: Wiener, blue: CO?CHAIN. CO?’CHAIN was run on the DEMs resampled to 3 m and the other
methods on the 1-m resolution DEM. The same parameters are used for all four DEMs (see Sections 4.2 and 4.4).
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Figure 6. Channel heads slope-area relationship. The colored dots are the
channel heads extracted using CO?’CHAINS in the four DEMs resampled to

3 m. The pink solid line and pink domain is the best fitting power law for

the SB, SG and OC basins (S = 1.7 + 0.25 A=%1). The blue dashed lines
delimit the power law domain found by Montgomery and Dietrich (1992). It
is bounded by two lines of equation S = 63 A~%% and S = 22 A=%5. The green
boxes show the results (without clear trends) of Clubb et al. (2014) using the
DrEICH method on four LIDARs DEMs of four basins in the United States.

4.5. Results of the DrEICH and Wiener Methods

The Wiener and DrEICH channels are mostly calibrated for 1-m resolution
DEMs, so we ran them on the original 1-m resolution DEMs with their
default parameters which we found to fit the experts' results best. We only
lowered the pruning drainage area of the DrEICH method to 500 m? to get
better results.

We compared the drainage densities, drainage area distribution and location
of robust heads for the four methods in each basin (Figure 5, Table S1 in
Supporting Information S1). CO?CHAIN is more consistent than the two
other methods regarding drainage density, since its misfit is systematically
below 20% except in the SB basin, while the other methods have errors up to
30 or 40%. The drainage density misfits for all methods are higher in the SB
basin, which was expected as discussed in Section 4.3.

The main differences appear in the two other metrics. Indeed, the Wiener
method is highly affected by its pruning drainage area of 1,000 m? (see
Figure S5 in Supporting Information S1 for the results with a pruning drain-
age area of 500 m?), and its drainage area distribution is similar to the one
of a drainage area threshold, with a much smaller dispersion than the experts
and two other methods. The DrEICH method appears to have the longest
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Figure 7. Drainage density of the drainage extracted by the six experts and by
the three methods as a function of grid resolution. Each color line represents

tion (Figure S6 in Supporting Information S1 discussion). In other words,
for N, = 1 and high-erosion rate, this implementation of DrEICH may not be

one expert, the colors being the same as on the maps of Figure 3. The called “process-based,” and to retrieve process-based fluvial heads we have

discontinuous lines are the results of the three methods. had to set N, = 3.

4.6. Effect of DEM Grid Resolution on the Methods

Although their availability is increasing, high-resolution DEMs are still limited to relatively few locations
covered by LiDAR surveys. In most other places DEM resolution is limited to five, 10 or 30 m. This affects the
drainage network retrieved by different extraction methods. As resolution decreases, channelized features with
characteristic scale smaller than the resolution disappear from the DEMs, and thus cannot be retrieved by any
method. Furthermore, different channel extraction methods are likely to perform variably, depending on the reso-
lution, since the criteria they use (curvature, drainage area, slope...) are affected by resolution (Grieve, Mudd,
Milodowski, et al., 2016).

As some features visually disappear of the DEMs when resolution decreases, the drainage density computed from
the experts' mapping decreases when resolution decreases from 3 to 30 m (Figure 7). Depending on the charac-
teristic scale of the low order channels, this trend can be more or less pronounced. Between resolutions of 3 to
10 m, the drainage densities computed from the experts' mapping in the HP, SB and to a lesser extent SG basins
strongly decrease because many low order channels are thinner than 10 m in these basins, while they are often
larger than that in the OC basin, in which Dd is much less affected by this resolution change. At a resolution of
30 m, Dd significantly drops for all basins.

Grieve, Mudd, Milodowski, et al. (2016) tested the DrEICH and Wiener method on DEMs at different resolutions
and compared the results to those obtained at 1-m resolution. They found that the density of the drainage network
steadily decreases with decreasing resolution for the two methods, but that Dd decreases faster when using the
DrEICH method. They also showed that up to 10-m resolution the location of the channel heads found is still
accurate enough for both methods. Our results on one, three and ten-m resolution DEMs confirm these trends
(Figure 7; Figures S7 and S8 in Supporting Information S1). Indeed, between 3 and 10 m, the Wiener method
is similarly affected by the resolution change as the experts are, while the DrEICH method results have a much
lower drainage density and higher drainage area than the experts at a resolution of 10 m. Additionally, between 1
and 3 m, we found that the results of the DrEICH and Wiener methods deteriorate more in high-resolution DEMs
(Figure 7, Supporting Information S1 discussion).

As for CO2CHAIN, between 3 and 10 m, the sensitivity of drainage density to resolution is slightly higher
than the Wiener method, but much lower than the DrEICH method (Figure 7). On the contrary, A, (which is
related to channel head location) is less sensitive to resolution when using CO?CHAIN than the two other
methods (Figure 7; Figure S7 in Supporting Information S1). Since the location of channel heads is deter-
mined by the convergence step in CO?CHAIN and by curvature in the Wiener method, this could be due to the
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fact that curvature on small scale features is more sensitive to resolution than drainage area (Grieve, Mudd,
Milodowski, et al., 2016; Wu et al., 2008). As a result, it seems that when resolution increases, CO2CHAIN
finds fewer tributaries than the Wiener method, but detects the head of the remaining channels with more
precision.

At a 1-m resolution, CO?CHAIN does not accurately locate channel heads and seems very sensitive to small scale
roughness. We recommend to use this method on 3 m resampled DEMs, since it gives results that are as accurate
or more accurate as the two other methods in 1-m resolution DEMs (Figure 5).

5. Discussion

5.1. Advantages and Limits of CO?*CHAIN

CO2CHAIN appears to be able to give reliable results with the same parameters on basins ranging from low to
high erosion rates, without requiring prior knowledge on them. We compared CO?CHAIN to two state-of-the-
art methods, DrEICH and Wiener. CO2CHAIN is the only method that manage to fit at the same time drainage
density, drainage area distribution and robust heads location. Its strong points are mainly the drainage density and
channel heads drainage area distribution. It misses more robust heads than the two other methods (see Table S1 in
Supporting Information S1) but locates them as accurately. Furthermore, it also finds a much fewer false positives
(i.e., heads that have not been mapped by any expert).

Since the DrEICH method is meant to identify the upstream limit of the fluvial network, when there are colluvial
channels and the number of junctions ¥, is set to one, the channel head extraction is not process-based anymore
but mainly relies on the identification of zero-order valleys (Figure S6 in Supporting Information S1 analysis).
Thus it struggles to find the accurate location of channel heads, especially in high erosion rate basins, and detects
channels on curved slopes.

The Wiener method gives accurate results in all basins in terms of drainage density and location of robust heads.
However it seems to be heavily affected by the pruning drainage area. The drainage area distribution of channel
heads systematically has a mean value just above the pruning drainage area set in LSDTopoTools and a much
lower variance than the results of the experts (Figure 5 and Figure S5 in Supporting Information S1).

In comparison to Wiener, CO?CHAIN is not targeting a local property threshold such as contour curvature but
rather a change of properties along the flowpath. Given this focus on a local property change relative to its value
in the hillslope portion of the DEM, it may require less user adjustment when changing landscape or resolution.
The local flow concentration threshold L? remains an absolute value parameter, which did not need to be tuned
for the four studied catchments. Still the stability of L} on a broader range of catchments remains to be assessed.

One-meter resolution topographic data is not available everywhere. At a slightly lower resolution (3 m), the
results of Dreich and Wiener methods are degraded on the two high-erosion catchments and become worst than
CO?CHAIN (Figure S7 in Supporting Information S1).

The main limitation of CO2CHAIN is the scale limit it imposes on channels. First, it is yet unable to extract chan-
nel heads in 1-m resolution DEMs, and thus cannot retrieve channels in landscape where their characteristic scale
is less than 3 m. The corrections applied to the network also introduce scale limits. The first one is the length of
zero-order channels, which must be at least 20 m, and the second one is the spacing between channels, which must
be at least 9 m. This is a choice we made to avoid having to impose a drainage area threshold. This way, small
features can be overlooked but the location and drainage area signature of channel heads is preserved.

CO2CHAIN also does not handle the fact that occasionally incipient channels can disappear within fans or
other unchannelized portions of the landscape. Thus, a future improvement could be to handle this as done by
Pelletier (2013), after identifying heads and before constructing the final network. Finally, the spurious channel
heads situated on floodplains are not all eliminated. In the HP basin, 10 out of the 41 channel heads extracted
by the CO?CHAIN method are located on floodplains, and in the other basins a few channel heads also remain
on floodplains. This does not affect much the drainage network itself and its drainage density, but can distort
the channel head slope and area statistics. Furthermore, the current correction can remove actual channels that
flow on the floodplain. CO?CHAIN may benefit from being coupled with algorithms able to detect floodplains
(Clubb, Mudd, Milodowski, Valters, et al., 2017) and thus to eliminate spurious heads in this domain.
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5.2. Perspectives for Revisiting Slope-Area Scaling for Channel Heads

CO?CHAIN may allow to revisit what controls the transition from non-channelized processes on the hillslopes
to channelized processes, including when debris-flows happen. While many physically based studies have been
conducted to define a channel initiation criterion linking the drainage area at the channel head, A, to its slope S
(Dietrich & Dunne, 1993; Dietrich et al., 2020; Kirkby, 1986), only few field data appeared to support predictions
(Montgomery & Dietrich, 1988, 1992), while also being very noisy possibly because of fine-scale variability of
surface conditions (Istanbulluoglu et al., 2002). Recent analysis on high-resolution DEMs did not find any rela-
tion between S and A (Clubb et al., 2014).

CO2CHAIN was optimized based on the expert mapping who developed their expertise on global morphology
and had little chance to structure their results around a specific S — A relationship. The weakly negative power law
we find for the channel heads extracted by CO?CHAIN (Figure 6) is thus likely the signature of a specific compe-
tition between geomorphic processes (Tucker & Bras, 1998) different from the ones identified by Montgomery
and Dietrich (1992), namely subsurface flow and shallow landsliding. In SG and OC field observations showed
that debris flows contribute to bedrock channel incision (DiBiase & Lamb, 2020; Penserini et al., 2017), and
more generally laboratory experiments and theoretical work suggest that in channel with such gradients (>0.5,
Figure 6) bedload transport is less likely than en masse failure of sediments on the bed (Prancevic et al., 2014).
Thus, we suggest that debris flows are likely one of the processes contributing to the channel head signature we
observe, and encourage efforts toward a more detailed understanding of the competition shaping the hillslope to
channel transition at high erosion rates, including various processes such as landslides and debris flows among
others.

In HP, the absence of correlation between slope and area is difficult to interpret but may be related to a diversity
of processes, including possibly rilling. Additionally, at least some of the channel heads near the main divide may
be either influenced by progressive retrogression into the Puymichel Plateau or may be influenced by sapping
in relation to subsurface water flow (Berhanu et al., 2012). Last, we cannot exclude that the very weak nature of
the conglomerate rocks in the area (Godard et al., 2020) is also leading to specific channel initiation conditions,
increasing scatter.

5.3. Insights on Valley Heads Morphology and Catchment Drainage Density

Our method locates channels heads which are inherently ill-defined features, especially in areas where channels
are not always filled with water. However, the approximate location of channel heads allows to delimit the broader
area representing the head of valleys, which captures the progressive transition from hillslopes to channels. One
of the quantities which characterize the shape of the basin head is the convergence U, as described in Equation 1.
At the scale of individual flowpaths, due to the short scale irregularities and the discrepancies between the D8
flow routing algorithm and the D-infinity drainage area computation, the value of U, along the flowpath and
across the transition is very noisy (Figure 1), hence the need for local concentration to better identify the tran-
sition. However, we may gain insight by studying the change of U, along flowpath, averaged for all the channel
heads of a given catchment.

We compute the evolution of U, along the longest flowpath between the hilltop and each channel head, defining
a normalized distance, D* = D/D,, where D, is the distance at the channel head. We stack all flowpaths in each
study area to retrieve the mean of the convergence profile in valley heads (Figure 8a).

For each basin, it has a sigmoidal shape, with an inflexion point located around the channelization zone. This
scaling break supports our idea that the CO?CHAIN method detects an actual change of regime in the water and
sediment transport, from diffused to confined.

Furthermore, differences between convergence curves may reflect differences in the morphology and processes
operating in the valley heads of each basin. In the HP basin e.g., slopes are less convergent and channels are more
convergent than in the other basins, resulting in a sharper transition at the channel head (Figure 8). The hillshade
map of the basin (see Figure 3) shows that slopes are not much convergent, especially those starting on the Valen-
sole plateau at the East of the basin. The transition between hillslopes and channel is also very sharp. Conversely,
the SB basin convergence evolution exhibits channels that are less convergent and the hillslope to channel transi-
tion is thus less sharp, which is also consistent with the basin appearance (Figure 3), where channels originate in
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Figure 8. Hillslopes length and convergence. Panel (a) shows the evolution of the convergence value (U.) along the
slopes at the head of zero-order basins in our four basins. Each curve represents the median of the convergence of all the
zero-order valleys in one DEM. The distance along the slopes is normalized by the distance from the crest to the hillslope/
channel transition retrieved by CO2CHAIN in the basins resampled to 3 m. The vertical line at D* = 1 and gray area is the
channelization zone. Panel (b) shows the length statistics of the hillslopes at the head of zero-order streams for each basin.
The inset is the fluvial and total drainage density of each basin.

small, steep-sided valleys with rough slopes. The evolution of convergence at valley heads could thus be a novel
statistical indicator of the shape of valley heads and possibly of process shaping them.

This also allows to revisit studies on hillslope length such as the one of Grieve, Mudd, and Hurst (2016). In their
study, hillslopes are extracted from all hilltops pixels, contrary to here where hillslopes are extracted only at the
head of zero-order valleys. Their length statistics are more dispersed than what we find and their slopes are longer
in average (Figure 8b). Extracting hillslope statistics only at valley heads might be more relevant to understand
the transition from hillslope processes to channelized processes.

Hillslope lengths appear to generally decrease as the average catchment erosion rate increases (Figure 8b). This is
equivalent to say that the combined fluvial-colluvial drainage density is increasing with erosion rate (Figure 8b).
Such increase may be explained by the stream power-law with n > 1 (Clubb et al., 2016), but given the presence
of colluvial channels in the studied area (e.g., OC and SG, DiBiase et al., 2012; Penserini et al., 2017; Stock &
Dietrich, 2003) we rather interpret it as caused by increased activity (or efficiency) of colluvial processes such as
debris-flows. In contrast, applying the DrEICH method with the number of junction set to three yields a channel
network likely more aligned with fluvial processes, with a lower and slightly decreasing drainage density across
basins (Figure 8b). Such results complete those of DiBiase et al. (2012), who identified manually debris-flow
channels start and end, and found a constant combined fluvial-colluvial drainage density and a reduction of the
fluvial drainage density with increasing erosion rates. However, the main difference is that we compare four
catchments with different climatic, tectonic and lithological contexts which may create spurious trends with
erosion rate. Nevertheless, CO2CHAIN, combined with DrEICH, unlocks a path toward systematic extraction
of colluvial and fluvial drainage density and of the properties of the colluvial channels in a large number of
catchments.

6. Conclusions

We have developed a new automatic channel extraction method, CO2CHAIN, designed to detect channels in
high-resolution DEMs, regardless of their process of formation. CO?CHAIN is based on the detection of signif-
icant increases of two different convergence metrics along all possible flowpaths of one catchment. CO?CHAIN
was calibrated against mapping carried out by geomorphologists on four basins covering a wide range of erosion
rates, lithology, soil cover and erosion processes. We compared its results to that of two state-of-the-art channel
extraction methods (DrEICH and Wiener methods).

We found that CO?CHAIN can consistently retrieve colluvial and fluvial channel heads in high and low erosion
rate catchments, using two threshold for the convergence metrics: L} = 0.45 and U} = 12. Out of the three
methods we tested, only CO?2CHAIN could fit at the same time drainage density, drainage area distribution and
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channel heads location. These results suggest that CO?CHAIN can be used on any basin regardless of the erosion
processes and the erosion rate. It is also less affected by erosion rate than the two other methods at lower resolu-
tions such as 3 m.

However, CO?2CHAIN is not suitable for short scale features and imposes scale thresholds in terms of channel
length and spacing between channels. Calibrating it for 1-m resolution DEMs could help reduce theses thresholds.

We computed the slope-area relationship of channel heads as well as the dependence of drainage density on
erosion rates in the four basins, and these results seem promising to revisit previous studies on channel heads
and drainage network properties, especially on fastly eroding basins in which these studies have rarely been
conducted. This could be an important step to understand long-term erosion by colluvial processes such as debris
flows and include them in landscape evolution models (McGuire et al., 2022).
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