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Abstract Extreme rainfall events in mountainous environments usually induce significant sediment runoff
or mass movements—debris flows, hyperconcentrated flows and stream flows—that pose substantial threats to
human life and infrastructure. However, understanding of the sediment transport mechanisms that control these
torrent processes remains incomplete due to the lack of comprehensive field data. This study uses a unique field
data set to investigate the characteristics of the transport mechanisms of different channelized sediment-laden
flows. Results confirm that sediments in hyperconcentrated flows and stream flows are mainly supported by
viscous shear and turbulent stresses, while grain collisional stresses dominate debris-flow dynamics. Lahars,

a unique sediment transport process in volcanic environments, exhibit a wide range of transport mechanisms
similar to those in the three different flow types. Furthermore, the Einstein number (dimensionless sediment
flux) exhibits a power-law relationship with the dimensionless flow discharge. Machine learning is then used
to draw boundaries in the Einstein number-dimensionless discharge scheme to classify one flow from the other
and thereby aid in developing appropriate hazard assessments for torrential processes in mountainous and
volcanic environments based on measurable hydrologic and geomorphic parameters. The proposed scheme
provides a universal criterion that improves existing classification methods that depend solely on the sediment
concentration for quantifying the runoff-to-debris flow transition relevant to landscape evolution studies and
hazard assessments.

1. Introduction

Steep channels make up a large portion of valley network relief in many mountain environments. Drainage
area-slope scaling in steep bedrock-channel valleys departs from model predictions of fluvial bedrock incision.
This has led to the suggestion that fluvial processes and debris flows are the dominant erosion processes in differ-
ent parts of channel networks (McCoy, 2015; Santos & Duarte, 2006; Stock & Dietrich, 2006; Stock et al., 2005).
Debris flows, hyperconcentrated flows, and stream flows are the prevalent types of sediment-laden flows in
mountainous environments, each having different flow behaviors that lead to the formation of specific land-
forms and sedimentary structures (Costa, 1988). Fluvial sediment transport (hyperconcentrated flow and stream
flow) usually happens through fluid-particle interactions characterized by rolling, saltation, or dilute suspension
processes, wherein the fluid phase regulates the flow dynamics (Ancey, 2001). Hyperconcentrated flows are
common in mountainous rivers (W. Li et al., 1997), where there are significant amounts of sediment from trib-
utaries. It is typically considered as a two-phase, non-Newtonian, non-cohesive flow with separate components
for the sediment and water (Costa, 1988). Stream flows usually transport bedload and suspended sediments.
Large sediment particles that make up the bedload are transported via rolling, dragging, and saltation, whereas
the suspended load consists of small particles traveling in the water column. Unlike stream flows and hyper-
concentrated flows, the solid particles and the fluid in debris flows are completely mixed, moving together as a
single cohesive, viscous-plastic body (Johnson, 1970), which vitally influences the macroscopic flow behavior
(Iverson, 1997; Vallance & Iverson, 2015). Lahars are often defined as a transitional flow between hyperconcen-
trated flow, debris flow, and mudflow wherein the transported sediments include pyroclastic materials (Lavigne
& Suwa, 2004; Pierson & Scott, 1985; Thouret et al., 2020; Vallance & Iverson, 2015).

Incorrect identification of flow types may result in severe scientific misinterpretations and inappropriate reme-
dial practices (Costa, 1988). Different types of flows often occur as a series of channelized sediment discharges
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at a point in a channel. Debris flows can block channels which can result in diversion of subsequent debris
flow and hyperconcentrated flow into locations adjacent to the channel. Therefore, it is necessary to distin-
guish the types of flows and accurately predict when and under what conditions which type of flow may occur.
However, general recognition criterion proposed in the existing literature that differentiate these flows from one
another are not consistent. Various schemes have been proposed in previous literature based on the flow behav-
ior (e.g., Middleton & Hampton, 1973), shear strength (e.g., Costa, 1988), deposition properties (e.g., Brenna
et al., 2020), grain-support mechanisms (e.g., Mulder & Alexander, 2001), sediment concentration (e.g., Beverage
& Culbertson, 1964) or strain rate (e.g., Jerolmack & Daniels, 2019). The sediment concentration by volume is
the most common scheme applied to characterize the different flows (Dasgupta, 2003) since an increase in this
quantity transforms a stream flow into a hyperconcentrated flow and eventually into a debris flow (Coussot &
Meunier, 1996). The changes in sediment concentration can also strongly influence the flow rheology wherein
its increase changes the flow from a Newtonian to a non-Newtonian fluid, and eventually into a viscoplastic flow
(Costa, 1988). Although previous works have attempted to categorize these processes into discrete ranges of the
sediment concentration spectrum (Mulder & Alexander, 2001), there is still no universally accepted scheme that
distinguish one type of flow from the other. For instance, Coussot and Meunier (1996) suggested that the sedi-
ment concentrations by volume of hyperconcentrated flows should fall between 1% and 25%, while Beverage and
Culbertson (1964) and Pierson et al. (1987) proposed that they should fall between 20% and 60%. Coussot and
Meunier (1996) further pointed out that a single threshold is insufficient to define the entire range of flows due
to differences in the dynamics and composition of the flow's front and body. Therefore, it is useful to clarify how
different flow properties or variables can reflect the flow characteristics and complement our understanding of
the dynamics of various processes.

This study reports and uses field observation data sets of debris flow, hyperconcentrated flow, and stream flow
in channels over steep landscapes to investigate the fundamental difference between the different types of flows.
Data from the literature for numerous sediment-laden flows and debris flows observed in various field sites are
also analyzed. We analyze their physical properties using several dimensionless parameters. Sediment transport
mechanisms and dominant stresses between different types of flows are discussed. Then, employing the machine
learning method, we propose a multi-dimensional scheme to analyze various flow characteristics and improve
our understanding of their sediment transport mechanisms. We examine and compare the physical thresholds and
schemes for the lahars at the end.

2. Study Site and Data Sources

Our field site, Xiaojiang River, locates in the southwest part of China and is one of the upper reaches of the Yang-
tze River. The Xiaojiang River basin, with a length of 134 km and drainage area of 3,120 km?, is located in the
northeastern part of Yunnan Province (N 25°2'-26°5’, E 102°2'-103°2"). The elevation of this basin ranges from
1,500 to 3,500 m and is inclined at a slope of 8° to 35° (He et al., 2003). Two strike-slip faults facilitate surface
processes in this area with frequent small earthquakes (Cui et al., 2005). Along the banks of the 134-km-long
trunk of Xiaojiang River, there are 140 debris-flow-dominated basins. Debris flows are most frequent in the Jiang-
jia Ravine (Cui et al., 1999; He et al., 2003). The Jiangjia Ravine is located in the Dongchuan Section, Yunnan
(N 26°13-26°17', E103°06'-103°13"), close to the intersection of the Xiaojiang and Jinsha Rivers. It covers an
area of about 48.6 km? with a main channel length of 13.9 km (Figure 1a). The Jiangjia Ravine is underlain by
Triassic metasedimentary rocks, such as sandstone and slate, which are weak and are easily weathered into frag-
mentsboulders, cobbles, and gravels (Zhou & Ng, 2010). There is an estimated volume of 1.23 x 10'° m3 of loose
sediment in the Jiangjia Ravine, which becomes the primary debris flow source material (J. Chen et al., 2005).
The annual rainfall in the Jiangjia Ravine ranges from 400 to 1,000 mm, 85% of which occurs during the rainy
season (May—October) (Cui et al., 2005; Zhou & Ng, 2010). The high precipitation and abundant sediment source
in this area induce around 12-20 debris flows annually, as measured between 1960 and 2014, making it one of the
most active debris flow basins in the world (J. Chen et al., 2005). Debris flows in the Jiangjia Ravine are usually
triggered by runoff generated by extreme rainfall events (>50 mm per hour) during the annual rainy seasons (Cui
et al., 2005). The main channel of the Jiangjia Ravine can be divided into three sections namely, the upstream
erosion section (10 km long, average slope of 17°), the middle transportation section (1.3 km and 5.1°), and the
deposition section (about 4.2 km and 3.7°) close to the outlet. Debris flows in the Jiangjia Ravine are initiated
from hillslopes or inside channels. Moving downslope, they erode and entrain sediments along the channel path
and deposit these sediments close to the outlet or deliver them directly into the Xiaojiang River.
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Figure 1. Overview of the study area. (a) Relief map of the Jiangjia Ravine. Debris-flows monitoring site in Jiangjia Ravine (A—A) and stream flows monitoring site
in the Xiaojiang River (B-B); (b) Distribution of sediment-laden flows from different sites in this data set. Different color labels denotes different flow types. Base map

modified from Amante and Eakins (2009).

2.1. Field Observations

Debris flows in the Jiangjia Ravine have been monitored since 1960 by the Dongchuan Debris Flow Observation
and Research Station (DDFORS), Chinese Academy of Sciences (CAS), which is one of the longest debris flow
observation sites worldwide. The measurement system consists of a steel pile foundation with strain sensors,
an ultrasonic sensor, and a lead fish sampler (Hu et al., 2011; Zhou & Ng, 2010). Field measurements that are
obtained in this site (Figure 1a, Section A—A) include the flow velocity (v, ms™!), flow depth (h, m), water surface
width (W, m), flow density (pf, kg m~3), and the duration of debris-flow surges (¢, s) (Y. Li et al., 2015; Zhou
& Ng, 2010). A typical debris flow event in the Jiangjia Ravine consists of multiple steep-front, high-viscosity,
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coarse-grained surges separated by water-rich intersurge flows. The debris-flow surge front surface usually
contains a large amount of coarse-grained debris accompanied by turbulent splashes. Debris flow events that do
not exhibit a distinct surge front are in here referred to as continuous debris flows. For each debris flow event, the
time for the surge front or flow front to pass through two monitoring cross-sections separated by a distance (AL)
is recorded by a stopwatch as Atz. The flow velocity can then be calculated as v = AL/At. The flow depth (k) is
measured continuously using an ultrasonic flow sensor (10 Hz sampling frequency) suspended 6.0 m high over
the center of the channel. The density of debris flows (p,,) is determined from the ratio of the mass and volume of
the mixture samples taken by the sampler, which is a 61 cm high cylinder container with an 18 cm inner diameter.
The sampler is initially positioned close to the channel bed and raised by hanging cables and a pulley after the
flows pass. It is theoretically feasible to capture coarse grains as large as 18 cm but rare grains larger than 10 cm
in practice (Hu et al., 2011). The sediment concentration C, (by volume) is calculated as C, = (p,, — p, )/ (p, — p,,)
where the density of water p, is 1,000 kg/m? and the density of the solid grains p, is 2,650 kg/m?>. This study uses
5,085 debris flow measurements (4,534 debris flow surges and 551 continuous debris flows) collected between
1960 and 2014 in the Jiangjia Ravine.

Debris flows in the Jiangjia Ravine are generally muddy, relatively shallow, rapid, and have high sediment
concentrations. The dynamic properties of these events also vary significantly with time. The flow velocities
range from 1 to 18 ms~!, and the flow depth and width vary between 0.15 to 4 m and 2-50 m, respectively. The
average sediment concentration is 66% and the flow discharges per unit width range from 0.28 to 63.35 m?s~!
with an average unit discharge of about 6.42 m?s~! for all recorded events. From field observations, it can be
discerned that debris flows exhibit two modes of motion. Most debris flow events possess surges with high solid
concentrations. There is also a noticeable time gap between surges for a single event. Due to grain segregation,
coarse grains accumulate in debris flow fronts, making them relatively steep and dry compared to the other
portions of the flow body. These coarse-grained fronts can be visually detected for each debris flow surge. The
tail of the flow event is watery and is more akin to hyperconcentrated flows having low sediment concentrations.
It can be said that the spatial-temporal characteristics of debris flows vary significantly between surges. On the
other hand, continuous debris flows are singular persistent surges (with recorded events lasting up to 3,660 s)
that have mean solid concentrations of about 47%, higher clay fractions, and longer inundation distances than
debris-flow surges. The measurements and records of debris flows in Jiangjia Ravine mainly focus on the main
flow body, which is the most typical representation and steady to measure.

Due to the significant amount of sediments coming from the 140 debris flow basins, such as the Jiangjia Ravine,
stream flows in the Xiaojiang River have relatively higher sediment concentrations during the rainy season (He
et al., 2003). To study their characteristics, we monitored flows in the Xiaojiang River at a selected section near
the Xiaojiang Bridge (Figure 1a, Section B-B) during two debris flow seasons (2009 and 2010). The flow veloc-
ity is estimated by tracking the trajectory of colored plastic balls at two different locations dropped into the river
over a certain reference distance. The flow depth is estimated from wet markings on a standard ruler immersed
perpendicular to the flow surface for over 10 s. We also collected suspended load sediment samples to estimate
sediment concentration with lead fish sampler. All sediment samples were taken from the center of the flow depth
with a water-sediment mixture. This study utilizes 34 measurements from Xiaojiang Bridge, including hydro-
logical and sediment information taken between 2009 and 2010. Field measurements show that flow velocities
range from 0.9 to 2.4 ms~! with an averaged value of around 1.3 ms~!. Flow depth and width range from 0.2 to
1.1 m and 42-52 m, respectively. The flow discharges fluctuated significantly between 10 and 102 m3s~!, with
an average discharge of about 40 m®s~!. Sediments in the Xiaojiang River are mainly suspended in water, and the
bedload only contributes to a small portion of the transported sediments. The sediment concentration ranges from
3 to 22 kg/m? with a mean value of 10 kg/m?>.

2.2. Data Collection

In addition to the measurements of debris flows collected in the Jiangjia Ravine and stream flows in the Xiao-
jiang River, we also collected additional hydrological and sediment data for hyperconcentrated flows and stream
flows from the literature (Figure 1b). This compilation includes 1,035 measurements from 41 basins collected
from Asia, America, Europe, and Oceania. The data set includes measurements of the grain size, discharge,
river width and depth, bed slope, and morphology. For debris flows, we have included wide-range data from
China (11 measurements, including Zhouqu, Hongchun Gully, Xiaojiagou, Shimian, and Houyenshan) (H. Chen
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et al., 2012; Chou et al., 2013; Ni et al., 2014; C. Tang et al., 2011; Yu et al., 2010), Switzerland (9 measure-
ments, Illgraben) (Berger et al., 2011; Wendeler et al., 2007), Italy (12 measurements include Dolomites and
Moscardo) (Berti et al., 1999; Marchi et al., 2002), USA (5 measurements, Chalk Cliffs) (McCoy et al., 2012),
and New Zealand (1 measurement, Mt. Thomas) (Pierson, 1980). For hypercocentrated flows, we have included
104 measurements from the Yellow River (Gong & Jiang, 1979; Qi & Han, 1991; Qi et al., 1995, 2008) and 26
measurements from Rio Puerco (Nordin, 1963). For stream flows, we have collected 228 measurements from
Yellow Rivers and 556 measurements from USA rivers (Howard, 1947; Williams & Rosgen, 1989). We have
also collected data of lahars, which occur in unique geological settings and involves pyroclastic materials, from
the literature on several volcanoes including Mount St. Helens, USA (Pierson, 1985; Pierson & Scott, 1985), Mt.
Semeru, Indonesia (Lavigne & Suwa, 2004), Mt. Merapi, Indonesia (Lavigne & Thouret, 2003), Nevado del Ruiz,
Colombia (Pierson et al., 1990), and Mt. Paricutin, Mexico (Segerstrom et al., 1956). It should be noted that the
sediment-laden flows compiled here from the literature are classified based primarily on field observation and
expert experience. We rely on the classification of the source publications and assume that they are accurate to
our definitions.

3. Methods
3.1. Dimensionless Numbers

To ensure that results obtained from one site are comparable to those from other sites with different geological
and topographical conditions, measurements are cast into dimensionless forms (Iverson, 1997). Dimensionless
numbers are useful in showing the relative importance of different sediment transport-related stresses for various
systems or processes of interest (Lanzoni et al., 2017). We used 11 dimensionless parameters: dimensionless
discharge (g.), Einstein number (dimensionless sediment flux, g, .), Savage number (Sav), Leighton number
(Le), Bagnold number (Bag), mass number (M), friction number (Fric), Rouse number (Ro), Stokes number
(S1), Froude number (Fr) and Reynolds number (Re) to gain insights on flow dynamics (Ancey et al., 1999;
Bagnold, 1954; Iverson, 1997; Iverson & Vallance, 2001; Munson et al., 2013; Parker, 1979; Reynolds, 1883;
Rouse, 1937; Savage, 1984). All these parameters are well-defined and have been applied in previous research
for both experiments and field observations (Arattano & Franzi, 2004; Badoux et al., 2009; Bennett et al., 2014;
Berti et al., 1999, 2000; Chou et al., 2013; Coe et al., 2008; Marchi et al., 2002; McCoy et al., 2010, 2013; Okano
et al., 2012; Suwa et al., 2009).

The general purpose of dimensional analysis is to explore the sediment transport mechanism and corresponding
dominant stresses. First, from a macroscale perspective, to describe the macroscale flow behaviors (one-phase
and two-phase) and general movement patterns of transported sediments (bedload and suspended load), the
Stokes number and Rouse number (S7 vs. Ro) are introduced. The mass number and friction number (M vs. Fric)
are employed to classify the components of the solid and fluid phases in the momentum transfer of two-phase
mixtures. Furthermore, the bulk behavior is governed by the microscale processes that include grain friction
(sustained contacts) and collisions, fluid viscous shear and turbulent drag and solid-fluid interactions. Corre-
spondingly, grain frictional and collisional force, fluid viscous and turbulent force, and fluid-solid interaction
forces associated with the relative fluid-grain motion jointly control the flow dynamics in two-phase mixtures.
Dominant physical mechanisms reflected by the relative importance of these stresses can be evaluated through
the Savage number (friction vs. collision), Bagnold number (collision vs. viscosity), Leighton number (lubri-
cation vs. friction), and Reynolds number (turbulence vs. viscosity). We briefly introduce each dimensionless
number as follows.

The dimensionless flow discharge (g.) is estimated from the flow discharge per unit width and the sediment grain
size (Parker, 1979; Parker et al., 2007):
q

q: = gD3, e))

where g = hv is the flow discharge per unit width, v is the surface flow velocity, /4 is the flow depth and g is the
gravitational acceleration. The characteristic particle diameter D is represented by the median grain size (D)
based on the particle size distribution of sediment samples. For stream flows and hyperconcentrated flows, we
used the median grain size from suspended load samples as the representative grain size. This potentially overes-
timates the dimensionless sediment flux due to possible underestimation of the representative grain size.
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The Einstein number Gy is a dimensionless sediment flux which is defined as:

ds
[Z e s ()
Pf

where g, is sediment flux per unit width from measurements, p.and p_ are the densities of water and sediments,

qssx =

respectively.
The Savage number (Sav) (Savage & Hutter, 1989) can be used to represent the ratio between the inertial and
frictional stresses associated with collisions and persistent contacts among sediment grains:

SD2~2
Sav=227 3)

Oe

where o, represents the effective normal basal stress equal to ¢ — P, o is the normal compressive stress, and P
is pore fluid pressure. y is the global shear rate, which is calculated as the ratio of the surface velocity (v) to the
flow depth (h):

r=9 4
We clarify that the Savage number employed here is a global parameter and represents the entire flowing layer.
A similar local form, introduced as the ratio of a microscopic timescale for particle motion undergoing typical
stress to a macroscopic timescale imposed by the shear rate (Ancey & Evesque, 2000; MiDi, 2004), describes the
relative dominance of grain collision and friction in local contacts. Although both versions of this dimensionless
number quantify the relative dominance of grain collision and friction on the flow mobility, the local version has
a sounder physical interpretation and it better captures the influence of non-homogenous shear profiles (i.e., plug
flows). Local flow information however is often unavailable due to difficulties in obtaining high-resolution field
data. Hence, here the shear rate, the various flow parameters, and the dimensionless values derived from them
are representative of the bulk flow. This convention is generally acceptable when characterizing the mobility of
natural geophysical flows (Coussot & Meunier, 1996; Zhou & Ng, 2010). Based on several experimental results,
it was found that collisional stresses prevail over the frictional stresses in a granular system when the Savage
number exceeds 0.1 (Iverson, 1997; Savage & Hutter, 1989).

In the case of a granular-fluid mixture, the Leighton number (Le) describes the magnitude of lubricated and fric-

tional forces (Ancey et al., 1999; Coussot & Ancey, 1999):

_ HRy
O.€ ’

Le )
where y, is the viscosity of the interstitial fluid. R is the characteristic sediment radius, and e is the particle
roughness which is taken as an approximate value of 10 pm. The Leighton number can be interpreted as the ratio
of the characteristic time needed for a particle to move from one point to another while immersed in a fluid and
the macroscopic time controlled by the shear rate. It characterizes the transition from a frictional to a lubricated
regime in granular suspensions (Coussot & Ancey, 1999). A frictional regime, where the sustained contact force
becomes more predominant than lubrication and collisional forces, is obtained when the Leighton number and
Savage number are both small.

The Bagnold number (Bag) (Bagnold, 1954; Iverson, 1997) is the ratio between the inertial and viscous stresses
associated with grain collisions and viscous fluid shears:
A2p D2

Bag = ——, (6
Hr

where 1 is the linear concentration defined as A = C!/* / C,L{; -c!7?). C, is the bulk sediment concentration,
and C . is the maximum sediment packing concentration. A large Bag (>200) indicates that grain collisions
dominate over viscous drag stresses (Iverson, 1997). A collisional regime (Sav > 0.1 and Bag > 450) prevails in
laboratory-generated debris flows and debris flows observed in the field. The transition from frictional to colli-
sional behavior is controlled by the viscosity of the interstitial fluid when the Bagnold number is around 1,000

(Armanini et al., 2005).
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The Stokes number (S7) defines a ratio between the characteristic time in connection with the fluid flow and a
characteristic time related to particle evolution (Ancey et al., 1999):

7 R?

st=21" %

Hr
The Stokes number characterizes coupling intensity between the sediment and water phases, determining whether
the flow has one-phase or two-phase behaviors at the macroscale. When this ratio is small, particles are completely
controlled by the fluid motion. Conversely, a large Stokes number implies that the influence of fluid drag on the
motion of suspended sediments is negligible (Ancey et al., 1999; Lanzoni et al., 2017).

Ro is the Rouse number that describes the ratio between the settling velocity (w,) and the friction velocity (u.)
(Rouse, 1937):

Wy

Ro =
0 ku* ’ (8)

where k is Von Karman's constant, typically taken as k = 0.4. The settling velocity (w,) is calculated by Dietrich's
formula (Dietrich, 1982; Jiménez & Madsen, 2003):

-1
Wy B

— Y _(a+2) .
Ps=P7 <D ( S, ) ©)

A and B are experimental fitting constants, and S, is the fluid-sediment parameter defined by Madsen and
Grant (1977). The friction velocity is typically estimated as u* = \/gh_S , where S is the channel slope. Note that
the friction velocity is an approximated value for steady-state flows in which the basal shear stress is balanced
by the stress component due to gravity along the streamwise direction. The Rouse number is used to characterize
the dynamic balance between the upward and downward fluxes of particles in a two-phase flow. When the Rouse
number is less than 2.5, the suspended load is greater than the bedload, and the sediment is transported in suspen-
sion mode while the bedload dominates over the suspension load for Ro > 2.5 (Chanson, 2004).

M 1is the mass number (Iverson & Vallance, 2001), which represents the ratio of the inertial forces of the solid
component (coarse particles) and the fluid component (slurry composed of water and silt-clay) in the debris flow
mixture:

Csps

T a=Copr o

When the mass number is greater than one, the momentum transport is dominated by solid grain dynamics indi-
cating strong grain-to-grain processes. The mass number is strongly proportional to the sediment concentration
for a given sediment source. Similarly, the friction number (Fric) (Iverson, 1997) describes a ratio between fric-
tional stress of the solid phase and the viscous stress of the fluid phase:

AI/ZO.E

vur

Fric =

an

The friction number quantifies the dominant mode of momentum transport in a two-phase flow. A large friction
number suggests that frictional stresses of sediment component exceed viscous shear stresses of fluid component.

The Froude number (Fr) defines the ratio of the flow inertia over gravity (Munson et al., 2013):

\/g_h. (12)

The Froude number reflects the wave-making resistance of free-surface flows. Flows can be distinguished into
subcritical (Fr < 1), critical (Fr = 1), and supercritical flows (Fr > 1). When the fluid inertia becomes more
predominant than the viscous effect, it gives a rise to the turbulent flow. And the Reynolds number (Re) describes
the magnitude of fluid turbulence:

proh

Re = : 13)
Hf
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The Reynolds number reflects the fluid inertia and it is typically used to characterize flow patterns (laminar
or turbulent flows). An open-channel flow is considered to be laminar when Re < 10, fully turbulent when
Re > 500, and an intermediate regime exists between these limiting values.

3.2. Support Vector Machine (SVM) and Confusion Matrix

A machine learning model, the Support Vector (SV) algorithm, is employed in this study. The Support Vector
(SV) algorithm is a class of nonlinear search algorithms based on a statistical learning theory developed by
Vapnik (Smola & Scholkopf, 2004; Vapnik, 1964). Support vector algorithms, including Support Vector Machine
(SVM), have been developed as classification tools and widely applied in different data science problems. We
employ an open-source SVM library-LIBSVM developed by Chang and Lin (2011) to evaluate our data set.
SVM is a supervised learning system in which sample classification is determined by finding a hyperplane that
produces the optimal separation between different classes. The hyperplane is constructed from the SVM training
set points (support vectors), differentiating it from other separating approaches. When two classes are not linearly
separable, a kernel function maps the data into a higher-dimensional space so that a linear hyperplane can sepa-
rate the classes. For our data set, we define the kernel function as a log function that maps data into the log-log
space. The best hyperplane for a support vector machine is the one with the most significant margin between the
two classes:

y =sgn(g.) = sgn(Z w;s; + b) = sgn(ws + b), (14)

i=1

in which y represents the class label (i.e., debris flows, hyperconcentrated flows, and stream flows), s is the
feature variable, w and b are the hyperplane parameters, and sgn denotes the sign function. The boundaries are
designed to find s and b that minimize |w|. All data points are represented by (s;, y;) while the support vectors
are (s, ¢.) on the boundary. It has been proven that a maximum-margin classifier has the best generalization
capabilities on unseen data compared to other possible separating hyperplane solutions (Cortes & Vapnik, 1995).

This study applies the support vector machine with a kernel function to determine the boundary that characterizes
debris flows from hyperconcentrated flow and stream flow. The SVM method is more suitable for dealing with
two-class classifications than other more complicated approaches, which are more appropriate for data having
multiple classes. We only use a support vector machine to determine the hyperplane rather than a classifier. The
boundaries obtained from SVM separate debris-flow events from fluvial events. Since SVM only takes the data
points close to the boundary to drive the hyperplane, it compensates for our limited data set for both hypercon-
centrated flow and stream flow.

We used a confusion matrix (error matrix) to analyze and define thresholds objectively. The confusion
matrix is a specific table that assesses classification model performance. It has been widely applied for rain-
fall intensity-duration thresholds (Fawcett, 2006; Raymond et al., 2020; Staley et al., 2013; Swets, 1988). This
table generally identifies four possible outcomes of a binary classifier model: true-positive (TP), false-positive
(FP), true-negative (TN), and false-negative (FN). A true-positive is recorded for any threshold between flow
types when a quantity exceeds the measured threshold, indicating a correct classification. In the same way,
true-negative results are when the data points are correctly predicted to be below the boundary and therefore
fall under another classification. False negatives and false positives are erroneous predictions. A good classifier
model should maximize the number of TP predictions and minimize FP and FN predictions (Fawcett, 2006;
Swets, 1988). The overall classifier performance is quantified as either true positive rate (TP,
fall-out rate), false negative rate (FN,,

recall rate or

rate’

sensitivity), false positive rate (FP, miss rate) and true negative rate

(TN

rate’

rate’ e’

specificity) which are calculated as:

TP
TPauye = ———
“TTP+FN as)

FP
Fng=7
“T FP+TN (16)

TN
TNre = ———c
“T FP+TN an

DU ET AL. 8 of 20

85U017 SUOWWOD SAIERID 3qedl|dde auy Aq pauienob a1e ssolie YO ‘88N JO S9|nJ 10y ArIgIT 8UIIUO /3|1 UO (SUORIPUOD-PUR-SLLIBY WD A8 1M ARe.q1Bul Uo//Sd1y) SUORIPUCD pUe swis | 38U} 89S *[£202/20/T0] U ARiqiTaulluo A8|IM ‘Z49 Wepsiod WnnueZ-zloyweH Ad Zyzee0dMZ20z/620T 0T/I0p/wiod A8 |mAreiq putjuo'sgndnBe//sdny woly papeo|umod ‘g ‘€202 ‘EL6.776T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR 033242

FN
FNre = oo

““TP+FN (18)
It should be noted that the data for SVM classification models are usually separated into training and validation
data sets. Since our purpose in this study is to draw the threshold objectively, we will use all data points from
our study site and literature for testing thresholds. We also calculated the threat score (7S critical success index)
and F| score, which are also widely applied to depict the predictive capability of classification models (Visa
etal., 2011):

TP

TS = ———
TP+FN+FP

19)
2TP

l=— =t
2TP+FP+FN (20)

The threat score is a measure of the overall classifier model performance. For a perfect model, the threat score
would equal one, in which each incorrect prediction (false-negative or false-positive event) reduces the value of
the threat score (Raymond et al., 2020; Schaefer, 1990). We chose the threat score as a metric in the optimization
analysis because it equally weights the reduction in the score for both false-negative and false-positive events.
The F1 score measures the accuracy of a binary classification model and is a harmonic mean of the precision and
recall. F1 gets the highest possible value (one) when it indicates perfect precision and recall, and F1 receives the
lowest value (zero) if either the precision or the recall is zero. We will use these metrics to evaluate both bound-
aries between debris flows, hyperconcentrated flows, and stream flows.

4. Results
4.1. Dimensionless Characterization

We used different combinations of dimensionless parameters as evaluated in Section 3.1 to gain insight into the
multi-stress mechanisms and their role in sediment transport of the different types of flows. Sediment particle
behavior is studied in Figure 2a by plotting the Rouse number Ro against the Stokes number St. It is observed
that sediments are mostly suspended in a fluid (Ro < 1), and the suspended load is greater than the bedload for
representative grain sizes of various sediment-laden flows. For some debris flows in Illgraben, Chalk Cliffs,
Houyenshan, Zhouqu, Hongchun, Xiaojiagou, and Jiangjia Ravine, St > 1, indicating a negligible fluid drag
effect (Ancey et al., 1999; Lanzoni et al., 2017). Hyperconcentrated flows and stream flows are largely similar in
that Stokes numbers do not exceed 0.1 and can be extremely small (down to 1079). Debris flows and lahars, and
fluvial flows (hyperconcentrated flows and stream flows) collapse into two distinct power-law trends in the Ro-St
scheme. The mass number M and friction number Fric are plotted against each other to study the momentum
transfer between the solid and fluid phases (Figure 2b). Debris flows usually have larger mass numbers, mostly
exceeding the threshold value (M = 1), compared to hyperconcentrated flows and stream flows. When M is
greater than one, solid inertial stresses exceed that of the fluid in a two-phase flow (Iverson & Vallance, 2001).
Correspondingly, the ratio of the momentum transfer between frictional contact among grains and viscous shear
of fluid, characterized by Fric, exhibits a positive relationship with mass number. Debris flow falls into a different
trend from other flow types in the Fric-M space.

The Leighton number Lei and Savage number Sav exhibit consistent variation as both reflect the transition from
a frictional regime to a higher shear state. A smaller Leighton number and Savage number indicate that grain
friction prevails in a granular suspension (Ancey et al., 1999). In the Lei-Sav phase diagram, debris flows, lahars,
and hyperconcentrated flows follow one varying trend while stream flows are separated. This is because both
Savage number and Leighton number were designed for characterizing the concentrated granular suspensions
(Ancey et al., 1999; Savage, 1984), while dilute suspensions, like stream flows, are not comparable to concen-
trated suspensions. For instance, the smaller Leighton number of stream flows compared to debris flow does not
mean that the endured grain contacts in debris flows are less than that in stream flows. The reduced Sav may also
be because the viscous effect in stream flows is weaker than that in debris flow, leading to a smaller ratio value.
Therefore, the relative magnitude of fluid lubrication and grain collision to grain friction reflected by the Leighton
number and Savage number is still valid for a certain flow type. We combined Bagnold number Bag and Savage
number Sav, given the various classifications of rheological regimes proposed in terms of these two numbers
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Figure 2. Field measurements of debris flows (red), hyperconcentrated flows (blue), and stream flows (green) in different
field sites are plotted in the (a) (Ro, St), (b) (M, Fric), (¢) (Sav, Lei), (d) (Sav, Bag), (e) (Lei, Bag), (f) (Fr, Re) parameter
space. Data of flowing lahars are also plotted as yellow symbols. Dashed lines denote the transition limits of the different
rheological regimes derived from literature.
(Figure 2d) (Armanini et al., 2005; Takahashi & Das, 2014). A distinct gap between fluvial sediment-laden
flows and debris flows can be observed in the Sav — Bag phase diagrams (Figure 2d). Debris flows usually
have a greater Bagnold number and Savage number than hyperconcentrated flow and stream flow, suggesting
that intense grain collisions prevail in debris flow as it typically contains a large number of coarse particles
(boulders and cobbles). Small Bag in hyperconcentrated flows and stream flows indicates that grain collisional
DUET AL. 10 of 20
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Figure 3. (a) Sediment concentration and dimensionless discharge for the different study sites considered. (b) Einstein
number g, . versus the dimensionless sediment flux g.. The boundaries are derived from Support Vector Machine (SVM)
machine learning model. (c) Einstein number for debris flows as a function of dimensionless discharge. The red solid line
represents a power-law fit while the dashed lines represent 95% confidence limits. (d) Application of the proposed boundaries
on the data set for lahars in Mount Semeru (Lavigne & Suwa, 2004).

stress is negligible while viscous drag predominates in fluvial sediment-laden flow. In addition, Figure 2e plots
the Bagnold number Bag against the Leighton number Lei since they both account for the hydrodynamic effect
of viscous fluid (Ancey et al., 1999). A larger Leighton number and smaller Bagnold number indicate that the
lubricated contacts and viscous drag are stronger than grain frictional and collisional contacts, respectively. In
Figure 2f, Reynolds number Re, which describes the fluid inertial effect, is plotted against the Froude number
Fr. Debris flow has smaller Reynolds number than fluvial flows since the slurry with high viscosity extremely
damps the fluid turbulence. Stream flow and hyperconcentrated flow are subcritical flows having Froude number
smaller than one while debris flows mostly belong to the supercritical flow (Fr > 1). It shows that Re in hyper-
concentrated flow and stream flow is greater than in debris flows, suggesting that role of fluid turbulence is
non-negligible in fluvial sediment transport. Hyperconcentrated flow behaves similarly to stream flows as both
have largely overlap in distribution, while debris flow locates in the opposite zone with fluvial sediment-laden
flows in the Re-Fr scheme (Figure 2f).

4.2. Upper and Lower Boundaries

Sediment-laden flows span an exceedingly wide range of dimensionless discharges g., from 10! to 10° (Figure 3a).
The sediment concentration in stream flows can vary significantly for a given flow discharge. In contrast, C, of
hyperconcentrated flows and debris flows converge into a specific range. Debris flows contain a higher sediment

DU ET AL. 11 of 20

8SUBD SUOWILLOD BAIFERD [ed![dde au3 Aq pauenob e sajone O ‘SN JO S9N Joj ARIqIT 8UIUO AB|IM UO (SUORIPUOD-pUB-SLLBIALIOY A8 1M ATeIq 1BU1IUO//SARY) SUORIPUOD PUe SWR L 8U) 885 " [€202/20/T0] U0 AriqIT8UIlUO ABIIM ‘Z49D Wepsiod WniuweZ-ZHoyw pH AQ ZyZee08MZZ02/620T OT/I0p/w0d A8 1M Areiq putjuo'sgndnfe//sdny woiy pepeojumod ‘T ‘€202 ‘€L6L7Y6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR 033242

concentration than stream flows for the same discharge. However, an ambiguous zone is observed wherein data
points corresponding to the three types of flows overlap. The sediment concentration for hyperconcentrated flows
in the Yellow River and Rio Puerco and debris flows from the Dolomites, Moscardo, and Jiangjia Ravine overlap
over the range 0.1 < C, < 0.4.

In Figure 3b, the dimensionless discharge corresponding to the different flow types is plotted against the Einstein
number ¢, (dimensionless sediment flux). Debris flows cover a relatively narrow range of ¢. from 107 to 105,
Relative to debris flows, the fluvial sediment-laden flows (stream flow and hyperconcentrated flow) cover a
wider range of g, from 10! to 10°. We used the SVM to draw boundaries separating data points of debris flows
(red), hyperconcentrated flows (blue), and stream flows (green) in the dimensionless discharge and Einstein
number. The SVM implements the boundaries and data points close to the edge to define a new set of critical
discharge functions by maximizing the utility function of the confusion matrix. The SVM implements the bound-
aries and data points close to the edge to define a new set of critical discharge functions by maximizing the utility
function of the confusion matrix. An upper boundary (UB) defines the threshold between debris flows and hyper-
concentrated flows, and a lower boundary (LB) separates hyperconcentrated flow from stream flow. Both upper
boundary and lower boundary exhibit power-law trends that can be formally defined as:

gss = cqt, (@2

where ¢ .. is the Einstein number, g.. is the dimensionless flow discharge. By employing the SVM, dimensionless
coefficients ¢ and d of the upper and lower boundaries are obtained, respectively. The best classification results
for the upper boundary and the lower boundary yield:

UB : ¢;.=0.12¢!%, (22)
and
LB : g;. =0.07¢%%. (23)

Upper and lower boundaries divide the g.-q, . parameter space into three regions, each corresponding to a differ-
ent type of flow (Figure 3b). Equations 22 and 23 can be re-written in terms of the sediment concentration (C,) as:

Csu = 0.15¢%%, (24)
and
Cyy = 0.1¢7°%, (25)

where C, and C_, are the sediment concentration thresholds for the upper boundary separating debris flows and
hyperconcentrated flows and the lower boundary between hyperconcentrated flows and stream flows, respectively.

Confusion matrix analysis is performed on upper and lower boundaries. The discharge thresholds in H. Tang
et al. (2019b) were from numerical simulations of runoff-generated debris flows and floods in the post-fire
setting as triggering thresholds. In contrast, our objective thresholds are determined from direct field observations
using the methods described in the previous section. We identified the best predictions of debris flow and hyper-
concentrated flow occurrences with a power-law kernel function for different analyzed boundaries. This result is
consistent with direct observations of the power-law boundaries separating the three types of flows. Confusion
matrix analysis of upper boundary yields 5,120 true-positive events, 123 true-negative events, and only three
false-negative events. Analysis of lower boundary yields 119 true-positive events, 800 true-negative events, and
18 false-positive events. In addition, we also find that g .. of debris flows vary with the g. as a power-law, similar
to that of the two boundaries:

gsx = 0.23¢}". (26)

The solid line is the best fit, while dashed lines represent the 95% confidence limits for our data set (Figure 3c).

4.3. Flow Characteristics of Lahars

Lahar is a special flow type since it occurs in volcanic regions and contains large amounts of pyroclastic mate-
rials. Sediment concentrations in lahars vary greatly, ranging from 2% to 70%, hereby resulting in diverse flow
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dynamics. The majority of lahar events are similar to debris flows in most dimensional parameter phase diagrams,
in that both have relatively high Rouse and Stokes numbers (Figure 2a), Mass and friction numbers (Figure 2b),
Savage and Bagnold numbers (Figure 2d). However, lahars are also distributed in areas more akin to hypercon-
centrated flow and stream flow in the M — Fric scheme (Figure 2b). Lahars in this data set can be both supercrit-
ical and subcritical flows (Figure 2f). In general, lahars are typically located in a transition zone between debris
flows and fluvial sediment-laden flow. From the schemes of Sav, Lei, and Bag, it can be seen that lahars exactly
fill the gap between debris flows and fluvial sediment-laden flows where lahars have minimal overlap with
debris flows and hyperconcentrated flows (Figures 2c—2e). The dominant stress mechanisms and corresponding
flow regimes of lahar span a quite wide range as the composition and hydrologic conditions vary greatly.

In Figure 3d, the g. and g, .. of 83 lahar events are plotted along with upper boundary (red) and lower boundary
(green). The g. range from 10* to 107 and g, . varies between 10 and 107. Lavigne and Suwa (2004) reported
lahars (35 events) in Mt. Semeru that occurred between 1999 and 2000 and classified them as debris flows, hyper-
concentrated flows, and stream flows based on field observation. These three types of flows classified by Lavigne
and Suwa (2004) are independent of the data set that we used to train the SVM. Therefore, these classifications
can be used for the validation of the boundaries obtained from SVM. The ¢. and g« values of Mt. Semeru lahars
are depicted as filled squares wherein debris flow-like lahars are red (20 events), hyperconcentrated lahar flows
are blue (5 events), and stream flow-like lahars (10 events) are green. Data points of the debris flow locate above
UB, corresponding to true-positive predictions. Five hyperconcentrated flows locate very close to or alongside
upper boundary making their classification according to our framework ambiguous. All 10 stream flow events
from field observation are close to or above the lower boundary and better fit the classification as hyperconcen-
trated flows. Lahars that happened in Nevado del Ruiz and most of the events in Mt. St. Helens can be considered
to be debris flows, while the majority of lahars in Mt. Merapi are hyperconcentrated flows. Based on our g, .. — g.
scheme, lahars in Paricutin show substantial variability between stream flow to debris flow (Figure 3d).

5. Discussion
5.1. Flow Dynamics and Sediment Transport Mechanisms

Many particle-scale processes (grain collisions, grain enduring contacts, viscous and turbulent fluid shear, and
solid-fluid interactions) determine the overall rheological behavior of the mixture and, consequently, its flow
dynamics and sediment transport mechanisms. However, due to the dramatic temporal and spatial variation in
flow characteristics of a single flow event, these complex processes are usually impossible to monitor and meas-
ure in large scales. In this regard, dimensional analysis allows us to derive reasonable representations of the flow
dynamics. Regardless of their scale, events with similar dimensionless parameters are said to be dynamically
similar. Examination of dimensionless parameters allows for the evaluation of particle-scale effects and under-
standing of sediment transport mechanisms without the difficulty of reproducing differently generated stresses
associated with reduced geometrical scales. The difference in dominant stress regimes in debris flows, hyper-
concentrated flows, and stream flows leads to different sediment transport mechanisms and damage processes to
infrastructure. For stream flow and hyperconcentrated flow, sediment is primarily supported and transported by
the shear traction of the fluid phase, as indicated in Figure 2. Therefore, these two types of flows can be treated
as fluid-dominated flows. On the contrary, for debris flows, dispersive pressure associated with grain collisions
plays a vital role in sediment transport (Figures 2c—2e). The silt, clay, and water make up the slurry mixture,
contributing to the ability to transport sediments resulting from the fluid density. The matrix structure can provide
cohesive strength for the suspension of coarse particles in debris flows, generating a high sediment load. There-
fore, sediment transport in debris flows is less fluid-dependent (Mulder & Alexander, 2001). Determination of
the primary grain-support mechanisms can also help provide criterion for different hazard scenarios for lahars
based only on measurable hydrologic properties, as demonstrated in Figure 3d.

The sediment transport capacity of a given flow has been an established concept across a wide range of domains
in different landscapes (fluvial, aeolian, coastal, hillslope, debris flow, and glacier) (Wainwright et al., 2015).
Both the sediment supply (i.e., supply limited rivers) and flow dynamics (i.e., transport-limited rivers) jointly
control the transport capacity of open-channel flows (Gilbert, 1877, 1914). The previous works usually assume
an unlimited sediment supply and an equilibrium concentration (Gilbert, 1877, 1914; Wainwright et al., 2015).
However, based on hydraulic and sediment transport data of various sediment-laden flows, we found that fluvial
transport, such as stream flows and hyperconcentrated flows, strongly depends on the flow discharge. Sediment
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Table 1 flux and concentration increase with the flow discharge for a wide range of

Confusion Matrix for Upper Boundary Between Debris Flow and
Hyperconcentrated Flow

Debris flow Hyerconcentrated flow
Positive 5,120 (TP) 7 (FP)
Negative 3 (FN) 123 (TN)

Note. TP (True Positive): above threshold, Debris flow observed; FP (False
Positive): above threshold, Hyperconcentrated flow observed; FN (False
Negative): below threshold, Debris flow observed; TN (True Negative):
below threshold, Hyperconcentrated flow observed.

field sites. In contrast, debris flows tend to exert their sediment transport
capacity in equilibrium(Figures 3a and 3b).

5.2. Physical Thresholds

Results here demonstrate that the dimensionless flow discharge and sedi-
ment flux (expressed as the Einstein number) are generally related to phase
changes observed between debris flows, hyperconcentrated flows, and stream
flows (Figure 3b). The previously suggested sediment concentration criterion

Table 2

strongly depends on the sediment source and may not directly reflect the

sediment transport mechanisms, because it does not express dependence on

dynamic flow properties. It is unclear how changes in sediment concentra-
tion will directly result in changes in rheology and sediment transport mechanisms since that will depend on the
amount of eroded sediment and the resulting changes in the flow dynamics in the water column following entrain-
ment. As a consequence, criterion based entirely on the sediment concentration may lead to misinterpretations of
the sediment transport mechanisms required to guide hazard mitigation strategies and structural countermeasures
within a given basin. Compared to the single sediment concentration criterion used in previous research, the
dimensionless flow discharge-Einstein number scheme can capture more hydrologic information and reflect the
sediment transport mechanism more effectively.

The upper and lower boundaries in the g.-g, . parameter space that define the thresholds separating one type of
FP .. TN, and FN,_
derived from both the upper boundary and the lower boundary, are presented in Tables 1-3 to summarize the
model performance. Quantitative analysis of these predictions by Confusion Matrix yielded encouraging results
(Table 3): the upper boundary is found to have extreme TP, (0.999) and low FP,,, (0.053), while the lower
boundary has a high TP, ,, (0.915) and a lower FP, , (0.022). The TS and F1 scores for both boundaries are 0.998
and 0.999, 0.804 and 0.891, indicating that UB, between debris flows and hyperconcentrated flows, is better than
lower boundary in separating hyperconcentrated flows and stream flows. This implies that debris flows, based

flow from the other are drawn using the Support Vector Machines method. The TP

rate’ rate’

only on their g. and g, . values, are distinct from the two other flows considered here, whereas the difference
between hyperconcentrated and stream flows remains ambiguous. The relative weakness of lower boundary is
probably due to the underestimation of the sediment flux in stream flows which may results from ignoring the
sediment from bedload transport. However, applying the lower boundary threshold in conjunction with runoff-
only simulations will potentially compensate for these underestimations (H. Tang et al., 2019a, 2019b). For
hazard management, it is first necessary to assess the target disaster type, and then take corresponding mitigation
strategies to avoid, prevent, or control it. For instance, a slit dam should be built for debris flows and a closed
dam for water floods. Since one ravine can have different types of mountain hazards, it is important to classify
the dominant hazard type and strengthen the mitigation strategy according to the dominant flow type. Although
field monitoring systems can measure fundamental hydrologic information like flow depth, and flow velocity, a
quantitative framework that is able to analyze the basic measurements and further classify the flow type is neces-
sary. Therefore, the proposed classification framework of this study provides a quantitative reference scheme for
engineers. Using the classification scheme, engineers can analyze historical measurements and determine the
main flow type of the target area, thus making appropriate hazard mitigation
strategies.

Our predictions support the transition among different sediment-laden flows

Confusion Matrix for Lower Boundary Between Hyperconcentrated Flow
and Stream Flow

Hyerconcentrated flow Stream flow
Positive 119 (TP) 18 (FP)
Negative 11 (FN) 800 (TN)

Note. TP (True Positive): above threshold, Hyerconcentrated flow observed;
FP (False Positive): above threshold, Stream flow observed; FN (False
Negative): below threshold, Hyerconcentrated flow observed; TN (True
Negative): below threshold, Stream flow observed.

and further emphasize the need to understand the physical processes that lead
to the transition from infiltration-excess runoff to debris flows in mountainous
environments. Despite the relative efficiency of the upper boundary in clas-
sifying debris flows, their dimensionless flow discharge and sediment flux
partly overlap with those of fluvial flows. Field observations and temporal
averaging may not be sufficient to capture the hydrologic conditions neces-
sary to distinguish the different flows from one another. Numerous measure-
ments in data set may distract the focus of the distinction of the overlap zone
between different flow types. The support vector machines fundamentally
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Table 3 avoid the influence of the data set we used on the boundaries because support
Evaluation Metrics for Upper and Lower Boundaries vectors will be drawn before determining the boundaries, emphasizing the
TP FP, FN, TN, TSscore F,score \yelght of data near the transition jbetween flow typtfs. The.:refore, the bounda-
ries for these three types of flow in our proposed dimensional scheme drawn
Upper Boundary 0959 0.053  0.946  0.0005  0.998 0.999 by support vector machines appear reasonable and statistically sound.
Lower Boundary 0915 0.022 0.978 0.084 0.804 0.891 o
In many natural flow events, three phases of flow exist simultaneously over
Note. TP . : True Positive rate; FP__: False Positive rate; FN__: False

rate” rate’ rate”

Negative rate; TN,,: True Negative rate; TS: Threat Score; F|: F1 score; see

rate”

text in Section 3.2 for definitions.

a reach of a channel and pass a given point in the channel sequentially. In
this regard, the classification frameworks based on geomorphological and
sedimentological features of flow deposits provide another perspective that
helps infer the hydrodynamic characteristics of past flows and to inform
hazard models of likely characteristics of future flows (Brenna et al., 2020;

Keaton, 2019). The deposits of these different sediment-laden flows have distinctive sedimentary structures:

stream flow deposits are stratified, graded, and fining upward; hyperconcentrated flow deposits are fully clast

supported; debris-flow deposits are unsorted, unstratified, and fully matrix-supported (Keaton, 2019). The incli-

nation of the imbricated clasts tends to increase significantly with the transition from stream flow to hyper-

concentrated flow and debris flow deposition (Brenna et al., 2020). In addition to the deposition structure, the

composition of different flow deposits varies significantly. Debris flows typically contains numerous megaclasts,

if these are available in the source area (Anderson et al., 1984; Keaton, 2019). Flow type can affect organic matter

content in the fine fraction of sediment deposits left by debris flows tend to be moderately higher than that of

stream flow deposits (Brenna et al., 2020).

5.3. New Interpretation of Lahars and Debris Floods

While the absolute values of the upper boundary and lower boundary thresholds derived here are specific to
non-volcanic environments, the framework employed here is general and potentially applicable to lahars
(Figure 3d). Jerolmack and Daniels (2019) considered lahars as debris flows that include pyroclastic materials
released during volcanic eruptions. In that context, lahars usually have high sediment concentrations (0.4-0.6)
and a wide range of dimensionless strain rates (1073 to 10~"). The term lahar is general and does not consider

particular flow dynamics and physical properties. Therefore, an additional benefit of establishing the Einstein

number-discharge threshold framework is that, unlike traditional lahar hazard assessments, this framework is

based on the hydrologic properties of a lahar. For example, this framework can be used to study the hydraulic

properties of volcanic material. Following an eruption, hydraulic roughness, rainfall interception, and vegetation

will change over time, consequently influencing the runoff generation and lahar flow process. Furthermore, given

data constraining how sediment source and hydrologic properties change as a function of time since the eruption,

the thresholds derived here for dimensionless discharge and the Einstein number can be applied to inform miti-

gation strategies for lahar-related hazards.

Previous literature has mentioned or studied debris floods as a different type of extreme flow (e.g., Brenna
et al., 2020; Church & Jakob, 2020; Wilford et al., 2004), but we propose to consider it as a nonspecific term
that includes a flow event that has all phases of sediment discharge and probably includes tree branches. Data
points corresponding to debris floods are not used to draw the boundaries in the g.-g, . space. First, insufficient

reliable data encode the hydrodynamics and sediment transport mechanisms of debris floods due to the difficulty

in collecting them. In this regard, interpreting flow depositions based on the geological features can provide an

ancillary perspective to access the debris floods. Second, rainfall-generated floods or debris floods are usually

very large-scale hazards compared to debris flows and occur in catchments with large drainage areas. The hydro-

dynamic thresholds developed here are consistent with previously published flood research (Figure 3). However,

the proposed framework for generating thresholds based on hydrodynamic criterion is a promising alternative

method for distinguishing and assessing the potential of different extreme flows in the future.

6. Conclusions

This work aims to interpret the flow dynamics and sediment transport mechanism across different sediment-laden

flows, and propose a criterion for classifying debris flows, hyperconcentrated flows, and stream flows from one

another. To this end, an extensive data set is collected for these geophysical flows obtained from detailed field
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observations and literature surveys. The collected data includes measurements of the dynamic properties of indi-
vidual flow events from different parts of the world. The Support vector machines (SVM) and confusion matrices
are used to draw the boundaries that distinguish the different flow types.
Several dimensional numbers are used to sheds light on predominant flow regimes and prevailing stresses that
control the sediment transport of the different flow types. Sediment movement modes and overall momentum
transfer pattern in fluvial processes (stream flows and hyperconcentrated flows) are more fluid-dominated
wherein the turbulent and viscous stresses associated with the fluid phase prevails. On the other hand, the solid
phase, relevant to the grain frictional and collisional stresses, plays a more predominant role in the dynamics of
debris flows.
Distinction between flow types is most evident when data points are projected in the dimensionless
discharge-Einstein number parameter space. This shows that the flow discharge and the sediment flux are major
factors that make debris flows, hyperconcentrated flows, and stream flows different from each other. Applying
SVM on the flow data in this parameter space yields two power-law boundaries—debris flows locate above the
upper boundary, stream flows are below the lower boundary, while hyperconcentrated flows are sandwiched in
between. The classification drawn by the SVM boundaries is further applied to lahar flows wherein it is found
that these volcanic flows exhibit a wide range of flow behaviors akin to stream flows and debris flows.
The classification framework proposed here is based on hydrodynamic conditions and sediment availability. It
improves existing classification framework that depends solely on sediment concentration and deposit morphol-
ogy. These thresholds can be used to address different mass flow hazards and landscape evolution within steep
basins. However, some ambiguity still exists in the classification of hyperconcentrated flows and stream flows
which may be improved through more reliable hydrologic and sediment data.
Notation
v Flow velocity [LT"']
h Flow depth [L]
0 Flow discharge [L3T~']
q Flow discharge per unit width [L2T"!]
q, Sediment flux per unit width [L>T!]
q- Dimensionless flow discharge per unit width
4. Dimensionless sediment flux per unit width or Einstein number
g Gravity acceleration rate [LT2)
w Water surface width [L]
C, Sediment concentration
Dy, Median size of sediment [L]
4 Shear rate [T7!]
s Flow density [ML™3]
p Density of water [ML~3]
2, Density of sediment [ML™3]
Hy Viscosity of the fluid [ML~'T"']
St Stokes number
Ro Rouse number
M Mass number
Fric Friction number
Sav Savage number
Lei Leighton number
Bag Bagnold number
Fr Froude number
Re Reynolds number
€ Particle roughness [L]
w, settling velocity [LT™']
U, Friction velocity [LT~!]
AL Distance between two monitoring stations [L]
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At Time difference [T

N Channel slope

o, Effective normal basal stress [ML~'T-2]

c Normal compressive stress [ML™'T~2]

P Pore fluid pressure [ML™'T2]

A Linear concentration

Cax Closet packing sediment concentration

y Class label

s Feature variable

w, b Hyperplane parameters

sgn Sign function

5, Data points

(s, q2) Data point on the boundary

TP, True positive rate, recall rate or sensitivity
FP,_,, False positive rate or fall-out rate

FN,,. False negative rate or miss rate

TN, True negative rate or specificity

N Threat score or critical success index

C,, Sediment concentration thresholds for upper boundary
C,, Sediment concentration thresholds for lower boundary
¢, d Power-law function parameters
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