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Abstract 15 

Snowmelt- and rainfall-triggered debris flows are important geomorphic hazards in alpine 16 

environments, yet frictional and entrainment parameters are rarely available for individual events. This 17 

study constrains these parameters for a snowmelt-induced muddy debris flow that occurred in the 18 

Seres Creek catchment, Longiarù Valley, Dolomites, on 17–18 June 2024. A pre-event DEM from 19 

2010 and a post-event LiDAR-derived DEM from 2024 were used to derive a DEM of Difference 20 

(DoD) and characterize the spatial distribution of erosion and deposition associated with the event. 21 

The observed geomorphic response was then used to constrain the internal friction, basal friction, 22 

turbulent friction, and entrainment parameters through iterative r.avaflow simulations. The calibrated 23 

parameter combination comprised an internal friction angle of 17°, a basal friction angle of 9°, a 24 

turbulent friction parameter of 10 m/s², and an entrainment coefficient of 10−5.55kg⁻¹. The resulting 25 

simulation reproduced the major spatial characteristics of the observed event, including the transition 26 

from erosion and channel incision in the upper and intermediate reaches to deposition downstream. 27 

Comparisons of selected turbulent friction and entrainment values showed that turbulent friction 28 

strongly affected flow mobility, erosion, and runout, whereas entrainment substantially influenced 29 

flow momentum, erosion, and the downstream position of deposition. Comparison of simulated and 30 

DoD-derived geomorphic changes along the main flow path and at three representative cross-sections 31 

showed good spatial agreement in the major erosion–deposition patterns, with relatively minor 32 

localized differences in erosion and deposition magnitude. The results show that spatially distributed 33 

geomorphic change can provide constraints on frictional and entrainment parameters beyond runout 34 

extent alone, providing a spatially informed basis for event-scale debris-flow modelling. 35 

Keywords: Snowmelt-induced debris flow; friction parameter calibration; turbulent friction; 36 

entrainment; DEM of Difference (DoD). 37 
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Introduction 38 

1. Introduction 39 

Debris flows are rapid, gravity-driven mixtures of sediment and water that pose substantial hazards to 40 

mountain communities and infrastructure (Varnes, 1978; Jakob & Hungr, 2005; Iverson, 2014). In 41 

alpine environments, snowmelt combined with rainfall can rapidly mobilize unconsolidated material 42 

on steep slopes, generating highly mobile flows (Takahashi, 2009; Simoni et al., 2020). The Dolomites 43 

in the eastern Italian Alps are particularly susceptible to debris flows because of their steep terrain, 44 

complex geology, and pronounced seasonal hydrological variability (Dallan et al., 2025). Snowmelt-45 

induced debris flows are of particular concern because variations in snowpack conditions and runoff 46 

generation can influence the timing and magnitude of sediment mobilization (Borga et al., 2014; 47 

Stoffel et al., 2014). Once initiated, debris-flow behaviour is governed by the interaction between 48 

material properties, flow resistance, and entrainment of bed material, which together influence flow 49 

mobility, erosion, and deposition (Iverson, 1997; Hungr et al., 2014). Representing these processes 50 

numerically remains challenging because key frictional and entrainment parameters are rarely 51 

measured directly for individual events (Pastor et al., 2009; Mergili et al., 2017). 52 

This difficulty is particularly relevant to muddy debris flows, for which high water content, fine-53 

grained material, and strong sediment–fluid interactions can produce complex and spatially variable 54 

flow behaviour (Berti & Simoni, 2005; Tiranti et al., 2019). Frictional and entrainment parameters 55 

may also vary considerably between events and catchments, making their calibration an important 56 

source of uncertainty in physically based simulations (Frank et al., 2015). In practice, model 57 

calibration is often constrained by bulk characteristics of an event, such as runout extent or deposit 58 

distribution. These characteristics are important, but they provide limited information on how erosion 59 

and deposition vary along the flow path. Additional spatially distributed observations are therefore 60 

useful for assessing whether a model reproduces not only where the flow travelled, but also how 61 

sediment was removed, transported, and deposited during the event. 62 

The increasing availability of high-resolution airborne LiDAR provides an opportunity to quantify 63 

these geomorphic changes at the event scale. Repeat topographic surveys can be used to derive DEMs 64 

of Difference (DoD) and geomorphic change detection (GCD) products that describe the spatial 65 

distribution of erosion and deposition and allow sediment budgets to be estimated (Wheaton et al., 66 

2010; Cavalli et al., 2017; Baggio et al., 2021). Such observations provide a spatially explicit record 67 

of geomorphic change that can be compared with simulated erosion and deposition. Previous studies 68 

have demonstrated the value of combining DoD-derived geomorphic observations with numerical 69 

modelling to investigate debris-flow erosion and entrainment (Dietrich & Krautblatter, 2019; 70 

Gregoretti et al., 2019). Integrating these observations with physically based modelling therefore 71 

provides an opportunity to constrain model parameters when direct measurements of flow resistance 72 

and entrainment properties are unavailable. 73 

Physically based two-phase flow models provide a framework for linking the observed geomorphic 74 

response to debris-flow dynamics. Among these, r.avaflow represents interacting solid and fluid 75 

phases and allows erosion, entrainment, transport, and deposition to be simulated within a spatially 76 

distributed modelling framework (Pudasaini & Mergili, 2019; Mergili et al., 2025). The model 77 

incorporates different components of flow resistance, including internal friction, basal Coulomb 78 
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friction, and turbulent or velocity-dependent resistance. Together with the rate of bed-material 79 

entrainment, these components influence flow mobility and the resulting erosion–deposition pattern 80 

(Cuomo et al., 2014; Frank et al., 2015). The two-phase formulation therefore provides a suitable 81 

framework for examining how combinations of resistance and entrainment parameters reproduce the 82 

geomorphic response of an individual debris-flow event. 83 

Despite these developments, an important challenge remains: how can spatially distributed 84 

geomorphic change be used more effectively to constrain the combination of frictional and 85 

entrainment parameters in an event-scale debris-flow simulation? Calibration based mainly on bulk 86 

characteristics such as runout extent may provide limited information on how well a model reproduces 87 

the spatial transition from erosion and channel incision to downstream deposition. The 2010 pre-event 88 

DEM and 2024 post-event LiDAR-derived DEM provide an opportunity to use this event-scale 89 

geomorphic response as an additional constraint on model calibration. In this study, the observed 90 

spatial pattern of event-related geomorphic change is used as a reference for constraining the frictional 91 

and entrainment parameters of a two-phase debris-flow model. The approach is applied to the June 92 

2024 snowmelt-induced muddy debris flow in the Seres Creek catchment, with particular emphasis on 93 

identifying a parameter combination that reproduces the observed erosion–deposition pattern and 94 

examining the influence of turbulent friction and entrainment on the simulated flow dynamics. 95 

This study applies this approach to the snowmelt-induced muddy debris flow that occurred in the Seres 96 

Creek catchment, Longiarù Valley, Dolomites, Italy, on 17–18 June 2024. A pre-event DEM from 2010 97 

and a post-event LiDAR-derived DEM from 2024 are used to characterize event-related geomorphic 98 

change through DEM of Difference (DoD) and geomorphic change detection (GCD) analyses. These 99 

observations are then used to constrain the internal friction, basal friction, turbulent friction, and 100 

entrainment parameters of a two-phase r.avaflow model. The calibrated parameter combination is 101 

subsequently used to evaluate the event-scale erosion and deposition dynamics and the effects of 102 

turbulent friction and entrainment on flow behaviour. In addition to runout extent, the model 103 

assessment considers the longitudinal distribution of erosion and deposition and geomorphic changes 104 

at three representative cross-sections along the flow path. 105 

The main objectives of this study are to: 106 

1. Quantify the spatial distribution and volume of erosion and deposition associated with the 2024 107 

debris-flow event using DoD and GCD analyses; 108 

2. Constrain the internal friction, basal friction, turbulent friction, and entrainment parameters of 109 

a two-phase r.avaflow model by comparing simulated flow behaviour and erosion–deposition 110 

patterns with the observed geomorphic response; 111 

3. Assess how the calibrated parameter combination reproduces the event-scale flow dynamics 112 

and spatial transition from erosion and channel incision to downstream deposition, and 113 

examine the influence of turbulent friction and entrainment on the simulated response. 114 

The study therefore uses the observed geomorphic response of the Longiarù event to identify site-115 

specific frictional and entrainment parameters for r.avaflow simulations. The calibrated model is then 116 

used to examine the influence of turbulent friction and entrainment on flow mobility, erosion, and 117 
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deposition. The results provide event-specific constraints on model parameters and an assessment of 118 

their influence on the simulated geomorphic response. 119 

2. The June 2024 Longiarù debris flow 120 

2.1 Study Site 121 

The Seres Creek catchment (46°36′N, 11°43′E) is situated in the upper Longiarù Valley of South Tyrol, 122 

within the north-eastern Dolomites of Italy (Fig. 1a). The area lies within the Southern Limestone Alps 123 

and is characterized by complex stratigraphy, steep topography, and active geomorphic processes. The 124 

catchment is characterized by rugged terrain, with slope gradients frequently exceeding 25°, and a 125 

confined headwater drainage network that provides favorable conditions for sediment accumulation, 126 

rapid runoff, and mass-wasting processes. A three-dimensional view of the catchment and the main 127 

debris-flow corridor is shown in Fig. 1b, while the post-event orthophoto in Fig. 1c illustrates the 128 

mapped study area and debris-flow path. 129 

 130 

Figure 1: Location and overview of the June 2024 debris-flow event in the Seres Creek catchment, 131 

Longiarù Valley, South Tyrol, Dolomites: (a) location of the study area within Italy; (b) 3D perspective 132 

view of the Seres Creek catchment showing the debris-flow initiation area and downstream flow 133 

corridor; (c) post-event aerial orthophoto showing the study-area boundary and mapped debris-flow 134 

path, with red markers indicating the locations of the photographs shown in panels (d–f); (d) field 135 

photograph of the debris-flow channel and eroded source/transport area; (e) aerial photograph showing 136 

the sharp bend where the debris-flow channel joins the Seres Creek channel and associated channel 137 

incision; and (f) aerial view of the downstream deposition area and affected settlement. 138 

 139 
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Geologically, the study area is situated within the Triassic stratigraphic sequences of the Western 140 

Dolomites, comprising mainly dolomite, limestone, siliciclastic, and volcanoclastic units (Fig. 2). The 141 

debris flow originated from an approximately 400 m long, colluvium-filled headwater gully without 142 

vegetation cover, located southwest of Seres Creek. The source area is situated on an N-fold limb 143 

between an anticline and a syncline, with bedding dipping northward at approximately 35–45°. The 144 

thin Schlerndolomite forms a dip slope on the SE side of the Ciancidel channel, whereas the Zoppé 145 

Formation on the NW side forms an anti-dip slope (Fig. 2). This contrasting lithological setting favors 146 

preferential weathering of the mechanically weaker Zoppé Formation and the accumulation of metre-147 

thick regolith and colluvial material within the source area. These geological conditions provided a 148 

substantial volume of unconsolidated material susceptible to saturation and subsequent mobilization 149 

during the event. 150 

 151 

Figure 2: Geological setting of the study area showing the main lithological and structural features of 152 

the debris-flow source area. 153 

Topographically, the upper portion of the study area contains several concave hollows and slope breaks 154 

that act as natural accumulation zones for snow and colluvium. The channel network becomes 155 

progressively more confined downstream, with average slopes ranging from 25° to 38° in the initiation 156 

area before flattening toward the deposition fan (Fig. 3). Airborne LiDAR data reveal an intricate 157 

drainage structure that facilitates rapid runoff and sediment transfer, which are important preconditions 158 

for debris-flow initiation. The Longiarù Valley has a subalpine, cold, and wet climate (Köppen–Geiger 159 

DFC), characterized by long winters and substantial snow accumulation, followed by a relatively short 160 

but intense snowmelt period during late spring and early summer. Mean annual precipitation is 161 

typically around 1,000–1,200 mm (Crespi et al., 2021), with late-spring snowmelt often enhanced by 162 

rainfall events that accelerate surface runoff and soil saturation. 163 
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2.2 The 2024 debris flow event 164 

During 17–18 June 2024, a complex debris-flow event occurred in the upper Seres Creek catchment 165 

following several weeks of above-average spring temperatures, progressive snowmelt, and 166 

intermittent rainfall. Antecedent snowmelt and rainfall progressively saturated the near-surface 167 

colluvial deposits, triggering failure within a confined headwater gully. The initial slope failure 168 

evolved into an earth–debris flow and subsequently into a muddy debris flow through entrainment of 169 

stream water and unconsolidated sediments during downstream propagation, before depositing 170 

material in the lower valley (Fig. 1c–f). 171 

The debris flow initiated at approximately 1970 m a.s.l. within a confined headwater gully and 172 

propagated downslope through an increasingly confined channel system (Fig. 3a,b). Pronounced 173 

channel incision occurred along the upper and middle reaches, followed by deposition where the 174 

channel gradient decreased. The main deposition area was located at approximately 1670 m a.s.l., 175 

while a subsequent mudflow phase continued downstream toward Campill village across lower-176 

gradient terrain (Fig. 1c,e,f). The debris material consisted mainly of fine-grained silty mud with 177 

embedded coarse clasts derived from the surrounding dolomitic bedrock. 178 

 

 

 

 

 

Figure 3: (a) Post-event orthophoto of the Seres Creek catchment (17-18 June 2024) showing the debris-
flow channel, deposition fan, and the impact area outlined by a red line. The initial mass-release area is 
also outlined within this impact region and served as the primary source for the r.avaflow simulations, 
and (b) Comparison of pre-event (2010) and post-event (2024) elevation profile highlighting the zone 
of initial mass release  
 

The debris flow originated from an approximately 400 m long, colluvium-filled headwater gully located 
southwest of Seres Creek. The confined source area is characterized by steep slopes and is bounded by 
dolomitic bedrock on one side and calciturbidites and siltstones of the Zoppé Formation on the other. 
The topographic profile along section A–A′ (Fig. 4b) illustrates the elevation and thickness of the source 
material, while section B–B′ (Fig. 4c) shows the width and depth of the source area at the marked 
location in Fig. 4a. Figure 4 therefore illustrates the topographic setting and geometry of the material 
involved in the initial failure. 
 

(a) (b) 
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Figure 4. Topographic and geomorphic setting of the debris-flow source area in the upper Seres Creek 
catchment: (a) 2024 post-event topography showing the headwater gully and source area; (b) 
topographic profile along section A–A′; and (c) topographic profile along section B–B′. 

 

3. Methodology 179 

3.1 DoD and GCD 180 

Two high-resolution Digital Elevation Models (DEMs) of the Longiarù valley were used to assess 181 

topographic changes: a pre-event DEM from 2010 and a post-event LiDAR-derived DEM from 2024. 182 

These datasets provided the basis for geomorphic change detection using the DEM of Difference (DoD) 183 

method. Both DEMs were resampled onto a consistent 2.5 m resolution grid with linear interpolation 184 

to ensure spatial coherence and minimize interpolation artifacts. The pre-processing included error 185 

filtering and co-registration to remove systematic misalignments that might skew volume estimations. 186 

A preliminary comparison between the 2010 and 2024 DEMs of the Longiarù catchment was carried 187 

out using the Change Vector Analysis (CVA) tool available in the open-source GIS WhiteboxTools 188 

2.0.2. This tool enables the calculation of both the magnitude and direction of topographic changes by 189 

subtracting the two DEMs. The magnitude layer highlights the amount of elevation change between 190 

the two dates, while the directional layer differentiates between erosion and deposition trends. 191 

While this initial comparison effectively visualized patterns of geomorphological change across the 192 

catchment, the results were subject to typical sources of error inherent to LiDAR data, including 193 

vertical and horizontal inaccuracy as well as differences in the classification and filtering of vegetation 194 

or surface structures between the two datasets (Cavalli & Tarolli, 2011). To reduce the influence of 195 

these inaccuracies, error propagation was considered, and only the areas exhibiting significant 196 

morphologic variation were retained for further DoD analysis. These areas were identified based on 197 

the combined interpretation of the CVA magnitude and direction of variation maps, allowing for a 198 

spatial focus on geomorphologically active zones. Given the lack of original point-cloud data for the 199 

input datasets, uncertainty in the DoD was assessed using the vertical uncertainty assigned to the input 200 

DEMs. A uniform vertical uncertainty of ±0.4 m was assigned to both the pre- and post-event DEMs, 201 

which is consistent with the expected accuracy of airborne DoD-derived DEMs in alpine terrain. 202 

Following Brasington et al. (2000) and Wheaton et al. (2010), the propagated vertical uncertainty of 203 

the DoD was calculated as: 204 ���� = √(��2024)2 + (��2010 )2
                                                        (1) 205 
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where ���� is the total propagated vertical uncertainty, ��2024  and ��2010  are the vertical uncertainties 206 

of the 2024 and 2010 DEMs, respectively. A uniform vertical uncertainty of ±0.4 m was assigned to 207 

both the pre- and post-event DEMs based on the available data accuracy information.  208 

The final analysis of surface change in the Longiarù catchment was performed using the Geomorphic 209 

Change Detection (GCD) software, version 5, implemented as a plugin for ArcGIS (Wheaton et al., 210 

2010). GCD provides a framework for calculating elevation differences between DEMs while 211 

accounting for uncertainty in the input data. Although the software supports spatially variable error 212 

models based on metrics such as point density, scan angle, and surface roughness, these could not be 213 

applied in our case because the original LiDAR point clouds were unavailable. Therefore, two 214 

simplified uncertainty approaches were considered: the Minimum Level of Detection (minLoD) 215 

method (Brasington et al., 2000; Fuller et al., 2003) and the probabilistic thresholding method based 216 

on a 95% confidence interval (Anderson, 2019). For the minLoD approach, both DEMs were assigned 217 

a uniform vertical uncertainty of ±0.4 m. For the probabilistic approach, a 95% confidence level was 218 

applied, retaining elevation changes with � < 0.05. T he t wo a pproaches w ere e valuated a nd t he  219 

probabilistic thresholding approach was selected for the final DoD analysis because it produced less 220 

noise while retaining meaningful topographic changes. This approach was therefore used to 221 

distinguish statistically significant elevation changes from differences that could arise from 222 

uncertainties in the DEMs, providing a cleaner and more interpretable delineation of erosion and 223 

deposition zones (Brasington et al., 2003). 224 

3.2 Numerical method 225 

The snowmelt-induced debris flow was simulated using the open-source mass-flow simulation 226 

framework r.avaflow v4.0, implemented within GRASS GIS 8.4.1 (Mergili et al., 2025). r.avaflow is 227 

a GIS-based numerical modelling framework developed to simulate gravitational mass flows and 228 

related process chains using depth-averaged conservation equations. The current version is derived 229 

from the multi-phase modelling framework proposed by Pudasaini and Mergili (2019) and supports 230 

simulations involving up to three interacting phases with various rheological formulations. In the 231 

present study, the model was applied in a two-phase configuration representing the solid and fluid 232 

components of the debris-flow mixture. The governing equations are expressed in a depth-averaged 233 

conservative form based on mass and momentum conservation (Pudasaini and Mergili, 2019; Mergili 234 

et al., 2025). The mass conservation equation for the solid and fluid phases is written as 235 ��� (���ℎ) + ��� (���ℎ �) + ��! (���ℎ"�) = 0                                                    (2) 236 

��� (��$ℎ) + ��� (��$ℎ $) + ��! (��$ℎ"$) = 0                                                 (3) 237 

where the subscripts s and f denote the solid and fluid phases, respectively. The total volumetric 238 

concentration can be represented by ���, w here   ��� = ��� + ��$ = 1,  ���  and ��$  are volumetric 239 

concentrations of solids and fluids, respectively. The total flow depth is denoted by h, and  �, "�,  $, 240 

and "$ are the depth-averaged flow velocities of the respective phases.  241 

The depth-averaged momentum conservation equations are written as 242 
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∂(&'ℎ)')∂� + ∂*+,'∂� + ∂-+,'∂! = .�,/                                                                  (4) 243 ∂(&'ℎ�')∂� + ∂*0,'∂� + ∂-0,'∂! = .!,/                                                                  (5) 244 

where 1 = 2and  1 = 3denote t he s olid a nd f luid p hases, r espectively;  4and  5represent t he  245 

momentum fluxes, respectively, and . denotes the source terms governing momentum production and 246 

dissipation. 247 

Following Mergili et al. (2025), the source terms governing momentum production and dissipation 248 

can be represented in generalized form as 249 . = 3(56, 74, 78, 9�, 49, :4, 44, 67, ;:)                                                    (6) 250 

where (GA) denotes gravitational acceleration, (DF) internal deformation, (DR) interphase drag, (EC) 251 

the extended Coulomb friction term, (FE) fragmentation and energy-loss effects, (TF) turbulent 252 

friction, (FF) fluid friction, (AD) ambient drag, and (VT) viscous stress contributions (Mergili et al., 253 

2025). The detailed mathematical formulation of these terms is provided by Pudasaini and Mergili 254 

(2019) and Mergili et al. (2025). 255 

In the adopted two-phase configuration, the solid phase is governed primarily by frictional resistance, 256 

whereas the fluid phase is characterized by viscous and turbulent flow behaviour. Interactions between 257 

the phases are represented through drag and momentum-transfer mechanisms that influence flow 258 

mobility, entrainment, and deposition processes (Pudasaini and Mergili, 2019). The governing 259 

equations were solved using a Total Variation Diminishing Non-Oscillatory Central Differencing 260 

(TVD-NOC) scheme implemented on a staggered computational grid (Tai et al., 2002; Wang et al., 261 

2004; Mergili et al., 2025). 262 

3.2.1 Model setup, topographic input, and boundary conditions 263 

The r.avaflow model (Mergili et al., 2017, 2025) was employed to simulate the dynamics of the 2024 264 

Seres Creek debris flow using a two-phase mass-flow approach, in which the solid and fluid 265 

components are treated as interacting continua. The model solves depth-averaged mass and 266 

momentum conservation equations for both phases and allows entrainment and deposition along the 267 

flow path. The 2024 post-event LiDAR-derived DEM was used as the basal topography for the 268 

simulations. The initial flow-release zone and associated source conditions were defined from the 269 

geomorphic evidence described in Section 3.1. The released material was assumed to be fully 270 

mobilized at the onset of the simulation, consistent with field observations of a highly saturated, fine-271 

grained debris mixture. An initial release depth of 0.30 m, corresponding to approximately 30% of the 272 

estimated available source material, was prescribed as the initial mass input. 273 

The model domain encompassed the entire channel network from the initiation area to the deposition 274 

fan and extended slightly beyond the mapped deposition limits to avoid boundary-induced artefacts. 275 

No-flow boundary conditions were applied at the lateral margins of the domain, while free-outflow 276 

conditions were assigned at the downstream boundary to permit unimpeded discharge. All simulations 277 

were performed at a 2.5 m grid resolution with a simulation time step of 0.01 s. The entrainment and 278 

deposition routines were activated to account for sediment incorporation and material loss along the 279 

channel. Model initialization assumed a hydrostatically distributed velocity field and a uniform 280 
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mixture density, consistent with the partially saturated, muddy composition observed in the field. 281 

Entrainment was dynamically updated based on local basal shear stress and slope gradients. The 282 

simulation period extended until the flow reached a quasi-stationary deposition state, defined by near-283 

zero flow velocity (<0.05 m/s) across the domain. Model outputs included time-dependent flow depth, 284 

velocity magnitude, and entrainment–deposition volumes. 285 

 286 

3.2.2 Model calibration 287 

Because no field or laboratory measurements of the frictional or entrainment parameters were 288 

available for the 2024 event, the model parameters were constrained through an iterative trial-and-289 

error calibration procedure using the DoD-derived geomorphic response as the observational reference. 290 

The internal friction angle (�), b asal f riction a ngle (  <=), t urbulent f riction c oefficient (  >), a nd  291 

entrainment coefficient (�?) w ere s ystematically v aried t hrough r epeated n umerical s imulations.  292 

During calibration, these parameters were explored over the ranges of 15–30°, 7–15°, 8–20 m/s², and 293 10−5.25 − 10−5.75 kg⁻¹, respectively. For each simulation, the simulated runout extent, flow depth, 294 

deposition thickness, and overall erosion–deposition morphology were compared with the observed 295 

geomorphic changes derived from the DoD. The calibration focused on identifying parameter 296 

combinations that reproduced the observed runout extent, lateral confinement, and spatial distribution 297 

of erosion and deposition associated with the 17–18 June 2024 debris-flow event. The parameter 298 

ranges explored during calibration and the final calibrated values are summarized in Table 1. The final 299 

calibrated parameter combination was subsequently used for the simulations presented in the Results 300 

section. 301 

Table 1. Model parameters used in the r.avaflow v4.0 simulations of the Longiarù debris-flow event 302 

Parameters Symbols Parameter 
ranges 

Calibrated 
values 

Solid material density (grain 
density) 

B� (1C/E3) 2700 2700 

Mixture (solid-fluid) material 
density 

BI (1C/E3) 1800 1800 

Fluid material density B$  (1C/E3) 1000 1000 

Solid internal friction angle � (°) 15 − 30 17 

Solid basal friction angle <= (°) 7 − 15 9 

Turbulent friction parameter > (E/22) 8 − 20 10 

Fluid friction number �**  0.01 0.01 

Entrainment coefficient �? (kg-1) 10−5.25 − 10−5.75
 10−5.55

 

Representative cross-sections were selected along the debris-flow path to facilitate a spatial 303 

comparison between the observed topographic changes derived from the DoD and the simulated 304 

response. Three sections were selected based on their distinct geomorphic settings and expected flow 305 

behaviour. Section 1 is located immediately downstream of the initiation area and represents the initial 306 

propagation stage of the debris flow. Section 2 is located at a pronounced channel bend characterized 307 

by strong channel incision and therefore represents a highly erosional and dynamically active reach. 308 

Section 3 is located within the downstream deposition fan and represents the transition to deposition 309 
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and flow deceleration. These three sections were selected to capture contrasting stages and geomorphic 310 

responses along the flow path and to provide representative locations for comparing the observed and 311 

simulated elevation changes. The locations of these cross-sections are shown in Fig. 5. 312 

 

 

 

 

Figure 5: Representative cross-sections selected for comparison between observed and simulated 
topographic changes along the debris-flow path. Section 1 represents the reach immediately 
downstream of the initiation area, Section 2 represents the sharp bend and strongly incised channel 
reach, and Section 3 represents the downstream deposition fan. 

4. Results and Discussion 313 

This section first presents the geomorphic changes associated with the 17–18 June 2024 debris-flow 314 

event derived from the DoD and GCD analysis. These observations provide the geomorphic reference 315 

for the subsequent r.avaflow simulations. The calibrated model results are then presented and 316 

evaluated in terms of flow dynamics, erosion and deposition patterns, and their correspondence with 317 

the observed topographic changes. 318 

4.1 DEM of Difference (DoD) and Geomorphic Change Detection (GCD) analysis 319 

The DEM of Difference (DoD), derived from the 2010 pre-event DEM and the 2024 post-event 320 

LiDAR-derived DEM, was used to characterize the geomorphic response of the 17–18 June 2024 321 

debris flow. Application of the probabilistic thresholding approach at the 95% confidence level 322 

isolated elevation changes considered statistically significant relative to the uncertainty of the input 323 

DEMs. A uniform vertical uncertainty of ±0.40 m was assigned to each DEM, resulting in a propagated 324 

DoD uncertainty of approximately ±0.57 m, following the error-propagation approach described by 325 

Brasington et al. (2000) and Wheaton et al. (2010). The use of probabilistic thresholding provides a 326 

means of distinguishing meaningful topographic changes from elevation differences associated with 327 

DEM uncertainty (Anderson, 2019).  328 

The detected changes can be broadly divided into three geomorphic domains along the flow path (Figs. 329 

6 and 7). In the initiation zone, concentrated within the confined headwater depression, erosion was 330 

dominant. The delineated source area experienced a net erosion of approximately 7,100 m³, with a 331 

mean elevation change of about −2.3 m, indicating substantial removal and mobilization of the 332 
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colluvial material that formed the initial debris-flow mass. Downstream, within the transport corridor, 333 

erosion continued through both channel-bed incision and lateral bank retreat. The total eroded volume 334 

within this domain was approximately 11,320 m³, with local elevation changes reaching −4.1 m, 335 

particularly along confined channel sections and bends. These changes indicate progressive 336 

modification of the channel during debris-flow passage. Further downstream, within the deposition 337 

fan, the geomorphic response shifted from erosion to accumulation. Approximately 16,850 m³ of 338 

material accumulated, with a mean deposition thickness of about +1.8 m. Deposition became 339 

particularly pronounced where the channel gradient decreased to below approximately 12°, promoting 340 

reduced flow competence and lateral spreading of the debris. 341 

Figure 6: Graphical results of elevation change on the thresholded DoD 

The three-domain volume estimates yield a net volumetric deficit of approximately 1,570 m³ when the 342 

estimated deposition is compared with the combined erosion within the initiation and transport zones. 343 

This difference may reflect sediment remaining outside the delineated domains, export beyond the 344 

surveyed or mapped area, or spatial redistribution of material within areas not included in the three-345 

domain accounting. Because the available GCD output provides volumetric uncertainty estimates for 346 

the overall area of interest rather than for these three individually delineated geomorphic domains, 347 

separate uncertainty bounds are not assigned to the domain-specific volume estimates. The treatment 348 

of uncertainty follows established approaches for accounting for DEM errors in geomorphic change 349 

and sediment-budget analyses (Brasington et al., 2000; Wheaton et al., 2010). 350 

The elevation-change distributions provide a quantitative overview of the magnitude and spatial extent 351 

of surface lowering and raising associated with the event (Fig. 7). Negative elevation changes represent 352 

erosion, whereas positive changes represent deposition. Figure 7 spatially resolves these changes along 353 

the debris-flow path and illustrates the transition from erosion-dominated conditions in the upper 354 

catchment to deposition-dominated conditions downstream. The initiation hollow, with an average 355 

slope of approximately 28°, corresponds to the principal source and erosion area. Along the 356 

intermediate channel, pronounced erosion occurs at confined reaches and bends, where local elevation 357 

differences reach approximately 4.1 m. In contrast, the lower-gradient deposition fan is characterized 358 

by positive elevation changes and progressive accumulation of debris. Overall, the DoD results reveal 359 

a coherent spatial pattern of geomorphic change, characterized by erosion in the source area, continued 360 
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channel incision and bank erosion along the transport corridor, and deposition in the downstream fan. 361 

This pattern is consistent with the field observations and highlights the progressive transition from 362 

erosion-dominated to deposition-dominated conditions along the debris-flow path. 363 

 364 

Figure 7: Magnitude of geomorphic change in the Seres Creek 365 

4.2 Model simulation and calibration of the 2024 debris flow 366 

The simulations identified a parameter combination that reproduced the major flow characteristics of 367 

the observed 17–18 June 2024 debris flow. The final calibrated values of internal friction angle (�), 368 

basal friction angle (<N), turbulent friction coefficient (>), and entrainment coefficient (�?) were 17°, 369 

9°, 10 m/s², and 10−5.55  kg⁻¹, respectively (Table 1). The calibrated simulation reproduced the 370 

observed runout extent and lateral confinement and captured the overall spatial transition from erosion 371 

and channel incision in the upper reaches to deposition downstream. 372 

The following sections first compare the calibrated simulation with the observed geomorphic response 373 

and then examine the simulated spatial and temporal flow behaviour and the effects of turbulent 374 

friction and entrainment. 375 

4.2.1 Comparison between observed and simulated geomorphic changes 376 

The calibrated simulation was first compared with the observed geomorphic response derived from 377 

the DoD to assess how well the selected parameter combination reproduced the spatial pattern of 378 

erosion and deposition. The simulated and DoD-derived profiles show a broadly consistent 379 

longitudinal pattern of geomorphic change, with pronounced erosion in the upper and intermediate 380 

reaches followed by a transition toward deposition downstream (Fig. 8). The strongest erosion occurs 381 

within the upper approximately 400 m of the flow path, where the observed profile indicates erosion 382 

depths of approximately 15–18 m, locally approaching 19 m, compared with a maximum simulated 383 

incision of approximately 13 m. In the middle reach, both profiles show alternating erosion and 384 
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deposition features, although differences occur locally in their magnitude and position. Farther 385 

downstream, the two profiles show a transition toward predominantly deposition conditions, with 386 

relatively small elevation changes toward the end of the flow path.  387 

 

   

Figure 8: (a) Comparison between the observed and simulated erosion–deposition depth along the 
channel, (b) erosion and deposition at Section 1, (c) erosion and deposition at Section 2, and (d) 
deposition at Section 3. 

At Section 1, the observed and simulated profiles show a similar erosion pattern, with the simulated 388 

profile slightly underestimating the depth of the initial incision (Fig. 8b). The overall shape of the 389 

erosion feature is nevertheless well represented, consistent with progressive entrainment during 390 

downstream propagation. At Section 2, both profiles show pronounced channel incision followed by 391 

a local deposition feature (Fig. 8c), with the simulated profile closely following the main form of the 392 

observed profile. At Section 3, the observed and simulated profiles show a similar transition toward 393 

deposition and a comparable deposition form (Fig. 8d), with the simulated profile generally 394 

reproducing the observed accumulation pattern. 395 

Taken together, the longitudinal and cross-sectional comparisons indicate that the calibrated 396 

simulation reproduces the principal spatial evolution of the event, from erosion near the initiation area 397 

through channel incision to downstream deposition. The observed and simulated geomorphic patterns 398 

agree well, indicating that the calibrated parameter combination reproduces the main characteristics 399 

of the documented Longiarù event. Local differences in erosion and deposition magnitude may reflect 400 

(a) 

(b) (c) (d) 
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spatial variability in bed-material properties, small-scale topographic features, and limitations in 401 

representing event-scale release and entrainment processes. As the DoD-derived geomorphic response 402 

was used to constrain the calibration, this comparison represents an assessment of the calibrated model 403 

against the available geomorphic evidence rather than an independent validation.  404 

4.2.2 Spatial distribution of simulated erosion and deposition 405 

The simulation produced a distinct spatial pattern of erosion and deposition along the Seres Creek 406 

flow path (Fig.9a,b). Erosion was concentrated in the steep upper catchment and confined channel 407 

reaches, with the largest incision occurring near the initiation area, where simulated erosion locally 408 

reached approximately 14 m. Erosion zones were also prominent around channel bends and steeper 409 

channel segments, indicating continued bed-material removal along the transport corridor.  410 

  

 
 

Figure 9: Simulated spatial distribution of (a) erosion and (b) deposition, and temporal evolution of 
maximum flow depth, velocity, and cumulative volumes of (c) erosion and (d) deposition for the 
2024 Seres Creek debris flow under the calibrated friction and entrainment conditions (� = 17°, <N = 9°, > = 10 m/s², and �? = 10−5.55 kg⁻¹). 

Downstream, erosion progressively gave way to deposition as flow mobility decreased. The 411 

downstream deposition fan developed a lobate pattern, with simulated deposition reaching 412 

approximately 13.8 m in its proximal part and decreasing toward the distal margin. The simulation 413 

(a) (b) 

(c) (d) 
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reproduced the observed spatial transition from erosion in the initiation and transport reaches to 414 

deposition in the downstream fan, consistent with the pattern identified from the DoD analysis. 415 

4.2.3 Temporal variation of flow parameters 416 

Figures 9c and 9d show the temporal evolution of maximum flow depth and velocity together with 417 

cumulative erosion and deposition volumes during the calibrated simulation. The flow underwent a 418 

rapid initial acceleration, with maximum velocity increasing to approximately 30–35 m/s and 419 

maximum flow depth reaching approximately 8–10 m within the first 100 s. During this early stage, 420 

cumulative erosion increased rapidly as the high-energy flow entrained bed material while propagating 421 

downstream (Fig. 9c). 422 

After approximately 100 s, maximum velocity decreased and generally remained within 5–10 m/s, 423 

while flow depth fluctuated as the moving mass interacted with the channel and continued to 424 

incorporate bed material. Cumulative erosion increased most rapidly during this stage before 425 

approaching a relatively stable value after approximately 250 s (Fig. 9c). In contrast, deposition 426 

became increasingly pronounced as the flow decelerated and entered lower-gradient reaches (Fig. 9d). 427 

The largest increase in cumulative deposited volume occurred between approximately 250 and 400 s, 428 

after which deposition progressively approached a stable value as the flow lost most of its transport 429 

capacity.  430 

The temporal evolution therefore captures the progressive change from an initially energetic, erosion-431 

dominated flow to a decelerating flow with increasing deposition, followed by final stabilization. This 432 

behaviour is consistent with the spatial transition from erosion-dominated upper and intermediate 433 

reaches to deposition on the downstream fan described in Section 4.2.2. As flow velocity was not 434 

directly measured in the field during the debris-flow event, the reported values therefore represent 435 

instantaneous spatial maxima that may occur locally and over short time intervals rather than velocities 436 

representative of the entire moving mass. Consequently, the simulated velocity magnitudes should be 437 

interpreted with greater caution than the runout extent and erosion–deposition pattern, which provided 438 

the primary geomorphic references for calibration. 439 

4.2.4 Effect of turbulent friction on flow dynamics 440 

The effect of turbulent friction on the simulated flow response was examined by comparing selected 441 

simulations with turbulent friction coefficients (>) of 8, 10, and 12 m/s2 (Fig. 10). These values were 442 

selected from the broader range of 8–20 m/s2 explored during the initial calibration, with > = 10 m/s2 
443 

adopted as the calibrated value (Table 1). The comparison shows a clear change in flow mobility with 444 

increasing turbulent friction. At > = 8 m/s2, the lower velocity-dependent resistance allowed greater 445 

preservation of flow momentum, resulting in higher velocities and deeper incision along steep channel 446 

segments. Increasing > to  10 and 12 m/s2 progressively increased flow resistance and energy 447 

dissipation, leading to greater deceleration and a more localized distribution of erosion and deposition 448 

along the flow path. The higher-friction case also showed earlier attenuation of flow mobility and 449 

deposition.  450 

The effect was also reflected in the temporal evolution of maximum velocity during both the erosion 451 

and deposition stages (Fig. 10a,b). The lower > case maintained higher velocities for longer, whereas 452 
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increasing > accelerated the reduction in flow velocity and promoted earlier deposition. The simulated 453 

value of > = 10 m/s2 produced an intermediate flow response and reproduced the observed runout and 454 

spatial erosion–deposition pattern among the tested parameter combinations. The comparison 455 

demonstrates that turbulent friction exerts a clear control on simulated flow mobility and on the 456 

longitudinal transition from erosion to deposition. These results represent the response to the selected 457 

parameter values rather than a systematic exploration of the full range of > from 8 to 20 m/s2. 458 

  

Figure 10: Effect of the turbulent friction parameter (>) on simulated maximum velocity during the 
(a) erosion and (b) deposition stages of the debris flow. 

 459 

4.2.5 Effect of entrainment coefficient on flow dynamics 460 

Figure 11 illustrates the effect of the entrainment coefficient (�?) on the simulated velocity evolution 461 

during the erosion and deposition stages. The entrainment coefficient controls the rate at which bed 462 

material is incorporated into the moving mass and therefore affects the evolution of flow mass, 463 

momentum, and mobility. At lower �?, relatively little bed material was incorporated into the moving 464 

mass, resulting in lower peak velocities and more rapid attenuation of the flow. Increasing �? 465 

enhanced bed-material entrainment and increased the moving mass, allowing the flow to maintain its 466 

momentum for a longer period. Consequently, the higher entrainment cases exhibited greater peak 467 

velocities and a more prolonged dynamic phase during the erosion stage (Fig. 11a).  468 

The effect of �?  persisted during the deposition stage (Fig. 11b). Higher entrainment coefficients 469 

delayed velocity attenuation and maintained flow mobility farther downstream, resulting in a 470 

downstream shift of the main deposition zone. In contrast, lower �?values p romoted e arlier  471 

deceleration and deposition. The simulations with higher �?  also produced greater erosion, larger 472 

entrained volumes, and increased runout, indicating the importance of bed-material incorporation in 473 

maintaining flow mobility. The entrainment formulation used in r.avaflow relies on an empirical 474 

coefficient that requires calibration against observed flow behaviour and geomorphic change. The 475 

calibrated value of �? = 10−5.55 kg−1  should therefore be interpreted as an event-specific model 476 

parameter rather than a directly measured material property. In the present study, its value was 477 

constrained by the combined response of flow mobility and deposition location, together with the 478 

DoD-derived spatial pattern of erosion and deposition. 479 

(a) (b) 
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It should be noted that the entrainment formulation used in this study relies on an empirical coefficient 480 

that requires calibration against observed flow behaviour and geomorphic change. Consequently, the 481 

calibrated value should be regarded as an event-specific model parameter rather than a directly 482 

measured material property, and its applicability to other events or catchments may be limited. More 483 

mechanically based formulations that explicitly represent stress interactions and momentum exchange 484 

at the flow–bed interface may provide an avenue for reducing this dependence on empirical calibration 485 

in future modelling studies. In the present case of the Longiarù event, the observed differences in flow 486 

mobility and deposition location, together with the DoD-derived spatial pattern of erosion and 487 

deposition, provided the basis for constraining �? to 10−5.55 kg−1. 488 

  

Figure 11: Effect of the entrainment coefficient (�?) on simulated maximum velocity during the (a) 
erosion and (b) deposition stages of the debris flow.  

 489 

5. Conclusions 490 

The 17–18 June 2024 snowmelt-induced muddy debris flow in the Seres Creek catchment, Longiarù 491 

Valley, was characterized by a clear spatial transition from erosion in the initiation and transport 492 

reaches to deposition on the downstream fan. The DoD identified approximately 18,420 m³ of erosion 493 

and 16,850 m³ of deposition. The spatial distribution of geomorphic change provided constraints on 494 

the simulated flow response beyond runout extent alone, particularly for reproducing the transition 495 

from channel incision to downstream deposition. 496 

The selected parameter combination of 17° internal friction, 9° basal friction, 10 m/s² turbulent friction, 497 

and 10⁻⁵·⁵⁵ kg⁻¹ entrainment reproduced the observed geomorphic response. The resulting simulation 498 

reproduced the major characteristics of the event, including the longitudinal transition from erosion 499 

and channel incision to downstream deposition. Comparisons among selected parameter values 500 

showed that turbulent friction had a strong effect on flow mobility and runout extent, whereas 501 

entrainment substantially influenced flow momentum, erosion, and the downstream position of 502 

deposition. 503 

The simulated and DoD-derived geomorphic changes showed good spatial agreement along the main 504 

flow path and at the three representative cross-sections, with only localized differences in erosion and 505 

deposition magnitude. These results show that spatially distributed geomorphic change can provide 506 

constraints on frictional and entrainment parameters beyond runout extent alone, providing a spatially 507 

(b) (a) 
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informed basis for event-scale debris-flow modelling. Since the DoD-derived geomorphic response 508 

was used to constrain the model parameters, the comparison represents an assessment of the simulated 509 

event against the available geomorphic evidence rather than an independent validation. 510 

The resulting parameter values should be regarded as event-specific constraints for the documented 511 

Longiarù event, and their transferability to other events or catchments remains to be established. 512 

Independent observations from additional debris-flow events and direct measurements of flow and 513 

material properties are needed to evaluate their broader applicability. 514 
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