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Abstract 

Numerous debris-flow inundation models have been applied retroactively to noteworthy events around the world. While such 

studies can be useful in identifying controlling factors, calibrating model parameters, and assessing future hazards in specific study 

areas, model parameters tailored to individual events can be difficult to apply regionally. The advancement of debris-flow modeling 

applications from post-event model validation of individual case studies to pre-event forecasting that can be implemented rapidly 

and at regional scales is critical considering the fatalities and extensive infrastructure damage caused by debris flows that inundated 

a developed fan in Montecito, California, following heavy rain on 9 January 2018. In this study, we evaluated the tradeoffs between 

model accuracy and simplicity in the context of the need for a framework that can be used in conjunction with initiation models 

and storm predictions for rapid, large-scale inundation hazard mapping as a component of post-fire debris-flow hazard assessments. 

We used numerical (FLO-2D) and empirical (LAHARZ) models to simulate debris flows from one of the drainages upstream of 

Montecito that was burned in the Thomas fire in December 2017 and compared model results with field observations and building 

damage assessments collected immediately following the event. Initial testing demonstrated that LAHARZ can simulate 

channelized flow but is not able to replicate flow bifurcations or avulsions, which are critical aspects of flows travelling over 

populated fans. FLO-2D simulations matched well with observed inundation area data, but variably under- and overpredicted 

inundation height, deposit depth, and velocity. We found that FLO-2D and LAHARZ had true positive rates of 0.84 and 0.6, 

respectively, and both models had similar false positive rates (0.3 and 0.35, respectively). Our model evaluation framework allowed 

us to compare model results with detailed field observations and will serve as a platform for more extensive model testing in the 

future.  
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1. Introduction

The 9 January 2018 Montecito, California, debris-flow event was triggered by a deluge of rain (peak 5-minute

rainfall intensity exceeding 150 mm/hr) over several catchments of the Santa Ynez Mountains that had been burned 

by the Thomas fire several weeks prior (National Weather Service, 2018; Kean et al., in press). Debris flows initiated 

from burned source areas, and major flows ran out along Montecito, Oak, San Ysidro, Buena Vista, and Romero 

Creeks, subsequently inundating communities residing on alluvial fans downstream of the mountain front, causing 23 

fatalities and damaging over 400 structures (Kean et al., in press). While tools exist to quickly assess the likelihood 

and potential volume of debris flows within burned areas (Gartner et al., 2014; Staley et al., 2017), debris-flow runout 

models that can be implemented rapidly over large areas (tens to hundreds of basins) with variable terrain are not 

currently available. Prior to the Montecito debris-flow event, the U.S. Geological Survey (2018) determined that there 

was a high probability of debris flows initiating from the basins upstream of Montecito. However, the large number 

of fatalities and widespread infrastructure damage from debris-flow inundation on the alluvial fan downstream of the 
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source areas burned by the Thomas fire underscore the importance of an operational capability to predict debris-flow 

inundation areas and flow characteristics (e.g., depth and velocity).  

Numerous empirical and physically based runout models exist and have been used to simulate debris flows in 

diverse settings around the world. Runout models are often back-calibrated to well-studied debris flows (e.g., O’Brien 

et al., 1993; Rickenmann et al., 2006; Hungr and McDougall., 2009) and in some cases have been used as forecasting 

tools in regional hazard assessments (e.g., Horton et al., 2013). Complex debris-flow processes are a result of varying 

material composition and water content, physical interactions between the solid and fluid phases of flow, and changes 

in material properties during an event (e.g., Rickenmann et al., 2006; Iverson and George, 2014). Empirical models 

do not inherently capture the physical processes of debris flows, and the complexities of debris flows preclude single-

phase physical models from comprehensively capturing the processes at work. Nevertheless, the success of such 

models at predicting the inundation area and flow characteristics of debris flows renders them useful for practical 

applications (Hungr and McDougall, 2009). A few studies have used runout modeling to assess inundation of post-fire 

debris flows (Bernard, 2007; Cannon et al., 2010; McCoy et al., 2016), but more extensive model testing and 

calibration is needed to meet the need for regional runout forecasting on urbanized fans.   

In this paper, we apply two runout models at Montecito and develop a framework with which to evaluate models 

for use in post-fire debris-flow hazard assessments. As a starting point, we used the empirical model, LAHARZ 

(Schilling, 1998), and FLO-2D, a widely used two-dimensional, finite difference model (O’Brien et al., 1993), to 

simulate debris flows along one of the drainages inundated during the Montecito debris-flow event (San Ysidro Creek). 

We then compared model results with field data collected by Kean et al. (2019) during the first 12 days after the event. 

A wealth of detailed field data provided a unique opportunity to evaluate the ability of runout models to predict 

inundation area, flow depth, deposit thickness, and velocity. We compare results from both models by assessing model 

accuracy and utility for timely and efficient debris-flow inundation forecasting. This paper serves as a starting point 

for more extensive runout model testing and calibration for application to post-fire debris-flow hazard assessments in 

the future.  

2. Setting

Montecito is located 8 km east of Santa Barbara, California on a populated piedmont plain at the foot of the Santa 

Ynez Mountains (Fig. 1a). San Ysidro Creek spans approximately 3 km between the mountain front and the Pacific 

Ocean, intersecting State Route 192 and Highway 101. A topographic high resulting from the Mission Ridge fault 

zone (Fig. 1a) separates steeply sloping alluvial landforms to the north from more gently sloping alluvial landforms 

near the coast (Kean et al., in press). San Ysidro Creek is deeply incised at its intersection with the Mission Ridge fault 

zone but is less confined elsewhere on the piedmont. The basin upstream from the head of the fan at San Ysidro Creek 

covers an area of 7.6 km2 and is characterized by steeply dipping Eocene bedrock units (Dibblee, 1966). During the 

Thomas fire, 85% of the study basin was burned at moderate to high severity (Kean et al., in press; Fig. 1b). Prior to 

the 9 January 2018 rainfall event, the U.S. Geological Survey (2018) predicted a 69% probability of debris flows from 

the San Ysidro Creek basin for a design rainstorm of I15 = 24 mm/hr.  

During the rainstorm on 9 January 2018, debris flows on San Ysidro Creek yielded a total sediment volume of about 

297,000 m3 (Kean et al., in press). Observations of debris-flow source areas by Kean et al. (in press) indicated that 

debris flows initiated from water runoff and hillslope erosion, as is common in post-fire debris flows (Fig. 1b). Debris 

flows inundated the entirety of San Ysidro Creek and avulsed in several places, resulting in a 500-meter wide flow 

path in some areas (Fig. 1a). Large flow avulsions occurred upstream of the Mission Ridge fault zone and at the distal 

end of the fan. Additionally, flow bifurcated approximately 0.7 km downstream of the mountain front and traveled in 

a southwest direction away from San Ysidro Creek, along El Bosque Road (Fig. 1a). Debris-flow deposits consisted 

of large boulders (up to 4.3 m in diameter) supported by a silty sand matrix (Kean et al., in press). Boulders were 

deposited along the entire length of San Ysidro Creek, with an especially high concentration of boulders in the avulsion 

north of the Mission Ridge fault zone (Fig. 1c). The flows on San Ysidro Creek resulted in damage to at least 163 

structures and complete destruction of an additional 92 structures (CAL Fire, 2018).  

Field mapping and observations by Kean et al. (2019) provide a wealth of data to compare with runout model 

results. We used measurements of inundation height from field observations (n=115) and building impact analyses 

(n=157), sediment depth from field observations (n=107), and flow velocity from building impact analyses (n=83) to 

compare with model results. The locations of field measurements (blue) and building damage assessments (red) are 

shown in Fig. 1a.    



Erin K. Bessette-Kirton/ 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Fig 1. a) Map of the area inundated by debris flows along San Ysidro Creek in Montecito, CA, showing the locations of field observations (blue) 

and damage assessments (red) used for comparison with model results. b) Aerial view of the burned debris-flow source areas above Montecito 

(photo credit: Dennis Staley). c) Boulder-rich debris-flow deposits surrounding a damaged house along San Ysidro Creek (photo credit: Jeffrey 

Coe). The inundation height of debris flows is evident from the mudline on the house.  

3. Methods

To systematically compare model results, we held input data equal for both models whenever possible. As detailed 

in the following sections, this is inherently difficult when comparing multiple models because of differences in the 

input data and parameters required for each. A 5-meter resolution (resampled from 3.05 m) pre-event digital elevation 

model was used as the topographic surface in both models. For each model, we used an input sediment volume of 

297,000 m3. Differing input requirements necessitated us to vary the implementation of a fixed input sediment volume, 

as described in the following sections. Since the purpose of preliminary testing was to compare the strengths and 

shortcomings of each model for use in post-fire debris-flow hazard assessments, we performed initial calibration runs 

for FLO-2D but did not execute exhaustive parameter sensitivity and optimization analyses.   

LAHARZ uses empirical equations for cross-sectional (A) and planimetric area (B) as functions of volume (V) to 

delineate debris-flow inundation areas on a given topographic surface (Schilling, 1998; Griswold and Iverson, 2008). 

Iverson et al. (1998) and Griswold and Iverson (2008) derived sets of empirical equations from statistical analyses of 

lahar, debris flow, and rock-avalanche runout paths. We implemented the empirical equations for both lahars and 

debris flows on San Ysidro Creek by applying a sediment volume of 297,000 m3 at a point location, which we chose 

as the outlet of the San Ysidro Creek basin at the head of the fan (Table 1).  

FLO-2D is a two-dimensional finite difference model that utilizes a quadratic rheologic model to simulate water 

and mudflows over floodplain and alluvial fan surfaces (O’Brien et al., 1993). FLO-2D requires an input hydrograph, 

which is bulked with a given volumetric sediment concentration (Cv) for mud and debris-flow simulations. The timing 

of debris flows closely followed the peak in rainfall intensity (Kean et al., in press), so we modeled the shape of the 

hydrograph based on the observed hyetograph of rainfall intensity. We interpolated 15-minute rainfall intensity data 

from two rain gages that lie to the east and west of San Ysidro Creek (KTYD, 5 km west and Doulton Tunnel, 5.3 km 

east) to estimate the rainfall rate within the study basin. We accounted for infiltration by using a version of the Green-

Ampt infiltration model, as described in Rengers et al. (2016), to extract water from the hyetograph during the 
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storm. To parameterize the infiltration equation, we used a hydraulic conductivity of 15 mm/hr (the geometric mean 

of the saturated hydraulic conductivity obtained from field measurements; Kean et al., in press), a pressure head of 1 

mm (a commonly observed value after wildfire; Ebel and Moody, 2016), and estimated porosity and initial water 

content values of 0.5 and 0.2, respectively. The resulting rainfall intensity time-series, corrected for the estimated 

infiltration rate, was then multiplied by the total basin area to estimate a discharge hydrograph (m3/s). We scaled the 

discharge hydrograph given our prescribed input sediment volume (297,000 m3) and assuming Cv = 0.6 (which is 

consistent with field observations). The resulting input hydrograph, which yields a water volume of 198,000 m3 and a 

total volume (water plus sediment) of 495,000 m3, was applied at the basin-outlet point.  

In FLO-2D, surface roughness is prescribed by Manning’s n-value, which we set as either n = 0.04 or n = 0.1 in 

accordance with recommended values from previous studies (e.g., Bertolo and Wieczorek, 2005; Rickenmann et al., 

2006). For the simulation of debris flows, FLO-2D requires input values for the resistance parameter for laminar flow 

(K), and the specific gravity (SG), yield stress (τy), and viscosity (η) of the water-sediment mixture. τy and η vary with 

Cv and are determined using a set of equations with empirically determined coefficients (O’Brien et al., 1993). As 

recommended, we used K = 2285 for urban areas (FLO-2D Software, Inc., 2017). We calculated SG by using a rock 

density of 2650 kg/m3 and accounting for the proportion of water in the material, as defined by Cv. We performed 

initial calibration runs by varying n and using high, medium, and low values of τy and η from the range of values 

available in literature (e.g., Bertolo and Wieczorek, 2005; Rickenmann et al., 2006). The values of n, τy and η that best 

fit the observed inundation area of debris flows in San Ysidro Creek are listed in Table 1. In addition to inundation 

area, FLO-2D outputs inundation height, deposit depth, and velocity (Table 1). 

Table 1. Model inputs, parameters, and outputs for FLO-2D and LAHARZ, where Cv is volumetric sediment 

concentration, n is Manning’s n-value, K is the resistance parameter for laminar flow, SG is specific gravity, τy is 

yield stress, η is viscosity, A is inundated cross-sectional area, B is inundated planimetric area, and V is volume.  

Model Volume 

configuration 

Input volume Parameters Outputs 

FLO-2D Hydrograph with 

specified Cv 

297, 000 m3 of sediment, 

198,000 m3 of water, Cv = 0.6 

n = 0.04, K = 2285, SG =1.99 

τy = 1000 Pa, η = 100 Pa·s 

Inundation area, inundation 

height, deposit depth, velocity 

LAHARZ 

debris flow 

Point source 297,000 m3 A = 0.1V2/3, B = 20V2/3 Inundation area 

LAHARZ lahar Point source 297,000 m3 A = 0.05V2/3, B = 200V2/3 Inundation area 

4. Results

The area inundated by each model is shown in comparison to the observed debris-flow inundation area along San 

Ysidro Creek in Fig. 2. Dark blue represents the area that was correctly predicted by the model (true positive area), 

while light blue represents the area that was falsely inundated by the model (false positive area). Conversely, the area 

that was inundated but is not captured by the model (false negative area) is shown by the striped area. To compare 

between models, we divided the true positive, false positive, and false negative areas by the total observed inundation 

area to obtain the true positive rate (TPR), false positive rate (FPR), and false negative rate (FNR), respectively (Fig. 

2). We also calculated the threat score (TS; e.g., Staley et al., 2017) for each model, which is defined as TPR divided 

by the sum of TPR, FPR, and FNR (Fig. 2).  

In addition to assessing the overall proportion of inundated area captured by each model, we calculated the observed 

and modeled inundation areas in 10 equally sized rectangular zones that encompass the total area inundated by debris 

flows along San Ysidro Creek (Fig. 3a). Observed and modeled inundation areas as a function of downstream distance 

(d) are shown in Fig. 3b, where d was measured as the difference in northing from the basin outlet point to the center 

of each zone. The total runout distance for each model was found by calculating the difference in northing between 

the basin outlet point and the farthest extent of inundation. The resulting root-mean-square errors (RMSE) for runout 

distance (ER) and inundation area (EA) normalized by the total observed runout distance and inundation area, 

respectively, are listed in Table 2. 

We compared measurements of inundation height, deposit depth, and velocity with FLO-2D model results at the 

field observation and damage-assessment points shown in Fig. 1 (Fig. 4). To assess the correlation between 

observations of flow characteristics and model results, we divided the observed inundation area into four zones (Fig. 
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4a). Figs. 4b-d show the correlation between measured and modeled inundation height, deposit depth, and velocity, 

respectively, where the coloration of data points corresponds to the deposit zone in which the measurement was 

located. We assessed inundation height (Fig. 4b) by comparing model results with 115 field observations and 157 

building damage assessment measurements (Kean et al., 2019). Similarly, we used 107 deposit depth field 

measurements and 83 velocity measurements calculated from building damage assessments. The RMSE of FLO-2D 

model results for inundation height (EH), deposit depth (ED), and flow velocity (EV) are listed in Table 2.  

Fig. 2. Modeled inundation area from a) FLO-2D, b) LAHARZ debris flow, and c) LAHARZ lahar, showing the true positive area (dark blue), 

false positive area (light blue), and false negative area (striped) resulting from each model run, in comparison to the mapped inundation area of 

debris flows on San Ysidro Creek (Kean et al., 2019; Fig. 1). True positive rate (TPR), false positive rate (FPR), and false negative rate (FNR) are 

defined as the true positive, false positive, and false negative areas divided by the observed inundation area, respectively. Threat score (TS) is 

defined as TPR divided by the sum of TPR, FPR, and FNR.    

5. Discussion

Debris-flow runout model accuracy is imperative to hazard assessments because of the consequences associated 

with either under- or overpredicting both debris-flow inundation and flow characteristics. Receiver operating 

characteristic (ROC) analyses show that FLO-2D models inundation area most accurately (Fig. 2), with the highest 

TPR and TS, and the lowest FPR and FNR. However, a TS of 0.64 indicates that the FLO-2D model could still be 

improved. Our analysis of inundation area as a function of d (Fig. 3) shows that the inundation area modeled by FLO-

2D is underpredicted in the first 300 m downstream of the basin outlet point but is overpredicted elsewhere. 

Nonetheless, the similarity in shape of the FLO-2D and observed series (Fig. 3b), indicates that the model correctly 

predicts relative changes in inundation area with d and the fit could likely be improved with further calibration.  

The LAHARZ debris flow model substantially underpredicts the observed inundation area (FNR=0.93; Fig. 2b) 

and has a runout distance that is only 15% of the observed runout distance. The modeled inundation area from 

LAHARZ lahar fits the observed data better than does LAHARZ debris flow, but the inundation area is still 

substantially underpredicted (FNR=0.4), especially in places where the flow avulses from the main channel (Fig. 4a, 

zones 2 and 4). Additionally, LAHARZ lahar overpredicts the total runout distance (Table 2). The discrepancy between 

the results of the LAHARZ models reflects differences in the coefficients that are used for each flow type, which are 
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derived from empirical data showing that debris flows generally have a higher sediment concentration than lahars 

(Iverson et al., 1998). The underprediction of inundation area highlights the inability of LAHARZ to simulate 

avulsions. Similarly, LAHARZ does not predict the bifurcation of flow at El Bosque Road (Fig. 1a), which is an 

important aspect of debris-flow inundation on populated alluvial fans. The inability of LAHARZ to simulate flow 

bifurcation and avulsions indicates that the use of empirical equations may not be sufficient to accurately represent the 

complex physical process of debris flows traveling through built environments. The discrepancies between the results 

of the LAHARZ models and the observed inundation area demonstrate that, as indicated by previous work (Bernard, 

2007; Magirl et al., 2010), the empirical coefficients used in LAHARZ should be modified if the model is utilized for 

post-fire debris-flow hazard assessments in the future.   

Table 2. FLO-2D and LAHARZ runout (R) and inundation area (A) results, model errors, and runtimes. Errors are 

expressed as the root-mean-square errors of runout distance (ER), inundation area (EA), inundation height (EH), 

deposit depth (ED), and flow velocity (EV). Model results are compared with field data and building damage 

assessments from the Montecito debris-flow event along San Ysidro Creek (Kean et al., 2019). ER and EA are listed 

as percentages of the total observed runout distance and inundation area, respectively. LAHARZ does not output 

inundation height, deposit depth or flow velocity.    

Model R (m) A (m2) ER EA EH ED EV Model 

Runtime 

FLO-2D 3,280 1,076,827 2.0% 2.2 % 0.97 0.65 0.92 41 minutes 

LAHARZ debris flow 493 89,535 85.3% 10.7% -- -- -- 0.5 seconds 

LAHARZ lahar 3,498 890,596 4.5% 4.1% -- -- -- 4 seconds 

The ability to model flow characteristics in addition to inundation area is important because of the implications that 

inundation height, deposit depth, and flow velocity have on the physical harm and damage to infrastructure that debris 

flows can inflict. Furthermore, predictions of flow characteristics are critical for predictive-damage assessments (e.g., 

Kean et al., in press). Comparisons of observed data and modeled inundation height and deposit depth from FLO-2D 

show that, in general, both metrics were underpredicted on the upper half of the alluvial fan (zones 1 and 2) but were 

overpredicted on the lower half of the fan (zones 3 and 4; Fig. 4). Modeled velocities were also overpredicted on the 

lower half of the fan (zone 4; no observed data exist for zone 3), while modeled velocities in zones 1 and 2 were both 

under- and overpredicted. Inconsistent under- and overpredictions in different deposit regions likely indicate 

discrepancies between modeled and actual physical processes and rheological parameters. For example, FLO-2D is 

intended for the modeling of hyper-concentrated sediment flows, and the rheologic model used to simulate debris 

flows does not account for the influence of coarse sediment (gravel, cobbles, and boulders; FLO-2D Software, Inc., 

2015), which, as shown in Fig. 1c, was an important component of debris flows along San Ysidro Creek. 

Fig. 3. a) Diagram showing the 10 zones used to compare modeled and observed inundation area. b) Observed and modeled inundation area in 

each zone plotted as a function of downstream distance at the center of each segment (d). 
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Fig. 4. a) Zones used to assess observed measurements and FLO-2D model results for b) inundation height, c) deposit depth, and d) velocity. 

Velocity measurements were derived from building impact analyses (see Kean et al. (in press) for details). The coloration of points corresponds 

to their location in zones 1-4.  

The San Ysidro Creek basin was one of 1738 basins that were analyzed in the U.S. Geological Survey’s post-fire 

debris-flow hazard assessment for the Thomas fire (U.S. Geological Survey, 2018). In this context, a debris-flow 

runout model that can be used as a predictive tool for post-fire debris-flow hazard assessments must have flexibility 

for use in variable settings (e.g., channelized, urbanized fans), while also being computationally efficient. LAHARZ 

took several seconds to run simulations on San Ysidro Creek, which is over 2000 times faster than the runtime for 

FLO-2D (41 minutes; Table 2). While LAHARZ runs very quickly and could likely be applied efficiently to tens or 

hundreds of drainages, the model is primarily intended for settings where flow is channelized (Schilling, 1998), and 

hence, accuracy is limited in areas with minimal channel confinement. FLO-2D is capable of modeling debris flows 

in both channelized and non-channelized settings and can be customized to simulate infrastructure components (e.g., 

culverts, debris-retention basins) and transient surface properties (FLO-2D Software, Inc., 2017). While this flexibility 

is advantageous, the need to set numerous adjustable parameters requires time-consuming calibration and is difficult 

without a priori knowledge of the parameter values that are valid in certain regional or geomorphic settings. 

Predetermined parameterization and the development of design storms based on robust back-calibration to past events 

in a given area could be used to improve the efficiency of employing FLO-2D for forecasting, but the application to 

large, multi-basin areas would still require substantial computing time and user analysis.   

6. Conclusion

Detailed field data collected after the Montecito debris-flow event enabled us to make comprehensive quantitative 

comparisons between observations and modeled results. Preliminary debris-flow runout model testing demonstrated 

that a model applied to post-fire debris-flow hazard assessments must be able to simulate both channelized and non-

channelized flows on fans. Comparisons of observed data and model runs show that LAHARZ does not replicate flow 

bifurcations or avulsions and is not well-suited for use in non-channelized settings. Additionally, new empirical 

coefficients may be necessary for post-fire debris flows in southern California. FLO-2D simulations matched well 

with observed inundation area data, but variably under- and overpredicted inundation height, deposit depth, and 
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velocity in different areas. More extensive model calibration could be used to improve FLO-2D model results, and 

parameterization based on flow characteristics could be used to improve the potential for use in predictive damage 

assessments. In the future, testing should assess the accuracy and efficiency of other widely used runout models that 

could be coupled with existing post-fire debris-flow hazard assessments to better inform local government agencies 

and emergency managers prior to imminent precipitation events.   
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