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Abstract. In 2017, Hurricane Maria triggered more than
70 000 landslides in Puerto Rico. After initiation, these pre-
dominantly shallow landslides were mobilized to varying ex-
tents – some landslides only traveled partway downslope,
whereas others reached drainage channels and were mo-
bilized into long-traveled debris flows that could severely
impact roads and infrastructure. Thus, forecasting potential
landslide runout and inundation zones is critical for esti-
mating landslide and debris-flow hazards. Here we conduct
an in-depth topographic analysis of landslide-affected areas
from nine study areas and apply a linked modeling technique
to estimate locations susceptible to varying degrees of land-
slide runout in the Lares, Utuado, and Naranjito municipali-
ties.

We find that the longest runout lengths are observed on
high-relief escarpments, although highly mobile long-runout
debris flows also occurred in lower-relief dissected uplands.
These topographic differences indicate that landslides that
are initiated under similar conditions and possess equal po-
tential to be mobilized as debris flows may not travel the
same distances or affect the same areal extent. Our model-
ing approach allows the local topography to automatically
control the implementation of two runout methods: (1) H/L
runout zones are assigned directly downslope of landslide
source zones, and (2) debris-flow inundation zones are esti-
mated in the presence of a channel network. Debris-flow vol-
umes are calculated as a function of area-integrated growth
factors, estimated as a function of the upstream areas suscep-
tible to shallow landslides. Applying our empirical modeling
scheme over an area of 560 km2, our results highlight the ef-
ficacy of our methods for the assessment of the potential for

landslide runout and debris-flow inundation over diverse ter-
rains with varied susceptibility.

1 Introduction

Globally, 55 997 fatalities due to non-seismically triggered
landslides were recorded over the 12-year period between
January 2004 and December 2016 (Froude and Petley, 2018).
When conditions for landslide mobilization exist, including
at least partial liquefaction by high pore pressures, landslides
may mobilize to form debris flows, fast-moving slurries of
saturated, poorly sorted sediment (e.g., Iverson, 1997; Hungr
et al., 2002). Fast-moving, far-traveled landslides, such as de-
bris flows, are one of the most destructive types of landslides.
Due to their rapid velocity and occurrence without warning,
debris flows can be lethal (e.g., Highland and Bobrowsky,
2008; McDougall, 2017). In regions where humans and in-
frastructure are present, landslide susceptibility forecasting
tools to identify potential runout zones for high-mobility
landslides are of foremost importance.

Landslide susceptibility models typically focus on a single
type of landslide or process of movement, either landslide
initiation (e.g., Montgomery and Dietrich, 1994; Larsen and
Parks, 1998; Pack et al., 1999; Baum et al., 2008; Lepore et
al., 2012; Mergili et al., 2014; Reid et al., 2015; Merghadi et
al., 2020; Hughes and Schulz, 2020) or runout (e.g., Guzzetti
et al., 2006; McDougall, 2017). Runout models may be em-
pirically based (e.g., Iverson et al., 1998; Horton et al., 2013;
Berti and Simoni, 2014) or physics-based (e.g., McDougall
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and Hungr, 2004; Christen et al., 2010; George and Iver-
son, 2014; Iverson and George, 2014; FLO-2D Software Inc.,
2022; Gorr et al., 2022) and are often focused on back anal-
ysis or site-specific investigations (e.g., McDougall, 2017),
typically requiring detailed information about the location of
landslide initiation and volume or a flow hydrograph (e.g.,
Barnhart et al., 2021). Empirical runout methods, based on
power-law volume–area relations, such as Laharz (Iverson et
al., 1998; Schilling, 2014) or DFLOWZ (Berti and Simoni,
2014), provide methods for the automated delineation of in-
undation areas of lahars (e.g., Major et al., 2004; Muñoz-
Salinas et al., 2009) or debris flows (Crosta et al., 2002; Gris-
wold and Iverson, 2008; Magirl et al., 2010). Several pre-
vious investigations have combined landslide models to es-
timate both landslide sources (initiation) and runout zones.
These investigations incorporated empirical models (Guinau
et al., 2007; Mergili et al., 2019), physics-based models (Hsu
and Liu, 2019), or a combination of empirical and physics-
based methods (Ellen et al., 1993; Benda et al., 2007; Bregoli
et al., 2010; Park et al., 2016; Fan et al., 2017; Pollock et al.,
2019). However, existing methods for analyzing runout do
not directly account for location within the topography and
the transition from non-channelized to channelized runout.

We build a conceptual framework to define zones of mo-
bility within the landscape that provides the basis of our to-
pographic analysis of landslide-affected areas (source and
runout) and modeling approach in Puerto Rico. Landslide
materials move downslope until they reach a stable posi-
tion. Whereas some landslides travel only partway downs-
lope (Fig. 1b), others reach drainage channels and are mobi-
lized into debris flows that can severely impact roads and in-
frastructure. Non-channelized runout zones exist downslope
of landslide source zones, where the source zone is not adja-
cent to the channel or in open-slope topographies (Fig. 1a). In
open-slope topographies, no channels are present and land-
slides travel downslope without entering a drainage or topo-
graphic depression (Geotechnical Engineering Office, 2012).
Where channels are present, highly mobile debris flows will
travel into the channel, potentially grow in volume, and flow
long distances downstream (Fig. 1c). Our empirical runout
models allow topography to control the spatial distribution
and extent of potential landslide runout and debris-flow in-
undation zones. Our approach simulates patterns consis-
tent with observations from Hurricane Maria when applied
over a topographically diverse area, including the full ex-
tent of three municipalities: Lares, Utuado, and Naranjito.
Our USGS software package, Grfin Tools (Cronkite-Ratcliff
et al., 2025; Reid et al., 2025), contains tools to implement
these methods and enables runout assessment over large re-
gions without the computational effort required by physics-
based models.

Figure 1. Photographs showing Hurricane Maria landslides with
various levels of mobility (a) Orthophoto (Quantum Spatial, Inc.,
2017) draped on a DEM (U.S. Geological Survey, 2020a, b, and
c), showing multiple landslides in non-channelized, open-slope to-
pography of northern Utuado, adjacent to a cone karst topography.
(b) Photograph (Dianne L. Brien, USGS) of two moderate-mobility,
shallow landslides, in Utuado, Puerto Rico, that were mobilized and
traveled partway downslope but an insufficient distance to reach a
channel. (c) Photograph (Jason Kean, USGS) of a higher-mobility
debris flow that was initiated from multiple shallow landslides and
entered channelized topography in the lower half of photo, in the
municipality of Ciales, Puerto Rico.

2 Conceptual framework

2.1 Zones of mobility

Our conceptual framework uses three zones of mobility
within the landscape: (1) source zones, (2) non-channelized
runout zones, and (3) channelized runout zones (debris-flow
inundation zones). This framework provides the foundation
to investigate two interrelated aspects of the Hurricane Maria
landslides: (1) a topographic analysis of published landslide
inventories and (2) a modeling approach to assess suscepti-
bility to non-channelized and channelized runout in Puerto
Rico. Results of the topographic analysis inform our selec-
tion of model parameters for candidate susceptibility scenar-
ios, with the overall objective to select two final scenarios for
regional susceptibility maps.
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2.2 Topographic analysis

Our topographic analysis guided the selection of input pa-
rameters for runout modeling and provided an analysis asso-
ciated with zones of mobility, enabling us to gain perspec-
tives on the landslide-affected areas and relative contribu-
tions of each zone of mobility. Published landslide inven-
tories of Hurricane Maria landslides (Bessette-Kirton et al.,
2019b; Baxstrom et al., 2021a, b; Einbund et al., 2021a, b)
provided the location of source zones and landslide-affected
areas. We further divided landslide-affected areas not identi-
fied as source zones to distinguish channelized versus non-
channelized runout. We then analyzed the percentage of area
affected by each zone of mobility and extracted slope charac-
teristics within each zone. We also assessed correlations be-
tween the study area slope and the slope of source areas and
non-channelized runout, as trends could influence whether
different parameters are needed for runout modeling as a
function of geologic or topographic variability. This analy-
sis provided valuable insights related to the question, “Does
topography control mobility?”

In addition, we identified a subset of the mapped land-
slides, representative of the most mobile channelized debris
flows. Typical characteristics of the inundation zones asso-
ciated with the most mobile debris flows allowed us to de-
fine parameters for potential zones of debris-flow growth
in our debris-flow inundation modeling. These inundation
zones provided an important component for the assessment
of the predictive success of our inundation methods. Details
of this analysis are provided in the Supplement, and high-
lights are included in the “Results of runout and inundation
modeling” and “Discussion” sections.

2.3 Linked-model approach

Corresponding to the three zones of mobility, we developed
a linked-model approach that combines potential landslide
source zones with distinctive methods to identify areas sus-
ceptible to landslide runout versus debris-flow inundation.
Here, the “link” is joined independently between potential
landslide source areas and each runout method. The landslide
source zones function as a shared connection or link.

The two runout methods differ based on the relative mo-
bility and topographic setting of landslides. For moderate-
mobility landslides and/or non-channelized runout zones, we
define potential runout zones by the minimum angle of reach
(arctan(height/length)) from the landslide source. This ap-
proach provides a methodology to (1) estimate runout in
open-slope topographies where channels are not present and
(2) provide a transition from upslope landslide source zones
to channels.

For high-mobility, channelized debris flows, we apply a
different modeling approach. Although multiple types of
landslides may flow, the definition of debris flow provided
by Hungr et al. (2014) is well aligned with our modeling ap-

proach for inundation zones: “Very rapid to extremely rapid
surging flow of saturated debris in a steep channel. Strong en-
trainment of material and water from the flow path”. These
debris flows can increase in volume as they travel due to
a combination of processes, including entrainment of bed
sediment (e.g., Hungr et al., 1984; Takahashi, 1991; Iver-
son et al., 2011), coalescence of landslides (e.g., Coe et al.,
2021), and stream bank collapse (Johnson, 1970). For chan-
nelized debris flows, we identify potential inundation zones
using empirical volume–area relations (Griswold and Iver-
son, 2008) in concert with empirical debris-flow growth fac-
tors (Reid et al., 2016). Our growth factors integrate growth
over a drainage basin and are defined as a function of the
upstream contributing area susceptible to shallow landslides.
This approach determines the spatial distribution and vol-
umes of runout material contributing to debris-flow inunda-
tion zones.

Our linked-model approach (1) provides three zones of
hazard (landslide source, non-channelized runout, and chan-
nelized runout) related to landslide mobility; (2) uses angle
of reach to identify potential non-channelized runout zones;
(3) incorporates debris-flow growth for channelized debris
flows; (4) estimates debris-flow volumes as a function of the
contributing area susceptible to landslides; and (5) applies
volume–area relations to estimate corresponding areas of
debris-flow inundation. Combined, this approach provides a
GIS-based method, applicable over diverse terrains of varied
susceptibility to debris flows. Our USGS software package,
Grfin Tools (“Gr” stands for growth, “f” for flow, and “in”
for inundation; pronounced griffin) (Cronkite-Ratcliff et al.,
2025; Reid et al., 2025), implements this approach and en-
ables runout assessment over large regions without the com-
putational effort typically required by physics-based models.
We used our linked-model approach to create regional sus-
ceptibility maps of landslide initiation and runout in the three
municipalities of Lares, Utuado, and Naranjito, Puerto Rico.

3 Study areas

Steep mountainous terrain, high mean annual rainfall, and
frequent intense storms in Puerto Rico contribute to the fre-
quent occurrence of landslides, resulting in extensive prop-
erty damage and loss of life (e.g., Larsen and Torres-Sanchez,
1998). Rainfall-triggered landslides are the most common
type of landslide, occurring throughout the central mountains
and foothills of the island, as frequently as 1 to 2 times per
year (Larsen and Simon, 1993).

On 20 September 2017, Hurricane Maria produced rainfall
amounts greater than any other hurricane or tropical storm
in Puerto Rico since 1956; within a 48 h period, at least
250 mm of rain fell across Puerto Rico’s mountainous ter-
rain (e.g., Bessette-Kirton et al., 2019a) with as much as
1029 mm of precipitation recorded in the southeastern part
of the island (Keellings and Hernández Ayala, 2019). Hurri-
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Figure 2. Map of Puerto Rico, showing locations of nine study areas with detailed landslide mapping of 2919 landslides in the Lares,
Utuado, and Naranjito municipalities (Bessette-Kirton et al., 2019b; Baxstrom et al., 2021a, b; Einbund et al., 2021a, b). The study area
name is indicated by the first letter of the municipality followed by a numeral. Two unique symbols are used to distinguish escarpment (green
diamonds) versus upland (green squares) geomorphic terrains.

Table 1. Study area names, geologic terrane, predominant geologic units (Bawiec, 1998), and geomorphic terrains (escarpment or upland)
for nine areas with mapped landslide-affected areas (Bessette-Kirton et al., 2019b; Baxstrom et al., 2021a, b; Einbund et al., 2021a, b).

Study
area name Geologic terrane Predominant geologic units Geomorphic terrain

U1 granitoid Ku (Utuado batholith) escarpment
U2 granitoid Ku escarpment
U3 granitoid Ku upland
U4 granitoid Ku upland
U5 non-limey sedimentary Ts (San Sebastián Formation), Tkn (Naranjito Formation) not distinguished
L1 marine volcaniclastic Tka (Anon Formation), Tkal (Anon and Lago Garzas formations) not distinguished
L2 marine volcaniclastic Tka, Tkal not distinguished
L3 marine volcaniclastic Tka, Tkal not distinguished
N marine volcaniclastic Kln (Los Negros Formation) not distinguished

cane Maria triggered more than 70 000 landslides in Puerto
Rico (Hughes et al., 2019). Our work builds on published
data sources related to the widespread landsliding that oc-
curred during Hurricane Maria.

3.1 Data sources and related work

3.1.1 Topographic base

We used high-resolution pre- and post-Hurricane Maria lidar-
derived DEMs to construct a channel network and determine
flow directions for our runout modeling. A pre-Maria, 1 m
resolution DEM, acquired between January 2016 and March
2017 (U.S. Geological Survey, 2018), was representative of
the topography at the time of Hurricane Maria. This pre-
Maria DEM was used for extraction of topographic charac-
teristics and assessment of model predictive success. A 0.5 m
resolution, post-Maria lidar-derived DEM (U.S. Geological
Survey, 2020a, b, c) was resampled to 1 m and used to cre-

ate regional susceptibility maps of landslide initiation and
runout.

3.1.2 Mapped landslide inventories

Published landslide inventories (Bessette-Kirton et al.,
2019b; Baxstrom et al., 2021a, b; Einbund et al., 2021a, b)
provided detailed mapping of landslide-affected areas from
Hurricane Maria, including 2919 locations of landslide head-
scarp points, travel distance lines, landslide-affected areas,
and source-area-only locations. Lengths were measured from
the top of the headscarp to the farthest extent of visible land-
slide deposits (Bessette-Kirton et al., 2020). Hurricane Maria
source-area locations were determined from pre- and post-
event lidar-derived DEM differences (2016 to 2018) (U.S.
Geological Survey, 2018, 2020a, b, c).

The inventories encompassed nine study areas, within
three municipalities, over four distinctive geologic terranes –
defined as groups of geologic formations, based on lithologic
rock type, depositional environment, and/or age (Bawiec,
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Figure 3. Perspective views showing topographic features, mapped landslide source areas, and runout in small sections of two study areas in
Puerto Rico. (a) Study area U5 (Baxstrom et al., 2021b), showing landslides on non-channelized, open-slope terrain (1) in northern Utuado,
adjacent to cone karst topography (2). (b) Study area N (Bessette-Kirton et al., 2019b; Baxstrom et al., 2021a), showing basins with varying
landslide densities and landslide types: (3) basin affected by landslides coalescing into debris flows, (4) unaffected basin, (5) low-mobility
landslides on cut slopes adjacent to roads, (6) landslide on hillslope coalescing with multiple landslides closer to or located in drainage,
(7) basin with one small low-mobility landslide, and (8) single landslide near the top of the hillslope that was mobilized as a channelized
debris flow. The approximate location of (a) at the center of the image is 18°18′10′′ N, 66°49′10′′W; (b) is located at 18°18′0′′ N, 66°16′0′′W.

1998) (Table 1). Based on municipality, we applied naming
conventions to identify the study areas. The Utuado munici-
pality includes four ∼ 2.5 km2 study areas (U1, U2, U3, U4,
Fig. 2) in a granitoid terrane (Ku) consisting of the Utuado
batholith; these four areas are further distinguished by two
geomorphic terrains (Einbund et al., 2021b): (1) escarpments
(U1, U2) having highly dissected areas with predominantly
steep topography and high drainage density and (2) upland
terrain (U3, U4) consisting of dissected, low-relief plateaus
(Monroe, 1980) with lower drainage density, relative to es-
carpments. Study areas U5, L1, L2, L3, and N (Fig. 2) do
not have a distinctive plateau expression and do not contain a
single unique geomorphic terrain. Northern Utuado includes
the largest (∼ 30 km2) study area (U5), with low landslide
density, located in non-limey sedimentary units (Baxstrom et
al., 2021b) adjacent to cone karst topography, where conical,
steep-sided hills of the Lares Limestone, named mogotes,
rise to heights up to 100 m (Monroe, 1976). The Lares mu-
nicipality includes three ∼ 2.5 km2 study areas (L1, L2, L3)
(Einbund et al., 2021a), located in Tertiary–Cretaceous ma-
rine volcaniclastics and consisting mainly of breccia, tuff,
sandstone, and siltstone (Tka/Tkal). The Naranjito munic-
ipality contains one ∼ 2.5 km2 study area (N) (Bessette-
Kirton et al., 2019b; Baxstrom et al., 2021a), located in Cre-
taceous marine volcaniclastics, consisting mainly of basaltic
breccia, sandstone, and siltstone (Kln).

3.1.3 Landslide types

Landslides triggered by Hurricane Maria included slumps,
debris flows, rockfalls, and other slope failures (Hughes et
al., 2019). Most landslides were shallow debris slides, and
many of these mobilized and/or coalesced into channelized
debris flows (Bessette-Kirton et al., 2020; Coe et al., 2021).

Figure 3 shows the variety of landslide styles associated with
channelized (Fig. 3b) and non-channelized (Fig. 3a) topog-
raphy. In adjacent drainage basins, landslide density and the
mobility of these landslides can vary widely (Fig. 3b).

3.1.4 Potential landslide source areas

To estimate potential landslide source areas in our linked-
model approach, we used areas identified by the combination
of three USGS models: (1) REGOLITH (Baum et al., 2021),
for soil-depth estimation; (2) TRIGRS (Baum et al., 2008),
for pore-water pressures; and (3) Slabs3D (Baum, 2023), for
quasi-three-dimensional (3D) slope-stability analysis. The
areas susceptible to shallow landslides during prolonged,
intense rainfall were defined by factor-of-safety thresholds
for high-susceptibility and very high susceptibility scenar-
ios based on true positive rates compared to Hurricane Maria
landslide inventories (Baum et al., 2024).

3.1.5 Debris-flow growth and volumes

For our debris-flow inundation modeling, we used published
estimates of debris-flow growth factors and volumes. These
estimates (Table 2) were based on lidar-derived DEM differ-
encing in four drainage basins affected by long-runout de-
bris flows from Hurricane Maria (Coe et al., 2021). Growth
factors based on upslope contributing areas are shown as a
function of both (i) the full contributing area and (ii) the area
susceptible to landslides, approximated as slopes greater than
30° (Coe et al., 2021), where values in (i) are applicable to
basins of similar susceptibility and values in (ii) are applica-
ble to regions with spatially variable landslide susceptibility
patterns.
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Figure 4. Flowchart of our linked-model approach. Blue boxes (and
one red box) indicate published data sources. Red, yellow, and pur-
ple boxes indicate the three landslide mobility components of our
linked-model approach. The numbers refer to the corresponding
sections in the paper and Supplement.

Field measurements of stream slopes for several Hurricane
Maria debris flows were measured using a laser rangefinder
with an inclinometer (Coe et al., 2021). These measurements
showed that growth transitioned to deposition at a stream
slope between 3 and 8°, providing constraints on debris-flow
growth zones for our modeling.

4 Methods

Figure 4 shows the steps in our linked-model approach,
where blue boxes and one red box indicate existing data
sources. Additional details of steps performed for channel
network derivation (Sect. S1) and the topographic analysis
(Sect. S2) are provided in the Supplement. The three land-
slide mobility components are highlighted: (1) source (red),
(2) non-channelized runout (yellow), and (3) debris-flow in-
undation (purple).

4.1 Topographic analysis of mobility zones

Using the published datasets of source areas and landslide-
affected areas (Bessette-Kirton et al., 2019b; Baxstrom et al.,
2021a, b; Einbund et al., 2021a, b), combined with our chan-
nel network (Sect. S1), we divided the mapped landslide-
affected areas in the nine study areas into three zones of
mobility. The published mapped source areas provided the
first zone of mobility. Using ArcGIS® spatial analyst tools
by Esri, we divided the remaining area into non-channelized
and channelized runout. Runout zones from small land-
slides (length < 20 m) with a small percentage (< 20 %) of
area adjacent to the drainage or distanced greater than 3 m
from the delineated drainage network were assigned as non-
channelized runout, and the remaining landslide-affected
area was designated channelized runout. Additional details
are provided in the Supplement (Sect. S2).

4.1.1 Hurricane Maria’s most mobile
landslides (MMMs)

Next, we developed criteria to extract a subset of mapped
landslide-affected areas representative of Hurricane Maria’s
most mobile landslides (MMMs) in Puerto Rico. This sub-
set possesses characteristics of channelized debris flows. The
identification of MMMs provided a dataset for the assess-
ment of predictive success of our debris-flow inundation
modeling. Characterization of the runout (non-channelized
and channelized) zones associated with the MMM debris
flows guided the parameterization of debris-flow growth
zones.

The primary criterion to identify MMMs was a high
(> 40 %) percentage of runout area located in close prox-
imity (< 5 m) to a designated channel. This criterion iden-
tified channelized debris flows as well as some less mobile,
non-channelized runout zones located close to the channel.
To eliminate these non-channelized runout zones, we ap-
plied an additional criterion: runout length> 100 m. We used
runout lengths available in the published landslide invento-
ries. Given that post-event evidence did not provide infor-
mation to distinguish between specific contributions from
sources upstream of tributary junctions, coalescing runout
zones were grouped together; one runout zone may represent
the path of a single debris flow or many coalescing debris
flows. We applied these two criteria to extract MMMs for the
nine study areas (Brien et al., 2024).

To evaluate representative characteristics of channelized
debris-flow runout zones and define constraints on debris-
flow growth zones for inundation modeling, we compiled
percentile statistics from the runout zones associated with
MMMs. These zones may have included stream reaches of
growth, transport, and/or deposition. We were not able to
identify reaches with only debris-flow growth given the avail-
able information; therefore the values extracted represent ex-
tremes of reasonable values to constrain debris-flow growth
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Table 2. Range of values for debris-flow growth factors and total volumes from Hurricane Maria debris flows (Coe et al., 2021).

Range of values

(i) Area-based growth factors (c1), full contributing area 0.01–0.13 m3 m−2

(ii) Area-based growth factors (c1), calculated as 0.02–0.21 m3 m−2

the percentage of area with slopes > 30°

(iv) Total volumes (V ) 840–12 770 m3

zones. Due to the small sample size of MMMs identified in
upland terrains, we grouped the study areas by geologic ter-
rane.

We computed percentile statistics within the runout zones,
where the maximum value of the stream order provided the
most useful statistic to constrain characteristics of growth
zones and other variables described below were character-
ized by statistical means. For each runout zone, we deter-
mined the maximum Strahler stream order; mean stream
slope calculated over a horizontal distance of 50 m; mean
planform curvature from a smoothed DEM; and mean per-
centage of contributing area susceptible to shallow landslides
(Psrc), where

Psrc = 100
(
Asrc

A

)
. (1)

Asrc is the total contributing area susceptible to shallow land-
slides, estimated from source-zone modeling (Baum et al.,
2024), and A is the total upslope contributing area. Con-
tributing areas and corresponding values for Psrc were calcu-
lated for each raster cell within a runout zone using a single-
direction D8 flow model (Tarboton et al., 2015).

4.2 Linked-model approach

4.2.1 Landslide initiation zones

Our runout methods can be applied with potential source
areas obtained from any empirically based (e.g., Furbish
and Rice, 1983; Larsen and Parks, 1998; Lepore et al.,
2012; Hughes and Schulz, 2020; Merghadi et al., 2020) or
physics-based (e.g., Montgomery and Dietrich, 1994; Pack
et al., 1999; Baum et al., 2008; Mergili et al., 2014; Reid
et al., 2015) landslide susceptibility methods. For Puerto
Rico, we used slope-stability analysis results to identify po-
tential source areas. Baum et al. (2024) defined factor-of-
safety thresholds needed to capture 0.75 (high susceptibility)
and 0.90 (moderate susceptibility) true positive rates for ob-
served headscarp points (from Hughes et al., 2019) of land-
slides triggered by Hurricane Maria. For our non-channelized
runout zones, discussed below, we used the combined high-
and moderate-susceptibility potential source areas. The high-
susceptibility areas were used as the upslope contributing
source area for debris-flow inundation scenarios.

4.2.2 Delineation of non-channelized runout zones

We identified runout zones for moderate-mobility landslides
using H/L runout zones delineated with the Grfin Tools
implementation (Cronkite-Ratcliff et al., 2025; Reid et al.,
2025) of the avalanche runout tool from the TauDEM toolbox
(Tarboton et al., 2015). This tool uses a D-Infinity method to
determine flow directions along a flow path (Tarboton, 1997).
The length downslope of potential source areas is limited by
a threshold angle equivalent to arctan (H/L) or the angle of
reach (α) (e.g., Scheidegger, 1973; Hsu, 1975; Nicoletti and
Sorriso-Valvo, 1991; Corominas, 1996; Iverson et al., 2015;
Legros, 2002; Wallace et al., 2022), where H is defined as
the vertical drop and L is the horizontal projection of dis-
tance. On a hillslope or in a DEM, the flow path for mea-
surement of the horizontal length, L, may follow a winding
pathway downslope and down-channel. In locations where
runout enters a channel, the runout zones defined by H/L
are not able to delineate the width of inundation. However,
this limitation is addressed by our application of debris-flow
inundation modeling in channelized topography.

4.2.3 Delineation of channelized debris-flow inundation
zones

For high-mobility, channelized debris flows that grow as they
travel, we identified potential debris-flow growth zones, cal-
culated debris-flow volumes using debris-flow growth factors
(Reid et al., 2016), and identified areas susceptible to inunda-
tion with Grfin Tools (Cronkite-Ratcliff et al., 2025; Reid et
al., 2025). Grfin Tools inundation eliminates spiky artifacts
that can be present in results using other empirical debris-
flow inundation models such as Laharz (Schilling, 2014) or
DFLOWZ (Berti and Simoni, 2014).

Our modeling used a semiempirical approach relating vol-
ume to cross-sectional and planimetric area (Iverson et al.,
1998), allowing us to estimate the inundation area from de-
bris flows. This approach uses power-law relations for debris-
flow inundation (Griswold and Iverson, 2008) combined with
empirical growth factors (Reid et al., 2016, 2025; Coe et al.,
2021). Planimetric and cross-sectional inundation area esti-
mations are calculated from two statistically derived equa-
tions based on a worldwide database of debris-flow measure-
ments from diverse data sources and geographic locations,
ranging in volume from 10 to 106 m3 (Griswold and Iverson,
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2008):

A= 0.1V 2/3, (2)

B = 20V 2/3, (3)

whereA is the cross-sectional area, B is the planimetric area,
and V is the debris-flow volume. Previous studies of non-
post-wildfire debris flows yield similar coefficients for these
relations, where the cross-sectional area coefficient ranged
from 0.07 to 0.1 and the planimetric area coefficient ranged
from 17 to 20 (Griswold and Iverson, 2008; Berti and Si-
moni, 2014). The estimated cross-sectional area and plani-
metric areas are applied to a DEM to define areas susceptible
to channelized debris flows.

Debris-flow volume is of foremost importance for this
approach and for inundation modeling in general. Previous
studies indicate debris-flow inundation patterns, and flow
depth estimates may be more sensitive to flow volume than
flow properties (Barnhart et al., 2021). We compute vol-
ume as a function of the upslope contributing area suscepti-
ble to shallow landslides at locations in the digitally derived
channel network where debris-flow growth is likely to occur
(growth zones):

V =

{
c1Asrc if c1Asrc < Vmax
Vmax if c1Asrc ≥ Vmax

, (4)

where V is debris-flow volume, c1 (units of L3 L−2) is an em-
pirically derived growth factor (Reid et al., 2016, 2025), Asrc
is the potential upslope contributing source area, and Vmax
is the maximum volume. Volumes are ultimately constrained
by Vmax, based on volume estimates from Hurricane Maria.
Using volumes from Eq. (4), cross-sectional and planimetric
inundation areas can be derived using Eqs. (2) and (3).

For Puerto Rico, volumes calculated as a function of ar-
eas susceptible to debris flows (Asrc), based on Baum et
al. (2024), allow us to apply these empirical relations over
large regions with various geologic terranes and geomorphic
terrains where landslide susceptibility is spatially variable.
Equation (4) provides volumes regulated by c1 and Asrc.
Basins with a minimal susceptible area result in smaller vol-
umes, and basins of high susceptibility produce larger vol-
umes, limited by Vmax. For areas with no susceptible con-
tributing source area, computed debris-flow volumes are nil,
and these conditions result in no inundation. We use the term
“self-regulating” volumes to describe volumes estimated by
Eq. (4).

4.3 Parameters and assessment of the linked-model
approach

Once potential landslide source zones are identified, addi-
tional input parameters are required for the linked-model
approach. The only required parameter for non-channelized
runout is α (arctan(H/L)). Inputs for the debris-flow inun-
dation modeling require answers to the following questions:

(1) where does debris-flow growth occur? (2) How much
growth occurs? And (3) what are expected maximum debris-
flow volumes? Table 3 summarizes input parameters for our
regional susceptibility maps and associated data sources or
analyses for these values.

4.3.1 Selection of height / length (H/L) values for
regional susceptibility maps

To select H/L values for regional susceptibility maps, we
considered a range of previously published H/L values in
Puerto Rico as well as global datasets. Published H/L data
for landslides in the volume range from Hurricane Maria in-
clude regression equations quantifying the relation between
the angle of reach (α) and landslide volume; for all land-
slide types combined, log (H/L)=−0.085 logV − 0.047,
which yields H/L values of 0.61 (α = 31°) to 0.41 (α =
22°) for landslide volumes of 100 to 10 000 m3, respectively
(Corominas, 1996). Data from USGS debris-flow flume ex-
periments yield L/H ≈ 2 (equivalent to α ≈ 27°) for uncon-
fined runout but values greater than 2 for channelized runout,
for volumes of ∼ 10 m3 (Iverson, 1997). In Puerto Rico,
Bessette-Kirton et al. (2020) calculated median H/L values
for 1035 landslides from Hurricane Maria as 0.68 (α = 34°)
and coalescing landslides as 0.52 (α = 27°), with median
lengths (L) of 17.5 and 25.2 m, respectively. These values
represent typical Maria-induced landslides with relatively
short travel distances, as reflected by the median lengths. The
smallestH/L values calculated were less than 0.25 (α = 14°;
Bessette-Kirton et al., 2020). Given the wide range of pub-
lished values, we used mapped landslide source areas to as-
sess the change in area affected by H/L runout over a wide
range of α values: 10, 15, 20, 25, and 30°.

4.3.2 Debris-flow growth zones and volumes

Debris-flow volumes, calculated as a function of the upslope
contributing area susceptible to shallow landslides (Eq. 4),
were computed where debris-flow growth is likely to oc-
cur. Debris-flow growth zones were defined by a combina-
tion of parameters, including the stream slope, stream order,
planform curvature, and Psrc (Eq. 1). The rate of volumetric
growth was controlled by c1, limited by Vmax (Eq. 4).

We considered eight debris-flow inundation scenarios
(Fig. 5), constrained by (1) the minimum stream slope where
growth transitioned to deposition (3°) (Coe et al., 2021);
(2) MMM statistics for stream order, stream slope, curva-
ture, and Psrc; and (3) published debris-flow volumes and
growth factors (c1) (Coe et al., 2021). All scenarios excluded
channel sections with planform curvature < 0.02 m−1 and
Psrc < 20 %, which are sections unlikely to produce debris-
flow growth based on 75 %–90 % of MMM observations.
Unrealistically short (< 4 m) stream segments of channel
identified as potential growth zones were also excluded. The
final selection of two scenarios for region-wide susceptibility
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Table 3. List of required input parameters and data sources for linked-model approach.

Input parameter Data source

Source zones

Factor of safety (F ) slope-stability assessment
(Baum et al., 2024)

Non-channelized runout zones

Angle of reach (α) topographic analysis/comparison
of wide range of values

Channelized runout zones

Where does debris-flow growth occur?

Maximum stream order percentile statistics from MMMs
Minimum stream slope Coe et al. (2021)
Psrc percentile statistics from MMMs
Minimum curvature percentile statistics from MMMs

How much growth occurs?

c1 Coe et al. (2021)
Vmax Coe et al. (2021)

maps was based on evaluation of predictive success from the
inundation results produced from these eight scenarios.

Columns in the matrix of scenarios (Fig. 5) identify debris-
flow growth zone scenarios (A, B, C, D, E). Rows identify as-
sociated parameters for debris-flow volumes, including max-
imum volumes of 1000, 3000, 5000, and 10 000 m3. Each
scenario is assigned an identifier, such as A-1k, based on a
combination of the associated letter for the growth zone sce-
nario (A) and assigned maximum volume (1 km3).

4.3.3 Assessment of predictive success for H /L runout

The assessment of predictive success for H/L zones was
not easily quantifiable given that the landslide inventories
were focused on areas with the highest landslide densities.
In these high-density areas, steep (> 30°) slopes led directly
to channelized zones and non-channelized runout typically
reflected the local topographic slope. The limited number
of mapped landslides located in open-slope terrains was not
extractable from the inventories and likely would not have
provided a statistically representative sample size for quan-
titative assessment of the predictive success for H/L. We
used source areas from the published landslide inventories
and considered the spatial patterns in the estimated runout
area for α values between 10 and 30°. With decreasing α,
we assessed changes in the location of affected areas (from
non-channelized to channelized) and relative increase in es-
timated runout area.

4.3.4 Assessment of predictive success for debris-flow
inundation

In a back-analysis mode commonly used in the evaluation of
debris-flow runout (e.g., McDougall, 2017), we evaluated the
success of the eight debris-flow inundation scenarios to pre-
dict the presence and extent of 124 debris-flow inundation
zones from MMMs. Our assessment used contingency table
statistics and standard receiver operator characteristic (ROC)
analysis (Powers, 2011) to analyze the predictive success of
our results. ROC analysis is based on statistics computed
from a binary contingency table, whereby four categories of
predictive success are identified: (1) true positive (TP) indi-
cates successful prediction of an area susceptible to landslide
runout, (2) false positive (FP) indicates false prediction of a
susceptible area, (3) false negative (FN) indicates that a sus-
ceptible area was not identified, and (4) true negative (TN)
indicates successful prediction of a stable area. We consid-
ered three measures of predictive success: (1) the true pos-
itive rate, TPR=TP / (TP+FN); (2) the false positive rate,
FPR=FP / (FP+TN); and (3) the positive likelihood ratio,
PLR=TPR /FPR.

To select two scenarios for regional susceptibility maps,
our ROC analysis used the intersection of (1) inundation
zones from Hurricane Maria (MMMs) within 5 m of the
channel thalweg and (2) the area encompassed by all inun-
dation scenarios combined. This method evaluated a combi-
nation of inundation width and length but was deleteriously
influenced by minor georeferencing discrepancies between
the mapped landslides and lidar-derived DEM, as well as un-
derestimation of runout length, where the terminus of debris-
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Figure 5. Matrix of eight debris-flow inundation scenarios considered in three municipalities. Red outlines highlight the two final scenarios
selected.

flow deposits could not be discerned in the aerial photographs
due to uncertainty in debris-flow extent for flows enter-
ing drainage channels where floodwaters reworked deposits
(Bessette-Kirton et al., 2019b; Baxstrom et al., 2021a, b; Ein-
bund et al., 2021a, b). For the two selected scenarios, we also
assessed TPR to determine success in identification of MMM
inundation zones, a method that does not consider runout
width or length.

5 Results of topographic analysis

5.1 Zones of mobility

Figure 6 shows landslide-affected areas (Einbund et al.,
2021b) divided into the three zones of mobility.

5.2 Area affected by zones of mobility

We assessed the percentage of area affected by each mobil-
ity zone in the nine study areas (Table 4). The percentage
of the study areas with mapped landslide source zones is
shown as both the percentage of the study area susceptible
to landslides, approximated as slopes > 30° (column 3), and
the percentage of the entire study area (column 4). Although
all study areas encompass some steep topography suscepti-
ble to landslides, escarpments (U1, U2) contain a majority of
the study area susceptible, whereas dissected uplands (U3,
U4) have lower relief and a smaller percentage of the study
area susceptible to landslides (Table 4, column 2, and Fig. 7).
Note that the other five study areas (U5, L1, L2, L3, N) con-
tained a combination of escarpment and upland terrains.

The percentage of each study area affected by observed
landslide source zones (Table 4, column 4) increases slightly
with the percentage of the study area susceptible to landslides
(column 2). In contrast, the percentage of susceptible area af-
fected by landslide sources (column 3) does not consistently

increase or decrease. For example, study area N has the me-
dian percentage of area susceptible to landslides but the high-
est (4.6 %) percentage of area affected by landslide sources.

To examine general trends in the area affected by land-
slides for the nine study areas, we show linear regression
lines between the percentage of area susceptible to landslides
with (1) source zones only, (2) non-channelized runout, (3)
channelized runout, and (4) total landslide-affected area. The
linear trends produce an increasing gradient of the line when
progressing through the zones of mobility from upslope to
downslope/downstream (source to non-channelized runout
to channelized runout). The sum of all mobility zones (to-
tal landslide-affected area) shows the steepest line gradient,
with a significant increase in the affected area for study areas
with a high percentage of the study area in susceptible terrain
(Fig. 7c), with the most gently sloping line for source areas
(dashed red line) and steepest line for total landslide-affected
area (solid black line). If all other contributing factors (e.g.,
rainfall distribution, material properties, and hydrologic con-
ditions) were equal, the percentage of the susceptible area
affected by landslide sources (Table 4, column 3) would
be similar across all study areas, whereas the percentage of
the entire area affected by landslide sources (Table 4, col-
umn 4) would increase proportionally to the area suscepti-
ble to landslides. In addition, if the area affected by land-
slide runout were directly proportional to the area affected
by landslide sources, the slope of the regression lines would
be equal. However, in comparison to the relation with source
zones only (red line), the percentage of the total landslide-
affected area (black line) increases at a greater rate than
the percentage of the area susceptible to landslides. In addi-
tion, the ratio between landslide-affected area and landslide
source areas only shows the largest difference for study areas
with the same underlying geologic terrane (Fig. 7c, U1 ver-
sus U3/U4), where strength and hydrologic properties would
likely be similar.
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Figure 6. Perspective view showing landslide-affected areas (Einbund et al., 2021b) for study area U1, on an escarpment in the Utuado
municipality, Puerto Rico. We divided these mapped areas into three zones of mobility: (1) source zones (red areas), (2) non-channelized
runout (yellow areas), and (3) channelized runout (purple areas). For reference, a dissected upland terrain, representative of topography in
U3 and U4, is visible in the background. The approximate location at the center of the image is 18°16′40′′ N, 66°41′ 20′′W.

5.3 Statistical distribution of topographic slopes within
mobility zones

We examined the statistical distributions and extracted per-
centile statistics (P10, P25, P50, P75, and P90) (Fig. 8) for
slopes in landslide source zones, non-channelized runout
(predominantly runout on hillslopes), and channelized runout
zones (Table S1). The median (P50) represents typical slopes
of Hurricane Maria-landslide-affected areas, whereas P10
represents characteristics of higher-mobility landslides, with
the ability to travel further downstream to areas of more gen-
tly sloping topography. Overall, these statistical distributions
of slopes for the three zones show a progression of decreas-
ing slopes along the travel path of landslides from Hurricane
Maria in both escarpment and upland terrains (Fig. 8). Ad-
ditional details of these statistics are provided in the Supple-
ment (Sect. S2.2).

5.4 Identification and characterization of channelized
debris flows – Maria’s most mobile landslides
(MMMs)

We applied our two criteria to extract MMMs from the
published landslide inventories in the nine study areas
(Sect. 4.1.1). Figure 9 highlights landslides with > 40 % of
runout area located in close proximity (5 m) to a channel,
including some non-channelized, lower-mobility landslides
(Fig. 9b). Figure 10 highlights MMMs in the context of the
two criteria.

Table 5 summarizes the quantities and percentages of
(1) landslide source areas (landslides) associated with
MMMs (columns 1, 2, and 3) and (2) runout zones meeting
the MMM criteria (columns 4, 5, and 6), where the influ-
ence of coalescence (Fig. 9c) results in multiple landslides
contributing to a single runout path. Here, the runout zones
may contain both non-channelized and channelized runout.

We found that the percentage of landslide source areas as-
sociated with MMMs ranged from 8.1 % to 30 % (column
3) in different study areas. The study areas with the three
highest percentages, U1, N, and L2, are located in three dif-
ferent geologic terranes; here, 30%, 24.8 %, and 24.6 % of
landslides met the MMM criteria, respectively. The percent-
age of runout zones meeting the criteria for MMMs ranged
from 3.3 % to 9.0 % (column 6), with the highest percent-
ages found in study areas U5, N, and U2, also associated
with three different geologic terranes; in this case the per-
centage of runout zones was 9.0 %, 7.2 %, and 6.7 %, respec-
tively. Study areas in other geologic terranes (L2, U1, U4,
and L3) had slightly smaller percentages (5.2 % to 5.6 %)
of runout zones identified as MMMs; L1 and U3 had the
smallest values, with 4.3 % and 3.3 % of runout zones iden-
tified as MMMs. Our results highlight several observations
for channelized debris flows triggered by Hurricane Maria:
(1) channelized debris flows comprise a minority of the land-
slides; (2) all geomorphic terrains and geologic terranes have
some channelized debris flows; (3) escarpment terrains have
a higher percentage of landslides associated with the MMM
criteria, in comparison with upland terrains; (4) the percent-
age of runout zones does not show any consistent trends; and
(5) there is no distinct pattern related to geologic terrane. Ar-
eas with a high landslide density, such as some of the escarp-
ment terrains, may have many landslides in close proximity,
thereby increasing their potential to coalesce in the nearest
drainage. Given the influence of coalescence, the percent-
age of landslides and percentage of runout zones (Table 5,
columns 3 and 6) did not correlate.

Our results from 124 debris-flow inundation zones (Ta-
ble 6) show that MMMs typically (P50) occur in stream
reaches with stream order ≤ 2; all MMMs occur in stream
reaches with stream order ≤ 5. MMMs have mean stream
slopes of about 5 to 16°, mean planform curvature of
0.03 m−1, and a mean Psrc of 58 % to 85 %. Less common,
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Figure 7. Graphs showing areas affected by different zones of mo-
bility, from Table 4. (a) Percentage of the nine individual study ar-
eas susceptible to landslides (column 2). (b) Percentage of individ-
ual study areas affected by Hurricane Maria landslides, divided into
three mobility zones (columns 4, 5, 6). (c) Linear regressions of per-
centage of the study area susceptible to shallow landslides (column
2) with the percentage of the study area affected by (1) source zones
(red line; column 4), (2) non-channelized runout (yellow line; col-
umn 5), (3) channelized runout (purple line; column 6), and (4) total
landslide-affected areas (source, non-channelized and channelized
runout zones; black line; column 7). Symbols represent geologic
terranes and geomorphic terrains of study areas (Fig. 2 and Table 1).
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Figure 8. Violin plots showing statistical distributions of slopes in
the three zones of landslide mobility and in the entire study area for
(a) study area U1, a steep escarpment region, and (b) study area U3,
a dissected upland terrain. Both U1 and U3 are in a granitoid geo-
logic terrane in Utuado. Symbols (as defined in the legend) plotted
within the violin plots show the median (P50), interquartile range
(P25 to P75), P10, and P90.

but more extreme, endmembers of MMMs have a stream or-
der of 4 or 5, stream slope of 0.2 to 7.0°, planform curvature
from a smoothed DEM of 0.0 to 0.02 m−1, and Psrc of 9 %
to 33 %. These results provide criteria to define debris-flow
growth zones for inundation scenarios.

6 Results of runout and inundation modeling

6.1 H/L runout scenarios

For the mapped study areas, consisting predominantly of
highly dissected topography, steep slopes, and narrow val-
leys, even large changes in α did not greatly modify zones of
H/L runout. Figure 11 illustrates where there is some mini-
mal additional runout area with a substantial decrease in the
angle of reach, α, from 30 to 20°. Significant areas on the
hillslope are encompassed byH/L runout zones in the range

https://doi.org/10.5194/nhess-25-1229-2025 Nat. Hazards Earth Syst. Sci., 25, 1229–1253, 2025



1242 D. L. Brien et al.: Topographic controls on landslide mobility

Figure 9. Mapped landslides, highlighting some of Hurricane Maria’s most mobile debris flows, Utuado, Puerto Rico. (a) Map view of study
area U1 showing 761 mapped landslide headscarp points (red points), associated source zones (dark gray), and 391 runout zones (Bessette-
Kirton et al., 2019b; Einbund et al., 2021b). Runout zones with > 40 % runout area located in or in close proximity to the channel are shown
in black and those with < 40 % in white. (b) Zoomed-in view of study area U4, showing lower-mobility landslides with short runout length,
identified as having > 40 % runout length in the channel. (c) Zoomed-in view illustrating multiple landslide sources coalescing into a single
debris-flow runout zone.

Table 6. Percentiles of the maximum Strahler stream order, mean stream slope, mean planform curvature, and mean percentage of the
contributing area susceptible to shallow landslides (Psrc) for debris-flow inundation zones. Values are based on the mean or maximum (for
stream order only) value along the runout path of MMM debris flows from Hurricane Maria.

Lares Utuado Naranjito Utuado
Parameter Percentile (L1, L2, L3) (U1, U2, U3, U4) (N) (U5)

Maximum Strahler stream order P50 2 3 2 2
P75 3 3 3 3
P90 4 4 4 4
P100 5 5 4 4

Mean stream slope (°) P50 15.9 9.8 15.0 4.6
P25 11.2 7.0 11.2 1.7
P10 8.2 4.8 8.8 0.9
P0 3.1 1.1 7.0 0.2

Mean planform curvature (m−1) P50 0.03 0.03 0.03 0.03
P25 0.02 0.02 0.02 0.01
P10 0.02 0.01 0.01 0.01
P0 0.01 0.01 0.01 0.00

Mean percentage contributing area P50 85 % 79 % 58 % 75 %
susceptible to shallow landslides (Psrc) P75 77 % 65 % 42 % 52 %

P90 62 % 55 % 20 % 29 %
P100 33 % 29 % 9 % 14 %

of 25 to 30° (Fig. 11, brown zones) derived from Hurricane
Maria source areas, whereas, when α is < 20°, the affected
areas (Fig. 11, blue zones) are located within narrow channel
bottoms. A decrease to 20° captures additional area within
the non-channelized runout zones of mapped landslides with-
out a significant increase in areas identified as susceptible
(added yellow areas). The area shown in Fig. 11 is repre-

sentative of the majority of areas where landslide inventories
from the Hurricane Maria event were available. Making an
appropriate choice of α for regional maps is controlled by
the slope angle of topography upslope of channels, quantified
in our analysis of slopes in mapped non-channelized runout
zones (Table S1, columns 7 and 8). Our analysis of slopes
in these zones indicates a wide range of potential α values.
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Figure 10. Runout length and percentage of runout area in desig-
nated channels, for runout zones in all study areas, grouped by ge-
ologic terrane. The gray box highlights MMM debris flows from
Hurricane Maria.

Figure 11. H/L runout results for a range of α values (10, 15, 20,
25, and 30°) in a section of U2, an escarpment study area in the
granitoid terrane, Utuado. Hurricane Maria landslide source areas
from Einbund et al. (2021b).

To eliminate the potential for gaps between estimated non-
channelized runout areas and channelized debris-flow inun-
dation areas, we selected α to be equal to 20° for our suscep-
tibility maps.

6.2 Debris-flow inundation scenarios

Our evaluation of eight debris-flow inundation scenarios
(Fig. 5) indicates that modification of the parameters defin-

Figure 12. Results from debris-flow inundation scenarios with
various growth controls in different topographies in Puerto Rico.
(a) Wider topography with various growth zones. A-1k, B-1k, C-
1k, and E-1k show progressively greater inundation lengths with
more generous growth zones. (b) Wider topography with increas-
ing growth factors and maximum volumes. C-1k, C-3k, and C-10k
show progressively wider and longer inundation lengths with in-
creased growth factors and maximum volumes (Vmax). (c) Narrower
basin with fewer incoming tributaries and various growth zones.
Here, B-1k, C-1k, and E-1k produce identical results; only A-1k dif-
fers. (d) Narrower basin with increasing growth factors. Regardless
of basin shape, C-1k, C-3k, and C-10k produce progressively wider
and longer inundation lengths. For comparison, black outlines are
mapped landslide-affected areas from Hurricane Maria (Einbund et
al., 2021b). The scale bar is the same for all panels.

ing debris-flow growth zones can have a significant influ-
ence on the pattern and extent of inundation. For example,
pink and purple zones in Fig. 12a illustrate the inundation
area where debris-flow growth zones extended lower in the
drainage network, as controlled by a larger value for the
maximum stream order and smaller value for the minimum
stream slope. The maximum volume (Vmax = 1000 m3) and
growth factor (c1 = 0.01 m3 m−2) are held constant in sce-
narios A-1k, B-1k, C-1k, and E-1k. In the case of relatively
wide basins and multiple incoming tributaries, more gener-
ous growth zones create greater runout lengths (Fig. 12a). In
the same topography, increased growth factors with a fixed
growth zone also create longer and wider inundation zones
(Fig. 12b).

In contrast, narrower drainage basins with few contribut-
ing tributaries that abruptly exit steep mountainous terrain
into a wide, flat valley over a short distance exhibited no dif-
ference between results with highly variable definitions of
growth zones. Figure 12c demonstrates this situation, where
scenarios B-1k, C-1k, and E-1k produce identical inunda-
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Figure 13. Receiver operator characteristic (ROC) plot for eight
debris-flow inundation scenarios evaluated for nine study areas af-
fected by MMMs during Hurricane Maria. The two scenarios se-
lected for regional susceptibility maps are highlighted in purple.
Scenario B-1k is a likely scenario, and scenario D-5k is a less likely,
but more hazardous, scenario.

tion results. Scenarios C-1k, C-3k, and C-10k, with increas-
ing growth factors (c1 of 0.01, 0.05, and 0.2 m3 m−2, re-
spectively), and Vmax (1000, 3000, and 10 000 m3, respec-
tively) produce progressively wider and longer runout length
regardless of basin shape (Figs. 12c, d), where increased c1
produces wider inundation zones higher in the drainage net-
work. Increased Vmax can produce both wider and longer in-
undation zones. In these scenarios, debris-flow growth will
always be halted when the maximum stream order or mini-
mum stream slope criteria for a given scenario are achieved,
yielding a volume proportional to the upslope area suscep-
tible to landsliding. Therefore, growth zones that terminate
before Vmax is achieved will have smaller areas of inunda-
tion.

6.3 Evaluation of predictive success for debris-flow
inundation scenarios

Figure 13 shows our ROC analysis for the eight scenar-
ios, evaluated for all MMMs. The series of solid gray lines
show positive likelihood ratios (PLR=TPR /FPR), where
higher PLR indicates a higher likelihood of correct predic-
tion. Dashed gray lines show the distance from the upper-left
corner, the location of perfect classification. The false posi-
tive rate (FPR) may be overestimated in cases where the ac-
tual terminus of debris-flow deposits could not be identified.

For our regional susceptibility maps, we first selected a
scenario (B-1k) with a relatively high value for PLR (Fig. 13,
PLR≈ 3). This scenario, B-1k, defines zones of extremely
high susceptibility to debris-flow inundation. Scenario B-1k

minimizes over-prediction, as characterized by relatively low
FPR and high PLR. TPR based on the area affected is∼ 0.38,
whereas examination of the number of debris-flow inunda-
tion runout zones provides more impressive TPR values, with
an overall TPR for all study areas of 85 % (Table 7). TPR was
lowest for U5, the largest study area with a very low percent-
age of area affected by landslides (Table 4).

To aid selection of a more extensive scenario, we exam-
ined scenarios in map view, in combination with a ROC plot
(Fig. 13). We selected D-5k because it provides an increased
true positive rate (TPR) before the significant decrease in
the positive likelihood ratio (PLR) seen with scenario E-5k.
Scenario D-5k identified 90 % (TPR= 0.90) of debris-flow
runout zones (Table 7). This TPR of 0.90 is equal to the TPR
selected for source-area susceptibility thresholds (Baum et
al., 2024). Scenario D-5k defines a more hazardous, but less
likely, scenario representative of the area affected in the most
severely impacted drainage basins during Hurricane Maria.

6.4 Susceptibility maps portraying three mobility zones

We applied our linked-model approach to create regional sus-
ceptibility maps delineating potential locations of landslide
initiation, downslope runout, and debris-flow inundation dur-
ing prolonged, intense rainfall, for Lares, Naranjito, and Utu-
ado municipalities, encompassing a total area of 560 km2.
Potential source areas (initiation) from shallow landslide sus-
ceptibility modeling (Baum et al., 2024) were used to iden-
tify 20° H/L runout zones and upslope contributing source
areas for volume estimations (Eq. 4) used in debris-flow in-
undation scenarios B-1k and D-5k (Fig. 5).

In our regional susceptibility maps (e.g., Fig. 14), debris-
flow inundation areas (purple zones) overlie all other zones
and may conceal underlying source (red) and H/L runout
zones (yellow); non-channelized runout zones (H/L) under-
lie all other colors in the perspective view. Debris-flow in-
undation zones are shown in two shades of purple, where
dark purple is scenario B-1k, highlighting inundation in up-
per parts of the drainage network and light purple is scenario
D-5k. In steep, dissected escarpment terrains, such as U1,
most of the topography meets the criteria for source zones,
resulting in substantial overlap between areas susceptible to
shallow landslides and H/L runout zones.

In open-slope topographies, the absence of channelization
controls the applied modeling approach and resulting suscep-
tibility. Figure 15 shows a comparison of landslide-affected
areas (Fig. 15a) and modeling results (Fig. 15b). Here, sus-
ceptibility results show H/L runout for non-channelized ar-
eas; debris-flow inundation is not modeled.

7 Discussion

We used three zones of landslide mobility as the frame-
work for topographic analysis and a linked-model approach
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Table 7. Number of debris-flow inundation zones (MMMs) and TPR for the two selected susceptibility scenarios. MMMs are grouped by
geologic terrane in Puerto Rico.

No. of debris-flow inundation zones TPR for number of detected
(from MMMs) debris-flow inundation zones

B-1k D-5k

Lares (L1, L2, L3) 44 0.95 0.95
Utuado (U1, U2, U3, U4) 47 0.83 0.89
Utuado (U5) 14 0.50 0.71
Naranjito (N) 19 0.89 0.89

All study areas combined 124 0.85 0.90

Figure 14. Perspective view of landslide susceptibility results in part of Utuado, Puerto Rico, encompassing study area U1 (2.5 km2), located
on an escarpment, and study area U4, located in upland terrain. Mapped landslides (Bessette-Kirton et al., 2019b; Einbund et al., 2021b)
are shown with black outlines for reference. Dark purple is debris-flow inundation for scenario B-1k, and light purple is the more extensive
inundation scenario D-5k. The approximate location at the center of the image is 18°16′40′′ N, 66°41′10′′W.

to estimate areas susceptible to landslide runout. Both non-
channelized landslide runout and channelized debris-flow in-
undation were observed during Hurricane Maria (Figs. 1, 3,
6) and have the potential to adversely impact roads and in-
frastructure in the future.

7.1 How topography controls mobility

Our topographic analysis of landslide-affected areas illus-
trates the strong influence of topography on landslide mobil-
ity and guided our decision to use the same parameters for all
municipalities. Data from Hurricane Maria landslide invento-
ries show that differences in geomorphic terrain (escarpment
versus upland) have a minor influence on the percentage of

the study area affected by source zones (Table 4, column 4)
but a significant influence on the total landslide-affected area
(Table 4, column 7). We identify only a modest increase in
the percentage of the study area affected by landslide source
areas with an increasing percentage of the study area suscep-
tible to landslides (Fig. 7c, red line). In comparison, when
runout (non-channelized and channelized) is included, total
landslide-affected area increases at a greater rate. This dis-
proportionate increase in the total affected area with a high
percentage of steep slopes suggests increased mobility and
greater hazard levels in study areas with a high percentage
of area susceptible to landslides, in contrast to more isolated
steep slopes. This difference is not solely due to an increase
in the area susceptible to landslides, but also influenced by
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Figure 15. Perspective view of post-Maria aerial imagery draped on the DEM in non-channelized, open-slope topography located in semi-
calcareous sedimentary units adjacent to karst topography in northern Utuado, Puerto Rico. (a) Mapped landslides (U5; Baxstrom et al.,
2021a) divided into source and non-channelized runout. (b) Runout modeling results of areas susceptible to shallow landslides (red; Baum
et al., 2024) and H/L runout zones (yellow). The approximate location at the center of the image is 18°18′5′′ N, 66°49′0′′W.

the topographic potential for longer runout. The statistical
distribution of topographic slopes shows that the escarpment
study areas (U1 and U2) did not have steeper source ar-
eas than upland terrains (Table S2, columns 4 and 5), al-
though the overall slopes are steeper in the escarpment areas,
where channelized runout (debris-flow inundation) shows the
largest increase in affected area for study areas with a higher
percentage of area susceptible to landslides.

These combined observations indicate mobility differ-
ences are due not solely to slope angle, material strengths,
and hydrologic properties or conditions, but also to predis-
posing factors related to the geomorphic setting. Possible ex-
planations for this phenomenon might include coalescence
(e.g., Coe et al., 2021), more readily available entrainable
material due to frequent landslides (e.g., Coe et al., 2021;
Scheip and Wegmann, 2022), soil depths, and/or topographic
controls (e.g., Corominas, 1996; Coe et al., 2011). Escarp-
ment terrains, with more terrain susceptible to landslides,
provide more opportunity for the coalescence of contributing
landslide source areas over a greater length of runout path,
either channelized or non-channelized. Debris-flow runout
paths may traverse a substantial distance through places of
additional contributing landslide source area. In addition, in-
dividual basins in escarpment terrains (Fig. 16a) have higher
topographic relief than dissected uplands (Fig. 16b). Higher
relief provides the potential for greater runout lengths be-
fore there is a change in stream slope conducive to depo-
sition – this results in correspondingly larger runout areas
(Fig. 7). Likewise, areas with high drainage density will pro-
vide a greater opportunity to amalgamate multiple flows, po-
tentially having a nonlinear impact on access to readily en-
trainable material. The strong influence of topography in our
application indicates that topographic differences are more
significant than geologic differences (Fig. 7) and guided the
decision to use a single set of parameters for regional suscep-
tibility maps of the Lares, Naranjito, and Utuado municipal-
ities.

Figure 16. Perspective views showing mapped landslide source
and runout zones caused by Hurricane Maria in Utuado, Puerto
Rico (data from Einbund et al., 2021b): (a) escarpment terrain in
study area U1 and (b) upland terrain in study area U3. The ap-
proximate location of (a) at the center of the image is 18°16′30′′ N,
66°41′20′′W; (b) is located at 18°16′30′′ N, 66°47′35′′W.

Related to the calculation of mobility metrics such as
H/L, the two debris flows shown in Fig. 16 illustrate one
potential problem with the use of H/L for assessing mo-
bility. For the escarpment flow (Fig. 16a), L≈ 600 m and
α = 19°, whereas for an upland terrain debris flow (Fig. 16b),
L= 280 m and α = 16°. A lower α suggests greater rela-
tive mobility for dissected upland flow, despite its signifi-
cantly shorter runout length. Thus, it can be difficult to de-
termine if there is a fundamental difference in the initial po-
tential for mobility (as measured by mobility metrics) ver-
sus the ultimate mobility; rather, each debris flow traveled
until a decrease in the stream slope sufficient for deposi-
tion was reached. In these Hurricane Maria examples, topo-
graphic relief defines theH and L of travel before a decrease
in stream slope, thereby controlling the ultimate mobility of
these flows.
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7.2 Advantages of the linked-model approach

By applying different model approaches for each zone of
mobility, our linked-model methodology advances previous
work combining source and runout models (Ellen et al.,
1993; Benda et al., 2007; Guinau et al., 2007; Bregoli et al.,
2010; Park et al., 2016; Fan et al., 2017; Pollock et al., 2019;
Hsu and Liu, 2019; Mergili et al., 2019). Our approach pro-
vides a complete portrayal of susceptibility, starting at the
landslide source, traveling downslope, and in the presence of
channelization continuing downstream. Without these com-
bined methods, which include H/L modeling, the suscepti-
bility from landside runout in non-channelized topography,
such as Fig. 15, would not be identified. In the absence of
debris-flow inundation modeling, such as that portrayed in
Fig. 11, there would be no delineation of the width of inun-
dation to define susceptible zones adjacent to the channel.

In our linked-model approach, topographic factors are
automatically incorporated via multiple mechanisms. H/L
runout zones are inherently controlled by local topogra-
phy, and in channelized topography, the minimal additional
runout area is modeled with decreased α (as illustrated in
Fig. 11). In channelized topography, debris-flow growth is
restricted to channel segments with a sufficient stream slope
and greater than 20 % of upslope contributing area being
susceptible to shallow landslides (Psrc). These restrictions
thereby provide a self-regulating method to estimate poten-
tial inundation. Likewise, most channelized debris flows will
continue along their pathway until reaching a significant de-
crease in channel slope, after which deposition is predom-
inant. This concept is applied in our inundation modeling
without the need to define spatially variable input parame-
ters.

7.3 Considerations for linked-model approach

7.3.1 Selection of angle of reach

Although much debate exists in the literature regarding the
application of the angle of reach (α) (e.g., Hungr et al.,
2005), H/L is commonly used to quantify the relative mo-
bility of landslides. As noted by Wallace and Santi (2021),
there are potential limitations to the usefulness of H/L to
describe landslide mobility. Specifically, unless there is a
change in gradient downslope of the source, H/L only mea-
sures the overall slope gradient and does not distinguish
between short- and long-runout events on uniform slopes.
We found a correlation between slopes of non-channelized
runout zones (P10 and P50) and the median (P50) slope of the
study area (Fig. S2), an indication that local topography can
influence H/L runout angles and an important factor to con-
sider when evaluating statistics of runout angles from land-
slide inventories.

Herein, we do not use H/L or L to compare mobility be-
tween landslides as these metrics are also highly dependent

on the basin shape, relief of basin, angle of intersection with
tributary junctions, and type of landslide (e.g., Corominas,
1996). However, the subtleties of H/L measurements com-
plicate the selection of α for our modeling application. To ad-
dress these complications, we assessed a wide range of H/L
values at 5° increments of α (Fig. 11) and considered the ex-
tent and locations of additional runout area. In many of the
study areas with steep, dissected topography, we observed
that most non-channelized runout is encompassed by H/L
runout zones identified with α > 25°. Some additional non-
channelized runout is within the zone between 20 and 25°.
Additional areas encompassed by a value of less than 20°
are typically located in the channel, where our methods for
debris-flow inundation were applied. In open-slope topogra-
phies, where very few mapped landslide-affected areas were
available for quantitative assessment, our choice of α equal
to 20° compares well visually with the observed landslide
runout from Hurricane Maria (Fig. 15).

In addition, worldwide datasets of H/L (e.g., Coromi-
nas, 1996) provide useful relative comparison of some the
most notable documented landslides in the literature. Many
types of landslides, including rockfalls, translational slides,
debris flows, earthflows, mudslides, and rock avalanches, dis-
play a reduction in α with increasing volume (e.g., Coromi-
nas, 1996; Iverson et al., 2015). The further application of
reduced α with increasing volume can be employed with
our methods to refine estimates of areas susceptible to non-
channelized runout.

7.3.2 Selection of debris-flow growth zones

The selection of debris-flow growth zones controls where
debris-flow growth factors are applied (Reid et al., 2025).
The location of these zones can impact inundation patterns
and extent as significantly as the choice of c1 or Vmax
(Fig. 12). In some cases, the stream slope can serve as a
single control on the location of these growth zones. Reid
et al. (2016) summarized slopes where deposition was pre-
dominant from previous studies, with deposition for con-
fined flows occurring at slopes of less than 15° and in some
cases as low as 1°. More recent studies provide stream slope
thresholds in a similar range. For debris flows in North
Carolina, Scheip and Wegmann (2022) found a transition
from erosion to deposition in the range of 8 to 30°, with
a mean value of 18°. Burns et al. (2022) identified that
debris-flow transport (non-deposition) occurs on either steep
(> 8°) channel reaches or highly confined reaches with gen-
tler slopes (< 5°). In Puerto Rico, field measurements of
locations where growth transitioned to deposition (3 to 8°)
guided our selection of stream slopes for growth zones (Coe
et al., 2021).

In the diverse topography of Puerto Rico, complexities
such as short segments of steep stream slopes distanced from
areas of landslide susceptibility and locally isolated areas
susceptible to landslides necessitated multiple parameters to
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restrict growth zones. We used characteristics of MMM in-
undation zones to constrain growth zones for our debris-
flow inundation modeling. Statistics based on analysis of
MMMs provided ranges of values for the Strahler stream
order, percentage of the contributing area susceptible to de-
bris flows (Psrc, Eq. 1), and planform curvature (Table 6).
Stream reaches with high values of Psrc are typically coinci-
dent with locations where the most susceptible source areas
are located, and this parameter might be used as the primary
control to define growth zones.

7.3.3 Selection of debris-flow growth factors and
volumes

Volume estimates within zones of debris-flow growth are
controlled by debris-flow growth factors and limited by
Vmax. Published values for growth factors (sometimes termed
“growth rates”) are typically estimated from differences in
elevation calculated from photogrammetry or lidar-derived
DEMs (Reid et al., 2016; Coe et al., 2021; Scheip and
Wegmann, 2022). Reid et al. (2016) summarize published
length-based growth factors and apply length- and area-based
growth factors for Oregon, with values ranging from 11–
24 m3 m−1 and from 0.12–0.2 m3 m−2, respectively.

For Hurricane Maria, estimates of c1 and Vmax based on
the difference in DEMs from pre- and post-Maria lidar were
available (Coe et al., 2021). Our calculation of growth fac-
tors normalized to the contributing susceptible area rather
than the full contributing area (Table 2) allows application
over large areas, where susceptibility to shallow landslides is
spatially variable.

For our assessment of debris-flow inundation scenar-
ios, we found that the scenario with the largest maximum
volume estimate (C-10k) resulted in a false positive rate
that exceeded the true positive rate, indicating severe over-
prediction (Fig. 13). The maximum volume for C-10k origi-
nated from a site with a significant volume contribution from
a single landslide and minimal contribution from debris-flow
growth mechanisms (Four Car site; Coe et al., 2021). In
this situation, our area-integrated growth factor will under-
estimate volume at the site of channel initiation and over-
estimate growth along the travel path. In regions where
these characteristics are known to be the predominant pat-
tern, smaller growth factors, power-law growth factors, or
initial source volumes can be applied to our methodology
(Cronkite-Ratcliff et al., 2025; Reid et al., 2025).

Future investigations of debris-flow growth factors could
help determine the applicability of growth factors beyond
the specific basins for which they were calculated. Like-
wise, whether the same basins will repeatedly generate de-
bris flows of the same magnitude or may have a delay in
time after a storm event has removed readily entrainable ma-
terial from the channels could affect the selection of growth
factors. In addition, the susceptibility of different drainage
basins with seemingly similar characteristics may depend

on human modifications within each basin. Nevertheless, we
found that single growth factors applied over large areas rea-
sonably matched Hurricane Maria observations.

7.3.4 Assessment of debris-flow inundation scenarios

Contingency table metrics provide multiple evaluation crite-
ria (e.g., Powers, 2011). Choosing a metric for optimization
of scenarios depends on the objectives – selection of a high
value for TPR maximizes the number of true positives (TPs)
and provides high success in the prediction of susceptible ar-
eas. Unfortunately, selection of a scenario based solely on
TPR typically contributes to a higher value for FPR (Fig. 13)
and can result in the assignment of a significant area not
affected by actual landslides in a given landslide-inducing
event as susceptible. With landslide modeling, this may re-
sult in a false prediction for a specific previous event, but the
model results may produce successful prediction in a future
event. Typically, only a small percentage of area suscepti-
ble to landslide initiation or runout is affected by a single
event. For example, in Hurricane Maria, only 0.4 % to 3.3 %
of steep slopes were subject to landslides (Table 4).

When available, information regarding the specific loca-
tions of landslide initiation and stream reaches where read-
ily entrainable material is available can be incorporated into
our methods (Reid et al., 2025). For example, Jibson (1989)
noted that channel scouring and side-slope debris contributed
90 %–95 % of debris-flow volume in debris flows along the
south-central coast of Puerto Rico during a tropical storm on
5–8 October 1985. Although generalized parameters provide
a good initial estimate, field observations and debris-flow his-
tory can focus on locations where conditions conducive to
enhanced debris-flow growth are present. Field observations
have the potential to highlight basins with an elevated level
of hazard and improve the predictive success of modeling re-
sults.

7.4 Limitations of the linked-model approach

Our methods are not a replacement for site-specific investiga-
tions or cases where physics-based models can be calibrated
to provide more detailed information, including estimates of
velocity and inundation depth (e.g., McDougall and Hungr,
2004; Christen et al., 2010; George and Iverson, 2014; Iver-
son and George, 2014; FLO-2D Software Inc., 2022; Barn-
hart et al., 2021). Our methodology is designed to assess
large regions for runout and debris-flow inundation hazard.
In areas of high concern, field studies, analysis of past events,
and application of physics-based models may provide more
refined hazard estimates.

The advantages of our modeling approach include the
ability to estimate areas susceptible to runout and inunda-
tion without the need to invoke spatially variable angles of
reach, debris-flow growth zones, or debris-flow growth fac-
tors based on material properties. Our linked-model approach
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successfully estimated runout susceptibility for three munici-
palities in Puerto Rico, where knowledge of site-specific ma-
terials and conditions was limited.

8 Conclusions

Our analysis of landslide-affected areas from Hurricane
Maria illustrates that both non-channelized and channelized
landslide runout (debris-flow inundation) occurred across
nine study areas, encompassing escarpment and upland ter-
rains in volcaniclastic, granitoid, and non-limey sedimentary
geologic terranes. Non-channelized runout was the most re-
current, whereas channelized runout was the most areally
extensive. Using the concept of zones of mobility, we an-
alyzed topographic characteristics of landslide-affected ar-
eas and applied an empirical, linked-model approach to es-
timate areas susceptible to non-channelized and channel-
ized runout. Our linked-model approach provided a self-
regulating method, whereby topography controls the runout
method, spatial distribution, and extent of potential land-
slide runout and debris-flow inundation zones in four primary
ways:

1. The presence or absence of a channel network con-
trols the application of the runout method, where ar-
eas susceptible to non-channelized runout are identified
by a minimum angle of reach and channelized debris-
flow inundation zones are estimated using debris-flow
growth factors combined with volume–area relations.

2. H/L runout zones provided a transition from source
zones to channels and helped in identifying non-
channelized runout in areas with open-slope topogra-
phy, where channels are not present.

3. In channelized topography, debris-flow growth zones
were restricted to steep stream reaches (> 5°) possess-
ing characteristics of Hurricane Maria’s most mobile
debris flows (MMMs) – low stream order (≤ 4), a high
percentage of the contributing area susceptible to de-
bris flows (> 20 % Psrc), and concave planform curva-
ture (> 0.02 m−1).

4. Within the zones of debris-flow growth, volumes were
calculated as a function of the upslope area suscepti-
ble to shallow landslides, whereby drainage basins with
a minimal susceptible area were assigned smaller vol-
umes and highly susceptible areas were assigned larger
volumes, up to a specified maximum, Vmax. The rate of
debris-flow growth is controlled by a growth factor, c1.

Our linked-model approach, available as a USGS software
package, Grfin Tools (Cronkite-Ratcliff et al., 2025; Reid et
al., 2025), incorporates these methods for portraying runout
and inundation for landslides over a range of mobilities and
enables runout assessment over large regions without the

computational effort required by physics-based models or
the need to identify precise locations and volumes of land-
slide sources. To provide an assessment of areas susceptible
to landslide runout and inundation, we applied two runout
models in three municipalities in Puerto Rico that had high
landslide density from Hurricane Maria – Utuado, Lares, and
Naranjito – covering a total area of 560 km2.

Our results illustrate that the geomorphic setting can exert
a primary influence on debris-flow runout. Escarpment ter-
rains, with high relief and a high percentage of the contribut-
ing area susceptible to shallow landslides, were predicted to
have larger areas affected by long-runout debris flows in con-
trast to dissected upland terrains. These patterns match obser-
vations from Hurricane Maria. Assessment of the predictive
success of our debris-flow inundation modeling, based on
124 debris-flow runout zones from Hurricane Maria’s most
mobile debris flows in all terrains, demonstrates that one of
our scenarios identified 90 % of the Hurricane Maria debris-
flow runout zones.

Code availability. Grfin (“Gr” stands for growth, “f” for flow, and
“in” for inundation; pronounced griffin) Tools computer code used
for this study, along with a user guide describing the modeling
methods and application examples (https://doi.org/10.3133/tm14-
A3, Reid et al., 2025), is available in a U.S. Geological Survey
software release (https://doi.org/10.5066/P9NVKFE2, Cronkite-
Ratcliff et al., 2025).

Data availability. Pre- and post-Hurricane Maria lidar-derived
DEMs are available at https://apps.nationalmap.gov/lidar-explorer/
(U.S. Geological Survey 2018, 2020a, b, c). Landslide in-
ventories are available as U.S. Geological Survey data
releases (https://doi.org/10.5066/P9OW4SLX, Bessette-
Kirton et al., 2019b; https://doi.org/10.5066/P9GBGA4I,
https://doi.org/10.5066/P9YYU7W1, Baxstrom et
al., 2021a, b; https://doi.org/10.5066/P9EASZZ7,
https://doi.org/10.5066/P9ZNUR1P, Einbund et al., 2021a, b).
Hurricane Maria’s most mobile landslides (MMMs) are
also available as a U.S. Geological Survey data release
(https://doi.org/10.5066/P9NJ8MSP, Brien et al., 2024).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/nhess-25-1229-2025-supplement.
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