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ABSTRACT

Hurricane Maria hit the island of Puerto
Rico on 20 September 2017 and triggered
more than 40,000 landslides in at least
three-fourths of Puerto Rico’s 78 munici-
palities. The number of landslides that
occurred during this event was two orders
of magnitude greater than those reported
from previous hurricanes. Landslide
source areas were commonly limited to
surficial soils but also extended into under-
lying saprolite and bedrock. Slope failures
occurred before, during, and after flood-
ing, and many transitioned into long run-
out debris flows. Steep slopes in hilly and
mountainous regions were particularly
impacted by landslides due to antecedent
soil moisture levels that were 11%-13%
higher than average and rainfall totals of at
least 250 mm within a 48 h period. High
landslide densities were especially wide-
spread across some geologic formations
(e.g., granodiorite of the Utuado batholith);
however, bedrock geology alone did not
determine the location and distribution of
landslides caused by Hurricane Maria.
While rainfall data collected during
Hurricane Maria were inconsistent,
satellite-based soil moisture data were
correlated with the distribution of land-
slides. In the future, the use of soil mois-
ture data could enable assessments of
regional landslide susceptibility prior to
hurricanes or extreme precipitation events.

INTRODUCTION

Hurricane Maria struck Puerto Rico on
20 September 2017 as the strongest hur-
ricane to make landfall on the island since
1928 (National Weather Service, 2017a).
Maria produced heavy rainfall and flood-
ing across most of Puerto Rico and

triggered widespread landslides through-
out mountainous areas. Landslides dam-
aged and destroyed structures and roads
(Puerto Rico Highway and Transportation
Authority, 2017, personal commun.; U.S.
Geological Survey, 2017a), in some cases
isolating communities for days and weeks
(e.g., Radebach, 2017; Schmidt and
Hernandez, 2017). Slope failures caused at
least three fatalities (Hennessy-Fiske, 2017;
Irizarry Alvarez, 2017), although Kishore
et al. (2018) believe that the death toll from
Hurricane Maria was underestimated by
more than 4000 deaths, some of which
could have been related to landslides.
Landslides were also partly responsible
for damage to the communications and
electrical power transmission infrastruc-
ture that left much of the island without
power for more than six months.
Landslides occur frequently in the
mountainous regions of Puerto Rico
(e.g., Monroe, 1964, 1979; DeGraff et al.,
1989; Larsen and Simon, 1993; Larsen and
Torres-Sanchez, 1998; Pando et al., 2005;
Lepore et al., 2012). Most noteworthy was
the 7 October 1985 Mameyes disaster,
which killed at least 129 people and is rec-
ognized as the deadliest landslide in North
American history (Campbell et al., 1985;
Jibson, 1992). Hurricanes and tropical
cyclone systems (henceforth referred to
collectively as TCs) routinely affect Puerto
Rico (Hernandez Ayala and Matyas, 2016)
and are capable of producing landslide-
triggering rainfall (e.g., Campbell et al.,
1985; Jibson, 1989; Larsen and Torres-
Sanchez, 1992). Landslides have been
associated with at least 17 major disaster
declarations in Puerto Rico since 1960
(Federal Emergency Management Agency,
2018), and, on average, 1.7 major landslide-

triggering storms (TCs and non-TC
systems) affect Puerto Rico annually
(Pando et al., 2005). The frequency of such
events constitutes a hazard to ~1 million
U.S. citizens that reside in the predomi-
nantly rural interior of the island, much of
which is characterized by rugged moun-
tainous terrain (Martinuzzi et al., 2007).
Puerto Rico’s vulnerability to extreme
rainfall events is sobering given projec-
tions of increasingly frequent extreme
TCs in the Atlantic Ocean Basin (Knutson
et al., 2010).

As a step toward reducing landslide risk
during extreme, island-wide precipitation
events, we evaluated the extent and charac-
teristics of Maria-induced landslides
throughout Puerto Rico. Herein, we present
an assessment of island-wide landslide
density, which we compare, in conjunction
with rainfall data, to TCs that have affected
Puerto Rico since 1960. Additionally, we
discuss the conditions specific to land-
sliding in Puerto Rico and examine the
impact of environmental variables (e.g.,
rainfall, soil moisture, and geology) on
observed variations in island-wide land-
sliding. An improved understanding of
causative factors specific to landslides in
Puerto Rico is important for revised sus-
ceptibility analyses and risk management
in anticipation of future storms capable of
producing widespread landsliding.

SETTING

Puerto Rico (18° 15’ N, 66° 30’ W) is
the easternmost of the Greater Antilles
and covers an area of 8750 km? (Fig. 1A).
Two-thirds of the island is mountainous,
with the east-west—trending Cordillera
Central range spanning most of the island
and reaching a maximum elevation of
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Figure 1. (A) Topographic map of Puerto Rico showing the storm track of Hurricane Maria. (B) Relative density of landslides mapped from
the rapid classification of satellite and aerial imagery and site visits following Hurricane Maria (updated from Bessette-Kirton et al., 2017).

1340 m (U.S. Geological Survey, 2017c;
Fig. 1A). Broad lowlands and coastal
plains ring most of the island. Present-
day tectonic uplift resulting from the
convergence of the North American
and Caribbean plates is one of the main
drivers of the rugged topography that is
expressed across much of the island
(Taggart and Joyce, 1991; Brocard et al.,
2015, 2016). The average annual rainfall
varies dramatically across micro-climate
zones, with the highest annual rainfall
usually reported around the Sierra de
Luquillo (Fig. 1A) in the northeastern part
of the island (Ravalo et al., 1986; Daly et
al., 2003). High rainfall, temperature, and
humidity contribute to widespread sapro-
lite formation (Murphy et al., 2012).
Puerto Rico is part of an extinct volcanic
island arc that lies along the North America—
Caribbean plate boundary and is underlain
by a faulted basement assemblage of Upper
Jurassic ocean crustal fragments and
Cretaceous to Eocene volcaniclastic and
intrusive units (Jolly et al., 1998). This arc

complex is unconformably overlain by a
cover sequence of Oligocene—Pliocene
carbonates and associated siliciclastic
deposits (Monroe, 1976; Ortega-Ariza
et al., 2015).

HURRICANE MARIA

Hurricane Maria made landfall along
the southeast coast of Puerto Rico as a
Category 4 hurricane at 6:15 a.m. local
time (Atlantic Standard Time [AST]) on
20 September 2017 (Pasch et al., 2018)
and moved across Puerto Rico with a
west-northwest trajectory (Fig. 1A).
Rainfall data from Hurricane Maria vary
both in absolute magnitude and spatial
distribution. Estimates of average island-
wide rainfall from the National Hurricane
Center (NHC; Pasch et al., 2018), the
National Centers for Environmental
Prediction (NCEP; National Weather
Service, 2018), and the PERSTANN-Cloud
Classification System (CCS; Center for
Hydrometeorology and Remote Sensing,
2018) range from 280 to 543 mm, while

maximum rainfall values range from

353 to 1431 mm (see [A] in the GSA Data
Repository' for a summary of rainfall
data). Doppler estimates are not available
due to the destruction of radar during

the storm (National Weather Service,
2017b). Although rainfall estimates from
Hurricane Maria vary, multiple data sets
indicate that at least 250 mm of rain fell
across Puerto Rico’s mountainous terrain,
much of which had received 254-381 mm
of rainfall from Hurricane Irma two weeks
prior to Maria (5—7 September 2017;
Cangialosi et al., 2018).

LANDSLIDE DISTRIBUTION
AND CHARACTERISTICS

To rapidly assess the areas that were
most severely impacted by landslides, we
used post-hurricane satellite (DigitalGlobe
Inc.) and aerial imagery (Sanborn and
Quantum Spatial; Vexcel Imaging, 2017)
collected between 26 September and
8 October 2017 to map landslide density.
A few of the landslides that we mapped

' GSA Data Repository item 2019079, (A) summaries of published rainfall and soil moisture data from Hurricane Maria and (B) database of past hurricanes and
tropical storms in Puerto Rico with landslide occurrences described when applicable, is available online at www.geosociety.org/datarepository/2019.
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may have occurred during Hurricane Irma,
but an absence of imagery during the
interim precluded us from differentiating
between landslides that occurred during
each hurricane. We divided the island into
a2 km x 2 km grid and classified each grid
cell as either having no landslides (NLS),
1-25 landslides/km? (low landslide density,
LLD) or more than 25 landslides/km? (high
landslide density, HLD). With the intent of
rapidly preparing a product to aid emer-
gency response agencies, we visually
examined each grid, but did not map indi-
vidual landslides. Landslide scars were
readily visible in imagery because of defo-
liation from strong winds during Hurricane
Maria, and because of the sharp color con-
trast between exposed soil and rock and the
remaining vegetation (Fig. S1 [see footnote
1]). See Bessette-Kirton et al. (2017) for
further description of the mapping proce-
dure. We validated and updated our pre-
liminary density map (Bessette-Kirton et
al., 2017) by helicopter and on the ground,
covering a distance of 1950 km between

26 October and 6 November 2017.

From our mapping, we estimated that
more than 40,000 landslides resulted from
Hurricane Maria. Landslides occurred in at
least 59 of Puerto Rico’s 78 municipalities
(Fig. 1B). Many of the other 19 municipali-
ties have such low relief that landsliding is
unlikely. Five HLD clusters, ranging in
size from 12 to 132 km?, occurred in the

north-central and northwestern reaches of
the Cordillera Central. Landsliding in the
municipalities of Utuado and Naranjito was
particularly severe, with ~38% and 45% of
each municipality, respectively, classified
as having HLD. All five HLD clusters were
located ~10—20 km north of the Cordillera
Central divide (Fig. 1). Areas along the
southern flank of the Cordillera Central,
which have some of the highest relief and
steepest slopes on the island, generally had
lower landslide densities.

During field work, we observed a vari-
ety of landslide failure modes and material
types and properties. Most landslides were
shallow, translational failures in soil or
saprolite, generally measuring decimeters
to a few meters deep (e.g., Fig. S1A [see
footnote 1]). We also observed deeper (up
to ~30 m) complex failures (e.g., Fig. S1B)
in soil, saprolite, and rock, and rock falls
and rock slides. Many landslides transi-
tioned into debris flows (e.g., Figs. S1C
and S1D), and coalescence and subsequent
channelization of debris flows (e.g., Fig.
S1D) was common. Landslides that partly
reactivated preexisting landslides were
also common. Crosscutting relationships
between debris flow and flood deposits
indicated that landsliding occurred before,
during, and after extreme flooding (e.g.,
Fig. S1C). Landslides continued to occur
during storms in the days and weeks
following Maria.

ASSESSMENT OF
CONTRIBUTING FACTORS

Our evaluation of landslide distribution
shows that while landslides occurred
throughout most of Puerto Rico’s moun-
tainous interior, landsliding was particu-
larly severe in five distinct areas (Fig. 1B).
We examined rainfall, soil moisture, and
geology in NLS, LLD, and HLD areas as a
first-order attempt to understand the dif-
ferences between severely impacted areas
and neighboring areas in which landslides
were less spatially dense.

Elevated pore-water pressure from rain-
fall is the most common trigger for land-
slides (Terzaghi, 1950). Because subsurface-
water pressure is not commonly measured,
rainfall is often used as a proxy. During
Hurricane Maria, rainfall amounts
reported by the NHC and NCEP data sets
for NLS areas were 7%—12% less than the
average island-wide rainfall (Fig. 2). The
average island-wide rainfall reported by
the PERSIANN-CCS data set was about
equal to rainfall in NLS areas (Fig. 2).

All three data sets showed that rainfall in
LLD and HLD areas was greater than
average (4%—19% increase; Fig. 2), but
differences in the spatial distribution of
rainfall resulted in inconclusive differ-
ences between LLD and HLD areas.

Variability between rainfall data sets
calls into question the validity of using
island-wide rainfall estimates for localized
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Figure 2. (A) Deviation from average island-wide rainfall and soil moisture in areas with no, low, and high landslide densities. (B)
Soil Moisture Active Passive (SMAP) root zone soil moisture (Reichle et al., 2018) measurements from April 2015-December 2017
(Hurricane Maria shown with stars). (C) Antecedent SMAP root zone soil moisture measurements during the two weeks preceding
Hurricane Maria, including the passage of Hurricane Irma. SMAP data were averaged across the entire island and in areas with
low landslide density (LLD) and high landslide density (HLD). CCS—PERSIANN-Cloud Classification System; NCEP—National
Centers for Environmental Prediction; NHC —National Hurricane Center.



areas (Fig. S2 [see footnote 1]). Collecting
accurate rainfall data during hurricanes is
intrinsically difficult due to high winds and
the inability to measure sideways rainfall.
During Hurricane Maria, these complica-
tions were compounded by damage to rain
gages (at least 14 of the U.S. Geological
Survey’s 24 gaging stations; U.S. Geo-
logical Survey, 2017b) and the failure of
two Federal Aviation Administration
Doppler radars (Buchanan, 2017; National
Weather Service, 2017b). Additionally,
localized effects, such as orographically
enhanced rainfall, may have produced
pockets of heavy rain that were not accu-
rately represented by any of the existing
data sets.

Soil moisture is a better proxy for pore-
water pressure than rainfall because it is a
subsurface hydrologic response variable.
We found that soil moisture measurements
from NASA’s Soil Moisture Active
Passive (SMAP) mission (see [A] in the
GSA Data Repository [see footnote 1])
differentiated between LLD and HLD
areas more effectively than did rainfall
data. We compared landslide density to
SMAP’s 9 km x 9 km gridded global esti-
mates of root zone (0—100 cm) volumetric
water content before (9:30 a.m. AST on 18
September 2017) and after (9:30 p.m. AST
on 21 September 2017) Hurricane Maria
(Reichle et al., 2018; Fig S3 [see footnote
1]). These estimates rely on remotely
sensed measurements of brightness tem-
peratures and the solution of a water and
energy balance (see [A] in the GSA Data
Repository for details [see footnote 1]).
Both antecedent and post-event root zone
SMAP measurements showed that soil
moisture was 10%-23% greater than the
island-wide average in areas where land-
slides occurred (LLD and HLD areas) and
5%—7% less than the island-wide average
in NLS areas (Fig. 2A). Additionally, the
difference in deviation from the mean
between LLD and HLD areas for anteced-
ent and post-event root zone soil moisture
measurements (11%) was nearly twice as
large as the spread between LLD and
HLD areas for rainfall (3%—6% increase
and 7% decrease).

SMAP measurements from the two
years prior to Hurricane Maria (Fig. 2B)
show that soil moisture across Puerto Rico
immediately before Maria (18 September
2017) was 10% above the average island-
wide soil moisture during the period of
record (April 2015-December 2017).

Additionally, the antecedent soil moisture
in LLD and HLD areas was 13% and 11%
above average, respectively. SMAP data
showed that prior to the passage of
Hurricane Irma, the average island-wide
soil moisture was already higher than
normal, and rainfall from Irma only
caused a slight increase in island-wide soil
moisture (Fig. 2C). The increase in soil
moisture caused by heavy rainfall during
Hurricane Maria was unprecedented
(41%—48% above average) during the time
period for which SMAP data are available.
However, increased antecedent soil mois-
ture prior to Hurricane Maria evidently
influenced the susceptibility to land-
sliding in LLD and HLD areas. This
finding, along with the physical relation
between increased pore-water pressure
and decreased effective material strength
(Terzaghi, 1950), may make soil moisture
a useful tool for estimating differential
susceptibility to landsliding prior to future
storms with predicted heavy and wide-
spread rainfall. Although the resolution of
soil moisture data is coarse (9 km x 9 km),
and the data for Puerto Rico are primarily
derived from a land-surface model with-
out local calibration, our preliminary
assessments indicate that SMAP data
could be a useful component of landslide
forecasting across widespread areas prior
to future hurricanes.

An examination of mapped rock forma-
tions in mountainous areas indicated that
geologic material did not consistently cor-
relate with landslide density. Twelve of the
island’s 145 rock formations (Bawiec,
1998) had >10% HLD by area. Landslides
were observed nearly everywhere in half
of these 12 formations and had HLD clas-
sification in >11% of their areas. In con-
trast, the other six formations had HLD
in >14% of their areas but also had no
observed landslides in >11% of their areas.
Similar variability is also apparent when
grouping geologic formations by terrane
(Fig. S4 [see footnote 1]). For example, the
intrusive igneous rock terrane had the two
formations with the highest proportion of
HLD area, both of which also had land-
slides across nearly their entire areas
(granodiorite-quartz diorite of the Utuado
batholith [Ku] and hornblende quartz dio-
rite porphyry [Thp]; Fig. 3). However, two
similar formations both lacked landslides
and had large areas of high density land-
slides (diorite [TKdi] and rhyodacite por-
phyry [Trhp]; Fig. 3). Finally, the San

Lorenzo Formation granodiorite (Ksl) had
no HLD areas and lacked landslides in
53% of its area, yet the formation is essen-
tially equivalent to the Ku granodiorite
(Bawiec, 1998), which displayed the
greatest areal percentage of HLD (63%).

To the extent of the resolution of our
data, these variations in landslide density
cannot be attributed to differences in rain-
fall or slope. Instead, it appears that rela-
tions between geologic formation and
landslide density were largely due to soil
moisture variability. For example, Ksl
occurs in the eastern quarter of the island
where soil moisture was relatively low
(0.25-0.26 m3/m?), whereas Ku occurs
where soil moisture was relatively high
(Fig. S5 [see footnote 1]). Individual for-
mations with large HLD areas (Fig. 3) also
reveal trends between landsliding and soil
moisture (Fig. S5) when considering for-
mations that cover large areas of Puerto
Rico (necessitated by the gross resolution
of SMAP data). The three formations that
are most widespread from east to west
(basaltic breccia and basalt lava [KlIn],
hornblende quartz diorite porphyry [Thp],
and diorite [TKdi]; spanning east-west
distances of ~60, 70, and 160 km, respec-
tively) display strong positive correlations
between soil moisture and landslide den-
sity (Fig. S5). We conclude that landslide
densities were not strongly controlled by
variable susceptibility to landsliding
among the geologic formations, but by
variable soil moisture.

Although we have identified spatially
averaged correlations between landslide
density and soil moisture, the resolution
of our island-wide data sets and our
method of grid analysis do not allow
for differentiation of contributing factors
at a scale sufficient for detailed analyses.
For example, our analysis of island-wide
geology (1:100,000 scale) does not
account for localized variations in geo-
logic units that may affect rock weather-
ing rates and soil formation, and therefore
landslide susceptibility. The resolution of
our 2 km x 2 km grid framework is com-
patible with island-wide rainfall and soil
moisture data sets but is likely less useful
for comparison with higher resolution
data sets (<4 km?). While our rapidly pro-
duced landslide density map allowed for
the analysis of contributing factors on a
regional scale, a detailed inventory would
be invaluable for more localized assess-
ments of landslide susceptibility.
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Figure 3. Landslide density distributions and geologic formations. (A) Map showing geologic formations with >10% by
area high landslide density and with >10% by area absent landslides. (B) Chart showing formations with >10% by area
with high landslide density. Ku—granodiorite; Thp—hornblende quartz diorite; Kap—basalt lava and tuffaceous sand-
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COMPARISON WITH
PAST EVENTS

To place Hurricane Maria in the context
of previous landslide-generating TCs, we
compiled rainfall data and information on
the extent and characteristics of landslides
from 72 TCs that affected Puerto Rico
between 1960 and 2017 (see [B] in the GSA
Data Repository [see footnote 1]). Based on
this information, we classified the extent of
landsliding as either none, isolated, fre-
quent, or widespread for each TC (Table S2
[see footnote 1]; see Table 1 for classifica-
tion criteria). In addition to reporting maxi-
mum rainfall (Fig. 4A), we calculated the
average rainfall in mountainous terrain
(mean mountain rainfall [MMR], Fig. 4B)
for 56 TCs for which data were available.
We used contoured rainfall maps (National
Centers for Environmental Prediction,
2018) to extract the average rainfall in areas
with slopes >20° for each historical TC to
compare with all three rainfall data sets
from Hurricane Maria. On average,
Hurricane Maria produced more rain than
any other TC to affect Puerto Rico in the
58-year record (Fig. 4). Our calculated
MMR values for Hurricane Maria range

from 287 to 579 mm, and although these
values vary by as much as a factor of two,
even the minimum is nearly twice as large
as the median MMR for all previous wide-
spread landsliding events (152 mm).

Although TC-triggered widespread land-
sliding occurs frequently in Puerto Rico,
the number and spatial extent of landslides
triggered by Hurricane Maria were unprec-
edented in comparison to previously docu-
mented events. For example, Hurricane
Hugo (1989) and the precursor to Tropical
Storm Isabel (1985) both produced large
amounts of rain but only triggered land-
slides that were confined to localized areas
(Jibson, 1989; Larsen and Torres-Sanchez,
1992). Other TC-triggered landslide events
have not been documented systematically,
and typically refer to “numerous” landslides
in one or more municipalities or regions of
Puerto Rico (Table S2 [see footnote 1]).
Based on our island-wide landslide density
map (Fig. 1B), we estimate that the number
of landslides triggered by Hurricane Maria
(at least 40,000) was approximately two
orders of magnitude greater than the hun-
dreds of landslides reported from previous
detailed inventories.

CONCLUSIONS

Although landsliding is frequent on
steep hillslopes in Puerto Rico, the abun-
dance and widespread extent of landslides
that occurred during Hurricane Maria
were unprecedented in comparison to
previously recorded hurricane or tropical
storm-triggered landsliding events.
Hurricane Maria provided a unique data
set to examine the characteristics and con-
tributing factors of landslides with variable
failure types and material properties as a
means of improving future hazard assess-
ments throughout Puerto Rico.

While we have shown that the average
rainfall from Hurricane Maria in mountain-
ous areas was greater than that of any other
hurricane or tropical storm in Puerto Rico
since 1960, we also found that inconsisten-
cies among rainfall data sets and the coarse
resolution of available data did not allow for
a meaningful assessment of the correlation
between rainfall amount and landslide dis-
tribution. Satellite-based SMAP measure-
ments from both before and after Hurricane
Maria showed larger differences between
low and high landslide density areas, indi-
cating that, unsurprisingly, soil moisture



TABLE

1. CRITERIA USED TO CLASSIFY THE OCCURRENCE OF LANDSLIDES

DURING 72 HURRICANES AND TROPICAL STORM SYSTEMS THAT IMPACTED

PUERTO RICO BETWEEN 1960 AND 2017

Landslide Classification Criteria
Classification
None No landslides reported in available sources.
Isolated Fewer than 10 landslides reported.
Frequent More than 10 landslides reported; reports are generally localized. This
category includes events reported in Larsen and Simon (1993) and Pando
et al. (2005), which classify all reported landslide events as “moderate to
extensive” with “tens to hundreds of landslides” if the event is not
documented in any other source.
Widespread Hundreds of landslides reported; landslides reported in many municipalities
or large regions. This category includes any event that the Federal
Emergency Management Agency declared as a major disaster or
emergency because of landslides (Federal Emergency Management
Agency, 2018).
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Figure 4. Distribution of (A) maximum rainfall and (B) mean mountain rainfall for widespread, fre-
quent, isolated, and no landslide-triggering hurricanes and tropical cyclones that affected Puerto
Rico between 1960 and 2017 (see [B] in the GSA Data Repository [see text footnote 1]). Rainfall data
for Hurricane Maria are from the National Hurricane Center (NHC), National Centers for Environ-
mental Prediction (NCEP), and the PERSIANN-Cloud Classification System (CCS). See (A) in the GSA
Data Repository (see text footnote 1) for detailed information on rainfall data sets.

was an important factor in landslide suscep-
tibility. Additionally, above-average
antecedent soil moisture levels may have
contributed to unprecedented widespread
landsliding throughout mountainous areas
of Puerto Rico, demonstrating that SMAP
data could be used in the future to assess
landslide susceptibility prior to hurricanes
and tropical storms. We did not observe
variable inherent susceptibility to land-
sliding for geologic bedrock units. Incon-
sistent correlations between landsliding

and underlying bedrock formations likely
resulted from differences in soil moisture.
While a detailed landslide inventory is nec-
essary for the analysis of localized landslide
susceptibility, the rapid quantification of
landslide density proved to be advantageous
for systematically assessing the impact of
widespread landsliding during an extreme
precipitation event.
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