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Map Depicting Susceptibility to Landslides Triggered by
Intense Rainfall, Puerto Rico

By K. Stephen Hughes," and William H. Schulz?

Executive Summary

Puerto Rico is vulnerable to landsliding. This report summarizes creation of a new high-resolution model of rainfall-induced
landslide susceptibility for the main island. The main island of Puerto Rico was classified at 5-meter pixel scale into categories of
Low, Moderate, High, Very High, or Extremely High susceptibility to landsliding during and soon after intense rainfall, such as is
produced during tropical cyclones. The map data can be downloaded as georeferenced files in multiple formats by the public or
government agencies and used in a geographic information system platform. The model is intended for use in planning, development,
and emergency management. The map highlights areas susceptible to landsliding that may warrant further site-specific evaluation
by licensed professionals.

This map product highlights an important collaboration between the U.S. Geological Survey and the Department of Geology
at the University of Puerto Rico at Mayagiiez that materialized after the destructive Hurricanes Irma and Maria in September 2017.
An inventory of more than 70,000 mass wasting sites triggered by Hurricane Maria represents one of the initial products of this
partnership and was an essential dataset in the modeling effort described in the report. Characteristics of the inventoried sites
were statistically analyzed to produce Susceptibility Index values for various geospatial factors that were combined to form the
new map product. The model output demonstrates how post-disaster data can be used to better understand risks and hazards for
the future. The project benefited from diverse feedback among colleagues in the U.S. Geological Survey, at the University of
Puerto Rico at Mayagiiez, and government agencies in Puerto Rico. In addition, the inventory and present study satisfy sections
(a), (b), (¢), (d), and (i) of Article 4 in Puerto Rico Law 24 of 2008—Protocol for the Mitigation of Landslide Risks in Puerto
Rico. The susceptibility map also represents an important step in understanding erosion, sedimentation, and hazards that arise
from heavy rainfall in Puerto Rico and the tropics.

Abstract

Landslides in Puerto Rico range from nuisances to deadly events. Centuries of agricultural and urban modification of the
landscape have perturbed many already unstable hillsides on the tropical island. One of the main triggers of mass wasting on the island is
the high-intensity rainfall that is associated with tropical atmospheric systems. Puerto Rico’s geographic position and rugged topography
render millions of residents vulnerable to widespread landslide events. In this study, a high-resolution (5 meters), high-intensity rainfall-
induced landslide susceptibility model was produced using the frequency-ratio method. Datasets utilized in the model included a com-
plete-island landslide inventory created from imagery obtained after Hurricanes Irma and Maria impacted the island during September
2017, slope inclination, land-surface curvature, soil type, geologic terrane, mean annual precipitation, land use, soil moisture, and
distance to roadways and streams. The final data product (plate 1) is a statistically viable representation of where landslides are
likely to initiate during or soon after intense rainfall, with a robust receiver operating characteristic area-under-curve value of 0.87. The
model output raster pixel values were binned into 100 equal-area quantiles and then classified into Low, Moderate, High, Very High, and
Extremely High classes of susceptibility. The Extremely High susceptibility classification represents the most vulnerable 1 percent of the
island, whereas Very High, High, Moderate, and Low classifications cover 9, 20, 30, and 40 percent of the island, respectively. The sus-
ceptibility map is intended to assist in planning future development, mitigation measures, and post-event emergency response; however,
it is not a substitute for site-specific, slope-stability assessments performed by licensed geologists and engineers. Additionally, the map
does not portray locations where landslide material may travel after mobilization, and which may be at extreme risk; nor does it necessar-
ily portray where landslides may occur during earthquakes or mass wasting triggered by prolonged, relatively low-intensity rainfall.

"University of Puerto Rico, Mayagiiez, Puerto Rico.

2U.S. Geological Survey.
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Introduction

Puerto Rico (18.25°N., 66.50°W.) is an approximately 9,000-square kilometers (km?) Caribbean territory of the United
States and is the easternmost island of the Greater Antilles archipelago. Home to more than 3 million citizens, the archipelago’s
population density is the fourth highest of any U.S. State or State-equivalent jurisdiction, behind only the District of Columbia,
New Jersey, and Rhode Island (U.S. Census Bureau, 2010). Unlike those locations, most of the Puerto Rican landscape is moun-
tainous, a consequence of its location along the tectonically active North American-Caribbean plate boundary zone. A narrow,
discontinuous coastal plain rings a rugged interior where the highest peaks on the main island are more than 1,300 meters (m)
above sea level and lie within 150 kilometers (km) of the more than 8,000 m deep Puerto Rico trench, which marks the plate
boundary. The island’s terrain is demarcated by the east-west trending Cordillera Central (fig. 1), which is the main north-south
fluvial divide, and the Sierra de Luquillo that lies in the northeast corner of the territory. Because of the high-relief, rugged
topography that covers most of the land surface, and relatively higher risk of tectonic or climatic conditions that can induce
landslides, millions of residents in Puerto Rico are disproportionately more likely to suffer the effects of mass wasting than their
counterparts in the continental United States (Jibson, 1987).

The purpose of the landslide susceptibility map product presented herein (plate 1) is to provide high-resolution (5-m pixel)
hazard data that can be directly used by citizens and government agencies to assess and plan effectively for future extreme
precipitation events that induce widespread slope failure across the main island of the territory. Given that long-term tropical
cyclone forecasts predict more frequent high-intensity events that will likely directly affect Puerto Rico in the future (Knutson
and others, 2010; Jennings and others, 2014; Keellings and Hernandez Ayala, 2019; Ramos-Scharrén and Arima, 2019), this
landslide susceptibility map can be used as a tool to potentially avoid the loss of life and property.

Background

Mass Wasting in Puerto Rico

Mass movements present persistent hazards in Puerto Rico. Landslides, rockfalls, slumps, debris flows, and other mass
movements are responsible for the loss of human life, private property, transportation routes, utility infrastructure, and the
temporary isolation of remote communities across the densely populated, rugged Caribbean island (for example, Jibson, 1987,
Larsen, 2012; Bessette-Kirton and others, 2019). For this report, the term “landslide” is used to include all types of slope failure.
The mountainous interior of the island is most at risk from landslides; however, landslides also present risks in an extensive
karst province and coastal zones marked by steep cliffs and terraces. The 1985 landslide disaster at Mameyes in Ponce (fig. 2),
which claimed at least 129 lives, serves as a reminder of the vulnerability to landslides on the island and remains the deadliest
landslide event to have occurred in any jurisdiction of the United States (Jibson, 1986; Silva-Tulla, 1986). Large block land-
slides like the Mameyes example exist at other locations across the island (figs. 3 and 4), including Cerca del Cielo (Wang,
2012, 2013; Rivera Santiago, 2015), Lago Guajataca Dam (Monroe, 1967; Silva-Tulla and others, 2018); El Yunque (Wang and
others, 2013), Highway PR-10 in Utuado (Rodriguez-Pérez and others, 1988; Deere and others, 1989), Highway PR-9 in Ponce
(Garcia Lopez, 2018), and scattered along the southern karst escarpment (Monroe, 1964). Much more frequent and widespread
are shallow mass movements that usually mobilize into fast-moving channelized debris flows that deliver sediment directly to
the fluvial network (figs. 5-9; Campbell and others, 1985; Jibson, 1986, 1989; Larsen and Simon, 1990, 1993; Simon and others,
1990; Larsen and Torres Sanchez, 1992; Larsen and Santiago Roméan, 2001; Pando and others, 2005; Larsen, 2012; Hughes and
Morales Vélez, 2017; Morales Vélez and Hughes, 2018; Silva-Tulla and others, 2018; Bessette-Kirton and others, 2019). The
introduction of liberated sediment into a river system also has negative consequences related to sedimentation, especially in
watersheds that have impounded reservoirs (for example, Soler-Lopez, 2000; Rodriguez Feliciano and others, 2019).



Elevation (m)
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Figure 1. Topography of the U.S. territory of Puerto Rico (U.S. Geological Survey, 2017). The east—west trending Cordillera Central is the principal topographic feature on the
island. It reaches more than 1,300 meters (m) above sea level and is the primary drainage divide between rivers to the north that drain to the Atlantic Ocean and rivers to the

south that drain to the Caribbean Sea. The north coast karst terrain covers about 20 percent of the island’s surface. The prominent Sierra de Luquillo in eastern Puerto Rico is
the site of El Yunque National Forest. Puerto Rico is the easternmost of the Greater Antilles archipelago and lies approximately 1,600 kilometers (km) southeast of the State of

Florida (see inset). Approximate locations of the Great Northern and Great Southern Puerto Rico Fault Zones are modified from Zachariasen and von Hillebrandt-Andrade (2005).

Explanation of municipality abbreviations can be found in appendix 1.
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Figure 2. Headscarp and body of the large block landslide in 1985 at Mameyes, Ponce, Puerto Rico (18.024, -66.619). Photograph taken October 1985 by James Joyce,
University of Puerto Rico at Mayagiiez, used with permission. View is looking west.
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Figure 3. Large block landslide along Highway PR-9 in Ponce, Puerto Rico (18.032, -66.636). Photograph taken on 4 September 2018 by Stephen
Hughes, University of Puerto Rico at Mayagiiez. View is looking southeast.
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Figure 4. Large block failure along uncompleted section of PR-385 in Pefiuelas, Puerto
Rico (18.051, -66.724). Photograph taken by the Puerto Rico Autoridad de Carreteras y
Transportacion on 20 November 2005. View is looking south.

Figure 5. Debris flows (light-colored linear features on the hillslopes) triggered by Hurricane
Georges along the Rio Grande de Arecibo in Utuado, Puerto Rico (18.222, -66.717). Photograph
taken on 1 October 1998, courtesy of Cheryl Hapke, U.S. Geological Survey. View is looking north.



Figure 6. Landslide along Highway PR—4131 in the municipality of Lares, Puerto Rico (18.250, -66.884). Photograph taken on 15 October 2017 by the Civil
Air Patrol (2017). View is looking west.
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Figure 7. Abundant shallow mass movements and debris flows on the eastern side of the upper reach of Lago Caonillas, Puerto Rico (18.252, -66.644).
Photograph taken by the Civil Air Patrol (2017) on 17 October 2017. View is looking northeast.
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Figure 8. Landslide that transitioned to debris flow along Highway PR-143 in Barranquitas, Puerto Rico (18.176, -66.338). Photograph taken by the Civil
Air Patrol (2017) on 12 October 2017. View is looking west.
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Figure 9. Shallow failure in Rio Blanco watershed of Naguabo, Puerto Rico (18.266, -65.789). Photograph taken on 26 March 2018 by Stephen Hughes,
University of Puerto Rico at Mayagiiez. View is looking east—southeast.
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Introduction 1

General Geology of Puerto Rico

The geology of the island is complex. In its simplest conceptualization, two main components include (1) an Eocene and
older basement arc complex (Jolly and others, 1998a, 1998b) that is unconformably overlain by (2) a late Oligocene to Pliocene
carbonate cover sequence (Monroe, 1980a; Ortega-Ariza and others, 2015). The basement rocks include volcaniclastic units,
granodiorite plutons, serpentinite, and other rock types. Since the Pliocene, the island has experienced uplift, which continues to
the present (Taggart and Joyce, 1989; Brocard and others, 2015); adjustment to this tectonic forcing has promoted topographic
disequilibrium. Fluvial incision into low-relief erosional surfaces has shaped a deeply dissected landscape where hillslopes are
oversteepened and drainage divides are susceptible to piracy. Erosion is also controlled in many places by the local bedrock
geology. For example, karstification of carbonate rocks that underlie about 20 percent of the island has resulted in a topographic
expression distinct from that of other geologic units on the island. In these karst zones, most water movement is subterranean,
but elsewhere, surficial fluvial processes have exploited the abundance of faulted contacts in the island’s older basement arc
complex. Pronounced valley systems mark both the Great Northern and Southern Puerto Rico Fault Zones. Classic graben and
half-graben fault systems are also expressed in the topography of western Puerto Rico (Grindlay and others, 2005; Mann and
others, 2005; Prentice and Mann, 2005; Moul-Bogunovic, 2019). Chemical weathering is accelerated in most of the territory due
to the prevalent humid tropical climate.

Natural Landslide-Provoking Phenomena in Puerto Rico

The island is particularly exposed to tropical cyclone activity because of its latitude and ocean setting. The most devastating
atmospheric events to affect Puerto Rico usually originate near the Cape Verde islands in the eastern Atlantic Ocean and travel
west-northwest towards the Lesser and Greater Antilles (Ramos-Scharron and Arima, 2019). The most destructive hurricanes
that have affected Puerto Rico since U.S. occupation in 1898 are San Ciriaco (1899) and Maria (2017). Because of vast differ-
ences in the political and societal landscape of the island during each event, direct comparison of the impacts of the two storms
is difficult. However, both storms caused historic flooding, destruction of infrastructure, extensive loss of cultivated lands, and
loss of life. Hurricane San Ciriaco resulted in the death of more than 3,000 residents and left more than 200,000 residents of the
total population of about 950,000 homeless and facing starvation (Sanger and others, 1900; Schwartz, 1992). Hurricane Maria
also caused the death of an estimated 3,000 citizens and triggered the outmigration of about 8 percent (about 280,000 people) of
the island population in the months after the storm (Milken Institute School of Public Health, 2018).

The archipelago lies at the seismically active interface of the North American and Caribbean tectonic plates. Widespread
slope failures can also be triggered by seismic shaking. A swarm of earthquakes with magnitude as great as 6.4 occurred from
December 2019 to January 2020 generally offshore of the Guanica municipality (fig. 1) and triggered rockfalls from steep slopes
in limestone bedrock near the epicentral area (Lopez and others, 2020). Prior to this, the 1918 magnitude 7.2 Mona Passage
earthquake (Doser and others, 2005) initiated mostly rockfalls that were generally reported in areas underlain by limestone
bedrock units in the northwest portion of the island, closest to the inferred epicenter zone offshore (Reid and Taber, 1919).
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Anthropogenic Topographic Perturbations

Since colonization in the late 15th century, diverse societal factors in Puerto Rico have contributed to an increase in the failure
susceptibility of hillslopes, many of which were already naturally vulnerable. During the 19th century under Spanish control,
almost all of the usable Puerto Rican landscape was developed for agricultural crops such as sugarcane, coffee, and plantains
(Dietz, 1986). In the decades after U.S. acquisition in 1898, a shift towards industrialization occurred, and in the latter 60 years
of the 20th century, forests increased from only 10 percent coverage of the island to more than 40 percent (Grau and others,
2003). This statistic represents the abandonment of agricultural practices for the majority of the population and the movement
towards urbanization. Both the agricultural and industrial phases of land use practice have involved extensive road networks.
For the agrarian phase, a dense and tangled web of improvised roads was developed across montane plantations, and during the
urbanization phase, construction of dense residential communities expanded into the hills and mountains surrounding population
centers. Excavation and fill placement associated with road building throughout the development of the island has led to an
increase in landslide susceptibility along and near roadways (for example, Larsen and Torres-Sanchez, 1992).

Previous Landslide Susceptibility Studies for Puerto Rico

Puerto Rico has been the focus of many landslide-related investigations given that it is a geographically, topographically, and
climatologically unique jurisdiction under U.S. control. Puerto Rico-specific rainfall intensity thresholds have been empirically
derived for historical storms that triggered widespread mass wasting (Larsen and Simon, 1993; Pando and others, 2005).
Island-wide estimations of high landslide vulnerability zones have been carried out in the past at 1:240,000 and 1:60,000 scales
(Monroe, 1979; Kamal, 2008; Lepore and others, 2012). Monroe’s hand-drawn map (1979) was developed based upon exten-
sive bedrock and surficial mapping carried out across the island and showcases zones susceptible to large and deep bedrock
failures along prominent escarpments in the island’s northern carbonate region (fig. 10). The vast majority of the interior of the
island was classified as moderately susceptible, without much differentiation. Kamal (2008) and Lepore and others (2012) used
a robust bivariate statistical method and partial landslide inventories available in central and eastern Puerto Rico to derive a
susceptibility model (fig. 11) superior to Monroe’s map (1979). The same general bivariate approach is used in this study, with
modification.

Some regionally focused landslide susceptibility maps have been prepared for individual municipalities, including Ponce
(PON; Larsen and others, 2004) and Comerio (COM; Larsen and Parks, 1998) at 1:30,000 and 1:20,000 scale, respectively. Both
of these maps were prepared using a subjective matrix methodology and regional mass movement inventories. In addition, a
seismic-triggered landslide susceptibility map was prepared for seven municipalities in the San Juan metropolitan area (TBA,
CAT, BAY, SJU, GYB, CAR, and TRU; Santiago and Larsen, 2001).



—18°30'N

BAY

-18°15N <% ‘ T 2.8
- ) ) ~
T2 N Landslide

susceptibility

.Active / recent
B Hion

I:l Moderate
D Low

LN g Ase T e

661’W

Figure 10. Hand-drawn landslide susceptibility map (1:240,000) modified from Monroe (1979). Most zones of active movement and high susceptibility lie within and at the
margin of the northern carbonate province. Explanation of municipality abbreviations can be found in appendix 1. (km, kilometer)

uoranposu|

€l



-18°30'N B < % = - . B 1 km
AGL . A7 o “|BAR e T apn AR R 0 5 10
. -\ ISA QUE b o ~ ! . MAN VBA DOR TBA’ . R ,G ) ol
CAM Y'maT| = age , . AL | ' R N :
D s Y o ' : SER O e I 3 SJU = CAR )
‘ Momoc [T FLO ‘TAL ) gay. (GYB S\, - {CAN RIO - Lua
AGA AR : . Ty “} TRU ;
RIN S8 NOR coR ' FAJ
. ’ . CIA " | ’NAR :
‘o ANA ‘ o .
P . {GUR
- . R LAR uTu . {é . s oas S T e (CEl %
~18715N : LMA L : ORO " CoM ) . < ~{ JUN - VAR
© . MAY v i JAY \{‘ BAQ £ QAG E V L .
- ADJ . ¢l S ,
MAR . o '- “SLO LU hum
N HOR * viL AT T ' Landslide
SGM < COA CAY . T
K AR L. i . " Susceptibility
SAB \  YAU o oy L) £ YAB
cBR / v 3 b PEN . ) A upz ' N -Very High
o _ GNA : R B . RAT
ST =g : L MAU [ JHign
| 1qo i § i SAL - | .. -GMA" " --JARY\T -
1N _GUA “1 ' P BRI I:lModerate
67° 66°30'W 66°W I:l'-o‘”
| | |
Figure 11. Landslide susceptibility map modified from Lepore and others (2012). Inventory areas used to inform their model are delineated by the three boxes. Explanation of

municipality abbreviations can be found in appendix 1. (km, kilometer)

14!

091y opand ‘|jejuiey asuaju] Aq paiabibii] sapispueq o) Aujiqndaasng bunaidaq depy



Datasets and Methodology 15

Datasets and Methodology

The landslide susceptibility model described herein utilizes the Hurricane Maria digital landslide inventory (figs. 12 and 13;
Hughes and others, 2019) as well as a host of other geospatial data. The inventory includes 71,431 points that correspond to the
centers of headscarps formed at failure initiation sites. The sites were manually identified using high-resolution, georeferenced,
post-event aerial and satellite imagery. The dataset appears to represent the largest rainfall-induced event slope failure inventory to
date. The smaller municipalities of Culebra and Vieques that lie offshore of the main island were not incorporated in the model
because they do not present considerable sites for slope failure and there were no landslides on these islands in the Hurricane
Maria post-event inventory (Hughes and others, 2019). In addition, other minor outlying islands off the coast of Puerto Rico,
including Caja de Muertos, Desecheo, Mona, and Monito, were not included in the analysis.

Various data in this study are classified by their correlation with Maria slope-failure sites and combined into a comprehensive
model. The method employed is the frequency-ratio (FR) bivariate approach (Lee and Pradhan, 2006; Lee and others, 2007;

He and Beighley, 2008; Lepore and others, 2012; Chalkias and others, 2014). Like other empirical assessments, FR analysis
assumes that landslides are likely to occur in locations that have very similar conditions to previous failure sites (Brabb, 1984;
Varnes, 1984; Sidle and Ochiai, 2006). The use of FR modeling requires that quantitative target factors (such as slope, curvature,
aspect, and so on) are classified into ranges or bins. Then the percentage of total study area covered by that bin range is compared
to the total percentage of events (landslides in this case) from some empirical dataset that are geospatially coincident with the
locations where the bin range exists in the study area. A FR value for each bin (7) of each characteristic (f) is calculated using
equation 1 (modified from He and Beighley, 2008; Lepore and others, 2012; and Chalkias and others, 2014):

_ N, Lfi /N L 1
= LA W
where:
FR, is the frequency-ratio value for each bin (i) of each characteristic (f),
N, /N f is the ratio of the number of landslides in a bin (for example, slope of 0 degrees [°] —5°) to the total number
of landslides, and
A/A is the ratio of any area with the same bin characteristic to the total study area.
The value of FR, is interpreted to indicate higher correlation of the event dataset to the geospatial factor dataset if it is greater
than 1. FR, values cannot be 0 or negative. Equation 2 was used to convert FR, values to Susceptibility Index (S7) values because
equally opposite FR ” values are not symmetrically distributed about the neutral value of 1:

SI.=In (FR), (2

where:
ST, is the S7 value for each bin (i) of each characteristic (f).

Once converted to S/ values, the neutral value is now 0, and negative numbers represent anti-correlation and positive num-
bers represent correlation between the event dataset and the geospatial factor dataset. Table 1 shows an example of hypothetical
FR, values converted to SI, values. The use of S/ p values allows for the simple summing of classified factor raster datasets in the
final model output.

Only a random 75 percent of the Hurricane Maria slope failure event inventory (Hughes and others, 2019) was used to calcu-
late the ST values for the landslide susceptibility model. The remaining 25 percent was used to examine the viability of the model
using a receiver operating characteristic (ROC) curve (see “Results and Discussion” section). Although landslide inventories were
created following other events (Jibson, 1989; Larsen and Torres-Sanchez, 1992), we were unable to obtain georeferenced versions
of these inventories with which to test our model. We attempted to georeference the inventories from the publications, but results
indicated inconsistent mislocations as great as several hundred meters between mapped landslides and their apparent true locations
revealed by a light detection and ranging- (lidar-) derived digital elevation model (DEM; U.S. Geological Survey [USGS], 2017).
Once the ST values for each of the factors described below were calculated, they were combined using equation 3 to obtain an
aggregate S/ value (SI4) for each pixel at 5-m resolution across the main island of Puerto Rico (fig. 14):

SIA = (SL,+SI,+SI,+SI, ...) + X(SL), ®)

where:
SI4 is the aggregate S/ value,
SI. is the S7 value for nonslope factor n,
X is the number of nonslope factors, and

ST, is the S7 value for the slope factor.
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Figure 12. Hurricane Maria event slope failure inventory (Hughes and others, 2019). Each small circle represents one landslide site. There are 71,431 sites in the
inventory. Explanation of municipality abbreviations can be found in appendix 1. (km, kilometer)
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Figure 13. Density of landslide sites from the Hurricane Maria event inventory. Point data from Hughes and others (2019) were used to determine the spatial density of the
points, which is shown in the figure. The figure was created with kernel density technique using a 2-km-diameter window. Explanation of municipality abbreviations can be found
in appendix 1. (km, kilometer; km?, square kilometer)
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Table 1.

Hypothetical examples of a set of frequency-ratio (FR)

values and corresponding Susceptibility Index (S/) values for
a given bin (/) of any characteristic (f). Cooler colors represent
increasingly less correlation between the characteristic bin
and inventory sites. Warmer colors represent increasingly

greater correlation between the characteristic bin and

inventory sites. A FR value of 1 and S/value of 0 are neutral. S/
is the natural log of FR.

[FRﬁ, the frequency-ratio value for each bin (7) of each characteristic (f); SI,,
the S7 value for each bin (i) of each characteristic (f)]

Ratio FR SI
1:4 0.25 -1.39
1:3 0.33 -1.11
1:2 0.5 -0.69
1:1 1 0

2:1 2 0.69
3:1 3 1.1
4:1 4 1.39
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Figure 14. Flowchart depicting the process followed to develop the SIA_raster, which forms the basis for the landslide
susceptibility map (geol., geological; precip., precipitation; prox., proximity; FR, frequency ratio; S/, Susceptibility Index; S/A,
aggregate Susceptibility Index; SIA , aggregate Susceptibility Index modified by soil moisture)



Datasets and Methodology

Table 2. Data utilized in the frequency-ratio analyses.

[USGS, U.S. Geological Survey: lidar, light detection and ranging; NHD, National Hydrography Dataset; GAP, Puerto Rico Gap Analysis Program; USDA,
U.S. Department of Agriculture; NRCS, Natural Resources Conservation Service; NASA, National Aeronautics and Space Administration]

19

Factor' Data source Original resolution Final resolution Interpolation
Slope 2015-2016 USGS lidar? 1 meter 5 meters No
Curvature 2015-2016 USGS lidar? 1 meter 5 meters No
Proximity to road surface U.S. Census Bureau Tiger/Line Shapefile? Polyline vector 5 meters No
Geology USGS/Puerto Rico Office of Management & 1:20,000 polygon vector 5 meters No
Budget*
Mean annual precipitation  Fick and Hijmans, 2017 900 meters 5 meters No
Proximity to fluvial channel USGS NHD Flowline® Polyline vector 5 meters No
Land cover USDA GAP Land Cover® 15 meters 5 meters No
Soil classification USDA NRCS’ Polygon vector 5 meters No
Soil moisture NASA Soil Moisture Active Passive® 9,008 meters 5 meters Yes

'Factors are highlighted in bolded text when first described in the following paragraphs.
2USGS, 2017.

3U.S. Census Bureau, 2015.

“Puerto Rico Oficina de Gerencia y Presupuesto, 2018.

*USGS, 2019.

%Gould and others, 2008.

"USDA, 2018.

SNASA, 2017.



20 Map Depicting Susceptibility to Landslides Triggered by Intense Rainfall, Puerto Rico

The factors used in the analysis are recorded in table 2. The resultant output model has the slope S7 values as half of the
input and all other combined factors as the remaining half of the input. This weighting of slope input was selected by trial-and-
error evaluations of effects on regions known to have historically high and low landslide susceptibility.

In order to make the susceptibility map applicable for any intense rainfall event, an attempt was made to temper any bias
resulting from variable rainfall and soil moisture conditions unique to the Hurricane Maria event because the model was derived
from that single rainfall event inventory. Bessette-Kirton and others (2019) found that the spatial density of landslides triggered
by Hurricane Maria correlated well with remotely sensed root zone soil moisture data from the National Aeronautics and Space
Administration (NASA) Soil Moisture Active Passive (SMAP) mission collected 1 day after the event (NASA, 2017), and did
not correlate as well with rainfall estimates. Using equation 4, we calculated S/ values for the same SMAP data and subtracted
these from the SI4 values to account for soil moisture variability following the hurricane:

SIA, = SIA— SI,,,» @)
where:
SIA is the final modified S7 value at each 5-m pixel islandwide, and
SL,,.» is the S7 value calculated based on the root zone soil moisture content estimated for 21 September 2017.

The SMAP dataset is discussed further below, as is an approach to utilize future SMAP data along with the landslide sus-
ceptibility map data to improve forecasts of the locations of landslides triggered by specific events (in the “Use and Limitations
of the Landslide Susceptibility Map” section.)

Slope angle is usually considered one of the most important factors with regards to mass wasting, especially for shallow
failures (for example, Carson and Petley, 1970). Values of slope at 5-m pixel resolution were binned into 5° intervals for analysis.
All slopes greater than 45° were combined into one group. The distribution of slope bins across the island is presented in table
3 and figure 15. About 40 percent of the island has a slope of less than 10°, another 40 percent has a slope between 10-30°, and
the remaining 20 percent is greater than 30° inclination. The lowest slopes are generally coastal; however, broad alluvial valleys
are present in some interior zones along rivers such as the Rio Gurabo, Rio Grande de Arecibo, and others. The north coast karst
province is a zone of especially high slopes along the flanks of mogotes, sinkholes, zanjones, and other dissolution features.
Where the karst is covered by blanket sand deposits, the north coast has very low slopes. Along the Cordillera Central, slopes on
the southern flank are generally higher, on average, given that the rivers destined for the Caribbean Sea have shorter distances
to descend to base level from the divide. Notable high-slope topographic features across the island include the Lares escarpment
along the southern edge of the karst province, river gorges incised into the karst terrain (Rio Guajataca, Rio Camuy, Rio Tanama,
Rio Grande de Arecibo, Rio Grande de Manati), and the Cafion San Cristobal. Not all high slope zones are confined to the higher
elevation interior as there are prominent sea cliffs in both northwestern and southeastern corners of the island, in addition to
other locations. Although most urban centers are positioned in lower slope areas, the population density across the rugged interior
remains high. Lakes and reservoirs were classified as areas with 0° slope.

Hillslope curvature is classified as convex, concave, or planar. Ridge tops are generally convex but hollows are concave.
Curvature was calculated at 5-m pixel resolution using the combination of profile and planform profiles (standard curvature
function). Positive values represent convexities and negative values represent concavities. The amount of convex versus concave
topography across Puerto Rico is approximately equal (about 35 percent each) and pixels classified as planar and near-planar
represent the remaining approximately 30 percent (fig. 16). Curvature values are binned as shown in table 3. Lakes and reservoirs
are classified as planar areas.

Both slope and curvature metrics are calculated from a pre-Maria 1-m resolution lidar-derived DEM raster (USGS, 2017)
that was resampled to 5-m resolution. Using lidar data has been shown to be far superior for landslide investigations than
traditional, low-resolution DEMs created with photogrammetric methods (for example, Schulz, 2007). The lidar-derived DEM
is almost complete for the island. Data do not exist for approximately 55 km? (less than 1 percent of the island) located in the
vicinity of Lago Carite in southeastern Puerto Rico (fig. 17). The three polygonal zones without data are mostly in Cayey and
Guayama municipalities with much less expression in Salinas, Patillas, San Lorenzo, and Yabucoa municipalities. Within these
zones, the gaps were seamlessly filled with older, non-lidar data extracted from a 5-m resolution DEM (Puerto Rico Centro de
Recaudacion de Ingresos Municipales, 1998). The DEM used to fill the data gaps results in a less-detailed slope and curvature
product in those specific areas because the DEM was produced using aerial imagery photogrammetry, which reveals less ground
surface detail than a lidar survey.

Roadway construction often involves cutting and filling of the natural landscape. If Puerto Rico were an independent nation,
its road density (kilometer/square kilometer) would rank ninth globally (NationMaster, 2017). Larsen and Parks (1997) showed that
proximity to road surfaces in mountainous regions of Puerto Rico increases the likelihood of mass wasting. This correlation is a
result of stress redistribution from cutting and filling, and alteration of surface and subsurface drainage paths, all of which can
result in decreased slope stability. In addition, many rural roads are not constructed using best practices for reducing slope instability
(Larsen and Parks, 1997). The correlation between landslides and the presence of roads was explored using the Hurricane Maria



1-18°30N ) N

-18°15N
Slope (°)
—_— 45+
-18°N < 3 0
4 ' 67° . 66°30W e 66°W

1 1

Figure 15. Slope map for the island of Puerto Rico. Values calculated from lidar-derived digital elevation model (U.S. Geological Survey, 2017). Resolution is 5 meters.
The shaded polygonal zones mostly within Cayey (CAY) and Guayama (GMA) in the southeast are explained in the text and shown on figure 17. Explanation of municipality
abbreviations can be found in appendix 1. (km, kilometer; °, degree]
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Figure 16. Curvature values calculated from lidar-derived digital elevation model for the island of Puerto Rico (U.S. Geological Survey, 2017). Resolution is 5 meters. The
shaded polygonal zones mostly within Cayey (CAY) and Guayama (GMA) in the southeast are explained in the text and shown on figure 17. Explanation of municipality
abbreviations can be found in appendix 1. (km, kilometer)
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Table 3. Results from frequency-ratio analyses of potential landslide-contributing factors.

Datasets and Methodology

[Values may not sum due to rounding. °, degree; km?, square kilometer; %, percent; #, number; FR, frequency ratio; S/, Susceptibility Index; —, not appli-
cable; m, meter; <, less than; >, greater than; K-T, Cretaceous and Tertiary; wv/sv, water volume/soil volume]
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Bin Area (km?) Area (%) Landslides’ (#) Landslides’ (%) FR SI
Slope
0-5° 2,477.5 28.5 415 0.8 0.03 -3.60
5-10° 924.1 10.6 660 1.2 0.12 -2.15
10-15° 821.8 9.4 1,114 2.1 0.22 -1.51
15-20° 867.6 10.0 2,157 4.0 0.40 -0.91
20-25° 924.8 10.6 4,116 7.7 0.72 -0.32
25-30° 908.5 10.4 7,726 14.4 1.38 0.32
30-35° 773.5 8.9 12,403 23.2 2.61 0.96
35-40° 545.4 6.3 13,316 24.9 3.97 1.38
40-45° 282.1 32 8,468 15.8 4.88 1.59
45-90° 181.9 2.1 3,198 6.0 2.86 1.05
Total 8,707.2 100.0 53,573 100.1 — —
Curvature
<=50 (0.01/m) 7.2 0.1 42 0.08 0.95 —0.05
—50——25 (0.01/m) 66.4 0.8 882 1.60 2.16 0.77
—25-—10 (0.01/m) 446.9 5.1 6,551 12.20 2.38 0.87
—10—5 (0.01/m) 681.4 7.8 7,285 13.60 1.74 0.55
=5—1(0.01/m) 1,845.2 21.2 8,293 15.50 0.73 -0.31
—1-1(0.01/m) 2,489.4 28.6 4,739 8.80 0.31 -1.17
1-5 (0.01/m) 1,876.8 21.6 8,029 15.00 0.70 —0.36
5-10 (0.01/m) 785.5 9.0 7,453 13.90 1.54 0.43
10-25(0.01/m) 462.8 5.3 9,166 17.10 3.22 1.17
25-50 (0.01/m) 38.9 0.4 1,114 2.10 4.66 1.54
>50 (0.01/m) 6.6 0.1 19 0.04 0.47 —0.76
Total 8,707.1 100.0 53,573 99.92 — —
Proximity to road surface
0-10 m 1,051.7 12.1 7,256 13.50 1.12 0.12
10-25m 1,140.6 13.1 8,902 16.60 1.27 0.24
25-50 m 1,363.1 15.6 9,809 18.30 1.17 0.16
50-75 m 1,012.9 11.6 6,968 13.00 1.12 0.11
75-100 m 782.1 9.0 5,049 9.40 1.05 0.05
100-200 m 1,798.0 20.6 10,319 19.30 0.93 —-0.07
200-400 m 1,119.3 12.8 4,471 8.40 0.65 -0.43
400-1,000 m 397.2 4.6 772 1.40 0.32 -1.15
1,000+ m 524 0.6 27 0.05 0.08 —2.48
Total 8,717.3 100.0 53,573 99.95 — —
Geologic terrane
Quaternary alluvium 1,875.1 21.5 438 0.80 0.040 -3.27
Tertiary cover sequence 1,496.9 17.2 1,102 2.10 0.120 —2.12
Cretaceous non-igneous 61.1 0.7 9 0.02 0.020 -3.73
Tertiary intrusive 285.5 33 2,829 5.30 1.610 0.48
Cretaceous intrusive 654.2 7.5 15,149 28.30 3.760 1.33
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Table 3. Results from frequency-ratio analyses of potential landslide-contributing factors.—Continued

[Values may not sum due to rounding. °, degree; km?, square kilometer; %, percent; #, number; FR, frequency ratio; S/, Susceptibility Index; —, not appli-

cable; m, meter; <, less than; >, greater than; K-T, Cretaceous and Tertiary; wv/sv, water volume/soil volume]

Bin Area (km?) Area (%) Landslides’ (#) Landslides' (%) FR S/
K-T volcaniclastic 3,506.5 40.3 31,514 58.80 1.460 0.38
Hydrothermic/metamorphic 112.0 1.3 588 1.10 0.850 —-0.16
Basalts, cherts, others 3554 4.1 1,297 2.40 0.590 -0.52
Serpentinite/amphibolite 115.1 1.3 408 0.80 0.580 —0.55
Quaternary landslide 53.2 0.6 232 0.40 0.710 —-0.34
Surficial water 193.8 22 7 0.01 0.006 5.14
Total 8,708.8 100.0 53,573 100.03 — —
Mean annual precipitation
0-250 mm 0.0 0.0 0 0.000 — —
250-500 mm 0.0 0.0 0 0.000 — —
500-750 mm 0.0 0.0 0 0.000 — —
750-1,000 mm 484.3 5.6 1 0.002 0.00 28.00
1,000-1,250 mm 589.0 6.8 98 0.200 0.03 —3.61
1,250-1,500 mm 705.7 8.1 148 0.300 0.03 -3.38
1,500-1,750 mm 1,859.8 21.3 3,190 6.000 0.28 -1.28
1,750-2,000 mm 3,149.4 36.1 20,498 38.700 1.06 0.06
2,000-2,250 mm 1,637.9 18.8 23,469 43.800 2.33 0.85
2,250-2,500 mm 290.8 33 6,169 11.500 3.45 1.24
Total 8,716.9 100.0 53,573 100.502 — —
Proximity to fluvial channel
0-10 m 309.9 3.6 780 1.5 0.41 —0.89
10-25m 388.2 4.5 2,091 3.9 0.88 —0.13
25-50 m 602.6 6.9 4,941 9.2 1.33 0.29
50-75 m 578.8 6.6 4,354 8.1 1.22 0.20
75-100 m 552.6 6.3 3,930 7.3 1.16 0.15
100-200 m 1,939.6 22.3 13,916 26.0 1.17 0.15
200—400 m 2,405.4 27.6 17,694 33.0 1.20 0.18
400-1,000 m 1,333.6 15.3 5,778 10.8 0.70 —0.35
1,000+ m 605.4 7.0 89 0.2 0.02 -3.73
Total 8,716.1 100.0 53,573 100.0 — —
Land cover®
Moist grasslands and pastures 2,184.6 25.10 14,547 27.20 1.08 0.08
Montane wet evergreen abandoned/active 548.9 6.30 13,920 26.00 4.12 1.42
coffee plantation
Young secondary lowland moist noncal- 530.5 6.10 3,077 5.70 0.94 —-0.06
careous evergreen forest
High density urban development 522.8 6.00 38 0.10 0.01 —4.44
Mature secondary moist limestone ever- 464.6 5.30 130 0.20 0.05 -3.09
green and semideciduous forest
Montane wet noncalcareous evergreen 241.1 2.80 5,831 10.90 3.93 1.37
shrubland and woodland
Young secondary montane wet noncal- 216.7 2.50 4,018 7.50 3.02 1.10

careous evergreen forest
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Table 3. Results from frequency-ratio analyses of potential landslide-contributing factors.—Continued

[Values may not sum due to rounding. °, degree; km?, square kilometer; %, percent; #, number; FR, frequency ratio; S/, Susceptibility Index; —, not appli-

cable; m, meter; <, less than; >, greater than; K-T, Cretaceous and Tertiary; wv/sv, water volume/soil volume]
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Bin Area (km?) Area (%) Landslides’ (#) Landslides’ (%) FR S/
Montane west alluvial shrubland and 9.0 0.10 120 0.20 2.17 0.77
woodland
Mature secondary montane wet alluvial 6.1 0.07 80 0.20 2.12 0.75
evergreen forest
Wet serpentine shrubland and woodland 3.6 0.04 42 0.08 1.91 0.64
Total 8,713.5 100.00 53,573 100.00 — —
Soil classification*
Mucara clay
(326695) 40-60% slopes 298.9 3.40 2,154 4.0 1.17 0.16
Tanama Rock Outcrop
(326474) 12-60% slopes 239.4 2.80 46 0.1 0.03 —3.47
Caguabo clay loam
(326645) 40-60% slopes 218.5 2.50 877 1.6 0.65 —0.43
Consumo clay
(326530) 40-60% slopes 157.6 1.80 4,863 9.1 5.02 1.61
Caguabo clay loam
(326863) 20-60% slopes 128.6 1.50 297 0.6 0.38 —0.98
Pellejas clay loam
(326463) 40-60% slopes 98.9 1.10 8,524 15.9 14.01 2.64
Maricao clay
(326577) 20-60% slopes 3.8 0.04 295 0.6 12.65 2.54
Lirios clay loam
(326445) 40-60% slopes 59.1 0.70 3,802 7.1 10.47 2.35
Los Guineous clay
(326566) 20-60% slopes 6.9 0.08 374 0.7 8.78 2.17
Lirios clay loam
(326444) 20-40% slopes 3.0 0.04 146 0.3 7.85 2.06
Total 8,713.8 100.00 53,573 100.0 — —
Soil moisture
0.14-0.15 wv/sv 7.1 0.08 13 0.02 0.30 -1.21
0.15-0.20 wv/sv 3184 3.65 787 1.47 0.40 -0.91
0.20-0.25 wv/sv 260.4 2.99 576 1.08 0.36 -1.02
0.25-0.30 wv/sv 1,081.4 12.41 988 1.84 0.15 -1.91
0.30-0.35 wv/sv 2,118.2 24.30 2,852 5.32 0.22 —-1.52
0.35-0.40 wv/sv 3,150.9 36.15 19,051 35.56 0.98 —0.02
0.40-0.45 wv/sv 1,571.6 18.03 22,477 41.96 2.33 0.84
0.45-0.50 wv/sv 208.7 2.39 6,829 12.75 5.33 1.67
Total 8,716.7 100.00 53,573 100.00 — —

'Only a random 75 percent of the Hurricane Maria slope failure inventory was used to calculate the FR and S/ values. The remaining 25 percent was used to
test the final model. The total number of sites in the inventory is 71,431.

2The minimum S7 value used in the model creation was —5.00. SI values less than this limit were set to —5.00. This was employed in order to avoid incorporating
anomalously low S7 values in the model due to low factor areal extent.

3The Puerto Rico Gap Analysis Program dataset includes 66 distinct land cover classifications across Puerto Rico. Only the top five most widespread and top
five FR value classes are shown here. The full data and results are in appendix 2 and Hughes and Schulz (2020).

“The U.S. Department of Agriculture Natural Resources Conservation Service soils dataset includes 697 unique soil unit numerical key code (mapunit key

[MUKEYY]) classes for the island of Puerto Rico. Only the top five most widespread and top five FR value classes are shown here. The full data and results are in
appendix 3 and Hughes and Schulz (2020). The number in parenthesis listed for each soil class is the corresponding MUKEY.
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event inventory and the U.S. Census Bureau TIGER line shapefile (fig. 18; U.S. Census Bureau, 2015). A raster populated with
Euclidean distances to road surfaces was created at 5-m resolution. The results of this exercise, summarized in table 3, reveal that
more than 50 percent of the island lies within 75 m of a roadway and only about 5 percent of the island lies more than 400 m from
a road surface. The study by Larsen and Parks (1997) showed that mountainous terrain within 85 m of a roadway is at least 5 times
more likely to suffer landsliding. Importantly, the TIGER line shapefile does not include many of the improvised and densely con-
structed farm and hacienda roads (fig. 19). In the early 20th century, Dorsey and others (1903) described the interior of the island to
have “many trails which penetrate the island in almost every direction” (p. 839). These trails, paths, and roads have been shown to
be primary sources of erosion and sedimentation within the Cordillera Central (Ramos-Scharron and LaFevor, 2016).

Bedrock composition is very diverse across Puerto Rico (Jolly and others, 1998b). The rock type combined with the varying
effects of tropical chemical weathering result in distinct regolith products with varying susceptibility to mass movement. A
digitized compilation of geologic quadrangle maps at 1:20,000 scale prepared by the USGS in the latter half of the 20th century
was utilized in this study (Puerto Rico Oficina de Gerencia y Presupuesto, 2018). For the quadrangles that were not published at
1:20,000 scale (Rincon, Guanica, and Sabana Grande), both unpublished 1:20,000 scale maps and published 1:100,000 map data
were used for the digitization. The hundreds of geological units were binned according to the 10 terranes assigned by Bawiec
(1998). The 10 terranes, as well as surficial water, are shown on figure 20. The data in table 3 show that about 20 percent of the
island is classified as Quaternary alluvium. An almost equal area is underlain by the Tertiary cover sequence rocks. About 40 percent
of the island is the volcaniclastic basement complex with an additional almost 10 percent of Cretaceous and Tertiary intrusive
igneous rocks. The less than 1 percent of the island mapped as Quaternary landslides includes mostly deep bedrock features
mapped along the southern margin of the karst province by Watson Monroe and associates (Monroe, 1963, 1967, 1969a, 1969b;
Berryhill, 1965; Briggs, 1965, 1968; Nelson, 1967; Nelson and Tobisch, 1968; Pease, 1968; Mclntyre, 1971; Tobisch and
Turner, 1971). The digitized 1:20,000 polygon shapefile was rasterized and reclassified to terrane at a 5-m resolution.

Although measuring only 170 km x 60 km, the main island of the Puerto Rican archipelago is home to several microclimates.
Topographic features across the island, namely the Sierra de Luquillo and the Cordillera Central, coupled with the prevailing
trade winds create both orographic rainfall and rain shadows. The prominent El Yunque rainforest in the eastern region and the
central western interior are the wettest zones with more than 2 m of annual rainfall; the Guanica dry forest and other zones of
the arid south coast receive less than 1 m of precipitation yearly (fig. 21; Fick and Hijmans, 2017). Areas with higher annual
precipitation are more likely to be subjected to more intense chemical weathering in the humid tropical climate. The effect of
chemical weathering is important in bedrock decomposition and soil development, both of which can influence hillslope stabil-
ity. Additionally, because of orographic effects that result in higher precipitation at higher elevation, precipitation generally may
partially serve as a proxy to represent mountainous areas, which are more likely to host landslides. Analysis of the precipitation
dataset shows about 6 percent of the island with less than 1 m of annual rainfall, approximately 70 percent of the island between
1 m and 2 m of annual precipitation, and just over 20 percent with greater than 2 m of yearly rainfall (table 3). For the FR calcu-
lations, the dataset was binned into 0.25-m intervals. The original resolution of the dataset is 900 m, but it was resampled—not
interpolated or smoothed—to 5-m pixel size to be consistent with the other factor raster datasets.

The principal agent of erosion in Puerto Rico is landsliding (Larsen, 2012), much of which occurs as a topographic adjust-
ment to fluvial incision. Locally forced by tectonic uplift, fluvial downcutting results in oversteepened hillslopes that are primed
for failure. Much like the distance to the road surface is used as an input to the model, proximity to fluvial channel is also
incorporated. This factor addresses drainage network density, and distinguishes between the “normal” topographic terrain where
surficial drainage dominates and the large karst province in the northern region of Puerto Rico, where there are very limited
surficial drainage expressions in the landscape. The dataset used for the fluvial channels is the USGS National Hydrography
Dataset flowline shapefile archive (fig. 22; USGS, 2019). Similar to the TIGER line shapefile for roads, Euclidean distance to the
flowline shapefile features was generated at 5-m pixel resolution. The resultant raster dataset reveals that just under 30 percent of
the island lies within 100 m of a fluvial channel as defined by the USGS, 50 percent of the island is between 100 m and 400 m
from a fluvial channel, about 15 percent lies between 400 m and 1,000 m of a fluvial channel, and 7 percent of the island is
more than 1,000 m from a fluvial channel (table 3). The areas of the island that lie farthest from fluvial channels are mostly in
the northern karst zone, where many flow paths are subterranean. The bins for this dataset are set at the same intervals as the
proximity-to-roads analysis.

The 20th century in Puerto Rico was a time of extended transition from a primarily agrarian civilization after 400 years
of Spanish rule to a more modern, urbanized society (Dietz, 1986). The natural environment had been intensively modified by
anthropomorphic activity prior to the island’s acquisition by the United States. More recently, vast swaths of cultivated land
have been abandoned and left to nature, resulting in reforestation across the island (Grau and others, 2003). Land cover is also
integrated into the FR analysis because it reflects the type of local terrain and land-use styles that can control the topographic
response to environmental forcings (Philpott and others, 2008). The Puerto Rico Gap Analysis Program (GAP) land cover raster
(Gould and others, 2008) was chosen for the study and is resampled—not interpolated—from 15-m resolution to 5-m resolution
in order to be compatible with the other model input datasets. The GAP data raster includes 66 distinct classifications (fig. 23),
which were used during the analysis without combining the different classifications. The GAP data (table 3; app. 2; Hughes and
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Figure 17. Missing zones for the 2015-2016 airborne lidar survey of Puerto Rico (U.S. Geological Survey, 2017) are shown as red polygons in the southeastern quadrant of the
island. The gaps in coverage occur in portions of the municipalities of Salinas (SAL), Cayey (CAY), Guayama (GMA), Patillas (PAT), San Lorenzo (SLO), and Yabucoa (YAB). The
data holes were patched with a preexisting 5-meter digital elevation model generated by the Puerto Rico Centro de Recaudacion de Ingresos Municipales (1998). Explanation of
municipality abbreviations can be found in appendix 1. (km, kilometer)
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Figure 18. Paved roads on the island of Puerto Rico (U.S. Census Bureau, 2015). The densest population centers of San Juan (metro area), Caguas, and Ponce are distinct.
Zones with very few roads are in the northwestern karst interior and in the Sierra de Luquillo (fig. 1) in the northeast of the island. The U.S. Census Bureau TIGER shapefile roads
do notinclude dense farm road networks (see fig. 19). (km, kilometer)
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Figure 19. Example of dense improvised farm road network that is not digitized as part of the U.S. Census Bureau (2015) TIGER roads shapefile (shapefile roads shown as red
lines). A, Hillshade raster from lidar-derived digital elevation model (U.S. Geological Survey, 2017) reveals very dense unpaved paths and trails that have been built across much
of the mountainous interior of Puerto Rico and B, Aerial photograph of the same area. Location (18.190, -66.840) is Hacienda Buena Vista near Castafier at the upper end of Lago
Guayo in the municipality of Lares. (m, meter)
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Figure 20. Digitized 1:20,000 geologic map units of Puerto Rico (from U.S. Geological Survey quadrangle maps) categorized using the scheme of Bawiec (1998). The bedrock
basement complex of the island is mostly volcaniclastic rocks intruded by small to large plutons. Basement rocks in the north and south parts of the island are unconformably
overlain by a sequence of mostly limestone units. Explanation of municipality abbreviations can be found in appendix 1. (km, kilometer; seq., sequence; hydrotherm.,

hydrothermal, metamorph., metamorphic)
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Figure 21. Mean annual precipitation in Puerto Rico (modified from Fick and Jijmans, 2017). The highest yearly rainfall amounts are in the Sierra de Luquillo and in the western
interior regions of the island. The south coast is a more arid, rain shadow zone. Explanation of municipality abbreviations can be found in appendix 1. (km, kilometer, mm,

millimeter; precip., precipitation)
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Schulz, 2020) reveal that “Moist grasslands and pastures” cover 25 percent of the island and the next highest classifications of
“Montane wet evergreen abandoned/active coffee plantation,” “Young secondary lowland moist noncalcareous evergreen forest,”
and “High density urban development” each represent about 6 percent of the island’s total area.

Soils in Puerto Rico are diverse, and include 10 of the 12 taxonomic classes (Muifloz and others, 2018). The only soils not
found on the island are permafrost-related and active volcano-related soils. Detailed soil surveys of the island were started after
U.S. acquisition (Dorsey and others, 1903) and continued throughout the remainder of the 20th century and into the 21st century
(Roberts, 1942; Carter, 1965; Gierbolini, 1975; Boccheciamp, 1977, 1978; Gierbolini, 1979; Acevido, 1982; Huffaker, 2002;
Lugo-Camacho, 2008). The result of the compilation and digitization of soils data by the U.S. Department of Agriculture Natural
Resources Conservation Service is a high-resolution soils dataset of the complete island. The soil class vector file was rasterized
to 5-m resolution and used in the analysis for this study (fig. 24). The soil unit numerical key code (mapunit key [MUKEYT)
is used to define unique soil units because similar names and acronyms exist for distinct soil classes in separate study regions.
The dataset includes 697 unique MUKEY values (table 3; app. 3; Hughes and Schulz, 2020). Some of these MUKEY values are
assigned to identical soil units that exist in more than one regional soil survey area. However, the distinct MUKEY classes were
not aggregated for the analysis so that as much spatial diversity could be explored as possible. The soils that are most wide-
spread are the Mucara clay (40—60 percent slopes), the Tanama complex rock outcrop (12—60 percent slopes), and the Caguabo
clay loam (40-60 percent slopes) that cover 3.4, 2.8, and 2.5 percent of the island, respectively. Approximately 3 percent of the
island is classified as “No Digital Data Available” or “Not Public Information.” These locations mostly lie in urban areas and
(or) closed Federal lands and were analyzed as independent soil units consistent with all soil unit analyses. For the purpose of
this study, the actual composition of the local soils is not of importance, given that each area has an individual MUKEY classifi-
cation and can be analyzed for landslide correlation.

Typically, landslide occurrence initiated by intense rainfall positively correlates with the cumulative rainfall amount because
infiltration of precipitation elevates pore-water pressures, which consequently decrease effective normal stress and shear strength
within potential shear zones (Terzaghi, 1950). Hurricane Maria produced rainfall amounts sufficient to trigger landsliding across
all mountainous areas of Puerto Rico (Bessette-Kirton and others, 2019), making it an opportune event for the analysis of landslide
susceptibility. However, precipitation amounts from Hurricane Maria were spatially variable, as they were from Hurricane Irma
about 2 weeks prior, which can create event-specific bias in the results of susceptibility analyses such as the one described herein.
In an attempt to account for and remove this bias from the susceptibility map, FR analysis of the landslide inventory and root-zone
(0-100 centimeters [cm] depth) soil moisture estimated by the NASA SMAP mission for 9:30 am Atlantic Standard Time on
21 September 2017 (the day after Hurricane Maria; NASA, 2017), was carried out. As described by equation 4, the S7 results for
SMAP data were removed from the aggregate Susceptibility Index and resulting susceptibility map. Because of the failure of the
local Doppler radar (National Weather Service Public Information Sheet, 2017) and many rain gage stations at various times during
the passage of the storm, the precipitation estimates across the island for the event are quite variable (Bayouth Garcia and others,
2018). In addition, soil moisture is a subsurface parameter that represents interception of precipitation, runoff, and infiltration
and is a more accurate proxy for pore-water pressure conditions than rainfall data. Bessette-Kirton and others (2019) found
stronger correlation between Maria-induced landslide density and the SMAP data than with available rainfall data. Figure 25 shows
the SMAP data, which depict volumetric water content (volume of water/volume of soil) on a 9-km gridded basis. For the chosen
sensor pass, soil moisture was generally higher in the mountainous interior of the island than around the perimeter, although high
amounts were also present along the north-central and northwestern coastlines. The raw SMAP data were resampled to 5-m pixel
size and interpolated using cubic convolution to provide a more realistic, smoother distribution of soil moisture values for use in
this analysis (fig. 26).

In addition to all datasets being set to 5-m resolution, they were all processed in the same projection: WGS 84/UTM Zone 19N.
The final data product is also registered in the same coordinate system. Certain datasets were analyzed but not used in the final
model. Among others, these include hillslope aspect, elevation above sea level, and proximity to faults. Aspect was not used
to preclude bias from event-specific conditions. In addition, a pilot study of the inventory dataset and a full island aspect map
resulted in very little distinction with regards to aspect (Lugo Bendeztl and others, 2018). This analysis also revealed that almost
equal numbers of hillslopes are facing each cardinal direction on the island. Generally, tropical cyclones approach Puerto Rico
from the east-southeast, which is important in terms of wind effects across ridge crests. However, the data used in this study do
not demonstrate that directional rainfall had any effect on slope failure control. Elevation was rejected as a model input because
there are notable low-relief upland zones (Lobeck, 1922; Meyerhoff, 1927; Monroe, 1980b; Brocard and others, 2015;
Santiago-Pérez and others, 2019) as well as coastal cliff areas across the island; increase or decrease in altitude alone has
no control on landslide potential. Relief rasters with various radii were explored, but this metric was also not included as
a model input because relief over any given distance does not represent site-specific hillslope conditions as well as slope
inclination. Proximity to a fault trace was not incorporated in the model due to the variability of fault mapping from quadrangle
to quadrangle and the unknown positional precision of mapped faults.
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Figure 22. Fluvial channels for Puerto Rico from the National Hydrography Dataset geodatabase file (U.S. Geological Survey, 2019). The northcentral/northwest coast is
characterized by sinking streams and subterranean flow through the karst region. Most of the r