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ABSTRACT

Small communities in Puerto Rico are frequently exposed to flood hazards caused by
extreme rainfall events associated with tropical waves, cold fronts, and hurricanes.
Despite the recurrent nature of these events, flood-specific evacuation plans are often
lacking, particularly in inland urban areas located near river channels. The Lucchetti
community, located in the municipality of Yauco, Puerto Rico, represents a highly
vulnerable case, as it is situated adjacent to the main channel of the Yauco River
and has experienced repeated flooding during extreme weather events. This study
presents an integrated modeling framework that combines hydrologic, hydraulic, and
traffic microsimulation models to evaluate flood dynamics and vehicular evacuation
performance for the Lucchetti community during Hurricane Maria (2017). Hydrologic
processes were simulated using HEC-HMS to generate inflow hydrographs based on
observed rainfall data, while the Lago Lucchetti reservoir was explicitly represented
to account for storage effects. Hydraulic flooding was modeled in PCSWMM using a
coupled 1D-2D approach to simulate river overflow and overland flood propagation
across the community. Flood depth thresholds were used to estimate available
evacuation time. Vehicular evacuation was subsequently analyzed using the
microsimulation software SUMO, where several traffic management strategies were
evaluated. Results indicate that maximum flood depths reached approximately 1.8 min
critical areas of the community. The time between river overtopping and the moment
floodwaters reached 0.3 m over the evacuation route was approximately 1 hour and
17 minutes, highlighting a severely constrained evacuation window. Traffic simulations
showed that implementing a secondary evacuation route reduced total evacuation
time by approximately 53%, while traffic control strategies such as signalization or
manual control reduced evacuation time by up to 55%. The findings demonstrate that
integrated flood and traffic modeling provides valuable decision-support tools for
emergency planning and risk reduction in flood-prone communities. The proposed
methodology is transferable to other vulnerable regions in Puerto Rico and similar
tropical environments.
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INTRODUCTION

Puerto Rico is highly vulnerable to flooding due to its complex topography,
intense rainfall patterns, and frequent exposure to tropical storms and
hurricanes. While evacuation plans are commonly developed for coastal
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hazards such as tsunamis and storm surge, inland flood evacuation planning
remains limited, particularly for small urban communities located along
river channels. Flood events often disrupt transportation networks, isolate
communities, and create dangerous conditions for residents attempting to
evacuate without clearly defined routes or traffic management strategies.

Recent advances in hydrologic and hydraulic modeling have enabled
detailed simulation of flood processes in urban environments. Tools such
as HEC-HMS and PCSWMM allow for the representation of rainfall-
runoff processes, river hydraulics, and two-dimensional flood propagation.
However, flood hazard assessments alone are insufficient to support effective
emergency response. The ability of residents to evacuate safely depends not
only on flood extent and depth, but also on traffic conditions, road capacity,
and evacuation management.

Traffic microsimulation models such as SUMO provide a means to analyze
vehicular behavior under emergency conditions and to test evacuation
strategies before real events occur. Integrating flood modeling with traffic
simulation allows for a more comprehensive evaluation of risk and response
capacity.

The objective of this study is to develop and apply an integrated hydrologic,
hydraulic, and traffic modeling framework to assess flood impacts and
vehicular evacuation performance for the Lucchetti community in the
municipality of Yauco, Puerto Rico, considering Hurricane Maria (2017) as
a reference event.

LITERATURE REVIEW

Puerto Rico is highly vulnerable to both coastal and pluvial flooding (Diaz
et al., 2024). Despite this vulnerability, limited research has focused on flood
risk mitigation in urban areas affected by sudden flooding caused by intense
precipitation. The main atmospheric phenomena responsible for these events
are tropical waves and cold fronts, which occur throughout most of the year,
keeping the island under continuous flood threat (Pérez Cruz, 2018).

Globally, several studies have developed early warning tools through
hydrologic and hydraulic modeling and flood mapping to analyze flood
behavior in urban areas. One of the most widely used tools for this purpose
is the Storm Water Management Model (SWMM), developed by the United
States Environmental Protection Agency (EPA). SWMM is an open-source
model commonly applied to simulate rainfall-runoff processes in urban and
non-urban drainage systems (Kim et al., 2015).

Seenu et al. (2020a) applied SWMM integrated with four-dimensional
geographic information systems (4D GIS) to identify flood-vulnerable areas
in Hyderabad, India. Their study analyzed the spatial and temporal variability
of flooding using long-term rainfall records and demonstrated the value of
advanced visualization tools for urban flood management. Similarly, Alam
et al. (2023) combined SWMM with ArcGIS to assess drainage congestion
and generate flood hazard maps in Dhaka, Bangladesh, providing practical
guidance for improving urban drainage capacity.
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In addition to SWMM, hydraulic models such as HEC-RAS have been
widely used for river flood analysis. Rangarietal. (2019) integrated HEC-RAS
with LiDAR and geographic information systems to improve flood mapping
accuracy and identify high-risk areas, while Natarajan and Radhakrishnan
(2020) highlighted the applicability of HEC-RAS for water surface profile
calculations in river systems.

Several studies have also examined the impact of flooding on transportation
systems using traffic simulation models. Pyatkova et al. (2019) used the
SUMO traffic simulator to evaluate how flooding affects road mobility,
showing significant increases in congestion and travel delays. To support
safe evacuation planning, Fahad et al. (2019) integrated hydrodynamic
modeling with traffic simulation to optimize evacuation routes and reduce
travel times by identifying critical flood depth and velocity thresholds.
Furthermore, Borowska-Stefanska et al. (2023) emphasized the importance
of planned evacuations and community preparedness, demonstrating that
pre-established strategies significantly improve transportation network
performance during flood events.

STUDY AREA

The Lucchetti community is located in Yauco, a municipality in southwestern
Puerto Rico, at approximately 18°02'N latitude and 66°50'W longitude
(Figure 1). The community consists of approximately 155 residential units
and is situated immediately adjacent to the main channel of the Yauco River.
The area has a documented history of flooding during extreme rainfall events.

Figure 1: Lucchetti community inYauco, Puerto Rico.

The contributing watershed upstream of the community has an
approximate area of 80 km?2 and exhibits significant elevation variability,
ranging from lowland areas near sea level to mountainous regions exceeding
1,000 m above mean sea level (Figure 2). The Lago Lucchetti reservoir
is located in the midsection of the watershed and plays a critical role in
regulating downstream flows.

Hurricane Maria, which impacted Puerto Rico in September 2017,
produced extreme rainfall across the watershed, resulting in widespread
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flooding and infrastructure damage. This event was selected as the reference
scenario for the present study due to its severity and the availability of high-
resolution hydrometeorological data
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Figure 2: Study area Lucchetti community.

METHODOLOGY

The methodology for the study included hydrologic, hydraulic, and traffic
evacuation modeling to evaluate flood dynamics and evacuation performance
in the Luchetti community.

Hydrologic Modeling

The hydrologic response of the Yauco River watershed was simulated
using the Hydrologic Engineering Center’s Hydrologic Modeling System
(HEC-HMS). A high-resolution digital elevation model derived from post—
Hurricane Maria LiDAR data was used to delineate the watershed and define
drainage paths. The watershed was subdivided into five subbasins based on
topographic and hydrologic characteristics.

Rainfall input was obtained from a nearby USGS rain gauge station with a
temporal resolution of 5 minutes, covering the period from September 19 to
September 21, 2017. Losses were estimated using the NRCS Curve Number
method, with curve numbers assigned based on soil type and land use data.
Basin lag times were calculated following the hydrologic and hydraulic
guidelines for Puerto Rico.

The Lago Lucchetti reservoir was explicitly modeled as a storage element,
incorporating an updated elevation—storage relationship adjusted to account
for sedimentation up to the year 2017. Outflow from the reservoir was
represented using a broad-crested spillway formulation.

The resulting hydrographs were generated at key locations along the river
and exported for use as boundary conditions in the hydraulic model.
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Hydraulic Flood Modeling

Flood inundation was simulated using PCSWMM with a coupled one-
dimensional and two-dimensional (1D-2D) approach (Figure 3). The one-
dimensional component represented the main channel of the Yauco River
adjacent to the Lucchetti community, divided into 14 hydraulic segments.
Each segment was assigned an irregular cross section derived from the digital
elevation model and field observations, along with appropriate Manning’s
roughness coefficients.

b)

Figure 3: a) PCSWMM 1D hydraulic model and 2D computational mesh and, b)
Boundary of the 2D computational domain and representation of obstructions.

The two-dimensional domain covered approximately 0.49 km?2,
encompassing the community, the river floodplain, and the primary evacuation
route (PR-127). A hexagonal mesh with a spatial resolution of 10 m was
generated to represent overland flow. Building footprints were incorporated
as obstructions to account for flow resistance within the urbanized area.

Hydrologic inflows from HEC-HMS were applied at upstream junctions,
and the model was run to simulate river overtopping and flood propagation
across the terrain. Flood depth outputs were analyzed to identify critical
thresholds affecting evacuation routes.

Traffic Evacuation Modeling

Vehicular evacuation was simulated using the open-source microsimulation
software SUMO (Simulation of Urban Mobility). The road network was
extracted from OpenStreetMap and edited in NetEdit to accurately represent
the geometry and connectivity of local streets and the PR-127 corridor, as
shown in Figure 4.
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Figure 4: Urban road network of the Lucchetti community represented in the
NetEdit in.

To simulate driving behavior, two car-following models were applied
depending on the scenario. In the base scenario (normal traffic conditions),
the Wiedemann 99 (W99) model was used. This model is characterized by
conservative driving behavior based on psychological distance thresholds
between vehicles.

For the evacuation scenario, the Krauss car-following model was employed
and configured with calibrated parameters to represent more aggressive
and reactive driving behavior, which is typical during emergency situations.
The parameter values (accel, decel, tau, minGap, and sigma) were adopted
from the CAMMSE (2022) study, which was based on real evacuation data
collected during Hurricane Irma.

Table 1 presents the parameter values used for both the evacuation and
base traffic scenarios.

Table 1: Vehicle car-following parameters for the base
and evacuation scenarios.

Simulation Base Evacuation
Model W99 Krauss

CCo 1.5 -

CC1 0.9 -

CcC2 4 -

CC3 -8 -

CC4 -0.35 -

CC5 0.35 -

CCe6 11.44 -
Parameters CC7 0.25 -

CC8 3.5 -

CCo9 1.5 -

tau 0.7 1.2

minGap 2.5 2

decel - 6.5

accel 2.6 4.5

sigma 0.5 0.2
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Several evacuation strategies were evaluated and compared to a base case
scenario:

¢ No traffic management (base case),

e Addition of a secondary evacuation route,

e Traffic signal control at the main intersection, and

e Manual traffic management (police officer) at the main intersection.

Simulation outputs included total evacuation time and vehicle delay.

RESULTS

The results of the study included an assessment of flood inundation
dynamics and vehicular evacuation performance based on the implemented
simulations.

Flood Inundation Results

The hydraulic simulation successfully reproduced the observed flooding
patterns reported by residents during Hurricane Maria. Maximum flood
depths within the community reached approximately 1.8 m in the most
vulnerable areas. The Figure 5 illustrates the most critical stage of the flood
event, corresponding to the maximum extent of inundation. River overtopping
occurred early in the event, with floodwaters progressively spreading across
residential streets and low-lying areas.

Analysis of flood depths along the primary evacuation route indicated
that a critical threshold of 0.3 m was reached approximately 1 hour and 17
minutes after the onset of river overtopping. This time window represents
the maximum available evacuation time before vehicular movement becomes
unsafe.

Figure 5: PCSWMM-simulated maximum flood depth map for the Lucchetti study
area.
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Traffic Evacuation Results

Traffic simulation results showed significant congestion at the community’s
main exit under the base case scenario. The introduction of a secondary
evacuation route reduced total evacuation time by approximately 53%
compared to the base case. Similarly, the implementation of traffic control
measures, either through signalization or manual control by a police officer,
reduced evacuation time by up to 55%. Table 2 summarizes the evacuation
times and relative reductions obtained for each simulated scenario.

Table 2: Results of vehicular evacuation routing along PR-127.

Simulation W99 Krauss Alternative Traffic Police
(Base Scenario) Scenario Route Signal Officer
Scenario  Scenario  Scenario
Evacuation duration time  1:05:57 0:42:52 0:30:46 0:29:30  0:29:30
Percentage reduction in - 35% 53% 55% 55%

evacuation time relative to
the base scenario (W99)

Percentage reduction in - - 28% 31% 31%
evacuation time relative to
Krauss scenario

These strategies improved traffic flow by reducing delays at the critical
intersection with PR-127 and distributing vehicles more efficiently across the
network.

DISCUSSION

The results highlight the importance of integrating flood modeling with
traffic simulation when evaluating evacuation feasibility in flood-prone
communities. While hydraulic models provide essential information on flood
extent and timing, traffic models reveal operational constraints that directly
affect residents’ ability to evacuate safely.

The limited evacuation window identified in this study underscores the
need for pre-established evacuation plans and traffic management strategies.
The evaluated interventions require minimal infrastructure investment and
could be implemented by local authorities during emergency situations.

CONCLUSION

This study demonstrates that integrated hydrologic, hydraulic, and traffic
modeling is an effective approach for assessing flood risk and evacuation
performance in vulnerable communities. For the Lucchetti community,
Hurricane Maria produced severe flooding with limited time available for safe
evacuation. Traffic management strategies significantly reduced evacuation
times and improved overall system performance.
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The proposed methodology provides a transferable framework that can
support emergency planning, infrastructure assessment, and community
resilience efforts in Puerto Rico and other tropical regions exposed to extreme
rainfall events. Future work may incorporate real-time rainfall forecasting
and dynamic traffic control to further enhance evacuation effectiveness.
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