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Fig.2 Geological map and cross-section of Area 1.
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strata. (b) Rhyolite pyroclastic rock. The date of each photograph is noted.
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Fig.5 Geological cross-sections of the earthquake-induced landslides in Area 1. The other legends are the same as

in Fig.2.

28



1000 1500
Horizontal distance (m)

E Siliceous siltstone

o 500 2000

—1  Bedding
—A  Joint
—0O . Fault

------ Syncline

Rhyolite volcaniclastic rock
Glauconite sandstone
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Fig.7 Photographs of the earthquake-induced
landslides in Area 2. The date of each photograph is

noted.
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Fig.8 Geological cross-sections of the earthquake-induced landslides in Area2. The blue lines indicate bedding.
The other legends are the same as in Fig.6.
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Fig.9 Photographs of the gravitational shear-zones in the landslide d, Area 2. (a) The outcrop of the gravitational

shear zones in siltstone. (b) Closs-up view of the gravitational shear zone in (a). The date of each photograph is
noted.
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Fig.11 Photographs of the earthquake-induced landslides in Area 3. (a) Landslide a. (b) Landslide b.
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Fig.12 Geological cross-sections of the earthquake-induced landslides in Area3.

Table 1 Parameters used in the analysis and results

Item Unit a b
Density kg/m3 | 1600 | 1600
Cohesion kPa 29.0 | 29.0
Internal friction angle degree | 1.4 1.4
Dynamic cohesion kPa 34.8 | 34.8
Dynamic internal friction | degree | 1.4 1.4
angle
Correction coefficient of 1.10 | 1.09
simplified Jambu’s method.
Safety factor for 1.64 | 1.64
non-seismic events
Horizontal acceleration | gal 392 | 471
when the safety factor
during earthquake is 1.0.
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Fig.15 The shape of the earthquake-induced landslides
in Area 1 and 2.
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Fig.16 Relative position of earthquake-induced
landslides on the longitudinal slope profile in Area 1
and 2.
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in Area 1 and 2.
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Fig.18 Equivalent coefficient of friction of the

earthquake-induced landslides in Area 1 and 2.
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Introduction

severe flooding.
climate change, deforestation, poor land use, and

limited drainage systems. As flood risks continue

Abstract

Floods remain among the most destructive natural hazards in the Philippines,
particularly in the Cagayan River Basin (CRB), the country’ s largest river system
and a critical agricultural hub. This study presents an integrated framework for
flood hazard assessment by combining two—dimensional Rainfall-Runoff-Inundation
(RRI) modeling with field validation and community-based insights. The model was
calibrated and validated using 60 georeferenced flood marks collected during a
post—event survey in January 2025, showing good agreement with observed depths (R’
= 0.666). The simulation results were classified into five hazard categories to
produce a comprehensive flood hazard map, indicating that 29.32% of the basin falls
under high to very high hazard levels (>3 m depth), especially along the Cagayan
River and its tributaries. These findings identify critical flood-prone areas
affecting settlements, bridges, and agricultural zones. By integrating ground—truth
data and local knowledge, the study ensures both technical reliability and
contextual relevance, providing an evidence-based tool for disaster preparedness
land-use planning, and climate resilience. While limitations remain—such as
restricted field access and coarse-resolution topography in urban areas—future
research should incorporate LiDAR data, expand validation coverage, and integrate
real-time rainfall forecasts with Al-driven analytics to enhance predictive
capacity. Overall, the study demonstrates a scalable and adaptive approach for flood
risk management in data—-limited environments, with direct implications for policy
and community resilience in the Philippines.

to grow, understanding their

are among the most common and post—flood assessments is crucial for improving
destructive natural disasters, causing response, recovery, and future risk reduction
widespread damage to life, infrastructure, and efforts.
livelihoods [19]. In the Philippines, frequent In 2024, the Philippines ranked as the most

and intense rainfall often trigger

These events are worsened by

Ring of Fire makes
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impacts through

disaster—prone country in the world for the third
consecutive yvear, with a World Risk Index (WRI)
score of 46.91 [6]. Its location along the Pacific
it highly susceptible to



natural hazards. Within this context, the Cagayan
River Basin (CRB),

basin covering approximately 27, 300 km®,

the country s largest river
faces
increasing environmental and socio—economic
threats. Frequent typhoons, such as Typhoon Vamco
(Ulysses) in 2020, have caused severe flooding,

with water levels reaching up to 4.5 meters and
displacing thousands [13]. Sediment—laden rivers,
and

over-saturated soils, poor dam management,

rapid land degradation worsen these floods

Riverbank erosion, channel migration, and
sedimentation—driven by deforestation

unregulated farming, and settlement in
flood-prone areas—have reduced the river

system’ s capacity to manage runoff [7, 8, 21].
Climate change intensifies these risks through
[5].
Additionally, over 200, 000 hectares of irrigable
land
infrastructure and a lack of integrated watershed
[3]. the CRB

experiencing declining water quality, reduced

erratic rainfall and stronger storms

remain underutilized due to poor

management As a result, is

agricultural productivity, and worsening flood

vulnerability, threatening both ecosystems and
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regional food security.

Existing flood hazard mapping efforts in the
Philippines have relied mainly on traditional
techniques such as the Analytical Hierarchy
Process (AHP), Multi—Criteria Decision Analysis
McpA)  [12, 16, 221, GIS-based
overlays, which, while useful at the local level,
fall the

complexity and dynamic interactions present in

and static

short in capturing hydrological

large—scale basins like the CRB [1, 3]. These
conventional approaches often lack the
spatial—temporal resolution, predictive

capabilities, and adaptability required for
effective flood risk reduction in data—-scarce and
hazard—prone environments. More advanced
hydrological modeling tools have been proven
effective in simulating hydrological behavior
sediment transport, and dam operations under
various climate and land-use change scenarios [3,
14] Incorporating such tools, supported by remote
sensing and high-resolution terrain data, offers
a more scalable, dynamic, and accurate framework
for flood hazard mapping and risk-informed

decision—making at the basin level [2].



The Rainfall-Runoff-Inundation (RRI) model is
a two—dimensional distributed hydrologic and
hydraulic model developed for simulating surface
runoff and flood inundation across large and
18, 24]. It has been
widely adopted due to its ability to integrate

complex river basins [15,

spatially distributed data such as rainfall, land

use, soil characteristics, and topography

making it particularly effective for flood hazard
mapping data-limited like the
Philippines [4, 24]. Unlike conventional models

in regions

RRI allows simultaneous computation of runoff
generation and flood propagation in both slope

and channel domains, enabling more accurate

inundation prediction [24]. Its application in

recent studies has demonstrated reliable

performance in simulating typhoon—induced flood
events and assessing the impacts of land use and
climate change on basin—wide flood risks [3, 14].
Given these advantages, RRI serves as a valuable
tool for integrated flood risk management and

early warning systems in vulnerable regions.

Post-flood surveys play a pivotal role 1in

enhancing disaster risk management and

strategies by providing

the

resilience-building

firsthand insights into geomorphic,

infrastructural, and socio—economic impacts of
flood events. As highlighted in the survey of the
2015 flash flood in Southern Italy, field-based
mapping revealed localized erosion, sediment
deposition, and damage to agricultural economies
underscoring the importance of rapid on—ground
assessments to understand hazard dynamics and

[23].

post—-flood assessments contribute to evaluating

support mitigation planning Moreover,
the effectiveness of early warning systems,

identifying spatial disparities 1in recovery
(e. g., through Earth Observation), and informing
equitable and adaptive policy interventions [11].
Such also community

surveys integrate

experiences, enabling the capture of localized

vulnerabilities, place attachment, and risk

perception, which are critical for planning
sustainable recovery and relocation efforts [9

10]. Beyond immediate impact documentation, they
guide the design of reconstruction programs,
improve flood modeling calibration, and serve as

evidence for future flood preparedness and policy
dialogues [17, 25].
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Figure-1 Map of the Cagayan River Basin (CRB),

showing the river network, watershed boundary,

elevation distribution, and the location of Magat

Dam.

While recent advancements in flood modeling
have improved hazard prediction, a significant

gap remains in studies that integrate
two-dimensional RRI modeling with field-based
community—level data. Most

observations and

existing research tends to rely solely on remote
sensing or hydrological simulations, often
overlooking localized insights and ground-truth
validation. This study addresses that gap by
combining scientific modeling with data from
field surveys and inputs from residents, offering
a more comprehensive and context—sensitive
approach to flood hazard mapping in the CRB. By
merging technical precision with community—based
knowledge, the research enhances the relevance
and applicability of flood risk assessments for
both decision—makers and vulnerable populations
This study aims to develop a comprehensive
flood the CRB

two—dimensional RRI modeling

hazard  map for using

It also seeks to
incorporate field survey data and community
insights to validate and refine the model outputs,
ensuring their relevance to local conditions.

Ultimately, the study intends to generate
practical recommendations that can inform flood
and guide policy

risk management strategies

development for more resilient and adaptive



responses to flooding in the region.
2. Methods
2.1 Study Area

The Cagayan River Basin (CRB), the largest
river basin in the Philippines [20], is highly
vulnerable to flooding due to its topography,
extensive river systems, and land use patterns
(shown in Figure 1). It plays a vital role in
regional food security, supporting vast
agricultural activities across Cagayan, Isabela,
and Quirino provinces. In 2024, the Philippines
was hit by multiple typhoons, with the CRB among
the hardest—hit areas. Peak activity occurred in
September and November, with September alone
seeing three typhoons and two tropical storms.
Rapid succession of storms, including Typhoons
Trami and Leon, led to saturated soil and swollen
rivers, increasing flood risks. Typhoon tracks
revealed a widespread impact, underscoring the
country’ s vulnerability to tropical cyclones. In
response, authorities issued dam release
warnings near Magat Dam to prevent overflow, but
downstream flooding still occurred.

The CRB is a key agricultural hub essential for
regional food security, but it is highly prone to
flooding. Its topography, river systems, and land
use patterns contribute to frequent inundation,
especially during typhoons. The 2020 Typhoon

Ulysses severely affected Cagayan, Isabela, and

Point 6: Barar!gay Naguilian Outpost_
~-1—r§g-h " 4

Fig

Quirino, damaging livestock, and

infrastructure [13]. Over 250,000 families and

crops,

nearly 900, 000 individuals were impacted. Around
14% of the basin is flood—prone, including both
residential and commercial zones, underscoring
the basin’s vulnerability and the need for
targeted flood risk management.
2.2 Field Survey and Public Contributions
Field surveys were conducted in strategically
selected flood—prone barangays within the CRB to
collect essential qualitative and quantitative
data related to recent flood events. Prior to the
survey, proposed sites were identified based on
historical flood reports, proximity to river
systems, and community vulnerability, ensuring
comprehensive spatial coverage across the basin
Several survey points (refer to Table 1 and Figure
2) within the CRB were strategically selected to
document the impacts of the 2024 typhoon events
including key infrastructures such as schools,
bridges, and local outposts. Before—and-after
photographs illustrate the severity of flooding
across various locations, providing visual
evidence of inundation depth and damage. These
images, initially  sourced from publicly
available social media platforms, were verified
through Google Maps Street View and GPS-based
field validation. The integration of visual

documentation with spatial mapping strengthened

Point 1: Lanna Elementary School

n,

v o v

highlighting “before” and “after” photographs taken lering field visits. Sites include schools, bridges, and

barangay outposts that experienced significant inundation during the 2024 typhoon events.



Table 1 Summary of proposed field survey sites in the Cagayan River Basin showing location coordinates, estimated flood

heights, and observation dates recorded after major typhoon events in late 2024

Point Name of Site Latitude  Longitude Esﬁma@d Date

Flood Height Captured
1 Lanna Elementary School 17.6942 121.7029 2 14-Nov-24
2 Cagayan Valley 17.4233 121.7693 1 14-Dec-24
3 Cansan Cabagan Isabela 17.3925 121.8058 1 14-Dec-24
4 Malalam Ilagan Isabela 17.1138 121.9088 0.8 24-Oct-24
5 Alicaocao Elementary School 16.9487 121.7782 1 18-Nov-24
6 Barangay Naguilian Outpost 16.9487 121.7783 1 18-Nov-24
7 Alicaocao Bridge 16.949 121.7814 1 18-Nov-24
8 Cauayan City National High School ~ 16.9398 121.7777 0.4 18-Nov-24
9 Pigalo Bridge 16.7457 121.7435 2 18-Nov-24

the reliability of ground-truth data used for generation, and flood inundation dynamics,

model calibration and hazard analysis.

The flood survey was carried out in January 2025,
just months after a series of strong typhoons
severely impacted the CRB, providing timely and
relevant insights into recent flood impacts. The
structured
of

survey methodology included

interviews with residents, documentation

flood marks on structures, in—situ measurements
of flood depths,

Additionally,

and geotagged photographs.

key informant interviews with

municipal officials and focused group

insights 1into

and the

discussions provided valuable

flood behavior, evacuation responses,
community’ s coping strategies. These data were
validated using GPS—based location checks and
integrated into a spatial database. The collected
field
ground-truth

validating the RRI model,

information served as critical

input for calibrating and
enhancing its ability
to simulate real flood extents and depths under
various rainfall scenarios. This integration of
local observations 1into scientific modeling
ensures that the flood hazard maps produced are
both
grounded.
2.3 RRI Modeling
The RRI model,

hydrologic and hydraulic simulation tool,

technically robust and contextually

a two—dimensional distributed
was

employed to analyze and predict flood behavior

across the CRB. This model 1is specifically
designed to simulate the complex interaction
between  rainfall input, surface  runoff
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making it suitable for large—scale basins like

the CRB. For this study, several key data sets

were prepared and integrated into the RRI

modeling framework.
Rainfall input was obtained from the National

Irrigation Administration Magat River
Integrated Irrigation System (NIA-MARIIS), which
provided reliable temporal precipitation data
essential for simulating event-based flood
scenarios. Topographic data were derived from a
high-resolution Digital Elevation Model (DEM),
enabling detailed terrain analysis that guided
the flow direction, slope, and accumulation
pathways of surface runoff. Land use and land
cover (LULC) data were sourced from the Food and

Agriculture Organization (FAO), which provided

information on surface roughness and
infiltration capacity across different land
types. Additionally, soil type data were

incorporated to enhance the model’ s estimation
of infiltration and runoff behavior, while river
network data defined the drainage pathways within
the basin.

The model was validated using observed flood
marks, measured depths, and community-reported
flood extents gathered during the January 2025
field survey. This validation ensured that the
simulation outputs closely reflected real flood
events. Final outputs of the RRI model included
spatially distributed flood hazard maps showing
and depth for different

inundation extent

rainfall scenarios. These maps served as a vital



decision—support tool for flood risk assessment,
emergency planning, and disaster mitigation
efforts across the CRB.
3. Results and Discussion
3.1 Field Observations

Field validation was conducted in January 2025
across strategically selected flood—prone areas
in the CRB. The survey covered 60 proposed points,
prioritized based on historical flood records,
community vulnerability, and proximity to major
river channels.

However, due to accessibility

constraints, such as impassable roads and

isolated locations, data collection focused on

sites that could be reached safely and within the
available timeframe.

Survey activities involved community

consultations, key informant interviews, and

physical validation of flood marks on structures

to document inundation depths. Residents
provided qualitative insights into flood
behavior, timing of peak inundation, and

evacuation practices, which complemented the

measured quantitative data. Geotagged
photographs and GPS-based validation were
carried out at each accessible site, while

selected locations were further cross—checked
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Table 2 Flood hazard classification and percentage of

total flooded area for Cagayan River Basin.

Depth
% of Total
Hazard Level Range
Flooded Area
(m)

Very Low <1 0.65%
Low 1-2 44.76%
Moderate 2-3 25.27%
High 34 15.72%
Very High >4 13.60%

depth measurements. These validation efforts
ensured that the resulting hazard maps are not
only technically robust but also grounded in
local realities, enhancing their reliability for
decision—making and flood risk reduction
planning.
3.2 Spatial Distribution of Flood Hazards
The RRI model was executed for the CRB to
simulate flood inundation during the 2024 typhoon
events. Model calibration and validation were
conducted using 60 field-verified flood points,
ensuring a reliable alignment between simulated
flood depths These

ground-truth the

and observed conditions.

points, collected during

January 2025 field survey, provided critical
reference data for fine—tuning model parameters
related to roughness, infiltration, and storage
dynamics.

The validated
classified into five hazard categories—Very Low
(<1 m), Low (1-2 m), Moderate (2-3 m), High (3-4
>4 m-to the

basin-wide flood hazard map shown in Figure 4. The

simulation outputs were

m), and Very High generate
spatial pattern reveals significant inundation
along the main Cagayan River channel and its major
tributaries, where settlements and agricultural
lands are concentrated.

Based on Table 2, approximately 44.76% of the
affected areas fall under the Low Hazard category
1-2 m,
agricultural zones. Moderate hazard levels (2-3
m) account for 25.27%, while High and Very High
represent 29. 32%,

predominantly located in mid-basin

hazard zones collectively

concentrated in floodplains and confluence

regions near Tuguegarao City and downstream of

Magat Dam. These findings emphasize that while
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widespread shallow flooding occurs across the
basin, localized extreme inundation poses severe
risks to infrastructure and livelihoods.

To assess the accuracy of the flood hazard map,
simulated flood depths from the RRI model were
60 flood
collected during the January 2025 field survey.
These distributed
across multiple barangays in flood—prone zones of
the CRB,

residential structures that recorded significant

compared against observed marks

ground-truth points were

focusing on schools, bridges, and
inundations during the 2024 typhoon events.

The scatter plot in Figure 5 illustrates the

relationship between observed and simulated
flood depths. The wvalidation yielded a
coefficient of determination (R*> = 0.666),

indicating a strong correlation between modeled
and observed values. Most points cluster near the
1:1 reference line, confirming the model’ s
capability to replicate flood depth variability
across different locations. Minor discrepancies,
particularly underestimation in urban areas, can
be

simplified

coarse DEM resolution and
of

This validation confirms the

attributed to
representation drainage
infrastructure.

reliability of the RRI-generated hazard map for

decision—making applications, particularly in
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Figure-5 Validation of RRI-simulated flood depths
against observed flood heights at 60 field survey
points in the Cagayan River Basin. The 1:1
reference line indicates perfect agreement, while
R?=0.666 demonstrates strong correlation.
identifying high-risk zones and guiding flood

risk reduction strategies.



This study demonstrates the effectiveness of
integrating 2D RRI hydrodynamic modeling with
extensive field-based validation and community
flood hazard
Unlike
conventional GIS-based hazard mapping methods
(AHP or MCDA) that often fail to capture dynamic
flood the RRI

rainfall-runoff-inundation interactions across

insights to produce a robust

assessment for the Cagayan River Basin.

processes, model simulates

slopes and channels, resulting in spatially

explicit predictions of flood depth. Validation
against 60 field-observed flood marks achieved a
strong correlation (R* = 0.666), underscoring the
real-world

model’ s capability to replicate

flood conditions. These findings confirm that

integrating remote-sensing—based datasets with

ground-truth measurements significantly

improves accuracy and relevance, even 1in

data-limited environments like the Philippines.

Despite these strengths, some limitations were

identified that provide opportunities for
improvement. The validation dataset, although
comprehensive, was limited by accessibility
issues and logistical challenges, which
prevented coverage of all high-risk areas. Future
studies should expand the number of ground
validation points and integrate high-resolution
topographic data (e.g., LiDAR) to reduce
uncertainties in narrow floodplains and

urbanized areas. Additionally, coupling the RRI

model with real-time rainfall forecasts

advanced satellite products, and hydrodynamic
dam operation modules could enhance simulation
accuracy and operational utility. Integrating
drone-based inundation mapping and Al-driven

predictive analytics may further support
real-time flood forecasting and early warning
systems. These improvements will strengthen the
scalability and reliability of the framework for
application across other major river basins in
the Philippines and beyond

Beyond technical rigor, this research advances
an integrated flood risk assessment framework
that combines scientific modeling with local
knowledge and socio—economic context, ensuring
outputs are actionable for policy and practice.
The generated hazard maps highlight critical
inundation hotspots near major river channels and
input

agricultural zones, providing essential
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for land-use planning, infrastructure resilience
and disaster preparedness. These results support
evidence—based decision—making for flood risk
global

agendas and offering a scalable approach for

reduction, aligning with resilience

other flood-prone regions facing similar

climatic and geographic challenges.
4 Conclusion

This study developed a comprehensive flood

hazard map for the CRB by integrating
two—dimensional RRI modeling with field-based
validation and community insights. The model,

calibrated and validated using 60 georeferenced
flood points, achieved strong agreement. Results
revealed that nearly 30% of the basin falls under
high to very high hazard categories, posing
significant risks to critical infrastructure and
While the

technical

agricultural zones. approach

demonstrates robust accuracy and
contextual relevance, future improvements should
focus expanding validation

on coverage,

incorporating high-resolution LiDAR data, and
integrating real-time forecasting and Al-based
analytics to enhance predictive capacity. These
findings offer actionable insights for land-use
dam strategies, and

planning, operation

community—-based DRR, providing a scalable
framework for other flood-prone regions in the
Philippines and beyond.
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