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Abstract

Floods are among the extreme events associated with climate variability in the Lacramarca
River basin, located in the department of Ancash, Peru. Meteorological phenomena such as
El Nifio during the periods 1982-1983 and 1997-1998, as well as the Coastal El Nifio in 2017,
constitute key reference events that motivated the development of the present study, based
on a case study conducted in the area between the rural settlements of Santa Clemencia
and Pampadura. This research is based on maximum precipitation data derived from
historical climate records and from the climate scenarios ACCESS 1-3, HadGEM2-ES, and
MPI-ESM-MR, as well as the median projected scenario for 2050, obtained from the National
Meteorology and Hydrology Service of Peru (SENAMHI) data platform. This information
was analyzed considering the spatial location of the basin and its position relative to the
area of interest, using Intensity—Duration-Frequency (IDF) curves. To demonstrate the
changes in the river hydrological behavior before and after the 2017 Coastal El Nifio event,
a Random Forest modeling approach was applied using Sentinel-2 satellite imagery. Design
peak discharges for return periods of 50, 100, and 140 years were estimated using the
HEC-HMS software. Hydraulic simulation of the Lacramarca River basin, carried out using
HEC-RAS version 6.7 beta 3 and IBER version 3.3.1 software, made it possible to identify
flood-prone areas affecting agricultural land and areas adjacent to population centers,
covering 149,000 m? and 172,000 m? for return periods of 100 and 140 years, respectively,
based on information from the historical scenario. In contrast, using data from the 2050
projection scenario, affected areas of 242,000 m? and 323,000 m? were estimated for the
same return periods.

Keywords: Lacramarca river; flooding; HEC-HMS hydrological modeling; IBER and
HEC-RAS hydraulic simulation; climate change
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1. Introduction

Climate change is a phenomenon characterized by an imbalance in the Earth’s energy
budget, manifested through significant variability in climate patterns and closely linked to
human activities. This imbalance in the atmospheric system is reflected in rising tempera-
tures, thereby contributing to global warming, which promotes glacier melting, sea-level
rise, and an increase in extreme meteorological events [1].

Global warming tends to modify the hydrological cycle through changes in atmo-
spheric temperature and humidity. These factors alter precipitation distribution, increase
mean temperatures, reduce river flows, and raise the likelihood of extreme hydrometeoro-
logical events [2], which manifest at different spatial scales, ranging from global to regional
and local levels [3]. As a result, some regions experience prolonged droughts, while others
are subject to increasingly intense rainfall events that trigger flooding. These changes in
rainfall regimes and temperature constitute the primary drivers of such phenomena [4].

Numerous studies indicate that increases in the intensity and frequency of extreme
events are directly associated with climate change and climate variability [5]. In particular,
the El Nifio-Southern Oscillation (ENSO) in its two main phases—EI Nifio (EN) and La
Nifia (LN)—has been extensively studied in recent decades by numerous authors seeking
to describe the impacts of ENSO events on global precipitation In Peru, floods represent
large-scale events that periodically affect the territory, generating adverse impacts on the
economy and public welfare [6]. The ENSO events that produced the most significant
negative socioeconomic impacts in the country occurred during the periods 1982-1983,
1997-1998, and 2017, the latter corresponding to the Coastal El Nifio, considered the third
most intense ENSO event in recent years. In March 2023, this phenomenon recurred due to
warm sea surface temperature conditions along the northern coast of the country, causing
intense rainfall and also affecting the central coast and the northwestern region. These
events resulted in torrential rains and severe flooding, often leading to landslides and
damage to infrastructure, agricultural land, and housing.

The Pan American Health Organization (PAHO) reports that direct losses associ-
ated with the extreme 1997-1998 event were estimated at USD 1 billion, of which 80%
corresponded to flooding in northern Peru [7]. Likewise, according to the 2017 Statisti-
cal Compendium of the National Institute of Civil Defense (INDECI), Peru, the damage
caused between February and March 2017 by intense rainfall associated with the El Nifio
phenomenon resulted in 151,161 affected individuals, in addition to 32,396 dwellings,
323 educational facilities, and 110 health institutions reporting damage or varying degrees
of destruction across different areas of the Ancash region in Peru [8].

Floods have significantly impacted populations, territories, and socioeconomic assets
in recent decades [9]. Increased population density near rivers, rapid economic growth in
floodplains, and changes in land use significantly influence flood occurrence [10]. In this
context, the most severe impacts generated by floods are closely related to human-induced
factors, together with accelerated demographic growth, uncontrolled urbanization, and the
design and implementation of inefficient flood mitigation strategies [11]. Flood forecasting
has been, and continues to be, an important disaster prevention measure and an adaptation
mechanism in the context of climate change [12].

Previous research has demonstrated that climate change is generating significant
transformations in hydrological processes at the global scale. The trend toward large-scale
flooding has become increasingly evident, as multiple scenarios project a substantial rise in
the frequency and intensity of extreme precipitation events [13].

In Peru, the Piura River basin and the Rimac River basin, located along the Pacific
coast, are regions frequently affected by ENSO events. The Rimac River basin, in particular,
is highly susceptible to climatic variability due to its geographic position and the interaction
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of ocean-atmosphere dynamics across the tropical Pacific, which has made it the focus of
numerous studies [14].

The Lacramarca River basin, which is the subject of the present research, is located
in the Ancash region of Peru and drains toward the northern coast of the Pacific Ocean.
Due to its short length, this basin is considered highly vulnerable to the occurrence of
debris flows (huaicos) and flooding, primarily during extreme events associated with El
Nifio. During these events, intense rainfall produces a marked increase in river discharges,
transporting sediments from the upper reaches of the mountain ranges and causing damage
to populated areas and agricultural land. This situation is exacerbated by the lack of
adequate infrastructure for riverbank protection.

Owing to its seasonal or intermittent nature, the Lacramarca River exhibits irregular
hydrological behavior that has generated negative impacts on the territory, as observed
during the 1997-1998 events, when extensive overbank flows and flooding occurred across
large portions of the basin, affecting both urban and rural areas [15]. The basin was also
subjected to extreme El Nifio events during the periods 1982-1983, 1997-1998, and 2017,
during which extensive land areas were inundated, causing severe damage primarily to
agricultural zones, especially rice crops, in the Pampadura and Santa Clemencia areas near
the river. In this region, mass movement events occurred in the Chinecas Canal—which
diverts water from the Santa River and intersects transversely with the Lacramarca River
basin and the city of Nuevo Chimbote—due to debris transport originating from transverse
ravines, affecting multiple sectors [16] (Figure 1).

Figure 1. Longitudinal cross-section of the Lacramarca River showing channel incision, widening, and
traces of paleochannels identified through sediment deposits originating from past flood events [16].

It should be emphasized that changes in the magnitude and frequency of flows within
river channels are not solely attributable to climate change effects. They are also associated
with human-induced alterations of channel morphology driven by population needs,
particularly those related to agricultural activities and demographic growth. Additionally,
new riverbank protection works are currently being implemented to prevent overflows
and flooding in the Lacramarca River; this information has been incorporated into the
development of the research.

Modeling constitutes a fundamental tool for understanding the different components
of river basins and their respective roles in hydrology. Over recent decades, hydrological
models have undergone significant improvement through the integration of additional
environmental factors influencing hydrological processes, particularly those associated with
global climate change [17]. The integration of hydrological models with climate models
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contributes to the design of more effective strategies for water resource management and
the development of climate-resilient infrastructure [18].

A wide variety of models are currently available for comparative analysis and result
evaluation, including General Circulation Models (GCMs) and Regional Climate Models
(RCMs), developed under different climate change scenarios.

Flooding can be quantified using a variety of methods, ranging from simple empirical
procedures to evaluations based on the rational method, flood frequency analysis, sim-
plified conceptual models, multicriteria decision analysis, and numerical hydrodynamic
modeling supported by Geographic Information Systems (GIS) [19]. The authors further
emphasize that access to computational technology, combined with the availability of reli-
able input data and the use of multiple remote information sources—such as satellite data
and platform-hosted datasets—has facilitated the development of hydrodynamic models
using IBER, hydraulic modeling for flow simulation and analysis using the Hydrologic Engi-
neering Center-River Analysis System (HEC-RAS), and rainfall-runoff simulation using the
Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS), among others.

According to a general analysis, several hydrological models for basin-scale process
simulation have demonstrated their usefulness in evaluating external impacts on water
resources. These studies indicate that models such as HEC-HMS (version 4.12) stand out
due to their performance, accessibility, versatility for analyzing different basins and spatial
scales, ease of implementation, and availability of technical support [20].

Flooding events represent a serious problem that significantly impacts populations,
particularly in the Peruvian highlands. In the Cunas River basin, a study analyzed precipi-
tation data, calculated basin parameters, and estimated peak discharges and flood-prone
areas. In this project, HEC-HMS version 4.12 software was used to estimate peak discharges
corresponding to return periods of 50, 100, 140, and 200 years, while hydraulic simulation
was conducted using HEC-RAS version 6.7, revealing flood depths in the study area [21].
According to hydrological and hydraulic models developed with HEC-HMS and HEC-RAS,
extreme events generate flooding that affects populations located near the Santa Eulalia
River [22].

Other studies indicate that, in combination, geology, topography, and basin character-
istics, together with hydraulic modeling and simulation using tools such as HEC-RAS and
ArcGIS version 10.8, are key elements in determining flood generation processes. These
approaches have proven effective for studying flood channels and increasingly replace
traditional analytical models [23]. HEC-RAS is capable of generating flood maps directly
from computed water surface profile results for a variety of scenarios [24].

In addition, IBER is recognized as a computational modeling system designed to
simulate water flow in rivers, estuaries, and coastal environments [25]. Using this software
in the Tesechoacan River basin (Mexico), risk maps were generated showing flood-prone
areas, where 56.9% of the territory was classified as high risk [26].

The present research constitutes a case study conducted in a section of the Lacramarca
River located downstream of the Pampadura population center and in the area adjacent
to the Santa Clemencia community, a region that has limited hydrological studies, with
the objective of identifying flood-prone areas under extreme discharge conditions and
climate-related phenomena such as ENSO. The central hypothesis of this research considers
that changes associated with climate variability may increase peak discharges in the lower
Lacramarca river basin, intensifying flood risk of agricultural land and human settlements
progressively established near the natural riverbank. Furthermore, this case study con-
tributes to the fulfillment of Sustainable Development Goals through the generation of
scenarios to support flood risk mapping and the planning of resilient infrastructure.
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This study is based on projections derived from simulations of water flow behavior
in the study area, carried out using HEC-RAS and IBER, and the estimation of design
peak discharges modeled with HEC-HMS (version 4.12) for return periods (T) of 50, 100,
and 140 years. These simulations use historical precipitation data derived from Intensity—
Duration-Frequency (IDF) curves published on the official data platform of the National
Meteorology and Hydrology Service of Peru (SENAMHI) [27], as well as climate scenario
data available through the same platform.

2. Materials and Methods
2.1. Location of the Study Area: Lacramarca River Basin

The Lacramarca River originates in the highlands of Cerro Ulto Cruz, where it is
initially referred to as the Lupahuari River. Downstream, along its left bank, it is joined
by the Santa Ana River, at which point it is formally identified as the Lacramarca River.
This research was conducted within this basin, focusing on the study area located between
the Pampadura and Santa Clemencia zones, situated in the district of Cambio Puente,
Santa Province, within the Ancash region of Peru. The study area is located at coordinates
476,791.26 and 8,658,567.699 (Datum) (Figure 2).
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Figure 2. Location of the study area within the Lacramarca River basin in the Ancash region, produced
using QGIS 3.36.2.

The Lacramarca River basin is characterized by mountainous topography and a hetero-
geneous climate, with seasonal behavior and a variable flow regime. The river experiences
prolonged dry periods and episodic high discharges, conditions that have contributed to
major flooding events. With respect to the physiographic characteristics of the basin and
the study area, QGIS version 3.36.2 was used to determine several parameters, including a
basin area of 712.89 km? and an average slope of 9% (Figure 3).
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Figure 3. Study area within the Lacramarca River basin located between the populated centers of
Pampadura and Santa Clemencia.

2.2. Generation of Satellite Imagery of the Study Area During the 2017 Coastal El Nifio Event

To provide a detailed depiction of the hydrological behavior of the Lacramarca River
during the 2017 Coastal El Nifio event, satellite imagery was generated for the study
area, which includes the reach of the Lacramarca River near the city of Chimbote, Peru
(9.07° S-8.94° S, 78.57° W-78.45° W), covering an approximate area of 196 km?.

Sentinel-2 Level-2A surface reflectance imagery was obtained through the Google
Earth Engine platform [28] for two temporal periods: January 2017 (before) and March
2017 (after). Cloud-masked composite images were generated using median compositing,
filtering scenes with less than 30% cloud cover. The composites included four spectral
bands: Blue (B2, 490 nm), Green (B3, 560 nm), Red (B4, 665 nm), and Near-Infrared (BS,
842 nm), all resampled to a spatial resolution of 10 m. The images were exported in GeoTIFF
format using the WGS84 geographic coordinate system (EPSG:4326).

To enhance class discrimination, three spectral indices were computed from the origi-
nal bands: the Normalized Difference Vegetation Index (NDVI), used to identify vegetated
areas and crop vigor; the Normalized Difference Water Index (NDWI), optimized for wa-
ter body detection; and the Modified Normalized Difference Water Index (MNDWI), an
alternative water detection index adapted to the available spectral bands. The final feature
space consisted of seven predictors: four original spectral bands and three derived indices.

A total of 200 training points were randomly sampled across both images using the
terra package [29], ensuring adequate spatial representation of all land cover classes. Each
training point was manually labeled in QGIS version 3.x [30] through visual interpretation
of high-resolution Sentinel-2 true-color composites for both temporal periods. Four land
cover classes were defined: Water, Crops, Bare Soil, and Buildings. Each point was assigned
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two independent labels (class_before and class_after), allowing for temporal change analy-
sis. The training dataset was stored as a GeoPackage vector file containing point geometries
and associated class attributes.

Supervised classification was conducted using the Random Forest (RF) algorithm [31]
implemented through the ranger R package [32]. For each temporal period (before and af-
ter), spectral band values and derived indices were extracted at the training point locations.
The dataset was partitioned into training (70%) and testing (30%) subsets using stratified
random sampling. RF models were trained using 500 trees and a minimum node size of
5 as hyperparameters. The trained models were applied on a pixel-wise basis across the
entire image extent using the terra package’s predict function, producing categorical land
cover maps for both periods. Output rasters were encoded with a Raster Attribute Table
(RAT) linking integer class codes to land cover classes. Classification maps were visualized
using the tmap package [33], applying distinct color palettes for each land cover class.

All analyses were conducted using R version 4.x [34], with spatial operations performed
using the terra and sf packages [35]. It is important to note that only satellite imagery from
2010 onward was considered in this analysis due to limitation in data availability.

Classification accuracy was evaluated using both training and independent testing
datasets. Confusion matrices were generated by comparing predicted classes with reference
classes using the 30% holdout test set. Three complementary performance metrics were
employed: Overall Accuracy (OA), representing the proportion of correctly classified pixels;
the Kappa coefficient (k), which measures agreement between predicted and reference
classifications while accounting for chance agreement; and per-class metrics, including sen-
sitivity (recall), specificity, precision, F1-score, and balanced accuracy, to assess classification
performance across individual land cover classes. Variable importance was evaluated using
the mean decrease in node impurity (Gini importance) to identify the most discriminative
spectral features for each classification scenario.

Land cover area for each class was calculated by multiplying the number of pixels per
class by the cell area expressed in hectares, accounting for the 10 m spatial resolution. Total
area and per-class areas were computed for both temporal periods, and absolute (hectares)
and relative (percentage) changes were quantified.

2.3. Estimation of Maximum Precipitation

The estimation procedure was based on the analysis of Intensity—Duration-Frequency
(IDF) curves associated with different return periods, obtained from SENAMHI's climate
information platform. Maximum precipitation values were derived for two strategically
located points within the basin (Figure 4). These locations were defined based on the
downstream endpoint of the basin section at Santa Clemencia (9.00° S, 78.54° W; W(GS84),
from which two additional analysis points were established: Lacramarca (8.89° S, 78.27° W;
WGS84) and the Lupahuari Ravine (8.87° S, 78.27° W; WGS84).

Maximum precipitation values for this research were derived from IDF curves
(Figure 5) constructed using historical annual maximum precipitation records and hourly
precipitation data collected from 442 conventional meteorological stations and 286 auto-
matic stations distributed nationwide and managed by SENAMHI, the National Water
Authority (ANA), and Appalachian State University (USA). These datasets were comple-
mented with data obtained from climate scenarios ACCESS 1-3, HadGEM?2-ES, MPI-ESM-
MR, and the median projection scenario for 2050, disseminated through SENAMHI's IDF
Curve Estimation Module [27].
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Figure 4. Geographic location of the analysis points used for maximum precipitation estimation.
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Figure 5. IDF curves constructed for the return periods considered in this research, derived from
SENAMHI IDF curves.

The IDF curves provided the maximum precipitation inputs used to generate
hyetographs required for peak discharge estimation. This process was carried out us-
ing the HEC-HMS software, considering return periods (T) of 50, 100, and 140 years. The
resulting peak discharges were subsequently incorporated into hydraulic modeling, follow-
ing recurrence criteria established in the regulatory framework [36] for riverbank protection
design (Figure 6).
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Figure 6. Hyetographs corresponding to return periods of 100 and 140 years.

To verify the reliability of the hydrometric data for the Lacramarca River basin derived
from discharge modeling using HEC-HMS, a data validation process was conducted.
This process involved a comparative analysis using discharge records from the Quitaracsa
hydrometric station, located in the Santa River basin near the Lacramarca basin and selected
due to the similarity in their extreme hydrological behavior. The calibration methodology
employed [37] is presented schematically in Figure 7.

Areal scaling
Monthly data Quacramarca=Q santa (A1/A2)
Santa river (2023)

A;=Lacramarca river area
A,= Santa river area

Continuous conversion = event

Continuous Triangular method
streamflow series ® Volume fraction
. E— Imput base flow
Lacramarca river ® Duration (h)
(scaled) ® Rising limb fraction

Temporal alignment CSV exportation Import into HEC HMS
(00:00-24:00) Observed flow Optimization trial = calibrated hydrograph

Figure 7. Methodological scheme for hydrometric data calibration using discharge records from the
Quitaracsa o Station located in the Santa River basin compared with peak discharges estimated by
HEC-HMS based on SENAMHI IDF curves.

https://doi.org/10.3390/hydrology13040103



Hydrology 2026, 13, 103

10 of 22

Several statistical indicators were used to assess the accuracy and consistency of the
hydrological models applied in the Lacramarca River basin. These validation metrics in-
clude Nash-Sutcliffe efficiency (NSE) and the coefficient of determination (R?), which made
measuring the degree of agreement between simulated and observed values possible. The
NSE [38] ranges from —oo to 1, where values close to 1 represent better model performance,
whereas values near 0 or negative reflect low predictive capability (Equation (1)). Similarly,
the R? coefficient [39] varies from 0 to 1, where values approaching 1 reflect a high level of
correlation (Equation (2)).

" (0;-0)
o . 2
o ( ¥, (0;—0)(S;=5) -
VI (0,-0)7 /xy(5i—5)

where S; and O; denote the simulated and observed discharges (m?/s) respectively.

The magnitude of the absolute differences between simulated and observed values
was evaluated using the Mean Absolute Error (MAE) and the Root Mean Square Error
(RMSE) [40] were a value equal to 0 indicates a perfect agreement (Equations (3) and (4)).
Additionally, the Percent Bias (PBIAS) was used to express the difference in percentage
terms [41], indicating whether the model estimates are above or below the observations

(Equation (5)).

1
MAE = -3 7 1|0i = S| (3)

(0; —Si)°

RMSE = \/ Y )

For a dataset of model predictionsi = 1, 2, - - - n in which each predicted value S; is
associated with an observed value O;.

Yii1(0; = Si)

PBIAS = {
i1 0

] x 100 ()
where PBIAS quantifies the percentage deviation between simulated S; and observed data O;.

As part of the model calibration and validation procedures, precipitation and hy-
drometric data were obtained from the database of the National Water Authority (ANA),
considering records from the Quitarasca hydrometric station located in the neighboring
Santa River basin, which were used for model calibration based on annual hydrometric
records [42]. Table 1 presents the statistical metrics used to evaluate the performance of the
hydrological model.

Table 1. Statistical indicators applied to evaluate the reliability of the hydrological models.

Statistics Indicators Symbol Value Interpretation
Nash—Sutcliffe efficiency NSE 0.881 Very good (>0.75)
Coefficient of determination R? 0.88 Positive
Mean Absolute Error MEAN 0.446 Average deviation
Root Mean Square Error RMSE 0.449 Slightly penalizes larger errors
Percent Bias PBIAS —3.78% Very good performance range (<£10%)

It should be noted that, in addition to historical precipitation data, the projection to
2050 was also analyzed. This projection incorporated information compiled and validated

https:/ /doi.org/10.3390/hydrology13040103
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within SENAMHI’s IDF Curve Estimation Module, which has undergone a calibration
process using data from 442 conventional meteorological stations and 286 automatic stations
distributed nationwide.

2.4. Estimation of Peak Discharges for Flow Simulation in the Lacramarca River

To estimate peak discharges in the Lacramarca River and simulate flow dynamics,
the model required input data derived from maximum precipitation analysis within the
basin, which is essential for defining the peak rainfall intensities used in the simulation. In
addition, physical basin characteristics were incorporated, including topography, basin area,
basin perimeter, channel length, and time of concentration, as well as infiltration-related
variables, primarily the Curve Number (CN).

Topographic data were derived from the ASTER GDEM v3 satellite product and
processed to a spatial resolution of 10 m. The study reach was discretized into 51 cross-
sections spaced at 100 m intervals. Elevation points for each cross-section were digitally
extracted from the terrain surface using the RiverGIS extension in QGIS, ensuring sufficient
point density for accurate morphological representation of the river channel.

During the discharge modeling process in HEC-HMS, it was necessary to define the
loss method. Accordingly, the Soil Conservation Service Curve Number (SCS-CN) method
was selected, which requires input parameters including initial abstraction (mm), Curve
Number (CN), and the percentage of impervious surface within the basin [36]. The basic
equation used to estimate direct runoff in basins [43] is given by Equation (6).

(P - I,)?
— 7 6
T T-n+9 ©
where Q is direct runoff (mm), P is total precipitation (mm), S is potential soil water storage
capacity (mm), and I, is initial abstraction (mm).
Soil water storage capacity was calculated using Equation (7):

5 25,400
~ CN

— 254 )
Initial abstraction was defined using Equation (8):
I, =028 (8)

To proceed with the simulation stage, the CN value was established based on basin
land-use characteristics, soil type, infiltration capacity, and vegetation cover. Considering
the relatively homogeneous land-use characteristics of the coastal basin, a CN value of
78 was obtained, reflecting a predominance of cultivated land under conservation treatment
and hydrologic soil group C. This group is typically associated with clay loams, shallow
sandy loams, soils with low organic content, and soils with high clay content [36].

The time of concentration (tc) is a key parameter representing the time required for
rainfall to contribute to runoff at the basin outlet. It was estimated using the Kirpich
formula [44], yielding a tc value of 180 min (3 h). Once all input data were defined, the
calculation of design peak discharges was carried out using the HEC-HMS software for
return periods of 50, 100, and 140 years, primarily associated with extreme events such
as ENSO.

Using the defined area of influence and the calibrated design peak discharges gener-
ated by HEC-HMS for different return periods, the simulation of extreme flow events was
carried out using the IBER and HEC-RAS models, transferring topographic and discharge
data into both software environments (Figure 8). As a result, the most vulnerable zones
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and the spatial extent of flood-prone areas (km?) within the study area were identified,
along with critical points.

A" | Depth (m)

-3.1385
-2.6916

2.2446
1.7977
1.3508

+0.90386
0.45693
-0.01

Figure 8. Flow simulation in the Lacramarca River basin using the IBER model for a 50-year
return period.

Based on the identified critical points, two sections in the Lacramarca River were
selected for detailed analysis of hydraulic behavior. This analysis aimed to evaluate the
water levels reached by peak discharges under projected scenarios involving extreme flows
associated with phenomena such as ENSO, for different return periods. These sections are
located in the lower basin at Santa Clemencia and Pampadura, at coordinates 8°59'51.659" S
and 78°32/08.458"” W.

Hydraulic parameterization was based on spatial analysis of land cover and surround-
ing surface layers, allowing the assignment of a Manning roughness coefficient of 0.025
for the main channel and 0.18 for the floodplains. The latter value reflects the hydraulic
influence of dense vegetation and agricultural crops along the riverbanks. This configu-
ration was applied to river geometry modeled with cross-sections spaced every 100 m.
For steady-flow simulations, critical depth boundary conditions were defined both up-
stream and downstream, using peak discharges derived from the median 2050 climate
projection scenario.

Once the simulation of hydraulic behavior in the basin was initiated using the HEC-
RAS and IBER software, water-level results associated with the estimated peak discharges
at the critical sections were obtained. These values enabled a comparative analysis between
the water levels produced by projected peak flows for return periods of 100 and 140 years
and the dimensions of a specific section of the Lacramarca River near Santa Clemencia,
where a riverbank protection structure is currently under construction. This structure was
designed with a height of 2 m along the lateral banks and a variable cross-sectional width
ranging from 28 to 30 m, thereby allowing a comparative evaluation of the simulated water
levels relative to the limits of the riverbank protection structure.

As described above, hydrological and hydraulic modeling of the Lacramarca River
basin enabled the identification of areas with the highest vulnerability to flooding. Data
generated using QGIS Desktop 3.40.7 and IBER version 3.3.1 software, and subsequently
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exported to AutoCAD 2023, facilitated visualization and quantification of flood extent,
magnitude, and percentage of inundated area (km?) relative to the total basin area and the
specific study area between Santa Clemencia and Pampadura, considering the specified
return periods. This procedure significantly enhanced result interpretation and supported
a clearer and more effective presentation of the findings.

3. Results

Based on the methodology applied in this study, the main results derived from the
hydrological and hydraulic analyses are presented in the following section.

3.1. Evaluation of the Hydrological Behavior of the Lacramarca River Using Satellite Data

In accordance with the proposed methodological framework, satellite imagery was
generated to illustrate changes in the hydrological behavior of the Lacramarca River before
and after the precipitation and runoff associated with the 2017 Coastal EI Nifio.

Figure 9 illustrates the natural development of the river channel under normal condi-
tions, whereas Figure 10 shows the changes in runoff generated by extraordinary precipita-
tion associated with the extreme events of 2017.

\}/ﬁ

= ANAE J_‘*

Figure 9. Satellite images showing land surface conditions of the study area prior to the 2017 Coastal
El Nifio event.

Figure 10. Satellite images showing land surface conditions of the study area after the 2017 Coastal E1
Nifio event.

The Random Forest classifier achieved high Overall Accuracy (OA) for both temporal
periods. For the before period (15 December 2016-15 January 2017), the model achieved
a training accuracy of 96.3% (k = 0.92) and a test accuracy of 75.9% (k = 0.59). The after
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period (15 March-15 April 2017) showed improved performance, with a training accuracy
of 97.0% (k = 0.95) and a test accuracy of 77.6% (k = 0.68).

Per-class performance analysis revealed that the Crops class exhibited the highest
sensitivity in both periods (93.3% before, 89.5% after), while the Water class showed a sub-
stantial improvement between periods (30.0% to 81.0% sensitivity). Buildings demonstrated
moderate detection rates (28.6% before, 42.9% after), mainly due to spectral similarity with
Bare Soil and a limited number of training samples (12% of total samples). Bare Soil
maintained high specificity (97.9% before, 100% after) with excellent discrimination from
vegetated classes.

Variable importance analysis showed distinct seasonal patterns in feature contribution.
In the before period, original spectral bands dominated (B2, B3, and B4 contributing a
total importance of 32.2), followed by NDVI and MNDWTI indices. However, in the after
period, spectral indices became the most important predictors (NDVI = 16.8, NDWI = 14.1,
B8 NIR = 12.5), indicating enhanced vegetation and water discrimination during the later
growing season.

The land cover classification for the before period revealed the following distribution
across the 19,946-hectare study area: Crops dominated with 9851.32 ha (49.4%), followed
by Bare Soil with 7543.99 ha (37.8%), Buildings with 2100.17 ha (10.5%), and Water with
450.45 ha (2.3%).

During the after period, the distribution shifted to: Crops 9997.47 ha (50.1%), Bare Soil
7475.67 ha (37.5%), Buildings 2041.22 ha (10.2%), and Water 431.56 ha (2.2%).

3.2. Estimation of Design Peak Discharges

For the estimation of peak discharges in the Lacramarca River, return periods (T)
of 50, 100, and 140 years were considered using the HEC-HMS version 4.12 model. The
analysis incorporated data from the study area and estimated precipitation data for the
reference points.

The results presented in Table 2 show the estimated design peak discharges obtained
through hydrological simulation for return periods ranging from 50 to 140 years. For a
return period of T = 100 years, the estimated peak discharge under the historical scenario
is 125.4 m> /s, whereas under the 2050 projection scenario it is 319.6 m?/s. Similarly, for
T = 140 years, the design peak discharge for the historical scenario is 210 m? /s, while under
the 2050 projection scenario, it reaches 460 m> /s.

Table 2. Estimated peak discharges using the HEC-HMS model.

Peak Discharges (m3/s)

Models T-50 T-100 T-140
Historical Scenario 27.8 125.4 210
2050 Median 123.1 319.6 460
Projection

3.3. Hydraulic Flow Simulation Using IBER and HEC-RAS

Hydraulic simulation is a process that enables the identification of areas with greater
vulnerability to peak discharges and the projection of potential flooding along the banks
of the Lacramarca River within the study area. These results constitute a useful technical
resource for land-use planning and for the adoption of preventive measures aimed at
protecting vulnerable areas, in alignment with Sustainable Development Goal 13 (SDG 13).

The hydraulic simulation conducted using historical data and 2050 projections with
the HEC-RAS and IBER software enabled the determination of the water levels reached
by peak discharges. The results show that, for a return period of 100 years, water levels
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remain at or below the height of the Lacramarca River bank structure at the first critical
point located in the Santa Clemencia area. For T = 140 years, water levels estimated using
data from the historical scenario remain below the riverbank structure level;, however,
simulations incorporating information from the 2050 median projection indicate that the
estimated water level exceeds the riverbank protection structure, suggesting the occurrence
of flooding in areas adjacent to the river, affecting both rural and urban areas within the
study area (Figure 11).

3.0 2.81
2.8

2.6
24
22
2.0
1.8
1.6
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1.2
1.0

Water surface elevation (m)
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0.0
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Return period T (years)

Figure 11. Simulated water levels (m) obtained using HEC-RAS and IBER compared with the design
elevation of the Lacramarca River bank for 100- and 140-year return periods in the Santa Clemencia
sector under historical and 2050 projection scenarios.

Similarly, flow modeling indicates that the water level reached by peak discharges at
the second critical point located in the Pampadura area coincides with the height limit of
the riverbank, according to results generated by the HEC-RAS model for a return period
of 100 years, whereas IBER records a slightly higher water level, indicating riverbank
overtopping for the same return period. Regarding the estimation of water levels for
return periods of 100 and 140 years, the simulation shows that the discharge will overtop
the riverbank protection structure, resulting in flooding of agricultural areas, primarily
affecting rice production (Figure 12).
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Figure 12. Simulated water levels (m) obtained using HEC-RAS and IBER compared with the design
elevation of the Lacramarca River bank for 100- and 140-year return periods in the Pampadura area,
considering historical and 2050 projection scenarios.
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3.4. Flood-Prone Areas Identified Through Simulation

Flood-prone areas were identified based on projections generated using the IBER
model, with results spatially visualized using QGIS and IBER software, including the
delineation of the Lacramarca River flow path.

The projection of estimated discharges over the territory, based on hydraulic simulation
using historical data and 2050 projections, indicates that for a peak discharge of 125.4 m3/s
corresponding to a 100-year return period, a flooded area of 149,000 m? (0.149 km?) is
generated. This corresponds to 2.05% of the surface area within the analyzed area of the
Lacramarca River basin under the historical scenario (Figure 13). In contrast, the area
evaluated under the 2050 projection indicates a flooded area of 242,000 m? (0.242 km?),
corresponding to 3.331%.

LEGEND

A o

2

Figure 13. Representation of flood-prone areas resulting from peak discharges in the Lacramarca
River, estimated through hydraulic simulation for the 100-year return period.

Figure 14 shows that, based on an estimated peak discharge of 210 m?/s and a return
period of 140 years, the projected flood-prone area is 172,000 m? (0.172 km?), representing
2.38% of the study surface area of the Lacramarca River basin based on historical data.
In contrast, using data projected to 2050, the resulting flood-prone area is 323,000 m?
(0.323 km?), corresponding to 4.444%.

These results indicate that the variation in flood-prone areas, when comparing the
two evaluated scenarios, shows increases of 62.42% and 87.79%, respectively, values that
exceed the flood-prone area percentages estimated for the 100- and 140-year return peri-
ods, respectively.

Specifically, Table 3 summarizes the information generated through the hydraulic
modeling process using the IBER software, related to flood-prone areas within the study
area, located between the populated centers of Santa Clemencia and Pampadura.
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Figure 14. Representation of flood-prone areas resulting from peak discharges in the Lacramarca
River, estimated through hydraulic simulation for the 140-year return period.

Table 3. Flood-prone areas (m?) and percentage (%) relative to the total basin area.

Return Period

T (Year) Historical Scenario 2050 Projection
Flood-prone area Percentage relative to Flood-prone area Percentage relative to
(m?) the total basin area (m?) the total basin area
100 149,000 2.05% 242,000 3.33%
140 172,000 2.38% 323,000 4.44%

4. Discussion of Results

The findings of this research contribute to understanding the hydrological and hy-
draulic behavior of the Lacramarca River basin under different climate scenarios. In
addition, the analysis demonstrates that climate variability and extreme events such as
ENSO in Peru significantly influence peak discharges and the expansion of flood-prone
areas. The modeling tools implemented through HEC-RAS, HEC-HMS, and IBER enabled
the assessment of the relationship between the rainfall intensity, runoff formation, and the
spatial spread of flood risk areas.

Among the most significant results of this study is the estimation of the peak discharges
associated with different return periods using the HEC-HMS system. Peak discharges of
the Lacramarca River were estimated for return periods ranging from 50-140 years, with
particular focus on the 100- and 140-year return periods [36]. Based on historical data, peak
discharge values of 125.4 and 210 m3/s were obtained, respectively. In contrast, under the
2050 projection scenario, these values increase substantially to 319.6 m3/s and 460 m?/s.

The interpretation of these results reveals that the hydrological behavior of the Lacra-
marca River basin is highly sensitive to intense precipitation scenarios. The increase in
the estimated values suggests that modifications in precipitation patterns amplify surface
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runoff processes, thereby increasing the likelihood of flooding within the basin. This
response is associated with the basin’s morphological characteristics, including its moun-
tainous topography, an average slope of approximately 9%, soils with limited infiltration
capacity, and the predominance of agricultural land use in the lower basin. This type of
hydrological pattern has also been observed in other Andean coastal basins, where intense
precipitation produces high runoff volume and substantial peak discharges, such as the
ENSO impacts on the river discharges along Peruvian territory registered mainly on the
Pacific coast [45].

The successful application of this methodology in previous hydrological studies
supports the reliability of the modeling results presented in this research. Similar studies on
the peak discharge for flood dynamics using the same modeling tools have been conducted
in the Filyos River basin in the Black Sea region, where peak discharge shows an increase
of nearly 200% between the 2-year and 100-year return periods [46]. Likewise, studies
developed for the construction of a hydrological model in the Fuerte River basin (Mexico),
associated with extreme rainfall events in 2009, 2011, 2015, 2016, and 2017, also used
the HEC-HMS software for discharge modeling, predicting values that indicate a strong
agreement between simulated and observed discharge values at the study stations [47].

The hydraulic simulation conducted for the Lacramarca River based on historical
scenarios and the 2050 projection scenario using the IBER software indicated that at the
control point located in Santa Clemencia, water levels ranging from 1.3 to 2.03 m were
obtained for a 100-year return period. Meanwhile, water-level estimates derived from HEC-
RAS recorded projected values between 1.20 and 1.43 m for the same analysis period. For
the return period of T = 140 years, based on historical scenario data, the Santa Clemencia
area showed an estimated water level of 1.6 m using HEC-RAS, while IBER yielded a water
level of 1.8 m. Moreover, water-level estimates based on data projected to 2050, obtained
from simulations using HEC-RAS and IBER, exceeded the riverbank protection height,
reaching 2.29 m and 2.81 m, respectively.

Regarding the analysis point located in the Pampadura area, hydraulic modeling for
T =100 years estimated water levels of 2.24 m and 3.36 m using IBER under historical and
2050 projection scenarios, respectively. Meanwhile, HEC-RAS provided water-level values
of 2.0 m and 3.16 m using the same data sources. For a return period of 140 years, these
software packages estimated flow depths of 2.64 m and 3.71 m through IBER simulations,
and 2.4 m and 3.71 m using HEC-RAS, based on projected discharges.

Numerous studies on river basin analysis conducted worldwide support the validity
of the hydraulic modeling tools applied to this research, which were used to estimate water
levels and flood-prone areas. For example, studies conducted in the Goksu River basin
(Turkey) for the development of flood hazard and risk maps demonstrate the applicability
of the HEC-RAS model for simulating hydraulic behavior and estimating water levels for
return periods ranging from 25 to 500 years [48]. Similarly, for flood assessment in the
Wadi Deffa channel, which crosses the city of El Bayadh in southwestern Algeria, using
HEC-RAS and IBER produced comparable results for maximum water depths for return
periods of 50, 100, and 1000 years [49].

The hydraulic simulation process enabled the projection of flood-prone areas within
the study area located between the populated centers of Santa Clemencia and Pampadura,
determining areas of 149,000 and 172,000 m? for return periods of 100 and 140 years,
respectively, when considering historical information. Meanwhile, data from the 2050
projection scenario show flood-prone areas of 242,000 and 323,000 m?.

In addjition, a study conducted in the Krishna River basin (India) used a high-resolution
Digital Elevation Model (DEM) integrated into the HEC-RAS 2D model to simulate flood
inundations, demonstrating that the affected area encompassed a wide variety of land
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uses [50]. The previously cited study on the Wadi Deffa channel reports comparative results
of flood-prone areas obtained through hydraulic modeling using HEC-RAS and IBER,
identifying vulnerable areas for return periods of 50, 100, and 1000 years [49].

One of the main limitations of this study, is the insufficient number of hydrome-
teorological monitoring network within the Lacramarca River basin; consequently, the
information used for the development of this project was collected from the SENAMHI
climate platform and is available through its statistical database, relying primarily on
Intensity—Duration—-Frequency (IDF) rainfall curves under historical and 2050 projected
climate scenarios. However, the reliability of the hydrological modeling was verified
through a calibration process using discharge data from a hydrometric station located
in the neighboring basin. The model performance was evaluated using statistical indi-
cators commonly employed in hydrological model validation (NSE, R?, MEAN, RMSE,
and PBIAS). The results obtained in this process confirm the reliability of the modeling
framework approach adopted.

Although limitations in data availability were identified, the use of validated data in
the modeling process enabled the assessment of flood risk and vulnerability in the sector
located between the Santa Clemencia community and the Pampadura settlement. In this
area, the flow depths associated with the estimated peak discharges exceed the design
limits of the existing riverbank protection structures currently under construction. The
findings suggest that during extreme precipitation events, communities settled near the
riverbanks, and the agricultural areas in the region could be significantly affected.

Research projects of this nature that emphasize the evaluation of flood-risk areas
primarily due to climate change effects are of significant importance for the design of early
warning systems for flood forecasting as a disaster-prevention measure. Additionally, they
contribute to the establishment of a solid information base for the construction of protection
structures in an area that has experienced the effects of ENSO events in 1982-1983 and
1997-1998, the 2017 Coastal El Nifio event, as well as Cyclone Yaku in 2023, demonstrating
that existing structures lacked the capacity to withstand the force of water, leading to the
collapse of riverbank protection structures.

5. Conclusions

Flood assessment is a systematic evaluation process that has gained relevance due
to the significant impacts on human settlements, infrastructure, and agricultural land
within the Lacramarca River basin, particularly in areas near the populated centers of Santa
Clemencia and Pampadura. These impacts have implications for socioeconomic dynamics
and the environmental sphere, driven by increases in the frequency and magnitude of
precipitation associated with natural phenomena and climate variability. Flood assessment
also serves as a tool for anticipating vulnerability scenarios and supporting decision-making
in the design of risk-management strategies.

This research demonstrates the importance of integrating hydrological and hydraulic
modeling as a technical resource for the analysis and prediction of flood events. The ap-
plication of validated and widely used models such as HEC-HMS, HEC-RAS, and IBER
made it possible to evaluate flow dynamics in the Lacramarca River basin through the
estimation of peak discharges, the determination of water levels during extreme meteo-
rological events, and the spatial projection of flood-prone areas. The integration of these
tools is indispensable for the development of risk-mitigation measures and sustainable
territorial planning.

The hydraulic simulation conducted using HEC-RAS and IBER demonstrated that
water levels generated by the estimated peak discharges generally remain below the height
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limit of the Lacramarca River bank protection structure in the Santa Clemencia area when
considering historical data for return periods of 100 and 140 years.

Only water-level projections based on the median climate scenarios projected to 2050
exceed the riverbank height for T = 140 years. In the Pampadura area, estimates based
on a historical scenario for return periods of 100 and 140 years indicate flood-prone areas
representing 2.05% and 2.38% of the study area, respectively. In contrast, using median
projections to 2050, these areas increase to 3.331% and 4.444%, respectively. These modeling
results indicate that the riverbank protection infrastructure currently under construction
may be insufficient to contain flows under extreme future scenarios.

The present study considers rainfall-runoff modeling based on maximum precipita-
tion; however, this basin also receives discharges along the river course from the Carlos
Leight Canal, part of the Chinecas Special Project. According to the Ministry of Agriculture
(MINAG), this input does not represent a significant influence on flood evaluation within
the study area and was therefore not considered in this study.

Finally, future investigations could explore additional aspects that may contribute to
improving the accuracy of the results obtained in this study and extend the scope of the
hydrological analysis, such as incorporating local pluviometric and hydrometric data to
improve the calibration and validation of the datasets.

Overall, the findings of this study constitute a valuable contribution to the develop-
ment of a reference framework for future projects in the region, particularly within the
Lacramarca River basin.
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