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Abstract: Climate change has a significant impact on river flows, affecting flood risks, especially in Andean
regions with complex hydrological dynamics. This study examines flood scenarios in the Cunas River Basin,
Junin, Peruy, through hydrological and hydraulic simulations under varying climate projections. A multi-model
ensemble (MME) approach was employed using CMIP6 climate models. In this analysis, precipitation data
were processed, watershed parameters were calculated, peak flows and the extent of floodable areas were
estimated. The Hydrologic Engineering Center's Modeling System (HEC-HMS) was employed to simulate
peak flows corresponding to return periods of 25, 50, 100, 139 and 200 years, while HEC-RAS was used to map
flood zones. Calibration and validation used historical precipitation from nearby stations. The results indicate
a considerable increase in peak flows and flood prone areas due to climate change. A 6.25% increase in peak
flow, a 28.6% expansion in flood-prone areas, and a 37.25% increase in flood depth are observed. These findings
highlight the importance of implementing riverbank protection structures. This study provides key insights
for flood risk management in the region and highlights the usefulness of advanced modeling tools for
understanding the hydrological response to climate change.

Keywords: climate change; flood modeling; hydrological simulation; Cunas River; HEC-HMS;
HEC-RAS; CMIP6 climate scenarios; multi-model ensemble

1. Introduction

Floods are considered among the most frequent and devastating natural disasters globally [1].
These events, often associated with intense and brief rainfall events, have been classified as severe
and economically destructive disasters [2]. In recent decades, both the magnitude and frequency of
floods have increased markedly worldwide [3,4]. This increase is largely related to climate change,
which intensifies and increases the frequency of extreme weather events [5].

Climate change has a significant impact on the probability and intensity of these extreme events,
including intense precipitation [6]. In addition, it affects the flow of rivers, causing major alterations
in global hydrological regimes [7-9]. Extreme meteorological precipitation is especially problematic
due to its unpredictable and destructive nature and can cause flash floods and severe floods that
overload infrastructure and cause significant material damage [10,11]. Approximately 47% of climate
disasters are caused by flooding [12]. To address these risks, it is crucial to have a complete
understanding of the factors related to climate change and its impact on the hydrological cycle [13].

It is important to take into account Global Climate Models (GCMs) to have a better
understanding of the climate system and the different past and future alterations it presents [14],
through the global climate modeling framework of the Coupled Model In- tercomparison Project
(CMIP), now called (CMIP6), established as the latest version of the sixth assessment report (AR6) of
the Intergovernmental Panel on Climate Change (IPCC) [15,16].

Mathematical modeling and runoff simulation have become fundamental tools in modern
hydrologic research and engineering [17,18]. Programs such as the HEC-HMS, developed by the U.S.
Army Corps of Engineers, have become a USA, they are widely used to simulate hydrological
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processes in watersheds with various characteristics [19]. These models make it possible to evaluate
how watersheds respond to extreme precipitation and how changes in land use in the upper zones
affect flooding patterns in the lower areas [20-22].

The threat of devastating floods continues to be a significant global hazard [23]. Human activities
and climate change have altered the hydrological cycle, adversely affecting river ecosystems [24,25].
Hydrological simulation and runoff prediction have become increasingly relevant for risk
management and disaster mitigation [26-28]. HEC-HMS, in particular has been highlighted as a
crucial tool in this context, being one of the most widely used tools for simulating rainfall-runoff and
analyzing hydrological response in both urban and natural watersheds [29,30].

The relationship between flood discharge probabilities and extreme precipitation is not yet fully
explored in the literature, which poses an area of great theoretical and practical interest [31]. Medium-
and long-term runoff prediction is crucial to better understand how watersheds react to extreme
events and to develop effective risk management strategies [32-34]. It is estimated that, by the end of
this century, global surface temperatures will rise between 1.4 and 5.8 °C, which will increase the
frequency and severity of extreme weather events in various parts of the planet [35]. The natural
water cycle in river basins is being put at risk by climate change, which intensifies the importance of
these studies [36,37]. In some regions of South America, water use and deforestation have amplified
the effects of climate change on extreme flow rates, causing more severe droughts and more intense
floods [38]. In the city of Huancayo (Peru), this risk is present due to the increase in the flow of the
Cunas River during periods of heavy rainfall, according to reports from the Instituto Nacional de
Defensa civil. These rains cause floods that represent a significant risk, endangering homes, fish farms
and agricultural crops, generating potentially catastrophic damage and threatening the safety of the
community in the district of Pilcomayo, in the Junin region (Peru) [39]. Earlier this year, it was
estimated that 12 houses collapsed, property was damaged, and livelihoods (agriculture and fish
farms) were affected, generating estimated losses of approximately US$ 135,000 [39]. Floods not only
negatively impact social and economic conditions, generating high levels of unemployment and
worsening public health, but also damage the ecosystem [40,41].

The main objective of this research is to evaluate the behavior of the Cunas River, estimate the
maximum design flow for different return periods (T = 50, 100, 139 and 200 years) under normal
conditions and climate change scenarios, and identify the maximum floodable areas for these
scenarios. As demonstrated for precipitation, the climate change scenarios project that the maximum
24-hour precipitation increases significantly compared to current conditions. In addition, the return
period of 20-year events would be shortened to about 14 years, indicating a higher frequency of
extreme events [42]. For the evaluation and prediction of climate change, 10 CMIP6 global climate
models (GCMs) were used, which were part of the last IPCC report [16], adjusted for the region by
means of bias correction and statistical reduction, referenced with local data, including the RAIN4PE
product for precipitation and PISCO for temperatures. Historical information was collected from the
San Juan de Jarpa and Huayao pluviometric stations, corresponding to the period 1974- 2023. This
information was used to calculate the design flow in both scenarios using HEC-HMS software.
Subsequently, a simulation of the water flow in the study area was carried out using the HEC-RAS
software, in order to identify and compare the risk areas in the event of a possible flood, for normal
conditions, as well as in a scenario under the influence of climate change.

2. Data and Methodology

The methodological flow followed in this study is summarized in (Figure 1). The topographic
data, obtained from the DEM (5x5 m resolution), were processed in QGIS (v. 3.34.5), while the
precipitation data were obtained from ANA-SENAMHI and the CMIP6 climate models.
Subsequently, the data were subjected to quality control and processing before being integrated into
the HEC-HMS model software (v. 4.12), using the curve number (CN) method to simulate peak flows
for different return periods. The results of the hydrological modeling were fed into the HEC-RAS
model (v. 6.5), performing the hydraulic simulations and identifying the flood-prone areas with RAS-
Mapper, which allowed a comprehensive evaluation of the flood risk in the Cunas River basin.


https://doi.org/10.20944/preprints202411.1212.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2024 d0i:10.20944/preprints202411.1212.v1

DEM PRECIPITATION DATA | | cMIP6 GCM D
ATA
(SRTM 5XSM) (ANA-SENAMHI)
Q6IS (VER3.34.5) QUALITY CONTROL AND GEOMETRIC
DATA PROCESSING PARAMETERS

N\ / |
77 7777
HYETOGRAPH | g@/g “M% s PEAK FLOWS FOR DIFFERENT == %\E/CE:RE%)S/%
Qg s [ 487
l Cali. & Validation l

CURVE NUMBER (CN) FLOOD MAPPING
METHOD (RAS - MAPPER)

Figure 1. Flow diagram presenting the hydrologic process using HEC-HMS and the hydraulic analysis and
modeling using HEC-RAS.

2.1. Study Area

The Cunas River basin is located in the department of Junin, originating in the Western
Cordillera at 4953 masl, it crosses the provinces of Chupaca, Concepciéon and Huancayo and flows
into the Mantaro River at approximately 3216 masl. It has a surface area of 1700.25 km?/s and a length
of 93,79 km. The Cunas River is an important tributary of the Mantaro River, which in turn is part of
the Amazon basin [43].

To obtain topographic information and to integrate the topographic data obtained from the
digital elevation models (DEM) with a spatial resolution of 5 meters, the QGIS software version
(3.34.5) was used. The drainage network (main and tributary streams), the basin boundaries (precise
delimitation of the basin) and the alti- metry (Figure 2) were delineated, calculating the morphometric
properties of the basin (Table 1).
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Figure 2. Location and delimitation of the Cunas River Basin.

Table 1. Main morphometric characteristics of the Cunas River basin.

Cunas River

Indicador Unidad Valor
Basin
Area [Km?/s] 1700.25
Perimeter [Km] 279.62
Length [Km] 54.37
Morphometric
Width [Km] 31.27
properties
Average slope [%] 23.73
basin
Maximum elevation [msnm)] 4953.00
Minimum elevation [msnm] 3216.00
Average elevation [msnm)] 4203.82
Length [Km] 93.79
Length to the dividing
[Km] 98.50
Main channel line
properties Highest elevation [msnm] 4532
Lower elevation [msnm)] 3221
Average slope [%] 1.40%
Total length of drains [Km)] 2839.16
Drainage
Drainage density [Km/km?/s] 1.67
network
Order of currents [-1 5°
properties
Runoff coefficient [-] 0.59
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Compactness
[-] 1.90
Form index coefficient, Kc
Form factor, Kf [-] 0.19

2.2. Area of the Micro-Watersed

The microbasin of analysis and the area of this study is located northeast of the study basin. It
has an area of 186.07 km?/s , a channel length of 33.31 km, and a slope of 1%. The pluviometric stations
used in this study are located in the district of San Juan de Jarpa and the town of Huayao (Figure 3).
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Figure 3. Delimitation and surface area of the micro-watershed (analysis area).
2.3. Hydrological Study under Normal Conditions

2.3.1. Influence and Analysis of Precipitation

Precipitation was estimated using the Huayao and San Juan de Jarpa rainfall stations. This
information was provided by the Servicio Nacional de Meteorologia e Hidrologia del Peru
(SENAMHI), and the Autoridad Nacional del Agua (ANA), 50 daily rainfall data from 1974 to 2023
were considered.

The Thiessen polygon method was used to distribute the maximum and average rainfall in a
basin in an equitable manner, which, by means of perpendicular lines between each pair of adjacent
stations, form polygons that represent the areas of influence of each station [44]. The area of the
Huayao station is 108.02 km?/s y San Juan de Jarpa is 77.45 km?/s, likewise the coefficients obtained
through Equation (1) were 0.41623 and 0.58377 respectively.

n

P P (1)
= X —
L4 t At

i=1
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Where, B, is the weighted or average precipitation in the basin (in mm), 4; is the area of the
polygon corresponding to station i (in Km?/s), A, is the total area (en Km?/s), P; is the precipitation
measured at the station (in mm) y n is the total number of stations. According to the statistical
analysis of doubtful data with a significance level of 10 % for a normal distribution, the range of
precipitation is between a minimum of 17.86 mm and an acceptable maximum of 48.27 mm.

Using the Kolmogorov-Smirnov goodness-of-fit tests, it was determined that the best fit for
calculating the maximum annual precipitation for the return periods of 2,5,10,25,50,100,139,200 and
500 years is that of Pearson III with 99.63%. In addition, a correction was made for the fixed interval
factor of 1.13 applied to the maximum annual precipitation [45].

The present investigation was carried out for a return period of 139 years to determine flood-
prone areas, as established in the Manual of the Peruvian Ministry of Transport and Communications
(MTC) for the design of river defense works. This return period is important to ensure that a structure
of this type, projected for the future, is capable of mitigating floods based on an extreme event with
a specific probability of occurrence. [46].

Subsequently, the IDF curves were calculated using the Dyck-Peschky model, and through a
multiple regression analysis, the intensity was obtained for the aforementioned return periods, which
allowed the elaboration of the hyetograph using the alternating block method, used to analyze the
temporal distribution of rainfall in different return periods [47]. The hyetograph shows the rainfall
intensity in specific time intervals every 1 hour, providing crucial information for hydrological
modeling. The design rainfall hyetograph for a 139-year return period is shown below (Figure 4).
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Figure 4. Precipitation hyetograph for a 139-year return period under normal conditions.

2.3.2. Estimation of Maximum Flow rate (Qma) in HEC-HMS

Initially, the HEC-HMS program version 4.12 was used to estimate the maximum flow under
normal conditions for different return periods. The SCS Curve Number (CN) method was used to
estimate the direct runoff from precipitation. [48]. Curve numbers were determined as a function of
land use, soil type, and moisture conditions. The CN values range from 0 to 100, where higher values
indicate higher runoff and lower infiltration. For the calculation of the Curve Number (CN) in the
sub-basin, we used data in wet conditions downloaded from the shapefile prepared by the ANA.
This shapefile was processed in QGIS to delimit the specific area of our sub-basin. Equation (2) helped
us to calculate the CN, giving a total of 91.85 curves, being an important data to consider.

CN; x 4
CN = A ()

The time of concentration (Tc) is a fundamental concept in hydrology that measures the response
of a watershed to a rainfall event and is defined as the time required for all areas of the watershed to
contribute to runoff at its outflow point [49]. This parameter is essential for evaluating the hydrologic
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response of the watershed and for estimating maximum flows in hydrologic design [49]. The different
methods established to calculate Tc were compared, highlighting those whose variability within the
acceptable range is considered valid. The average Tc values calculated for the hydrographic unit
studied is 7.08 hours (Table 2).

Table 2. Analysis of methods calculated for time of concentration

Calculated Var. Min  Var. Max Tc valid
Method used Acceptance

Tc (Hrs) (Hrs) (Hrs) (Hrs)

Giandotti 7.11 5.36 11.04 Si 7.11
Kirpich 5.77 5.36 11.04 Si 5.77
California (U.S.B.R) 5.78 5.36 11.04 Si 5.78
Témez 9.62 5.36 11.04 Si 9.62
Johnstone Cross 8.41 5.36 11.04 Si 8.41
SCS Ranser 5.77 5.36 11.04 Si 5.77
Average Tc calculated for the hydrographic unit studied. 7.08

With a calculated time of concentration (Tc), the delay time (Tp) was determined by applying a
coefficient of 0.6, which resulted in 4.25 hours.

2.3.3. Simulacién del Comportamiento del rio Cunas con HEC-RAS

The behavior of the Cunas River was simulated using HEC-RAS ver. 6.5 to predict flooding, to
evaluate the initial scenario and the current scenario in the presence of climate change. The Cunas
River was imported in Shape format.

The channel line was drawn following the axis of the natural channel and was used to define the
cross sections. Bank Lines delineate the main channel, and Flow Paths in the floodplain define the
limits of the overflows. Cross Sections were drawn perpendicular to the water flow and extended
outside the flow line boundaries. Seventeen cross sections were created, 150 meters wide and spaced
every 100 meters apart (Figure 5). For the calculations in HEC-RAS, flow data were entered with peak
flows calculated for a return period of 139 years. The Manning's coefficient of 0.032 and the
downstream slope were also entered, with a value of 0.01.

After defining the geometry, the data were imported into HEC-RAS, where errors were
corrected with the Cross Section Point Filter tool. Flood simulation was performed to evaluate the
magnitude and impact of floods in the study area, using HEC-RAS software for modeling flows in
rivers and channels [50]. HEC-RAS, developed by the U.S. Army Corps of Engineers, uses mass and
momentum conservation equations to analyze flows and assess flood risks [19].

The methodology used combines HEC-RAS and ArcGIS to assess flood risk, using topographic
maps and digital terrain models. Cross-sectional profiles were created in ArcGIS and imported into
HEC-RAS for calibration and analysis. The modeling allows assessment of the extent of flooding and
calculation of potential damage.
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Figure 5. Delimitation of river channel, delimitation for flood simulation and cross sections.
2.4. Hydrological Study with the Presence of Climate Change

2.4.1. Influence and Analysis of Precipitation

Climate data simulated by CMIP6 Global Climate Models (GCMs) were analyzed using the
VECC (Visualizacion de Escenarios Climaticos y Capacidades) tool of the Mantaro Basin Observatory
(https://observatoriomantaro.ana.gob.pe/es-es), adjusted specifically for the region and the study
area. The analysis focused on annual maximum daily precipitation, based on 10 global climate
models (CanESM5, CNRM-CM6-1, CNRM-ESM?/S-1, GFDL-ESM4, IPSL-CM6A-LR, MIROC6, MPI-
ESM1-2-HR, MRI-ESM?/S-0 y UKESM1-0-LL). Each model has its own SSP scenarios; these scenarios
were developed to investigate global development trajectories with respect to climate change. They
assess the impact of socioeconomic trends and policies on greenhouse gas emissions, climate change
and social resilience [51]. This research opted for the SSP5-8.5 shared socioeconomic trajectory
scenario that projects an additional radiative forcing of 8.5 W/m? by the year 2100, which could
increase global temperature by 2.42 to 5.64 °C, with significant impacts on flood risk [52].

The Multi-Model Ensemble (MME) approach was employed to analyze annual maximum daily
precipitation using 10 global climate models over the period 1981-2023. This approach, widely used
in previous studies [53-55], improves the accuracy of climate projections by integrating the results of
different models. CMIP6 models, under the SSP5-8.5 climate scenario. The process consists of
averaging the precipitation values for each year and model, thus generating an MME that represents
the average annual maximum daily precipitation for the unified micro basin (Figure 6). Based on this
time series that reflects the effects of climate change, a correction factor is calculated and applied to
the maximum annual precipitation for the estimated return times, thus adjusting the estimates to the
new projected climate conditions.
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Based on this time series reflecting the MME approach, a correction for the influence of climate
change was made with a factor of 1.18 derived from the analysis of both precipitation data (historical
and MME), thus adjusting the estimates to the new projected climate conditions. The factor was
applied to the maximum annual precipitation for the different return years under a Pearson III
adjustment obtained from the Kolmogorov-Smirnov goodness-of-fit tests. With the estimation of
these new precipitations, the new IDF curves were calculated using the Dyck-Peschky model, and as
had been done previously, the intensity for the return periods under study was obtained through the
same multiple regression analysis. Subsequently, the design rainfall hyetograph was prepared for the
different return periods, highlighting the return period of 139 years, at specific time intervals of 1

hour (Figure 7).
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Figure 7. Precipitation hyetograph for a 139-year return period influenced by climate change.

2.4.2. Maximum Flow Rate Estimation (Qmax ) in HEC-HMS and Simulation with HEC-RAS

The estimation of the maximum flow rate will be determined in the same way that the flow rates
were estimated under normal conditions. The time of concentration (Tc) calculated above is 7.08
hours and the delay time (Tp) is 4.25 hours. These values were worked out the same in both
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conditions, because the formulas used for the calculation are independent of rainfall and depend on
the morphological characteristics of t h e study basin, which is the same for both scenarios being
worked on.

Similarly, HEC-RAS was used for the simulation to evaluate flooding under the influence of
climate change.

3. Results
3.1. Calculation of Maximum Design Flow and Volumes Using HEC-HMS

After carrying out the hydrological analysis of the Cunas River through the HECHMS program,
the maximum flows and volumes in the analysis area (precipitation, losses, excess and discharge)
were obtained for the two situations analyzed (normal conditions and with the presence of climate
change) and for the return periods of 25, 50, 100, 139 and 200 years, whose main analysis result was
focused on the 139-year return period, due to the focus of the study.

Table 3 shows that the maximum flow for a 139-year return period under normal conditions was
183.10 m?3/s, while with the presence of climate change it was 195.30 m3/s , which indicates that, due
to the influence of climate change, the flow increased by 6.25% compared to normal conditions.
Similarly, the volume of direct runoff or discharge for a return period of 139 years under normal
conditions was 28.61 mm and with the presence of climate change it was 30.49 mm, which indicates
an increase in volume. 6.17% when including the presence of climate change. These increases, both
in volume and maximum flows, highlight the growing influence of the climate scenarios applied to
our analysis, which highlights the importance of considering climate change as an important variable
in the planning of preventive measures against possible hydrological risks such as floods.

Table 3. Comparison of maximum flows and volumes under the two conditions analyzed.

Return period (Years)

Condition Features
25 50 100 139 200
Precipitation 42.62 44.72 46.93 48.01 49.24
volume (mm)
Volume of losses
18.67 18.95 19.23 19.35 19.49
(mm)
Normal Excess volume 23.95 25.77 27.7 28.66 29.74
conditions (mm)
Volume of direct
runoff/desload 23.90 25.72 27.65 28.61 29.69
(mm)
Maximum flow
152.50 164.40 176.90 183.10 190.10
(m®/s)
Precipitation
44 .51 46.7 49 50.14 51.42
volume (mm)
Volume of losses
18.92 19.2 19.47 19.59 19.73
(mm)
With the presence Exce?;:;’)lume 2558 275 29.54 30.54 31.69
of climate change Volume of direct
runoff/desload 25.54 27.45 29.48 30.49 31.63
(mm)
Maximum flow
163.20 175.60 188.80 195.30 202.70
(m?/s)

In addition, Table 3 shows that there is an increase in volumes and flows as the return periods
are longer, because as the return period is longer, the frequency of occurrence is lower, but with
greater intensity, and when climate change is included, these values will have a much more
significant increase.

On the other hand, for a better management and scope of the results obtained, the hydrographs
(flow-time) were obtained, which by means of a graphic representation shows the variation of the
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flow of the Cunas River as a function of the time given in minutes, in response to the previously
analyzed rainfall. These hydrographs were the result of the analyses performed in HEC-HMS, which,
after data processing, the program gave us these graphs independently for each return period and in
hours. Subsequently, after adjusting the information, the hydrographs shown in Figure 8 were
obtained for the return periods of 25, 50, 100, 139 and 200 years under normal conditions (Figure 8a)
and with the presence of climate change (Figure 8b), whose color variation refers to each return
period. Although it is true that these hydrographs appear together with the flow rates obtained in
Table 3, the importance of these graphs is based on a better understanding of the hydraulic process
as a function of time, since it can be seen in both graphs that the flow rate first rises until it reaches
the maximum peak (maximum flow rate) and then undergoes a gradual increase in water flow,
resembling the shape of a bell. In addition, the duration of the runoff event in the basin is identified,
which is very useful for the management of water resources and the design of hydraulic works.

Figure 8 shows the hydrographs between flow rate (m?%s) and time in 30-minute intervals for
the two conditions worked and for the return periods established above.

I\
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Figure 8. Flow and time hydrograph for different return periods: (a) under normal conditions and (b)
under the influence of climate change.


https://doi.org/10.20944/preprints202411.1212.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2024 d0i:10.20944/preprints202411.1212.v1

12

Figure 8a shows the hydrograph under normal conditions, whose maximum peak for the 139-
year return period is 183.10 m?/s, reaching its maximum value at 1020 minutes (17:00 hours). On the
other hand, Figure 8b shows the hydrograph with the presence of climate change, whose temporal
distributions of the flow show higher peaks compared to normal conditions. For the 139-year return
period, the maximum peak is 195.30 m?/s, also at 1020 minutes (17:00), increasing its value by 6.25%.

This indicates that, for both cases, in that period of time, the water has accumulated enough to
generate the highest flow of the event that occurred in this particular hour, and the time of
concentration found above is part of this result.

3.2. Flood Simulation (flooded Areas and Sections)

With the hydrological data obtained previously and using the HEC-RAS program, we simulated
the flood areas and zones of the Cunas River for a return period of 139 years (Figure 9), under normal
conditions (Figure 9a) and with the influence of climate change (Figure 9b).

Flood Depth
~ 0.001953

‘ . 5.123087

AREA: 159 111.38 mZ
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Figure 9. Flood area and depth for a 139-year return period: (a) under normal conditions and (b) with the
influence of climate change.

Figure 9a shows the flood model made under normal conditions, whose floodable area was
159,111.38 m?/s . The main area affected would be the La Perla Shopping Center, where it was
estimated that 30 houses bordering the Cunas River would be directly affected, most of which are
located on Eternidad Road; 38% of the surface area of the Chupaca General Cemetery located on
Eternidad Road would also be affected. Likewise, 38 agricultural lands located on both banks of the
river, dedicated to crop production (potato, corn, barley, wheat, quinoa) and livestock raising (cows,
pigs, sheep, chickens, hens) would be affected, with a total area of approximately 33,459 m?/s ,
representing 21% of the total flooded area. The main road that gives direct access to the province of
Chupaca, called Eternidad, was also affected to a lesser extent.

Figure 9b shows the flooding model carried out with the influence of climate change, whose
flooding area amounted to 222,823.67 m?/s , which would directly affect 120 houses in La Perla,
located on Raymondi, Los Angeles and Eternidad streets. The Chupaca General Cemetery would be
affected by 52% of its surface area and recreational and tourist areas would also be affected. Also
affected would be 45 agricultural fields, located on both banks of the river, dedicated to crop
production and livestock raising, with a total area of approximately 56,574 m?/s , representing 25.39%
of the total flooded area. Urban areas such as Raymondi and Los Angeles and the main road
Eternidad, which gives direct access to the province of Chupaca, would also be significantly affected.

The increase in flooded area under the effects of climate change represents 28.6% compared to
normal conditions, which is mainly reflected in peripheral areas of La Perla, where the flat
topography favors the extension of water flow. For both events, it is shown that the flood depth has
a maximum of 5.123 m in critical areas and varies according to the intensity of colors shown in both
cases. When comparing both events, there is a significant variation in the extent of flooded areas,
while on the one hand, when simulating under normal conditions, there are less vulnerable flooded
areas with a moderate impact on urban areas, on the other hand, when including the effect of climate
change, a considerable increase in flooded areas is observed, also affecting main roads such as the
one that gives access to the province of Chupaca, with more severe future projections. These
projections would involve flooding affecting many more homes in La Perla and a main road called
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Coronel Parra, located at the other end of the Cunas River, with access to the province of Chupaca
and the districts of Huachac.

The simulation performed with HEC-RAS also allowed us to visualize the cross sections along
the entire length of the Cunas River, which helped us to know in detail the geometry of the river and
the heights of each established section, and also allowed us to know the behavior of the water flow
in the different widths and depths of the river.

Figure 10 shows mainly the most critical sections of the Cunas River analysis section, for a return
period of 139 years and under the two conditions studied: for normal conditions (Figure 10a) and
with the influence of climate change (Figure 10b). In both cases it is observed that the river in this
section reveals the shape of a U, whose right lateral margin has a much higher level compared to the
left lateral margin, due to the topography of the Cunas River.

ProyectoCunasSCC100 _ Plan: Flan 03 SCC139 18/09/2024 ProyectoCunasCCC100

(a) (b)

Figure 10. Critical flood sections for a return period of 139 years: (a) under normal conditions and (b)
with the influence of climate change.

Figure 10a shows that the cross section under normal conditions has a height of 8.70 m, which,
when simulating the flood, the water level rose to a height of 3.2 m above the river level.

In Figure 10b worked with the influence of climate change, it can be seen that the elevation height
was 10.60 m and the flood height increased to 5.1 meters.

The increase in altitude with the presence of climate change is significantly 1.9 m compared to
normal conditions, increasing by 37.25%.

Likewise, this simulation reflects the capacity that the flood generates over the years, by having
turbulent flows of mass removal and laminar flows with a great potential to wear away the materials
accumulated on the edges of the channel and accumulate sediments on the bottom of the river along
its path, causing the margins of the river channel to progressively extend over time, and added to
this, by not having prevention and mitigation measures such as the construction of riverside defense
structures (dams, gabions, retaining walls, etc.) they allow the surrounding population to be more
vulnerable to these events.

4. Discussion

For the study carried out, after the hydrological analysis performed under the CMIP6 models,
the results obtained were the maximum flows under normal conditions and with the influence of
climate change, showing an increase of 6.25% of flow when including climate change, which, this
increase depends on many factors such as the place where the study is carried out, for the case of the
study carried out in the Anya River, the increase in flows through the RCP 8.5 scenario would amount
to 12.6% by the year 2100 [56].

another study would indicate that the annual flow of the Lurin river, estimated in a medium
zone and using the same scenario, would increase from 14 to 44% [57], while in more distant places
such as Ireland, the increase obtained for the decade of 2080 would be 13.09%, also working with the
RCP 8.5 scenario [58].
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The influence of climate change on flood levels affects river flows [58], which translates into a
greater risk for nearby communities and ecosystems, which may not be prepared to face this type of
scenario.

The simulations carried out under normal conditions and scenarios with the presence of climate
change clearly show how the flood areas expand when the maximum flows increase [59], increasing
by 28.6%, which, when the flood simulations are carried out, both housing and agricultural land
would be the most vulnerable, but the greatest impact would be generated in agricultural areas,
resulting in 21% for normal conditions and 25.29% with the presence of climate change; in other cases,
it was estimated that the cultivated areas would account for approximately 90% of the total flood area
[60], due to the fact that agricultural lands are located outside urban areas because of the large
extensions they require and for the use of water, which represents 70% of water withdrawals [61],
since agriculture is considered fundamental due to the constant pressure exerted by population
growth and total food consumption [62].

As has been shown, the extent of flooded areas exceeds river levels [63], reaching heights of
approximately 3.2 m under normal conditions and increasing by 1.9 m with the presence of climate
change, reaching a total height of 5.1 m. This increase has critical implications, since it causes the river
to exceed its natural limits in previously unaffected sectors, which significantly increases the flooded
area and its severity. This increase has critical implications, since it causes the river to exceed its
natural limits in previously unaffected sectors, which significantly increases the flooded area and its
severity. From a risk management perspective, these increases in flood depth require comprehensive
planning that considers both the adaptation of existing infrastructure and the implementation of early
warning systems and flood mitigation strategies in the same manner as mentioned in [64]. Given that
climate change will continue to alter precipitation and flow patterns, it is imperative to conduct
periodic assessments and adjust risk models based on new projections.

In particular, the critical section area requires priority attention in future interventions, as its
geographic characteristics and current vulnerability could be disastrous under future climate
scenarios. This study reaffirms these findings by showing that the shorter return periods already
reflect higher flows than those estimated under normal conditions. This phenomenon increases the
frequency of severe hydrological events, coinciding with the observations of [65], who note that flood
events that were previously considered improbable in short periods of time are now more likely to
occur.

These findings corroborate that even minor increases in flow can translate into much greater
impacts on river carrying capacity and water distribution in surrounding areas. Climate change has
been shown to alter hydrological patterns, intensifying extreme events such as heavy rainfall and,
consequently, peak river flows [66].

The importance of these findings lies in their direct implication for the planning of risk
management and climate change adaptation measures. The fact that the simulations show more
extensive overflows under climate scenarios highlights the need to incorporate such scenarios into
disaster mitigation plans. As pointed out by [67], climate change requires a reconfiguration of risk
management strategies, which must include more dynamic and flexible planning in the face of
changing environmental conditions. For this reason, it is possible to propose directions of research
such as socioeconomic analysis of the impact of floods or adaptation and mitigation of green
infrastructure.

5. Conclusion

When performing the hydrological and hydraulic analysis under normal conditions, minimal
variations were observed in the study area (Cunas River); however, when climate change was
included, the results increased considerably and the use of the 10 Global Climate Models (GCMs) of
the CMIP6 were of great importance to determine this variation.

After the analysis carried out for normal conditions and conditions with the presence of climate
change, the maximum flow for normal conditions was of 183.10 m?/s, while with the presence of
climate change the maximum flow was of 195.30 m?/s, generating an estimated increase of 6.25%.

When the simulation was carried out under normal conditions, a floodable area of 159,111.38 m?2
was obtained, while in the presence of climate change, an area of 222,823.67 m? was obtained.
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This study emphasizes that climate variability and the increase in projected flows produce
significant increases in the severity and extent of flooding with the presence of climate change, with
a 28.6% increase over flooding under normal conditions, which would affect the population, homes,
agricultural areas, schools, tourist recreation areas and streets, mainly in the La Perla population
center.

Under normal conditions it was determined that 30 houses and approximately 38 agricultural
lands with total areas of 33,459 m?/s dedicated to crop production and livestock raising would be
affected, while with the influence of climate change 120 houses directly and 45 agricultural lands with
a total area of 56,574 m?/s would be affected.

The simulation using the HEC RAS obtained flood heights of 3.2 m for normal conditions and
5.1 m with the presence of climate change, resulting in an increase of 37.25%.

The research highlights the urgent need to include climate change scenarios in risk management
plans, underscoring the importance of more flexible and dynamic strategies to mitigate the impact of
disasters. The integration of these findings into urban and rural development plans will be essential
to protect affected communities, minimizing both the risk of material damage and potential economic
losses in the presence of future extreme events.
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