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Mudflow hazard mapping and nonlinear hydrological response in arid basins of southern Peru using coupled hydrological–hydraulic modeling
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In arid regions, mudflows are triggered by extreme precipitation in hydrologically sensitive basins. In the district of Coronel Gregorio Albarracín Lanchipa (Tacna, Peru), these processes mainly affect areas adjacent to ravines and steep slopes. This study delineates zones susceptible to flooding and mudflows using sequential hydrological–hydraulic modelling. Hydrometeorological records, high-resolution topography (0.1 m), and soil and land-cover data were integrated. Simulations were performed using HEC-HMS and HEC-RAS, and peak discharges were estimated for return periods (RP) of 25, 50, 100, and 200 years. Hydrographs were analyzed to assess basin response under extreme rainfall conditions. Model performance was evaluated through event-based validation using the March 2020 mudflow event. Estimated peak discharges were 11.9, 17.3, 25.3, and 122.4 m³/s for RP25, RP50, RP100, and RP200, respectively. The RP200 value is consistent with a historical event (~200 m³/s) reported in the 1920s. Results indicate a marked increase between RP100 and RP200, suggesting a nonlinear basin response under extreme conditions. Validation yielded an F1-score of 0.92, indicating strong agreement between observed and simulated extents. Simulations identified impacts on two population centers, one educational facility, 1.5 km of roads, and 44.6 ha of agricultural land, highlighting the importance of incorporating extreme scenarios in risk management and land-use planning.
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1 Introduction

Mudflows are flow-type mass movements composed of highly concentrated mixtures of water and fine-grained sediments, whose rheological behavior ranges from viscous fluids to materials exhibiting significant yield stress (O’Brien et al., 1993; Vallejo, 1979). These processes represent one of the most destructive natural hazards in arid and mountainous regions due to their rapid propagation, high erosive capacity, and severe impacts on infrastructure, agricultural land, and human settlements (Gaprindashvili et al., 2021; Khamidullaev et al., 2025; Tsereteli et al., 2022a, 2022b). In arid and semi-arid environments, mudflows are commonly triggered by short-duration, high-intensity rainfall events that generate infiltration-excess (Hortonian) runoff in steep catchments with sparse vegetation cover (Goodrich et al., 1997; Highland, 2008; Iverson, 1997). Under these conditions, relatively small increases in rainfall intensity or duration can produce disproportionately large increases in runoff generation and sediment transport, resulting in highly nonlinear hydrological responses and the rapid mobilization of dense flows (Huang et al., 2020; Hungr et al., 2013; Reid et al., 2016).

Over recent decades, numerical modeling of mudflows and debris flows has advanced substantially through the incorporation of non-Newtonian rheological formulations (RAMSS, FLO 2D, HEC-RAS) and coupled hydrological–hydraulic modeling frameworks (Bruno et al., 2022; El-Bagoury, 2024; Flores et al., 2026). Rheological models such as Bingham and Herschel–Bulkley provide more realistic representations of sediment–water mixtures than conventional Newtonian approaches, particularly for hyperconcentrated or partially cohesive flows (O’Brien et al., 1993). Recent studies have demonstrated that rheological selection significantly influences flow depth, velocity, and runout distance, highlighting the importance of incorporating non-Newtonian behavior into hazard assessments (Hdeib et al., 2018; Lima et al., 2025). In parallel, coupled HEC-HMS (USACE-HEC, 2025a) and HEC-RAS (USACE-HEC, 2025b) approaches have gained increasing relevance for linking runoff generation with the hydraulic propagation of dense sediment-laden flows, especially in data-scarce catchments (Lee et al., 2025; Peker et al., 2024; Wei et al., 2024). Nevertheless, integrated hydrological–hydraulic modeling incorporating non-Newtonian formulations remains limited in the arid basins of southern Peru.

In southern Peru, mudflows and debris flows have repeatedly affected urban areas developed over alluvial fans and sectors adjacent to ephemeral channels (Del Savio et al., 2019). In the district of Coronel Gregorio Albarracín Lanchipa (CGALD) in Tacna, Peru, local reports and technical studies document recurrent events associated with short-duration, high-intensity storms despite the predominantly arid climatic conditions of the region (INGEMMET, 2021). This problem is further exacerbated by urban expansion into areas showing geomorphological evidence of previous flow activity and by the limited availability of continuous hydrometeorological records. Although recent studies in Peru have applied hydrological and hydraulic tools to evaluate hazards associated with floods and mass movements (García, 2016; Goyburo et al., 2025; Millán-Arancibia and Lavado-Casimiro, 2023), assessments integrating hydrometeorological data, high-resolution topography, and non-Newtonian hydraulic modeling to delineate mudflow-prone areas in arid basins of southern Peru remain scarce.

A particularly underexplored aspect in these catchments is the nonlinear hydrological response to extreme rainfall events. Unlike humid environments, where subsurface flow processes dominate, arid basins are primarily controlled by Hortonian runoff, producing highly nonlinear relationships between rainfall intensity, storm duration, and peak discharge (Goodrich et al., 1997). Consequently, relatively small storms may generate limited hydrological responses, whereas events exceeding critical intensity–duration thresholds can trigger abrupt increases in runoff and sediment entrainment, ultimately favoring mudflow initiation (Reid et al., 2016). Despite its relevance for hazard assessment, this nonlinear response remains poorly documented in Tacna and, more broadly, in arid basins of southern Peru.

Within this context, the present study evaluates mudflow susceptibility in the CGALD using a coupled hydrological–hydraulic modeling framework based on HEC-HMS and HEC-RAS, incorporating a non-Newtonian Bingham rheological formulation. Using hydrometeorological records, high-resolution topography, and basin-scale physical and environmental characterization, peak discharges associated with different return periods were estimated and subsequently used to simulate mudflow propagation and inundation patterns. This study additionally provides one of the first integrated non-Newtonian mudflow hazard assessments in arid basins of southern Peru, highlighting the role of nonlinear hydrological response in the generation and propagation of extreme sediment-laden flow events.



2 Materials and methods


2.1 Study area

The study area is located in the district of Coronel Gregorio Albarracín Lanchipa (CGALD), within the province and department of Tacna, southern Peru (Figure 1). The hydrological basin draining through CGALD toward the coastal plain covers approximately 162 km2 and was delineated using the 30 m spatial resolution FABDEM digital elevation model (Hawker et al., 2022). The basin forms part of the Caplina River system, which originates in the western Andes cordillera and discharges into the Pacific Ocean. The basin exhibits a pronounced altitudinal gradient, ranging from 400 to 1,045 m a.s.l. (INGEMMET, 2021), favoring short concentration times and rapid hydrological responses to intense rainfall events. Geomorphologically, the area is composed of coastal hills, piedmont slopes, and alluvial fans dissected by ephemeral channels draining toward the coastal plain. The principal drainage axis corresponds to the Caplina River.
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FIGURE 1
 Spatial representation of the study area, including elevation distribution, main mudflow pathways, hydrometric and pluviometric station locations, and a satellite image capturing an event in March 2020.


Geological assessments conducted by INGEMMET identify extensive sectors underlain by unconsolidated Quaternary alluvial deposits (Qal unit), characterized by low cohesion and high erodibility, and classified as having “high” to “very high” susceptibility to debris flows and mudflows under intense precipitation conditions (INGEMMET, 2021). These geomorphological conditions are coupled with an arid to semi-arid climate (BWh/BSh), where mean annual precipitation ranges from 20 to 50 mm in lowland sectors to 150–250 mm in the upper basin (Aybar et al., 2020). More than 80% of annual precipitation occurs during the austral summer (January–March), typically as short-duration, high-intensity convective storms. Owing to the low infiltration capacity of desert soils, these events commonly generate infiltration-excess (Hortonian) runoff and abrupt hydrological responses (Goodrich et al., 1997; Reid et al., 2016).

Since its establishment in 2001, CGALD has undergone rapid and largely unplanned urban expansion, currently exceeding 15,000 inhabitants (INEI, 2024). Urban growth has progressively encroached onto alluvial fans and sectors adjacent to ephemeral channels, increasing exposure to hydromorphological hazards (Gebremicael et al., 2022; Reid et al., 2016). Several debris-flow and mudflow events have been documented through satellite imagery and technical reports. Among these, a notable event occurred in March 2020, when extreme rainfall (~30 mm in 24 h) triggered a mudflow affecting areas downstream of the Arunta Bridge and nearby quarry sectors. This event provides representative evidence of the basin’s susceptibility to short-duration, high-intensity storms and was used as a reference event for evaluating the consistency of the hydraulic modeling conducted in this study.



2.2 Method and data preprocessing

Figure 2 summarizes the methodological framework adopted in this study, which is organized into three coupled components: (i) hydrological modeling, (ii) two-dimensional hydraulic modeling, and (iii) hazard scenario generation. The approach integrates hydrometeorological forcing with the simulation of mudflow propagation in arid basins characterized by limited data availability.
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FIGURE 2
 Methodological framework for the hydrological-hydraulic simulation and spatial analysis of mudflow events in the CGALD (Tacna, Peru).


The hydrological component began with basin delineation and morphometric characterization using the 30 m spatial resolution FABDEM digital elevation model (Hawker et al., 2022). Geomorphological and hydrological parameters, including slope, drainage network, and concentration time, were derived from this dataset. Rainfall–runoff transformation was performed using HEC-HMS v4.12 (USACE-HEC, 2025b), applying the SCS-CN method for loss estimation and a unit hydrograph approach for discharge generation.

The hydraulic component was developed using HEC-RAS v6.5 (USACE-HEC, 2025b) in a two-dimensional (2D) configuration, using the generated hydrographs as upstream boundary conditions. High-resolution topography was obtained through RPAS photogrammetry, enabling detailed representation of the microtopography controlling flow propagation across the channel and alluvial fan. Flow behavior was represented using a non-Newtonian Bingham rheological formulation, with rheological parameters adopted from the literature for unconsolidated alluvial materials comparable to those present in the study area (Bilal and Kumar, 2025; Moreiras et al., 2021; Ortega et al., 2022).

Hydraulic model validation was conducted through spatial comparison between the simulated inundation extent and the observed footprint of the March 2020 event, using the F1-score as the performance metric. Finally, model outputs were integrated to generate flow depth and velocity maps, delineate potentially affected areas, and classify hazard levels based on hydrodynamic criteria. The following subsections describe each methodological component in detail.


2.2.1 Digital elevation model for hydrology and hydraulic modeling

In this study, two digital elevation models (DEMs) with different spatial resolutions were employed according to the scale requirements of hydrological and hydraulic modeling. For basin-scale hydrological characterization, the FABDEM product with 30 m spatial resolution was used (Hawker et al., 2022). This bare-earth DEM is suitable for delineating drainage networks and estimating geomorphological parameters such as slope, contributing area, and time of concentration, which are controlled by mesoscale topographic features (Lindsay, 2016). For hydraulic modeling, a high-resolution DEM (0.17 × 0.17 m) was generated using RPAS photogrammetry, covering approximately 6.1 km2 along the main channel and alluvial fan (Figure 3). This fine-scale dataset captures microtopographic features such as channel banks, terraces, and anthropogenic modifications (quarry excavations), which exert strong control on flow routing, depth, and lateral spreading in mudflow events (Bates et al., 2010). The high-resolution DEM was integrated into the two-dimensional (2D) HEC-RAS model, where it defines the computational domain and spatial discretization of the flow equations. The selected resolution is consistent with hydraulic modeling practices that require terrain data capable of resolving dominant flow features to minimize numerical diffusion and improve simulation accuracy (Neal et al., 2012). Despite its high resolution, the RPAS-derived DEM is subject to photogrammetric uncertainties, including vertical errors and surface noise, which may influence hydraulic results, particularly in low-gradient areas. These limitations are considered in the interpretation of model outputs.
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FIGURE 3
 High-resolution digital elevation model of the study area, showing the main channel and key geomorphological features in the CGALD (Tacna, Peru).




2.2.2 Hydrometeorological data

The study area is monitored by pluviometric stations operated by National Service of Meteorology and Hydrology of Peru (SENAMHI) and National Water Authority of Peru (ANA), with records dating back to 1960 and 1990, respectively, complemented by local stations installed for this study (Table 1). The network covers an altitudinal gradient from 58 m a.s.l. (La Yarada) to 3,100 m a.s.l. (Palca). All records were homogenized to daily scale. The Jorge Basadre station (560 m a.s.l.) was selected as the primary reference gauge because: (i) its 31-year continuous record (1993–2024) (OMM, 2025); (ii) proximity to the CGALD (<1 km); and (iii) representativeness of precipitation conditions in the CGALD. To extend the series to the 1981–2023 period, two gap-filling methods were applied: (i) simple linear regression with nearby stations (Calana and Magollo, calibration period 1993–2014); and (ii) simple linear regression with the PISCO gridded product (Aybar Camacho et al., 2017). Coefficients were estimated using ordinary least squares. Validation combined leave-one-out cross-validation and an independent period (2015–2016), with performance evaluated using R2 and RMSE. The procedure was verified not to introduce bias in extreme values. From the resulting continuous series, the Annual Maximum Series (AMS) of 24-h precipitation was constructed. For each year of the precipitation series, the maximum daily value was extracted. Years with more than 10% missing daily data were excluded from the analysis. The resulting series (1981–2023, 43 years) forms the basis for extreme event frequency analysis and design storm derivation for different return periods.


TABLE 1 Precipitation stations used for hydrological modeling in the CGALD (Tacna, Peru).


	Station
	Latitude (°)
	Longitude (°)
	Altitude (masl)
	Type
	Source
	Period
	Temporal resolution

 

 	La Yarada 	−18.21 	−70.52 	58 	Conventional 	Senamhi 	2017–2024 	Daily


 	Jorge Basadre 	−18.03 	−70.25 	560 	Conventional 	Senamhi 	1993–2024 	Daily


 	Palca 	−17.77 	−69.97 	3,100 	Conventional 	Senamhi 	1965–2014 	Daily


 	Calientes 	−17.88 	−70.14 	1,200 	Conventional 	Senamhi 	2018–2024 	Daily


 	Calana 	−17.94 	−70.18 	848 	Conventional 	Senamhi 	1963–2024 	Daily


 	Magollo 	−18.12 	−70.33 	288 	Conventional 	Senamhi 	1965–1995 	Daily




 

Figure 4a shows the comparison of daily precipitation data between the Jorge Basadre rain gauge (red) and the corresponding PISCO gridded cell (blue) at the same location. The time series reveals gaps in the historical record during the periods 1981–1993 and 2014–2016, which were filled using a combined approach based on nearby stations, daily PISCO data, and linear regression. Figure 4b presents the scatter plot between the PISCO product and the Jorge Basadre precipitation station. The results indicate strong agreement between both datasets, with correlation coefficients of 0.92 at the monthly scale and 0.97 at the daily scale, demonstrating a high level of consistency and an adequate fit for gap-filling purposes.
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FIGURE 4
 (a) Daily precipitation time series from the Jorge Basadre station and the PISCO product. (b) Scatter plot comparing PISCO-derived precipitation with observations from the Jorge Basadre station.


Figure 5 presents the annual time series of maximum 24-h precipitation (PPmax24h) for the period 1981–2023. The bars represent the observed annual maxima, and the red line indicates the fitted linear trend. The series shows pronounced interannual variability, with predominantly low to moderate values during the 1980s and early 1990s (<10 mm), followed by higher-magnitude events from the mid-1990s onward. Notable peaks occur in 1997 (≈10 mm) and especially in 2020 (≈26 mm), the latter representing the maximum value of the entire record. Subsequently, values return to moderate levels during 2021–2023. The positive linear trend suggests a gradual increase in the intensity of extreme precipitation events over the study period; however, this tendency is strongly influenced by the occurrence of isolated extreme episodes. Overall, the series reflects non-stationary behavior characterized by sporadic high-intensity events that increase variability and contribute to the observed upward trend in PPmax24h.

[image: Bar graph showing annual maximum twenty-four hour precipitation from 1981 to 2023, with a red trendline indicating a gradual increase. Precipitation peaks sharply in 2020, significantly higher than other years.]

FIGURE 5
 Histogram of annual maximum precipitation values recorded at the Jorge Basadre station, with data in filled using linear regression of observed stations and the PISCO gridded product.




2.2.3 Hydrological modeling

Peak discharges associated with different return periods (RP) were estimated using HEC-HMS v4.12 (USACE-HEC, 2025a), configured under a semi-distributed framework. Rainfall–runoff transformation was performed using the SCS-CN loss method, which is appropriate for infiltration-excess runoff conditions characteristic of arid basins. Curve Number (CN) values were assigned based on land use and hydrologic soil groups derived from GIS analysis and thematic mapping. Runoff generation was represented using the SCS unit hydrograph, whereas flow routing was simulated using the kinematic wave method (Meselhe et al., 2004; Orellana, 2021; Salazar-Briones et al., 2018).

The concentration time (Tc) was estimated from geomorphological parameters derived from the 30 m DEM, including slope, flow length, and drainage area. Owing to the absence of continuous discharge records, conventional hydrological calibration was not feasible. Consequently, model parameters were constrained within physically plausible ranges reported for comparable arid basins (Cardich Motta, 2017; Roque, 2022).

Hydrological consistency was evaluated through indirect validation. Simulated peak discharges for the RP50 scenario were compared with the maximum available records at the Caplina gauging station, showing agreement in order of magnitude. Additionally, the RP50 hydrograph used as upstream boundary condition in the hydraulic model reproduced an inundation extent spatially consistent with the March 2020 event. Although this procedure does not constitute a formal calibration, it provides a reasonable assessment of model plausibility under data-scarce conditions.

Design storms were derived through precipitation frequency analysis for return periods of 25, 50, 100, and 200 years. The resulting hydrographs were subsequently used as upstream boundary conditions in the hydraulic model.



2.2.4 Hydraulic modeling

The propagation of sediment-laden flows was simulated using the two-dimensional (2D) unsteady flow module of HEC-RAS version 6.5 (USACE-HEC, 2025b), employing its integrated non-Newtonian formulation based on a Bingham rheological model (Vallejo, 1979). This approach represents the flow as an equivalent continuum characterized by a finite yield stress (τᵧ) and a viscous component (η), which is suitable for dense, sediment-rich flows commonly observed in arid alluvial environments (INGEMMET, 2021; Pino, 2013; Vilcanqui-Alarcón et al., 2022).

The model solves the depth-averaged Saint-Venant equations for mass and momentum conservation. Within this framework, flow resistance is internally modified to account for non-Newtonian behavior through the specification of τᵧ and η (Equation 1). A conceptual expression of the modified friction slope for a Bingham fluid can be written as:
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Where h is flow depth (m), U is the velocity magnitude (m·s−1), ρ is fluid density (kg·m−3), and g is gravitational acceleration (9.81 m·s−2). This expression is provided for interpretative purposes, as the full solution is handled internally by the HEC-RAS numerical solver.

The computational domain was discretized using a high-resolution Digital Elevation Model (0.17 m spatial resolution) derived from RPAS photogrammetry. This dataset captures detailed channel geometry, overbank areas, and anthropogenic features (e.g., quarry excavations), which exert strong control on flow routing and lateral spreading across the alluvial fan.

Upstream boundary conditions were defined using hydrographs generated by the hydrological model for return periods of 25, 50, 100, and 200 years, while downstream conditions were specified as normal depth based on local channel slope. Simulations were performed under unsteady flow conditions to reproduce the temporal evolution of the flow wave.

The rheological parameters required for the non-Newtonian Bingham model in HEC-RAS were estimated based on specialized literature and previous studies conducted in similar geomorphological settings (Goyburo et al., 2025; INGEMMET, 2021; Keaton et al., 2019; Pino, 2013; USACE-HEC, 2025b). Rheological parameters (Table 2) were estimated using empirical relationships (Equation 2) that express τᵧ and η as exponential functions of the volumetric sediment concentration (Cᵥ), following established formulations (Iverson, 1997; O’Brien et al., 1988):



τ
y

=

α
1


e


β
1


C
v



,
η
=

α
2


e


β
2


C
v



      (2)

Where α₁, β₁, α₂, and β₂ are empirical coefficients dependent on sediment characteristics. A representative range of Cᵥ = 0.30–0.35 was adopted, consistent with dense sediment-laden flows in arid basins, where steep slopes, short-duration high-intensity rainfall, and abundant unconsolidated deposits promote high sediment availability. In the absence of site-specific rheometric data, these parameters should be interpreted as first-order approximations.


TABLE 2 Rheological parameters used as input in the HEC-RAS non-Newtonian (Bingham) model for mudflow simulation in the CGALD (Tacna, Peru).


	Parameter
	Symbol
	Value
	Units

 

 	Volumetric sediment concentration 	Cv 	0.30–0.35 	–


 	Plastic viscosity 	η 	22.0 	Pa·s


 	Yield stress 	τy 	210 	Pa


 	Specific gravity 	Gs 	2.65 	–




 

The modeling approach assumes a single-phase equivalent fluid and does not explicitly represent processes such as grain-size segregation, pore-pressure dynamics, or phase separation (Hungr et al., 2013). Consequently, model outputs are sensitive to the selected rheological parameters, particularly Cᵥ, which exerts a primary control on both τᵧ and η.

Model performance was evaluated through indirect, event-based validation by comparing the simulated inundation extent for the RP50 scenario with the observed footprint of the March 2020 event derived from Sentinel-2 imagery. The spatial agreement supports the plausibility of the adopted parameterization, although it does not constitute a formal calibration.





3 Results


3.1 Hydrological modeling


3.1.1 Construction of design hyetographs

The goodness-of-fit of five probability distributions (Normal, Log-Normal, Pearson Type III, Log-Pearson Type III, and Gumbel) was evaluated against the hydrological data series using the Kolmogorov–Smirnov test, with a significance level (α) of 0.05 and a sample size (n) of 43. The results, based on the maximum absolute deviation statistic (Dmax), indicate that only the Log-Normal distribution does not exceed the critical value (Dcritical = 0.20323) and therefore provides an adequate fit to the observed data. The Log-Normal distribution exhibits the best performance (Dmax = 0.19926), while the Gumbel (Dmax = 0.22476), Normal (Dmax = 0.23598), Pearson Type III (Dmax = 0.93903), and Log-Pearson Type III (Dmax = 0.9494) distributions exceed the critical threshold, leading to their rejection for modeling the analyzed series (Figure 6). Accordingly, the Log-Normal distribution is recommended for subsequent frequency analyses. The fitted distribution functions further confirm that the Log-Normal model provides the best representation of the maximum precipitation series at the Jorge Basadre station (Table 3).
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FIGURE 6
 Log-normal distribution fitted to annual maximum precipitation at the Jorge Basadre station (1981–2023), selected as the best-fit model by the Kolmogorov–Smirnov goodness-of-fit test.



TABLE 3 Kolmogorov–Smirnov goodness-of-fit test.


	Statistics
	Normal
	Log-Normal
	Pearson lll
	Log Pearson lll
	Gumbel

 

 	n 	43 	Dmax 	0.23598 	0.19926 	0.93903 	0.9494 	0.22476


 	a 	0.05 	Dcritical > Dmax 	Does not fit 	Fits 	Does not fit 	Does not fit 	Does not fit


 	Dcritical 	0.20323 	Best fit 	3 	1 	4 	5 	2




 

Figure 7 presents the estimated maximum annual 24-h precipitation for different return periods at the Jorge Basadre station. Based on the observed data, projected precipitation depths were derived for various return periods using several probabilistic distributions. As the return period increases, the estimated precipitation values rise progressively, reaching up to 72.5 mm for a return period of 1,000 years. This highlights the potential occurrence of low-frequency but high-impact extreme rainfall events. Following the application of the Kolmogorov–Smirnov goodness-of-fit test, the Log-Normal distribution was identified as the model that most accurately reproduces the statistical behavior of the observed data. Therefore, it is considered the most suitable distribution for design and planning purposes related to extreme hydrological scenarios.

[image: Scatterplot with a log-log scale showing precipitation versus TR, where red dots represent observed data and a blue line shows the linear fit. The equation log(y) = 0.7306 + 0.5257·log(x) with R squared equals 0.9957 is displayed, suggesting a strong correlation. Values for precipitation are labeled at each data point. A key in the lower right indicates line and point meaning.]

FIGURE 7
 Frequency analysis of annual maximum 24-h precipitation for different return periods at the Jorge Basadre station.


Table 4 presents the estimated design precipitation mudflow depths for different storm durations of less than 24 h at a rain gauge representative of the study area. A progressive increase in precipitation intensity is observed as both storm duration and return period increase, ranging from values close to 11.5 mm for 10-min events with a 2-year return period to more than 158 mm for 24-h storms associated with a 1,000-year return period. This pattern reflects the direct relationship between event duration and expected precipitation magnitude, underscoring the importance of probabilistic analysis for the design of hydraulic infrastructure and the evaluation of hydrological risk scenarios.


TABLE 4 Estimation of sub-daily precipitation for different durations using the Dick-Peschke method.


	Duration
	Return period (years)



	Hr
	min
	2
	5
	10
	20
	25
	50
	100
	200
	300
	500
	1,000

 

 	0.17 	10.00 	0.74 	1.40 	2.11 	3.09 	3.47 	4.96 	7.00 	9.79 	11.89 	15.14 	20.94


 	0.33 	20.00 	0.88 	1.67 	2.51 	3.67 	4.13 	5.90 	8.32 	11.65 	14.14 	18.00 	24.90


 	0.50 	30.00 	0.97 	1.85 	2.78 	4.06 	4.57 	6.52 	9.21 	12.89 	15.65 	19.92 	27.55


 	0.67 	40.00 	1.04 	1.99 	2.99 	4.37 	4.91 	7.01 	9.89 	13.85 	16.81 	21.41 	29.61


 	0.83 	50.00 	1.10 	2.10 	3.16 	4.62 	5.19 	7.41 	10.46 	14.65 	17.78 	22.64 	31.31


 	1.00 	60.00 	1.16 	2.20 	3.31 	4.83 	5.44 	7.76 	10.95 	15.33 	18.61 	23.69 	32.77


 	1.50 	90.00 	1.28 	2.43 	3.66 	5.35 	6.02 	8.59 	12.12 	16.96 	20.59 	26.22 	36.26


 	2.00 	120.00 	1.37 	2.61 	3.93 	5.75 	6.47 	9.23 	13.02 	18.23 	22.13 	28.18 	38.97


 	4.00 	240.00 	1.63 	3.11 	4.68 	6.84 	7.69 	10.97 	15.49 	21.68 	26.31 	33.51 	46.34


 	6.00 	360.00 	1.81 	3.44 	5.18 	7.56 	8.51 	12.14 	17.14 	23.99 	29.12 	37.08 	51.28


 	7.00 	420.00 	1.88 	3.57 	5.38 	7.86 	8.84 	12.62 	17.81 	24.93 	30.26 	38.54 	53.30


 	8.00 	480.00 	1.94 	3.70 	5.56 	8.13 	9.14 	13.05 	18.42 	25.78 	31.29 	39.85 	55.11


 	10.00 	600.00 	2.05 	3.91 	5.88 	8.59 	9.67 	13.80 	19.47 	27.26 	33.09 	42.13 	58.27


 	11.00 	660.00 	2.10 	4.00 	6.03 	8.80 	9.90 	14.13 	19.94 	27.92 	33.89 	43.15 	59.68


 	12.00 	720.00 	2.15 	4.09 	6.16 	9.00 	10.12 	14.44 	20.38 	28.53 	34.63 	44.10 	60.99


 	24.00 	1440.00 	2.56 	4.86 	7.32 	10.70 	12.03 	17.17 	24.24 	33.93 	41.18 	52.44 	72.53




 

Table 5 presents the design precipitation intensities associated with short-duration storms, estimated for different return periods at a representative rain gauge within the study area. The results show a progressive decrease in intensity as storm duration increases, ranging from values exceeding 120 mm/h for 10-min intervals with a 10-year return period to intensities on the order of 2–3 mm/h for 24-h events. Likewise, for any given duration, precipitation intensity increases with the return period, reflecting the more extreme and less frequent nature of high-recurrence events. This information is fundamental for hydraulic design and urban drainage analysis, as it enables the estimation of expected peak discharges and the establishment of design criteria for high-intensity precipitation events occurring over short time intervals.


TABLE 5 Estimated design intensities for sub-daily precipitation durations.


	Duration
	Return period (years)



	Hr
	min
	2
	5
	10
	20
	25
	50
	100
	200
	500
	1,000

 

 	0.17 	10.00 	4.43 	8.43 	12.69 	18.53 	20.84 	29.75 	41.98 	58.76 	90.83 	125.62


 	0.33 	20.00 	2.63 	5.01 	7.54 	11.02 	12.39 	17.69 	24.96 	54.01 	54.01 	74.69


 	0.50 	30.00 	1.94 	3.70 	5.56 	8.13 	9.14 	13.05 	18.42 	39.85 	39.85 	55.11


 	0.67 	40.00 	1.57 	2.98 	4.48 	6.55 	7.37 	10.52 	14.84 	32.11 	32.11 	44.41


 	0.83 	50.00 	1.32 	2.52 	3.79 	5.54 	6.23 	8.90 	12.55 	27.16 	27.16 	37.57


 	1.00 	60.00 	1.16 	2.20 	3.31 	4.83 	5.44 	7.76 	10.95 	23.69 	23.69 	32.77


 	1.50 	90.00 	0.85 	1.62 	2.44 	3.57 	4.01 	5.72 	8.08 	17.48 	17.48 	24.18


 	2.00 	120.00 	0.69 	1.31 	1.97 	2.87 	3.23 	4.61 	6.51 	14.09 	14.09 	19.48


 	4.00 	240.00 	0.41 	0.78 	1.17 	1.71 	1.92 	2.74 	3.87 	8.38 	8.38 	11.59


 	6.00 	360.00 	0.30 	0.57 	0.86 	1.26 	1.42 	2.02 	2.86 	6.18 	6.18 	8.55


 	7.00 	420.00 	0.27 	0.51 	0.77 	1.12 	1.26 	1.80 	2.54 	5.51 	5.51 	7.61


 	8.00 	480.00 	0.24 	0.46 	0.70 	1.02 	1.14 	1.63 	2.30 	4.98 	4.98 	6.89


 	10.00 	600.00 	0.21 	0.39 	0.59 	0.86 	0.97 	1.38 	1.95 	4.21 	4.21 	5.83


 	11.00 	660.00 	0.19 	0.36 	0.55 	0.80 	0.90 	1.28 	1.81 	3.92 	3.92 	5.43


 	12.00 	720.00 	0.18 	0.34 	0.51 	0.75 	0.84 	1.20 	1.70 	3.67 	3.67 	5.08


 	24.00 	1440.00 	0.11 	0.20 	0.31 	0.45 	0.50 	0.72 	1.01 	1.41 	2.19 	3.02




 

Figure 8 presents the Intensity–Duration–Frequency (IDF) curves, which constitute a fundamental tool for characterizing the precipitation response to events of different magnitudes and recurrence levels. The results show that precipitation intensity decreases as storm duration increases, ranging from values exceeding 100 mm/h for 10-min events with return periods between 5 and 10 years to intensities of approximately 2–4 mm/h for 24-h storms. Conversely, for a given duration, intensity increases with the return period, reflecting the greater severity associated with low-frequency events, such as those with 500- or 1,000-year recurrences. This typical IDF structure enables the estimation of design precipitation for hydraulic infrastructure, urban drainage systems, and hydrological modeling applications. Consequently, it provides a key basis for defining expected peak discharges and safety margins in planning and risk management under extreme precipitation scenarios.

[image: Line chart illustrating precipitation intensity in millimeters per hour against duration in minutes for nine different return periods, showing that higher return periods yield higher initial intensities which rapidly decrease as duration increases.]

FIGURE 8
 Intensity-duration-frequency (IDF) curves estimated from annual maximum 24-h precipitation at the Jorge Basadre station.


Figure 9 shows the sub-daily precipitation intensities (mm/h) for different return periods (RP25 to RP200), derived using the Dick-Peschke method from records at the Jorge Basadre station. The results reveal a marked concentration of the storm core around 780 min (13 h), where the absolute maximum intensity reaches 16.21 mm/h for RP200, representing a + 209% increase relative to RP100 and a + 409% increase compared to RP25. Before the peak, intensities increase progressively and moderately (e.g., at 600 min, RP200 records 1.13 mm/h versus 0.37 mm/h at RP25); after the peak, a sharp decline is observed, with values dropping below 2 mm/h from 840 min onward even for RP200. This pattern reflects the structure of the SCS Type II 12-h hyetograph, where approximately 80% of the precipitation is concentrated within a 3-h window (between 660 and 840 min), consistent with high-intensity convective storms typical of arid regions. The nonlinear response to increasing return periods, particularly the sharp jump between RP100 and RP200, suggests that once an intensity threshold is exceeded, the risk of mudflow generation in the study area increases dramatically.

[image: Four-panel bar chart illustration showing precipitation intensity over time for different return periods: RP25 (top left), RP50 (top right), RP100 (bottom left), and RP200 (bottom right). Each chart has time in minutes on the x-axis and precipitation rate in millimeters per hour on the y-axis. All panels display a sharp precipitation peak around the midpoint, with the peak height increasing with higher return periods.]

FIGURE 9
 Design precipitation hyetographs for different return periods using the alternating block method: (a) RP 25, (b) RP 50, (c) RP 100, and (d) RP 200.




3.1.2 Simulated hydrographs for different return periods

Table 6 summarizes the peak discharges derived from the synthetic hydrographs generated for different return periods, allowing the interpretation of the basin’s hydrological response to events of increasing severity. For a 25-year return period (RP25), a peak discharge of approximately 11.9 m3/s is obtained, which increases progressively to 17.3 m3/s for RP50 and 25.3 m3/s for RP100, reflecting greater runoff concentration and flow velocity under more intense precipitation events. This represents a 45% increase from RP25 to RP50 and a 113% increase from RP25 to RP100, indicating a nonlinear yet gradual amplification of the hydrological response as return periods lengthen. In contrast, the value associated with RP200 (122.4 m3/s) exhibits a marked increase in the hydrograph peak, 929% higher than the RP25 baseline, representing an extreme scenario in which the natural or structural conveyance capacity of the channel system may be exceeded. This sharp escalation underscores a potential threshold effect in the basin’s response, where the combination of precipitation intensity and antecedent saturation conditions leads to disproportionately high runoff generation. This result is particularly relevant for the design of hydraulic infrastructure and for flood and mudflow risk assessments (Figure 10).


TABLE 6 Peak flow estimation using the SCS unit hydrograph method (HEC-HMS) for different return periods based on precipitation data from the Jorge Basadre station.


	Statistic
	RP25
	RP50
	RP100
	RP200

 

 	Peak Flow (m3/s) 	11.9 	17.3 	25.3 	122.4


 	Peak Flow Increase vs. RP 25 	– 	+45% 	+113% 	+929%




 

[image: Line graph comparing river flow in cubic meters per second over 24 hours for four recurrence periods, showing peak flows at hour 14 with RP.25 at 11.9, RP.50 at 17.3, RP.100 at 25.3, and RP.200 at 122.4 cubic meters per second. Gray shading differentiates each scenario’s area under the curve.]

FIGURE 10
 Simulated hydrographs for different return periods based on precipitation data from the Jorge Basadre station.





3.2 Hydraulic modeling


3.2.1 Model validation

Figure 11 presents a comparison between the observed mudflow extent recorded in 2020, delineated from satellite imagery, and the simulated flood footprint corresponding to a 50-year return period (RP50). The spatial analysis indicates a high level of agreement between both extents, with an estimated overlap of approximately 95% of the affected area. The spatial overlay shows particularly strong correspondence along the main channel and in downstream lateral expansion sectors. Spatial agreement was further quantified using areal overlap metrics and the F1-score, yielding a value of 0.92, which indicates excellent correspondence between observed and simulated extents and supports the robustness of the adopted model parameterization. The main discrepancies are concentrated within the quarry area, where recurrent excavation and material removal activities have produced geomorphological changes after the documented event. These anthropogenic modifications likely altered the local microtopography and, consequently, the preferential flow paths.

[image: Satellite map with geographic coordinates showing urban and desert areas. Blue shading indicates simulated flood stains (RP 50), and red outlines show observed mudflow flood stains from March 2020. A scale bar and a north arrow are included.]

FIGURE 11
 Spatial comparison of the 2020 mudflow extent, as delineated from satellite imagery, and the modeled flood hazard zone corresponding to a 50-year return period (RP50).




3.2.2 Hydraulic modeling of different return periods

The hydrographs for the different return periods (RPs), previously derived in the maximum-flood hydrological analysis, were used as upstream boundary conditions for the hydraulic modeling. Based on these inputs, the fluvial system response was simulated under scenarios of increasing magnitude; the resulting mudflow depths and inundation extents are presented in Figure 12. The comparative analysis of the modeled scenarios reveals a progressive increase in both inundated area and mudflow depth as the return period increases. For the least severe scenario (Figure 12a, RP25), mudflow depths along the main channel are predominantly shallow, generally below 0.25 m. However, localized sectors with intensified hydraulic behavior are identified, most notably at the Arunta Bridge, where mudflow depths of approximately 1.5 m are reached. Likewise, the quarry area, whose morphology has been altered by extractive activities, acts as a zone of flow retention and concentration, exhibiting mudflow depths between 1.5 and 3.0 m, with a maximum of about 4.25 m at its outlet. In the RP50 scenario (Figure 12b), a moderate intensification of flooding is observed. Mudflow depths in the main channel increase to around 0.5 m, while values at the Arunta Bridge reach approximately 1.75 m. Within the quarry, mudflow depths range from 2.0 to 3.25 m and increase to about 4.5 m at the outlet, confirming its role as a critical zone of hydraulic accumulation. The RP100 scenario (Figure 12c) exhibits a more severe hydraulic response. Main-channel mudflow depths approach 1.0 m, while mudflow depths at the bridge increase to roughly 2.0 m. In the quarry sector, mudflow depths vary between 2.25 and 3.5 m, with a maximum near 4.75 m at the outlet, indicating a sustained increase in flow energy and stored volume. Finally, the most extreme scenario (RP200; Figure 12d) represents a critical flooding condition. In this case, mudflow depths in the main channel locally exceed 4.0 m, reaching values close to 5.0 m at the bridge. The most severe impacts are again concentrated in the quarry area, where the combination of high discharges and strongly modified geomorphology produces exceptional mudflow depths, modeled between 4.0 and 5.0 m. The maximum value, on the order of 5.5 m, is again recorded at the quarry outlet, identifying this sector as the zone of highest hydraulic hazard within the study area.

[image: Four satellite map panels labeled a to d show predicted mudflow depths for return periods of 25, 50, 100, and 200 years. Colored areas represent different mudflow depths, with light blue for less than one meter and dark blue for over three meters. Increasingly severe mudflow coverage and depth are visible from panel a to panel d, particularly in urban and valley areas. A legend and north arrow are included for reference.]

FIGURE 12
 Mudflow depth maps for different return periods: (a) RP25, (b) RP50, (c) RP100, and (d) RP200.


The hydraulic modeling reveals a well-defined spatial pattern in flow velocity distribution for the analyzed return periods (Figure 13). In general, velocities in both the main channel and adjacent floodplain remain within moderate ranges, with most values below 0.5 m/s across the modeled domain. However, the results consistently identify a localized zone of flow acceleration present in all simulated scenarios. This acceleration zone is concentrated in the mid-reach of the quarry, where the combined effects of channel geometry, depressions generated by extractive activities, and flow confinement promote a significant increase in hydraulic energy. The comparison among scenarios indicates a progressive rise in maximum velocities as event magnitude increases. In the lower-magnitude scenarios, peak velocities reach approximately 2.25 m/s (Figure 13a) and 2.5 m/s (Figure 13b), increasing to around 2.75 m/s in the intermediate scenario (Figure 13c). The most extreme case, associated with the highest return period (Figure 13d), exhibits markedly more critical behavior, with maximum velocities reaching up to 5.5 m/s in the same sector. Outside this localized zone, flow velocities remain within low to moderate ranges, and no other acceleration cores of comparable magnitude are identified along the analyzed reach. This pattern underscores the decisive role of local geomorphological alterations in intensifying flow dynamics and confirms the quarry sector as the area of highest hydraulic hazard in terms of erosion potential, sediment transport capacity, and potential damage to nearby infrastructure.

[image: Satellite map with four panels, each labeled a) RP 25, b) RP 50, c) RP 100, and d) RP 200, showing mudflow velocity scenarios for a river channel. Color coding indicates velocity classes: blue for less than one meter per second, green for one to two meters per second, yellow for two to three meters per second, and red for greater than three meters per second. Higher recurrence period panels show increased extent and intensity of red zones, reflecting higher mudflow velocities. Map includes a north arrow, gridlines, and a scale bar in each panel.]

FIGURE 13
 Velocity maps for different return periods: (a) RP25, (b) RP50, (c) RP100, and (d) RP200.




3.2.3 Mudflow hazard map for historical events

Figure 14a illustrates the spatial distribution of mudflow depth associated with the simulated historical extreme flood event (200 m3/s discharge). Mudflow depths are classified into four ranges (≤1 m, 1–2 m, 2–3 m, and >3 m), with the highest values concentrated along the main channel and in topographically depressed areas. Zones with mudflow depths exceeding 2 m appear discontinuously, following paleo-flow paths and natural flow expansion sectors, which reflects the strong control exerted by local geomorphology. In contrast, areas located farther from the channel axis predominantly exhibit shallower mudflow depths, although localized impacts are still identified within urbanized zones (parks, residential areas, among others). This spatial distribution enables the identification of sectors with potential for significant structural damage, particularly in built-up areas located near the active channel margins. Figure 14b depicts the flow velocities reached during the same extreme event, classified into intervals of ≤1 m/s, 1–2 m/s, 2–3 m/s, and >3 m/s. The highest velocities are mainly concentrated along the main channel and at bends, where geomorphological confinement promotes higher hydraulic energy. In lateral overbank areas, velocities decrease progressively, with low to moderate values predominating in more open urban sectors. Nevertheless, localized high-velocity corridors are observed crossing populated areas, indicating a considerable potential for erosion and structural washout in zones adjacent to housing. The superposition of the local road network and populated areas makes it possible to identify infrastructure exposed not only to inundation but also to dynamically hazardous flow conditions. The simulated flood extent initiates notably upstream of the Arunta hill bend; within this affected corridor, approximately 300 houses belonging to the Alfonso Ugarte and San Antonio population centers, the educational institution I. E. 42255 Santa Teresita del Niño Jesús, about 1.5 km of roads, and 44.6 ha of agricultural land are directly impacted.

[image: Side-by-side maps labeled a and b display a geographic area with populated centers and local road networks. Panel a uses varying blue shades to indicate mudflow depth categories, while panel b uses colors from blue to red to indicate mudflow velocity categories. Both maps include a legend for symbols and scales, with labeled locations such as San Judas Tadeo, San Antonio, and Halcon.]

FIGURE 14
 Flood hazard mapping for the 1920s historical event: (a) mudflow depth and (b) velocity distributions, overlain with exposed population centers, local road network, and affected areas.






4 Discussion

Unlike studies addressing other extreme hydrometeorological hazards, research on mudflows in Peru remains scarce. This study identified areas exposed to mudflows through the integrated application of hydrological and hydraulic modeling in the CGALD. The following discussion examines the main impacts, methodological limitations, and key factors that should guide future research on mudflow hazards in arid and semi-arid environments of southern Peru.


4.1 Nonlinear hydrological response under extreme precipitation

The hydrological simulations reveal that the CGALD basin exhibits a markedly nonlinear response to extreme precipitation. While peak discharges increase progressively between RP25 and RP100, the RP200 scenario produces a disproportionate increase in discharge, rising from 25.3 m3/s (RP100) to 122.4 m3/s (RP200). This behavior suggests the existence of a hydrological threshold beyond which runoff generation and sediment mobilization become highly amplified.

The identified threshold response is consistent with the dominant hydrological processes in arid and semi-arid catchments (Montes-Pajuelo et al., 2024), where infiltration-excess (Hortonian) runoff governs storm response dynamics (Wang et al., 2017). Under such conditions, relatively small increases in rainfall intensity or duration may exceed infiltration capacity, rapidly increasing surface runoff connectivity and sediment entrainment. Similar nonlinear flood responses have been documented in steep arid basins where hydrological extremes are strongly controlled by short-duration convective storms and rapid concentration times (Tabari, 2020).

The precipitation record associated with the March 2020 event further supports this interpretation. The extreme rainfall value (~30 mm) identified in the frequency analysis lies within the upper tail of the distribution and corresponds to a documented mudflow occurrence in the study area. Its inclusion in the Log-Normal distribution fitting strongly influences the estimated magnitude of low-frequency events, emphasizing the sensitivity of flood estimation to rare but physically plausible extremes in data-scarce arid environments.

These findings indicate that conventional hazard assessments based exclusively on RP100 scenarios may underestimate the magnitude of exceptional events in southern Peruvian arid basins. The abrupt increase observed at RP200 highlights the need to incorporate extreme precipitation scenarios into hydraulic design, land-use planning, and risk management frameworks, particularly in rapidly urbanizing alluvial fan environments (Gioia et al., 2021).



4.2 Hydraulic behavior and geomorphological controls on mudflow propagation

The hydraulic simulations indicate that channel morphology exerts a primary control on mudflow propagation within the CGALD. For the RP25–RP100 scenarios, the main channel remains largely confined due to its incised geometry, the presence of lateral levees near the Arunta Bridge, and the relatively high conveyance capacity of the downstream reach (Pino, 2013).

A key geomorphological control identified in this study corresponds to the quarry sector located downstream of the bridge. The excavated depressions generated by extractive activities function as temporary storage zones that attenuate lateral flow expansion under moderate flood scenarios. However, their buffering capacity decreases substantially during extreme events characterized by high sediment concentration and elevated flow volumes.

Historical observations associated with flows exceeding approximately 200 m3/s indicate that overtopping and lateral spreading can occur in urban sectors adjacent to the active channel (Gómez Alanoca et al., 2025). This behavior is consistent with previous studies conducted in southern Peru, where unconsolidated alluvial materials, steep slopes, and sudden runoff inputs promote rapid increases in flow mobility during exceptional storms (Romero et al., 2013).

The simulations also demonstrate the importance of high-resolution topography for reproducing localized hydraulic controls. The RPAS-derived DEM enabled the identification of preferential flow paths, artificial depressions, and confinement zones that would likely remain unresolved using conventional topographic datasets. This represents a particularly relevant contribution for hazard assessment in data-scarce arid basins, where local microtopography strongly influences flow routing and inundation extent.

Model validation against the March 2020 event yielded an F1-score of 0.92, indicating excellent agreement between simulated and observed inundation extents. Although this validation does not constitute a full calibration, it supports the physical plausibility of the adopted hydrological and rheological parameterization.



4.3 Methodological implications and limitations

This study provides one of the first coupled hydrological–hydraulic assessments of mudflow hazard in southern Peru under data-scarce arid conditions. Nevertheless, several limitations associated with data availability and model parameterization should be acknowledged. The main source of uncertainty arises from the hydrometeorological input data. In arid environments, precipitation exhibits strong spatial and temporal variability that is difficult to capture using sparse rain-gauge networks and discontinuous historical records. As a result, the characterization of short-duration extreme storms remains uncertain, particularly for localized convective events that control rapid runoff generation and mudflow initiation.

Additional uncertainty is associated with the hydraulic parameterization. Due to the absence of site-specific rheometric and multi-temporal soil data, the non-Newtonian simulations relied on rheological parameters derived from the literature and calibrated within physically plausible ranges. Although this approach is acceptable for first-order hazard assessment in data-scarce regions, it may not fully represent the spatial variability of sediment concentration, yield stress, and flow mobility within the basin. Consequently, the proposed hydrological thresholds and inundation patterns should be interpreted as model-conditioned estimates rather than deterministic predictions.

Despite these limitations, the coupled HEC-HMS/HEC-RAS framework produced physically coherent results and satisfactory event-based validation against the March 2020 mudflow. This demonstrates the potential of integrated hydrological–hydraulic approaches for hazard assessment in arid Andean basins where direct observations are limited. From a methodological perspective, future studies should evaluate the sensitivity of the hydrological response using alternative semi-distributed platforms such as RS MINERVE (Astorayme, 2017), while precipitation gap-filling procedures should be contrasted with gridded climate products and alternative interpolation approaches to reduce uncertainty propagation in extreme-event analyses (Qquenta et al., 2023).

Future improvements should also incorporate field-based geotechnical characterization, rheometric testing of alluvial sediments, and high-resolution LiDAR topography to better constrain non-Newtonian parameters and improve the representation of flow propagation. Likewise, the implementation of specialized debris-flow models such as FLO-2D or RAMMS could provide more detailed simulations of velocity, runout distance, and depositional behavior. Strengthening meteorological monitoring networks, particularly at middle and upper elevations of the basin, together with systematic post-event documentation, would further improve future calibration and validation efforts.

Finally, future research should integrate complementary approaches focused on operational hazard assessment, including rainfall intensity–duration thresholds for mudflow initiation (Goyburo et al., 2025), probabilistic scenario analysis, and scenario libraries for rapid emergency response. These developments would strengthen the predictive capability and transferability of mudflow hazard assessments in southern Peru and other arid mountainous regions with limited observational data.




5 Conclusion

This article presents one of the first coupled hydrological–hydraulic assessments of mudflow hazard in a data-scarce arid basin of southern Peru. Integrating HEC-HMS and HEC-RAS with a non-Newtonian rheological approach, it provides new evidence on the hydrological controls and hazard dynamics governing extreme mudflow events in the Coronel Gregorio Albarracín Lanchipa District (CGALD). The principal conclusions are:

	• The basin exhibits a pronounced nonlinear hydrological response under extreme precipitation conditions. Peak discharges increase progressively from 11.9 m3/s (RP25) to 25.3 m3/s (RP100), whereas the RP200 scenario generates a disproportionate increase to 122.4 m3/s. This threshold-like behavior indicates that mudflow hazard in small arid basins cannot be adequately characterized through conventional linear extrapolation of design events.

	• The identified hydrological threshold suggests that assessments based exclusively on RP100 scenarios may substantially underestimate extreme-event magnitude and associated impacts. Relatively small increases in extreme precipitation can produce disproportionately large increases in runoff generation and flow discharge once critical conditions are exceeded.

	• Channel morphology exerts a dominant control on flow propagation. Although the incised channel and existing containment structures largely confine flows under RP25–RP100 scenarios, quarry-related depressions act as preferential accumulation zones that locally increase hazard levels.

	• Under the extreme historical scenario (~200 m3/s), potential impacts include approximately 300 dwellings, two populated sectors, one educational institution, 1.5 km of road infrastructure, and 44.6 ha of agricultural land. These findings highlight the increasing exposure associated with urban expansion over alluvial and geomorphologically active areas.

	• The coupled HEC-HMS/HEC-RAS framework, incorporating non-Newtonian Bingham rheology, achieved satisfactory agreement with the March 2020 event (F1-score = 0.92). The methodology therefore constitutes a robust first-order approach for mudflow hazard assessment in poorly monitored arid basins.



Overall, the results indicate that return periods ≥100 years represent a critical hazard threshold in the CGALD and potentially in similar arid basins of southern Peru. Consequently, hazard assessment, land-use planning, and risk-management strategies should explicitly incorporate extreme scenarios beyond conventional RP100 standards to avoid substantial underestimation of future mudflow impacts.
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