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 ABSTRACT 

The quantification of flood hazards is frequently hindered by the lack of systematized hydrological 

records, particularly in developing nations. To address this challenge, this study evaluates a methodology 

that integrates citizen science with hydrodynamic modeling. Focusing on the Upper Paranapanema River 

Basin in southeastern Brazil, the HEC-RAS model was employed to reconstruct historical flood events. The 

approach was validated using resident-supplied flood marks and satellite imagery, yielding a Kappa statistic 

of 0.7 and an NSE of up to 0.79. Additionally, collective memory was instrumental in supplementing peak 

flow statistics to generate scenarios across multiple return periods. The study further investigated the 

hydraulic effects of rural earth dikes, revealing that these structures exert negligible influence on flood 

extent within the urban area. These results highlight the efficacy of combining local knowledge with 

numerical modeling, validating citizen science as a practical and effective alternative for flood management 

in data-scarce contexts. 

 

KEYWORDS: flood risk; data scarcity; citizen science; hydrodynamic model; flood scenarios; 

return period analysis. 
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1 INTRODUCTION 

Floods are among the leading causes of socioeconomic and environmental. Their increasing 

frequency, linked to global warming (IPCC, 2021), challenges the traditional stationarity assumptions 

underpinning water resources management. Understanding these events is complicated due to natural and 

anthropogenic changes in river basins (Berghuijs et al., 2016). Despite advances in modeling, data scarcity 

remains a critical limitation in developing countries (Krabbenhoft et al., 2022). 

In this context of scarcity, evidence from local observations and indirect methods is valuable (Sy et 

al., 2020). Citizen science emerges as a promising approach to fill data gaps and enrich knowledge about 

floods, offering a flexible framework for public participation. Beyond data collection, it helps to understand 

cultural interactions with hydrological systems, relying on collective memory to validate scientific 

initiatives (Sarmento Buarque et al., 2020). 

In Brazil, studies report changes in the magnitude and frequency of floods, with positive trends in 

the South and Southeast regions (Bartiko et al., 2019), often attributed to extreme precipitation (Chagas et 

al., 2021), despite recent drought trends in some periods. Flood risk mapping in the country typically relies 

on limited field observations and coarse extrapolations (Marchezini et al., 2022), highlighting the need for 

alternative approaches to facilitate knowledge exchange between scientists and communities. 

This study focuses on the Upper Paranapanema River Basin in southeastern Brazil, an area frequently 

affected by major floods and with fragmented hydrological data. The region experienced significant events 

in 2004, 2010, and 2016, causing substantial losses to agriculture and residents (SISSER, 2016; SEBRAE, 

2025). The historical presence of earthen dikes, built in the 1970s and destroyed in 2004, raises questions 

about flow alteration and the reduction of the natural attenuation capacity of floodplains, which may 

exacerbate damage in downstream urban areas. 

To address these challenges, this study examines whether citizen science can enhance the reliability 

of hydrodynamic modeling and flood frequency analysis in data-poor regions. The objective is to integrate 

resident accounts with detailed mapping and hydrological data to calibrate a model that reconstructs the 

2004, 2010, and 2016 flood events, as well as to estimate historical peak discharges beyond the instrumental 

period using citizen-provided information. By combining historical and systematic records, the study 

assesses flood impacts associated with return periods of up to 500 years. Under these scenarios, the 

reconstruction of earthen dikes for rural protection is considered, and their effects on the urban area are 

evaluated, accounting for the reduction in upstream flood attenuation capacity. 

2 METHODOLOGY 

2.1 Study area 

The study site (Figure 1) covers 128.85 km² in the Upper Paranapanema basin, encompassing the 

confluence of the Paranapanema and Itapetininga rivers. Upstream, the area is dominated by floodplains 

and a meandering morphology, where the Paranapanema flows north with a low average slope (0.00016 

m.m⁻¹), while the Itapetininga flows west (0.00020 m.m⁻¹). Downstream of the confluence, the river 

straightens due to topographic constraints; although remnants of old dikes exist along the banks, these 

anthropogenic structures have been partially destroyed by recurrent flooding. 
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Figure 1: Location of the study site in the Upper Paranapanema River Basin. Projection: SIRGAS 2000, UTM 

zone 22S. Data sources: Google Satellite (2024), IBGE (2022), ANA (2024). 

 

The main urban center, Campina do Monte Alegre, is located downstream and houses 5,954 

inhabitants (IBGE, 2022), with an economy primarily based on agriculture and livestock (SEBRAE, 2025). 

The region features a Cfa climate with an annual average temperature of 20.2°C and precipitation of 1,324 

mm, situated within a geomorphological context dominated by the sedimentary Paraná basin and the 

Atlantic orogenic belt. Despite economic activities, the area retains significant native vegetation cover from 

the Atlantic Forest and Cerrado biomes (CBH-ALPA, 2023). 

 

2.2 Citizen science data 

To address the absence of systematic records prior to the 2000s, a citizen science approach was 

applied in Campina do Monte Alegre, combining interviews and physical flood mark documentation. 

Conducted between January and April 2023 in accordance with ethical standards (CAAE 

61253522.3.0000.5504). This method enabled the identification of eight major flood events between 1983 

and 2016, with the 2004 flood being the most significant. Local flood-level markings on utility poles 

supported data validation with rainfall series and satellite imagery, enhancing the reliability of the historical 

reconstruction in a data-scarce environment, as further detailed in Vasconcelos et al. (2025). 

 

2.3 Topography, river cross-section survey, satellite image, and hydrological data 

Topographic data consisted of the ANADEM digital terrain model (ANA, 2025), a 30-m resolution 

product     . This was complemented by a bathymetric survey conducted in May 2023 using a RiverSurveyor 

M9 ADCP to map cross-sections and longitudinal profiles along the Itapetininga and Paranapanema rivers. 

Additionally, the precise elevations of historical flood marks on utility poles were acquired using Geomax 

GNSS RTK receivers, with data post-processed via the IBGE PPP service to ensure high positional 

accuracy. 

For model validation and boundary conditions, a Landsat 8 satellite image (ID: 

LC08_L2SP_220076_20160120_20200907_02_T1_SR) capturing the 2016 flood was processed in QGIS 

using spectral indices to isolate open water areas for comparison with simulations. Hydrological data were 

obtained from the National Water Agency (ANA) platform, Hidroweb (Figure 1). The Angatuba and 

Campina do Monte Alegre stations defined the boundary conditions, while the Porto Velho station was used 

to estimate stages at Angatuba for the 2016 event, as direct records at this station were no longer available 

following its deactivation in 2010.                                                                                                          
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2.4 Flood Frequency Analysis 

Flood frequency analysis was performed using peak flow records from the Angatuba and Campina 

do Monte Alegre stations. L-Moments were derived through Probability Weighted Moments (Greenwood 

et al., 1979; Hosking and Wallis, 1997), selected for their reliability with limited datasets (Fischer, 2024). 

The Angatuba station provided a continuous 76-year series, while the Campina do Monte Alegre dataset 

required the integration of historical flood events (1983 to 2016) documented by residents. These flood 

marks were georeferenced and correlated with observed water levels to estimate peak discharges based on 

the official rating curve. 

To address discontinuities in the Campina do Monte Alegre record, partial Probability Weighted 

Moments were applied (Wang, 1990), splitting the dataset according to a predefined threshold (Fischer, 

2024). Twelve probability distributions were evaluated using the methodology developed by Hosking 

(1985), and the best fit was selected based on the lowest root mean square error and visual inspection. 

Plotting positions followed the Weibull method for Angatuba and the Hirsch approach (1987) for the 

historical dataset. Despite potential long-term trends, a stationary assumption was maintained to reduce the 

high uncertainty typically associated with non-stationary models (Anzolin et al., 2024). 

 
2.5 Hydrodynamic Modeling Setup 

Hydrodynamic simulations were performed using the HEC-RAS 6.6 two-dimensional model 

(USACE, 2024), incorporating geospatial inputs via RAS Mapper and applying a uniform Manning 

roughness coefficient of 0.07. The model was calibrated under transient conditions with a five-day warm-

up period to reconstruct the 2005, 2010, and 2016 flood events. Validation employed NSE, KGE, and 

RMSE metrics based on observed stages at Campina do Monte Alegre. Boundary conditions included daily 

discharges from Angatuba, a downstream normal depth slope of 0.00012 metres per metre, and upstream 

inflow from the Paranapanema River estimated by mass balance, justified by its dominant contribution over 

the Itapetininga tributary. 

In accordance with Brazilian Law 12.608 (Brasil, 2012) and CEMS-Flood guidelines (2025), steady-

state scenarios were simulated for return periods of 50, 100, and 500 years. Two configurations were 

evaluated: one reflecting current condition without flood embankments, and another assuming the 

reconstruction of dikes lost in 2004 to safeguard agricultural areas. Impacts were assessed by comparing 

water levels and flow velocities along longitudinal profiles covering three kilometres upstream and six 

kilometres downstream of the confluence, including urban peripheries. 

3 RESULTS 

3.1 Reconstruction of Floodplain inundation during the floods of 2004, 2010, and 2016 

The hydrodynamic reconstruction of the flood events that occurred in 2004, 2010, and 2016 

demonstrated strong model performance in both spatial and temporal dimensions. Spatial validation using 

Landsat imagery from the 2016 flood resulted in a Kappa coefficient of 0.7 (Cohen, 1960), indicating 

satisfactory spatial agreement despite minor errors of commission and omission near the riparian 

boundaries. From a hydrological perspective, the model accurately reproduced discharge magnitude and 

timing at the gauge located in Campina do Monte Alegre, with Nash-Sutcliffe efficiency values ranging 

from 0.79 to 0.91, Kling-Gupta efficiency values between 0.74 and 0.84, and root mean square errors below 

0.40. In addition, comparison with flood marks identified through citizen science and georeferenced using 

RTK measurements confirmed the model performance in terms of vertical accuracy, with absolute elevation 

differences limited to 0.36 meters for the 2004 flood and -0.41 meters for the 2016 flood. 

Analysis of inundation patterns reveals that the expansion of the flooded area is topographically 

constrained by surrounding higher elevations, particularly to the west and near the urban center. 

Consequently, variations in flood magnitude are primarily reflected in water surface elevations and depths 

rather than in the lateral extent of the flooded area.  
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3.2 Statistical Analysis of Peak Flows  

The integration of historical flood marks obtained through citizen science with systematic records 

emphasized the relevance of pre-2000 events, notably the 1983 flood, ranked as the second largest in the 

1983–2020 series. By applying a validated elevation offset between utility pole marks (measured with RTK-

GPS) and gauge data from the 2004 and 2016 events, peak discharges were estimated for historical floods, 

four of which ranked among the top seven. For frequency analysis, the Generalized Pareto distribution 

provided the best fit at both Angatuba and Campina do Monte Alegre. While Angatuba used a continuous 

series (1935–2010), Campina do Monte Alegre required a partial Probability Weighted Moments approach 

with a 300 cubic metres per second threshold to incorporate nine events into a censored sample, combining 

systematic and historical peaks. 

The reconstructed flood series revealed significant hydrological differences between the contributing 

basins. Inclusion of citizen-derived historical events notably altered the frequency curve at Campina do 

Monte Alegre, underscoring the methodological value of integrating local knowledge to refine flood hazard 

assessments. 

 

3.3 Scenarios analysis for different return periods and potential impacts of the reconstruction of 

the earth dike in the floodplain  

The comparative analysis of "no dike" and "dike" scenarios for 50, 100, and 500-year return periods 

reveals that the reconstruction of flood defenses would have negligible impacts on the spatial extent of 

flooding in the downstream urban area (Figure 2). While the total flooded area and depth increase with 

return periods, the presence of dikes does not alter the flood limits surrounding the town, as confirmed by 

the longitudinal profiles downstream of the confluence, where water surface elevations remain virtually 

identical across scenarios. Instead, the hydraulic impact of the dikes is concentrated upstream of the 

confluence. On the Paranapanema River, the dikes cause a rise in water levels that intensifies upstream and 

correlates positively with flood magnitude, whereas on the Itapetininga River, hydraulic differences are 

more pronounced for lower return periods. 

 

 
Figure 2: Limits of the flooded area for the 50, 100 e 500-year floods in the vicinity of Campina do Monte 

Alegre for the “no dike” (a) scenario and for the “dike” scenario (b). 

 

In relation to stream dynamics, velocity profiles confirm that the dikes exert a significant influence 

on flow energy in the upstream sector, while downstream conditions remain largely unaffected. The 

topography of the valley limits lateral floodplain expansion, causing flood magnitude to be expressed 
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primarily through increased depth. Under these constraints, the presence of dikes enables the recovery of 

agricultural areas in upstream regions without intensifying flood risk in the downstream urban zone. 

However, this benefit comes with the trade-off of elevated hydraulic energy in rural upstream sections. 

4 DISCUSSION 

Citizen science played a key role in enhancing flood reconstruction in a data-scarce region, 

supporting global findings on the reliability of non-expert observations. HEC-RAS simulations compared 

with citizen-recorded water marks showed vertical errors of 0.3–0.4 m, attributed to DEM and resolution 

limitations (Patel et al., 2017; Mohanty et al., 2020; Artiglieri et al., 2025). Despite such discrepancies, 

citizen data extended the flood record to 1983, preventing underestimation of critical flows and improving 

hydrological accuracy in unmonitored areas (Scheller et al., 2024). 

The model demonstrated good performance, with high NSE values, especially for the 2004, 2010, 

and 2016 events. However, the 2004 peak was slightly underestimated due to uncertainties in friction 

slopes, mass balance, and rating curve extrapolations. Spatial validation using Landsat imagery confirmed 

that ANADEM reliably represents floodplain morphology, with differences limited to riparian vegetation 

zones. 

Simulations indicated a limited influence of old earth dikes on downstream flooding because of 

channelization effects, whereas upstream impacts were more pronounced. Along the Paranapanema River, 

the presence of dikes reduced the effective flow section, leading to localized increases in flow velocity. In 

the Itapetininga River, backwater effects became more evident in the vicinity of the confluence. Despite 

remaining limitations, including uncertainties related to the digital elevation model and Manning roughness 

assumptions, the results emphasize the spatial heterogeneity of dike effects and underscore the importance 

of flood management strategies informed by geomorphological controls. 

5 CONCLUSION 

This study demonstrated the efficacy of integrating remote sensing, hydraulic modeling, and citizen 

science to reconstruct floodplain dynamics in data-scarce regions. While HEC-RAS simulations showed 

good agreement with observations, the results highlighted that citizen-derived data is crucial not only for 

model validation and prioritizing high-resolution topographic surveys in critical areas but, most 

importantly, for recovering historical peak flows beyond the instrumental period. This methodological 

integration significantly improves extreme-value statistics and the reliability of flood hazard scenarios, 

which are imperative given the increasing frequency of extreme events. Ultimately, this approach offers a 

cost-effective, empowering framework for incorporating disaster resilience into community planning and 

early warning systems in municipalities across Brazil that lack conventional monitoring networks. 
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