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ABSTRACT

Environmental disasters, such as floods, are occurring more frequently in various cities,
posing a challenge to public managers and the population. Representing the
hydrological cycle through Digital Twin technology is a way to contribute to the decision
making process of public authorities in disaster risk reduction measures. By exploring
hypothetical scenarios, strategies for mitigating problems and environmental and social
impacts that can be avoided, neutralized, or reduced can be devised. The aim of this
study is to detail the calibration and validation process of a Digital Twin applied to the
Muriaé river watershed. Simulations were performed using the MOHID platform. The
methodology for evaluating the results included analysis of hydrographs and statistical
metrics. This analysis allowed to find out that combining data from two sources yielded
better results for model validation by more accurately representing the flow of the
modeled channel compared to observed data from river gauging stations.
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1. INTRODUTION

The natural environment is a complex system under pressure from climate change,
pushing the field of environmental science to undergo changes as its scientists are
increasingly called upon to address significant questions arising from this complexity and
associated uncertainties (BLAIR, 2021). The rise in extreme weather events leads to
environmental disasters, considered one of the major challenges faced by public officials in
Brazil, as they can threaten city infrastructure and leave parts of the population vulnerable
(SALES, 2023).

Humanity creates cities, and consequently, aspects of daily life contribute to
detrimental effects on the environment. Issues such as urbanization, irregular occupation of
riparian areas, and environmental degradation alter the permeability and roughness of a
watershed. All these factors can lead to situations where problems propagate downstream,
often exporting issues to neighboring municipalities. Therefore, it is imperative to consider
pathways for climate resilience and sustainable development, viewing the watershed as a
holistic entity (CHIN et al., 2017).

One of the challenges is analyzing hydrological processes at the scale of large
watersheds. Understanding the behavior of infiltration capacity and runoff in small-meter
areas, where each variable's behavior can be observed, differs from observing the behavior
resulting from the combination of all processes defining river runoff. This is because certain
elements vary as the watershed scale changes (COLLISCHONN & TUCCI, 2001).

Digitally or virtually representing anthropogenic changes in the hydrological cycle in a
realistic manner can contribute to public decision-making aimed at disaster risk reduction
measures. Thus, Digital Twins, initially used in engineering, now contribute to the field of
environmental science. These hydrological models capture the current understanding of the
environment, encoding it into mathematical models capable of representing the desired
structure and its behavior, thereby reproducing hypothetical scenarios of interest (BLAIR,
2021).

Hydrological Digital Twins can be developed using various software tools, such as the
Hydrologic Engineering Center's River Analysis System (HEC-RAS), the Storm Water
Management Model (SWMM), and the Hydrodynamic Model (MOHID). Among the primary
applications of hydrological modeling, one can mention: forecasting streamflow, predicting
future changes in ecosystems, and understanding the impact of land use changes
(ALMEIDA & SERRA, 2017).
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To represent the processes of the hydrological cycle, it is necessary to provide input
data such as elevation data, rainfall data, Manning coefficient, some of which are associated
with known variables like land use classes, vegetation cover, or soil types. However, one of
the major challenges researchers face is the absence of data series for the modeled
watersheds (COLLISCHONN & TUCCI, 2001).

Two processes are essential to ensure better results in simulations: calibration and
validation of the hydrological model. Due to potential discrepancies between measured
values and initial model outputs, comparing these results with real data becomes
indispensable (BLAINSKI et al., 2017). The calibration process allows adjusting the
simulated results to match the observed field data, thereby improving the representation of
watershed behavior in the model and reducing potential errors in simulations. Calibration
can be conducted manually or automatically. In manual calibration, adjustments to input
parameters identified through sensitivity analysis as having the greatest influence on the
simulated variable are made in an iterative trial-and-error process (SILVEIRA et al., 2022).

During the validation stage, the model is run using the parameter values determined
during calibration on a different dataset from the one used in calibration. If the model meets
minimum quality criteria, it can be considered suitable for simulating the watershed. One
method of evaluating simulation results is by comparing the generated hydrograph with
observed data, aiming for a close match to the observed hydrograph with good accuracy
(BLAINSKI et al., 2017).

As previously discussed, understanding and simulating the hydrological cycle are
crucial for quantitatively assessing water risk and managing watersheds, especially given
the numerous anthropogenic alterations affecting the hydrological cycle, particularly in the
context of climate change. In this regard, this study aims to detail the calibration and
validation process of a Digital Twin applied to the Muriaé river watershed. To achieve this,
statistical metrics were employed, including the Pearson correlation coefficient and the
Nash-Sutcliffe efficiency coefficient, to evaluate which strategy best represented the flow of

the modeled channel compared to data observed at river gauging stations.

2. MATERIALS AND METHODS

In this section, the study watershed where the Digital Twin was applied will be
presented, as well as the methodological procedures for the construction and validation of

the model.
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2.1 Study area

The study area belongs to the Muriaé river sub-basin, located in the Lower Paraiba do
Sul and Itabapoana Hydrographic Region (RH-1X). The focus of analysis includes the four
municipalities along the Muriaé river in the Northern and Northwestern regions of the State
of Rio de Janeiro, which frequently experience flooding. The study area encompasses the
urban areas of these four municipalities of interest: Cardoso Moreira, Italva, Itaperuna, and
Laje do Muriaé, covering a total area of 7298 kmz2.

These municipalities are characterized by low population density, as observed in the
2022 Census data from the Instituto Brasileiro de Geografia e Estatistica (IBGE): Laje do
Muriaé has a density of 28.94 inhabitants per square kilometer (hab/km?); Itaperuna has
91.3 hab/km?; Italva has 48.33 hab/km?; and Cardoso Moreira has 24.8 hab/km? (IBGE,
2023). Historical series data from these four municipalities, provided by the Agéncia
Nacional de Aguas e Saneamento Basico (ANA) through the HidroWeb portal, show years
with higher precipitation and consequently longer recurrence intervals, such as 1942, 1957,
1961, 1979, and 2011, all with recorded rainfall exceeding 450 mm (HIDROWEB, 2023).

The Muriaé river, one of the main tributaries of the Paraiba do Sul river on its left bank,
stretches for 300 km. It flows through a predominantly flat region with topographic amplitude
generally less than 100 meters in its surroundings, which contributes to the formation of
floodplains during major floods (AGEVAP, 2017; DANTAS, 2000). Therefore, this region
deserves attention due to the damages occurring during extreme precipitation events. In

Figure 1 the location of the study area is represented.
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Figure 1. Study Area Location.
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2.2 Methodological procedures

The MOHID platform was used for the flow simulations in this study using the Bentley-
owned graphical interface known as OpenFlows FLOOD, more specifically by employing the
MOHID Land numerical tool. The MOHID platform was developed by the Marine,
Environment and Technology Center (MARETEC) at the School of Engineering of the
Universidade Técnica de Lisboa, originated in 1985. It is programmed in the ANSI
FORTRAN 95 language and has been continuously updated since then (MOHID, 2012).

Data collection regarding river characterization, topographic characteristics of the
region, soil types, land use, and extreme precipitation events is essential for constructing
the Digital Terrain Model (DTM) and configuring simulation properties. Therefore, it is
necessary to define the time period for these activities. The chosen interval spans from
January 2012 to June 2015, divided into three phases: warm-up period (January 2012 to
June 2012), calibration (July 2012 to June 2013), and validation (July 2013 to June 2015).
This period shows high flow peaks, allowing for the assessment of the representativeness
of the simulated data compared to the observed data, not only in base flow but also during
these peaks.

The Digital Terrain Model (DTM) was developed by importing xyz files of the study
region into the program, containing topographic data obtained from TOPODATA of the
Instituto Brasileiro de Pesquisas Espaciais (INPE). These files were interpolated using a
regular mesh grid with cells of 500m resolution. Smoothing of grid data and removal of
depressions in the DTM were performed to ensure that the digital terrain resembles the
physical environment accurately. Next, the watershed for this study was delineated, along
with its drainage network, starting from an outlet defined downstream of the urban area of
Cardoso Moreira.

For a clearer visualization of the stages conducted in this study, in Fig. 2 are presented
the steps from defining the study area, gathering necessary data, constructing the Digital
Terrain Model (DTM) and delineating the study watershed, configuring simulation properties,
running the simulations, and the methodology used for analyzing the results. The
configuration phase of simulation properties will be detailed next, focusing on the following
aspects adjusted within the platform: drainage network, rainfall, surface runoff, and water

percolation in the soil.
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Figure 2. Schematic diagram of the stages for model validation.

2.2.1 Drainage network

The definition of cross-sections for the drainage network can be done using two
methods provided in the MOHID platform: based on Strahler stream order or based on
drained area. Initially, the Strahler order method was used, with trapezoidal sections divided
into 3 orders. The values for these sections were defined using data obtained from river
gauging stations and estimates from satellite imagery analysis.

The initial simulations revealed that the model was highly sensitive to changes in the
values of the cross-sections. To ensure better model effectiveness, the method for defining
cross-sections was switched to be based on drainage area. Following tests conducted
during the calibration phase, the following values for cross-sections per drained area were

determined, as shown in Tab. 1.

Table 1. Cross-section data defined by drainage area.

Drainage area (km2) Major base (m) Minor base (m) Height (m) Cross-sectional area (m2)
50.0 10.0 5.0 2.0 15.0
300.0 10.0 5.0 2.0 15.0
500.0 20.0 15.0 2.0 35.0
2200.0 40.0 30.0 25 87.5
3000.0 100.0 60.0 35 280.0
5633.0 198.0 120.0 45 715.5

7298.0 198.0 120.0 4.5 715.5
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2.2.2 Surface runoff

The Manning equation is commonly used in runoff propagation models to represent
the resistance to flow caused by bed roughness. The roughness of the watershed can be
defined using literature values corresponding to predominant land use and vegetation.
However, the channel roughness, although it can be initially based on recommended

literature values, is typically adjusted through calibration of this coefficient (PAZ, 2010).

Therefore, the values of the channel roughness coefficient were adjusted based on the
model calibration results, resulting in a value of 0.05. The coefficient related to the watershed
also underwent adjustments throughout the calibration process, and the final values are
presented in Tab. 2. These values were associated with the land use and land cover of the

region extracted from MapBiomas (2024).

Table 2. Values of the Manning coefficient based on land use and land cover.

Percentage of the total Manning

Land use and land cover area of the watershed coefficient
Continental water body 0.45% 0.05
Urbanized area 0.81% 0.03
Mining 0.04% 0.09
Uncovered area 0.20% 0.10
Forest vegetation 17.18% 0.30
Grassland vegetation 0.004% 0.25
Silviculture 0.71% 0.28
Pasture 66.40% 0.15
Permanent crops 2.83% 0.20
Other agricultural areas 11.38% 0.20

2.2.3 Precipitation

Precipitation in the MOHID platform can be defined either with a constant value across
the grid or using a data file to initialize variable values in space and time, as was the case
in the simulations generated in this study. The simulations began using data extracted from
the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS), which is a
publicly available dataset of nearly global precipitation from 1981 to the present time.
CHIRPS interpolates satellite imagery at a resolution of 0.05° with gauge station data to
create temporal series of precipitation (FUNK, 2015). These data are provided in NetCDF
format, requiring conversion to the HDF5 format used by the MOHID platform.

However, after conducting several simulations, discrepancies were identified between

simulated results using CHIRPS data and observed data from weather stations monitored
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by ANA. Consequently, it was decided to evaluate two sources of precipitation information
during the validation process: one based solely on CHIRPS data and another corrected
using data from ANA's meteorological stations.

Costa et al. (2019) conducted a validation of precipitation data estimated by CHIRPS
for Brazil, comparing it with data from meteorological stations within the dataset from the
Centro de Previsao de Tempo e Estudos Climaticos (CPTEC) of the INPE and the Instituto
Nacional de Meteorologia (INMET). In this study, they found that the monthly average of
CHIRPS data showed overestimated values with a mean error compared to station data.
These annual average precipitation values were calibrated using regional regressions
applied to CHIRPS data, resulting in significant improvement in comparison accuracy.

In this work, we used CHIRPS data during periods when the comparison of results with
observed streamflows was satisfactory, correcting values with larger differences using data
from meteorological stations. To perform this correction, precipitation data from stations in
the region were incorporated into the corresponding module using multiple temporal series
distributed across the watershed based on Voronoi polygons. The simulation was rerun for
the respective month to apply the correction. In Figure 3, these polygons and the locations
of the rain gauge stations used can be observed. This data correction occurred in December

2013 and 2014, as well as from January to June 2015.

110000 165000 220000 N

7700001
7700001

Legend:

1 - Sdo Francisco 9 - Mimoso do Sul
da Gloria 10 - Astolfo Dutra

- Carango 11 - Cataguases

- Miradouro 12 - Santo Antonio

- Porcitincula de Padua

- Varre-Sai 13 - Trés Irmdos

- Muriaé 14 - Sdo Fidélis 2

- Patrocinio do Muriaé 15 - Sdo Fidélis 1

- Itaperuna 16 - Cardoso Moreira

7645001
7645001
oNOUVAWN

CARTOGRAPHIC DATA:
Projection: UTM
Datum: WSG 84
Zone: 23K e 24K

Source: ANA (2024)

14 15 10 0 10 20 km
I

110000 165000 220000 Author: Larissa Carneiro Rangel

Figure 3. Polygons and respective locations of the rain gauge stations.
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2.2.4 Water percolation in the soil

In relation to the permeability of the watershed, a constant value of 0.1 was used for
the impermeable fraction. The soil was defined by five layers with the following thicknesses
(in meters): 2.0 - 1.0 - 0.4 - 0.3 - 0.3. The hydraulic properties of each soil layer,
characterized by the percentage of sand, silt, and clay, were obtained using the MOHID
SOIL TOOL. This tool facilitates the processing and preparation of input data for the MOHID
platform, importing and processing these soil texture parameters to calculate hydraulic
properties for each soil type in the watershed of interest, and generating input files for use
in the platform (SALES et al., 2024b).

The study region presents seven different soil types, considering the first three
categorical levels of the Brazilian Soil Classification System. Regarding the first categorical
level, the region contains soils from the orders of Argissolo, Cambissolo and Latossolo
(EMBRAPA, 2006). The distribution of soils in the study area is shown in Fig. 4, as provided
in the Soil Map of Brazil by Embrapa (2011).
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Figure 4. Soil types present in the study area.
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With all these adjustments made, it was possible to run the validation phase
simulations and analyze their results. For outputting the results, two nodes were created at
the locations of the river stations in Itaperuna and Cardoso Moreira, as these are the two
stations in the municipalities of interest for which ANA provides flow data. The hydrographs
generated allowed for comparing the observed data with the data generated in the
simulations, as will be demonstrated in the following section.

Additionally, in the following section, the process of analyzing the results through error
metrics BIAS, Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), Root
Mean Square Error (RMSE), as well as the Pearson correlation coefficient (R), coefficient of
determination (R?2), and Nash-Sutcliffe efficiency coefficient (NSE) are reported. The values
were determined using the Timeseries Error and Uncertainty Analyzer tool (SALES et al.,
2024a). Both the hydrographs and this analysis were conducted for the two sources of
precipitation information processed, based solely on CHIRPS and with data corrections

based on the stations. Thus, model validation was achieved.

3. RESULTS AND DISCUSSION

The visual analysis of the hydrograph at the two outlet nodes in Itaperuna, RJ, and
Cardoso Moreira, RJ, allows us to observe the model warming-up period and the

representation of simulated discharge compared to observed discharge during the
calibration phase, as shown in Fig. 4.
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Figure 4. Warm-up period and calibration.

For model validation, we chose to assess the correction of some rainfall data based
on meteorological stations. Thus, we compared the hydrograph of simulated discharge using

only CHIRPS data with discharge when station data were substituted. The difference in
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these results can be seen in Fig. 5 for December 2013 and 2014, as well as for the months

of 2015 when rainfall data changes were made.
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Figure 5. Validation with CHIRPS rainfall data vs. CHIRPS/Station data.

The analysis of the results was conducted, in addition to observing the hydrograph,
using statistical metrics including: BIAS, MAE, MAPE, RMSE, R, R?, and NSE. Schober et
al. (2018) and Eryani et al. (2022) present an approach to interpreting the values of the
correction coefficient and the Nash-Sutcliffe efficiency coefficient, respectively. These

interpretations of the coefficients are presented in Tab. 3 and 4.

Table 3. Conventional approach for interpreting the Absolute Magnitude of Pearson correlation coefficient.

Absolute Magnitude of

Correlation Coefficient - | R | Interpretation
0.00-0.10 Insignificant correlation
0.10-0.39 Weak correlation
0.40-0.69 Moderate correlation
0.70-0.89 Strong correlation
0.90-1.00 Very strong correlation

Source: Adapted from SCHOBER et al., 2018.
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Table 4. Conventional approach for interpreting the Nash-Sutcliffe efficiency coefficient.

Nash-Sutcliffe efficiency coefficient - NSE Interpretation
NSE<0.35 Less satisfactory efficiency
0.36-0.75 Satisfactory efficiency
0.76-1.00 Good efficiency

Source: Adapted from ERYANI et al., 2022.

NSE (Eqg. 1) has been widely used to evaluate the performance of hydrological models,
where NSE=1 indicates a perfect fit between simulated and observed data (DUC &
SAWADA, 2023).

n g2
NSE=1- 22;3:((;;_:;))2 @)
where s; and o; denote simulations and observations, respectively, and p, is the observed
mean.

In Table 5, the values of the statistical metrics for the two precipitation sources are
presented. This comparison allows us to observe improvements in error values when
replacing periods with the greatest differences between simulated and observed data. These
replacement periods were identified initially, and it was later confirmed that the precipitation
data provided by CHIRPS on certain days during these months differed from the data from
meteorological stations in the region.

Table 5. Comparison of error metrics between validation using CHIRPS precipitation data and
CHIRPS/stations in Itaperuna/RJ and Cardoso Moreira/RJ.

Simulations performed in MOHID Land BIAS MAE MAPE RMSE R R? NSE
ltaperuna CHIRPS 34.64 | 42.61 42.75 73.62 0.71 | 0.50 | -0.05
CHIRPS/stations 24.86 | 32.25 40.89 52.11 0.83 | 0.69 | 0.48

Cardoso CHIRPS 42.42 | 49.24 | 42.86 83.57 0.72 | 0.52 | -0.09
Moreira CHIRPS/stations 31.54 | 36.76 40.93 57.93 0.86 | 0.74 | 0.48

The Pearson correlation coefficient and Nash-Sutcliffe efficiency coefficient also
showed significant improvement after replacing the previously mentioned months. While the
initial strategy already classified as having strong correlation based on R, the NSE value
saw a substantial improvement from less satisfactory efficiency to satisfactory efficiency.

Finally, this analysis includes a scatter plot of simulated discharge versus observed
discharge for the two precipitation data strategies used. In Figure 6, we observe the
improvement in results when using precipitation data from two sources, CHIRPS and local
meteorological stations. Based on these analyses, the model was validated, with potential

for future adjustments to enhance it in subsequent work.
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Figure 6. Scatter plot of simulated discharge vs. observed discharge for CHIRPS precipitation data vs.
CHIRPS/stations.

4. FINAL CONSIDERATIONS

Hydrological modeling plays a crucial role in urban planning due to its ability to predict
scenarios where alternative strategies can be discussed to mitigate the environmental
disasters cities are facing. Seeking adaptation strategies to address the challenges posed
by climate change can contribute to reduce the risk of these disasters.

Therefore, integrating Digital Twin technology into water resources management can
assist municipal managers in decision-making processes aimed at mitigating environmental
and social impacts that could be prevented, neutralized, or reduced. For this purpose, public
policies should consider integrated strategies that move beyond ideological and utopian
planning and instead focus on practical implementation. This approach should be associated
with efficient and participatory management capable of addressing the various challenges
ahead.

The developed model presented two alternatives for precipitation data sources.
Comparing the simulation results through analysis of the generated hydrograph and
evaluation of statistical metrics allowed for model calibration and validation. It was found
that the alternative combining two data sources yielded better results. The model validation
confirms that it should perform well in representing the region during other periods of
interest, although evaluation of the precipitation data used as input remains necessary.

As future work, simulations can be conducted to assist in investigating the areas of the
basin that have the most impact on flooding occurrences, as well as studying mitigation
scenario proposals related to this frequent disaster in the region. The validated Digital Twin
enables scenario evaluation through a spatial and temporal multiscale view of the region,

providing results with high representativeness.
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