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ABSTRACT

Measurement and evaluation of soil erosion and consequent sediment yield are
fundamental in the planning and management of watersheds, as they allow the identification of
critical areas susceptible to erosive processes. This study analyzed the sediment yield generated
by water erosion in the Indaia River Basin, Alto Sdo Francisco, Minas Gerais, by using the
SWAT hydrological model. From a regional/local scale, the initial simulation of the variables
(flow and solid discharge) was performed on a monthly scale from 1988 to 2017. Then,
parameter-sensitivity analysis, calibration, and validation of the model were executed. In the
monthly calibration (1988 to 2007), the performance of the simulations for flow was R?=0.92
and NSE=0.91 and for total solid discharge R?=0.51 and NSE=0.50. In the monthly validation
(2008 to 2017) for flow, R?=0.85 and NSE=0.82 was obtained and for total solid discharge
R2=0.19 and NSE=0.16. Despite the unsatisfactory result in the validation stage, the model was
able to analyze the distribution of sediment production by sub-basins or even by the Hydrologic
Response Unit (HRU). Therefore, a sediment-yield map was generated which qualitatively
indicated a tendency for greater erosive processes in the central portion of the basin. The results
will support public policies mitigating environmental degradation of the Indaia River Basin.

Keywords: calibration and validation of models, sediment yield, sensitivity analysis, water erosion.

Aplicacdo do modelo hidrolégico SWAT na simulacédo de vazédo e
descarga s6lida como instrumento de gestdo da bacia hidrografica do
rio Indaia, Alto Séo Francisco, Minas Gerais

RESUMO

A mensuracdo e avaliacdo da erosdo do solo e, consequentemente, da producdo de
sedimentos sdo fundamentais no planejamento e gestéo de bacias hidrogréficas, pois permitem
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a identificacdo de areas criticas susceptiveis aos processos erosivos. Assim, o objetivo deste
estudo foi analisar a producédo de sedimentos gerada por erosao hidrica na bacia do rio Indaia,
Alto Séo Francisco, Minas Gerais, aplicando o modelo hidroldgico SWAT. De posse de uma
base de dados (espaciais e alfanuméricos), realizou-se a simulacdo inicial das variaveis (vazéao
e descarga sdlida) em escala mensal no periodo de 1988 a 2017. Em seguida, executou-se a
analise de sensibilidade dos pardmetros, a calibragéo e a verificacdo do modelo. Na calibracao
mensal (1988 a 2007), o desempenho das simulages para vazdo foi R?=0,92 e NSE=0,91, e
para descarga sélida total R?=0,51 e NSE=0,50. Ja na verificacdo mensal (2008 a 2017) para
vazdo foi obtido R?=0,85 e NSE=0,82, e para descarga solida total R?=0,19 e NSE=0,16. Apesar
deste resultado insatisfatorio na etapa de validacdo, foi possivel analisar a distribuicdo da
producdo de sedimentos por sub-bacias ou mesmo por Unidade de Resposta Hidroldgica. Dessa
forma, gerou-se um mapa de producéo de sedimentos que indicou, de forma qualitativa, uma
tendéncia de ocorréncia de maiores processos erosivos na porcao central da bacia. Espera-se
que os resultados gerados apoiem as politicas publicas mitigadoras da degradacdo ambiental da
bacia do rio Indaia.

Palavras-chave: andlise de sensibilidade, calibracéo e verificagdo de modelos, erosdo hidrica, producao
de sedimentos.

1. INTRODUCTION

Characterization, measurement, and evaluation of soil erosion and consequent sediment
yield are fundamental for effective planning and management of watersheds. Such analyses
allow the identification of critical areas susceptible to erosive processes and the implementation
of appropriate soil management and conservation practices known as Best Management
Practices (BMPs), thus contributing to the control of environmental degradation by reducing
sediment and nutrient losses (Briak et al., 2019; Himanshu et al., 2019).

Currently, the monitoring of sediment loads is carried out punctually through hydro
sedimentological stations located in or near the basin, and generally only four measurements
are taken per year of suspended solid discharge (Carvalho, 2008). However, it is expensive and
impractical to monitor a watershed "in loco".

For this reason, since the 1940s mathematical simulation models have been developed to
represent in a simplified way the physical phenomena of nature, whether they are empirical,
conceptual, or physically based (Devia et al., 2015). Among the various hydrological models
that consider the physical processes occurring in the basin, the Soil and Water Assessment Tool
(SWAT) is the most used because it is friendly and its interface is coupled to the geographic
information system (SIG). It is also easily linked to sensitivity, calibration, and uncertainty
analysis tools as SWATCUP (Van Griensven et al. 2012; Devia et al., 2015). SWAT is a semi-
distributed hydrological model drawing of continuous simulations in time (yearly, monthly,
daily, and more recently in the sub-daily) (Boithias, et al., 2017; Brighenti et al., 2019b), mainly
to simulate and predict the water discharge in a basin by generating scenarios (Neitsch et al.,
2011; Gassman and Yingkuan, 2015, Krysanova and White, 2015).

This tool was developed by the United States Department of Agriculture (USDA) in
partnership with Texas A&M University (TAMU) (Arnold et al., 2012a) to simulate various
physical processes in the scale of watersheds, sub-basins, hydrological response units (HRUS),
rivers (river reaches). It also has been frequently used to predict and evaluate the impacts caused
by anthropic actions (changes in land use and coverage) and/or climate change on water
balance, sediment yield, and water quality, and can be used in the assessments of land and
agricultural management impacts (Francesconi et al., 2016).

The SWAT hydrological model has been evaluated by several researchers worldwide for
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runoff (Pandey et al., 2015; Tiwari et al., 2018; Upadhyay et al., 2019), sediment load (Vigiak
et al., 2015; 2017; Himanshu et al., 2017; 2019; Duru et al., 2018; Brighenti et al., 2019a) and
nutrient simulations (Malago et al., 2017; Qiu et al., 2018; Uribe et al., 2018; Pulighe et al.,
2020), and satisfactory model performance was reported. SWAT was used in the identification
of critical erosion-prone areas in watersheds (Himanshu et al., 2019; Pulighe et al., 2020) and
to respond to total suspended solids (TSS) load affecting climate change scenarios (Tan et al.,
2019; Khoi et al., 2020).

Specifically, in Brazil in the last 5 years, several studies have been developed using SWAT
with a focus on soil erosion and sediment loads, including the studies of Bonuma et al. (2014),
Creech et al. (2015), Dantas et al. (2015), Silva et al. (2016; 2017; 2018a; 2018b) and Condé
(2021). Overall, all these previous investigations identified inconsistencies in the estimation of
variables related to sedimentological processes (e.g. solid discharge, sediment yield, the
concentration of suspended sediments), demonstrating the complexity in such modeling.

Therefore, in this study we analyzed the sediment yield generated by water erosion in the
Indaia River Basin, Alto So Francisco, state of Minas Gerais (MG), from 1988 to 2017,
applying the SWAT hydrological model. The Indaia River Basin is located in a very critical
region concerning soil erosion and sediment production, the Alto S8o Francisco. It is an
important contributor to the Trés Marias Reservoir, which in turn has a significant
regularization function of the S&o Francisco River flow. There are few studies on soil erosion
and sediments developed in the basin, highlighting the following works: Macédo (2009),
Menezes (2013), and Pinto et al. (2014). However, none of these works used a physically based
model to understand the sediment yield and the impact on the land use of this process. Thus,
the main motivation of this work was to develop a calibrated model, based on a robust dataset
that identified the areas most prone to erosive processes in the Indaia River Basin, supporting
the decision-making of public policy to combat environmental degradation in the study area.

2. MATERIAL AND METHODS

2.1. Study Area
The Indaia River Basin is located in the Sdo Francisco River Basin, state of Minas Gerais,
southeastern Brazil, upstream of the Trés Marias Hydroelectric Plant Reservoir. (Figure 1).
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The Indaia River is one of the main tributaries of the S&o Francisco River in Minas Gerais,
which, together with the Abaete, Borrachudo, Para and Paraopeba Rivers, form the Upper S&o
Francisco Basin. It is a 6th order basin, with an area of approximately 2,300 km? and a length
of about 262 km, rising in the municipality of Corrego Danta-Minas Gerais at the elevation of
1170 m, and disemboguing into the Trés Marias Reservoir, whose operation is under the control
of “Companhia Energética de Minas Gerais” (CEMIG) (Macédo, 2009).

Two climatic types are found in the region, according to the Koppen classification: Cwa -
humid temperate climate with dry winter and hot summer; Aw - tropical climate with dry winter
and rainy summer. The region has high rainfall rates, with values ranging between 1,000 and
2,000 mm annually, the average temperature around 23°C, average annual sunshine of 2,400
hours, average annual evaporation of 1,000 mm, and average annual relative humidity around
70 to 80%, with the highest values occurring in the highest altitude areas (Brasil, 2006).

Cambisols (= 59%), red oxisols (x 21%), and litholic neossols (+ 19%) predominate in the
basin area, with a less significant occurrence of red yellow oxisol (<1%). The Indaia River
Basin is a rural basin, located in the Cerrado biome (Brazilian Savanna), where the following
classes of land use and cover stand out: Gallery Forest (+ 37%); Savanna (£ 13%), Field (=
11%), Agriculture and Pasture (£ 39%), and presence of bodies of water (+ 1%) (MapBiomas,
2018). In the Indaiad Basin, 34% of the area has flat to smooth wavy relief, 10% wavy relief,
and 56% wavy, mountainous, or rugged relief.

2.2. Hydrological and Sedimentological Modeling

The methodological procedures started with the selection of the input data required by the
SWAT. The spatial data were pre-processed in ArcGIS for compatibility and integration of
these, transforming them into the raster format, with a spatial resolution of 30 meters, metric
plane coordinates in the UTM projection system (Universal Transverse Mercator), Zone 23
South, datum SIRGAS 2000 (Geocentric Reference System for the Americas), and scale
1:250,000. The spatial database of the study area was composed of the following maps:

e Digital Elevation Model (DEM): SRTM / NASA, base year 2014 — spatial resolution of
30 meters;

e Solo Map: RadamBrasil / IBGE, base year 1987;

e Land Use and Coverage Map: MapBiomas, base year 2007 — spatial resolution of 30
meters (Mapbiomas, 2018).

Alphanumeric data (climate, precipitation, flow, sediments, soil parameters, parameters of
land use and cover) were first edited, tabulated, and organized according to the ArcSWAT
standard. The alphanumeric database was then composed of:

e Weather Data: Historical series of daily data of maximum/minimum surface
temperature (degrees Celsius), solar radiation (MJ/m?2), average wind speed (m/s), and
relative air humidity (%), of 3 (three) conventional climatological stations of the “Instituto
Nacional de Meteorologia” (INMET) located close to the Indaia River Basin (Figure 1),
from 1988 to 2017.

e Pluviometric data: Historical series of daily rainfall data (mm), from 9 (nine)
pluviometric stations of the “Agéncia Nacional de Aguas” (ANA), located near the Indaia
River Basin (Figure 1), from 1988 to 2017.

e Fluviometric data: Historical series of daily flow data (m%/s), from 2 (two) fluviometric
stations, Barra do Funchal (ANA) located in the central part of the basin and Porto Indaia
(CEMIG) located in the basin outflow (Figure 1), from 1988 to 2017.
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e Sedimentometric data: Daily sample data of suspended sediment concentration (mg/L)
from the Porto Indaia sedimentometric station (CEMIG), from 1974 to 2013 (data
available).

For parameterization of the SWAT, an adaptation of the original MDB was performed to
the local reality of the study region, with new values of physical and chemical properties of
soils and land use and cover. In addition to statistical weather parameters. The parameters were
adapted on the following SWAT bases:

e UserSoil: parameters of the physical and chemical properties of the soil profiles.
e Crop: vegetation growth parameters for each type of use and land cover.
e \Wgen: statistical climate parameters needed to use the SWAT climate generator.

Regarding the values of the parameters of the UserSoil and Crop databases, these were
obtained from the literature according to Table 1. Meaning of each parameter see Neitsch et al.
(2011).

The statistical parameters of the Wgen climate database were obtained with the tools
available on the SWAT official website (WeatherDatabase and PcpSTAT), which use basic
information from the climatological and pluviometric stations existing in the study region to
calculate the climatic statistical data.

The first processing performed by ArcSWAT is related to watershed delineation by
selecting the outlet point. In a watershed delineation, sub-basins are created by subdivision of
the watershed from the DEM map. Watershed Delineation tools define multiple hydrologically
connected sub-watersheds within a given study area.

After subdividing the basin into 14 sub-basins, the next step was the insertion of soil maps,
land use and cover, and slope. The slope map was created through processing on the DEM after
defining 3 (three) slope classes: from 0 to 8%, from 8 to 20%, and values above 20%.

Hydrologic Response Units (HRUSs) were then created, which correspond to homogeneous
polygons with the same characteristics of soil, land use and cover, and slope (Arnold et al.,
2012a). 471 HRUs were generated in this work.

Regarding the equations performed, the hydrological cycle simulated by the SWAT was
based on the water balance equation (Neitsch et al., 2011). The CN-SCS method (USDA, 1972)
was used to calculate the runoff. The Penman-Monteith method (Penman, 1948; Monteith,
1965) was used to calculate evapotranspiration. The Muskingum Method (Brakensiek, 1967)
was selected for the routing of water in the river channel, considering its degradation, and the
Bagnold Simplified Equation (Bagnold, 1977) for the transport of sediments in a river.

According to guidelines by Arnold et al. (2012b), the model's warm-up period was 3 years,
from 01/01/1985 to 12/31/1987. The simulation period, on the other hand, was based on 30
years of observations, from 01/01/1988 to 12/31/2017, defined based on climatological data
existing in the study region. For calibration, the period of 20 years was considered, from
01/01/1988 to 12/31/2007, due to the pluviometric and fluviometric data being only in that
period. For the validation, 10 years were considered, from 01/01/2008 to 12/31/2017.

After insertion of the input data (climatological and rainfall), was performed in the
ArcSWAT the initial simulation of the flow and solid discharge variables on the monthly scale.

The sensitivity analysis and calibration were performed concurrently and semi-
automatically in the SWAT-CUP software, which has several built-in optimization algorithms, such
as SUFI2 (Sequential Uncertainty Fitting Algorithm Version 2), GLUE (Generalized Likelihood
Uncertainty Estimation), PARASOL (Parameter Solution), PSO (Particle Swarm Optimization),
MCMC (Markov Chain Monte Carlo).
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Table 1. Parameters of the UserSoil and Crop databases.

Usersoil database parameters

Parameter

Reference

SOL_ZMX
SOL_CBN
CLAY
SILT
SAND
ROCK

Brasil (1987) for Cambisols, red oxisols and red yellow oxisol, and Baldissera (2005) for litolic neossol

SOL_ZMX
SOL_CBN
CLAY
SILT

ANION_EXCL

SOL_CRK
TEXTURE
SOL_BD
SOL_AWC
SOL_K
SOL_ALB
USLE_K

Ferrigo (2014) for Cambisols, red oxisols and red-yellow oxisol, and Baldissera (2005) for litolic
neossol.

Crop database parameters

Parameter

Reference

BIO_E
BLAI
FRGRW1
LAIMX1
FRGRW?2
LAIMX2
DLAI
T BASE
Gsl
VPDFR
CN
ALAI_MIN

Strauch and Volk (2013) for classes of Gallery Forest (MATA), Savanna (CERR) e Field (CAMP), and
default values for classes of Pasture (PAST), silviculture (EUCA), Annual Cultures (AGRL), Semi-
Perennial Cultures (SUGC), and Bodies of Water (WATR).

HVSTI
CHTMX
RDMX
T OPT
CNYLD
CPYLD
BN1
BN3
BP1
BP2
BP3
WSYF
USLE_C
FRGMAX
WAVP
CO2HI
BIOEHI
RSDCO_PL
OV N
BIO_LEAF
MAT_YRS
BMX_TREES
EXT_COEF
BM_DIEOFF

Ferrigo (2014) for classes of Gallery Forest (MATA), Savanna (CERR) and Field (CAMP), and default
values for classes of Pasture (PAST), silviculture (EUCA), Annual Cultures (AGRL), Semi-Perennial
Cultures (SUGC), and Bodies of Water (WATR)
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In this work, the optimization algorithm SUFI-2 was chosen, since it is the most-
recommended algorithm, especially due to its computational efficiency and good performance
(Wu and Chen, 2015). The SUFI-2 uses the Latin hypercube method to define the parameters,
and the process starts with a range of values determined by the user (Abbaspour, 2015). As the
SWAT-CUP provides a vast list of parameters (651 parameters) that the user can choose, and
to rationalize the procedures, it was necessary to previously select a set of more sensitive
parameters to be used in sensitivity analysis and calibration.

For this, a bibliographic review was performed that prioritized hydrological modeling
works, whose study areas were in the Cerrado Biome, to indicate parameters with behavior
similar to the study area of the present work (Baldissera, 2005; Strauch and Volk, 2013;
Fernandes, 2015; Castro et al., 2016; Nunes, 2016). In all, 26 parameters were selected to be
used in the sensitivity analysis, calibration and validation of the model.

Hydrology (flow) and sediments (total solid discharges) were modeled together, and all
steps of calibration and validation of the model were performed on a monthly scale.

In general, the results provided by the SWAT-CUP for sensitivity are given based on the
generated values of t-stat and p-value. The t-stat provides the average sensitivity in which the
higher the absolute value, the greater the sensitivity of the parameter. The p-value determines
the significance of the sensitivity, in which values close to zero (p-value <0.05) indicate greater
significance (Abbaspour, 2015D).

In the calibration step, to represent the effects of the uncertainties of the input parameters,
SUFI2 quantifies the adjustment between the simulation result, expressed with a 95%
uncertainty prediction (95PPU), and the observation, expressed as a single signal (with some
error associated with it), by estimating two statistics: P-factor and R-factor. The P-factor is the
percentage between the measured data and the 95% prediction uncertainty range (95PPU). The
R-factor is the ratio between the width of this 95PPU range and the standard deviation of the
observed data. The quality adjustment and calibration uncertainty are examined at each iteration
by the balance between the P-factor and R-factor. There are no exact numbers that express the
best value for both factors. For flow simulations, a P-factor greater than 70% and an R-factor
close to 1 (one) is allowed. For sediment, a smaller P-factor and a larger R-factor could be
acceptable (Abbaspour et al., 2015b).

Objective functions were also used in calibration and validation, which are equations that
determine the deviation between the output values of the model and observed data. These are
the metrics used by the optimization algorithms to determine the quality and efficiency of the
simulation, that is, how far the new simulation is from the original simulation or the observed
data. The objective functions used in this work were: NSE (Nash-Sutcliffe Efficiency), R?
(Coefficient of Determination) and PBIAS (Percent Bias).

The monthly simulated flows were calibrated (1988-2007) and validated (2008-2017)
based on the values observed flows (monthly averages) of the two (2) fluviometric control
stations: Barra do Funchal (ANA) located in the central part of the basin and Porto Indaia
(CEMIG) located in the outlet of the watershed (Figure 1).

The monthly simulated total solid discharges were calibrated (1988-2007) and validated
(2008-2017) based on the values of the total solid discharges obtained by applying a ratio of
10% of solid bottom discharge and 90% of solid suspended discharge, with the total solid
discharge equaling the sum of the two discharges, as explained by Carvalho (2008).

Solid suspended discharges were determined using a potential equation generated by a
sediment rating curve based on the suspended sediment concentration samples (mg/L) collected
from the Porto Indaia sedimentometric station (1985-2013). The sediment rating curve was
needed to fill the gap in the temporal sequence of sediment data.

In the calibration step, five iterations of 500 simulations were performed until a satisfactory
result was obtained, each simulation being run monthly for 20 years (1988-2007).
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In the validation step, one (1) iteration of 500 simulations was performed using the best
parameter ranges obtained in the 3rd round of calibration (iteration 3), each simulation being
run monthly for 10 years (2008-2017).

In the calibration and validation at the end of each iteration, the graphic output generated
by SWAT-CUP was analyzed: graphs of the variables of interest (flow and total solid discharge)
with the measured and simulated values versus time. The values of the objective functions (R?,
NSE and PBIAS) and the values of the statistics that measure the uncertainties of the parameters
(P-factor and p-value) were also evaluated, as well as the amplitude of the new intervals
generated for the parameters.

Through the calibrated hydrological and sedimentological model, the annual sediment
yield values (ton/ha.year) of each sub-basin were obtained for the years 1988 and 2007, as well
as the annual average of 20 years (1988 to 2017). A map of the distribution of the annual average
sediment yield of the Indaia river basin by HRU was then drawn up and analyzed.

3. RESULTS AND DISCUSSION

The initial and final values of the parameters related to the monthly calibration (1988-
2007) as well as the results of the sensitivity analysis are shown in Table 2.

Table 2. Parameter values and sensitivity analysis.

Sensitivity

*Parameter Initial Value *Final Value
t-stat p-value

GW_REVAP 0.02 V:0.19 3.71 0.00
SOL_K 0.0 R:-0.56 -3.51 0.00
GWQMN 0.0 V:3223.47 3.18 0.00
USLE_P 0.0 R:+0.33 3.39 0.00
SHALLST 0.0 V:1341.90 -2.54 0.01
USLE_K 0.0 R:+0.37 1.97 0.04
CN2 69.0 R:-0.09 1.76 0.07
CH_K2 0.0 V:124.54 1.61 0.10
SLSUBBSN 10 R:-0.004 -1.61 0.10
SPCON 0.0001 V:0.004 1.33 0.18
CH_N2 0.0 V:0.17 -1.24 0.21
SURLAG 0.05 V:1.39 1.22 0.22
ADJ_PKR 0.5 V:0.67 -1.21 0.22
PRF 0.0 V:1.97 1.04 0.29
SOL_AWC 0.0 R:+0.11 -0.95 0.34
ALPHA_BF 0.0 V:0.70 -0.69 0.48
REVAPMN 0.0 V:435.95 0.63 0.52
RCHRG_DP 0.0 V:0.25 -0.60 0.54
LAT_SED 0.0 V:1.53 0.50 0.61
SPEXP 1.0 V:1.2421 -0.45 0.64
ESCO 0.0 V:0.21 0.39 0.69
CH_CoV1 0.0 V:0.47 0.34 0.73
USLE_C 0.001 R:+0.09 0.32 0.74
CH_COV2 0.0 V:0.62 -0.09 0.92
GWHT 0.0 V:19.05 0.04 0.96
GW_DELAY 0.0 V:32.52 -0.02 0.97

*Meaning of each parameter see Neitsch et al. (2011). *R
(relative): the value of the initial parameter is multiplied by 1
+ (calibrated value); V (replace): the initial value is replaced
by the given value.
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Analyzing the t-stat and p-value values provided by SWAT-CUP (Table 2), it was found
that the 5 (five) parameters that most influenced the flow estimate results were GW_REVAP,
SOL_K, GWQMN, SHALLST, and CN2, with p-value values ranging from 0.00 to 0.07. It can
be inferred from the results that the parameters associated with groundwater flow
(GW_REVAP, GWQMN AND SHALLST) were significant in the model. These parameters
are related to the amount of water that moves in the soil zone in response to water deficiencies
and the depth of the water level in the shallow aquifer.

The five (5) parameters that most influenced the results of the estimate of the total solid
discharge were USLE_P, USLE_K, SLSUBBSN, SPCON, and ADJ_PKR with p-value values
ranging from 0.00 to 0.22. The first three (3) parameters are related to the Modified Soil Loss
Universal Equation (MUSLE) used in the SWAT, specifically with the conservationist practices
factor (P), soil erodibility factor (K), and topographic factor (LS). The other two (2) parameters
are related to sediment transport in the main channel and the tributary channels.

3.1. Calibration and Validation

The hydrological and sedimentological calibrations were performed from 1988 to 2007 (20
years). The graphs of the historical series of the average monthly flows (simulated and
observed), resulting from the best simulation obtained in the monthly calibration, can be seen
in the following figures: Porto Indaia Station and Barra do Funchal Station (Figure 2).

Simulated Flow X Observed Flow Simulated Flow X Observed Flow
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Figure 2. Better flow simulation in calibration — Porto Indaia Station (a) and Barra do Funchal Station

(b).

It is observed in Figure 2 that the simulated flow results were represented satisfactorily
along with the historical monitoring series, mainly in periods of drought, where the base flow
was well adjusted, presenting values greater than zero during the recession period. However, in
some periods of the series, such as the years 1992, 1997, 2000, 2002, 2004, 2005 and 2007,
there is a tendency for simulation to underestimate the runoff in the rainy months (peaks), with
simulated flow values lower than observed flows.

A better adjustment of the simulation is observed in the Porto Indaia fluviometric station
(Figure 2-a) compared to the Barra do Funchal station (Figure 2-b), which can be explained in
part by the climatic variability in the basin. The long period for calibration is used to balance
the influences of the dry and humid periods caused by climate parameters (Choubin et al.,
2019). Thus, it is assumed that 20 years of monthly simulated flows (1988-2007) used in the
calibration process were satisfactory for estimation. The graph of the historical series of the
monthly total solid discharges (Qst simulated and observed) at the Porto Indaia Station,
resulting from the best simulation obtained in the monthly calibration, can be seen in Figure 3.

It is observed in Figure 3 that in practically all periods of the series the observed data of
total solid discharge were slightly smaller than the simulated data. In these years, solid
discharge has been overestimated. However, there are exceptions where the solid discharge was
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underestimated, such as the peaks of 1992, 1997, 2000, 2006 and 2007, corresponding to years
of heavy rainfall.

Simulated Qst X Observed Qst
Porto lndan Station - Monthly Calibration (1988-2007)
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Figure 3. Better total solid discharge (QST) simulation in calibration
— Porto Indaia Station.

Analyzing the results of the statistical analysis of the modeling in the step of monthly
calibration for 5 iterations of 500 simulations, it was verified that the 3rd calibration iteration
presented the best result. In this iteration, the following performance indexes for the simulation
of the flow variable were obtained: Porto Indaia Station (P-factor = 0.96, R-factor = 0.98, R? =
0.92, NSE =0.91 and PBIAS = 1.9) and Barra do Funchal Station (P-factor = 0.95, R-factor =
0.88, R?2=0.90, NSE = 0.87 and PBIAS = 12.5), and variable total solid discharge: Porto Indaia
Station (P-factor = 0.78, R-factor = 0.74, R? = 0.51, NSE = 0.50 and PBIAS = 5.6).

It was observed that R? and NSE improved with the iterations, unlike the P-factor and R-
factor. As a P-factor> 0.7 and a R-factor close to 1.00 (one) are recommended, the 3rd
calibration iteration was defined as the best result.

According to Moriasi et al. (2007), the NSE values obtained in the monthly calibration
indicate that the model satisfactorily simulates the flow and the total solid discharge.

The hydrological and sedimentological validation was performed from 2008 to 2017 (10
years). A validation of 500 simulations was performed using the parameter ranges obtained in
the 3rd calibration iteration (best result).

The graphs of the historical series of monthly average flows (simulated and observed),
resulting from the simulation obtained in the monthly validation, can be seen in the following
figures: Porto Indaia Station (Figure 4-a) and Barra do Funchal Station (Figure 4-b).

Simulated Flow X Observed Flow B Simulated Flow X Observed Flow
Porto Indaia Station - Monthly Validation (2008-2017) Barra do Funchal Station - Monthly Validation (2008-2017)
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Figure 4. Flow simulation in validation — Porto Indaia Station (a) and Barra do Funchal Station (b).
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It is observed in the two figures (Figure 4-a and Figure 4-b) that the results of the simulated
flow were represented along with the historical monitoring series unsatisfactorily. In Figure 4-
a, the flow simulations were overestimated in practically the entire series, mainly in the years
2008, 2009, 2013 and 2016. In Figure 4-b, the flow simulations were also overestimated, but in
some rainy years the simulations were underestimated, as is the case for the years 2011, 2012
and 2013. As previously stated, rainfall and fluviometric data were not consistent in the
validation period (2008 to 2017), which may partly explain these discrepancies. Hydrological
behaviors of ungauged basins (for example, complex geological conditions and loss from the
aquifer) may cause other problems which could lead to a reduction in model performance
parameters (Choubin et al., 2019).

The graph of the historical series of monthly total solid discharges (simulated and
observed) at the Porto Indaia Station, resulting from the simulation obtained in the monthly
validation, can be seen in Figure 5.

Simulated Qst X Observed st
Porto Indaia Station - Monthly Validation (2008-2017)

ALARNANSRS

|

Precipitation (mm)

Total Solid Discharges (ton/month)

E®Precipitation ----Simulated QS'1 Observed QST
Figure 5. Total solid discharge (QST) simulation in
validation — Porto Indaia Station.

The graph of the simulated results of total solid discharge in the validation stage (Figure
5) showed an inadequate adjustment, the value being underestimated in almost the entire series,
mainly in the years 2009, 2011 and 2012. In the model validation, the following performance
indexes for the simulation of the flow variable were obtained: Porto Indaia Station (P-factor=
0.91, R-factor = 1.07, R? = 0.85, NSE = 0.82 and PBIAS = -20.8) and Barra do Funchal Station
(P-factor= 0.82, R-factor = 0.86, R? = 0.77, NSE = 0.77 and PBIAS = 0.5), and variable total
solid discharge: Porto Indaia Station (P-factor= 0.76, R-factor = 1.04, R? = 0.19, NSE = 0.16
and PBIAS =43.5).

Although the majority of research in the literature focusing on SWAT model concludes
that this model can satisfactorily estimate sediments (Duru et al., 2018), there are numerous
studies on sediment modeling in which it was not possible to obtain satisfactory results (Zanin
et al., 2018; Ferrigo, 2014; Strauch et al., 2013; Uzeika et al., 2012). We assume that the origin
of the inconsistencies in the solid discharge simulations is due in part to the data that generated
the sediment rating curve (daily sampling of solid suspended discharge - Qss, and flow
measurement -Q), which presented a high dispersion along with the historical series. A possible
solution would be the temporal analysis of the rating curve. Analyzing the variability of the
behavior of the data (dispersion) over the historical series, it is possible to detect trends in time
variations that can alter the definition of the rating curves or even define some rating curves for
each time interval.

The difficulty of SWAT in estimating sediments budget are mainly associated with the
limitations of the MUSLE (Modified Universal Soil Loss Equation) equation (Uzeika et al.,
2012). The model's inability to capture the undulations of the landscape on slopes greater than
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45% is considered one of these limitations (Bonum4 et al., 2014).

On the other hand, the deficiency in the measure of sediment transport in overflow

conditions in the river is another inconsistency related to parametrization in the SWAT model
(Santini, 2020; Neitsch et al., 2011). The default method of SWAT (Bagnold method) does not
guarantee the best results for the calculation of sediment transport (Yen et al.,2017); and the
use of sediment rating curves elaborated with field measurements performed at low- and
medium-flow rates are unable to represent the change in the behavior of the sediment flow
occurring at high-flow rates (Conde, 2021).
In this study, three factors may have contributed to the overestimation of the sediment load in
the Indaid Basin: 1. The difficulty of SWAT in capturing the undulations of the landscape in
the Indaia Basin, which has a high slope in 66% of the Indaié Basin (10% of the area with wavy
relief and 56% with strong-wavy, mountainous or strong-mountainous relief), keeping the
sediment influx instead of accounting for deposition in the relief depressions; 2. The sediment
rating curve was elaborated in a range of flow rates (3 to 943 m3s™) less than the flow occurring
in the analysis period (2 to 1319 m3s?), and is not mainly representative of the behavior of the
sediment flow at higher flows, which are responsible for most of the sediment transport; 3. The
use of Bagnold's simplified equation for sediment transport, instead of the equations with
approaches in the laws of physics available in SWAT.

3.2. Distribution of Sediment Yield
The average annual sediment yield map (ton/ha.year) of the Indaia Basin by HRU is shown
in Figure 6.
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Analyzing the figure, it can be seen that the most critical sub-basins are numbers five (5)
and nine (9), followed by sub-basins eight (8), six (6), four (4), seven (7), and three (3). When
viewing the maps of soil, land use and cover and slope of the basin, it is observed that the soil
of sub-basins 5 and 9 is mostly litolic neossol and the land use and cover is pasture with a high
slope, which contributes to the formation of sediments carried by the tributaries and from these
to the channel of the Indaia River.

The result obtained from the sediment yield for the Indaia River Basin corroborates the
results achieved by Creech et al. (2015), which determined that the Upper Séo Francisco Basins
are the main sources of sediment carried into the Sdo Francisco River channel. As the Indaia
River is the main contributor to the Trés Marias Reservoir, which in turn has a significant
regularization function of the Sdo Francisco River flow, understanding the amount of sediment
entering this reservoir allows the CEMIG Concessionaire to better manage the sedimentation
rate.

Concerning the water-resource planning and management, the results of this work allow
us to identify the areas that contribute most to the sediment yield in the basin, that is, the source
areas. This is important for municipal and state agencies that are responsible for territorial
planning and public policies to combat environmental degradation.

4. CONCLUSIONS

It is concluded that the calibrated hydrological and sedimentological model in this work
allowed the estimation of the sediment yield generated by water erosion in the Indaia River
Basin, despite the model not having been adjusted properly. Thus, it is understood that despite
the result having generated values of tons per hectare per year, it is considered that the resulting
map shows an indication of the places with the highest sediment yield.

The sensitivity analysis showed that parameters related to groundwater flow showed
greater sensitivity in the flow simulation, while the parameters related to MUSLE showed
greater sensitivity in the simulation of the solid discharge. It is important to note that additional
tests could have been performed with the inclusion and removal of parameters to improve the
results.

The SWAT was able to simulate the monthly flow (runoff and base flow) satisfactorily,
both in the calibration and in the model validation, presenting good quality and efficiency of
the hydrological simulation. However, it did not adequately simulate the total solid discharge,
mainly in the validation of the model. It is assumed that the origin of the inconsistencies in the
solid discharge simulations is partly due to the data that generated the sediment rating curve
(daily sampling of suspended solid discharge and flow measurement), which presented high
dispersion along with the historical series. It should be noted that the quality of the modeling is
associated with the quality of the input data, the algorithms used, and the elaborated sediment
rating curves.

Finally, the average annual sediment yield map (ton/ha.year), generated using the
calibrated hydrological and sedimentological model, indicates, in a qualitative way, a tendency
for greater erosion processes to occur in the central portion of the basin, in sub-basins with less
extension and greater slope. This result can be used to support decision-making related to
conservation planning in the Indaia River Basin, contributing to guide public policies that
mitigate environmental degradation in the study area.
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