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Abstract: The Amazon basin, the world’s largest river basin, is a key global climate regulator. Due to
the lack of an extensive network of gauging stations, this basin remains poorly monitored, hindering
the management of its water resources. Due to the vast extension of the Amazon basin, hydrological
modeling is the only viable approach to monitor its current status. Here, we used the Soil and
Water Assessment Tool (SWAT), a process-based and time-continuous eco-hydrological model, to
simulate streamflow and hydrologic water balance in an Amazonian watershed where only a few
gauging stations (the Jari River Basin) are available. SWAT inputs consisted of reanalysis data based
on orbital remote sensing. The calibration and validation of the SWAT model indicated a good
agreement according to Nash-Sutcliffe (NS, 0.85 and 0.89), Standard Deviation Ratio (RSR, 0.39 and
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0.33), and Percent Bias (PBIAS, —9.5 and —0.6) values. Overall, the model satisfactorily simulated
water flow and balance characteristics, such as evapotranspiration, surface runoff, and groundwa-
ter. The SWAT model is suitable for tropical river basin management and scenario simulations of
environmental changes.
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The Amazon River Basin (ARB) houses the world’s most biodiverse tropical forest [1].
It plays an essential role in the global hydrological and carbon cycles through precipitation
recycling and as a carbon sink [2]. The ARB receives ~2200 mm of annual precipitation,
and around 30-40% of this precipitation is recycled by local evaporation [3], contributing to
~15% of global terrestrial evapotranspiration [4]. Moreover, the moisture transported from
the ARB is responsible for more than 70% of the precipitation in central South America [5],
especially over the Rio de la Plata basin and Southeastern Brazil [6]. This precipitation is
crucial for hydropower generation, human consumption, and agriculture [7].

In the ARB, the land use and land cover change (LULCC) associated with deforestation
and climate changes due the global warming have increased the frequency of extreme
climate events, such as the extreme droughts of 2010 and 2015/2016, and they have in-
tensified forest water stress [8,9]. These changes make the forest more flammable and
increase the severity of fires, threatening the ecological services provided by standing
forests [8,9]. Moreover, alteration in these processes can drive positive feedback mecha-
nisms as deforestation fragments forests, decreasing the water available for recycling and
consequently intensifying dry seasons regionally. The drier the ARB becomes, the more
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deforestation tends to occur [10,11]. In addition, anthropogenic disturbances in the region,
such as mining [12,13] and damming [4,14,15], can also affect the water cycle.

Hydrological models, such as the Soil and Water Assessment Tool (SWAT) [16], are
among the most suitable tools for the monitoring and prognosis of the water cycle as
they simulate surface runoff, vegetation growth, actual evapotranspiration, soil moisture,
lateral subsurface flow, water percolation into shallow aquifers, and sediment yield [17,18].
Hydrological models are particularly critical in areas, such as the ARB, which are prone
to limited data and sparse gauging station networks. They enable the development and
examination of management scenarios for adapting to climate change and increased water
demands [19]. Several studies have used hydrological models to estimate the effects of
water resource management [20-22].

There are currently several hydrological modeling tools, such as MIKE SHE [23],
Hec-HMS [24], and HYPE [25]. These models permit continuous or event-based hydro-
logic modeling, capable of simulating various specific processes related to hydrology and
water balance. However, not all of these modeling tools are in open-source code and
have limitations related to the spatial and temporal scale of representation or modeled
processes [26]. Currently, several hydrological models are freely available, such as the Soil
and Water Assessment Tool (SWAT). The SWAT model has been widely used in both global
and regional scales for hydrological and environmental simulations [16,27,28]. The SWAT
was developed by the Agricultural Research Service of the United States Department of
Agriculture (ARS-USDA) and Texas A&M University [16,29]. SWAT is a semi-distributed,
process-based, computer-efficient, and time-continuous model that can simulate long-time
series of hydrological variables. Its key components are hydrology, climate, plant growth,
pesticides, nutrients, and bacteria [16].

The development of SWAT began in the 1990s. Since then, several updates and
new features have been implemented in SWAT, which has obtained wide international
acceptance as a robust and powerful interdisciplinary watershed modeling tool [16,29,30].
The model has an excellent performance in terms of water quality simulation, future
agricultural planning, and management and is capable of modeling data-scarce areas [28,29].
The SWAT model has some advantages, mainly that it is an open-source code model that
allows customization of its functionality to the needs of each user’s application, thus
making it highly effective in resolving environmental problems. Furthermore, it is well
documented in the literature [29,31]. SWAT can be helpful in environmental assessment
and understanding how LULCC and climate change directly influence the hydrological
cycle in ungauged watersheds.

An example of the potential of SWAT is Tuo’s study examining the impact of different
precipitation inputs on modeling results [32]. This study modeled alpine basins using
different daily precipitation sets and showed that Climate Hazards Group Infrared Pre-
cipitation with Station (CHIRPS) data provided a satisfactory estimate of the flow rate,
illustrating the model’s suitability for alpine regions. Accordingly, Zhang [33] used SWAT
to perform monthly simulations of flow and evapotranspiration in the upper Shiyang River
Basin of Northwest China. In this application, three open-access precipitation datasets and
temperature datasets from the Climate Prediction System Reanalysis (CFRS) were used,
and CHIRPS was the best-performing precipitation product, and when used in conjunction
with the CFSR temperature data, produced satisfactory results regarding the simulation of
flow and evapotranspiration.

Considering the complexity and importance of the Amazon region, the innovation
of the present study is in the evaluation of SWAT to simulate hydrological processes to
generate the components of the water balance as well as flows based on orbital remote
sensing data in the ARB. Moreover, we assessed SWAT’s capability to simulate an Amazo-
nian watershed that is highly preserved and poorly monitored, to better understand the
applicability of this model based on estimates from orbital products. SWAT model per-
formance was evaluated based on measured monthly stream flow data from one gauging
station, and additional meteorological data (CHIRPS and reanalysis) were used as inputs.
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This approach has not been applied to the Amazon region previously, and its results can
contribute to the verification of the applicability of these databases in other Amazonian
catchments, considering the shortage of measured data in the ARB. We hypothesize that
using the above data with a powerful modeling tool, such as SWAT, enables simulations in
tropical areas with sparse precipitation data.

2. Methodology and Data
2.1. Study Area

The Jari River Watershed (JRW; Figure 1) covers 57,000 km? and is located on the
Brazilian border, between the Brazilian states Para and Amapa, and Suriname, and French
Guiana, between the latitudes 02°39'02"” N and 01°26/24” S and the longitudes 51°47'24” W
and 55°07'48"” W. The Jari River has its source at the border with Suriname in a region called
“Colinas do Amapa” and has a meandering course with an extension of approximately
950 km. It is a left-bank tributary to the Amazon River. Regarding vegetation cover,
dense ombrophilous forests, crossed by alluvial forests, dominate the JRW. Other forest
formations occur depending on environmental factors, such as geomorphology and altitude.
The vegetation of the JRW is considered preserved in most of the basin [34,35].
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Figure 1. Location and geographic extent of the study area, the Jari River Watershed, within the
Amazon River Basin.

Regarding human occupation, human interference and impacts are minimal in the
upper and middle JRW, and pristine forests are frequent. In the lower JRW, i.e., the south,
the municipalities Laranjal do Jari, Vitéria do Jari, and Monte Dourado are the most human-
impacted areas with large-scale industrial complexes, such as the Jari Cellulose company
and Santo Antonio do Jari Hydroelectric Power Plant [34,36,37].
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The prevailing climate in the JRW is humid tropical, according to the Koppen-Geiger
classification [38]. The JRW has a warm climate, with a short annual dry period of one to
two months (September and October) and an intense rainfall regime during the rest of the
year (total average annual precipitation > 1500 mm) (Figure 2). The highest rainfall occurs
in the southeast and northeast portions, exceeding 2200 mm per year, while the lowest
rainfall occurs in the northwest and southwest portions of the basin (Figure 2). The main
climatic systems affecting precipitation and temperature in the region are (i) the Intertropical
Convergence Zone (ITCZ), which is considered to be the principal atmospheric system
acting over the equatorial region in precipitation generation, and (ii) lines of instability,
considered to be Convective Mesoscale Systems (MCSs) responsible for a significant part of
the precipitation in the basin by the formation and excess of rainfall at the border region
between Amapa and Para states, mainly during summer [39-41].
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Figure 2. Average annual precipitation (1981-2013) based on CHIRPS.

2.2. Digital Elevation Model (DEM)

To delineate the JRW and its drainage system, we utilized the Digital Elevation Model
(DEM) based on the Shuttle Radar Topography Mission (SRTM) [42]. This data comprises
locations between 60° North and 56° South, with an original spatial resolution of 90 m
refined to 30 m. SRTM data can be downloaded from the United States Geological Sur-
vey (USGS) at: https://earthexplorer.usgs.gov/ (accessed on 21 January 2019) [42]. The
altimetry of the JRW, derived from SRTM, is shown in Figure 1 (Study area), and the slope
is presented in Figure 3A.
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Figure 3. Spatial distribution of input data used to run SWAT for the Jari River Watershed. Slope (A),
Land Use and Land Cover (B), and Soils (C).

2.3. Land Use and Land Cover

We used the MapBiomas annual Land Use Land Cover (LULC) maps collection
6.0 provided at a spatial resolution of 30 m to represent LULC in SWAT for HRU delineation.
MapBiomas LULC maps are available for the Brazilian territory since 1985 based on Landsat-
derived images. We used one annual LULC map corresponding to the year 2018 to run
SWAT. For each land use type, a total of eight physical parameters were obtained from
the literature [43-49] to characterize land use for hydrologic modeling of the study region.
Examples of these parameters are Manning’s “n” value for overland flow, the maximum
potential leaf area index, the maximum canopy height (m), the maximum root depth
(m), the fraction of total potential heat units for the first and second point of leaf area
development, and the fraction of the maximum leaf area index for the first and second
point of leaf area development [50]. The map used in this project for the year 2018 can be
found at: https://mapbiomas.org/ (accessed on 22 June 2020) and downloaded for the
Google Earth Engine Platform [51,52]. The spatial distribution of LULC in the study area is
shown in Figure 3B.

2.4. Soil

For HRU delineation, SWAT required the representation of soils across the JRW. This
information was obtained from the Empresa Brasileira de Pesquisa Agropecuaria (EM-
BRAPA) soil map for 2011, provided at a scale of 1:5,000,000 following the Brazilian Soil
Classification System of 2006 [53]. For each soil type, a total of 19 physical parameters were
obtained from the literature [54-56] to characterize soils for hydrologic modeling of the
study region. Examples of these parameters are soil name, soil hydrologic group (A, B,
C, or D), the maximum rooting depth of the soil profile (mm), the depth from soil to the
bottom of layer (mm), and the saturated hydraulic conductivity (mm/h). More information
about these parameters is given in the SWAT documentation [50]. The spatial distribution
of the soil types in the study area is shown in Figure 3C.

2.5. Climate Data

Daily climate data are necessary to run SWAT, which includes precipitation, the
maximum and minimum temperature (°C), air relative moisture (%), wind speed (m/s),
and solar radiation (MJ/m?). Except for precipitation, all other climate input data were
obtained from the global climate database Global Weather Data for SWAT (GWDS), which is
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based on the National Centers for Environmental Prediction (NCEP) for a period of 36 years
(1979-2014), denominated Climate Forecast System Reanalysisv3 (CFSR.v3) (available at:
https:/ /globalweather.tamu.edu/ (accessed on 23 May 2019)) [57].

The precipitation input to hydrological models is one of the most important. It
controls the representation of the flow simulation and the water balance of the watershed.
Therefore, accurate precipitation data considering temporal and spatial variability is the
key to the simulation process, evaluation of water variability, and forecasting [58-62]. The
daily precipitation data for SWAT modeling of the study region was extracted from the
Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) dataset [63]. CHIRPS
consists of global daily precipitation estimates based on infrared Cold Cloud Duration
(CCD) observations, with a spatial resolution of 5 km, covering 50° S-50° N latitudes and
all longitudes. This dataset offers daily estimates since 1981 and has been developed jointly
by the United States Geological Survey (USGS) and the Climate Hazards Group (CHG).
CHIRPS estimates are based on numerous datasets, including ground station data [63].
This dataset was used to represent precipitation in the study area because there were only
a few meteorological stations in the JRW. Moreover, CHIRPS was previously assessed in
the ARB and accurately represented precipitation patterns in this region [64]. Gridded
climatological points were used for the climatic data due to the inexistence of conventional
weather stations. Fifty points were established across the basin, providing representative
climate data stations for the simulation.

2.6. Flow Data

For the calibration and validation of SWAT simulations, we used monthly streamflow
data from the Agéncia Nacional de Aguas (ANA) [65]. We used historical flow data series
corresponding to the period from 1981 to 2013 from the Sao Francisco station (ANA code:
19150000) (Figure 1) [65]. This gauge is the only gauging station in the JRW that offers daily
and monthly flow data for the entire simulation period (1981-2013). Throughout the entire
historical series analyzed, no significant LULCC was identified in the area influencing this
station [52].

2.7. SWAT Model

In the configuration of the SWAT Model, the JRW was initially delineated into sub-
basins based on a detailed topographic map of the region (see Section 3.2) and subsequently
into multiple hydrological response units (HRUs). These HRUs were formed to represent
homogeneous areas with similar characteristics related to soil, LULC, and topography.
These combinations in each sub-basin enable the model to simulate land phase physical
processes, such as surface runoff, evapotranspiration, and other water balance components.
Initially, the model calculates the water balance for each HRU and then aggregates the
estimates for each sub-basin [18,66]:

t
SW; = SWy + Z (Rdﬂy - qurf —E; — Wseep - ng) (1)
i=1

where: SW; is the final soil water content (mm H,0O); SW is the initial soil water content
on day i (mm HyO); Ry, is the amount of precipitation on day i (mm HyO); Qs is the
amount of surface runoff on day i; Wiy is the amount of water entering the vadose zone
from the soil profile on day i (mm HyO); Qg is the amount of return flow on day i (mm
H,0); E, is the amount of evapotranspiration on day i and ¢ is the time (days) [16,18].

Subsequently, the model simulates the in-stream or routing phase processes that are
associated with the propagation of water, sediment, nutrients, or pesticides through the
channels and out of the watershed [18,66].
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2.8. Configuration of the Model

To run simulations, we used SWAT version 2012 coupled with the geographic in-
formation system ArcGIS version 10.5. In the first step, we outlined the watershed with
its drainage network based on the STRM DEM, and 126 sub-basins were obtained. Sub-
sequently, we defined HRUs based on singular combinations of soils, LULC, and slope
(Figure 3). The MapBiomas-derived LULC was reclassified based on the SWAT LULC
classes. The slope classes were defined as: (i) flat (0-3%); (ii) gently wavy (3-8%); (iii) un-
dulating (8-20%); (iv) heavy wavy (20-45%); and (v) mountainous (>45%) according to
classifications defined by EMBRAPA [53]. During this initial step, a reduction factor of 5%
was applied. After these procedures, we defined 856 HRUs in the study area.

Subsequently, we inserted the climate data derived from meteorological data in the
model. The 50 gridded climatological points across the WJR were based on CHIRPS and
Reanalysis data. Historical data was available from 1981 to 2013 (33 years), considering
that reanalysis data finished in mid-2014 on the SWAT website. The period from 1981 to
1983 was used as the equilibrium warm-up period for the model to simulate the water
balance adequately. These years were excluded from the model results [50,66]. Therefore,
we used a simulation period of 30 years, from 1984 to 2013. The method for calculating
potential evapotranspiration, utilizing Priestley-Taylor, is based on previous tests of the
equations available in the SWAT model.

After finishing the basic configuration of the SWAT model, we set other supplementary
configurations, aiming at improving the simulation of the study area, following Arroio
Junior [49]. First, the parameters related to LULC (Topic 2.2), which SWAT uses to estimate
plant growth under ideal conditions, were modified. These parameters were based on
the development of the leaf area and the interception and conversion of sunlight into
biomass. More information about these parameters is given in the SWAT theoretical
documentation [18].

2.9. Calibration and Validation

In this step, the flow simulation derived from SWAT was calibrated and validated [67].
These procedures were conducted with the Calibration and Uncertainty Procedures—SWAT
CUP version 5.2.1.1 software [68]. This independent software calibrates, validates, and
evaluates the uncertainties of SWAT-derived simulations. In this program, it is possible
to utilize approaches such as the Generalized Likelihood Uncertainty Estimation (Glue),
Particle Swarm Optimization (PSO), Parameter Solution (ParaSol), Sequential Uncertainty
Fitting version 2 (SUFI-2), and Markov Chain Monte Carlo (MCMC) to evaluate the simula-
tions derived from SWAT [67,68]. In this research, we utilized SUFI-2 since this approach is
more efficient for calibrating large basins such as the JRW [67].

In SUFI-2, the input parameter uncertainty is expressed in the form of uniform distribu-
tions, while the uncertainty of the outputs is represented and evaluated by the probability
distribution uncertainty of 95 percent (95%PPU) [69]. The 95PPU is calculated from the
2.5% and 97.5% levels based on cumulative distributions of the output variables obtained
from Latin Hypercube Sampling (LHS) [69,70]. The LHS is the sampling method used in
SUFI-2 to obtain new parameter ranges for the calibration iterations. For uncertainty evalu-
ations, two statistical metrics were calculated; the p-factor and the r-factor. The p-factor
indicates the percentage of the measured data (plus their error) that can be reproduced by
the model predictions. The r-factor indicates the thickness of the envelope of 95PPU. The
combination of these two factors indicates the power of the calibration and the evaluation
of uncertainty associated with the model. As a recommendation, the p-factor for large-scale
modeling should be greater than 0.75 and the r-factor should be lower than 1.5 for these
metrics [67-69].

To calibrate the model, we first performed a sensitivity analysis to identify the pa-
rameters that strongly affect the performance of the model [71]. We performed Global
Sensitivity Analysis, which determines changes in the multiple regression from the input
variables where the sensitivities are changes in the average of the objective function derived
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from changes in each parameter. This method provides the relative sensitivities based
on linear approaches from the t-stat and p-value, where the higher the absolute value of
the t-stat (ratio of the coefficient of a parameter to its standard error) and the lower the
p-value (the null hypothesis is that the coefficient is equal to zero, i.e., no effect), the more
sensitive the parameter [68]. The selection of the parameters utilized for this step and the
following calibration and validation steps were based on the model’s initial outputs and
the calibration protocols for large-scale distributed models suggested by Abbaspour [67]
and used in previous studies in Amazonian watersheds, such as [72,73]. In addition, this
step determined the objective function, which utilized the function bR? [74], described in
Equation (2).

IR if ) <1
‘5‘{ B[R if [b] > 1 @)

where R? is the coefficient of determination, b is the regression coefficient between measured
and simulated data. For the determination of bR?, the coefficient of determination R? is
multiplied by the regression coefficient [74]. More information can be found on [68,74].

The inclusion of b also ensures that the predictions of under- and overestimates of the
flow are reflected. The major advantage of this criterion is its range from 0 to 1, which can
vary considerably in other metrics, for example, to —oco in NS [67,74,75].

Subsequently, the model was calibrated for the 1984-2003 period by executing multiple
iterations, with 1000 runs in each iteration until the simulated results were statistically
satisfactory, according to the metrics proposed by Moriasi [76]. Satisfactory results were
achieved in terms of the p-factor (>0.75) and r-factor (<1.5) or when there was no significant
increase in the results obtained by the objective function, as suggested by Abbaspour [67].
Then, the model was considered calibrated [67]. After calibration, started the validation
process, in which the model performance was tested against an independent data series
not used during the calibration step. For the validation procedure, we utilized hydrologic
data from 2004-2013 [67].

For evaluating the resulting calibration and validation, we utilized the statistical
metrics (Table 1) for a monthly time step of stream flow, as recommended by Moriasi [76].

Table 1. Statistical metrics for assessment of the SWAT model in a monthly time step.

Performance PBIAS NS RSR
Very good PBIAS < £10 0.75< NS < 1.00 0.00 <RSR < 0.50
Good +10 < PBIAS < £15 0.65< NS < 0.75 0.50 <RSR < 0.60
Satisfactory +15 < PBIAS < £25 0.50< NS < 0.65 0.60 < RSR < 0.70
Unsatisfactory PBIAS > £25 NS < 0.50 RSR < 0.70

Metrics recommended by Moriasi [76].

The percent bias (PBIAS) represents the simulated data tendency data and its de-
viation from observed values. In this metric, low values indicate a satisfactory model
simulation [77]. The PBIAS is calculated according to Equation (3).

obs sim

Yicg (‘ii —4q;
PBIAS = P
i:1(’71 )

where g is a model variable (e.g., stream flow, sediments), obs is the ground truth measure-
ment, and sim is the simulated value [77].

) x 100 3)
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The Nash-Sutcliffe coefficient (NS) is a normalized metric representing the change in
relative magnitude data compared to measured variance data and ranges between —oo and
1[78]. The NS is calculated according to Equation (4).

2
NS =1— ):i(Qm - 85)i2
Zi(Qm,i - Qm)

The standard deviation ratio (RSR) is a metric that incorporates the benefits of the
root-mean-square error index (RMSE) with a normalization factor, where the resulting
statistics and the described values can be applied to various components. This metric
ranges from an excellent value of 0 to a great value, where 0 indicates no residual variation
and, consequently, a perfect simulation of the model [76]. The RSR is calculated according
to Equation (5).

(4)

1 (Qm — Qo)
Ezn:l (Qm,i - ém)z

In addition, we utilized the coefficient of determination (R?), a statistical metric that
describes the degree of collinearity between simulated and measured data [76,79,80]. The
R? is calculated according to Equation (6).

RSR =

©)

% (Qui — Q) (Qsi — Q:)]

R? = 2 2
Zi(Qm,i - Qm) Zi(Qs,i —Qs>

(6)

3. Results

This section describes the results obtained from running SWAT in the study area. Ini-
tially, we describe the sensitivity analyses, followed by the model calibration and validation
results. Then, we show the results regarding the statistical metrics for assessing the model
runs and the spatial distribution of the model outputs in the JRW.

3.1. Sensitivity Analyses, Calibration, and Validation

For the execution of the sensitivity analyses, we selected 18 parameters based on
the initial model results, as determined by the intervals of variation for each parameter
(minimum and maximum) with the same range as that used in calibration (Table 2). The
parameter change methods used were the substitution method, in which the default value
of the parameter was replaced by a given value, and the multiplication method, in which the
parameter value is multiplied by 1+ a given value [68]. In the sensitivity analysis step, the
hydrological years 1984-2003 were used, and this period was utilized later in the calibration.
The results of this analysis are summarized in Table 3. The most sensitive parameter was
v_RCHRG_DP.gw, followed by r_CN2.mgt, v_GW_DELAY.gw, r_SOL_AWC().sol, and
r_SOL_K().sol. The other parameters, v_ALPHA_BF, v.GW_REVAP, v_.CANMX hru_FRSE,
v_CH_N2.rte, v_CH_K2.rte, v_ESCO.hru, and v_REVAPMN.gw, showed a decrease in
sensitivity. The parameters v_EPCO.hru and r_SOL_ALB().sol had the lowest sensitivity.
Consequently, they had little influence on the model outputs.

After the sensitivity analysis, the model was calibrated. We used the same period
(1984-2003, 20 hydrological years) during the calibration. Additionally, we used the 1981-
1983 period for the model warm-up using the parameters of the previous step. We realized
two repetitions with 1000 simulations each. The model was considered calibrated due
to the good statistical results based on the statistical metrics described in Moriasi and
Abbaspour [67,76] (Table 1), where no further improvements on the objective function
results were found. Following calibration, we performed the validation based on different
and independent data series of 10 hydrological years (2004—-2013).
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Table 2. Description and values for the eighteen parameters assessed during model calibration.
Sensitivity Rank Parameter Description Final Value
1 v_RCHRG_DP.gw Deep aquifer percolation fraction 0 1 0.22
5 r_CN2.mgt Initial SCS runof£ gﬁgfﬁ cr)‘lrtllﬁlber for moisture 02 0.2 —0.07
3 v_GW_DELAY.gw Groundwater delay time (days) 0 450 46.73
4 r_SOL_AWC().s0l Available ‘&‘Lﬁrﬁjg‘/iﬁ’n":;ﬂ)e soil layer —05 05 0.22
5 r_SOL_K().sol Saturated hydraulic conductivity (mm/h) -0.5 0.7 0.55
6 v_ALPHA_BF.gw Baseflow alpha factor (1/days) 0 1 0.56
7 v_GW_REVAP.gw Groundwater “revap” coefficient 0.02 0.2 0.04
8 v_CANMX.hru_FRSE Maximum canopy storage (mm H,O) 0 40 17.92
9 v_CH_N2.rte Manning’s “n” value for the main channel. 0.02 0.2 0.09
10 v_CH_K2.rte Fffective hydraulic conductivity in main 0 130 413
11 v_ESCO.hru Soil evaporation compensation factor 0.01 1 0.29
Threshold depth of water in the shallow
12 v_REVAPMN.gw aquifer for “revap” or percolation to the 0 500 83.74
deep aquifer to occur (mm H,O)
Threshold depth of water in the shallow
13 v_GWQMN.gw aquifer required for return flow to occur 0 5000 4570.37
(mm H,0)
14 v_BIOMIX.mgt Biological mixing efficiency 0.2 1 0.72
15 v_CANMX.hru_EUCA Maximum canopy storage (mm HO) 0 30 4.21
16 v_SURLAG.bsn Surface runoff lag coefficient 1 24 2.37
17 v_EPCO.hru Plant uptake compensation factor 0.01 1 0.69
18 r_SOL_ALB().sol Moist soil albedo -0.5 0.5 0.08
Where: v_is replaced by a given value and r_ is multiplied by 1+ a given value.
Table 3. Calibration performance.
NS PBIAS RSR R? bR? p-Factor r-Factor
0.85 -9.5 0.39 0.88 0.88 0.84 0.84
0.89 —0.6 0.33 0.90 0.90 0.93 0.78

Very Good  Very Good  Very Good Good Good - -

The model obtained very good results during the calibration and validation process
according to the statistical metrics proposed by Moriasi [76] (Table 2). A good agreement
with NS (0.85 and 0.89), RSR (0.39 and 0.33), and PBIAS (—9.5 and —0.6) was found for
the calibration and validation steps, respectively. Additionally, the model achieved R?
values of 0.88 and 0.90 for the calibration and validation, respectively. Regarding bR?,
the metric utilized to evaluate the objective function, values obtained were similar to
R?. The SWAT model generally performed well, even when running the model based on
meteorological data. The p-factor and r-factor metrics were 0.84 and 0.93, and 0.84 and
0.78 for the calibration and validation, respectively. These results showed the robustness of
the SWAT model.

The hydrograph in Figure 4 shows the flow simulation after calibration and validation
with 95PPU uncertainty bands. The model expressed the flow more satisfactorily after the
calibration procedure due to peak flow reduction and a better baseflow adjustment. In the
validation period 2004-2013, these improvements outperformed the calibration results, and
the peak flow and baseflow had a good adjustment with the observed flow.
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The dispersion diagram (Figure 5) reinforced the results described above, and strong
correlations between the simulated flow and observed flow were found (significant at
0.05 level by student t-test).
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Figure 5. Dispersion of the simulated and measured flow (blue dot). Calibration (A) and validation (B).

3.2. Water Balance Components

After the calibration of the model, we obtained the monthly water balance of the
JRW for 1984-2013. Additionally, we calculated annual estimates based on the monthly
estimates to interpret the results better. For precipitation, we obtained a monthly average of
184.38 mm and an annual average of 2212.56 mm. For evapotranspiration, average monthly
and annual values were 109.85 mm and 1318.25 mm, respectively. For percolation, we
observed average values of 36.08 mm (monthly) and 432.96 mm (annual). The average
baseflow was 16.72 mm (monthly) and 200.7 mm (annual). Finally, the water balance
component with the lowest observed values, with average values of 4.24 mm (monthly)
and 50.89 mm (annual), was the surface runoff.

3.3. Spatial Distribution of Water Balance Components

The spatial distribution of the water balance components is shown in Figures 6-8.
Figure 6A shows the spatial distribution of the simulated precipitation for the sub-basins
of the JRW estimated using CHIRPS from 1984 to 2013. The monthly average values were
higher than 160 mm in all sub-basins, reaching a maximum average of 200 mm per month.
These higher values were concentrated in the north, northeast, southeast, and south of the
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JRW. On the other hand, the western part of the JRW showed the lowest values. Figure 6B
shows the spatial distribution of the results for evapotranspiration in the JRW. This water
balance component had monthly average values higher than 60 mm in all sub-basins,
reaching a maximum average of 121 mm per month. The highest values were found in the
study area’s northern, northeastern, and southern regions. The central and western regions

had the lowest values for this component.
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Figure 6. Spatial distribution of precipitation (A) and evapotranspiration (B) from SWAT simulations

of the study area.
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Figure 8. Spatial distribution of percolation (A) and water yield (B) simulation results.

Figure 7A shows the spatial distribution of the surface runoff simulation results in the
JRW. This component showed a low average when compared with other water balance
components. The monthly average values ranged from less than 1 to 22 mm in the southern
portion of the basin. Figure 7B shows the spatial distribution of the groundwater simulation
results. This component had a monthly average value higher than 1 mm in all sub-basins,
reaching the maximum average of 40 mm per month. The highest values were concentrated
in the northern and southern-central regions of the JRW.

Figure 8A shows the spatial distribution of the simulated percolation in the JRW. The
monthly average percolation ranged from 10 to 64 mm, with higher values in the northern,
northeastern, south-central, and southern regions of the JRW. Other regions, such as the
northwestern and central regions, showed lower average values. Finally, Figure 8B shows
the spatial distribution of the simulated water yield in the study area. This component had
monthly average values higher than 51 mm in all basins, reaching a maximum average of
81 mm in the northern and central regions. The southern and southwestern regions had
the lowest values for this component.

4. Discussion

The present study assessed the efficiency of the SWAT model for simulating water
flow and balance components in a poorly monitored Amazonian basin based on orbital
data. The results showed that the SWAT model efficiently executed these simulations.
Regarding sensitivity analysis, the most prominent parameters were RCHRG_DP, CN2,
and GW_DELAY. These parameters are strongly related to the controls of groundwater
processes and surface runoff. Singh [81] used SWAT to simulate the water flow and
hydrologic balance components of the Ib River watershed (India) and obtained similar
results. RCHRG_DP and CN2 were the most sensitive parameters. However, according to
the authors, the CN2 parameter indicated rapid LULCC, while the RCHRG_DP indicated
rapid water movement to the deep aquifer.

Schmalz [82] used the same approach in catchments located in Germany. In this
study, the most sensitive parameters were groundwater-related, including RCHRG_DP.
According to the authors, this indicated that water flow in the studied lowland region was
heavily influenced by infiltration. Considering the previous results and that the JRW is
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composed of low slopes and highly preserved, the infiltration process should predominate
over runoff, which can influence the sensitivity of the parameters.

Regarding the calibration and validation steps, the results showed a good agreement
between the simulated and the observed flow (Figure 4), as corroborated by the statistical
results obtained (Table 2) and according to the metrics proposed by Abbaspour [67] for
the calibration of large basins as well as the statistical metrics proposed by Moriasi [76].
Similar results were reported in Lopes [83] using SWAT to model the availability of water,
hydrological regime, and the impacts of LULC in the Teles Pires River, in the Southern
Brazilian Amazon. The results of this study showed that SWAT performed well, with good
results regarding statistical terms. SWAT was able to generate flow data efficiently, even in
a basin with scarce data. Similarly, Serrao [84] used SWAT to assess the impacts of LULCC
on hydrological processes in the Itacatiinas River in the eastern Amazon region of Brazil
and demonstrated agreement between simulated and observed flow regarding seasonality.

It is evident that the methodological choices made, i.e., the choice of data, the selection
of calibration parameters, and the choice of the objective function have considerable
influence on the results. According to the comparison with the only gauging station in the
JRW, the model was considered very efficient in simulating the water flow in the study
area. Due to the lack of observational data in the JRW, as pointed out by Bressiani [85], the
approach of this work was successful. The challenges discussed so far stress the importance
of hydrological modeling for the ARB and similar watersheds.

In terms of water balance, similar results were obtained in other basins in the Amazon,
e.g., by Abe [71], when using SWAT to model the Upper Creposi River basin located in
the ARB. The authors obtained a mean annual evapotranspiration of 1300 mm, surface
runoff was less than 50 mm, and the shallow aquifer had values below 1200 mm annually
in 1973. Other components of the water balance were not evaluated in this study. Another
example is the work of Santos [73], using SWAT to model the Iriri River watershed, also in
the ARB. This study reported that about 50% of the rainfall over the watershed returned to
the atmosphere as evapotranspiration. However, the surface runoff showed values below
10% of the rainfall recorded in the basin.

Comparing the results of the JRW with those of the Upper Creposi River basin [72] and
the Iriri River basin [73], there was good agreement between evapotranspiration results,
ranging from 50 to 60% of the estimated precipitation of the three basins. However, lower
values were found for other hydrologic water balance components, such as the shallow
aquifer and surface runoff. This difference may be related to specific and intrinsic factors
related to the physical characteristics of the basins. Although all three watersheds are in
the ARB, they have different types of soils and LULC that play an important role in the
hydrological dynamics of these watersheds.

5. Conclusions

This study aimed to analyze hydrological processes in a poorly monitored Amazon
basin with a high degree of preservation based on orbital data such as reanalysis data and
CHIRPS. This research showed that SWAT was efficient in the simulation of water balance
and flow, representing their spatiotemporal dynamics adequately. We demonstrated the
suitability of SWAT for the Amazon region and the good accuracy of this model in sim-
ulations with only one calibration point. Furthermore, calibration and validation results
corroborated the efficiency of SWAT applied to the ARB. Statistically, the results of this
research showed a good performance for the calibration and validation, obtaining results
considered “very good” according to the metrics used. Consequently, it represented the
water balance in an equatorial environment.

The importance of this study is in the evaluation of the efficiency of SWAT in con-
junction with input data from unconventional sources, i.e., data not measured in the field
(CHIRPS and Reanalysis) for other Amazonian basins that lack field data. Our results
enable the use of SWAT in other hydrological studies, including those related to the wa-
ter balance, sediment transport, water quality, and evaluations of the impacts of climate
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change and deforestation. Considering that SWAT is a powerful modeling tool and allows
numerous environmental applications, we highlight its great importance for studies in the
Amazon, which acts as a climate regulator and lacks studies that use modeling for such
assessments.

Additionally, considering precipitation as the main water input to the basin and
responsible for water balance controls, other data sources, such as other reanalysis products,
should be evaluated for the execution of future simulations. Such sources could represent
the basin’s climate more precisely, considering the generally good model performance for
tropical basins based on orbital data.
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