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ABSTRACT

Hydrological simulation models have proven to be an important tool for managing and
planning water resources, enabling the assessment of the impacts of rainfall on surface runoff
and soil moisture. This work therefore aimed to apply the SWAT model for the analysis of
hydrological processes in the Experimental Basin of the Jatoba Stream, in the semiarid region
of the State of Pernambuco, Brazil, considering the calibration and validation of the model from
streamflow and soil moisture data. Moreover, the study investigated hydrological effectiveness
in a recovery scenario in areas of higher topographic elevation of the arborescent Caatinga and
the behavior of the hydrological components under an agricultural expansion scenario. Events
which occured between 2009 and 2010 were used to calibrate and validate streamflow and soil
moisture data. The calibration and validation of streamflow exhibited efficiency coefficients
(NSE) of 0.58 and 0.42, respectively, and 0.53 and 0.46 for soil moisture. The adjustment of
the parameters was considered adequate for representing streamflow recession periods. It was
also verified that the alternative process of calibration and validation with soil moisture reduced
uncertainty. Regeneration of the vegetative cover over 21% of the hilltop areas of arborescent
Caatinga led to a significant increase in percolation (42%) and a decrease of 34% in soil
moisture (due to water consumption by plants), thus contributing to the recovery of headwaters,
increasing resilience to water scarcity. On the other hand, the 38% expansion of agriculture
caused an increase of 11% in surface runoff and, consequently, an increase of 10% in soil
moisture.
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Modelagem hidroldgica em bacia experimental do semiarido
Pernambucano

RESUMO

A simulacéo de processos hidroldgicos apresenta-se como importante ferramenta de gestdo
e planejamento dos recursos hidricos, possibilitando avaliacdo dos impactos da precipitacdo
sobre a geracdo de escoamento superficial e umedecimento do solo. O objetivo do presente
trabalho foi aplicar o modelo hidrolégico SWAT para analise de processos hidroldgicos na
Bacia Experimental do Riacho Jatob4, no semiérido de Pernambuco, considerando a calibragdo
e a validacdo do modelo a partir de dados de vazao e de umidade do solo. Além disso, o0 estudo
buscou investigar a efetividade hidrolégica em um cenario de recomposi¢do de Caatinga
arborea em areas de maior elevacao topogréafica na bacia experimental, e 0 comportamento dos
componentes hidrolégicos em um cenario de expansdo agricola. Para a calibracdo e validacao
da vazdo e umidade do solo utilizaram-se eventos ocorridos entre 2009 e 2010. A calibracéo e
a validacdo com a vazdo apresentaram coeficientes de eficiéncia NSE de 0,58 e 0,42,
respectivamente, e para a umidade do solo de 0,53 e 0,46, respectivamente. Os ajustes dos
parametros foram adequados para representar os periodos de recessdo do escoamento.
Verificou-se que o processo alternativo de calibracéo e validacdo por meio da umidade do solo
possibilitou a reducdo nas incertezas. Cenarios de recomposi¢éo da cobertura vegetal de 21%
na area de Caatinga arbo6rea nos topos de morro produziram significativo aumento de 42% na
percolacdo e diminuicdo de 34% na umidade do solo (devido ao consumo de &gua pelas
plantas), contribuindo assim para a recuperacdo das nascentes e aumentando a resiliéncia frente
a cenarios de escassez hidrica. Por outro lado, o cenario de expanséo agricola de 38%, provocou
aumento de 11% no escoamento superficial e, consequentemente, um aumento de 10% na
umidade do solo.

Palavras-chave: Caatinga, modelos hidrol6gicos, multiplos conjuntos de dados, modelo SWAT.

1. INTRODUCTION

The Caatinga, a typical vegetation of the Brazilian semiarid region, is comprised of woody,
herbaceous, cactaceous and bromeliaceous species that exhibit under the adverse climatic and
hydrological conditions of the region. In the semiarid region, the Caatinga vegetation is
subjected to an intense process of degradation, due to deforestation and the burning of natural
vegetation to allow for the planting of cash crops and pastures. According to Blainski et al.
(2017), changes in plant cover without planning and without proper management of natural
resources can have negative effects on the ecosystem and water availability. The substitution
or removal of natural vegetation affects hydrological processes and budgets, causing lower
water retention during droughts and increasing overland flow during rainy seasons. The
increase in surface runoff may present problems such as soil nutrient losses and the production
of sediment, leading to the sedimentation of reservoirs and rivers. Bales (2015), llstedt et al.
(2016) and Sen (2015) verified that the positive water vegetation nexus is indirect, as increases
in vegetative cover, although producing higher evapotranspiration, may at the same time
increase infiltration, and therefore possibly enlarge subsurface water storage, particularly at the
vadose zone. Such a hypothesis, however, requires proper analysis, as it depends on multiple
variables, changing across scales.

Several studies have used hydrological models, such as the Soil and Water Assessment
Tool (SWAT), to evaluate the hydrological impact of changes in vegetation cover in
watersheds. The SWAT model combines climatic, topographic, edaphic, and land use factors
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to evaluate the variation of the hydrological conditions of the watersheds, identifying the
vulnerabilities related to water quantity and quality in the basin. According to Britto et al.
(2014), the results from the combination of these factors can be applied effectively in the
development of watersheds management plans.

The SWAT model has been listed as a keyword in 12% of published international articles
from 2009 to 2013 (Li et al., 2014). In Brazil, between 1999 and 2015, the model was used in
more than 100 studies published in Brazilian and international journals (Bressiani et al., 2015).
The applications of the SWAT model include studies of the streamflow calculation (Brighenti
et al., 2016; Melo Neto et al., 2014; Aragdo et al., 2013; Andrade et al., 2013), transport of
sediments and pollutants (Silva and Medeiros, 2014; Veiga, 2014; Galharte et al., 2014), and in
the quantification of impacts resulting from changes in land use on hydrological and
sedimentological dynamics (Aragédo et al., 2013; Blainski et al., 2011; Rodrigues et al., 2015;
Silva et al., 2015; 2018). Santos (2015) analyzed sediment production and its spatial
distribution with the SWAT model in the Tapacura River Basin (472 km?), State of
Pernambuco. Brighenti et al. (2016) verified that the SWAT model was representative in the
simulations of streamflow data in wet and dry periods in the Negrinho River Basin (200 km?)
in Santa Catarina. Silva and Medeiros (2014) analyzed the spatial and temporal variability of
surface runoff and sediment production using the SWAT model in the Sdo Jodo do Cariri
Experimental Basin (BESJC), with an area of 13.5 km2. The results presented adequate
efficiency in the analysis of sediment yield and streamflow, with Pearson's Linear Correlation
Coefficients of 0.84 and 0.88, and Nash-Sutcliffe Coefficients of 0.03 and 0.77, respectively.

Finger et al. (2015) pointed out that calibration and validation with multiple data sets
increases the overall performance of hydrological models. Applying SWAT to a semiarid
catchment in Australia, Kundu et al. (2017) endorsed the value of remotely sensed surface soil
moisture in conjunction with flow data for improving model calibration using SWAT, despite
the low correlation between satellite outputs and in situ observations. Previously, adopting the
Dicasm model for the Alto Ipanema catchment (which encompasses the Jatoba Basin adopted
in this study), Montenegro and Ragab (2010) analyzed the impact of land-use changes on water
availability, using jointly flow and in situ soil moisture data, and verified the relevance of
multiple data sets to achieve a more rigorous model simulation.

The Jatobd River Experimental Basin (BERJ) is located in the semiarid region of
Pernambuco, where rainfall is extremely irregular and water courses are intermittent. Due to its
characteristics, the Network of Hydrology of the Semiarid Region (REHISA) has been
monitoring and conducting different studies around the basin area. The years 2009 and 2010
presented high precipitation in the region, with flow generation in the Alto Ipanema Basin
(Silva Junior et al., 2011), in which the BERJ is inserted. In the last six years, the Alto Ipanema
Basin (a tributary of the Sdo Francisco River) had very little rainfall, which significantly
reduced surface runoff generation.

Several studies have been carried out with reference to soil moisture in the BERJ (Santos
et al., 2011; Silva et al., 2015; Silva Junior et al., 2016), addressing the performance of soil
conservation techniques. At plot scale, Silva et al. (2015) simulated soil water dynamics in the
BERJ. In the Alto Ipanema Basin, Montenegro and Ragab (2010) studied temporal variations
of runoff and soil moisture in the basin, considering different scenarios of land use in climate.
However, it should be noted that there is still a lack of studies addressing soil moisture dynamics
under different land-use scenarios in the Brazilian semiarid basins, particularly at an
experimental catchment scale.

Thus, the use of the SWAT model under land-use changes, together with the climatic
diversity of biomes and water availability of the semiarid region of the Brazilian Northeast,
provide relevant information for future studies that address the impact of vegetal cover changes
on the water resources in similar watersheds.

AR Rev. Ambient. Agua vol. 13 n. 6, 2204 - Taubaté 2018
IPABHt



4 Adriana Guedes Magalh&es et al.

This work therefore aims to apply the SWAT model for the analysis of hydrological
processes in the Experimental Basin of the Jatoba Stream, in the semiarid region of State of
Pernambuco, Brazil, considering the joint calibration and validation for both in situ streamflow
and soil moisture data. Moreover, the study investigates the hydrological effectiveness in a
reforestation scenario of the arborescent Caatinga in areas of higher topographic elevation, and
the behavior of the hydrological components under an agricultural expansion scenario.

2. MATERIAL AND METHODS

2.1. Study Domain

The Experimental Basin of the Jatoba Stream (BERJ) is 13.50 km?, with a perimeter of 16
km, located between the coordinates of 8°34°17” and 8°18°11” South Latitude and 37°1°35”
and 36°47°20” West Longitude (Melo and Montenegro, 2015). The basin is located in the
municipality of Pesqueira and is inserted in the Representative Basin of the Alto Ipanema River,
in the semiarid region of Pernambuco, and represents one of the sub-basins investigated by the
Network of Hydrology of the Semiarid Region (REHISA).

The Alto Ipanema River Basin is a sub-basin in the upstream part of the Ipanema River,
an affluent of the Low S&o Francisco River Basin (Figure 1). The prevailing climate in the
region is characterized as extremely hot semiarid steppe Type, according to the Koppen
classification, with a mean annual rainfall of 600 mm and an average temperature of 23 °C, and
potential evapotranspiration of approximately 2,000 mm a year (Melo and Montenegro, 2015).
Furthermore, the vegetation is predominantly hyperxerophytic Caatinga (Montenegro and
Montenegro, 2006).

ALTO IPANEMA BASIN IPANEMA BASIN

Figure 1. Location of the Jatob4 Stream Experimental Basin, Alto
Ipanema River Basin, inserted in the Ipanema Basin in Pesqueira —
PE, digital elevation model, location of rain gauges, weather station,
and fluviometric station, and soil moisture measurement sites.
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2.2. SWAT Model

SWAT is a hydro-sedimentological model which simulates different hydrological
processes, estimating streamflow, sediment movement and nutrient cycling. The model requires
specific data of climate, temperature, soil properties, topography and vegetation. The model is
based on the water balance equation (Equation 1) in order to simulate the hydrologic cycle as
well as to estimate surface runoff using the Curve Number method (CN) (Equation 2) (Neitsch
et al., 2005).

t
SW=SWy+ Z - (Rday -qurf_Ea-wseep-QgW) (1)

Where: Sw is the final water content (mm); SWo is the initial water content (mm); t is the
time (days); Rday is the amount of precipitation on day i (mm); Qsurt is the amount of surface
runoff on day i (mm); Ea is the amount of evapotranspiration on day i (mm); Wseep is the amount
of percolation on day i (mm), and Qqw is the amount of bypass exiting the soil profile bottom
on day i (mm).

_ (Rday_la)2
Qsurf = Rewy 12t ) )
Where: la is the initial abstractions which includes surface storage, interception and
infiltration prior to runoff (mm), and S is the retention parameter (mm).
For hydrological modelling using SWAT, the river basin was divided into sub-basins, each
being divided into hydrologic response units (HRUS), characterized by the combinations of land
use and management, soil types and slope (Aragéo et al., 2013).

2.3. Inputs and Instrumentation

The delimitation of the sub-basins of the Experimental Basin of the Jatoba Stream was
carried out using the ArcSWAT extension based on the image from the Shuttle Radar
Topography Mission (SRTM), with a spatial resolution of 30 m, obtained from the website of
the Brazilian Institute of Space Research (INPE) (Figure 1). Meteorological information such
as maximum and minimum temperature (°C), solar radiation (MJ m), relative humidity (%)
and wind speed (m s) were registered at an automatic agrometeorological station (Model
GRWS100 — Campbell Scientific®), inserted in the Alto Ipanema River Basin. The
precipitation data used in the study were obtained from three automatic rain gauges located in
the Experimental Basin. For measuring soil moisture, experimental sites of 198 m? were used
with four different soil covers, one with natural Caatinga Vegetation, two plots with general
agriculture and one with bare soil, with effective dimensions of 4.5 m x 11 m, in a total area of
49.5 m? each (Figure 1). Five Time Domain Reflectometry (TDR) sensors were installed at soil
depths of 20 cm at each layer, with hourly measurements. These measurements of soil moisture
were extrapolated for the sub-basin in which the layer is inserted.

The period defined for the study of the hydrological behavior of the sub-basins ranged
from 2009 to 2010, with simulations from rain gauge measurements and moisture measurement
sites.

The land-use map was drawn based on images from the RapidEye satellite from April
2013, from the REHIDRO project (Lima et al., 2014). Land use was divided into six different
classifications (Figure 2A): Agriculture, Gallery Forest, arborescent closed Caatinga,
arborescent-shrubby closed Caatinga, arborescent-open Caatinga and Bams (Silva Junior et al.,
2011). The soil-types map was based on soil mapping carried out by EMBRAPA-Soils, from
information provided by the Agroecological Zoning of Pernambuco (ZAPE) (EMBRAPA,
2000), identifying three predominant soil types: red-yellow Clay soil, Litolic Neosoil and
Regolitic Neosoil (Figure 2D).
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Figure 2. Current land use map (A), Scenario 1. Reforestation Soil map (B), Scenario 2:

Agricultural expansion map (C), soil map (D) and delineating of sub-basin in SWAT model for
the Jatoba Stream Basin, Pesqueira-PE (E).

In order to improve the performance of the SWAT model, before initiating the calibration
and validation processes, some parameters were modified in relation to the default values of the
model; such modifications are presented in Table 1. The modified values were based on
previously published works that involved the Caatinga vegetation, for example the work
developed by Silva (2014).

Table 1. Adjustment of key parameters for the BERJ in the SWAT model before beginning the
calibration and validation procedures.

N° Parameter Description Default value  Adjusted value
1 LALINIT Initial leaf area index (range from 0 to 8) 0 2
Initial dry weight biomass (kg ha')
2 BIO_INIT (range from 0 to 1000) 0 1000
Total number of heat units or growing
3 PHU PLT degree days needed to bring plant to 0 2500

maturity (range from 0 to 3500)
Soil evaporation compensation factor

4 ESCO.hru and. bsn (range from 0 to 1)

0.95 0.6

The SWAT model offers three options for estimating the potential evapotranspiration
(ETO) component: the Penman-Monteith-FAO, Hargreaves & Samani and Priestley-Taylor
methods. The standard method of the model is the Penman-Monteith-FAO, which requires
meteorological variables such as solar radiation, temperature, relative humidity and wind speed
to estimate ETO (Neitsch et al., 2005). In the present work, the Hargreaves & Samani method
was used, as it requires a smaller amount of data (only radiation and temperature), and because
it fits very well in semiarid regions, as already verified for the Jatoba Basin.

Rev. Ambient. Agua vol. 13 n. 6, €2204 - Taubaté 2018 N
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2.4. Calibration and Validation

Evaluation of the most sensitive parameters is considered a crucial step, which precedes
the calibration and validation process of the given model (Arnold et al., 2012). The sensitivity
analysis of the parameters was performed previously by Fontes Junior (2016) using SWATCUP
software, an independent software developed for uncertainty and sensitivity analysis,
calibration and validation processes, using SWAT simulations (Abbaspour et al., 2007). The
method used in SWATCUP was SUFI-2 (Sequential Uncertainty Fitting). This method is based
on a Bayesian structure and determines uncertainties by sequential adjustment. Some studies
report that the SUFI-2 method is an adequate technique for analyzing the uncertainty of
modeling results (Khoi and Thom, 2015; Uniyal et al., 2015).

The sensitivity study was based on the analysis of parameters and input variables of the
model, to observe those that, when altered, exert a significant influence on the results. We
selected 19 parameters related to the processes of flow, evapotranspiration, percolation,
recharge, infiltration, among others, for a first analysis. The parameters sensitivity was
determined through the application of a multiple regression system, in which the parameters
generated by the Latin Hypercubic Sampling are related to the objective function values. The
t-test was used to identify the relative significance of each parameter, and the higher the value
(in absolute terms) the parameter has, the more sensitive it will be. The p-value determines the
significance of the sensitivity, and values close to zero indicate the most significant parameters
(Abbaspour et al., 2015).

The model calibration was carried out manually using the ArcSWAT, using the manual
calibration helper function. For the analysis of streamflow data, daily events were used,
measured at the flow control cross-section, with a Soilinst® pressure transducer. For the
calibration, events that had occurred in the period from 6/11/2009 to 8/27/2009 were used, with
the period from 4/1/2010 to 5/31/2010 being adopted for the model validation. For the analysis
of soil moisture, the observation period ranging from 4/4/2009 to 5/7/2009 was used for the
calibration, while the period from 2/4/2010 to 3/27/2010 was adopted for the validation. The
parameters used in calibration for streamflow and soil moisture with the SWAT model in the
BERJ are presented in Table 2.

Table 2. Parameters used in calibration for streamflow and soil moisture with SWAT model in the
Jatoba Basin, Pesqueira-PE.

Ranking " .
0
N (Fontes Janior, 2016) Parameter ~ Description Calibrated value
1 30 CN2 Curv_e_number, moisture 73.7
condition 11
2 20 ALPHA_BF Base flow recession constant, 0.05
days
Depth of water in shallow
3 14° GWQMN  aquifer required for return 700
flow, mm

For evaluating the model precision, observed and simulated hydrographs were used, as
well as the coefficient of determination (R?) and the Nash-Sutcliffe efficiency coefficient (NSE)
(Brighenti et al., 2016; Melo Neto et al., 2014; Aragdo et al., 2013). The R? coefficient indicates
the proportion of variance in the data observed captured by the model, while the NSE coefficient
depends on the variance of the data simulated and the data observed. The results of the model
are considered more representative as the values of R? and NSE are closer to 1. The Nash-
Sutcliffe coefficients (NSE) (Nash and Sutcliffe, 1970) in this work were classified according
to Santhi et al. (2001); adapted by Bracmort et al. (2006), which considered the performance of

AR Rev. Ambient. Agua vol. 13 n. 6, 2204 - Taubaté 2018
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the SWAT model, both in the calibration and in the validation, as being satisfactory when the
NSE was above 0.5.

2.5. Land use change scenarios

The basin in study (BERJ) exhibits degradation of the native vegetation, with the presence
of secondary vegetation, and is susceptible to soil erosion (Santos et al., 2010), and efforts have
been made to support reforestation programs, funded by the S&o Francisco Basin Committee
(CBHSF, 2016). Thus, for this study, two scenarios were proposed: a scenario considered
optimistic (reforestation) and another scenario considered pessimistic (agricultural expansion).
For the first scenario, a reforestation with native vegetation (arborescent closed Caatinga) at
high elevations of the BERJ was adopted (Figure 2B). Such scenario is a recommendation of
the Management Plan of the Sdo Francisco River Basin, for the semiarid region (CBHSF, 2016).
The reforested area replaced 100% of the Gallery Forest present in the basin, as well as 8.33%
of the arborescent open Caatinga and 46% of the total agricultural area. In total, arborescent
open Caatinga vegetation was added to 21% of the entire area of reforestation. In the second
scenario, the entire area considered reforested in the first scenario (37.7%) was replaced by
agriculture, simulating a possible agricultural expansion along the basin.

3. RESULTS AND DISCUSSION

3.1. Sub-basins and Hydrologic Response Units (HRUSs)

Based on the results of the digital elevation model, 29 sub-basins were formed in the
Experimental Basin. These hydrological areas were established considering drainage flow,
boundaries of the river basin, the drainage basin and the sub-basins with their mouths.

The information generated in the maps of soil types, slope and land use provided the
necessary data to delimit the Hydrologic Response Units (HRUs), with 104 HRUs being
generated in this study. Veiga (2014) working in the Cérrego Samambaia River Basin, in the
Brazilian State of Goiénia, with an area of 31 km? subdivided the basin into 15 sub-basins,
creating 315 Hydrological Response Units. Castro (2013) when simulating the Experimental
Basin of the High-Jardim River in the Federal District, with approximately 105 km?, established
6 sub-basins with 628 HRUs for the application of the SWAT model.

3.2. Sensitivity analysis

Figure 3 presents the results of the sensitivity analysis of the variable streamflow in the
study area. The five parameters considered most sensitive for the BERJ were: CN2.mgt,
ALPHA BF.gw, CH_K2.rte, CH_N2.rte and SOL_K.sol. These parameters refer to surface
runoff, base flow, hydraulic conductivity and water storage capacity in the soil surface. Lelis et
al. (2012) observed that the parameter CN2.mgt was the most sensitive for two sub-basins in
the S&o Bartolomeu Stream watershed in Southeastern Brazil. Topography, land use, basin
delineation and rainfall period are considered the main factors related to the sensitivity of the
parameters studied (Schmalz and Fohrer, 2009). The work carried out by Maneta et al. (2008)
highlighted some of the parameters considered most-sensitive, such as hydraulic conductivity
and the soil infiltration rate, which influence water movement from the surface to the subsurface
layers. According to the authors, information regarding soil moisture and water levels in
monitoring wells improved the calibration and reduced uncertainties related to the simulations.

3.3. Calibration and validation analysis for streamflow and soil moisture

The analysis of the simulated hydrograph, compared against the observed time series,
allows the assessment of model performance and the temporal dynamics of the selected
variable. Figure 4A presents the streamflow calibration hydrograph in 2009. The SWAT

Rev. Ambient. Agua vol. 13 n. 6, €2204 - Taubaté 2018 RN
IPABH1



Hydrological modeling of an experimental basin in ...

adjustments were adequate in the recession period, both in terms of calibration and validation,
demonstrating that the model is well adjusted for low flow periods. The value of NSE for the
streamflow calibration was 0.58, with R? being equal to 0.69. The results were classified as
“satisfactory” according to the NSE classification presented by Bracmort et al. (2006). The
model adequately presented the peak runoff rate taken place on June 27, 2009, with
precipitation of 10.9 mm and the previous five-day rainfall of 0.99 mm, which generated an
average observed surface runoff of 2.78 m3®s and an average simulated surface runoff of

2.02 m3/s.
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in Jatoba Stream Experimental Basin, Pesqueira-PE.

The results of the model validation for the year of 2010 are presented in Figure 4B. The

model overestimated the mean value observed, with an average surface runoff of 0.79 m?fs,
with 3.21 m3/s for the simulated value, for a precipitation of 56.3 mm. Nevertheless, the
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validation NSE coefficient was 0.42. In average terms, the value observed for the streamflow
in the validation period was 0.08 m%/s, while the value simulated by the SWAT was very close
to that observed, being equal to 0.12 m®/s. Consequently, the R2 value was very good, being
equal to 0.97. The Rz for the validation period was higher than for the calibration, indicating no
severe discrepancy between the simulated and observed hydrographs.

The NSE coefficients found comported with the ones obtained by Andrade et al. (2013),
who applied the SWAT hydrological model in the Jaguara Stream watershed in the southern
part of the Brazilian state of Minas Gerais, exhibiting NSE coefficients of 0.66 and 0.87 for
calibration and validation, respectively. Studies carried out in the headwater watershed of the
Mantiqueira Mountains, applying the SWAT model, produced a NSE coefficient for calibration
of 0.81 and of 0.79 for validation (Pinto, 2011).

Viola et al. (2009) applied the hydrological model in the Aiuruoca River Basin, obtaining
NSE coefficients of 0.87 and 0.92 for the calibration and validation phases, respectively.
Satisfactory results were also found by Viola et al. (2012) when applying hydrological modeling
in a sub-basin of the Araguaia River, in the Brazilian State of Tocantins, with NSE coefficients
of 0.74 and 0.75 for the calibration and validation stages, respectively.

Dantas et al. (2015) simulated streamflow and estimated sediment movement in the
Taperoa River Basin, using the SWAT model. The results showed that the model presented a
satisfactory result for the calibration stage, though not in the validation phase. In the study, a
reduction of surface runoff in the basin could be verified, as a consequence of an increase in
temperature, alterations of vegetative cover and the insertion of small- and medium-scale
reservoirs.

In most recent studies involving the SWAT model, different alternative variables have
been adopted for the calibration and validation of the model. These data include
evapotranspiration (Miranda, 2017; Bressiani et al., 2015; Maneta et al., 2008), soil moisture
(Maneta et al., 2008), potentiometric levels (Fontes Junior, 2016) and leaf-area index (Miranda,
2017). Soil moisture is considered a parameter of great importance, associated with the
movement processes in the soil. The understanding of this variable contributes to adopting
adequate agricultural and irrigation management processes, and vegetation parametrization.

Maneta et al. (2008) studied the application of a hydrological model in an experimental
basin in a semiarid region of Spain. The study pointed out the importance of evapotranspiration
and soil moisture in the simulation of small-scale perennial semiarid watersheds. According to
the authors, the application of models in river basins inserted in a semiarid region is considered
challenging given the characteristics of such a region, in which irregular rainfall or heavy rain
during short periods of time may lead to a discontinuous and perennial streamflow, with
consequent local saturated layers and non-saturated areas.

The summary of the statistical results of calibration and validation of the SWAT model
with streamflow and soil moisture data are presented in Table 3. Figure 4C presents the soil
moisture calibration hydrograph in 2009, and Figure 4D illustrates the validation hydrograph
in 2010. The NSE coefficients in the soil moisture calibration stage were 0.53, with R? being
equal to 0.63. The validation NSE and R2 coefficients were lower (NSE = 0.46 and R2 = 0.55)
than the calibration coefficients, similar to the NSE coefficients estimated for streamflow. The
results found are thus classified as “satisfactory” for the calibration stage, according to the NSE
classification presented by Bracmort et al. (2006). Montenegro and Ragab (2010) carried out a
comparison between the soil moisture data simulated by the model with the soil moisture
measurements observed. The authors estimated a determination coefficient of 0.70 between the
simulated values and the observed data. The values and general trends of soil moisture were
properly simulated by the DiCaSM model.
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Table 3. Summary statistics of calibration and validation for
streamflow and soil moisture in daily time step with SWAT model
in the Jatoba Basin, Pesqueira-PE.

Statistics Streamflow Soil moisture
Calibration

R2 0.69 0.63

NS 0.58 0.53
Validation

R2 0.97 0.55

NS 0.42 0.46

3.4. Hydrological processes under land-use change scenarios

Table 4 shows the results of the water balance for current-use, reforestation and
agricultural-expansion scenarios. The results reveal the magnitude of the impact of land use
changes on water resources. When we observe the results of the reforestation scenario in
relation to the current-use scenario, it is verified that the increased native forest provided a
decrease in surface runoff of about 51% in the BERJ, corresponding to 13.2 mm year?. This
decrease in surface runoff can be explained by the ability of forests to intercept precipitation,
reducing the water loss through runoff. This higher plant density also allows, through
interception, more water infiltrated into the soil, with increased percolation and aquifer-
recharge processes. In the present study, the increase of water percolation to the shallow aquifer
was approximately 11 times greater in the reforestation scenario. In Brazil and in the world,
several studies have been developed with the objective of verifying the effects of the land-use
changes on the surface runoff dynamics in watersheds (Aragéo et al., 2013; Blainski et al.,
2011; Rodrigues et al., 2015; Silva et al., 2015; 2018). Blainski et al. (2011) applied the SWAT
model to the Ararangué River Basin to evaluate the influence of agricultural activities on the
basin's water availability. They considered different scenarios: i) current use, with
predominance of rhiziculture in agricultural areas; ii) replacement of agriculture by
reforestation; and iii) removal of vegetative cover from agricultural areas. The authors verified
that the average flow rate was higher in the bare soil scenario, and this increase was attributed
to the reduction of water infiltration into the soil and the increase in surface runoff.

Table 4. Water balance components for current use, reforestation and agricultural expansion
scenarios in the Jatoba Basin.

Variables of water balance Current land use Scenarlo.l . Scenario 2 .
Reforestation Agricultural expansion

Precipitation 654.3 654.3 654.3

Surface runoff 25.99 12.8 28.81

Percolation 42 59 42

Soil water 200.72 131.01 221.64

Base flow 56.34 63.09 56.19

Potential evapotranspiration 1763.90 1763.90 1763.90

Actual Evapotranspiration 588.2 592.10 587.50

Total sediment loading 21.02 t/ha 6.74 t/ha 28.10 t/ha

Rodrigues et al. (2015) used the SWAT to analyze the outflow in the Para River Basin, in
Minas Gerais, Brazil, and to evaluate the impact caused by changes in land use on the basin's
water availability. They considered two scenarios: original vegetation and current use.
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According to the authors, there was an increase of about 10% in the flow due to changes in soil
use, basically contemplating the suppression of the original vegetation for grassland
implantation in 38% of the basin. It is a fact that the forests attenuate the direct runoff and might
increase evapotranspiration.

Another point worth mentioning regards soil loss: the reforestation scenario provided a
reduction of the total sediment load generated, compared to the current use scenario. This lower
sediment rate can be explained by the superior quantity of native vegetation, which is able to
intercept the rainfall, reducing the impact of the raindrops that fall directly to the soil, which
would cause the particles to detach and move, as erosion. According to Silva et al. (2015),
reclaimed forest areas decrease streamflow and sediment movement, intensifying the
importance of the preservation of native vegetation areas. Silva et al. (2018) evaluated the
erosion process with simulated rainfall in different cover crops (beans, corn, bare land and
Caatinga) in the semiarid region of Paraiba. In the evaluation, the soil covers with Caatinga
showed less erosion and surface runoff when compared with the other treatments. According to
the authors, the shape of the vegetative cover, the leaf area and the stem structure are
determining factors for canopy water storage, influencing soil conservation and the
hydrological responses in the semiarid environment. Aragdo et al. (2013) identified that native
vegetation and regenerated areas make it possible to reduce rainfall impacts on the soil,
avoiding degradation and surface runoff, decreasing the sediment loading around the basin.
These results reinforce even more the importance of the preservation of the nascent areas of the
BERJ, and in regions where water security is highly vulnerable, as is the case in many Brazilian
semiarid basins.

In this study, the average value of evapotranspiration was higher for the reforestation
scenario (592.1 mm) when compared to the current-use scenario (588.2 mm). This fact can be
explained by the higher density of vegetative cover in the recomposition scenario. According
to Tucci and Clarke (1997) and Bruijnzeel (1996), the greatest amount of solar radiation
absorption and consequently, the greatest energy available for evapotranspiration comes from
forests, and in this way the direct evaporation of intercepted water tends to be higher. In turn,
the suppression of vegetative cover results in a decrease in evapotranspiration, since less
radiation absorption occurs and less capacity to remove water from the soil and to intercept
precipitation. This leads to a decrease in vertical water flow and an increase in horizontal flow
(Viola, 2008).

When we observe the results of the agricultural-expansion scenario in relation to the
current-use scenario, it is verified that the increase in agricultural land provided an increase in
surface runoff of approximately 11% in the BERJ, corresponding to 28.8 mm year™. On the
other hand, there was a decrease in the percolation process for the shallow aquifer of
approximately 32%, being only 0.48 mm. When observing the evapotranspiration, it is noticed
that there was a decrease in the scenario of agricultural expansion compared to the current use
of 0.12%. These changes are in line with the same principles discussed earlier for the
reforestation scenario. This is because these agricultural areas, in the current condition, are
occupied by vegetation. It was verified that the increase of agricultural areas resulted in a greater
surface runoff, a lower percolation of water in the soil and a lower evapotranspiration.

The amplitude and dispersion of data on simulated streamflow and soil moisture in
scenarios of reforestation, agricultural expansion and current use in the Jatoba Basin are shown
in Figure 5. From the obtained results by the SWAT model, it is possible to verify that between
the scenarios, there was an increase of the average values of evapotranspiration in the
reforestation scenario, due to the greater area of vegetative cover that provides greater
evapotranspiration. Mean values and amplitudes of streamflow were increasing over the
scenarios, being smaller in the condition of reforestation, then increasing in the current use, and
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finally, the greatest generation of streamflow occurred in the condition of agricultural
expansion.
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Figure 5. Box plots for streamflow and soil moisture in daily time step in the Jatoba Basin, Pesqueira-
PE.

In the Alto Ipanema Basin, Montenegro and Ragab (2010) verified that converting 7% of
Caatinga to agriculture area increased streamflow by 3%. According to Munoz-Villers and
Mcdonnell, 2013; and Yan et al., 2013, the change in land use is one of the main causes of
surface runoff changes in a watershed, due to changes in precipitation interception,
evapotranspiration and soil hydraulic conductivity. Within this context, knowledge of the
effects of land use change on water dynamics in watersheds is of great importance in order to
assist decision making within the scope of water resource management (Kuhnle et al., 1996).

Figure 6A presents the time series for soil moisture depths for the three scenarios analyzed,
highlighting that a well-defined pattern of variation is similar for all series (Figure 6B). Figure
6C exhibits the time series for percolation (mm) for the three scenarios and Figure 6D presents
the scatter plot of the two modified scenarios as a function of the current land use. Differences
of soil moistures between the current and reforested scenarios tends to increase for lower values
of soil moisture. It can be verified that the impact of reforestation (decreasing soil moisture) is
higher than that produced by the conversion of the current scenario to agriculture, the latter
producing slightly higher soil moisture depths. When verifying percolation from the vadose
zone, reforestation tends to increase such flux, as shown both in the time series (Figures 6A and
6B) and in the scatter plot in Figure 6D.

AR Rev. Ambient. Agua vol. 13 n. 6, 2204 - Taubaté 2018
IPABHt



14 Adriana Guedes Magalhdes et al.

A, 600 - 0 B. 450 4
400 A
350
300

n
=1
=]

Soil water (mm)
— W b L
c S & S
S & & =
S
=]
ipitation (mm)
-
3
=

//

100 200 300 400 500

Reforestat; Agric. Expansi -—— 11
C.
= N &
g s
H A
2 Y
E 'y A
4 5]
£ 45 Aaa
T
1 15 5 3 35 4
A Reforestation O Agric. Expansion

mmm Current use Reforestation ~——Agric. Expansion ~=——Precipitation R &3 | Linear (Reforestation)

Figure 6. (A) Time series for soil moisture for the three scenarios analyzed; (B) pattern of
variation for the series; (C) time series for percolation (mm) for the three scenarios; and (D) scatter
plot of the two modified scenario as function of the current land use.

4. CONCLUSIONS

The parameters most sensitive to the SWAT model were related to surface runoff, baseflow
and hydraulic conductivity. The alternative process of calibration and validation in terms of
both flow and soil moisture presented satisfactory results according to the NSE coefficients
obtained, contributing to a more realistic simulation. Scenarios of regeneration of the vegetation
cover of 21% of the area of arborescent Caatinga on hilltops led to significant changes on soil
moisture and streamflow, thus contributing to the recovery of headwaters, increasing the base
flow and the resilience to scenarios of water scarcity. On the other hand, the scenario of
agricultural expansion caused an increase in surface runoff and, consequently, a decrease in the
soil water storage.
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