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HYDROLOGICAL SIMULATION USING SWAT MODEL IN HEADWATER BASIN IN
SOUTHEAST BRAZIL
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ABSTRACT: Hydrological models are important tools that have been used in water resource
planning and management. Thus, the aim of this work was to calibrate and validate in a daily time
scale, the SWAT model (Soil and Water Assessment Tool) to the watershed of the Galo creek |,
located in Espirito Santo State. To conduct the study we used georeferenced maps of relief, soil type
and use, in addition to historical daily time series of basin climate and flow. In modeling were used
time series corresponding to the periods Jan 1, 1995 to Dec 31, 2000 and Jan 1, 2001 to Dec 20,
2003 for calibration and validation, respectively. Model performance evaluation was done using
the Nash-Sutcliffe coefficient (Ens) and the percentage of bias (Pgjas). SWAT evaluation was also
done in the simulation of the following hydrological variables: maximum and minimum annual
daily flowsand minimum reference flows, Qg and Qgs, based on mean absolute error. Ens and
Peias Were, respectively, 0.65 and 7.2% and 0.70 and 14.1%, for calibration and validation,
indicating a satisfactory performance for the model. SWAT adequately simulated minimum annual
daily flow and the reference flows, Qgo and Qgs: it was not suitable in the simulation of maximum
annual daily flows.
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SIMULACAO HIDROLOGICA USANDO O MODELO SWAT EM BACIA
HIDROGRAFICA DE CABECEIRA DA REGIAO SUDESTE DO BRASIL

RESUMO: Os modelos hidroldgicos sdo ferramentas importantes que vém sendo utilizadas no
planejamento e na gestdo dos recursos hidricos. Assim, objetivou-se com este trabalho calibrar e
validar, numa escala de tempo diaria, 0 modelo SWAT (Soil and Water Assesment Tool) para a
bacia hidrografica do Corrego do Galo, situada no Estado do Espirito Santo. Para a realizacdo do
estudo foram utilizados mapas georreferenciados de relevo, tipo e uso do solo, além de séries
histdricas diarias de clima e vazdo da bacia. Na modelagem foram utilizadas séries temporais
correspondentes aos periodos de 1°-1- 1995 a 31-12-2000 e 1°-1-2001 a 20-12-2013, para a
calibracdo e validacdo, respectivamente. A avaliagdo do desempenho do modelo foi realizada
usando os coeficientes de Nash-Sutcliffe (Ens) e percentual de viés (Pgias). Também foram feitas
avaliagcdes do SWAT na simulacdo das seguintes variaveis hidroldgicas: vazées maximas e minimas
diarias anuais; e vazGes minimas de referéncia Qg € Qgs, cOm base no erro médio absoluto. Os
valores de Ens e Pgias foram de 0,65 e 7.2% e 0,70 e 14.1%, na calibracdo e na validacéo,
respectivamente, indicando desempenho satisfatorio do modelo. O SWAT simulou adequadamente
as vazOGes minimas diarias anuais e as de referéncia para outorga Qg € Qgs € ndo foi adequado na
simulac@o das vazGes maximas diérias anuais.

PALAVRAS-CHAVE: modelagem hidroldgica, SWAT, calibracéo, validacéo.
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INTRODUCTION

Hydrological studies in basins are important because they help to understand processes that
control water movement and the likely impacts on water quantity and quality. In this sense, the
quantitative understanding of hydrological parameters (rainfall and flow) and its spatial and
temporal variability in regions or river basins should be seen as essential to an efficient planning
and management of water resources (ARAI et al., 2012).

Impact assessments on water resources is one of the most relevant factors of hydrological
models, which are fundamental tools for a basin planning and management (VIOLA et al., 2009).
ANDRADE et al. (2013) report that hydrological models can be applied to evaluate management
strategies for water resources and basin response to periodic climatic variations, project floods, real
time floods. From an agricultural standpoint, hydrological simulation is an important tool for water
resource management, characterizing grant flow for the irrigation projects (VIOLA et al., 2009).
This characterization allows us to assess, in a preliminary way, water availability for irrigated
agriculture, taking as reference Qgo and Qgs flows, for example.

Several hydrological models have been developed and applied in the simulation in several
basins and varied purposes, such as SWAT (GREEN & VAN GRIENSVEN, 2008), SMAP
(SARAIVA et al.,, 2011), LASH (BESKOW et al., 2011), An nAGNPS (YUAN et al., 2011), among
others. Among the hydrological models, the conceptual distributed one should be emphasized,
which simulate various processes that make up hydrological cycle based on empirical functions and
input parameters in spatialized form, which is possible through model and Geographic Information
System (GIS) integration.

With the advent of GIS, it has become easier to handle a large amount of data that distributed
hydrological models demand, thus, enabling process simulations with greater physical foundation.
However, hydrological models do not accurately represent water movement in a natural system that
is why they should be calibrated with observed data (ANDRADE et al., 2013).

SWAT is a conceptual model, semi-distributed and continuous in time, and it was developed
to predict effects of different uses, covers and soil managements on water and sediment production
as well as water quality (DURAES et al., 2011). For implementation and greater flexibility in
simulation, the model has been highlighted in relation to others. SWAT has been calibrated and
applied in hydrological simulation for several basins worldwide by several authors, such as GITHUI
et al. (2009), in Western Kenya, in East Africa; HORMANN et al. (2009), in China, in Xiangxi
River; and SEXTON et al. (2010), in Eastern shore of Chesapeake Bay in Maryland State - U.S.

Despite being widely used in hydrologic simulation in different river basins around the world,
its use is still incipient in Brazil, being observed in a few studies, such as those of ANDRADE et al.
(2013), DURAES et al. (2011), BALTOKOSKI et al. (2010), LELIS & CALIJURI (2010).
Therefore, the model still needs to be applied on different conditions (climate, topography, soils,
vegetation, etc.), as, for example, in headwater basins, especially those located in Southeastern
coast of Brazil, a region which concentrates much of the country's population who has been
suffering in recent years with consequences of extreme climatic effects.

The aim of this work was to calibrate and validate the SWAT model, in a daily scale, at
conditions of Galo creek basin, ES, which is characterized as a headwater basin, and to evaluate
their predictive ability in basin daily flow simulation.

SUBJECT DESCRIPTION

The study was conducted in Galo creek watershed, located in Domingos Martins town,
Espirito Santo State, covering an area of 943 km?. The climate is Cwa, according to Koppen
classification, with dry winter and rainy summer, where average temperature in the warmest month
does not exceed 22 °C and in the coldest month is below 18 °C. Average annual rainfall observed
during the study period was 1250 mm.
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For hydrological modeling of the the basin, the SWAT used informations (Figure 1) such as
relief , soil type and its use, as well as historical daily time series of climate and river flow rate.

Relief information (Figure 1A) was obtained from Hydrographically Conditioned Digital
Elevation Model (HCDEM), prepared based on planialtimetric maps from IBGE, in 1:50,000 scale,
following method proposed by GUEDES & SILVA (2012). Soil map was obtained from the
Brazilian Institute of Geography and Statistics (IBGE), scale of 1:1,000,000 (Figure 1B). Soil basin
is characterized as Red-Yellow Oxisols, which covers 92% of the area. Other expressive soil types
are: Entisols (4.6%), Inceptisols (2.1%) and Dark and Red-Yellow Ultisols (1.1%).

In the basin, Atlantic Forest vegetation and pasture correspond to approximately 53% and
42% of the area, respectively (Figure 1C). Soil use mapping was get from Thematic Mapper (TM)
sensor images aboard the Landsat 5, in 2005, with a spatial resolution of 30 m. Initially, images
were preprocessed and georeferenced, obtaining a Mean Squared Error (MSE) of 8.5 meters.
Supervised classifier of Maximum Likelihood (Maxver) was used to map soil use. The blue, green,
red and near infrared spectral bands were considered in supervised classification.

Input climatic data for the model were extracted from two points of Climatic Research Unit
grid (NEW et al., 2000). Four rainfall stations and a gaging station on basin exutory area were used
(Figure 1A), obtained from HIDROWEB/ANA database. Used data were rainfall (mm), maximum
and minimum air temperature (°C), solar radiation (Mj m™ s2), wind speed (m s™) and air relative
humidity (%), all in the daily time scale. ANA (National Water Agency), by converting the height
values of the water depth, estimate output flow rate of the basin (m3s™) daily.
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FIGURE 1. Hydrographically Conditioned Digital Elevation Model (HCDEM) (A), soil type map
(B) and soil use and occupation (C) of Galo creek basin for application in SWAT.

Hydrological simulation was performed with the 2005 version of SWAT model through an
interface between the model and ArcGIS software that is called ARCSWAT. Through this, the
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basin was divided into sub-basins based on HCDEM and, then, each sub-basin was subdivided into
Hydrological Response Units (HRUs) which are homogeneous areas in respect to vegetation and
soil type.

Each HRU was associated with a climate database, soil hydro-physical characteristics,
groundwater and vegetation. Hydro-physical soil characteristics were obtained from
RADAMBRASIL (1983) regarding the soil profiles of 18, 28, 29, 41 and 64. As input values for the
hydraulic conductivity of saturated soil were adopted those obtained in field by MORAES et al.
(2003) and ZONTA et al. (2010). Groundwater and vegetation data were obtained from model
database, with changes in some parameters of vegetation, according to Table 1.

TABLE 1. Vegetation parameters modified from SWAT database for hydrological simulation in the
Galo creek basin.

Vegetation type BLAI (m® m?) (rgi‘ll) RDMX (m) (S\n/]_—ll/\gl) Source
Original vegetation 759 0.017® 50%  03% WALMEIDA & SOARES (2003)
Eucalyptus 40" 001 250 012® @ VIOLA et al. (2009)
Agriculture 70@  0014® 15® 0199 ) SA et al. (1996)
Pasture 309  0013® 06@ 0159 @WNEITSCH et al. (2011)

®) valor médio

BLAI — maximum leaf area index; GSI — maximum stomatal conductance; RDMX — maximum root depth and OV_N —Manning
coefficient for soil surface.

With the input parameters, water balance component modeling in daily time scale was
performed according to method suggested by Neitsch et al. (2009), as follows:

n
SWt :SWO +Z(Pi _qupi _Qlati - ETi _qubi) (1)
i=1
where SW; - final water content of the soil, mm; SWy - initial soil water content, mm; P; -
pluvial precipitation, mm; Qsyi - surface runoff, mm; Qp - lateral flow, mm; Eg -
evapotranspiration, mm; and Qsui - groundwater flow, mm.

The model estimates runoff through curve number method (SCS - CN) or Green Ampt model
(GREEN & AMPT, 1911; ARNOLD et al.,, 2011), which was selected for the curve number
simulation method. Regarding lateral flow component, the method for its storage kinematic estimate
is used. To estimate real evapotranspiration (ET), the model calculates separately plant transpiration
and water evaporation from soil. Transpiration is estimated by correcting potential
evapotranspiration to conditions of vapor pressure deficits and then to water content in soil.
Potential evapotranspiration was estimated by the Penman-Monteith method (JENSEN et al., 1990;
ARNOLD et al., 2011).

Groundwater flow is estimated by separating the contribution of shallow and deep aquifers,
where shallow aquifer contribution is considered in water balance and the deep as system loss
(ARNOLD et al., 2011).

Two data series of daily flow, corresponding to 1/1/1995 to 12/31/2000 and 1/1/2001 to
12/20/2003 were respectively used for model calibration and validation. The years 1995 and 1996
were used as model warm-up period, since initial conditions were unknown. Warm-up period is
aimed at stabilizing initial conditions of soil water (VIOLA et al., 2009; CIBIN et al., 2010), which
was observed from second year of simulation (Figure 2).

Due to calibrated SWAT model has several parameters, those with higher calibration
sensitivity, in response to changes in their values were selected, which were determined by specific
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procedure of sensitivity analysis of model parameters, namely: ALPHA BF; CH_N,; CN,; ESCO;
SOL_AWC; SOL_K and SURLAG.
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FIGURE 2. Periods used for warm-up calibration and validation of SWAT model.

Calibration was performed by trial and error method, seeking to maximize objective function
coefficient of Nash-Sutcliffe efficiency (Ens), minimizing percentage of bias (Pgias), according to
Egs 2 and 3, respectively, in addition to good adjustment of simulated hydrograph compared to the
observed one. Process was interrupted when, statistical coefficients were no longer able to be
improved, and when a good fit of hydrograph was seen (simulated and observed).

Peias =| =1—"=L—|-100 (3)

where,
Ens - coefficient of Nash-Sutcliffe efficiency
Pgias - percentage of bias
Oj and P; - observed and estimated values, respectively
O - observed values average
n - number of observations during the simulated period

To evaluate model accuracy based on Eys coefficient, van LIEW et al. (2007) classification
was adopted and used by several authors (VIOLA et al., 2009; DURAES et al., 2011, ANDRADE
et al., 2013). According to this classification, Ens value = 1 means perfect fit data simulated by the
model; Ens> 0.75 (model is suitable and good); 0.36 <Ens <0.75 model is satisfactory and <0.36
model is not satisfactory. Nash-Sutcliffe coefficient efficiency informs model effectiveness in
predicting flood flows.
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Classification by Van Liew et al. (2007) was also adopted to evaluate model accuracy based
on Pgias. According to the criterion: |Pgias| <10% very good, 10% <|Pgjas| <15%, good; 15%
<|Pgias| <25%, satisfying and |Pgias| > 25%, unsatisfactory. Bias percentage it means to average
deviations simulated compared to observed flow data .

Calibration process was terminated when Ens and |Pgas| values were greater than 0.6 and less
than 15%, and when simulated hydrograph had good fit to the observed.

Besides described statistics, mean absolute error was used to evaluate the following
hydrologic variables simulated by SWAT, during periods of calibration and validation: maximum
and minimum annual daily flows; and references minimum flows Qgo and Qgs to grant use of water
extracted from the remaining curve, according to Eq. 4.

. o, -P,
5 0P

g=— — " (4)
n

RESULTS AND DISCUSSION
Table 2 shows the values of the SWAT parameters calibrated for the Galo creek basin and
their respective ranges of allowed variation.

TABLE 2. Values of SWAT parameters calibrated for Galo creek basin with their respective
allowed variation ranges and searched sources.

Parameter Variation range Reference Calibrated value
ALPHA BF (0-1) NEITSCH et al. (2011) 0.004
CH_N2 (0.01 - 0.059) LYRA etal. (2010) 0.011
CN2 (-5-+5) - -3.0
ESCO (0.01-1) NEITSCH et al. (2011) 0.9
SOL_AWC (-0.1-+0.1) - +0.08
SOL_K (-90 - + 90%) MORAES et al. (2003) - 90%
SURLAG (0-4) GREEN & VAN GRIENSVEN (2008) 0.15

ALPHA _BF - aquifer recession constant; CH_N, —Manning coefficient of main channel; CN, — curve number; ESCO - soil
evaporation compensation factor; SOL_AWC - soil available water capacity; SOL_K — hydraulic conductivity of saturated soil;
SURLAG - runoff delay coefficient.

Calibrated values for ALPHA_BF (0.004), CH_N, (0.011), ESCO (0.9) and SURLAG (0.15)
parameters should replace input values used by SWAT model. Regarding CN, (-3.0) and AWC
(+0.08) parameters, these must be subtracted and added, respectively, to the input value used by the
model, and regarding SOL_K parameter (-90%), it means that model input values need to be
multiplied by 0.1, i.e., a reduction of 90%. Regarding adopted intervals, these were obtained from
literature, as reference (Table 2). Regarding CN, parameter, its variation range was defined within -
5to + 5 (added and subtracted from the initial value) due to soil groups presented CN; input values
higher than 90 and lower than 35, so that an interval of greater variation become physically
meaningless.

Figure 3 presents the simulated hydrographs with SWAT for the calibration period (A) and
validation (B), in addition to their daily hydrographs and hyetographs observed in Galo creek basin.

For the periods of calibration and validation Ens values of 0.65 and 0.70 were found,
respectively, which provides the basis for the model to be satisfactory according to classification
suggested by van LIEW et al. (2007).

ANDRADE et al. (2013) calibrated and validated SWAT in predicting a representative basin
flow with Oxisols in Upper Rio Grande, Minas Gerais regions and obtained values of Ens of 0.66
and 0.87 in calibration and validation. DURAES et al. (2011) applied SWAT in Paraopeba River
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basin, MG, and obtained values of Ens equal to 0.79 in both calibration and validation. In all these
simulations, SWAT model was considered accurate and qualified for hydrological simulations in
these regions. In general, it is observed that SWAT model calibrated to Galo creek basin presented
statistics close to those observed in literature, and in some cases even higher, qualifying the model
for hydrologic simulation in that river basin.

Analyzing the performance of the model based on Pgias criterion, which estimates bias
percentage of simulated streamflow compared to observed ones, small deviations are verified
demonstrating that flow overestimation occurred in the amount of 7.2 and 14.1 %, for calibration
and validation periods, respectively. According to the classification suggested by van LIEW et al.
(2007) model fits as very good in calibration period and good in validation.
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FIGURE 3. Observed and simulated hydrographs for Galo creek basin during calibration (A) and
validation (B) periods, in addition to their daily hyetographs.

Analyzing hydrographs visually, good estimates of minimum flows are observed, both during
calibration and validation periods. As for peak flows, the model did not adequately simulate those
more extreme events, both in calibration and validation. Flow peaks are naturally difficult to model
and related to spatial and temporal rainfall representation associated with low concentration time of
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runoff and river basins. This difficulty was also observed by other authors, such as HORMANN et
al. (2009), SETEGN et al. (2010), ANDRADE et al. (2013).

In order to evaluate the SWAT model for a more specific application in planning and
management of water resources in Galo creek basin, retention curves observed and simulated
(Figure 4) and the values of maximum and minimum annual daily flow are presented (Table 3).

Analyzing the curves visually, there is a good adhesion of the simulated values compared to
those observed, especially for the flow to remain above 50% in time. The reference values of Qg
and Qgs, extracted from this curve, are widely used in planning and management of water resources
in basins and represent equaled or exceeded flow in 90 and 95% of the time, respectively. The
values simulated by SWAT were 5.1 and 4.8 m* s, and the observed values of 5.4 and 5.0 m® s,
which corresponds to absolute errors of only 5.6 and 4%, respectively, compared to the observed
ones. These small estimation errors attest to the quality of SWAT model for water resources
management in Galo creek basin.
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FIGURE 4. Retention curves observed and simulated with SWAT for Galo creek basin.

TABLE 3. Comparison of maximum and minimum annual daily flow simulated with SWAT model
and observed for Galo creek basin.

Qmaximum (m3 5-1) 0 Qminimum (m3 5-1) Error (%)
Year Vobs Vpred Erro (A)) Vobs Vpred
1997 76.05 64.40 153 7.27 5.61 22.8
1998 44 .81 53.10 18.5 5.59 4.59 17.9
1999 84.08 53.40 36.5 5.59 4.43 20.8
2000 61.47 91.30 48.5 4.45 4.48 0.7
2001 88.22 125.00 41.7 4.62 4.41 4.5
2002 47.20 34.40 27.1 5.43 5.42 0.2
2003 70.51 90.40 28.2 4.47 4.34 2.9
Average 30.8 10.0

It is observed in Table 3 that absolute errors in simulation of annual maximum daily flows for
SWAT model ranged from 15.3 to 48.5%, with an average error of 30.8%, compared to the
observed values. As for simulation of minimum values of annual daily flow, errors ranged from 0.2
to 22.8%, with a mean absolute error of 10%, in validation period (2001-2003) small errors were
observed.
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Model errors in simulation of minimum flows and reference extracted from curve are within a
range considered acceptable in hydrology. However, errors in simulation of maximum extreme
values, which came close to 50%, indicate non-suitability of the model for estimation of this
variable, precluding its use in dimensioning flood control infrastructure.

Deviations in simulation of flow peaks are explained by the fact that Galo creek basin is in
headwater area, with altitudes ranging 1900 to 480 meters, this contributes to flood flow
occurrence, which are hard to be simulated by the model, due to the lower concentration time of the
basin (~ 15 h). This basin peculiarity associated with occurrence of intense rainfall, as in November
2001, when it rained 190 mm due to four very rainy days, contributed to flood flow of 88.2 m*s™ at
the basin outlet, hindering the modeling.

Based on acceptable errors in annual minimum daily flow simulation and small errors in
reference flows, adopted for water use grant in Brazil, which may contribute to basin water
resources management and hence for irrigated agriculture, a satisfactory performance of SWAT
model is confirmed, qualifying it for hydrologic simulation in Galo creek basin.

CONCLUSIONS

The calibration and validation of the SWAT model for Galo creek basin, characterized as a
headwater basin, was very good. The model showed good predictive ability for annual minimum
daily flow rates and for reference flow rates ,adopted for purposes of granting water use in Brazil.
In contrary, the model showed considerable estimation errors in annual maximum daily flow
simulations, not qualifying it for this type of simulation.
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