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Abstract: The aim of this research is to estimate the sediment yield in the Pirapama River Basin
and in the area of contribution of the Pirapama Reservoir and to identify areas
susceptible to soil erosion for identification of critical erosion watersheds during the
period from 2000 to 2010. This study was conducted to design a framework for
evaluating and identifying critical erosion in Pirapama watershed, based on the
tolerable erosion concept, by using the Soil and Water Assessment Tool (SWAT)
model. SWAT was calibrated and validated for two streamflow stations (Cachoeira
Tapada and Destilaria Inexport) for the period from 2000 to 2010. The results show that
the simulated data for Cachoeira Tapada station were considered good (NS = 0.68 and
R? = 0.71) and very good (PBIAS = 1.46%). Regarding the statistical data in the
validation, the values of NS (0.67), R? (0.85), and PBIAS (19.18%) were considered
good, very good, and satisfactory, respectively. The statistical data obtained in the
calibration of the model for the fluviometric station Destilaria Inexport indicated that
the simulated data are considered very good, with R? = 0.84, NS = 0.81, and PBIAS =
2.33%. In the validation, the statistics showed values consistent with the literature, with
NS =0.72, R? = 0.86, and PBIAS = —19.11%, which are considered good, very good,
and satisfactory, respectively. The estimated average sediment yield in the Pirapama
River basin ranged from 0.10 to 129.90 ton/ha.yr. The results of the sediment yield
estimates in the contribution area of the Pirapama Reservoir showed that the mean
sediment yield of the sub-basins upstream of the Pirapama Reservoir was 61.49
ton/ha.yr for the period analyzed. According to the annual estimates performed, 5.59
ton/ha.yr of this amount reaches the Pirapama Reservoir, which corresponds to 9% of
the soil losses incident in the area. Thus, the sub-basins upstream of the Pirapama
Reservoir were identified as portions of the basin that are susceptible to the erosion
process. Sediment yield in these portions can interfere with the volume of water of the
Pirapama Reservoir when the eroded material is carried to the depth of the lake.
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INTRODUCTION

Accelerated sediment yield is considered a serious
environmental threat to sustainable development all
over the world. The presence of sediments in
watercourses is a consequence of the erosion processes
occurring in their drainage basins due to the expansion
of agricultural activities. Erosion is a natural process
characterized by the selective loss of soil materials,
where surface layer materials are washed away by the
action of water or wind. Soil erosion and consequent
sediment transport in watercourses are dependent on
many factors such as precipitation, surface runoff,
cover, land use, topography, drainage network, and
sediment characteristics. The transport of sediments
through the channel is the final product of a series of
processes, which start with the precipitation that falls on
the basin, and along its path through the slopes, interacts
with a set of variables such as vegetation cover, type of
soil and rock, and type of use and anthropic occupation.
The sediment transport and deposition process has
several implications such as the loading of aggregate or
non-particle pollutants, loss of quality of water intended
for human consumption, imbalance of ecosystems due
to turbidity, silting of reservoirs, and changes in river
channel geometry (Ghafari et al., 2017). Sediments also
reduce water storage capacity, increase the maintenance
cost of dams, and shorten the life of reservoirs.

Around the world, about 75 billion Mg of soil are
eroded from lands (Pimentel et al., 1995) and
approximately 0.3% of the value of agricultural
production is lost due to erosion each year (Den
Biggelaar et al., 2003), which directly affects rural
livelihoods (Panagopoulos et al., 2011) and challenges
the achievement of the goal of food security (Corrado et
al., 2019). It is estimated that around two-thirds of the
soil eroded is deposited in lakes and rivers (Pimentel,
1997). Although sediment yield is a natural
phenomenon (related to the processes of weathering and
erosion), anthropic interference in the environment
potentiates its production, as in the case of dams, urban
development, channelization, and channel rectification
(Kirkby, 1990). A high concentration of sediment in
rivers can compromise or restrict water use. Projects
involving dams, abstractions, and water treatment
plants, for example, are directly influenced by the
presence of sediments in the water source, as are the
aquatic organisms and those that consume the water in
its raw state directly from the river (Santos et al., 2015).

Runoff-erosion models are useful tools to help
understand the processes that occur in a watershed as
well as to more realistically predict the transformation
of precipitation into surface runoff and sediment yield
and other elements of the hydrological cycle. The Soil
and Water Assessment Tool (SWAT) model has been
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used in several parts of the world to simulate different
physical processes in a watershed and by integration of
the model with Geographic Information Systems (GIS),
which makes the process of manipulating the input and
output data easier. This model was developed with the
purpose of estimating the impact of different
agricultural practices on water quantity and quality, soil
loss, and pollutant load in watersheds (Neitsch et al.,
2011). The use of this type of model allows prediction
of environmental impacts and optimization of
management costs.

Erosion studies of this type are extremely important
for the Northeast Region of Brazil, which is greatly
affected by soil erosion due to high rainfall variability
and increasing changes in soil use and occupation. As
yet, there are few studies on erosion in this region,
mainly in basins of the coastal portion of Northeast
Brazil, as is the case of the Pirapama River basin.

Since 2001, the Pirapama River basin has been one
of the main sources of water supply in the Metropolitan
Region of Recife (MRR). However, at present, the basin
is suffering serious problems in relation to
environmental degradation of its water courses due to
continuous deforestation of the natural vegetation,
occupation of the territory by dwellings, and the
development of agroindustrial activities, characterized
by extensive areas of sugarcane cultivation. Therefore,
it is understood that, due to such factors, studies to
evaluate erosion in the basin and identify the areas most
susceptible to such process are urgent, since through
carrying out this type of study it is possible to apply
mitigation measures that minimize the impacts arising
from environmental problems in the basin, caused
mostly by anthropogenic actions.

Therefore, this study aims to estimate sediment yield
in the Pirapama River basin and in the area of
contribution of the Pirapama Reservoir and to identify
areas susceptible to soil erosion through the SWAT
model for the period from 2000 to 2010.

MATERIALS AND METHODS
Study Area

The study was developed in the Pirapama River Basin,
situated in the central portion of the MRR and in the
Zona da Mata Pernambucana, more precisely between
latitudes 8° 07' 29" and 8° 21' 00" S and longitudes 34°
56' 20" and 35° 23" 13" W. The basin has an area of
approximately 600 km? with an extension of 80 km. Its
source is in the city of Pombos, in the Agreste of
Pernambuco, at an altitude of 450 m. Its outlet is located
in the Jaboatdo River, between the city of Cabo de
Santo Agostinho and Jaboatido dos Guararapes (CPRH,
1998) (Fig. 1). The basin is bordered to the north by the
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Fig. 1 Location of the Pirapama River basin and the stations used in the hydrological modelling of the basin — Pernambuco, Brazil.

basins of the Jaboatdo and Tapacura (tributary of
Capibaribe) rivers, to the south and west by the Ipojuca
River basin, and to the east by the Atlantic Ocean. There
are two large flood-proofing reservoirs (Pirapama and
Gurjau reservoirs).

The Pirapama basin covers the area of seven cities:
Cabo de Santo Agostinho, Jaboatdo dos Guararapes,
Ipojuca, and Moreno, which are located in the MRR,
and Vitéria de Santo Antdo, Escada, and Pombos, in the
Pernambucan Forest Zone. The largest proportion of the
basin area is located in the city of Cabo de Santo
Agostinho (57.2%), followed by Moreno (13.7%),
Escada (11.8%), Vitéria de Santo Antdo (9.5%),
Pombos (4.3%), and Jaboatdo dos Guararapes (2.4%)
(Fig. 1). The city of Ipojuca occupies only 1.1% of the
area of the basin (Medeiros Braga et al., 2013).
Together, the cities that make up the basin have about
1,158,595 inhabitants, of which 84.4% live in urban
areas (IBGE, 2010).

The use and occupation of the land of the Pirapama
River basin is quite diverse, characterized by urban and
industrial settings, small farms, polyculture (rural
settlements), two small hydroelectric power stations,
sugarcane cultivation areas, Atlantic forest, and
mangroves (Santos & Silva, 2007).

The climate of the region is type As’ (pseudo-
tropical), warm and humid, according to Koppen’s

climatic classification, with improvement of the strong
solar radiation by trade winds. The monthly average
temperature varies between 26 and 28 °C, while the
relative air humidity is higher than 70% from March to
September (CPRH, 2003). As for the rainfall regime,
the region has two well-defined periods: dry, between
September and February, with average monthly rainfall
of less than 60 mm and evaporation that exceeds
precipitation; and the rainy season, between March and
August, in which the hydrological balance is generally
positive. The annual averages of precipitation and
evaporation in the region are around 1500 mm and 1200
mm, respectively (Stretta, 2000).

The relief is typical of crystalline modelling and
includes hills and rounded mounds with altitudes above
60 m (Medeiros Braga et al., 2013). The basin relief
geology description is based on the morphological
characteristics of the main collector, subdivided into
three stretches: the upper, middle, and lower courses.

With regard to the pedology of the Pirapama River
basin, the predominant soils in the area are red-yellow
ultisol, yellow ultisol, and gleysols. To a lesser extent,
psamment (close to the coast), nitisols, yellow oxisol,
and mangrove soils occur in the basin (EMBRAPA,
2013).
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Fig. 2 Digital Elevation Model (a), land use (b), and soil types (c) of the Pirapama River basin.
Table 1. Association of SWAT land uses with present uses in the Pirapama River basin
Use and Occupation of Soil SWAT Soil Uses Area (Km?) Area (%)

Water Water (WATR) 7.37 1.23
Urban area Urban (URBN) 4.82 0.80
Sugarcane Sugarcane (SUGC) 313.54 52.27
Bare soil Barren (BARR) 73.23 12.21
Dense vegetation Forest — mixed (FRST) 63.72 10.62
Pasture Pasture (PAST) 136.64 22.77

Dataset

In order to obtain the initial basin modelling, SWAT
requires three different geospatial datasets: a digital
elevation model (DEM), a map of soil types of the study
area, and a land use map. The DEM used (Fig. 2a) has a
spatial resolution of 30 m and was obtained from the
website of the United States Geological Survey (USGS)
at http://earthexplorer.usgs.gov/.

The land use and occupation map used in this study
was based on two Landsat 5 satellite images with spatial
resolution of 30 m (TM sensor, orbit 214, point 066)
obtained from the National Institute of Space Research
(INPE). The images are from 6 July 2005 and 28 July
2007 and were selected because they presented the least
amount of clouds in the region. For the construction of
the land use and occupation map, it was necessary to cut
the two images and apply the image mosaic technique
using the software ArcGIS 10.2, where a common point
between the images was chosen to obtain the
surrounding rectangle of the study area and make the
land use map. In the process of classification of land use
of the basin, the land use classes that were most evident

The soil parameters followed the EMBRAPA Solos
classifications obtained through the Internet portal for
the Brazilian Soil Information System
(http://www.sisolos.cnptia.embrapa.br) and some of the
applied papers in Brazil, which defined values for some
soil parameters (IBGE, 2007).

Soil information from the study area was entered
directly into the model database. The soil type map was
obtained from data provided by EMBRAPA Solos
based on information provided by the Agroecological
Zoning of Pernambuco (ZAPE), whose scale is
1:100.000 (Fig. 2¢). This map was used as input data for
basin modelling in SWAT in order to create
Hydrological Response Units (HRUs). Table 2 shows
the area occupied by each type of soil in the basin.

To estimate the discharge in the Pirapama River
basin by the SWAT model, daily precipitation data were
obtained from four rainfall stations in the field, and data
from two weather stations and two flow stations were
also used (Fig. 1). The daily data of the

Table 2. Area occupied by each type of soil present in the Pirapama
River Basin

in the region were defined using the supervised

classification of the software ArcGIS 10.2, which
determined six classes of land use, namely water, urban
area, bare soil, dense vegetation, pasture, and sugarcane
(Fig. 2b). After completing the classification process
and the map composition, the existing land uses in the
basin were associated with the land uses corresponding
to the SWAT database after the introduction of this
information plan in ArcSWAT. Table 1 shows the

Types of Soil Area (km?) Area (%)
Gleysol 156.66 26.11
Hydromorphic spodosol 0.02 0.003
Mangrove soil 5.64 0.94
Nitisol 4.66 0.78
Psamment 4.18 0.70
Red-Yellow ultisol 157.09 26.18
Water 7.44 1.24
Yellow ultisol 145.79 24.30
Yellow oxisol 118.52 19.75

association of the land uses present in the basin with the
uses in the SWAT model database.

Journal of Urban and Environmental Engineering (JUEE), v.13, n.1, p. 42-58, 2019



Viana, Montenegro, Silva, Silva and Srinivasan

46

Table 3. Rainfall, streamflow, weather stations, and Tropical Rainfall Measuring Mission (TRMM) grid points used for this research

Code Name Type Responsible Latitude Longitude
39195000 Destilaria Inexport Flow ANA -8.16 -35.92
39192000 Cachoeira Tapada Flow ANA -8.15 -35.15

83350 CFSR Weather NCEP -8.27 —35.00

83353 CFSR Weather NCEP -8.27 —35.31

82900 Recife-Curado Rainfall INMET -8.05 -34.95

835138 Pirapama Rainfall ANA -8.16 -35.03
835068 Vitoria Sto. Antdo Rainfall ANA -8.64 -35.17
835137 Pombos Rainfall ANA —8.08 -35.23

NCEP: National Centers for Environmental Prediction.
CFSR: Climate Forecast System Reanalysis.

climatological variables used for the modelling were
obtained from two global grid points that are close to
the basin, whose data are available through the Global
Weather Data for SWAT website
(https://globalweather.tamu.edu).

The flow and rainfall data were obtained from the
National Water Agency (ANA), except for the Recife-
Curado station, whose data were obtained from the
National Institute of Meteorology (INMET). Table 3
presents information about the rainfall, flow, and
weather stations that were used in this research.

The flow rate stations used for this study were
chosen because they presented observed flow data with
a relevant period for the research. Thus, observed flow
rate data were obtained for the 2000 to 2010 period,
2000-2006 for simulation and calibration and 2007—
2010 for validation. The same periods as were used for
calibration and validation were used to the estimate the
sediment yield.

For the selection of rainfall stations, those with data
from the study period and with the lowest number of
failures were considered (1997 to 2010). Thus, the
1997-2006 period was used for the initial simulation
and calibration, with the years from 1997 to 1999
selected for model warm-up (adjusting the model to the
natural conditions of the study area before presenting
the results), and the period from 2007 to 2010 was used
for validation, with a warm-up period from 2004 to
2006.

Soil and Water Assessment Tool (SWAT) Model

The SWAT model was developed by the United States
Department of Agriculture Agricultural Research
Service (USDA-ARS). It can accomplish hydrological
modelling of watersheds and analysis of many
scenarios, such as the prediction of impacts of soil
management on water quality, sediment transport, and
transport of agricultural chemicals. It is a distributed
physically based model, continuous in time, that
simulates runoff, erosion in planes and channels, and
transport of nutrients and pesticides on daily, monthly,
and annual time scales (Aragdo et al., 2013; Neitsch et

al., 2011). The hydrological model is based on the water
balance equation, with a soil profile of 2 m depth as the
control volume (Arnold et al., 1998) (Eq. 1):

SW, = SWy + Zf:l(Rd - qup —E,— Vvseep - ng) (1)

where SW; is the final soil water storage (mm), SWj is
the initial storage of water in soil on day i (mm), t is the
time (days), Rqis the precipitation on day i (mm), Qs is
the surface runoff on day 1 (mm), E, is
evapotranspiration on day i (mm), W, is percolation
on day i (mm), and Qy, is the return flow (capillary rise
from the vadose zone) on day i (mm).

The surface runoff is estimated by two methods: the
Soil Conservation Service (SCS) method and the Green
Ampt infiltration method (Neitsch et al., 2011). In this
study, surface runoff was calculated using the Modified
SCS Number Curve method.

— (Rd_la)2
Qsup = Ralat® (2)
in which Qg is the cumulative surface runoff or the
excess precipitation (mm H,0), Ry is the precipitation
level for the day (mm), I, is the initial abstraction, which
includes surface storage, interception, and initial
infiltration (mm), and S is the retention parameter (mm).

The erosion and sediment yield in the SWAT model
is calculated for the sub-basin and channels. The
sediment yield from the runoff is computed for each
sub-basin through the Universal Equation of Modified
Soil Loss (MUSLE) (Williams, 1975). The SWAT
sediment yield was calculated by Eq. 3:

Y = 11'8(qup.Qp.Ahru)0'56 -KUSLE.LSUSLE.CUSLE.PUSLE.CFRG (3)

in which Y is the sediment yield after day precipitation
event (ton), Qg is the surface runoff (mm/ha), qp is the
peak flow rate (m®s), Any is the area of the HRU in
which the sediment input is estimated (ha), Kys.e is the
soil erodibility factor (t h MmJ! mrn'l), CusLe is the land

use and management factor, Pyse is the factor
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representing conservation practices, LSysie is the
topographical factor, and CFRG is the roughness factor.

According to Neitsch et al. (2011), sediment
transport in the drainage network occurs because of
simultaneous processes of particle disintegration and
deposition in the channel and its value is calculated
using the simplified equation suggested by Bagnold
(Williams, 1975).

After the estimation, the sediment yield information
generated in SED_OUT for each sub-basin was used,
with its values being converted from tons to tons per
hectare, taking as reference the area, in hectares, of the
sub-basins. From the treatment and analysis of these
data, the spatial distribution of sediment yield of the
basin was applied using GIS techniques. In parallel, the
spatial distribution of surface runoff and rainfall was
also applied using GIS techniques, with the previous
data treatment. To represent the spatial distribution of
the rain, interpolation of the data was carried out using
the Inverse Distance Weighting (IDW) method.

After that, estimates of the total sediment yield until
the end outlet of the basin (SED_OUT) were obtained.
In this case, the area where the Pirapama Dam is located
was defined as the end outlet of the basin (control
point), because of the importance of the dam for the
water supply of the RMR. Thus, the analysis of the total
sediment yield was carried out only in the area of
contribution of the Pirapama dam, taking into account
the annual estimates (2000 to 2010).

In the SWAT modelling, the river basin is divided
into sub-basins, whose number depends on the
minimum drainage area. With the finalized delimitation,
the model makes combinations of land uses, soil types,
and slopes, which originate the HRUs. This research
used ArcSWAT (version 2012.10.2.18), whose interface
integrates the SWAT model in the GIS environment.

First, elevation data were automatically extracted for
the drainage network and watershed using a DEM (Fig.
2a), and the watershed was divided into 29 sub-basins
based on a drainage area threshold. By imputing
reclassified land use data and reclassified soil data (Fig.
2b, c¢), the watershed was further divided into 1641
HRUs consisting of unique combinations of soil, land
use/cover, and slope. Five categories of slope were
defined for the HRUs: 0-3%, 3-8%, 8-20%, 20—45%,
and > 45%. The HRU definition adopted multiple HRU
methods. The percentage defined for the multiple HRUs
was 0% for the three categories (land use and land cover
classes, soil types, and slope). After these processes,
meteorological and precipitation data were introduced
into the model.

Sensitivity analysis

The calibration and validation of the SWAT model was
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preceded by the parameter sensitivity analysis, which
analyses the influence of each parameter on the
hydrological modelling process of the basin. For this
research, 19 SWAT parameters that have the most
influence on the flow in the model were selected based
on the recommendations of Arnold et al. (2012), Santos
et al. (2015), and Silva et al. (2018). This process was
carried out automatically using the SWAT-CUP
Sensitivity Analysis tool (SUFI-2) in the studied basin.

The 19 parameters considered for the sensitivity
analysis were Alpha BF, Biomix, Canmx, CNII,
CH_K2, CH N2, Epco, Esco, GW_Delay, GW_Revap,
Gwqmn, Rchrg DP, Revapmn, Slsubbsn, Sol Alb,
Sol Awc, Sol K, Sol Z, and Surlag. The range of
variation of each parameter and the change method that
was used in the calibration process were defined based
on the recommendations of Arnold et al. (2012) and de
Medeiros et al. (2018). The results of the sensitivity
analysis of the parameters were obtained after 500
iterations. The parameters considered most sensitive in
the process of the sensitivity analysis were submitted to
the automatic calibration process.

Calibration, Validation, and Model Performance
Evaluation

For the estimates of sediment yield in the Pirapama
River basin, the SWAT model was previously calibrated
and validated based on the comparison between the flow
calculated by the model and the observed one. The
calibration of the model was done in SWAT Calibration
and Uncertainty Programs (SWAT-CUP) version
5.1.6.2.2012, developed by Abbaspour et al. (2007).
SWAT-CUP integrates five semi-automatic calibration
and uncertainty analysis procedures for the SWAT
interface: SUFI2, PSO, GLUE, ParaSol, and MCMC.
For this research, the Sequential Uncertainty Fitting
algorithm  (SUFI2) was used; according to
Rouholahnejad et al. (2012), it uses the Latin hypercube
method to define the parameters and the process starts
with a range of values determined by the user.

Abbaspour et al. (2007) recommend that the number
of iterations should be relatively large (500—1000); for
this study, 500 iterations were done for each sub-basin
analysed. Details about SWAT-CUP operation and
calibration algorithms are described in Abbaspour
(2012). According to Arnold et al. (2012), the first step
of a calibration is to divide the observed values into two
time series, one for calibration and one for validation. In
the calibration, the input data are adjusted until a
satisfactory result is obtained.

This phase considered the 12 parameters taken as
more sensitive to flow adjustment for the study area,
defined by the sensitivity analysis, by the literature, and
by one of the SWAT developers (Dr Raghavan
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Srinivasan). In addition, the same ranges and variation
methods as were used in the sensitivity analysis were
also considered, as shown in Table 4. After this
procedure, the model was run for the validation period
with the parameters adjusted in the calibration.

The performance of the model was verified through
the objective functions: (4) Percent Bias (PBIAS), (5)
the Nash-Sutcliffe coefficient (NS), and (6) the
coefficient of determination (R?). PBIAS evaluates the
average trend between simulated and observed data; NS
looks for the best fit for the maximum flows and can
range from infinite negative to 1, where 1 represents a
perfect fit; and R?> measures the linear association
between two variables, with the value obtained being
dimensionless, ranging from 0 to 1, where the closer the
value is to 1, the more efficient the prediction is. The
ranges of values considered satisfactory were NS > 0.5,
PBIAS <+ 25%, and R?> 0.6 (Moriasi et al., 2007).

anl(Qobs_Qsim)

PBIAS = S Qobs)

x100 (4

Table 4. Parameters used for flow calibration for the study area

48
_ 1 _ (ZilQobs=gsim)?
NS =1 (Zi(Qobs—Qobs)Z) 5
2
R2 e (Yi-Ym)x (Xi—Xm) ©

Bl Jz?zl(yi—Ym)x(Xi—Xm)Z

in which Qs is the measured flow rate, m is the
average observed flow, Qsin is the simulated flow, n is
the total number of observations, Xi are the observed
values, X, 1s the mean of these observed values, Y; are
the values calculated by the model, and Y, is the
average of these calculated values.

Results and Discussion
Flow calibration and validation

Based on the input data, the model was initially
executed for flow simulation with no parameter
changes. However, considering the need for adjustment,
the calibration process was performed to improve the
flow peaks and the base flow. In order to proceed with

Range
Parameter Method Minimum Maximum
ALPHA BF v 0 1
CANMX v 0 10
CN2 r 0.1 0
CH K2 v 0 5
CH N2 v 0 0.3
ESCO v 0.5 1
GW_DELAY a =30 60
GW_REVAP v 0.02 0.2
GWOMN v 0 1000
REVAPMN v 0 10
SOL AWC r -0.25 0.25
RCHRG DP r —0.04 0.05

Table 5. Parameters used in the calibration of the SWAT model, the methods used, and the fit values for each sub-basin.

Calibrated values in stations

Parameter Methods

Cachoeira Tapada Destilaria Inexport

ALPHA BF v 0.00243 0.17500
CANMX v 5.77925 9.25000
CN2 r —0.02273 —0.07500

CH K2 v 5.74129 0.62500
CH N2 v 0.24988 0.12750
ESCO v 0.72832 0.76280
GW_DELAY a 23.8410 53.2500
GW_REVAP v 0.18932 0.18650
GWQMN a 1012.41 675.000
REVAPMN a 4.80460 0.75000
SOL_AWC r 0.01305 —0.218805
RCHRG DP a —0.01057 0.01175

Methods: v = replace (=), r = relative (x), and a = absolute (+).
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the calibration, a sensitivity analysis was previously
performed, where the 12 most sensitive parameters were
adopted for the process of flow calibration for the
Pirapama River basin. Table 5 shows the parameters
that were used in the calibration, the methods used, and
the values adjusted after this process in the two
contribution areas of the fluviometric stations.

After the calibration phase, the peak flow and the
base flow were adjusted in relation to the observed flow.
Figures 3a,b and 4a,b present the results of the
correlation between the observed and simulated flows
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by the SWAT model after the calibration and validation
process for Cachoeira Tapada and Destilaria Inexport.

Figure 3a shows that the distribution of the data
does not occur proportionally and that some of the data
are overestimated by the model. However, most of the
data are close to the 1:1 straight line, resulting in a good
correlation with R? = 0.707. Figure 3b shows that in the
validation period the data presented a good correlation,
where it is possible to see values close to the 1:1 line
and estimated values close to the observed ones, with R?
=(.852.
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Fig. 3 Correlation between the observed flow and that simulated by the model for Destilaria Inexport station for: (a) calibration (2000-2006),

and (b) validation (2007-2010).
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Fig. 4 (a) Correlation between the observed flow and that simulated by the model for the fluviometric station Destilaria Inexport (sub-basin

19), after the calibration (2000—2006) and (b) validation (2007-2010).

Table 6. Statistical data of the comparison between the observed flow and that simulated by the SWAT model after the calibration and

validation process for the Cachoeira Tapada station.

Statistics Calibration Validation
Observed flow rate (m?/s) Simulated flow rate (m?/s) Observed flow rate (m*/s) Simulated flow rate (m?/s)
Maximum 9.84 12.03 7.81 9.08
Minimum 0.54 0.27 0.08 0.05
Average 2.81 2.85 2.61 3.11
Standard 221 231 1.85 231
deviation
R? 0.71 0.85
NS 0.68 0.67
PBIAS 1.46% 19.18%
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Table 7. Statistical data of the comparison between the observed flow and that simulated by the SWAT model after the calibration and

validation for Destilaria Inexport streamflow station.

Streamflow calibration

Streamflow validation

Statistics Observed (m%/s) Simulated (m3/s) Observed (m?%/s) Simulated (m?/s)
Maximum 37.94 42.10 24.00 24.95
Minimum 1.35 0.16 1.13 0.10

Average 7.92 7.74 7.38 8.79

Standard deviation 7.77 8.59 5.55 6.73
R? 0.84 0.86
NS 0.81 0.72
PBIAS 2.33% —19.11%

From Fig. 4a, it can be seen that the distribution of
the data does not occur proportionally, with a good part
of the data between 0 and 10 m*/s being underestimated
by the model. The larger flows have variability between
the data, with simulated values being underestimated
and overestimated. However, there is good correlation
between the data, with R? of 0.84.

Figure 4b shows the result of the correlation
between the simulated and observed flows after the
validation process. It is possible to observe that in the
validation period the data present a greater dispersion
between the values when compared to the calibration
period; however there is a good correlation among
them, even with overestimated and underestimated
values, with R? of 0.86.

Table 6 presents the statistical data obtained in the
calibration and validation of the model for the
Cachoeira Tapada fluviometric station. It can be seen
that in the calibration, the maximum simulated flow rate
was overestimated by the model, with a difference of
2.19 m?/s. The minimum flow rate was underestimated
by 0.27 m*s and the average was almost equal to the
observed value, with an overestimate of 0.04 m3/s. The
standard deviation indicated that the simulated data
varied more around the mean than the observed data,
but the difference was very small (0.1 m?/s). Regarding
the analysis of the performance of the model through
the objective functions NS and PBIAS, the results of the
calibration indicated that the simulated data are
considered good for NS (0.68) and R? (0.71) and very
good for PBIAS (1.46%), according to Moriasi et al.
(2007).

Regarding the statistical data in the validation, Table
6 shows that the maximum and average flow rates were
overestimated by the model, with differences of 1.27
m3/s and 0.5 m?s, respectively, from the observed
values. The minimum flow rate was underestimated by
0.03 m?*/s by the model in relation to the observed
values. The standard deviation showed greater variation
among the simulated values, with a difference of 0.46
m?>/s from the observed one. The values of NS (0.67), R?
(0.85), and PBIAS (19.18%) were considered good,

very good, and satisfactory, respectively (Moriasi et al.,
2007). In general, the statistical data showed that the
results obtained in the calibration were better than those
obtained in the validation, with the exception of R2.

Table 7 presents the statistical data obtained in the
calibration and wvalidation of the model for the
fluviometric station Destilaria Inexport. It can be seen
that the maximum simulated flow rate was
overestimated by the model, with a difference of
4.16m*/s. The minimum and average flow rates were
underestimated, with differences of 1.19 and 0.18 m?/s,
respectively. The standard deviation indicated that the
simulated data varied more around the mean than the
data observed after the calibration, with values of 7.77
m?/s (observed) and 8.59 m?/s (simulated). As regards
the analysis of the performance of the model through
the objective functions NS and PBIAS, the results of the
calibration indicated that the simulated data are
considered very good, according to Moriasi et al.
(2007), with R? = 0.84, NS = 0.81, and PBIAS = 2.33%
(Table 7).

In the validation, the simulated maximum flow rate
was 0.95 m3/s higher than the observed one, the
simulated minimum flow rate (1.03 m?/s) was higher
than the observed one, and the simulated mean was
higher than the observed mean, with a difference of 1.41
m?®/s. The standard deviation showed a greater variation
between the simulated values, with a difference of 1.18
m3/s from the observed one. The statistics showed
values consistent with the literature, with NS = 0.72, R?
= (.86, and PBIAS = —19.11%. Therefore, the values of
NS, R2, and PBIAS obtained after the validation can be
considered good, very good, and satisfactory,
respectively, according to Moriasi et al. (2007).

Estimation of the sediment yield of the sub-basins of
the Pirapama River Basin

After verifying that the model produced good results in
the calibration and validation of the flow for the study
area, it was applied to estimate the sediment yield by
sub-basins for the period from 2000 to 2010. The
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Fig. 5 Spatial distribution of (a) sediment yield, (b) surface runoff, and (c) precipitation for Pirapama River basin between 2000 and 2010.

integration of the SWAT model and GIS was used to
spatially analyse the distribution of sediment yield in the
sub-basins, which was associated with the spatial
distribution of surface runoff and precipitation,
interpolated over the total area of the basin.

Figure 5a shows the spatial distribution of sediment
production in the Pirapama River Basin for the period
from 2000 to 2010. The estimate showed that the
sediment yield of the sub-basins ranged from 0.85 to
119.07 ton/ha/yr. In the sub-basins where the
fluviometric stations (17 and 19) are located, sediment
yield ranged from 0.86 to 4.26 ton/ha/yr and surface
runoff from 349 to 396 mm (Fig. 5b), with sub-basin 17
presenting the highest estimate of sediment yield among
these sub-basins, with a value of 3.60 ton/ha.yr. With
regard to precipitation, the highest values were found in
sub-basin 19, whose area is closest to the coast, where
precipitation varies between 1800 and 1900 mm (Fig.
5c¢).

In a general analysis, it was identified that the
highest values of sediment yield are concentrated in the
western and northern portions of the basin and the
lowest in the eastern and southern portions (Fig. 5a).
Some of the sub-basins that produced the highest
amount of sediment (1, 2, 6, 7, 10, 18, and 20) also have
high surface runoff values, varying between 291 and
396 mm (Fig. 5b). In these areas, precipitation varies
from 820 to 1700 mm, unlike in the eastern portion of
the basin, where there is a higher level of rain due to its
proximity to the coast (Fig. 5¢). Although these portions
show a lower concentration of rainfall, they are more
prone to erosion, as they are characterized by a
predominance of sugarcane cultivation, pasture, and
barren soil cover, which intensifies the erosion process.
In addition, they have areas with sloping relief with
predominance of acrisols, which tend to be more
susceptible to erosive processes, due to the texture
relationship present in them, which leads to differences
in infiltration of the surface and subsurface horizons.

A study by Silva and Santos (2008) in the Pirapama
River Basin (1990 to 2001) found that the areas with the
greatest slope contribute more to the erosion process
when compared to flatter areas. The research showed

that erosion processes in the basin are influenced not
only by rainfall in the region but also by slope,
roughness, types of soil and land use. The authors
further identified that the areas upstream of the
Pirapama Reservoir (west of the basin) are potential
locations causing silting of the dam.

Sub-basin 26 also had a higher sediment
concentration, ranging from 27.73 to 80,18 ton/ha.yr,
but is located in the eastern portion of the basin, whose
area is more flate (Fig. 5a). In this region there are high
levels of rainfall and diverse land use, characterized by
agricultural areas, barren soil, pasture, dense vegetation,
and urban areas, constituted by a small portion of the
Cabo de Santo Agostinho city.

The surface runoff in this sub-basin ranged from
291 to 348 mm (Fig. Sb). The amount of rainfall and
surface runoff, together with the different characteristics
of the soil types (argisols, gleysol, nitisol, mangrove
soils, and quartzarenic neosol) and soil uses, possibly
favoured a larger sediment yield in this sub-basin
relative to others of the same portion. In contrast, other
sub-basins of the eastern and southern portions
produced less sediment.

The Pirapama River basin is occupied by extensive
areas of cultivation of sugar cane located in the basin.
The cultivation of sugarcane is responsible for a higher
sediment yield due to its management, considering that
in the off-season of sugarcane, the soil is uncovered due
to the harvest, contributing to greater soil particle
disintegration, and transport of sediments by surface
runoff (Aragdo et al., 2013).

Sub-basin 21 presented the highest runoff rate for the
entire basin, varying between 397 and 462 mm, but
produced less sediment than expected for the estimated
quantity of runoff’, which ranged from 0.86 to 2.63
ton/ha (Figs. 5a, b). This fact can be explained by the
strong waterproofing of the soil present in the area of
the sub-basin, due to the urban constructions and
pavements found in the city of Cabo de Santo
Agostinho, which occupies 32.90% of the sub-basin.

Sub-basins 3 and 12 had the lowest sediment yield
among the sub-basins, varying between 0 and 0.85
ton/ha. The surface runoff varied between these areas,
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ranging from 203 to 290 mm, 291 to 348 mm, and from
375 to 396 mm, respectively. Precipitation ranged from
1800 to 1900 mm. In general, although sub-basins 3 and
12 present characteristics that make them prone to
higher sediment yields (rainfall and soil use), they are
regions with a predominance of soils less prone to
erosion (gleysol), with areas of dense vegetation on the
slopes and smooth wavy and flattened relief. In this
way, it is understood that the set of characteristics
presented here led to a smaller production of sediments
in the sub-basins of the Pirapama River.

The sediment yield obtained in this area of the basin
is also similar to that found by Silva et al. (2015), who
used SWAT in the San Francisco Subdivision watershed
(area of 110,446.00 km?). The authors observed that the
low risk areas predominate in the eastern and
southeastern portions of the basin (near the outlet), due
to the presence of relief associated with the flat
meadow, with smooth wavy characteristics, which does
not lead to large runoff and entrainment of the eroded
material.

Santos et al. (2015) estimated the sediment yield in
the Tapacura River basin using the SWAT model. The
authors verified that sediment yield in the region is
directly related to surface runoff and precipitation as
well as soil use and occupation characteristics. The
study identified that in areas where agriculture
predominated, sediment yield reached higher values,
and in areas characterized by strong soil sealing by
urban constructions, presented lower rates of sediment
yield.

The research conducted by Makinde and Oyebanji
(2018) in a Nigerian watershed using the Revised
Universal Soil Loss Equation (RUSLE) showed that the
sediment yield classified as very high and severe is
located in regions with barren soil and cultivated land.
The authors further concluded that the combination of
rainfall and lack of cover for the topsoil produced high
rates of soil loss in the study area.

52

Aga et al. (2018) made use of the SWAT model to
predict the risk of erosion and sediment production in
the Ziway River basin in Ethiopia. In this study, the
authors found that some sub-basins with the same soil
type, soil use, and steep slope produced a larger amount
of sediment, indicating that the region's plateau is the
main sediment transport source for the basin. With this,
the authors emphasized that the wvariation of the
sediment yield is more sensitive to the slope of the
terrain in the region.

Table 8 shows the means of precipitation, runoff,
and sediment yield for the Pirapama River basin from
2000 to 2010. It can be observed that the largest
sediment yield generated in the basin is related to the
years with annual precipitation near or above the
historical average of the period in the years 2003, 2009,
and especially 2000. In the years in which the average
annual precipitation was low in relation to the other
years, as in 2001, 2006, and 2008, the average annual
production of sediments was also lower than in the other
years.

The study conducted by Silva and Santos (2008)
using the Kineros hydrological model to model the
Pirapama River basin from 1990 to 2001 showed that a
large part of the basin is susceptible to the erosion
process and that the year 2000 presented higher
sediment yield for the studied area, being strongly
related to the precipitation, whose average for the year
was 3401 mm.

Figure 6a shows that sediment yield is strongly
related to surface runoff, with the coefficient of
determination showing a good correlation between these
two variables (Fig. 6b), with R? of 0.91, close to the
values found by Santos et al. (2015) in the Tapacura
River basin (0.98) and Silva and Santos (2008) in the
Pirapama River basin (0.96), considering a period and
hydrological model different from those used in this
study.

Table 8. Means of precipitation, surface runoff, and sediment yield for the Pirapama River basin (2000-2010)

Year Precipitation (mm) Surface runoff (mm) Sediment yield (ton/ha.yr)
2000 3408.80 996.82 171.55
2001 1463.30 168.93 33.08
2002 1793.90 300.15 71.41
2003 1854.90 330.57 86.03
2004 1754.40 322.20 73.40
2005 1851.50 301.81 52.92
2006 1652.80 211.20 49.09
2007 1901.50 294.01 57.52
2008 1569.40 218.25 52.85
2009 1967.80 343.08 78.47
2010 1595.50 260.02 57.87
Total average 1892.16 340.64 71.29
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Estimation of the total sediment supply for the
Pirapama Reservoir

Based on the sediment yield estimated by the SWAT
model in the sub-basins of the Pirapama River basin, the
annual sediment yield in the contribution area of the
Pirapama Reservoir was estimated. According to the
model classification, the contribution region of the
reservoir drains an area of 341.94 km?, which represents
56.99% of the total area of the basin, and is found in 17
of the 29 sub-basins defined by the model (Fig. 7).

As can be observed in Fig. 7, the Pirapama Reservoir
occupies part of the area of five sub-basins (12, 15, 16,
19, and 22) and its contribution network is located in the

-35°24'0" -35°200" -35°16'0"

portions of the basin that produced the most sediments,
with soil losses of ranging from medium to strong,
according to the classification proposed by Carvalho
(2008).

Table 9 presents the mean precipitation, flow, and
sediment yield of the Pirapama Reservoir contribution
area between 2000 and 2010. According to the data
presented in the table, the annual sediment yield for the
area is directly related to precipitation as well as flow.
The sediment yield presented higher values in the years
2000, 2002, 2003, 2004, and 2009, with estimates of
12.85, 6.03, 8.20, 6.34, and 7.07 ton/ha.yr, respectively.
These years also presented high rates of
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Fig. 7 Contribution area of the Pirapama Dam.
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Table 9. Average precipitation, flow, and sediment yield of the area of contribution of the Pirapama Reservoir from 2000 to 2010.

Year Precipitation (mm) Flow rate (m®/s) Sediment yield (ton/ha.yr)
2000 3408.80 8.76 12.85
2001 1463.30 2.74 1.88
2002 1793.90 3.75 6.03
2003 1854.90 3.94 8.20
2004 1754.40 4.08 6.34
2005 1851.50 4.08 3.12
2006 1652.80 3.10 3.15
2007 1901.50 4.43 3.98
2008 1569.40 3.37 3.90
2009 1967.80 4.48 7.07
2010 1595.50 3.02 4.32
Average 1892.16 4.16 5.53

precipitation and flow. The year 2001 had the lowest
sediment yield (1.88 ton/ha.year), with lower
precipitation and flow for the analysed period.

The mean sediment yield of the sub-basins of the
Pirapama Reservoir contribution area was 60.84 ton/ha
for the period analysed. According to the annual
estimates performed, 5.53 ton/ha.yr of this amount are
produced annually in this area, which corresponds to
9% of the soil losses over the period.

By estimating the fraction of sediment yield by each
river stretch in the contribution area of the Pirapama
reservoir (Fig.8), it was possible to list what was
deposited and transported between the sub-basins of this
area, especially in some of the areas where the Pirapama
reservoir is located (15, 19 and 22). Through this
relationship, it was estimated that about 3.12 ton of
sediment was deposited in the Pirapama reservoir
during the analyzed period.

In Fig. 8 it is still possible to observe that in the river
parts belonging to the sub-basins that receive no
contribution from any other sub-basin (6, 7, 9, 10, 16,
18, 20, 27, 28), there is little or any deposition, ranging
from 0.99 to 1.08 ton. On the other hand, as these areas
show altimetric variation, the region positioned after the
highest sub-basins is intersected by river parts where
sediment deposition occurs. According to Santos et al.
(2013), it can be stated that sediment deposition is
mainly promoted by the sudden reduction of the slopes,
since this configuration is capable of causing a decrease
in river competence or capacity.

The river section that crosses the 6 (1 ton) and 7 (1
ton) sub-basins, for example, transport all sediment
present in its segments to the next sub-basin 17 stream,
whose slope is lower. Sub-basin 17 receives the
sediment transported from these two sub-basins (6 and
7), equivalent to 2 tons, and carries only 31% of what it
receives, ie 0.62 tons, retaining 1.38 tons in its area.
According the estimated, deposition is now registreted
in sub-basin channels that have a smaller slope and are
located in the main channel.

The rivers sections that presented the largest
deposition were found in sub-basins 15, 17, 19 and 25,
with values of 1.70, 1.38, 1.21 and 1.17 ton,
respectively. Already the channels present in sub-basins
12, 23 and 24 carried practically everything they
received for the following sections. For these sub-
basins, sediment yield was lower, which is, mainly,
explained by the less steep slope (Fig.8).

With regard to the average annual spatialization of
the sediment yield generated for the contribution area of
the Pirapama Reservoir, the results showed that, in
general, the sub-basins located in the northern and
western portions of the analysed area made higher
contributions to the erosion process compared to some
sub-basins of the southern and eastern portions (Fig. 9).
According to this analysis, sediment yield was more
significant in 2000, 2002, 2003, 2004, and 2009, with
more than one sub-basin varying between 10 and 35
ton/ha.yr (Figs. 9a, 9c, 9d, 9e, and 9j). In addition to
rain, the high sediment yield in these areas can also be
explained by the fact that the steeper slopes are located
in these areas (north and west), as discussed previously.
In the annual analysis, the highest rates of sediment
yield correspond to soil losses ranging from moderate to
medium (Carvalho, 2008).

According to the results presented and discussed in
Table 9, in the years with precipitation below the
average of 1600 mm, the sediment production was
lower than in the other years analysed, especially in the
eastern and southern portions. The sub-basins of the
eastern and southern portions produced less sediment in
almost all the analysed years, with variation below 5
ton/ha.yr. According to Carvalho’s classification (2008),
the results for these sub-basins indicate null to small soil
loss.

Thus, it was identified that the sub-basins upstream
of the Pirapama Reservoir are portions of the basin
susceptible to the erosion process, including sub-basin
19, where a good part of the reservoir is located (Fig.
7). These areas present physical and geomorphological
characteristics prone to erosion. Sediment yield in
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these portions can interfere with the volume of water
of the Pirapama Reservoir, when the eroded material is
carried to the depth of the lake. However, the estimates
made by the model for this region could only be more
reliable when compared with the observed
sedimentological data. However, due to the lack of
data on the local area, the estimates obtained by the
model may represent an alternative way to monitor
these areas more closely, since the flow was calibrated
and validated, generating satisfactory results.

By way of comparison, Silva and Santos (2008)
used the Kineros runoff-erosion model to quantify
sediment production in the Pirapama River basin from
1990 to 2001. The study showed that the year 2000
presented a disparity in relation to the other years, as
occurred in this study, with an average annual
sediment value of around 276 ton/ha/ year and rainfall
of 3,401 mm. However, Silva and Santos’s study
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reported sediment yield higher than that found in this
study for the year 2000, which may be due to the
differences between the models used and the
information required by them.

Santos et al. (2015) applied the SWAT model to
estimate and analyse the distribution of sediment yield
in the Tapacura River basin, State of Pernambuco,
from 1995 to 2008. The study showed that the average
sediment yield of the basin ranged from 0.10 to 22.99
ton/ha.yr, with an annual average of 7.67 ton/ha.yr.
Santos et al. (2015) also pointed out, through data
spatialization, that the highest values of sediment yield
in the sub-basins were more concentrated in areas with
a strong surface runoff, greater rainfall quantity, and a
predominance of agriculture. The lowest rates of
sediment yield were obtained in areas with strong soil
sealing by urban constructions.
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Fig. 9 Spatialization of estimated mean sediment yield for the contribution area of the Pirapama Reservoir between 2000 and 2010.

CONCLUSIONS

Based on the results presented, it was observed that in
the calibration of the model, using the flow variable, the
estimated data had a good adjusted to the observed
values, presenting results of NS, R? and PBIAS that
ranged from very good to satisfactory in the two
fluviometric stations analysed. The validation of the
model also provided very good, good, and satisfactory
results in the two fluviometric stations, with values
higher than those considered acceptable by Moriasi et
al. (2007).

The results of calibration and flow validation
enabled coherent simulations of sediment yield when
compared to surface runoff and precipitation. The
spatialization of the results showed that the areas of the

basin that produce the highest amount of sediment are
located in the northern and western portions. In these
areas, the surface runoff was high, but the amount of
rainfall in the region was lower than in other areas of
the basin.

Although the level of precipitation in these portions
has been lower than in other areas of the basin, the
amount of rainfall is still high enough to influence the
sediment yield rates of these areas. In addition, it was
identified that these portions of the basin also have
physical and morphological characteristics that intensify
the erosion process. In contrast, most of the sub-basins
of the southern and eastern portions produced less
sediment, even though they had high rainfall and
surface runoff in some of their sub-basins, which was
explained by soil sealing in some sub-basins, plane

Journal of Urban and Environmental Engineering (JUEE), v.13, n.1, p.42-58, 2019



Viana, Montenegro, Silva, Silva and Srinivasan

and/or smooth corrugated relief, and the presence of
dense vegetation in some areas of slopes. Regarding
estimates of annual sediment yield, it was verified that
this variable is strongly related to precipitation and
surface runoff, with higher sediment yields being
identified at high rainfall and runoff levels. The results
of annual flow and sediment yield estimates in the
Pirapama Reservoir contribution area showed that these
variables are directly related to precipitation. The annual
spatialization of sediments yield by sub-basins in this
region also indicated that the northern and western
portions produce larger amounts of sediment annually,
with moderate to medium soil loss, indicating that this
region produced considerable sediment rates, according
to high annual rates of precipitation and surface runoff,
which may represent a risk of sedimentation and lower
reservoir recharge capacity. However, the lack of
measured sedimentometric data means that these
estimates cannot be validated and qualified. Anyway,
the estimates realized by the model may represent a way
to monitor these sub-basins, since the flow was
calibrated and validated with satisfactory results.
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