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ARTICLE INFO ABSTRACT

Keywords: Study region: The Atibaia and Jacaré-Guagu watersheds from the Tieté river basin, Sdo Paulo,
SWAT Brazil.

GWLF Study focus: This study aims to compare estimates of flow, sediment yield and nutrients loads

Parsimonious lumped hydrological model

obtained from two distinct models with different structures and degree of complexity. The
Distributed hydrological model

Generalized Watershed Loading Function (GWLF) and the Soil Water Assessment Tool (SWAT).
We are particularly interested in understanding under which conditions the use of each model is
to be recommended, namely when does the addition effort required to run the SWAT model leads
to effective better results. As SWAT’s calibration procedure is cumbersome, the advantage of
using a more detailed and distributed model fails to materialize when detailed data are not
available or when monthly estimates are enough. GWLF model provides useful results with a
reduced data gathering and calibration effort.

New hydrological insights of the region: The joint calibration of both models to two watersheds
offered a robust set of parameter values for prevalent conditions of Tiéte river basin given the
existing data set, although not all modelled variables are reproduced accurately. The perfor-
mance of both models is adequate when estimating streamflow at a monthly time, but decreases
when estimating daily flow, sediment yield, and nutrients loads. The poor monitoring of sedi-
ments and nutrients concentration hinders the ability to fully calibrate the model’s water quality
component.

1. Introduction

Understanding and evaluating the natural processes occurring in a watershed are continuing challenges for scientists and en-
gineers who often struggle with lack of data, as long-term watershed monitoring efforts are difficult to maintain due to its cost,
especially the ones aimed at sediment transport and water quality. The use of mathematical models to simulate hydrological
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processes, including water quality, is a possible solution to overcome this problem and to extrapolate conclusions from the existing
data (Mirchi et al., 2010; Hajigholizadeh et al., 2018).

Historically, different types of models have been applied to estimate streamflow, determine pollution loads and to derive pollutant
concentrations in streams and other water bodies. Watershed models now include these modelling components in a single computer
code and can calculate the stream flow and their associated sediment and pollutant loads from meteorological data and land use data.
Water managers use them to evaluate the impacts of climate and land use change on stream flow and water quality and to assess the
efficacy of conservation practices (Quilbé et al., 2006; Devia et al., 2015).

The prediction accuracy of each model depends on the model structure, availability and quality of input data as well as model
parameter values that must be estimated. Physically based and distributed watershed models that detail the hydrological process
occurring in the basin have the potential to be able to reproduce the space-time varying fluxes of water and contaminants at various
watersheds, climates and hydrological environments. In principle, true physically based models can be used without calibration
because their parameters have a physical meaning that can be measured in nature. In practice, calibration is usually required because
measurements are not available for all parameters at all locations and because there are no completely physically based model and all
have at a few empirical approximations that require calibration (Beven, 2001).

The potential robustness and accuracy of distributed physically based models have a strong appeal to water managers that need to
preview future conditions and make decisions under different scenarios. Although, these complex watershed models require a large
data and parameter set to characterize the river basin and its hydrological processes, the increase of computer power and the advent
of geographic information systems have facilitated their use and led to a tendency of using increasingly complex models. The SWAT
model is one of such examples, with more than 2100 references in scientific journals (Francesconi et al., 2016). Several authors have
questioned this approach and have shown that simpler and more conceptual models, requiring less data, are almost as accurate as
complex ones and can explain much of the observed values variance, and that both simple and complex models will perform poorly in
certain cases (Naef, 1981; Wilcox et al., 1990; Michaud and Sorooshian, 1994; Ajami et al., 2004; Gupta et al., 2008; Fatichi et al.,
2016).

A guiding principle when selecting a model is to find the least complex model that will solve the problem under analysis with the
available data. This idea is a corollary of the XIII century Ocham’s principle that states that any unnecessary complexity should be
avoided and has been reinforced by several authors that argue for the need to balance parsimony and complexity when selecting a
hydrological model (Young et al., 1996; Fatichi et al., 2016).

Another inherent problem of complex distributed watershed models with a large parameter set is their calibration and validation
procedures and issues related parameter uncertainty, overfitting and equifinality (Beven, 2001). To overcome these problems large
datasets are needed with a large enough amount of information to enable the identification of the appropriate values to assign to each
model parameter. The calibration and validation of complex distributed models becomes a cumbersome procedure that requires
experienced users, as unexperienced users are prone to failure or even to error.

In this work, we compared the results from a lumped-parameter model with parsimonious data requirements, the Generalized
Watershed Loading Function (GWLF) (Haith and Shoemaker, 1987), with those obtained by Soil Water and Assessment Tool (SWAT)
(Arnold et al., 1998: Arnold and Fohrer, 2005), a semi-distributed model with large data requirements. The literature reports several
applications of GWLF, namely in the United States of America (Haith et al., 1992; Swaney et al., 1996; Lee et al., 2000; Schneiderman
et al., 2002; Tu et al., 2009; Li et al., 2010; Niraula, 2013), China (Huang and Hong, 2010; Du et al., 2014) and in Porto Rico (Wu
et al., 2007). SWAT has more than 2100 references in scientific journals (Francesconi et al., 2016). It is our understanding that GWLF
has never been applied to Brazil case studies and that the number of SWAT applications for sediment and nutrients load prediction is
limited. Given the scale of the country and the scarcity of monitoring data for such large area, research is needed on the implications
of spatial and temporal resolution on modelling results.

Previous studies have compared distinct watershed models with different structures and complexity (Wilcox et al., 1990; Michaud
and Sorooshian, 1994; Parajuli et al., 2009; Li et al., 2010; Li and Xu, 2011; Caldwell et al., 2015), focusing mainly on the models’
ability to reproduce streamflow, not evaluating their performance of estimating sediment yield and nitrogen and phosphorus loads.
Additionally, although physically-based models can be used in a daily step, most of these papers perform and discuss the model
calibration at a monthly time step and do not discuss the difficulty of reproducing daily values of flow, sediment and nutrient loads.
Parajuli et al (2009) compared the hydrology, sediments and total phosphorus simulation results of AnnAGNPS (Annualized Agri-
cultural Non-Point Source model) and SWAT models. Both models provided fair to very good estimates of the monthly streamflow
and sediment yield and SWAT performed consistent well in reproducing total phosphorus. Niraula (2013) used SWAT and GWLF to
identify the areas contributing the most to the pollution problems of 570 km? watershed in Alabama, United States. The authors
compared the model’ results at a monthly time scale and concluded that, while both models perform well for streamflow, SWAT
performed slightly better for sediment, nitrogen and phosphorus. Qi et al (2017) compared SWAT and GWLF monthly estimates of
flow, sediment and nitrogen loads for two watersheds in China, with different climatic conditions. Both models performed similarly
well in reproducing streamflow and sediment, but the results were inconsistent for nitrogen.

This study evaluates the ability GWLF and SWAT to predict the daily and monthly variation of streamflow, sediment yield, total
nitrogen load and total phosphorus load in the streams of two watersheds in Tieté river basin, in Sdo Paulo, Brazil. Initial model runs
immediately indicated that both models needed calibration.

A growing of published research discusses the challenges and possible solutions to calibrate distributed watershed models (e.g.,
Madsen, 2000; Gupta et al., 2008; Yilmaz et al., 2008). The results from this research are particular important for calibrating
distributed models with a high number of parameters, like SWAT, where a manual approach is a cumbersome process which often
leads to poor results. However, as our research focus was the comparison of two models, a careful manual calibration had the
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advantage of providing insights to the role of each parameter and identifying links between the parameters of both models.

Both models were simultaneously calibrated and validated for two river basins, using split samples from different monitoring
records stations in the two watersheds (Klemes, 1986). SWAT and GWLF share some steps in their modelling approach and several
parameters. As the model’s parameters depend on the physical characteristics of the river basin, in our study, shared parameters have
been assigned the same values and others which measure similar concepts have been assigned compatible values. The joint cali-
bration of both models to two watersheds offers a way to find a robust set of parameter values for the prevalent conditions of Tieté
river basin. The models’ ability to reproduce streamflow, sediment and nutrient loads at each monitoring station was measured by
three indicators computed from the result’s deviations from observed measurements.

The main novelty of this research is the comparison of a complex distributed watershed model (SWAT) with a more parsimonious
hydrological model. We are particularly interested in understanding under which conditions the use of each model is to be re-
commended, namely when does the addition effort required to run the SWAT model leads to effective better results. The calibration
of both models was performed jointly for the two case studies with the goal of obtaining consistent parameters values that lead to
acceptable results in both river basins. The parameters that are common to both models’ formulations were set to the same values to
encourage the robustness and consistency of the model results.

This paper is organized as follows. Section 2 describes the mathematical formulation of both models, as well as the model’s
calibration and validation procedures. Section 3 describes the case studies and the available data. The research results are discussed
in section 4 and the conclusions are offered in Section 5.

2. Methodology
2.1. Models description

2.1.1. SWAT model

SWAT is a continuous simulation model with a daily time step that includes components to simulate weather, hydrology, sedi-
ment, soil, crop, nutrients, pesticides, agricultural management, channel routing and reservoir routing. The watershed is partitioned
into sub basins, each one being further subdivided into hydrologic response units (HRUs) that have a unique land cover, soil, slope
and management practice combination. Each sub-basin contains at least one hydrologic response unit (HRU) and one main channel.
The outputs of all HRU within each sub-basin are the water and mass inflow into the river network at the sub-basin outlet (Neitsch
et al., 2009). This study used the SWAT2012 released on 2018.

Arnold et al. (2012) and Neitsch et al. (2011) provide a detailed description of SWAT. The computation of water flow through the
watershed includes the land phase and the routing phase of the hydrologic cycle. The first phase computes the amount of water,
sediment, nutrients and pesticides reaching the main channel in each sub basin, while the second phase traces the movement of
water, sediments and reaching contaminants through the channel network to the outlet of the watershed (Neitsch et al., 2009).

The Soil Conservation Service method (SCS-CN) is the default of the model for estimating runoff and was used in this study. SWAT
provides two methods for estimating the SCS retention parameter and the so-called “alternative method” was selected, which allows
this parameter to vary with plant evapotranspiration. According to Neitsch et al. (2009), this alternative method was added because
the traditional method may predict too much runoff, which was the case in our preliminary runs.

The soil profile is divided into 3 zones. The vadose zone and the shallow aquifer contribute to the stream flow, while the deep
aquifer receives deep percolation from the shallow aquifer but does not contribute to the flow at the watershed outlet. The vadose
zone is subdivided in soil layers, with the number of the layers depending on the soil types that occur in the area.

The Modified Universal Soil Loss Equation (MUSLE) (Williams, 1975) is used to estimate erosion and sediment yield from each
HRU. The sediment yield carried by superficial flow on a given day can be calculated by:

SY; = 11.8+(H, + TP ¢ Ay 564K, oC oP oL +S «CFRG 1)

where SY; is the sediment yield carried by superficial flow on a given day (ton), H, is the daily surface runoff volume (mm), T7°°* is the
peak runoff rate (m3/s), Apy, is the area of the HRU (ha), K; is the USLE/MUSLE soil erodibility, C is the USLE/MUSLE cover and
management factor, P is the USLE/MUSLE support practice factor, LS is the USLE/MUSLE topographic factor and CFRG is the coarse
fragment factor. The CFRG can be calculated by:

CFRG = exp(—0.053+rock) 2)

where rock is the percentage of soil particles with a diameter larger than 2 mm in the first soil layer (%). The total sediment load
reaching the stream, ST;, is the sum of the sediments transported by superficial runoff, S°, and by lateral and ground flow, 5/ C:

ST =S + /¢ ®3)

In SWAT model the sediment transported by superficial runoff, S, is computed from total sediment yield from the watershed, SY;,
assuming that part is temporarily retained in the watershed by vegetation or in ponds. A lag is applied to:

Sf = (SY; + SY;_y) -(1 — exp [ _Surlag/ cone ]) @

where S5 is the sediment reaching the channel in day t (ton), and SY; and SY;_; are the amounts of sediment load generated in the
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HRU on days t and t-1 (ton). The expression (1 — exp [—S“”ag/Tmc ]) in Eq. (4) represents the fraction of the total available sediment

allowed to enter the reach on any one day. T°°" is the HRU time of concentration (hrs) and surlag is the surface runoff lag coefficient.
In large subbasins with a time of concentration greater than 1 day, only a portion of the surface runoff will reach the main channel
on the day it is generated. SWAT incorporates a surface runoff storage feature to lag a portion of the surface runoff release to the main
channel (Neitsch et al., 2002).
SWAT assumes that lateral and groundwater flow transport sediment to the main channel and estimates this load by:

LG _ (Lt + G;)*Apri *SC
! 1000 5)

where SZC is the sediment loading in lateral and groundwater flow (ton), L, is the lateral flow for a given day (mm), G; is the
groundwater flow for a given day (mm), Ay, is the area of the HRU (km?), and SC is the concentration of sediment in lateral and
groundwater concentration specified by the user (mg/L).

The sediment reaching the channel is routed, considering deposition and erosion as a function of the sediment load and flow
transport capacity. The model computed the sediment transport capacity using a modification of Bagnold’s equation (Bagnold, 1977).

SWAT considers two inorganic forms of nitrogen (nitrate (NO3-) and ammonia nitrogen (NH4 +)) and three organic forms of
nitrogen (active, stable and fresh organic N), as well as three organic forms of phosphorus (active, stable and fresh organic P), and
three inorganic forms of phosphorus (stable, active and solution mineral P).

Ammonia and nitrate are associated with fertilizer usage, the stable and active organic P pools are associated with the soil humus,
and fresh organic P is associated with crop residue and microbial biomass (Neitsch et al., 2005).

2.1.2. GWLF model

GWLF assumes a daily time step and uses the Soil Conservation Service method, based on the curve number concept, (SCS-CN) to
estimate runoff, H,, groundwater flow, G, and the total flow in the downstream section of the hydrographic basin, T,. Calculation
process were presented in Santos et al., 2018. The sediment yield is computed by the Universal Soil Loss Equation (USLE, Wischmeier
and Smith, 1978) and nitrogen and phosphorus loads are estimated from average nutrient concentrations based on land use.

The GWLF model assumes that contaminants are transported in solid or dissolved phase with the solid phase contaminants coming
from rural and urban areas and the dissolved contaminants coming from point sources, rural areas and groundwater. As such, all
contaminant loads from point sources and groundwater are only in dissolved phase, and the contaminant loads from urban sources
are only in solid phase.

Sediment yield, ST, is calculated by considering, separately, the soil loss and its subsequent transport through the runoff (Haith
et al., 1992). The mean soil loss due to water erosion per unit area and time, t, (ton/ha/day), PS;, can be estimated by the USLE.

PS; = R;+K +LeS+CsP (6)

where R; is the rainfall erosivity factor (MJ.mm/h/ha) in time interval t; K; is the soil erodibility factor of soil types (ton/MJ/mm), L
is the topographic factor that expresses the length of the slope (km), S is the topographic factor that expresses the slope of the terrain
or the degree (dimensionless), C is the factor that expresses the use and management of the soil and culture (dimensionless) and P is
the factor that represents the conservationist (dimensionless) practices.

The R factor was calculated from the equation developed by Lombardi and Moldenhauer (1980) for Campinas, Sao Paulo, Brazil.
Based on 22 years of rainfall records, a high correlation was found between measured soil erosion data and an erosion index,
computed from the rainfall record. Based on a proposition from Fournier (1960), the erosion index is estimated from the following
equation:

pm2 0841
_ t
En = 68.730( P )

t

(7)

where E,, is defined as the monthly average erosion index (MJ.mm/h/year); P" is the average monthly precipitation (mm) e P is the
average annual precipitation (mm).

According to Lombardi and Moldenhauer (1980), the annual erosivity factor, R, is the sum of the erosion index monthly values.
For this study, the equation was adapted to enable the calculation of R with a daily time step:

sz
R = [J *Epy
(Ztem P (8)
where, P! is defined as the daily precipitation (mm).
Sediment yield, ST, (ton), is the product of soil loss and sediment delivery rate (SDR).

ST, = PS,*SDR ()]

SDR is the ratio between the sediment yield reaching a given river cross-section and the sediment production from erosive
processes occurring in the watershed upstream of the cross-section. Vanoni (1975) proposed the following equation for the estimation
of SDR.

SRD= 0.42¢ A 0125 (10)
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where A is the drainage area of the river basin, in square miles.
The total of sediment yield, ST/ (ton), was improved by the authors for implement the sediment yield product by the basin in
the day before, according to the Eq. 11.

STl = PS;«SDR + (1 — SRD)+ST;_, (11)
The total nitrogen (N) and phosphorus (P) load can be calculated according to the following formulations:

NP = NPP + NPR 4 NPC pP = pPP 4 pPR 4 pDG 12)

NS = NS® 4+ NSU pS = pSR 4 psU 13)

where NP and N7 are, respectively, the dissolved and solid phase nitrogen loads, and P” and P’ are the dissolved and solid phase
phosphorus loads. The exponents DP, DR and DG are relative to the loads of dissolved contaminants from point sources, rural areas
and groundwater, respectively, and SR and SU relate to the solid phase contaminant loads from rural areas and urban areas, re-
spectively. Next, the equations presented for the calculation of the nitrogen loads are applied in the same way for the calculation of
the phosphorus loads.

The load of contaminants from point sources, N°¥ (mg), can be calculated according to Eq. 14.

5PPePops NCPPe (1 — rIV) + (1 — sP°P)«PopsNCPP+(1 — r2N)
T, (14)

IV[DP —

where Pop is the estimated population of the study area (hab), S’ is the percentage of the population that has sewage treatment
system, NCP? is the concentration of nitrogen in the effluent from point sources, r1V is the rate of nitrogen removal by the sewage
treatment system and r2" is the rate of removal of nitrogen from areas without sewage treatment system.

According to ABNT (2011) the composition of sanitary sewage has an average of 6-112 g/hab/day of total nitrogen and 1-5 g/
hab/day of total phosphorus.

The load of dissolved contaminants from the rural area, N°® (mg), can be calculated from the following formulation:

NP = 37 NCP" «Hy Ay
3 (15)
where NC/”® is the concentration of dissolved contaminants (mg/L) from rural areas depending on the land use, k, Hy is the surface
runoff (mm) on day t, Ay is the area of land use k (m2).
The average concentrations of dissolved contaminants from rural areas were adapted from Haith et al. (1992) and Li et al. (2010)
and are shown in Table 1.
The solid phase contaminant load from the rural area, N ¥ (g), is calculated from the ST, (ton) sediment yield and the mean

sediment concentration NCS® (mg/kg) dependent on the land use, k.

NSF = NSR.ST; (16)

According to Li et al. (2010), the mean concentrations of solid-phase sediments from rural sources, NCSX and PCS¥, are in the
ranges of 500 to 900 mg/kg and 120 to 393 mg/kg for nitrogen and phosphorus concentrations, respectively.
The load of contaminants from solid-phase urban areas, N3V (mg), is calculated from the following formulation:

NSV =3 wy» A sNCGEY a7)

where Wy, is the first-order washing coefficient, A, is the area (ha) for land use k, and NCSY

areas (kg/ha).

The washing coefficient expresses the relationship between the surface runoff from urban areas and the accumulation and
washing of contaminants (Sartor and Boyd, 1972; Amy et al., 1974). This concept is used in the SWMM model (Huber and Dickinson,
1988) and the STORM model (Hydrologic Engineering Center, 1977) and can be estimated by:

is the concentration of nitrogen in urban

Wi, = 1 — e~0181-H (18)

where Hy, is the surface runoff (mm) referring to land use k on day t.
The values of accumulation of contaminants in urban areas, NCSV and PCSU, were adopted from Haith et al. (1992). In areas with
a medium to a high population density, the daily rate of accumulation of urban contaminants varies from 0.028 to 0.031 kg/ha for

Table 1
Dissolved contaminants in rural areas.
Land use Nitrogen (mg/L) - NCPR Phosphorus (mg/L) - PCPR
Agriculture 0.71 - 5.04 0.07 - 0.11
Forest 0.06 - 0.19 0.00 - 0.012
Pasture 0.00 - 3.00 0.00 - 0.25
Grasslands 0.00 — 1.80 0.00 - 0.30

Sugar cane 0.00 - 2.90 0.00 - 0.26
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nitrogen and from 0.002 to 0.007 kg/ha for phosphorus.
The load of contaminants in groundwater, N°° (mg), can be obtained by:

NP6 = NCPG.ASG, (19)

where NCPC is the concentration of contaminants in groundwater (mg/L), A is the river basin area (m?), and G, is the contribution of
the groundwater flow (mm) to the river.

The concentrations of contaminants dissolved in groundwater, NCP®, were determined from standard values in the groundwater
available in Li et al. (2010). In this study, a range of 0.1 to 19 mg/L for nitrogen concentration and a range of 0.01 to 0.1 mg/L for
phosphorus concentration in groundwater were considered.

In this study, the GWLF method was programmed within Microsoft Excel, using VBA programming language, to take advantage of
MS Excel native flexibility and functionality to manage and analyse data and model results.

2.2. Model calibration and validation

The calibration and validation of both models was performed jointly for the two case studies with the goal of obtaining consistent
parameters values that lead to acceptable results in both river basins. The parameters that were shared between both models were
assigned the same values and the parameters measuring similar concepts were assigned compatible values to reflect their physical
nature and their dependence on the watershed’s characteristics. It is true that as the models have a different formulation, the
consequences of assigning a particular value to a given parameter are different in each model. However, in our case that the option to
assign similar values to the shared parameters did not significantly degrade the model’s performance. A split sample test validated the
results (Klemes, 1986). The first 3 years (1987-1989) were used as a warmup period to minimize uncertain initial conditions. Two
subsequent and independent periods were used for calibration (1990-2000 for Jacaré Guacu river basin and 1990-2003 for Atibaia
river basin) and for validation (2000-2009 for Jacaré Guagu river basin and 2003-2015 for Atibaia river basin). To facilitate the
comparison between the model results, the same dataset of daily precipitation and potential evapotranspiration were used in both
models. For the lumped model, the average precipitation and evapotranspiration over the whole watershed were computed as
weighted averages of the precipitation and evapotranspiration values of each sub basin, as assigned by SWAT.

The calibration considered the optimization of multiple objectives, namely deviations from different aspects of the flow hydro-
graphs, sediment loads, and nutrients loads, all measured at multiple sites. The result of multi-objective optimization problem is a set
of Pareto optimum solutions. In our case, since the calibration was done manually, decisions were made along the process to retain
the best single parameter set that offers a good equilibrium of reaching the different objectives.

The calibration adopted a systematic procedure (Madsen, 2000), which first focused on reproducing precipitation partition and
the overall water balance of each basin. It then proceeded to reproduce the records of high and low stream flows and their timing.
Finally, the attention focused on the sediment load data and on the nitrogen and phosphorus data. The parameters that are common
to both models formulations were set to the same values to encourage the robustness and consistency of the model results.

The calibration focused on the parameters which most affect the models’ results. This set of parameters was identified based on
literature review and, in the case of SWAT, also based on a sensitivity analysis executed prior to the calibration effort (Neitsch et al.,
2001; Lenhart et al., 2002; Arnold et al., 2012; Bonuma et al., 2013; Strauch et al., 2013; Me et al., 2015; Malagoé et al., 2017). This is
an important step as the number of parameters in SWAT hinders the possibility of manually calibrating all parameters.

The sensitivity analysis was performed using the sequential uncertainty fitting method (SUFI2) offered by the SWAT-CUP pro-
gram. For each model parameter, the SUFI2 method computes the range of values that brackets most measured data within the model
results (Abbaspour et al., 2007). The parameters with the shortest range are the ones which the model results are most sensitive too.

The model’s calibration for sediment yield, nitrogen and phosphorus loads was executed by changing the parameters associated
with each soil type and land use, thus affecting pollutant loads and concentration in the whole watershed.

2.3. Indicators to evaluate the model’s performance

To evaluate the model’s performance in reproducing the historical stream flows and water quality records the following set of
indicators was used.

The Nash and Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970) computes the sum of the squared difference between the model
results and historical data and normalizes the results with sum of the squared difference between the historical data and its average
(Eq. 20).

—— ( Z (TIObf _ jznm-)z )
T (@ = TPy (20)
where T is observed value, T*" is average observed value, T'™ is computed value, T/™ is average computed value. The value of
NSE ranges from — oo to 1.0, with the latter being the optimal value. Values between 0.5 and 1.0 are generally viewed as acceptable
levels of performance, whereas negative indicate that the mean observed value is a better predictor than the computed value (Moriasi
et al., 2007).
The percent bias (Pbias) measures the average difference between the computed and measured values over a specified period:
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Tobs _ Tsim
Ppias = (—Z L LT ) 100

Z T,Obs

Values of Pbias close to 0% reveal a smaller deviation of the model results from the measured values, but higher values for Pbias
are acceptable when the measured values accuracy is relatively poor.

The coefficient of determination, r%, describes the proportion of the measured data variance that is explained by the model. The
coefficient r* ranges from 0 to 1, with higher values indicating a good adjustment. As > only quantifies the dispersion, a model which
systematically overestimates or under estimations all the time will still result in good r2 values close to 1.0, even if all predictions
were inexact (Krause et al., 2005).

2D

. (Z [Ttobs _ T[obS][T[sim _ Ttsisz
Z (Ttobs _ TtObS)ZZ (Ttsim _ Ttsim )2 (22)

Moriasi et al. (2007) argued that the performance of a hydrological using a monthly time step can be considered satisfactory if
NSE > 0.5 and r* > 0.5, but that shorter time steps lead to poorer performances. Several authors have decided to accept the SWAT
calibration when NSE computed with daily flows is above values in the range of 0.15 to 0.3 (Benham et al., 2006; Coffey et al., 2004;
Nejadhashemi et al., 2012), showing how difficult is to model the highly variable and non-linear hydrological processes at a daily
time step, especially when measured values may have significant measurement gaps and errors.

3. Study cases
3.1. Watershed data

The case studies are two tributary basins from the Tieté river, one of the largest tributaries of the Paran4 river basin and one of the
main rivers of the state of Sdo Paulo (Fig. 1). The first study area is the Jacaré-Guacu river basin, upstream of Cruzes river confluence,
with an area of 1934 km? and the second one is the Atibaia river basin, with an area of 2818 km? that covers municipalities from Sio
Paulo and Minas Gerais states.

The Jacaré-Guagu river basin has its sources in Serra de Itaqueri (Sdo Carlos, Sao Paulo State, Brazil) and flows into the Ibitinga
Reservoir. The altitude of the river basin ranges from 551 m at the outlet to 930 m in the southeast part of the basin. The annual
average precipitation is 1470 mm, with most of the rain falling from October to March. The basin relief influences the rainfall spatial
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distribution, with higher amounts of rainfall falling in the upper parts of the basin in the southeast. The Jacaré-Guacu river basin
spreads over the Guarani aquifer system (GAS), one of the world's largest aquifer and an important source of drinkable water for
several cities, including Campo Grande, Ribeirdo Preto, Sdo José do Rio Preto and Araraquara, among others (Rabelo et al., 2004).

The Atibaia river basin spreads from its outlet at the junction of the Atibainha and Cachoeira rivers and to the sources of
Cachoeira river in Minas Gerais state. The altitude ranges between 508 m to 1973 m at the outlet, in the west. A mountain range runs
in the west and south of the river basin. The annual average precipitation is 1520 mm, with most of the rain falling from October to
March.

Agriculture crops and mixed forests are the dominant land uses in both river basins because of a trend in the recent decades in the
state of Sdo Paulo that saw an intensification of the agricultural activity and the substitution of many crops by sugarcane and orange
trees (Alkimim et al., 2015 and Strassburg et al., 2017).

Reforestation is also a significant activity in the Atibaia river valley, near its confluence with the Piracicaiba river, mainly due to
the proximity of the paper and pulp industries located in the municipalities of Americana, Paulinia and Campinas (Comité das Bacias
Hidrograficas dos rios Piracicaba, Capivari e Jundiai (CBH-PCJ, 2006).

3.2. Input data

A SWAT run requires a digital elevation model (DEM), as well as soil and land use digital maps. A 30 m resolution DEM, was
obtained for both river basins from the SRTM (Shuttle Radar Topography Mission).

The soil types of both river basins were identified in a soil map produced by EMBRAPA (Empresa Brasileira de Pesquisa
Agropecudria). The Jacaré-Guacu river basin holds eight soil types, including red-yellow latosol (covering 55.4% of the river basin
area), typic quartzipsamment (13.2%), typic eutrorthox (10.6%), typic haplortox (6.5%), typic paleudalf (5.1%), litololic soils
(4.6%), hydromorphic soils (4.2%) and argiudoll (0.4%). The Atibaia river basin holds three main soil types, including red-yellow
latosol (covering 61.0% of the river basin area), typic haplortox (37.8%), typic eutrorthox (1.2%).

The EMBRAPA map shows that red-yellow latosol, typic haplortox and typic eutrorthox soils cover 100% of the Atibaia river basin
and 72% of Jacaré-Guacu river basin. Red yellow soils are deep soils with a low clay content. Typic haplortox soils are several meters
deep and are quite rich in clay and nutrients. Finally, typic euthorthox soils are weathered soils, highly permeable and with a variable
clay content and low nutrients content. SWAT also requires data on 14 additional soil parameters, which were obtained from Freire
et al (1978); Oliveira and Prado (1984); Lombardi Neto et al (1989), and Saxton and Rawls (2006).

A Landsat Thematic Mapper Satellite image from the second semester of 2001, with a spatial resolution of 30 x 30 m, was used to
describe land use of Jacaré-Guacu river basin. Seven types of land use were identified in the basin: agriculture (covering 35.66% of
the river basin area), water (3.32%), range-grasses (3.63%), forest-mixed (5.02%), urban areas (13.57%), pasture (17.16%), and
sugarcane (21.64%).

To describe the land use of the Atibaia river basin a map produced by the Water Resources Management Unit (UGRHI 5), based on
a visual interpretation of a SPOT image from 2013, with 2.5 m spatial resolution, was used (UGRHI 5, 2013). Eight types of land use
were identified in the basin: forest-mixed (covering 43.5% of the river basin area), mineral transportation (0.04%), sugarcane (1.4%),
water (1.9%), range-grasses (3.0%), agriculture (3.8%), urban area (17.0%), and pasture (29.3%).

The meteorological and hydrological data for both river basins were obtained from the databases of two government agencies:
ANA (Agéncia Nacional de Aguas) and DAEE (Departamento de Aguas e Energia do Estado de Sio Paulo).

In the Jacaré-Guacu river basin, 10 rain gages, 3 hydrographs gages (62767500 — 568 km?, 62760005 — 230.9 km? and 62772500
- 1135 km?) and one water quality gage (62772500) were selected based on their location and record completeness (Fig. 1). Data on
temperature data, humidity, wind speed and solar radiation was obtained from one gage operated by CRHEA (Centro de Recursos
Hidricos e Ecologia Aplicada), located in the basin.

In the Atibaia river basin, 17 rain gages, 4 hydrograph gages (4009 — 2738km2, 3003 — 2490 km?, 3006 — 1920 km? and 3007 -
2152 km?) and 3 quality gages (62691200 and 2605) were selected based on their location and record completeness (Fig. 1). Data on
temperature data, humidity, wind speed and solar radiation was obtained one weather gage operated by ESALQ (Escola Superior de
Agricultura Luiz de Queiroz) located near to the basin.

Missing precipitation data were completed with the records from neighbour using multi-regression. The coefficient of determi-
nation, R2, of all regression equation was always greater than 0.6.

4. Results and discussion

A review of the relevant literature identified 17 parameters to which SWAT results are most sensitive (Table 2). To select among
these the most important ones for flow prediction, two independent runs of SWAT-CUP were performed, one for each case study that
led to the same 10 parameters, also highlighted in Table 2. The table groups the parameters by model component, namely
groundwater flow, surface retention, river hydraulics, soil characteristics, as well as sediment and nutrients transport. For each
parameter, the table indicates the expected range of values, the default value and the final value obtained after calibration (calibrated
values).

The preliminary SWAT runs, using the parameters default values, lead to an overestimation of the observed stream flow record,
particularly the high flow values. The calibration procedure thus proceeded to reduce these peak flows. Curve numbers (CN2) were
reduced by 20% uniformly across the watershed to promote infiltration and base flow, at the expense of stormflow. Available water
capacity of the topsoil layer (SOL_AWC) was also reduced by 50% to reduce the soil holding capacity, increase groundwater
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percolation and to delay the flow reaching the river. The soil evaporation compensation factor (ESCO) was reduced to 0.4 to promote
the evaporative demand from lower soil levels. The parameter GW REVAP, a coefficient reflecting the capability to move water from
the shallow aquifer to the overlaying unsaturated soil zone, was set to 0.12, which indicates more water is available for baseflow
discharge. The REVAPMN, defining the threshold depth of water in the shallow aquifer for return flow to the root zone to occur, was
set to 300 mm.

Once the magnitude and the variability of base flow and hydrograph peaks were reproduced, the overall water balance was
adjusted using the RCHRG_DP parameter. The value for RCHRG_DP was set to 0.04, which means that 4% of infiltrated water is lost to
a deep aquifer. CANMX describing the storage capacity of a canopy to hold intercepted precipitation was set to 60. The value of
CH_K1 e CH_K2 indicating the rate of water loss from streams to ground water was set to 5 mm/hr and 3.2 mm/hr, which assumes the
presence of losing streams within the watersheds (Gitau and Chaubey, 2010).

According to Arnold et al. (2012), the threshold depth of water in shallow aquifer required for the return flow to occur (GWQMN)
and the baseflow alpha factor (ALPHA _BF) are also important in calibration. At the beginning of calibration, the base flow was very
low, so the GWQMN value was decreased from 1000 to 300 mm, to regulate the movement of water inside the aquifer. The variable
ALPHA BF affects the shape of the hydrograph, and it was necessary to decrease this parameter to 0.001. The groundwater delay time
(GW_DELAY), which reflects the time lag that it takes water in the soil to enter the shallow aquifer, was decreased to 20 days.

The overall water balance for both river basins computed by both models is very similar and lead to an average annual outflow
from the basin, within 5% of observed stream flow in most cross-sections. Water losses to deep aquifer are around 3% of precipitation.

The Manning’s n parameter for the main channel (CH_N1) were set to 0.03 which are assigned to normal channels with clean
structure full stage, no riffs or deep pools (Chow, 1959). Regarding the parameters related to soil characteristics, the slope length for
lateral subsurface flow (SLSOIL), related to the interflow generation, was adjusted for 40 m. The weighing coefficient for calculating
retention dependent of plant evapotranspiration (CNCOEF) was modified to 1.6.

Table 3 shows the default values of SCS-CN and GWLF models parameters suggested by the literature (Haith, Shoemaker 1987;
Haith et al., 1992; Li et al., 2010; Niraula, 2013), based on watershed characteristics, as well as the values obtained following
calibration. The lumped model parameters affecting streamflow are the curve number (CN), the river basin water storage capacity
(Unax), the groundwater recession constant (a) and the deep recharge coefficient (B). These parameters were calibrated for each
hydrometric station sub-basin, starting at the upstream hydrometric stations, moving to the intermediate stations and finally to the
downstream station.

In both study cases, the CN values were reduced from the original value to increase infiltration. The river basins water storage
capacities (Upay) Were also reduced from default values to reduce evapotranspiration and increase infiltration. This need was also felt
calibrating the corresponding parameters of SWAT, which are CN2 and SOL_AWC respectively. The groundwater recession constant
(a) was set to lower values than the originals therefore reducing the response time to recharge. During SWAT calibration the
corresponding parameter (ALPHA_BF) was also reduced from the default value.

Figs. 2 and 3 compare the daily and monthly measured stream flow at the downstream station of Jacaré-Guacu river basin
(62772500) with the computed flow by SWAT and GWLF models. Figs. 4 and 5 compare the daily and monthly measured stream flow
at the downstream station of Atibaia river basin (upstream the reservoir) (4009), with the computed flow data. Table 4 and 5 shows
the obtained values for each performance indicator and study cases. All figures and tables separate the calibration period (October/
1991 to September/2003) from the validation period (October/2003 to October/2016).

The results show that both models can reproduce the daily flow variability for both study cases, although failing to replicate all
values accurately, particularly some of largest daily flow measurements which are overestimated (Fig. 4). The GWLF model sig-
nificantly overestimates the daily flow values at specific periods, namely in 1994/95, 1995/96, 2001,/02 and 2002/03 at the Jacaré-
Guacu river basin. These streamflow values are the result of high precipitation values, which GWLF model formulation does not
attenuated as much as the SWAT formulation.

The computed daily streamflow results show some fluctuation around the observed values which may be due the SCS metho-
dology used in both models. It seems that in days of high precipitation, the daily precipitation excess is probably overestimated and is
not distributed as flow throughout the following days.

When model results are aggregated at a monthly time step, the peak flows are reproduced with reasonable accuracy, with the
GWLF model presenting a slightly better adjustment to the observed values than SWAT (Figs. 3 and 5). The observed fluctuation in
daily values disappears as it is aggregated within each month.

The performance indicators (NSE, Pbias and r®) values, presented in Table 4 and Table 5, corroborate these conclusions. The
indicators show that the models’ ability, and particularly GWLF, to reproduce streamflow at a daily time step is poor at all monitoring
stations of Jacaré-Guagu river basin and near to satisfactory in most monitoring stations of the Atibaia river basin. The values
obtained with daily streamflow are low but not unusual, as the results from Benham et al. (2006) and Coffey et al. (2004) show. As
expected, the values obtained for the calibration periods are usually better than the values obtained for the validation period.

At a monthly timestep, both models have a reasonable performance, with NSE ranging from 0.42 to 0.89, and continue to perform
better at the Atibaia river basin than at Jacaré-Guagcu river basin.

The worse model performance in reproducing streamflow at Jacaré-Guagu river basin may be due to difficulties of simulating
surface water - groundwater interactions, as this basin spreads over the Guarani aquifer system. The poor model performance may
also be due to the poor quality of monitoring data, namely precipitation and streamflow, as some authors have already pointed out
(e.g. (Monteiro, 2016; Pontes et al., 2016). In particular, the model performance is strongly conditioned by precipitation estimates,
and thus by precipitation data availability and monitoring stations location. The precipitation records of Jacaré-Guacu river basin
show 13.18% of missing data against 3.04% of missing data in the precipitation records of Atibaia river basin. And whereas the rain
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Table 3
Calibrated parameters of GWLF model with their default and calibrated values.

Parameter Definition Unit Default value Calibrated Value

Hydrometric gages

Jacaré Atibaia Jacaré Guagu Atibaia
Guacu
Water CN Curve number - 69/72/76°  65/63/60/  45/65/42" 60/50/55/45"
60"
Upnix Field capacity mm 105 105 20/70/30% 85/80/80/85"
Alfa (a) Groundwater recession constant - 0.006 0.005 0.002 0.004
Beta () Deep recharge coefficient - 0.0 0.0 0.0003/0.0008/ 0.004
0.0002*
Quality gages
62772500 2605 62691200
Sediment K Soil erodibility factor ton/h/ 0.03 0.03 0.025
MJ.mm
LS Topographic factor - 0.10 0.26 0.86
P USLE equation suport practices - 0.60 0.80
C Factor of conservation practices - 0.30 0.90
SDR Sediment Delivery Ratio - 0.062 0.009 0.056
Nitrogen and NcbPP Dissolved nitrogen in point sources g/hab/day  6.00 — 112.00 7.00 6.00
phosporus N Nitrogen and Phosphorus removal rate by - 0.80 0.70 0.80
sewage treatment system
N’ Rate of nitrogen and phosphorus removal - 0.30 0.20
from areas without sewage treatment
NCPR Dissolved nitrogen in rural sediments mg/L 0-2.90 0.02-0.1
NCSR Solid nitrogen in rural sediments mg/kg 500 - 900 700.00 500
NCSU Solid nitrogen in urban sediments k/ha 0.028 - 0.031 0.030 0.0030
NCDPG Nitrogen in groundwater mg/L 0.10 - 19.00 0.50
sbop Percentage of population having sewage - 0.70 0.80 1
treatment system
CN Pasture - 47.80 47.55
Forest-mixed - 69.30 50.00 69.35
Urban area - 98.00 98.00 98.00
Range-grasses - 58.30 58.30 58.30
Agriculture - 72.90 60.00 72.86
Sugarcane - 69.20 62.00 69.15
pcbP Dissolved phosphorus in point sources g/hab/day  1.00 - 5.00 5.00
PCPR Dissolved phosphorus in rural sediments mg/L 0-0.30 0.09 - 0.50
PCSR Solid phosphorus in rural sediments mg/kg 120 - 393 500.00
PCSU Solid phosphorus in urban sediments k/ha 0.002 - 0.007 0.003 0.0025
pcPG Phosphorus in groundwater mg/L 0.01-1 0.7 0.2

This parameters values corresponding to different hydrometric gages related to Jacaré-Guacu and Atibaia river basin respectively: *62760005,
62767500, 62772500 and ° 3006, 3007, 3003 and 4009.

gages density in both basins is similar (1.06 gages per 100 km? in Jacaré-Guacu river basin and 0.51 gages per 100 km? in Atibaia
river basin), some smaller watersheds are not well covered by the precipitation monitoring network. A good example of this challenge
is the river basin of the Jacaré-Guacu upstream station (62760005), which spreads over a mountainous region and is monitored by a
single precipitation station.

The best model’ performance is obtained at the downstream stations of both river basins (62772500 and 4009), where NSE are
always above 0.55 even for the validation period. The model’s better performance at the downstream stations indicates that the
aggregating effect arising from larger watersheds facilitates the model’s calibration. Existing deficiencies in estimating flow at a local
scale due to weak monitoring or poor representation of the watershed characteristics do not have a significant impact at a larger
scale. A similar aggregating effect also explain why the models results aggregated at a monthly time step compare better with
observed values, than when this comparison is performed at a daily time step. Both models and GWLF, in particular, have difficulty in
reproducing the flow variability at shorter time periods.

Overall, the results show that although SWAT has a better performance in reproducing the daily flow values, this comparative
advantage is not evident at a monthly time step.

To reproduce sediment yield with SWAT, the USLE equation support practices parameters (USLE_P) was identified as the most
important one and was set to 0.8 in both study cases, which indicates the existence of conservation practices in the basin what is
actually found in the field. The coefficient in the sediment transport equation (SPCON) calibrated was set to 0.01 which indicates a
larger amount of sediment entering the channel. The channel erodibility factor (CH.COV1) and the channel coverage factor
(CH_COV2) are factors that also influence the transport of sediments in the channel, since they determine the channel susceptibility to
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Fig. 2. Comparison of SWAT and GWLF computed daily flows with the observed flow at station 62772500 (Jacaré-Guacu river basin).
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Fig. 3. Comparison of SWAT and GWLF computed monthly flows with the observed flow at station 62772500 (Jacaré-Guacu river basin).

erosion and the channel protection to erosion. Both parameters were set to 0.1 indicating a low susceptibility to channel erosion.

In SWAT, the nitrogen loads are mostly sensitive to the nitrogen percolation coefficient (NPERCO) and to the nitrate con-
centration in the shallow aquifer (SHALLST_N), while the phosphorus loads are sensitive to the initial organic P concentration in soil
layer (SOL_ORGP), to the phosphorus percolation coefficient (PPERCO) and to the phosphorus soil-partitioning coefficient
(PHOSKD). In GWLF, the most relevant parameters are related to the dissolved contaminants in rural areas (NCkDR and PC,?R).

The computed values of sediment yield, total nitrogen and phosphorus loads were compared with bi-monthly measurements
performed at Jacaré-Guacu quality station (62776400), from January/2001 to December/2010, and at Atibaia quality stations (2605
and 62691200), from January/2009 to December/2016. The comparison between the models results and the observed values is
hindered due to the bimonthly sampling interval of the latter values.

Table 6 shows the computed performance indicators for both models and for both cases studies. Figs. 6, 7 and 8 compare the
sediment yield values. SWAT sediment yield estimates present a higher variability than the GWLF estimates, at times exceeding the
observed peak values. The GWLF model generates a smoother time series of results that underestimate both the observed values and
the SWAT estimates during recession periods. This is mostly because GWLF applies the USLE equation with rainfall intensity re-
presenting the erosive factor, while SWAT resorts to the MUSLE equation, using runoff volume and peak flow rate to compute the
sediment yield. The smoother variability of streamflow, when compared to precipitation, resulting from surface runoff storage that
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Fig. 4. Comparison of SWAT and GWLF computed daily flows with the observed flow at station 4009 (Atibaia river basin).
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Fig. 5. Comparison of SWAT and GWLF computed monthly flows with the observed flow at station 4009 (Atibaia river basin).

Table 4
SWAT and GWLF models performance in reproducing daily and monthly streamflow for Jacaré-Guacu river basin.
Calibration - SWAT Validation - SWAT Calibration - GWLF Validation - GWLF
Gage NSE Pbias > NSE Pbias r? NSE Pbias r NSE Pbias >
Daily
62760005 0.15 -1.31 0.09 —0.03 1.38 0.15 —0.66 2.16 0.09 —-0.57 —6.85 0.11
62767500 0.21 -3.30 0.29 —-0.74 —10.88 0.24 0.18 21.82 0.34 —0.84 0.95 0.23
62772500 0.27 —-6.77 0.38 0.49 3.15 0.32 —0.64 3.24 0.24 —0.59 —-3.95 0.13
Monthly
62760005 0.30 -1.75 0.15 0.35 10.30 0.21 0.34 2.28 0.24 0.68 —6.76 0.36
62767500 0.32 —4.84 0.31 0.68 —-10.83 0.73 0.31 20.88 0.56 0.66 0.45 0.71
62772500 0.55 —6.65 0.59 0.81 3.21 0.65 0.59 5.70 0.64 0.84 —2.65 0.69

14



F.M.d. Santos, et al. Journal of Hydrology: Regional Studies 29 (2020) 100685

Table 5
SWAT and GWLF models performance in reproducing daily and monthly streamflow for Atibaia river basin.
Gage Calibration - SWAT Validation — SWAT Calibration - GWLF Validation - GWLF
NSE Pbias S NSE Pbias S NSE Pbias 'S NSE Pbias S
Daily
3006 0.58 0.45 0.41 0.30 —12.89 0.39 0.23 —13.05 0.29 0.23 8.64 0.24
3007 0.31 12.53 0.41 0.32 —3.56 0.44 0.21 —-6.50 0.24 0.21 —6.50 0.24
3003 0.70 -7.86 0.49 0.50 —8.98 0.50 0.52 —0.48 0.26 0.30 -8.09 0.27
4009 0.77 —21.85 0.62 0.61 -7.32 0.53 0.50 2.49 0.34 0.16 —-0.94 0.27
Monthly
3006 0.86 0.44 0.71 0.62 —11.80 0.64 0.70 17.26 0.47 0.42 10.40 0.44
3007 0.81 12.81 0.88 0.70 —8.67 0.72 0.71 —-7.74 0.43 0.53 -9.36 0.57
3003 0.88 —6.93 0.76 0.70 —7.25 0.72 0.76 0.73 0.47 0.60 —-8.21 0.55
4009 0.95 —-4.89 0.88 0.77 —4.67 0.72 0.86 2.60 0.70 0.76 -1.09 0.70
Table 6
SWAT and GWLF models performance in reproducing water quality for Jacaré-Guacu and Atibaia quality station.
Model/Station Sediment yield Total Nitrogen load Total Phosphorus load
NSE Pbias r2 NSE Pbias 2 NSE Pbias r2
Jacaré-Guacu River basin
62776400 SWAT 0.23 9.02 0.06 -9.20 —483.54 0 0.23 14.72 0.19
GWLF 0 —-5.86 0.11 0 26.99 0 —0.52 6.39 0
Atibaia River Basin
2605 SWAT —0.04 39.50 0.07 -1.12 76.04 0 -0.18 20.00 0.20
GWLF 0.41 34.59 0.50 —-0.28 43.93 0 -0.25 72.10 0
62691200 SWAT —0.04 33.33 0.04 -1.34 76.62 0 —0.04 18.44 0.35
GWLF 0.40 —20.40 0.47 0 —10.26 0.19 —0.24 65.35 0.11
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Fig. 6. Performance of SWAT and GWLF models for sediment yield at station 62776400 (Jacaré-Guacu river basin).
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Fig. 8. Performance of SWAT and GWLF models for sediment yield at station 62691200 (Atibaia river basin).
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Fig. 9. Performance of SWAT and GWLF models for total nitrogen load at station 62776400 (Jacaré-Guacu river basin).

lags precipitation and runoff release to the main channel, dampens the sediment variability. SWAT also uses sediment transport
equations to simulate erosion and deposition along the main channel.

From the figures, both models are able to reproduce the order of magnitude and the major variations of the sediment yield,
although not with accuracy. Table 6 shows that GWLF leads to better sediment yield estimates, especially in the Atibaia river basin
computed values, where NSE and r2 reach values close to 0.5.

Figs. 9, 10 and 11 compare the total nitrogen load values computed for and measured at the three monitoring stations. Both
models can reproduce the order of magnitude of the observed values during low flows but offer highly variable estimates that
significantly exceed the by-monthly observed values. The performance indicators values (Table 6) confirm this poor performance,
with the GWLF model showing slightly better results.

Figs. 12, 13 and 14 compare the total phosphorus load values computed for and measured at the three monitoring stations. The
results of both models for the station located in the Jacaré-Guagu river basin presented a good fit for the low observed values but fail
to predict the peaks (Fig. 12). SWAT modelled peak values present a delay when compared with the GWLF estimates, due to the
runoff lag equation used by the SWAT. The performance indicators suggest that SWAT performs slightly better than GWLF. Overall,
the phosphorus estimates from both models, but particularly from SWAT, are better than the nitrogen estimates.

The difficulties in reproducing nutrients loads and sediment transport also arise from the accumulation of estimation errors all
through the computing sequence, from stream flow to sediment transport and, finally, to nutrients loads.

5. Conclusions

The research showed the difficulty hydrological models have to reproduce daily flows from meteorological daily data in real-case
situations, where the existing precipitation dataset is limited and is not able to fully represent the time and space variability of this
variable. When the models’ results are aggregated at monthly time step to be compared with the corresponding observed values, the
models’ performance improves significantly. The same aggregating effect also explains why the model’s performance better at the
downstream stations monitoring larger upstream areas.

The SWAT model has a slight better overall performance in reproducing the daily flow values than GWLF, but this comparative
advantage is not clearly shown at a monthly time step, showing that the effort in required to calibrate, validate and run more
complete and distributed models may not pay off. When detailed precipitation data is not available, simpler lumped models may lead
to equally accurate results.

When estimating sediment yield, the models can reproduce the order of magnitude and the major variations of the sediment yield,
although not with significant accuracy. The model’s performance to reproduce N and P loads is poor, in particularly the nitrogen
loads. As the phosphorus loads are better correlated with sediments yield, the model estimates are slightly better when compared
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Fig. 10. Performance of SWAT and GWLF models for total nitrogen load at station 2605 (Atibaia river basin).
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Fig. 11. Performance of SWAT and GWLF models for total nitrogen load at station 62691200 (Atibaia river basin).
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Fig. 12. Performance of SWAT and GWLF models for total phosphorus load at station 62776400 (Atibaia river basin).
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Fig. 13. Performance of SWAT and GWLF models for total phosphorus load at station 2605 (Atibaia river basin).
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Fig. 14. Performance of SWAT and GWLF models for total phosphorus load at station 62691200 (Atibaia river basin).

with the observed values. Once again, the SWAT performance to estimate sediment, nitrogen and phosphorus loads is slightly better
than GWLF, but this comparative advantage may not compensate the additional effort calibrate and validate it.

Models are useful for decision making if they can capture the main signals of the hydrological processes, even if they do not
accurately reproduce the finer variability of some variables. Our research showed that GWLF model is a useful decision support tool
for preliminary studies at a monthly time step, given the straightforwardness to calibrate and apply the model. When detailed data is
available and when estimates are needed for shorter time periods and smaller and more diverse areas, SWAT ability to simulate
watershed processes in detail has the potential to lead to better results, if an adequate dataset is available to calibrate and validate the
model. And given its more complete and physically based formulation, SWAT is also expected to produce robust results and perform
better at situations not used during its calibration.

The research showed that when there are weaknesses in the existing dataset for model calibration and validation, both a more
complete model (SWAT) and a parsimonious model (GWLF) fail to reproduce the finer variability of some variables at a daily time
step, namely streamflow, sediment loads and nutrients concentration. In such cases, a sensitivity analysis of the input variables and
the model parameters may help convey an indication of the model’s results uncertainty.

The research also put in evidence some results than can be used to improve the model’s performance. SWAT methods to estimate
areal average areal precipitation over each HRU could be improved. Concerning GWLF, the use of the original the Soil Conservation
Service method (SCS-CN) by GWLF for estimating runoff leads to a highly variable time series that often overestimates flow peaks and
total flow volume and the use of the USLE equation with rainfall intensity representing the erosive factor and the non-consideration of
erosion and deposition along the main channel also leads to highly variables sediment and phosphorus loads estimates. In the future,
it may be possible to improve GWLF formulation to confront these problems and improve is performance, while maintaining the
models’ parsimony.
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