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ABSTRACT 

This study aimed to use global sensitivity analysis (GSA) methods to evaluate the 
sensitivity of the SAC-SMA hydrologic model parameters in the estimation of daily flows 
of the Piracicaba river basin. The study was carried out in three sections of flow 
monitoring of the Piracicaba river basin, with an area of 5,304.0 km2 and located in the 
State of Minas Gerais, Brazil. For the global sensitivity analysis of the SAC-SMA model, 
the Morris and Sobol methods were used. The model parameters showing high sensitivity 
were UZFWM, which represents the free water depth in the upper zone of the soil and 
interferes with the subsurface flow and groundwater aquifer recharge; ADIMP, which 
represents the additional impermeable area of the basin and interferes with the direct 
runoff generation; and LZPK, LZSK, LZFPM, and LZFSM, which are related to the base 
flow of the basin. The results showed that most of the SAC-SMA model parameters do 
not provide expressive variations in the output variable, most of the SAC-SMA model 
parameters with high sensitivity are the intervenient in the base flow, and the Morris 
method should be used as a preliminary analysis to the use of the Sobol method. 

 
 
INTRODUCTION 

Hydrologic simulation models allow understanding 
the hydrologic behavior of a basin, making possible their use 
for the evaluation of strategies of water resources 
management and prediction of extreme events (Andrade et 
al., 2013). 

Several hydrologic models have been developed and 
used worldwide with a variety of purposes (Devia et al., 
2015). Among these models, Soil Moisture Accounting 
(SAC-SMA) (Burnash, 1995), developed in the United States 
for flood forecasting on the Sacramento River (California), 
stands out. 

Even considering the importance of hydrologic 
modeling, the great difficulty of its practical application is the 
calibration/validation and understanding of the behavior of 
hydrological models with a high number of parameters. In 
this context, the sensitivity analysis is an important tool to be 
adopted before the calibration/validation process and flow 
estimation (Shin et al., 2013; Song et al., 2015). 

Sensitivity analysis allows evaluating the influence of 
input data and their interactions on the performance of 
mathematical models. The results of this analysis allow 

understanding the behavior of hydrologic models and are 
useful in the parameterization, optimization, and 
quantification of model uncertainties (Song et al., 2015). 

From the evaluation of the interaction between 
parameters and identification of those with a significant 
influence on the output results of the model, the sensitivity 
analysis allows reducing the number of parameters 
incorporated in the calibration and time required for its 
execution (Rakovec et al., 2014). This reduction is obtained 
by setting values for parameters with no significant influence 
on the output results of the model (Herman et al., 2013). 

Sensitivity analysis methods can be divided into local 
and global. Local methods determine the importance of the 
parameter in a single point of the sample space and should be 
applied only to linear or additive models (Tian, 2013). 

On the other hand, global sensitivity analysis (GSA) 
methods evaluate the interaction between the input data and 
quantify the influence of parameters on the variable response 
of the model considering all its range of variation. Therefore, 
they can be applied to nonlinear and non-monotonic models, 
such as hydrologic models (Tian, 2013). Among the GSA 
methods, Morris (Morris, 1991) and Sobol (Sobol, 1993) 
stand out. 
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The Morris method requires little computational 

effort, being simple to implement and easy to interpret. In 

addition, it has presented itself as a promising tool for the 

qualitative evaluation of the sensitivity of hydrologic model 

parameters and as a preliminary analysis to the use of 

variance-based GSA methods, which are computationally 

more costly (Herman et al., 2013; Cariboni et al., 2007). 

In order to verify the convergence and validation of 

GSA methods, Sarrazin et al. (2016) applied the Morris 

method to identify sensitive parameters of the hydrologic 

models SWAT, HyMod, and HBV. Moreau et al. (2013) used 

the method to identify the input information and the most 

sensitive parameters of the distributed TNT2 agro-

hydrological model. Studies by Song et al. (2013) and Zhan 

et al. (2013) corroborated the success of using the Morris 

method to identify sensitive parameters of hydrologic 

models. 

The Sobol method is another adequate GSA method 

for sensitivity analysis of nonlinear models with a large 

number of parameters, being more robust than the Morris 

method, allowing quantifying individually the effects of 

parameters and their interactions on the output data of the 

model (Yang, 2011; Zhang et al., 2013). 

Studies such as those of Zhang et al. (2013) and Van 

Werkhoven et al. (2009) used the Sobol method to analyze 

the sensitivity of SWAT and SAC-SMA hydrologic model 

parameters, respectively. 

Thus, this study aimed to evaluate, through global 
sensitivity analysis and using the Morris and Sobol methods, 
the sensitivity of the SAC-SMA model parameters applied to 
the Piracicaba river basin for estimating daily flows. 

 
MATERIAL AND METHODS 

Study area and database 

In order to perform the sensitivity analysis of the SAC-
SMA model, also known as Sacramento, daily data of 
pluviometric, fluviometric, and meteorological stations 
located in the Piracicaba river basin, located in the central-
eastern portion of the State of Minas Gerais, and in its 
surroundings (Table 1 and Figure 1). 

For the application of SAC-SMA, the drainage areas 
upstream of the three fluviometric stations located in the 
Piracicaba river basin were used as sub-basins (Figure 1). 

Daily flow data were used for the periods from 
September 1, 1990 to December 31, 1992, July 1, 2002, to 
December 31, 2006, and September 1, 1990, to December 31, 
1993, recorded in the fluviometric stations Carrapato 
(56640000), Rio Piracicaba (56610000), and Mário de 
Carvalho (56696000), respectively (Table 1). These periods 
were selected because they did not present faults in the 
hydrometeorological data of the stations listed in Table 1. 

The drainage areas of the fluviometric stations 
56640000, 56610000, and 56696000 are equal to 427.5, 
1,164.2, and 5,304.0 km2, respectively. 

 
TABLE 1. Information on the stations used in the study. 

Code Name Station Latitude (°) Longitude (°) Altitude (m) 

01942029 Mário de Carvalho P -19.525 -42.644 232 

01943008 Santa Maria do Itabira P -19.442 -43.118 538 

01943027 Usina Peti P -19.881 -43.367 1,110 

02042031 Fazenda Cach. D’Antas P -20.011 -42.674 280 

02043059 Colégio Caraça P -20.097 -43.488 1,300 

02043056 Fazenda Água Limpa P -20.305 -43.616 965 

01943007 Santa Bárbara P -19.945 -43.401 748 

01943001 Rio Piracicaba P -19.923 -43.178 623 

56640000 Carrapato F -19.972 -43.459 755 

56610000 Rio Piracicaba F -19.932 -43.173 748 

56696000 Mário de Carvalho F -19.524 -42.640 232 

2042024 Viçosa M -20.766 -42.866 712 

P: pluviometric station; F: fluviometric station; M: meteorological station. 
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FIGURE 1. Piracicaba river basin, highlighting the three sub-basins used in the study. 
 
Hydrologic modeling with SAC-SMA 

The SAC-SMA model requires as input variables 
precipitation and reference evapotranspiration data. Daily 
reference evapotranspiration (ET0) was calculated by means 
of the method of Hargreaves and Samani (Hargreaves & 
Samani, 1985). The average precipitation in the drainage area 
of each sub-basin was obtained by the Thiessen method, as 
described by Macêdo et al. (2013). 

The SAC-SMA model performs water balance in the 
upper and lower areas of the soil in order to quantify the 

direct, surface, subsurface, primary basis, and supplementary 
basis flows, which contribute to the flow of watercourse. 

Figure 2 shows the schematic representation of the 

SAC-SMA model, which has 13 parameters that characterize 

the hydrologic system, whose values must be obtained by 

means of automatic or manual calibration. 

Detailed descriptions of the SAC-SMA model, 

according to hydrologic concepts, can be obtained in Burnash 

(1995) and Andrews et al. (2011). 

 
FIGURE 2. Schematic representation of the SAC-SMA model, explaining the optimizable parameters. 
Source: Adapted from Van Werkhoven et al. (2009). 
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Table 2 shows the SAC-SMA model parameters and Table 3 shows the ranges of parameters proposed by Shin et al. 
(2013) and used in the GSA procedures of this study. 

 
TABLE 2. Description of the SAC-SMA model parameters (Shin et al., 2013). 

Parameter Unit Description 
UZTWM mm Upper zone tension water maximum capacity. 
UZFWM mm Upper zone free water maximum capacity. 
LZTWM mm Lower zone tension water maximum capacity. 
LZFPM mm Lower zone primary free water maximum capacity. 
LZFSM mm Lower zone supplemental free water maximum capacity. 

UZK day-1 Upper zone free water lateral depletion rate. 
LZPK day-1 Lower zone primary free water depletion rate. 
LZSK day-1 Lower zone supplementary free water depletion rate. 

PCTIM km2/km2 Fraction of the impervious area. 
ADIMP km2/km2 Fraction of the additional impervious area. 
PFREE mm/mm Direct percolation fraction from upper to lower zone free water storage. 
ZPERC none Maximum percolation rate coefficient. 
REXP none Exponent of the percolation equation. 

 
TABLE 3. Variation range of the SAC-SMA model parameters, as proposed by Shin et al. (2013) 

Parameter Unit Lower limit Upper limit 
UZTWM mm 1.00 150.00 
UZFWM mm 1.00 150.00 
LZTWM mm 1.00 500.00 
LZFPM mm 1.00 1,000.00 
LZFSM mm 1.00 1,000.00 

UZK day-1 0.10 0.50 
LZPK day-1 10-4 0.25 
LZSK day-1 10-2 0.25 

PCTIM km2km-2 10-6 0.10 
ADIMP km2km-2 0.00 0.40 
PFREE mm mm-1 0.00 0.60 
ZPERC none 1.00 250.00 
REXP none 0.00 5.00 

 
Morris method 

The numerical procedure described by Campolongo et 
al. (2007) and Morris (1991), which is deployed in the 
sensitivity package of the software R, was used to analyze the 
sensitivity of the SAC-SMA model parameters using the 
Morris method. 

In this method, the SAC-SMA model parameters 
(Table 2) were considered as a discrete number of evenly 
spaced values, being quantified the elementary effects or the 
difference (di) as a measure of sensitivity. The range of 
variation of parameters is shown in Table 3. 

The number of simulations (NMorris) of the SAC-SMA 
model required by the Morris method was determined with             
[eq. (1)]. 

NMorris = r(k+1)                                                                (1) 

Where,  

NMorris is the number of simulations of the SAC-SMA 
model;  

r is the number of repetitions, and  

k is the number of input parameters of the model. 
 

 
 
 
 

In this study, r was equal to 103, as recommended by 
Shin et al. (2013), and k corresponded to 13 since the SAC-
SMA model has 13 input parameters, as shown in Table 2. 
Thus, the NMorris of the SAC-SMA model, for the application 
of the Morris method, was equal to 14,000. 

For a given set X = (x1, x2, x3, …, xk=13) of parameters 
of the SAC-SMA hydrologic model, the elementary effect di 
for the i-th parameter was defined by [eq. (2)]. 

di=
[y(x1,x2,…,xi-1+∆,xi+1,…,xk=13)-y(x)]

∆
               (2) 

Where,  

Δ is a value in {1/(p−1), …, 1−1/(p−1)},  

Where,  

p is the number of levels defined as equal to 10 in this 
study, and  

y(x) is the value of the objective function for the set of 
X parameters of the SAC-SMA model.  

 
In this study, the Nash-Sutcliffe coefficient was used 

as the objective function of the model. 
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The value of di was calculated for a number of r 
samples equal to 103 and the mean (μi) and standard deviation 
(σi) of these values of elementary effect were obtained by   
eqs (3) and (4). 

μi=
1

r
di(j)                                                                 (3)

r

j=1

 

σi= 
1

r-1
di(j)-

1

r
di(j)

r

j=1

r

j=1

                                     (4) 

Where,  

di(j) is the elementary effect for the input parameter i 
using the j-th sampling point, j = 1, 2, 3, …, r (r is the 
number of sampling repetitions). 
 
When the model is non-monotonic, some elementary 

effects (di) with opposing signals can be canceled. Thus, the 
proposition of Campolongo et al. (2007) was adopted for 
calculating μ* by [eq. (5)]. 

μ*=
1

r
di(j)                                                              (5)

r

j=1

 

 
Mean and standard deviation values obtained by eqs 

(5) and (4), respectively, indicate the influence of each 
parameter on the objective function of the hydrologic model. 

The value of μ* estimates the overall effect of each 
parameter on the model output and the value of σ estimates 
the higher order effects such as non-linearity and interactions 
between parameters. If μ* is substantially different from zero, 
it indicates that the parameter i has an important influence, in 
general, on the model output. On the other hand, a high value 
of σ implies that the parameter i has a nonlinear effect on the 
output or there is an interaction between the parameter i and 
other parameters. 
 
Sobol method 

The numerical procedure proposed by Saltelli (2002), 
which is deployed in the sensitivity package of the software 
R, was used to calculate the Sobol index. The Nash-Sutcliffe 
coefficient was used as the objective function. 

The first step to determine the Sobol index was to 
establish the number of simulations (NSobol) by means of     
[eq. (6)]. 

Nsobol=M(k+2)                                                            (6) 
 

Where,  

NSobol is the number of simulations of the SAC-SMA 
model,  

M is the number of repetitions, and  

k is the number of input parameters of the model. 
 

In this study, the M value was equivalent to 104, as 
recommended by Shin et al. (2013). Because it is the 
sensitivity analysis of the SAC-SMA model, the value of k 
was equal to 13, as shown in Table 2. Thus, the NSobol of the 
SAC-SMA model, for application in the Sobol method, was 
equal to 150,000. 

The first-order (Si) and total (STi) Sobol indices were 
quantified. According to Massmann & Holzmann (2012), the 
difference between the first-order index and the total index is 
because it measures the interaction of i with other factors. 

Usually, STi is higher than Si. According to Lopez-
Cruz et al. (2014), if the factor Xi is not involved in 
interactions with other factors, then STi = Si, otherwise           
STi > Si. 

The difference STi − Si indicates to what extent the 
factor Xi is involved in the interactions. If STi = 0 is obtained, 
it implies that the factor Xi is not influential and can be fixed 
at any value without affecting the variance of the model 
output variable. In addition, the sum of all Si indices must be 
equal to the unit in case of additive models and lower than the 
unit in case of non-additive models. The sum of all STi is 
always higher than the unit value and only equal to the unity 
in the case of additive models (Lopez-Cruz et al., 2014). 

 
RESULTS AND DISCUSSION 

Morris method 

The results of the global sensitivity analysis (GSA) by 
the Morris method are shown in Figure 3. 

Based on the interpretation of values of mean (μ∗) and 
standard deviation (σ) of the elementary effects (di) obtained 
in the monitoring sections 56696000 (Mário de Carvalho) and 
56610000 (Rio Piracicaba), five parameters among the 13 of 
the SAC-SMA model it was identified by the Morris method, 
providing higher variations in the output variable, i.e. the 
daily flow (Figures 3a and b). 

For these two sections, the most important parameter 
of SAC-SMA was LZTWM (Figure 3a and b), which 
represents the maximum water depth retained in the 
groundwater aquifer and, therefore, unavailable for the base 
flow. 

Figure 4 (a and b) shows that the parameter LZTWM, 
besides having an expressive influence on the flows estimated 
by the SAC-SMA model, due to the high value of μ∗, has high 
standard deviation value (σ), demonstrating that it has 
interaction with other parameters of the model. 
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UZTWM: upper zone tension water maximum capacity (mm); UZFWM: upper zone free water maximum capacity (mm); 
LZTWM: lower zone tension water maximum capacity (mm); LZFPM: lower zone primary free water maximum capacity 
(mm); LZFSM: lower zone supplemental free water maximum capacity (mm); UZK: upper zone free water lateral depletion 
rate (day-1); LZPK: lower zone primary free water depletion rate(day-1); LZSK: lower zone supplementary free water depletion 
rate (day-1); PCTIM: fraction of the impervious area (km2/km2); ADIMP: fraction of the additional impervious area (km2/km2); 
PFREE: direct percolation fraction from upper to lower zone free water storage (mm/mm); ZPERC: maximum percolation 
rate coefficient (none); REXP: exponent of the percolation equation (none).                  

FIGURE 3. Results of the Morris method for the three sections of flow monitoring of the Piracicaba river basin: Mário de 
Carvalho – 56696000 (a), Rio Piracicaba – 56610000 (b), and Carrapato – 56640000 (c). 

 
The parameters LZPK, LZSK, UZTWM, and 

UZFWM are also important, but, in general, have little 
influence in isolation due to the lower values of μ∗. However, 
they must be considered due to the interactions they have with 
other parameters, explained in the standard deviation value 
(σ). 

The parameters LZPK and LZSK represent the base 
flow depletion. However, UZTWM and UZFWM are 
parameters related to the storage of water in the upper zone 
of the soil and interfere with the recharge of the groundwater 
aquifer and surface and subsurface flows. 

Figure 3 (a and b) shows that the parameters PFREE, 
ADIMP, PCTIM, LZFSM, LZFPM, ZPERC, REXP, and 
UZK presented low sensitivity, with lower values for both the 
direct effect (μ∗) and interactions (σ). This result suggests that 
62% of the parameters of the SAC-SMA model do not cause 
significant changes in daily flow estimates in the monitoring 
sections Mário de Carvalho and Rio Piracicaba. Therefore, 
they could be fixed by reducing the number of input data and 
the time required for calibration. 

In the monitoring section 56640000 (Carrapato), 
seven parameters with an expressive influence on the flow 
values estimated with the SAC-SMA model were identified 
with the Morris method, as shown in Figure 3c. 

In this monitoring section, the parameter that 
presented the highest sensitivity was the LZSK, which 
represents the base flow depletion. Figure 3c shows that this 
parameter also presents interaction with other parameters due 
to the high value of σ. 

Moreover, the parameters LZPK and ADIMP also 
presented a high sensitivity, considering the value of the 

direct effect (μ∗). However, the values of σ demonstrated that 
LZPK has an expressive interaction with other parameters, 
unlike ADIMP. 

The parameter LZPK is related to the underground 
flow depletion. The parameter ADIMP, on the other hand, 
represents the impermeable area of the basin and the higher 
its value, the higher the amount of precipitation that will flow 
superficially. 

The parameters LZTWM, LZFSM, LZFPM, and 
UZFWM have a lower influence on the estimated flows with 
the SAC-SMA model for the monitoring section Carrapato. 
However, they should be considered due to their interaction 
with other factors, explained in the value of σ (Figure 3c). 

The parameters LZTWM, LZFSM, and LZFPM 
represent the water storage in the groundwater aquifer and 
hence have a direct influence on the base flow. On the other 
hand, UZFWM represents the maximum water depth in the 
upper zone of the soil that is available for the subsurface flow 
and groundwater aquifer. 

Figure 3c shows that the parameters PFREE, 
UZTWM, ZPERC, REXP, PCTIM, and UZK presented a low 
sensitivity, with low values for both the direct effect (μ∗) and 
interactions (σ). This result indicates that 46% of the SAC-
SMA model parameters do not cause significant changes in 
the daily flow estimates in the monitoring section Carrapato 
and could be fixed, reducing the number of input data and 
time required for calibration. 

The AGS results indicate that the parameters 
LZTWM, LZPK, LZSK, UZTWM, and UZFWM related to 
the surface, subsurface, and base flows of the basin should be 
determined with higher care due to the great influence they 

(a) (b) 

(c) 
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have on the flows of the monitoring sections Mário de 
Carvalho and Rio Piracicaba. For the monitoring section 
Carrapato, this set of parameters is formed by LZSK, LZPK, 
ADIMP, LZTWM, LZFSM, LZFPM, and UZFWM. 

Results of the Morris method, obtained by Gan et al. 
(2014) in a basin of the United States, indicated a high 
sensitivity of the parameters PCTIM, ADIMP, LZTWM, and 
PFREE, related to surface and base flows. Among the 
parameters highlighted by these authors, LZTWM presented 
sensitivity in the three monitoring sections of the flow of the 
Piracicaba river basin, while PCTIM showed high sensitivity 
only in the section Carrapato. 

When assessing the sensitivity of SAC-SMA with the 
Morris method in a basin located in the State of Oklahoma, 
United States, Herman et al. (2013) concluded that the 
parameters LZFPM, LZFSM, UZK, UZFWM, and ADIMP 
have a high sensitivity. 

Among the parameters highlighted by Herman et al. 
(2013), only UZFWM had sensitivity for the three sections 
studied in the Piracicaba river basin. The parameters ADIMP, 
LZFSM, and LZFPM showed sensitivity only in the 
monitoring section Carrapato. 

Some parameters of the SAC-SMA model, identified 
as sensitive by Gan et al. (2014) and Herman et al. (2013) in 
basins of the United States, did not show sensitivity in the 

Piracicaba river basin, which may be related to the distinct 
characteristics of drainage areas. According to Lelis et al. 
(2012), the divergence of results in the sensitivity analysis is 
common since the sensitivity of the parameter is especially 
influenced by soil use and occupation, topography, and other 
physical and climate factors, which are variable in the 
drainage areas. 

The number of sensitive parameters of the SAC-SMA 
model identified using the Morris method in the Piracicaba 
river basin and in other basins suggests that the model does 
not require calibration of approximately 50% of the input 
parameters since changes in their values do not result in 
significant variations in the output data. 

According to Silva (2010), a model is prominent when 
its inputs cause a variation in the simulated data. Otherwise, 
when most of the parameters of a model have low sensitivity, 
as occurred with the SAC-SMA model applied in the 
Piracicaba river basin, there is an indication that the model is 
unnecessarily complex. 

Sobol method 

Table 4 shows the first-order (Si) and total (STi) Sobol 
indices obtained for the three monitoring sections of the 
Piracicaba river basin. 

 
TABLE 4. First-order (Si) and total (STi) Sobol indices obtained for the three monitoring sections of the Piracicaba river basin. 

Parameter 
Fluviometric station 

Carrapato - 56640000 Rio Piracicaba - 56610000 Mário de Carvalho - 56696000 
Si STi Si STi Si STi 

UZTWM 0.001 0.004 0.065 0.081 0.043 0.057 
UZFWM 0.152 0.232 0.040 0.048 0.027 0.015 

UZK 0.001 0.007 0.016 0.012 0.001 0.002 
PCTIM 0.008 0.028 0.043 0.052 0.011 0.030 
ADIMP 0.118 0.172 0.002 0.012 0.024 0.040 
ZPERC 0.004 0.008 0.031 0.022 0.001 0.001 
REXP 0.001 0.024 0.040 0.030 0.001 0.004 

LZTWM 0.030 0.077 0.002 0.027 0.007 0.010 
LZFSM 0.026 0.222 0.013 0.044 0.014 0.067 
LZFPM 0.026 0.191 0.017 0.058 0.016 0.080 
LZSK 0.078 0.226 0.233 0.304 0.196 0.276 
LZPK 0.131 0.272 0.367 0.447 0.441 0.595 

PFREE 0.021 0.041 0.073 0.091 0.032 0.041 
Soma 0.599 1.503 0.941 1.228 0.814 1.218 

UZTWM: upper zone tension water maximum capacity (mm); UZFWM: upper zone free water maximum capacity (mm); LZTWM: lower 
zone tension water maximum capacity (mm); LZFPM: lower zone primary free water maximum capacity (mm); LZFSM: lower zone 
supplemental free water maximum capacity (mm); UZK: upper zone free water lateral depletion rate (day-1); LZPK: lower zone primary free 
water depletion rate(day-1); LZSK: lower zone supplementary free water depletion rate (day-1); PCTIM: fraction of the impervious area 
(km2/km2); ADIMP: fraction of the additional impervious area (km2/km2); PFREE: direct percolation fraction from upper to lower zone free 
water storage (mm/mm); ZPERC: maximum percolation rate coefficient (none); REXP: exponent of the percolation equation (none).                  

 
Table 4 shows that the parameters LZPK and LZSK 

presented the highest sensitivity in the drainage areas of the 
monitoring sections Mário de Carvalho (566960000) and Rio 
Piracicaba (56610000) as they had the highest values of first-
order (Si) and total indices (STi). 

The parameters LZPK and LZSK corresponded to the 
depletion rates of the groundwater aquifer and its 
supplementary recharge, resulting from part of the 
precipitation that percolated to the lower zone of the soil, 
respectively. Thus, a high influence of parameters that govern 
the base flow in the estimated flows for the monitoring 
sections Mário de Carvalho and Rio Piracicaba is observed. 

Table 4 shows that the condition STi>Si is true for the 
parameters LZPK and LZSK in the sections Mário de 
Carvalho and Rio Piracicaba, confirming the existence of 
interaction of them with other parameters. 

In the station 56640000 (Carrapato), in addition to 
LZPK and LZSK, the primary (LZFPM) and supplementary 
(LZFSM) storages of the groundwater aquifer are also 
important. In addition, this was the only section that presented 
sensitive parameters in the upper zone of the soil, which, in 
this case, were the free water depth in the soil (UZFWM) and 
additional impermeable area (ADIMP) interfering with the 
subsurface and surface flow, respectively. 
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In this monitoring section, a low difference was 
observed in the values of the Sobol index of parameters, 
especially those related to the total effect (Table 4). 

All the six parameters of the SAC-SMA model that 
showed sensitivity to the Carrapato section have STi values 
higher than Si, indicating that they interact with other 
parameters (Table 4). 

With the identification of parameters with higher 
sensitivity for each monitoring section, the values of the 
others can remain constant since they do not result in 
representative modifications in the model output, as 
described by Song et al. (2015). 

The results of the sensitivity analysis with the Sobol 
method indicate that 85% of the parameters of the SAC-SMA 
model do not cause significant changes in the flow estimates 
in the sections Mário de Carvalho and Piracicaba Rio. These 
parameters could be fixed by reducing the number of input 
data and the time required to calibrate the model. 

The sensitivity analysis of the station 56640000 
(Carrapato) suggested that 54% of the parameters of the SAC-
SMA model do not cause significant changes in daily flow 
estimates, which is lower than that obtained for the stations 
Mário de Carvalho and Rio Piracicaba. 

The difference STi−Si indicates to what extent the 
parameter is involved in the interactions. Therefore, this 
difference is higher for the parameters LZFSM, LZFPM, 
LZPK, and LZSK (Table 4), which correspond to the primary 
and supplementary underground storage and the respective 
depletion rates. This result indicates that the parameters that 
govern the underground flow present a strong interaction with 
other factors of the SAC-SMA model. 

Table 4 shows that in all sections of flow monitoring 
of the Piracicaba river basin the sum of all the Si indices was 
lower than 1 and the sum of all the STi indices was higher than 
1, indicating a non-additive model. 

The results of sensitivity analysis by the Sobol 
method, obtained for the Piracicaba river basin, are in 
accordance with those of Van Werkhoven et al. (2008), who 
verified that the parameters LZFSM, LZFPM, LZSK, and 
LZPK, related to the underground flow, have a high 
sensitivity in basins located in the United States. 

Using the Sobol method to analyze the sensitivity of 
the SAC-SMA model in the Oregon river basin, located in the 
United States and Canada, Hameed (2015) concluded that the 
parameters LZPK, LZTWM, and UZTWM presented a high 
sensitivity. When comparing the results of this author with 
those obtained for the Piracicaba river basin, the parameter 
LZPK, which represents the base flow depletion, was the only 
one to present sensitivity in the Piracicaba river basin. 
However, it did not happen for the parameters UZTWM and 
LZTWM, which correspond to the upper and lower storage 
of surface tension water, respectively. 

Based on the results of global sensitivity analysis of 
the SAC-SMA model parameters obtained by different 
methods, among them that of Sobol, Gan et al. (2014) 
concluded that the parameters UZTWM, PCTIM, ADIMP 
LZTWM, and PFREE are highly sensitive. In this case, this 
model was used by the authors in a basin of the western state 
of Virginia, United States. Among the parameters highlighted 
by these authors, only that representing the additional 
impermeable area (ADIMP) had sensitivity for the 
monitoring section Carrapato. 

The difference between the results of the Sobol 
method obtained for the Piracicaba river basin in relation to 

those found in the literature is because the sensitivity of the 
parameter is influenced by soil use and occupation and other 
physical and climate factors, which are variable in basins, as 
demonstrated by Lelis et al. (2012). 

Joint analysis of the Morris and Sobol methods 

A certain divergence between the results of the Morris 
and Sobol methods can be observed from the data obtained in 
this study. 

According to Shin et al. (2013), discrepancies may 
exist in the results obtained with the Morris and Sobol 
methods, i.e. parameters identified as sensitive by one method 
may not have the same behavior when considering other 
method and vice versa. However, the Sobol method is 
considered more robust than Morris’s (Yang, 2011; Zhang et 
al., 2013) and, therefore, the results of this method are the 
most indicated. 

Cariboni et al. (2007) recommend the Morris method 
as a preliminary analysis of the use of variance-based GSA 
methods because it requires shorter computational processing 
time. Thus, the parameters that do not have sensitivity would 
be removed from the analysis before using the Sobol method. 

In this study, in order to compare the Morris and Sobol 
methods, the low sensitivity parameters identified by the first 
method were not removed from the analysis. Thus, the Morris 
method tends to consider parameters of low sensitivity as 
having a high sensitivity, but the opposite was not observed. 

The Morris method considered the parameters 
LZTWM, UZTWM, and UZFWM as sensitive for estimating 
the flows in the monitoring sections Mário de Carvalho and 
Rio Piracicaba. However, the Sobol method demonstrated 
that these parameters have no influence on the model output 
data. For the other parameters, both methods of global 
sensitivity analysis (GSA) presented similar results. 

For the monitoring station Carrapato, both GSA 
methods had similar results, except for the parameter 
LZTWM, which is considered important only by the Morris 
method. 

The results obtained for the Piracicaba river basin 
confirm that the use of the Morris method before the Sobol 
method is valid since it allows reducing considerably the 
number of parameters of the SAC-SMA model for the 
performance of the sensitivity analysis by Sobol. In addition, 
differences in the results of both GSA methods do not 
compromise this procedure since the Morris method did not 
rule out the high sensitivity parameters. 

The GSA methods used in this study showed that the 
SAC-SMA model is unnecessarily complex for application 
purposes in the Piracicaba river basin since most of the input 
data do not produce significant variations in its estimated 
flows. 

The global sensitivity analysis indicated that it is 
possible to set values for most parameters of the SAC-SMA 
model, simplifying the model and reducing the time required 
for calibration since the efforts will be concentrated on the 
estimation of important parameters. 

 
CONCLUSIONS 

Based on the results, we concluded that: 
 Most of the SAC-SMA model parameters do not 

provide significant variations in the output variable 
(daily flow) when applied in the Piracicaba river 
basin. 
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 The Morris and Sobol methods allow for a possible 
simplification of the SAC-SMA rain-flow 
hydrologic model since they enabled the 
identification of parameters that do not have 
sensitivity. 

 Most of the SAC-SMA model parameters with 
high sensitivity are the intervenient in the base 
flow. 

 The Morris method should be used as a 
preliminary analysis of the use of the Sobol 
method, as it considerably reduces the number of 
parameters of the SAC-SMA model. 
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