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Abstract
Determinate the runoff of a watershed is a challenge due to the complexity of representing all “inlets” and “outlets” involved 
in a rainfall–runoff model. Therefore, methodologies applied for this purpose should have a good representation of the vari-
ables that most influence in this process. One of the models used to calculate the design flow is the (USDA in Urban Hydrol-
ogy for Small. Technical release, no 55 (TR-55). Soil Conservation Service. Washigton, DC, http://schol​ar.googl​e.com/schol​
ar?hl=en&btnG=Searc​h&q=intit​le:Urban​+Hydro​logy+for+Small​+water​sheds​#1, 1986), which considers the analysis changes 
in soil coverage, time of concentration (tc), and recurrence period (T). In this way, this study sought to evaluate the hydrological 
behavior of a watershed with an increase in soil waterproofing. These modifications were correlated with the variation of runoff 
coefficients (CN), modifications of the periods of recurrence indicated by the literature, and different equations of the time 
of concentration. Its application was carried out in the Ribeirão do Suru watershed, Santana de Parnaíba, SP, Brazil. The CN 
{75; 80; 85; 90} increased 3.14, 5.61, 10.90 and 15.85%, respectively. In the most critical situation, runoff was 15.85% higher 
in estimated CN. The variation of precipitation as a function of T (2, 5, 10, 25, 50, 100 and 500) and application of 11 time 
of concentration methods designed 132 hydrographs and flow values that were statistically treated in T of Student and in the 
Analysis of Variance (ANOVA). Except for Bransby Willians associated Cinematic Method, Dooge with Johnstone and CTH 
with Tsuchyia, the pairs showed degrees of correlation below 59%. The greatest correlation was observed in Jonhstone with 
Dooge (90%), followed by the Kinematic Method with the Soil Conservation Service Method (83%) and with Dodge (74%). As 
a result, it was possible to demonstrate the behavior of the SCS parameters to minimize subjectivities and revealing how each 
parameter impacts the flow of the watershed. Finally, the sensitivity attributed to T was the highest among the three analyzed.
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Introduction

One of the most evident conflicts in a metropolis is land 
use. High population density and lack of appropriate infra-
structures often result in soil sealing and settlements in 
hazard areas. This scenario is responsible for significant 
changes in runoff, which may impact drainage systems and 

increase floods (de Aragão et al. 2017), (Bean et al. 2019). 
The unplanned waterproofing of urban areas is responsi-
ble for substantial changes in local hydrology, reducing the 
stormwater infiltration into the soil, accentuating the flow, 
anticipating its peak to a destination section, and increasing 
the volume drained over the surface (de Aragão et al. 2017), 
(Alves et al. 2018), (Leal and Tonello 2017).

Added to climate change, these aspects can be listed as 
the main environmental issues that can affect the hydro-
graphic watershed (Shao et al. 2018), (de Silva and Val-
verde 2017). For management purposes, watershed approach 
allows the incorporation of water management in the land 
use and occupation policies. As presented by Zhang et al. 
(2018), the integrality of physical, social, economic and 
environmental aspects within a territorial unit is essential. 
Considered as an integrated planning unit, it manages to 
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adhere both public administration issues and environmental 
protection. In this way, urban zoning, a municipal manage-
ment planning tool, should contribute to the management 
of surface and underground water resources (Vasconcelos 
and Mota 2020).

Techniques to measure hydrological characteristics in a 
catchment area emerge constantly, and greater precision has 
been acquired over time. In Brazil, water resource manage-
ment is hampered by the lack of hydrological information. 
Although this gap can be supplied by hydrological models 
that simulate the behavior of river watersheds (Machado 
et al. 2017), the challenge is to determine rainfall–runoff 
models that have a good representation of the parameters 
involved. Estimate runoff in urban watersheds, especially 
in areas that suffer from possible irregular occupations, is a 
complex and dynamic process, especially in the context of 
its spatial variability.

Due the uncertainties for obtaining parameters that form 
the rainfall–runoff models, it is important to know the real 
behavior of each parameter to visualize the representative-
ness of the components of the hydrological cycle. In this 
way, more accurate hydrological and physical models are 
obtained by limiting the parameters to more acceptable 
intervals, and thus, ensuring greater efficiency in terms of 
time and resources. This inaccuracy is also attributed to the 
lack of a constant survey and diagnostic uses of the occupied 
areas, that should accompany the fast changes in land cov-
erage, especially in urban areas. Teston et al. (2018) point 
out that one of the most important parameters for sizing and 
checking micro and macro-drainage works is the flow associ-
ated with a critical precipitation event over the watershed.

Several models for estimating direct runoff have been 
developed (Alves et al. 2019; Mello et al. 2016; Mohammad 
and Adamowski 2015; Soomro et al. 2019; Yu 2012). The 
SCS-CN method is one of the most popular for rainwater 
flow modeling applied to the design of hydraulic and hydro-
logical simulation in different regions (Alves et al. 2019; 
Mello et al. 2016; Yu 2012; Banasik et al. 2014; D’Asaro 
et al. 2014; Kim and Shin 2019; Mishra et al. 2012; Suresh 
Babu and Mishra 2012; Thong et al. 2019).Because of its 
simplicity, it was the first tool used to provide input informa-
tion for practical mechanics designed to reduce soil erosion 
and sediment transport (Jena et al. 2012). The methodology 
is based on concepts of surface runoff produced in each pre-
cipitation event associated with runoff coefficients. Thus, the 
SCS-CN methodology depends on soil type, conservation, 
and coverage.

Design flood events have a specific magnitude-frequency 
relationship in each location and a sensitivity to the values of 
the time parameters (Gericke and Smithers 2016). Research-
ers argue that 75% of the total error in peak discharge can be 
attributed to errors in estimating time parameters. Gericke 
and Smithers (2016) point out that these errors could not 

only result in design above or below the hydraulic design of 
structures but also several socioeconomic implications and 
unviable projects. Thus, watershed response time parameters 
should be considered as one of the main inputs needed for 
floods projections.

Following concepts for the parameters that integrate the 
rain-flow models, Gericke and Smithers (2016, 2014) and 
USDA (2010) highlights the importance of the time of con-
centration (tc), which can be understood as the time in which 
the precipitation that falls at the most distant point of the 
watershed takes until reaching the control section. There are 
several methods for determining the tc in watersheds. Azi-
zian (2018) suggests the models should be analyzed based 
on their physical characteristics and compatibility with the 
studied region.

The concentration time of a watershed, defined as the 
difference between the beginning of precipitation and the 
end of runoff, tends to be greater than the concentration time 
for hydraulic propagation of average flows. Thus, there is a 
practical uncertainty in the definition when the concentration 
time affects surface runoff and highlights the importance of 
determining tc with adequate parameters, among the enor-
mity of equations available at the academy. The concentra-
tion time can be determined by means of floats and hydro 
metering equipment such as windlass or by hypothetical and 
theoretical analyzes by tracing the unit hydrograph, with 
empirical or summation equations of transit times, although 
some methods can overestimate the concentration time with 
lower flow rates (AZIZIAN 2018).

In this context, this study aimed to analyze the hydro-
logical behavior of the Ribeirão do Suru hydrographic 
watershed and the effect of increasing waterproofing. The 
correlation was established between the variation of runoff 
coefficients (CN), modifications of the recurrence periods 
(T), and through different methodologies of the time of 
concentration.

Materials and methods

Study area

The Ribeirão do Suru watershed (Fig. 1) is a tributary of 
the Tietê River and is located in Santana de Parnaíba, São 
Paulo, Brazil between the coordinates (E 46.997; S 23.404.); 
(E 46,947.00; S 23,404); (E 446,947; S 23,427); (E 46,997; 
S 23,427), with its control section located at the coordinates 
(E: 299,560.00; S 7406,760.00). With an altimetric gradi-
ent of 700 m to 1041 m, the average annual rainfall corre-
sponds to 1386 mm (Climate-data 2020). According to the 
Pluviometric Post of the Department of Water and Electric-
ity, annual data from 1956 to 2016 indicate that the period 
of water scarcity occurs in the coldest months (July and 
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August). The minimum temperatures occur in June–Septem-
ber, and maximum in December-February, with an annual 
average of 21.3 °C. The climate is warm and temperate, clas-
sified as Cfb (Dubreuil et al. 2019).

The delimitation of the watershed, as well as other physi-
cal parameters, were obtained by the elaboration of a Digi-
tal Elevation Model (MDE) from satellite images provided 
by the Space Shuttle Radar Topographic Mission (SRTM) 
and extracted from the United States of Geological Survey 
(USGS, 2019) with a spatial resolution of 30 m. The infor-
mation was processed in QGIS 2.18 (Las Palmas), with the 
TAUDEM extension.

For this purpose, the spurious pixels were eliminated 
by filling the depressions and peaks of the different MDE, 
which could imply the indication of interruption of the 
water flow. TAUDEM made it possible to obtain matrix 
data to delimit the contribution and slope watershed, and 
its threshold was defined by the municipality’s vector 

layer (CEM 2020). The hydrographic grid was determined 
with the aid of the slope orientation map and, at the same 
time, vectors were edited that allowed the determination 
of parameters for the adopted rainfall model, area, and 
perimeter.

The watershed comprehends a protected region, 
divided into population densities, diversified uses, and 
residential settlements with low occupation density 
(Santana do Parnaíba 2013). The characterization of the 
watershed was based on the drainage area, river depth, 
hydrographic profile, transversal representation of the 
slope, and land use. Five classes were detected: dense 
vegetation (0.39%), water (2.90%), grass vegetation 
(67.55%), cultivation (23.50%) and urban areas (5.66%) 
(Yogi 2018) (Fig.  1). This information was used to 
obtaining the necessary parameters to achieve the objec-
tive of this study.

Fig. 1   Land use and occupation and slope, Ribeirão do Suru watershed, Santana do Parnaíba, SP. 2018. Source Yogi (2018)
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Curve number

The Curve Number (CN) of rain models by the USDA 
(1986) variates according to the soil type and occupation. 
Consequently, the use and occupation in urban areas, resi-
dential, commercial, and industrial areas in the watershed 
were established. The determined CN was used by the sub-
division of the watershed, considering the hydrogeological 
group from A to D (Table 1) and the selection of its imper-
meable areas in surveys of uses verified by Yogi (2018) 
(Tables 2 and 3) and images from EMPLASA (2011). Thus, 

for the soils of the Ribeirão do Suru watershed, the CN was 
used by (Eq. 1):

where CN = Curve Number according to the land use clas-
sificated in Tables 2 and 3;An = Subdivision of contribution 
areas.

The soil classification applied was from EMBRAPA 
(2006). According to Rosa (2020), information on soils in 
Brazil is limited. However, Pompermayer (2013) recognizes 

(1)

CN =
CN1 × A1 + CN2 × A2 + CN3 × A3+CN4 × A4+ …CNi × Ai

A1 + A2 + A3 + A4 …Ai

Table 1   Classification of soil hydrogeological groups (Canholi 2014)

Soil group Characteristics

A Sand and deep gravel (h > 1.50 m), very permeable, with a high infiltration rate, even when saturated. Clay content up to 10%.
B Sandy soils, shallow (h < 1.50 m) and permeable. Clay content between 10% and 20%.
C Shallow soils with subsurface layers that prevent downward flow of water. Clay content between 20% and 30%.
D Soils with high water table, with clay layers close to the surface, or shallow soils over impermeable layers. Clay content above 30%.

Table 2   Values of CN for 
vegetated areas. Adapted from 
USDA (1986)

Land use Surface Soil type

A B C D

Plowed soil Straight grooves 77 86 91 94
Straight rows 70 80 87 90

Regular plantings Contour lines 67 77 83 87
Level terracing 64 76 84 88
Straight rows 64 76 84 88

Cereal plantations Contour lines 62 74 82 85
Level terracing 60 71 79 82
Straight rows 62 75 83 87

Vegetable plantations Contour lines 60 72 81 84
Level terracing 57 70 78 89
Poor 68 79 86 89
Normal 49 69 79 94
Good 39 61 74 80

Grasslands Contour lines - poor 47 67 81 88
Contour lines- normal 25 59 75 83
Contour lines- good 06 35 70 79

Permanent fields Normal 30 58 71 78
Sparse, low perspiration 45 66 77 83
Normal 36 60 73 79
Dense, high perspiration 25 55 70 77

Country houses Unpaved roads Normal 56 75 86 91
Bad 72 82 87 89
Hard surface 74 84 90 92

Forests Very sparse, low perspiration 56 75 86 91
Sparse 46 68 78 84
Dense, high perspiration 26 52 62 69
Normal 36 60 70 76
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its importance in determining the Curve Number. For higher 
confidence of the model, the hydrogeological analysis also fol-
lowed the classificatory survey of Rossi, (2017), de Oliveira 
et al. (1999) (Tables 2 and 3), and hydrogeological group D. 
As the level of waterproofing and contribution make the SCS 
method more complex to estimate the Curve Number, adjust-
ments were needed with the support of USDA (1986) nomo-
grams when the waterproofed area exceeded 30% of the total 
drainage area (Fig. 2).

Hydrological data

Information regarding the intensity and duration of rain was 
obtained by the São Paulo station—IAG/USP—E3-035R 
and Department of Water and Electricity (DAEE). The 
design rainfall (I (t, T)) was then determined with the intense 
rain equation notebook (Eq. 2) from the city of São Paulo 
(Martinez Junior et al. 2016), as follows:

where i = Rain intensity, corresponding to duration t and 
return period T, mm.min−1; t = Duration of rain, in minutes; 
T = Return period, in years. The return period (T) fixed in 
the simulations was 100 years (Daee 2017), a value that is 
generally applied in macro-drainage projects. The 100-year 
recurrence period is used to simplify the definition of flood-
ing, which has a statistically 1% chance of occurring each 
year. However, it does not mean that the phenomenon can-
not occur in consecutive years or even in events of the same 
year. For this method, the greatest chance of precipitation 
was verified to surpass the “rain of 100 years” in 0, 2, 4, 
10, 20, 50%, respectively, 500, 50, 25, 10, 5, and 2 years. 
For the time of concentration (tc), 11 methodologies were 
selected (Table 4), and part of the equations was found to be 

(2)

i(t, TR) = 32.77 × (t + 20) − 0.878 + 16.10 × (t + 10)

− 0.9306 ×

[

−0.4692 − 0.8474 ln ln

(

TR

TR − 1

)]

Table 3   Values of CN for urban 
areas. Adapted from USDA 
(1986)

*1 medium flow condition has Initial Abstraction = 0.2S. *2 The average percentage waterproof area 
showed was used to develop the composite CNs. Other assumptions are as follows: the impermeable areas 
are directly connected to the drainage system, the impermeable areas have a CN of 98, and the permeable 
areas are considered equivalent to the open space with good hydrological conditions. The CN for other 
combinations of conditions can be calculated using nomograms that consider the areas that are connected 
to a drainage system, that do not meet the initial conditions or for disconnection of the impermeable area 
below 30%

Land use and occupation Soil type

A B C D

Cultivated areas without soil conservation 72 81 88 91
Cultivated areas with soil conservation 62 71 78 81
Pastures or land in poor condition 68 79 86 89
Vacant land in good condition 39 61 74 80
Meadow in good condition 30 58 71 78
Woods or areas with poor coverage 45 66 77 83
Forests with good cover 25 55 70 77
With grass in more than 75% of the area 39 61 74 80
With grass from 50% to 75% of the area 49 69 79 84
Commercial and office areas 89 92 94 95
Residential areas
Lot (m2) Impermeable 

medium (%)
< 500 65 77 85 90 92
1000 38 61 75 83 87
1300 30 57 72 81 86
2000 25 54 70 80 85
4000 20 61 68 79 84
Parking lots, roofs, viaduct and others 98 98 98 98
Streets and roads
Asphalt with stormwater drainage 98 98 98 98
Paving stone 79 85 89 91
Soil 72 82 87 89
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Fig. 2   CN calculation method 
according to impermeable area 
and connection to the drainage 
system. Adapted from USDA 
(1986)

Start
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not connected with 
the drainage system
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no

no

yes

yes

no

yes

To determine CN
Table 2 and 3  

To determine CN
Table 2 and 3  

Determine the 
composi�on of the 

abacus (Impermeable 
area connec�on less 

than 30%)

To determine CN
Table 2 and 3  

Are the 
table's 

assump�ons 
applicable? Determine the 

composi�on of the 
abacus 
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Table 4   Time of concentration 
(tc) according to different 
methodologies

Note tc (h) = time of concentration; A (Km2) = area of the watershed; C (adm) = overland flow coefficient 
of the rational method; CN (adm) = Curve-number parameter of the SCS method; H (m) = quota difference 
between the ends of the main water line; L (Km) = length of the main water line; S (m/m) = mean steepness 
(ratio between the mean fall and the L length of the course). Adapted from Almeida et al. (2014), Azizian, 
(2018), Villegas (2014)

Method Equation

Bransby Willians (ASDOT 1995) t
c
= 14.6 × L × A

−0.1 × S
−0.2

Dooge (1973) t
c
= 21.88 × A

0.41 × S
−0.17

Johnstone and Cross (1949)
t
c
= 20.17x

�

L
√

S

�0.5

Tsuchiya (1978) t
c
= 0.83x

L

S0.6
 (rural watersheds)

t
c
= 0.36x

L

S0.5
(urban watersheds)

Soil Conservation Service (1961) t
c
= 342 × L

0.8
[

(1000∕CN) − 9
]0.7

× S
−0.5

Kirpich (1940) t
c
= 3.989 × L

0.77 × S
−0.385

California Culverts Practice (1960)
t
c
= 57 ×

(

L
3

H

)0.385

Federal Aviation Agency (1970) t
c
= 22.73 × (1, 1 − C) × L

0.5 × S
0.385

SCS Kinematic Method—SCS (1986) tc =
1

60
×
∑ l

i

v
i

DER (2005)
t
c
= 85.2 ×

(

L
3

H

)0,385

Tsuchiya (1978) t
c
= 0.83x

L

S0.6
 (rural watersheds)

t
c
= 0.36x

L

S0.5
(urban watersheds)

DAEE FCTH (2005)
tc = 57 ×

(

L
2

S

)0.385
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more appropriate for urban watersheds, while others showed 
considerable reductions, and therefore more favorable for 
rural areas.

The tc parameter was determined by the Kirpich (1940), 
adapted by the Hydraulic Technology Center (CTH), and 
adequate for small watershed with the predominance of rural 
uses (USDA 2010). The transformation of precipitation into 
flow uses hydrogeological parameters, that differ according 
to the uses. The vegetal cover has a good contribution, while 
agriculture and impermeable areas induce the increase in the 
superficial runoff (USDA 1986).

The USDA SCS (1986) conceptually has properties to 
establish a Unit Hydrograph. The SCS method is simpli-
fied by determining the Composite Triangular Hydrogram, 
following principles of overlapping and proportionality of 
Synthetic Unit Hydrograms. Through these properties, it is 
possible to estimate the flow of precipitations with different 
durations. In this sense, the estimated flow as a function of 
precipitation was conditioned to the storage capacity of the 
hydrographic watershed and obtained by a Curve Number—
CN, with the maximum storage (Eq. 3):

where S = Soil infiltration capacity (mm); CN = curve num-
ber (when CN = 100 the infiltration capacity is zero).

Convert precipitation into flow can be accomplished by 
storage rates on the ground, usually subdivided in vegeta-
tion interception, slope retention, infiltration, or evaporation 
(Eq. 18) with an abstraction estimated at Ia = 0.2S (Canholi 
2014):

when P > 0.2S, Pe = 4, and when P ≤ 0.2S, Pe = 0; Pe = net 
precipitation (mm); Ia = Initial abstraction (0.2S) (mm); 
P = Precipitation (mm); S = Soil infiltration capacity (mm).

The base time (tb) was (1.67 + 1) of the peak time. 20 to 
25% of the tc was adopted for the duration of the rain, with 
the time recession is 67% higher than the peak time observed 
in experimental watersheds (USDA 1986) (Eq. 5).

where, tp = Peak time.
Thus, considering the triangular unit hydrograph (USDA 

2010), the peak flow (qp) correlates with a ratio proportional 
to a precipitation P, being:

(3)S =
25.400 − 254 × CN

CN

(4)Pe =

(

P − I
a

)

P − I
a
+ S

2

→ Pe =
(P − 0.2 × S)

P + 0.8 × S

2

(5)tb = 2.67 × tp

(6)qp =
2 × P × A

t
b

where, P = precipitation (= 1 mm); A = Area (km2); tp = Peak 
time.

Through sensitivity analysis, it is possible to identify how 
each value attributed to the variables of the USDA (1986) 
rainfall–runoff model interferes with flow estimates. There-
fore, the local sensitivity analysis was applied to provide 
information about the study region and to decrease calibra-
tion parameters, eliminating parameters outside the ranges 
considered most sensitive and most influential. With that, 
the other variables were sustained, alternating the values 
obtained by the equations of tc and preserving the other 
parameters of the diagnosis of land occupation and return 
periods.

The sensitivity analysis covered the variation of CN, T, 
and tc. The 11 equations of time of concentration were eval-
uated and ranked, pairwise in a linear combination of 110 
tests, in the T and CN intervals studied. Finally, the analysis 
of variance ANOVA and the two-tailed Student’s T test with 
a significance level of 5% was applied.

Results and discussion

For the longitudinal profile of Ribeirão do Suru, the val-
ues were S = 44.42 m.km−1, L = 9.7 km, tc = 76.24 min, and 
i = 72.81 mm.h−1. The uneven relief of Santana de Parnaíba 
has larger superficial depressions and can retain runoff. This 
scenario can overcome the estimate retention, implying in a 
greater damage. According to Pompermayer, (2013), there 
are no studies in Brazil that confirm the initial abstraction 
(Ia) of 20%.

In the analysis, the substitution of the CN with an order 
of magnitude 70 to 90 was simulated, indicating that the 
flow resulting from the CN = 70 is 2% lower than the classi-
fied. Thus, CN {75; 80; 85; 90} increased, respectively, 3.14, 
5.61, 10.90 and 15.85% of the flow in the Suru watershed in 
a 2-h precipitation.

To calculate hydrological runoff parameters such as CN, 
Valle Junior et al. (2019) analyzed different statistical meth-
odologies based on rainfall data in Campo Grande-Mato 
Grosso do Sul, Brazil. They compared five different USDA 
CNs (1986), by the geometric, arithmetic, median, and least-
squares adjustment linear through rainfall events. During 
inconsistencies, the authors found that there is a significant 
decrease in the performance of the SCS method by USDA 
(1986) in more forested areas, which did not bring good cor-
relations between precipitation and CN. Uwizeyimana et al. 
(2019) performed the classification of land use and slope 
of a watershed in Rwanda, where they found an increase in 
the runoff in dry soil environments, being more expressive 
in high slopes.
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Although simulation of parameters was not carried out on 
different dates to verify the evolution of soil sealing in the 
watershed, it was verified how the process of occupation and 
use of land could be affected with CN in increasing order 
(Fig. 3). For the hydrogeological grouping, adopting the 
most critical situation, the hypothetical scenario indicated 
an increase of 15.85% in the runoff when comparing with 
CN = 73.1 and estimated CN = 90.

From the five hypothetical situations of land use and 
occupation with the CN from 70 to 90 and in intervals of 

5, the variation of the precipitation in function of T for 2, 
5, 10, 25, 50, 100, and 500 made it possible to obtain the 
concentration time by the 11 methods. 132 maximum flow 
hydrographs were obtained and the most representative for 
the standard equation with the 100-year return period and 
CN, determined according to the watershed uses, illustrate 
the variations of tc, T and CN (Fig. 4). Thus, the sensibility 
analysis using the 11 concentration time methods returned 
guiding values from the formulas in Table 4 and presented 
in Table 5.

Fig. 3   Unit hydrograph of 
the runoff sensitivity analysis 
according to CN (Peak value) 
for Tr = 1.30 h, Ribeirao do suru 
watershed. Santana de Parnaiba, 
SP, Brazil. Source Author 
(2020)
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Soil Conserva�on Service (27,75)
Tsuchiya (145,83)
Bransby Willians (42,69)
Dooge (303,68)

CTH (62.86) 
Johnstone (63.38) 
KM (44.63) 
Federal Avia�on Agency (467.29) 
DER (169.93) 
California Culvets Prac�ce (64.91) 
Kirpich (113.36) 
Soil Conserva�on Service (27.75) 
Tsuchiya (145.83) 
Bransby Willians (42.69) 
Dooge (303.68) 

Table 5   Time of concentration (tc) according to different methodologies

Method Bransby Willians Dooge Johnstone Tsuchiya Soil Con-
servation 
Service

Kirpich California 
Culvers 
Practice

DER Federal 
Aviation 
Agency

KM-SCS CTH

tc min 194.4 129.8 137.3 52.6 296.6 76.5 31.94 47.7 18.3 183. 76.3
h 3.2 2.16 2.23 0.9 4.9 1.3 0.5 0.8 0.3 3.1 1.3
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Souza et al. (2018) highlights the importance of appro-
priating physiographic information from hydrographic 
watersheds. According to the authors, only California 
Culvets Practice and Kirpich had all the criteria for apply-
ing the tc for rural areas, small watersheds, smooth slope, 
and length of thalweg smaller than 10 km. On the other 
hand, Ramos et al. (2017) estimated the tc by different 
methods in the watershed of approximately 270 m2 with 
urban characteristics and demonstrated that the concentra-
tion time using the Kirpich formula is 55% less than the 
time given by SCS Lag. The authors simulated scenarios 
with the watershed for higher soil sealing rates indicating 
an increase in the flow of 71% (0.67 m3.s−1) compared to 
the initial conditions using the average tc, more than 20% 
(12 min) of Kirpich and less than 20% SCS Lag (20 min).

Kirpich formula must be used with attention in urban 
watersheds (Chow et al. 1988). According to the recom-
mendations of the Department of Highways (DER) of San-
tana de Parnaíba (2013), this tc methodology should only 
be used in small and medium watersheds and is limited 
to 10-min for infrastructure works. The methodologies of 
SCS, Dooge, Tsuchiya, and Johnstone have parameters 
related to occupation and are compatible with rural and 
green areas. Tsuchiya can be used both in urban and rural 
watersheds, while the Federal Aviation Agency had the 
predominant used in urban areas that requires a fast runoff 
(Souza et al. 2018).

da Silveira (2005) demonstrated the application of several 
empirical formulas of the tc that depend only on the L and S 
on a small urban watershed. There was a strong similarity of 
tc with land use and occupation, except for Johnstone, which 
brought results closer to the conditions of the experimental 
watersheds. The Federal Aviation Agency and SCS presents 
other parameters and demonstrated the incidence of absolute 
and relative minor errors when compared with Kirpich.

However, a trend in small rural watersheds cannot be 
observed, and formulas that also depended on the drainage 

area such as the Dooge presented similar values with John-
stone and CTH. The Dooge equation stands out in the esti-
mates of medium watersheds and in channeled rivers, by 
the Kinematic method the equation considers the sum of 
the flow in several segments that form the main thalweg 
(Franco 2004).

De Almeida et al. (2016) found that time of concentra-
tion is inversely proportional to the estimated runoff. The 
Dooge equation had the lowest tc and the highest drained 
volume, while SCS Lag had the highest tc and the lowest 
runoff. Part of it can be attributed the dependence of the 
formulas for the value of CN, which indicate the surface 
conditions of the soil, attributing a greater sensitivity in the 
determination of tc.

In the Suru watershed, comparing the Recurrence Period 
of hydraulic macro-drainage works (T = 100 years) with 
the others (T = 2 to 500 years), it was found that T (Bean 
et al. 2019; Shao et al. 2018; Teston et al. 2018; Gericke 
and Smithers 2014; de Parnaíba 2013), respectively, trigger 
62.33; 45.59; 34.51; 20.56 and 10.43% of flow rates below 
when Tr = 100, while T = 500 resulted in an increase of 
23.51% (Fig. 5). Thus, it is noted that the equation adopted 
for SCS-CN is more sensitive to the Recurrence Period (T) 
than can be observed in the analysis in CN.

Notably, certain precautions must be taken in estimat-
ing runoff with the use of recurrence periods in the referred 
rain-flow model. The critical rains from the micro-drainage 
project are chosen based on economic criteria, with the usual 
5-10-year and probable flood not bringing significant losses 
(Bohnenberger et al. 2019). For projects in urban areas or 
economic importance, Ward et al. (2013) indicate that the 
longer the return period, the lower the probability that a 
flood event will occur. However, Oleson (2015) points out 
that in a return period used in emergency situations, recur-
rence time is seen as absolute data instead of representing 
averages between consecutive events of a magnitude similar. 
This scenario triggers misinterpretations as the probability 

Fig. 5   Unit hydrograph of the 
sensitivity analysis accord-
ing to the Recurrence Period 
(T = 1.30 h), Ribeirao do Suru 
watershed, Santana do Parnaiba, 
SP, Brazil. Source Author 
(2018)
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of the precipitations that overcome a catastrophic event of 
100 years.

Bohnenberger et al. (2019) indicate that residential, 
commercial, public services, airports, and high-traffic 
arteries are dimensioned with the return period of 2–5–10-
years, while De Almeida et al. (2016, 2016) recommends 
macro-drainage, commercial areas, residential and of spe-
cific importance vary between 50, 100 and 500 years.

In Student’s T tests and Analysis of Variance (ANOVA) 
with a significance level of 5%, both peer and ANOVA 
assessments, CN sensitivity was shown to be poorly 
matched, except for Bransby Willians pairs with Kin-
ematic Method, Dooge with Johnstone and CTH with 
Tsuchyia, the pairs showed degrees of correlation below 
59% (Table 6). The largest deviations were observed as the 
hypothetical situations were tested with the increase in CN, 
which represent the highest degrees of soil sealing. In con-
trast, the recurrence period Sensitivity ANOVA, showed 
a good correlation between the tc methods, excluding the 

CTH correlation with Kirpich, since the CTH method is 
an adaptation of Kirpich.

The greatest correlation was observed in Jonhstone with 
Dooge (90%), followed by the Kinematic Method with the 
Soil Conservation Service Method (83%) and with Dodge 
(74%) (Table 7). This fact shows that the model is more 
sensitive to changes in land use and occupation than changes 
in the Recurrence Period.

To understand the hydrological behavior of seasonal 
changes in agricultural uses in twelve scenarios, de Aguiar 
et al. (2019) observed a correspondence with acceptance 
above the 5% significance level adopted and for the repeti-
tions of the return period, in seven blocks, [2, 5, 10, 25, 50, 
100 and 200]. On the other hand, when analyzing season-
ally the increase in precipitation, they obtained a rejection 
in two months that presented high potentials of runoff and 
precipitation below the annual average.

In the Ribeirão do Suru, it is noticed that the attenua-
tion and/or increase in the runoff for changes in the T are 

Table 6   Correlation between NC and Recurrence Period

Method SCS Bransby 
Willians

KM Johnstone Dooge Kirpich Tsuchiya CTH DER California 
Culverts 
Practice

Bransby Willians 0.11
KM 0.08 0.84
Johnstone 0.00 0.04 0.06
Dooge 0.00 0.02 0.03 0.73
Kirpich I 0.00 0.00 0.00 0.00 0.00
Tsuchiya 0.00 0.00 0.00 0.00 0.00 0.00
CTH 0.00 0.00 0.00 0.00 0.00 0.00 0.68
DER 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03
California Culverts Practice 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Federal Aviation Agency 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 7   Correlation between the Recurrence Period (T) and the concentration time (tc) methodologies, Ribeirão do Surú watershed, Santana do 
Parnaíba, SP, Brazil

Method SCS KM Dooge Johnstone Bransby 
Willians

Kirpich CTH DER Tsuchiya California 
Culverts 
Practice 

KM 0.83
Dooge 0.59 0.74
Johnstone 0.50 0.65 0.90
Bransby 0.22 0.31 0.49 0.57
Kirpich 0.11 0.16 0.28 0.34 0.70
CTH 0.09 0.13 0.24 0.29 0.63 0.92
DER 0.00 0.00 0.00 0.01 0.03 0.07 0.09
Tsuchiya 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.26
California Practice 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Federal Agency 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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more expressive than the changes in the CN (Fig. 5). The 
watershed is protected by law against settlements that are 
not single-family (de Parnaíba 2013). The analysis of this 
sensitivity does not have the influence and weight of the dif-
ferent equations for the tc, which now can be applied only to 
areas with high urban density.

The sensitivity analysis of the SCS rainwater discharge 
model by USDA (1986) showed less variability for parameters 
arising from surveys and diagnosis of land uses and occupa-
tions than strictly temporal parameters. Since the methods 
applied for determining CN use Remote Sensing classifica-
tion tools, which are usually expensive and time-consuming 
processes. The evaluation of temporal parameters has funda-
mental properties that give more weight to the flow variation. 
Efforts should be concentrated on the T and tc parameters that 
are more sensitive and modify the runoff estimates to a most 
significant degree. This analysis can provide the diagnosis of 
watersheds, attributing advantages in the more accurate choice 
of hydrological parameters. In addition, it automates the pro-
cess allowing more accurate analyzes for drainage studies of 
watersheds.

Conclusions

The study was able to analyze the sensitivity in the flow esti-
mation to changes in SCS parameters (recurrence time, time of 
concentration, and curve number). It was verified the behavior 
of the flow to the advancement of the land cover, time of the 
water in the watershed and recurrence period, reinforced by 
the hypothesis tests and Analysis of Variance. Thus, according 
to the sensitivity analysis applied to 11 time of concentration 
equations, it was possible to calculate the surface runoff more 
accurately over the watershed. It was noted that the attenuation 
and/or increase in the runoff for the changes in the recurrence 
period are more expressive than the changes in the CN.

The non-sensitive parameters are discarded. T analysis 
showed a higher significance than the hypotheses tested in the 
CN sensitivity analysis, with a good correlation between the 
tc methods and the most sensitive parameters for the SCS-CN 
rainfall–runoff model. In the most extreme events, phenomena 
that are characterized by longer Recurrence Period (T), situa-
tions used to calculate runoff, in high precipitation events that 
attribute risk to the hydrographic basin, for the parameters 
analyzed for the Suru watershed, among the most sensitive 
(eliminating parameters with lower degrees of significance), 
there are better conditions for dimensioning hydraulic works. 
In these extreme cases, for surfaces with higher CN indices, 
stages that scale waterproofing categories in increasing clas-
sificatory order, demonstrate that the water precipitated by the 
surface of the basin would return in the form of runoff in situ-
ations closer to reality.
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