Research, Society and Development, v. 10, n. 6, €35210612757, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i6.12757

Experimental determination of the time of concentration, Sapucajuba creek small

watershed study

Determinacéo experimental do tempo de concentracéo, estudo da Microbacia do Igarapé
Sapucajuba

Determinacion experimental del tiempo de concentracidn, estudio de la cuenca del Igarape

Sapucajuba

Received: 02/08/2021 | Reviewed: 02/15/2021 | Accept: 05/14/2021 | Published: 06/01/2021

Giovanni Chaves Penner

ORCID: https://orcid.org/0000-0003-0335-5352
Universidade Federal do Para, Brazil

E-mail: penner@ufpa.br

Thiago Rodrigues de Matos

ORCID: https://orcid.org/0000-0002-2228-6746
Universidade Federal do Para, Brazil

E-mail: thiago.esamb@hotmail.com

Hélio da Silva Almeida

ORCID: https://orcid.org/0000-0003-0343-5862
Universidade Federal do Para, Brazil

E-mail: helioalmeida@ufpa.br

Julio Cesar de Souza Inacio Gongalves
ORCID: https://orcid.org/000-0001-5584-5527
Universidade Federal do Tridngulo Mineiro, Brazil
E-mail: julio.goncalves@uftm.edu.br

Moisés Marcal Gongalves

ORCID: https://orcid.org/0000-0001-6566-1510
Universidade Federal do Para, Brazil

E-mail: eng.mmarcal@gmail.com

Abstract

Time of concentration (t.) is a parameter that indicates the response time of a river catchment to a rainfall. Frequently,
empirical equations are used to determination of t. for the design of the maximum flow. However, the determination of
this response time by equations sometimes results in an erroneous application, that is, outside its field of validity. Thus,
the present work aimed to determine t. in an experimental and simplified way in the Sapucajuba creek, from
measurements in the field, with saline tracer, and to make a comparison with 13 empirical models, which require the
morphometric characteristics of the small watershed. It was observed that they underestimated the time of concentration
value, in general, by empirical models, overestimating the future project flow. DNOS (sandy-clay condition, intense
vegetation, high absorption) was the most indicated model for the estimate of t., that provided the lowest percentage
error, 1.92%, compared to t. measured in the field. However, such error exceeded 70.00% by other models, showing
great variability. Therefore, it is strongly recommended the determination of t. in field, that will provide a real result,
contributing to the economic dimensioning of hydraulic-hydrological works and projects.

Keywords: Time of concentration; Saline tracer; Morphometric characteristics.

Resumo

O tempo de concentracdo (t;) € um pardmetro que indica o tempo de resposta de uma bacia hidrogréfica associado a
uma precipitacdo e em modelos hidrologicos é usado para estimar o pico de cheia. Quase sempre a determinacéo do tc
para o dimensionamento da vazdo maxima em obras hidraulicas é feita por métodos praticos usando equacionamento
empirico. No entanto, a determinagdo deste tempo de resposta por equacdes de forma indiscriminada resulta, algumas
vezes, numa aplicacéo errdnea, isto &, fora do seu campo de validade. Desta forma, o presente trabalho teve como
objetivo determinar o t; de forma experimental e simplificada para a microbacia hidrografica do Igarapé Sapucajuba, a
partir de medi¢fes em campo, com auxilio de tragador salino, e fazer uma comparacdo com 13 modelos empiricos, que
necessitam das caracteristicas morfométricas da microbacia hidrografica. Na estimativa do t. pelos modelos empiricos,
de uma forma em geral, observou-se que estes subestimaram o valor do tempo de concentragdo, superestimando, assim,
a futura vazao de projeto, sendo o modelo mais indicado para a estimativa do t¢, no caso estudado, o do DNOS (condicao
areno-argiloso, vegetacao intensa, elevada absorc¢ao) que forneceu o menor erro percentual, 1,92%, em comparacgao ao
t. medido em campo. No entanto, tal erro ultrapassou 70,00% por outros modelos, mostrando grande variabilidade.
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Portanto é fortemente recomendada a determinacdo em campo do t. que fornecerd um resultado real, contribuindo para
o dimensionamento econémico de obras e projetos hidraulico-hidroldgicos.
Palavras-chave: Tempo de concentragdo; Tragador salino; Caracteristicas morfométricas.

Resumen

El tiempo de concentracion (tc) es un pardmetro que indica el tiempo de respuesta de una cuenca asociada a una
precipitacion y en modelos hidroldgicos se utiliza para estimar el pico de crecida. La determinacion del t. para el disefio
del caudal maximo en obras hidraulicas casi siempre se realiza por métodos préacticos utilizando ecuaciones empiricas.
Sin embargo, la determinacion de este tiempo de respuesta mediante ecuaciones de forma indiscriminada resulta en
ocasiones en una aplicacion errdnea, es decir, fuera de su campo de validez. Asi, el presente trabajo tuvo como objetivo
determinar el t. de forma experimental y simplificada para la cuenca del Igarapé Sapucajuba, a partir de mediciones en
campo, con la ayuda de trazadores salinos, y realizar una comparacién con 13 modelos empiricos, que requieren las
caracteristicas morfométricas de la cuenca. En la estimacion del tc por los modelos empiricos, en general, se observé
que subestimaron el valor del tiempo de concentracién, sobrestimando asi el flujo futuro del proyecto, siendo el modelo
mas adecuado para estimar el tc, en el caso estudiado, el de DNOS (condicién arenosa-arcillosa, vegetacion intensa, alta
absorcion) que presentd el menor error porcentual, 1,92%, respecto al tc medido en campo. Sin embargo, este error
super6 el 70,00% para otros modelos, mostrando una gran variabilidad. Por ello, se recomienda encarecidamente
determinar en el campo el t. que brindara un resultado real, contribuyendo al dimensionamiento econémico de las obras
y proyectos hidraulicos e hidrologicos.

Palabras clave: Tiempo de concentracion; Trazador salino; Caracteristicas morfométricas.

1. Introduction

Time of concentration (tc) is one of the main parameters of hydrological characterization of watershed, since it is used
in several applications, among which stand out: prevention and minimization of the consequences of natural disasters and point
pollution in water resources; definition of the hydrological monitoring interval; urban drainage projects and; elaboration of
drainage hydrogram (Silveira, 2005; De Almeida et al., 2013; Mota & Kobiyama, 2015).

Initially, Mulvany in 1850, in his study, conceptualized the time of concentration as being the time necessary for the
rain that falls at the most remote point of the watershed to reach the outfall, or until the entire area of the watershed contributes
to the flow in the outfall (Collischonn & Dornelles, 2015; Oliveira et al., 2017; Lima and Da Paz, 2016; Lousada & Camacho,
2018; Souza, et al. 2018). Later, the definition and the concept of time of concentration were perfected, according to the point of
view considered. Currently, it is concluded that the most remote point is determined hydraulically, and not only by the greatest
distance (Mota et al., 2016; Beven, 2020).

According to Silveira (2005); Miguel and Renné (2020), as the last drop to reach the farthest water body corresponds
theoretically to low magnitude flows, the time of concentration, defined as the difference between the end of rainfall and the end
of surface runoff, tends to be greater than the “true” time of concentration that is influenced by hydraulic propagation with higher
average load. Thus, although time of concentration is widely studied and used, its evaluation is quite complex, due to the
numerous factors involved (Sampaio et al., 2016).

Several equations, mostly empirical in nature, are intended to allow the determination of the time of concentration,
based on the morphometric characteristics of the watershed that must be previously known to determine this parameter (Silveira,
2005; De Almeida et al., 2013; Mota & Kobiyama, 2015). These equations are often used indiscriminately, without observing
their field of validity (Sampaio et al., 2016).

For engineering projects, losses are related to calculations of maximum design flows, which can be under or
overestimated. Project errors can generate consequences such as: increased risks to the health of the population and to the
preservation of the environment, increased costs of urban drainage works and increased social inequality (Baptista & Netto,
2004; Lucas, 2019). Highlight should be given in areas that suffer from urban flooding, such as the urban area of the municipality
of Belém/PA, which, especially in the rainy season, cause social and economic losses. An alternative to avoiding errors in time

of concentration is to carry out measurements in the field and relatively low cost and practical methodologies may be used.
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As the process of urbanization increasingly occupies the drainage areas, it is essential to collect data that enable studies
to predict the occurrence of hydrological events (Silva et al., 2020). However, many of the watershed areas do not have a
monitoring focused on environmental and water resources management studies, and it is important to obtain data for these sites
(Oliveira et al., 2017). In relation to Brazil, especially the Amazon region, there is a lack of hydrological studies in small
watershed (Mota et al., 2016; Oliveira et al., 2017), mainly studies requiring field measurements using high precision equipment.
However, the use of simpler and more efficient methodologies, such as methods using saline tracers, would facilitate the
development of studies and provide the exact and real value of the time of concentration for a watershed.

The small watershed does not have an universal concepts that classify them as such, and, as the case may be, the
researchers determine maximum area limits for them. In the study by Beck et al. (2013), a small watershed was considered to
have less than 1 km2 of drainage area. In the national hydrological monitoring network, although recognizing the relevance of
small watershed for water resource management, there are few river stations in watersheds with less than 500 km? (Mota et al.,
2016).

Thus, conducting studies in watersheds is fundamental for the understanding of physical, biological and chemical
processes involved in the ecology of watershed located in a given region, because they have similar characteristics. In the direct
determination of the time of concentration, from field measurements, tracers may be used which, according to Silva et al. (2009),
are any substances, or particles/entities (chemical or biological), that can be used to follow, either punctually or continuously,
the behavior of a given system or component, such as water volume, either in an open environment (surface hydrology) or
underground environment (porous or cracked environment).

Among the types of tracers are conservatives, who do not change their characteristics when in contact with other
substances, and sodium chloride (NaCl), which is easy to acquire, low cost and easy to detect, should be highlighted (can be used
an electrical conductivity sensor), are non-toxic, in the concentrations used, and do not present risks of environmental pollution
or health (Matos, et al., 2015; Passos et al., 2018; Oliveira et al., 2017).

In engineering, some works, using tracers for parameter determination, can be highlighted, such as the one developed
by Borges et al. (2009), where fluorescent tracers (rhodamine WT and sodium fluorescein) were used to determine the
experimental residence time (RT) of flooded systems constructed (FSC) from subsurface runoff. In the studies by Passos et al.
(2018) tests were carried out with saline tracer (NaCl) for the determination of the hydraulic detention time (HDT) of two shallow
polishing ponds for small communities, one without chicanes and the other with two longitudinal chicanes and less depth.

Cuartas et al. (2012), in their work, injected instantly (pulse) a salt solution into the creek, approximately 50 m upstream
of the point where the concentration of the tracer cloud was measured. This methodology was also used in the work of Bortoluzzi
and Fernandez (2007), in small water bodies located in the Campus Marechal Candido Rondon, of the Universidade Estadual do
Oeste do Parana (UNIOESTE), who compared this method, which calls it the Chemical Method of Integration, with other flow
measurement methods, such as the volumetric method and the area-speed method. In the work of Carvalho et al. (2014), this
methodology was applied in the Rio do Crato, located in the city of Humaita/Amazonas, having a very satisfactory result
compared to the windlass method.

By the way, the objective of this study is to determine the real time of concentration of the Sapucajuba creek, located
in the Campus Prof. José da Silveira Netto, of the Federal University of Para (UFPA-Belém) from the use of a saline tracer
(sodium chloride) as well as to evaluate the error between the experimentally measured time of concentration and the time of

concentration estimation models in the literature.
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2. Methodology
2.1 Empirical and semi-empirical models for time of concentration determination

The most commonly used models for the determination of time of concentration are listed in Table 1 (equations 1 to 8).
Several studies have already used such models to verify whether they are suitable for use in certain watershed, with distinct
characteristics, such as the works of Silveira (2005), Almeida et al. (2013), Sampaio et al. (2016), Ferreira et al. (2017), among
others.

Table 1: Summary of the models presented for time of concentration calculation.

Watershed
Model Equation Ordinance
type
31 0.385
Kirpich t. =57 (ﬁ) Rural 1
Giandotti oA AELS L Rural 2
iandotti c=E—— ura
0.8-/Hpy
Dooge t. = 0.3649 - A041. 57017 Rural 3
Corps of t. =0.191- L1076 . 57019 Rural A
ura
Engineers
DNOS t,=0.419- k71 A03.[02.5-04 Rural 5
George Ribeiro te =0.222-(1.05-02p) 1L 57004 Rural 6
Ven te Chow t. = 0.16 - [064. 57032 Rural 7
Carter t. = 0.0977 - [06.5703 Urban 8

Source: Authors themselves.

In Table 1, the L for the Ven te Chow, Carter and Corps of Engineers models corresponds to the length of the water
course/main channel in kilometers. For the models of Kirpich, DNOS, Giandotti and George Ribeiro, L corresponds to the length
of the slope, in kilometers. The definition of S also varies, being for the models of Ven te Chow, Carter and Corps of Engineers
defined as being the mean slope of the watercourse/main channel, in m/m. For the DNOS and George Ribeiro models, S is
defined as the river slope, in m/m. The watershed area corresponds to “A”, in square kilometers. The slope difference between
the furthest point and the watershed reference section corresponds to H in meters. Hm is defined as the average elevation from
the outfall in meters. The variable “p” corresponds to the area fraction with forest, dimensionless, ranging between 0 and 1.
Factor k of the DNOS model was determined according to Silveira (2005) and taking into account the characteristics of the land
of the watershed.

Factor k of the DNOS model was determined according to Silveira (2005) and taking into account the characteristics of

the land of the watershed.
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2.2 Field of study

The area covered by the study comprises the watershed of the Sapucajuba creek, which is located in the neighborhood
of Terra Firma, municipality of Belém-PA. The Sapucajuba creek has the drainage in the Guama river, which, according to the
tide (strong influence of tide of the Guama river and the Guajara bay), reverses the direction of the drainage in part of its
extension.

According to Almeida and Penner (2017), the small watershed drains an area of 0.987 km?, holding approximately
63.90% of green area (0.630 km?) and a runoff coefficient of 0.6. From the spring to the mouth of the Sapucajuba creek, the
creek has a length of approximately 1.80 km. In relation to the topography data, the planialtimetric survey was carried out from
the source to the mouth of the Sapucajuba creek, on 08/12/2019, using a Total Station model GPT-3207N of the TOPCON brand,

resulting in the longitudinal profile present in Figure 1.

Figure 1: Longitudinal profile of the Sapucajuba creek.
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Source: Authors themselves.

2.3 Flow measurement by salt dissolution method

The determination of the flow of the Sapucajuba creek was performed using the methodology described in Cuartas et
al. (2012), which is based on the measurement of the dispersion of a saline tracer in the water course. The electrical conductivity
of the Solution was measured using a 3% accuracy conductivity probe by Vernier (model: COM-BTA). The distances between
the injection points of the saline tracer and the measurement in the concentration cloud, the measurement interval, the total
measurement time and the mass of the solute were standardized by initial tests.

Before the saline tracer was injected into the water body, the electrical conductivity of the solutions to be introduced
(inside each container) and the water body where the flow was measured. It should be noted that, for the preparation of solutions,
water from the water body itself was used.

Simultaneously, the injection of the solution into the river, in the form of a pulse (immediate and punctual release),
initiated the recording of the electrical conductivity, finishing the measurement when the measured concentration in the water
body returned to its initial concentration (background), or next to it. To determine the flow of the river, we used Equation (9)

presented in Cuartas et al. (2012).
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(ci—cp)V;
Jy (@) = cp)dt

Where: Q is the flow of the river, in m3.s; c; is the concentration of the salt in the solution; cy is the concentration of

Q= €]

the creek before injecting the solution; ¢ is the concentration in time t, in seconds and; V; is the injected volume of the saline

tracer, in m3.

2.4 Determination of time of concentration using tracer

The determination of the time of concentration was performed in three parts of the studied water body. For this purpose,
a methodology similar to that used for flow measurement was used. According to Azizian (2019), the real time of concentration
is determined by considering the travel time of the tracer concentration cloud, from the injection of the saline tracer to the

measurement of the electrical conductivity peak (highest value) determined at the measurement point.

2.5 Test testing campaign

The GMD (Good Mixing Distance) was determined by means of field experiments, which consisted of collecting
samples simultaneously in different verticals in the monitoring sections and comparing the crossing curves of the tracers in each
of the verticals. This procedure is recommended by Silva et al. (2017). With the analysis of the results of this procedure it was
possible to define the concentration of the tracer solution, the total measurement time and the measurement interval of the
electrical conductivity.

In the first test, to prepare the saline solution, we used: 18 L of water removed from the water body and 500 g of NaCl.
Due to local conditions, the distance between the injection point and the measuring point was 7.5 m. The measurement interval
was 8 s and the total test time was 416 s.

In the second test, to prepare the saline solution, we used: 45 L of water from the water body and 3 kg of salt. The
distance between the injection point and measurement was 11 meters. The measurement interval was 8 s and the total test time
was 1488 s.

2.6 Flow and time of concentration test campaigns
With the defined field conditions, the concentration and flow time determination tests were started. The location of the
parts studied is shown in Figure 2. These excerpts were chosen due to the accessibility to the tests and to the greater spatial

distribution of the parts studied.
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Figure 2: Field tests sections.
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The time of concentration in the entire watershed was determined considering the average times found in each stretch.

Comparison with empirical methods with the time of concentration measured in the field, time of concentration
estimates were performed from the models listed in Table 1, using the following data: drainage area, stalk length, elevation,
slope and mean elevation.

Finally, the results were compared, based on the percentage error calculated by Equation (10) and the most appropriate
models were identified for the watersheds that present characteristics similar to the studied hydrographic small watershed, as
support for future work.

Iy |t;medido — t.calculado|
b= .

100 2
t.medido @

Where: E% is the percent error; measured t is the measured time of concentration; calculated t. is the calculated time
of concentration.
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3. Results and Discussion
3.1 Test Trials

The tests showed that it is essential to work with more than 40 liters of saline solution and at least 3 kg of salt. Smaller
volumes of water with a smaller salt mass provided curves that were difficult to detect. The optimal lead time ranged from 4 to
20 minutes, depending on the stretch considered, ensuring the marking of every tracer cloud on any stretch, and the interval
between measurements of 1 to 20 seconds.

It should be noted that this stage was of paramount importance to be able to have sensitivity in relation to the field
analysis, and should pay attention to the necessary adjustments, thus avoiding unreal results, as recommended by Silva, et al.
(2017).

3.2 Determination of flow rate and time of concentration
Table 2 shows the conditions for the tests in each section, as well as the results obtained, flow rate and time of
concentration. Figure 3 shows the graph of dimensionless electrical conductivity (measured value - lowest value / highest value

- lowest value) as a function of dimensionless time (measured time/final time), obtained from field tests for Sections 1, 2 and 3.

Table 2: Test conditions and results for all sections.

Stretch 1 Stretch 2 Stretch 3
Alternating
El E2 El E2 El E2

Measurement range (s) 1 3 4 4 20 20
Total test time (s) 240 240 480 480 1200 900
Mass of NaCl (g) 3k 3k 3k 3k 3k 3k
Electrical conductivity of saline solution

4096 4096 4038 4040 3975 4001
(uS/cm)
ci - Concentration of saline solution (mg/L) 2,048 2,048 2,019 2,020 1,987.5 2,000.5
Initial electrical conductivity in the

196.51 196.51 296.26 303.44 264.18 273.71
watercourse (uS/cm)
Co - Initial saline concentration in the

98.25 98.25 148.13 151.72 132.09 136.85
watercourse (mg/L)
Vi - Volume of saline tracer (L) 54 54 49,5 48 48 48
Q - Calculated flow rate (L/s) 4.67 4.07 1.64 1.57 2.08 2.46
tc - time to peak (min) 1.02 1.30 3.27 3.47 4.50 5.00

Source: Authors themselves.
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Figure 3: Electrical conductivity as a function of time for Section 1, 2 and 3.
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Analyzing the arrival curves of Figure 3, it is noted that in all the tests the electrical conductivity left the initial condition,
reached a peak and returned to the initial condition or very close to it, sufficient to determine the flow rate and the respective
time of concentration per considered stretch. In the case of Experiment 1, there is a lag between Trials 1 and 2, a difference of 9
seconds, and there are small oscillations in the values, probably caused by the non-uniform release of the tracer. For Section 2,
it should be noted that the plotter’s arrival curves, in both tests, present a minimum difference, and there are reduced oscillations
when compared to the other tests. Finally, for Stretch 3, the finish curves of the tracer differed in Trials 1 and 2, with a difference
of 25 seconds in the arrival time between the two. A greater oscillation between the measurements was also evident compared

to the other tests.

3.3 Time of concentration of the entire watershed
The time of concentration and the displacement velocity are listed in Table 3. Time of concentration ranged between
1.02 and 5.00 min depending on the section considered. The lowest times are observed close to the outfall, which consequently

are associated with higher flow velocity.
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Table 3: Time of concentration and flow velocity for the small watershed.

Stretch Test Distance (m) launch / measurement  tc(min)  Velocity (m'min?)

1 25.0 1.02 245
1
2 25.0 1.30 19.2
1 30.1 3.27 9.2
2
2 30.1 3.47 8.7
1 19.7 4.50 4.4
3
2 19.7 5.00 3.9
Whole watershed 1778.5 152.3 11.7

Source: Authors themselves.

Continue explanation about the flow velocities, which varied between 3.9 and 24.5 m'min, this variation is due to the
flow section, since the longitudinal profile, Figure 1, does not indicate significant changes in the slope between the segments
considered.

3.4 Estimated time of concentration

Considering the methods described in Table 1, the time of concentration was calculated using the morphometric
characteristics of the small watershed according to the results of Table 4. The model that presented the highest t; estimation value
was Giandotti’s model (207.79 minutes). The lowest values found were obtained by the models of Carter and George Ribeiro
(42.99 and 42.86 minutes, respectively). Note that the values of t; obtained for different values of k, also differ, being possible
to observe that the type of roughness of the land influences directly the value of t¢, being evident that the more impermeable the
area of the watershed, less is the time of concentration. Considering the slope of the river as being 0 to 3% and having the same,
characteristics of urban and rural watershed, we used the arithmetic mean of the maximum speed limits in runoff in pastures and

pavements (1.7 ms™?). In this way, all calculated values, using the models, are below the maximum limit.
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Table 4: Verification of average flow rates in the creek.

Model tc (min) AYerage
velocity (ms™?)
Kirpich 71.16 0.55
Giandotti 207.79 0.19
Dooge 58.08 0.68
Corps of Engineers 50.38 0.59
George Ribeiro 42.86 0.92
Ven te Chow 80.41 0.37
Carter 42.99 0.69
Clayey sand, intense vegetation, high absorption 149.46 0.26
Common, vegetation covered, appreciable absorption 99.64 0.39
Clayey, overgrown, medium absorption 74.73 0.53
wn

% Medium vegetation, little absorption 66.43 0.59
In rock, vegetation sparse, low absorption 59.73 0.66
Rocky, vegetation thin, reduced absorption 54.35 0.72

Source: Authors themselves.

The variety of results obtained for the time of concentration shows that the models were developed in specific
watersheds, with different characteristics and situations among themselves, some of which differ from the characteristics of the

small watershed studied, shown that no field measurement can be a risky choice.

3.5 Comparative analysis of tc calculated with tc measured in field (real)

The t; value estimated by the Kirpich model (the most commonly used) presented a lower value than the t. measured in
the field, with an error of 50%. This can be explained by the fact that the studied small watershed exceeds the limit area of
application of the model (0.500 km2). Silveira (2005) comments that when its application is extrapolated to larger watersheds, it
is expected to obtain lower time of concentration than the real ones. The value of t; estimated by Giandotti’s model is much
higher than the value of t. measured in the field, thus overestimating the calculation result. This verification was also made in
the work of Silveira (2005), who, because the model uses the area of the watershed as an explanatory variable, exhibits the
tendency to overestimate the time of concentration, regardless of the amplitude of the accepted areas. Another study in which

the overestimation of this model was noted was that of Sampaio et al. (2016). He estimated t. for 28 watersheds in Cear4 state,
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using 11 methods of estimating t.. The value closest to that of t. measured was that estimated by the DNOS model (in sandy-
clay terrain, intense vegetation, high absorption), 149.46 min.
The comparison of the results of the t; estimate with the results measured in the field, based on the percentage error

calculated by Equation (10), is shown in Table 5.

Table 5: Values of percentage errors of each t; estimate model.

Percent error (E%)
Model Rank
t. for the whole watershed

Kirpich 53.30% 6°
Giandotti 36.36% 30
Dooge 61.89% Qo
Corps of Engineers 66.94% 11°
George Ribeiro 71.88% 13°
Ven te Chow 47.23% 4°
Carter 71.79% 12°
Clayey sand, intense vegetation, high absorption 1.92% 1°
Common, vegetation covered, appreciable absorption 34.61% 2°
Clayey, overgrown, medium absorption 50.96% 50

(2]
% Medium vegetation, little absorption 56.41% 7°
In rock, vegetation sparse, low absorption 60.77% 8°
Rocky, vegetation thin, reduced absorption 64.34% 10°

Source: Authors themselves.

Estimation errors of t; varied between 1.92 (DNOS model for intense vegetation) and 71.88% (George Ribeiro). This
variation is due to the great variety of watersheds used for the elaboration of each model.

Also, in Table 5 are presented the most appropriate models, that is, closer to the values measured in the field, for the
small watershed, in order of placement. The three most suitable models for the small watershed studied were: DNOS (intense
vegetation, high absorption), DNOS (vegetation cover, appreciable absorption) and Giandotti, from the 1st to the 3rd place,
respectively. Better results were also found for the DNOS model in the study by Silveira (2005).

The model that presented the worst result was George Ribeiro (percentage error of 71.88%), staying in the 13th position,

and he exhibits the tendency to overestimate the time of concentration.
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The performance of the Dooge model, based on data from ten rural watersheds in Ireland, with areas between 140 and
930 km?, should better reflect the time of concentration in watersheds where channel flow predominates (Collischonn &
Dornelles, 2015; Silveira, 2005). Therefore, as the watershed of the Sapucajuba creek has a low drainage density and little
branching, it is expected that the predominant runoff is over the soil, a fact that may have affected the performance of the Dooge
equation, underestimating the time of concentration.

Carter’s model, even though it was produced for urban watershed, was in the 10th position, underestimating the time of
concentration of the small watershed.

This justification can be given by the preservation of green areas, which, according to Almeida and Penner (2017), the
watershed holds approximately 63.9% (630,389 m?2). In general, it was found that the models underestimated the time of
concentration value, which consequently overestimated the flow of the water body when this is the objective. This finding is
favorable to the safety in the elaboration of urban drainage projects. However, care should be taken that the estimate does not

generate economic viability for the execution of the works.

4. Final Considerations

This work determined the time of concentration in the watershed of the Sapucajuba creek using saline tracer.
Additionally, the measured time of concentration was compared with estimation models present in the literature. The main
conclusions are:

. The determination of time of concentration using saline tracers emerges as a viable alternative, given the

variability of time of concentration estimated by empirical and semi-empirical models.

. In general, empirical and semi-empirical models underestimated the value of experimentally measured time of

concentration. This situation occurs because the models have been developed under different conditions than those of

the small watershed used in this study.

As recommendations for better implementation of future field work it is suggested:

. For the same test, perform measurements on at least two separate sections of the watercourse for comparison
of results;
) Continuous launch of tracer, avoiding any uncertainties of the instantaneous point launch, with the participation

of several auxiliaries in the field, as was the case of the present work, where it was necessary the presence of three
operators doing launching.
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