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Estimation of the time of concentration from
morphometric and hydrological monitoring parameters in
Sao Paulo state watersheds

Estimativa de tempo de concentracdo a partir de parametros
morfométricos e de monitoramento hidrolégico em bacias
hidrograficas paulistas

Luis Fernando Murillo Bermidez'®, André Luis Sotero Salustino Martim '@,
Ana Elisa Silva de Abreu '®, Laura Maria Canno Ferreira Fais '®,
José Gilberto Dalfré Filho'®

'Universidade Estadual de Campinas, Campinas, SP, Brazil

ABSTRACT

Morphometric analyzes support an understanding of the physical characteristics of hydrographic basins
and are commonly used to estimate hydrological variables. This work aims to compare the
geomorphological characteristics and the time of concentration (Tc) in two watersheds: upper part of the
Jundiaf river (139.3 km?) and Pirai river (209 km?) belonging to the Jundiai river basin, state of Sdo Paulo.
To calculate the Tc, empirical equations and monitored hydrological data were applied. Applying the US
Army Corps of Engineers, Ven te Chow, and Kirpich Tc formulas, the Pirai watershed had the highest Tc,
with a mean value of 6.29 h with a maximum difference between the three formulas of approximately
27%. The mean Tc for the Jundiai watershed was 5.18 h, with a 25% variation between the minimum and
maximum calculated values. Applying the hydrological method to the data collected between 2018 and
2021 from the S3o Paulo State Flood Alert System (SAISP) fluviometric and pluviometric stations, the
minimum and maximum calculated values were 6.83 h and 23.33 h, respectively, with mean of 14.4 h.
We observed higher values for the Pirai watershed, which has a larger drainage area, with Tc varying
from 17 h to 49 h and mean of 36.7 h. Note that the average Tc for the Pirai watershed was almost 2.5
times higher than that of the Jundiai watershed, despite the almost equal values of slope and length of
the thalweg, calculated from the empirical equations. These equations based on morphometric
parameters underestimated the Tc compared with the values calculated from the hydrological method,
presenting 82% and 64% of error, respectively, for the Pirai watershed and the upper part of the Jundiai
watershed.

Keywords: Watershed; Time of concentration; Morphometric analyzes
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RESUMO

Analises morfométricas subsidiam um entendimento das caracteristicas fisicas das bacias hidrograficas
e sdo comumente utilizadas para estimativa de varidveis hidrolégicas. O presente trabalho tem como
objetivo comparar as caracteristicas geomorfoldgicas e o tempo de concentragdo (Tc) em duas bacias
hidrograficas: parte alta do rio Jundiai (139,3 km2) e rio Pirai (209 km2) pertencentes a bacia hidrografica
do rio Jundiai, estado de Sao Paulo. Para o calculo do Tc foram aplicadas equag¢des empiricas e dados
hidrol6gicos monitorados. Aplicando-se as formulas de Tc do Corpo de Engenheiros dos Estados Unidos,
de Ven te Chow e de Kirpich, a bacia do rio Pirai apresentou o maior Tc, com valor médio de 6,29 horas
com uma diferen¢a maxima entre os resultados da aplicacdo das formulas de aproximadamente 27%. O
Tc médio para o a bacia do rio Jundiai foi de 5,18 h, com variacdo de 25% entre o valor minimo e maximo
encontrados. Aplicando-se o método hidrolégico aos dados coletados entre 2018 e 2021 em estagdes
fluviométricas e pluviométricas pertencentes ao Sistema de Alerta a Inundac¢des do Estado de Sdo Paulo
(SAISP), verificou-se para a bacia do trecho alto do rio Jundiai um valor minimo de 6,83 h e um valor
maximo de 23,33 h, com um valor médio de 14,4 h. Para a bacia do rio Pirai, que apresenta uma maior
area de drenagem, observaram-se valores superiores, com Tc variando de 17 h até 49 h; o valor médio
foi de 36,7 h. Observe-se que o Tc médio para a bacia do rio Pirai foi quase 2,5 vezes maior do que o
apresentado na bacia do rio Jundiai, ainda que os valores de declividade e comprimento do talvelgue
ndo divirjam em propor¢des significativas, como evidenciado nos resultados encontrados aplicando-se
as formulas empiricas. As férmulas baseadas em parametros morfométricos subestimaram o Tc em
relacdo aos valores calculados pelo método hidroldgico, apresentando um erro de 82% e 64%
respetivamente para as bacias do rio Pirai e trecho alto do rio Jundiai.

Palavras-chave: Bacia hidrografica; Tempo de concentragao; Andlise morfométrica

1 INTRODUCTION

The accelerated increase in human activities in recent decades implies a
significant change in various natural cycles and, therefore, environmental
problems associated with water resources and soil degradation are increasingly
frequent (STEFFEN et al., 2015). The effects of anthropic actions, such as
urbanization, change the local hydrological cycle and river characteristics,
drastically increasing the discharge peaks and silting processes in river channels
(DISCROLL et al., 2010).

Approaches in river basins, considered as the unit of analysis and planning,
have been increasingly used for the evaluation of hydrological processes,
considering biophysical, social and economic variables, which enables an
evaluation in appropriate temporal and spatial scales, since the physical, biotic,
and anthropic environment interact dynamically in the basin. (TUNDISI, 2008;

TUNDISI AND MATSUMURA, 2011; BACK, 2014).
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The morphometric analysis can provide relevant information for
environmental studies regarding erosion problems, slope instability, flood events,
and landslides, allowing an easy comparison with other river basins (TEWARI,
MISRA E SHARMA, 2019; MANGAN, HAQ AND BARAL, 2019). The basin’'s
geomorphological characteristics have a complex interrelationship with the
hydrological processes (GOERL, KOBIYAMA E SANTOQOS, 2012; RODRIGUEZ-ITURBE
AND VALDES, 1979; RODRIGUEZ-ITURBE et al., 1982; GERICKE, 2019), which is still
the focus of discussion within the scientific community as one of the major issues
to be addressed (BLOSCHL et al. 2018).

The time of concentration (Tc), which is one of various hydrological
parameters, related to the physical characteristics of the basin; is the time required
for a water particle to superficially travel from the farthest point of the basin to its
outlet (MCCUEN, 2009; WORLD METEOROLOGICAL ORGANIZATION AND UNITED
NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION - WMO and
UNESCO, 2012.; RAVAZZANI et al., 2019). Time of concentration is one of the most
important inputs for hydrological studies, and it is often used for the design of
urban drainage systems and for the operational planning of hydraulic structures
(ALMEIDA et al. 2014; MCCUEN, 2009). Despite the wide diffusion of Tc, it has no
exact calculation method, and the methodologies can be subdivided into two
groups: computational and theoretical ones (RAVANZZANI et al., 2019; GRIMALDI,
2012).

Tc is calculated by computational methods from the observation of the
rainfall hyetogram and the result of the discharge hydrograph (THOMAS et al. 2000).
Empirical methods are based on multiple regressions between direct estimates of
Tc and some river characteristics, such as geomorphological, hydrological, and
meteorological aspects (RAVAZZANI et al., 2019). Gericke and Smithers (2014) show
that empirical methods are the most used in unmonitored basins, representing 95%
of the methods used; however, they may have large errors in their estimates.

Grimaldi (2012) found up to 500% variability between different Tc equations.
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According to Gericke (2015) medium to large hydrographic basins (> 20 km?)
represent a greater characterization challenge, due to heterogeneity in land cover
and its use, and the non-uniform precipitation.

In Brazil, several studies characterized different types of basins based on
morphometric parameters, limiting the discussion to hydrogeomorphological
relationships with possible basin trends to present flood events, on the other hand,
the studies evaluating the results of Tc empirical equations for Brazilian basins,
from monitored hydrological data are relatively scarce (MAMEDIO, CASTRO E
CORSEIL, 2018; MOTA et al., 2017, KOBIYAMA et al., 2006; MALUTTA et al., 2017,
INNOCENTE et a/, 2017; JUNIOR E BOTELLO, 2011; INNOCENTE, et al., 2019).

The objective of this work is to characterize and comparatively analyze the
geomorphological characteristics and the Tc from empirical equations and from
hydrological data monitored in two watersheds (upper part of the Jundiai river and
the Pirai river) belonging to the Jundiai watershed, in the state of Sao Paulo.
Together, these two watersheds area is larger than 100 km?. They supply water for
populous cities and encompass regions of strong industrial and service activity,
being subject to a high degree of water stress. Thus, this study is of academic,

public, and water resources managers interest in general.

2 MATERIALS AND METHODS

2.1 Location of study area

Figure 1 shows the two chosen watersheds: the watershed of the upper
stretch of the Jundiai River (simply named here as Jundiai River watershed), with
139.3 km?, comprising the municipalities of Mairipord, Atibaia, Jarinu, and Campo
Limpo Paulista; and the Pirai River watershed, in the municipalities of Cabreuva,

Itu, and Salto, with 209 km?2. They are within the Water Resources Management Unit
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No. 5 of the state of Sdo Paulo, comprised of the Piracicaba, Capivari, and Jundiai
(PQ)) river basins.

According to Alvares’ et al. (2013) climate classification, the Jundiai watershed
is between the subtropical humid Cfb zones, influenced by the oceanic climate,
lacking dry seasons, and may comprise warm to temperate summers; and the Pirai
watershed also presents Cfb climate in the eastern portion but in the extreme west
of the basin the climate changes to Cfa type with warmer summers. Another
common feature of the studied watershed is the red-yellow argisols (OLIVEIRA et

al., 1999).

2.2 Morphometric parameters

The Digital Elevation Models (DEM) from the Japanese satellite ALOS
(Advanced Land Observing Satellite), obtained from the Alaska Satellite Facility,
were used to get the initial physical characteristics of the two analyzed watersheds.
This model has a spatial resolution of 12.5 m and is a radiometrically corrected
product from the global DEM (SRTM) and Landsat 8 satellite images having also
undergone a resampling of the original 30 m DEM (MEZA, 2020). These images were
incorporated into a geographic information system (Arc Gis®) to delimit the

watersheds and to estimate the morphometric parameters.

Ci. e Nat., Santa Maria, v. 44, Ed. Esp. VI SSS, e2, 2022
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Figure 1 - Location of the studied watersheds
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A defined methodological procedure was applied for the automatic
extraction of the drainage network in each watershed, which routinely involves the
following steps: identification and filling of spurious depressions, definition of the
preferential flow direction, obtaining the matrix with the accumulated drainage
area, and definition of the flow accumulation threshold (MORAIS E SALES, 2016;
SOUZA E ALMEIDA, 2014; FAN et al, 2013).

The chosen software implements predetermined algorithms for each one of
these steps, defined by Jenson and Domingue’s (1988) theory for the depression
filling phase; the so-called eight flow direction method (D8) defines the flow
directions of the rivers proposed by O’Callaghan and Mark (1984). Defining the
minimum limit for the initial formation of runoff is one of the points that requires
greater attention due to the direct relationship with the formation of a drainage

network more or less ramified and actually representing of the reality (FAN et al.,
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2013). In this case, this value was chosen by the trial-and-error method comparing
the drainage network generated for different proposed limits with the basins
satellite images, also considering that the accumulation threshold did not exceed
the conditions established by the DEM resolution used.

Finally, the area and perimeter were delimited on the same spatial scale for
both watersheds. The flow direction from the source to the outlet was followed to
trace the topographic profile of the main course for both cases. The Hidrobacias®
software was used for the secondary calculation of some of the morphometric
evaluated parameters. Table 1 briefly shows each one of these parameters, as

defined by Back (2014), Das (2021), and Sadhasivam et al. (2020).

2.3 Soil usage and coverage characteristics

To compare the land cover and uses of the watersheds, the P(CJ
Committee/PCJ Basin Agency (2020) watershed plan was used. The classification
was made from 1 m spatial resolution orthophotos taken in 2010 and 2011,

provided by the Sao Paulo Metropolitan Planning Company (EMPLASA).

Table 1 - Morphometric parameters for the characterization of watersheds

Morphometric

Definition Abbreviation/Equation  Reference
parameters
Drainage area Total catchment area A /
Perimeter Lenght of the line represengng the p /
watershed of the basin
Main stream
lenght Thalweg length L /
Hierarchization of the river's
o . Strahler
Stream order branches within the hydrographic @]
. (1952)
basin
Ratio of the basin perimeter to the .
Compactness . . P Gravelius
- circumference of a circle of the same K. =0.282—
coefficient VA (1914)
area
Continued...
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Table 1 - Conclusion

Morphometric

Definition Abbreviation/Equation Reference
parameters
Ratio of the catchment area to the A
Form factor square of the axial length of the Kr = Tz Horton (1932)
basin x
. . Ratio of the total length of the rivers N
Drainage density . . . 5 . D, =— Horton (1945)
in the basin to its drainage area A
Average runoff Average route that the water takes E = 1 Villela and
extension index until it reaches the river ™S 4D, Mattos (1975)

Sinuosity index

Ratio of the distance from source to
outlet in a straight line to the total

, 100 —E)

Mansikkaniemi

N

length of the river L (1970)

Ratio of the difference in altitude ) Hadley and
) Hmax — Hmin
River slope (S1) from source to outlet to the length of S1l=—— ————— Schumm
L L

the main river (1961)

Circularity ratio Raarzg 21]: ;hc?rilr:?/vilt?i?czar;:‘g:Sr:chee I = i Miller (1953)
Y ¢~ P2 Strahler (1964)

equal to the basin perimeter

A!t|metr|c Maximum ahd minimum height R = Hmax — Hmin Das (2021)

difference difference

Elongation ratio Ratio of a circle with the same area VA Schumm
& of the basin to its maximum length R, = 1'1284T (1956)

Relative Ratio of the area to the perimeter of P — A Schumm

perimeter the basin F=p (1956)

Source: Authors, 2021

2.4 Time of concentration (Tc)

To calculate the times of concentration, the empirical formulas were used,
following the recommendations proposed by Silveira (2005), according to the
physical characteristics of the basins related to their size, use, and land cover,
found in the previous items. Among the chosen equations are those proposed by
the US Army Corps of Engineers (Equation 1), by Ven Te Chow (Equation 2), and by
Kirpich (Equation 3), where the only input variables are the length of the main
thalweg L and the river slope S7. The three chosen equations are applicable to

basins with rural characteristics, and according to the study carried out by the same

Ci. e Nat., Santa Maria, v. 44, Ed. Esp. VI SSS, e24, 2022
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author, they are the ones with the best performance when compared with

observed data.

0.76

Te =0.191 X 53 (1)
L0ﬁ4
Te = 0.160 X 5= (2)
0.77
Tc = 0.0663 X ——— (3)

50.385

Although Kirpich’'s equation was designed for smaller basins (MOTA and
KOBIYAMA, 2015), it was used in this study following the suggestions of Silveira
(2005), who found good estimates of Tc for basins up to 12,000 km?2.

To calculate the Tc from the hydrological data, the time between the end of
the event's excess rain and the first recession point of the flow hydrograph must
be considered. This point represents the time it takes for the flow to be considered
as base flow (THOMAS et al. 2000). As reported by Kobiyama et al. (2006), due to
difficulties in defining the exact time of completion of the effective rain, the end of
the precipitation event was used, the inflection point was located visually by using
a semi-logarithmic graph and, as proposed in Ravazzani et al. (2019), the criterion
used for selecting events was based on events that exceeded the first flow quartile.
Figure 2 shows an example of this procedure.

The fluviometric and pluviometric stations are in each one of the watershed’s
outlets, both in the Sao Paulo State Flood Alert System (SAISP). The monitoring
station for the Jundiai River, is located at coordinates -46.760284, -23.208778, with
data collection every 10 minutes in the period between 11/14/2018 and 03/31/2021.
In the Pirai river, the station is in the catchment for the municipality of Salto, with
coordinates -47.2343, -23.19064, and the data acquisition was carried out every

hour between 01/01/2018 and 09/10/2021.

Ci. e Nat., Santa Maria, v. 44, Ed. Esp. VI SSS, e2, 2022
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Empirical equations were evaluated from descriptive statistics, taking as
error the standardized difference between the mean of the values observed in the

monitored events and those calculated from the equations.

Figure 2 - Calculation of the time of concentration for a rainfall event in the Jundiai

watershed (6/7/2019)
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Source: Authors, 2021

3 RESULTS AND DISCUSSIONS

Table 2 shows the results of the calculated morphometric parameters for the
two watersheds. The Jundiai river basin has a lower form factor value, a higher
elongation ratio, and sinuosity index below 20%, making it a very straight river in
this high section of the basin. For the Pirai river basin, the river can be considered
as winding in Charlton's (2008) categorization or as rambling (MANSIKKANIEMI,
1970).
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Table 2 - Calculated morphometric parameters for Jundiai and Pirai river watersheds

Watershed L. L. Ratio

Parameter Jundiai Pirai Pirai/Jundiai
Drainage area (km?) 139.3 209.0 1.5
Perimeter (km) 79.1 99.3 1.3
Main stream lenght (km) 32.0 42.2 1.3
Stream order 4 6 -
Compactness coefficient 1.90 1.94 1.0
Form factor 0.2 0.24 1.2
Circularity ratio 0.28 0.27 1.0
Altimetric difference (m) 580 769 -
Elongation ratio 0.5 0.55 1.1
Relative perimeter (km) 0.57 0.48 0.8
Drainage density (km/km?) 1.73 1.36 0.8
/(Al;vne;;age runoff extension index 0.14 018 13
Sinuosity index (%) 19.06 35.07 1.8
River slope S7 (m/m) 0.016 0.018 1.1

Source: Authors, 2021

The Pirai watershed has the largest catchment area and height difference

between its source and outlet, contrasting with its lowest drainage density value.

However, for both basins, this last parameter is lower than 2.0, which to Beltrame

(1994), cited by Back (2014), considered as a median class.

Figure 3 shows the altimetric map of each watershed and its respective

drainage network; note that in both of then the pattern with greater notoriety is of

the dendritic type, related to poor geological control of the rocky substrate of the

basins and/or a uniformity in the strengths of these rocks (CHARLTON, 2008; BACK,

2014), which agrees with the geomorphological characteristics of the basins. All of

them are in the Atlantic Plateau domain with predominance of the Red-Yellow

Latosol type soils over crystalline basement rock (Consorcio Profill-Rhima, 2020).

Ci. e Nat., Santa Maria, v. 44, Ed. Esp. VI SSS, e2, 2022
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Figure 3 - Hypsometric map and longitudinal profiles of the Pirai river and the upper

part of the Jundiai river
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Considering the land use and cover in these watersheds, in general, the
predominant classes are fields and native forest with a lower percentage of forestry,
urbanized areas and temporary farming. Figure 4 shows the percentage of the
different land uses and cover for each one of the watersheds. The Jundiai river
watershed has the highest percentage of native forest and forestry in relation to
its total area, and the urbanized area is the lowest in the Pirai watershed.

Figure 5 shows the map for each watershed, with the distribution of these
classes, evidencing the portion of native forest in the headwaters of the Pirai and
Jundiai rivers. The Pirai watershed is the only one that encompasses areas with

sugarcane crops and with pivot for irrigation close to its outlet.
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Figure 4 - Percentages of land use and land cover for each watershed, in km?
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Figure 5 - Land use and cover map for each watershed
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We applied the time of concentration equations of the US Army Corps of
Engineers, Ven Te Chow, and de Kirpich suggested for rural basins form both
watersheds. The Pirai watershed had the highest Tc, mean of 6.29 hours with
around 27% difference between the result from each equation. Mean Tc for the
Jundiai watershed was of 5.18 h, with around 25% between minimum and
maximum calculated values. Table 3 shows that the ratio of the values obtained by
the empirical methods for the Pirai and the Jundiai river is of 1.2 to 1.3 and is close

to the ratio of the length to the slope of the main river, shown in Table 2.

Table 3 - Time of concentration for the studied watersheds, calculated from the

empirical equations

Watershed L. L Ratio Pirai/
Jundiai Pirai .
Tc (h) Jundiai
Corps of Engineers 5.83 7.03 1.2
Ven Te Chow 5.06 6.33 1.3
Kirpich 4.68 5.52 1.2

Source: Authors, 2021

Table 4 shows the 10 events for the Jundiai river and 7 events for the Pirai
river used for the Tc calculation based on the hyetogram and hydrograph. For the
Jundiai river, we obtained a minimum value of 6.83 h and a maximum of 23.33 h,
with a mean of 14.4 h. For the Pirai river, which has a larger drainage area, we
observed higher values, with Tc from 17 h to 49 h, and mean of 36.7 h. Note that
the average time for the Pirai watershed was almost 2.5 times longer than that of
the Jundiai watershed, despite the similarity between the values of slope and length
of the thalweg, observed in the results from the empirical equations.

Figure 6 shows the comparison between the results obtained by both
methods for both watersheds. All values extracted by the hydrological method

were above the values calculated from the empirical formulas for both river basins,
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with a percentage error of 82% and 64% between the mean Tc, considering the Tc
estimates from the hydrological records as the correct value.

These values are consistent with those found in other studies in Brazil, such
as those carried out by Mamedo et al. (2018), which obtained differences of up to
88% between the Kirpich's equations and the Tc calculated in three river basins in
Rio Grande do Sul. Another study in a coastal basin, carried out by Innocente (2019),
resulted in an underestimation of 600% when comparing the medians of the time
of concentration based on equations and those ones obtained from monitored

data.

Table 4 - Discretization of rainfall events for the evatuated watersheds, with their
respective time of concentration, for each event, calculated from the hydrological

monitoring data

Jundiai river watershed Pirai river watershed

End date of event Tc (hours) End date of event Tc (hours)
2/12/18 6:10 20 4/3/18 12:00 40
25/12/18 23:50 13.6 6/1/19 20:00 48
5/1/1917:20 6.8 8/3/19 7:00 17
27/1/19 1:10 14.5 10/4/19 7:00 35
17/2/19 10:10 233 25/11/19 7:00 36
6/7/19 9:50 22.6 29/11/19 22:00 32
31/12/20 18:00 7.6 12/2/20 14:00 49
3/1/20 20:20 9.5

9/1/20 23:00 12.3

12/2/20 0:00 13.6

Source: Authors, 2021

McCuen (2009) highlights that due to differences in the roughness and slope
of the basins (surface flow) and main watercourses (channel flow), the Tc estimates,
based only on the characteristics of the main watercourse are underestimated on

average by 50% and, consequently, when carrying out hydraulic projects, peak
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discharge estimates will be 30% to 50% overestimated. Other factors, such as the
heterogeneity of precipitation may be related to the differences in the Tc, even

more with the increase of the basin size, as reported by Gericke (2019).

Figure 6 - Comparison between the time of concentration calculated from hydrological

data and by empirical equations, for Pirai and Jundiai watersheds

60
Pirai -
50 1 - O hydrological
method
_ 40
g X Pirai - empirical
g 30 | equations
o . Jundiai -
20 1 O hydrological
X method
10 1 o
T Jundiai -
B empirical
0 equations
Watershed

Source: Authors, 2021

4 CONCLUSIONS

Evaluating the physical parameters of the watersheds showed similar
drainage density values and hydrographic network patterns, described as dendritic
type, which can result from the similarity of the geological substrate of the two
watersheds, red-yellow latosol-type soils on crystalline rocks.

The watershed of the upper part of the Jundiai River has a more elongated
shape with straight river characteristics with a low shape coefficient and elongation
ratio, and a predominance of native vegetation and grasslands. The Pirai watershed
has a larger area and has a land use and coverage like that of the Jundiai river, but
with areas for sugarcane cultivation, including irrigation pivots. The ratio of the Tc
calculated with the empirical methods for the Pirai watershed to that of the upper

Jundiai watershed was 1.3 - the same order of magnitude as the ratio of the main
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drainage length of the two basins. However, the ratios of the Tc calculated by the
hydrological method are almost 2.5 times, which suggests that the morphometric
characteristics are insufficient for the accurate estimation of this parameter,
needing the incorporation of the spatiotemporal heterogeneities of the basins.

In the studied cases, the three chosen formulas (Corps of Engineers, Ven Te
Chow, and Kirpich) underestimated the Tc compared with the values calculated by
the hydrological method, with an error of 82% and 64%, respectively, for the Pirai
and Jundiai watersheds. For both case studies, the Kirpirch equation resulted in the

greatest underestimations.
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