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Abstract: The determination of the junction angles and the river dynamics that form them have been studied since the 1930s.
These studies normally have three approaches: reduced models, field investigation, and numerical simulation. To collaborate
the scientific advances in this topic, the present study proposes a new methodology to determine junction angles in river
channels, based on the Cosine Law, employing high-resolution remote sensing imagery. To verify your performance, 135
confluences located in six Brazilian biomes have been analyzed. These confluences were characterized with different
magnitudes of channel width and different angles. Thus, relationship between width of the channels and their junction angles
were evaluated, it has been obtained values a between 79° and 101°, values f§ between 133° and 150° and values y between
117° and 140°. Results show that the channel width influences the magnitude of the junction angles.

Keywords: Aerial images; Cosine Law; River confluence.

Resumo: A determinagao dos angulos de juncao e as dinamicas que ocorrem para formar esses angulos tem sido objeto de
estudo desde a década de 1930. O entendimento destes, pode ser dividido em modelos reduzidos, investigagdo em campo e
simulagao numérica. Assim, com o intuito de corroborar com o avango cientifico nesta area do saber este estudo apresenta
uma metodologia para a determinac¢do dos angulos de jungao em canais fluviais, a partir da Lei dos Cossenos, utilizando
imagens de sensoriamento remoto de alta resolucdo espacial. Para verificar seu desempenho foram analisadas 135
confluéncias distribuidas nos seis biomas brasileiros. Essas confluéncias foram caracterizadas com diferentes magnitudes de
largura de canal e diferentes angulos. Assim, foram avaliadas as relagdes entre a largura dos canais e seus angulos de jungao,
obtendo-se valores & entre 79° e 101°, valores  entre 133° e 150° e valores y entre 117° e 140°. Os resultados mostram que a
largura do canal influencia a magnitude dos angulos de jungao.

Palavras-chave: Imagens aéreas; Lei dos Cossenos; Confluéncia em rios.
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1. Introduction

The junctions or confluences of channels are places in the drainage network where complex interactions
between matter (water and sediment) and energy (stream power) occur, provided of the combination of two
different flows (BEST, 1987; 1988; ROY, 2008; SANTOS; STEVAUX, 2017). The flow structure at this location
depends mainly on three factors: junction angles, symmetry of the confluence plane, and the movement ratio
(MOSLEY, 1976; BEST, 1987). In addition, these places are considered crucial points for the diversity of the
ichthyofauna (YUAN et al., 2022). Due to fluctuations in flow structure, sediment transport, changes in channel
morphology, and such complex interactions at the channel junction, these have been important objects for
researchers in hydrology and hydraulics (CONSTANTINESCU, 2014; SUKHODOLOV et al, 2017
SUKHODOLOV; SUKHODOLOVA, 2019; GHOSH, 2019), hydrogeomorphology (VAN DENDEREN et al., 2018;
JUNG,; SHIN; PARK, 2019; SIQUEIRA; FILIZOLA, 2021) and ecology (BENDA et al., 2004; RICE et al., 2008).

The understanding of the junction angle establishment in river channels has been corroborated by several
studies across various approaches. Santos and Stevaux (2017) identified three main categories: (i) laboratory
experiments, using reduced models (ZHANG et al,, 2015, YUAN et al., 2016; NAZARI-GIGLOU et al., 2016;
LUDENA et al., 2017a,b; ALOMARI et al., 2018; LUO et al., 2018; PENNA et al., 2018; CANELAS et al., 2019;
RAMOS et al., 2019; SZEWCZYK; GRIMAUD; COJAN, 2020); (ii) field surveys (ZINGER et al,, 2013; PARK;
LATRUBESSE 2015; RILEY et al., 2015; MORAIS et al., 2016; HOOSHYAR; SINGH; WANG, 2017; HACKNEY et
al.,, 2018, GHOSH 2019; PEREIRA et al., 2019; LUZ et al., 2020; MARINHO et al., 2022); and (iii) numerical
simulations (BRADBROOK; LANE; RICHARDS, 2000; BRADBROOK et al., 2001; BIRON; LANE 2008; QING-
YUAN et al.,, 2009; CONSTANTINESCU et al., 2011; GEBEMARIAM 2017, PORNPROMMIN; IZUMI; PARKER,
2017; ZHOU et al., 2021).

Despite a number of studies on confluence in river channels, the main interest of the aforementioned studies
has been directed towards understanding the flow behavior and interactions that occur within the channel. Some
studies addressed how to measure the junction angle (HOOSHYAR; SINGH; WANG, 2017; BISWAS; PAL; PAN],
2019; YUKAWA; WATANABE; HARA, 2019; MENG et al., 2020); on the other hand, only one angle formed by two
channels entering the confluence was investigated without mentioning the other two angles at the junction.

Pereira et al. (2019) compared junction angles values across tree methods: imagery from Google Earth Pro,
images collected with UAV (Unmanned Aerial Vehicle), and the minimum energy principle (ROY, 1983;
WOLDENBERG; HORSFIELD, 1983). Therefore, the authors used only one confluence point, located in the Sinos
River basin, southern Brazil.

Therefore, the main goal of this study was to validate the methodology presented by Pereira et al. (2019) using
only satellite images to determine three types of junction angles in river channels, applying the Cosine Law. To
verify your performance, confluences of river channels found throughout Brazil were analyzed, encompassing six
different biomes. Then, the relationship between channel width and its junction angles was evaluated by biome.

2. Theoretical background

Studies related to junction angles are based on the assumptions presented by Mosley (1976) and improved by
Best (1987), where the general model of flows for the open channel confluence zones consists of six different zones:
flow stagnation region, flow deflection, flow separation, maximum velocity, flow recovery and shear layers.
(BIRON; BEST; ROY, 1996, SHAKIBAINIA; TABATABAIL ZARRATI, 2010; RILEY; RHOADS, 2012; ZHANG et al,,
2015; NAZARI-GIGLOU et al., 2016; SANTOS; STEVAUX, 2017).

The mathematical representation of these angles has been discussed since the precepts launched by Horton
(1932) where the channels angles have been governed by line slope energy of the main and tributary channel.
Subsequently, Howard (1971) argued that the junction angle in channels can be examined with the work rate
(energy) given by gravity and the flow both downstream and upstream of the junction. He suggested that this
connection occurs at a location where there is a minimum power rating (Q2). Building upon this concept, De Serres
et al. (1999) noted that the flow predominance can be determined as a movement function.

Zamir (1976), Roy (1983), and Woldenberg and Horsfield (1983) stated that the junction angle is independent
of the channel length (L;) emphasizing that the junction angle is a function of the minimum energy and that it
can be expressed by the Cosine Law (Eq.1):
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where S;, S; and S, are the channel gradients (energy slope) upstream and downstream of the main river and of
the tributary, respectively.

3. Data and methods
3.1. Determination of the junction point (p)

It had been adopted the angles (, p and ) of consolidated representation in the literature (HORTON, 1945;
HOWARD, 1971; ROY, 1983; WOLDENBERG; HORSFIELD, 1983) (Figure 1). Thus, the junction angle «a is formed
with two inlet channels, f§ is defined solely by the main river between upstream and downstream, and y is formed
by the tributary river and the main downstream. Determination of the central point (p), from which the alignments
will begin to infer the angles a, 8, and y, is an essential step to achieve accurate results of the junction angles. There

is no standard method for this determination. Although Woldenberg and Horsfield (1983) addressed the issue of
determining p using an analytical solution.

X1LY1

2>

Figure 1. Representation of junction angles.

In the present study, the determination of point p consists of generating a circle that touches all the boundaries
(margins) of the three channels (Figure 2a). The center point is defined as the intersection between two lines drawn
vertically and horizontally in the middle of the circle. From this point, measure the distance of three channel
widths, tangent to the circle (Figure 2b); this distance is suitable to account for channel adjustments in the
immediate vicinity of the confluences (KLEINHANS et al., 2008; HACKNEY; CARLING, 2011). These alignments

are extended to the middle of the river, where their widths are measured (Figure 2c), and points 1, 2, and 3 are
defined (Figure 2d). From these segments, the values of a, §, and y can be determined (Figure 2d).
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Figure 2. Representative scheme for junction angles determination: (a) application of the circumference to determine
p; (b) the channels width is the circle tangents (red lines); (c) extending the alignment to the middle of the channel;
and (d) determination of a, f and y. Note that the numbers 1 and 3 indicate the main channel upstream and
downstream, respectively. The number 2 indicates the tributary channel.

In addition to determining § and y, angles not covered by Hooshyar, Singh and Wang (2017), Seybold,
Rothman and Kircner (2017), and Biswas, Pal and Pani (2019), the application of the proposed methodology can
stand out in terms of ease and convention. In this case, it stands out because it does not require a mathematical
basis or field surveys of channel flow, velocity, and slope.

3.2. Determination of the junction angle

Considering all the assumptions presented by (ZAMIR, 1976; ROY, 1983; WOLDENBERG; HORSFIELD, 1983;
HOOSHYAR; SINGH; WANG, 2017; BISWAS; PAL; PANI, 2019; YUKAWA; WATANABE; HARA, 2019) the
methodology of Pereira et al. (2019) was validated using aerial images from the Google Earth Pro website. For the
determination of the respective angles, the Cosine Law applied (Eq. 2, 3, and 4):

_q1 (b%+c?-4%)

a = COS W (2)
_ _1 (@®+c?-B?)
B = cos e 3)

_1 (@%+b2—C?)

Y = Ccos W (4)

The determination of the horizontal distances of the 4, b, ¢, A, B, and C alignments that make up the triangles
for the application of the Cosine Law (Figure 1) can be done with the Euclidean distance (Eq. 5).

D = \/(Xn+1 - n)z + (Yn+1 - n)2 (5)

where D is the horizontal distance between the points of interest; and X, and Y,are the metric coordinate system of the
respective points of interest.
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Validation of values of a, f and y have been verified through the normality test proposed by Shapiro and Wilk
(1965), with a significance level of 5%. Furthermore, correlation analysis was performed between the analyzed
angles and their respective channel widths using the Kendall method, with a p-value =0.05 (see Table 1).

3.3. Junction Angle View

To represent the combination of a, f and y values, it has been used the diagram proposed by Kobiyama et al.
(2016). To trace the junction angles” point between these values, sloping and horizontal lines were drawn (Figure
3).

) >
v 360 330 300 270 240 210 180 150 120 90 60 30 0 aB

Figure 3. Diagram of representation of junction angles: Example for a =120°, =90°, and y = 150°. Source: Adapted
from Kobiyama et al. (2016).

3.4. Application

Using satellite images provided by Google Earth Pro, it has been selected 135 junction points (Figure 4),
located in different Brazilian biomes. Due to the large territorial extension of the country (= 8-10° km?), the analyzed
points are in distinct characteristics climatic, vegetation, hydrographic regions and soil types.
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Figure 4. Location of confluence points analyzed different Brazilian biomes.
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4. Results

Although the formation dynamics and changes in river channels are mainly governed by hydrogeomorphic
processes, the purpose of measuring the junction angles to verify if there is a relationship between angles and
channel width. Two examples of the proposed methodology are show in Figure 5. In this application we choose
channels of different width and discharge. In the case of the Santa Maria (basin area = 10,451 km?) and Ibicui rivers
(State of Rio Grande do Sul) the channel widths in 1, 2 and 3 are 143 m, 126 m and 193 m respectively, near at the
coordinate (Lat.=-30° 15" 16”, Long.= -54° 53’ 55”). In Figure 5b, the confluence of Solimdes and Negro river in the
Amazon River basin (basin area = 1,5x10¢ km?), where the widths in 1, 2 and 3 are 2,850 m, 1,900 m, and 2,500 m,
respectively, near at the coordinate (Lat.=-03° 08" 06”, Long.= -59° 54’ 00”). In this case, we consider the area of the
basin from the point of confluence for upstream.

Google Earth

(a) (b)

Figure 5. Representation of angles a, § and y: (a) Santa Maria and Ibicui river — Rio Grande do Sul State, Pampa
biome; and (b) Rio Negro and Solimdes rivers — Amazon State-Brazil, Amazon biome. The channel widths were
measured with the green lines

Normality test proposed by Shapiro and Wilk (1965), with a significance level of 5%, was performed separately
for each set of elements from each angle, as shown in Table 1. The results confirm that the samples come from a
normal population. Additionally, the correlation test shows a strong correlation of the mean value of  with the
width (P) of the main channel upstream.

Table 1. Data basic statistical.

Angl Normality test (Shapiro Wilk) Correlation matrix (Kendall method)
ngle
8 Statistics P-value Angle Channel width
Angle 1 0
a 0.983 0.722
(P) 0 1
Angle 1 0.8
B 0.964 0.843
(P) 0.8 1
Angle 1 -0.4
y 0.984 0.721
(T) -04 1

In Figure 6, the box plot illustrates the distribution of the junction angles, categorized by the Brazilian biomes.
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Figure 6. Junction angles in Brazilian biomes. Circles are the measured river channel angles x is the average angle,
and the median is the horizontal line within the box.

Table 2 details the predominant mean angles observed within each biome. In relation to the a, the
predominant angles are between 61° to 120° for all biomes, as shown in the highlighted values. For the f3, this
predominance occurs between 121° to 180° for all biomes; and for the y, this predominance also occurs between
121° to 180°, except the biome Pampa and biome Pantanal.

Table 2. Junction angle predominance.

Points by angle opening

Biome Angle
a p 04
0-60 5 0 0
Amazon 61-120 21 9 7
0-60 0 0
Cerrado 61-120 14 2 6
0-60 2 0 0
Caatinga 61-120 15 4 7
0-60 0 0
Pantanal 61-120 13
121 -180
0-60
Atlantic Forest 61-120 21
121 -180
0-60 4
Pampa 61-120 13 0
121 -180 3
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5. Discussion

The statistical normality of junction angles was previously studied by Hooshyar, Singh and Wang (2017). They
utilized data from the Digital Elevation Model (DEM) provided by the USGS (United States Geological Survey),
with a spatial resolution of 1 m. The study covered 120 basins located in 17 states of United States of America
(USA), with drainage areas ranging from 0.04 to 3.5 km?2. They observed the probability distribution function to
follow a normal distribution. When analyzing approximately 20,000 confluences in Japan using digital maps at a
scale of 1:25,000, Yukawa, Watanabe and Hara (2019) likewise observed that the distribution of angles
approximately follows a Gaussian distribution.

Statistical inferences demonstrate the same tendency of normality for the analyzed data (Table 1). Therefore,
it is assumed that the high correlation between channel width and angle f, as shown Table 1, is due to the width
of the main channel. In other words, the greater the width of the main channel, the closer angle  will be to 180°,
resulting in a more rectilinear channel. Additionally, it is also observed that angle y exhibits a moderately negative
correlation with the tributary channel width (T). This suggests that as the width of the tributary channel increases,
there is a tendency for this channel to flow at a 90° angle into the main channel. Ranjbar et al. (2018) evaluated 26
basins in the USA with different climates and found that the length of the channel and its width are directly related,
and that these variables influenced the pattern of the drainage network.

The mean value of a is smaller than those of § and y for all the Brazilian biomes (Figure 6), which is expected
since « represents the angle formed between the main upstream channel and the tributary (Figure 2D). The mean
values of § are by 20°, 21°, 29°, and 31° larger than those of y in the Cerrado, Caatinga, Pantanal and Pampa biomes,
respectively. This difference is justified by f being the external angle formed between the main upstream and
downstream channels (Figure 2D). However, in the Amazon and Atlantic Forest biomes, the mean value of y is
slightly higher than that of § by about 4°. This can be explained by the magnitude of the tributary channel, as
discussed above.

The mean values of « found to be 89°, 79°, 92°, 101°, 83°, and 92° for the Amazon Biome, the Cerrado Biome,
the Caatinga Biome, the Pantanal Biome, the Atlantic Forest Biome, and the Pampa Biome, respectively. Hooshyar,
Singh and Wang (2017) found « values ranging from 45° for smaller contribution basin areas (0.04 Km?) and 75°
for the larger ones (3.5 Km?). Seybold, Rothman and Kircner (2017), in study conducted in the USA, found « values
around of 45° in the driest regions and around 72° in the humid regions. Yukawa, Watanabe and Hara (2019), using
data from literature, made statistical inferences found values around 72°. This research found larger values for «,
which can be explained, mainly by watersheds areas, there is an increase in a values as the basin area increases
(RANJBAR et al., 2018).

Most of a values were between 61 to 120°, f values were mostly between 121° to 180°, while the y values were
between 61 to 120° in the Pantanal and Pampa biome, in other biomes values were between 121° to 180° (Table 2).

A relationship between the angles a, , and y with the channel width close to their respective confluences has
been evaluated (see Table 3). In situations where P>T, the § values are larger than a in all biomes, and the same
relation can be also observed for y, except in the Atlantic Forest biome. When T>P, there is an increase in the value
of & and a decrease in the value of § in the Amazon, Caatinga, and Pantanal biomes. In the Cerrado, Atlantic Forest,
and Pampa biomes there is a decrease in @, and an increase in y. This result when T>P can be explained by the
higher flow of tributary in relation to the main channel. There is a tendency for these angles to approach 90° the
greater their flow energy in relation to the main channel.

It is observed that after the junction point, there is an increase in the width of the main channel downstream,
with the greatest increase in the Caatinga biome, followed by the Atlantic Forest, Cerrado, Pampa, Amazon, and
Pantanal biomes, with percentage values of 27%, 20%, 18%, 13%, 10%, and 4%, respectively.

The relationship between the width of the tributary channel and the width of the channel main upstream and
downstream of the confluences was analyzed, in a study conducted in the Mekong River, Southeast Asia (Hackney,
Carling, 2011). It was observed that, a slight narrowing occurred immediately below tributary junctions. However,
with progression downstream, there is an increase in width. Furthermore, the observed relationship is shown to
vary considerably with geology. The geological control suggests that complex factors play important roles in
determining changes to channel width across large systems, and that simple cause—effect relationships do not hold.
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Table 3. Variation of junction angles a, , and y, with the channel widths situations.

Biome Angle P>T T>P
a 88 | 101 1

Amazon B 134 1 128 |
)4 138 1 131 |

a 80 1 77 |

Cerrado B 151 1 146 |
y 129 | 137 1

a 90 | 124 1

Caatinga B 147 1 101 |
y 123 | 135 1

a 87 | 118 1

Pantanal B 153 1 130 |
y 120 1 112 |

a 86 1 68 |

Atlantic Forest B 134 | 150 1
y 140 | 142 1

o 93 1 91 |

Pampa B 151 1t 146 |
y 116 | 123 1

Note that P is the width of the main upstream channel, T is the width of the tributary channel, 1 means an increase in the
angle value and | means a decrease in the angle value.

In the dispersion values of the 135 points (Figure 7), it can be observed that the mean values of «, §, and y for
each biome are similar. This suggests that there is no a conjunction dynamics of the channels due to the biome in
terms of junction angles. In relation to the a, for all biomes, mean angle it is 89°, with most value for Pantanal biome
with 95°, and lower value for Cerrado biome with 80°. For the , mean angle it is 144°, with most value for Cerrado
biome with 151°, and lower value for Amazon biome with 134°. For the y, mean angle it is 128°, with most value
for Atlantic Forest biome with 140°, and lower value for Pantanal biome and Pampa biome with 118° (Figure 7g).

We do not discuss the hydraulic and hydrogeomorphological factors acting on the formation and changes in
fluvial channels, as the rivers analyzed have different magnitudes. Santos and Stevaux (2017) point out that large
rivers drain areas that are significantly different in geological and climatic terms. Parsons et al. (2008) emphasize
that the relationship of the main hydraulic variables defined for medium rivers, such as slope channel versus
bankfull discharge (Leopold; Wolman, 1957) and slope versus width/depth ratio (Parker, 1976), does not apply to
mega rivers with a flow greater than 17,000 m3 s (LATRUBESSE, 2008).

Q \ AR N \/ \/ \/ \2
v 360 330 300 270 240 210 180 150 120 90 60 30 n"B
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Figure 7. Junction angles diagram in the six Brazilian biomes: (a) Amazon; (b) Cerrado; (c) Caatinga; (d) Pantanal;
(e) Atlantic Forest; (f) Pampa; and (g) Average angles for each biome.

5.1. Methodology limitations

The proposed methodology has a few limitations to be considered. For example, the image to be analyzed
must have a spatial resolution (pixel) smaller than the channel width. Generally, the images provided by Google
Earth Pro come from the satellites Word View 1, 2, and 3 (+30 cm), Quickbird (60 cm), Ikonos (1 m), Spot (1.5 m)
and Landsat (15-30 m) among other satellites and aerial images from other sources. Thus, the spatial resolution of
the study site must be verified.

Another limitation is associated to the confluence type. In case of rivers with perennial confluences, but during
the drought period, it is not possible to define the channel width and consequently the coordinates of the points 1,
2 and 3. In case of rivers with very dense riparian vegetation which covers both sides of the riverbank, it is not
possible to correctly define the channel width.

In addition, some geomorphic settings can cause the difficulty to apply this methodology, such as confluence
under the influence of a reservoir; rivers having a much smaller affluent flow than the mainstream;
anamastomosing channel confluences; islands inside the river; and deltas. In this case, the determination of the
point p cannot be executed correctly.

Although this methodology has some limitations, there are still advantages compared to other existing
approaches. For example, it only applies Cosine Law on georeferenced images to determine the joint angles, which
makes this methodology more robust and more mathematically accessible. In this context, it is not necessary to
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measure parameters in the field, such as discharge or to perform topographic surveys to obtain bank and energy
slope. Simply, from a computer with Internet access and freely available images, it is possible to determine the
junction angles of river channels anywhere on the planet, considering the limitations aforementioned. With the
historical availability of images over the same point, the methodology can be applied to assess the occurrence of
changes over a long period.

6. Conclusions

This paper proposes a new methodology to determine junction angles in river channels based on the Cosine
Law, by employing high-resolution remote sensing imagery. Through these images, it is not necessary to measure
parameters in the field, such as discharge, or to perform topographic surveys, such as width and channel gradients
(energy slope) to determine yours angles. Simply put, from a computer with Internet access and freely available
images, it is possible to determine the joint angles of river channels anywhere on the planet, considering the
previously mentioned limitations. Furthermore, with the historical availability of images over the same point, the
methodology can be applied to assess the occurrence of changes over a long period.

Moreover, we analyzed the relationship between the angles a, f, and y with the width of the main and
tributary channels. Our findings demonstrate a direct relationship between main channel width and angle §; in
other words, the greater the width of the main channel, the closer angle § will be to 180°, resulting in a more
rectilinear channel. Regarding angle y, it is observed to have a moderately negative correlation with the tributary
channel width. This suggests that as the width of the tributary channel increases, there is a tendency for this channel
to flow at a 90° angle into the main channel.

As well, it is observed that after the junction point, there is an increase in the width of the main channel
downstream.

Assessing junction angles using the Brazilian biomes as limiting factors. Our analysis indicates that mean
value of a is smaller than those of § and y for all the Brazilian biomes. The mean values of § are larger than those
of y in the Cerrado, Caatinga, Pantanal and Pampa biomes, respectively. However, in the Amazon and Atlantic
Forest biomes, the mean value of y is slightly higher than that of § by about 4°.

In Brazilian biomes there is a great lithological heterogeneity, a preponderant factor in the formation of
channels, so for future research, it is recommended to evaluate the angles as a function of the type of rock.
Furthermore, another preponderant factor, not used in this research, is the inclusion of the channel order (w), and
contributing area of the channels.
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